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S 4

In this stody the morphologie, c_:ytoh'netié, biochemica.l, and mélecula;
B consequences of low-dose mnﬁnudﬁs Puxomyciﬁuexpo#ure were examined m
| I~IL-50 cells, and in.a variety of mahguant and non-maﬁgna;it human and
murine cell types. Puromycin (PM) is a composite of the aininonucleoside
dimethyladéhosine and tytosineeo@eih’jvlefhﬁ Functmnally it is an a.nalogue .
o of the terminal a.mmoacyl-adenos:ne pornon of ammoacyl-tRNA, more -
“ a'pec:lfically of tyrosyl«tRNA. At I:ugh oocaoentrations S-SOug/ml (Io-loopM)
- PM has been found to block protem synthesls completely by causmg the -
_premature release from the n"bosomes of truncated peptlde chains wlnch are '
‘bound to PM through their carboxyl termini. ‘The nascent PM-peptide
complexes (PMZPS) are rﬁapidly degraded thr@;ugh-_.a ubiquiﬁn-depepdént |
pathway and are of interest because of (i) their potential to ooinpéte for
degradation with the natural substrates of the ﬁbiliﬂiﬁn-depe'ndent pathway, |
including cyclin B, and (i) becaunse their struoture"predicts' an iﬁhibitoty effect
- on tyrosine kinase activity. In the current study then, special coﬁsiderﬁtion |
was 'givén to the effect of PM on the oeﬂ"'cycle,__qn apoptosis.(pmgtéﬁ:medpell
o deati:l), and on-tyrbsilie kinase activity. As a means of comparison, certain of'. -
these effects were also exammed with respect to another tranSIatmn inhlbitor .
E Cyclohemmidb (CI{X), to two other substlmted purines Puromycm
ammonncleomde (PAN) and 6-Dimethylaminopurine (G-DMAP), as well as to0
the cyclophosphamide derivative Mafosfa.mide (ASTA A 7557)



TR
The potent effects of low doses of PM on the cell cycle have to date been |
obscured by the conventlonal usage of tlus dmg at high concentranons (- |
- 50pg/ml) to mhibxt protein synthes:s. In unsynchronized cells, low_ doses of |
- PM.- (0.1-’0.5;.:3/11‘11) were found to .&isrupt mgmﬁcant ph_as.e-to-phaSe. cell cycle. )
 transitions, causmg a G2-Phase-arrest, a métaphasé-mimﬁé-'arrésr, and
apoptosis.  These observations were elicited by PM concentrations a5 low a5
0. l-pg/mL and weré more pronounéed at _Slightly higher PM coneeﬁt:aticins;'
including that (b Sug/ml) which inhibited [CJLencine incorporation by o
- appronmately 20% after one hour, and by appro:umately 50% after 24 hours, _
A concentrauou of CI-IX (0.25ug/ml) which was equivalent to O,S;Ag/ml of PM -
| both-m terms of molarity (0 9uM) and degree of inhibition of [“C]Icumne -
mcoxporauon, failed to mduce similar changes 1o those induced by PM, Thls
| suggests that at these partlcular concentrations the PM«mduced changes. were N
* likely to have been related to the different mechamsms of_ protem synthesis
inhibition exerted by these two "classical” transiation inhibitors,  PMbut Rot -
CHX generates nascent pepudyl-PM complexes (PMPs), and it is therefore
Teasible to pmpose that the subseqnf-nt intracellular effects exerted by the |
PMPs may account, in part, for the differenial cytokinetic effects elicited by ”
these drugs. Fﬁrthemiore the obsetvﬁﬁon that the closely related Substimte'd. -
purines PAN and 6-DMAP did not exert detectable morphological and.
cytokinetic effects may also be attributable to their faflure to geneiate'naS'cent
PMPs. Since the metaphase-to-anaphase transition is mediated by precipitons.
ﬁbiquitin-dependent ¢yclin B 'deg_radatiun, and since PMPs are degraded by the
same pathway, it is possible that in PM-treated cells this pathway was



%

preferentially dwerted into PMP proteolysm One or mpre of the nblquiun '.
'? pathway eamponents mlght have become limiting for cyelin B degradation,

- resulb.ag m the observed memphase-mtoﬂoarrast. As fa.r as the mechanmm

of the Gz-Phase~arrest is ooncemed, tlns may be related to PM—medlated
* attenuated tyrosme phosphowlatmn of the proteim that medxate the G2--

Phase/metaphase transmon (see below)

" In cels that were synchronised at the GOG1/S boundary and subsequently

| exposed to Zug/nil PM, SPhase pfogfession was -found‘ to be fdta:&éd A 'G2~'-'
. Pha.se-arrest was evident at 8 hours and was found to precede ac:ute, expluswe
apoptosm at 10 Bous, Apoptos:s was confirmed morphologacally and
- blochexmcally [C“]Leucme mcorpnrunon studies reVealed that in the Stb
o hour of PM-exposure, protein synthems was lnhlblted by 194% 'Ihus in.

| synchromzed, PM-treated cells, this study sBowed that the activation ofthe

~ apoptotic cascade was cell cycle~dependent ie. conseque_nt ona t.rZ-I?hase.-_ .
arrest, and that both the G2/apoptosis transition and the process of apoptasis'
1ts.e1f were wrtua]ly protein Synthesxs-mdepandent The mechavisms by which
: the Pprotein synthesis iﬁhibitor PM 'retarded the passage of synchronise'd cells S
through S-Phase, disrupted the GZ/metaphase iranmtion, and activated the )
| ap0ptot1c cascade may be related to PM’s pmtein synthe:us mhlblting actmty,
or alternatively to 1ts abihty to chsrupt celiular tyrosme phosphorylat:on of the' .
regulatory pmteins involved in mediating the GZ—Phase{metaphase tral_lmxon.' |

With regard to the latter suggestion, since'PM-.exposure is known to generate



PMPs whose structure predlcts an mhibltory effect on tyrosme kmase actmty, -
~and since the search for specific tyrosme kmase mh1b1tors eensumtes a novel
approach to the development of auucaneer agents, the effect ofa low dose of _
| PM (0.9 pM/{O Spg/ml) on tyros:ne kmase aetmty was mvest:lgated
Expenments were speclﬁcally oontmlled to exclude inhibltoty effects __
comséquent on protem synthes:s blockade. Soluble enzyme extracts denved
from PM-treated cells showed attentuated phosphorylanon of two mdependent . |
synthetlc tyrosme }unase-speclflc substrates the polymer Poly(GIu Tyr;d:1) and __

the pepnde substrate Rayude In eontrast, Protein Kmase C-speciﬁc aenwty o

was unaffected by PMexposure It is hkely that mhibmon was due to o
metabohte/s of PM, perhaps PMPs, sather than to PM itself.

. Low- dose PM could thns prov:de a potennally useful tool for dlssec*.mg out the H
role of tyrosme phmphorylauon in the regulation and dysregulatwn of cell
growth, and coul_d.oon_celva.bly prove beneficial in the treatment of tumours in
which tyrosine Kinase overactivity is Hnked to oncogenesis. PM could also

- preve_ useful as a low-dose compouent of a multidrug chemotherapeutic
regimen in which its cell-cycle-specific effects could potentially be synergistic o
with other anucaneer agents that elicit smmlar cell cycle arrests as well as thh .
ehemotherapeunc drugs that actlvate the- apoptotic cascade e the . N
Cyclophosphamxde derivative Mafosfamide, .

Cyclophosphamide is a widely employed alkylating chemotherapeutic agent
 whose cytotoxicity is mediated by the introduction into DNA of cross-links and



_ : _ . 18
| mngle-strand breaks. Mafosfmmde (AST A Z 7557), a cyclophospham.lde |
denvauve whmh rapxdly generates 4—Hydroxycyclophospham1de ‘after agueous
dissolunon, was employed m gm'_g at dosee rangmg from 0.1 to 10 ug/ml. In
unsynchromsed cells Mafosfamlde-exposure was associated with an S»Phase
accumulation, a G2-Phase arrest, ang morphologwal, ultrastructural, and
blochemlcal ewdence of apoptosxs In syonhromsed oells, $-Phase progression. |
: was oonslderably delayed in the presenee of Mafosfemlde The apoptosxe
which was emdent in Mafosfamzde«n‘eated cells 12 hours after release f.tom the
thylmdme block was found to occur in the presence of S-Phase- and Gz-Phase-'
o cell-cycle-arrests. ‘Taken together the current data suggest that Mafosfamde _ |
 may well have potentlal synergism with PM in that both of these dmgs elicit & o
. GbPhase-arrest as well as actrfrate the apoptotie casoode :

Since the expression of the proto-oncogene _c-mye has been strongly but.-.
 varionsly implicated in the jregmetion of the apoptotic pathway, a study was
undertaken to examine the levels of c-mye mRNA transeripts in PM- and
Mafosfamide-treated cells in which the apoptotic 'caeoade wa;'acﬁﬁted |
Mafoeﬂannde was employed in yvitro at doses ranging from 0 1to 10;.sg/m1. __

- No changes in c-my¢ mRNA levels were evident after 1 hour of expasure to

* Mafosfarcide, Adter 6 and 24 hours of -Mafosfamdes-exposuro however, ;he_r_e '
‘was a dose- and time-de;}eﬁdent- decrease in e-mxe t_ranscripis. ' e-m.\.rg mRNA |
expression was reduced to a greater extent than either th'e beta-acﬁn-. or |
GAPDH expression was. In the context of Mafosfamide-treated HL-60 cells B
therefore, upregulation of c-myc mRNA transm'ipﬁoo was not fundamental ._fof |



the acuvatwn of the apoptouc cascade As far as PM was concemed, for ﬂ:us L
" part of the study doses of 0.9;&1\4 and ZuMPM were amployed m Dose-r
dependent C-ye mRNA up-reglllatlon was present at 1 hour of PM- exposme, -
and was associated with subsequent acnvation of the apoptotac cascade at 24
* hours of exposure. Although bigh concentranons of protem sgmthems

: mhlbitors have heen found by others to augment and stabﬂlze mRNA

 transcript levels 6.g. 36-180uM of PM has been found to eficit c-mye mRNA
. .upregulanon/supenndncuan, [C“]Leucme mcurpﬂratmn studws at 1 hcmr
. demonstrpwd mmlmal protein syntheszs inhibition at the doses of PM | |
employed, mggestmg that CRye mRNA. up-regulauan in tlus context may have
been the result af mcchamsms which were mdependent of new protem
synthesis.

In a further study undertaken to address this suggesnon, the protem synthems
mln'bnory effecm of PM and CHX were dJssomated from theu' cmye mRNA

superinducing effects.. When employed at concentranons which. were sub~

| inhibitory with respect to protein synthesis (O.ZuM), PM and CI-IX nevertheless o

elicited the phenomenon of supennducﬁon, possibly through mechamsms |
~ related to mterruptions in sxgnal transﬂucnon It is feasible that the tyrosme :_. :
lunase xnhj,bitmn demonstrated in PM- treated cells. and the Protem Kmase C
inhibition ewdent in CI-D{-treated cells, may have ountn'buted to the protem |
synthegis-independent c-myc mRNA upregu]atlon ehmt.ed by low dosg; of ﬂ:leﬁe_ . B
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| The ﬁndmgs of ﬂ:us study are of mterest beeause the use of PM prewously in
_ 1955 asa single anhneoplastzc agent proved to bc-. meffacuve in a range of .
E clmlcal settings. Although sngniﬁcant pmtem symhesxs mhﬂnting
| mncentranons of PM are unattaunable m mthout senous to:uaty, . |
N limxtation doss nm necessanly apply to the more potent eﬁects ehmted by 10w~ '-
 dosePM. 'IhedatasuggeststhatPMmayyetpmetobeauseﬁﬂ _ i
: _chemotherapenmh agent, not smgly but asa component of a muludmg reglmen o
in Whlch its potent cell—cycle-speclﬁc and apoptotic effects could well be |
| synpré}suc wnth other agents, and in which m potent and specxﬁc tyrosme
hnase-mhlbmng e.ﬁecls oould be ma:nmally expia:ted. Tlus couid be

e amphshed by ﬁrst acmmulaﬂng celis in SPec’lﬁc non-GDGI Phase

B | : cnmpartmwts am‘l then subsequenﬂy delwenng appropriate qcle-actwe

"chemothmpy Thus the metaphase-ﬂmtoﬁc-anest caused by low-dose PM-
exposure could be synerglstw with the metaphase spemﬁc agent Vincnstme, |
'_ whale the sl:mntmg of Gz-Phase-arresth cells into apoptosns oould act

o synerglstlcally with Etopomde, Cisplatin, or Mafosfamide. Phase J/IU - N
vetenna.ty clinmal tna!s incorporaung PM into such multidrug regimens for the I

| 'treaunent of spontaneous canine lymphuma:a ate mrrenﬂ}r under way in our
| labnratones : | | '

"\\1



 INTRODUCTION

“The role of protem svnthes:s in the eell cycle and in the prooess of apoptosis is
contennous, as is the relat:onshlp between cell cycle phase and apoptoms |
- activation. Smee each of these subjects have been reviewer’ mnsmly
| _ erewhere, this mtroductmn merely serves to lnghhght the relatlonshxps that. |
-' _'are reported to exist between these vanables, w1th speclal reference to the
 “classical” translatmn inhibnors, Puromycin (PM) and Cyclohe:nmide (cmc)
zand also to the subsntuted punne nucleos:de analogs Pnromycin B :
ammanucleosnde {PAN) and 6—Dxmethylamﬁ10punne (&DMAP) Also |
beemse PM 18 known to generate peptides whose stmcmre has been suggested :
to pxedxct an mhlbltory effect on tyrosme Ianase actmty, and because the
search for Specific tyrosine kinase inhibitors constitutes a novel and exc_:iting
. approach to the dévelapment_-of anticancer a._gents, a discussion on the pwotal
role that tyrosine phosphorylation plays in the r'egnletion_ of noﬁual cel_i gmw_ﬂz
and prolifefaﬁon a.nd in neoplastic transformation has been included.

'_I‘e further address some of the above issues from a pofenﬁally pracncal po'int.
of view, the epoptosis-eell cycle relationship has been exammed in the_- context : . |
of the _cheniotﬁerepenﬁc egent' Mafosfamids, ;. Mafostamide is the invitro .
form of -cyclophosphamide,_ one of the most versatile of the chemotherapeutic
agents known, and one which is also pfotetypical of _th.e alkylaﬁng .agents. o



o Structuraily 1t isa eompn&te of the mnonuclecmde dlmethyladenosme and

Fmally the issne of c-m e:q:resmon has been addressed in the speaﬁe _
eoutexts of apoptoms, protein synthesls mhibmon, and chemotherapeutze o

- PM, an antibiotic derwed from the fermentation of the yeast Sj;gm
' _' g]bgmm (Baker etal, 1953), is well known for its inhibitory eff.‘ect on protem
 synthesis (Yarmolinsky and De La Haba, 1959; Moazed and Nollr, 1985), and
' mdeed is eonsxdered to be one of the classxcal" translauon mhib1tors

B
SR

- _ " tymsme-o-methylether 1.e itis eompoeed of 3 structural units : & purine, an

- amino sugar, asd an amino acid (Yarmolmsky and De La I-Iaba, 1959),
Functmnaliy 1t is an amalugue of pepudyl-transferRNA, more specifically 0f
: tyrosyl-tra.nsferRNA. At concentrations of 5»50ug/ml (10-100;1M) PM blncks
protem synthesis eempleteiy by causing the premature release from the o
ribosomes of truncated peptide chains. These are bound to PM through the:r
carboxyl termini, and are th()ught v contnbute to PM's cytotoxm effects |
(Longnecker, 1972) ‘Since the nascent PM-peptide -complexes (PMPs) are B
rap1dly degraded through a ubnqmun-dependent pathway (Clechanuver g_Lal,
' 1984), their metabolic eft‘ects are poorly understoud 'I'he PMPFs are of

interest however, because of their potentlal to eompete for degradanon w:th

the natural substitutes of the ublthn-dependent pathway (mchdmg cyclm,

P53, e-myg, and c—m (G‘rlotzer ﬂ_al. 1991 Relchstemer, 1991)), and because

 their structure predlcta an mhlbltory effect on tyrosme kmase actmty (Gordon .



g;_a[, 1986) In the Iatter regard it is nnteworthy that the carboxyterminal 3
- _ tyrosme residues of PMPs are Iemimscent of synthetic random polymers of
mosme-contmnmg ammcaclds, some of whnch have been found to act as .
':oon;gg_t_ig_ve mh_ibitors of endogenous tyrosi:_ne kinases (Braumn g_t_a,l, 1984)._

Cyclohemmzde (CHX;, like PM, is another "classwal" translatmn mhlbltor,
which prevems chain elongatwn by mhlbmng the peptldyl transferase actmty
of the 608 ribosomal subtmxt (Stzyer, 1988), but wh.ch unlike PM, does not
generate nascent polypeptldes (Allen and Zamwmk, 1961)

 The sﬁbstituted purines of which Puromycin (PM), Puromcym N
| annnonucleoside (PAN) and 6—D1methylammopnnne (G-I)MAP) are
. prototypes have been found to exert a variety of bmchemlcal and cytological .
ef_Eects when used at lugh epncentrauons rarging from 1_0-300;;M. - For - |
| mmpie', 6-DMAP, the punne component of both PM and PAN, reverSibly
| anests cells m the G2-Phase of the cell uycle by mhibmng phosphorylation
(Rime gt al, 1990) The nucleosnde analog PAN whlch isa oompo&te of 6-
DMAPandsAmmonbose hasbeenfoundtomhiblt HIV-1 rephcauonm o
vitro (Vander Heyden, 1989), and PM, itself a composite of PAN and tymsme-_'
Q.—methylether, is as discussed above, well know for its mhibl_tur_y_effect on
pfotein_ synthesis (Y armoliiisky and De La Haba, 1959). |

 The role ef_pr‘otei_n synthesis in the cell _q_:Ycie and in theprooess o_f__apbgtoSis is



cont‘enﬁbus as is tlie téiaﬁonship bétweeﬁ-cell Cycle'pha&.eand. apdpici'sis .
N actwatlon. It would appear that much of the confuswn mrroundmg the -
'mterrclauonshps between the cell cycle, apoptosls, and protein synthesis
reﬂects dlverse contextual expenmental scenarios in which the three vana.bles -

| bave not been mdependently eontrolled.

AS faf as apoptosis and protein'synthesis'is cc.)'ncemed'.not 6nIy is'there | - |
conﬂxchng op1mon as to whether protein synthesns is (Nleto gt_a,l., 1992) oris
i ~ not (Kruman ¢t al,, 1992) requlred for the process to oocur, but in cextam

| set_nngs protein symhesls mhibltom may actua]ly _mqym it (Ma.rtm s_L_aJ.., 1_990)

': or augment the apdptpsis induced by 6ther- agéiit’é_ (Bazar and Dgeg..1992). '-

With respect to the cell cycle and protein synthesis, and depending ot cell
h synchronidty and on contextual dwerﬂty, protein synthes:s inhibitors have been |
fdund"__to hélt'the -eﬁn'y of cells into S-Phase :(indﬁ and _Okada.,._1972), retﬁrd.
 the S/GzM transitibn (Nagata gt al, 1992), inhibit the passage of cells thmu.gh
ih_e_ G2-Phase (Kishimoto and Lieberman, 1964; Epifanova gt al., i_969), induce
' oel!s to accumulate in the GZM»PhaSe (Akamatsu et al, 199_1), éqmpletely |
 block mitosis initiation (Epifanova gt al, 1969), and prolong mefaphasé in
those cells that are éiready in carly mitosis when the drug is #pﬁﬁed
(Ep:fanava gt_gL 1969) There does appear to be an absolute reqmrement
| for protem synthesis for (i) pmgressmn through the Glb-subl’hasa of the cell

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

 swdlear division and cytokinesis (Burke and Church, 1991).



Cell cycle phase and the actumnon of the apt}ptouc cascade have been
variously linked. Apaptosxs may be GO-Phase (ano gj;_al 1992) or S-Phase )
specific (Del Bmo and Darzynkiewicz, 1991), it may occur Subsequent, toa Gl-
Phase (Chen and Rosenberg, 1992) or to a G P‘nase arrest (Easnna.u, 1990), 11:' | |

may oecur early in M—Phase (Is]:uda g_t_al., 1992) or it may occur ' |

' sxmultaneously durmg all phases of the cell cycle (Glynn g_t_al 1992) Cautxon _'

| must be exercised, however, in mterpretmg data from unsynchromsed cultures,

| because cell population ﬂuxes may be occurring between dlﬁ'erent phases of _

the cell cycle, concomltantly with the oceurtence of apoptosls ‘This problem .
is compounded if the agents used to mduoe apoptosls also nnpact on these

| popu]atmn ﬂuxes, ecither by causmg transition blocks, or by actlvatmg cells to

enter cyclmg status from the GO-Phase.

* Cyclophosphamide is & widely employed alkylating cancer éheiﬁothefapeutic
agent (Ahmed and Hombal, 1984; Kessinger gf al, 1991) whose -sytotouicity is
mediated by the introduction into DNA. of cross-links and single-strand breaks
(Hilton, 1984; Crook et al, 1986). Cyslophosphamide derivatives are also |
fréqﬁentiy used in vitro to putge -leﬁkemic cells from bone marrow (Cfook et
al, 1986 Nara et al, 1988 Douay, 1985) One such denvatwe is the prodmg _
 Mafosfamide (ASTA Z 7557), a cyclohexylamine salt that rapldly generates . |
Hydrm:ycyclophosphanﬂde after aqueous dissolution, 4~ - |
Hydroxycyclophos;)hannde degrades lrrevermbly via aldophOSphamxde o
' .phosphoramul_e mustard and a_,crolem (Niemeyer gt al, 1989; Domeyer and
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_' Daldek, 1980; Le Blanc and Waman, 1990), the therapeutlcaﬂy mgmﬁcant |
metabohteS of cyelophosphannde f Sha.rk:s etal, 1980)

A number 6f' anncancer agehts are able te. induce apoptes:s er' programmed N

cell death, e.g. etopos1de, ctsplatm, melphalan, methotrexate camptothecm,

tempomde, amsacnne, a.ud 5-ﬂuorouracil (Eastman, 1990 Eastman, 1992

| Femberg gt al, 1991; Del Bino and Darzynklewlcz 1991; Lock and Ross, 1990;
Sorensonﬂ_al, 1990). Inthewsesofetopomde (Lock and Ross, 1990) and :
msplatm (Se_renson g_t__al, 1990)_, a preceding GZ-Ifhase ee_ll-cycle_—m-resi_; has

_ Been as‘sociated'v}iih the subsequent activation of the.:fa..popteﬁc cascade; .

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

" Phase-speclﬁc mtermlcleosomal DNA degradation (Del Bmo and
Da:zynlﬂemcz, 1991)

'_ ‘The proto-oneogene c~m has been strongly nmphcated in the apoptotw o
pathway In certain contexts the Process of apoptosis has been found to be :
contmgent on e-mm expresmon (Bertrand gt al, 199%; A.skew e,t_aL 1991
Grassilli et al,1992; Sen, 1992; Sh1 et al, 1992; Evan s.t_a.l. 1992; Kypnanou et

| al, 1991), where_as in other SCenarios ddwn-reg;ﬂaupnlef e—m mRNA levels

haife accompanied the activation of the ep0ptoﬁc caseade (Ontam et al, 1992; |
Alnenri et al, 1992; Gusii et al, 1992). For m;ampie dovvn-;egﬁla_ﬁon of the
c-mye gene has been found to preeede ]L-G- induced ai)optoeis on6 cells
 (Oritand et al, 1992), steroic-induced apoptosis of 697 pre-B lymphocytes



(Alnemri gt al, 1992), and phorbol ester-induced apoptotis of U-937 cells
(Gllll]l gt_al, 1992) On the other hand, elevated o—m mRNA Ievels are seen

~ inrat thymocytes undergoing apoptos:s follovnng dexamethasone treatment -

| (Gras_sﬂh,- 1992), and ¢-myg has been found to be a potent mducer_of ap,optosu_s
in rat fibroblasts (Evan, 1992) c-my_q'éxpressioﬁ is also a reqﬁixeﬁienf for

| actwauon-mduced apoptosis of T-cell hybndomas (Shi gt.aL 1992), for- |

| apoptot:c regressmn of estrogen—treated MCF-? l:mman mAmmAry cancers

' (Kypﬂanou stal 1991), and for apoptosls ehclted in c-mxc—amphﬁed cell lmes
(mcludmg HL-&O) by the DNA topomomerase fH mhlbmor VM-26 (Bertrand g_t
al, 1991),

Certain anucancer agents have been found to reduce ¢-my¢ mRNA le&e_ls-_ |
{Arbiser ¢t al, 1991; Futscher and.Eﬁcksun,. 1990; Pieper g:_a,l, 1_9_89; Mﬂler et
gl 1987 s;;yc;fef ot 81, 1991), whereas others, including the cyclophosphamide
derivative 4-H?drdpéroxycycloph05pﬁamide,. have be’en_ fouﬁd to e'l'evatp- cmye
mRNA fransetipts and/or c-myg oncoprotein levels (Futscher .a.nd Enckson, |
1990; Sullivan and Willis, 1989). ' In Colo320HSR cells treated with the
cyclopﬁos';ihamide derivative (#hydropemyéyclophoéphauﬁde),. e-mye mRNA
levels were found to increase after 1 hour of exposure but to decrease o
subsequently, rmsing the possibility that alkylating agents may suppress the .
expression of specific transforming genes (Futscher and Erickson, _1-990)‘

Further evideﬁce’ fbf tlus oomes from in vitre e:qséﬁxﬁenmﬁon which
demowﬁated that alkylating agems including nitrogen mustard and.'ﬁlelphelmh_

21 :
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but not 4 S-(propiomc acnd)-sulﬁdocymophosphamlde, termmated c-myc |
transmpnan ina sequencewspemﬁc, drug«specxﬁc manner (P;eper gt al, 1989)
In addition mithramycm, which binds to G-C-rich sequences in the DN'A minot
- Brogve, has been found to inhibit c-myc transcnptmn 11_1 Hela cells (and ot_her
~ genes which have G-C _ﬁch promoter sequences) by ﬁrcvenﬁng the forﬁ;atipn |

 of the transeription initiation complex (Miller et al, 1987). -However, increased

.~ ednye 'pmiein has been observed to Waté ina Iymphoblastoid cell Iin_e--in' -

response to certain alkylating agents (Dimethylsulphonate, Ethylmethane |
* sulphonate and Mtomymn C) (Sullivan and Willis, 1989), and elevated c-qu

| _mRNA levels have been reported in SV40 transformed human kerannocytes in

response to ultravlolet uradlanon (Ronal et al, 1988) and in rat embryomc
cells exposed to mmzmg mdlauon (ngo g_t_g.l, 1989)

The overall reg1ﬂat10n of eukaryoti¢ gene exprewon is.

: mextncably linked, inter alia, to factors governing mRNA stability and

_ degra_dauon (Carter. and Malter, 1991), The Steady-_state Jevels of a specific
_mRNA species can be controlled at any one of the multiple stej:s'involvgd in -
its metabolism i.e transcription initiation, transcription elongation, poSt- -

| transcriptiohal. RNA processing (_addiﬁon of the & cap, the 3 poly(A) tail, and
Splicinfg)-,_mRNA-tranSPmt from the nucleus to the cytoplasm, translati&n, and

-cytoplasmic mRNA aoétimulation and degradation (Carf_ef and Mélter; .1991; '

. Atwater et gl, 1990). | a
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The term "sup_erindﬁctian".has traditionally been la[.Jpl_ied to the process by
‘which complete protein synthesis inhibition results in the augxnentaﬁdn and
| stabiﬁiﬁtion"nf indut.:i'ble' mRNA trauscripts (Ma.hadevan and Edwards 1991).
For example high doses ie. 36-180;5M of the "clasmcal" translauon mhibltors
PM a.nd CI-IX have been used to ehc:t &mxg mRNA supennducugn (laird
- Ofﬁ_-mg_a et al, 1990). Within the context of prote.m synthems inhibition, the

. phenomenon of superinduction has been a_tti'i_buted'to a number of differant |
processes including mechanisms .reIaﬁng.to thé_inhl‘biﬁbh of translaﬁon per se
'(Wiﬁdom and Lée, 1991), the mhi’omon of translation-dependem p‘oly(A) ta11 '
shortesing (I.a:rd—()ﬂ’nnga etal, 1990), and entanced mRNA stability due to
| the loss of la‘bﬂe tmnsmpuonal repressors or RNAses (Greenbcrg and Ziff,
1984; Dani et af, 1984). -

* Recently it has been recoguised that superinduction may alo be elicted
ihro‘tgh mechanisms whicﬁ inanve._sig_ml transduction pathways, and which are -
distinct from protein synthesis inhibition (Mahadevan. and Edwards, 1991; |
Frik o, 1988; Hlongusl<de Mouzon and K, 199), For example, s
_mhibxtory concentraﬁons of the protein synthesis inhibitor amsomycm has been

~ found to supennduce a-mﬁ and c-jun mRNA, speclﬁcally through the

phos.phorylahon of two chromatin-associated protams pp33 and pp1s
(Mahadevan and Edwards. 1991)

'Phosphiorylation of protein tyrosine plays a pivotal role in the regulation of
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| normal cell gwwth and pmhferatxon, and in neoplastlc uamfcmuom In the |
cell cyale, the G2- to M—Phase transmon is controlled by phosphorylatmn/ |

| dephosphnrylauon reactions involving the 'Iyrosine-JS remdue of the p34™2
kinase (Krek and Nigg, 1991), In addition & 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 |

cytosoli¢ noﬁ-receptot—assodiﬁted oficogene products (such as ppﬁosm, pSQt‘m, -

' - p62yss, etc), exhibit tyrosme kinase actmty (Bishop, 1983; I-Iollywood, 1991;

| Ullnch and Schiessinger, 1990, Cantley g_t_ﬂ,1991, A:amnson, 1991)

The search for specific tyrosine kmase mlnbltora represents a nﬁvel -approach
 tothe development of anticancer agents (Gmmcke, 1991; Wong and Goldberg,

- 1981; Akiyama et al. 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 truuscription, translation, N
and DNA synthesis (Powis 2t al, 1990* Newman and Dogramatz:s, 1991).

Quercetin (Glossman et gl, 1981; Graziani gt_al, 1983), genistein (Akiyama gt o

al, 1987), erbstatin (_Gamt g_t__a,l. 1989), amiloride (Davis and Czech; 1985), and |
herbimycin A (Uehéfa et al, 1989), have all proved effective against tyrosme |
inases. Problems of toxicity, specificity, and drug delivery to tumours have
'ﬁmite-d their clmical applications however. For example, althoni_gh genis:tein. is
a much more specific iﬁhibi_tor of tyrosine kinases than is quercetin, its tdxic:ity
has precluded its in vivo use in patient's. td date. | More recenﬂy,-deﬂﬁaﬁves of_ |
tyrphostin other than erbstatin have been found to inhibit EGF-stimulated



growth of squamous carmnoma cells, in_mm. and in nude mice mocufated w1th

such oells (Y oneda gLa,L 1991)



.Umd'wm“msinﬂmﬂhym omyeln inclade a G2-arrest, s
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The potent effects of low doses of PM on the cell cycle hlm- o date been
obscured by the conventional usage of this drug at high concentratwns (5- )
Sﬁug/rnl) to inhibit pmte,in synthesis In this { m vitro study undertaken ina o
variety of-mahgnant and non-mahgnant human and murine ‘cell types, we
' found that low doses of PM (o 1-0 Sug/ml) disrupted significant phase-to-phase
 cell cycle transitions, causmg a Gz-an-est, a metaphas&mtotm—arrest, and N
| apoptosns In HI-60 cel_ls these observations were elicited by PM _ o
concentrations sta.rtmg at 0.1ug/ml, and i#e’re more pmnounoed at Sh'ghﬂy
 higher PM ooncentratmns, mcludmg that (O.Sug/ml) which mh1'b1ted |
”[“C]Leucme mcorporatmn by approximately 20% after one hour, and by
~ approximately 50% after 24 hours. A concentration of CHX (0.25pg/ml)
whlch was eqmvalent 10 0.5ug/ml oi PM, both in terms of molanty © 9uM)
and degree of inhibition of [*C]Leucine mcorporanon, faxled to induce sm:ﬂar
changes to those induced by PM. This suggests that at these pa:tlcmlar
concentrations the PM-induced changes were likely to have _béen related to the |
. different méchanisms of pi'crtein synthesis inhibition exerted by these two -
“classxcal“ translatmn mhxbltors PM but not CHX generates nmoent peptxdyl-f
PM complexes (PMPs), aud we therefore propose that the subsequent
intracellular eﬁects exerted by the PMPs may account, in part, for .t_he
 differential eytokinetic effects elicited by these drugs. 'The role of PM is
' cwenﬂf being evaluated in ﬂm as a Iow-dose oomp'bne'nt of a multldrug
chewnotherapeutic regimen in which its cell-cycle-specific. #ﬁects could



potentially be synergistic with other agents,



'Ifhe ant:bmuc Pmomymn (PM), is 2 composne of ammonucleos;de .
| dlmethyladenosme and tyromne-o-methylether 1. It is a funcuonal analogue a
of tyrosy1~transferRNA, and is well know for its mh1b1toxy effect on protem -
synthesm (2) PM ooncentratlons of 5-50;xg{m1 block protem synthesm o
. completely by causing the. premamre release of truncated peptlde chams whmh |

o are bound through their eaxboxyl termini to PM.. Since the naseent PM.-

peptide complexes (Pms) are rapidly degraded through anvbiquitin-
dependent pathway (3), their metabohe effecis are pnorly understoad ’I‘he |
B | PMPs are of mterest however because of theu: potential to compete for
| deg:adauon with the natural substrates of the ubiqmtm-dependent pathway
(mcluding cyclin, 953_, e-mg. and c-fog) (4), and beeause thexr structure

. predicts an inhibitory effect on tyrosme lcina.'.e acimty (3). In the Iatter '

regard it is noteworthy that the carboxy terminal tyrosme residues of the PMPs
are remmmceut of certain synthetic random polymers of tyrosme-mntamEg
aminoacids, some of which have been found to act as eompetlt:ve inhibitors of _

endogencus tyrosine kinases (6).

The regulation of cell cycle transitions has recently been elucidated and
extensively eviewed (7,8,9). The G2- to M-Phase transition is regulated by a

| ceabrdinated ca_scade of kinase- and phesphatase-ﬂiediated reactlons (10), -
‘while the knet#phese to anaphase .tran'sition is mediated by -'ra_pid; ub:qmttn~ |
dependent cychn preteo_lysis ('11). Consistent with what is nowlmuwn tobe



36

an “sohite requlreme.nt for protein symhesns for progressmn through the Gib- :

: snbphase of the cell cycle (12) PM (5-20yg/m1) halts the entry of oells mto S- _
- Phase (13), mhibm the passa.ge of oells through the. G2-Phase (14, 15), .

oompletely blocks mitosis mmanon (15), and prolongs metaphase in those cells o

 that are already in early muoos when PM i is applied (15)
Ce]l cycle events and the process of apoptoszs (programmed eell -ﬂeiath)ﬂ'hav:e.
' been linked through the recogomon of an assoclation emsung between aG2

' arrest and subsequent actlvauon of the apoptouc oascade (16). As far as

| apoptosts is conoerned protem synthes:s has a vaned and someumes |
| _controverﬂal role to play in ﬂns prowss Certam cel]s enter apoptos:s by a

| | process dependent on de novo protem sy;nthems (17 18), whereas in other cells
. complete protem synthesis mhibmoo does not prevent apoptosxs (19)

- Furthermore, mhblnon of protein synthems may augment spontaneous
apoptosis (20), and in certa.m c:rcumstanocs nﬂnbmon of protem Synthesxs per
_s_e has b_een enough to tngger apoptoals (20,21,22,23), Specifically PM |
employed at 50pg/ml induced apoptosis in HL-60 cells (23). |

" ‘The. oonoentranons of PM (5 S0ug/ml) achleved inwitra |

- (13,14,15), and which significantly mhibnt protein s;mthesxs by greater than ) '_
95%, are unattainable i in vivp without serious toxicity, Therefore to nxploro

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

re-evaiuating its potenﬁai in vivo application in a chemotherapeutic contoxt, we

ewployed very low oonconoaﬁons of PM (< ipg/nﬂ)- which inhibit’ed protein
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- synthems o a hmmed extent We also compared PM’s cytokmetw eﬂects to
those ehcnted by an eqmvalent protein synthesis mhibltmg eonoentmnon of 3
| - .another protem synthesm mhxbltor Cyclohemmide (CHX) We found that at |
'. . -these concentrauons PM but ot CHX induced apoptosns, and potently blocked - -
late cell cycle transi’aons, d:smptmg bOth the Gz-to M—Phase, and the o -

'metaphase to anaphase transmons. Smce CHX prevents chaJn efongaﬁon by

-mbibntmg peptxdyl tra.nsferase acmuty of the 608 nbosamal subumt (24 ;, but o

does not generate nascent polypepndes (25), we suggest that the mtracelhﬂax

. ..effects exerted subsequenﬂybythe PM-gencrated PMPs may account fcr the
dﬁerential qtolnneuc eﬁ‘ects ehmted by doses of these drugs that mhibxted '
'pmtemsynthesmtaaneqmvalentextent. . ﬂ{\ D B



HL-60 human pl‘dmyeibcyﬁc leukemie cells, THPl huma'n monocytlc Ieukemlc |
 cells, and SP-2 uurine myeloma cells (aTCC Roekvme, MD USA) were
mamtamed in loganthmm growth phase at 37°Cina hum:dlﬁed atmosphere of

air and 5% CO,. Four week old female (_CSH/HeJ, endetommremstant) mw_e s

were tﬁymeétonﬁzed' and thymocyte suspensions prepaxed'(ZG) All cells Were o

seeded at 1x10° cel]s/ml in RPMI 1640 medmm supplemented with 10% (‘, /v) . L

~ of heat—macuvated fetal ca]f serum, As well as L—glutamme (an\d),
 Penicillin (50U /) and Streptomycin (SOug/ml) antlb10t1cs (aJl from GIBCO,
Madlson, WI, USA). Puromycin and Qrclohexim;de were obtamed fmm

'- _'Slgma At completion of incubations, culture vxabthty wais assessed using the
| trypan blue dye exclusion technique, Cells' were fixed and stained with May- .'
| Grﬁnwaid—Gwmsa, and exammed, using hght mcroscopy, for mitotic ﬁgures
and a.poptottc cells. Previously deﬁned criteria were used to ldentify apoptotic |
cells (27). The -number of mitntie and apoptotic cells per 1000 cells counted
was determined, and then expressed as the mltotlc index and as the apoptouc
mdex respecnvely

0.5pCi*C]Leucine (specific activty SOCi/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
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phosphate-buffered saline, 1 mal of 10% trichloroacetic acid was .'adde.d and the -
tubes chilled on ce for'SO minutes. The precipitate s formed was ﬁltered on |
'GF/C filter papers (Whatmann) and washed three times with $ % ..
trichloroacetic acid. - The ﬁlters were dried and counted after ad,iﬁng aqueous -

counting scintillant. - [*C]Leucine incorporation was determined In triplicate.

: Cells were prepared for analysxs as descnbed (29) The cenmfuged cell pellet
was resuspended in & hypotomc nuclear lsolanon medmm containing
I_’rop1dmm_lod1de (Sigma), incubated on ice, and then in RNase at 37°C.
F_Iuoreseence__eﬁﬁ_tted from the Propidium.'lodide-DNA complex was o
quantitated afler laser excil:ation of the fiuorescent dye by the cmef BPICS-
Profile-Il ﬂ_r;wv cytonieter (Ceulter Electrbnics,' Ine, Fla)'._ -Cell debris and |
dtjublets were exc_luded (30). The coefficient of vaﬁatioﬁs' of the. peaks of_ the
cnhﬁel GOGI- and GZM-Phases were less than 3%, lelts ﬁf oell cycle

_ phases as determined in the control DNA dxstﬁbutlons were retained in the
subsequent a.nalysm of the drug-treated populatlous

DNA isolation, extraction. and electraphoresis was carried out according to the

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

extracted prior to incubation with RNAse. - Total DNA from 1.5x10° cells wes
-~ loaded onto a 1.5% agarose gel and electt"opht)ﬁed'fo_r 12 hours at 1.5 V/cm.
 Both the gel and the electrophoresis bufter contained ethidium



=

. mm;aeaggm).

o

1]

Al AL WA B e e e e Rk R



a

The viability at 24 hours of PM- and CHX-treated cultures was unaﬂected by
' concentratxons up to O.Sug/ml (Figure 1a) . At higher concentrations |

> Ing/ml, the v:ability of both PM- and CHX-treated was compromlsed, with |
the viability of PM-treated cultures being affected to a greater extent. |

The dose-résponse curves expressing the inhibitory activity of PM on prbtein'

~ synthesis (as measured by [“C]Leucme moorporatmn), are presented in Flgure
1b. At 1 hour and at 24 hours, at a concentration of 0. m«z (0. 25ug/m1),

' CHX was found to inhibit [“CJLeucine incorporation to a similar extent as a
concentration of 0.94M (0.5ug/ml) of PM did ie. approximately 20-30% at 1
hour and approximately 50% at 24 hours (Figare 1c). |

Eﬁ‘ecﬁs on the‘IDNA histogram of HL-60 cells following continuous exposure to
increasing PM concentrations confirmed a time- and a dose-related i increase in
the G2- and M-Phase populatmns, an almost rcclprocal reduction i in the S
Phase pepulation, and an apparently unpermrbed GOG1-Phase population
{Figure 2, Figure §a and b). Morphological studies showed a metaphase-

* mitotic-asrest and features of apoﬁtosiS, the apoptotic mdex being 12.4 in PM-
treated cells as compared to 102 in control cells, and to 1.4 in CHX-treated
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(0 ZSyg/nﬂ) oells (Flgure 5) Apoptosls was conﬁ:med ultrastmsmrajly (not
shown), and by DNA electrophoresm wlnch shawed the pattem of doub1e~
stranded DNA fragments that results from the act:tvatmn of an endogenous
endonuclease (F1gure 6) | | |

. After 24 hm bf Cerxposure (. 2sgg/m1) there was 2 GbGl-arrést with
 concomitant limitation of the S, the G2, and the M-Phases (Figure 2, Figure |
4a and b). The moxphologmal sequelae of CI-IX-exposure were unremarkable B
o exce.pt for a r_educe.(_l m:m’ber of mitotic ﬁgures__(Fxgwe 4b). Apopto_ms_ above

zontrol levels was not evident at a CHX concentration of 0.25ug/ml (Figore
"sa); 'ndr were DNA 'fragm.e.nts produceﬂ zati ihls eonéentfaﬁdn (Figure 6)- o

i X I)NA fragmentauon was evident when CHX was employed ata much hlgher

' -coneentratxon of z;sg/ml (F1gure 6)

The morphological, cytokinetic and electrophoresis data obtained in 0.5ug/ml

© PM-treated I-IL-GO cells were representative of similar data obtained (bnf not
shown) in o.s.ug/ml PM-treated 'I'HP-I and sp-z cell uues, as well as for

; OSyg/ml PM-treatedmouse thyznacytes _ \ :
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Viability of cultures (a5 determined by the trypan blue dye exclusion
technique) after 24 hours of exposure to the indicated concentrations of
PM and CHX (ug/ml). Results represent the mean + D of three
separate experiments each done in duplicate,

The affect of increasing doses of PM (ug/ml) on ““C]Leucme :
incorporation at one hour and at twenty-four hours in HEL-60 cells,
Results were expressed as the percentage of control values and
represent the mean = SD of three separate experiments each done in
triplictiie, .
Effect of equivalent molar concentrations (0.9uM) of PM: (0, Su.g/nﬂ)
and CHX (0.25ug/ml) on inhibition of [*C]Leucine incorporation.
Results represent the mean = SD of three separate expenments each

. done in triplicate.
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Figuwe 2
Representative ﬂaw cytometric analyms at 24 hours of Count Versus
Fluorescence/DNA content of control, PM-treated, and CHX-treated HL-60

~ cells. Twenty-five thousand cells wete counted for each analysis. I-I1stogram
scaling was the fame for all samples
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~a)  Effects on the DNA histogram of HL-60 cells following 4, 12, and 24
hours of exposure to increasinig PM concentrations (pg/ml) Results
are expressed as mean = SD. (n=3/4)

b)  Stacked-bar graphs illustrating the relative percentages of HL-60 cells in -

- *he G2~ and M-Phases of the cell cycle consequent on 4, 12 and 24 '
Hours of exposure to increasing PM concentrations (ug/mi). 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 GZM-Phase value (n-3]4) obtamed
from Figure 2a. -
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Figure 4

Effects on the DNA histogram of HL-60 cells following 24 hours of
exposure to increasing CHX (ug/mi) concentrations,  Results are

~ expressed as mean + SD (n=3).

Stacked-bar graphs illustrating the relative percentage of HE~60 cell_s in
the G2- and the M-Phases of the cell cycle consequent on 24 hours of
exposure to increasing CHX (ug/ml) concentrations. . The percentage
of cells in the G2~ and in the M-Phases were caleulated as described in
the legend of Figure 3b. .
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- Giemsa-stained cvtost preparations (magmﬁcauon x 1000) of 24 hour control

and drug-treated HL-60 cells.

a)  Control HL-60 colls '

b)  PM-treated HL-60 cells (0. Sng/ml) showed 2 , marked metaphase mitotic
accumuluuon "M" by 24 bours. Certain PM-treated cells bore.
histological evidence of apoptosis "A" (condensation of the nuclear
chromatin and cytoplasm, miclear fragmentation, and the formation of

- membrane-bound apoptotic bodies). _

¢)  CHX-treated HI-60 cells (0.25ug/ml) were indistinguishable ﬂ.am

) ~ control cells except for a rednced mitotic activity. '

The apoptotic index in each case represents the mean £ SD ofthree separate

experiments each done int duphcate
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Agarose gel eIectrophore&s of total DNA extracted at 24 hours from 1.5 x 10‘
- HIL-60 celis, and from 2x10° murine thymocytes, treated as indicated. The size

(in bases) of separated DNA molecular welght markers (Bgllll-lmﬂ cleaved
pBRSZB) are shown.



| R 49
DISCUSSION

In the eﬁ.i"rent'swdy we have"'shuw'n that-'PM exerted 2 nunﬂﬁér of ijetent '-
'eﬁects on the ceil’ cycle wheu used at coneentrauons far below thase used _
| tradmona]ly to completely bIock protein synthes:s (5-50#21 ml) These effects . -
mcluded a GZ-arrest, a metaphase-mltotlo-arrest, a.nd anoptos;s- and were c
found in a vanety of mahgnant and nm—malngnant cell types of both human
| and murine ongm. In HL-60 ceﬂs these observauons were ehcxted by PM
| concentraﬂons sta.rtmg at 0. I,ug/tul, wlnch not only dld not mh1b1t [“C]I.eucme o
| meorporanon, but actually enbanced it, (at least for the first heur of exposu:e) _
. 'Ihe effects were more pronounced at shghtly h:gher PM conoentranons, o
| -‘ncludmg that (0.5ug/ml) which fohibited [“C]Leucme moorporatlon by

| ”approx:mately 20% after one hous, and by apprommately 50% after 24 hours

A concentration of CHX (0. ZSug/ml) Wthh was equwalent to O.SMg/ml of PM,

both in terms of molanty and degree of inhibition of [“C]Le

moorporauon, failed to mduee s:tmila:r changes to those mdueed by PM. This - |
suggests that at these particular coneentratlons the PM-mduced changes were

.' hkely to have been related to the dlﬁerent meehamsms of protem synthes:s B
_ mhlbmen exerted by these two classwal“ translauon mhibltors PM (25), but o
© mot CHX (24), generates nasoent peptldyl-PM complexes (PMPS), nnd we
propose that the subsequent mtraeelhﬂar effects exerted by the PMPs may
account, in part, for the dlft‘erennal eytolunenc effects ehclted by these dmgs

The cytokinetic effects obsetved with PM-exposure _ineluded. a hme— and dose-



| related mcrease m boﬂl the G2- and the metaphasa populatlons, an almost |

rec1proca1 redncuon in the S-Phase populauon, and an evxdently unperturbed -

' GOGl-Phase pqpulatmn; These observations su'ggest an undelayed passagg o
through-and_egr_ess from S-Phase of those cells that-wei'e beyond the Glb- |
'subph'ase when PM was appiied, but “&ih'.subseqﬁeﬁt partial ﬁéld—ups at the o

'_ G2/metaphase and the metaphase/anaphase boundanes, Any predicted but

* not nbserved decreases in the GOG1-Phase populanon (on the basis of the .

| metaphase-mltouc- arrest) are hkely 0 have been oﬁ’set by an accumulatmn cf -
- cells i in the Gib~stﬂ)phase conSequcnt on PM’s mlubltory effect on the
mandatoly protein. synthesxs reqmrement of tl:us subphase (12) CHX

- exposure mduced a GOG1-arrest with concomitant hm1tatxons of the S, the - ..

" G2, and the M-Phasas, mdlcatmg that CHX. blocked the entry of new cells .

~ into dmswn consequent on the protein synthesis requlrement nf the G,lb~

subphase (12.31), but pemntted those cells that were beyond this subphase at
the tlme of CHX apphcatlon, to mmplete mltoms (31) ‘We did nnt observe.
the Gz-delay that has_been reported to occur with h:gh»dose CHX-treatment
(31). | | o

The G2- to M-Phase transition is o;;mned by phosphorylation -
dephosphorylation r_éaétibns mvohnng the Tyrosine-15 rgsi¢ﬁe of the pSé“_'“
kinase unit of Mitosis Promoting Factor (7,-8,10,32)- Since we have tecenﬂy |
- found PM metabohtes to speciﬁcally lﬂhlblt tyms:ne lunase activity (submltted
data), we are mvesttgatmg the possibﬂity that such metabolites, by attenuanng

Tyrosine-15 phosphorylauon/dephosphorylauon reactions of p34°“" kinase, may

s
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have been responsible for the szt observed in PM-treated cells. Sach

an arrest has also been reported when PM was employed at much l:ngher |
concentrations of S-ZOug/ml (14 15).

Ttis _pdsbible' that there is a eonnecuon EetWeen the G2-arrest and the
 apoptosis observed in PMstreated HL-60 cells (0.5ug/ml), since a preceding
G2-arrest has been found to be linked o subse-quém activation of the

apopto'ac cascade in cells exposed to. the anﬁcancer agents Etoposuie (33),
Cisplatin (34),and . Mafostamide (submitted data).

The r_ole.bf prdtein synthesls in the process of apoptosis is varied and "
contrUVersml (17-23). Aithmlgﬁ 50pg/ml of PM was found previously to
frigg'er .aﬁ'optosis m HI-60 eeus (23); we were able to 'elieit apoptosis at one
hundredth of that P_M concentration ie. at G.Seg/ml. | CI-IX used in HL-60
cells at & dose that inhibited protein synthesis to a similar extent as OSpg/ml
of PM did, faﬂed'to_induoe apoptos:s Althaugh we cannot adeqﬁately explam
'. the d:fferentlal effects exerted on apoptosw 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 fl.'l.tlll'e- we
plan to evaluate the spemﬁc role, if any, of PMPs in apo;)toms act.watlon. It is -
worth noting that a hlgher concentration of CHX (Zug/ml) mduced apoptoszs

in HL-60 cells, conslstent with the apoptosis that fias been mduced in su.ch

cells by 50pg/ml of CHX (2_2,23), and consistent with the augment_atmn of
spontaneous apoptosis in B-chronic lymphocytic Ieukemla ceﬂs elicited by



1ug/ml of CHX (20).

The metaphase to anaphase transition is mediated by precipitous ublguitin-

‘dependent cyclin degradation (11) Slnoe PMPs are known to be degmded by |
~ the same pathway (3), it is pOSSible that in PM-treated cells t]ns pathway was
" preferentmlly diverted mto PMP proteolysxs One or more -of the ublqmun B

pathway components m1ght have become litmtmg for cychn degradaﬁon, 5

. resultmg in the observed metaphase-mtotlc~anest. This hypothesm is

- - currently under mveﬁngatlon m m:r 1aboratory In addnion we a:ce also

evaluating the effect of low-ﬁ aese Pkf.t *m cyclm and on ub:qmtm synthems, and | |
on the synthesis of the specﬁ:le pror.oase enzymes responmble  * ublqmtm- _ '_ _ o

| dependent proteolyms, smce it is necessary to exclnde decreased producnon of _' -
| these protems as bemg implicated in the generatioo ot' the I’M—mduced |

' -metaphase-mtoﬂe—awrest. I this regard however it is worthwhile notlng that _

0. ZSpg/ml CHX, w]nch inhibited protein synthems to the same extent s

0. Sp.g/ml of PM did, did not induce a metaphase-mnotm-arrest, mdlcatmg that
his level of protem synthesis unu'bmon appears not to have compromlsed
cyclin, ublthn, or protease synthesls It i is of mterest that whon employed at
a high dose of 20;1g/ml, PM completely blcmks the abllity of cells to mmate
mitosis, and prolongs metaphase i in those cells .rntt are already in nutosm \ﬂ?hem
PM is apphed (15)

* The findings of this study are of interest becau5e the use of PM prethtsly as a
ﬁmgle antmeoplasuc agent pmved to be meffective ina range of chmcal |
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settmgs (35) ﬁlthough s:gmﬁcant protcm synthems mhibmng ooncentrauons - |
of PM are unattainable in vivo w:thaut serious to:ucity, this h:mtation does not

| neoessanly apply to the more potent effects elicited by low-dose PM, Our |
| data suggests that PM may yet proved to be a useful chemotherapeuuc agent,
not smgly but as a component ofa mulndrug reglmen in whlch 1ts potent ce]l- :
cycle-spec:ﬁc effects could well be Synergnsnc with other agents This oould be |
acoomplished by first accumulatJﬂg cells in specific non-GOGl-Phase 3

. compartments and then subsequenﬂy dehvermg appropnate cycle-actwe |
'chemotherapy ~Thus, thc metaphase-arrest caused by low-dose PM could be

| synerglsnc wnh the metaphaseﬁpecnﬁc agent Vmcnsti‘ne wh:le the shunting. t_)_f | . ’

Gz-arrested cells mtn apoptosm could act synetgmticaﬂy thh Etopos;de,
~ Cisplatin, or Mafosfamlde. Phase 1/11 veterlnaxy clinical trials mcorporahng |
"PM into such mulndrug_regamens for the treatrient of bpontanm_l_us canine

lymphomas are currehtly under way in our laboratories.
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Gz sym,?mmmi a;aupﬂmis is elicited in HL-60 cells by the
ptotein synthesis inlnihitor Puromycin.

-
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) HL-60 human Ieukemm cel]s were synchromsed at the GOGI/S boundary usmg
|  the double thymldme black method Upon releaSe from the block, senal flow
' cytomemc analyses revealed that cell.s exposed to the protein Sy‘.llthBSIS
. mhlblmr Puromycm (Zug/ml) progressed more slowly through S-PhaseW
N d1d untreated control eeIIs In ?momyem-ttreated eells a Gz-Phase arrest was 5
evident at 8 hours whaeh wes fmmd to precede acute exploswe apoptosis at 10 5 |
| hours Apoptosm was eonﬁmed mo:phologically and blochem:cally
| [C“]Ieuelne mcoxporatit)n studxes revealed that in the 8th hour of PM-
exposure, protem s;mthes:s was mhibzted by t94% Cur study in thlS eontext
showed that the actiwmon of the apoptouc caseade was céll cyele-dependent,
“and that the szapoptoms transmon and the process oi apoptosis Itself were |
vlrtually protem synthes:s—mdependent. ’Ihe meehamsms by whxch the. pmtein -
synthesis inbibtor M retarded the passage of synchronmed cells through S-- |
| Phase, disrupted the G2/metaphase transmon, and activated the apoptouc
cascade may be related to PM’s protem synthesm mhibltmg actmty, or
alternatively to its ablhty to dmrupt collular tyrosne phosphorylatlon of the
regulatoty protems involved in medlatmg the GZ/metaphase transitxon. “The _ .
|  data are helpful in reeoneihng some of the apparentxy eonﬂicting opimons
| concerning the relationship between protein synthems, ap0ptosm and the cell



o 'Ihe role of protem synthems in the cell cycle and in the process of apoptnsm s
contentmus, as is the relahonshlp between cell cycle phase and apoptosls

acﬁvanon (Flgure 1} | |

| As far as apoptosm and protem synthesm is concemed, not only is thera - |
conﬂxcnng opxmon as to whether. protem synthes:s is [1] or is not [2] requlret.i”' :

e e T AR L gt T s b AR TRGER T SRR T AR R e

- for the process to occur, but in certain setnngs protein synthes:s inhibitors may o

o _ E actuutly induce 1t [3] or augment the apoptosis mduced b}r other agents 4}

W1th respect to the. cell cycle and protem synthesls, and dependmg on oell -
| synchrommty and on oontexmal dwersxty, protem synthesm mhlbxtors hav* béen
E ~ found to halt the entry of cells into S—Phase {51, retarded the S/GZM transition
6}, il]hiblt the passage of cells through the G2-Phase 17,81, mduoe oells to- o
a(:cumulate in the G2M-Phase [9], omnpletely block mitosis imtlanan !'8], and
prolong metaphase in those ce]]s that are already in early mltmus when the |
: dmg is applied [8]. ’I'here does app{.at to be an absolute requ:u'ement for
proteln syathesis for (}) progression through the G1b-subPhase of the cel cycle’ |
in which the protems required for DNA rep.watmn are produced [10], and for |
(i) pmgressmn from the end of DNA synthesm to nuclear dmsmn and

cytokinesis [11]



| PROTEIN SYNTHESIS |

- [aPopTOSIS | —

I)lagrammatic representanon of the relatlonshlps emstmg between cell cycle

phase, apoptosls, and protein synthesns




._ Cell cycle phase aud the acnvanon of the apoptotxc caseede have been o
) vanousiy linked. Apoptosm may be GO-Phase [12] or S-Phase speciﬁc [13], It -

may oceur subsequent to a Gi-PhaSe [14] or ta a GZ-Phase arrest [15], itmay |

. aecur ea.rly in M-Phase [16], or it may occur durm,g all phases of the eell cycle :

ST Cautton must be exemsed, however, in mterpretmg data from .

unsynehromsed cultures, Lecause cell po;rulatmn ﬂuxes may be m:currmg
'between different phases ef the celi cycle, comnczdenmlly w:tlz the oecurrence
| N ofapoptosls Tlns problem is compounded 1fthe agents used to induce o

| apoptosm also unpact on these populatmn ﬂuxes, elﬂ'let by causmg tranmuon | )

| blockmg or by acuvatmg cells to enter cychng status from the GO-lese -

Cn would appear that muchof theconfusnon surroundmgthe mterrelauonehlp o
" between the oell oycl, apoptosis and protein synthesis reflects diverse
" contestual experimental scenarios in which the three variables haée ot been
mdependenﬂy controlled In the present study, we have, investigated the = .

: apOptouc process in ceIIs synchromsed with respect to the oell cycle whxle _. -
mmntammg control over protem synthesls‘ The data suggest a worlhng model a
.whxch may help to reconclle at least some of the current apparenﬂy confhctmg N
: uplmons on the lssue |



" HEA60 cells (ATCC passage 17, Rockville, MD, USA) were seeded at 10 |
colls/sml in RPMI 1640 medium supplemented with 10% (v/v) heat—macnvated o

. fetal calf serum, 2mM Lglatamine, Pemc:ﬂm (SOU/ml), and Streptomycm | .

: (Sﬂug/ml) Cells were mamtamed unagltated in loganthmie growth phase at
| 37’C ina humid1ﬁed atmnsphere of air and 5% CO, For’ synchromzauon .
. e::penments the deuble thymidme block mt*thod was employed [18] Cells

| seeded ata coneentrauon of 10‘/1111 were mcubated for two 24 hour penods in o B ..

| the presence of ZmM thymdine The two 24 hour periads were separa.ted by |
al2 hour penod in which cells were mcubated in the absenee of thyrmdme ie.

they were released from the ﬁrst thymldme block. 'Ihyxmdme was removed
 after each 24 hour~e:qsosure by washing the cells three un:aes in mediom that '_
had been prewarmed to 3‘7"C After release from the seeond thymdme block, |
-~ cells were seeded at a ﬁnal density of 10‘/m1, and ahquots of cell suspens;ons |
were eolleeted after various. mcubatmn intervals aud subjected to ﬂow
cytometne analysis and DNA aga__rose gel eleet:ophoresis_. Culture mbdity )
was assessed by the trypan'blue dye ei:clnsion technique,' and after eells were
| fixed and staaned with May-Gritnwald-Giemsa, cytospm preparauons were
examined for m1touc ﬁgu:es and apoptohc cells.



_Cells were prepared for analysw as described elsewhere [19] At the _
COD.chlSlOll of the demgnated mmbatlon periods, the pellet obtained b:, |
eentnfugatlon from 10‘ cells was resuspended in 1ml ofa hypqtomc puclear |
isolation medium (SOmg/l P.top1d1um Todide; 1g/1 Tnm-x 100; 1g/t Sodium .
.(htmte), meubated on ice for 30 minutes, and then in DNAase free RNAase at | __
37“0. Fluorescence emltted from the Propndmm Iodldeul)NA eomplex was |
_ 'quanutated a.fter laser excitation of the ﬂuorescent dye by the Coulter EPICS.
Frofilc & flow cytometer (Coulter Electronics, Inc, Fla), Cell debns and
doublets were excluded [20], and the coefficient of variations of the
| unsynchronised control GOG1-Phase and G?M-Phase peaks were less than 3%.
25 000 cells were eo‘unted for each analysls Hlstegraxr’ scahng was the same
for all samples. Lmnts of eeil cycle phases as determined i in the
unsynchronised control DNA distribution, were retainied in the subseq__uent
| analysis of the s}'nchromsed populaﬁoes. | |

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

10°/ml were pelleted at 4°C and_' prepared for subse_quent fr'egmentatioﬁ

analysis [21]. The pellet was resuspended in 704l of Iysis buffer (10mM

© EDTA; S0mM Tris-HCL, pH=80; 0.5% sodiom lauryl sarkos.aate; 0.5mg/onl
 proteinase K) and incubated for ihom at 50°C. A 10p] aliquot of 1mg/ml

rIbonucleaS_'e A was ec_lded to each sateple _pﬁo_'r to a feftl_ler lhour heubaﬁon

at 50°C. Samples were then heated to 70°C after which the reaction was N
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tenmnated by the addltion of 2041 of loadmg buffer (IOmM EDTA, pI-I*B 0;
0.25% bromcphenol blue; 40% sucrose). Extracts were loaded into the wells
of 2 2% agarose gel and electrophoresed ina phosphate buffer (2mM EDTA, N
800mM T&‘is-phosphate, pH 7. 8) Both the gel and the buﬁ‘er oontained
lng/ml of ethidmm bromide. BglI/Hmﬂ cleaved pBR328 served as molecular'-

weig' 4 ma:kers

o;s;;ci [“C]Leucine ('spec:iﬁc' activity 50Ci/mmol; 'Memham) m 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 iucubauon pm'iods, cel}s -
- were washed three times in phospham buﬁ'ered salme, 1ml of 10% o

| tnchloroacet:c 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 woshed three times with 5% trichloroacetic acid, The
filters were dried and counted after adding_a'queous countmg scintillant, |
[“CiLeucine incorporation was datetmined in triplicate on three separate

occasions,

Al matcnals for cell culiure were obtamed from GIBCO, Madlson, WI, USA_
Propldmm Iodide and Puromyein were from S:gma. All other reagents were
of analytical g:ade- and were from standard commercial sources. -



At 0 hours, HL-60 cells were synchronised at the GOG1/S boundary (Figure
2). Subsequent to their release from the doublé thymidine block, S-Phase '_
progression was retarded in PM-treated (2ug/ml) cells as compared to control

cells, By 8 hours th_e_-m_a_jbﬁty_ of control cells were in ;h_e G2M-Phase of the
'. cell cycle, although a ﬁercentage had already completed Cﬁo.k'i_neﬁs- and their |
daughter cells had moved into the GOG1-Phase. There was a G2M-Phase .

accumulation at 8 hoﬁrs in PM-ireated cells, an increase which reﬂectedan -:_ :
'_'absolute | | o ._ | ._ | |

' 'GZ-Phase arrest (Del Bino and Darzynhemc& 1991), smce mitouc ﬁgures

N were not _mdent on cytospin preparatzons at ﬂns_ time-point (Egure; 3. .

Synchronisation of HL-60 cells at 0 hours was confirmed mo:phmogicaﬂy by

the absence of mitotic figures on cytospin preparaﬁoﬂs (Flgure 3), By6 hours S

* mitotie figures had become prominent in the control population, but were

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

treated population by 8 hours, Between 8 and 10 hours dramatic and vnrma]ly -
generalised apoptosis had occlmed in this entire cell po;iulatim:,- as évidenoed- R
at 10 hours by the presence of chromatm condensaﬁon, nuclear ﬁ:agmentanon |

and the formaﬂon of apuptnnc bodies.

&7

Y



: The stnhng morphologcal apoptoms seen at 10 hourb in | .
PM-treated cells was conﬁrmed by DNA electmphoresm whic. “howed the |
'pattem of duuble—stranded DNA_fragments that resnlt from the acuvatlon of. .

an endogenous endonuclease (Figure 4).

.[C“]Leucme mcorporatmn was measured Eor the du.ranon of both the 1st and |
the Sth hour post-release t'rom the. double thym:dme block (Fsgure 5) Wlth
_ respect to contm], [C“]Leucme mcorporauon studies shofwed that PM inhlbxted |

'_ protem synthems by £57% durlng the 1st hour of dmg exposure, and by +94% .

during the 8th hour post-release ﬁ'om the double thymldme block. “Thus at’
the. begmnmg_ of the 8th hour protem synthesxs was effectively mhtbmed by
£94% in PM-treated cells. | | |



_"{a) Unsynchronised HL-60 cells
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Figure 2 |
Effects of PM-exposure (2ug/m1) ont cell cycle progression of HL-60 cells
released from the double thymidise 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 populat:ons at 8 hours after releasa from the -
double thymidine block, -
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Figure 3

Giemsa-stained cytospin preparations {magnification X1000) 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
(2ug/ml) cells for up to § hours of drug-exposure. By 10 hours there was
drainatic morphological evidence of mitosis in PM-treated cells in the form of -
chromatin condensation, nuclear fragmentation, and the formation of apoptotic
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Figure 4 : | I
- Agarose gel electrophortesis of total DNA extracted from control and PM-
“treated (2ug/ml) HL-60 cells at 10 hours after release from the double
-thymidine block (starting cell number at 0 hours was 10° cells). The sizes (in
bases) of molecular weight markers are shown. Note the extensive DNA
fragmentation at 10 hours of PM-exposure, coinciding with the dramatic
‘morphological features of apoptosis at this timepoint (Figure 2).
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[C“]Leucme incorporation studies in PM~treated RHIL-60 cells for the dura.uon
of the 1st and the 8th hour post-release from the double thymidine block.
Results are expressed as a percentage of control [C*]Lencine meorporauon,
andhrepresent the mean+SD of three separaie expenments, each done in
{riplicate, :



The role of protem synthems m the cell cycle and in the process of apoptcsis 1s. S

' contentlous, as is the relatzonshlp between cell cycle phase and apoptosis
activation. Tt is Ilkely however, that inconsistencies reported in the hterature
- represent coutextual vanatmns (dzverﬂty in eell type, cell synchromclty, type
| - and dose of proteu_l synthesis inhibitors ._en_lployed,- exfent- of protein synthesm
| inhibiiioﬁ) rather _than.major; contrqvei;éies; In the present study undertaken o
in synchibnized PM-ﬁ-eated HL-50 célis, we have denibnstratéd that @ the
activation of the apoptanc cascade wis oell cycla-dependent, and that (ii) ahe
GZ/apoptosm tranmtiocu and (iif) the prooess of apoptosis itself were vn'tually .
' __protem synthesm—mdependent. |

In a recent Teview .[2.3], Martin has drawn atfénﬁxm to the 'co_ncgpt 0f an - |
~ apoptosis pathway comprising a number of sagnalhng entry points, distinct ftbm" o
the process of apopto'si's itself. As soine entry points occur proximal toa

" rcquifement for new protein s"ynt_hesis,- and others ocour distal to this
re;quirement; proiein synthesis may or .ma'y' not be -reqtﬁi'.ed for époﬁtbsis to
occur, In the preseﬁt study, we extend this dbnéept by augge'sting' that tﬁé
Mous entry points are dictated by the cell eycle. Thus our data, show ﬁ:at
s,smhmmsed cells | in which protem symhesns is mhlblted proceed more slowly
through S-Phase, and subsequently undergo synchmnous apoptosm at the
Gz2/M transmon pomt. The effect on synchronized cells is dramatlc, wrtua]ly
all cells entering apoptosm at preclsely the same time, The data a]so show
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| . _that under these part:tcular expenmmtal c:rcumstanoes the process of apoptos
i is to aJI mtents and pu:poses mdependent of new protem synthesis sxnce
- -'protein synthenc actmty lmmedlately preceedmg ap0ptosm was found fo be
” redueed by 94% Becamse there is an absolute reqm:ement for protem -_
‘synthesis dunng the Glb subphase of the cells cycle in order to produee the | -
 proteins requred for subsequent DNA symhes:s [101, blockade of ew protein

) synthems at ﬂ:us stage wonld preclude cells from reachmg the Gz)'M transmon : o B

'_-_pomt at Which stage apoptoms occurs. Thus, under such eondmans, protem o
| synthes:s in]:nbmon would not only- not cause apoptosxs, but would in fa.ct :

o prevent 11:. The latter scenano clearly is apphcable *o cel}s in the Gﬂ-Phase

- - stmmlated t0 enter the cell cycle but aiso subjectea to protem synthesns o __ .

| mh1b1uon. Th:s model is ouﬂmed in F1gure 6 acmrdmg to wlnch apoptosrs is

| wewed as a cell cycle checkpoint, oonqqutant with th_e :G_ZfM-_tran__smon. e
Clearly it does not preciude the'existence.df etﬁer checkpoints elsewhere n

.' the eelldycle, some of which may also be fned_ieted by apoptosis _[2'4]';. . S

In addition, there is evidenee for addatlonal checkpomm medlated by other |
. mechamsms We have premously shown that. PM-treatement of I
unsynchromzed cells results in both a GZ-Phase—an'est and a metaphasee
mtoue-arrest 25} The data from that study are cons:stent with a further

: block at the
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Figure 6

Celi cycle indicating the protem synthes:s-dependent phases and checkpeints.

Note that the G2-FPhase to Apoptosis transition is protein synthesis -

independesit, whereas the G2-Phase to Mitosis transition has an absclute

- protein synthesis requirement. Similarly the G0-Phase to G1-Phase transition
and the Glb-subPhase of the cell cycle are pmtem synthesm-dependent
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' metaphase-to-anaphase transntion, apphcable to unsynchromzed ce]ls whlch lnd o

already entered metaphase by the ume protem synthems was dlsrupted In the | :

| | premous and in the present study, the proportlon of cells in GO/GI—Phase was

reduced, concomitant w1th the appearance of apoptoms Clea.rly, in view of

_ the ﬂata presented here, it would be mappropnate to attn‘bute the reduct:on in o
| . GO-Phase cel]s to apoptosis occumng in the GO-Phase, as has been mterpreted |
| by others on the bas1s of smular data [12] Our data and conclumons are,
however, conswtent with. the ﬁndmgs of Colombel gt_sll, 1992 [26] In the

O present study we have not. addressed fhe quesuon of the e:nstence of _ _
. « checkpomts at the GI/S transmon, apoptoms medlated or not, as has been _' o
descnbed preuously [24] - | |

Ae far as the mechamsms of the PM-mduced GZ-Phase amest is ooneerned, it
may have been consequent on protem s?nthesm mhibmon per s, leadmg to N
madequate consututmn of the catalync (p34°"“'hnase) and/or the reguletory
(cyclin B) subumts of Mitosis Promoting Factor {MFF), the activation of
which is responsible for med.atmg the GZ/ M transmon [27,28] Seeondly PM
. may it some way have dlsmpted the tyrosme phoephorylahon status of the | _
regulatozy amino amd/protem involved in actwahng MPF mcludmg the Tyr-i§ .
re&due of p34“'ﬂlnnase and the tyrosme phosphatase cd025 [29] In thxs o
] I- .'regard, we have prewously shown PM to inhibit tyrosine lnnase acnwty globa.lly -
. inHL60 cells [301 o

' In conclusion, our date show that the pfocess_ of apoptosis itse!f oocured



o convmcmgly deslnte there bemg 1o appremable ewdence ot‘ new protem _
| - synthesis By defa:ﬂt then it would appear that any protem changes that N
' Decured were postranslauonal in nature In tl:us rega.rd 11 is tempting to |

_suggest that postranslatmnal modlﬂcaton Such as phosphory}atmn status, were o

) msttumental Candidate proteius could mclude hypothencal or actual '

'endonucleases [31], and perhaps histone pretems themselves, smce these are R

known to undergo changes class i m both tyremne and non-tyrosine R
phosphorylation status at the time: of the GZ/M transition [32] Such A
. postranslauonal mod:ﬂcat;mis eould result elther in a.ltered aceess of

'_ : both of wluch eould result m I)NA fragmentauon pattems characterisnc of
B apoptosm | |

. endonncleases, to the DNA orin mechamcal stresses at the nueleosomal level,': .

.t
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 Puromyein is a potent and specific inhibitor of tyrosine kinase activity in HL-



The searcn for spee:ﬂc tymsme lﬂnase mhrbrtors consutntes a novel approach
| to the development of anncaneer agents, Puremycm (PM) mhib;ts pretem . |

- synthesrs by eausmg the premature release of truncated PM—pepnde eompleXes

" (PMPs), the structure of which predlcts an mhibrtory effect on tymsme kmase |

- aetmty (21) ‘The. present study was undertaken to mvestrgate the effects ofa -
- low dose of PM (0.9 ,uM) on tyrosine kmase actimty in HL-60 leukaemm cells. '.
| _ Expenments were spemﬂcally eo::trolled to exclude mhibitery eft‘ects _
'consequent o protein synthems blockade. Soluble enzyme extraets denved
'_ fmm PM-treated eells showed attentuated phosphotylatlon ui:' two mdependent .-
'syntheue tyrositie lnnase-spectﬁc substrates, the polymer Poly(Glu 13::,4 1} and |
the pepttde substrate Raytlde In eontrast, Protein Kmase C~spec:ﬁe actmty
was unaffected by PM—exposure Ttis possnble that mhibrtion was due to
| -metabohte/s of PM, perhape PMPs, rather thﬂh to PM itself, Whether the
mh1b1t10n ot‘ tyrosm,e kmase aetiwty obsetvet., umh the substrates used in this -
study is equally applicable to all tyrusme kmases, is not yet elear - '
Nevertheless lew-dose PM eould prowde a useful tool for dissectmg out the
role of fyrosine phosphozylatton in the regmatmn and dystegulatmn of cell
| growth, and eould conceivably prove beneﬁenal in the treatment of tumours in B
| whrch tyrosine ldnase overacuwty is hnked to eneegenesist o |



| Phosohorylaﬁon of protein tyrosine plays a pivotal role in the regﬁlation of' -
normal cell growth and prohferanon, and in neoplasnc transfonnauon. In the
_eelI cyc]e the G2- to M—Phase transmon is controlled by phoSphorylatlon/
dephosPhorylatlon reactnons mvolvmg the Tyrosme-ls resndue of the 14"“"
kmase (1} In addmon a number of transmembrane growth factor receptors
(includmg those of Epldermal Growth Factor, Platelet-denved Growth Factor
and InSulm hke Growth Factor), as well asa vanety of cytosohc non-reoeptor-
: assoclated oncogene products (such as ppﬁos_[g, p59fym, p62m§, etc), exhlb:t

| tyrosmekmaseacnvxty(z,MSG) AR
 The searoh for .speeiﬁc tyrosmekmase mh1b1tors represents a.novel- épprioach -
to the develomnt of anticancer agents (7,3,9), in that it is based on the
mod:ﬁcatlon of transmembrane and intra.qrtoplasmm tyrosme kinase s:gnal

- 'transductron, rather than on the kllhng of tumour cells by mlnbmon of -
transcription, t:anslau_on, and DNA synthesis (1(_1:,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 toeir chmcal appiieoﬁons ﬁoweﬁér‘ | For.
* example, although genistein is a much more speclﬁc mhibxtor of 1yrosme |
kinases than is quercetm, its toxicity has precluded 1ts in vivg use in patlents to
date. M{ore recently, denvauves of ty:phostin other than erbstatm have been -
found to mhiblt EGF-somulated growth of squamous carcmoma cel]s, m_mm,



: ) 'alido'in_'midermiee inoculated with such ceﬂs @an. |

o T.he anﬁbiotlc Puromycin (PM) Is well known for its mhxbnnry eﬁcct on:
pmtem synthems (18) Stmcturaﬂy itisa mmposxte of the ammonucleosxde _
B dlmethyladenosme, and tyrosine-o-methylether (19). Functionally it is an_ .

'. analogue of pepudyl-etransferRNA, more spee:ﬁcally of tyrosyl—tmnsferRNA. :

B At eoneentratmns of 10-100;.1M PM blocks prorem synthes:s eompletely by

eausmg the premature release of truncated pepnde chams which are bound to
a PM thmugh theu: carbaxyl terme Smce the na,seent PM-pephde complexes ) |
- (PMPs) are :apidly degraded through a ublqmnn-dependent pathway (20)

e then' metabolie effects are poorly understood The PMPs are of mterest

, _however because then' structure predicts an mhibntory effect on tymsme kmase | |
e actmty (@1 In this rega.rd 1t is noteworthy that the carboxytermmal tyrosme -
: .. residues of Pl\r[Ps are remimscent of synthenc random polymers of tymsme- |
containmg annnoamds, some of wlnch have been found to act as eompeunve
-mhibltms of endogenOus tymsme lunase (22). | |

The present study was undertaken to invesﬁgate the effeets of -'P'M and its

- metabolites on eellular tyrosme lnnase activity.  The expenments were
spemﬁcally controlled to em'lude mhibxtoxy effects on tyrosme lnnase actmly

: eonsequent to protem synthes:s blockade. _
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. HL-60 'humsﬁ:'*rs@aocyﬁc leukaemic cells (Passage 17, ATCC, ROckviHe, -
| MD, USA), were mamxamed in loganthmlc groewth prase at 37"C ina |
-humldlﬁed atmosphere of air and 5% CO,. Cells were seeded at leo‘ .
: eells/ml in RPMI 1640 medmm supplerented with 10% heat-macuvamd fotal
aalf serum, as well as 2mM L-glutamine, 50U/ml Pemcﬂhn, and SOug/ml -
o Streptomymn (all ﬁ'om GIBCO, Madison, WE, USA). Puromycm ®M)and
B Cyclohex:mde (CHX) were obtained from Slgma, and were used as described. -
Culture vmbﬂ:ty was assessed usmg the trypan blue dye exclus:on techmque |
- The viability at 24 hours of PM and CHX-treated cultm'es was essentlally
| _ unafected by ooncentratmns up to OSug/ml (Flgure 1a) At lngher :
‘concentrations > lug/i, the viability of both PM- and CHX-treated cultures
was compromised, wnh the v:a,bihty of PM-treated eultlu'es being affected to a

‘greater extent,

0.5uCi [“C]Ieueine (speclﬁc actmty 50 Cl/mmol Amersham) was added to
culiures whlch were then further mcubated at 37°C for one hour, At the
conclusion of incubation [“CJLeucine incorporation was determmed in
tnphcate as desmbed (23) ’I‘he dose-response curves expressmg the |
mhxbntory actmty of PM on protein synthesls, as measured by [“C]Ieuclne .
incorporation, -_a_re.'prese_nted in Figure 1b Atl houi‘ and at 24 hﬁurs; ata
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Viability of cultures (as determined by the trypan blue dye exclusion
technique) after 24 hours of exposure to the indicated concentrations of
PM and CHX. Results represent the mean + SD of three separate
experiments each done in duplicate.

‘The effect of increasing doses of PM (g/ml) on [“C]Leucme -

incorporation in HEL~60 cells after one hour and 24 hours of mcubatmn.

~ Results were expressed as the percentage of control values and -

represent the mean * SD of three separate expenments each done in
triplicate, '
Effect of equivalent molar concentrations (0.94M) of PM (0.5ug/ml)
and CHX (0.25u:g/ml) on inhibition of [“C]Leucine incorporation. -

 Results represent the mean _* SD of three separate experimenis each

done in triplicate.found to inhibit [“CJLeucine incorporation to a similar
extent as did PM used at a concentration of 0.9uM (0.5ug/ml) e,
approximately 20—30% at 1 hour and apprommately 50% at 24 hours

(Figure 1c).




concentration of 0.9uM (0.25ug/ml), CHX was found to inhibit [““ILencine
_. 'inompafaﬁ:m to a similar extent as did PM used at a 'ooncentr‘aﬁon of 0.9uM
(Oﬁug/ml) ie. appro;umately 20-30% at 1 hour and approxtmately 50% at 24

hours (Flguxe lc)

| Ce]lular extracts representing soluble tyrosine kinases were prepared as

" described (24). Briefly, at the conclusion of incubation, cells from 10ml of
| suspcﬁsion-cﬁltme were collected by low-speed centrifugaﬁon (SOO'g). and

washed three ﬂmes in PBS. Cultur" viability (as assessed by the trypan blue
_' dye exclus:on technique) was consxstenﬂy 385% The final cell pe]let was
reSuspended m four volumes of extraction buﬁ'er (50mM HEPES/NaOH,
pH=7.5; 2mM EGTA; 10mM DTT; 1mM PMSF; Sug/ml aprotinin; 0.19%(w/v)
'I‘ﬂton X-100). 'The cell 'suspeﬁsion S0 fommd was sonicated for 10 seconds at
| 4°C, and then centrifuged at 15 000g for 30 minutes at 4°C, The suﬁe_‘mg_tant
was collécted and '10%(v/v) of glycerol was added. Protein content of an
. ahquot of the supematant was detemnned (25) vsing bovine serum albunun as

control.

Tyrosine kinase é.cﬁvity was assessed usiné a substrate assay described - _.
previously (26), involving the -.inoo@rgﬁon of [P] from [T”P]ATP into the

| exogenous syathetic polymer substrate Poly(Glu:Tyr;4:1). 'The final reaction
 volume of 50u! contained S0mM Tris-HCI (pH =7.5), 30mM MgCl,, 1004M



B So&um-nﬁhgavanadate, ISOuM ATP som of ['r-“P],ATP (6000 C‘l/mmd :

' 10mCi/ml), 2mg/mt of exogenous tyrosine kinase-specific substrate |
Pon(GIu.’Iyr;tl-. 1), and. s_mtably.d_:_luted enzyme prep;arathn (10ug p_rot_gin)_. '

| T.be reaction was initiated by the addition of ATP at 30°C, TeMﬁm of
the reactlon after 15 mmutes was by applying ZS,ul of the reaction m:xture to -
Whatman 3MM paper squa.res (3cm x ch) 'Ihese were washed four times o
for 15 lmnutes each ina 10% TCA solution contammg 10 mM sodmm
pyrophosphate TWO final washes for a ﬁlrther 15 mmutes each ware first in |
ﬂthanol and then in acetone The papers were dried and then [”P] |
mcorporatlou of reaciion tnphcates was determmec. by hqmd scmtlllanon
-spet_:trometqv. . Apprcpnate reactwl_l_ mlxmres with or w1thoul: substrate, and_ :
with or without extract served s controls. ‘The actvity of puriied pp60°®

tyrosme Kinase was also measured usmg Poiy(Glu:Tyf;4:_1) as substrate |

o Tyrosnne kinase actmty was determined with Raytide as substrate (27) in a
final reaction volume of 5041 containing s&m HEPES (PH=75), 0. 1mM
EDTA, 0‘)15% an 35, 150,uM ATP, 30mM MgCl,. 301Ci of [‘y-’“P]ATP (6000
Cl/mmol 10 mCl/ml), 0.2 mg/ml of the exogenous tymsma lunase-Spec:ﬁc
substrate R&vﬂde, and 10 ,ug smtably dﬂuted enzyme preparatmm The

- reaction was termmated by addmg 120;:1 of 10% phosphonc acid. The sample - |
| was vortexed, and 1201 applied onto ch x 3cm Whatman P81 ion exchange -
chromatography paper. The papers were washed extensively in 0.5-_% :
phosphoric acid before a further wash with acetone. The papers wers 'drieg .
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and [”P] mcorporation into Raytide of reastzon tnpheates was determmed by

liquid- scmtll.atmn eounting. Appropnate controls were used (as descnbed

above)

Tyrosine kinase activity was determined in solubilized enzyme extracts derived
" from 1 hour and 24 hour control, PM-treated (0.95M), and CHX-treated
.(O.QpM) .1-11;6_0 cells. Appropriate reaction mixtures with or wit_hoi:tt_ Subsi:rate,
“and. wi‘th- or without extract served as eentrois Extraet ineorporation.of ["P] o
in the absenoe of substrate represented endogenous phosphmyiatlon. Net
specific tyrosine phosphorylatlon was represented by the dlﬁerenee between
: extraet incorporation of [¥P] i in the presence and in the absenee of substrate,
and correeted for substrate background Net tyrosme kinase-speclﬁc actlwty
of extracts of PM- and CHX.-treated cells were expressed as & pex_‘eentage of
the correspondiing 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 endogeneus phesphozylation present in the -
extracts derived from untreated cells, In order to try and Iascertain whether
 PM itself, or whether its metabolites were affecting tyrosine kinase activity, a
series of experiments were done in which PM (0.9:M) and CHX (0.9aM) were |
~ added directly to reaction mi‘xtt_:res containing either extracts of untreated cells, :
llor_t'e purified pp60°ﬁ. | - -



S K
I’iereiﬁ Kinase C activity was determined using a comsmercially available |
| Pr‘dtein Kmase C enzyﬁné assay systelniﬁom Axﬁérsham. | The incorpofaﬁon of :
[2P] from [1-“P]A'I‘P into & Protein Kinase C speclﬁc pept:de substrate was
detenmned 'Iﬁe f:inal reactmn volume of 75ul contained the recommended ._
| kit components as well as 20ug of smtably chluted enzyme preparatmn and
- 30uCi uf [+*PJATP (6000 Ci/mmol; 10mCi/ml). Reaction samples were
eqmlibrated at 25°C for 5 minutes.. . Each reaction was mltiated by the
addxtion of A'IP at 25°C. After 15 mmutes the reacnon was tem:mated by -
adding 10041 of dilute acid. - 'Ons’-‘ hundred and twenty-five mlc_:rohtres of the
.' 'rea;ctiﬁn mixture was applied onto 3em x 3em Whatman P81 jon exchange -
_chrqﬁaatogrgphy papér._ The _phpers were washed tvace, fér__lﬂ' miﬂhtds_ éa_ch '
tlme. in 75mM Qn‘.;g Phosphoric amd  After washing, the papers were dried |
before [%P] incorporation of reaction triplicates was determined by liquid

scintillation spectrometry. Reieva_nt controls were used as described .

previously. Axia_lysis of Protein Kinase C activity followed the same method as
that used for analyﬂs of tyrosine kmase activity. |

Simultanéous flow cytometric analysis of phosphotyrosisie and DNA content
was carried out by a modification of a method described by others (28). 2x10°
HL-60 cells were fixed in 2 m! of ice cold 70% ethanol for 30 minutes at 4°C.
Cells were washed twice in PBS, and then resuspended in 380p1 of PBS |
containing 19 bovine serum albumin, 'Twenty microlitres of fluorescein



. FII'C-conjugated anu-phosphotyrosme monaclonal annbody (Boehdnger - |
' Mannhe:m, Batch 12244820-01) was added to the suspensmn WhICh was then

- mcubateﬂ for 45 mmutes in the dark at mom temperatura. Following two

 farther washes with PBS the cells werc resuspended in 1mi of PBS contalmng o
RNAse (IOpgfml) at 3’7°C for 10 mmutes 'I’he cells were washed again and-

then rem:spended in lml of pxopldmm mdlde (lﬂpg/ml) in PBS for 30 minutes. o

 After laser excitation (488 nm) of the ﬂuotescent complexes by the Coulter- - |
_' EPICS-Ptoﬁle 11 flow cytameter red ﬂuomeence from. prop1dmm iodide was |
. rewrded on a linear scale as a measure of total DNA cuntent Green |

'_ _ﬂuaresnence irom FI{I‘C was loganthmlcally amplified to repmsent

L phosphntymsme content; ’I\venty-ﬁve thousand cells were nounted for each

. sample According to the manufacturers, in tl:us oontext, antl-phosphotymsme o :

| ﬂunrescence stammg is prOporuonal to the amount of tyromne phosphorylated

B protens as determined by phosphoamumacid analysls, since the antibody shows- |

) no cross-reanmty with any mher phosphorylated ammo acids (Boehnnger | |
- Mamheim). Sirice the Ffrc-anu-phosphotyrosme monnclon_al antibody was of |
the IgG1 -Subtype;' ' -congugated mntml IgGl antibody was used 1o exclude :
| the presence of non-spec:lﬁc bmdmg. .



o

Usi.ng Poly (Glu‘ ; 4:1) as subsu'ate we showed inhibition of tyrosme kmase
activity in extracts of PM~treated eells (0. QnM) apprommately 15% mhibmon '
' after 1 hout, and app_remmately 25% m.hlb_l_tion after 24 hours (_Flgure 2a), In .'
conttast no inhibition of tyrosine kinase activity was see'n'iﬁ extracts of CHX-
treated cells after these time intervals, At the dose used (0. 9,uM),
' mhibited [“C]Leucme incorporation into HL-GO oells 02 similar extent as dld
0.9uM of PM, ie. appmmmately 20-30% after 1 hour, and apprommately 50%
_ after 24 hours (F1gure lc) 'There was no mhibltion of tymsme kmase actmty :
when the same eoncentmuon of PM was addcd duecﬂy to reacuen mmmres
| containing 10ug control enzyme extracts (Figure 2a) suggestmg that some o
- metabolite/s of PM rather than the drug PM itself, could have been
' responsible for the observed tyr_osme- kinase mhlbmon. To explore this
phenomenon further, we used purified pp60™H= as a source of specific tyrosme o
activity, and poly(Glu:Tyr;4:1) as a tyrosine kinase-specific substrate (Figure 3).
When PM drug (0.9uM) was added directly to this system, spemﬁc tyrosine
kinase acuwty of pp60°tS was ot mhibited,

Inhibition of tyrosine Kinase activity in extracts of PM-treated cells was
confirmed using enether tyrosine ldnase-speciﬁc substrate Raytide (Figure 4a)
In fact inhibition was more dramata,c (approximately 80%) with Raytide -
substrate than with Poly(Gln-‘I‘yr,dl 1) substrate,
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- Eudogenous innasc actmty of axtracts of PM-treated cells was

i mdzstmgmshable from control extract actxvily (F:gure 2b and 4b) Thls

: conﬁrmed that the reduced. ability of extracts of PM-treated oeﬂs to .

| _phasphorylate tyrosme lunase-spectﬁc substrates was due to speclﬁc mhlbltlon

' of tyrosine kinase activity, rather thau to the overall reductlon in enﬂogenous |

kmase actmty

o 'After 24 huurs PM-treated HL-G() cells had a reduoed phosphotymsme cuntent -

| | as reﬂected by the downwards shift rm the Y-axus of log green ﬂuorescence o )

- (Flgure 5. “This was cnns:stent with the inhibition of tyrosine hnase actmty -

. 'observed in extracts of PM-treated cells when Raytide and Poly(Glu: “Tyryhet) |

) - were used as the tyrosine lnnase-speclﬁc substrates (Flgures 2a and 4a)

. Whether the reduced phosphotyrosme content was a result of d.,creased
synthesis or mcreased degradatwn oE phosphotyrosme-contmning proteins, or |
due to teduced phasphorylation of _ty_msme -remdues by w_rosingsspec:ﬁc -
lnnases,remainstobe determined, _ - _ o




' ‘There was no iuhibition of Protein Kinase C acﬁvi;y' in extracts of PM-treated -
(0 9uM) oells after 1 hour and after % hours ot‘ e.vposure (Figure 6). Protein
Kinase C activity was somewhat inhibited (= 10%) in extracts of cm-treated'_ -
. 9pM) cells at 24 hours but ot at 1 hour . |
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Tyrosing kinase activity
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1 hour - B4 hour  Drug added

extracts extracls directly .
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Soluble tyrosine kinase activity using Poly(Glu:Tyr;4:1) as substrate in
cellular extracts derived from untreated HL-60 cells and from cells pre-
treated for 1 and 24 hours with 0.9#M PM, or 0.9uM CHX., Shown also

- are the results of four experiments in which each of the drugs were

added directly to reaction mixtures containing 10 pg of soluble enzyme
- protein exiract derived from untreated cells.

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 exiracts, and are represented as mean * SEM derived
from separate experiments (n=4/5) each done in triplicate.
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2 | Poly(Glu:Tyn4:1)
T 4nn— _ . |
%‘E 1..00 |
25 _
gg 075~ ZA
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e _
o @ 0.50~ /
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2 025+
0o Z
2 )
o 0 ;
E, - Tyrosme-speclﬂc Tyrosme—speclfic

kinase activity ~ kinase activity
(n=2) - in the presence
. of PM (0.9uM)
added directly to
reaction mixture
(h=2)

Tyrosine kinase activity determined with the tyrosine kinase-specific
substrate Poly(Glu:Tyr;4:1) in the presence or absenice of 0.9sM PM. Resulis
are expressed as pmol ATP incorporated per unit of enzyme per ‘15 min assay,

and are represented as mean + SD denved from separate experiments (n-2)
_each done in triplicate.
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Figare 4
a)  Soluble tyrosine kinase actmty (usm Raytide as Substrate) in extracts
from untreated and from PM-treated (0.92M) HL-60 cells afier 24
- hours of exposure.
b)  Endogenous kinase activity in the cellular extracts desctibed in (a)
Resulis are given as the mean + SD demed from separate expenments
(n=2) each done in triplicate. '
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Dual parameter flow cytometric hmtograms of 24 bour conirol and PMutreated
760 cells, showing phosphotyrosine content (log-scale, Y-ams) and DNA
content (lmear-scale, X—mns)
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- Protein Kinase C activity (using a specific Protein Kinase C peptide substrate)
in cellular extracts derived from unireated HIL-60 cells and from cells pre
treatd for 1 hourand 24 hours with 0.9:M PM, or 09uM CHX.



- DISCUSSION

W_é have ;shown _thﬁt-low-do_se PM-e#posgre resulted in._potent and specific
| inhibitiﬁn of tyrosme kinase actmtyas determitied in soluble enzyme extracts :
‘prepared fm 1 hour and 24 hour PM-treated HL-60 cells. That this
mhlbitlon was tyrosine hnase-spemﬁc Was supported by several Observauons
Flrstly, soluble enzyme protem derived from PM-treated cells showed
attenuated phosphmylauon of two independent synthenc tyrosine kmase- _

ecxﬁc substrates, ie. the polymer Poly(Glu Tyr4 1), and the peptide |

- substrate Raytlde We do not knaw why the extent of mhlbitmn obsemd W.lth

: Raytide as the substrate was :gr.eater t'_han that demonstrated with
Poly(Glu:Tyr;4:1), although we suggest that it might relate to the d_if_ferént
 structures of these substrates (peptide as opposed to polymer). Secondly, PM-
exposure did not result in the inhibition of q__iidogenous phosphorylation - |
endogenous phosphorylation effectively represents serine/threonine kinase | |
activity sincs the relative _ﬁmﬁdzi_uee of phosph&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 (répreéenting substrate-
specific serine/threonine kinase activity) was not affected by PM-exposurs.

Soluble enzyme extracm derived ﬁﬂm.m cells treated with a dose .ofl CHX
| '(O.QpM') that was.equimolar to the dose of PM employed (D.QuM),. and that

- also inhibited [“C]Leucine incorporétion to a similar éxtent_as PM did, failed
to inhibit 'thSphoryla.tioﬁ of the tyrosine kinase-specific substrate |




' 'Poly(Glu 'I‘yr,4 1) This mdzcates that the *yrosme .kmase-specxﬁc mhibmon o

| mduced by PM was not likely to have been the consequence of protem
-synthesis blockade per se, but may rclate to the d:ft'erent mechamsms of action

. of these two "classical” protem synthesm mhibrtors Unhke PM (30),

: does not generate drug- hnked nascent polypeptldes, mstead it prevents peptlde _

cha.m elongatlon by mhibmng the peptldyl transferase actmty of the 608

n'bosomal subumt (31)

It is possible that inhlbinon of tyromne klnase~spec1ﬁc actmty eould ha»e been
due to some metabohte/s of PM, rather than to PM itself, since PM drug

- _(0 QuM) added dlrectly to reacuon m:xtnres eontammg elther extracts of

| unt:eated HIL-60 cells, or to reaction mixtures containing purified pp60°’55
ﬁiroé'-ine' kioase eozyme failed to inhibit the capacity o:I:‘ eitﬂer of these to
phosphorylate the tyrosine kinase speclﬁc substrate Poly(Glu,T_w,‘l 1. In this
: »gard the PMPs are of interest because their structure predivis an mh1b1tory -
effect on tyrosine kinase activity (21). In fact the concept ofa
- “pseudosubstrate" sequence interacting with protein kinase catalytic domains
a:ud thereby turning off the protein kinase is not a new one (32,33), and indeed
certain synthetic tyrosme 'polymers with ordered sequences, eg. (Tyiblu—
Gly)n and (Ala-'Iyr-Gly)n have been found to serve as potent mh:bltors of
tyrosme-speciﬁc protem kinaser (22). ltis therefore posr.ible that PMPs with
: their carbmcytermmal tyrosme residues reminiscent of synthenc random |
_' polymers of tyrosine-containing aminoacids might he.ve exerted an inhibitory

 effect by occupying the protein substrate site of the catalytic domain of
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tyrosine-speciﬁc protein kinases. | o
Since PM is a structural analogue of A'I'P. it may have been _qompeﬁﬁve 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 acﬁvits; (15).

As an alternative to this scenario, it is feasiblé that PM qum -have. interfe:ed L

- with emerging tyrosine kinase molecules at their nascent stage.

‘We found that in HIL~60 levkemic cells, low-dose PM-exposure specifically
_iqﬁibifad tyrosij;_e kinase activity, an effect which may be related to some |

~ metabolite/s of PM (perhaps PMPs), rather than to PM itself. These
phenomena warrant further invesﬁgatidn, since as .a specific inhibitor of

' tyrdsiné kinase activity, PM could provide & useful tool for dissecting out the
_physiological role of tyrosine lphosphorylaﬁon. Finally PM may in the future
have some benefit iﬁ the treatment of tumours in which tymsme kinase

- overactivity is linked to Onoogenjﬁsis'.- its effect L specific (at least in HL-60
cels), the drug is easily taken up i vitro and in vivo (34, ovn unpublished

" tesults), and toxicity is unlikely to Limit its utility if it is used in vivo at
concentrations which in vitro elicit these biochemical sequelac (34). Ina
poorly éonu'oﬂed study in 1955, intermittent dase.PM used as a siﬁgle )
antiﬁeoplastic agent proved to be ineffective in the treatment of 4 vaﬁatj_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 meiabolites to any degree, Clisiical irials using appropriate PM
scheduling as a component of a nmltidrug .chemo'therapeuﬁc regimen .a:e
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~ currently under invest_igaﬁon'i'n our centre in dogs presenung with sptmtaneous |

. iymphoproliferative disorders.
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CHAPTER 4

Substltute& purlnes elicit diﬂemltial cytolnnetic, moleeular, and phenutypie -
eﬂ‘ects in HL-60 cells.

n -



o Tl:ns study invesugated and oompared the qrtohnetlc, phenotyplc, and |
o molec:ﬂar effects ellclted in HI-60 ]mman leukernic cells by lnw doses (0 6p.M) |
B -of three closely related, subst:tuted punnes (Puromycin (PM) Puromycln
| ammonucleoside (PAN) ;md &Dnnethylammupunne (G-DMAP)) PM, but

| _not 6-DM.AP or PAN mhxblted [“C]Leucine moo:poration, m&uced a tu:ue
' elated cytoto:uc efEe*‘t, 8 Gz-arrest. a metaphase-mltonc-arrest, apoptosm aud
= c—myg mRNA supennductlon. PAN and ﬁ-DMAP exerted ne detectabla .

o _mo;phologlcal or cytol:{netw effects, although expcsure to these dmgs resulted

© in duwn-regnlaﬁon of c-myc mRNA levels ‘We suggest that the spemﬂc DR |
- effects excrted by PM relate to tha generation of nascent peptldyl-PM |
| mplexes by PM, but not by 6—DMAP or PAN
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| - 'I'he subsntuted punnes, of ¢ which Puromycm (PM) Puromcyin |

' eminonucleoside (PAN), and 6 -Dimettylaminopurine (6DMAP) are

~ prototypes (Figure 1),_- have been found o qu:ert a variety of biochemical and
eptological effiscts, when used at high concéntrations ranging from 10-3004M.

* For example, 6-DMAP, the purine component of both PM and PAN, reversibly
| | arrests cells in the GZ-Phase of tite cesll cycle by mlnbmng phosphorylaﬁon [1] . |
o ‘The mucleoside analog PAN, whlchlsacompamte ofﬁ-DMAPa.udB- | |
Ammon'buse, has been found to mhlblt HIV-1 rephcatmn in mxg [2], and PM,
.' | _1tse1f a oomposlte of PAN and tyrosme—o—methy!ether, is a ﬁlnctmnal analog of' |
- _ tyrosyl—transfer RNA and is well know for:ts inhibitory eﬁect onpmtein SR

synthesis [3] Smce low-dose PM was unexpectedly found to cause a |
metaphas&mltouc-arrest (submitted data), and because of iis close structural
| relationship to PAN and &DMAP we undertook to investigate and compare |

: the cytolcmehc, phenotyplc, and molecular e&'ects wlnch ﬂ:ese drugs eliclted in

HL-GO leukemm cells when Bmpioyed speclﬁcally at low concentratlons
'(0 6uM). - o
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"HL-60 human prémyelocytic eeils (passage 17, ATCC, QSA) were mmntalned
 in RPMI 1640 medium supplemented w1th fetal calf: serum, L-glutamme and
Pema]]metreptomycm antlbmucs (GIBCO, USA) Cell cycle ti.me was
" | appro:nmately 22 hours. PM, PAN, and 6-DMAP (Slgma) were used at a
~ final eoncentrauon of 0.6uM, Culture v:lablhty was assessed usmg the trypan

blue dye exclusion techmque Cells were fixed and stamed with May-

; | Grﬁnewa]d—Giemsa, and then exammed for nntouc figures and apoptotxc cells .

0. SnCi'{"C]I.éudﬁe (speciﬁc' activity SOCifmmd' Ainersham):was adﬂed L

' cultures which were then further mcubated at 37°C for one hour [4] At the
conclusion of the mcubatmn penod, cells were washed thres times i

| phosphate-buffered saline, 1ml of 10% irichloroacetic acid was added, and the
tubes were, then chilled on ice for 30 minutes. The prec:puate so formed was
filtered on GF/C filter papers -(Whatmfann), and washed three times with 5%
trichloroacetic acid. 'The filiers were dried and counted after édding-_a_c";ﬁeous

counting scintillant. [“CJLeucine incorporation was determined in triplicate,

At fhe conclusion of the incubation period the cells were pelleted at 4°C and
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' prepared for subsequent &agmentatmn analysns 5% . The pe]let was |
resuspended in 70u1 of ly&s buffer (10mM EDTA SOmM Tns—HCl, pH 8.0;
0.5% sodim lauryl sarkosinate; 0.5mg/ml proveinase K) and mcubategl for 1
hour at50°C. A 10ul aliquot of mg/m! fibonuclease A was added to each
' sampie prior to a furtlier 1 hout mcubatzonat 30°C.  Samples were then
heated to 70°C after which the reaction was ter:hiﬁated by the addmon of 20ul
of loading buffer (10mM EDTA, pH=8,0; 0.25% bromophenol blue; 40%.-,.._,_ -
'sucroée) Extr&c‘ts weré"ioaded into the wells of a 2% agarﬁsé 'gel"aiid o
' electrophoresed ina phosph?te buﬁ"er (2mM EDTA; 800mM Tns-phosphate, -
pH 7 8) Both the gel ant! he }m.fta-r wntamed Iug/mi of ethuhum bronnde

BglI/HmfI cleaved pBR328 served as molecular weight mark k2

Cells were pre,paredl for fgw "cytometriq aﬁhlysis as described [6]. The
centrifuged cell péﬁgt was resnmpended in a hypotonic ﬁucleér isolation |
medium (S0mg/1 Propidium Todide; 1g/1 Triton-X 100; 1g/1 Sodium Citvate),
" incubated on ice for 30.mimlt_e;s- .,aud then at 37°C in 100ug/mi RNAsé A. o
Fluorescence emirted from the Prop1dmm Todide-DNA complex was
quantitated after laser excitatibn of the ﬂuoreécent dye by the a Coulter
EPICS-Proﬁle-II flow cytometer. Cell debns and doublets were excluded 7.
The coefﬁclent of variations of the peaks of the control GOG1- and the GZM—
 Phases were less than 395, Lamns of cell cycle phases as determmed in the
control distributions were retamed in the subsequent analysm of the dmg- :
treated populauons. | |
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¢y mRNA expressioﬁ was invesﬁgated using sfahdard-techniques [8) g
of total extracted RNA was size-fractionated by 1.2% agarose formaldehyde -
- gel electrephores:s, and then transferred and ultravwlet cross-linked to nylon o
membrane. 'Ihe membra.ne was pre:hybndlzed at 42"C for 4 houm o
| Sequential hybridlzatiou at 42°C was to the [u-"‘P]dCI‘P (Amersham) random-
primer labelled 1.6kB Sstl ﬁ'agment from the 5’ end of the c-mm gene
- (ATCC,USA), and to the [7-“P]ATP (Amersham) end-labelled 40mer |

' hgonucleonde antisense GAPDH prube (Oneogene Sclence, USA) GAPIiH |
setved as an mtemal control for eonst:tuuVe gene expression Autoradlograms

 were scanned ﬂensntometnea]ly
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 Effects on protein synthesis - | |
At 1 hour of incubation 0.64M PM had inhibited [CJLeucine incorporation by
+.20% (Figure 2). In contrast 6-DMAP (0.6pM) and PAN (0.6uM) exerted
no detectable effect on [“CJLencine incorporation. |

Aﬁer 12 hougs. (Flgure 3), HL-GO cells treated with equlmolar ooncentratmns
* of 6-DMAP and PAN were morphologlcally mdmtmgmshable from control
) 'cel]s In oontrast PM-treated cells showed marked metaphase mltotm
accumulation and some ewdence of apo;:tosrs (chromatm condensauon,
- nuclear fragmentation and the formation of apoptotic bodies). Apc:ptosm in
PM-treated cells wes confirmed ultrastructurally {not shawn), and by DNA
electrcophorems at 24 hours which showed the pattern of fragmentatmn that
 results from endogenous endouclease activation (anure 4). PM, but not
PAN or 6-DMAP, exerted a time-related toxic .effect on HIL-60 cells as
demonistrated by the reduction iil viable cell nu’ﬁiber in PM«treated' cells
(Figure 5). |

PM induqed a G2-arrest as well as a marked M-Fhase increase,:- with an
 associated reduction in the S-Phase of the cell cycle (Figure 6a, 6b, 6¢).

_ These effects were time-related in that they :were'pfe_sent at 12 hours, and |



- were more marked at 24 hours.’ The increase in the M-Phase reflected a |
.metaphase-arrest (Flgures 3 and 6c). PAN and E-DMAP exerted no obv:ous
cytokinetic eﬂects at 12 and at 24 hours (F1gure 6).

- After 12 hours of exposure, PM was foﬁn‘dﬁ)' supéﬁnduee' c-mye ﬁRNA leifels,- -
whereas PAN- and G-DMAP ~eXposure. resulted in & decrease in the level of c
mys transcnpts (Flgure 'Ya) Ieis of interest that PM—expomIe also appeared

1o supennduoe GAPDI—I to * m% of control levels (Flgu.re 7b), although it

superinduced o-mye to & much greater extent ( % 2009 of control levels).
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The effect of PM, 6-DMAP, and PAN, on [“C]Leucine incorporatior in HL-60

~cells at onie hour of incubation. Results were expressed as the percentage of

contto] values, and represent the
each done in triplicate.

mean + SD of three separate experiments
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and drug-treated HL-60 cells
a)  Control HL-6D cells.
b)  PM-reated HL-60 cells showed a marked mctaphase mit :itlc
accumulation "M" by 12 hours. Certain PM-treated cells showed
~ evidence of apoptosis "A"
¢)  6-DMAP-treated HL~60 cells.
d)  PAN-treated HL~60 cells.

Figure 3
Giemsa-stainied cytospm preparanons (magnification x 1000) of 12 hour coutrol _'



- PM_ GDMAP ~ PAN B
~Control - 0.6uM OﬁpM 0.6uM - Markers

Figure 4 '
Agarose gel electrophoresns of total DNA extracted at 24 hours from lxlO‘

HIL-60 cells treated as indicated. The size (in bases) of separated DNA :
molecular wmght markers are shown.
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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 three separate axpenments each done in

duplicate. Vistle voll sumber was not affected in relation to control by drug-

treatment at 12 hours.
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a)

b)
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Representative flow cytometric analysis at 12 hours of count versus
Fluorescence/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,
Effects on the DNA histogram of HL-60 cells following 12 hours of
exgczsures)ta PM-6-DMAP, and PAN. Results are expressed as mean +
SD (ne=

Stacked-bar graphs ﬁlustratmg the relatm. percentages of HL—GO cells in
the G2- and M-Phases of the cell cycle consequent on 12 hours of
exposure to PM, PAN, and 6-DMAP. The M-Phase at each g
concentration point is representative of the niean mitotic index (mumber
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 GZM-Phase valug (n=3) obtamed from Fignee 2b,
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Figure 7 .
a) ¢c-mys and (for reference) GAPDI-I mRNA expression levels at 12 hours.
in HL-60 cells treated with 0.6uM PM, 6-DMAF, and PAN, as

: indicated. 10ug total RNA was loaded per lane. :
by Hybndlzauon intensities were determined by densitometric scanning of
the antoradiogram. The hybridization intensities of treated cells are -
shown relative to those of untreated control cells which were
normalized to 100%. Similar results were ahcxted on one further
occasion.
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| We found that low-dose eqmmola: concentranons of the structurally related
_punnes PM, PAN, and 6-DMAP ehc;ted stnhngly different morphological
cytokmehc, and molecular e&ects in I-IL-60 ‘human leukemic cells, .-PM, but

~ mot 6-DMAP or PAN, 1nh1’b1ted [”‘C]Leucme incorporation, induced a time-

- reIated cytotoxic eﬂ'ect, a Gz-arrest, a metaphase-mltohc-arrest, morphaloglcal.
and b1ochem1cal evxdence of apoptos;s, and c-ymz mRNA supennducnon
 PAN and 6-DMAP exerted 1o detectable morphological or cytokmetlc effects

on I-ILaGO wlls, although exposure to these drugs results in down-regulatmm of o

_ _c—myg mRNA levels.

~ The effects seen w1th PM—exposure are i_ntére’sting’ since they \!}éte observed fat.
2 dose (0.6uM) which. was orders of lnaghitude lower than..ﬂle doses of PM
.tradmona]ly employed to mhibn protem synthesis (10-200;1M) This dose of o
PM (0.6uM) nevertheless inhibited ["C]I_eucme meo:pomtlon by + 20% after
1 hour. PM-treatment is known to cause the premature release of tuncated
peptide chains which are bound through their carboxyl termini to PM [3], and
which are rapidly degraded through an ilbiQuitiﬁ-clependent f:athway 9. |
‘Since the metapbase-to-anaphase transition is also mediated by precipltaus |
_ubiquiﬁn-deﬁendent cyclin degmdation {10}, it is hkely that this ﬁathway was
preferennally dxverted into PM-pepnde pmteolyms in PM-treated oells. One "
or mote of the ubiquitin pathway components nnght have beaome h.nitmg for
cyclin degradation, resultmg in the observed met_aphaseumitot_l_c-arrest. o



'I'he Gz-arrest observed in PM-treated HL-60 oells m1ght have been hnked to : o
o subsequent apc:ptos:s acuvauon, since such an assoclation has been reeogmsed o a
to emst in cells expoSed to the anucaneer agents etc:pomde [11], elsplatm [12], o

' and mafosfawde (own unpublmhed data), There are also precedents for the
pnnc:ple that cells depnved of signalling input enter the apoptonc pathway
[13], and although the actual mechamsm of the PM-mduced Gﬁ-arrest remams

' -unresolveti at this stage, we suggest that it may relate to the attenuated

: tyrosme kinase mgnal transductlon that we have observed in PM«treated cells
. (subnutted data) Ttis of interest that low-dose PM has reeenﬂy been found
to induce apoptosis in Erythropowtm—dependent murine -erythroblasts [14],

| '_ As far 55 tﬁe PM-induced c-mge mRNA .supedndtiction is concemed, our
ﬁndmg is consistent wuh that of others [15]l and can be attributed to a number
of different processes related to protem syathesis mhnbmou. 'Ihese melude

. the inhibition of transkation per se [16], the mhlbltmn of translanon-dependent
poly(A) taJ.l shortening [15] and enha;noed mRNA stablllty due to the loss of
labile transcr_ipﬁonal repressars or RNAses [17,18). Again it 1sl-pf_ interest that
we were able to elicit the phenomenon of e-mgg mRNA supeﬁnducﬁoo at a
much lower dose than used previously - 0.64M compared to 1805M [15],

~ In contrast to the e—mgg mRNA supennductlon observed w:th PM-exposure,
both 6-DMAP and PAN down-regmated Iy transcnpts in HL60 oells As
| far as 6-DMAP is conoemed, this may have been related to the known Kinase

m_hibitmg properties of 6~DMAP [1,19], since an_other subsututed purme, 2—



o8

Aminopurine, an inkibitor of doubie-stranded RNA-dependent protein kinase,
| has been found to down-regulate c-mg'mRINA fevels [20,21,22]. |

Although 6-DMAP arresis Xenopus oocytes in the G2-phase of the cell cycle
when employed at a coneentfeﬁon of 300uM [1], no detectable cytokineuc

effects were elicited in HL-60 cells when 6-DMAP (and also PAN) were used

“at a. mﬁéh_lewef dose __(O.me). -

o _IDespite _tﬁeir clos._e'etmctm.'al relationships (GDMAP is the piirin_e component !
efbothPMandPAN PAN is & composite of 6- DMAP and 3-Aminoribose, |
and PM isa compomte of PAN and tymsme-o-methylether), PM, &DMAP

_ a.nd PAN vaned greatly in the1r capacxty to. elicit morphologlcal, cytolunenc

| and molecula: effects when empioyed at lovw, equmolar concentratmns in HL-
60 cells This is hkely to relate to the. abﬂlty of PM, Imt not 6—DMAP and

PAN, to generate the nascent polypeptlde chains likely to be respens_nble for |
the eff_ecte elicited by PM, phenomena which are currently being invesﬁgated

: further in our laboratmy Of particular note are the unexpected effects
exerted by PM, and i in this context it is likely that the traditional usage of PM
at hlgh doses to inhibit protem synthes:s has obscured its potent cytohnehc
effects. In this regard, low-doee PM should be a useful adjuncuve -
investlganve tool in studies perta:mng to the cell cyele and to apoptoms
Furthermore, although the use of PM as a smgle antmeoplast:c agent was not

- fruitful [23), this drug may nevertheless have role to play, at lpw deses,
rational combination cancer chemotherapy, At suchdnses PM _cOilid .

. i

L e e L e




. | e
dlﬁerenually accumulate cells in metaphase t0 possibly mcreaSe their
' _.suscepﬁblhty t0 admmistrauon ofa metaphase-s;:eciﬁc agent such as '

- vineristine, and 1 in synerglsm with etoposxde, c:splatm and mafosfandde, PM

* eould potentna]ly pmmote nmpm regression consequent on apoptot:c cascade |

| 'actwatlon. C]mical tnals us:ng low-dase PM m combmatmn wnh some of

' _'_these agenm are currenﬂy under mvesugauon in our laboratory in dogs |

- presentmg w:tl:l spontaneous Iymphoprohferatwe dlsorders. o

i
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- Cell cycle dlsruptlona and apoptosls indueed by the Cyelophosphamide
ﬁeﬂvative Mafosfamide.



" The eﬁect of the cyclophosphamlde denvauve Mafosfamde (ASTA z 7557)
 was mvestigated in yifro in HL-60 leukaemic cells, Mafosfamde, whish
rap1d1y generates 4—hydroxycyclophospham1de :,fter aqueous dissoluuon, v
B employed at doses rangmg fmm 0.1 to 10 ug/ml. In unsynchromsed cells

o _Mafoﬁamlde-axpomewas assocmtedmthanS-Phase aecumulation, 2 |
suggesuon of i Gz-Phase arrest, and morpholagwal and bmchemxcal ewdence |
of apoptoma In cells that had been synchromsed by the double thymldme |
| | _. block method, S-Phase progresmon was cons:dcmbly delaxed in the presence of
| Mafosfannde The apoptosm whlch was ewdent in Mafosfamde-treated cells

=-12hours afte“release from the: tlrymldlnehlockwas found to occurmthe

i

'praSence of S—Phase- and G2-Phase~oell-cycle-mrests Taken togethet the -
.current data suggest that Ma.fosfam;de may have potentml synergism with other' '
E | anncancer ggents that elicit smnlar cell-cyclrr-arreﬁts, as well as thh |
chemotherapeuuc drugs that actwate the apoptouc casmde



| Cyclophosphamzde isa w;dely employed alkylatmg cancer chemotherapeuuc -

agent [1,2] whose cytotomclty is medlated by the introduction into DNA of -

cross—hnl:s and single-strand breaks (34 Cyelophiosphamide derivatives are N

also frequently used n vitro to purge leukemic cells from bone marrow [4,5,6]
: :One such derivative is the prodrug Mafosfamlde (ASTA Z 7557),

- cyclohexylamme salt that rapldly generates 4-I-Iydmxycyclophosphamide aftter

| aqueous chssolutlon. #Hydroxycydophosphamde degrades ureversably via
ald_ophospham:de to phogphoramde mustard _a_nd acrolein [7-9), the
" therapeutically significant metabolites of eyclophosphamide {10},

A mnnber of anticancer agenm are able to induce apoptos:s or programmed
cell death, ¢ g. etoposlde, cisplatin, melphalan, methotrexate, camptothecin,
tempomde, amsacrme, and S-ﬂuommacil [11-16] In the cases of etopos1de
151 and cisplati [16], a precedmg Gz-Phase cell-cycle-a!rest has been
a assoclated with the subsequent acnvatton of the apoptotxc cascade, whereas
| camptothecin, teniposide, and amsacrine ‘have been found to induce S-Phase-
: spéciﬁc mtemucleosomel_DIJA_degl'adeﬁnn [14];' In the current stud} o
undertaken in vitro in humanHL-@O leukeumic cells, we hm investigated the |
cytal:ineﬁc consequenees of the cyclophosphamide denvatwe Mafosfamide,
“have evaluated its capamty to induce double-suanded DNA breaks and
apoptosis
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 HL60 cells (ATCC passage 17, Rockvills, MD, USA) were seeded at 10°
oel]s/ml m RPM[ 1640 medmm supplemented with 10% (v/v) heat-macuvated
fetal calf serum, 20M Irglutamme, Pemcdlm (50U/zmD), and Streptomycm

| '.(Sﬁ,ug/ml} Ce]]s were maintained unagitated in Ioganthmc growth phase at o
| 3’7"’0 ina hum;dxﬁed atmosphete of air and 5’% CO-_,. For synchromzatwn _ -
 expériments the double thymidine block method was employed (7. Ccells
seeded at 3 conoentratlon of 10‘/m1 were incubated for two 24 hom' periods m. |

| the presence of 2mM thyrmdmc The two 24 hour penods were sepa.rated by o
a 12 hour penod in which cells were mcubated in the absence of t‘hymldme ie. .
they were r_eleased from the first .thymldme block. Thymidine was removed_ |
* after each 24 m-éxposm by washing the cells three times in medi_u;ﬁ. that
had been p're -warmed to 37°C. After rélease from the second thymiciine
bock, cells fere seeded at a final density of 10‘/ml and ahquots of oell
suspensions were collected subsequent to various incubation intervals.

Culture viability was assessed by the ttypan Blue dye exciusion techniqué, and

o after cells were ﬁxed and stained with May—Grﬂnwald—Gwm they were

exastined for mitotie figures and apoptotw cells, A]iquots of cells were '.
__ subjected to flow cytometric analysis and DNA agarose gel electrophorems o
Mdfosfamldecrystalﬁnepowder(MW 500.5)wasreee1vedasakwndglftﬁ'om -
 Drl Pohl, ASTA PHARMA Pr Brock, Asta-Werke Bielefeld, West Germany
Fresh Mafosfarnide salutmn was prepared in RPMI medmm mmedmtely pnor
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to ﬁSe atﬁna_l concentrations rangmg from 0,1 ug/ml to 10 ug/_:’hl; o |

Cells were prepared for analys:sas described elsewhere [18], Atthe
| conclusion of the designated incubation periods, the pellet obtained by )
centrifugation from 10° cells was resuspended in 1ml of 2 hypotonic n_hcleﬁr :
isolation medium (SOmgfl'Propidium Todide; lg/l ’I&ifon-X 106- 1g/1 Sodi‘urn
| Cltrate), mcubated on ice for 30 minutes, and then in DNAase—free RMAase at .
- 3rC Fluorescence emiitcd from the Propldium Todide-DNA complex was
qu:umtated after laser exmtahon of the fluorescent dye by the Coulter EPI(‘S
 Profile It flow cytometer (Coulter Electronics, Inc, Fla). Cell debris and
doublets were excluded {19], and the coefficient of variations of the control
GOG1-Phase and G2ZM-Phase peaks were less than 3%. 25 000 cells were
counted for each analys:s }ﬁsmgram scaling was the same .for.a.ll samples..
Limits of cell cycle phases as determined in the control DNA distributions
" were retéineﬂ in the subseqﬁént_ analysis of the Mafosfamide-treated -
: populaﬁOns. | |

After appropriate incubation penod!&, cells which had initially been seeded at
10/l were pelleted at 4°C and prepared for subsequent fragmentation
analysis [20], The pellet was resuSpended.in 704t of lysis buffer (10mM
EDTA; S0mM Tris-HCI, pH=8.0; 0.5% sodium lauryl sarkosinate; 0.5mg/mi
proteinase K) and incubated for 1 hour at S0°C. A 10u1 aliquot of 1mg/m1



: n'bonuclease A was added to each samyle pnor toa fm-t.her 1 hour mcuba,tmn
| at 50°C Samples were then heated to 70°C after wh:ch the reactmn was
temnated by the addition of 204l of loadmg buffer (10mM EDTA, pH—-S.O |
0 25% bromtsphenol blue, 40% sucrose) Extracts were loaded mto the wells - : _
 ofa 2% agarose gel and elecu-ophoresed ina phosph;ate buffer (2mM EDTA,
: SGOmM 'I‘ns-phosphate, pH=7.8). Both the gel and the buffer contamed |

- lpg/ml of ethidium bromlde BglI/I-Ilnﬂ cleaved pBR328 served as molecular . . i

' '_ 'welght m:axkers

Al materials for cell culture were obtsined froms GIBCO, Madison, WL USA.

Propidium lodide was from Sigma. Al other reageats were of amalytical

 grade and were from standard commereial sources,
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' Flow cytometric changes | in asynchronous cells were unremaxkable after ’
- 6 hours of Mafosfamde-exposure (data not showm), - By 24 hours_ 1
" however, an S-Phase aecumnlat:on was evident whxch occurred .
= 'progresswely earher in S-Phase with the h1gher doses of Mafosfamdo
(F:gurelaandb) At24hcurstherewasalsoadose-dependent |
| _ increase in the GZM-P_hase (Flgure 1a and b). This i mc.rgase re_ﬂet:ts . |
" an absolate increase in the G2-Phase (4], sinos the M-Phase decreased
" with increasing Mafosfamidé concentrations at this time-point (Figowe
1) Further gvidence for hold-ups at the S-Phaseand G2-Phase o
bouﬁdanes at 24 hburs is t.hé. progy s3ive decrease in the GOGl-PhaSe o
| _(Flgure. la and b) wlth increasing Mafosfanude concenu'anons, _- | |
R suggestmg conunumg egress out ofGOGl _Phase into the § Phas;-. but :
hrmted if any influx into the G0G1-Phase from the GZM-Phase. _
fimehronized cells - |
S-Phase progression was retarded in synchromzed Mafosfamlde-treated
I-IL-GO eells released from the. double t.hyuudme block (Flgure 2). By8

1By

" hotrs +60%ofsynchromzedenntrolcellshadreachedtheG2M-Phase L

campa:ed wrth only + 15% of the Mafosfamde-treated oells By 12
: honrs when _-1-_73% of eontml cells had eom;:leted the prevmus GIM-
Phase and were back in the GDGI-Phase, the magonty (__70%) of the
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Mafosiamde-n'eated cel'ls were still held up in the | prevmus S- and GZ- '
| Phases. |

. ApﬂptoSiswas mtseen 'in unsynchromzed MafOSfamde-treated cells

' -after 6 hours of eﬁpdsure '(data not shdwn) At 24' hours ho‘#e{:er, tﬁeré | e

. was morphologlcal evidence of apoptos1s (chromann eondensatlon,
'Mafosfannde-treated cel]s (Flgure 3. (an apoptotic body is a ﬁ'agment |
| ot‘alarger apoptonccell thatmay ormaynot contmnnnclear |
- 'componems in the form of cleaved DNA). This was conﬁrmed __

ultrastructurally (data not shown), and by DNA electrophoresm wluch

_ showed the pattem of double-stranded DNA fragments that result from
| the acnvatan of an endogenous_ enc_!o;:mclease (_Fl_gure 4). Apoptosis
was also obeerved in Mafosfannde-treated THP-1 and K562 cells (data

- snm.). . . | b . o o
Apoptosm was niot evident msynchmmzed Mﬁﬁosfaﬂﬁde—'&e'ated cells for
up to 10 hours after release from the double thymldme block. At 2
hours morphelogical apoptosns was present in these oells thls was - |
confirmed by DNA electrophoresis (Figure 5). The presemcaof
| ap_oPtosis_ in .these_ cells was a:dinm‘dent_ with both & late S-Phase, and a
| sﬁégesﬁon of a G2~Phase acoumlation (Figure 2). (The GZMPhase o
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N accumulatmn ubserved m Mafosfamlde-exposed cells at 12 hours in |
B Flgure 2 reﬂecm an absolute i mcrease in the Gz-Phase [14] since m1t6nc' -
| ﬁgureswerenotev:dent at thls time pomt“nthese cells (datanot o
. shown)) o

. By 24 hours a dose-dependent cytomnuty was ewdent iu unssmchromzed -
Mafosfmde-treawd oel'_ls (Figure 5) |
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1)  Representative flow cytometric analysis at 24 hours of of unsynchronised
' control and Mafosfamide-ireated HE-60 cells.
b)  Effects on the DNA histﬁg‘ram of unsynchronised HIL-60 cells foliowing
- 24 hours of exposure to increasing Mafosfamide concentrations.
‘Regults are expressed as mean + SD (n=3).

Q) Stacked-bar graphs illustrating the relative perccntage.s 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-Phase value (@=3) obtmned ﬁom
Figure 2b [14].
All Mafosfalmde concentrauons (M) are in ug/ml
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'Corilroi M10ug/mi

Gh

4h

6h

8h

- 10h

12h

Effects of Mafosfamide-exposure (10ug/ml) on cell cycle progression of HL-60

- cells released from the double thymidine block, Note the delay in S-Phase
progression in Mafosfamide-treated cells, as well as the late 5-Phase

- accumulation and G2M-Phase arrest that was evident 12 hours after release

from the thymidine block. _
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Control I " Mafosfamide Sug/mi

Figure 3
G1emsa-nstamed cytospm preparatmus (magniﬁcation XIOOO) of unsynchmmsed
HL~60 cells. _

a) -Controllﬂ.rﬁﬂcellsatmhmus. )

b) = After 24 hours of Mafosfamlde-mposure (Sug/ml) there was
morphological evidence of apoptosis "A" in the form of chromatin
mmmn’ nuclear fragmentatwn, and the fomauon of apoptohc '

es.
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Mafosfamide 0.1pg/mi
.Maf'asfamide Bug/mi
. M’afosfémide- 10pg/mi

- Mafostamide 1pg/mi

e
=}
c
G
o

Figure 4

Agarose gel e!ecb'ophoresls of total DNA extrscted at 24 hours from 1x10°
unsynchronised control and Mafosfamide-treated HL~60 cells (starting cell
number at O hours was 106 cells). The sizes (in bases) of molecular weight
- markers are shown,

Note the DNA fragmentation in cells treated with Mafosfamlse at -

- concentrations > mug/ml.
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Mzafosfamide-treated (10ug/ml) XL-60 cells at progressive iime intervals after
release from the double thymidine bisck (starting cell number at 0 hours was
10° cells), ‘The sizes (in bases) of molecular weight markers are shown. Note

2).

the sudden onset of DNA fragmentation between 10 and 12 hours,
COIT!

esponding to the late S-Phase~ and G2-Phase-cell-cycie-arresis (see Figure
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fug/ml Sug/ml
Mafosfamide Concentration

cells after 24 hours of exposure.
- Results are expressed as a percentage of control values and reflect the mean +
SD of two separate expcnments, each done in duphca.te o

Figure 6
Effect of Mafosfamide on the viable cell number of unsynchmmsed HL-60
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In this study we mvestagated the mx:;tm effects of the cyclophosphamlde
denvatwe Mafosfamide. Mafosfamide, which rapidly generates 4

_ _hydroxycyclophosphamxde after aqueeus d:ssolunon, was employed at doses
rangmg from 0.1to0 10 ug,!ml in I-IL-60 human lenkemic cells. We found that '

- _ Mafosfam:tde induced morphologlcal and blachenncai eudence of apoptesm in-

both awnehronous and in synchronysed HL-60 eells Th1s is snmﬂa.r to the
findings of Marks 4 Fox (22}, snd also to the apoptosxs that hasbesn
_ _observed in response to numerous other chemotherapeunc agents mcludmg
" etopnﬂde, clsplann, melphalan, methotrexate, eamptothecm, tempomde, -
amsacrine, and 5-flucrouracil [11-16]. o
 Consistent with the known alkylating effects of cyclophosphamide [9), and also
with is cepacity to infroduce cross-links and single-strand breaks into DNA
[4,8]; we found that Mafosfamide caused an S~Phase accumulauon in both
. synchromsed and unSynchronized HL-60 cells. Since the progressmn of DNA
synthes:s during § Pbase is dependent on ﬂ:ie sequentlal activation of banks of
replicons so that acnvatneu of later replicons is eonnngent on t.he successful -
| replicetien ef breiiously activated rep]ieons [21), it is likely the.t alkylahng |
damage to DNA by Mafosfamide precluded successful sequential replicon
activation, diSﬁ:pted S-Phase progression, and was responeible for the S-Phase
accumulation. Because apeptesis was found to oceur simnﬂtaneously with the
-Phase-mrest in Mafosfamde—treated cells, it is poss;ble thet apoPtoms may
have been activated, at Jeast in part, subsequent to the arrest, as has been- _



reported w1th tha canCer chemotherapeuﬁc agents camp*othecm, tempomde,

 and amsamns, all of which iuduce S-Phase—s;:eclfic mtenmcleosomal cleavage :
| [14] . S . .

) In addmon to the apoptos:s and the S-Phase amlmulatmn mduced by

‘andin unSynchronised HL-60 cells, similar 0 the Q,Q-Phase arrest elicited by

4

: . Mafosfamlde, ther was a suggestmn of a GZ-Phase arrest in both synchromzed -

msplatm and etoposide {15,16]. We suggest that the apoptosm mMafosEanude« =

: '_treatedceﬂs,maddmonto occumngins-l’hase,mayaisohaveoccurredm

the GZ-Phase, as has been shm to occur w:th both etcpomde and c:splatm |
{15, lék where a precedmg GZ-Phase—cell—cycle—arrest is assoclated thh
subsequent actwanon of the apoptot:c cascade | -

In concluswn we havc shown t.hat the cyalophmphamide denvauva _
*__Mafosfamde induced apoptosis in HIL 60 cells, and that the apoptoms was

| assomated with intercurrent $-Phase and Gz-Phnse cell—cycle-arrests As such |

we pmpose t.hat Mafosfamide may have potential synergnsm wnth other
antmancer agents that ehc1t similar ce]l—cycle-arrests e, g c:splatm and

| etoposlde, and thh cancer chemothempeuuc drugs that mduce apoptosm e.g

_' melphalan, methou‘exate, camptothecm, temposide amsacrme, S-ﬂuomuraml

'.BtOPosxde c:eaplatm. o | '
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CHAPTER 6

c-mye Expression is down-regulated in Mafostamide-treated
o HL-&) cells undergn!ng :ﬁpoptb_iis. - |
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- "I‘he expressmn of the proto-oneogene c—m has been strongly 1mp]icated 1n

- the reg:latmn of apoptoms. Smce we have previously sh&wn apoptosm to N
'omlieukem cells exposed to theprodmg Mafostamide (A.smz .

- 7557), th., present study was under:akm to examine the levels of c—my_c mRNA

. transcnpts in such cells Mafosfamlde, whxch is a cyclophosphamzde denvatzve_ o

- that rapldly generatea &Hydrmycycmphosphmde after aqueous dlssolunun, '
was employed_m doses ranging from ﬂ.I. to 20ug/ml. No Ghange_s in c-mye -' e |

s inRNAlevelsﬁvere'evideﬁtaﬁéi"imome-Mafcsfamide 'Aft:er'ﬁ_

B _and 4 hours ofMafosfanude-exposure however, there was a doseu and tnne-
-dependent d&crease m c—mtransm;»ts c-mmRNA expressmnwas |
redueed 10 2 greater extent than either the beta—actln or GAPDH expresmon -
- was, * Morphological, blochemxcal, and ultrastmcturai evxdenoe of : apop.os:s |
.' acoompanied the Mafosfannde—mduced <-IOye mRNA down-regulauon at 24

‘bours. We conclude that in the context of Mafosfamide—treated HL-GO oells |
| upregujatxon of c-mxg mRNA transmptlon was not fzmdamemal for the "
“activation of the apcopmtlc mscadm |
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The proto-oncogene e has been strongly mphcated in the apoptonc '

- pathway. Im certain contexts the process of apoptoms has been fourid'sb be
comingent on e-my_e expression (1-7), wheru.as in Dther seenarios down-

regulatlon of ¢y mRNA Iev'els have aceompamed the activation of the

ap_optouc eascade_.(s-m)._ o

'Cychphosphamlde isa mder employed a]kyiatmg cancer chemotherapeutlc
'iagent { 11-12) the denvatxves of which are frequently. used mm to purge
_ Ieukennc cells from bone marrow (13-20). One sizch derivative is the prodrug
_ Mafosfamlde (ASTA Z 7557), a cyclohexylamme salt that. rapldly generates 4-

HydroxycyclOphosphamlde after aqueuus dissolution. 4-
Hydroxycyclo;uhosphamde degrades u-reversibly via aldophosphmde to |
phospheramlde mustard and acrolein (01-23), e therapeuﬁcally sxgmﬁcant

: metabohtes of cycl0ph05pham1de (24). We have recently found that

Mafosfamlde-expomre induces apoptos:s in HL-60 leukeémic cells (25) Smce
certain anticancer agents have been found to reduce e—mxg mRNA hvels (26-
29), whereas others, including the cyclophosphamlde derivative 4- -
Hydropemxycyclophosphamlde, have been found to elevate C-Tye mRNA
transcripts and/or c-myg oneoprotem levels (27, 30-31). the present study was

unde!taken to examine the levels of c-mye mRNA transcnpts in Mafosfanude- '

treated HL-GO cells undergomg apoptosls



156

I-IL-60 human Ipmmyelo_cyﬂt:_ leukemic cells (ATCC passage 17, Rockville, MD,
USA) wete seeded in RPMI 1640 medium sﬁppleméﬁted with fetal calf serum,
' Leghutamine and Penicillin/Streptomyein antibiotics (GIBCO, Madison, W,

' USA). Cells werc maintained at 37°C in a humidified atmosphere of air and
595 CO, Mafosfamide crystalline powder (MW=5005) was 2 kind gift from
Dr 1. Poh, ASTA PHARMA, Pr Brock, Asta-Werke, Biclefeld, West
Germw; * Fresh Mafosfamide solution was prepared in RPMI medium
immediately prior to use ai final cbno:ntraﬁons ranging ﬁ‘Dm 0.1 ug/ml to -
20u£/m1.._-' |

At the ccmclﬁsioﬁ of the incubation ﬁériod the cells were pelleted ét 4°C and
prépared for subsequent ffagmentation analysis (32). The peliet was _
resuspended in 7011 of lysis buffer (10mM EDTA; 50mM Tris-HCL, pH=8.0;
" 0.5% sodium lauryl sarkosinate; 0.5mg/m! proteinase K) and incubated for 1
“hour at 50°C. | A 1041 aliqubt of 1mg/ml ribonuclease A was added to each
saraple prior to a further 1 hour incubation at S0°C. Samples were then heated
to 70°C after which the reaction was terminated by the addition of 201 of
loading buffer (10mM EDTA, pH=8.0; 0.25% bfomoﬁhenol blue; 40%
sucrose). Extracts were loaded into the wells of a 2% aga:dse gel and |
elecﬁaphoresed in a pho!spha_té buffer 2mM EDTA. BOOmM Tris-phosphate;
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pH=7.8). Both the gel and the buffer crntained 1ug/m of ethidiam bromide.

B BgII/Hmﬁ cleaved pBR328 served as molecular weight ma_fke__r_s 3

' c-myg mR.NA expression was mvestlgated using standard techmques (33)

o -ExtractedtotalRNA(lﬂug)wass:zefracﬂonatedbylz%agamsa N |
formaldehyde gel electrophorssis, and then transferred and UV-crosslinked o

-~ mylon. membrane I-bendizatmu at 42°C. for 16 hours was to the [gamma-. |
 mpjgCTP (Amerstam, England) random primer-labelled 1.6Kb Sl fragmeat
from the'" end of the human c1nyg gene (ATCC, USA), Fonomng
su'mgency washes at AZ’C and at room temperatute, the membtane was
- exposed at -70°C to film using lmage-mtens:fymg Screens, Fmally the

' membtane was smpped before rchybndrzat:ou either to the [0®P}ICTP
~ random pnmarwlabelled 19Kb BamI-I[ fragment of B-actin (ATCC, USA), or

| -'to.the [+PIATP (Ametsham, England) end-labelled 40mer ohgonucleotzde__ i

 antisense GAPDH (Oncogens Science, USA). B-actin'and GAPDH served as.

internal controls for constitutive .gene e:q)ressmn.

Al othe.r reagents were of analyhcal grade a:nd were from staudard

oommemal souroes
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Apoptosis was not seen in Mafosfamide-t:eated oells after 1 and 6 hours of
- exposure (data not’ shown.) At 24 ‘hours however, there was mo:phologmal
__ _' ev:dence of apoptos:s (chroma;tm eondensatmn, nuclcar f.ragmentatmn, and the -
N 'formauon of apoptotac bodies) in Mafosfamldwtreated cells (data not shawn)

. This was oonﬁrmed \ﬂtrastmcturally (data not shown), and byDNA

~electrophoresis whmh shcweé the pattem of double-stranded DNA fmgments
~ that wsult from hthskgt_:uvat;qq of an endpgenouq | endopuclease_ g‘f‘gure 1.

- 'I“ﬁere was no cha.nge mu*m ﬁ-achnand GAPDHmRNA e::ﬁression aﬂer 1
| our of Mafosfamlde-exposme in HL-60 cells (data not shown),  After 6 hours
-and 24 hours hawever, there was a doe:e»-dependent det:rease in the e.xpression |
of these genes m. Mafosfannde-»treated oells (Figure 2) c-mxn mRNA

expressmn was reduced more than either the B-acﬁn or GAPDH expressmn |
was (Flgure 2 and Flgura 3) |
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- Agarose gel electrophoresis of total DNA extracted from contml atid
‘Mafosfamide-treated (ug/ml) HL-60 cells at 6 hours and 24 hours after drug
‘exposure. The sizes in bases of molecular weight markers are shown.,



“ghours 24 hours

- C-myc ’

_ _GA‘F’DH' |

o _B-actihﬂ'

C-IIye, B-actin. and GAPDH mRNA expression at 6 huurs and at 24 hours i in
control and in Mafosfamide-treated (ug/ml) HL-60 cells {10sg total RNA
' loaded per lane), The results were reproduced on one further occasion.
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100%). The results were quantltated by densitometric scanuing of the
autoradiogram, : _
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We recently found that the apoptotlc pathway was actwated in HL-60 cells
folluwing exposure to the ptodrug Mafosfanude a denvatlve of the alkylating
cancer-chemotherapeuﬁc agent cyclophosPhamde {25). Since the expresson _
of the protb-dncogeﬁe c?mxg has been sn'oﬁ,gly mlphmted in the i‘egulatioﬁ of
the apoptotic cascade (1-10), we undertook to examine the effect of
Mafosfamde on c-myg mRNA levels n HL-60 oells In the current study we

_found no change m c-Iyc mRNA levels after 1 hour of Ma.fosfamxde-exposure, '
anda dose-dependent decrease in c-m mRNA transcnpts after 6 hours and
% hours in Matosfamlde-treated cells. . |

: _These ﬁndmgs suggest that in the coutext of Mafosfamxde—treated I-IL-&O cells,
- upregulauon of cmys mRNA transcription was not fundamental for apoptoms )

mductmn. Thls_ is consxstent with the down-regulatior. of the CI0¥¢ gene that
has been found to precede IL-6 induced apoptosis of Y6 cells (8), steroid-
induced . apoptosm of 697 pte-—B lymphocytes (9), and phorbol ester-induced :
apoptotis of U-937 cells (10). Our findings are in contrast with the elevated c-
myg mRHA lavels seen in rat thymocﬁes undergoing apoptosis following
dexamethasone treatment (3), with the evidence that c-mxg isa potent inducer
of apoptosis in rat fibroblasts (6), and with the observations that c-my_g

. expression is a réquirement for acﬁvaﬁon-indﬁeed apoptdsis of T-cell

hybridomas (5), for apoptotic regresmon of estrogen-treated MCF-'? human

mammary cancers (‘7), and for apoptosm elicited in mmug-amphﬁed cell lines
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(including HL-60) by the DNA. topoisomerase I inhibitor VM-26 (1). -

In the context of anticancer agents, it i of interest that in Colo320HSR cells -
treated with another cyclophosphamiae derivative (4-hydroperoxy- |
cyclophesphanﬁde), o-mye mRNA levels increased after 1 hour of exposure but
decreased subseqeenﬂy, raising the possibility th.at. alkylatmg agents may
suppress the expressmn of specxﬁc transformmg genes (27). Further evidence
for this < comes from j in vioo expermentauon which demonstrated that
alkylating agents iricluding nitrogen mustard and melphelan, but ot 4-5-
(proplonic amd}sulﬁdocyclophosphannde, termmated c-mye transcription in a
| sequence-speclﬁc, drug-sp_ec:ﬂc_manner (28). In addition mithramycin, which
" binds to G-Crich sequences In the DNA minor groove, has been fonnd o~
' inhl;bit c-myc transcription in HeLa cells (and other genes which have G-C rich
prOmotiar sequences) by preventing the formatioe of the transcription mltlatmn _
| cemplex (29). However, inereased ¢-my¢ protein. has been observed to
4accumulate in a _lympheblastoid cell line in response to certain 'elkylating :
agents (Dimethylsulphongte, Ethylmethane sulphonate and Mitomycin .C) (30),
and elevated o-myc mRNA levele have been reported in SV40 transformed
human keratinocytes in response to ultraviolet irradiation '(Zb) and in rat
| embryoﬁi_c cells exposed to ionizing irradiatioh (21).

It is clear that although c-zye expression bas been strongly inplicated in both
apoptosis and fhe_oe]lula_r response 10 DNA-damaging agents, the precise |

~ nature of its regulation of sand/or participation in such processes still requires
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' _mRNA expression should be evaluated not only at the Ievels of RNA and oi

B protem, but also at the Ievel of DNA, since -c—m gene-speclﬁc DNA repasr B
~ may m«eif be deferennaJIy affected according to the eliciting insult (36) |
o Finally it would be worthwhﬂe to examine the transcription ofmammahan

 genes termed gadd (gromh arrest and DNA damage induc:ble), that

RN T e e e

| | : RPN BTN
elucidatton. To address the issue more oomprehensmly in the future, cmye

speclﬁeally cade for transc:ipts whlch are mcreased by DNA da.tnage (37), and '

_. | 'to examme their mle, if any, in the apoptoﬁc respunse to cancer -
o chemotherapeuuc drugs. pamcularly alkylatmg agents such as Mafosfam:de
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CHAPTER 7

Puronvcin-.eliciteﬂ'e,ufmgg mRNA snperinduction precedes apoptosis in HL-60 -

o
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- The ixh‘enomeﬁon of superinduction refers to the prbcesé by which high |

concentrations of protem synthesis .'inhib_itors augment and stabilize mRNA

| transcript levels e.g. 36-180uM of Pﬁrt;mydin (PM) has been found to'éﬁcit e

m:gg mRNA supennductwn. 'Ihe expressmn of the pmto-oncogene cmye has

' been strongly but vanously Jmphcated in the rcgulatton of the apoptotlc |
cascade. Since we recently found that a low dose of the protein synthesis |

: mhlbﬂor PM acnvated the apoptotlc cascade i in BL~-6G leukcm-. cells, the |

current study was undertaken to exsmine ¢-mye mRNA, transcr 1t fevels in

such cells, and to assess thn relay inrship, if any, between PM—ehmted cﬁmxg

- mRNA superinduction and subsequent acnvauon of the apoptoﬁc_ cosade;
PM was employed in yitro at doses of 0.9uM and ZuM. Dtjse-depéﬁdent.o- N

myg mRNA Supeﬁndﬁ(:ﬁon was present at 1 hour of PM-@xpoxure, and was
assoc:ated with subsequent activation of the apoptotic cascade at 24 hours of
exposure. Apoptosis was confirmed morphologlcally as evxdenced by

| chromatin condensauon, 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 endogenuus endonuclease - [C*JLeucine incorporation studxes atlhour -
demonstrated n:ummal protein synthesls inhibition at doses used, suggesung
that c—mxg mRNA superinduction in this cOntext may have been the result of -
mechanisms w?axch were independant of the mhibman of synthes:s of new

_ protems, such as mtermptlons in s:gunl transductmn. .
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"Ihe steady-state Ievels of a spemﬁc mRNA can be controlled at any one of the -
. ~ multiple steps involved in its metabolism (1,2). The term "supennducuon bas
. tradmonally been apphed to the process by wh:ch protein synthesis inhxbmon
: results i m the augmentat:on and stabilization of mRNA transcnpts (3) through |
. a variety of mechamsms which include the mhibmon of trauslatlon per se (4,5), - -

the mhlbltion of translaﬁon—dependent poly(A) tail shortemng (5), and the loss

_' of labile transcnpuonal Tepressors or RNases (6,7) For example hlgh doses
ie. 36- 180,uM of the "clasmcal" protelu synthes:s mhibltor Puromyoln (PM)
' | '_have been found to ehmt c-Inye mRNA snpennductlon (5) :

The proto-on_oogone c-inye has i-eoenﬂy been strongly but vaﬂoosly implicated'_
. in the apoptotic patﬁway | In certaiﬁ' oontoxts the process of apOptosis has
been found to be connngent on C-myg expressnon (8-12), whereas in other o
| scenarios down-regulaﬁon of c-mxg mRNA le.vels have accompamed the -
~ gctivation of the apoptotic cascade (13-16)

The role of protein synthems in the process of apoptOSls is oontent:ous sinc:e

 there i ewdence that dependmg on the context, apoptosw may 17y or mas- nOt . |

(18) require de novoe p:otein synthesis, and that apoptos:s may be mducod by '

y protem synthesis inhibltors themselves (19)

We recently found ¢that a low doée (O.9sz) of the protein synthesis iﬁhibito:



| '_Pmomfcin (PM)actrvated the apnptdﬁc'-mscédé in I-II.:-EO leukaemic cells
(20) In the current study we therefore undertook to examme o—qu mRNA
transcnpt Jevels in such cells and to assess the relaﬁonsh:p if any, between

" PM-elicited c-mxg mRNA supennﬂuttlon and subsequent activahon ofthe -

.,\_
S

| --_-_apopwucmscade T



Bq‘%rﬁ(} human promyelocyt:c Ieukelmc cells (ATCC passage 17, Rockvﬂle, MD
USA) were seeded in RPMI 1640 medium supplemented with 10%(v/v) heatn
inactivated fetal calf sarum, ZmM Lglutamme, SOU/mI Pen.ici]]m, and
' 'SOug/ml Streptomycm (GIBCO USA) Cells were. mamtmned at 37°C in a | )
hum:diﬁed atmosphere of air and 5% CO, PM (Sngma) was used as ”
 described. | |

054G [ClLeucine (specific activity 50CH /mutol; A:ﬁgréhani) was added to
cultures which were then further inmbate:d'. at 37"‘0 for one hoﬁr (21). "Atthe
oonclu&on of the mcubation permd, cells were washed three times in
phosphate~buffered saline, 1ml of 10% trichloroacetic acid was added and the
tubes were then chilled on ;ce fo:.so minutes,  The premp_ltate 50 formed was |
filteved on GF/C filter papers (Whatmann), and washed three ﬁ;ﬁes'wi'th sm
 trichloroacetic acid. The Hlters were dried and couted after adding aqueons
counting scintiflant, [“‘C]Leumne incorporation was determined in tnpllcate
Replicates differed from each other by Iess than 10%

cmye mRNA expression was investigated using standard techniques (22).
 10ug of total extracted RNA was size-fractionated by 12% agarose

s



| formaldehyde gel electrophoresns, and then transferred to and subsequently
ultramolet cross !inked to nylon membrane The membrane was
prehybndlzed at 42°C for 4 hours. I-bendxzatmn was 1o the [a-"*’P]dCI‘P

- (Amersham) random-primer labelled 16kB SstI fragmel_lt from the '5"-end of
.  the c-miye gene (ATCC,USA), Following stri’ngeney washes af 42°C an_d:'et :
" room temperature, the membrane was exposed at <70°C to film using image-
mtens:fymg screens, Finally the membrane was stripped Eefefe re~
_hybndlzatlon to the [+-“PJATP (Amersham) end-labelled 40mer ._
| ) ohgonucleotlde antisense GAPDH probe (Oncogene Science, USA) GAPDH

served as an internal control for constltutlve gene expresmon. Autoradmgrams -

" were scanned denﬂtomemcally

After appropnate ineubafion periods, ceils which had nutmlly hee.n aeeded at
_ IO‘/ml were pelleted at 4"(‘ and prepared for subsequent ﬁ'agmentatxon |
analyms (23) The pe!let was resuspended in 70ul of lysis buffer (10mM
EDTA; 50mM Tris-HCI, pH=8.0; 0.5% sodium lauryl sarkosinate; O.Smg/ml |
proteinase K) and incubated for 1 hour at S°C. A 10t aliquot of 1mg/ml
ribonuclease A was added to each sample prior to a further 1 hour incubation
at 50°C. Samples were ﬂ:en heated to 70°C after w;hich the reedtien was | -
terminated by the addition of 20yl of Ioadmg buffer (10mM EDTA,“pH*B 0;
0.25% bromophenol blue; 469 sucruse) Extracts were loaded into the wells
of a 2% agarose gel and electrophoresed in a phosphate buffer (ZmM BDTA '
800mM Tes phosphate; pH=7.8). Both the gel and the buffer eontamed |

17



| _'mg/ml of ethldlum brormde BglI/Hmﬂ cleaved pBRBAB served as molec:ﬂar.' o

-welght markers

| | All othar reagents were of analytlcal grade and were fmm standard

o .commercml som'ces R
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- Afterboth 1 hour and 24 hours, m_émpluyed at dQﬁM-_'aqd'f&pM wasseento
. '_inlln'bit' {c"]uudﬁe'inémﬁomﬁan. (Flgute 1). The extent of [C¥|Léncine

| ¥ mcuzporatlon mhibmon at 24 hours (¢43% and tBO%) was greater than at 1

| hour (+9% and ¢1s%) |

- After 1 hour, PM supeﬁndueed e—mgg mRNA levels above those of the cantrol o

'(Flgure 2. At zuM, PM supennduced GAPDH as well as c-m although -
- m}fﬁ was supennduced to a greater extent than GAPDH was.

] DNA.ﬁamntaunnmxms |
. 'Aﬂer 1 hour of PM-exposure, and coincident with emye mRNA
. pennductlon, there was no evxdence of DNA fragmentahon on agarose gel |
| _ 'electrophoresls (Flgura 3). At 24 hours however 0. 9pM and ZuM of PM were ._
' both seen to mduce DNA fragmentation. | :
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B Dose-response. representanon of c-ye and (for reference) GAPDH mRNA
~ levels after 1 hour in control and PM-treateﬂ HL-60 cells (10;1.3 total RNA
loaded per lane) :
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Agarose gel electrophoresis of total DNA extracted from HL-60 cells at 1 honr -
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In the current study uﬁdertaken in HL-60 Ieukae.mi.c.cells, we havé investigated . .
* the invitro effects of low doses of the protein synthesis inhibitor Puromycin
(PM), specifically with regard to its effects on c-mye mRNA levels and on
*apoptosis induction. We have shown that PM-elicited c-m mRNA

superinduction at 1 hour was associated with subsequent activation of the;'- .

apoptotic cascade at 24 houts,

'The. expression of the c-jye proto-oncogene has been sirongly but variotsly
 implicated in the regulation of the apoptotic cascade (8-16). Our finding that
the up-regulation of c-m mRNA transcription was .foun(.i to precede. |

subsequent spoptosis induction is consistent with the elevatsd c-mmmRNA g
| levels seen in rat thymocytes undergoing apoptosis following dexamethasone |
treatmeént (8), and with the evidence that eqye is & potent inducer of
apoptosis in rat fibroblasts (9). Our data are also consistent with ths
observations that ¢-myg expre&sxon isa requircment for activation-induced
apoptosis of T-cell hybridomas (10), for apopzotic regression of oestrogen- -

" treated MCF-7 human mammary cancers (11), and for 'apopmsis elicited in ¢-
sy amplified el lines by the DNA topoisomerase I ishibitor VM-26 (12).
Our findings are in contfast with our recent observation that c-mye mRNA

.levels are dOwn-reéuJated in Mafosfamide treated cells m_iﬂergoing apoptosis
(13), with the dbwn-regulatidu of the cquyg gene that has been found to -
precede IL-6-induced apoptosis of Y6 cells (14),.sterdid-induced é.pt:ptusi_s' of




| o | 133
_697 pre-B lymphoeytes ( 15), and phorbol ester-mdueed apoptosm of U—93‘7
cells (16). | | |

"The concentrations of PM that wefe employed to elicit the ¢-mye mRNA
. superinduction Le. 0.9uM and 24M, were much lower than those used
- previously (36-180sM) By.o‘thers to generate this 'eﬁ‘ec_t (5). Although some

protein synthesis inhibition was noted at these low doses of PM, the ixiagnimde_ -.

o | of the supenndueuon (x 189% at ZpM) seems out of preportion to the degree _'

 of protein synthes:s mhlbmon whlch occurred (£15% at 2uM for Lhour). Tn

o faet we have recently shown that c-myc mRNA supennductionswas found to

_oceur follmg exposure to PM at O.Zp.M, a eoneentranon whlch acmally
enhanced [C“]Ieucme moorporatmn (data not shawn) These ebservatmns :
suggest that the ¢c-mye mRNA supennduchon may have been medlated throughi:__ X
 mechanisms which were distinct from protein synthesis inhibition (3,23,24), and
whirh have been found by others to mclude ..nteracnons with sxgnal

| transduction (3,23 24). For example, sub-mhibatery concentrations of the
protem synthesis inhibitor anisomycin have been _found to superinduce e-i_gs -
.and c-jtn mRNA through the phosphorylation of two chromatin-associated |
proteins pps3 and pp15 (3). Furthermore we have recently found low doses
of PM to inhibit éudogenous tyrosine lﬁnese activity in I-lL-&Ocells (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 intibition which at 24 hours ranged from £57% et 09uM to
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 +80% at 2uM, indicating that in this particular scenano the process of
époptoéis was probably not depende.nt on de nove protéin synthes:s (_18).:' : -
" Alternatively it may have been that apoptﬁsis was dcpeﬁdept on de novo

_ protein synthesis as has been reported by others (17). 1f so, it would follow

that any proteins required for the apoptotic process were among those proteins
whose synthesis was ot inhibited. Finally it is poSsibl'e_thatfPM may itself .

have directly mduced apoptosis, a phémmenoli.that has beén_reportéd to |
' odour with other protein synthesis inhibitors (19).
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- The phenomenon of mpennductmn refers to the process by wlnch hlgh doses )
_ " (SG-ISOnM) of the protem synthesm mhxbltors Puromycm ®PM) or - |

Cycloheximide (CI-IX) augment and stabﬂme mRNA ttansmpt levels throngh o

o o mechamsms thch are. dependent on the eomplete mhlbmon of protein |
o syntheszs Thecurrentstudyundertakenml-ﬂ;ﬁﬁleukaemcoellshas
| dissoctated the protem synthems-inbihxtory eﬁ’ects of PM and (IHX ﬁ-om then' _ |

-'c-mxg mRNA supennducmg e&ects. When employed at coneentratmns whichj -

_ . were sub«mhxbitory with respect to proteiu synrhes:l.s (OaZnM), PM and CHX
D nevertheless elicited the phenomenon of supennduenon, possxbly thxough
. L mechamsms related to mtracellular siguallmg.
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"Ihe overall regulatmn of eulmryot:c gene expression is mexmcably lmked,

o ~ inter aha, to factors govermng mRNA stability and degradauon, as ewdenced

by the strong -1mp]1_canon of dysregulated mRNA turnover in the pathogenesls
 of & number of diseases Including thalassemia and certain haematological
mahgnanmes (1) 'I'he steady-state levels of a specific mRNA species can be _
- controlled at. any one of the muluple steps involved in its. metabolism ie |

o transcnphon Initiation, transcnptlon elongauon, post-trauscnptlonal RNA

| processmg (addition of the 5 cap, the 3 poly(A) tail, and splicing), mRNA
transport from the nucleus to the cytoplasm. translatmn, and cytOplasmc ”
: -mRNA aocumulatlon and degradanon (1,2)

The term ‘superindiction” hes traditionally been appﬁed to the process by

which complete protem synthes:s inhlbmon results in the augmentatmn and
stahzhzation of inducible mRNA transcripts (3) For example, high doses ie.

36-180uM o the "classical" translation inhibitors Puromycin (PM) and
C.yclohgnm.tde (CHX) have been used to elicit c-miyc mRNA superinduction
(4). Within the context of protein synthesis ii:,hibitidn. the phenomenon of

_ supennduction has been attributed to a number of diﬁerent processes

| including mechamsms relating to the inhibition of txauslat:on per se (5), the
inhibition of translation-dependent paly(A) tail shortening (4), and enhanced

-mRNA Stabﬂitj due to the loss of labile h'aﬁscﬁpﬁons repressors or RNAses
67, - o
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- Recently it has been recogmsed that supennduction may also be ehcmd o
_.through mechamsms which mvolve sngna.l transduchnn pathways, and which a:e' -
' jdlstinct from protein synthws inhibmon (3 8,9). For example, sub-mhlmnry o
- cancentranons of the protem synthes:s mhibItor amsomycm has been found to |

‘superinduce ¢-fos and c-nm mRNA, specaﬁca!ly through the phosphoxylatmn of

two. chromahn—assomated protems pp33 and pp15 O

In the light of these ﬁndmgs we undertook to mvestigate the effects of the

- protein synmesis mhibitors PM and CHX on c-mye mRNA levels in HL-60

- -_ leukemnc cells, 'We spec:ﬂcaﬂy employed ooncentmtions which were sub-

mlnb:tory with respect to pmtem synthesm in order to asoertam whether the -
.phenomenan of supennduct{on persmted under these. mrcumstances -
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* HL-60 Fuman promyelocytic loukemic cells (ATCC passage 17, Rockville, MD,

USA) were seeded in RPMI 1640 medium supplemented with 10%(v/v) heat-
 inactivated fetal calf serum, 2mM L-giutamine, S0U/ml Penicillin, and

- SOug/ml suepiomycin (GIBCO, USA). Cells were maintained at 37Cina
| .humdified ammsphere of air and 5% co, M and CP‘X (Slgma) were used -
as desmbed. B | |

0.5uCi [“ClLeucine (speclﬁc activity Soafmmol' Amemham) was added to .
- culmres whlch were then further incubated at 37°C for one hour (10), At the '-
coticlusion of the incuba_tmn period, cells were washed three_ times in
ph@sphate-bv;&ered'saﬁng, 1o of 10% hichloroacstic acid was ad&ed,_ and the

| tﬁﬁes were then chilled'on ice for 30 minuteé The ﬁrecipitate so formed was -
.ﬁltered on GF/C ﬁlter papers (Whatmagn), and washed three tlmes with 5% |
trichloroacetic acid. 'Iihe filters were dned and counted after addmg aqueous
counting scintillant. [“C]Leuc;ne incorporation was determined in triplicate.

Replicates differsd from each other by less than 10%.

c-my_q mRNA expressmn was mvestlgated using standard techmquas (11)
10ug of total extracted RNA wiz mze-fractlonated by 1.2% asal‘ose




formaldehyde gel e}ectmphoresls, and then transferred to andultra.violet crbss- | '

3 linked to nylon membrane. The membraue was prehybndlzed at 42°C for A
' houss.. Hybndlzatmn was to the [a-”P]dCTP (Amersham) random—primer ]

-  labelled 1 kB Sstl fragment from the 5* end of the c-m pene (ATCC,US l\)

Fo]lowing striﬂgency washes at 42"C and at room temperature, | the membralne
| _was exposed at -70°C to ﬁln:tusmg mage-mtensﬂinng screens. Finally tbe}
- membrane was stnpped before re-hybﬁd:zauon to the [7-’“P]A’IP (Amersl:am)
- end-labelled 40mer oﬂgonucleotide anﬁsense GAPDH probe (Onool;ene !: g _' -_

B | Sc:lence, USA) GAPDH served as an mtemal oontml for oonshmtive geue |

' expresmon. Antoradiogmms were scamed densitomet:ica]ly

Al other reagents were of anlytical grade and were from standard |
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[”C]Leucine mcmporatimz studie.' shiowed that ata dose of 0.2HM, both PM
| 'and CHIX -vere sub inhibitm}r on protem synthesns (Fxgura 1). In fact at 'I‘.hIS
concentration PM was actually founﬂ to boost protem syuthesis

B Desbité being ém#loyéd at_ sub-inhitsitory concentrations with résp__ect o |
_protein synthesm ie. 0.2,uM'; b'oth PM and CHX supennduoed c-m mRNA N
levels above that of the contrm atl hour (Figure 2. PM~elicited o—my:g o
_: mRNA supennducuon was not maxm:al at this ooncentratmn however, since

. higher conﬂentrations of PM (O.QnM and ZuM) that mhlbzted [-"C]I.aumne

B mcorporanon by 2. > 20%, were able to elicit greater degrees of superinduct[on
(data not shown) |
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Eigure 1

The effect of equivalent concentrations (0.2uM) of PM (0. lugml) and CHX

- (0.05ug/ml) on [“C]Leucine incorporation after one hour in HI-60 cells,
Resuits are expressed as a percentage of the mean control value, and represent

the mean + SEM of triplicates. _



CHX 0.2uM

. Pg‘vii O2IJM o

o-mgg and (for reference) GAPDH mRNA ievels after one hour in control,
and in PM- and CHX-treated HL-60 cells (10ug total RNA Ioaded per lane)
Similar results were obtamed in three further experiments, "



In thls study we have been ﬁﬁle to.dissodaté'the protein s}ntl;e.%is-iilﬁibitory ) o
 effects of two "classical” protein synthesis inhibitors, PM and CHX, '&pm their
 cmye mRNA supetinducing effecis. “When ermployed at -sub-inhibiio:y |
| concentrations (0.24M) in HL 60 leukemic cells, M and cHX név'ertheig'ss_ .

- eliciféd supe‘rindixction, a phenomemn that .has been evoked previously by hlgh .
: conoentratlans of these drugs that completely abolish protein synthes:s ie. 30-

200uM (4, 12,13,14) | IR |

| Our ﬁndmgs are consistent with the recent recogmtmn that _
| o supennductlon may also occur through mechanisms which are distinet from
. - protein synthesis mh1b1ti_on (3,8_,9). Such mechanisms have been found to
.inchic.le interactions with signal transducﬁdn pathways. For example, sub
. iuhibitory concentrations of the protein synthesis infibitor nisomycin have
-ﬁeén found to supéﬁnduce-t:—fos and cc-jgm mRNA, -spéciﬁcany through the
phqsphorylatibn of two 'chromaﬁn—assoﬁated proteins pp33 and pplS (3.
EGTA has been found to éuperiuduce FDGF- and Ca*’—mb&ulated e-Imyc
mRNA expression (8), and Tnsulin-like-growtt factor 1 has been found o up-
regulaie c-iqs expression through the stimulation of tyrosine kinase activity (9).
Since we have secently found low doses of PM to inhibit endogenous tyrosine
kinase activity in HL~60 éells' (15),- we suggest that PM’s superinducing effect in
the current study may have been mediated through dtsmptlon of tyrosine
kinase signal transduction pathways.
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. ’I'his report supports the notion that supennductmn ca 2 be mtributed to
- ) dlﬁ'erent mechamsms dependmg on the concentxati()n of the protcm v;;nthesis |
i mhlbxtor employed to elicit thJs phenomanon. 'Ihus the supennducuon v oo

: demonstrated at sub inhxb,ntory cunhentrauons ot‘ both. PM and CHX clearly e

B camot be attrihumd to any of those mechamsms relymg nn prot: ‘n sgamssls |
' mmbmon (4,5,6 7) At higher, protein synthesis mhlbltory ooncentmuous,

 enhancement of o—m mRNA teanscript has been found by others (4,12) and o

' ourselves (data. not shown) in both PM- and CIrH{-treated cells (4 12),

T conmstent mth the interpretation of smpennducnon as bemg the eonsequenoe B |

| of mpmred protem synthes:s (4,5,6,7). "the phenntyplc and functlonal o

S -consequences of c-mye mRNA supennduct:on are hkely to be very dlﬁerent

| 'depe.;dmg on whether or not the'c' isa concomltant mhibman of protem |

_synthems. Thus, at Icr.v onncentrauons of PM and CHX. the enhanCed ?myg o

| ~ mRNA may be associated with eqmvalent enhanoement of c-m oncoprotem

whereas lngh ooncentrauons of PM and CI-IX whwh inhibit protgm Synthesis |

are hkely to attenuate cmye oncoprotem levels These issues, as Well asthe |
nnpact on mgnal transduction pathways of sub-mhibitozy concentratwns of PM - |

and CHX, are currenﬂy being addressed in our laboratory.

4



Carter B.Z. & Malter 1.5, (1991) Regulation of mRNA stability and its

- relevance to'diSease-""I-..aboratory 'Wésﬂgaﬁf"} 63, 610.

A

 Atwater TA, Wisdom R., & Verma LM. . (1990) Regu]ated mRNA
7 'stabﬂ:ty Asm. Rev. Genet. 24, 519. IR
~ Mahadevan L.(L & Edwards DR (1991) Signa]]mg and supermductmn '

Nature 3;1._9_, 741,

LairdOfErmgaLA. deWxtCL. ElﬁenchP &vanderEbA..T (1990) S

Poly(A) tail shortening is the translauon-deﬁendent step in c-myc |

- mRNA degradatmn Molecular and Cel!ular Biology .1!1. 6132.
Wisdom R & Lee W. (1991) ‘The protein-coding region of e—myc
'_ mRNA contains a sequence that speclﬁes rapid mRNA tumover and

mducuon by protem synthesis mlubitors Genes Dev. 5, 232. ,
Greenberg M.E. & Ziff E,B. (1984) Stimulation of 3T3 oells mduces

' transcnptxon of the c-fos proto-oncngene Nature 314, 433

Dani Ch., Blanchard J. M Piechaczyik M., El Sabouty 8., Marty L, &

' Jeanteur P. (1984) Extreme instability of myc mRNA in normal_ and

transformed human cells PNAS 81, 7046

Fnck KK, Womer RB. & Scher C., (1988) Platelet-denved growth
factor-induced c-mye mRNA_expression. Analysis of an inducible
ﬁathway-independeﬁt 'of protéin kinas C. - J. Biol. Chem. 263, 2948
Hauguel-de Mouzon S. & Kahn CR. (1991) Insulin-like growth factor- .
mediated phosphorylatlon and protooncogene mducnon in Madm-Darby



- 'camneludneycells Mol. Endocrmol.ﬁ,Sl

- 10 - Dudanz A.K. Gupta R.S & Gupta R. (1988) Specles-suemﬁc

_' _dlfferemes in the tomclty of pummycm towards culiured human hnd

. Chinese hamster cells, FEBS Letters 234, 141.

L

" Sambrook J, Fritsch EF and Mamatls T (1989) i Molecular Clomng o

A Laboratory Mam1al (Ford, N, Nolan, C. and Ferguson, M. eds)
o Extracﬂon, punﬁcanon, and analysm of messenger RNA fmm eukmyotm |

o

TR

cells. pp 7.1787, Cold Spring Harbor Laboratory Press, USA.

Ishmkac. KanamaraR.,SawT DeiT Konisle AsamuraM&

' Wakui A. (1985) Inhlbitow effems of prostaglandm Ag on. c—mxc _
e expression and cell cycle pwgressmn in human leukemia oell, hne HL-
"60. Cancer Research 48, zsm. R e

-' Paillard F. & Vaquero c (1991 Down-reg.nam of 1k mRNA by 'r

.cell activation mvolves n'anscnpuonal and pcst-transcnpnonal

mechamsms Nucleic Acids Research 19, 4655
Zublago AM, Munoz E. &; Huber B.T. (1991) Supermdumon of ILrZ

gene transcription in the presence of -c_:yclohe:nmz_de._ L. It__nmunol. H_&, B N -
. 3 857. . . : : . . : . et
' Davidoff A.N & Mendelow B, \'A (1992) Puromycm is n poteut and

| spemﬂcmhibntornftyromnehnmacﬁwtymmocaus Antmancer R
-'Res.lz.ml' | ' |



__ o2
 CONCLUSIONS

PM mﬁed a humliér of poteﬁlé effects on the _celi cycle whe.:_i'use?i.at -
" gmmlmﬁoﬁs’-fa; below those sed tra&itionally'_té '-'ﬁampletely_bmck o
- :proféin_:.'slynthes:i.s; - 'I'hese eﬁecﬁi mcluded an-arrest,a métaphaéé- |
mitoﬁc:é:rest; and apoptoms, and were f'ound' ina variety of mal]gmmt -
and non-mahgnant cell types of both humau and murme ongm. Smce
- cnx falled to ehc.it similar effe.cts, the data suggests. thaf the PM-

'. mduced changes were hkely to have been related to the dlfferent -
| mechanisms of ptotein synthesis inhibition exerted by these two .

classml" translation mhibxtors Puromymn (PM) and Cyclohemmde.

' (CHX) PM, Imt not CHX, generates nascent pepudyI-PM oomplexes |
(PMI’S), whose subsequent intracellular effecs, may acoount, at least in ..
part, for the differenuai cytokmeﬂc effects and the tyrosme kmase
" inhibition (see point 3) elicited by these drugs Furthermore the
observatlon that the closely related -subsututed punnes Puromycin |
' aminonucleoside (PAN) and 6 Dimethylaminopurine (G-DMAP) d1d not
exert detectable morphologmal and cytolunenc effects may also be
attributable to their failive to generate nasoem PMPs |

Although the role of protein synthesis in the cell ¢ycle and in the |
process of apoptosis has been contentious, as has the mlaﬁgﬁsh_!p

between cell _cyclé phase and ai:opt_dsis.. acuvatmn, it would appear_ihat '



. | | R 1)
- much of the eonfumon smroundmg the mterrelauonshlp between these

. variables reﬂects diverse contextual expenmental scenanos in which -

they have not been mdependently controlled. This study therefore
mvest:gated the apoptonc process in cells synchmmzed thh respect to
) the cell cycle, while ma:ma.lmng tight eontrol over protem synthesm

The data .showec_l hat in synchronized, PM-treaied HL-60 cells, () the

o activatien of the apoptotic cascade was cell qrcle—-dependent,' an‘d-that |

- (i) the GZ/apoptosw transntion and (ﬁi) the prm:ess of apoptos:s 1tse]f

o 'were vutually protem synthes:s—mdependent The data suggest a

working model whmh may help to recincile at least some of the current
_' apparenﬂy oonﬂxcung opinions on the msue, aud also conﬁrms the |
' likelihoad that incous:stenmes reported in the literature fepre,sent

- contextual expenmental vanauons (dwemty in cell type, o

.. _ synchrommty, type and dose of protein synthems inhibitors employed,

: extent -of-p_rotem syntheﬁs _mhbmon) rather than major 'controvermes_.

In addition low-dose PM-expomue remﬂted in potent and spec:ﬁc |

| _. mhibmon of tyrosme kinase actmty as determmed iu soluble enzyme
extracts prepared fr‘om 1 hour and 24 hour PM-treated HL-60 cells. -
Enzyme extracts denved from HL-60 cells treated with a dose of CHX
that was equimolar to the dose of PM employed and that also inhtblted
protem synthems toa simﬂar extent as PM did, fmled to mhibxt
'phosphurylanon of tyrosme lnnase-speclﬁe substrate 'I'fhls mdxcates
that the tyrosine hnase-speciﬁc mhibmon mduced by PM cannot be



+ attributable to protein synthésis_blockﬁde per se,_but may felatg-to_ _t'he*
© different mechanisms of action of PM and CHX. |

When the m effects of the cyclophosphamlde denvatwa |

_ Mafosfa.mxde were mvestxgated in HL-60 cells it was fmmdlrthat S

| . Mafosfamide induced apoptosns and that the aprtOSlS was assomated

: mth mtarcurrent S-Phase and G2-Pbase celi-cycle-arrests in both |
o symLtonized and unsynd:romzed cells, Furthermore in ‘the context Of_-
| } Mafosfamxde-treated H[rﬁo cells, upregula,tmn of -y | mRNA

_ _. : transcnpuon was found 1ot to be fundamental for ap0ptos1s mductlon

since there was no qhange in c-mye mRNA Jevels aftet 1 hour of

- Mafosfmmde-expome, and a dme-—dcpendent decrease in e-mm mRNA o

tra;nscnpts a{ter 6 hours and 24 hours in Mafosfamlde-treated cells. :
On the other hand I’M-ehmted o-my_g mRNA supennducnon evident at

1 hour was _shuwn to be associated with subsqquent_ activation of the

| ‘apoptotic cascade at 24 hours,

In this study it has been--pbssible- to dissociate the protein 'synthesis"-. |
inhibitory effects of the two “classical’ protein Synthesis inhibitors, BPM

'and CHX, from their c-mm mRNA supeﬁnﬂucmg effects.. When

employed at sub-mhbltory ooncentrauons (0. ZuM) with respect to -

protein synthesis in HL—GO cells, PM and CHX nevertheless ellclted

supennducuon, a phenomenou that has been evoked premously onbey

'hlgh concentrations of these dmgs that completely abohsh protem -



‘synthesis 'i.e; B&ZOOuM.'- T-his-rei rt'suppdrts tha nutioﬁ that

the concentration of the protem synthems mhxbltor employed to ehcit

- " this phenomenom .'I'hus- the supennduction demonstrated at sub- |

. _ attnbuted to any of thuse mechanisms mlymg on the mhibmon of

. L 'productlon of new pmtems, but possibly may relate to mteracnons mth_ :

Slgl]ﬂl transducuon panbwaw

B} _mpennductlon catf’be attnbuted to dlfferent mechamsms dependmg on _—

B mhxbiturycancentra.uonsofbothPMandCIE(cleaﬂycannotbe R



 Aaronson SA (1991) Growth fastors and Cancer. Science 254: 146,

' Ahmed AR and Hombal SM (1984) Cytotmnc and immnnosuppreswe actlon of
cyclophosphamlde Am. J. Dermatol, 11: 1115, |

‘AkamatsuK,EndoK, MatsumotoT MonkawaK,szmM MltsmHand
= szum K (1991) In v.rtro antlrumour mechamsm of a new platinum complex,
R Z-ammomethylpynohdme(l l-cyclnbutaned.carboxy}ato+ AN
o _._plaimum(ﬂ) Auticancer Res. 11:151,

: Alnyama T, Ishlda J Nakagowa S, Ogawa.ta H, Watanabe S, Itoh N, Shbuya
M and Fukam Y (1987) Gemstem, a spec;ﬁc mh1b1tor di‘ 'Iyronme-spemﬁc :
protem kina"s Blol. Chem. 262: 5592 |

Allen Dw and Zamecmk PC (1961) TLe effact of puromycm on rahb:t
renculocyte n’bosomes. Biochim, Blophys Acta 55: 865

Alnemn ES, Fernandes TF I-Ialdar S, Croce C‘M and thwack G (1992)
- Involvement of BCL-Z in glucocorhcmd—mduoed apoptos:s of human pre-B- o |
leukenuas Cancer. Res. 52~ e |



- - . R o
o Ar_bisgr_ ]L, Arbiser ZK and Majzouh JA (1__9_91) Rggula'tion of 'ggg'_l;e éﬁe'ssion | o
in choriocarcinoma by _rnéthtit:@j;a{e'and:hydxdxyurea. Endoctinclogy 128: 972, o -

Askew DS, Ashmun RA, S1mmons BC aud Clevela.nd JL (1991) Constimtwe c-

mzc; expresszon in an m3~depenﬂent myeloid cell lme suppresses oall cycle :
' arrest aud acoelerates apoptos:s OnyOgenc 6 1915 | |

: Atwater JA, Wisdom R auti Verma M (1990) Regulated mRNA stabﬂlty
'.Am Rev Genet 24: 519, |

 Baker BR, Schaub RE, Joseph P and Williams JH (1955) Puromycm.

o '_ SYIlthetlc smdaes IX. Totaz xynthems. L Am. Chem. Soc¢. 77 12.

.,-"i

_ Bazar LS and Deeg HJ (1992) U'Itravlolet B~mduccd I}NA fmgmentauon
(apoptos:s) in actwated T-lymphocytes and Jurkat oe]]s is augmented by
: _m_zbmsﬂ “of RNA and protem Synthesm. Exp Hematol. 20: so

) Bertra.nd R, Sa.rang M, Jenkm I, Kemgan D and Pommler Y (1991) _
leferentlal mductlon of secondary DNA ﬁ'agmentauun by topoisemerasé II
o .mh:bnors in human tumor ce]l Imes with amphﬁed c-mye eaqiresmon. Cancer
Res. 51 6280 |

Bishop IM. -Céﬂular'oﬁcogeﬁ'es' and retroviruses, Ann, Rev _Biochem. 525:';301. —

] "\l (\ .

- B:am_i S, Raymond WEand Racker E -(1'98_4) Syntheﬁ;: iyrosine POIymers as

AT



_ substrates and inhibitors of tyfosine—speciﬁé pro'tefn kinases. Journal -'of. _
‘Biological Chemistry 259: 2051, |

- Bruno S, Lassota P, Giaretti W and Da:zgmkiewia,' Z (1992) Apoptosis of rat

thymocytes tnggered by prednisolone, camptothecm, or teniposide is selecuve N

0G0 cells and is prevented by inbibitors of protesses. Oncol. Res. 4: 29.

Burke DJ and Chu:ch D (1991) Protem synthesis requlrements for nuclear
htu Mﬂlu .

dmswn, Cytohnesm, and cell separauon in Saccharon CES Ceres :-
 Cell, Biol. 11: 3691,

 Cantley LC, Augor KR, Carpenter C, Duckworth B, Graziaa A, Kapeller R
and Soltoff . (1991) Oncogenes and Signal Tranduction. Cell 64: 281, |

Carter BZ and Malter JS {1991) Regu]atlon of mRNA stability 2 and its
relevance to disease. Laboratory Investigation 65: 610 |

Chen YY and Rosenberg N (1992) Lymphoid cells transformed by Abelson
virus require the v-abl protein-tyrosine kin.se only during early G1. Proc, Natl,
Acad. Sci. USA 89: 6683. |

Clechatiover A, Finley D and Varskavsky A (1984) Ubiquitin dependence of -
slective protein- degr_adatioﬁ demonstrated in the mammalian cell cycie mutant

ta85. Cell 37: 57.



| S Lo | | : '2_09
B Crook TR, Souhann RL and Mcu-an AEM (1986) Cytotoxmty, DNA cross-

linking and single strand brealm mduced by activated cyclophosphamlde and :
acmlem in human leukemia cells, Cancer Res. 46 5029 |

" Davis RY and Czech MP (1985) Amﬂonde directly mhxblts growth factor
. receptor tyrosine kinase activity. J. Biol. Chem. 260: 2543,

Dani Ch, Blanchard JM, Picchaczyk M, EI Sabouty S, Marty L and Jeanteur P
- (1984) threme mstabm:y of myc mRNA in normal and transformed human B

" cells; PNAS, 81: 7046

' Del Bino G snd Darzynkiewicz Z (1991) Camptothecin, Teniposide, or 4-(9-
Aéridinylanﬁno}s-methamul_fon-m-anisidide, but not Mitoxantrone or. | |
Dozxorubicin, induces deﬁadaﬁon of nuclsar DNA iu.the 5 3Pha§e. of HL-60 o
cells. Cancé_r.neséam; 51: 1165, | o |

Doida Y and Okada S. (1972) Effects of actinomycin D and puromyein on the
cell progress from M to G1 and § stages in cultured mouse leukemia L5S178Y

* cells. Cell Tissue Kinet. 5t 15,

Domeyer BE and Saldek NE (1980) Metabolism of 4-Hydroxycylokiosphamide/
aldophospharmide in vitro. Biochem, Pharmacol. 29: 2903. |

Douay L (1985) Cyc!o;)hosphamide derivatives for in vitro cleansing of



. - | e
leuk_e‘mie bone marrow Blood Transfusion and Immunohaemitologjr 28: 427, .

| Eastman A (1990) Activanon nf programmed cell death by antmancer agents
- 'Clsplabn asa model system. Caneer Cells 2 275

' Eastman A (1992) ’I‘he pathwag of apeptoms actwated by anticancer agenfs‘
B ‘Proceedings of the American Assodiation for Cancer Rescarch 33: 587,

. Epifatiova -01' Smolenskaya IN, Sevastyenova MV and Kurdyumova AG (1969)

- Effects of actinomycin D and puromycm on the mitotic cycle in synchromzed
'_ cel culture Exp. Cell Res. 58: 401 | |

" Evan GI, Wyllie AH, Gilbert-CS, Liftlewdod TD Land H, Brooks M, Waters 2
CM, Penn LZ and Hancock DC (1992) In.ductxon of apnptosis in ﬁ;:!roblasts by_
N e—qu protein Cell 69; 119, '

' Fernberg 30, Iewensohn R and Skog S (1991) Cell cycle arrest and DNA
damage aftcr melphelan treatment of the human myeloma cell line. RPMI
8226, Eaur, J. Haematol, 47: 161, | N

Futscher BW and Erickson e (1990) Changes in omye and ofs expression
in & human tumor cell line followmg exposure t bifunctmnal alkylatmg agents. |
Cancer Res 50' 62



| - | . . 211
' Prick KX, Womer RB and Scher cn (19&3) Platelet—demed growth factor- '

| | | mduced c-myc mRNA expressmn. Analysis of an mdnci"i!e pathway

 independent of protein kinase C. J. Biol. Chem. 263: 2948,

Gazit A, Yaigh P, Gilon D and Levitzky A. Tyrophostins I (1989) Synthesis
. and biological activity of protein tyrosine kinase inbibitors. J Med Chem 32:

| Glynn JM, COtter TG and Green DR ( 1992) Apoptosm induced by acunomycm
B D, camptothecm or aphldmolm can oceur in all phases of the cell cycle o
- Blochem, Soc, Trans. 20: 845. < | .

. Glossman H, Presek P and Eigenbrodt E (1981) Quercetin inhibits tyrosine
phosphorylation by the, cyclic nucloetide. mdependent, transformmg protein
kmase pp60"‘ Arch Pharmacol 317. 100.

Glotzer M, Murray AW and Kirschwer MW (1991) Cyclin is degraded by the
* ubiquitin pathway, Nature 349; 132, |

Gordon V Meyer M, 'Ihitma.ous D, Ross P and Mendelow BV (1986)
Selective myeloma. cell cytoto:nmty of puromycm-medlated protem synthesis

inhibition, Blood 68 (suppl), 2383,.

Graziani ¥, Erikson E and Erikson RL. (1983) The effect of quercetin on the



. . o 212
- 'phosphorylauon actmty of the Rous sarcoma virus transformmg gene pmduct
| _-mmandmmmxmoehemws 583, | |

" Grassilli E, Carcereri de Prati A, Monti D, Troiazo L, Menegazzi M, Barbieri
', Franceschi C and Suzaki H (1992) Stadies of the relatmnshlp between cell
- prohferauon and cell death IL Barly ‘gene- expressmn dunng concanavalm A~
mduced prohferaﬂon or dexamethasone-mduced apoptoms of rat thymocytes
B }chem. Bmphys Res. Commun. 188; 1261,

- Greenherg ME and Zitf £B (1984) Stimtﬂanon of 313 cells induces e
transaiptxon of the cfos proto-oneogene Nanu'e 311 33,

'_ Gnm:cke HH (1991) The oell membrane as a ta:get for cancer chemotberapy o
| EurJCancerZ‘?ZSl -

Gunji H, Hass R asid Kufe D (1992) Internucleosotnal DNA fragmentation
 during phorbol ester-induced monacytic differentiation and G0/G1 arrest. J.
Clin. Tnvest. 89: 954, B |

Hanguel-de Mouzon § and Kaln CR (1991) Insulin-like growth factor-
mtsdlated phosphoxylauon and protooncoguae mducﬁon in Madm Darby

canine kidney cells, Mol, Endocnm:l. 5: 51

Higo H, Lee JY, Srtow Y and Higo K (1989) Elevated expression of proto-



o

- joncogenes accompanies enbanced induction of heat-shock genes after exposure

 of rat embryos in wiero to forizing irradiation. Teratogenssis Carcinogen.

o | Mutagen.9 191

. Hﬂton J (1984) Deoxgm‘bonuclew acid mashnlnng by 4—hydropero:gr
) cyclohposphamide in cyclophosphamide—sensltwe and ~resistant c1z1o cells.
| Bmchem. Pharmacol 33: 1867 ' |

Isluda Y Fm'ukawa Y, Decapna JA, Salto M and Gﬁﬂn D (1992) 'I’matment
of IL, cld leukemics cel]s with the ph05phatase inhibltor okada:c acid mduces
| - eell cycle arrest at e1ther Gl/S or GZ/M dependmg on. dose, I. Cell Physiol
 150:484,

L

Hollywood D. (1991) Signa! Transduction, British Medical Bulletin 47 99.

Kessinger A, Blerman PJ, Vose , M and Armitage 3 (1991) ngh dose
cyclophosPhamlde, carmustme, and etoposide followed by autologous

peripheral stem cell transplantanon for patients with relapsed Hodgkm’
| disease. Blood 77: B2, |

Ktshimoto s and heberman I (1964) Synthesxs of RNA and protein required -
forthemxtosxsofnmmmahanoeﬂsﬁxp(:‘ellkes 36: 92, |

Krek W and Nigg BA (1991) Differential phosphorylation of__ vertebrate p34*® "



B

._ e o | 214
lnnase at the Gljs and GZ/M transitions of the cell cycle 1deut1ﬁcauon of
- major phﬁsphorylauon sites, EMBO Juumal 10: 305 |

' Kruman II. Gﬁkﬁx;skaya AS, Pctmnyaka Vv, Beletsky iy and Trej:akovaES- |
(1992) Apopmsm of mnnne BW 514'7 thymoma oells mdueed by cold shock. L
Celt Physml 153112 | |

_' Kypnanou N, Englmh I-IF. Damdson NE and Isaacs JT (1991) Programmed
cell deatti dunng rf-gregmon of the MCF~7 human breast cancer followmg
estrogen ablation, Cancer Res51: 162, -

Lan'd Oﬂ'nnga IA, de Wit CL, Elfferich P and van der Eb AJ (1990) Poly(A)
tall shortening is the translatmn-dependent step it c-myc mRNA degradatmn
Molecular and Cellular Biology 10 6132

Le Blanc GA and ’Waxmau DJ (1990) Mechamsms of cyclophasphamxde action
on Hepatlc P-450 expresslon. Cancer Research 50: 5‘7‘20 o

I..ock RB and Rass WE (19%0) Inhibmon of P34“"“ kinase actiwty b}r etopos:de |
arirradiananas amechamsmofGZarrestmmnnesehamster nvaryoells. |
Cancer Research S0:376L |



| '_ 'Longnecker DS (19?2) Modlﬁcation of puromycm~mduced changes in

s

"pancreaﬁc acinar cells by. cyclahexmnde pretteatment in rats. Lab Invest 26:
459,

Martin SI Lennon SV, Bonham AM and Cotter TG (1990) Inductior Of

‘apoptosis (programmed cell death) in human leakenic Y760 cells by
inkibition of RNA or protein synthesns J. Emmunol, 145¢ i85,

© Miller DM, Polansky DA, Thomas S, Campbell RR, Campbell VW, Sanchez
3 and Koller CA (1987) Mithramycin selectively inkibits transcnptmn of G-C
| -_oontamngNAAm.JMedSmaossa ;

'- Mahadevan LC and Edwalds DR (1991) Slgua.lhng and supennductmn.
Nature 349‘ ‘247 :

Moazed D and Noller HF (1989) Intermediate states in the movement of
transfer RNA in the ribosomes, Nature 342; 142. o

Nagata T, Uchara Y, Numabe A, Ishimitsu T, Hirawa N, Ikeda T, Matsuoka H
and Sugimoto T (1992) Regulatory effect of thromboxane A2 on proliferation
of vascular smooth muscle cells from rats. Am, J. Physiol. 263; H1331.

Nara N, Suzuki T, Yamashita Y, Murahashi I and Aoki N (1988) Cytotoxicity
- of 4~Hydroperoxycyc10phbsphanﬁde for the blast progenitors of acute '.



| - S 216
 myeloblastic leukemia. Cancer Rescarch 48: 2348, "
Newman RA and Dogramatzls D (1991) New Cel!ular Targets for : |
. ch&ii;dtherapy The Canoer Bulletm 43 246, |
Nlemeyer U, Engex J Hl]lgard P Peukert M, Pohl J and Smderman I-I (1989)

. Mafosfannde A derivative of 4-Hydroxy- cyclophosphamlde. Progress in- |
| Chmcal BlochennsnyaudMedlcme9 35

Kieto MA, Gonzslez A, Gambon F, Diaz-Espada ¥ and Lopez-Rivas A %)

-_'Apopmmhmmymuqmsaﬂexueamntmmglmmds Chn.Exp

- Immunol. 88; 341

" Oritani K, Kaisho T, Nakajima K and Hirano T (1992) Retinoie acid Iinh'ibits
interleulnn G-mduced macrophage m&erenuaﬁon and apoptosm ina murm.e
hematopmetlc cell lme, Yﬁ Blood 80: 2298

Pardee AB (1989) G1 events and regulation of cell proliferation, Science 246: -
. | | SRR A

Pieper RO, Futscher BW and Edckson LC (1989) Transcnpttermmaung N
 lesions induced by bifunctional alkylating agents in.vitro. Cancer Res. 50: 1307. -

Powis G, Hickman J, Workman P, Tritton TR, Abita J-P, Bordel WE, Gescher



_'-A,MosesmandNicolsonGL(wgowhewnmembmemoeuslgnalsa,s
'. targets in cancer chemotherapy Cancer Research 50‘ 2203

3 Rechsteiner M (1991) Natural substrates of the ub1quitul proteolytic pathway.
_ Cell 66: 615 ' o ' '
Rime H, I-Iachon D, Jessus C Gons J Merlevede W and Ozon R (1990)
' .Charactenzanon of MPF actxvanon by okadam acid and in &m oocytes
Cell Diﬂ'erentlation and Development 29: 47.

. Ronai ZA, Okin E and Wemstem IB (1988) Ultravmlet hght induces the
' axPress:lon of oncogenes in rat ﬂbmblast and human keratinocyte cells
| | Oncogene 2: 201

Sen S (1992) Programmed cell death: cuncept, mechamsm and control Bml.
Rev. Camb. Philos. Soc, 67: 287. |

Sharkis §J, Santos GW and Colvin M (1980) Elimination of acute myeiagenou_s |
1eukemxc cells from marrow and tumour suspensions in the rat with 4-FHydroxy.
Cyclophosphaunde Blood 55 251.

Shi Y, Glymn ™, Guilbert L, Cotter TG, Bissomnette RP and Green DR
 (1992) Role for ey in actlvauon-mduaed apoptotxc cell death in T cell
hybndomas Science 257 212,



Snyder RC, Ray R, Blume § and Miller DM (1991) Mithramycin blocks

' transeriptional initiation of the oquye P1 and P2 promioters. Biochemistry 30:

Sorenson CM,’ Bary MA and Eastman A (1990) Analysis of events associated

mthoeﬂcyclearrestatGZPhaseandcelldeathmdueedbyCmplatmI Nad

Cancer Inst. 82: 749. -

- Stryer L (1988) Protem Synthesm. In Biochemmr}' (L. Steyer Ed), P 759
'W.H. Freemau and Company

”'_sluhvanm: andWﬂhsAE(1989)Elevauonofe-mygproteinbyDNAstrand R

. ',r,f

breakage Oncagene 4 Moz

'Uehara Y, Murakam Y, Mizuno § and Kawa s. (1989) Inbibition of
| '_transformmg actmty of tyrosine kmase oncugenes by herb:mycm A Vl.mIOgy :
164: 24, | |

Ullnch A and Schlessinger .T (1990) Slgnal transdact:on by recepmrs with
tyrosine lunase acﬁvlty Cell 51 203,

* Vander Heyden N, Rodi C and Ratner L (1989) Analogs of -Amino-3
- Deoxyadenosine m.'mblt HIV-1 replication. Aids Research and Human

‘Retroviruses 5: 647.



e

| ) contmns a sequence that spec:fies rapid mRNA tumaver and mductlon bv

o protem synthes:s mh1b1tors Genes Dev 5: 232 | |

" Wong TW and Goldberg AR. (1981) Symhenc peptlde fragment of fr¢ gene
o B prnduct in}nblts the stg protein kmase and crossreacts lmmunologacally wn;h .

'!'}...

' Yarmohnsky MB ﬁndﬁ)e Ia Ha.ba GL (1959) Inhl’bltmn by puromyci‘n of N
R ammo ac1d moorporation into protem. Proc. Nat. Acad. Sed. USA 45 1721 .

---YonedaT I.:yahRM AlsmaMM,PersonsPE,SpadaAP,LemzhA, | |
: . leberstem A and Mundy GR. (1991) The autnprollferanve effects of. tyrosme o
lunase mhxbxtors Tyrphostins on a human squamous cell carmnomamm and: S
"m nude mice. Cancer Research 51 4430, |

.. W .
o | __'Wlsdom R and L?/e: w (1991) The. protem-euding regmn of o—myc mRNA "

 avian gng Kinases and cellular phosphoproteins. Proc. Natl. Acad, Sci. USA 78
w2 S . .



~ PAN

ABBREVIATIONS.

U .

6-Dimethylaminopurine <

| Puromymn aminonucleoside



Experimental Hensatology 21:922.927 £1993}
@ 1993 International Sociely for Expalimnnh! Hematology

Celi-cycle disruptions and apoptos:s mduced
by the cyclophosphamide derivative mafosfamide

Avri N, Davidoff, Bairy V. Mendelow

Depattment of Haematology, School of Pathology of the University of the Witwatersrand, the South African Instttute

for Medical Research, Johannesburg, South Africa

Offprint requests to: AN. Davidoff, Department of Haematclogy, Univetsity of the Witwatergrand Madical School York Road

Parktown, 2193, South Africa

(Received 17 Iune 1992; in revised fb:m 30 Novernber 1992.‘ accepted 3 Marel: 1993)

Abstract. The effect of the cyclophosphamide dervative
mafosfamide (ASTA Z 7557) was investipated in vitro In HLG0
. leukemic cells. Mafosfamide, which rapidly generates 4-
hydroxycyclophosphamide after aqueous dissolution, was
.employed at doses yanging from 0.1 to 10 pg/inl. Tn unsyn-
chronized cells, mafosfamide exposure was assotiated with an
S-phase accumulation, 2 suggestion of a Gy-phase arzest and
horphological and biochemical evidenice of apoptasis, In
cells that hed been syrichronized by the double thymidine
block method, S-phase progression wis considernbly delayed
in the pretence of mafosfamide. The apoptosis that was evi-
dent in mafosfamide-treated cells 12 houss after release from
the thymidine block was found to oceur in the presence of 8-
phase and Gy-phase cell-tycle arrests, Taken together, the cur
tent data suggest that mafostamide may have potential syner-
gism with other anticancer agents that eliclt similar cell-cycle
arrests as well as with chemotherapeutic drugs that activate
. the apoptotic cascade,

Key words: DNA fragments-—Apoptosis-—Gz~phase——
Cell cycle—HLG0—8-phas

Introduction. Cyclophosphamide is @ widely employed atky-
lating cancer chemnotherapeutlc agent [1,2] whose cytotoxid-
ty 1s mediated by the introduction into DNA of cross-links
and single-strand breaks {3,4]. Cyclophosphamide derlvatives
are also frequeritly used In vitro to purge leukemic cells from
bone marrow |46}, One such dexivative is the prodrug mafos-
famide, a eyclohexylamine salt that rapldly generates 4-
hydroxycyclophosphamlde after agueous dissolution. 4

hydroxycyclophosphamide degrades irreversibly via aldo- -

phosphamide to phosphoramide mustard and actolein [7-9],
the therapeutically significant metabolites of cyclophos-
phamide {10].
. A number of anticancer agents are able to Induce apopto-
- sis or programuoied ceil death, &g, etoposide, cisplatin, mel-
phalan, methotrexate, camptotheckn, teniposide, amsacrine
dnd S-fluorouracil [11-16]. In the cases of etoposide [15] anzt
cisplatin |16}, a preceding Gy-phase cell-cycle agrest has been
associated with the subsequent activation of the apoptotic
. cascade, whereas camptothecin, teniposide and amsacrine
have been found to intduce S-phase-specific internucleosomal
DNa degradation: [14], In the cutrent study, undertaken in
vitro in human HLA0 leukernic ceils, we have Investigated the
cytokinetic eonsegquences of the cyciophosphamide derivative
- mafosfamide and have svaluated its capacity te induce dou-
bie-stranded DNA breaks and apoptosls,

Materials and metheds
Cell cnlinre and mafosfareride exposure. HLAO cells (ATCC pas-
sage 17, Rockvllle, MD) were seeded at 105 cells/ml. in RPMI
1640 medium supplemented with 10% (vol/vol) heat-inacti-
vated fetal calf serum, 2 mM L-glutamine, penicitlin (50 U/ml)
and streptomycin (50 gtg/mL). Cells were maintained unagl-
tated in logarithmic growth phase at 37°C in a humidifled
atmosphere of air and 5% CO,. For synchronization experi-
ments, the double thymidine block niethod was employed
[17], Cells speded at a concentration of 10°%/mL were incubated
for two 24-hout perlods in the presence of 2 mM thymidine,
The two 24-hour periods were separated by a 12-hour perled
ln which cells were incubated in the absenze of thymisine;
l.e., they were released from the first thyinidine bleck.
Thymidine was rernoved after each 24-hour exposure by
washing the cells 3 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 10%mL and
allquadts of cell suspensions wete collected subsequent to vari-
ous Incubation Intervais, Culture viability was assessed by the
trypan blue dye exclusion technigue, and after cells were fixed
and stalned with May-Grinwald-Glemsa, they were exam:ned
for mnitotic figures and apoptotic ¢ s, Aliguots of cells were
subjected to flow cytometsic analysis and DNA agarose gel
electropharesis. Mafosfantide ctystalllne powder {molecular
welght 500.5} was a kind gift from Dr [, Pohl, ASTA FHARMA
I'r Brock, Asta-Werke, Blelefeld, Germany, Fresh mafosfamnide

- solatlon was prepared In RPMI medium Immediately prior to

use at final concentrations ranging from 0.1 to 10 pg/ml.

Flow cytometric annlysis. Cells were prepared for analysls as
described elsewhere [13], At the conclusion of the designated
incubatioh periods, the pellet obtained by centrifugation
from 108 cells was resuspended in 1 mL of a hyputontr-
nuclear jsolation medium (50 mg/l. propidium lodide; 1 gi.
Triton-X 100; 1 g/l sodium clttate), Incubated on je¢ for 30
minutes, and then in DNAase-free RNAase at 37°C. Fluores-
cence emitted from the propidivm lodide~DNA ¢omplex was
quantitated after laser excltation of the fluorescent dye by the
Coulter EPICS Profile I flow cytometer (Coulter Electronics,
Hialeah, FL}. Cell dlebris and doublets weare excluded [19], and
the coeffleient of varlatons of the control G,Gy-phase and

-phase peaks were less than 396, Twenty-five thousand
ceils wete counted for each analysis, Histogram scallng was
the same for all samples, Limits of cell cycle phases as deter-

mined in the control DNA distributions were refained fn the .

subseguent anelysis of the mafosfarmide-treated populations,



DINA fragmentation apalysis, After appronrate incubation perl-
ods, cells that had initlally been seeded at 10%/ml. were pellet-
ed at 4°C and prepared for subsequent fragmentation analysis
[20}. The pellet was resuspended in 70 pL of lysis buffer (10

mM EDTA; 80 mM Tris-HCI, pH=%8.0; 0.5% sodiym lauryl -

sarkosinate; 0.5 mg/mi, proteinase K} and incubated for 1
hour at 50°C, A 10-uL aliguot of 1 mg/mL ribonuclease A was

addad to each sample prior to a fnther 1-hour incubation at

50°C, Saznples were then heated to 70°C, aftet which the reac-
tion was terminated by the additlon of 20 pL of loading
buffer (10 mM EDTA, pH=0.0; 0.25 bromophenol blue; 409
sucrose}, Exiracts were Ioaded into the wells of a 2% agatose

gel and electrophoresed In a phosphate buffer (2 mM EDTA;

SO0 mM Trisphosphate, pH=7.8), Both the gel and the buffer
contained 1
PBR328 served as molecular welght markers,

Materials. All materlals for cell culture were obtained from
Glbto, Madison, W1, Propidium lodide was from Sigma. All
other teagents were of analytical grade and were from stan-
dard cornmesclal sources. '

Results

Cell cycle prrests

acironaus cells, Flow cytometric changes in asjﬁchroncrus

* cells were unremarkable after 6 houss of matosfamide exposure

{data not shown), By 24 hours, however, an S-phase acCumuia-
tion was evident; it nccurred. progressively earlier in 3-phase
with higher doses of mafosfamide {Fig. 1A, B). At 24 hours,
there was also a dose-dependent increase in the G,M-phase
(Flg. 1A, B). This lricrease reflects an absolute increase in the Gg-
phase [14], since the M-phase decreased with increasing mafos-
famide congenitrations at this tme-point (Fig, 1C). Purther evi
dence for hold-ups at the S-phase and Gy-phase boundaries at
24 hours Is the progressive decrease in the G,G,-phase (Fig. 14,
B) with Increasing mafosfamide concentratlons, suggesting
continuing egress out of GGy -phase into the S-phase, but tm-
ited, if any, influx into the G,G,-phase from the GoM-phase.

' Synclirontzed cells. 'S-phase progression was retarded in synchro-

nized mafosfamide-ireated HLA0 cells relensed from the dou-
ble thymidine block (Fig. 2). By 8 hours, more than 60% of
sytichronized control cells had reached the G;M-phase com-
pared with anly £15% of the mafosfamide-treated cells, By 12
hours, when £739 of control cells had completed the previous
GyM-phise and were back in the GyG,-phase, the majority
(>7080) of the mafosfamidedreated cells were stifl held up in
the previcus 5- and G,-phases, '

Morphological and blochemical evidence of apoptosis

Unsynchronized cells, Apoptosls was not seen in unsynchro-
nized mafosfamide-treated cells after 6 hours of exposure
(data not shown), At 24 hours, however, there was mhorpho-
logical evidence of apoptpsis (chromatin condensation,
nuclear fragmentation and the formatlon of apoptotic bodies)
in mafosfamidetreated cells (Fig, 3). (An apoptotic body Is a
fragment of a larger apuptotic cell that may or may not con-
tain maclear components in the form of cleaved DNA,) This
was conflrmed ultrasiructurally (data not shown) and by DNA
electrophorests, which showed the pattern of double-stranded
DINA fragments that result fiom the activation of an endoge-
nous endonuclezse (Fig. 4). Apoptosis was also observed in
mafosfamtide-treated THP-1-and K562 cells (data not shown),

Synchronized cells, Apoptosis was not evident in synchronized

pg/mL of ethidlum bromide. Bgl I/Hfi-Cleaved
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mafosfamide-treated cells for up to 10 hours after release from
the double thvmidine block. At 12 hours, morphologlcal
apoptosis was presetit in these cells; this was confirmed by
DNA electrophoresis (Fig. 5). The piesence of apoptosis in
these cefls was cufncident with both a late S-phase and a sug-
gestlont of a Gy-phase accumulation (g, 2), (The GoM-phase
accumulation obsered in mafosfamide-exposed cells at 12
hours In Figure 2 reflects an absolute increase in the G,-phase
[14}, since mitote figures were not evident at this time-polnt
In these cells {data not shown),

© Cytotoxdc effects

By 24 hours, 4 dose—ﬂependent cytotoxicity was evident in
unsynchronized maftsfamide-treated cells (Fig, 6

In this study, we Investigatad the in vitro 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 pg/ml in HLA) human levkemic cells, We found that
mafosfamide induced morphological and biochermical evi-
dence of apoptesis In both asyachronous and synchronized
HLA0 rells, This s similar to the findings of Marks and Fox
21} and to the apoptosis that has been observed in responge
to numeroas other chemotherapeutic agents including etopo-
side, clsplatin, melphalan, methottexate, camptothecin, terd
poside, amsacrine and 5-fluorotracil [11-16]. Consistent with
the known alkylating effects of cyclophosphamide [9], and
with its capacity te Introduce cross-links and single-strand

" breaks into DNA [4,8}, we found thal mafosfamide caused an

S-phase accumulation in both synchronized and unsynchro-
hized HL&O cells, Stnce the progression of DMA synthiesis dur-
ing S-phase Is dependent ofi the sequential activation of banks
of replicons so that activation of later replicons Is contingent
on the successful replication of previously activated replicons
[22), it is likely that alkylating damage to DNA by mafos-
famide precluded successful sequential replicon activation, dis-
rupted S-phase progresslon and was responstble for the 5-phase
accumulations. Becarise apoptosls was found to occur sirmulta-
neously with the S-phase arrest in matosfamide-treated cells, it
is possible that apoptosis may have been activated, at least in
part, subseauent to the arrest, as has been reported with the
cancer chemotherapeutc agents camptothecin, teniposide
and amsacrine, alt of which Induce S-phase-specific internu-
cleasomal cleavage [14]. _

In addition to the apoptosis and the S-phase accumulatlon
Induced by mafosfamide, there was a suggestion of a Gy
pihase arfest in both synchironized and unsynchronized H
colls, similar to the Gy-phase artest elicited by clsplatin and
etoposlde [15,16]. We suggest that the apoptosis in mafos.
famide-treated cells, ih addition ta occurring In S-phase, may
have occurred in the Gy-phare, a3 has been shown to occur
with both etoposide and cispiatin [15,16], where a preceding
Gy-phase cetl-Cycle arrest is assoclated with subsequent activy-
tion of the apoptotic cascade,

In conclusioh, we have stiown that the cyclophosphamide
detivative mafosfamide induced apoptosts in HL60 cells and
thut the apoptosis was assoclated with intercurrent S-phase and
Gy-phase cell-cycle arrests. As such, we propose that mafos-
famide may have potential synergism with other anticancer
agents that elictt simllar cell-cycle arrests, e.g, cisplatin and
etapostde, and with cancer chemotherapeutic drugs that induce
apoptosts, e.g, melphalan, methotrexate, camptothecin, teni-
poside, ainsacrine, S-fluorouract], etoposide and cisplatin,
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Fig. 1. A. Representative flow cytometric anulysls at 24 hours of

unsynchronized control and mafosfamidestreated HLGO cells, B,

Efferts on the BINA histogram of unsynchronized HLG0 cells following
24 hours of exposurs th increasing mafosfamide concentrations.

Results ara expressed as mean = SD (n=3), €. Stacked-bar graphs -

fiinstrating the relative percentages of HLGD cells in the Gy and M«

phases of the cell cycle onsequent on 24 hours of mafosfamide -
exposure, The M-phase at each concentration point is repirasentative

of the mean mitotic Index of 2 experiments done of separate oeca-

sions. The Gyphase was calalated by subtracting the M-phiase value '

from the mean G,M-phase vaiue {n=3) obtsined from Figure 26 [14].
All mafosfamide concentrations (M) are In ugfml. _
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Fig, 2. Effects of mafostamide exposure (e ug.\'mL) on cell cyca -

progresston of HL6D calls released from the double thymidinge block,
Mate the delay in S-phase progression In mafosfamida-treated cells, "
a5 well as the fate S-phase accumulation and G;M-phase arrest that

© . wasevident 12 hours after releasn trom the tiwmldlne biock.’
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- Figg, 4. Agarose gel electrophoresis of total
DNA extracted at 24 houirs from 1x10" wasyn-
chronized conire! dnd mafosfamide-reated
160 cells (starting vel nurnbet at © hours was
10% cells), The sizes {In bases) of molecular
weight markers are shown. Note the DNA
fragmetitation in cells treated with mafos-

" famide at concentrations =10 pg/mL.
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cycle arrests (see Fig. 2).

Fig. 6. Effect of mafosfarnide on the
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Mhstract. This study investigated and compared the cytokl-

-netic, phenotypic and molecular effects elicited in HL~60
human levkemic cells by low doses (0.6 pM) of 3 closely relat-

-ed, substituted purines, puromycin (PM), puromycin
aminonucleoside (PAN} and 6~ dimethylamlnogu,rlne (6-
DMAP), PM, but not 6-DMAP or PAN, inliibited [ C]leucine
incorporation, induced a ime-related cytotoxic effect, a G,

arrest, 2 metaphase-mitotic-arrest, apoptosls and c-mye mRNx
superinduction. PAN and 6-DMAP exerted no detectable mor-
phological or cytokinetic effects, although exposure to these
drugs resulted in downregulatiori of c-mpe fnRNA levels, We

“suggest that the specific effects exerted by PM relate to the

generation of nascent pepﬂdyl-PM complexes by PM, but not
by 6-DMAP or PAN.

Key wonds: HL-GO—I’uromycin’-—-Pﬁromycin
auﬂnonudeoside-—-&-dhneﬂlylamlnopuﬂn&—
c-rnyc mRNA

introduction, The subsﬂmted puzines, of which PM, PAN and
6-DMAP are prototypes (Fig,.. 1), have been found to exert a
variety of biochemical and eytological effects when used at
high concentrations ranging from 10 to 300 uM. Foi exam-
ple, 6-DMAP, the purine component of both PM and PAN,
revetsibly arrests cells in the G, phase of the cell cycle by
inhibiting phosphoryiation [1]. The nucleoside analog PAN,
which is & composite of 6-DMAP and 3-amincribiose, has

~ been found to inhibit HIV-1 replication in vitro [2], and PM,

itself a composite of PAN and tyrosine-o-methylether, is a

~ functional analog of tyrosyl-ttansfer RNA and is well known

for its Inhibltory effect ont proteln synthesis [3]. Since low-
dose PM was unexpectedly found to cause a metaphase-
mitotic-arsest (submitted data), aned 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 eliclted in H1~60 leukemic cells

- when employed specifically at low concenhaﬁons {D.6 pM).

Materdals and methods

Cell culture, H1-60 human promyelocytic cells {passage 17,
ATCC, Rockville, MD) were maintained in RPMI 1640 medi-
um supplemented with fetal calf serum, L-glutamine and
penicillin/streptomyecin antiblotics {Gibco, Galthersburg,
MD). Cell cycle time was appioximately 22 hours, PM, PAN
and 6-DMAP (Sigma, St. Louds, MO) were tsed at a final con-
centration of 0.6 pM. Culture viability was assessed using the
trypan blue dye excluslon technique. Cells were fixed and
stalned with May-Griinwald-Glemsa, and then examined Yor

ruitotic Ggures and apoptoﬂc celis.

Proten synthests inhibition, 0.5 pCi [MClleucine (specific activi-
ty 50 CijmM; Amersham, Aylesburg, Buckinghamshire,
England) was added to cultures which were thex furtheér incu-
bated at 37°C for 1 hour [4]. At the conclusion of the incuba-
tion period, cells were washed 3 times In phosphate buffered
saling, 1 mL of 10% tdchloroacetic acid was added, and the
tubes were then ¢hilled on ice for 30 nifnutes. The precipitate
formed was filtered on GF/C filter papers (Whatmann
Sctentlfic Ltd., Maldstone, Kent, England), and washed 3

times with 5% trichloroacefic acid, The filters were drled and

counted after adding aqueous counting sclntillant.
[“Clleucine incorporation was determined in triplicate.

DNA fragmentation analysis, At the concluslon of the incuba-
tion perlod, the cells were peileted at 4°C and prepared for
subsequent fragmentation analysis [5]. The pellet was resus-

‘pended in 70 uL of lysts buffer (10 mM EDTA; 50 mM ris-

HC!, pH 8.0; 0.5% sodlum lauryl sarkesinite; 0.5 mg/mt pro-
telnase K) and Incubated for 1 hour at 50°C. A 10 p aliquot
of 1 gfmL ribonuclease A was added to each sample prior to
a firther 1-tiour incubation at 50°C, Samples were then heat-
ed to 70°C after which the reaction wayg terminated by the
addition of 20 pk of loading buffer (10 mM EDTA, pH 8.0;
0.25% bromophenal blue; 409 sucrose), Extracts were loaded
into the wells of a 2% agarose gel and electrophoresed 1n a
phosphate buffer (2 mM EDTA; B00 M tris-phosphate, pH
7.8). Both the gel and the buffer contained 1 pg/ml. of ethidi-
wm bromide, Bgl/Hinfl cloaved pBR328 served as molecular
weight markers, -

 Flow cytometric anulysis, Cells were prepared for flow cytomet-

ric analysis as described [6]. The ceutrifuged cell pellet was
resuspended int a hypotenie nuclear Isolation medium (50
mg/L propidium lodide; 1 g/L. Triton-X 100; 1 g/L sodium cit-
rate), incubated on ice for 30 minutes and then at 37°C in
100 pg/mL RNAse A, Fluotescence emitted from the propidi-
um lodide-DNA complex was quantitated after laser excita-
tion of the fluorescent dya by a Coulter EPICS-Profile-Il flow
cytometer (Coulter Electronics, Hialeah, FL). Cell debris and
doublets were excluded {7]. The coefficlents of variation of
the peaks of the control G,G, and the G;M phases were less
than 3%, Limits ofcellcyclep ses as determined In the con-
trol distributions were retained In the subsequent nnalysis of

" the drug-treated populations.

canyc mRNA analysis, emyc mRNA expression was investigat-
ed using standard techniques [8]. 10 pg of total extracted RNA
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Fig- 3. Giemsa-stained cytospin
preparations {magnification
x1000) of 12-hour control and
drug-treated HL-60 cells

A. Control HL-60 cells

B. PM-treated HL-60 cells showed
a markes metaphase mitotlc
accumilation (M} by 12 hours,
{ertain PM-treated cells showed
avidence of apoptosis (A).

C. 6-DMAP-tredted HL-60 cells

D. PAN-treated Fi-60 cells

was size-fractonated by 1.2% agarose formaldehyde gel elec-
trophoresls, and then transferred and ultraviolet cross-linked
to nylon membrarie. The membrane was prehybridized at
42°C for 4 hours. Sequental hybridization at 42°C was to the
[o-**P]dCTP (Amersham) random-primer labeled 1.6kB Sstl
fragment from the 5' end of the c-myc gene (ATCC), and to.
the [+**PJATP (Amersham) end-Jubeled 40mer oligonu-
cleotide antisense glyceraldehyde-3-phosphate dehydroge-

nase {GAPDH) probe (Oncogene Science, Unlondale, NY).
GAPDH served a$ an internal eontrol for constitutive gene
expresslon, Autoradiograms were scanned densttometrically.

Resuits - '

Bffects on protein synthesis. At 1 hour of Incubation, 0.6 UM PM
had inhibited [“CJieucine incotporation by >2086 (Fig. 2). In
contrast, 6-DMAP (0.6 pM) and PAN (0.6 pM) exerted no
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Fig. 4. Agarose gel electrophoresis of total DNA extracted at

24 houss from 1x10° HI-60 cells treated as indicated. The size
(In bases} of separated DNA malecular weight markers are
shown. -
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Fig. 5. Viable cell number in PM-, 6-DMAP- and PAN-treated
HL-60 cells after 24, 4§ and 72 hours, Results are expressed as
a percentage of conirol vabies and represent the mean + 5D
of 3 separate experments, each done in duplicate, Viable cell
number was not affected by drug treatment at 12 howrs in
relation to control,

detectable effect on [“Clleucine inrorporation.

Phenotyplc, apoptolic and cytotoxic effects. After 12 hours (Fig. 3),
HL-G0 cells treated with equimolar concentrations of 6-DMAP
and PAN were morphologically Indistingoishable from control
cells, In contrast, PM-treated cells showed marked metapha&e
mitotic accitmulation and some evidence of apoptosis (chro-
matin condensation, nuclear fragmentation and the forma-

tlon 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 etidogenous endonuclease actvation

(Flg. 4). IM, but not PAN or 6-DMAP, exerted a time-related

toxic effect on HL-60 cells as demonstrated by the reductionin

viable cell number in PM-treated cells (Fig, 5).
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Fig. &. : _ _ :
A. Representative flow cytometric analysls at 12 hours of
count vs. fluorescence/DNA content of control, PM-, 6-
DMAP- and PAN-treated HIL-60 cells. 25,000 cells were count-
ed for each analysis. Histogram sca]lng was the same for all
samples.
B. El;fects on the DNA histogram of HI-60 cells following 12
hours of exposure to Pi, 6-DMAP and PAN. Results are
expressed as miean & 89O (m=3),
€. Stacked-bar graphs {llustrating the relative percentages of
HI~G0 cells In the G, and M phases of the cell cycle conse-
quent an 12 hiours of exposuve to PM, PAN and 6-DMAP, The
M phase at each concentration point is iepresentative of the
miear mitotc index (pumber of mitotic Rgures per 100 cells)
of 2 experiments done on Separate occasions. The G, phase
was calculatéd by subtracting the M phase value from. the
mean G,M phiase value (n=3} obtained from Figure 28,

c;mmmcqﬁm PM induced a G, arrest as well asamarked
M phase incrense, with an associated reduction in the § phase
of the cell eycle (Rig. 6A,1,C), These effects were time-related
in that they wese nt at 12 hours, and were more marked
at 24 hours, The increase in the M phase reflected a
metaphase-arrest (Figs. 3,5C). PAN and 6-DMAP exerted no
obvious cytokinetic effects at 12 and at 24 hours (Fg, 6).
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A. c-myc and (for reference) GAPDH mRNA expression levals .

at 12 hours in HL-60 cells treated with 0.6 pM PM, 6-DMAP
and PAN, as indicated, 10 pg total RNA was loaded per lane,
B. Hybldization intensities were determined by densitomet-
e scanning of the autoradiogram, The hybridization intensl-
ties of treated cells are shown relative to those of untreated
confrol cells, which were normalized to 1009, Similar results
were elicited on 1 further gccaston.

Effect on c-myc RNA levels, After 12 hours of exposure, PM
was found to superinduce c-#iyc mRNA levels, wheress PAN
and 6-DMAY exposure resufted In a decrease in the level of ¢
neve transeripts (Flg, 74), 1t §s of interest that PM exposure also
appeared to superinduce GAPDH to 2122% of control levels
{Flg. 78), although it superinduced ¢-mpe to a much greater
extent (2200% of control lovels).

Discussion '
We found that low-dose equimolar concentrations of the
structurally related purines PM, PAN and 6-DMAY elicited

strikingly different morphological, cytokinetic and molecular

_effects In HL-60 hump o | leukemie cells, PM, but not 6-DMAP
or PAN, inhibited [14C]leucine lncorporation, induced a
" time-related cytotoxic effect, a' G, arrest, a metaphase-mitotic
amest, morphological and blochemical evidence of apoptosis
and ¢t MRNA superinduction. PAN and 6-DMAP exerted
no detectable murphological or cytokinetic effects on HL-60
ceils, altheugh exposure to these drugs results in downregula-
tion of c-rm InRNA levels, :

The effects seen with PM-exposure are interesting since
they were ouserved at a dose (0.6 uM) that is orders of magni—
tude lowey $1 4n the doses of PM traditionally employed to
inubit protein synthests (10 to 200 uM). This dose of PM (0.6
M) nevertheless inhiblted [ 4C]leucine incorporation by
»20% after 1 hour. PM-treatment is known to cause the pre-
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mature telease of truncated peptide chaing which are bound

through their carboxyl térnmini to PM [3], and which are
rapidly degraded througih an ublquitin-dependent pathway

[9]. Since the metaphase-to-anaphase transition is also medi-

ated by precipitous ubiquitin-dependent cyclin degradation
{10}, it is likely that this pathway was preferentially diverted
irito PM-peptide proteolysis in PM-treated) cells, One or more
of the ublquitin pathway compenents might have become
lmiting for cyclin degradation, resulting in the observed
metaphase-mitotic arrest,

The G, arrest observed In PM-treated H1-60 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 [11], cisplatin [12]
and mafosfamide (unpublished data), There are also prece-
dents for the principle that cells deprived of signalling input.
enter the apoptotic pathway [13), and although the actual
mechanism of the PM-Induced G, arrest remalns unresolved
at this stage, we suggest that it may relate to the attenuated

tyrosine kinase signial transduction that we have observed in -
PM-treated cells {submitted data). It is of {nterest that low-
" dose PM has recently been found to induce apoptosis in ery-

fhropoletin-dependent murine erythroblasts [14].

As far as the PM-Induced c-r¢ mRNA superinduction is .

concerned, our finding is consistent with that ot others [15],
and can be attributed to a number of different processes relat-

ed to protein synthesls inhibition. These include the inhibi-
tion of translation per se [16], the inlibition of translation-

dependent poly(A) tall shortening [15] and enhanced mRNA

stability due to the loss of lablle transcriptional represseors or
 RNAses [17,18]. Again {t is of interest that we were able to

elicit the phenpmenon of ¢y mENA supetinduction at a
much lower dose than used previously—0.6 pM compared to
180 pM [15].

In contrast to the c-myc mRNA superinduction observed
with PM-exposure, both 6-DMAP and PAN ted c-
e transcripts In HE-60 cells. As far as 6-DMAP is concerned,
this nay have been related to the known kinase-Inhibiting
properties of 6-DMAP [1,19], since another substituted purine,
Z-aminopuring, an inhibitor of double-stranded RNA-depen-
dent protein kinase, has been found to downregulate c-nye
mRNA levels [20,21,22], =

Although 6-DMAP arrests Xenapus oncytes in the G, phase
of the cell cycle when employed at 4 concentration of 300 yM
[1), no detectable cybokineti:. effects were elicited in HE-60

" pells when 6-DMAP “and also PAN) were used al a much

lower dose {0.6 pM),

Despite thelr close structiral reldtionships (6-DMAP is the
putine component of both PM and PAN, PAN 1s a composite
of -DMAP and 3-aminorlbose, and PM is 2 composite of PAN
and tyrosine-o-methylether), PM, 6-DMAP and PAN varied
greatly In their capacity to elicit morphological, cytokinetic
and molecalar effects when employed at low, equimoiar con-
centrations in HL-60 cells, This is likely to relate to the ability
of PM, but not 6-DMAP and PAN, to gererate the nascent
polypeptide ¢hains Okely to be responsible for the effects
elicited by PM, phenomena which are currently being investi-

gated further In our laboratory. Of particular note are the

unexpected effects exerted by PM, and in thls context it s
Hikely that the traditional usage of PM at high doses to inhibit
prolein synthesis has obseured its potent cytokinetic effects,
In this regard, low-dose PM should be 4 useful adjunctive
investigative tool in studies pertaining to the cell eycle and to
apoptosls, Furthermore, atthouigh 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 rafional corbi-
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nation capicer chemotherapy, At such doses PM could differ-

entially accumulate cells in metaphase to possibly inctease
thelr susceptibliity to administration of a metaphase-specific
agent such as vincristine, and in synerglsm with etoposide,

cisplatin and inafosfamide, PM could potentially promote

tumaor regression consequent on apoptotic cascade activation.

Clinlcal trials using low-dose PM,in combination with some |

of these agents are currently under investigation in our labo-

ratory in dogs presenﬂng with spontanecms Iymphoprolifem '

tive disnrders
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Puromycin is a Potent and Speclfic Inhibitor of Tyrosine Kmase
~ Activity in HL-60 cells
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Witwaiersrand, Jokanwburgl Sauih Africe

Abstract, The search Jor specific tyrosine kingse inhibitors
constitutes a nevel approach to the development of anticancer

‘agents. Puromycin (PM) inhibits protein synthesis by causing

the premature relesse of truncated PM-peptide complexes
{PMPs), the structure of which predicts an inhibifory effect on
tyrosine kinare activity (21). The present study was undertaken

. to investigate the effects of a low dose of PM (0.9 uM) on

tyrosine kinase activity in HL-60 leukaemic cells. Experiments

were specifically controlled to exclide inhibitory effects conse- 5,

quent on protein synthesis blockade. Soluble enzyme extracts
derived from PM-treated cells showed attentuated phasphory-
lation of two independent synthetic tyrosine kinase-specific
substrates, the polymer Poly(Glu:Tyr; 4:1) and the peptide
substrate Raytide, In contrast, Protein Kinase C-specific actiy-

_ ity was unaffected by PM-expmure. It iy possible that inhibi-

tion was dug (o metabolites of PM, perhups PMPs, rather than
to PM itself. Whether the inhibition of tyrosine kinase gctivity
observed with the substrates used in this study is equally
applicable (o all tyrosine kinases, is not yet clear, Nevertheless,
low-dose PM could provide a useful iool for dissecting out the
role of tyrosine phosphorylation in the regulation and dysre-
guian‘on of cell growth, and could conceivably prove beneficial
in the treatment of tumours in which lyrosine kinase overactiv-
ity is linked to oncogenesis,

Phnsphorylahon 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

Abbreviations: PM, Puromycin; CHX, Cycloheximide.
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tology. University of the Witwatersrand Medical Schoal, York
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“Pendosubstrate”,
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M-Phase transition is controlled by phosphorylation/ dephos-
phorylution reactions involving the Tyrosine-15 residue of the
p34%4% kinase (1), In addition a-number of transmembrane
growth factor receptors (includmg those of Epidermal

Growth Factor, Platelet-derived Growth Factor, and Insnlin- -

like Growth Factor), as well 25 a variety of cytosolic non-

receptor-associated oncogene products (such as pp6Usre,

pS9fyn, pbyes, etc), exhibit tyrosine kinase activity (2, 3, 4,

The search for specific tyrosine kinase inhibitors repre-
sents. @ 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 tumowr cells by
inhibition of transcription, translation, and DNA gynthesis
(10, 11). Quercetin (12, 13), genistein (9), stbstatin (14},
amiloride (15), and herbimycin A (16), hgve all proved

effective against tyrosine kinases. Problems of toxicity, speci- -
 ficity, and drug delivery to tumours have limited their elinfeal

applications however. For example, although genistein ix 2
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 EGF-stimulated growth
of squamous carcinoma cells, in vitro, and 1 tiude mice
inoculnted with such cells (17). '

" The autibiotic Pummymn (PM) is well known for its
inhibitory effect on protein synthesis (18). Structurally it is
compasite of the aminonucleoside dimethyladenosine, and
tyrosine-o-methylether (19), Functionally it is an apalogue of

_ peptidyl-transferRNA, more specifically of tyrosyl-transfer

RNA, At coucentrations of 10-100pm BM blocks protein,
synthesis complately by cavsing 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 wbiquitin-

dependent pathway {20), their metabolie effects are poorly

understood, The PMPs are of interest however becavse their
structure predicts an inhibitory effect on tyrosine kinase
activity (21). In this regard it is noteworthy that the catboxy-
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terminal tyrosine residues of PMPs are fcminiscent of synthe-

tic random polymers of tyrosine-containing aminoacids, some

of which have been found to uct ag competitive inhibitors of
endogenous tyrosine kinase (22},

- The present study was undextaken to mvestlgate the

effects of PM and its metabolites on celluiar tyrosine kinase

activity. The experiments were specifically controlled to

exclude inhibitory effects on tyrosine kinase actmty conse-

quent to protein synthesis blockade,
Materials and Methods

Celf cultre, HI-60 human promyelocylic leukacmnic cells (Passage 17,
ATCC, Rackville, MD, USA), were maintained in logarithmic prowth
phase at 37°C in a hemidified atmosphere of air and 5% €O, Cells were
seaded at TX10F cells/ml in RMPT 1640 medium supplemented with 10%
heat-inactivated Extal calf serum, as well ag 2mM Le-glutamine, 50U7ml
Penicillin, and 5tughnl Streptomycin (all from GIBCO, Medison, WI,

USA). Puromycin {PM) and Cycloheximide (CHX) were obiatned from

Sigma, and were used as degeribed, Culture viability was assessed using
the trypan blue dys exclusion technique, The vinbility at 24 hours of PM-
and CHX-treated cultures was essentially unalfected by concentrations wp
to 0.5pgfml (Figure 1a). At higher concentrations =ipg/ml, the viability
of both PM- and CHX-treated cultures was compromised, with the
viability of PM-treated cultures being affected to & greater extent, ™

* Protetn synthesis inhibition. 0.52C1 [MC]Leucine {specific activity 50
-Citfmmol; Amersham}). was gdded to cultures which were then further
incubated at 37°C for one hour, At the conclusion of incubation
[MClLeucine Incorporation was determined in tripiicate as described (23).
The Aose-response curves axpremn% fhe inhibleory activity of PM on
protoin synthesis, as moasured by [“ClLeutine incorporation, are pre-
sented in Fipure 1. At 1 hotr and at 24 hours, at & concentration of
(LopM (0.25ug/ml), CHX was found to inhibit [¥CiLeucine incorpora-
Hon to a sinillar extent as did PM used ut a conceritration of 0.9uM
{D.5up/mT) Le, approxlmetely 26-30% at 1 hour and apprammatel}' 50%
at 24 hours {¥. e 1c).

Preparation vf miubdma’ enzyme extracts, Cellular extracts representing
soluble tyros ne kinases were prépared as described (24). Briefly, at the
concl‘on of incubation, cells from i0mb of suspension culiure were
collecr.d by low-speed céntrifugation (500g) and washed three times in
PBS. Culturs viability {gs assessed by the &rypan blue dye exclusion
technique) was consistently 285%. The final cell pellet wis resuspended
in four volumes of extraction buffer (50mM HEPES/NaOH, ph=7.5;
2mM EGTA; 10mM DTT; 1mM PMSF; Sug/ml eprotining 0.1%(wiv)
Triton X-100}, The cell suspension so formed was sonicated for 10
seconds ut 4°C, and then centrifuped st 15,000g for 30 minutes at 4°C, The
supernatant was collected and 10%(w/v) of plycerol was added. Protein
content of an aliquot of the supernatant was determined (25) using bovine
serum albumin as control.

" Determination of tyrosine kinase activity wusing Poly(Glu:Tyrid:1) as
substrate, Tyrosine kinose getivity was assessed using & subsliate agspy
described previously (26), invelving the incorporation of [VP} from
[y-**F|ATP - info the exogenous synthetic polymer substrate ' Poly
{Giu:Tyr4:1}. The fnal reaction volume of 50p] contained 30mM Teis-
HCL (pH=7.5), 30mM MgCL,, 1004M Sodinm-ortho-vangdate, 150uM

ATP, 30uCi of [v-*PJATF {6000 Cimmol; 10mCliml}, 2mg/m} of exope-
nous tyrosine kinase-specific substrate Paly(Glu:Tyri4:1), and suitably
diluied enzyme prepiration (10pg prolein). The reaction was Initiated by
the addition of ATP 4t 3°C. Termination of the reac:on after 15 minutes
was by applying 25 of the reaction mixture to Whatman 3MM pager
squares (3em X 3em). These were washed four times for 15 minutes each
in a 10% TCA solutlon containing 10 mM sodium syrophospha.c. Two
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experiments each dane in duplicate, -
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tlow, Results were expressed gs the percentage of conirol velues and
represent the wean £ SO of three separate. experimenty edch dtme i
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CHX 10.25ugimi) on inkibition of '*ClLeuciite incorporation. Rendis

“represent the mean £ §D of three separate cxpedme?m each done in

triplicase.

final washes for a further 15 minutes ¢ach were fyst in ethanul and then in
acetone. The paper- were dried and tien [*F] incorporation of resztion
Lriplicates was determened by lquid scintillation spectrometry. Appropri-
ate reaction mixtures with or without substtate, and ‘with or without
cxtact scrved as controls, The sctivity of purified pp&0™* tyrosine kinuse
was oiso mensured using Poly(GiuiTyr;4:1) as substrate,

’.'ymme Klnaxc activlty using Reyiide ey subarrare. 'I‘yrnslnc Kinase
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activity was determited with Raytide os substrate {27) In a final reaction
volume of 30xl contairdng S0mM HEPES {pH=7.1), f.1mM EDTA,
(.015% Brij 35, 150uM ATE, 3004M MgCly, 30CH of [yS2PJATP (6000
Cifmmol; 10 mCifml) 0.2 mp/ml of the exdgenous tyrasine Linase-specitic
substrate Raytide, and 10pg suiiably dilwted enzyme prepmation, The
reaction was terminated by adding 1200 of 10% phiosphorle acid. The
sample was vortexed, end 120pd appiied onto 3om X 2 a Whattian P81
jon exchange chiromatograpby paper. The papsrs were washed extensive-
1y in 0.5% phospharic acid before & further wash with acetone. The
. papers were dried ard {¥P] inotpotation inte- Raytide of reaction
triplicates was deternined by Houid scintiflation mumm;. Appropnate
gontrols ware used (as deseribed nbove),

Analysiy of tyrosé s kinase "nmvi:y. Tyrosine kinase activity was deter-
mined in solubilized dnzyme extracts derived from 1 hour and 24 hour
conteal, PM-trented {0,94M), and CHX-trcated (2.9uM) HL-60 cols.
Appropeiate reactlon mixture with or withput substrafe, ond with cr
without extract served as tontrols, Extract leorporation of [*P] in ihe
absence of substrate represented endogenony phosphorylaton, Net spocts
fle tyrosinc phosphorylation was represented by the difierence between
extract incorporatior. of [2F] in the presence and in the absence o
substrate, and corrected for substrate background, Mot tyrosine kinasc-
speciie getivity of exicacts of PM- and CHX-treated cells were expressed
as a perecntage of the corresponding tyrosine kinase-specific activity of
extracts of usitrcated cells. Endopenous phosphorylation of extrocts of
BM- and CHX-tected cells were expressed a8 o parcentags of the
endogenous phosphorylation present in the extrests derived from untre-
ated cells. In order to try and ascertuln whather EM {tsalf, or whethier Its
mecabolites were nfieeting tyrosine kinusa netivity. a series of éxperimenis
were done In which PM.-(0.9uM) and CHX (0.9u) ‘were added directly
to reaction mixteres confaining either exteacts of untieated cells, or to
purilled ppf0©=*. .

Protein kinase C activity, Protein klnase C activity vas dctennined using o
commercially available Protein Kinase £ cnzyme assoy System [rom
Amersham, The ineceparation of [2P] from [v-*2]ATP inte a Protein
Kinase C specifie peptide substrate was determined, The final reuction
vnlume of 754l contained the recommended kit companents as well as
20ug of suitably diluted enzyme prepuration and 30uCi of y-*PJATD
(6000 C¥mmol; 10m{imi). Reaction somples were equiffssuted at 25°C
for 5 minutes. Edch reaction was initiated by the addition of ATP at 25°C,

- After 1§ minutes the reaction was terminated by sdding 1004l of dilute
acid, One hundred and twenty-five microfitres of the reaction mixture woe
applied onto 3cm X i em Whatman P81 Jon sxchange chromatography
paper. The papers werz washid twice, for 10 minutes each time, in 75mM
orio Phosphoric acld, After washing, the popers were dried before [2P)
incorporation of reaetion triplicates wos determined by ligaed seintillotion
spestrometry. Relevant controls were used as deseribed previpusty.
Annlysis of Protein Kinase C astivity followed the same method as that
used for nnulysis of tyrosihe klnasc agtivity,

Elow cj'ranmrk- anafysis of pﬁmphoo’msl‘ne content, Stmultancous Elow
cytometric analysis of phosphotyrosine and DNA content was carried out
by a modification of a method described by others (28). 2X10% HL-60 coils
were {ixed in 2m! of ice cold 70% cthainal for 30 minutes vt $°C. Ceiis
were woshed twiee in PBS, ond then rosuspended in 380pl of PBS
confaintng 1% bovine serum eibumin, Twenty microlitres of fluorescein
EITC-conjugated anti-phosphatyrosine monoclonal antihady {Bochringer
Mannheim; Buteh 12244820-01) was udded to the suspension which was
then incubated for 45 minutes In the dark at room termperature, Following
two furthet washes with PBS, the cells were resuspended it teal of PBS
containing RNAse (10pgfml) at 37°C for 10 minwies, The cells were
washed again and then resuspended in 1mi of propidium jodide {10pg/ml}
iin PBS for 30 minutes, After tnser excitation (488 nn) of the fluoseseent
complexes by the Coulter-ERICS-Profiie T fiow cytom ster, red fluorese-
ence from propidivm lodide was reenrded on a linear scale as 2 maasure of
toto] DNA content, Green fuoreseched from FITC was Togarithmically

mmplified to represent phosphotyrosing content. Twesnty-five thousand
cells were counted [or cach sample. According Lo the manufacturers, i
this centext, anti-phosphotyrosine Muoreseence steiping is proportional to
the amouat of iyrosine phosphorylatec proteins s determiticd by phos-
phoamiroagid analysis, since the antibody shows 10 cross-teactivity with
any other phosphoryleted amino nefds (Bochringer Mannbeini). Since the
FITC.anti-phosphotyrosine monoclonnl antibody was of the Tg(t sub.
type, FITC conjugsted eantrol 1gGl antibody was used to exclude the
presence of non-specific bnding. .

Resulés

Tyrosine kinase activity of extracts of PM-treated cells, Using
Poly {GlwTyr;4:1} as substrate we showed inhibition of
tyrosine kinase activity in extracts of PM-treated cells
(0.9uM) - approximately 15% inhibition after 1 hour, and
approximately 25% inhibition after 24 howrs (Figure 2a). In
contrast no inhibition of tyrosing Kinase activity was seen in -
extracts of CHX-tveated cells after these time intervals, At
the dose used (0.9uM), CHX inhibited {*\®)Leucine incor-
poration into HL-60 cells to a simifar extent as did 0.9uM of
PM, i.e. approximately 20-3(% after 1 hour, and approx-
imately 50% after 24 hours (Figure lc), There was no
inhibition of tyrosine kinase uctivity when the same concen-
tration of PM was added directly to reaction mixtures con-
taining 10ug control enzyme extracts (Figure 2a), suggesting
that some metabolite/s of PM, rather than the drug PM itself,
could have been responsible for the observed tyrosine kinase
inhibition, To explore this phesomenon further, we used
purified pp60~** as a source of specific tyrosine activity, and
poly(GlusTyr;4:1) as a tyrosine kinase-specific substrate (Fi-

gure 3), When PM drug (0.9pM) was added directly to this

system, specific tyrosine kinase activity of pp60™" was not
inhibited.

Tnhibition of tyrosine “inase activity in extracts of PM-
triated cells was confirmed using another tyrosine kinase-
specific substrate Raytide (Figure da}. In fact inhibition was
mote dramatic {approximately 80%) with Raytide substrate
than with Poly(Glu:Tyr;4:1) substrate,

Endogenous kingse activity of extracis of Phi-treated cells.
Endogenous kinage activity of extrncis of PM-treated cells
was indistinguishable from control extract activity (Figwe 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 conlent of PM-reated 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 was consistent with
the inhibition of tyrosine kinase activity observed in extracts
of PM-treated cells when Raytide and Poly(Glu:Tyr;4:1)
were used as the tyrosine kinase-specific substrates (Figures
2a and 4a). Whether the reduced phosphotyrosine content
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Flgure 2 a) Soluble tyrosine kinase activity usingr PolytGheTvedil) as
subsirate in celfufar exteacss derived from unirg sted H1-60 vells and from
velly pre-troated for I and 24 howrs with DopM PM, or 0.9p0M CHX,
Shown also are the resules of four experimentls In which cach of the drugs
_wery added directly 1o reaction mixtures comtaining M) pg of solable
enzyme protein cxirger dertved from unireated cefls, _
by Endogenons kinuse aetiviee in the cellular extracts described in tnj,

Fesults ure expressed oy fa) @ percentuge of tyrosine kinase activiey in
unirented extracty. or ay (h) ¢ percentage of endogenpts kinase activity in
unirealed extracts, und are reprevensed as mean £ SEM derived from
separafe experiments (N=:445) cach done in triplicate,

was a result of decreased synthesis or increased degradation
of phosphotyresine-containing proteins, or dee to reduced
phosphorylation of tyrosine residues by tyrosine-specific
kinases, remuins to be determined,

Protein Kinase C activity of PM-treated extracis. There was no
inhibition of Protein Kinase C activity in extracts of PM-
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Figare 5 Dual pﬂmnmrﬂow eytametrte histograms of 24 hour control und PMureated HL-M eeils, showing plosphotyrosine eontent tlog-scale, ¥-axis)

and DNA coment (tinear-scale, X-axis).

treated (0.9uM) cells after 1 hour aud after 24 hours of
exposur, {Figure 6) Protein Kinase C activity was somewhat
inhibited (: 10%) in extracts of CHX-treated (0.9uM) cells
at 24 hours but not at 1 hour.

- Discussion

We have shown that low-dose PM-exposure resulted iﬁ_

potent and specific inhibition of tyrosine kinuse activity as
determined in soluble enzyme extracts prepared from 1 hout
and 24 hour PM-treated HE-60 cells, That this inhibition was
tyrosine kinase-specific was supported by several abserva-
tions, Firstly, soluble enzyme protein derived from. PM-
treated cells showed attenuated phosphotylation of two Inde-

perident synthetic tyrosine kinase-specific substrates, i.e. the .

polymer Poly(GlwTyrs4:1), 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 stractures of these
substrates {peptide as opposed to polymer). Secondly, PM-
exposute did nof resuit in the inhibition of endogenous
phosphorylation - endogenous phosphorylation eifectively
represents serine/threciine kinase activity since the relative
ubundance of phnspho-aminoutyrosine in both aormal and
transformed cells is less than 0.5% (29). Thirdly, and in
corroboration of the previous observation, Profein Kisase C
nctivity ({representing substrate-specific sermelthreonine
kinase activity) was not affected by PM-exposure.

Soluble enzyme exiracts derived from HL-60 calls treated
with a dose of CHX (U.9uM) that was equimolar to the dose
of PM employed (0.94M), and that also inhibited [“Clleucine
incorporation. to a similar extent as PM did, fuiled to inhibit
phosphorylation of the tyrosine kinase-specific substrate
Poly(GluiTyr;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
teansferase activity of the 60S ribosomal subunit (31}, -~
It is possible that inhibition of tyvosine kinase-specific
sctivity could have been due to some metabolite/s of PM,
rather than to PM itself, since PM drug (0.5uM) added
directly to renction mixtures containing either extracts of

untrested HEL-60 cells, or to reaction mixtures containing

puritied ppf© tyrosine kinase enzyme, falied to {nhibit the
capacity of either of these to phospborylate the tyrosine
kinase specific substrate Poly{Glu:Tyr;4:1). In this regard the
PMPs are of interest because their sttucture prediets 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 & 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
setve as potent inhibitors of tyrosine-specific protein kinases
(22), It is therefory possible that PMPs with their carboxyter-

minal tyrosine residues reminiscent of synthetic random -

polymers of tyrosine-containing amincacids might have ex-
erted an inhibitory effect by occapying 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 & potent inhibitor of protein tyrosine kinase activity (15).
As an alteriative to this seens Ao, it is feasible that PM could
have interfered with emerginig tyvosine kmase molecuies at
their nascent stage, : :
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Fipure 6 Protein Kinme C acnivity (using a specifie Protin Kinase C
peptide substrate) in ceilular extracts derived from uatreated HL-G0 cells

" and from celly pre-treated for 1 hour und 24 hours with 0. 9,uM PM, or
0.9uM CHX.

We found that in HL-60 leukemic celis, low-dose PM-
“exposure specifically {nhibited tyrosine kinase nctivity. a1
effect which may be related to some metabolite/s of P
{perhaps PMPs), rather than to PM itself. These phenomena
warrant further investigation, since as a specific inhibitor of
tyrosirie kinase activity, PM could provide a useful tool for
dissecting out the physiological raty of tyrasine phosphoryle-
tion, Finally PM may i the future have some benefit in the
treatment of tumours in which tyrosine kinase overactivity is

-~ linked to oncogenesis - its effect is spectiic (at least in HL-60
cells), the drug is easily taken up in vitro and in vive (34, own
unpubhshed results), and toxicity is unlikely to limit its utility

if it is used #u viva at concentrations which in vitro elicit these

biochemical sequelde (34). In a poorly controlied study in
1955, intermittent dose PM used as # single antineoplastic
agent proved to be ineffective in the treatment of & variety of
cancers (35}, However the drug scheduling in that study
would not have resalted 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 chemothierapeutic regimen are’
_ currently under investigation in owr centre in dogs presenting

with spontaneous lymphoprotiferative disorders,

Acknowledgements

We gratelully acknowiedge the financial suppart of fi fellowing: Lowen-
stein Fopndation; Samuel shd Sylvie Schnald Trusi: Griffin Cancer
Research Trust; Medies Rescarch Counell; National Cancer Association;
Becker Trusl; South Alrican Institeic for Medica] Research (SAIMR)Y
University of the Witwaiorsrand; George Efkin Beguest,

We thatk Professor K, Hantmond for her advice mmd helpful eritieisms,
the SATMR and the University of the Wilwatersensdh Photographic and
Tllustration Unity, Mrs A, Bricrley fo+ her sssistance in the preparation of
this menuscript, the atofl of the SAIMR aid the University of the
‘Witwasersyond Medical Librovies. and De D. Glcncmss for her nssistance
with the flow cyiometric analysis,

1766

References _
1 Kivk W ond Nipg EA: Diffsrential phosaharylation of vertebrate p3d©™? Linase ol the
£H/8 and T2M trunsitions of the ecll eyele; Identlficitian of wojor pbosphnrylatim

sites. EMBO I 10: 305-316, 991,
2 Bhwp IM: Ceflutar oncagenes and eetravicuses, Ann Rev Biochiet $2: 301-354, 1983
3 Wywood D: Signol Transduetion. Brit Med Bulletin 47{1): 99-115, 1991,
4 Ulleich A. Schlesstager J: Signal transduction by recoptars wikh, tycasine kinase netivity,
Celt af: 203212, ¥
5 Cantley LC, Auper Kk. Camenter C, Duckworth B, Gr.'uhnt A, Kapelier K. Soltnff 5:
es wnd xipnnd tranduction, Celk 6 281307, 1961,

& Adronson SA: Growih factors and caneer. Sciense J5¢: 11461153, 1841

7 Ghgnicke HE: The cell mentbrana ns & 1arge! for comeer ehemotharapy. Bur § Canm‘
273y 281254, 1991,

# Wong TW usd Goldberg AR: Syntheric peptide fragment of sre gene product Inlibits
the sre proteio kinose and crossteacts Jnnwnologically with avian one kinnses and
celiudur mmmmm Proe Mutt Aend S USA 78: Td12-74%a, 1481,

9 Akiyama T, J, Nakagowa 5, Ogawara H, Warznobe S, Lugh N, Shibuyn A ond
Fuknnii Y: Genistein, a spec:[ir: inhibited of Tyrosine-specific protein rasey. T Binl
Chem 262{12); 5592.5505, 1

10 Powls G, Hickman J. kamnn #, Tritton TR, Abitn 1P, Herde) .eF Cescher As
Moses IEL, Nicolson G: The il memhmle wou echl sigmals as tangeis in coneor
chematherapy. Cunerr Tey 59 2003-2215, 1990

it Newman RA. Dogramateds I New Collular Turgets for chcmhmpy The Cancer

1z g Bmﬂ 1]924-&“335 i:i?gbmdlﬂ Chuerestin hibizg yrosl ph I.nhnby

e I inf I 0ry]
}t}g cyﬁmn;:' {';.";'l“-"o's“{“ tndependent, transfonming protein kmmeppm@m

i3 Orvdani Y, Enkson E and Erlksur RL: The effzct of r creetin on the phusphurylnhon

aetivity nf e Rons sivcomi \urus transforeing gone pmdunt Iz it ond fu 1ive. BEnrl
Hinclwny 135; SH3.560, 1983
td Gogit A. Yaigh P, GHlon BY and Levitzgy Ax Tyrophostin 1: Sywthesin umd Wolugicsl
aetivity of profein tyrosios kipnes mhituuu! ¥ Mled Chem 32 23060052, 108,
15 Tawis RI und Crech MP: Amilotide directly inhibie  -wih Ictor veceptor tydsine
mase ehvity. 3. Bivl Chom 260140 2543 2581, 106
ta  “‘chom Y, Mutakuml Y, Mizuno § and Kewai 51 Inhitbition of sransformin ﬂ.clwily of
1 nxsing kinase otwogenns by horhimyvin A. Viology fad: 2042598, ’)I’SE
17 roneda T, Lyall RM, Alsing MM, Persons BE, Spada AP, h,\?lt!kl A, Zilbezsaln A
and Mundy GR: The antipraliterative effects of tyrosing kinuse Inhibite.: Tyrphoaths
o a 'llumm; squamous cell corclixena in viee and in nude mice. Cuncer Ree S2:
T )
15 Manzed D and anlerHF Interatedippe sios L the mmnwﬂ sorsar RNA in the
riboaomes. Matore 342; 192148, 1939,
19 Yarmalinsky M3 and De Le Habo GL: Inhibition by umyclr f nming adid
incumpomtion into protelt, Proc Nad Acad S¢) (Wash) 452 1721.1729, 1929,
A Ciechanoaves A, Findley B nod YVorshoviky A: Ubéqmun degeadener of seloctive
E,"f'”" a‘@‘d“"m‘ domomsteated (n the musmation cell cyele natont 1588, Ceff 37:
21 Qurden V, Meyer M, Tritzivacos I, Ross P and Maidelow BY: Soleciive myclomy ¢ell
cylmmcny of pyromyeir-mediated protein syathexlt inhil? o, Bhad 68 (suppd): 23He,

] Bra,un 8, Raywiond WE and Racker I Syathetie }ymlm peluanry os subsienles ond
inhibitors nf hyrosteapecifie praein kingses, J Biol Chem c5d): 20512054, 1984,
A3 Dathani AK. Gupm RS and Gopra R: Specice-specific diligrences in the ioxicity of
):umm! ﬂd? mt;wnrds culiured buman aad Chingse Sumester cells, FERS Lotters 21-5 I}
141.
Hﬂmmm.ﬁmufﬁa\-[‘.ﬂeﬂm‘mn.\nnd(:udemum”ccgumm\f’impuﬁih
acacierizagtinn of 2 new pA6HN tyTosing prol nose lioch B
Comoun JHKY): 1011, 1989, ! W
5 Bradiond MM: A ropid ned seositive metkad for the guontificsdon of micragram
g‘uﬂalu of protein uilizing the princple of protein-dye binding. Ansl Bioclem 72:
26 Srivasinra AKX and Chimsen I-L: Comparative characterizntion of receptor and none
rerepinr #ssovioled protein eyeosing kinases. Biochun Biaphvs Acta 996; 13-18, 1989,
27 Comstuntinos A, Kipachi K and Huberman E: Induction of ditferentiotion ond DNA
?ﬁm“ﬁﬁ in HL-60 o K-362 lvnknemin ecils by genisteinr. Cancer Res S
b+ ] '{’:\is N, l&d{lmtlu M. Fijtekv.-ltnn AR (iJr} o ‘H“nm.l Tevin Vﬁ E‘r‘:’mlmtymim
hase activity an ppﬁl)" ression i celly
Canccr Res Ji: 4033-44] lﬂng
26 Sefon WM, Humer T, Iiemm ¥ nnd Eckhor Wz Evidencehnt fhe phmﬁhorylnuon of
I}:ﬂ!{m 15 cesentiat Far ne]lulurtmnsfummon by Rous Sarcomn vivas, Coll 207 807-516,

N Allen W and Zameenik PC Tbcerrcct of putoinsyein on rabhit reticalutyte ribpsomes.
Biochim Biophys Acie 35 86%874, 194).
A -E'I.t‘_.ﬂ Lx Prmem Synthesis, fu: Bloehemdsiry (L Stryes, &d), p79, WH Treeman ang
ciapany, I
TPeatsun RB. Wettenhatl RISL, Meons AR, [Ysrtshoroe 13 and Kem kE’IBE: Auarepuli-
Ton °;1“"f¥"m“ by pseudosubstrate prolatopes; miyosin Yight chain kinake, Sclenee 248>

3% Huedie G Prevdosubsznten yn off pintein Xinases, Naweo 335: 302-593, 1986,
34 The Motek Indes, 11 Edion (8 Badvac, o, 5790, 903, Pblishors ek oo
u, 1,
1‘5 Wright JC. Dolgopnl VR, Lu n M, Pripat A and Wright LT: Clinica} evalenion of
Parmin in n'ﬁ".:}m mop!mﬁac dscase. Arrh Jnt Mod #6: 6177, LN

o'

Bo®

Received Jaouary 27, 1992
+ Accepted June 4, 1992



Leukermiy Research Vot, 16, No. 1L, pp. 10771085, 1992,
Printed Lo Great Britain, _

 UNEXPECTED CYTOKINETIC EFFECTS INDUCED BY
PUROMYCIN INCLUDE A G;-ARREST, A METAPHASE-MITOTIC-
ARREST, AND APOPTOSIS

AVRI N, DAvIDOFF and BARRY V. MENDELOW

Depattment of Haematology, School of Pathology, South African Institute for Medical Research,
: and University of the Witwatersrand, Johannesburg, South Africa :

(Received 22 January 1992, Revision accepted 14 June 1992)

Abstract—The potent effects of low doses of PM on the cell eycle have o date been obscured by the
conventiohal usage of this drug at high concesntrations (5-50 pg/mt) to inhibit protein synthesis. In
this i vitre study undertaken in a variety of malignant and non-malignant luman and murine cell
types, we found that low doses of PM (0.1-0.5 pg/rz;l) disrupted significant phase-to-phase cell cycle
transitions, causing & G-arrest, 3 metaphase-mitotic-arrest, and apoptosis, In HL-50 cells these
ohservations were elicited by FM toncentrations starting at 0,1 ug/ml, and were more pronounced at
slightly higher PM concentrations, including that (0.5 pg/ml) which inhibited ["Clleucine incor-
porarion by approximately 209 after one hour, and by approximately 50% after 24 h, A concentration
of CHX (0.25 pug/ml) which was eduivalent to 0.5 ug/ml of PM, both in terms of molarity (0.9 yM)
~ and degree of inhibition of [CJleucine incorporation, failed to induce similar changes to those
induced by PM. Thig sugpests that at these particular concentrations the PM-induced changes were
. likely to have been related to the differant mechanisms of protein synthesis inhibition exerted by
these two ‘clussical’ translation inhilbitors, PM but not CHX generates nascent peptidyl-PM complexes
(PMPs), nnd we therefore propose that the subsequent intracellular effects cxexted by the PMPs may. -
account, in part, for the differential cytokinetic effects elicited by these drugs, The role of FM is
currently being evaluated in vive as 4 low-dose component of a multidrug chemotherapeutic regimen

D145 £126/02 $5.00 + .00
© 1992 Pergamon Preas Lid

" in which its cell eycle-specific effects could potentially be synergistic with other agents,

~ Key words: Puromycin, eycloheximide, cell éycle, DNA fragments, protein synthesis inhibition,
apuptosis, Gyphase-atrest, metaphase-mitotic-arrest, - ' T :

INTRODUCTION

THEe antibiotic puromycin {(PM), is a composite of
aminonucleoside dimethyladenosine and tyrosine-p-
methylether [1]. It is a functional analogue of tyrosyl-
transfer RNA, and is well known for its ithibitory
effect on protein synthesis [2]. PM ¢oncentrations of
5-50 pg/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 PM-peptide complexes

dependent pathway (including cyclin, p353, c-mye,
and c-fos) [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 remi-

niscent of certain synthetic random polymers of tyro-

- sine-contalning amino. acids, seme of which have

(PMPs) are rapidly degraded through an ubiquitin-

dependent pathway [3], their metabolic effects are
poorly understood, The PMPs are of interest how-
ever because of thelr povential to compete for degra-

dation with the natural substrates of the ubiquitin- -

Ab asocnms: PM, puremycin; CHX, cycloheximide;

PMP;, puromycin peptides; ATCC, American type culture

celfestion; [*4C], carbon 14-labeled,

Correspondence 1o; A. N. Davidoff, Department of
Haematology, University of the Witwater,.and Medical
School, York Road, Parktown 2193, South Africa.
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been found to act as competitive inhibitors of
endogenous fyrosine kinases [6]. _
The regulation of zell cycle transitions has recently
been elucidated and extensivaly reviewed [7-9], The
Gy~ te M-phase transition is regulated by a co-or¢i-
nated cascade of kinase- and phosphatase~-mediated
reactions [10], while the metaphase to anaphase tran-
sition is mediated by rapid, ubiquitin-dependent
eyclin proteelysis [11). Consistent with what is now
known to be an absclute requirement for protein
synthesis for progression through the G,b-subphase
of the cell cycle [12], PM (520 pg/ml) halts the entry
of cells into S-phase [13], inhibits the passage of cells
through the Gj-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 assoziation existing between a
Gy-arrest and subsequent activation of {he apoptotic
cascade [16]. As far as apoptosis is concerned, protein

- gynthesis has & varied and sometimes controversial
role to play in this process. Certain cells enter
apoptosis by a process dependent on de #ovo protein
synthesis [17, 18], whereas in other cells complete
protein- synthesis inhibition does not prevent
apoptosis [19]. Furthermore, inhibition of protein
synthesis may augment spontaneons apoptosis {20],

" and in certain circumstances inhibition of protein
synthesis per se has been enough to trigger apoptosis
{20-23]. Specifically PM employed at 50pug/ml

.. induced apoptosis in HL-60 cells [23]. :

The concentrations of PM (5-50 pg/ml) achieved
in vitro [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 pifro effects of PM on the cell cycle further,
specifically as a prelude to re-svaluating its potential
in vive application in a chemotherapeutic context,

. we employed very low concentrations of PM (<1 pg/

ml} which inhibited protein synthesiz 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
inhibiter cycloheximide (CHX). We found that at
these concentrations PM but not CHX induced
apoptosis, and potently blocked late cell cyele tran-
sitions, disrupting both the Gy to M-phase, 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
supgest 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 METHODS
Cell culture . ’

HL-60 human promyelocytic leukemic cells, THP-1
human monocytic leukemit cells, and SP-2 muring myed-
oma cells (ATCC Rockville, MD, U.S,A.) were min-
tained in Jogarithmic growth phase at 37°C in a humidified
atmosphere of air and 5% €O, Four-weck-old femule
(C31i/HelJ, endotoxin-resistant) mice were thymectomized

and thymocyte suspensigns prepared [26], All cells were

seeded at 1 X 10° cells/ml in RPMI 1640 medium sup-
plemented with 10% (v/v) of heat-inactivated fetal calf

serum, ag well as L-glutamine (2 mM), and penicillin (50 U/
ml) and streptomycitt (50 pg/ml) antibiotics (alf from
GIBCO, Madison, WI, U.S,A). Poromycin and cyclo-
heximide were obtained from Sigma. At completion of
incubatons, culture viability was assessed using the trypan
blue dye exclusion technigue. Cells were fixed and stained
with May-Grinwald-Giemsa, and examined, using light
microscopy, for mitotic figures and apoptotic cells. Pre-
viously defined criteria were nsed to identify apoptotic cells
[271. The number of mitatic 8.1 apoptotic cells per 106)
cells counted was determined, an then expressed as the
mitotic index and as the apoptotic index respectively.

Protein synthesis inhibition _
The (.5 pCi[*C]leucine (specific activity 50 Ci/mmol;

* Amersham) was added to cultures which were then further

incubated at 37°C for 1h {28]. At the conclusion of the
incubation period, cells were washed three times in phos-
phate-buffered saline, 1ml of 10% trichlorcacetic 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 aquepus counting scintillant. [1*C]Leucine incox-
poration was Jetermined in triplicate.

Flow cytometric annlysis

Cells were prepared for analysis as described [29]. The
centrifuged cell pellet was resuspended in a hypotonic
nuclear isolation medium containing propidium jodide.

- {Sigma), incubated on ice, snd then in RNAse at 37°C.

Fluorescence emitted from the propidivm iodide-DNA

" complex was quantitated after laser excitation of the flu-

orescent dye by the Coulter BPICS-Profile-I1 flow eyto-

. meter {Coulter Electronics, FL). Cell debris and doublets

were excluded [30]. The coefficient of variation of the
peaks of th control GGy~ and G,M-phases were less than

. 3%. Limits of cell cycie phases as determined in the control

DNA distributtong were retained in the subsequent analysis
of the drug-treated populations. _

DNA fragmentation analysis

DNA isolation, extraction aod electrophoresis was car-
ried out according to the following method. After 24 h cells
were sedimented and Iysed, and DNA extracted prior o
incubation with RNAse, Total DNA from 1.5 X 109 cells
was loaded onto a 1,5% agarose gel and electrophoresed
for 12 h at 1.5 V/em. Both the gel and the electrophioresis
buffer contained ethidium broside (1 pg/mi). :

RESULTS

Viability :
The viability at 24k of PM- and CHX-treated -

cultiires was unaffected by concentrations up to
0.5 pg/ml {Fig. 1a). At higher concentrations =1 ug/
ml, the viabitity 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 oa protein synthesis (as measured -
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FIG. 1 {a). Viability of cultures (as determined by the ~

trypan blue dye exclution technique) after 24 & of exposure
to the indicated concentrations of PM and CHX (pg/ml).
Results represent the mean % SD of three separate experi-
ments each done in duplicate. () The effect of increasing
doses of PM (up/ml) on [“C]lencine incorporation at 1h
and at 24 b in HL-60 cells, Results were expressed as the
percentage of control values and represent the mean = SD
of three separate experiments each done in triplicate. (c)
Effect of equivalent molar concentrations (0.9 yM) of PM
(0.5 pg/ml) and CHX (0.25 pg/ml) on inhibition of [1%C]-
leucine incorporation. Results reprasent the mean + SD
of three separate experiments each done In tiplicate.

L

Control FM CHX
0.5ug/ml  0.28ng/mi

Count

Flugrescence/DNA c_ontehl :

"FIG 2. Representative flow cytometric analysis at 24h

of count vs fiporescence/DNA content of control, PM-

treated, and CHX-treated HL~60 cefls, Twenty-five thou-

sand cells were counted for each amalysis. Histogram
scaling was the same for all samples, -

by [**Clieucine incorporation), are presented in Fig.
1b. At 1h and at 24 h, at a concentration of 0.9 yM
(0.25 pg/ml), CHX was found to inkibit [14C]leucine
incotporation to 4 similar extent as a concentration
of 0.9 M (0.5 pg/mi) of PM did, i.e. approximately
20-30% at 1 h and approximately 50% at 24 h (Fig.
). . - o

PM effecis _
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 G, and M-phase populations, an
almost reciprocal reduction in the §-phase
population, and an apparently unperiurbed GoG -
phase poptilation (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 pg/ml) cells (Fig,
5). Apoptosis was confirmed ultrastructurally (not
shown), and by DNA electrophoresis which showed

_ the pattern of double-stranded DNA fragments that

resalt from the activation of an endogenous sado-
nuclease (Fig. 6). ' '

| CHX effects ' .

After 24 b of CHX-exposure (0.25 pg/ml) there
was a G,(3,-arrest with concomitant limitation of the
8-, Gy, and M-phases (Fig. 2, Fig. 4a, b), The
morphotogical sequelae of CHX-cxposure 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 pg/ml

(Fig. 5¢), nor were DNA fragments produced at
this concentration (Fig. 6}, DNA fragmentation was_
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‘FIG. 3. {x) Effects on the DNA histogram of HL-60 cells
foltowing 4, 12, and 24 h of exposure to increasing PM
concentrations (ug/ml). Results are expressed as mnean
* SD {1 = 3/4). (b) Stacked-bar graphs illustrating the

. relative percentages of HL~60 cells it the {3,- and M-phases
of the cell cycie consequent on 4, 12, aad 24 h of exposure

- to inereasing PM concentrations (ug/ml). The M-phase at
eacn .concentration point is representative of the mean
mitotic index (mumber of mitotic figures per 100 cells) of
two expetiments done on separate occasions, The (i-phase
was calvulated by subtracting the M-phase value from the
mean G;M-phase valug (n = 3/4) obtained from Fig. 2a.

evident when CHX was employed at a much higher
concentration of 2 ug/ml {Fig. 6). '

The morphological, cytokinetic and electro-
phoresis data obtained in 0.5 pg/ml PM-treated HL-

60 cells were representative of similar data obtained -

(but not shown) in 0.5 pg/m! PM-treated THP-1 and
SP-2 cell lines, as well as for 0,5 pg/imi Pi-treated
mouse thymocytes. _ o

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/mi), These effects included a Go-atrest,
ametaphase-mitotic-arrest, and  apoptosis, and

were found in a variety of malignant cell types of

both human and murine origin'. In HL-60 celis these
observations were elicited- by PM concentrations
starting at 0,1 pg/ml, which not only did not inhibit

* [¥C]leucine incorporation, but actuaily enhanced it

(at least for the first hour of exposure}. The effects.
wers more pronounced at slightly higher PM con-
centrations, incloding that {0.5pg/ml) which
inhibited [1*Clleucine incorporation by approxi- - .
mately 20% after 1h, and by approximately 50%
after 24 h. A concentration of CHX (0.25 pg/ml)
which was equivalent to 0.5 yg/ml of PM, both in
terms of molarity and degree of inhibition of [*C]-
leucine incorporation, failed to induce similar
changes to those induced by PM. This sugzests that
at these particular concentrations the PM-induced
changes were likely to have been related to the dif-
ferent mechanisms of protein synthesis inhibition
exetted by these two ‘classical’ translation inhibitors,
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' -'>FIG. 5. Giémsé-stained cytospm preparations (mag~

pification % 1000) of 24 h control and deup-treated HL-60

- cells, (a) Contral HL-60 cells, (b} PM-treated FL-60 cells
" (0.5 pg/mil) showed a niarked metaphase mitotic accumu-
latmn ‘M’ by 24h. Certainr PM-treated cells bore his-
tological evidance of apoptosis ‘A" {condensation of the -

nuclear chromatin and cytoplasm, nuclear fragmentation,
atd-the formation of membrane-bound & tonc bodies).
(¢) CHX-treated HL-60 cells {0.25 were indis-

tinguishable from control cells except for a reduced mitotic

setivity, The apoptotic index in each case represents the

mean X SD of three separate expcrlments each done in

duphcate
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FIG. 4. (a) Effects on the DNA histogram of HL-60 cells -

following 24 h of exposure to increasing CHX (pg/ml)
corcentrations, Results are expressed as mean & 8D (p =
3). (b} Stacked-bar graphs illustrating the relative per-
centage of HL-60 cells in the G- and the M-phases of the

cell cycle consequent on 24h of exposure to increasing

CHX (ug/mi) concentrations, The percentage of cells in
the G,- and in the M- -phases were calculated as descn’bed
in the legend of Fig. 3b,

PM [25], but not CHX [24], penerates 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 eytokinetic
effects elicited by these drugs,
© The cytokinetic effects observed with PM-
exposure included a time- and dose-related increase
in both the G, and the metaphase populations, an
almost reciprocal reduction in the S-phase
population, and an evidently unperturbed GyG-
phase population. These observations suggest an

undelayed passage through and egress from S-phase

. of those cells that were beyond the G b-subphase
when PM was applied, but with subsequent partial
hold-ups at the G,/metaphase and the metaphase/
anaphase boundaries. Any predicted but not
observed decreases in the GyG,-phase population
{on the basis of the metaphage-mitotic-arrest) are

likely to have been offset by an accumulation of cells
in the G, b-subphase conseguent on PM’s inhibitory
effect on the mandatory protein synthesis require-
ment of this subphase [12]. CHX-exposure induced
8 G¢Gy-arrest with concomitant limitations of the S-,

" Gy, and M-phases, incicating that CHX blocked the

entry of new celis into division consequent on the
protein synthesis requirement of the G b-subphase
[12, 31], but permitted those cells that were beyond
this subphase at the time of CHX application, to
compiete mitosis [31], We did not observe the G-
delay that has been reported to occur with high-dose
CHX-tredtment [31].

The G~ to M-phase transition is controlled by
phosphorylation/dephosphorylation reactions in-
valviee the tyrosine-15 residue of the 1:)34"‘”2 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-15 phosphorylatlon/dephos-v
pherylation reactions of .p34™ kinase, may have

~ been responsible for the Gyrarrest observed in PM-

treated cells. BSuch an arrest has also been reported

when PM’ was employed at much higher con-

cenitrations of 5-20.ug/ml [14,15].
It is possible that there is a connection between
the Gp-arrest and the apoptosis observed in PM-

© treated HL-60 cells (0.5 ug/ml), since a preceding

Go-arrest bas been found to be linked to subsequent
activation of the apoptotic cascade in cells exposed
to the enticancer 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 50 pg/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. 0t 0.5 pg/ml. CHX used in HL-60 cells at a dose
that inhibited protein synthesis to a similar extent as
0.5 pg/m! of PM did, failed to induce apoptosis.
Although we cannot adequately explain the dif-
ferential effects exerted ue apoptosis by these con-
centrations of PM and CHX, we suggest that it might
relate to the mechanism, rather than to the pressnce,
of protein synthesis inhibition produced by these two
drugs. in the future we plan to evalvate the specific
role, if any, of PMPs in apoptosis activation. It is

. worth noting that a higher concentration of CHX

(2 pg/ml) induced apoptosis in HL-60 cells, con-
sistent with the apoptosis that has been induced in
such cells by 50 ug/m! of CHX [22, 23], and consistent
with the augmentation of spontaneous apoptosis in

* B chronic lymphocytic leukemia cells elicited by 1 jig/

i 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 tn he degraded
by the same pathway [3], it is possible that in PM-
treated cells this pathway was preferentially diverted
into PMP proteoclysis. 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 specilic 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 ug/ml CHX, which
inhibited protein synthesis to the same extent as
0.5 ug/. w] 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 &t a high dose of 20 ug/ml,
PM comgletely 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 antinéoplastic
agent proved to be ineffective in a range of clinical

settings [35]. Although significant protein synthesis
inhibiting concentrations of PM are unattainable in
vipo without serious toxicity, this limitation does not
ne sessarily apply to the more potent effects elicited
by low-dose PM. Our data suggest that PM may yet
prove to be a useful chemotheraneutic agent, not
singly but as a component of a muitidrug regimen in
which its potent cell cycle-specific sffect could well
be synergistic with other agents. This could be
-accomplished by first accumulating cells in specific
non-GoG-phase  compartments  and  then
subsequently delivering appropriate cycle-active
chemotherapy. Thus, the metaphase-arrest caused
by low-dose PM could be synerpistic with the meta-
phase-specific agent vincristine, while the shunting
of Gy-arrested cells into apoptosis could act syn-
ergistically with etoposide, cisplatin, or mafosfamide.
_ Phase /I veterinary clinical trials incorporating PM
intoe such multidrug regimens for the treatment of

spontaneous canine lymphomas are currentl; under

way in our faboratories.
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| - -myc ExPressxon is Down—Revulated in Mafosfamide-Treated

CHIL-60 Cells Undergmng Apoptos:s

A N. DAVIDOFF and B.YV. MENDELOW

Depuranestt of Hr:emam!as‘)', Schogi of Pa:kaio,gy of the University af the Wf:wawrsmnd and the South Africart Institue for
- medical Research, Johannesburg, South Africa

Abstract, The expression of the proro-oncogene comyg has
been strongly implicated in the requlasion of GpOpIOSIS. Stnee
we have previowsly shown apopfosis fo oceir in HL-60
leukemic cells exposed to the prodrug Ma)‘osfamtde (ASTA'Z
7557), the present study wes undertaken to examine the levels
of comaue mRNA transcripts in such cells, Mafosfamide, which
is a cyclopkosphumide derivative thar rapidly generates 3-
Hydroxyeyclophosphamide ufter aquesus dissolution, was
employed in doses ranging from 0.1 t0 20 wgiml, No changes
in comye mBNA levels were gvident ufter | hour of exposure o
Mafosfdmm’e. After 6 and 24 hours of Mafa.rfamzde‘expamre.

* - however, there was « dose - gnd time- dependen. tiecrease in

1 \h'.\m

oomye ranseripts, c-myc mRANA expression was reduced 10 a
greater extent than was either f-actin of GARDH expression.

. Morphological, biochemical and ultrastruciural evididhee of

upoptosis accompanied the Mufosfomide-induced  comve
mRANA down-regulation at 24 hours. We conclude that, in the

context of Mafosfamide-reqted HL-60 cells, upregulution.of -

e-myc mRNA rtranscription was not fundamenal for ihe
activation of the apopotle cuscude.

The proto-oncogene comye mRNA has been strongly impli-
cated in the ppoptotic pathway, la certain conrexs the
process of apoptosis has been found to be contingent on
coatye expression {1-7), whersus in ather seenativus down-
reguiation of cmye mRMNA lsvels has uccompanied the
activation of the gpoprotic cascade (8-10).
Cyclophesphamide is o widely employed alkyiating vancer
chemotherapeutic agent (11-12), the derivatives of which are
freqaently used in vitro 10 purge leukemic cells from bone
marvaw {13-20). One sueh derivative is the prodrug Malosfa-
mide {ASTA Z 7557), a cyclobaxylamine saft that rapidly

- generates J-Hydroxycyclaphosphamide after aqueous dis-

Correspomdence w; Dr, AN, Davidodf, Depactment of Haemn-
wlogy, Jnivessity of the Witwotersapd Medical School, York
Raudd, Pucktown 2193, South Alvica. Fag No: D027 [ 6434318,

Key Words: Apuptosiy, c-mye, mRNA, HL-l,

_cyclophosphamide (24), We have recently found thas Mafos-

Perobl J(JU

pkantfrl&
w!uuon J-Hydroxycyclnphoaphamde degmdes ireeversibly
via aldophosphamide to phosphoramide mustard and acros
lein (21-23), the therapeutically sigtificant metabolites of

{amide-exposuce induces apoptosiy in HL-60 Jeukemic cells
(25). Since certain ynticancer agents have been found o
retluce comye mBMNA levels (26-29), wherans others (inclod- -
ing the cyclophosphamide derivative Hydroxycyclophos-
phamide).have been found to elevate e-myc mRNA wrans
cripts andfor ¢-mye oncoprotein lavels (27, 30, 31), the
present study was undertaken to axamine the lavels of e-mye

mRNA transeripts in Mafostamide-treated HL-GD cells -

urdda:going npoptom

Materiai‘s and Methods

Cell culture and Mafosfumidisexposure, "HL6 human prumyslocytic
leykemic colls (ATCC pussuge 17, Rockville, MD, USA) were seedud in
REMI 164 modium supptemented with fail culf serum, L-glutaming und
PenicillinStroptomyein andiblotity {GIBCO, Mudison, W1, USA), Calls

© ware maintuined wt 37°C i o humidifled atmusphere of sic and 5% 20,

Mufostumide crystulting puwsder (MW= 300,3) was ¢ kind ¢ift from D, §.
Pohl, ASTA PHARMA, Pr Brock, Asty-Warke, Bislotfeld, West Cer
many. Fresh afosfumide solution wis prepared in RPMI 164 medinm

- immediutely prioe ta use bt fnal mmntrnuun tanging from 0.1 gl

o 20 pngiml,

BNA Jrugmeniation auelysis, At the corelusion of the incubuton period

the ealls were pelleted ut 4*C and preparud {or subsgywent fragmentation
snlysty (32), The peller was msuypended in 70Ut of lysts buifer {INmb
EDTA; SmM TrigHCL, pH=#0; 0.5% sodium luvryl snrkosinues
O.5myml proteinnst K) und ineubated for { hour ut 30°C, A [Wpgfm]
allquoy of tmp/ml ribonudenss A was udded W esch sample prior w
Turthor ! hour inubution av S0°C. Sumples were then fouted 1 T0°C,
aftar which the reaction way.terminuted by the addition of 2Up) of londing
huifer { 10w EDTA, gH w1k 0.25% bromophen] bloe: H5%% sueroge),
Extrocts werg loaded into the wells of 2 M6 aporose ped and el
trephoresed i @ plosphute duffer (Jmv ERTA; SUmM Tesphusphates
piw7.8), Boui the gel und the burfer contined ipg/ml of siidium
bromide, Hyfirdingt clenved pBRIZY served us molecular 'm.ight mar
kurs,

euinye mANA erpression. cwmye mRNA, exprossion wus investiyued using
standard voehniques {33), Extracted w0t RNA [ el wos sizesfractions
ated by 2% uguroseformeidehyde el wlessraphor- s, und then transe



!

31 MM 4 pyY A4 1 0,0 05 05 93

2176

1788 -
1230
1034
653
517
a1+ 3
384
298

b, Agerove gel wfmropfwrm. afmm! DNA ax:mwd Jrom t.'nnrm( und Mujm-j‘amde:tmwd {uylrel) HL-B0 cells ol & hors uml LY houes #jier dnrg

vapistre, The sizes in biies of mefeculur weight mr.rrl.‘r.rr aree showi,

: rum:d sk Vecrauslinked te nylun membrane, Hybridization ot 42°C oy

Thalics

msu'b
Lomme

16 hours was 1w the [y-""PleCTP (Amershum., Eaglend) random primes
lahelled 1.6Kb Satl frugment from he 5' end of the: human Benfyr geng
[ATCC. USAYL Following' stringoncy wushes at 42C and 4t coom
Wwnlperulure, the membrune way vxposed 31 =707 10 7ilm using inague
intoasifying sereens, Finully the mabrane wasseeifiged hofore rehybridizis
tion either ta the [uy,P} JCTP tendom primer-fubetled §,9Kb BamH!
fragment of feuctia (ATCL, USAL, or to the [yaP] ATP {Amessham,
Eaglund) gnd-lehelled  sUmer  oligonuelcotite  antisense  GAPDH
(Oncogend “Setence. USA). d-actin and GAPDH secved s internal
woatraly Yor constitutive yene exprossion, .

All other teagents were ut analytical ane and worg from sibndurd
comarercinl sourees. .

Resuijts

DNA fragmeniation analysis, Apoprosis was not seen it
Mafosfamide-treated cells after 1 and 6 hours of exposure
{data not shown). At 24 hours, however, there was morpho-
lngical evidence of apoptosis (chrometin condensation. nue-
lear fragments tion und she formation of apoptotic bodies) in
Malosfamide-treated cells {data not shown). This was con-
firmed ultrastructurally (data not shown), and by DNA
electrophiorests which showed the pattern of donble-stranded
DNA tfragmeats that result irom the activation of znr sndoge-
nous <ndonuciease (Figure th

exmve mANA ¢ z.usion. There was no change in c-mvcf
B-actin and GAPDH mRNA ‘gxpression after 1 hoer of
Matr famide-exposure in HL-60 cells {data not shown).
After 6 hours andd 2. hours, however, théie wias a dose-
dependent decresse in the expression of thess genes in
Mafostamide-treated wells (Figure 2}, comye mRNA sxpress-
ion was reducad more thaa <ither the exprassion of B-actin or
GAPDH LFigu.re 1 and F1gute 3

D:scussien _
We recently faund that the npoptouc pathway wis at;tlvmd

in HL-60 cells following exposure to the prodrug Mafostu-
mide, a derivative of che alkylating cancer chemotherapautic

ugent cyclophosphamide (’5) Sinl:e the eXpréssion of the

prato-gncogene c-myq has been strongly implicited i the

rcgumtmn of the apoptotic cascade (1-10), we ungertook 6 -
examine the effest of Mutosfamide on comyc mRNA levelsin

HL-68 cells. Ia the current study there was no change in
c-myc mRNA levels after 1 hour of My Iasfamide-exposum.
whereas after- § hours and 24 houwrs there was &
dependent decrease in ¢-mye mRNA zmnscr:p:s. .
" These tindings suggest that in the coatext of Mafosfamide

treated HL-60 cells, upregulation of conyc mRNA transcrip- .
tion was not fundamental for the inductian of apoprosis. This

is consistent with the down-reguladon of the Smye gene tha
has been found to-precede {L-é-induced apoptosis of Y4 exlls
(8), steroid-induced apoptasis of 697 pre-B lymphocyres (31,
and phorbol ester-induced apoprosis of U-937 cells (10). Qur

findings ure in contrast with the elevated c-mye MRINA levels

seen in rut tymocytes undergoing npoprosis following des

~xamethasone treatrment {3), and with the evidence that c-mye

is a poteat inducer of apoptosis in rat Gbroblasts (). Qur datn
are also inconsistent with the observations thar c-myc ex-
pression i a requirement for activation-induced apoptosis of
Tucelt hybridomas {3), for apoptotic regression of estrogen-
treated MCF-7 human smmmary cancers (7), and for apapto-
sis clicited in comye-amplified ool liaes by the DNA
topoisomerase [} inhibitor Y26 (1), _

In the vonrext of anticancer agents, it is of interest that in
Coila320HSR cells traated with another cyclophosphamide
detivative (4-hydroperoxycyclophosphamide), c-mye mRMNA

levels increased after 1 hour of exposure bur decrsised

subsequently, caising the possit ty thot aikylating agents
may suppress the sxpression of specitic traasfarming genes
(27). Fusther evidence for thtiy comes frin virro xperi-
mentation which demaonstrated thag alkylating ugents includ-
ing niwogen mustard and melphaten, but not 4-5-(propionic

~geid)-sulfidocyclophospbamide, terminated anye transerip

dose--

nsert
¢ Gommor

frem

tion in a sequence-specific, drug-specific manner (38), in -

addition mithramyein, which binds to G-Cerich sequences in

the DNA minor groove. has been found to inhibit cvmye A

(qnc} Q"'Ll-f" ﬂ,ﬂfﬂﬂb W’}Mt,.[q [ JL/WY 0t
(jc, Fith ioidmﬁ}'tf se?U-MCM)
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Flgure 3, Hybridfaution inensitigy ot & howrs aned ag M feurs in Mofosfamidedresied HL40 pells are shown relptive o e i yintrevned voniro] vells
uormntlved w 1%, The resulie were guanritted by densitomenrie scannfny of the gutopudiogrant

trunscriptiog in HeLa cells e

(Sad-sther e WL RV GRC
HERPTETTOTET YCQUeTCER TSy praventing the formation of the

transcription initiation complex (29). [t is of inrerest, howey-

af, that increased comyc protein has been obssrved to -

sccumunte in 2 lymphoblastoid cell line in response to
cerrsin alkylating agent (Dimethylsulphonate, Ethyl
mediang sulphonate and Mitomycin C) (30}, and thut ele-
vated conye mRNA levels have been reported in SV40-

ranstormed human keraumc}rres in response o nitravoilet
jrradintion {2097 aad in rat embryonic cells exposed to
mmzmg itradiation (24

it is clsar that, although comye etpremon has been
strongly implicated in both apoptosis and in the ceilutar
rasponse to DNA-damiaging agents, the precise nature of its

regulation of and/or gacticipution in Such peocesses .l
requires elucidation. To address the issue more comprehen-

&y



sively in the futdre.'c-rﬁyc MRNA expression should be

evatuated nor only ar the levels of RNA and of protein, but
also at the jevel of DNA, since c-mye gene-specific DNA
repair may itselP be differentially affected according to the
eliciting ingult (36). Fix iy, it would be worthwhile to

jAser€ examine the transcription of mummalian geneftermed gudd

COmAR{ cawth aerest and DNA damage inducible-geads that specifis

*.

et

f

culty code for transcripts which are increased by DNA
damage) (37, und to examine their role. if any, in the
apuptodie respunse (w cadeer chemotherapeutiy deugs, partis
cularly the alkylating agen}\ maﬁ,;f‘o,m:gl.u
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