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‘ subumt of mncrotubulos.

 Because VLB is less toxic than VCR, it is administered in

VCR, with doses of the latter not exceeding 2.0 mig (4).

1. Introduction ; .

'Vmcnsune (VCR) and vinblastine (VLB), two mueanoer agents usod clinically ‘since

the . early sixties, are the most active isolates of the peﬂwinkle plant, Catharanthus
roseus G Don (1). VCR and VLB are similar in molecular structur\e (Flgure 1).
They consist of the same indole-indoline heterocycle of molecular weigm 795 (2)
and differ by one side group, whnch for VLB is a methy! group and for VCR is.
a forrnyl group (3) Both drugs are anumitotu: agents", inhibiting mitosis and
other oellular processes dependent on :mcrotubules by binding to tubulm the protein
»

Despite snmxlarmeg in structure. and funcnon VCR and VLB are used
chmcally in the trcatment of different tumor types (4). VLB s used, |
combmauon with other agents, to treat brcast carcinoma, chonocarcmoma Hodgkin s
disease, non-Hodgkin's lymphomas and tes\ncular carcinoma. VCR |s used @treat

acute lymphocync leukemxa breast carcmoma Ewing's sarcoma, Hodgki '/ and
. ¢ “/
non-Hodgkm s lymphomas. neuroblastoma-. _rhabdomyosircoma, ‘and Wilm's tumor.

er doses, 3.7-7.4 =
mg/m’ i.v. weekly or cvery two weeks, compared to 1.0-2.0 ‘mg/m? by, weekly for
The dose-limiting toxicity of VLB is leukopenia. VLB also causes stomat‘itis.'
: S ‘ - - '
constipation or didrrhea, and nausea and vomiting, readily controlled by antiémetics.
Neurologio complications, alopecia, thrombocytopenia, and anemia are uncomrmon. The

most severe side effects.of VCR are on the- nervous system. Although sensory .

impairment- and parasthesias are common, but not dose-limiting, loss of desp: tendon

-reflexes, ataxia, and muscle wasting are-‘doso-limiting‘. VCR causes alopecia in about

20% of p\atieots, and toxicity towards hematopoietic cells has  been demonstrated in
normal use of VCR (5) and in patients \"xxgdvertently given overdosages of VCR (6,

7). The selective neurotoxicity ‘of VCR limits allowable doses to about one-fourth

oo B |



Vinblastiie  CH3.
"Vincristine .~ *CHO-

M|

 Figure 1. Molecular structure of 'K




thote of VLB. The‘basisofthe differential clinical activity of 'VCR and VLB is

L unknown Resuits fronr pharinacokinetie studies, suuest that selective retention of

| “VCR by some tissues may. contribute to its zreater toxicity t the host Most

) of the toub doae of enhzﬂnr( cleared from the
 within 4 hr® i‘ollowing . boius injbction (8, 9, 10, 1, 12). The

«ftom serum is due to distribution of VCR or‘ VLB in’ body tiss

of @dmts

pid clearance

within minutes
and- excretiOn via the bepato-biliary route VCR is 'retained in ‘the body, for longer
_periods than VLB, susgesting tha\t there may be differences in tissu uptake‘ and '
f-release of VCR- and VLB, |

This project was undertaken to characterize differential activity‘ of VCR and

VLB; at the .cellular level and to determine if differenual activity is related to
.differenoes in uptake (or release) of. VCR and VLB. Results of preliminary |
experiments that were undertaken to identify cell types that exhibit differential

) sensitiwty to ‘the Vlnca alkaloids have been reported (13) and are presented in

‘ summary form in Table 1. Tumor ceii lines in culture were ‘used as model systems,
and two of the lines studied, 'mouse neurobiastorna and human promyelocytxc
leukemia HL 60 were tncluded because it was thought that they rmght exhibit
grcater sensitivity to VCR -and VLB thereby refiecttng the sclective toxicrty of these
drugs seen in vivo against nervous and hematoporetic tissue. |

Differential activity of 'VCR and VLB th seen only after relatively short

exposures to :drug (13). When cells were _exposed to either drug continuousl.y over a
period of several generation times, VLB and VCR vlere equitoxic against’ 5 of the 6

_ cultured cell lines tested. After long exposures (24-96 hr, depending on the cell

type) there weri no dtfferenoes 1n the antiproliferativeiactivmes of VCR and VLB

1"Uptake” ,l‘rvr?udes passage of drug across the: plasma membrane and its subsequent
_ interaction with cellular components. .

?The term “differential activity” refers to the differences between the btologmal
actions of VCR and VLB .with respect to toxicology and therapeutic effects in
&perimental systems and chnical use. ,



i

‘ 'For proliferation cxpcrimcms. the period during whic}s cell numbers were
determined for ulculalion of prollfermon raes, For/ amy of
colony-formation, cultures were -incubated at 37 for 10- 14 days. md the
number of colonies was scored. _ ;

"uncloned parem line originally obumed from Gallo et ul (14).

To dctermiqc the effects of VCR and VLB on prolil‘emnon ‘cells were
exposed conunuously for the lcnglhs of ume indxcated or exposed for 4 hr
and cuh.ured for the times indicated. in thc appropﬂate drug-free growth '
medium. IC,, values are /the concenmuons of drug tlm inhibited
proliferauon ratés, relative to. Lhosc of untrealed cultures, by 0% ovur the
periud of evaluation. ,To determine the -efTects of VCR md' VLB ori
viability, cells were cxposed for the times indicated and colon) formauon
‘was assayed in the absence of drug on culture plates (ch) or in soft -
agar (L1210). IC;, values are the concentnuons of drug thal mduced colony '
_formauon relative.to that of untrcaled cultures. by 50% Thc ‘number of
\ cxpenmems qped to &alculate 1Cy, values are indicatéd in parentheses, and,
for most values, the mean, ( SD) is presemed (From Fcrguson et al

A

Cancer Resurch 4: 3301-3312, 1984 ref 13.)
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Table 1 | .
© ICs Valus for Inhibition of ‘Proliferation B
i and Colony-Formation of Cultured Cells by VCR and VLB ('
Cell Line Length ' Léngth of  ICs (aM) for Proliferation
| c;f | ; Evaluation ' ‘
Esposure  Period! Vincristine 'Vinblastine® -
S I N ‘
Hela 48 48 1.4£0.6(2) 2.6(1)
: - 48 48 5(1) T 3.5(D)
HL60* 9% - 9% 4.1£0.7(4) 5.310.4(3)
4 n B+6(3) 900£100(3)
L1210 48 48 4.4(1) 4.0(1)
’ 4 a8 100£50(3) - 380 140(6) -
Neuroblestoma 43 48 3313(2) 1521(3)
4 a8 250 100(4) 290+40(3)
. ICs (nM) for Colony-Formation
HeLa T 1.2(1) <3(1)
1 BE8(3) T 6214(2)
L1210 - 24 ' saq) 251)
4 60£07(2)  600-37.500(5)




mintt mouse lymphoma s:w. mouse leukemia P388, mouse le:%kemh L1210, huroun
cervical carcinoms Hela or human promyelocytic leukemia HL-60 cells, and VLB’
was only :ughtly“more active than VCR against mouse neuroblastoma cells. In. |
contrast, when cells were expoled to either drug for-4 hr,! follbwed by culture in
drug-free medium, VCR was considerably more toxic than VLB against mouse .
'leukcmia L1210 and human promyelocytic leukcmu HL-60 cells, and, when exposures
of 1 hr were assessed, VCR was 2-fold more ‘toxic than VLB uainst Hela cells.
Differential toxicity was not seen, after short exposures, against mouse neuroblastoma
cells. Since the greatest difference in activity of the two drugs was seen with HL-60
.cells. ;hey were dﬁemployed for further study.

HL-60 cells were established m culture from a female patieot; with acute
promyelocytic leukemia (14). HL-60 cells have the potential _“t'o diffcrcntiate towards
granulocytic cells of macrophage/monocytic cells when indtlxcedk by different chemicals
(18, 19). When HL-60 cells were introduced into this labor_atoi'y. the population
doubling time of logarith'micolly proliferating cultures was 36-48 ‘hi and the cloning
'effxcxency was 10% (20). An unproved clomng method  was devcloped and a subline,
' HL 60/Cl was established from a sxngle colony Exponenually prol:feratmg cultures
of HL 60/C1 cells had a population doubling time of 24 hr and a cloning
. effncnency of 50%. HL-60/C1 cells retained the capac:ty to dnfferenuate when treated
. ’wuh the appropriate chcmxcais p o /

. The biological effects of VCR and VLB were. characterized usihg the clonal
derivétiv'e. HL-60/C1-. Under conditions of continuous exposure for-48 hr, VCR and
VLB ‘exhibited the same activity .against HL-60/C1 cells, inhibiting ‘proliferation rates
- by SO%A(I_C,. value) at 7.6 and.8.1 nM, respectively. In cootrast. when HL-60/C1
celis were exposed to. drug for 4 hr, and then cultured in drug-free medium for 48
“Four-hr exposures were used- because "VCR and VLB are aimost totally cleared froxo

serum of humans within 4 hr of a bolus injection (11, 15, 16, 17).
3Ferguson, P. J., unpublished results.
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hr, VCR was more toxic than';;VLB. The 1C,, values for inhibition by VCR and
VLB of proliferation rates differed by 27-fold and for colony-formation by 180-fold.
* Inhibition of mitosis by pﬁgturbing mitotic spindle formation has been

'oommed with cytotoxicity of VCR! and VLB against cultured ceni‘ (21, 22, 23, 24).

Sinoe VCR and VLB have been shown in vitro to bind with nearly equal affinity to
free tubulin (25) and to inhibit polynieriution ‘of microtubules with nearly equal

efficiency (26), experiments were undcnhen to determine if VCR and VLB exered .

3
their cytotoxicity against HL-60/C1 cells through the same . target: Inhibltion of

mitosis was evaluawd by monitoring DNA distribuuons of drug -treated cells by flow-
cytometry. Comparison. of DNA distributions in cells treated for shoryt (4-hr) or
long (24-hr) intervals suggested that VCR ana VLB inhibited proliferation by the
same mode of action. For both types of expdéures. the DNA disfributions oPtained
from cells treated with equitoxic‘ levels of VCR or VLB were virtually identical.
During continuous exposufes.o both- drugs c;msed accumulation and arrest of cells in
the G,-M phases of the cell. cycle in a 'mnoenuaﬁon-dcpencf;nt ‘mannér, ‘suggesting
that inhibiti/on of mitosis v)as probably the biologicali mechanism of cytc&xieity.

VLB is taken up and released by platglets (27) and L1210 cells (13) more
readily than VCR. If L1210 geils are exposed to similar concentrations of [;ﬁ]VCR
and [*H]JVLB, VLB enters célls more rapidly than VCR, and if cells are "loaded"
with the same amount of [’HJVCR or ['H]VLB, VLB is rele_ased more rapidly than
VCR (13). Thus, it wa;sv possible that differential uptake and/or release of VCk and
VLB by I-iL-éD/Cl‘ cells r’na& have gi;wen rise to the differential ) toxicity seen after
short exposures. | |

To assess the role of uptake and release in differential toxicity 9f the Vinca
alkaloids against HL-60/Cl cells, the cellular content of [H]VCR and [’HIVLB was
determined during“ drug exposures that w?re the same as those used in evaluation of

anti-proliferative activity, During continuous exposures, the amount of VCR in cells
\



at 24 hr was the same as VLB at all concentrations tested. Although VLB entered
HL-60/C] cells more rapidly than during during the first few hr of exposure,
when “effective drug exposure;" were quantitated by measuring areas under curves of
cellular drug content versus time {rom time 0 to 48 hr, VCR and 'VYLB were
equitoxic to HL-60/C1 cells. Thus, "a'lthouih | there were differences in. rates of
upta'ke' of VLB and \}Cli. the pharmacological eﬂ"'ects of the 2 drugs on HL-60/Cl
cells during continuous exposures were identical,

\&F!tr 4-hr exposures, the amount of [*HJVLB in cells was greater than that
of [*H]JVCR at all concentrations tested. The cellular content of either drug at 4 hr
was concentration-dependent, and the difference between cellular contents of [*H]JVCR
and ['H]JVLB was greater at higher concentrations. When cells "loaded" " with the
same amount of radiolabelled drug were transferred to drug -free  growth medrum the

decrease in mtraeeltular content of VLB was much faster than that W

Effective drug exposures were quantrtated by calculann
cellular drug content versus time during drug:exposure, followed by culture in
drug-frec medium. In contrast to the results obtained for continuous exposure, VCR
was much more toxic than VLB. These resuits strggestedi, since .the .c.elﬂlular' content

of VLB was greater than that of VCR, that much “of the VLB associated with cells

during' 4-hr exposures was not bound to the ‘target of cytotoxicity.

. Several other aspects of drug uptake were also examined. Both VCR and

VLB are metabolized to varying degrees in liver (28, 29, 30, 31 32, 33) and

plasma (10, 34) of hurans and rats. [*H]VLB does not appear to be degraded by
cell culture medrum or by CCRF- CEM leukermc Iymphoblasts (35) ‘Since differences
in metabolrsm of VCR and VLB by HL- 60/@% cells could have contnbuted 10
differential toxicity, ethanol extracts of cells and medrum exposed for” 24 hroto
[’H]VCR or [*HJVLB were’ analyzed by high performance liquid chromatography
(HPLC) for possible metabolites. Neither VCR nor' VLB were sngmﬂcantly



meubolir.od by HL-60/C1 ce& or degraded by enzymes present in the serum
cmnrfonent of .the ﬁromh medium.

Since VCR and VLB bind to proteins present in human serum (36, 37),
binding of ['HJVCR and [’HJVLB to proteins of fetal bovine serum in growth
medium {was malyzedf by equilibrium dialysis. At pH 7.5, both .VCR and VLB were
bound jo the same extenr by proteing present in fetal bovine serum, indicating that
differences in extracellular concentrations of “"frec” drug did pot contribute to P
differential toxicity. The effect of pH on binding to proteins df fgwtﬂ;u;e serum

e

and on cellular uptake was also studied since VCR/apMﬁB/ are alkaloid in- ﬂaiﬁre.

/ 1
each with two pl(a values (5 SW (38). At pH values <6 the majority,

v

T the pH profiles -ebtained for VCR -and VLB for serum binding and cellular uptake
[

were markedly different. As pH values were rarsed from 5.5 to 8.0, binding of
VLB to serum proteins increased 2-fold, whereas tha't of VCR was relatively
unchanged. For both drugs. cellrrlar uptake increased as pH values were raised, and
at pH values >7.5, when VCR and VLB were relatively unchargcd the amount of
cell- assocxated VLB was much greater than that of VCR. The greater hydrophobicity

" of VLB, relative 10 VCR, may be responsible for the _gréater sensitivity of serum
protein H binding and cellular. uptake to pH.

- : It has been suggested that. the Vin_ca alkaloids may enter cells by mediated

' ‘L'ransport (39, 40). although the evidence may be interpreted ot.herwisé/;. Evidence has

aiso been presented’ for 'tire. existence of an' eriergy-dependem efflux éystem in drug-
’ remstant cells (39, 41, 42 i 43). The laner suggestion is based on observauons in ~

several oell-drug systems; mcludmg the Vinca alkaloxds that release of drug from

cells is “inhibited by‘ depletion of cellular ATP.‘ An alter_nate interpretation is that
' ' : y
, \ . )
-~ 'Energy-dependent release of drug has "also been observed for adri‘amyein, and
daunorubicin in cells resistant to these drugs and to Vinca alkaloids (41, 42).
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energy-dependent inhibition of binding of drug to cellular components is responsible
for rapid release of drug (35). Uptake and release of ['HJVLB was investigated in
cnem-dcple;ed HL-60/Cl cells to determine if the putative energy -dependent efflux
sysiem was somehow involved in ' ferential toxi&ty. Because rates of uptake and
release of .Vl‘j by HL-60/Cl cells were higher than those of VCR, VLB was
studied first, und' in light of the results, VCR was not studied in energy-depleted
cells. ' Uptike of ['HIVLB during 4 hr and the rate of reiease into drug-free
vmadiumklwerc not affected i)y treatment of HL-60/C1 cells with sodium azide under
conditions that reduced cellular ATP below levels of dctection\. TQus, the rapid

release of VLB was not mediated by an energy-dependent efflux system.

- R
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Catharanthus roseus G. Don (formerly Vinca rosea Linn), were commonly |

II. The Vinca Alkaloi‘dg

A. Introduction . o

Crude extracts of stems, leaves, and roots of the -petiwinkle plant,

g

administered as a remedy for hypoglycemia during the early part of the twentieth

century by doctors - in the West Indies and England. Although people diagnosed as

having drabetes were given such treatment, outside observers could asc‘ertain” no

'

‘efflcacy in treatment w1th perlwmkle e/mracts (2) In 1949 Robert L. Noble,

Charles T. Beer, and J. Har;ry Cutts,” at the Department. of. Medrcal Research,

Universi‘ty of Western Ontario, London, treated normal and diabetic rats and rabbits
. ) ] . . :

- with periwinkle extracts, but found no evidence of “anti-diabetic -activity 1(2). The

hematopoietic toxicities ’observed in these studies sugg'ested that extracts might contain
antiproliferative agen‘ts and carcmostanc activity was subsequentlv demonstr%d
agamst a transplantable mammary ac{enocarcmoma in. mice and a transplamable
sarcoma in rats. Johnson et al. (44) at the Lxlly Research Laboratorres in

Indranapohs also demonstrated antineoplastic activity in fractions 1solated from crude

(Jl ///

Vmca extracts and subsequently found that mice bearmg an ascrtes leukemia survived -

90-120 days (cured) when treated with VLB. By 1959, VLB had reached clinical

 trials m ‘cancer patients (45) although httle was known about. its cytotoxic

mechanisms.

" " The actions of VLB as an antimitotrc agent was first established by Paimer
et al. (46) and Cgutts (47), and »Cardinah etcal.’ (48) later showed ‘jrhat VCR' also
inhibited mi-tosis.i In 1964, Creasey and Markiw (49) found that treatment® of mice

bearing the ‘Ehrlich ascites carcinoma with VCR: or VLB inhibited protein \sy'nthesis'

* and production of soluble, but not ribosomal, RNA in tumor cells. An increase in

. the proportion of tumor cells -in mitosis ‘was observed, and these authors speculated



other isolates of the extract, catharanthine and vindoline. The latter compoimds are

Ay

that inhibition of synthesis of certain proteiné was the basis of mitotic inhibition.

In cultured Sarcoma 180 cells, the Vinca aika]oids, \ at concentrations that inhibited

_proliferation, had no effect on respiration, glycolysis, nucleic acid synthesis, or

protein synthesis (50).
Chemical identification of the _active' substances in Vinca extracts was reported

in 1955. The pH-dependent solubility of the isolates indicated 4t4her'n to be 6f an

. alkaline nature, hence the name "Vinca alkaloids" (2, 51, 52). VLB, or

vincalehkoblastiner as it* was ‘then known, was the fi;gt alkaloid to be isolated and

characterized as a single - moiety (2, 53). It was found to be a hetér_odimer of two -
believed ‘to be metabolic derivatives of tryptoph‘;m (54). VCR' was characterized later
(3) aQnd differs from VLB in having a formyl, rather ;han‘ a meth);l, groupvboﬁnd
té the nitrogen in position 1 of the vindoline moiety (see Figure 1, Chapter 1).
The molecular formulaé of VCR and VLB; respectively, are ‘C.(,H“N.Olo.- (m'ol.eculxr ‘
weight, 824) and .CiH.N,O, ._(mélecular weight, 810) (2). The two basic nitrogens
of the Vinca alkaloids‘ have éirnilar pKa 'vallues (38). A pKa of 7.4 is common to
bqth VCR aﬁd VLB, and the second pKa. values are, for VCR and VLB,
res';;ectively, 5.0 and 5.4,. The free bases are soluble in ethanol and iﬁsoluble in

water, and pharmaceufical preparations are generally available as sulfate. sélts. VLB

has absorbance maxima at 214 and 259 am (51) and VCR at 220, 255, and 296

nm (55). Thé vmolar extinctiofx coefficient for both VCR (255 nm) and VLB (259
nm) is 16,218 cm” M. ’
B. Antimitotic Activity of the Vinca Alkaloids

Numerous studies with ‘culturéd cells have established that the Vinca alkaloids
inhibit mitosis in proliferating cells. There was a correlation between the rate of loss

of colony-forming ability of ‘mouse. L-cells and the 'rate of accumulation of mitotic
. . .

-~
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cells upon exposure ‘to VLB (Zl). Two strains of Chinese hamster fibroblasts that‘

- differed 100-fold in their sensitivitv to VLB each exhibited Asimilar’ logarithmic

[}

relationships between drug concentration and (a) dissolution of the mitotic apparatus

L)

and (b) cell kil (16). Earle's L-cells, after exposure to 10 nM VLB for 21 hr,

‘were arrested in metaphase contained micronuclex of condensed chromosomes; and

when washed wrth drug-free medlum began dividing w1thm 90 min, producing
daughter cells of 1rregular sizes wrth abnormal nuclei. (22).

The asymptotic shape of survrval curves after in vitro and in vivo _exposures .

' to VCR' and VLB has been mterpreted as meamng that ‘the Vznca alkaloxds act on

prohferatmg cells pnmarrly in one portion of the cell cycle The concentration- effect

. relationships of survival curves obtamed for agents that act umformly throughout the

[

_cell cycle- are usually first- order wrth respect to drug. concentration Asymptotic

survrval curves have been obtained for cytotoxrcrty of the Vznca alkalords against ‘
neoplastrc (56, 57) and normal (56, 58) proliferating cells ‘and have been attributed

to action durin‘g‘ mitosis (56; 58). Similar asymptotic survival curves were seen for

notmal . bone _marrow cells after treatment of mice with ‘either VCR or VLB (56).

Asymptotic survival .curves we‘re also observed for mouse lymphoma uce(lls after
treatment of mice with VLB or VCR '(5_6).- 2

' Despite many reports that Virrc’a:alkaloids are synchronizing agents (59, 60),
the evidence that inhibition of mitosis i reversible 1s inconclusive. Metaphase-arrested
cells appear unable to resume normal growth after removal of drug. A
comprehensive review (16) of clinical and animal studies in which- the use of VCR
as a synchronizing., agent had been proposed found: no convincing evidence of
synchronization of .‘ cells with subsequent normal growth. In ‘most cases, metaphase-
arrested ce_lls' died; sometimes cells became polyploid, and it was shown (22) that

such cells usually undergo abnormal division if they d1v1de at all. A recent study

(24) in which the question of reversrbihty was addressed during VCR treatment of

4
I3
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: tumor;bearing ‘mice demonstrated that J.B-l Aascites tumor ;ells ane;ted in meta;)ha&
by VCR subsequently died. |

Although mitosis' is a major target of cytotoxicity of the Vinca {alkaloids.
nbr;-mitotic‘ cells are also sensitive to these drugs. VCR had a gr@eater «killing effect
" on ndn-;rblifefating cultured human lymphoid SK--LN cells (61) and :Chinese ‘hamster
ovary cells (62) than on proliferating cells.- VCR and VLB Wefe cytotoxic durjng
_interphase as well as during mitosis against Syh.cilronized HeLa and Chinese hamster

" ovary cells (63); VLB cytotoxiéity was seen when synchronized cells were exposéd
dhring the G, and S phases of 111& cell ;ycle, and_ VCR cytotoxicity was mn when
cells were exposed during S phase. Both intetpﬁase and mitotic toxic;ties were
observed whgp" .cells of the human leukemia lymphoblastoid line, -CCRF-CEM, were
exposed for 2 ;hr‘ to 100 ﬁM VCR or VLB; vesicles‘ were released from both
interphase and. mitotically-arrgsted cells, and cells eventually lysed (64). l‘nterphase
death is aléé/ suggested from studies of the effects of VCR ﬁeatment on circulating
lymphoblastic cells ‘in_. a patient with acute lymphocytic leukemia "(65). - *

In summary, the Viﬁca alkaloids are antimitotic agents, and ceKéA t;a've been
shown to lose proliférative capacity following extended mitotié ar;est.oLysis of cells
‘in interphase has also been demonstrated in some cell lines exposed to Vinca
alkaloids. The pﬁase of the cell cycle in which the Vinca ualkaloids exert their
cytoic;xic "é.frfec‘ts varies, depending on cell type andﬂ" ﬁroliferative state,_ ‘and' ihe‘

K ‘concentrations of drug /used. Interphase toxicity occurs at higher drug concentrations

) [ "> © A e . ’
. than those that result in mitotic arrest. -

& "
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C. Interaction of Vinca Alkaloids with Microtubules -
. Inh'ibi;ioh' of mitosis by the Vinca alkaloids is due to a specific interaction
with tubulin. The latter is ghe structural protein of microtubules and - is a -

heterodimer composed of two unlike polYpeﬂtide‘s, a« .and B (66). The mlecular
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wenghts of these subumts range between fxfty and sixty thousand daltons dependmg
»
on the species of ongm @d method of detetminauon Microtubules are spiral,

cylmdrlcal Structurcs of variable length, with a depth of 8 nm per completc turn of

BN

‘the helix. The number of tubulin subunits per turn ranges from 10 to-14,
depending on the species from which the microtubules \’"/ere° isolated, but is usually
13; Assembly and disaﬂssen.lb‘ly of miérotubdles\ occurs by oﬁentation-dcpendem
addition .of (gbulin heterodimers  at one t;:nd of microtubulcs‘ and dissdci’ation . from‘
Avthe oppositp end (67). Net assemlbly occurs when the fate of tubulin_ polymerization
at one end exceeds the' rate of depoiymerization at ‘the other end. When tubulin
heterqdimers to which Vinca molecules 'are bound associate with‘ the assembly énd of
microtubules, polymerization ceasés énd because disassembly ‘éontinues at the opposite
end, nmcrotubules eventually completely depolymenzc Bmdmg of Vinca alkalonds to
.about 1% of the total tubulm content of a cell can half -maximally mhnbxt
microtubule forrnanon (68). |
~ During mitosis, microtubules attach to condensed ;:hrdmosomes and "pull”

them apart, towards opposite .ends of the 'ce‘ll (69). Chromosorﬂe movémem is
: 'thc;ught to occur by a sliding process', in which micrombules attacheé to partigulat
chromatids and to either pole .of the mitotic apparatus move alo;ig microtubules that
extend  the l_ie;fg;h_ of -the cell (69). In a Vlnca-;reatgd cell, this pfbcess does not E
take place. The binding of Vinca alkaloids to tubulin inhibits assembly of -
microtubules and forn_latiotn of the ngi.t/otic’ ;pparat;ls. ‘

| Owellen et al. (25) étudied the binding of VCR an‘tl VLB to tubulin isolated _
from porcine bfain and free of microtubule-associated proteins. Rates of binding of .
VLB and VCR to purified tubulin were conipar'ab,le, and Scatchard~ analyses of-
drug-Binding at equilibrium gave association constants for interaction of_ VLB .and -
VCR with tubulin, respectively, of 6.0 x 10°°M" and 8.0 i 10‘»M“. Studies of

VLB binding- to rat:brain tul?ulin indicate 2 binding sites per heterodimet" with Ka

I
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Jvalues for VLB of 62 X 10‘ M- and. 8 X 10* M (70) Binding of VLB to 'high
affinity" sites inhibited in vitro polymeriution of rat brain tubulln whereas
a‘ggri:gation and precipitation of tubulin resulted Ir n. bindmg of VLB to
"lovi’l-affinity sltes VCR and VLB were equally active in blocking in vitro
polymenzation oi‘ tubulin punfxed from beef brain\(26) giving rise to the suggestion
that differences in clinical acnvny of VCR and VLB are not due to differences in
thexr acuon on rmcrotubules |
| Some ‘authors -have suggested that microtnbule-asSocinted proteins \may limit
 disruption of existing microtubules by Vinca alkaloids (26. 71). In- studies of
'poljmei‘iiation of ‘tubulin i the 'pr‘esenoe"‘of VCR and VLB, microtznbnle’l—nssociated
»ﬁroteins. were neeessafy for; spiral structures to "uncurl” fiom preformed E
microtnbnles. and idepoly_r’ne‘rizntion' of microtubules was not observed. However, these
»effeets vlere seen at’ drug concentrations (IO uM) thai are not pharmacologically ' |
: relevant. _Bindi_ng of Vinca alkaloids to purified microtnbule-fgsociated_ proteins was -
'not: asSayEdl. The ;dis'rupt_i.ve .effeet ol‘ Vinca alkaloids on microtubules is probably due
" to inhibition 'of micro‘tnbule elongation in these "steady-State ‘structures" ret'hei than
'to disaggregation of exnstmg mxcrotubules (68).

In ¥summary. VCR and VLB mhxhxt mxcrotubule dependent cellular funcnons
mcludmg rmtosxs by preventmg assembly of mlcrotubules VCR and VLB have
rs1m11ar xf not ldentxcal association constants for high affunty bmdmg to punfn:d
,tubulm ,(25). suggestmg that they are equally acuve -against their primary blochermcal
tar'get.' Mi‘crotubule';associsted prote'ins may r'a_lter' binding to mierotubules, but this has

- not been estebﬁshed. v o



and NCR' differ in several cell types.

" [*H]VLB, but no ['H]JVCR, with successive washes.

D. Cellular Uptake of Vinca Alhlolds

. Results of limited studies suggest that rates. of uptake and release of VLB

L)

When Hela cells were exposed to cytotoxic concentratxons of [*HJVCR and

I
.[’H]VLB the amount of VLB taken up by cells. was about 3 times that.df VCR,

and VLB was released from cells more raptdly than was VCR (72) The
coneentratron of VLB used for drug exposure \was 3-fold greater than that of VCR
Uptake and release of [’H]VCR and [’H]VLB were studred in cultured leukerma
L1210 cells at coneentrattons that were cytotoxic dunng continuous exposure and
after short exposures (13). Significan,tly greater arnounts of VLB than of VCR were
associated with cells after «4-hr exposures to equal concentrations'- of either drug, and

4
when cells were transferred to drug -free medrum after 4-hr exposures VLB was

‘released more - raptdly than VCR. In cells "loaded" with the same amount of either

drug. VLB was lost rﬁore raprdly and to a greater extent than VCR over a penod

of 3 hr Uptake of both 'VCR and VLB by L1210 leukemra cells was . dependent on_

the pH of culture fluids, increasing as pH increased. /,f SR 8"

. . ‘ a
Rat platelets exposed to equal éoncentrations of ['HJVCR and [*H]VLB

ace*umulated VLB at htgher rates than VCR (27). Although platelets }ocumulated the
same amount of either drug at eqmltbnum steady state levels of VLB ‘were reached

‘wrthm 1 hr, whereas those of VCR were not reached unttl 10 hr. EWhen platelets

were washed and resuspended in drug-free rnedrgm,» VCR ' was retained by platelets.
and 10-20% of VLB was lost with each successive wash. Similar results were found

for rat node lymphoma cells (137, 27), which lost about 50% of cell-associated

t

°

have also been observed (73). In contrast to results- obtained in uptake studies with

- cultured cells and platelets, uptal:e rates' of VCR were greater than those of VLB.

]

Differences in 'uptake of the\' Vinca alkaloids into desheathed cat sciatie/ nerve

\



Omission- of Ca** \fsom the medium significantly reduced the VCR uptake rate
without affecting that.of VLB The uptake of VCR was competitive with respect to}
VLB, suggesting mteraction of the two drugs at the same site, presumably
neurotubules,\ These differences in uptake correlated wnth bxologncal activity (and in
vivo nenrotoxtdty)h in that VCR was more effective than VLB in blocking axt{plastnic
transport in: desheathed -sciatic ~nerve. I

| AThus. ‘with one exception, results of uptake studies with several cell types
indicate that uptake and release of VLB is more rapid than that of VCR. When
drug mcubation penods were sufficiently long t&ﬁ? steady-state levels of accumulation
were reached the amounts of cell- assocxated VL’ and VCR were the same. In

nervous ttssue uptake of VCR was more rapld' than that of VLB.

E. Mechanisms of Resistance to Vinea Alkaloids Reiated to Drug Uptake
There are numerous examples “of ~cultured cell lmes vand transplantable tumors

. that were selected for resistance to a particular antiproliferative drug and are cross a
- resistant '_to a variety of structu'ra.lly' unrel_ated bdru‘gs. Examples of "pleiotropic drug'

’ @esistance"" are presented in Table 2. Pleiotropic drug resistance has most often been.
" found for actinomycin D, adriamycin, daunorubicin, and the Vinca alkaloids.
Resistance has been ‘correlated ;Nith reduced  drug' uotake (78, 80), possibly r‘esulting -
from altered membrane permeablhty (85 .86). Some authors have suggested that cells .
possess a membrane transporter that mediates entry or exit of ‘such drugs (39, 40),
~whereas others -have concluded that these drugs cross membranes only by passive
diffnsion (87). The theory that has drawn the most interest is that of an

- energy-dependent.. mediated system of drug efflux across the plasma membrane.

- The concept of an eneré}-depende system\ ‘has- arisen from

observations of the effects of inhibitors of energy metabolism on net uptake of

~drug in resistant cells. When~ energy i ormal, net uptake of drug

%
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) Abbreviations used are: VCR, vincristine; VLB, vinblastine; VDS, vindesine;
ADR adnamycin. DNR, daunorubicin; VP- 16 ctoposide VM-26, temposxdc.
ACT D actinomycin D CLC. colchicine; MAYT, maytansmc. MITHRA

mithramycin; PURO puromycin. MITO C mnomycm C Dem., dcmecolcme.

| CYTO-B, cytocholasnp B.

(4

'Cell lines were: mouse leukemia P388, human erythroid leukemia K562,

human lymphdblastoid leukemia CCl}F -.CEM, ‘mousc leukemia LS5178Y; Ehrlich

ascites mouse tumor cells, mouse leukemia L1210, Ridgway osteogenic  mouse

sarcoma (ROS), mouse tumor MDAY-K2, Chinese hamster cells;(‘,CH). and -

mouse fibroblastoma 3T3FL.

3Cross-resistant only. at low concentrations.



Table 2

Examples of Pleiotropic Drug Resistance!
Resistant Selected for Cross-resistant io: Ref.
Sub-line? Resistance to:
P388 VCR - VCR, VLB, ADR, 74,75
| DNR. VP-16 16,71
ADR _VCR, VLB, VDS, ACT-D 78
MAYT, MITHRA, VM-26, VP-16
Ks62 - VCR VLB, VDS 79
CCRF-CEM Ve, | VLB, VDS, MAYT, CLC, 35
K VM-26, VP-16
L5178Y VLB', VDS - 80
- ADR |
Ehrlich ascites VLB, VCR VDS, ADR, DNR 81
| DNR VCR 39,41
L1210 VDS " VCR’, VLB’ . 80
ADR, ACT-D
VM-26 VCR, ADR, ACT-D, VP-16 82
ROS ADR . VCR 83
MDAY-K2 ADR h DNR 84
CH " ADR VCR, VLB, DNR, MITHRA, 85
. PURO, MITO-C, Dem.
3T3FL MAYT 40>

VCR, ADR, CLC, CYTO-B
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occurs at reduced rates and to a lesser extent in drug-resistant, than in
drug-sensitive, cells. However -when energy metabolism is inhibited, the differences in
uptake between drug-sensitive ahd‘ resistant cells are eliminated. Efﬂy’xx of ['HJVCR
from VCR-resistant (AH66) rat hepatoma cells wa(s. nsore sensitive to |
2.4-dinitrophe'nol’ in glucose-free medium than that of VCR-sensitive (AH13) cells,
‘suggesting the existence of an energy-dependent efflux system that was greatly
ampllfned in resistant cells (42). A ‘'similar phenomenoﬁ was found in studies thh
VCR -sensitive and Tesistant P388 mouse leukemn.cells (43). The differences in net
uptake of [’H]actmomycm D and [’H]VCR in adnamycm-sensltnve and resistant
Ridgway osteogenic sarcomil cells (83) and of [’H]VCR and daunorubicin in
daunorubicin-sensitive and resistan; Ehrlich ascites cells (39, 41) }have also been
-attributed to energy-dependent efflux. e
An alternative explanation for energy-dependent differences in net uptake of
“drug seen- between drug-resistant and dmg-sens;tive cells has been proppsed (35).
After energy depletion, net uptake ef [_’H]V'LB by human lymphoblastoid leukemia
CCRF-CEM ceﬁs was reduced in VLB-sensitive and increased in VLB-resistant cells;
restoration of energy metabolism had obpbsite effec;s on net uptake of VLﬁ in
-drug-sensitive and ‘r,esisdtam cells. The interpretation of these results was that drug-
‘ resistant cells possess an. energy -dependent system, perhaps involving phosphorylation,
that reduces the number of binding sites available for interaction with drug. Energy
depletion of resistant cells makes these sites available for‘ dn;g bmdmg, and
restoration of energy metabolism "blocks drug binding sites, thereby eliminating

trapping of drug in cells. .

It has recently been shown (75, 88, 89, 90, 91, 92) that - pleiotropic drug

. resnslance can be circumvented with calcium channel b10ckers su’ch as verapamil.

Also, sensitivity of cells to drug has been reduced with the use of some

compounds, includi‘ng ruthenium red (93, 94). These pbservatiens have been

#
q‘ P
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\
int&’i‘prgted in a number of way;. but they may all be linked to an
energy -dependent syst;m of resistance. It is possible that blockage of Ca** efflux by \
ruthenium red makes cells resistant to VCR by increasing the intracellular Ca*
concentration and enhancing Ca‘*-dependent drug efflux of VCfl (93, 94). Verap&mil.
and other agentsv that block Ca uptake and diminish intracellular Ca** content,
render cells more sensitive | to ‘drugsv. including 'thc Vinca alkaloizis (75, 88, 89, 90,
| 91, 92). The association of high intracellular Ca** with rcsistax;cc } (20. 95) suggests
that Ca* metabolism may be involved in pleiotropic drug resistance. It is also
possible that th.e calcium chanhcl blockers eliminate rcsistancc‘ (a) by increasing
fn;mbranc fluidity, allowing greater uptake of drug (96), or (b) by difectly
inhibiting efflux of drugs, ‘either competitivély or by binding to a Ca** site on the -
putative efflux protein (97, 98). |
Increased expression of large mblecula? weight” membisane glycoproteins
accompanies acquisition of pleiqtroﬁic drug resistance in seyeral cell types (82, 99,
>100, 101, 102, 103, 104). Of particular interest has been the - identification of a
150-190 kd glycoproteinu that is present in much greater amounts\‘ in- the “membranes
of VCR-resistam, than of> sensitive, CCRF-CEM lymphoblastoid and Chinese hamster -
célls (99, 100, 102, 103). It is poésible that the 170-190 kd ;nembrane glycoﬁroteir{"
is | the product of a;l amplified gene (101, 102, 103) that is responsil;le ‘for the h
gréate’r efflux of drugs seen in resistant cells. .Neither of these possibilities /has been

proven.

F. Pharmacokinetics ' \
\\\ ' ‘ . \
" 1. Methods ‘ \\"
Pharmacokinetic studies in animafs and humans have been conducted with the

-

Vinca alkaloids using a variety of techniques. The earliest studies with VLB
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“ employed radiolabelled drug prepared by an exchange reaction with concentrated

tritium gas (31). In 1968, Greenius et al. (105) prepared [*H]-4-acetyl-vinblastine by

a method that is still widely used today: chemical deacetylation of VLB followed by
reacetylation by reaction with [*H]}-acetic anhydride. The first pharmacokinetic study
with VCR madc'use of a bioassay in which serum from patients given VCR was
assayed for antiproliferative activity against cultured ,cells .(15). Radiplabelled VCR
for use in pharmacokinetic studies ‘was first produced in 1972 by exchange with
[’H]-trifluoroacetic acid using a platinum catalyst (33).‘This method can also‘ be
used .for preparation of ['HJVLB (34). ' . ?

A 'dra{;avback of the use of radiolabelled alkaloids_“_‘éis the necessity of
separating_ possible metabolites from parent drug to effectively quantitate drug levels -
in serum or tissues. Some metabolites, although biologicalliy inactive, may contribute
significantly to the fadioactive content of samples. VCR a‘nd VLB decomposition
products ahd/or metabolites‘ have been separated by thin layer ana high performance
liquid chromatography. The latter method is preferred for a number of reasons,
including the reduced likelihood of spontaneous degradation, pafticularly of VCR,
during the separation procedures (30).

Recently, immunological methods have been described for assay of Vinca ‘
alkaloids in body fluids (29, 106). Monoclonal antibodiés have been ;rcpared that
recognize only parent drug (29, 106). Such assays are highly sensitive and can detéct

drug levels as low as 0.5.nM (lI, 106, 107).

“*

2. Animal Studies . | _

VCR and VLB distribute in a similar manner in body tissues of animals.

After equilibration of injected ®drug with tissues, the greatest accumulations are found

in lymphoid tissues, including the spleen and thyroid, and in adrenal glands (28, 29,

30, 31, 32, 33, 108). Moderate levels of drug also distribute into lung, kidney, bone

"
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marrow, and liver. Bile appears to be the major route of clearance of Vinca

alkaloids (29, 31, 32). VCR is excreted unchanged, whercas VLB appe'ars to be

) extensively metabolized by liver before excretion in bile (30, 31, 12, ).

Within 1 to 2 hr of administration of ['H]JVLB 1o rats, platelets contained
60% of total blood radioactivity (34). In another study with rats (105), ["H]VLB
was concentrated S-fold in white blood cells and platelets 2.5 hr after administration
of drug. White blood cells of ddgs have also been found to concentrate ['H]JVLB
(108). Platelets contain large numbefs of microtubules, and the accumulation of VLB
in platelets (109), and probably also ‘iln lymphoid' tissues and leukocytes, is due to
binding to tubulin. The greatest concentration of radio;activity 24 hr after injection
of [’H]JVLB into rats was found in the intestinal come_rlts and urine, followed by
liver, blood, and intestinal tissues (29, 32). Radioactivity was tecovered from liver
and spleen as apparent metabolites and from lymphoid tissues as unchanged drug
(28). Twenty percent of total injected radioactivity wan\‘found in bile, mostly as )
metabolites of VLB (32). Following administration of [*H]JVLB to  dogs. half of the
radioacti\;ity present in urine and nearly all the radioactivity i.n feces was in the
form of metabolites or products. of decomposition (108).

[*HJVCR was found to distribute in the bodies of rats in much li’xe same
way as VLB (30, 33). In contrast with the -extensive metabolism of VLB by liver
and bile (31), up to 90% of radioactivity recovered from bile and urine was
unchanged VCR (30, 33). In dogs, 4 hr after administration of [*HJVCR, most of
the label was localized in the spleen and lungs, and bile was the major route of
excretion (30). Metabolism was not reported.

In summary, bile appears to be the major route of 'clearance of Vinca
alkaloids from -animals. VCR is excreted mostly unaltered, and VLB is extensively
metabolized (liver and” possibly spleen in rats) before beiné’ excreted. Althoﬁgh both

drugs localize in lymphoid tissue, their relative localization in nervous tissues and
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bone marrow, the dose-limiting tissues for toxicity, have not been determined.

1

3. 'Clinical Studies

Data from pharmacological studies of the Vinca alkaloids in humans are
summanzed 11n Table 3. As m animals, bile is the ma]or route of " clearance from
humans. VLB appears to be extensively metabolized by liver before ‘being excreted,
and 50 90% of VCR is excreted unchanged (17 30, 31 32, 33, 108, 110). After
administration of [*H]VLB, greater than 99% of radloactrvxty in feces and between
10 “and 33% in urine was opresent as metabolites or decomposmon products (37).
Metaholism of VLB occurs primarily in liver, and desacetylvinblastine, the major
metabolite recovered in urine and feces, is 'more _cytothic against cultured cells than
VLB (17).

Clearance of the Vinca alkalords from serum has a trxphasm pattern (8, 11,
17, 110, 111) and the first two phases (« and B), which include biliary clearance
and ttssue uptake, have the same half-lives for VCR and VLB. However the third
phase (y) appears to be consrderab]y longer for VCR than for VLB, with
half -lives, respectwely,'of-85 i 70 hr and 25 £ 7 hr (11)

Following 1-hr infusions in leukemic children, plasma VCR levels were greater

o .

than S0 nM for up to 2 hr in most patients and remained between 5 and 50 nM
for at least 4 hr (15). Im.adult patients given VCR and VLB (the latter at doses
5-fold. greater than those of VCR), the concentrations of VCR' and VLB,
respectively, dropped from 70 to 7 nM “and 150 to 10 nM between a few min and
4 hr after mjectlon (11). In a similar study (17), the plasma concentration. of VLB'
declined sharply within aA few min of inje‘ction, from 500 to 100 nM, with.a
| further decay to abput 2 nM by 4 hr. For both VCR and VLlB Serum levels t)f

" about 100 nM represent less than 5% of the original dose (16). Within minutes of

mJectlon, most of the drug is rapidly distributed into interstitial fluids and fatty

!
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tissues, followed by ‘a slow equilibration into the "deep tissug c‘ompartmoﬁt.'.',‘ which

is thought to ;epresent' binding to intracellular protein, presumably tubulin. )
Analysis of ; the ‘pharmacokinetic data of Table 1 (not show}() has established
that the apparent volume” of the tissue compartments into which. VLB distfibutes
after mJectmn is 3 to 4 .times greater than that of VCR (12, 17) Fol]owmg i.v.
bolus 1nject10ng, VLB apparently equilibrates rapidly in locations that are not
accessible to VCR. Since VLB is more 1ipoj>hili'c than. V_C'R‘.‘ there may be greater
locahzauon of VLB than VCR in fatty tlssues and. in membranes
It is apparent from the few long-term studies of clearance that, after 72 hr,
20-50% of the total admlmstered -drug is retained within the body (10, 37, 110).
VCR and VLB are "seduestered" in tissues and are gradilally released im,o bleod
over a penod of several days durmg Wthh time serum levels drop from 10 to
1 nM within 24 hr andw then slowly dechne below levels of detection after about 4

days (11, 17, :107. 110, 111, 112). The more rapid decline of serum levels of VLB

than VCR during the third (y) clearance phase undoubtedly arises from its different
, - !

‘distribution in the body and contributes to the differences in therapeutic activity of

“the two drugs.
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III. Human Promyelocytic Leukemia HL-60

The human leukemla cell lme HL-+60 was derived from peripheral blood leukocytes
of an adult female with acute promyelocytic leukemia (14) After 8 days in primary
culture, virtually ‘all of the surviving cells were posmve for peroxidase and’ Sudan
* black staining, indicating the presence of myelocytic celis. Af.ter subculture,
;prohf eratmg HL-60 cells had population doubling times of 55- 60 hr ‘and 17% of
cells cxhrblted a "d1fferent1ated" phenotype. The cell line had a modal chromosome
number of 44 apd was negative in tests for Epstein-Barr virus nuclear antigen. It
was later discovereo‘ that HL-60 cells could be chemically induced to differentiate to
either monocyte and ‘macrophage lilre cells or to -granulocytic cells (18, 19). A
selected list of mducers of differentiation of HL-60 cells is presented in Table 4

Treatment of HL 60 cells with tetradecanoylphorbolacetate (TPA) stimulates
exnression' of a number of "markers" of normal monocytes, including non-specxflc 5,
esterase (i]4“ 120, 121}, ad‘d phosphatase (120, 121, 122), ingestion of late\x. beaos
(120), adherence to plastic (18, 121), NADase (121), 5'-'nucleotidas.e (114), and
comnlemem C3 and Fc receptors (123). TPA also causes repression of two
granulocytic »mzrr'kers, _specific esterase (120) and myeloperoxidase (114, 121).
_ Monocyte charJ Jstics that TPA does not enhance in HL-60 cells are ‘superoxide
%generation, _ingestion of E. coli, hexose monophosphate shunt,. compl_emem C2
secretion, and - reductionl of‘ nitroblue tetrazolium (114). |

THE best doeumented inducer of differentiation of HL-60 cells in the
dlrectlon of granulocytlc cells is dlmethylsulfoxxde (DMSO) Retmorc acid has?also
" been shown to be a potent mducer (115). The granulocync markers that are
'.expressed in DMSO treated HL-60 cells are lysozyme release (121), superoxxde
generation (113, 117), phagocytosis (19, 117), chemotaxis (113), B-glucuromdase
activity (117), hexose monophosphate ‘shunt activity (117), amd complement C3 and .

Fc receptors (113, 123). In most instances, the activities. of these markers are not

28



1Abbre‘vimions: ‘DMSO, dimethylsulfoxide; TPA, 12-O-tetradecanoyl-'
* phorbol-13-acetate; DMF, dimeLh)'lfonilamide; HMBA, hydfoxymelhylbutyric
acid; ACT-D, actinomycin D; MTX, methotrexate.

*Morphological assessment
N . R : SN

SNBT, nitroblue 1eirazoliugi. Reduction of NBT is -due to the preécnce_ of .
'O{'. a product of oxidase activity in mature white blood cells (granulocytes
and macrophages) (119). Normal granulocytes and 'monocyles'-fr‘omf peripheral

blood reduced NBT. respectively, by >90% (113) arid 97+3% (114).. - *
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Table 4

30

Induction of HL-60 Differentiation
Ref. . Inducer! Length of ~ % mature % NBT—
treatment “cells? reducing
(days) cells®
om0 . 8-12 8
- 112 % DMSO 6 75-85 72
114 0 542
) - 16 nM TPA . 4 5+3
19 0 , 11
1.15 % DMSO 6 73
1.30 % DMSO 6 . 94
60 mM DMF -6 84
‘ 0.6 mM Butyric acid 6 58
115 1.14 % DMSO 6 . 96
- 0.5 mM Butyric acid 6 ° B6 ;
1, uM Retinoic acid 6 94 92
2.0 mM HMBA 6 91 :
116 0 o | 7 .
2 mM HMBA . 6 - 95 97.
- 5 mM Hypoxanthine 6 86 90
~1.3 % DMSO 6 75 80 "?;
5 ng/ml ACT-D 6 85
117 "0 L 4 10
. 1.3 % DMSO 6 59 97
_ \\ - 1.3 % DMSO 9 94 97
11§ 0 T 6 6
: - 25 uM 3-deazauridine 6 96 - 94
1 uM -pyrazofurin ' 6 63 57 .
14 nM MTX 6 - 35 31
1.2 % DMSO 6 89 89

£l
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equal to those of normal granulocytes. Collins etv al. (19) noted the‘ffollowing
'morphblogical changes in HL-60 cells fpllowing imﬁt_ion by DMSO: ‘"smaller si;é.
decreased nuclear/cyioplasmic rétio. less prominent cytoplasniic granules, 'marked
reduction or complete disappearance of nucleoli, pyknotic ch&nges in I_‘nuclear
chromatin, and marked indehﬁtion, co@voluﬁon. gmd segmentation of the nuclei”.
Reports 6f the effects of Vinca alkaloids ;‘m> HL-60. cells are‘ limited. Aft'er(’
6-day exposurés of 'HL-60 cells to VCR,V there was a 2-fold increase in the
pércentage of myeiocytic cells (from 8% to 18%) as p:o_li_fération rat'es" were reduced
by abqut half (116). ‘It is likely that noqprolifeféting. monocytic cells were present
in cultures when drug exposures were initiated and . survived prolonged exposures to

»

VCR.

The transformed ' state‘of'/m,\-&) cells appears ® be related to the expression
he ras

of a number of 6ncogerfeg. oncogene codes for‘ a 21‘ kilodalton protein that
has been' found in HL-60 cells (124, | 125). The myc oncogene is present in HL‘-6O
cells in \about 20-30 copies per cell, 3-fold greater bl fhan the number in normal
lymphocytes (124, 125, '126). Wheﬁ differentié’tiém of ’HL-6O cells is- induced by
DMSO, retinoic acid,‘ or TPA, expression of the myé onéogene declines. Expiession
of the myb oncogene '(als?/ referred to as amv) . also 'declines in DMSFO‘Aor retinoic
acid-induced HL160 cells (127), whereas expressio'xi of " the abl 'oncogene does no{

_ . _ .

change (125). The relationships between expression of the myc, ras;, and myb

oncogenes and proliferation -of HL-60 cells are not known.
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IV. Materials and Methods

A. Cell Culture .
Hurnan promyelocytic leukemia HL-60 cells (14) were a generous gift from Dr. R.
Gallo NIH Bethesda, MD. HL-60 cells were routinely mamtamed as suspensxon
cultures in the absence of anubrotxcs in Roswell Park Memorial Institute medium
"1640 (RPMI 1640) supplemented with 15% fetal bovine serum (FBS). Stock cultures
were kept at 37 in a humidifieq atmosphere of 5% CO; in air, and were
subcultured 3 times .per weelt .'by diluting to 10° celis/ml, i,or 0.5 x 10° cells/ml over
weekentis. Preliminary erneriments reported in reference 13 were conducted with the
original cell line wni'ch had a doubling time of 36-48 hr and a cloning efficiency
.m soft agar culture of 30%. The experxments presented here were conducted with a
 clonal denvatxve (HL -60/C1), whrch was begun from a smgle colony. HL- 60/C1
. cells. were found to grow exponenually between subculture periods with a doublmg
* time of 24 hr and exhlbrted a cloning effrcrency of 50%. Ampules of HL- 60/C1
_ cells “were stored in liquid nitrogen, and after 30 to 40 subculture generatlons new
cultures were restarted from frozen stocks; demonstrated to be free of Mycoplasma
(Dr J. Robertson Medncal Bacteriology, Umversxty of Alberta). For experxmental
'purposes, cells were subcultured daily until use by drlutmg to 10’ cells/ml, a-nd.
untess otherwise noted, culture fluids contained 4\mM Hepes buffer (pH 7.4),
penicillin (100 units/ml). and streptomycin (100 ug/ml)\. Cell .nur\nbers were
deterrnined- by enumerating with an electronic particle countel:} (Model' ZB, Coulter
Electronies. Hialeah, FL). l
To determine the effects of drugs on .cell proliferation rates, suspensions of
exponentially proliferating cells (2 x 10° cells/ml) were combined with equal volumes

of fresh groxfrth medium containing VCR or VLB at twice the concentration to be

“tested. For continuous exposures, cell concentrations were: determined in duplicate

) 32 s
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cultures at 0, 24, and 48 hr, intervals during which untreated célls grew
exponentially. For 4-hr exposures, the exposure to drug was stopped by centrifuging
cells (120 g, 8 min), washing once in fresh, drug-free growth medium, and
resuspending at approximately 10° cells/ml in fresh medium. Cell concentrations were
determined at 0, 24, and 48 hr after. resﬁspcnsion of cells in drug-free medium.
Cell recoveries following centrifugation, washing, and resuspensién were about 85-90%
for all cultures. |

Drug effects ro_n reproductiye viability were determined by assay of
‘colony-fortning ability ih soft a'gajr ﬁsingr a modification of an established ‘procedure
" (128). HL-60/C1 cells were exposed for 4 hr, as described above for proliferation
experiments, and, after being washed with drug- free growth medium, were |
resuspended and diluted in cloning medlum Clomng medium consisted of RPMI 1640
supplen}entcd with 15% FBS, IQ% "conditioned medium” and geqtamxcm (50 ug/ml). -
Conditioned medium was obtained by filtration (0.22 um Millipore filtér,_, Millipc‘re
k‘Corp"oration, "Bedford, Mass.) of spent medium . from cﬁltures of HL-607Cl cells |
(initial concent.ration 10¢ cells/ml)_ that had been proliferating ekponential]y for 48 hr
and was either used immediately vor”store‘,d at 4 ovemight.'Soft-ﬁgar cultures were
established in 5 ml cloning medium ’(160-200 cells/6-cm petri plate), to which had
been added 0.13% éga_r Noble. Such cultures were\;\;incubated 14 days at 3T in a
humidified atmoéphg:re of 5% CO, in ‘air. Colonie/s/ ‘were app'roximatel); 1 mm in
diaméter, and were counted using a low magnifi’i;ation b(7x) microscope. |

Drug effects on viability were also determiried 'by dye exclusion. Suspensions
(0.5 ml) of HL-60/Cl. cells in growth medxum (1 -2 x 10% cells) were mixed with
0.25 ml of trypan blue _solution (0.5% w/v in physmlogxcal salme) and incubated 15
min at 37". Cells were scored‘ for staining by . observing wet mounts _usmg an

inverted microscope.
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B Cell volume determin_ﬂ"ﬂti‘fonsl -
Volﬁme determinations of HL-60/C1 cells were obtained using a Model Zf
' Coulter counter fitted with a 100 um aperture tube in conjugfion with a
100-channel particle’ size analyzer (Channelyzer 11, -Coulter Electronics Inc.) ‘interfdced
Witil an- Apple 11+ computer (Apple Computer Inc., Cupertino CA). The -
channelyzer was calxbrated with polystyrene microspheres of 10.08 um diameter
(Coulter Electromcs Inc., Qakville, Ont.), and volume distributions wer‘e analyzed
using software obtained from_ Coulter Electronics Inc. A shape factor of 1.5,
_ correspondiné to a spherical non-conducting particle, was used for all determinations,
;nd mea;l and modal cell volumes were calculated. Table 5 demonstrates that fhe -
volume of HL- 60/C1 cells was stable for up to 90 min in physxologlcal saline (0.15
M NaCl) All determinations of cell concentration and cell volume w%re routinely
concluded within 20 min of introducing the cells to saline. The cell volume was
used in some experiments to estimate "apparent” inmtracellular ﬁoncentration‘ of dmg
for calcqlatidn of ratios of intra and extracellular concentrations. Since cellular alrug

. =
content was an average for cells in a particular culture, the mean cell volume was
A .

. : o
used to calculate such ratios. i

C. DNA distributions

| The relative DNA content ‘of HL-60/Cl1 cells was determined by flow
cytometry using rr_lithramycin, a fluorescent DNA-binding agent, and a modification
of previously described procedures (129, 130, 131). Portions of cell suspensions of
sufficient volume to give 1.5-2 x 10° cells ‘were centrifuged (120 g, 8 min), and

the pellets were resuspended in 1 mi- of ice-cold saline. Cells were then fixed by

adding 5 mls of cold 70% ethanol, ‘dropwise at first to avoid clufilping. Fixed cells

'Since some of cell-associated "drug was bound to intracetlular components (e.g.,
tubulin), the values obtained for intracellular drug concentrations are overestimates.
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Table 5
Stability of HL-60/Cl Cells in Physiological Saline:

Cell Volume Determinations

R E— — — )
Time , Mean Volume Modal Volume
(min) (fl £ SD) (1)
2 11611354 o 1000°
15 | 1090+329° 873
30 : 10844332 | 937
45 | 10624325 937
60 1067435 - , 931
%N 10684334 905

1

Exponentially proliferating HL-60/C1 ceils were established in culture (10° cells/ml)
and incubated 3t T fér 24 hr. One-ml portions of cell sixspensiohs were added- to .
19 ml of physiological saline, and mean and modal cell volumes were determined at
the times indicated as described in the text. The standard deviations presented aré
those o! individual distributions. One determinétion was performed for éach time

. '_ &
pomt.
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could be kept in ethgnol in a refrigerator (4') for several weeks before further
processing. Immédiately .before beéinning the staining‘ procedu’re, the ethanol-cell
suspensions were centrifuged and the pellets. were washed oncé in 5§ ml of saline to
remove excess ethanol, which was found to alter fluorescence intensity, an‘d ”
resuspended iﬁ 0.75 ml of mithramycin (100 ug/ml) staining solufion. The latter was
prepared by dissolving 2.5 mg of mithramycin in 5 ml of distilled H,O, then |
diluting 1:4 with 0.1 M Tris-HCl (pH 176), 0.1 M NéCl, and 15 mM MgCl,.
Cells: were allowed to stain in the dark ’for 30 min, after which the fluorescence"
intqnsit.y was stable for several hr. Fluorescence intensity, a measure of relative
DNA éontcm of mithramycin-Stﬁined cells, was determined with a Coulter Electronics
Epics V fluorescence activated cell sorter (Cdulfer' Electfonics Inc., Qakville, Ont.)
.equipped with an argon laser (peak emission, 457 nm) used at an output of 200
an. Mithramycin has peak excitation and emission wavelengths, respectively, of 421
‘nm and 575 nm. Red flourescente was detected after sequential ‘filtering with a
5¥5-nm absorbance fi]ter- and a SIS-nm interference filter, a 560-nm dichroic fi‘lter,v
and ;a 570-nm “ long-pass filter. Data ‘were collected on a Multiparameter Data
Acquisition and Display System (MDADS). Charts of DNA distributions were
produced L{Sing the GRAFP2 program (Coulter Electrdr_xics EASYAI spftwafe) on a

"~ Terak 8510 computer interfaced with a Tgr-ak. 8600 Graphics display terminal

(Scottsdale, AZ).

D. Purification of [PH]VCR and ['H]VLB

[PHJVCR and [’H]JVLB were produced by a éatalysed reaction in which
tritium atoms of [*H]trifluoroacetic acid exchanged with hydrogen atoms of the
17-position of the indole heterocycle! (33, 34). Radiochemicals were supplied in

methanol and were stored at -20. [’H]VCR and [’H]VLBP were purified within 4

'Dr. J. Moravek, personal communication



days of expertments by high pcrformance liquid chromatograghy (HPLC) using a
modification (Table 6) of a solvent system prevrously desctibed (132). The' t.olumn
used for separation was a reverse phase partlsrl 10725, ODS-3 (Whatrnan Chemical
Separations,A Clifton, NJ), which was attached to an SP8000A pump and gradient
generatbr (Spectra-Physics. Santa Clara, CA). The detection system was either a
Spectra-Physics SP8310 fixed wavelength\detector (254 nm) or SP8400 variable
detector (259 nm). Portions of [*H]JVCR and [*H]VLB in methanol (or prevnously
punfled drug in H,0) were dried using a rotary evaporator. The residue was
resuspended in 230 ul of H,O,-200:4l of which were injected onto the column
using a WISP 710B automatic injector (Waters Associates, Milford, Mass.). For
determination of the radioactive content of eluates, 1-ml fractror;s were collected
directly into scintillation vials using an LKB automatic fraction collector
(LKB-Produkter AB, Bromma, Sweden). To each vial were added 8 ml ot" a
xylene:detergent ff:intillant (133), and the resulting mixtures were left in the dark
for 24 hr befdrev?determination of radioactive content by liquid scintillation counting
(Model LS 7500, Beckman Instruments, Irvine, CA).

The elution profiles of Figure 2 are representative of those usually obtained .
for ['HJVCR and [JH]VLﬁ duriné durification. The pare‘nt compounds were clearly
separated from their products of radioactive decay. VLB, which is more hydrophobic
than VCR, exhibited a longer retention time.! None of the degradation products
present in stock solutions of radiochemicals was identified. Frgure 3 demonstrates the
.success of the purification procedure in producing homogeneous preparations of

[3H]VCR and [’H]VLB Three days after purification, analysis of these preparattons

indicated that essent:ally all of the radioactivity co- eluted with unlabelled standards.

'The octanol:water partition coefficients at pH 7.4 of VLB and VCR are 2000 and
160, respectively (38). .
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Table 6
, Gradient System' for HPLC Elution of

[’H]VCR and [’H]VLB

Time KH,PO,* Methanol
(min) | | % %

0 55 45

12 o 37 ‘ 63

30 25 75

% . 3 21 79

40 0 100

50 , s ‘ 45

L]

'Although the gradient system was generally maintained to elute [*H]JVCR and

[FH]JVLB (1 ml/min, 40°) between 17 and 24 min after injecliﬁ, it was sometimes
v . . .

altered slightly because of changes in column activity and because the mixing system

did not siphon the two solvents with equal efficiency.

10 mM, pH 4.9
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Figure 2. Separation of [PH]JVCR and [*H]JVLB by HPLC. The tracings represent

absorbancé at 259 nm and demonstrate the separation of [’H]VCR and [*H]VLB

from products of radioactive decay.yThe separatiori time was 45 min, and ‘[V’H]YCR%‘:;‘?'.‘
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and [*H]JVLB eluted at 18 and 22 min, respectively.
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Flgure 3. Analysns of [3H]VCR and [3H]VLB purified by HPLC. Solutions containing
’H]VCR or [*H]JVLB, together with unlabelled VCR or VLB as carrier, were eluted
as described in the text for the punflcanon procedure; Absorbance was monitored at
259 nm. Dotted lines, fadioactivit&r (10°* x cpm); solid lines, relativ¢ absorbance (259

nm).
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[PH]JVCR and [’H]VLB were supplied with a specific activity of 9-12

Ci/mmol. After punfxcanon the specific activity ranged from 3-7 cpm/umol, and
was usually about 4-5 cpm/umol, which, with a counting efficiency ofJ20%,
corresponded to 9-11 Ci/mfnbl. When e?cperiments required concentrations greater than
50 nM, [’H]\)CR and -['H]JVLB were‘ mixed with nonjsotopic VCR or VLB,

. Tespectively.

E. Binding of VCR and VLB to serum brofeins

The binding of VCR and VLB' to. proteins present" in fetal bovine serum was
studied by équilibrium dialysis. The apparatus (Hoefer Scientific Instruments, San-
Fr‘anéispo, .CA) had two plz;stic discs between which the dialysis membrane
(molecular weight k:moff , 14,000) ;vas placed. There were eight 200-ul ports around
the perimeter of each disc. The two discs were aiigned sﬁch. that -each port was
opposite a port on the other disc, and the dialysis "membrane,separated the aligned

“ports from each other. Dialysis membranes, activated by boiling for 2 min in a

solution of 5% Na,CO,, were rinsed thoroughly with distilled H,O. A 200-. :

of the test solution was added to one member of a pair of ports and

pH) were added to the port on the opposite side.‘:‘ To determine the c :
of free drug ,on eith®r side of the membrane ~at edui}librium, some pairs of ports
had\ 15% FBS on both sides of the merribfane. The por;s were sealed aﬁd ‘incubated
on a stirring apparatus for 24 hr at 37. Samples of 100 ul were femoved from
'eath port (i.e., both sides of the membrane) and were counted in 8 oml of a
xylene detergent scintillant (133) |

Drug binding was assessed in RPMI 1640 supplememed with FBS (2, 5, 10,
or 15%), S mM Hepés buffer (pH: 5.5, 6, 6.5, 7, 7.5, or 8), and gentamicin

(50 pg/ml). [PHJVCR was\tbpresem; at concentrations of _50, 100, 200, or 400 nM,(

-
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and ['HJVLB was present at concentrations of 50, 200, 800, 1000, or 3000 nM. The

pH of test solutions was adjusted using 6 M HCl or 10 M NaoH.

F. Metat‘)olite‘ studies

P;)s ible metabolism of the Vinca alkaloids by‘ HL-60/C1 cells V\'/as_ examined‘
as follows. Culfures established with exponentially proliferating cells (1.5 x 10°
cells_/ml) were incubated for 24 hr in the absence (uﬁtfeated) or presence, of 20 HM
['HJVCR or [*H]VLB, after which cells were collected by centrifugation (120 g, 8

min). One ml of each supernatant was saved and processed for analysis of

metabolites as described below, and the remainder was discarded. The cell pellets
were washed once with 10 ml 6f icg-cold saline and w;:ré then subjected to 3
successive extraciions in 4 ml of ice-cold 95% ethanol. Just before the first’
extraction, 5 nmol of the appropriate unlabelled drug were added as carrier, to cell
~pellets obtained from untreated and drug-exposed cultures. As well, 10 assess

spontaneous decomposmon during the extragtion procedure‘ 40 pmol of [*H]JVCR or

" [PH]VLB /weré a’dded 10 cell pellets obtajn Trom untreated cultures. After the first
extraction, samples were centrifuged at 400 g (3 min, 4), and after the ‘second and
third exuacuons samples were centrifuged at 700 g (3 min, 4) The three
supernatants from each sample were pooled -in 25-ml .ound bottom roto-evaporator
flasks, and the ethanol extracts were dried by rotary eyaporau'on. The fesultiné

~ residues were dissolved in 250 ul H,0, 200 ul of whi:?frl were immediately injected

| oﬁto a‘- reverse-phase partisil column and eluted as descrjbed in Section ‘D. One-ml
fractions were collei:ted’and mixed with 8 ml of xylene:detergent scintillant (133), \
and, after 24 hr in the dark, the radioactive content of the rTesulting mixtures was
determined by. liquidk scintiliation 'counting. .

Analysis of possible metabolites in culture fluids after 24-hr drug exposures

was as follows. Portions (200 ul) of the previously reserved supernatants, obtained
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as described above, were incubated with 1 ml of 95‘79 ethano! in microfuge tubes
‘\_f‘orltl hr at 4'. The tubes were then centsifuged (12,800 g, 10 min, 4°). The
iesulting supernatants were. dried bvy rotary .evaporaﬁon. and ;the residues were
dissolved in 230 ! H,O for‘analysis by HPLC as described above for cell ‘extracts.
| One-ml fractions . of eluates were collected for determination of rad_ioacti\re content as
described above.
_G. Uptake and release of HJVCR and [H]VLB

‘Measurements of céllular uptake' of [*H]JVCR and [*H]JVLB by HL-60/Cl celis
were conducted under conditidns similar to those of proliferation experiments.’ |

Cultures were established as described in Section A’ and, for 4-hr exposures, were

T

incubated at 37" with the caps tighten®d or, for longer exposures, at 37 in a
humidified atmosphere of 5% CO, in air with the caps lodse.g‘Cell-associated o
radioactivity “¥Yor each condition was _‘determined as follows. ,Trci»plicate 1-ml samples
were removed from cell cultures at graded time intervals and were transferred to
1.5-ml polypropylene microcentrifuge tubes and centrifuged (12,800 g, 1 min). The
supernatants were aspirated and discarded, and the cells were washed once by |
resuspending in 1 ml of ice-cold physiological saline and centrifuging (12,800 g, 1
min).-Onéé‘-Sf the three replicate gcllet_s was resﬁspended in 1 ml of saline, and the
cell concentration was determined \;'ith' an electronic particle counter. The *H content
of the other two pellets wis “determined by .solubilizing‘ overnight in 100 ;A of 1%
Triion X~IQO (v/v). The microfuge tubes and 8 ml oi‘ a xylehe:detergent scintillant
,°(133) were placed in scintillation vials;‘ and, after being left in the dark for 24 hr,
the radioactive content was determined’ by liquid scintillafion qounting.

The: effects of pH and serum concentration on‘ uptake of [*H]JVCR and

[*H]JVLB was assessed by modifying the procedure above as follows. Ten ml of

exponentially proliferating cultures (3 x 10° cells/ml) were centrifuged (120 g, 8



min), ’and the resulting pellets were resuspended in 8 ml of (a) RPMI 1640
supplemented with 15% FBS and 4 mM Hepes that had been adjustéd with 6 M
HC! or 10 M NaOH‘ to a pH of 5.5, 6.0, 6.5, 7.0, 7.5, or 8.0 or (b) RPMI
1640 supplemented with 4 mM Hepes (pH 7.4) and 2, 5.-10, or 15% FBS. ‘Uptakc

reactions were initiated by -combining 3-ml portions of cell suspensions in the

-
A

éppropriate medium with 3-ml portions of the same medi\im containing 100 nM
[*HJVCR or [*H]JVLB. The resulting cultures 'were incubated at 37 in sealed tubes
that were positioned von a vertically rotating test-tube rack to keép ihe cells
suspended. At 4 hr, five 1-ml samples were removed, and 3 were processed for
determination of cell-associated rgdio_acti;/ity by scintillation courﬁ?ng and 2 for
~ determination of cell number, as described above.
\ ‘.\To measﬁre rates of drug release, cells were "loaded” woith [*HJVCR or
[PH]JVLB under the conditions descrii)ed for uptake experiméms. After "4 or 24 hr,
- triplicate 1-ml samples were rémoved and processed for determination of
- cell-associated radioactivity, as chcribea_ ab\b've, to obtain "time-zero" values for time
courses of drug release. The remainder. of each culture was centrifuged (120 g, 8 |
min), and the supernatants were aspirated and disca_rded. Drug release was uzmated
by resuspending each pellet in a | volume of drug-free growth medium such that ﬁthe
cell concentration ‘was the same as during the loading procedure. The resulting cell
suspensions were incubated at 37, and at graded time intervals thereafter, triplicate
1-ml samples were removed and celi-associated radioactivity was determined as
described above.
-

H. Uptake and release of VLB by ATP-depleted cells

‘To determine Aconditj‘on’s that would deplete cellular ATP, HL-60/C1 cells were *

exposed for varying lengths of time to 10 mM sodium azide in glucose-free or

glucose-containing (2 ug/ml) RPMI 1640 supplemented with 15% dialyzed FBS.
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Serum was ‘dialyzed al 4 by washing once for 8 llr and twice for 24 hr in 20
volumes o.f saline (Spectrapor dialysis membrane, molecular weight cutoff 3500,
Specirum Medical Industries, Los Angeles, CA) and was sterilized before use by
filtation (022 um_ Millipore filter). |

' Ccllular ATP ‘content was determined by an estabhshed procedure (134).
Fifty-ml cultures (3 x 10° cells/mi) were cooled 3 min on ice and tl\en centrifuged
(1000‘ g 2.5 mln.‘ 4’). The medium was as_pirgted, and, without resuspension, the
pellets were centrifuged again (1000 g, 2.5 min, 4°). After carefully removing as
much as possxble of supematants the pellets (about -1 5 x 10‘7 cells) were suspended
in 100 ul of. 0.4 M perchlonc acid. The resulting mixtures were vortexed, 1§:<:ubated |
" on ‘ice for 20 min, with a second vortexmg at 10 min, and cenmfuged (1000 g,
2.5 min, 4). The supematants were transferred to 1.5-ml microfuge tubes and
‘mixed by mild vortexing with approximately 1.5 volumes of- 0.5 M_ alamine 336 in
freon (200). ‘After about 30 sec, the neutrallzed samples Vwere‘ centrifuged l12.800 g,
1 min), and the clear, top layers of supernatants (about 75 ul) were saved and
“stored frozen. The supematants (50-55 -ul). were later analyzed by HPLC usmg the
same \pump and . detection system as for punf:canon of tritiated Vinca alkaloids
(Sectlon D) and 1socrauc elutlon on a Wh'atman partisil ion exchange column
(10725, SAX) with 0.25 M KH,PO, and 0.5 M KCl, pH 45 at 1.5 ml/min at
Lroom temperature (134) Nucleoude peaks were identified by companson of retention
time of chromatographed standards

To assess the effect of depletion of cellular ATP- on uptake of [’H]VLB

eXponentially proliferating cells were collected by centrifugation (120 g, 8 min) and
ﬁcsuspended (2 x 10° cells/ml) in "azide medium” containing 50 nM ['H]JVLB. Azide
" medium consisted of glucdse-free RPMI 1640 supplemented with 15% dialyzed FBS
and 10 mM sodium azide. After incubating cultures at 37 for 4 hr, triplicate l-nll-

sarioles were removed for determination of cell-associated radioactivity as described in

e



Section G' to obtain time-zero values for time courses of VLB release. The
remainder of each cultﬁre was then centrifuged (120 g 8 min), and- VLB release
~was initiated by resuspending each pellet in drug-free azide medium at the same cell
cgncentration as before, centrifugation. The resulting cell suspensions were incubated

at 37, and, at graded time intervals thereafter, triplicate 1-ml samples were removed

and cell-associated radioactivity was determined as described in Section G.

| 1. MateriI;IS

[’H]YCR ahd ['HJVLB were supplied by Moravek Biochemicals (Brea, CA).
Vincgistine sulphate and vir)lblas_tine sulphate ‘were provided by Eli Lilly and Co.,
Indiana?olis'. IN, or were pu;&hased from Sigma Biochemicals Co._, ‘St Louis, MO..
Mithramy'cin wasy also pﬁréhased ‘from Sigﬁl'a Biochemicals Co. Materials for buffers
(NaCl and. HPLC grade KH,PO,) and HPLC gfadc methanol were supplied by
Fisher Scientific, Faii Lawn, NJ. Tissue culture materials were purchased from
Grand Island Biological Co., Buriington, Ont. Gentamicin was purchased from
Scherihg : CoArporation', Kénilworth, 'NJ, and Hepes buffer from Research Organics,
Inc., Clevéland, OH. Agar Noble is a product of DIFCO Laboratories, Detroit, MI.
Microfuge tubes and __micrépipette _tips were -purchased from Bio-Rad Laboratories,
Mississauga, Ont., and Triton X-100 was supplied by J T. Baker Chemical Co.,

Phillipsburg, NJ.



V. Biological Effects of the Vinca Alkaloids on HL-60/C1 Cells

A. Introduction

Although there have been numerous studies of the antiproliferative and
cytotoxic ,effects. of“ the Vinca>\ alkaloids against cultured cells, there are relatively few
in which‘ the effects of VCR and VLB have been compared directly at )
‘pharmacologically relevant ;oncentrations. There are isolated reports of differences in
cytotoxic activity of VCR and VLB against neoplastic ccl}_s in culture and
transpl;:ntable tumors ﬁl mice (135), but at the time;bthis study was initiated, it was
not clear if the differences in activity observed in clinical ﬁse of VCR and >VLB
" would be reflected by diffefential activity at the cellular level. The similarities in
chemical structures (4) and in biochemical action- against tubulin (25, 26) suggested
tﬁat VCR and VLB wbuld exhibit similar gctivities against proliferating cells. |

Pharmacokinetic studies in humans have established that up to 95%. of
injected VCRV or VLB is distribui'ed into‘ tissues within several minutes following
injection (16), and the serum concentraiions of VCR and VLB drop rapidly dilring
the first few hr after injection (11). Thus, cells in —vivo experience drug exposures
in nwhich extracellular dx;ug concentrations are iniiially high (100-500 nM) for a short

time (<0.5 hr), and then after a period of rapid Qecline, are low (1-10 nM) for
an extended period (’48-72 hr). ‘ ’

In a,prelimingr? wdrk"(13i)i, 'w~hich was undgrtaken to determine if VCR akhd
VLB exhibited diffei‘eptial activity against cultured cells, the early phase of in vivo
drug exposure was modeled by subjectiﬂg cultured cells to pulse exposures of
relatively high concentrations of VCR or YLB followed by culture in drug-free
medium. .The extended Iphaée_ of drug exposure was modeled t;y subjecting cells to

continuous exposures to low concentrations. Differential toxicity was seen after a

short exposure interval, but not during continuous exposure, and the antiproliferative

2 47
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and cytotoxic effects of VCR against severai cell lines were significantly greater than
those of VLB. In acidition.« there was no relationship between in vivo sensitivity of
tissues of origin of cell lines and in vitro sensitivity to VCR and VLB. For
example, HL-60 cells, wfiich were originally included because it was thought they
might reflect the selective hematopoietic toxicity characteristic of VLB in vivo, were‘
equally sensitive to VCR and VLB during continuous exposures and much more
sensitive to VCR than to VLB after short exposures. ©
kHL-60 cells were selected to further study differential toxicity of the Vinca

alkaloids, and results .of biological studies of the effects of VCR and VLB against

the clonal derivative, HL-60/Cl, are presented in this chapter. As was earlier '

‘reported (13) for the parental line, VCR and VLB were equitoxic against HL-60/C1

cells during continuous exposurgs, and VCR was more toxic than VLB following
4-hr exposures. The possibility was considered that VCR and VLB might inhibit
proliferation differently after short exposures. The primary intracellular target of the
Vinca alkaloids is microtubule protein (25, 26), and there is considerable evidenee
that cytotoxicity results from inhib‘itidn of mitotic svpindle formatibn (21, 22, 23,
24). The effects of continuous and 4-hr exposures of HL-60/Cl cells to VCR aﬁd
VLB on DNA distributions were assessed by flow cytometry "“to/ determine if mitotic
arrest was a_ssocia_ted with cytotoxicity. Conditions were selected from' proliferation
experiments such that DNA distributions were obtained from cells that had been
expose& to concentrations of VCR and VLB that inhibited proliferation rates to the
same extent. Similar DNA distributions were obtained after exposure to quitoxic
levels of drug, suggesting that VCR e;nd VLB acted by the same mechanism, and

that differential activity after 4-hr exposures was related to other factors.
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B. Results

The effects of VCR and VLB on prqliferation of HL-60/C1 cei‘ls during
continuous exbosures were virtually identi;:al. Figure 4 is fepfesentative‘of the growth
curves obtained when HL-GO/Cl‘cells were exposed to graded concentrations bof VCR
or VLB (4-12 nM). Proliferation rates, obtained in 2 such.experiments, are plotted

“as a function of extracellular concentrations of eithgr drug in Figure 5, where it is

4

/

apparent that the concentration-effect relationships for the 2 drugs were
superirriposable. The concentrations of VCR -and VkB that inhibited proliferation
rates by 50% (ICs, values) were 7.6 nM and 8.1 nM, respéctively. During
continuous exposures t;) either VCR or VLB, proliferaliop_ rates - progressively
decreased with increasing drug concentrations. Thgj- effect was immediate, and, - at
higher concentrations, did not diminish with time. At no concentration did
proli'feralion rates recover to those of untreated cultures. .

T:he dose-response relationships obtained for inhibition of proliferation of
HL-60/C1 cells after short exposures to VCR gmd VLB were significantly different
“ from thése‘ aftér con;inuous exposures. It is apparent from the results of a"large
series of experiments (Figure 5) that HL-60/Cl cells were much. ﬁlore -sensitive'ﬂ‘to
VCR than to VLB v_vhen subjecied to 4-hr exposures, followeg by culture in ‘
drug-free me@ium. The 1C,, values for inhibition'of proliferatibn by VCR_ and VLB
were 41 nM and 1.1‘ uM, fespectively. Differential activity of VCR and VLB after
4-hr exposures. was also seen ‘when the reproductive viability of drug-treated cells
was assessed by assay of colony-formation in soft agar (Figure 6). The IC,, values'?‘jl
for inhibition of proliferation rates and coiony-forming ability by VCR and VLB
obtained from a large series of experiments like those of Figures 4, 5, and 6 are
summarized fn Table 7. Although the IC,, for inhibition of colony-formation was
~ lower than that for inhibition of proliferation folléwing a4hr exposure 1o VCR,

s

the. opposite was true of 4-hr exposures to VLB. This is possibly a result of
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Figu;e 4. Effects of contiﬁuous exposures to VCR and VLB on proliferatiom of
HL—60/C1 cells. II;rug exposures were initiated by mixing sUspeknsions of ‘exponentially
proliferating HL60/C1 cells. (’2 x 10° ;ells/ml) with equal volumes of | growth |
medium com'avining drug at IWice the concentration to be tested, as described in
Materials and Melhods (Section A). The resulting cultufes were incubated at 37 ’in
5% CQO, in air, and cell ,concentrafions were determined at fﬁe_ tifnes indicated Vusing

.

a Coulter electronic particfe’ counter. Concentrations of VCR and VLB were: ® , 0

nM; 0,4 nM;D,6inM;A, 8 nM; m, 10 nM; a, 12 nM. .
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Figure.S. Effects of 48-hr and 4-hr exposures to VCR andv'.VLB on rates of

proliferation of HL-60/Cl cells. Exponentially proliferating HL-60/C1 cells were used
to establish cuitures (1 x 10° cells/I.nI) in growth medium containing VCR or VLB
at the concentrations indicated. Drug exposures. were either continuous for 48 hr or

for 4 hr, followed by cenmfugamon 1(120 g 8 mm) resuspm;lon of cells in

drug-free medxum and mcubauon at 3T -for aq,\ addmorm 48@ hr* Prol;fﬁéauon rates

!‘v 9
‘*&"
“

6f» untreated cultures was

cultures. Points wzth m means (+ SD) of 2 5 experlments (including those of

Figure 1); points wuhdur ‘*bars results from a smgle experiment.
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Figure 6. Effects of 4-hr exposures to VCR or VLB on colony-forming ability of

HL-60/C1 cells, Exponentially proliferating HL-60/G Nl were used to establish

cultuyes (I x 10° cells/ml) in growth medium containing VCR or VLB at the

B . . . ' .
* concentrations indicated. After 4 hr, cultures were centrifuged (120 g, 8 min), and

cells were resuspended in drug-free medium and cultured in soft agar as described
~

in Materials and Methods (Section A). The absolute gloning efficiency (mean =
S.D., n=8 experiments) of untreated cells was 53 * 5%. The cloning efficiencies of
drug-treated cells are expressed as fractions of values obtained for untreated cultures.

Points with bars, means (£ S.D.) of 3 (VCR) and 5 (VLB) experiments.



Table 7
IC;, Values of VCR and VLB for Inhibition of Prbliferation

and Colony-Forming Ability of HL-60/C1 Cells

53

Cod

Assay Length -of » ) " ICs, Values
Exposure (nM)
“(hr)
VCR VLB
Proliferation Rate " - 48 7.6(2) 8.1(2)
Proliferation Rate 4 T 41£9(5) - 1100%430(5);
Cloning Efficiency - 4 2116(3) 3700+900(4)

Data are from the experiments of Figures 5 (proliferation rates) and 6 (cloning

efficiency)..-For proliferation experiments, the 1C,, value is the concentration of drug

that reduced proliferation rates to 50% of that of untreated cultures, and, for

cloning experiments, the concentration that reduced cloning efficiencies to 50% of

that of untreated cultures. Values are means (£ S§.D.) of the number of

{

. 0 . ‘ . '
experiments indicated in parentheses. £

[
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re-equilibration of cell-associated VLB with the medium after resuspension of cells,
which, in assays of proliferation, resulted in continuous exposure of cells to an

extracellular VLB concentration on the order of 10 nM. This phenomenon is

.described further in Chapfer VII (see Figure 22).
f . >

na
)

A U )
ects of continuous exposures -to VCR or VLB on progression of

Eough the. cell cycle were assessed by evaluating DNA distributions

_of drug-treated cultures at vanous ‘times after dirug exposures were initiat. In the
experiments of Figure 7, cells were exposed to VLB or VCR at 'conc-emrations at or
near IC,, values, and DN‘A distributions were obtained at graded time interals ‘by
analysis of 'rélaﬁ‘ve ﬂuoresﬁence intensity of mithramycin-stained cells by flow
cytometry. For.VLB. there were more cells in the S and G,-M regions Qf DNA
distributions and- fewer cells in the G, region after 4 hr, and after 8 hr, the G,
peak had' almost completely disappeared. By 12 hr, the‘ majbrity of 'cells~ had
accumulated” in the G,-M peak, indicating a é)lock in cell-cycle progression at or
near mitosis. ‘By 28 hr, cells that had manqéed to suc‘:cesfull;' complete mitosis after\
vbeing arrested in G,-M at 12 hr were distpibuted in the G, and }éarly S rggions of
DNA distributions. The DNA distributionis fé)btained at 12 and 24 hr when
HL-60/Cl cells were exposed to VCR Wegé similar to those obtained at these times
during exposures to VLB. Thus, HL-60/qﬁ1 cells' accumiilated in the G,-M phase of
the cell cycle during cpntinuous exposurefs; to either VCR or VLB, |

In the experiments 6f Figure 7, ;ﬁlthe small peak visible in the G, region at
12 hr in DNA distributions of VLB-trfgated cells may‘represent a small synchronous
fraction of cells that had escaped, the “GZ-M block. This population of cells had
apparently moved into S phase by 24 hr and to G,-M by 28 hr. Although a

similar pattern was observed - in cells exposed to VCR, the relative proportion of

‘apparehtly synchronous cells was greater than that of VLB-treated cells.

7



Figure 7. Effects of continuous exposmes of different lengfhs to partially
inhibitorﬁoncenfrations of VCR and VLB on DNA distributions of HL-60/Cl1
cells. Exponenuall) proleeraung HL-60/C1 kells were used to establish |
culures (1 - 10" cells/ml) in growth medium comammg 6 nM VLB or 10
nM VCR. At the times indicated, 15-ml portions of ‘cultures were removed,
fixed with- 70% ethanol, slored at 4, and ~prepared ‘for analysis by staininé i
wnh&mnhramycm as descnbed in Materials and Methods (Section D).
Fluorescence intensity »of mithramycin-stained cells (represemmg relatwe DNA
comeiﬁ), was determined with a Coulter EPICS \'2 flourescence -activated cell
sorter, and, for comparison, distribulions‘ have been normalized by tlhe
computer graphing program. Proliferation raies were determined as described
for Figure 5 and are expressed as fracuons of values obtained for untreatedt)

cultures. Relallve proliferation rates [ or VLB and VCR- treated cultures were

N

0.51 and 0.62, respectively.
” - .
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The concemralion-eff&t relationships’ between drug exposﬁres and DNA
distributions were explored‘ in the experiments of Figures 8 and 9. After 12-hr
exposures to VCR.and VLB (Figure 8), cells had accumulated ‘in the G,-M peaks
of DNA distributions. Accumulation was dose dependent, and, as the concentration
of either drug was increased, the number of cells in the G,-M peak also incréased,
with a concomitant loss of cells frorr'; the G, and S regions of DNA distributions.
After 24-hr exposures to 2 and 4 nM VCR or VLB (Figure 9), the DNA
dis\tﬁbutibds were similar to those obtained after 12-hr exposures. After 24-hr
exposures to 6 nM VCR a large fraction of the population was in the G,-M
peak and after 24-hr exposures to 6 oM VLB a large fractxon of the populauon
was in the early S-phase region of DNA dlstnbunons ‘

The effects of short (4-hr) exposures to VCR and VLBI, followed by culture
in drug-free medium, on DNA; distributions of H!.-GO/CI cells were assessed at drug
concentrations that allowed comparison of cells that were inhibited by either divg to
the same extent. It is apparent from the results presented in Figure 10 that the
DNA distributions obtained 24 hr after initiation of drug exposure were identical for
VCR and VLB-treated cultures with the same prolifcf;_ation rates. For both drugs, a
progressively smaller fraction of cells was. present in the G,-‘M ‘-peak as the degree
of grow.th inhibition increased, suggesting that those cells that successfully underwent
n{ilosis took increasingly longer to dotso. Eight hr after transfer of V.LB-exposed
cel}é 1o drug-free medium (data not shown), there was a &®se-dependent increase in
the proportion of cells in the G,~M'peaks of DNA distributions, suggesting that
§h0r£ eXposure; also inhibited cells from progressing through the G,-M phases of the‘

cell cycle.



Figure 8. Effects of continuous exposures to equitoxic concentrations of VCR
or VLB for 12 hr on DNA distributions of le60/Cl. cells. Ex-ponen'liall_v
proliferating HL-60/C1 celis were used to establish cultures (1 x 10° -
cells/ml) in growth medium containing VCR or VLB at the conceglrations

indicated. At 12 hr, 15-mi portions of cultures were removed, and b"rocessed

for analysis by flow c;tomem as described for Figure 7. Prohfe‘fauon fates

were determined as descnbed for Figure 5 and are’expressed as fracuons of ~

~

values obtained for untréated cultures. Relative proliferation rates of fcultures
exposed to 2, 4, 6, and 8 nM, respectively, were, for VCR 0.83, 0.52,

0.28. and 0.14, and, for VLB, 0.88, 0.54, 0.16, and 0.06.
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Figure 9. Effects of continuous exposures of 24 hr to equitoxic / concentrations

of VCR or VLB on DNA distributions of HL-60/(;1 cells. Exponentially
proliferating HL-60/C1 cells were used to establish cullurcé 1 x 10°
cells/ﬁll) in growth medium containing VCR or VLB at the concentrations
indicated. At 24 hr, 15-ml portions of cultures were removed and processed
for analysis by flow cytometry as described for Figure 7. Protiferation rates
were determined as described for F.igllxre 5 and are expressed as fractions of
valﬁeg oinained for untreated cultures. Relative -proliferation rates of cultures
exposed to 2. 4, and 6 nM, respectively, were, for VCR, 0.83, 0.52, and
0.28. and, for VLB, 0.88, 0.54, and 0.16.
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Figure 10. Effects of pulse exposures of 4 hr to equitoxic concentrations of |
VCR or VLB on DNA distribuﬁons of HL-60/C1 cells after culture for 20 ‘
hr in drug-frec medium. Exponentially proliferating HL-60/C1 cells were used
to_establish cultures (1 x 10° cells/ml) as described for Figure 4 in VCR
or VLB at the concentration indicated. After 4 hr, cells werc washed,
resuspended in drug-free growth medium and incubated for 48 hr. At 24 hr, ‘
15-ml portions of cultures were removed and processed for analysis by flow
cytometry as described for Figure 7. Proliferation rates were determined as
described for Figure 5 and are Acxpressed as fractions pf values obtained for

untreated cultures. Relative proliferation rateslare presented in the upper

. right-hand comer of the charts.
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C Summary
When _culiurcd HL-60/C1 célls were subjected to continuous exposures to
" VCR and VLB at concentrations'simi\laf to those observed in human serum during
the prolonged phase of drug clearance%. proliferation rates were inhibited to the same
degree, with IC,, values of about 8 nM. In contrast, differential toxicity was
revealed when cells were subjected to short exposures to concentrat;ons of VCR and
VLB comp:;rable to those during the early phase of drug clearance. Following 4-hr.
drug exposures, VCR was more toxic than VLB, with 1C,, values, respectiAvely.A of
41 nM and 1.1 uM for inhibition of proliferation and 21 nM and 3.7 uM for
inhibition of colony-formation. Analysis of DNA distributions of HL-60/C1 cells
exposed VCR or VLB either continuously or for 4 hr, followed by transfer to
drug-free medium, indicated that VCR and VLB inhibited proliferation by the same
mechanism. With time, drug-treated cells accumulated with @-M contents of DNA
during exposures to growth'-inhibitory concentrations of eit'her VCR or VLB,

suggesting that both drugs acted primarily by inhibition of mitosis.
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Uptake and release of VCR and VL BN occ gal dlffercm rates n%ﬂplalelcls
(27) and in cuftured mouse lcukcmla 1.1210 ée} é:g;;‘“ At cqunhbrxum platelets
exposed to the same conccmrhuons of cx;hcr drug"’f*’contamed equal amounts of VCR
or VLB. In studies of [’H]VCR and [SH]VLB uptake by cultured L1210 cells,
incubations (<7 hr) were not of -sufficient duration to achieve maximal uptake of
_both drugs. A'fter 4-hr incubations, cell-associated VLB was scveral-fold greater than
that of VCR, giving rise to the suggestion that cells have greater capacity for
binding of VLB than VCR (13). The sensiti%ty of HL-60/C1 cells to the Vinca
alkaloids is much like that of 1.1210 ceﬁs (13). Cellular content of [*H]JVCR :nd
[*H]JVLB by HL-60/Cl" cells was characterized during continuous exposures of up to
48 hr to determine if there were differences in rates of uptake and if, given
sufficient time, the capacity for binding of the two drugs was the same. As well,
loss of drug was measured from cells that were.subjec\ed to 24-hr exposures
(equiva’lent to a single generation time) and cultured for a further 24 ‘hr in
drug-free mediﬁm. Uptake and release of VLB by HL-60/Cl cells was more rapid
than that of VCR. Cellular capacity for upiake of either drug appeared to be the
- samg, alvthough, because of cellular déterioration during p'rolonged exﬁosur’es; true
steady-state levels of uptake were not achieved.

In the biological studies reported in Chapter V. the activities of VCR and"‘
VLB weré compared by relating inhibition‘of proliferation rates and colony formation
to concentrations of drug in culture fluids. Since the amounts of {cell-associated ,drix\g
were continuously changing (cellular content of both drugs increased to maximal
values near 24 hr .and then decreased), the activities of VCR and VLB were

compared by relating inhibition of proliferation rates to intracellular drug conqtent

\
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over the period_of cvaluation. The "elfective drug exposures” for VCR and VIB

¥
were determined by calculating areas under curves of plots of cellular drug content

- versus time. ‘The relationships between inhibition of proliferation and effective drug

exposures were the same for .VCR and VLB.

“ln laboratory animals and humans, VLB is dcg.radcd to a greater cxtent than
VCR; degradation occurs in the liver (28, 29, 30, 31, 32, 33) and pogsibly also in
plasma (30, 34),“VLB does not appear 1o be mletaboli/,ed by cultured human
leukemic lymphoblasts or by grOWLh medium  (35). Since metabolism may have
allered extraccllular concentrations during drug cxposures, HL-60/C1 cells were
cultured with [*H]JVCR or [CHIVLB, and extracts of cells and culture fluids were
analyzed by HPLC for evidence of possible metabolites. During 24-hr exposures,
neither VCR‘.nor VLB were metabolized significantly by cells, and degradation and/or
metabolism by culture fluids was minor.

VCR and VLB both adsorb significantly to serum proteins. At drug

concentrations of 1-100 uM, about 50% of VCR or VLB present in native 6r 1’;},

“lipid:free human serum binds to serum proteins (136). The major alkaloid-binding

protein of human serum, «,-acid glycoprotein, apparently has 2 Vinca binding sites,
with Ka values for VLB of 9.4 x 10® and 0.1 x 10* M (36). Binding of

['HIVCR and [PH]VLB to the proteins of fetal bovihe serum was assessed to

T
Voep
p:

HL-60/Cl cells were exposed. Although VCR and VLB were bound to serum

determine_.if there were differences in the concentrations of free drug to which

proteins of culture fluids to a significant extent, the fraction bound over a wide '
range (0.05 - 3 uM) of concentrations was similar for both drugs.

| Because the higher of the 2: pKa valu.es‘ of the basic nitrogens of VCR and
VLB is the sa'me‘ as the pH of the growth medium, slight changes in pH of

culture fluids during drug éxposures could significantly @er the /proportion of 1ionized

'pKa -values (38) are: VCR, 7.4 and 5.0; VLB, 74 %gd 5.4.

e ’ .

<



;;drug.~-With increasing pH (from 5.5 to 8.0), the amount of [*HJVCR bound to

Vinca molecules. The effects of pH on binding of [PHJVCR and [*H]VLB to
proteins/of ‘v.fetall bovine serum and on cellular uptake:of [PH]JVCR and [’H]VLB

were assessed to determine if either of these processes was affected by ionization of

I

serum- proteins changed little, whereas the amount of VLB bound increased 2-fold.

Although uptake of both’ drugs by HL-60/Cl cells increased with increasing pH, the
pH dependence of VLB uptake was greater than that of VCR The pH-dependence

of Vmca uptake was demonstrated previously wrth L1210 cells (13).

L
i

. B. Results

Ihe method used to quantitate cellular drug” contentinvolved assay of

cell-associated radioactivity after drug-treat-ed samples were removed frof cultures _and

washed with ice-cold physrologlcal salrne The experrments of Figures 11 and 12 were

R\

. conducted to establrsh that the washing procedures used to terminate uptake‘ reactrons

¢

“did not greatly reduce cell associated radroactrvrty When HL- 60/Cl cells were

"4
“exposed to 50 nM [*H]JVCR or [H]VLB for 4 hr (F]gure 11) or 8 hr (Figure 12)

cell-associated radioactivity was not altered srgmfrcantly by 'washmg cells,up to .4

times with ice-cold saline® Since the number of cells per peliet declined during

_multiple washes, one wash was .used" routinely in sLbsequent determinations.

Cellular uptake of [’H]VCR-‘and ['H]VLB was examined over a range of
concentrations. that ~included "the MC,, values (8 nM) for inhibition of proliferation

during cdntinuous exposures‘ Figu're 13 illustrates the results “of experiments in which

HL-60/C1- cells were exposed to drug erther continuously for 48 hr, or. for 24~hr

‘"‘followed by resuspensron m drug free medrum Aty each concentration, more VLB

had entered cells within the first 1-2 hr than\had VCR, mdrcatmg that cellular

’ uptake of VLB was more raprd than that of VCR The cellular content of VLB

- was greater than that of VOR durmg the first 24 hr and less’ durmg the second 24°

-
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Figure - 11. Effect of multiplg washes on cell-associated radioactivity after d4-hr

N

exposures toa;{"H]\;’CR and [’H]Vlﬂ. Expo;lentially ﬁ%dliférating HL-60/C1 cells were
used to establish cul}uresb‘(l.s x 10% cells/ml) in either 50 nM [*H]JVCR (a) or 50‘3}:5;é

.nM [*H]VLB (0) in growth medium containing 4 mM Hepes, pH 7.4. After, 4 hr

at 37’,'i-mi \pértions of cell suspensioné were temoved, centrifuged (12,800 g 1

‘ ‘min); "and washed the ‘.-nﬁmber of times indicated by %esuspeﬁsion of cells in 1 ml

ice-coldrsaliﬁe, followed ‘bby centrifugat\ion (12,800 g, 1 min). The rédioacti?e content

and number of cells we:é determined as desctibed in Matérials and Methods [(Section
" G). The values (mean * S.D., n=3) obtained after successive washes are presenfied

sas fractions of the values obtained after 1 wash.
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Figure 12. Effect of multiple washes on’ cell-associated radioactivity ~after 8-hr :

exposures to [3H]VCR or [3H]VLB". H1-60/C1 cells were exposed to 50 nM [PH]JVCR

- (») or [*HJVLB (o) for 8 hr and cell-associated Tadioactivity was determined after

ecach of 4 washes with ice-cold saling as described in Figure 11. The values obtained

are presented as fractions of the églues obtained after 1

after successive washes
. %,

[

wash. Individual data points represent the results of a single experiment.
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Figure 13. Time courSes of uptake and release of [*H]JVCR and [*H]VLB by
HL-60/C1 cells. Exponentially proliferating HL-60/C1 cells were used to establish
cultures (1 x 10° cells/ml) in either [PHJVCR (a) or [*H]VLB (e) at the

concentrations indicated in growth ‘medium containing 4 mM Hepes, pH 7.4. Drug.

¢

exposures were either continuous for 48 hr or for 24 hr, followed by culture in
drug-free medium for 24 hr. In the latter case, cells were collected by
centrifugation. (120 g,‘ 8 min) and resuspended in drug-f_ree‘ growth medium (approx.

1 x 10° cqllé/ml). All incubations were performed at 37°. Cell-associated radioactivity

e

was determined at graded time intervals .as described in Materials. and  Metheds
. R 7
(Section G), and values’(Z determinations per condition) presented ‘were calculated

assuming that cell-associated radioactivity was equivalent to unchanged [*HJVCR or

[PHIVLB.) | o . s
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hr, and, at 24 hr, the amount of cell-associated rédioactiv‘rty, presumably present as

VCR or VLB, was the Same for each of the 4 concentrations tested (Table 8). As

well. the apparent intracellular concentrations of VCR and VLB were significantly
greater than extracellular concentrations, suggesting binding of drug to cellular
components. When cells were washed at 24 hr and resuspended in drug-free
medium, although VLB was released"more rapidly than VCR, the amount of either

drug remaining in cells at 48 hr was the same.

It is apparent from the results of Figure 13 that VCR and VLB were lost

from cells after 24 hr even “during corrtinuous exposure to radiolabelled drug. The

decline in drug content did not appear to be due to "dilution" of radiocactivity by
the pr@'\ce of newly formed cells since cell numbers declined, although only
slightly, during 24-hr exposures (Table 9). Intragellular binding sites may have

decreased during extended exposures, or drug may have been extruded by cells,

perhaps by vesiculation of drug-ccir}taining plasma membrane, a phenomenon that has

been observed in VLB-treated cells (94).

ggffective drug exposures” were determined for the ‘experiments of Figure 13,

by ‘*'calculatrng the arens under curves for 48 hr continuous exposures or for 24 hr
exposures, followed by aﬁ 24-hr éc'lture in drug free meﬁ{ufmie It is apparent from -
the relationships between relative proliferation rates and "effective drug exposures”
(Figure 14) that VCR and VLB were equrtoxrc agamst HL- 60/C1 cells For both
48-hr continuous exposures and 24-hr exposureg, folM by culture for 24 hr in
drug~free medium, the curves obtained for these relationships were superimposable?‘
Toﬁ'deter.mine if there was metabolism of VCR or VLB during continuous

exposures; HL-60/C1 cells were cultured in the presence of growth-inhibitory levels.

of [3H]VCR o1 [3H]VLB and the amounts of radrolabelled drug and "metabolites”

" <

were quantitated by HPLC. In these expenments >99% of pellet radioactivity was

recovered by the extfaction procedure, and spontarfeOus decomposition of [’H]VCR

L5



.- 'mean (£ S.D., n=4 experimen'ts, including those of Figure 13).

s . v ' . v @;
| : Table 8

Cell-Associated Drug after 24-hr Continuous Exposures.'. |

A
- Concentration pmol/10¢ celyg& o Accumulation
4 1 .
(nM) . [druglin/[drug]out

. VCR VLB ' VCR . VLB
6 0.890 99 106
8 h1 1114023~ 101 9
10 L 1.56 114 ’ 111
12 1.78 102 106

et 2 . \
PR A LY |

N
* Unvlessl otherwis® noted, data are from the e*ﬁerimems of Figure 13. The values
presented were calculated assuming that cell-associated radioactivity was equivalent to
]
unchanged [*HJVCR or [*HIVLB. Accumulation is presented as the ratio of "apparent
intmar concentration" to extracellular concentration of VCR and VLB at 24 hr.
: Appﬁ‘fent intracellula{ concentrations were calculated using aver'e cel} volumes ,

obtained with a Coulter channelyzer as described in .‘ Materials and -Methods ‘(Séction

B).

L'
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Table 9
Cell Recovery During Uptake Experiments of Figure 13
Drug ~ Conc. 5 ‘ Cell Number (10%/ml)!
w .
. (nM) 24 hr 30 hr 36 hr 48 hr
. ‘ ' o
B . } « .. x%(r ) B
VCR 6? 131 1.2¢ . 1.25 1.04
2 . R
8 1.12 1.13. }Y,gl . 0.90
10 096 1.01 1.00 0.84 .
) 12 - 1.13 1.00 . 092 .. 092 e
VJ:?B ¢’ 1.09 1.15 1.04 0.88
BV g 1.06 - - 0.96 0.88 077
10 1.00, 0.96 0.85 0.79
1& 0.99 0.97 0.86 0.98
'Yalues are from the experiments of Figure 13.
2Although cell;“ concentrations increased in cultures during exposure to drug at t‘hese
‘concentrations, cell recoverfiﬁ in uptake experiments declim&et\w@ Meagug 48 hr
because of loss of cells dufing the washing procedure. ;o
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Figure 14. Proliferation rate of HL-60/C1 cells as a function of effective drug
exposure. Data include the results of the experiments of Figures 4 and 13. The

"effective drug exposures” for VCR (a, a) and VLB (o, ¢) were determined from

‘the areas under curves of plots of cellular drug content (pmol/10° cells) versus time

over 48 hr. Drug_exposureé were continuous for 48 hr or for 24 hr, followed by

.

N—
cultures are expressed as fractions of -absolute proliferation rates (number of

culture for 24 hr_in drug-free medium. Relative proliferation rates of drug-treated

population doublings in 48 hr) of untreated cultures. The population dbubling time

of untreated culturgs was 24 bhr. Values are presented as the means of 2

experiments. -
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and [*H]JVLB did not occur (\iurin:g extraction or HPLC analysis. The small variations
in retention times of VCR and VLB in the different profiles are the result of
minor changes in solvent gradients. Figures 15 and 16 demonstrate él{nion profiles
of radioactivity eﬁ(tracted from cells and culture fluids after 24 hr incubation with
either [PHJVCR or [*H]JVLB. The relative proportions of radioactivity present in
extracts as unaltered drug are presented in Table _10. fger 24 hr, all of
cell-associated ‘radioactivity in VCR-exposed cells and althost all in VLB-exposed cells
was recovered as unchanged drug. Most of the .radioactiyity of ;ulture fluids was
recovered as unchanged VCR or VLB. Thus, there was littlé.m if any, metabolism of
either drug by HL-60/C1 cells, and;”the small change in concentration of
radiolabelled drug in culture fluids,‘ which was also seen in gro&ih medium  without

cells, may have resulted from spontaneous degradation. Y

A
KASH

Binding of VCR or VLB to the proteins present in fetal bovine serum of
culturé fluids may have altered the extracellular coﬁcentration of drug, and, if either
drug was bouhd to a greater or lesser extent, may have &ntributed to differences
in‘ activity. Binding of [*H]JVCR and [PHJVLB to serum proteins was assayed by
equilibrium dialysis over a wide range of -drug concentrations (Tab;e 11). Under the
conditions of most uptake and proliferation experiments (pH 75 and 15% FBS),
about 26% of VCR and 24% of VLB was bound to serum proteins. The binding of

L
both drugs decreased /when serum concentrations were lowered from 15 to 2%, and

at 15% serum, })inding was not saturated at the highest concentration of VCR (400

nM) or VLB (3 uM) tested.
The effeclp of fetal bovine serum on cellular uptake of [PH]JVCR and
[*H]JVLB are illustrated in Figure 17: Cellular content of both drugs following 4-hr
exposures decreased as serum concentrations were raised from 2 to 15%. Since there
was less frée drug present at higher serum concentrations, these results suggest that

4

free, and not bound, drug entered cells é.nd that binding of Vinca al.k‘aloids to
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Figure 15. HPLC analysis of HL-60/C1 culturés after 24-hr exposures to

. [PH]VCR. Exponentially proliferating- HL-60/C1 cells were used 1o establish
cultures (1.5 x. 10¢ 'cells/ml) in the absence (Panel A) oi presence (Panels
B and C) of 20 nM [*H]JVCR in growth .medium containing Hepes, pH 7.4.
Growth medium (without cells) containing 20 nM [*H]JVCR was also
evaluated (not shown). After incubation at, 37 for 24 hr, cultures were
centrifuged (120 g. 8 min), and cell pellets a'nd culture fluids were
processed for analysis by HPLC as described in Materials and Mcthods
(Section F). Before la'nalysis 6f extracts by HPLC, 5 pmol of
non-radioactive VCR were added as carrier. Individual ext\racts (200 ub)
usually contained 10* - 5 x 10° cpm. Presented are elution - profiles of
absorbance at 259 nm (solid lineS) and radioactivity (cpm/fraction; dotted *
lines) of extracts obtained from: cells incubated in the absence of dfug and
to which [*HJVCR (20 pmol) was added (té washed pellets) just:. before
beginning the extraélion procedure, Panel A; cells incubéted for 24 hr in the
presence of [*H]JVCR, Panel B; culture fluids after” 24:-hr ipcubations of cells
with [*'H]JVCR, Panel C. P o

£ >~; [
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Figure 16. HPLC analysis of HL-60/C1 cultures after 24-hr exposures to e

[*H]VLB. Exponentially proliferating HL-60/®1 cells were used to establish
cultures (1.5 x 10 cells/ml) in the absencc (Panel A) or presence (Panels
B and C) of 20 nM ["H]VLB in growth medium containing Hepes, pH 7.4.
Growth medium (without cells) containing 20 nM [*H]VLB was also 4
evaluated (not shown). After incubation at 37" for 24 hr,“cultures were
centrifuged (120 g, & min), and cell pellets and culture fluids werc
processed for analysis by HPLC as'dcsciilbed in Materials and Methods
(Section F). Before analysis of extracts by HPLC, 5 pmol of
non-radioactive VLB were added as carrier. ln&ividual extracts (200 ul)
usually contained 10* - 5 X 10“cpm. Presented are elution profiles of
absorbance at 259 nm (solid lines) and radioactivity (cpm/fraction; dotted
"lines) of extracts obtained fromf ce}ls incubated in ule. absence of drug 4nd
to which [*HJVLB (20 pmol) was added (to washed pellets) just Befb;e

beginning the extraction procedure,. Panel A; cells incubated for 24 hr in the

presence of ['HJVLB, Panel B; culture fluids, after 24-hr incubations of ‘cells‘

with [°*H]VLB, Panel C.

¥
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Table 10 =
Recovery of [PH]JVCR and [*H]VL.B f{rom
e - HL-60/C1 Cultures After 24-hr Exposures
3
Sample " % of Radioactivity Present in:
. VCR \ ’ VLB
Celis, 0 hr >95 o >99
Cells, 24 hr : T - >99 87-100"
Medium (without cells), 24 ml | 84 - - 88
‘Medium (with cells), 24 hr 83-93" 9%

'Results of 2 determinations. ‘

g

Data are from the experiments of Figures 15 and 16. The amount of radioactivity

that co-eluted with authentic VCR or VLB, respectively, has been expfessed as a

-
percentage of the total radioactive content of extracts (10° - 5 "x 104 cpm/200 pl).

>
)
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Table 11. Binding of ‘'HJVCR and [PHIVLB 10’ proteins present in fetal
‘bovine serum as avfu'nclion of (a) sqm'm concentration. (b) pH, or (c)_-/,f
drug congentration was studicd by ‘equilibrium dialysis as described in

Materials and ‘Methods (Section E). Results of the 3 experimental procedures |
v ) ’ : . .

R
-,

‘are summasized, and, for cach, values (mean * S.D,; number of - *
~-determinations indicated in parentheses) for the amount -of radivactivity
bound, at equilibrium, to serum proteins are expressed as a percentage of '

total radioactivity (15,00060,000 cpm) in assay mixtures.’
J'
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/. Table 11
Binding 'of [*H]JVCR and ['H]VLB /
10 .l"rotcin’s of Fet;;l Bovine Serum
T . Durugq" Serum pH Amount Bound (%)
Conocntrall:én " Concentration o a
(n‘M,)"" %) VCR VLB
50 2 T 1.5 1342(4) | _io.3¢2.8(4) j
N ¢ |
, s 2:2(4) 13.2£0.9(4)
10 2321(4) 20243.0(4)°
15 26+3(5) 23.81:3'.2&4)
50 f/ 15 5.5 293+0.8(3) - 15.0£2.5(4)
" 6 24.9:2.0'(’4) *20.5:0:0.;3(3)
. 6.5 —2T9E26(3) o 21241.8(4)
\ 7 27620.6(2)  226%1.2(4)
: 5 ‘ 2%6£3(5) | 238+32(4) . .
8 212440(4) 25:1.0%) "
s 15 1.5 26+3(5) 238%3.2(4)
100 ., o 29.4£0.4(2) \
200 4 | E1(4) | 242£05(2)
- C26£20) | |
800 25942.5(2)
1000 . 23.7112.1(2)
-y
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Figure -17. ' Effects of serum concentration on uptake of PHJVCR and [HJVLB by
HL-60/Cl cells Exponenttally profiferating HL-60/Cl “cells were used: to -establish .~
qultures (1 5 X lOKcells/ml) in 50 nM ['HJVCR (a) or [*HJVLB (¢) in RPMI

f’ 1640 contammg 4 mM Hepcs buffer pH 7 4, and supplemented ‘with fetal “bovine

' serum at the concentrations mdtcated The resulting cultures were mcubated at 37‘

‘apd after 4 hr, cell:associated radioactivity "was determined as described in Mater'uls

and Methods (Secnon G) Values (mean n=3) were calculated assummg that

- cell- assocrated radtoacttvrty was equrvalent to unchanged [‘H]VCR or {*H]VLB..

Accumulauon is presented as the ratio of "apparent intracellular concentrauon to

extracellular concentratton at 4 hf Apparent mtracellular concentrations were
“calculated using average cell volumw obtatned with a Coulter channelyzer as

described m Materials and Methods (Sectron B) Results are representatrve of those

obtained in 3 Separate experiments.’



serum proteins reduced ‘dms :effectivf'enels‘ ‘ , )

The effectsof pH on upuke of VCR md VLB by HLGO/CI cells were
exglored in the expenments of Figun 18. Althoush ccliuhr upuke of both drugs
: mcreued with increuing pﬁ the proﬁles obuined were different in shape VCR
‘uptake mcreased gradually between pH SS and ‘8.0, mchinx a maximum at pH 8.0,
whereas VLB uptake mcreued shnrply. mching a maximum at pH 1.5 and declining
somewhat at pH 8.0. The difference in .pH profiles may be rehted 10 the greater
hydrophobicuy of VLB than VCR in that, as ihe moponion of neutral molecules

increased, there may have been greater paruuomng of VLB than VCR, in the -
hydrophobic phase of oell membrana and other hydropirobic cellular eonstitueots. It
is also pdssible that the -charge environmem of the cell surface changed with
mcreasmg pH, whxch may have allered hydrophobic and hydrophihc mteucuons

\\

between drug’ and cells ' B -
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Figure 18. Effects of pH on uptake of [’H]VCR and [’H]VLB by HL-60/Cl cells
Exponenually proleeratmg HL 60/C1 cells were used to establish. cultures (1.5 x 10’ '
cclls/ml) in 50 nM [’H]VCR (a) or. [’H]VLB () in growth medmm contaxmng 4

" mM Hcpcs at the pH values indicated. The resulting cultures were mcubated at 3T‘
and after 4 hr, ccll associated radloa\cmity was determined as dcscnbcd in Matcnals
and Methods (Section G). Valués (mean, n= 3) were calcul;ted assuming that | !
cell -associated radxoacuvity was_equivalent to unchanged [’H]VCR or [’H]VLB
uAccumulanon is presented as the ratio of apparent mt;gcellular conoemranon to

: _extraccllular concentration at 4 hr, Apparem intracellular concent:ations were
'calqulated using average cell volu;lles obtained with a ‘ Coulter .'ch_annelyzerO as the.

described in Materials and Methods (Section B). Results are representative of those
h “ °

obtained in 3 separate experiments. ' .
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C. Summary |
During continuous expotuget of HL-60/Cl1" cells to [‘H]VCR or [’H]VLB
under eondltlons of proll>‘entlon experlmenu VLB entered eells Itore npldly than
_VCR.‘ ‘Accumuletlon of both drugs was “concentrative” and mulmal eccuxhualtlon ‘
was seen et_or near 24 ht. At 24 hr, the cell eontenu of VCR and VLB were
about the same, suggesting  that HL-60/C] cells have similar capacities for uptake of
either dru; After 24 hr. in the continued pmenoe of extraccllulex drug,
cell-associated VCR and VLB declined suggesting loss of Vinca bindlna sites, perhaps
resulting from cell deterioration. When cells containing ['H]VCR or ['HJVLB were
'resuspended in drug-free growth medium after ZQ-hr exposures, VLB yils lost from
cells ’more rapldl)'" than was. VCR . ' )
” 'El‘feetive drug eréposures' yvere determined by calculating .areas under curves
\-of plots of celtulaf‘ drug content versus time. For 48-hr contihuous .exposures or for
© 24-hr exposures follOWed by 24-hr cultbre in drug-free medium, the relaiionships
between effectlve drug exposures and . lnhib:tion of prollferatlon rates by VCR and
VLB were the same. Thus even though the mtraoellular content of either drug
changed qpntmuously w1th time, the net effect on proltferauve capacuy ‘was the
same for VCR and VLB, o L
There was little, if any, -metabolisth of 'VCR. and VLB by HL-60/Cl cells
during 24-hr continuous exposures. '- The imall decreases;v in VCR and VLB in culture
fluids may have been due to spontaneous degradatlon dunn; 24- hr incubations.
Under cell culture condmons about 25% of exther drug was bound to the
rp‘rotems of fetal bovine serum, and- bmdmg to serum proteins decreased at low .

serum concentrations. Uptake of [’H]VCR and [PH]JVLB by HL- 60/C1 cells was.

greatest at low serum concentrations, suggesting that free, and not protem bound

drug entered. cells.



N Ve | ’
Uptake of both [’H]VCR and [’H]VLB by HLWC! cells increased with

increasing pH, lumtln; slnco both drup were present primarily as fieutral

molecules at high pH tlut either drug penemtu cells more mdlly when in the

neumlmtemmﬁﬁﬁcbmd mpﬂdependmwofkupukemmm .

°f the two drw may 'be due to gruter hydrophoblc intenction or

far consutuenu
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VII. Uptake and Releéase of Vinca Alkalolds after 4-hr Exposures

A, lntroduetlon
Although VCR was much more xoxlc to HL-60/C1 cells than VLB after
short exposares, analysis of DNA distributions of cells treated for 4 hr whh
equitoxic concentfations suggested that VCR and VL# inhibited proliferation by .
similar mechanisms. Sinee ;ifferential acuvity‘ after short-term exposures was (

apparently not due to diffefem mechanisms, the possibility was considered that

. differences in cellular uptake of VCR and VLB iwere responsible for differential

activity, Differences " g uptake and release of VCR and VLB have been

previously observed (13, L ‘ (y than VCR from rat

. Dar gl s it
platelets and lymphoma -cells (27), and differential toxicity in L1210 leukemia cells,

~ after transfer of Vinca-treated cells to drug-free medium, was attributed to the

greater retention of VCR, Ithan of . VLB, by celis (13).

To determine 1f differences . in cellular retention of drug were responsible for
dxfferentnal activity in HL 60/C1 cells, uptake and release of [’H]JVCR and [’H]VLB
were measured under condmons of 4-hr proliferation expenments Initially, uptake
over 4 hr was measured at 50 nM, a drug concentration near the 1C,, value for
VCR and much Jess than thal for VLB. Much more VLB than VCR eritered cells

during t}aese exposures, suggestmg. since they apparently acted by similar mechanisms

at equxionc eonoemrauons interaction’ of VLB during 4-hr exposures with cellular

components oth\'er than the cytotoxic target. Rates of .release of [*H]JVCR and —
[*H]JVLB. from cells were then determined after exposurés for 4 hr to concentrations

above and below the IC,, value for VCR toxicity, and for VLB, after exposures of

cells to concentrations near the IC,, value for VLB toxicity. Rates of release of

VCR and VLB were compared  directly by exposing HL-60/C1 cells to "pairs”" of

concentrations of [°*HJVCR and [’H]yLB such that cells contained the same amounts

¥

88
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of either drug at 4 hr. At all pairs of conccntr!mom studied, the amount of
cell-associated VLB at 4 hr was greater than that of VCR, and VLB was released
more rapidly than VCR. . ‘
The “effective drug exposures” were calculated from plots of areas under
curves of cellular drug content versus ume‘during 4-hf.exposqres. followed by culture
of cells in drug-free medium. The rehlionishipt between “effective drug exposures”
and loss of via!;ility. as mcasured by assay of colo‘ny formnion.l were quite
different for VCR and VLB. Higherﬁ "effective drug exposures” were required for
VLB, than for VCR, 16 achieve the same degree of growth inhibition.
B. Raults

Mcasuremems of uptakc and _ rclcasc of ['HJVCR and ['H]JVLB by HL- 60/C1

.cells subjected to 4-hr exposures to drug were conducted over a wide range of

&

concentrations. Figure 19 dcmons;ratcs the results of "uptake cx;;erimcms near the
IC;se valuc“ (21 nM) of VCR for jnhibition of colony-fonﬁ‘jng abilit);. °At each.
concemration. the amount of ccll-a§§ocialed VCR was less than that of VLB, and
when cells w:rc“washed at 4 hr and resuépendcd im,drug“—frec medium, VLB was
released more rapidly than was VCR. !

A

In \thg experiments .of Figure 20, the timé courses of uptake and relca.sc vof
[’H]JVCR and [’HjVLB were examined in greater detail at 50 nM, a concentration ’
slightly mote than the IC,, ~alue (41 nM) of VCR for mhnbmon of prohfcrauon
The progress curve for ccllular uptake of VLB was steeper than that of VCR and
at 4 hr, the amount of cell- assocxated VLB was more than 4. fold greater than that
of VCR. Both drugs were "comcentrated” by cells in that, by 4 hr, the ratios of
apparent intracellular to extracellular drug concentration were, for VCR Qnd VLB,

rcspecuvely. 30 and 130. When cells were transferred to drug-free medxum at 4 hr,

VLB was released more rapxdly than VCR. Within 1.5 hr, the release curves
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Figure 19. Uptake and release of ['HJVCR and ['HJVLB by HlféO/Cl cells subjected
to 4-hr exposures to dm( (10 - 40 n&l). Exponentially proliferating iHL~60/C1 cells
were used. 10 establish cultures‘(l.S x 10% cells/ml) in 10 (o), 20 (@),
30 (0), or 40 (&) oM [’H]VéR or [’H]VLB i;'l growth medium containing 4 mM
Hepes, pH 7.4. After 4 hr (arrou}s). cells. were c9llected by centrifugation (129 g 8
min) and resuspended in drug-}\' ree growth medium (approx .v 1 x 10 oeils/ml).
Incubadorf were performed at 37. Céll-associaged radioactivity was determined at the
times~ indicated as described in Materials and Methods (Séction G), and 'the,values

(2 determinations per condition) presented were calculated assuming that cell-

associated radioactivity is equivalent to unchanged [’HJVCR or [*H]VLB.

«
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Figure 20. Time courses of uptake and release of ['H]JVCR and [*HIVLB by )
‘HL-60/C1 cells subjected to 4-hr exposures to drug (50 aM). Exponentially
Jprolifcrating HL-60/C]1 cells were used to éstablish cultures ((1.5 x 10* cells/ml) in
S0 nM [*H]VCR or [*H]VLB in growfh medium containing 4 mM Hepes, pH 7.4,
Cultures were incubated at 37 ecither continuously for 12 hr or for 4 hr’ (arrows),
followed b;' culture in drug‘-frce medium for 20 hr. For the latter, cells were
collected by ocntrifugalion (120 g, 8 min) and resuspended at 1 x 10° cells/ml.
Cell-associated radioac/u'vity was determined at the times indicated as described in
Materials and Methods (Section G), and the values (2 determinations per condition)
presented were calculated assuming that cell-associated radioactivity 'is equivalent to

N

unchanged [*HJVCR or [*H]VLB.
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crossed, and, thereafter, the amount of cell-associated VCR ‘\wn greater than that of
VLB. '

Although cell-associated VCR continued 10 increase r?r 12 _hr in the '
experiments of Figufe 20, cell-associated VLB declined after about 7‘ hr. The
integrity of cells after 12 md' 24-hr exposures to drug was asscssed by cxclusion' of
trypan blue. At 12 hr, the percentages of dye-excluding celis were 94% (untreated
cultures), 90% (VCR-eipond& cultures), :nd;‘t!}‘l (VLB-’expowd cultures). Cells
expéscd to ecither drug continuously for 24 hr were leaky, since only 42-46%
excluded trypan blue, and thus cell-associated drug wis not reported at 24 hr.

The loss of VLB fron: cells after prolonged drug exposures in the experiment
“of Figure 20 is not unde;stood. A similar decline was seen during prolonged
exposures (>24 hr) of HL-60/Cl cells to low concentrations (6-12 nM) of VLB
- (Figure 13, Chapter VI). If VLB release after 7 hr of continuous exposure was
due to degradation of intracellular binding sites, such sites were appar;:nuy different
from those that bound VCR singc VCR was not released after an exposure of at
least 12 hr. The decline in cell-associated VLB may be the result of | vesiculation of
plasma membranes, a phenomenon described for VLB-treated lymphoblastoid cells
(64). The hydrophobic nature of VLB s.uggcsts that jt may partition' in the lipid
phase of rhcmbranes. and vesiculation of plasma mémbrancs in VLB-damaged cells
could cause a decrease in cell-associated drug.

Figure 21 demonstrates the time courses of release of ['HJVCR and ['H]VLB
from HL-60/C1 cells that were "loaded" with radiolabelled drug by incubation for 4
hr in medium con(‘;ining the same concentrations of either drug. At each of these
relatively high corcentrations, the amount of "‘VLB associated with cells after 4 hr
was greater thay that ofx VCR. After transfer of cells to 4drug~free medium, the

/
amounts of cell-associated VLB declined to levcé that were well below those of

cell-associated VCR within 0.5 t0-1.5 hr.
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Cell-Associated Drug (pmol/10€ ceits)

Time (hr)

Figure 1. Time courses of reléase of ['HIVCR and ['H]VLB by HL—(;O/C] cells
after 4-hr exposures to drug (50 - 400 nM). Exponentially proliferating HL-60/C1
cells were used to establish cultures (1.5 x 10° celis/ml) in ["HJVCR (a) or
[*HIVLB () at the concentrations .indicated in growth medium contairing 4 mM
Hepes, pH 7.4. After 4 hr, cells were .collected by centrifugation (120 g, 8 min)
and resuspended in drug-free growth medium (approx. 1 x 10° ce'lls/ml). Incubations
were performed at 37. Cell-associated radioactivity was determined at timed intervals
as described in Materials and Methods (Section G), and the values (2 determinations
per condition) presented were calculated assuming that cell-associated radioactivity is

equivalent to unchanged [’H]JVCR or [*H]VLB.
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Uptake.and release of [*H]JVLB by HL-60/C1 cells was examined at
concentrations near the IC,., value (3. 7 uM) for VLB inhibition of colony- formmgt

ability. It is apparent from data of Figute 22 that the VLB uptake process had
-almost. plateaued by 0.5 hr At 4 hr, when cells were transferred to drug-free
medium, VLB release was rapid; cell- associated drug had re- eqmlibrated with the
medium by 4 hr. At 8 hr, cells were once again transferred to drug -free medium,
and the. amount of cell assocxated VLB declmed further |

Time courses of release of VCR and VLB cells were compared directly in o
experiments in which cells contained the same amounts of either drug (Figure 23).
Cells were subjected to exposures 1O "pairs” of concentrations of< [’HJVCR and
[3H1VLB, respectively, that would load cells with equrvalent amounts of. either drug
.(200 and SOVnM; 400 and 100 nM). After 4 hr.- lc_)zaded cells were‘transferred to -
dryg-free medium, and the loss of cell-associated radioactivity was. followed. For

'both pairs of concentrations, VLB was released more rapidly than VCR, and, after
0.5 hr,*cellular contents of VCR were greater than those of VLB.

‘Rete‘ntion of drug by cells after transfer to drug-‘free 'medium meant that
exposures of 1ntracellular target(s) contmued well after exposurcs to extracellular drug
had terminated In addmon at the highest concentrations of VLB exammed (1-6
uM), sufficient drug was released into drug- -free medium that in effect, cells
continued to be exposed to low concentrations (<3O nM) of VLB. Since the cellular
content - of either drug was continuously changing, the "effective drug exposnres:‘_//
befere and after transfer to drugefree mediurn were determined by calculating areas
under curves of plots of cellular drug content from tzme zero to infinity . The latter
was determined by extrapolation of release curves, which usually approached 2610
cell-associated drug by 14-24 hr. In determining "effective drug exposures”, the

fractions of these values that were determined from extrapolated portions of the

-plots of cellular drug ‘content versus time were, for VCR -and VLB, 25-35% and
J
; .
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. Figure 22. Time courses of rglease of [3H]VLB by HL-60/C1 cells after ‘A-hr
exposures to drug (1 - 6 p M). Exﬁoneﬁﬁally ’proliferating HL-60/C1 4,cells were used '

to establish_cultares (1.5 x 10° cell/ml) in 1 (0). 3 (), or 6 (@) uM -~
[*H]JVLB in'groyvth medium’ containing 4‘r_r‘1M ‘Hepes,- pH 7.4. After 4 hr, cells were
collected by centrifugation (120 g 8 min) and resuspended in drug-free growth
ryedifum (apprdx.' '1 X 1_0‘ celis/ml), and after.8 hr, cells exposed to 3 anhd 6. uM
[3H]VLB were  again centrifﬁged (120 g. 8 min) and re.suspended in drug-free-
medium (approx. 1 g(lO’ celis/ml), ]nsubations were performed at Q37’. |
Cell-associated radioactivity was determined at ihé times indicated" as described in
Materiais and Methods (Section G)_, and the values (2 determinations per condition)
presénted were calculated ‘assuming that cell-associated r;dioactivity is equivalem to

unchanged [*H]JVCR or [*H]VLB.
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Figure 23. Time courses of release of [’H]VCR’and [’H]VLB! by HL-60/C1 cells
containing . the same lal;lounts 6f either drug. Exponemially proliferating HL-60/C1
cells were used to establish. cultqres (1.5 x 10° cells/ml) in [*H]JVCR or [’H]VLﬁ at
the concentrations iruld‘icated in grbwth medium containing 4 rﬁM Hepesf. pH 7.4.
After 4 hr, cells were ’collected"bygceritrifugation (120 g, 8 min), and resuspended
in dfug-free growth medium (approx. ‘1 \ 10° cells/ml). Incubations were performed
at 37". Cell-associated radioactivity was determined at the times indicéted as described
ir;; Materials and Methods . (Sectio_n G), and tl.me' .valu,es (2 determinatibns per .

condition) presented were calculated assuming that cell-associated radioactivity is

‘equivalent to unchanged [*H]JVCR or ['H]VLB.
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| y
1.5-4.5%, respectively.

The relationships between “effective drug ex_pésures;' to VCR ;nd VLB and
viaﬁility of HL-@/CI cells are presented in Figure 24. AThe effects of VCR and
VLB on viability were ~dele,rmined in sepaiate ‘expe'riments (pr:yiously vpfesemed in
" Chapter V) by assay. of colony -formation> under the same conditions ‘as ihe 'ﬁptake
experiments. Maximum VCR toxicity :was seen at "effective drug exposures™ that
were well belowwthe threshold for VLB toxicity. These differences in senéitiviu'es to
VCR and VLB suggested that much of the cell-associated VLB was bound to
‘cellUlar components other .than the cytotoxic target(s). j e
The dependence of cellulaf content of [’H]VCR and [*HJVLB at 4 hr on the
_ éxtracellular concentration of "free” drug is illustrated m Fig/ure 25. Free drug was
.estimaﬁ:d by Eb}recting extracellular concentrations of VCR e;nd VLB for binding of
d;ug o serum proteins of quhure fluids.' Uptake of both drugs wasr concentration
dependent, and for VLB, the plot of _éell content versus free drug concentration
appeared biphasic. The larger component of VLB binding did not saturate and may
represent partitioning of VLB in the lipid phase -of membranés. The relati_onshi'ps‘ of
Figure 25 were not "ﬁeady-state" values for 'uptake. of either drug; VLB levels,
which were maximal at or near 4 hr, usually declined between 4 and 8 hr, and |
cellular _Li\pta'ke of VCR did not reach maximum values until 24 hr ('Chapter‘ VI,
Eigure 13)-‘ It was r;ot possible to determine if maximum gellular uptake of VCR
. was th; same as that of VLB since, at hlgh concgntrations of VCR, cell ‘/sis was
significanf during 24-hr cxposure;. / |

7 | !

/

/4

'Depletion of drug from culture fluids did not occur in any of the expe_riménts
- reported here. The maximum amount of drug accumulated by HL-60/C1 cells was
<2% of total drug in culture fluids.
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- Flgure 4, Colony-formmg nbility of HL-60/C1 cells exposed to VCR or VLB for 4

| hr as a function® of effective drug exposure Uptake data are from the experiments
_‘of Figures 19-23 and vxabxhty data are ﬁ:gm the experiments of Figure 6 (Chapter
V). "Effecuve drug exposures”, were determme\d fm\thc ‘areas under curves of
plots of cellular drug content frqm lime zero to infi mty ¢ relanve clomng
effxcxencnes of drug-treated cultures are expressed as' fractions of The\béoluie° cloning
effxc:ency of untreated cultures. The drug conoentratnons were: for VCR\IO 20, 30,
50, and 100 nM, and for VLB, 10, 20, 30. 40, 50, 100, 200 400 3000, and 6000
‘nM., Values are presented as means (i S.D.) of relative clonmg efficiencies of

muluple experiments (n = 2 to 4) ‘or of a single expergmem (10 determmatmns per '

condition).
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Figure 25. Cellular drug content» following 4-hr exposures nﬁas. a function of the "+
concentration of free [HJVCR or [*H]VLB. Daﬁ are from the expgrir;lents of
Figures 13 and 19-23. The’ concentration of :"free'} drug was estimated from the
measurements of‘binding of VCR (a) and VLB ( ®) to serum proteins presented
in “Table 10. Inset represents data obtained using’ COhcentratibns llgss‘ than 80 nM.

Points , with bars, mean + S.D.; points without bars, regulis of single determinatiosis.
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C. Summary v
 During 4-hr exposures, ‘uptake of [*
<‘7 ¥
rapidly than that of [‘H]VCR Cell-assoclated VLB reached maxlmal values wlthln 4 #

]VLB by HL-60/C1 oells occurred more

hr, whereas that of VCR reached maximal values only after 24 hr. When cells were
“exposed to the same 'cqnéént;‘audns .of VCR and VLB for 4 hr, the amounts of
VLB in éells were coxislderably greater than those of lVCR‘l U;lop transfer of “cells
) to | drug-free medium. VLB was lost from. cells more 'rapidly than was VCR, and
when cells loaded with the same amomts of dru were compared, the cellular
conteat "of VLB declinedl rapidly and, within 0.5 br, was less than that of VCR.
HL-60/C1 cells were more scnsxtive to the cytotoxic. effects of VCR, and the

relauonshxps between effectwe drug exposures” and rel’ative cloning efficiencies <
(viability) mdlcated that considerable amounts of VLB were bound to~ cellular |
. components other than the cytotoxic target(s). The greater lipophilicity of iVLB than
VCR suggests that more VLB than VCR - ‘was - loosely bound o hydrophoblc

components of cells. glvmg rise to the differences in total ccll-assocmted drug

» required to achieve equivalent biological effects.
AN : *
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| _of inhibitors of Ca* flux and calmodulin antagonists on efflux of drug from

VHI. Effects of Energy Depletion on Uptake and Release of VLB
A lntroductlon : R
Resistance of a number of ccll lines to Vinca alkaloids has been correlated
with altered membrane glycoproteins (99 100, 103), altered intra&l’ular calcium
content (50, 95. 138 139, 140), and efflux of drug (42 43, 84). In resistant cells,

. drug _ofﬂux is inhibited by energy depletion (42, 84) and by inhibitors of Ca' flux .

(75, 79, 89, 90, 91, 92, 97) and Ca*:-dependent enzyme activity (89). It is possible
that the 150 kd glycoprotein segn in the plasma membranes of resistam cells is

associated with an actiye efflux system, but this has yet to be proven. The action
T : ;

"

resistant cells may be manifested through 'pe”rturbations' of Ca"-dc‘pendem processes
(75, 79, 89, 90, 91, 92.'97). or by competitive or nron-competitive' inhibition of the
efflux process (97, 98). . ‘ .

The. basis. of energy’-dcpendent drug efflux in resistant cells is controversial. ’

Net uptake of VCR is increased in a variety of drug-resistant cells by treatment

=

_with metabolic poisons (39, 41, 42, 43). Restoration of energy metabolism to

resistant ’ cells by addition of glucose to culture fluids sumulates drug efflux. These

results have been interpreted as meaning that drug-resistant cells possess an

»cnergy-dependent _transport system in the plasma mémbrane that medxates outward

transport of drug.’

A different conclusion was drawn from results of uptake studies with

* VLB-resistant and sensitive cultured lymphoblastoid (CCRF-CEM) cells (35).

»

Accumulanon of [FHJVLB was increased by energy deplenon with sodium azlde in

VLB resnstant cells and decreased in VLB sensitive cells and addmon of glucose

reversed these effects. VLB Ttesistance was attributed to phosphorylation of

intracellular binding sites, thereby reducing intracellular accumulation of drug. In

°

'
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sensitive cells, it is possible that the putative binding sites, which may be *fcrem
from cytotéxic binding siteé, "sequester” drugs, thereby extending exposure of
intracellular consbtitucms to drug. ‘

Since it seemed possible that rapid release of VLB from HL-60/Cl 'cells may
have been dependeﬁt on an energy-dependent process, the effects of energy Acplction
on uptake and .rclease of [*'HJVLB by HL-60/Cl ce/ll} were cxﬁmingd. Cells. were
treatéd with 10 mM sodium azide in the preseneé’ “or absence of glucose for graded -
time intervals to cstablisﬁ. conditﬁ)ps that depleted cclis of ATPI'. Untreated and
azide-treated cells were incubated in 50 nM [FH]JVLB for 4 'hr and were thed
transferred to VLB-free medium with ~or without sodium azide. Measurements of
-cell-associated radioagtivity'ihdicated‘ tﬁla_t neither uptake nor release of VLB was

energy - dependent. Similar experiments were not performed with VCR since an

energy-dependent efflux system was not found for VLB.

B. Results

The results of Figure 26 demonstrate that, in the presencé og 10. mM
sodium azide and the absence of glucose, HL-60/C1 cells were completely devoid of
ATP by 4 hr. Ir the presence of glhéose, treatment qf HL-60/C1 cells with sodium
azide for up to 7 hr did” not deplete cellular ATP, indicat\i\ng that glycolysis was
sufficient to meet the energy demands of HL-60/C1 cells. -Tixe éhromatc;graphic
system ’separated adenosine mono-, di-, and triphosphates. AMP appeared in tﬁe
void -volume, and ADP eluted at 4 and ATP at 15, min. The additional® peaks
seen in extracts of untreated cells (Panel B) were other trmucleotxdes (CTP GTP,

L9

~and XTP):

Treatment of HL-60/Cl celis with sodium azide for extended periods affected

cell fmegrity since recovery of cells in uptake assays declined sharply after 5-hr

- exposures ' 10 sodium ~azide in glucbsc-free medium (Table '12). Measurements' of

&



VFigure 26. The effccts of sodium azide on the ATP content of HL-60/Cl
cells. Exponentially proliferating HL-60/C1 cells were used to establish

cultures (3 x 10* cells/ml) in growth medium (glucose-free RPMI 1640 plus

15% :halyzed FBS) containing 10 mM sodium azide with or without glucose

(2 ug/ml), Untreated (comrol) cultures were. incubaled in growth medium

with glucose (2 ug/ml). After the lengths of time mdlcaled below, the "
variousl;' treated- cells wcré collélcd by -centrifugation (120 g, 8 min).
‘extracted -with 0.4 ,‘M PCA, imd prepared i‘or HPLC analysis as dcscril;ed in.
Materials and Met‘hods’ (Section H). Porti‘ons (50-55 ul) of extracts were
applied to an am:on cxchanéc column ‘and glutcd as described in Materials
and Methods (Sectioﬁ H). The absorbance (259 nM) profiles are presented
for: rcfcrekr_mc ‘standards (0.5 mM ADP, 0.vl mM ATP), Panel A! untgpated.
‘ (control) cells, Panél B; celis incub#ted in sodiﬁm azide without glucose for
0.5 hr, Panel C; cells incubated in sodlum ande without glucose for 4 hr

Panel D; cells mcubated in sodium azide vmh glucose for ‘4 hr, Panel E;

cells incubated in sodlum az:dc with glucose for 7 hr, Panel F.

. 0 - - . -
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Table 12
Effects of Sodium Azide on

Cell Recovery in Uptake Assays

Time ’ 10% x ,Cell Number/Pellet
Untreated . : Azide-Treated
4 5.95 5.64
4.5 ; 5.53 5.58
5 5.53 ' 5.10
6 553 S . 450

7 i 5.09 , 2.88

Exponentially proliferating }iL-60/C1 cells were used to establish cultures

(3 x 10%ml) in* growth medxum (glucose- free R.PMI 1640 plus 15% dialyzed FBS)
containing 50 nM VLB and either 2 ug/ml glucose (untreated) or 10 mM sodium
azide (azide- treated) Cultures were mcubated at 37, and at the times mdlcated

1- ml pofnons of cell suspensions were processed as descnbed in Materials and
Methods (Section G) for determmauon of “cell recoven in uptake assays. Brieﬂy.
the 1-ml] samples were twice centnfuged (12, 800 g. 1 min) and resuspended in'1 ml
of physnologlcal saline, and cell. numbers were determined with an clectromc particle

counter. , %
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cellular drug content were conducted within 4 hr of inftiating treatment with sodium
azide, when cell recoveries were comparable to those of untreated cells.

In the experiments of Figure 27, HL-60/C1 cells were exposed to 50 nM
['HIVLB for 4 hr in the presence or absence of 10 mM sodium azide (minus
glucose) and then assayed for release of radioactivity. The cellular drug contents
before transfer 1o drug-free medium of control and ATP-depleted cells, respectively,
were 5.37 and $5:07 pmol/10* cells indicating that ATP depletion did not effect
uptake of VLB during the 4-hr incubatiots. These values for cell-associated VCR
and VLB were equivalent to about a 75-fold "concentration" o( drug. The progrcss.
curve for release of VLB from azide-treated cells was slightly steeper than that of

control cells. However, the twq curves were the same after 0.5 hr. Thus rclease of

VLB from HL-60/Cl cells was not affected by depletion of cellular ATP.

[
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Figure 27. Effect of ecnergy depletion on release 'of ['HIVLB from HL-60/C! cells.
Exponentially proliferating HI.-60/C1 cells were used io establish cultures (3 x 10°
cells/ml) in growth medium ?glucose-free RPMI 1640 plus 15% dialyzed FBS)
containing 50 nM [*H]VLB and ecither 2 pug/ml glucose (untreated) or 10 mM
sodium azide (azide-treated). Cultures were incubated at 37, and after 4 hr, cells
were collected by centrifugation (120 g, 8 m{n) and resuspended in azide-free (;)
or azide-containing (o) medium without [*H]JVLB. Cell-associated radioactivity was
determined as described in Materials and Methods (Section G) and is represented as

fractions of the amount of radioactivity present at 4 hr before transfer of cells to

VLB-free medium.
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C. Summary

‘Treatment of HL-60/Cl ce:ils with 10, mM sodium “azide in gluéose-freé
growth mediuinu reddéed cellular ATP to levels below detection within 4 hr.” Uptake
of 50nM [’H]VL}} du.ring 4-hr exf)"osures under conditions of proliferation experiments
was not affected by depletion of cellular. ATP. Release of [H&]VLB, after transfer
of HL-60/C1 cells (loaded by incubation for 4 hr‘ with 50 nM [*H]JVLB) to
- VLB-free medium, was the same for untreated and azide-treated cells. These results

suggested that uptake and release of VLB by HL-60/Cl cells were independent of

energy metabolism.



‘ IX. Discussion
Although VCR and VLB are similar in ‘structure (3) and bind ﬁvith nearly equal
affinities to in vitro preparations of tubulin (25), they exhibit difi;erenl activities and
dose-limiting toxicities in clinical use (4).. The pharma,cbkinetics of VCR and VLB in
humans Aare alsob‘dif'ferent; VLB is distributed into body tissuesu and excreted more
rapidly than, VCR, which is ret‘aineél in body tissues 3 to 4 times longer than is
VLB -(11’ 12, -17).
. A prévious study established that VCR and VLB were equitoxic against Sof .
6 cell lines studied during cdnt/inuous 48-hr exposures (13). Since, in patients,
clearance of VCR and VLB from serum is rapid following iv. bolus injections of
VCR or VLB (11, 15, 16, 17), the effects of short exposures of cultured cells to
VCR and® VLB were evaluated. In 3. of 4 liﬁés studied, VéR was much more ‘toxic
than VLB after 1 or 4-hr exposures (1 3).

In this work, HL-60/C1 cells were used "a_ts a model .system to study the
‘bioch‘emical basis of differential activity of VCR and VLB. Sin_ce the accépted
'cytotoxfc mechanism of the Vinca alkaloigs is rﬂitotic arrest (21, 22, 23, 24),
perturbation of DNA distributions of gultured cells ;vas assessed to” determine  if
VCR and VLB acted by similar cytotoxic mechanisms. For both’48-hr continuous
exposures and 4-hr exposures, the effects of VCR adnd VLB on DNA‘ distributions
were the same. At -the low (<10 nM) “concentrations of continubus-exposure
expe'riments,_ drug-treated cells acéumulated. as timé brogressed, in the G,-M: phases
of the cell cycle. Thus, inhibition of proliferatior; of . HL--60/C1 ‘cellg by VCR and
VLBY was -apparently due to inhibition of progression, of cells through fnitosis.

| When toxicities of ‘VCR and VLB against HL-60/Cl cells were compared by
assessing inhibition of proliferation during continuous exposures of 48 hr, the two

drugs were equitoxic, with IC, values, rtespectively, of 7.6 and 8.1 nM. Uptake of

[3H]VCR and [*H]VLB by HL-60/C1 celis was measured over the coursé of 48-hr

)
4

109



110

exposures. VLB entered cells more rapidly than VCR, ieaching near maximal levels
within. 4 hr. Accumulation of -both drués was ‘"concentrative”, and maximal

accumulation was éeen at or near 24 hr. The amounts of cell-associated VCR and
VLB were ab.out. the same at 24 hr, suggesting, since neither ‘drhg was ‘metabélized
by HL-60/Cl cells, that cells possessed the same capacity fdr concentrative retention

of VCR and VLB. After ‘2‘4 hr, in the continued presence of extracellular drug,

cell-asségiated VCR and VLB declined, suggesting loss of Vinca bindling sites,

possibly ‘associated with the deteriorating condition of cells.

-Since, during continuous exposures, the amountsn of cell-associated VCR or.
VLB were constantly changing, their toxicitiés were cgthéred by relating inhibition -
of proliferation rates ' to intrace‘llular d;ug cbntent over the period of evaluation. ’
"Effective drug exposures” were determined by calculating areas under cz)naes' of
plots of cellular drug content vel"sus time, and the ’inhibitory_ effects of VCR and
VLB on proliferation of HL-60/C1 cells were detérmin;ad for the same exposure
periods. The relétionships between ‘inhibixiont of proliferation and "effective drug

v

exposures” were the same for VCR and VLB, indicating -that _;VCR and VLB wéré'

Ae‘quitoxic against HL-60/C1 cells during prolonged exposures to low concentfatiops_ of

drug.

When HL-GO/CI ce]l§ were subjected to 4-hr exposures, féllowed by 'c“ulf:ure.
in d{uvg-freetmedium, VCR vL'aS .considerably more toxi¢c than VL’B,.with IC“;0 values..-
respectively, of 41 nM and 1.1 uM." Uptake ana rélease of ‘[JH]VCR_ and [’HﬂVLB
by HL-60/Cl cells were ACtermined undgr' condétidns of proliferation experiments.
Duriﬁg 4-hr'exposures,v uptake(‘ of [*H]JVLB occu.r:redv more rapidly than thalc pf
[PHJVCR during the first hr, and when cells were exposed to the same

concentrations of either dryg, the amounts of céll-associaged VLB at 4 hr were

considerably greatef than those of VCR. Upon transfer of cells to drug-free

medium, VLB was lost more rapidly than was 'VICR, ‘and when time égprses of
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release from cells containing the same amounts ‘of drug wer”c}'compared,

cell-associated VLB was less than that of VCR within 0.5 hr.

The toxicities of " VCR and _VLB were compared by relating inhibition of
colony formation, a measure of reproductive viability, and "effective drug ’exp(v)surcs".
Tﬁe lattér was determined by calculating areas under curves of plots of cellular drug
content from time zero to infinity. Maximum VCR toxicity was séen ‘at "effective
drug exposures” that were well- below the threshold for VLB toxicity. o

That interaction of VLB with hydrophobic cellular constituents was r;sponsible
for rapid uptake and release, And the consequent low t_oxiciiy, of VLB after 4-hr
exposures iéqsuggcsted by the following results. l‘ -

e VLB is more hydrophobic than VCR. .At_pH 7.4, VLB has an octanol: water -
‘partition cosfficient of 2000 whereas that of VCR is 160. (38). At pH f.9.
VLB eluted 'in a highgr concentration of methan'ol than did VCR in reverse
phase"H'PLC.. | | v 0

o . .

VCR and VLB have pKa values near physiological pH (38). Uptake of both

drugs increased with 'increas,ing pH, suggesting that penetzation of cells was more
likely for neutral, than for charged, drug molecules. ‘'The pH-dependence of |
~uptake of VLB By HL-60/C1 cells was greater than that of VCR. |
. I_Maximuﬁ\ uptake of VLEi by HL-60/C1 .cel.ls, which iwas'achieved within 4 hr,
increaséd with increasing congentrations up to 4.5 uM 'free drué. VLB uptake
was not satu;ated over a wi,de range of concentrations.
o® ’lAlthough uptake of VLB was "concentrative” ‘(in;racellular levels were 100-fold
greater than external concentrations), neitiler uptake nor r_e]eése was
energy-dependeﬁt. .

R

o . The cellular content of VLB after 4-hr exposures to the IC;, concentration

. _J
(abm\;‘t 3 uM) was about 150 pmol/10¢ cells. Assuming that HL-60/C1 cells

have similar amounts: of tubulin as other human Dematopoietic cell lines (79,



112
f

90), the maximum amount 61‘ VLB that could be accounted for“by binding to
"tubul‘in would be ’:;f the order of 20 pmol/10¢ cells.
) ’At4 all concentrations from 6 nM io 6 uM VLB entered HL-60/C1 cells . rapidly,
| such tha}t maximum levels of cell-asso;iated, VLB 'wére reached within 0.5 to 2 .
~_hr, depending on drug concentration. Uptake of VLB was always faster than .
that of VCR ét equal’ extrapellular 'concéntratiops. and th¢ celludar content of
* VCR reached that of VLB only if the cells were exposed for 24 hr.
e HL-60/Cl cells containing the same amounts of VCR or VLB released VLB
more rapidly’than VCR, independently of _whéther éxposufes were 4 dr.24‘ hr
VCR ‘and VLB probably cross plasma membranes by .diffusion, and, since
VLB is less polar than VCR, the differences in uptake of VCR and VLB by |
HL-60/C1 cells may reflect differences in theif mrmébiliiy coefficients. The apparent
" non-saturability of cellular uptake of VLB suggests' hydrophobic partitioning. and, if ‘
so, the equilibrium bétwge_n hydrophobically bound a'n_d extracellular drug should be ”'_
similar 1o that between :hydro‘phobicaliy bound and cytosolic drug. It seems likely
thatv during 4-hr exposures, much of the cgll-a;sociated VLB was not Associa‘ted with
- the cytotoxic target, tubulin, but with hydrophobic’ domains * within the. cell, and
d}uing the early phase of longer drug exposhres, \Aprobably inore VLB. than VCR,
was associated with hydrophobic cellular constituents. The distributi‘oni between cellular
'cons‘tituents must - have been _timé-depgndcm. since the toxicities of VCR and VLB
‘ul.timately approa?héd equality during longer exposures.
~ The r@sults of these stugies suggest that VLB might be rﬁore active clinically
if it is administered in “continvuous. infusions or multiple low-dose .injeciidns rather
man in single bolus injections. Some clinical studies support this view. Treatrﬁeﬁt of
.breast tumors wasb improved ‘by ~therapy with VLB administeréd by 'infusions as

compared to single bolus dnjections (141). Divided-dose administration of VLB, Which

has .the effect'.o_f maintaining low levels of VLB. in the body for extended periods, -
I _ I
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\
resulted  in 1mproved responses in patients - who werkprevnously refractory to
chemotherapy (142). Treatment of advanced breast cancer by sequential. admtmstratnon
of ADR' ahd VLB by contmuous mfusxon resuited in an 1mproved response rate
(43%) compared with VLB administered as a single agent by i.v. bolus (20%)
" (143). .However. in other studies. patients with breast cancer (144) and epitpeiial
ovarian cancer (145) who had fatled ‘prior treatment did not respond to -VLB |
administered by infusion. As well, only 16% of ‘ patients with refractory‘kidney
tumgrs had partial responses to VLB infusion therapy (146). More work is required
m estabhshmg dosages and’ frequency of admrmstratton of mfusron therapy to
improve the therapeuuc index of VLB in such protocols Admmrstranon of VCR in
'mfusmns alters .1ts toxicity (112). Infusion over 5 ‘days resulted in increased serum
eoncentrations of VCR, and although tumor _Tesponse was greater when cdmpared to
single 'Bolus injections, neurotoxicity was severe. From analysis of | the
pharmacokinetic  data, it was suggested' thatza lower i'nfusi.on\ dose may achteye the
same therapeutic. effects with reduced neurotoxicity. Patients with non-Hodgkin's
riymphomas. previously refractory to traditional chemotherapy, were treated with a
0.5-mg bolus. of }ICR followed by VCR infusion at 0.25 mg/m?/day continuously
over 5 days (147)’. Eight of 25 patients had ‘a partial response and one a eomplete
. .re_"sponse._ Neurotoxicity, experienced by half of the patients. was tolerable and not
~ greater than that found with bdlus i’CR treatment of a similar cumulative dose.
'I"herapeutictty appeared' to be related to maintenance of a higher serum level of
drug by mfusxon therapy. , |
In summary, d1fferent1al toxxcrty of VCR-and VLB towards cultured

HL-60/Cl cells was attributed to the more rapid loss of VLB}han VCR when cells
were subjected “ to short exposures to these agents, followed by culture in drug—freeb
medium. ‘Th.e diff‘ere‘nces in- cellular uptake and release of VLB and VCR by

HL-60/C1 cells appeared to be related to. the greater hydrophobicity of VLB rather

\ 1
! o

|



components to a greater extent than VCR.'

n4

.

than to differences in medi#ted uptake or efflux of the two: drugs. VLB, which is

considerably more hydrophobic than VCR, shouid diffuse across the piasma
: Pl

membrane more readily and should bind nonspecifically to hydrophobic cellular

A}
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