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COMMENTARY

G, BLOCK INDUCED BY DNA CROSSLINKING AGENTS AND
ITS POSSIBLE CONSEQUENCES

JERZY KONOPA

Department of Pharmaceutical Technology and Biochemistry, Technical University of Gdansk,
80-952 Gdansk, Poland

Numerous clinically used antitumor drugs as well as
other antitumor agents have been studied for their
effects on the cell cycle of normal as well as tumor
cells.

According to the concept of Howard and Pelc {1],
the cell cycle is divided into four consecutive phases:
Gy, S, G; and M. The S and M phases represent
the distinct time periods in a cell cycle when DNA
synthesis or mitosis occurs, while G, and G; phases
correspond to the “gaps” in time between M and S
and S and M respectively. The knowledge of the
stage at which the cells stop or slow down their
progress through the cell cycle is of primary import-
ance for the understanding of drug antiproliferative
action. Though this information can be obtained by
a variety of methods, the studies of drug effects on
the cell cycle have become increasingly frequent
during the last decade after the development of a
very efficient technique of flow cytometry [ for review
see Ref. 2]. Other methods {for review see Ref. 3]
for analyzing drug action on the cell cycle have been
employed mainly in earlier studies.

Among antitumor agents studied to date, almost
all classes of DNA crosslinking compounds are repre-
sented. The published data demonstrate that all of
these drugs produce qualitatively similar effects on
the cell cycle, preferentially inducing accumulation
or arrest of cells in G, phase of the cell cycle (G,
block). Nevertheless, even the most recent papers
on this subject seem to neglect the question of the
relevance of the G, block to the antiproliferative
action of crosslinking agents. This question is dis-
cussed later in this commentary.

In Table 1 the available data on the cell cycle
effects of DNA crosslinking agents are summarized.
Studies on the preferential toxicity of drugs for cells
in the various stages of the cell cycle are not covered
by this summary. The cells in G, at the G,/S bound-
ary, and in M phases were found, in general, to be
more sensitive to the lethal action of crosslinking
agents [for review see, for example, Refs. 4 and 5].
This is, however, a separate issue which remains
beyond the scope of this commentary. Table 1
includes the data for adriamycin and daunomycin,
which have been shown recently to induce inter-
strand crosslinks in cellular DNA [6]. Very recently
we have found that another drug included in Table
1, mitoxantrone, is also able to form interstrand
DNA crosslinks in cultired HeLa S5 cells {7].

Asshown in Table 1, the cell cycle effects of DNA
crosslinking agents apparently have a lot of common
characteristic features, depending on drug dose and
time of treatment. At low drug levels, a slow-down
of cell traverse through S-phase along with some
accumulation of G, phase cells are usually observed
fe.g. 11, 14, 22, 29, 35, 40, 55]. Both effects and
especially S block seem to be readily reversible upon
prolonged incubation of the cells [e.g. 11,13, 15,
35,40]. Increased drug doses cause progressive
enhancement of cell jaccumulation ;in ‘G, phase
leading to G, arrest of the majority of cell popu-
lation [e.g. 11, 13, 19, 29, 35, 40, 45, 56].

The G, block seems to be most obvious and per-
sistent in the case of agents exhibiting the highest
antitumor efficacy (in terms of the magnitude of the
increase of life span or the decrease of tumor weight
in tumor bearing animals). The most efficient anti-
tumor DNA crosslinking drugs, e.g. mitomycin C
[29], cis-platinum [35], or adriamycin [40], were
reported to induce an essentially irreversible G,
block that persisted for several days. On the other
hand, the G, arrest caused by melphalan [13, 16], a
drug of moderate antitumor efficacy, was partially
reversible, whereas Yoshi 864, which is relatively
inefficient as an antitumor drug, produced a G, block
that was reversible upon post-incubation of the cells
in drug-free medium [24]. The persistence of the G-
block depends also on the drug dose and duration of
drug treatment, and even in the case of such a very
potent drug as adriamycin some cells may escape -
from G, arrest when exposed to the drug given at a
relatively low concentration for a short period of
time [40].

It should be stressed that, in general, the range of
drug concentrations causing “pure” G, block seems
to be very narrow. This has been particularly well
documented in the case of cis-platinum [35]. The
drug levels exceeding the range which produces G,
block induce additionally S phase arrest, and even
higher drug concentrations produce also G, block,
freezing thereby completely the cell traverse through
the cell cycle [21].

The same sequence of blocks appearing in
response to increasing drug concentrations was also
observed when the cells were incubated with DNA
crosslinking agents for various times. Higher drug
levels given for shorter periods were found to be
equivalent in their effects to lower drug con-

2303



J. Konora

2304

{nw/3rgo1¢y

87 12} 1132 (%06) Bunpha 107 ¥oo0iq Py Aq pamoyjo} Aepep § WO sproaydg—16
29 (1 ‘rm/Br gz-¢ y2) ¥ooIq 'O Aq pomoyio} AEpPP § D ‘WO lowm uielg JeY 16 paeisnm woluepiyondg
(8/8w () osop aanoaye 1948 j0u 0q (3Y
/BuI(T) 950p 9ANORUL IR IY 6 PASISAST ‘IUIUIIRIT) oma u
Sz Bnup Jayw 1y pz /4D 18 S0 JO UoNBMWNIDY WD ‘gutoudIed gun| simay IPIWO[OZONA
B[QISIPALL YPo0[q *0)
$Z ‘61 pue Aejep § juspusdop-suwm smsodxe pue -UoNEINUIDLONY WO ewoyduwAy vewmy 'y $O8 SO X
(3%/31 <77} NNOD Jo 2sop ofuws ©
£z Il Y 8p 18 S|P [0 9L JO UCHRIMUWINNDE “¥20iq W/°O Wod oata uz ‘ewoores LHY (INOD
(44 (1w/8r ¢ 10 T) Yo0Iq *©) Aq pamor[oj AePp § WD “WOA Jown urelq 1ey 16 ANDY
|54 (1 1 /8 g 18) YooIq *0) 00d OHD NNDD
4 0 ote 1e jutod feunuiay, 20 * OHD ANDO-9IN “INDD ‘NINOY
IRAD
61 4o01q YO pue § 23ef Judpuadap-sso(y WO4  Ieiswey 3S3UID) OHD NNDD-9N ‘NNDD ‘INDH
SEIINOSOININ
oa
(asop o[dus B/8w g0z 18) VNGNS 10WN] JUBISISAI M7 ‘BUIOIIES JEN[NAS
81 ut $390[q D) pUe § JUSISUERI) ‘JOWN) IANISUIS UL YO0[q *y WO UBLIBAC /05 W sprureydsoydopssy
uoneNUIOU0d 1YSIY
18 320[q § (19 §p-1 ‘yu/3r g1 03 ¢°0 1) HooIq *DH
LI 61 pue Kejop § 1uspuodop-awn sinsodxa pue -uoTIBIUDUOD WOA pwoydd] vewny 'y omusyondsy
sum
9 amsodxs 1I0YS 191je 5}qIsIoast {{w/3 1 12) Yoolg o WoA 0199 TNdY
(rw/8n ¢ 03 570 18) ¥ooIq 2D
ST ‘b1 pue Kejep § opuadap-owrn smsodxd pur -UOHEIUPBOY) WOA ewoydurd] uewrny 'y,
uoIBgGNOuY oaa ur/seuyy ¢
€1 -180d paSuojoid 193¢ ofqrs1aasr (/B g1 1€) Yooiq L) IN ‘ND Jiowny sanose Yorpyy vereydjow
souy)
oseyd 20y Ul S{jP0 JO vOnRMMINOIE 1190 g %1 pue ey
A ue Aq psmopo] asioars osegd S ui Aejop juspusdsp-aso(] WOl piojseigoydwi] wewmngy
1SRIqOIqY
(/31 1°0 01 10°0 18) ¥20[q °5) Uewny erusue wWooue,|
sejqoiqy
4! (/8 1 01 1°0 1) ¥00[q “D) AQ pamojlo] Aejap § WOA ueumy [euoN
01 Juspuadop-as0p *320jq ¢ Wid TON "dag'H
WO
6 (34/3w 77 10 99 “£g) Is0p S{Furs 1oye Yoo[q 1D W IN oma up ' 1yy
193]j2 ATRPUOIIS ¥ S8 SISIIUAS YN oma w1 ‘(LyHd)
8 Jo wourqryur :(esnour/Sr gz) ssop a[Burs e 1a1ye Yoo[q O v ‘IN JOTING $330Se YHIIY preysnu waforip]
(s)20u013793) syIRWay /S ApoyIa +SI2D spunodwo)

norssardord 3johd fja0 uo sjuade Furjussord YN(J PUBNSISINT JO SdUINPU] ‘| Ijqe]



2305

G, block by DNA crosslinking agents

panunuo)

(33/3m ¢) Jusunean

oaa up

6% Frup jo 171 10Ye IO puR § Ul UONBNWNIOE [[3) WO ‘eTI9RNAY ISNOW 8¢ J
8 (g1 ‘pu/8r y 01 0 18) WoIq to Wod Iswey 6/ A
Ly (1q T ‘Tu/3 g pue 7°g 1) Y2014 D WOd 081 ewodIes
(14 pz-1 “pu/30 00101 18) BUIOISE[QOINDU
9y yoo1q 0 uapuadaop-swn amsodxd pue -uoNENUIWO)) IN ‘WDA uewny (01-dHD
UOIENUIDUOD 39YSIY 18 3SISARI) S[AD ({90 Jo uonigryut iseqoyduA|
Sy ‘vp “(Jua/3n 60 03 1°) 18) FO puE § 3e] 1B UONEINWINIIE [13)) WO4 uwewny WHD-IHDD
137 (ay 1 “qu/3r 1 3e) Yooiq D WO paztuoryouis OHO
UonBIUIDUOD
103y 10§ 25y 21| pue ‘jw/8 1°( Joj Arepunog
wIE /s 1e wiod (uonssuen) feuruiis Juspuadap-sso( SONW OHO
{1y z ‘pu/3r o1-1 3®)
187 oseydoud o3 youd urm 7z pareso] Jured Jeuruira) “yoojq 6y 00 ‘NOA OHD
(19 8p—1 ‘ru/3r 0 01 500 I¥)
UoNENUIDUOO IFYSIY 1B S[QISISASLT PUB UOTIEIIUIOUOD
M0} 18 2]qISIaADI “¥00jq D) Aq pamoljo] ‘o pue § ‘'n
oy ut sdefap juspuodop-omm sinsodxo pue -UCIBIUNIUOY WO ewoydwd] vewmy 1],
6¢ (/8¢ 7 01 ¢ 1) 30014 2D IN 91 OHO
8¢ (jut/8r 1°0 %) uorssaidord 70 Jo uoniqyu| IN €S ¥I9H upAureupy
SNBWAISIIAW
LE (1y 87 ‘Tw/37 6 ye) Yooiq ‘o WO 1001 7] SAB] B9Z
(Y8 ‘W 01 X §
01 ,_0T X § 18) S Ul $%00]q OS[E UOIIRIIUDUCY
9¢ 1948y 18 ‘UONBIIUIDUOCD MO] 18 JJqISIFAAI “¥00Iq ‘D WO S21I8E YOIy
(1 gp—1 ‘i
/31 o1 01 §°0 18) ‘1) pue § U SYIO[Q OS[E UOTIRIUIOU0D
1948y 1 $yo0[q L0 2[qIsIsAaLI Aq PIMOTIO] EWOUDIEIOUIPE
i<y ‘Kefap § yuspuadop-own amsodxs pue -uORENUIIUO)) WO Uojod UBWINY OAOT
paredaxd
Aysa13 “1sejqoiqy
123 (14 4T ‘pu/3r g 01 57 38) Bo0Iq 'O nWo oK1quis o)
(34/3wg'y) oara (an
€€ ssop s[8uis € 1033e 9 Kep uo Fumsisiad [jus J0Iq O WD  u1 ‘Jouwmn) S3j0Se YOI wnune[dauIueIpoIoy1(y-5s10
ewounied prouapida (upAwoym [AQIsur-y)
€ (g p ‘[u/8r 10 18) YOI *D WOd ‘TN uewny ‘z-d9H upAworyiod
1€ juapuadop-2sop 20y e juiod (WonISURI) [BUTULID], SOW OHD
ot (14 v /3 10 01 50°0 38) ¥00Iq D WO4  $9UN 8 ‘elwauR fuoduE]
(34 v7-1 ‘qui/3r g 01 1°0 18) 'O pue § Ul Yoolq
Os[e suonEnUdUd ISYEN 1V YO0Iq YO 4q pomoljo} EWOUIDIEIONIPE
62 Kepap § wapuadap-own ainsodxs pue -uoneINUDUCY WD Uo[od uemINy OA 0 ) UPAWONN
(5)20ua13)9y syreWway /s10apy POy ST spunodwo))

panuyuor—1 3qe],



J. Konora

2306

“UOLORI} PAIAQE] ‘7] PUE ‘UOLDSIAS [[9 OLONW ‘G ‘poYIsw aseyo asind "D UONBSUSPUOd dWOosowolyo axmewsaid *H)d
‘Bununos (190 D) AW MOP ‘N SISONU Pafaqel Jo uonorly ‘N1 ¢(oness) Answolks ‘D ‘Ayderorpriome ‘v (Xapul snonw ‘[N i
*ISIMIBYIO PIIEDIIPUL $SI[UN SUCTIPUOD 0411 4 Japun pauwojrad alam saipmis paw ayy,

uonenUasUod 1948y 18 }o0[q 'O pue § ‘(wo

Afl pue

79 /1€0 AN ‘A €-1 18) ¥o0jq ‘D 1epusdop-uoneIIuaduo) WO uewpno) 16-S uoeXoUAYIsWwAX0IpAH-, ¥
(w/ysz o BUWIOUIDIED
19 T AN TW/3 1 12 30 w/ry ¢ AL “1w/81 170 18) Yoo[q to WD  Aewmew 900w WENA A pue varejosdAxoyrop-g
1SE[qOIqY unys
uewny projdip S671
0% U/ 1 AN W 0T X T 18) %90[q O WO4d “THD ‘uewpno) 16-S
BIIOUB[IW AN
65 {;wd/r €0 AN ‘W ,-0T X 2 38) ¥d0[q 2O WOA suLmu UBWpnop)y [6-S pue uarejosdiAyyomniy-g-,¢*¢
SUSIBIOS]
Apaanoadsax jw/3d pg1
pue [w/8r o1 10} Axepunog /%0 1e pue Arepunoq
8¢ NO\w 12 3urod (uonisue)) {eunud) juspuadap-so(] SO OHD
OHO
‘PHURN NS 2snow
1y 93] 1B 125 14 107 wiod [eunwiay, ‘jux/3 o] 012171 ‘eruayngy JUOIIURXOIW
1§ ‘96 ~1 10 98ueI 3s0p Je 1821Ie I0) Juapuadop-uonenuaouo)) WOA puairg cps T3 ‘auoumbernyueixoIpAyiq
(vt
=7 ‘W01 X 201 5 0T x T 18) %001 16y Aq pamofjo)
g6 ‘g ut Aepep 1wopusdop-cwmn ainsodxs pue -uonERUDUCY WD OHD
sAep ma] ® 10)Je oaia
$< a1qIs19an1 *(asnow/3d ¢7) ssop offuls ® 103e ¥ooiq 1D WD w1 “lowny s9l0se yorrgyg
S2INYND PIZILOIYIUAS Wl (1Y ¢ ‘T
€6 ‘7% /31 1 1e 10 sumsodxa snonupuos ‘yui/8H 6o g 18) YooIq o WA 1SE[QOIQY SSnoW §76-1
158[q01qY
I$ (1w/3ni ¢*( 18) 0019 *D) DN ‘WD oAIqui> el pUE YPIYD
6€ (/37 p 01 6 18) Y00[q 1D IN “d1 OHD
8¢ uossaxdord Lo jo uonquyuy IN £S ¥T°H
0s (1uz/3r 00101 18) ¥d01q 1O Wod saj108E YITIYH upAwoune(]
{s)souarajey SYIBWaY /51091 LpOUIsy LSTRD spunoduio)

panunuos—1 dqe],



G, block by DNA crosslinking agents

centrations present during prolonged incubation
[e.g. 35, 40].

It is striking, however, that all the DNA cross-
linking drugs tested to date for their cell cycle effects
were found to induce G, block. Thus, it seems jus-
tified to suggest that induction of G, block represents
a typical cellular effect of DNA crosslinking
compounds.

The 9-amino-1-nitroacridines, a new class of DNA
crosslinking agents [63, 64], seem to be an excep-
tion since they preferentially induce accumulation of
Hela S; cells in S phase [65]. However, lysis of the
treated cells, observed at higher concentrations of 9-
amino-1-nitroacridines, may preferentially affect the
cells in one particular phase, thereby concealing a
block in other than S phases of the cell cycle.

The mechanism of G, block induced by various
antitumor agents remains largely obscure. By using
a premature chromosome condensation technique,
Rao [66] found that G, arrest caused by a number of
antitumor drugs, including several DNA crosslinking
compounds, is associated with extensive chromo-
some damage, such as gaps and breaks. This author
also found a direct correlation between the chromo-
some damage and cell accumulation in G, [66].
Further, Rao has suggested that the cells arrested in
G, by drug action are depleted of mitotic factors,
specific proteins required for mitotic transition [for
review see Ref. 67].

Crosslinking agents usually induce many more sin-
gle-strand DNA lesions than interstrand crosslinks
[for review see Refs. 68 and 69]. The latter lesion,
however, is considered more lethal and only a few
crosslinks per cell are sufficient for inhibition for cell
proliferation or even for cell death [e.g. 63, 68]. Such
a small number of DNA crosslinks is not sufficient
to cause a measurable inhibition of DNA replication
but, conceivably, it could suffice for G, arrest induc-
tion, e.g. by preventing the strand segregation (the
separation of the two copies of replicated DNA) and
thus disturbing the formation of specific higher order
chromatin structure which is a prerequisite for the
cell to enter the mitotic phase. The recent studies by
Sognier and Hittelman [70] have demonstrated that
the cells damaged by the crosslinking agent mito-
mycin C undergo chromosome condensation even
though their DNA synthesis is not fully completed,
which in turn leads to the deletions in the unrep-
licated sites of genome. Although single-strand
lesions and some secondary mechanisms, e.g. DNA
repair, may contribute to the generation of G, block,
their role is likely to be limited.

The hypothesis that interstrand crosslinks, as
opposed to other lesions, play a crucial role in the
mechanism of G, block induced by DNA crosslinking
agents seems to be worth investigating in detail in
specially designed studies. If this hypothesis is true,
one may expect that persistence of G, block will be
parallel to the stability of the crosslinks in cellular
DNA. Yoshi 864, an agent which induces easily
reversible G, block [24], may be useful in this kind
of studies.

The numerous papers on G, block induction by
DNA crosslinking agents reviewed in this article
allow one to draw some general conclusions con-
cerning the mechanism of cytotoxic and anti-
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neoplastic action of this class of antitumor drugs. It
has been commonly observed that interstrand DNA
crosslinks give rise to the impairment of DNA syn-
thesis. The latter effect is widely believed to be
responsible for inhibition of cell proliferation and
eventually for cell killing by crosslinking agents. On
the other hand, the observation that DNA cross-
linking compounds induce G, block at lower con-
centrations than S phase block implies that under
certain conditions these agents are able to inhibit cell
proliferation without considerably affecting DNA
synthesis. Such a straightforward interpretation
seems to have been overlooked in the literature,
though it stems from the obvious fact that the cells
entering G, phase, to become arrested at this stage,
have already completed or almost completed their
DNA synthesis. Hence, G, arrest which precedes S
phase block can be considered as a major factor in
antiproliferative action of DNA crosslinking drugs
even it its role is limited only to a certain narrow
range of treatment conditions. This also means that
inhibition of DNA synthesis leading to S phase block
could become a major cause of growth inhibition
only at higher drug concentrations or after a pro-
longed treatment. G, block induced by crosslinking
agents is of negligible importance to growth inhi-
bition since it occurs only at very high drug
concentrations.

The higherto reviewed observations on cell cycle
effects of DNA crosslinking drugs come almost
exclusively from the studies performed on cultured
cells in vitro. The relevance of the mentioned findings
to the situation in vivo remains to be established.
However, the fact that the G, block is the first (in
terms of drug level) cause of growth inhibition in
vitro tempts one to hypothesize that the maximal
antitumor effects observed at optimal curative drug
doses are mainly due to the induction of G, block
rather than to the inhibition of DNA synthesis. The
studies in vivo are scarce, and most of them have
been carried out on ascites tumors (chiefly Ehrlich
ascites tumor) where the drugs were given intra-
peritoneally [8,9,13,15,49,54]. It should be
pointed out that the conclusions from such studies
are of limited value since the model where tumor
cells grow in peritoneal fluid and the drug is admin-
istrated directly to tumor cell suspension provides
conditions resembling closely those in tissue culture
in vitro. In this light, it seems especially interesting
to note that a few studies performed in vivo on solid
tumors have provided support for the mentioned
hypothesis. In the case of cyclophosphamide,
D’Incalci et al. [18] have found that this drug clearly
induces G, block in ovarian reticular sarcoma
(M 5076) cells when given to tumor-bearing mice at
doses required to produce the maximal increase of
animal life span. This incidental finding remained
beyond the main focus of these studies and has not
been commented on by authors [18]. In another
study performed ir vive on KHT in mice, a nitroso-
urea derivative, CCNU, has been shown to induce
G, block and to cause maximal increase of life span
at the same dose [23]. Very recently Broggini et al.
[25] have showed that mitozolomide, a new DNA
crosslinking agent, induces G, block in solid Lewis
lung carcinoma cells in mice at therapeutic doses.
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These three publications suggest that G, block may
contribute to the in vivo antitumor effects of DNA
crosslinking agents. However, the additional veri-
fication of this hypothesis would be provided by
specially designed and more detailed studies on the
influence of other DNA crosslinking compounds,
especially those with high antitumor activity, on the
cell cycle in solid tumors in vivo. The above hypoth-
esis is supported also by the previously mentioned
in vitro observation that the drugs of very high anti-
tumor efficacy produce persistent G, block, whereas
less effective agents seem to induce only transient
G, arrest. In the latter case, it seems plausible that
repeated or relatively higher drug doses (which may
be required for maintenance of growth inhibition)
could give rise to enhanced toxic side effects, thereby
decreasing overall antitumor efficacy.

It should be stressed that the suggested mechanism
of in vivo tumor growth inhibition by G, arrest may
well be limited only to a narrow range of doses
(presumably close to, or lower than, optimal
dosage). Beyond this range and, perhaps, even
within it, some other mechanisms, e.g. inhibition of
DNA synthesis, are likely to contribute to tumor
growth inhibition. This seems particularly likely in
the case of DNA crosslinking agents that are less
efficient as antitumor drugs.

The implications of G, block for the mechanism
of antitumor action have been apparently overlooked
in the literature not only for DNA crosslinking agents
but also for other classes of antitumor DNA-
damaging agents that are known to block cell cycle
traverse in G, phase. The question why the G, phase
is such a common blockage point remains unresolved
at present. The G, phase involves dynamic,
extremely complex changes in chromatin structure
at several levels of its organization. Segregation of
daughter DNA molecules and subsequent con-
densation of chromatin before mitosis comprise the
entire genome (as opposed to replication which
occurs locally at a given time). It is conceivable that
these processes can be dramatically disturbed even
by a relatively low number of lesions. This could be
the reason why other DNA-damaging agents (e.g.
strand-scission drugs such as bleomycin) also induce
G2 block.

Though further extensive studies are required to
provide the information lacking about the mech-
anism and biological role of G, block induced by
DNA crosslinking agents, the confirmation of the
hypothesis presented may have considerable sig-
nificance for tumor chemotherapy in general, and
especially for the use of these agents in combination
with other drugs.
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