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Review paper

Modulation of chemosensitivity through altered
expression of cell cycle regulatory genes in cancer
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Alterations in the expression of genes affecting cell cycle
progression occur in all human cancers. These may occur
either by overexpression of genes such as cyclin D1,
mutation of regulatory genes such as p16, or abrogation of
checkpoints following DNA damage as in the cases of
mutation or deletion of the p53 gene. Perturbation of the
normal functions of these genes has a profound effect on
cellular proliferation, differentiation and apoptosis. There is
increasing evidence that such alterations may modulate the
cellular response to treatment with chemotherapeutic
agents. In many cases genetic alterations may induce
resistance to drug treatment as in the case of mutations of
the p53 gene. However, the deregulated expression of cell
cycle genes may also increase sensitivity to treatment by
directly altering the expression of the target for chemothera-
peutic drugs as in the case of deletion of the retinoblastoma
gene. It is crucial to understand the interactions between
drug mechanisms of action and the genetic alterations in
cancer to exploit potential areas in which the alterations
found in tumors may constitute potential vulnerability.
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Factors modulating
chemosensitivity in cancer

There has been dramatic progress in the identification
of factors modulating the response of cancers to
therapy. Several genes have been implicated in the
development of acquired resistance. These include
expression of P-glycoprotein (P-gp),1 altered expres-
sion of topoisomerase Ir? (topo I and increased DNA
repair.® These factors may have important effects on
intracellular drug concentration as in the case of Pgp
or may alter expression of drug targets such as
amplification of the dihydrofolate reductase (DHEFR)
gene conferring methotrexate resistance.* It has also
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been found that alterations in the expression of genes
which mediate apoptosis may also be significant in
chemosensitivity with increased expression of bcl-2
resulting in resistance to a variety of zlgents.5

Recent identification of many of the genes involved
in cell cycle regulation has led to an appreciation that
altered expression of these genes in cancer cells may
be critical in determining drug sensitivity.  There are
two major pathways through which the altered
expression of cell cycle genes found in human cancers
may influence response to drug therapy. Altered
expression or mutation of the p53 protein has a
profound influence on cellular entry into the apoptotic
palthvvay.é’7 The predominant lesion triggering p53-
mediated apoptosis is damage to DNA.®? Another
mechanism through which altered expression of cell
cycle genes might result in changes in drug sensitivity
is through changes in expression of the drug target
directly which result from these genetic changes as in
the case of overexpression of cyclin D1 and mutation
or deletion of the retinoblastoma (pRb) gene which
alter DHFR expression. Cells which proliferate more
rapidly may be significantly more sensitive to drugs
acting in S phase. It is thus crucial to assess the
contribution of cell doubling time when investigating
the specific effects of cell cycle gene expression on
chemosensitivity.

The p53 pathway

Recent research has concentrated on the p53 gene
which has an essential role in both cell cycle arrest and
in the induction of apoptosis following DNA damage.
p53 is a cell cycle checkpoint gene which monitors
genomic integrity. Alterations in p53 either by
mutation or deletion are among the commonest
genetic alterations in human cancer. Following pro-
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duction of DNA strand breaks there is activation of
p53.° This stimulates expression of the cyclin-depen-
dent kinase inhibitor (CDKD) p21"“*//cip1,'° which in
turn prevents cell cycle progression primarily by
inhibition of cyclin-dependent kinases (CDK4, CDK6
and CDK2) that are active at various points in the cell
cycle'! resulting in G, arrest. Other factors which may
activate p53 include hypoxia,'* irradiation'® and
reduced levels of intracellular nucleotide pools.14
However, there is evidence that the cell cycle arrest
mediated by p21"47 induction may not be a
necessary requirement for progression to apoptosis.
For example, mycinduced apoptosis occurs in cells
with wild-type (but not mutant) p53 despite inhibition
of p21"* induction.® Other studies have also
confirmed that p21"*induced cell cycle arrest in
G; is not an absolute requirement for p53-dependent
apoptosis.'® In addition, the G, arrest induced by p53
does not necessarily result in apoptosis under certain
circumstances and may delay cell cycle progression
while DNA damage is repaired. It is possible that the
extent of DNA damage sustained may be the critical
determinant as to whether cell cycle arrest or
apoptosis occurs. In hematopoietic cell lines the level
of p53 may determine entry into specific pathways
with lower levels of p53 inducing differentiation and
higher levels resulting in apoptosis.'”

The cell lineage may also be of major significance in
determining the response to p53 induction. For
example, a hematopoietic cell line -expressing a
temperature-sensitive mutant of p53 which results in
a wild-type p53 genotype at the permissive tempera-
ture undergoes apoptosis with induction of wild-type
p53.18 In contrast, transfection of wild-type p53 into a
colon cancer cell line using an inducible expression
vector results in reversible G, cell cycle arrest but not
apoptosis."’

Cyclin D1-pRb—p16 pathway

The major components of the eukaryotic cell cycle and
their perturbation in cancer have been extensively
reviewed***! and only a brief outline will be provided
here. Phosphorylation of the retinoblastoma gene
(pRD) is the critical event in transition from G, to S
phase.?” This results in the dissociation of the complex
of pRb with one of the E2F family of transcription
factors (comprising E2F1, E2F2 and E2F3) which
consequently stimulates transcription of several genes
involved in DNA replication including DHFR and DNA
polymerase.”®> Thus any process mediating the phos-
phorylation of pRb will result in accelerated progres-
sion through the G,/S phase transition. In addition,
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deletions of pRb or mutations which affect the binding
of pRb with E2F will result in an increase in ‘free’ E2F
levels and cell cycle progression.

Several cell cycle gene alterations promoting this
effect occur in tumors including overexpression of
cyclin D1 and mutation or deletion of the CDKI p16.24
It has been found that in most tumors studied there
may be an alteration in at least one component of the
G, pathway.”>?® For example, in a study of non-small
lung cancer overexpression of cyclin D1 is frequent
while mutation of pRb is less common.”’ In contrast,
small cell lung cancers frequently have mutations or
deletions of pRb while cyclin D1 alterations are
uncommon. However, another study on small cell
lung cancer found that cyclin D1 overexpression and
PRb inactivation may occur concurrently; possibly the
overexpression of cyclin D1 is an early event in
oncogenesis while pRb alterations occur later.?®

Cell cycle genes and response to
therapy

p53 and chemosensitivity

Itis clear that genetic alterations in cancer cells may also
have profound effects on response to therapy; this has
been particularly well studied in relation to expression
of p53.” The induction of p53 following formation of
DNA strand breaks is a potent stimulus for apoptosis.
Germ cell tumors express large amounts of wild-type
p53 which is transcriptionally inactive until the cell is
exposed to DNA damaging agents.?® These tumors are

" sensitive to a wide variety of drugs. Several investigators

have shown that introduction of the p53 gene into cell
lines with null p53 results in increased sensitivity to
chemotherapeutic agents. For example, transfection of
wild-type p53 into the p53 null HI-60 promyelocytic
cell line resulted in a log increased sensitivity to
etoposide, doxorubicin and S5fluorouracil (5-FU).!
There was no alteration in the expression levels of the
drug target genes such as thymidylate synthase (I'S) and
DHER but the presence of wild-type p53 modulated the
downstream effects of drug exposure.

It is important to differentiate between whether the
apparently improved prognosis in cancers such as
colorectal cancer in cases which express wild-type
P53 is secondary to the higher rate of tumor response
or whether these tumors have a better prognosis per
se. The response rate of colorectal hepatic metastases
to 5-FU by portal vein infusion was not altered by p53
status as assessed by immunohistochemistry but over-
all survival was significantly improved in patients
whose tumors expressed wildtype p53.>2 These
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findings need to be confirmed in larger studies in a
variety of tumor types.

However, not all chemotherapeutic agents show
such a clear-cut relationship with p53 status. For
example, the effects of p53 status are unclear with
regard to response to both cisplatin and taxanes. In
breast cancer cell lines where p53 function is
abrogated by transfection of the papillomavirus E6
gene, there is increased sensitivity to cisplatin.®®
However, studies on clinical samples from patients
with ovarian cancer found no correlation between p53
status and response to cisplatin treatment.>* Further-
more, a study of response to cisplatin in patients with
non-small cell lung cancer found expression of mutant
p53 to be associated with lack of response to
treatment.>® There is also ambiguity with respect to
paclitaxel and p53 status. Studies on p53 null and
normal fibroblasts showed increased sensitivity to
paclitaxel in p53 null fibroblasts possibly due to
inappropriate cell entry into mitosis.*® A similar result
was obtained with cells transfected with E6. However,
studies have not confirmed this relationship using cell
lines of other lineages, and studies on clinical samples
obtained from patients with non-small cell lung cancer
have also found no correlation between p53 status and
response to paclitaxel treatment.>’

It appears, therefore, that these correlations may be
celllineage specific and it will be important to analyze
factors which influence sensitivity within particular
cell types. As mentioned above, germ cell tumors, in
which platinum is a key component in therapy,
express wild-type p53. In contrast, small cell lung
cancer, which expresses mutant p53 in the majority of
cases,® is generally sensitive to chemotherapy with
resistance developing as a result of expression of
genes including the multidrug resistance protein.
Another complicating factor is that specific mutations
in p53 may be associated both with risk of relapse and
with response to therapy. An interesting, albeit small,
study of p53 mutations in breast cancer demonstrated
that all patients with mutant p53 who progressed
during treatment with doxorubicin had mutations
affecting the zinc-binding domains of the protein
involved in DNA binding.?’

Apart from the direct effects of p53 on cell cycle
arrest and apoptosis, there may be other mechanisms
by which p53 alterations might affect chemosensitiv-
ity. Studies 77 vitro on the promoter region of the topo
II gene, which is the cellular target for doxorubicin
and VP-16, suggest that there may be an inhibitory
effect of wild-type p53 on transc1‘iption.4°’41 This
finding is difficult to reconcile with the increased
sensitivity of cells expressing wild-type p53 to these
drugs as an increased level of topo II is associated with

sensitivity to topo II inhibitors.*? Similar studies using
reporter constructs suggest a direct effect on the
promoter of P-gp by wild-type and mutant p53 might
result in modulation of chemosensitivity.*>** These
results have not been confirmed by clinical studies,
e.g. in ovarian cancer, in which no correlation was
found between p53 status and PGP expression.45

Cyclin D1-pRb—p16 pathway and
chemosensitivity

The effects of alterations in genes controlling progres-
sion through G, have been investigated in a variety of
cellular models and, as with p53, it seems that the cell
lineage is a critical determinant of effects on chemo-
sensitivity. Furthermore, the relevance of these findings
to the clinical situation is unclear. Alterations in pRb are
particularly common in human cancer. Several studies
have investigated the effect of pRb expression in
protection from apoptosis and, conversely, the pro-
apoptotic effects of pRb deletion or mutation.?* Mice
with homozygous deletions of pRb show defects in the
hematopoietic and nervous systems associated with
massive cell death, and are not viable beyond day 14 of
gestation.‘“ Abrogation of pRb function by expression
of the adenovirus EIA oncogene may result in apopto-
sis; this is prevented by ectopic expression of pr.47
The increase in free E2F in the absence of functional
pRb might also be expected to result in increased
transcription of genes regulated by E2F including TS
and DHFR which are important drug targets. To
determine the effects of pRb expression on chemo-
sensitivity, human sarcoma cell lines from pRb-positive
and -negative genotypes were investigated for sensi-
tivity to the antimetabolites methotrexate (MTX) and
5-FU. The major cellular target for MTX is DHFR which
is transcriptionally regulated in part by E2F. Deletion
or mutation of pRb results in an increase in ‘free’ E2F
with consequently increased transcription of DHFR.*®
In sarcoma cell lines lacking functional pRb there is an
increase in the level of free E2F as measured by a gel
shift assay and this results in increased transcription of
DHEFR. There is also significant increased resistance to
MTX, presumably secondary to the increased tran-
scription of DHFR. Introduction of pRb into a line with
truncated pRb results in increased sensitivity to MTX.
These results suggest that the effect of alterations in
cell cycle genes may be significant in directly affecting
the level of drug target. In this comparison of pRb-
positive and -negative cell lines it was found that the
abrogation of pRb function also results in increased
expression of TS, perhaps transcriptionally induced by
E2F. This is associated with resistance to inhibitors of
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TS such as 5-FU. Hence the pRb function within the
cell may critically affect both the susceptibility to
apoptosis and the response to specific drugs depend-
ing on the coincident p53 status.

Another frequent alteration in human tumors is
increased expression of cyclin D1.# Several studies
have indicated that an effect of cyclin D1 overexpres-
sion is to increase the proportion of cells in S and G,
phase.’®>! It does not appear that overexpression of
cyclin D1 alone is not sufficient to induce transforma-
tion but cyclin D1 may cooperate with oncogenes such
as ras.>? A study of an esophageal cancer cell line in
which an antisense strategy was used indicated that
reversal of cyclin D1 overexpression may be sufficient
to induce a regression of the neoplastic phenotype,”
yet other studies suggest that overexpression of cyclin
D1 in other cell types may itself induce cell cycle
arrest.>* Introduction of an antisense cyclin D1 plasmid
into a human colon carcinoma cell line results in loss of
tumorogenicity in nude mice even though there is a
residual level of gene expression;>> hence some tumors
may rely on high levels of cyclin D1 in maintenance of
the malignant phenotype.

To investigate directly the effect of cyclin D1
overexpression on drug sensitivity, an HT1080 fibro-
sarcoma cell line was transfected with an expression
plasmid.56 A 34old increase in cyclin D1 levels was
achieved compared to the parental cell line and the
increase in DHEFR transcription was associated with an
8-fold increase in resistance to MTX. These results may
be of clinical relevance as MTX is a widely used agent in
head and neck cancer in which cyclin D1 overexpres-
sion is common and has been identified as a marker of
poorer prognosis.57’58 Tumors with high cyclin D1
expression may be resistant to MTX treatment.

However, down-regulation of cyclin D1 causing G,
arrest may also result in resistance to chemotherapy
following exposure of cells to agents inducing glucose
related stress proteins (GRSP).59 Treatment of A2780
human ovarian and HT-29 colon cancer cell lines with
the calcium ionophore A23187 resulted in both p21
induction and decreased cyclin D1. Thus the effects of
cyclin D1 may be paradoxical and determined by the
cell lineage or by the quantity of protein expressed.

The downstream effects of cyclin D1 overexpres-
sion and pRb alterations may not be identical although
either of these genetic alterations (as well as changes
in p16 and overexpression of CDKs) may result in
progression through G;. However, there are docu-
mented cases of small cell lung cancer in which both
overexpression of cyclin D1 and alteration of pRb
occur,”® and this may indicate that there are not the
same resultant genotypes from these two events. This
might be expected as there are several functions of
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PRb not directly related to cell cycle progression such
as interaction with c-abl and modulation of transcrip-
tion through binding of RNA polymerase 1.2122

The pl6 gene is a CDKI and abrogation of its
function results in increased cell proliferation. Intro-
duction of p16 into pRb-positive, but not -negative,
cell lines results in cell cycle arrest.®° To determine the
effects of pl6 on chemosensitivity an inducible
plasmid was transfected into the HS294T melanoma
cell line.®! Induction of p16 results in reversible cell
cycle arrest. Cells held in G¢/G; during this induction
were resistant to a variety of agents including MTX,
cisplatin and vincristine. It is, however, unclear as to
whether the major contribution to drug resistance is
decreased cellular proliferation or a direct effect of p16
on apoptosis; this may be a factor in the relative
resistance of normal tissues to the effects of che-
motherapy.

As in the case of pl6 there is some evidence that
alteration of other CDKIs in cancer may affect response
to treatment. The key gene modulating p53 activity is
p21™"*F Interestingly, mutations in the p21%“** gene
appear to be rare in human cancer cell lines and
tumors.® Furthermore, mice with homozygous dele-
tion of p21"*’ show a normal phenotype.®® As
discussed above, colon cancer cells with deletions of
p21%*! show abnormal response to treatment with
doxorubicin with progression to G,; inactivation of
p21%4" in HCT 116 colon carcinoma cells resulted in a
G, block with cells unable to undergo mitosis.** The
¢ells with inactivated p21"4* were more sensitive to
doxorubicin than the parental line. There was repeated
entry into S phase and development of aneuploidy
indicating uncoupling of S and M phase. Interestingly,
studies on colon cancer cells with mutated p53 which
effectively showed an attenuated p21 %477 response to
DNA damage suggested a similar response to drug
exposure with repeated S phases. Therefore, the ability
of cells to induce p21"“** and thereby arrest in the cell
cycle is a critical factor in preventing apoptosis
following treatment with some DNA damaging agents.
The role of p21”¥#** may be important both in induction
of G, arrest and regulation of the mitotic checkpoint.

The involvement of p21"**” in DNA repair may
also be significant in drug sensitivity. A study of the
p2174" negative HCT116 cells demonstrated de-
creased proficiency in repair of a cisplatin damaged
plasmid as compared to the p21"*positive coun-
terparts.®® This may be due to the need for p21"2*
in the nucleotide excision repair (NER) pathway
which is involved in repair of cisplatin damage;
however, the significance of p21¥*#” in NER remains
unclear. This result was confirmed by experiments
in which an inducible p21"*7 plasmid was
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transfected into the p53-deficient DLD1 colorectal
carcinoma cell line.*® However, induction of p21%4
did not result in any alteration of sensitivity to
doxorubicin; the repair of doxorubicin DNA damage
is not mediated through the NER pathway.

The action of p21"** in mediating cell cycle arrest
depends on the presence of an intact pRb. To
investigate the potential significance of a second
control point for p21"**?| the osteosarcoma cell line
Sa0s-2, which lacks both functional p53 and pRb, was
transfected with an inducible p21¥4*7 plasmid.®’ In
this study expression of p21"* is associated with
increased sensitivity to a varety of drugs including
doxorubicin, MTX and tomudex. There was an
increased level of functional E2F as a result of E2F
hypophosphorylation. Hypophosphorylation of E2F1
may be modulated through the binding to and
inhibition of the cyclin A/cdk2 complex by p21WAF!
and it is known that the hypophoshorylation of the
E2F-1/DP1 heterodimer increases the level of DNA
binding. Thus the effects of p21"*"” expression may
be dependent on the cellular lineage and the
genotype, in particular with pRb status.

p27 and chemosensitivity

The CDKI p27kip1 gene is related to p21 and, similarly,
genotypic mutations have been found rarely in human
tumors. However, loss of p27kip] expression is a
common finding in solid tumors including breast
cancers.®® The expression of p27°%7 is increased in
cells which have adhesive contact with other cells;69
this is also associated with resistance to chemothera-
peutic agents perhaps partially due to the reduced
proliferative capacity of cells at confluence. Alteration
of cell growth from monolayer cultures to three-
dimensional spheroids results in marked up-regulation
of p27.*’ The use of antisense oligonucleotides to
down-regulate p27k’pl results in loss of aggregation.
Interestingly, this loss of p27°*1 expression was
associated with significant cellular sensitization to
the alkylating agent 4-hydroperoxycyclophosphamide.
This suggests both that p27*#? may be important as a
cause of acquired drug resistance and that agents
which reduce p27*%' expression might act as
chemosensitizers.

E2F alterations and chemosensitivity

The downstream effect of down-regulation of genes
controlling G, progression is the release of ‘free’ E2F
which may then activate promoters of E2F-inducible

genes through binding to a consensus DNA
sequence.’® There are five E2F genes of which E2F1,
E2F2 and E2F3 are known to bind to pRb. E2F1
overexpression has been found to result in cellular
transformation in an immortalized cell line and can
transform primary cells in co-operation with the ras
oncogene.”"”* Overexpression of E2F allows cells to
enter S phase even in the absence of growth factors,
resulting in apoptosis.”> A study in which E2F1 was
overexpressed in a myeloid cell line demonstrates that
E2F1 can induce apoptosis following treatment with
etoposide and doxorubicin, but not with other classes
of chemotherapeutic agents.74 This effect is p53
independent and is prevented when topo II is
pharmacologically depleted by treatment with the
stoichiometric inhibitor ICRF-193, which does not
bind DNA.

As the effects of the changes in G, status discussed
above presumably increase levels of free E2F, it might
be expected that mutation or overexpression of E2F
might occur in tumor cells. However, with the
exception of the HEL leukemia cell line in which
E2F amplification occurs,”” no other abnormalities of
E2F have thus far been identified in cell lines or
tumors. In fact, mouse knockouts of the E2F1 gene
showed an increased incidence of tumors, mainly
sarcomas, suggesting a role for E2F as both a tumor
suppressor gene and an oncogene.”®

G, checkpoint and chemosensitivity

An important area is in the role of the cyclins and
associated proteins involved in mitosis and apoptosis.
DNA damage following drug exposure often results in
pre-G, arrest and alteration of this checkpoint in
tumors might also be expected to have implications
for chemosensitivity.”” It has been shown, for
example, that the topo I inhibitor camptothecin
(CPD) induces G, arrest; resistance to CPT in colon
cancer cell lines may be due to the ability of cells to
down-regulate cyclin B/Cdc2 kinase activity. Resistant
lines are able to overcome the S phase blocking action
of CPT and can complete DNA elongation, in contrast
to sensitive lines which arrest in S phase and cannot
complete DNA synthesis.”® Transient activation of
Cdc2 may occur at an early stage of drug-induced
apoptosis. However, there is an intriguing suggestion
that the status of the Cdc2 protein kinase may
determine apoptotic sensitivity. A study using a
murine mammary carcinoma cell line which expresses
a temperature-sensitive Cdc2 mutant gene found that
increased apoptosis occurred in cells exposed to
mitoxantrone when Cdc2 levels were depleted at the
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restrictive temperature.”” This occurred despite the
presence of the same amount of DNA damage in both
parental and mutant cell lines. Moderate levels of DNA
damage might result in Cdc2-induced G, arrest while
higher drug concentrations may lead to cell death in
the absence of cell cycle arrest. Cells with mutant p53
may be dependent on a G, checkpoint to repair DNA
damage. Abrogation of this G, checkpoint by using a
protein kinase C inhibitor in breast cancer cell lines
sensitizes cells with mutant, but not wild-type p53, to
the effects of mitomycin.*

Conclusion

It is therefore clear that alterations in several cell cycle
genes may sensitize cells to apoptosis following
treatment with chemotherapeutic agents. The down-
stream effects of these treatments are not non-specific
responses to DNA damage but depend on the exact
type of DNA lesion produced by the agents. It is
therefore crucial to investigate the factors which
modulate the action of drugs to determine future
approaches to therapy. For example, the loss of p53
function in tumors may constitute a point of vulner-
ability in treatment with agents such as paclitaxel.36
Furthermore, it is clear that the effects of modulating
cell cycle gene expression may also be profoundly
affected by the cellular context. The strategies for novel
cancer therapies by developing agents which selec-
tively damage specific DNA sequences and investigat-
ing mechanisms for reversing the effects of deregulated
cell cycle genes in tumors should therefore be seen as
complementary rather than alternative approaches to
treatment. It will be increasingly important to delineate
the ways in which these pathways interact.
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