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ABSTRACT. Cellular proliferation is an essential aspect of chemical carcinogenesis. At the core of cell cycle
regulation is a family of serine/threonine protein kinases termed cyclin-dependent kinases (cdk). Cdk activity,
which directs progression through the cell cycle, is dependent upon cdk binding to the appropriate, phase-
specific cyclin proteins. Alterations in hepatic cdkl, cdk2, cdk4, cdk5, and cyclin protein expression were
determined in response to acute dosing of the prototypic peroxisome proliferator and hepatocarcinogen
[4-chloro-6-(2,3-xylidino)-2-pyrimidinylthio] acetic acid (WY14,643). Intraperitoneal dosing of 45 mg
WY14,643/kg daily for 4 days to young, male rats produced dramatic increases in hepatic protein expression of
all cdk analyzed as well as cyclins B, D2, D3, and proliferating cell nuclear antigen (PCNA). The largest relative
increases, 6.1-, 2.8-, 11-, 83-, and 7.9-fold, were seen with cdkl, cdk4, cyclin B, cyclin D3, and PCNA,
respectively. Increases of only 1.8-, 2-, 1.6-, and 1.4-fold were noted, respectively, for cdk2, cdk5, cyclin D2, and
cyclin E. Analysis of gel filtration fractions indicated that PCNA co-eluted with cdkl from the WY14,643-
treated rats as a 70-80 kDa molecular complex. In contrast, cdk4, cdk5 and D cyclins migrated as much larger

complexes with an estimated MW of approximately 180-190 kDa. Copyright © 1996 Elsevier Science Inc. BIO-
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The mechanisms underlying chemical carcinogenesis by
nongenotoxic compounds have been an area of intensive
investigation, but are still poorly understood. Peroxisome
proliferators represent a subclass of these compounds; they
are structurally diverse, with the majority being either hy-
polipidemic drugs (clofibrate, nafenopin, WY14,643)§ or
industrial chemicals used in plastic production such as
DEHP. The hallmark biochemical response to these com-
pounds in vivo is an increase in the number or volume of
peroxisomes within hepatocytes [1]. These compounds bind
to an intracellular receptor known as the PPAR, which,
once activated by ligand binding, alters gene transcription
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directly [2-6]. Activation of the PPAR also initiates signal
transduction pathways as denoted by changes in protein
tyrosine phosphorylation! similar to those induced by
TCDD [7]. Moreover, peroxisome proliferators are highly
hepatocarcinogenic in rodent species, with carcinogenicity
correlating well with the capacity to induce and maintain
cellular proliferation [8-11].

Recent investigations into the eukaryotic cell cycle have
described the process as being governed by two families of
proteins: cdk and cyclins. Cdk are a family of closely related
serine/threonine kinases that mediate cell cycle progression
from quiescence (G,) through mitosis [12-19]. Their kinase
activity is regulated in actively dividing cells by cycles of
phosphorylation and dephosphorylation of critical threo-
nine and tyrosine residues, and by complexing with cyclin
proteins that target the substrate for phosphorylation [20,
21]. In vivo, transcriptional regulation has also been de-
scribed as a critical control mechanism [22-25].

p34°d“Zkinase (cdkl) was the first cdk described and is
currently the best characterized of the family. Moreover,

I Unpublished observations.
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cdkl is required for cellular division in all eukaryotic cells
and serves as a marker of cellular proliferation [12, 14, 26].
Previous work in our laboratory has shown that both
WY14,643 and TCDD, an unrelated rodent hepatocarcino-
gen, significantly induce the expression of hepatic cdkl in
exposed animals [27, 28]. In the present study, WY14,643
effects on the hepatic expression of cdk1 and other critical
cell cycle control proteins are described.

MATERIALS AND METHODS
Chemicals

WY14,643 ([4-chloro-6-(2,3-xylidino)-2-pyrimidinylthio]
acetic acid; CAS 50892-23-4) was purchased from Chem-
Syn Science Labs (Lenexa, KS). Bicinchoninic acid was
obtained from Pierce (Rockford, IL); molecular size stan-
dards were supplied through BioRad (Melville, NY). Bicin-
choninic acid was used for the spectrophotometric deter-
mination of protein concentration following manufacturer’s
instructions (Pierce, Rockford, IL). Anti-cdkl (C-terminus
polyclonal), anti-PCNA (PC10 monoclonal), anti-rabbit
and anti-mouse antibodies were obtained from Pederson
Biotech Resources (Ithaca, NY). Antibodies to cdk2, cdk4
and cdk5 as well as antibodies to cyclins A, D1, D2, D3, E
and Rb protein were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA). Antibody to cyclin B was pur-
chased from Oncogene Sciences (Uniondale, NY). Alka-
line phosphatase conjugated anti-mouse and anti-rabbit
IgG were purchased from Jackson Immunoresearch (West
Grove, PA). Antisera to CYP4A1l was purchased from
Gentest (Woburn, MA). All other chemicals were pur-
chased from the Sigma Chemical Co. (St. Louis, MO) and
were of the highest purity available.

Animals

Young, adult male Sprague-Dawley rats (~200 g) were pur-
chased from Charles River Laboratory (Charles River, MA)
and acclimated for a minimum of 2 weeks before assign-
ment to treatment groups. Rats were fed Prolab RMH 1000
(Agway, Cortland, NY) and received tap water ad lib. All
rats were housed two or three per cage and maintained at
constant temperature (22 + 2°), humidity (50 = 5%) and
lighting (12/12 hr).

Rats were administered daily i.p. injection of either corn
oil, as a control, or WY14,643 in corn oil at 45 mg/kg/day
for 4 days. The volume of the injections ranged from 0.4 to
0.5 mL per rat. Preparation and —80° storage of the liver
homogenates (S9) for SDS-PAGE, immunoprecipitation,
immunoblotting, as well as cdkl and PCNA quantification
was performed as previously described [27-30].

Gel Filtration

A disposable polystyrene column (Pierce, Rockford, IL) was
packed with Sephacryl S-200 HR (Pharmacia, Piscataway,
NJ) vielding a bed volume of 2 mL and equilibrated with
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TBS at a flow rate of 0.5 mL/min. Eluted fractions were
monitored at 280 nm. The column was calibrated with
alcohol dehydrogenase (150 kDa), bovine serum albumin
(66 kDa), ovalbumin (45 kDa), and cytochrome ¢ (12.4
kDa). Fifty microliters of pooled (N = 5; 4-day post-
treatment) rat hepatic S9 from WY14,643-treated rats or
corn oil-treated rats were injected onto the column and
fifteen 30-sec fractions collected beginning immediately
post-injection. This procedure was performed three times
for each treated and control sample. Eluted fractions were
then pooled, flash frozen with liquid nitrogen, and stored
at —80°.

Chromatography and ELISA Analysis

Quantification of cdkl and PCNA was performed using
ELISA kits following the manufacturer’s instructions (Para-

celsian, Ithaca, NY). For analysis of cdk1, cdk2, cdk4, cdk5,
Rb protein, PCNA, and cyclins A, B, DI-D3 and E, gel
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FIG. 1. Effect of WY14,643 to induce expression of cell
cycle regulatory proteins cdkl and PCNA. Panel A: ELISA
quantification of cdkl and PCNA of hepatic $9 from con-
trol and WY14,643-treated animals. Samples were run in
duplicate and represent the mean = SD of five rats per treat-
ment. Mean cdkl fmol value = SD: control, 6.65 = 2.3,
WY14,643-treated, 34.15 = 7.4, Mean PCNA fmol value =
SD: control, 2.14 =+ 0.92, WY14,643-treated, 36.06 = 9.37.
Panel B: western blot demonstrating hepatic induction of
cdkl expression following WY14,643 dosing performed as
described in Materials and Methods. Lanes 1-5 are control
samples, and lanes 6-10 are WY14,643-treated samples;
each lane represents a single rat. Panel C: western blot dem-
onstrating hepatic induction of PCNA expression following
WY14,643 dosing performed as described in Materials and
Methods. Lanes 1-5 are control samples, and lanes 6-10 are
WY14,643-treated samples; each lane represents a single rat.
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filtration fractions 3 through 14 were diluted 40-fold into
0.2 M borate buffer pH 10.5 and coated onto Immulon 3™
DividaStrips (Dynatech Laboratories, Chantilly, VA) at
37° for 1 hr. Plates were then washed three times with
TBST, and working primary antibody solutions (1 wg/mL
in TBST plus 0.1% BSA, 200 pL per well) for the respec-
tive proteins were added to the wells and allowed to incu-
bate at room temperature for 1 hr. The plates were then
washed and 200 pL of working secondary antibody (alka-
line phosphatase conjugated anti-rabbit IgG, anti-mouse
IgG; 1 pg/mL) added and allowed to incubate at room
temperature for 1 hr. The plates were then again washed
and color was developed using p-nitrophenylphosphate tab-
lets dissolved (1.5 mg/mL) in diethanolamine substrate
buffer (45 mM diethanolamine, 20 mM MgCl, - 6H,0,
0.02% NaNj, pH 9.8). Optical density readings at 405 nm
were taken 30, 60, and 120 min post-substrate addition
using a Bio-Tek Instruments (Winooski, VT) Model EL312
ELISA plate reader.

Statistical Analysis

Analysis of variance and regression analysis were performed
using JMP v2 statistical software (SAS Institute, Inc., Cary,

Minute Fraction

NCQC). Statistical significance between treatment groups and
control was assessed with Student’s t-test, using a Bonfer-
roni correction factor for multiple comparisons. Data are
reported as means + 95% population confidence intervals
or SD for the stated number of animals.

RESULTS

Dosing of WY14,643 to young-adult male rats resulted in
characteristic increases in liver/body weight ratios as well as
CYP4A1 induction (data not shown). Induction of cellular
proliferation was determined by quantification of cdkl and
PCNA protein levels by ELISA as shown in Fig. 1A. He-
patic cdkl expression in WY14,643 treated rats was el-
evated approximately 5.1-fold relative to controls. En-
hanced expression seen with ELISA results was corrobo-
rated by western blotting for cdkl (Fig. 1B) as well as
PCNA (Fig. 1C).

Size exclusion chromatography of hepatic S9 from
treated and control rats followed by ELISA detection of cell
cycle proteins demonstrated marked increases in cdkl and
cdk4 (Fig. 2); cyclin D3 (Fig. 3); and cyclin B and PCNA
(Fig. 4) in WY14,643-treated samples relative to controls.
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All cdk and cyclins with the exception of cyclin D3 were
found to be expressed in control tissue, and statistical analy-
sis of the three peak fraction optical density readings at 405
nm indicated that expression of all cdk were elevated (P <
0.05) as a result of WY14,643 dosing. With regard to cyclin
proteins, however, only cyclins B, D2, and D3 were found
to be increased (P < 0.05) relative to controls.

Estimation of the apparent molecular masses of the pro-
tein complexes with protein standards indicated that cdkl
and cdk2 complexes migrated with a molecular mass of
approximately 70-80 kDa. In addition, PCNA co-eluted
with cdkl enriched fractions from the WY14,643-treated
rats as determined by the chromatography profile as well as
anti-cdk]l immunoprecipitation followed by immunoblot-
ting (Fig. 5). Cdk4, cdk5 and D cyclins migrated as much
larger complexes with a calculated molecular mass of ap-
proximately 180-190 kDa.

Superimposing the size exclusion chromatography
ELISA elution profiles demonstrated good correlation for
specific cdk/cyclin complexes as they occur in vivo com-
pared with complexes identified from in vitro experiments.
Cdkl/cyclin B, cdk4/D cyclins, and cdk2/cyclins A and E
have repeatedly been demonstrated to associate in witro and
in vivo [12, 14, 21]. The higher molecular mass complexes

Minute Fraction

might be from association with Rb protein, a known sub-
strate of cdk4/5 and D cyclins [31, 32], which also eluted in
the same fractions (Figs. 1 and 4).

DISCUSSION

In this series of experiments, we have described the expres-
sion of the primary cdk (cdkl, cdk2, cdk4, cdk5) and cyc-
lins (A, B, D1, D2, D3, and E) in WY14,643-treated rat
liver relative to corn oil-treated controls. Results of this
study can be compared to characterizations of cell cycle
protein expression during normal regenerative proliferation
following partial hepatectomy [22, 23, 33] for the purpose of
identifying qualitative or quantitative differences between
these two processes. Such a comparison may identify dys-
regulation of cell cycle signaling pathways involved in the
early stages of chemical carcinogenesis.

Our analysis of cdk and cyclin expression in response to
carcinogen-induced proliferation corroborates several find-
ings described by Loyer et al. [22], with regard to normal
liver regeneration. First, cdk2 and cyclins D1 and E are
expressed in quiescent as well as proliferating hepatocytes.
This study expands those observations by reporting that
cdk4 and cyclins A and D2 were expressed in both quies-
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cent and stimulated hepatic tissue. Second, we confirmed
the finding that cdkl, PCNA, and cyclin B are upregulated
transcriptionally in response to mitogenic stimuli, and fur-
ther demonstrated that cdk2, cdk4, cdk5 and cyclin D3
protein concentrations are also greatly increased through
hepatic mitogenic stimulation.

However, our results from this and a 5-day time course
WY14,643 dosing experiment demonstrate that continuous
WY14,643 exposure maintains elevated or dysregulated ex-
pression of cdkl, a phenomenon often seen in tumor cells
34, 35]. In contrast, cdkl expression in normal liver re-
generation begins to decrease 48 hr after partial hepatec-
tomy [22-24].

Size exclusion chromatography and fraction analysis also
served to aid in elucidating cdk/cyclin complexes in vivo.
Work by others {36, 37] has suggested that all cdk and
cyclins exist in quaternary complexes with PCNA and a
21-kDa protein (lewafl/Cipl). If this were the case, these
complexes would have a molecular mass >110 kDa. Our
results indicate that in proliferating hepatocytes in wvivo,
cdkl and cdk2/cyclin complexes migrate at approximately
70-80 kDa—more indicative of binary complexes. How-
ever, cdk4 and cdk5 and their presumed partners, the D
cyclins, eluted as 180-190-kDa protein complexes, indicat-
ing association with other cellular proteins such as Rb pro-
tein [31, 32], which demonstrated an identical elution pro-
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file (Fig. 4D). However, in nonproliferative tissue, cdkl and
PCNA elute as a high molecular mass peak similar to that
of cdk4/cyclins D.

Probable associations from the elution profile suggest
complexes of cdkl with cyclins A and B, cdk4 with D
cyclins, and cdk2 with cyclins A and E. PCNA eluted pri-
marily in fractions with cdk1 showing a possible association
between cdkl and PCNA; however, PCNA may also exist
in the form of a homodimer [38]. Immunoprecipitation ex-
periments from these samples have confirmed that a frac-
tion of PCNA does coprecipitate with cdkl (Fig. 5). This
association has also been demonstrated in normal lympho-
cytes but not in transformed Jurkat cells [39}.

This work does not elucidate a mechanism of action for
the hepatocarcinogen WY14,643. However, WY14,643
binding to PPAR may initiate proliferative signals similar
to results reported for the dioxin receptor [40]. Aberrant
cell proliferation is a fundamental characteristic of cancer,
and tumor promoters are hypothesized to act by increasing
cellular division [41, 42]. Therefore, the described effects of
WY14,643 on recently discovered signalling pathways in-
volved in cell cycle control may provide a basis for a new
hypothesis concerning the mechanisms by which nongeno-
toxic carcinogens may function.

It is the belief of the authors that the carcinogenicity of
WY14,643 and other nongenotoxic carcinogens is in part a
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FIG. 5. Detection of PCNA complexed with cdk1. Hepatic
$9 and gel filtration column fractions containing 70-80 kDa
proteins and protein complexes were subjected to immuno-
precipitation with anti-cdkl antibody followed by SDS-
PAGE and PCNA immunoblot analysis as described in Ma-
terials and Methods. Panel A: lanes 1 and 2: control hepatic
S9 and WY14,643 hepatic S9, respectively; Panel B: lanes 1
and 2: control and WY14,643 hepatic S9 gel filtration col-
umn fractions, respectively.

function of their ability to stimulate signalling for cellular
proliferation. In an effort to stimulate research into the role
of cell cycle control proteins in nongenotoxic carcinogen-
esis, we propose the following model: The mitogenic stimu-
lus that WY14,643 produces is manifest in the increased
and discordant expression of the cell cycle control proteins,
generating cellular proliferation within target cells. In vivo,
WY14,643 produces a rapid increase in the rate of DNA
synthesis as measured by [*H]thymidine or BRDU incorpo-
ration into hepatocytes [8, 10, 11]. However, the magnitude
of this response drops dramatically after a few days of dosing
relative to initial time points [8, 10].

Maintenance of the signaling for proliferation, produced
by continuous exposure to the chemical, results in the ex-
pression of cell cycle inhibitory proteins* in an effort to
arrest cell division, thereby decreasing the rate of incorpo-
ration of S-phase labels. Exposure to stimulatory and in-
hibitory signaling simultaneously produces a signaling con-
flict in the cell. Signaling conflicts may be resolved in
several ways: (i) removal of the chemical inducing the pro-
liferative stimulus, (ii) apoptosis, or (iii) transformation of
the cell to a phenotype that circumvents inhibitory path-
ways.

With continuous exposure to the chemical agent main-

* Manuscript in preparation.
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taining proliferative stimuli, the only options available to
the cell are (ii) or (iii). It is becoming increasingly apparent
that proliferation and apoptosis are closely related alterna-
tive cellular responses that share many of the same molecu-
lar mechanisms (cdkl, p53, cyclin DI, cyclin B, etc).
Therefore, a signaling conflict that blocks cellular division
may also serve to block programmed cell death. Genomic
instability created by the signaling conflict facilitates trans-
formation of the cell to a phenotype that is capable of
circumventing the tissue-specific inhibitory and apoptotic
pathways. '

Discordant expression or dysregulation of both cdk and
cyclins has been described for nearly all tumor types [34,
35]. Such dysregulation allows G2-specific signals to be
generated in G1 or vice versa. The extent to which such
dysregulation in normal cells may function to facilitate
transformation is unknown, and a description of the capac-
ity of WY14,643 to produce such changes with acute ex-
posure was one of the objectives of this study. Our labora-
tory is currently exploring this hypothesis by examining cell
cycle and apoptotic protein expression following chronic
and subchronic periods of xenobiotic exposure.
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