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ABSTRACT

P21V=CP! s 3 potent inhibitor of cell cycle progression and functions by
binding to and inhibiting cyclin-dependent kinases. Millimolar amounts of butyrate can
induce cell cycle arrest in mammalian cells through induction of p21*2/C¥!
In butyrate resistant variants isolated from HelLa cells, clones 5.1 and 7.5 express high
levels of p21™*""“®! in regular growth medium and in medium containing butyrate.
Despite this elevated levels of P21%C! the cells continue proliferating, albeit at a
slower rate than the parental HeLa cells. Western blot analyses showed that other cell
cycle proteins were not up regulated to compensate for the elevated expression of this
inhibitor. Instead, specific enzymatic assays showed that the cdk2/cyclin E activity in
these clones was not inhibited by P21V*/“! but remained active to allow the cells to

continue to cycle in butyrate.

expression.
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RESUME

1VeCipt est un puissant inhibiteur de la progression du

La protéine cellulaire p2
cycle cellulaire, qui se lie aux cyclines kinases et supprime leur activité kinase. A des
concentrations de 1’ordre du millimolaire, le butyrate peut causer un arrét de ia division
cellulaire chez les cellules animales, passant par une induction de I’expression de
p21™V2CP! [ es clones 5.1 et 7.5, dérivant de la ligné cellulaire HeLa, sont résistants a
I’inhibition du cycle cellulaire par le butyrate. Ces clones surexpriment la protéine
p21™2C®! en presence comme en absence du butyrate. Mais se divisent plus lentement

Wafl/Cipl

que les cellules parentales HelLa, malgré le niveau élevé de p21 . Des analyses de

buvardage Western indiquent qu’aucune autre protéine du cycle cellulaire n’est
surexprimée, qui aurait pu compenser pour le niveau élevé de cet inhibiteur. Par

ailleurs, des études enzymatiques ont démontré que dans ces clones les complexes

Wafl/Cipl

cycline E/cdk2 ne sont pas inhibés par p21 , mais qu’ils demeure actif,

Wafl/Cipl

indépendamment du niveau élevé p21 ou du traitement au butyrate.
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INTRODUCTION

“The cell cycle describes the ordered process by which a cell executes the four
essential tasks required to produce a duplicate of itself: growth (increase in mass),
chromosomal duplication, chromosomal segregation, and cellular division. ... cells
replicate their DNA before dividing, and then divide before re-replicating their DNA
... proliferation is not the only option open to cells ... cells must also differentiate,
senesce, undergo apoptosis ... In order to decide between disparate fates, the typical
somatic cell must integrate a complex array of both intra and extracellular signals to

ascertain whether proliferation is desirable and feasible.”[Pagano, 1998]

Over the past decades, numerous studies have been done to understand the genes
that control the growth of cells. These genes were highly conserved through evolution,
from the unicellular organisms such as yeast, to multicellular organisms like mammals.
In humans, interests ih understanding the regulation of the cell cycle stem from its link

with diseases such as cancer.

Cell cycle and regulation

The four stages of the cell cycle are referred to as: Growth phase 1 (G1), DNA
replication phase (S [synthesis] phase), Growth phase 2 (G2) and mitotic phase (M
phase) (Fig.1). The G1 and G2 phases were originally referred to as Gap phases, but
with greater understanding of the cell cycle, they are now referred to as Growth phases.

G1 phase is the growth gap between M phase and S phase. G1 phase permits the cell to



monitor its size and environment before committing to cellular replication. This is also
the phase whereby gene products required for DNA replication (e.g. histones,
polymerases) are expressed. G1 is the longest phase of the cell cycle, it encompasses a
resting state termed GO that cells enter and remain in as long as the signals to proliferate
are not present. Differentiated and senescent cells remain in GO. G2 is the phase
between S phase and M phases where the cell ensures that the genome has been
duplicated without error, and where the chromosomes undergo reorganization in

preparation for the M phase.

A major control mechanism of cell cycle progression includes the cyclin
dependent kinases (cdk) (Figl). As their name implies, they are partially regulated by
cyclins expressed in varying levels at different phases of the cell cycle. Cyclin
dependent kinase inhibitors (cki’s) also play a role in kinase activity regulation [Sherr
and Roberts, 1999]. In cancer cells some of these proteins are mutated, not expressed or

overexpressed [Hunter and Pines, 1994].

Cyclin/cdk complexes

G1 phase

D-type cyclin expression is induced by mitogenic signals. There are three types
of D cyclins, designated as: D1, D2 and D3. In early G1, D-type cyclins complex with
cdk4 or cdké. The cyclin D/cdk complexes enter the nucleus where they are

phosphorylated by cdk-activating kinases, and they in turn phosphorylate their



substrates, which includes the retinoblastoma protein (pRb) [Ezhevsky er al., 1997)].
Other members of the pRb family phosphorylated by cdk’s are p107 and p130. Taules
et al. (1998) reported that calmodulin plays a role in the translocation and activity of the
cyclin D1/cdk4 complex. Cyclin D1 has also been reported to complex with cdk2 and

cdk$ to regulate their functions [Xiong er al., 1992].

Phosphorylation of pRb releases the E2F transcription factor that was bound and
repressed. Histone deacetylases are recruited by pRb to help in the repression of
transcription [Brehm er al., 1998; Magnaghi-Jaulin er al., 1998]. An early gene activated
by E2F is cyclin E, which then complexes with cdk2 in late G1 to promote G1-S
transition. Two alternate spliced mRNAs give rise to two forms of cyclin E, witha
difference of 15 amino acids in the amino terminal domain. No difference in function
was determined [Ohtsubo er a/., 1995]. As well, another family of cyclin E was
reported, and it was suggested that besides sharing certain functions, there may be some
differences [Lauper et al., 1998]. During S phase, cyclin E is degraded and this is
dependent on ubiquination. [Sherr, 1994] Studies have shown that the cyclin E gene can

functionally replace the cyclin D1 gene [Geng et al., 1999].

Cdk3 has been reported to be important to cell cycle progression since the
transfection of a dominant negative cdk3 arrested cells in G1. Though it shares a high
sequence homology with cdk2, cdk3 plays a different role because cdk2 could not rescue
the mutant cdk3 phenotype. In vitro cdk3 can bind many cyclins, however its in vivo

partner is not known nor are any of its substrates. [Hengstschlager et al., 1999]



S phase

Another early gene activated by E2F is cyclin A. Cyclin A enters the nucleus at
S phase [Pines and Hunter, 1991} and as a complex with cdk2 maintains pRb
phosphorylation [Yang e al., 1999]. Another possible substrate of this complex is the
initiation complex at replication origins, but this function is poorly understood.
[Heichman and Roberts, 1994; Pagano, 1998]. Cyclin A/cdk2 also phosphorylates cdc6,
an essential regulator of DNA replication. The phosphorylation of cdc6 relocalizes it to

the cytoplasm, ensuring it does not re-initiate DNA replication [Petersen ez al., 1999]

G2 phase

In G2 phase, cyclin A levels are at their peak. Cyclin A is required for transition
through G2 to M. Cells microinjected with antibodies against cyclin A are arrested in
the cell cycle at G! and G2 [Pagano er al., 1992]. Cyclin A can also associate with

cdc2 (also known as cdk1) to regulate their activities in G2 [Clark et a/., 1992].

Cyclin B also binds cdc2, and acts synergistically with the cyclin A complex
during G2 to M transition [Knoblich and Lehner, 1993]. Cyclin B only starts to
accumulate once cells are in G2 and reaches threshold levels just before mitosis
[Sherwood ef al., 1994] and enters the nucleus just before nuclear membrane breakdown

[Pines and Hunter, 1991; Hagting et al., 1999}].



M phase

Mitosis can be further subdivided into six subphases. Prophase is when
chromosomal condensation begins. Then in prometaphase, the mitotic spindles attach to
the kinetochores. At metaphase, the chromosomes are fully condensed and are lined up
at the metaphase plate by the kinetochore microtubules. In anaphase, the sister
chromatids are segregated to opposite poles. In telophase, there is decondensation of the
daughter chromosomes and reappearance of nuclear envelope. And finally in

cytokinesis, the cytoplasm is divided among the two daughter cells. [Alberts er a/, 1994]

Cyclin A has been seen to associate with condensing chromosomes in prophase,
but not with condensed chromosomes in metaphase where cyclin A starts to be
degraded. On the other hand cyclin B associated with condensed chromosomes and the
mitotic spindle, and is degraded at the metaphase to anaphase transition [Pines and
Hunter, 1991]. In order to traverse M phase, cyclin B must go through three stages.
First the cyclin B complex must be in its active state to start M phase. Then at
metaphase the complex activates the cyclin degradation system that pushes the cell
through anaphase. Finally inactivation of the degradation system by the G1 cyclins will

restabilize cyclin B [King et al., 1994].

Cdk phosphorylation

Besides having to complex with cyclins, the major control mechanism of cdk’s is

by phosphorylation. Some sites of phosphorylation inhibit activity, whereas others



promote it. The inhibitory phosphorylation is dominant over the activating. Cdc2
activity is inhibited through phosphorylation of Thr14 and Tyr15 by Mytl and Weel
kinases [Fattaey and Booher, 1997] and activated through dephosphorylation by the
phosphatase Cdc25 [Borgne and Meijer, 1996]. Cdc2 is further activated through
phosphorylation of Ser277 and Thr161 [Krek and Nigg, 1991] by CAK (cdc2 activating
kinase) [Solomon er al., 1993]. Phosphorylation of cdk2/4/6 occurs at the same

regions.[Fesquet ez al., 1993]
Cdk inhibitors

Inhibitors also regulate cdk activities. There are two classes of inhibitors, the
INK4 family of proteins and the Cip/Kip family. Known members of the INK4 family
are: pl6™&2 p] ST 518K and p19™K* The Cip/Kip family consists of:
p2 I WAFICipl 559KiPl and p57XP2. The INK4 family is known to be specific inhibitors of
cdk4/6, whereas the Cip/Kip family can inhibit most cyclin/cdk complexes [Harper and
Elledge, 1996]. INK4 proteins can bind to cdk4/6 alone, but the Cip/Kip proteins

require the presence of a cyclin to associate with the kinase [Hall M. et a/., 1995].

INK4 proteins are G1 inhibitors differentially expressed in different cell types,
and p18 and p19 are mainly involved in development. G1 arrest by INK4 is dependent
on functional pRb. In addition to being inhibitors, the Cip/Kip proteins can act as
activators for cyclin D/cdk complexes by promoting assembly of the complex and
directing it to the nucleus {Cheng ez a/., 1999; Hiyama et al., 1997, LaBaer et al., 1997).

INK4 competes for cdk4/6 binding and inhibits cyclin D/cdk4/6 activity, and in the



process releases Cip/Kip proteins to inhibit the other cdk’s [Sherr and Roberts, 1999
Rao er al., 1998; Welcker et al, 1998; Hiyama et al., 1997; Poon et al., 1995].
Progression through S phase is achieved when cyclin A/cdk2 levels are greater than the
level of p21™*C®! [Cai and Dynlacht, 1998].

Warl/Cipl

The first cdk inhibitor discovered was p21 and it is the most studied

[Harper et al., 1993]. E2F can activate p21"*"/“! transcription, emphasizing its role in

promoting, as well as inhibiting cell cycle [Hiyama et al., 1998]. Following DNA

1 Wefl/Ciel expression, to induce cell cycle

damage by irradiation, p53 up-regulates p2
arrest, although p53-independent induction of p21V*/"?! also exists [Bunz et al., 1998;
Rao er al., 1998; Macleod et al., 1995;]. In contrast apoptosis induced by p53, requires
low levels of p21™*“*! [Canman and Kastan, 1998). P53 mediates cell cycle arrest

through the inhibition of cdk2 by p21V*"“*! leading to hypophosphorylation of pRb

[Brugarolas et al., 1999].

Cancer

Most tumors have at least one protein, if not more, from the cell cycle regulation

Wafl/Cipl are

machinery that is not functioning properly. Disruptions of pRb, p53 and p21
frequent [Topley et al., 1999; Poon and Hunter, 1998; Balbin et al., 1996]. Loss of p27
expression can also promote tumor cell proliferation [Saegusa er a/., 1999;Thomas et al.,
1998]. Cyclin D1 and D3 expression is elevated in breast cancers, promoting cell

cycling [Russell ez al., 1999]). Detection of differential gene expression can be used as

an indicator of tumor aggressiveness in colorectal cancer [Tortola ez al., 1999). Butyrate
7



has long been known to offer protection against colorectal cancers, and has recently

gained further interest because of its anti-neoplastic effect [Archer er a/., 1998a}.

Butvrate

Bacteria in the colon ferment dietary fiber and produce short chain fatty acids.
Butyrate is one of the fatty acids produced, and is an important energy source for normal
colorectal cells [Cummings et a/., 1981). Studies have shown a correlation between
high fiber diets and a reduced incidence of colorectal cancer [Howe er al., 1992; Jansen
et al., 1999]. There is also interest in butyrate for treatment of other cancers such as
melanoma [Soballe and Herlyn, 1994], and myelogenous and promyelocytic leukemias
[Novogrodsky er al., 1983; Warrell et al., 1993; Warrell et al., 1998]. Because of its
ability to stimulate fetal y-globin gene expression, it also presents an interest for the

treatment of beta-thglassemia and sickle cell anemia {Faller and Perrine, 1995].

Butyrate can induce cell cycle arrest [Chang and Yung, 1996; Gilbert and
Weigle, 1993, Stenzel er al., 1980] and cause differentiation at low concentrations
[Conway et al., 1995] or apoptosis at higher concentrations [Chang and Yung,
1996;Conway et al., 1995]. Cell cycle arrest, differentiation and apoptosis are induced
by butyrate through p53-independent mechanisms [Janson et al., 1997)]. Butyrate can
arrests cells in G1 and/or G2 [Joensuu and Mester, 1984; Gilbert and Weigle, 1993;
Heerdt et al., 1997; Lallemand et al., 1999]. Concentrations of butyrate needed for such

growth inhibition reflect levels measured within the rat colon [McIntyre er al., 1991}].



Butyrate in millimolar concentrations inhibits histone deacetylases
noncompetitively and induces hyperacetylation of histones [Candido er al., 1978; Sealy
and Chalkley, 1978]. Histone acetylation is associated with gene transcription
[Bradbury, 1992; Davie and Hendzel, 1994; Grunstein, 1997, Wu, 1997]. Histone
hyperacetylation by butyrate was shown to reactivate expression of virally transduced
genes that were silenced in stably infected HeLa cells [Chen et a/., 1997). Butyrate
induces cell cycle arrest through the upregulation of certain genes and the
downregulation of others [Reeves and Cserjesi, 1979; Toscani er al., 1988; Gupta et ai.,
1994]. Among the genes induced by butyrate is pZIW“ﬂ’Ci"l [Nakano er al., 1997,
Archer et al., 1998b] in a p53-independent manner [Xiao et al., 1997] whereas cyclin D1
is one of the genes down regulated by butyrate [Lallemand et al., 1996]. Butyrate
induces a hypophosphorylated state in pRb [Schwartz et al., 1998; Yen and Sturgill,
1998; Yen and Varvayanis, 1995] and Vaziri et al. showed that this can be independent

of p21™7C®! expression.



Thesis proposal

The aim of this project is to determine how the butyrate-resistant clones 5.1 and

1Wafl’Cipl - These butyrate-resistant

7.5 can proliferate in the presence of high levels of p2
cells were isolated from HeLa cells that have adapted to growth in cytotoxic
concentrations of butyrate. Since the cDNA encoding p21V*""“'*! from these clones have
been sequenced, and were found to contain no mutations, my research is focussed on the
other cell cycle proteins that are regulated by p21 V2Pl = The p21Waf/C®! protein
exerts its cell cycle control mainly by inhibiting the activity of cyclin/cdk complexes.
My thesis is to examine the levels of the proteins in these complexes, and to determine if

Wafl’Ciel 1 will also

any are overexpressed to compensate for the high levels of p21
examine the binding of p21"V*/C?! to these complexes and study the activities of these

kinases
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MATERIALS & METODS

Cell culture

HeLa cells and their butyrate resistant clones, 5.1 & 7.5, were isolated by Dr. J.
Th’ng, and were routinely grown in Dulbecco’s Modified Eagle’s medium,
supplemented with 10% calf serum, 100U/mL penicillin and 100uL/ml streptomycin.
For experiments, cells were plated at ~80% confluence for overnight treatment with
OmM, 1mM and SmM sodium butyrate. The cells were then collected by scrapping into
the medium and pelleted by centrifugation, washed once with cold PBS (2.7mM KCl,

1.5mM KH;,POj, 0.14M NaCl and SmM Na,HPO,).

Antibodies

Polyclonal rabbit a cyclin A serum, polyclonal rabbit a cdc2 serum and
polyclonal rabbit a cdk2 serum were gifts from Dr. E.:M. Bradbury (University of
California, Davis). The polyclonal antibodies for cyclins D1, D2, D3, pl6M“’,
p21WafCipl 53 7K®! "and cdké were purchased from Santa Cruz Biotechnology, Inc.
Monoclonal antibodies to PCNA and cyclin B were also purchased from Santa Cruz
Biotechnology, Inc. Polyclonal antibodies to cdk4 and p53 were purchased from
Calbiochem. Monoclonal antibodies to cyclin E and pRb were purchased from
Pharmingen. Secondary, goat a-rabbit and goat a-mouse, antibodies conjugated with

horseradish peroxidase (HRP) were purchased from Pierce.

11



Cell lysis and protein determination

Cell pellets were lysed in NB buffer (0.25M Sucrose, 0.2M NaCl, 10mM Tris-
HCI pH 8, 2mM MgCl,, ImM CaCl; and 1% Triton) and 1-5 uL used for protein
quantity determination using the Bio-Rad microassay with bovine serum albumin as the
relative protein standard. The lysate was added to 800ul water and mixed with 200 ul of
BioRad reagent. After allowing to sit for 5 minutes, the absorbance was read in a
spectrophotometer using a wavelength of 595 nm. A control sample without lysate was
used as the blank standard. The amount of protein in the cell lysates was then
determined from the protein standard curve. To generate the protein standard curve,
known amounts of albumin purchased from Biorad were added to the water and BioRad
reagents as described. Following measurements at ODsgs, the absorbance readings were
plotted against the known concentrations of albumin. For protein gels, a 2X SDS Buffer
(0.0024% bromophenol blue, 0.16mM Tris pH 6.8, 10% Glycerol, 4% SDS and 2% B-
mercaptoethanol) was added to the NB lysed pellets and the volume was adjusted to a

final protein concentration of 2ug/ul.

For subcellular fractionation of cells, the cells were lysed in NB buffer minus
NaCl, to minimize the leaking of nuclear proteins into the cytoplasmic fraction. The
suspension was centrifuged briefly at 13 000 rpm, and the supernatant used as the

cytoplasmic fraction and the pellet used as the nuclear fraction. Following protein

12



determination of the cytoplasmic fraction, both fractions were taken up in 2X SDS-

sample buffer to final equal volumes.

Protein gels

Protein samples were run on a 12% SDS- polyacrylamide gel (PAGE) in
Biorad’s Mini-PROTEAN II cell, according to the protocol described in Ausubel et al.
(1989) with modifications. A stock mixture of 29% (w/v) acrylamide and 1% (w/v) bis-
acrylamide was made and filtered. The separating portion of each gel is made up of:
2ml of acrylamide stock mixture, 1.25 ml of a 1.5M Tris pH 8.8 solution, 50 ul. of a
10% (w/v) SDS solution and 1.7 ml of distilled water. For polymerization 8 uL. each of
TEMED (purchased from ICN) and 25% (w/v) APS (ammonium persulfate) are added.
The stacking portion of the gel is made of: 157.5uL. each of acrylamide stock mixture
and IM Tris pH6.8, 12.45uL of 10% SDS solution .and 930uL of distilled water. For
polymerization S5ul. each of TEMED and 25% APS are added. Electrophoresis was
performed at about 80 volts, with Laemmli buffer (14.4% (w/v) Glycine, 3% (w/v) Tris
and SOmM SDS) as the running buffer. To separate the phosphorylated isoforms of the

retinoblastoma protein (pRb) a 9% acrylamide gel was used.

Protein transfer and immunoblotting

Following electrophoretic separation of cellular proteins in the SDS-PAGE, the

proteins were transferred onto a PVDF membrane (Millipore’s Immobilon-P) at 100

13



volts for 1h (Zh for pRb) in Biorad’s Mini Trans-Blot cell, with transfer buffer (25SmM
Tris, 192mM Glycine and 20% Methanol). Ponceau red (1%) in 5% acetic acid was

used for protein staining to confirm proper transfer of proteins.

Membranes were first incubated, on a shaker, in blocking buffer (TBS [25SmM
Tris, pH7.5 and 150 mM NaCl] plus 3% skim milk), for about an hour at room
temperature. The blocking buffer was removed and the primary antibody (in TBS plus
3% skim milk, 0.05% Tween-20 and 350 mM NaCl) was added for 2h incubation.
Antibody dilution was according to manufacturer’s suggestion, generally 1ug/ml for
purified antibodies and 1:1 000 for serum. Following primary antibody incubation, the
membrane was washed (10 minutes each time) once with TBS and three times with TBS
plus 3% skim milk, 0.05% Triton X-100 and 100mM NaCl. Then the secondary
antibody was added for 1h, in the same buffer as the primary antibody but at a dilution
of 1:10 000. The membrane was washed again as before, plus two extra washes with
TBS at the end. Enhanced chemiluminescent detection was performed using Super
Signal® Substrate from Pierce, following their directions. Membranes were incubated
in a mixture of equal volumes of luminol/enhancer solution and stable peroxide solution.
After 5 minutes, membranes were removed, wrapped in saran wrap and exposed to X-

ray film for 1 second to 5 minutes, and the film developed.

14



Immunoprecipitation

To eliminate nonspecific binding, each sample to be studies was first incubated
with 0.5 pL of pre-immune serum and mixed with protein A-Sepharose 6MB
(Amersham-Pharmacia Biotech) which was washed four times and equilibrated in NB
buffer. Aliquots of 75 uL of the suspension were used for each immunoprecipitation,
and added to 400 ug of soluble protein extracts. After rotating in the cold room (4°C) for
1h, the samples were microcentrifuged and the supernatant was then transferred to new
tubes. The antibody of choice was then added along with fresh protein A-Sepharose
6MB, and the mixture was rotated in the cold room for 2-3hrs. After 1 minute of
microcentrifugation, the supemnatant was removed and the beads washed six times with
NB buffer. The beads were then used for a kinase assay and then resuspended in SDS

buffer for electrophoresis and immunoblots.

Kinase assay

Beads with immunoprecipitate were first equilibrated with 100 puL. H1 kinase
buffer (50mM Tris, pH 7.4, 2mM MgCl,, ImM DTT, 100mM NaCl and 0.05mM ATP)
for 10 minutes on ice. The buffer was removed and replaced with SO pL of H1 kinase
reaction buffer (same as kinase buffer plus 0.25M Na3; VO, and 100 nM calyculin A
(Sigma) as phosphatase inhibitors, 0.1 pg/uL purified histone H1 (gift from Dr. X. W.
Guo (Helix Diagnostics)), and 0.05 pCi/puL y-*?P-ATP) and incubated at 30°C for 10

minutes. After the reaction, 45 L of the reaction mixture was added to nine times the

15



volume of cold acetone and put at - 20 °C for precipitation of histone Hl. The samples
were then microcentrifuged for 5 minutes and supernatant discarded. Pellets containing
histone H1 were air dried and resuspended in SDS buffer and electrophoresed in 12%
SDS-PAGE gel. The gel was stained for protein with 0.3% Coomassie Blue in 10%
acetic acid and 50% ethanol, then washed with 10% acetic acid and 20% ethanol. The
gel was dried and exposed to X-ray film for autoradiography to determine the levels of

32p_incorporation.
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RESULTS

Clones

Sodium butyrate has long been known to induce cell cycle arrest in mammalian
cells, and more recent studies showed that this is due to an induction in the cyclin-
dependent kinase inhibitor (cki), p21¥*"CP! [Archer et al., 1998b]. To further study the
effects of butyrate on cells, butyrate resistant variants of HeLa cells were isolated. For
this, Dr Th’ng incubated 10® HeLa cells per plate, in medium containing 5, 7.5 or 10
mM sodium butyrate with regular medium changes. After a week most of the cells died,
and the cells that remained attached to the dishes did not show any signs of cell division.
Incubation with the respective concentrations of butyrate were continued for up to 6
months, three visible colonies appeared in the plates containing medium with $ mM
sodium butyrate (degignated as 5.1,5.2 and 5.3). In the plates with 7.5 mM butyrate,
one colony was recovered (designated 7.5) and no colonies were observed in the 10 mM
sodium butyrate plates. The clones were then expanded in separate flasks with medium
containing 5 mM sodium butyrate. For further purification the clones were subcloned
again in regular growth medium without butyrate. Regular bimonthly tests revealed
that the clones maintained their ability to grow in S mM sodium butyrate, albeit with
reduced growth rates. Frozen stocks were made and clones 5.1 and 7.5 selected for
further analyses. Initial studies revealed that the butyrate resistant clones had slower
growth rates than the parental HeLa cells. The doubling time of HeLa was about 16 h,
while that of clone S.1 was 24 h, and that of clone 7.5 was 36 h (courtesy of Dr. H.A.

Crissman, Los Alamos National Laboratories, NM). Further studies of cell growth (done
17



by J. Th’ng) showed that the parental HeLa cells underwent cell cycle arrest in | mM
butyrate, and there were no increase in cell number after 3 days incubation (Fig. 2).
[ncreasing the concentration of butyrate to S mM caused cells to die rapidly within 3
days. In contrast, the butyrate-resistant clones showed some increase in cell numbers
after 3 days (for clone 5.1) or 6 days (for clone 7.5) incubation in 1 mM butyrate,
although at a slower rate than untreated controls. When the concentration of butyrate
was raised to S mM, the number of cells did not change over the 3 day (for clone 5.1) or
6 days (for clone 7.5) incubation period. This shows that these variants have adapted to
survive in concentrations of butyrate that are normally cytotoxic to control HeLa cells.
These butyrate resistant variants will gradually increase in cell density if incubation in 5

mM butyrate is continued, indicating that they are able to grow at a much reduced rate.

This approach to isolation of butyrate resistant cells differ from the methods
employed by Milstec.i et al. (1985) and Chalkley and Shires (1985) who isolated butyrate
resistant cells by incubation in gradual increases of butyrate concentrations. Cell cycle
studies were not done for these variants because cell cycle proteins had not been

identified at that time.

p21V*VCil protein levels

To examine the status of p21"*"/C?!jn the butyrate resistant clones 5.1 and 7.5,
early studies of Drs. Paul S. Wright (Hoechst Marion Roussel, NJ) andJ. Th’ng by RT-

PCR showed that p21"*"“P' mRNA levels were up to eight fold higher than the
18



parental HeLa cells (Fig. 3). This is an interesting observation since p21V*"“'?! js a
ubiquitous cell cycle inhibitor, and yet the 5.1 and 7.5 clones were still proliferating in
the presence of high levels of the inhibitor. DNA sequencing, (by Dr. J. Th’ng), of the

Wwafl/Cip!

p21 gene showed no differences in all three cell lines. To determine if the

WallCiel was translated into its protein product,

elevated levels of message encoding p21
western blot was performed. HeLa cells and the 5.1 and 7.5 clones were incubated
overnight in supplemented DMEM without butyrate (control) and with 1 or 5 mM
sodium butyrate. Whole cell protein samples were prepared, fractionated in a 12% SDS
gel, and immunobloted. Results shown in Figure 4 confirmed the translation of the
p21™¥*fC?! MRNA into its protein products corresponded to the levels of transcripts
synthesized. In cycling control HeLa cells, p21™*™/?! were expressed at very low
levels, and a five-fold increase was seen when the cells were treated with increasing
butyrate concentrations. This resulted in arrests in G1 and G2 phases of the cell cycle
(Fig.5), thisis determined by the fact that the cells in S phase are cleared out increasing
the peak in G2 and the G1 peak has not change since these cells do not enter into the S
phase and those of G2 do not move into G1. In contrast, clones 5.1 and 7.5 have

1 W*Ciel protein in their respective untreated control samples.

elevated levels of p2
However their cell cycle profiles remained indistinguishable from that of the untreated
parental HeLa cells, showing that they were able to continue with their cell cycle despite

Wafl/Cipl

the presence of p21V*VCP!  1n the presence of butyrate, the levels of p21 protein

remained high in these cells.
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Subcellular distribution of p21 V™ C¥!

Early studies showed that p21"*""“®! fynctions by binding to proteins that
regulate the cell cycle, and these include cyclin/cdk complexes. Since the activity of the
complexes occurs mainly within the nucleus, an aberrant distribution of p21 /¢!
within the cell may account for its inability to inhibit growth in the 5.1 and 7.5 clones.
To study this, nuclear and cytoplasmic fractions were separated from all three cell lines
following overnight incubations without (control) and with 5 mM butyrate. Western
blots were then performed to determine the subcellular distribution of p21V*/C®! A

WaflCie! within the nucleus were similar to those in the

seen in Figure 6, the levels of p21
cytoplasm, in all cells, indicating that the inability of the inhibitor to function is not due

to its exclusion from the nuclei.

Cyclin levels in cells

One possible explanation for the ability of clones S.1 and 7.5 to continue their

WallCiel by overexpressing other cell

cell cycle is that they overcome the elevated p21
cvcle proteins. To determine if this is the case, immunoblots for these cell cycle proteins
were performed using samples of the three cell lines incubated without (control) and

with | or 5 mM butyrate.

As can be seen in Figure 7, there was no overexpression of any of the cyclin
proteins. Instead, most of them remained unchanged, while several proteins were

expressed at lower levels. The cyclins D and E that function in G1 of the cell cycle
20



remained unaltered in levels. However, the decrease was seen in some of the S and G2
cyclins. Cyclin A levels decrease with increasing concentrations of butyrate in HeLa and
the 5.1 and 7.5 clones which would be consistent with the slowing down of the cell
cycle. On the other hand, cyclin B levels decreased with increasing concentration of
butyrate in parental HeLa cells and the 7.5 clones, again consistent with the decreasing

cell cycle. However, the level of cyclin B remains constant in the 5.1 clones.

PCNA, p16™%* gnd p27%it

The PCNA required for DNA synthesis is also regulated by p21V*"C*! and
again its levels are also constant in all the samples tested (Fig. 8). Two other growth
inhibitor proteins were also examined. P16™%* protein levels were the same in all
samples from HeLa cells and the 5.1 clone (Fig. 8), levels in the 7.5 clone were constant
but much lower than the other two. The levels of p275?! went down with butyrate in the
HeLa cells, were about constant in the 5.1 clone, and went up slightly in the 7.5 clones
(Fig. 8). These cki’s have never been reported to be affected by the presence of butyrate,

and all available evidence showed that butyrate induces cell cycle arrest through

p2 1 Waﬂ/Cipll

Cyclin-dependent kinases

Since there was no overexpression of cyclins to confer any growth advantage, the

levels of cyclin dependent kinases (cdk’s) were then examined. As seen with the
21



cyclins, there was no increase in the levels of the cdk’s in any of the cells, in control or
following butyrate-treatment (Fig. 8). The cdc2 (cdk1) protein levels were about equal
in ali samples and the same was true for the cdk2 protein levels (Fig. 8). These cdk’s

were reported to be proteins that are inhibited by p21%"" P!,

Kinase assavs

Since there was no overexpression of cdk’s or cyclins to overcome the elevated

1%=0YCPL i the cells, the enzymatic activities of the cdk’s were then examined. The

p2
different cdk’s from each of the cell lines were immunoprecipitated and assayed for
kinase activities using histone H1 as substrate and y->’P-ATP. Following the reaction,
the H1 protein was electrophoresed in a 12% SDS-PAGE, stained, and the gel dried for

autoradiography. An immunoblot was also done to confirm the presence and level of

the cdk’s that were immunoprecipitated.

As seen in Figures 9-11, the activities of cdc2 (Fig. 9), cdk4 (Fig. 10) and cdké6
(Fig. 11) on histone H1 in ali the cells were not affected by the presence of butyrate. In
each case, coomassie staining showed that the amounts of histone H1 substrate were
evenly loaded in all the samples, and western blot analyses showed that the
immunoprecipitation brought down equivalent amounts of kinases. In contrast, the
results for cdk2 showed that it was the principle target for p21"*"“®!inhibition. The
phosphorylation of H1 was most pronounced in the HeLa control lysate sample (Fig. 12,

panel 2), showing that the cdk2 complex that was immunoprecipitated had high
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enzymatic activity. This activity was drastically diminished in HeLa cells that were
exposed to S mM butyrate (Fig. 12, panel 2). These results were expected, since
p21¥*VCP! i the 5 mM butyrate sample would inhibit the kinase activity. However in
both samples from the 5.1 and 7.5 clones, the phosphorylation of histone HI by cdk2

W,
p21 at1/Cipl as not

continued in the presence or absence of butyrate, indicating that the
inhibiting this kinase. The cdk2 activities in these butyrate-resistant clones were lower
than that of parental HeLa cells, which agrees with their slower cell cycle. As with the
other cdk’s, the levels of histone H1 loaded in the gels are the same (Fig. 12, panel 1), so
was the amount of cdk2 immunoprecipitated (Fig. 12, panel 3). From these results, and
from the results shown in Figure 7, the cdk2 activities in the butyrate-resistant clones is
from its association with cyclin E since this protein levels remained unaltered with

butyrate treatment.

Phosphorylation of pRb

In vitro kinase assays showed that the cdk2/cyclin E remained enzymatically
active in the presence of pZIW‘ﬂ'Cipl (Fig. 12). To determine if this was also true in vivo,
the phosphorylation of pRb was examined. It is well established that one of the common
substrates for the cyclin/cdk complexes in the cell is pRb which then regulates entry into
S phase [Yen et al., 1998]. The proteins of the pRb family in HeLa cells have very low
activity due to their binding to the E7 protein of the human papilloma virus. However,
pRb can still be phosphorylated as a substrate, and was therefore used as an intermal
measure of kinase activity. The different isoforms of pRb were separated on a 9% SDS-

PAGE and immunoblot of pRb revealed the various phosphorylated forms (Fig. 13). In
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untreated control HeLa cells, the pRb were highly phosphorylated, as evident from its
reduced migration in the SDS-gel. In HeLa cells that were incubated with 5 mM butyrate
only the fastest migrating unphosphorylated isoform was obvious. Inthe 5.1 and 7.5
clones the phosphorylated isoforms were present in all samples, with or without

butyrate. These results show that the endogenous cyclin-dependent kinase remained
active in the butyrate-resistant cells, while it is repressed in butyrate-treated HeLa cells

where the p21V*“®! is upregulated

Binding of p21™*™"'®! ¢o ¢dk2

The absence of inhibition of cdk2 kinase in the butyrate-resistant clones could be

Wafl/ Cipl

due to its inability to associate with p21 . To examine this possibility,

Wafl’Cie! from each of the cell lines, in the presence or

immunoprecipitation of p21
absence of butyrate, were performed, and the proteins were fractionated in a 12% SDS-
PAGE. Western blot analyses done on these immunoprecipitated proteins showed that
little p21%¥*7"“! was present in cycling HeLa cells, but that its levels were high in
butyrate-treated cells, and in the butyrate-resistant clones (Fig. 14, panel 3), and this
reflected the results seen in immunoblots of whole cell extracts (see Figure 4).
Furthermore, the immunoblots also showed that cdk2 and cyclin E were associated with
p21VeCiPl i all the cells tested (Fig. 14, panels 4 and 5). However, enzymatic assay

Wafl/Cipl had very low activities on

showed that these complexes associated with p21
histone H1 (Figl4, panel 2), even with the kinases extracted from the butyrate-resistant
cells. This shows that the p21¥*f/*?! i these clones retained their ability to inhibit cdk

activity, and suggested that there was a sub-population of cdk2/cyclin E that was not
24



associated with p21%*™""C?! in the butyrate-resistant clones and remained active. This

Wafl/Cipl : P
2CP! immunoprecipitation was

was demonstrated when the supernatant following p21
then used to immunoprecipitate any remaining cdk2, and the immunoprecipitate was
analyzed for kinase activity. As seen in Figure 15, panel 2, there was substantial
amounts of cdk2 activity remaining unbound to p21%*/*' in the butyrate-resistant

Wafl/Cipi

clones. These results indicate that not all the cdk2 is bound to p21 , in all three

cell lines, but the cdk2 in the butyrate-treated HeLa cells was enzymatically inactive.
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DISCUSSION

Butyrate has long been known to inhibit histone deacetylases and was routinely
used for studies on chromatin structure and function. In addition to its ability to induce
cellular differentiation, recent studies showed that it induces cell cycle arrest and
apoptosis in a concentration-dependent manner. The report of Archer er al. (1998)

p21 Wafl/Cipl

demonstrated that this cell cycle arrest is due to the induction of , although

the work of Vaziri er al. (1998) showed that this arrest is independent of p21™f“"?!,
For further study of butyrate effects on the cell cycle, Dr. J. Th’ng isolated butyrate
resistant HeLa clones capable of sustained growth in 5 mM sodium butyrate. These
butyrate resistant variants have adapted to growth in the presence of elevated levels of
p21Ve/CP! a]beit at a slower rate. Immunoblots revealed that these clones overexpress
p21VACP! constitutively while parental HeLa cells only expressed high levels of
p21W20CPl when incubated with butyrate (Fig.4). In addition to the absence of cell
cycle arrest, these butyrate-resistant clones are also resistant to induction of apoptosis by
butyrate. How these cells respond to other inducers of apoptosis remains to be

WaflCipl gene revealed no differences in the clones

determined. Sequencing of the p21
compared to the parental HeLa cells, and measurements of kinase activities after
immunoprecipitation by p21%V*"“?! showed that the cdk2 remained inactive when
associated with this cki (Fig.14). And immunoblots showed that the other cell cycle

genes were not upregulated, in the butyrate resistant clones, to overcome this elevated

increase in cki (Fig. ).
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Although isolated from different dishes of cells treated with different levels of
butyrate, we cannot rule out the possibilities that clones 5.1 and 7.5 are the same clones.
However, differences between the two clones suggest otherwise (Fig.2). In addition to
their differences in growth rates, clone 5.1 also expresses elevated levels of histone
H2B.Z (Dr. Th’ng, personal communication). Furthermore, clone 5.1 consistently
expresses higher levels of cyclin B compared to clone 7.5 (Fig.7). These suggesta

difference in genotype in the clones.

Kinase assays performed on immunoprecipitates of cdk’s showed that cdk2
activity was strongly inhibited in HeLa cells incubated with S mM butyrate, while the
cdk2 kinases from the butyrate-resistant clones remained active in spite of the presence
of p21™21C®! aithough at lower activities. These in vitro studies indicated that cdk2
activity is conferring the growth advantage on both clones. Because cyclin E is the only
cdk2 associated co-fgctor whose protein levels remain the same in the presence and
absence of butyrate, it is the most likely to be involved in the active kinase complex.

Kinase assays performed on p21 %! immunoprecipitates from the butyrate-
resistant variants showed that p21¥*/C®! jp, these cells was able to function as an
inhibitor of cdk2, and that the cdk2 activities were from the unbound fraction that
remained in the cell. However, similar immunoprecipitations from the parental HeLa
cells that were treated with butyrate revealed a subpopulation of cdk2 that had no kinase

Wafl/Cipl

activity, even though it was not associated with p21 . The reason for this absence

of activity is not known, implicating that other activating regulators are necessary. In

cells, the activity of cyclin-dependent kinases is also regulated by phosphorylation at
27



specific residues. The activity of cdk2 is inhibited by phosphorylation of Thr14 and
Tyri5, and activated by phosphorylation at Thr160, therefore some of these
phosphorylations could be altered in the butyrate-resistant cells. Since the effect of the
inhibitory phosphorylation sites dominates over that of the activating sites, there could
be mutations in the Thri4 and TyrlS5 of cdk2 in these clones. Alternatively, there could
be a phosphatase, such as cdc25, that continuously dephosphorylates these sites or
possibly the kinases, such as weel, that phosphorylate these sites are inactivated. Future

experiments will address these possibilities.

Several recent articles published after the original submission of this thesis, will
direct future studies of these clones. Wang er al. (2000) have shown that HuR, an RNA

Wafl’Cie! mRNA during stress induced responses. HuR

binding protein, stabilizes p21
activity is dependent on its elevated levels in the cytoplasm. It would be interesting to
see if HuR plays a role in the high levels of p21Vef1Ciel MRNA in the clones. A paper
by Chai et al. (2000) indicates that the apoptotic effect of butyrate is dependent on
p21We0C®! cleavage by DEVD-caspase. Therefore the elevated levels of p21V*""?! in
the clones could be protecting them from apoptosis during incubations with butyrate at
higher concentrations and longer exposures, unlike the parental HeLa cells which do

| Wafl[Cipl

undergo apoptosis. It would be of interest to look at the p2 levels in the

parental HeLa cells and the clones, and to look for the 15Kd band that appears after
DEVD-caspase activation and is thought to be a portion of the cleaved p21¥*7/c¥!

protein.
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And finally work by Estanyol er al. (2000) indicates that the Set protein can bind
and inhibits p21¥2"“"*! specifically when p21 %! is bound to the cyclin E/cdk2
complex. The inhibition of p21%*7“®! by Set results in the cyclin E/cdk2 complex
remaining active. Since this is the complex that maintains it activity in the clones, there
is a possibility that Set could also be involved in this case. However, the absence of

Wafl/Cipl

kinase activities in the cdk2 complexes when associated with p21 , even with the

kinases isolated from the butyrate-resistant clones, suggest this may not be the case. Not

much is know about Set, but Estanyol et al. (2000) determined that it binds the carboxyl-

Wafl/Cipl Wafl/Cipi

terminal region of p21 . Since our antibody against p21 also recognizes

the carboxyl-terminal region, it is possible that when Set is bound to it, that a fraction of
p21™V2f/C?! cannot be immunoprecipitated with our antibody. However, this appears not
to be the case since our immunoprecipitation method was efficient enough to deplete the

cell extracts of p21 Vo/Cipl

. Further experiments will be necessary to address these
questions thoroughly, and since not much is know about Set, these clones can potentially

be used to elucidate its role further.
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SUMMARY AND CONCLUSION

Several conclusions can be drawn from these studies. The butyrate-resistant

Watl’Ciel protein. This is due to cyclin

clones continue cycling with high levels of p21
E/cdk2 activity in the clones. The kinase activity is from the sub-population of cyclin
E/cdk2 that is not associated with p21%*"“! since complexes that were associated with

p21V*CP! were inhibited. Further experiments will be required to determine reason

behind the ability of cdk2 to remain active in these butyrate-resistant clones.
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Figure 2: Growth curves. Hel a cells and the two butyrate-resistant clones were
incubated in the presence and absence of butyrate. The HeLa and 5.1 clone growths
were monitored for three days, whereas the 7.5 clone was monitored for six days
because of its slow doubling time. HeLa growth was dramatically reduced in ImM
butyrate and all cells died after three days in SmM butyrate. In contrast, the 5.1 clone
and 7.5 clone continued to grow in butyrate, but at a slower rate.
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Figure 3: P21V*™°*' expression (courtesy of Dr. P.S. Wright). Relative levels of p21**"**"' mRNA
levels were quantitated by RT-PCR with actin levels as an internal standard. Results were normalized
against the actin, and plotted using HeLa control levels as a reference. As expected, levels increase in the
Hel.a cells in the gresence of butyrate. Surprisingly the 5.1 and 7.5 clones also express high levels, up to
8-fold, of p21V*""“'*! in the absence of butyrate.
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Figure 4: P21¥*"C*' protein levels. Immunoblot of p21¥*"“** protein determine its expression in

HeLa and the 5.1 and 7.5 clones, with or without butyrate in overnight incubations.
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Figure S: Cytofluorometric growth profiles (courtesy of Dr. H. Crissman). HeLa cells were
incubated with S mM butyrate for 18 h, and fixed for flow cytometry. Cytofluorometric profiles of
Clones 5.1 and 7.5 were similarly prepared.
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Figure 6: Nuclear and cytoplasmic levels of P21™*"C*' protein levels. Immunoblot of p21%*!'*!
protein to compare distribution between nuclear (panel 1) and cytoplasmic (panel 2) fractions, Hela
cells and 5.1 and 7.5 clones were incubated overnight with and without SmM butyrate.
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Figure 7: Cyclin protein levels. Immunoblots of various cyclins in whole cell extracts
from HeLa cells and, 5.1 and 7.5 clones incubated overnight with and without butyrate.
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Figure 8: Levels of cell cycle regulator proteins. Immunoblots of cell cycle proteins
in whole cell protein extracts from HeLa cells and, 5.1 and 7.5 clones incubated
overnight with and without butyrate
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Figure 9: Kinase assay of cdc2. Cdc2 was immunoprecipitated and used in a kinase

assay with histone H1 (panel 1) as the substrate. Film was exposed to determine the

phosphorylation of H1 (panel 2). Immunoblot of cdc2 (panel 3) was done to confirm the .
presence of cdc2 in the immunoprecipitation.
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Figure 10: Kinase assay of cdk4. Cdk4 was immunoprecipitated and used in a kinase

assay with histone H1 (panel 1) as the substrate. Film was exposed to determine the

phosphorylation of H1 (panel 2). Immunoblot of cdk4 (panel 3) was done to confirm the .
presence of cdk4 in the immunoprecipitation.
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Figure 11: Kinase assay of cdk6. Cdk6 was immunoprecipitated and used in a kinase

assay with histone H1 (panel 1) as the substrate. Film was exposed to measure the

phosphorylation of H1 (panel 2). Immunoblot of cdk6 (panel 3) was done to confirm the .
presence of cdk6 in the immunoprecipitation.
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Figure 12: Kinase assay of cdk2. Cdk2 was immunoprecipitated and used in a kinase

assay with histone H1 (panel 1) as the substrate. Film was exposed overnight to show

phosphorylation of H1 (panel 2). Immunoblot of cdk2 (panel 3) was done to confirm the ‘
presence of cdk2.
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Figure 14: Kinase assay of p21V*/C?!_ p2|Wafl/Ciel \va¢ immunoprecipitated and the
complexes assayed for kinase activity with histone H1 (panel 1) as the substrate. Film
was exposed overnight to show the extent of phosphorylation of H1 (panel 2).
Immunoblots of P21"*“'P! (panel 3), cdk2 (panel 4) and cyclin E (panel 5) were
performed from the immunoprecipitated samples.
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Figure 15: Kinase assay of cdk2 using supernatant from p21"*"/Ciet
immunoprecipitation. Cdk2 was immunoprecipitated from the supernatant after

p21 %! immunoprecipitations, then assayed for kinase activity with histone H1
(panel 1) as the substrate. Film was exposed overnight to determine phosphorylation of
Hl(panel 2). Immunoblot of cdk2 (panel 3) and cyclin E (panel 4) were done on the
immunoprecipitated samples.
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