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Abstract

Chinese Hamster Ovary cells have been engineered to
inducibly over-express the p21“"' cyclin dependent
kinase inhibitor, in order to achieve cell cycle arrest
and increase cell productivity. In p21“"'-arrested cells
production of antibody from a stably integrated 1gG4
gene, was enhanced approximately 4-fold. The
underlying  physiological basis for enhanced
productivity was investigated by measuring a range of
cellular and metabolic parameters. Interestingly the
average size of arrested cells was approximately 1.6-
fold greater than that of proliferating cells. This was
accompanied by corresponding increases in
mitochondrial mass (2-fold), mitochondrial activity
(1.6-fold) and ribosomal protein S6 levels (2-fold). Our
results suggest that cki-induced cell cycle arrest
uncouples cell growth from cell cycle progression, and
provides new insight into how improved productivity
can be achieved in a cell line commonly used for large
scale production of pharmaceutical proteins.
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Introduction

Animal cell culture systems have been utilised for
secreted pharmaceutical protein production, due to the
requirement for post-translational protein modification.
To obtain sufficient cells for production, initial high
growth rates are essential. However, in certain cell
culture processes uncontrolled proliferation beyond a
certain desired cell density causes nutrient and oxygen
depletion, accumulation of toxic metabolites, cell death
and degradation of the product (Al-Rubeai and Singh
1998; Mitchell et al., 1991; Simpson et al., 1998; Zeng
et al., 1998 and 1999). The production processes can be
improved by regulation of proliferation to allow initial
rapid cell growth to achieve a sufficiently high cell
density for production, followed by a production period
at reduced proliferation rates to prevent excess cell
densities (Suzuki and Ollis, 1990; Al-Rubeai et al.,
1992; Simpson et al., 1999; Mueller et al., 1999;
Kaufmann et al., 2001). Metabolic or cell engineering,
involving the introduction of regulatory genes into
cells, has become the focus of attention for improving
cell productivity (Kirchhoff et al., 1993; Fussenegger et
al.,, 1998, 1999; Fussenegger 2001; Geserick et al.,
2000; Carvalhal et al., 2001).

One of the most obvious targets for achieving
proliferative control is the cyclin dependent kinases
(cdks). This family of protein kinases are key
components of the pathways that control cell cycle
transitions (Hengst et al., 1994; Fishman et al., 1998;
Sugimoto et al., 2002). Cdk activity is regulated by
association with cyclin, phosphorylation and the
formation of ternary complexes with cyclin dependent
kinases inhibitors (ckis) such as p21<"' and p27*"™
(Gutierrez et al., 2002; Drissi et al., 1999; Aktas et al.,
1997; Bissonnette and Hunting, 1998). The cki p21™"'
is known to efficiently inhibit the activity of cdk-cyclin
complexes, including cdk2 which has a direct role in
the G1/S transition and over-expression of p21“"" in
various cell lines results in G1-phase cell cycle arrest
(Gartel et al., 1996; Harper et al., 1993 and 1995;
Xiong et al., 1993; Sekiguchi and Hunter, 1998; El-
Deiry et al., 1993). Recently, it has been also shown
that in addition to inducing Gl-phase arrest, p21""
may also mediate G2-phase arrest (Niculescu et al.,
1998; Dulic et al., 1998).

In several studies Gl-phase arrest of the cell cycle
caused by over-expression of p21<', p27*""! and the
tumour suppresser gene p53 (which induces p21°"")
has been shown to increase cell productivity
(Kaufmann et al., 2001; Fussenegger 2001; Mazur et
al., 1998; Watanabe et al., 2002; Ibarra et al., 2003).
Although the concept of increased productivity arising
from proliferative arrest is now well established, the
physiological basis for this effect has yet to be
investigated thoroughly. An understanding of the
physiological basis for increased productivity could
inform the design of new strategies to improving cell
lines and production processes. In this present report
we have used the LacSwitch p21"" inducible system
to modify the CHO-22HI1 cell line, which has
previously been engineered to contain a stably
integrated chimeric IgG4 gene (Bebbington et al.,
1992). The CHO cell line is one of the most widely
used mammalian production cell lines, due to the high
stability of chromosomally integrated heterologous
transgenes (Schimke 1984). Stable clones of CHO-
22H11 harbouring an inducible p21“"' gene were
successfully isolated. As predicted from previous
studies p21“"'-induced arrest was found to
significantly enhance specific antibody production by
up to 4-fold in these cells. In order to investigate the
basis for this enhancement of antibody productivity a
variety of cellular and metabolic parameters have been
monitored in the arrested cells. The data suggest that in
arrested cells growth is uncoupled from cell cycle
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progression, resulting in increased cell size,
mitochondrial mass and activity and ribosome
biogenesis. Increased cellular productivity most likely
arises from these effects on cell growth and
metabolism.

METHODS
Cell culture and transfection

The parental cell line CHO-22H11, supplied by Lonza
Biologics (Slough, UK), has been previously
transfected with a human-mouse chimeric B72.3 IgG4
antibody gene, using the glutamine synthetase (GS)
expression system (Bebbington et al., 1992). The cells
were maintained in high glucose (17mM) DMEM NUT
MIXF-12 without glutamine (GIBCO, Paisely, UK)
supplemented with 10% foetal calf serum (PAA
laboratories =~ GmH), 100 uM  methylamine
sulphoxamine (MSX; Sigma, Poole, UK).

The Lacswitch system was chosen to obtain inducible
expression of p21°"'. Briefly, this system involves
introducing the gene of interest, under the control of
hybrid RSV promoter containing /ac repressor binding
sites, into cells that are constitutively expressing the lac
repressor protein.-Firstly, lac repressor expressing cells
were constructed using CMVlacl plasmid DNA
(Stratagene). DNA was introduced into CHO-22H11
cells by liposome-mediated transfection using
Lipofectin® reagent (Life technology, UK) according to
manufacturer’s instructions. Transfected cells were
selected in medium containing 400ug/ml Hygromycin
B (Sigma). After two weeks selection, the whole
population of stable transfectants was then transfected
with ~ pOPRSV1/p21“™"  plasmid DNA  using
Lipofectin® reagent (Life technology, UK). Plasmid
pOPRSV1/p21<™', which contains the mouse p21°™
cDNA (Huppi et al., 1994; Erhardt and Pittman, 1998)
was kindly provided by Dr. R. Pittman (University of
Pennsylvania, Philadelphia, PA). Stable clones were
selected in 400ug/ml Geneticin 418 (GIBCO), and
isolated by limiting dilution. Induction of p21<™
expression was achieved by adding SmM isopropyl-f-
D-thiogalactoside (IPTG, GIBCO) into culture
medium.

Cell concentration was estimated by haemacytometer
counting, using trypan blue dye exclusion to
distinguish viable cells.

Western Blot Analysis

For Western blot analysis 2x10° cells were lysed in
SDS sample buffer, and proteins were separated by
12% SDS-PAGE, and then transferred to nitrocellulose
membrane as described by Watenabe et al. (2002).
Membranes were probed with either anti-p21<™"
antibody (1:1,000 dilution of mouse monoclonal
antibody F5, (Santa Cruz Biotechnology Inc, UK) for
p21 protein analysis or anti-ribosomal protein S6,
(1:1000 dilution of rabbit polyclonal antibody, Santa

Cruz Biotechnology Inc, UK, sc-20085) for evaluating
ribosomal protein in TBST with 4% dried skimmmed
milk. Blots were developed using horse radish
peroxidase-conjugated second antibody  (1:2000
dilution for p21<" and 1:2500 dilution for ribosomal
protein S6) and ECL detection reagents (Amersham,
UK), according to manufacturer’s instruction.
Determination of Monoclonal
Concentration

Antibody

The human-mouse B72.3 IgG4 chimeric MAb
concentration was determined by enzyme-linked
immunosorbent assay (ELISA). Chimeric MAb
produced by cells was sandwiched by monoclonal anti-
human IgG (Fc specific, Sigma) and peroxidase-
conjugated anti-human kappa light chain antibody
(Sigma). The amount of chimeric MAb was determined
by measuring absorbance using o-phenyedianine di-
hydrochloride (OPD, Sigma) as substrate for peroxide.

DNA content and cell size analysis

To assess the changes in cell cycle distribution cellular
DNA content were analysed by propidium iodide
staining and flow cytometry. Briefly, about 1x10° cells
from batch cultures were fixed with 70 % ice-cold
ethanol and stored at —20°C until use. To stain DNA,
fixed cells were wash twice with 1xPBS buffer,
resuspended in 100 pl of 1x PBS containing 50 ug/ml
Ribonuclease A (Sigma), and incubated at 37 °C for 60
minutes. Fixed cell were then stained with 300 ul of
200 ug/ml Propidium Iodide (PI, Sigma). Flow
cytometric analysis was performed using a
FACSCalibur flow cytometer (Becton Dickinson,
USA) and Modfit LT 2. software program was used for
data analysis.

Cell diameter was measured using a Mastersizer S
(Malvern Instrument Ltd, UK), with Malvern
Mastersizer software version 2.18 to acquire the data.

Measurement of mitochondrial mass and
dehydrogenase activity

The mitochondria mass per cell was measured by flow
cytometry using Mito Tracker Green FM (Green FM,
Molecular Probes), as described by Metivier et al.,
1998. 1 x 10° viable cells were collected by
trypsinization, suspended in 0.5 ml fresh medium with
150 nM Mito Tracker Green FM for 45 minutes in the
dark. After two times of washes with PBS, cells were
immediately analysed using a FACSCalibur flow
cytometer (Becton Dickinson, USA) and green
fluorescent intensity was detected. Approximately 1.0-
2.0 x10* cells were analyzed at the rate of 200-600
cells/sec, and CellQuest3.3 software program was used
for data analysis.

The mitochondrial dehydrogenase enzymes in living
cells was determined by colorimetric measurement
using substrate 3-(4, 5-dimethyliazol-2-yl)-2, 5-
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diphenyl tetrazolium bromide (MTT, Sigma)
(Mosmann 1983). Briefly, 2 x 10° living cells were
harvested and resuspended in 1 ml medium plus 100 pl
5 mg/ml MTT. The samples were incubated at 37 °C
for 2 hr to allow the MTT to diffuse into and react with
the cells. After centrifugation, supernatant was replaced
by 1 ml iso-propanol and shaken at 1000 rpm for 20
minutes to release the formazan products. The
absorbance of formazan product at 540 nm was
measured using an SLT Spectra Elisa plate reader.

RESULTS & DISCUSSION

Establishment and characterization CHO cell lines
that inducibly express the p21CIP ! ki

To investigate the effects of p21“"'-induced
proliferation control on cell productivity, CHO-22H11
cells were first transfected with the plasmid CMV-Lacl
encoding /ac repressor protein, and selected in medium
containing 400ug/ml Hygromycin B. Cells expressing
lac repressor protein were then transfected with the
plasmid pOPRSV1/p21, which contains the mouse
p21<"! ¢cDNA under the control of a hybrid RSV-LTR-
lac promotor (Huppi et al., 1994; Erhardt and Pitmann,
1998). Cells were selected in Geneticin G418, and 20
clones displaying IPTG-inducible effects on
proliferation were obtained (data not shown). Six of the
clones showing the greatest effect (3A1, 1BS, 2C12,
2B7, 2H3 and 3B2) were chosen for further study.

In order to characterise the effect of inducible p21<™
over-expression on cell proliferation and antibody
productivity, the six selected clones were incubated in
the absence and presence of IPTG. Cells and
supernatants were harvested at 96 hr, viable cells were
counted and the amount of B72.3 IgG4 antibody
secreted into the supernatant was assayed by ELISA.
Fig.1 shows that in the absence of IPTG all tested
clones had a similar basal proliferation rate except
clone CHO-C12, which had a lower proliferation rate.
Transfection and cloning have therefore not selected
cells with grossly different proliferation rates. In the
presence of IPTG the effect of p21<"! over-expression
on proliferation varied in each of the clones, clone
CHO-3B2 with effectively no increase in cell numbers
showed the most pronounced cessation of cell
proliferation. The differential effect on cell
proliferation is most likely due to variation in the level
of p21™" over-expression in each clone. This has
already been demonstrated in previous studies using
NSO myeloma cells (Wanatabe et al., 2002), where it
was clear that lower levels of exogenous p21°™
expression failed to completely arrest cell cycle
progression. Sufficiently high levels of p21“"! need to
be expressed in order to inhibit cdk activity and
completely block cell cycle progress. Fig.1 also shows
that although total yield of IgG4 antibody might be
slightly  higher in non-arrested cells, specific
productivity in each of the cloned cell lines was
enhanced by p21“""" over-expression.
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Fig. 1. The effect of p21°™'" expression on cell
proliferation and cell productivity in different
transfected CHO sub-clones. Cultures were set up at
approximately 1x10° cells /ml, and incubated in the
absence (Control) or presence (IPTG) of 5mM IPTG.
After 72 hours viable cells were counted (4) and
supernatants were harvested and assayed for chimeric
72.3 1gG4 antibody (MAb) concentration (B). From
these data cell productivity was calculated (C). Bars
indicate standard deviation.

The scale of effect directly reflected the degree of
cytostasis, and again clone CHO-3B2 shows the most
significant effect with an increase in cell productivity
of approximately 4-fold at 72hr. This compares closely
with our previous findings in NSO cells, where p21<'™"
over-expression caused effective proliferative arrest,
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and a similar 4-fold increase in productivity (Wanatabe
et al., 2002). Clone CHO-3B2 was selected for further
study because in these cells p21“"" expression had the
most pronounced effect on proliferation and
productivity.
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Fig. 2. Western blot analysis of p21“™" expression in
CHO-3B2 cells. Equal numbers cells were analysed
following 24 hr incubation in the absence and presence
of 5 mM IPTG for 24 hr. Protein in cell lysates was
analaysed by —immunoblotting with — anti-p21<""
monoclonal antibody.

In order to confirm that IPTG treatment is indeed
affecting p21“"" expression, CHO-3B2 cells were
incubated in the absence and presence of IPTG for 24
hours, then analysed by western blotting. Fig.2, lane 1
shows that very little endogenous or exogenous p21'™*"
protein can be detected in untreated, proliferating cells.
The steady-state level of p21<"' protein was
comparable to that found in non-transfected CHO-
22HI11 cells (data not shown), confirming that the
Lacswitch system is tightly regulating expression in
these cells. Fig.2, lane 2 shows that 24 hours after
addition of IPTG there is a considerable increase in the
amount of p21“"™" protein present in cells, confirming
that induction is rapid and effective. Steady-state levels
of p21°"™ protein did not increase further at later time
points (data not shown).
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Fig. 3. Comparison of cell number and productivity in
parental and transfected, cloned cells. Parental CHO-
22H11 and transfected CHO-3B2 cells were incubated
in the absence of IPTG for 96 hr, after which viable
cells were counted and yield of IgG4 antibody was
assayed.

To eliminate the possibility that any of the observed
effects on proliferation and productivity have arisen
through clonal selection, cell proliferation and
productivity was assessed in the parental CHO22H11

cell line and the transfected CHO-3B2 cell line
harbouring p21“"™', in the absence of IPTG. Fig.3
confirms that after 96 hr of culture in the non-induced
state, viable cell number and productivity were similar
in both cell lines.

p21“"induced  proliferative  control is
complete and reversible

The use of controlled proliferation technology requires
an efficiently regulated gene expression system which
allows expression of the cytostatic gene precisely at a
desired cell culture state. In order to confirm that the
Lacswitch system fulfils these requirements in CHO
cells, the effectiveness and reversibility of the
proliferative arrest caused by p21“"' over-expression
was tested in CHO-3B2.
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Fig. 4. p21°"induced proliferative arrest of CHO-
3B2 cells is complete and fully reversible. Cultures
were set up at approximately Ix10° cells /ml, and
incubated for 168 hr in the absence (4) or presence (C)
of 5 mM IPTG. IPTG was removed from some of the
cells at 1 day, and incubation continued for a further 6
days in the absence of IPTG (B). Viable cells were
counted at the intervals shown.

Cells were cultured for 168 hr in the absence or
presence of IPTG, and counted at 48 hr intervals. Some
of the cells were removed from IPTG after 24 hr and
placed in IPTG-free medium then cultured for a further
144 hr. Fig.4 shows that in the presence of IPTG there
is no increase in cell numbers, confirming that p21<™*
induces a complete and stable arrest of cell
proliferation. In cells that were removed from IPTG
after 24 hr cell proliferation resumed at a rate
equivalent to non-induced cells within 48 hr, and the
culture achieved the same final cell density as non-
induced cells by 168 hr. The lag presumably reflects
the time taken for p21<™" to be degraded and removed
from the cells, and for functional /lac repressor to
accumulate to a sufficient level to repress further
p21<™!  expression. The effects of p21"' over-
expression are therefore complete and fully reversible,
confirming the physiological nature of the arrest that is
achieved.
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Fig. 5. The cell cycle distribution of p21<"-arrested CHO cells. CHO-3B2 cells were incubated in the absence or
presence of SmM IPTG for 115 hours. At the intervals shown cells were removed and stained with propidium iodide,
then analysed by flow cytometry. The profiles of DNA content for non-induced (control) and induced (IPTG) cells are
shown, together with the cell cycle distribution, calculated using Modfit LT 2.0 software programme.

Over-expression of p21CIP ! causes cell cycle arrest in
CHO-3B2 cells

Figs. 4 clearly shows that p21“"' over-expression
inhibits proliferation of CHO-3B2 cells. In order to
determine the effect of p21"" over-expression on cell
cycle progression, CHO-3B2 were analysed by
propidium iodide (PI) staining and flow-cytometry,
after incubation in the absence and presence of IPTG.
Fig. 5 shows that after 20 hr in the absence of IPTG
31.0 % of cells were in G0/G1-, 50.2 % in S- and
18.8% in G2-phase. In the absence of IPTG there is a
progressive decline in S-phase cells, as stationary

phase is established, around 115 hr. By comparison,
after 20 hr in the presence of IPTG 62.2 % of CHO-

3B2 cells were found to be in GO0/G1, 21.3% in S,
16.6% in G2/M. Over-expression of p21<"" therefore
rapidly induces G0/G1-phase arrest in CHO-3B2 cells.
In the continued presence of IPTG there is a further
gradual decline in S-phase cells and increase in G2/M-
phase cells, until at 115 hr 68.51% of CHO-3B2 cells
were found to be in GO/G1, 7.68% in S, 23.80% in
G2/M. These results indicate that a majority of the cells
were rapidly blocked in GO/G1-phase after only 20 hr
induction with IPTG, while a small percentage of cells
appear to be blocked in G2/M-phase at later stages of
culture.



The effect of cell cycle arrest on cell size
Observation of p21"'-arrested cells revealed obvious
morphological changes in the cells (data no shown).
Following p21“"™" induction the arrested cells appeared
to become larger, by comparison with proliferating
cells. This observation was confirmed by measuring
cell size in proliferating and arrested cultures. Fig. 6
shows that average cell size is significantly larger in
arrested cells. After 72 hr of culture in the absence of
IPTG average cell diameter was 17.6 um, compared to
27.8 um in the presence of IPTG. This corresponds to
an increase in cell size of 1.6-fold.

These data therefore clearly show that CHO-3B2 cells
arrested by p21<"' over-expression continue to grow
and increase in size, even though cell cycle progression
and cell division are inhibited, at the G1/S and G2/M
transition. The increase in average size is equivalent to
slightly less than the increase required to support 2 cell
doublings. By comparison, proliferating CHO-3B2
cells have undergone just over 2 cell doublings during
a 72 hr period (data not shown). This uncoupling of
cell growth from cell proliferation has obvious
implications for understanding how the processes of
cell growth and cell division are normally controlled,
as well as how induced cytostasis might increase cell
productivity.
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Fig. 6. The size of proliferating and arrested CHO-3B2
cells. Approximately 4x10° cells were harvested from
cultures that had been incubated for 72 hr in the
absence (dash line) and presence (solid line) of SmM
IPTG, and cell size was measured by using a Malvern
Mastersizer S. The mean diameter of non-induced and
induced CHO-3B2 cells was 17.6 = 2.3 um, 27.8 + 1.8
um respectively.

The mechanisms that coordinate cell growth with
proliferation remain poorly understood, despite the
significant progress in identifying the molecular basis
of cell cycle control. Recent studies have established a
close link between growth factor signalling and cell
growth (Tapon et al., 2001). Mitogenic and growth
signalling pathways activate regulatory proteins such
as Ras, phosphatidylinositol-3-OH kinase (PI3K) and
c-myc, resulting in well established effects on the
biosynthetic capabilities of cells.

Notably, ribosome biogenesis together  with
accumulation and activation of translation initiation
factors upregulates rates of protein synthesis during
Gl-phase (Tapon et al, 2001; Thomas, 2002).
Similarly, biogenesis of mitochondria is also tightly
linked to cell cycle progress during Gl-phase
(Margineantu et al., 2002).

Comparison of  Dbiosynthetic activities in
proliferating and arrested cells

In order to investigate further the physiological
mechanisms operating in  p21“"'-arrested cells,
mitochondrial dehydogenase enzyme activity and
mitochondrial mass were investigated in proliferating
and arrested CHO-3B2 cells. Mitochondrial activity
was analyzed by a colorimetric MTT assay for
mitochondrial dehydogenase enzymes in living cells
which were incubated in the absence and presence of
IPTG for 48 hr.
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Fig. 7: Mitochondrial mass and mitochondrial
dehydrogenase activity in proliferating and arrested
CHO-3B2 cells. Cells were incubated for 48 hr in the
absence (black column) or presence (grey column) of
SmM IPTG. Mitochondrial mass was determined by
staining cells with Mito Tracker Green, and flow
cytometric analysis. Mitochondrial dehydrogenase
activity was measured in I1x10° cells, using a
colorimtric assay based on MTT.

Fig.7 shows that mitochondrial dehydogenase activity
is increased by approximately 1.6-fold in IPTG treated,
arrested cells compared to proliferating cells and this
increase in activity was accompanied by a similar
approximately 2-fold increase in mitochondrial mass
IPTG induced, arrested cells, as assessed by Mito
Tracker Green FM staining and flow cytometric
analysis (Metivier et al., 1998). Together these data
confirm that the increased size of arrested cells is
accompanied by a comparable increase in
mitochondrial activity, and that this is due to
biogenesis of new mitochondria, not activation of
existing organelles.



Finally, ribosome biogenesis was evaluated by
assaying the amounts of ribosomal protein S6 in lysates
from cells which were incubated in the presence
and absence of IPTG for 48 hr using
immunoblotting.
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Fig. 8. Western blot analysis of ribosomal protein S6
levels in proliferating and arrested CHO-3B2 cells.
Equal numbers cells were analysed following 48 hr
incubation in the presence and absence of 5 mM IPTG.
Protein in cell lysates was analysed by immunoblotting
with anti-ribosomal protein S6.

Fig. 8 shows that there is about approximately a 2-fold
increase in S6 protein levels in arrested cells. This
result is consistent with increased ribosome biogenesis
and fits with the increased mitochondrial mass shown
by Fig. 7.

CONCLUSION

This present study has confirmed that p21<"' over-
expression arrests CHO cells predominantly in G1-
phase of the cell cycle, where growth and organelle
biogenesis continue in the absence of cell cycle
progression and cell division, consistent with previous
studies. With the aims of the present study in mind,
p21“"'arrested cells are metabolically more active,
and will most certainly have a correspondingly
increased capacity for protein synthesis, compared with
smaller, proliferating cells. This therefore forms the
physiological basis for enhanced productivity in
arrested cells. At the start of the cell cycle, when cells
are preparing for DNA replication and cell division,
there is a requirement to replenish energy pools and
metabolic precursors as well as increase cell mass (Ko
and Prives, 1996; Linke et al., 1996). Consequently, by
arresting cell cycle progress at the end of G1-phase, in
the continued presence of growth signals, growth is
allowed to continue and physiological activity is
maintained. Furthermore, the extent of cell
“overgrowth” observed in this study suggests that
mammalian cells do not possess a mechanism to
prevent continued growth in the absence of cell
division. This reinforces the view that cell size is
ultimately determined by mechanisms that trigger entry
into mitosis and cytokinesis when an appropriate cell
size has been achieved.
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