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Abstract When parental Chinese hamster ovary (CHO) cell clones that are capable of producing
thrombopoietin (TPO) were subjected to high methotrexate (MTX) concentrations, clonal varia-
tions in cell growth were apparent. In the clones that had no significant enhancement in specific
TPO productivity (4r,,) when a higher leve] of MTX was administered, their growth was not de-
pressed significantly nor their cell size changed significantly. On the other hand, those clones that
showed a significant enhancement in 4., at higher a MTX dosage, cell growth was depressed ini-
tially but recovered during successive sub-cultures. Furthermore, their cell size increased, which
suggested that changes in cell size may be indicative of an enhanced 4, When the enhancement
of the 4., of 9 clones after a high MTX dosage was plotted against the extent of the increase of
their size, there was a linear correlation (#=0.80, P<0.001, ANOVA), which suggested that an en-
hancement of 4, after high MTX administration can be measured by the increase in their cell
size. Taken together, our data demonstrate that the selection of amplified CHO cell clones with
enhanced g, can be done based upon their increased size and growth pattern. This facilitates the
development of highly productive recombinant CHO cell lines.
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INTRODUCTION

To obtain high-level expression of heterologous pro-
teins, the most popular mammalian expression systems
in the pharmaceutical industry use expression vectors
that contain the dihydrofolate reductase (DHFR) gene
as the selective gene and DHFR-deficient Chinese ham-
ster ovary (CHO) cells as the host cell line [1,2]. This
gene amplification procedure is based upon the DHFR
gene coding for the DHER enzyme. Methotrexate (MTX)
binds to the DHFR enzyme, but DHFR-deficient CHO
cells that have taken up an expression vector containing
the DHFR gene can develop resistance to it by an am-
plification of the DHFR gene. Concomitantly, the spe-
cific gene of interest that is co-linked with the DHFR
gene in the same expression vector or adjacently resides
in the host chromosome is amplified [3,4].

When recombinant CHO (CHO) cell clones have
been subjected to successive rounds of selection in me-
dia that contain stepwise increments of MTX concen-
trations, it has been found that the specific productivity
(¢) does not always increase linearly by increasing the
MTX dosage and the enhancement of g4 varies signi
fycantly among the clones [5-7]. Thus, extensive efforts
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are required for screening amplified clones that have an
enhanced 4.

In our laboratory, we transfected the thrombopoietin
(TPO) expression vector that contained the DHER gene
into the DHFR-deficient CHO cells in order to develop
rCHO cells that produce TPO. When these parental
clones were subjected to successive rounds of selection
in media that contained stepwise increments of MTX
concentrations, changes in their cell size became notice-
able. Cells of these clones, particularly those that had
an enhanced ¢, tended to be bigger after higher MTX
dosages. If the selection of amplified clones that had an
enhanced 4 can be made based upon their size, auto-
mated cell sorting using a flow cytometry based on
their cell size will tacilitate the development of methods
for creating highly productive rCHO cells. In the pre-
sent study, the cell sizes of the parental clones that
were producing TPO were monitored along with the
increasing levels of MTX in an attempt to determine
the relationship between cell size and 4., during the
course of DHFR-mediated gene amplification.

MATERIALS AND METHODS
Cell Line Development and Cell Culture

Parental CHO cells that expressed a TPO were made
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by transfecting 2 pg of a TPO expression plasmid into
DHEFR-deficient CHO cells (DUKX-B11, ATCC CRL-
9096) using LipofectAMINE™ (20 ng, Gibco-BRL,
Grand Island, NY, USA). Drug selection was carried out
by seeding 10° cells/well in 96-well tissue culture plates
(Nunc, Roskilde, Denmark) containing IMDM (Gibco-
BRL) supplemented with 10% d-FBS (Gibco-BRL) and
500 pg/mL of zeocin (Invitrogen, Carlsbad, CA). Zeocin
was used only in the first selection. The culture super-
natant of the zeocin-resistant clones that were isolated
on 96-well tissue culture plates was tested for TPO pro-
duction by an ELISA procedure.

Based on the TPO titers, 51 high producing parental
clones were selected for gene amplification and were
subjected to increasing levels of MTX (Sigma) admini-
stration (0.02 and 0.08 uM). The cells were sub-cultured
after they had reached confluency by trypsinization.

To determine the changes in cell size, cell growth and
TPO production during the adaptation to higher MTX
levels, monolayer cultures of several clones were per-
formed in 60 mm tissue culture dishes (Nunc) contain-
ing 5 mL of IMDM with 10% dFBS and the correspond-
ing level of MTX in a humidified 5% CO, incubator at
37°C. The clones used for this experiment are shown in
Fig. 1. Approximately 1.0 x 10° cells/mL in the exponen-
tial phase of growth were seeded into 60 mm tissue cul-
ture dishes. The cells were re-fed every 2-3 days with
fresh medium. Culture dishes were harvested periodi-
cally to detexrmine the cell density. The supernatants of
the cultures were removed and kept frozen at —70°C for
the TPO assay.

Analytical Methods

The concentrations of both the suspended cells and
the adherent cells were estirated using a hemocytome-
ter. Viable cells were distinguished from dead cells by
the trypan blue dye exclusion method.

After trypsinization, the size distribution of cells was
measured using CASY" (Schérfe System, GmbH) with a
150 pm capillary. This system is described in detail
elsewhere [8]. For this analysis, 100 pL aliquots from
the cell cultures were diluted 1:100 in a phosphate buff-
ered saline (PBS) based electrolyte and gently mixed. By
repeated measurements of each sample, approximately
5000 particles were analyzed to achieve a sufficient
level of statistical reliability. Based on these results, rep-
resentative size distribution curves were obtained. Bi-

modal distributions were obtained during culture period.

The lower peak is likely resulted from cell debris and
dead cells [3]. Therefore, we focused on the variations
in the cell diameter of viable cells (»8 um) and thereby
estimated their mean cell diameter.

The secreted TPO was quantified using an ELISA
method, according to the protocol provided by R&D
Systems (Minneapolis, MN, USA).

Evaluation of Specific Growth and Production Rates

The specific growth rate (u) was based on data col-
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Fig. 1. Schematic representation of the procedure used for the

establishment of TPO producing clones. The nine clones used
in this experiment are shaded.

lected during the exponential growth phase [9]. Specific
TPO productivity (4+,,) was evaluated as described ear-
lier [9]. When the plot of the TPO titer versus the time
integral of viable cells is fitted to a straight line with a
regression coefficient that is close to one, the slope
represents the g,

RESULTS AND DISCUSSION

Characteristics of Clones Exposed to a Higher
Level of MTX

When highly productive parental clones that were
selected by IMDM with 10% dEBS and 500 pug/ml zeo-
cin were subjected to increasing levels of MTX concen-
trations, clonal variations in cell growth were apparent.
Some clones grew without a significant depression. On
the other hand, some clones displayed a significant
growth depression initially but recovered cell growth
capacity after successive sub-cultures. In addition, pa-
rental clones that displayed the suppressed growth rate
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Fig. 2. Cell growth, p, g+, and cell size profiles of a represen-
tative clone (W12) at 0.02 pM MTX level. A, Cell growth pro-
files; B, n (closed circle) and gr,, (open circle); C, Mean cell
diameter. In A, the closed circle and the open square represent
the viable cell concentrations and the cell viabilities, respec-
tively. In A and B, the values on day 0 are from the culture
without MTX.

looked larger in microscopic observations. If changes in
cell size are indicative of an enhanced g+, at a higher
MTX level, this can be used to facilitate the screening
for highly productive rCHO cells. Therefore, we closely
monitored changes in the cell growth and size of some
representative clones as shown in Fig. 1.

Fig. 2 shows an example of typical cell growth in
clones that did not show a suppressed cell growth after
a higher MTX administration level. When the parental
clone W12 was subjected to 0.02 uM MTX, the cell
growth was not depressed and cell viability was main-
tained over the 78% level (Fig. 2A). Compared with p
(=0.86 day") and 4., (=0.03 pg/10%ells/day) in me-
dium that did not have MTX, p was decreased slightly
and g1, was increased by less than 2.4-fold at a 0.02
UM MTX concentration (Fig. 2B). MTX-resistances that
appeared not to be caused by gene amplification events
may be attributed in part either to a mutation in the
MTX transport system in cell membrane or a DHFR
that had an altered affinity for MTX [10,11]. Cell sizes
that were measured during the exponential phase of
growth at each sub-culture did not change significantly
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Fig. 3. Cell growth and cell size profiles of a representative
clone (W21) that displayed severe growth depression at higher
MTX concentrations. A, Cell growth profiles; B, Mean cell
diameter. In 4, the closed circle and the open square represent
the viable cell concentrations and the cell viabilities, respec-
tively. On day 4, the cells were sub-cultured into the medium
containing 0.02 uM MTX, as indicated by the arrow. Error
bars represent the standard deviation as determined from trip-
licate dishes.

(Fig. 2C). The mean cell diameter in instances of
IMDM that did not have MTX was 12.66 um while
that at 0.02 pM MTX during successive sub-cultures
was in the range of 12.64-12.70 um. _

Fig. 3 shows the typical cell growth of clones that
experienced a severe growth depression and a colony
formation which was followed by growth recovery af-
ter administration of a high MTX dosage. When the
parental clone W21 was subjected to a 0.02 pM MTX
concentration, cell growth was arrested immediately
and the cell viability decreased to 32% until colonies
appeared. After that, cells started to grow and reached
confluency (Fig. 3A). Depending on the parental clones,
it took 2-3 weeks to reach confluency after 0.02 pM
MTX dosage. In succeeding sub-cultures, cells grew
without showing a significant lag phase. Compared
with p (=0.62 day™) and gr,, (=0.08 ug/10° cells/day)
in medium that did not receive MTX, the p was de-
creased to 0.29 day™” and ¢r,, was increased to 0.82
pg/10° cells/day at a 0.02 pM MTX concentration.
More than a 10 fold-increase in 41, was obtained.

Fig. 4 shows that the morphofogical changes in the
cells are distinct. Cells became longer and larger after a
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Fig. 4. Morphological changes in a representative clone (W21)
that was subjected to a 0.02 uM MTX concentration. Days in
photomicrographs correspond to the culture day in Fig. 3.

0.02 uM MTX administration. In order to quantitate
changes in cell size during culture, the cell size distribu-
tion was measured. Fig. 5 shows a bimodal distribution
of cell size. The peak with a smaller cell diameter
represents dead cells and cell debris that had a diameter
less than 8 um. The peak with a larger cell diameter
represents viable cells that had a diameter greater than
8 um. The mean cell diameter of those greater than 8
um was calculated and plotted in Fig. 3B. When sub-
jected to a 0.02 uM MTX concentration, the cell diame-
ter increased from 13.58 um to 16.17 um. This result
suggests that an increase in cell size may be indicative
of an enhanced g1, that has resulted from gene amplifi-
cation.

When cells after an administration of a 0.02 uM
MTX dosage were subjected to a 0.08 uyM MTX con-
centration, cells that displayed an enhanced g7, also
experienced severe growth arrest and colony formation
which was followed by growth recovery and an in-
crease in their size (data not shown).

Relationship between Cell Size and g4y, in CHO
Cells during DHFR-mediated Gene Arnpiification

To determine whether changes in cell size are indica-
tive of an enhanced g+, resulting from gene amplifica-
tion, changes in the mean cell diameter of 9 clones that
subjected to a higher MTX level were measured. The
growth pattern of the W11-0.02 clone at higher MTX
level was similar that of the W12 clone while the
growth pattern of 6 clones was similar to that of the
W21 clone. To determine the correlation of 41, with
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Fig. 5. Size distributions of a representative clone (W21) that

was subjected to a 0.02 uM MTX concentration. The days in
this figure correspond to the culture day in Fig, 8.

the mean cell diameter during the exponential phase of
growth of various clones, the following two plots were
made. Since cell size depends on the growth phase [8,
12, 13], we used the cell size measured in the exponen-
tial phase of growth for these plots.

Fig. 6A shows the plot of g;,, versus the mean cell
diameter of various clones after administration of vari-
ous MTX concentrations. Cells with a diameter in the
range of 12-14 pm had a lower g+, compared with cells
with a diameter greater than 14 um. However, cells
with a diameter greater than 15 pm had a broad range
in their gr,, Consequently, it is difficult to select highly
productive clones between the various clones based
their absclute cell size. However, enhancement of the
Gry of each clone was related to the amount of increase
in cell sizes. This relationship is shown in Fig. 6B. For
each clone, the values of 41, and the mean cell diameter
at higher MTX concentrations were adjusted to those
that were treated with a lower MTX concentration.
The enhancement of the g, of higher MTX concentra-
tions was proportional to the amount of increase in
their cell size, as shown by analysis of variance (r*=0.80,
P<0.001, ANOVA). This result suggests that enhance-
ment of the ¢;,, after administration of higher MTX
concentrations can be judged by the increase in their
cell size. Furthermore, because the amount of increase
in cell size is large enough to be noticeable by micro-
scopic observation, efforts to screen clones that had an
increased gy, can be eased significantly.

In conclusion, CHO clones that had an increased 4+,
displayed increased cell sizes when subjected to higher
MTX concentrations. Thus, the selection of amplified
CHO clones with enhanced g, can be made based on
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Fig. 6. Relationship between cell size and the ¢, A, Flot of
the 41, versus mean cell diameter of various clones at various
MTX concentrations; B, Linear regression plot of the en-
hancement of g, of each clone that was subjected to higher
MTX concentration versus amount of increase in its mean cell
diameter. Each symbol represents a specific clone that is
shown in Fig. 1: W12 (Q), W13 (v), W21(e), W23 (4) W27

(@), W4-0.02 (&), W6-0.02 (V), W11-0.02 (A), W17-0.02 (m).

The same symbol was used for representing the specific clone
that was subjected to a higher MTX concentration in Fig. 6A.
The degree of the g, enhancement and the mean cell diame-
ter increase was determined by dividing the values of 4, and
the mean cell diameter at higher MTX concentrations by
those at lower MTX concentrations.

their increased size and growth pattern. This facilitates
the development of highly productive rCHO cells.
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