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Abstract

Changes in protein glycosylation owing to changes in environmental con-
ditions are not well understood. To better understand these relationships,
methods to quantify controlling factors are needed. Because enzymes are
translated from genes, the ability to quantify gene expression levels for
glycosylation-related enzymes would be advantageous. We developed quan-
titative real-time reverse transcription polymerase chain reaction (QRT-PCR)
assays to monitor gene expression in Chinese hamster ovary (CHO) cells for
five terminal glycosylation genes. The five enzymes were sialidase, a puta-
tive 02,3-sialyltransferase, B1,4-galactosyltransferase, cytosine monophos-
phate-sialicacid transporter, and uracil diphosphate—galactosyl transporter.
Four of these CHO cell genes were publicly available from GenBank; how-
ever, the 0.2,3-sialyltransferase gene for Cricetulus griseus (CHO cell species)
was not available and, therefore, was sequenced as a part of this work.
The qRT-PCR primers and probes (based on the TagMan™ chemistry) were
designed and validated for these five genes. The gene expression profiles
were obtained for CHO cells producing the recombinant interleukin-4/13
cytokine trap molecule in batch reactors.

Index Entries: Quantitative real-time polymerase chain reaction; mRNA;
glycosylation; interleukin-4 /13 cytokine trap; 02,3-sialyltransferase; sequencing.
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Introduction

The glycosylation profile of a recombinant therapeutic can be an
important process parameter. Although much study has been conducted
on the environmental factors thataffect glycosylation (1,2) and research has
been conducted for mouse (3-8), rat (9), and human (10-13) glycosylation-
related gene expression, little work has been published about the gene
expression levels for glycosylation pathway genes in Chinese hamster
ovary (CHO) cells (14,15). Additionally, native gene expression changes
havenotbeen correlated with changes in recombinant protein glycosylation
profiles for CHO cells cultured in batch reactors.

Quantitative real-time polymerase chain reaction (QRT-PCR) is a
method that can be used to determine changes in gene expression levels.
The throughput of qRT-PCR is limited compared to DNA microarrays.
However, if only a small number of genes are to be analyzed, qRT-PCR is
much less expensive than DNA microarrays. qRT-PCR assays are also sen-
sitive to changes in gene expression and are robust enough to measure
changes in gene expression over seven to eight orders of magnitude, if
conditions require (16-18). The lower detection limit of a qRT-PCR assay is
generally considered to be one to five transcript copies per cell (18,19).
The high sensitivity and large dynamic range of qRT-PCR have allowed
this technique to be used to validate viral clearance (20), identify species
(21-23), and detect diseases (18,24,25). However, to ensure high sensitivity
and large dynamic ranges, each primer/probe set must be optimized and
validated (17,18,23,26). Assay parameters that typically need to be opti-
mized include primer/probe sequences, melting temperature (T),), probe
length, distance between reporter and quencher, distance between primer
and probe, and primer concentration (23,27). Additionally, when possible,
the probes should span an intron, so as to mitigate signal from DNA
carryover contamination.

The objective of the present study was to develop and validate qRT-
PCR primers and probes, based on the TagMan™ chemistry, to measure
gene expression levels for five key glycosylation-related genes in CHO
cells. The five validated qRT-PCR assays were then used to determine the
gene expression profiles for sialidase, a putative 02,3-sialyltransferase,
B1,4-galactosyltransferase, cytosine monophosphate (CMP)-sialic acid
transporter, and uracil diphosphate (UDP)—-galactosyl transporter. CHO
cells expressing the recombinant cytokine trap molecule interleukin-4/13
(IL-4/13) were used as the model system, and gene expression levels were
monitored during the course of a batch culture. Additionally, it was neces-
sary to sequence the 0.2,3-sialyltransferase gene for Cricetulus griseus (CHO
cell species), because this sequence information was not publicly available.

Materials and Methods
Cell Culture

CHO cells expressing the recombinant IL-4 /13 cytokine trap molecule
were maintained in 1-L spinners at 5% CO,, 60 rpm, and 37°C. The medium
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was a proprietary defined medium (Regeneron, Tarrytown, NY) supple-
mented with 2 mM L-glutamine (Gibco, Carlsbad, CA). Cells were initially
seeded in duplicate spinnersat0.2+0.06 million cells/mL. Cell counts were
determined using the trypanblue exclusion method. Measurements are the
average of duplicate parallel 1-L spinners. Glucose and lactate concentra-
tions were determined using a BioProfile 400 Analyzer (NOVA, Waltham,
MA) per the manufacturer’s instructions.

Sialidase Activity Assay

Cells were harvested and centrifuged for 10 min at 800 rpm and 4°C.
The cell pellet was resuspended inice-cold phosphate-buffered saline (PBS)
(Gibco) and then centrifuged at 750g for 10 min at 4°C. The cell pellet
was resuspended in 500 puL of ice-cold PBS and disrupted by passage
through a 27 1/2-gage needle. The disrupted cells were centrifuged at
12,000¢ for 30 min at 4°C. The cell lysate was aliquoted and frozen at —20°C
for later analysis. Sialidase activity was assayed using an adaptation of a
method described by Berg et al. (28) and has been used to characterize and
quantify CHO cell sialidases (29-31). Briefly, each 20-uL sample was placed
ina 1-mL centrifuge tube with 150 uL of substrate buffer and gently mixed.
The substrate buffer used was 0.2 or 0.5 M sodium acetate buffer, pH 5.5,
with 500 mM CaCl,. Samples were centrifuged at 14,000¢ for 5 min to
remove any precipitates. One hundred fifty microliters of sample was trans-
ferred to a 96-well plate. Thirty microliters of 0.125 mM artificial substrate
4-methylumbelliferyl-N-acetyl-a-D-neuraminicacid (Sigma, St. Louis, MO)
insubstrate buffer was added to the reaction tube and gently aspirated. The
samples were then incubated at 37°C for 45 min in the dark. The fluorescent
signal (A, =366 nm and A__ =460 nm) was recorded using a GENios fluo-
rometer (Tecan, Research Triangle Park, NC). A serial dilution of lysed
CHO cells provided a standard to determine the linear range and detection
limits of this assay. Sialidase activity was normalized relative to the first
sample of the cultures.

Purification of Recombinant IL-4/13 Cytokine Trap
and Analysis of Sialic Acid Content

Cell culture broth was harvested from the spinners, and cells were
removed by centrifuging at 750¢ for 10 min and 4°C. The supernatant
was loaded onto a I-mL Hi-Trap™ Protein A affinity column (Amersham
Pharmacia, Piscataway, NJ). The column was washed with 3 column vol of
PBS, pH 7.0, with 350 mM NaCl. The column was washed a second time
with 2 column vol of PBS, pH 7.0. The protein was eluted with 3 column vol
of 40 mM acetic acid. Fractions were collected, and the protein concentra-
tion was determined by measuring the absorbance at 280 nm. Columns
were subsequently stripped and reequilibrated with 2 column vol of
0.5mM aceticacid and PBS, pH7.0, respectively. Loading, washing, eluting,
stripping and column equilibration were completed ata flow rate of 1 mL /min.
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The sialic acid content of the IL-4/13 cytokine trap fusion protein was
determined by a high-performance liquid chromatography (HPLC) method
that used o-phenylenediamine (OPD) derivatization (32,33). The sialic acid
content is reported per potential N-glycosylation site on the protein. Acid-
hydrolyzed sialic acids from purified IL-4/13 cytokine trap fusion were
derivatized with OPD (Aldrich, Milwaukee, WI) and analyzed by reverse-
phase HPLC (HP1090) on a C18 column (Ultrasphere ODS, 250 x 4.5 mm;
Beckman, Fullerton, CA). Fluorescently labeled monosaccharide deriva-
tives were detected by fluorescence spectroscopy (HP1046-A: A =230 nm
and A__ = 425 nm). Sialic acid residues released from fetuin were used as
standards.

Sequencing of CHO Cell Sialyltransferase Gene

Total RNA was isolated from CHO cells using an RNAqueous-4PCR
kit (Ambion, Austin, TX) per the manufacturer’s instructions, except the
DNase treatment was increased to 2 uL. of DNase for 1 h. Reverse transcrip-
tion reactions were completed using 200 ng of total RNA. Oligo dT or
GeneRacer™ reverse transcription primer with SuperScript reverse
transcriptase (Invitrogen, Carlsbad, CA) was used according to the
manufacturer’sinstructions for first-strand synthesis. RNase H was used to
degrade the RNA following first-strand synthesis. PCR reaction mixtures
consisted of 2 mM dNTPs, 900 nM forward and reverse primers, 5 uL of
10X PCR buffer, 5 uL of 25 mM MgSO,, 37 uL of nuclease-free water, and
0.5 uL of cDNA from reverse transcription reactions. PCR cycle parameters
were 94°C for one 2-min cycle, then 35 cycles of 94°C for 30 s, 57°C for
30, and 70°C for 1 min. A final extension step of 70°C for 15 min was used.
Sequencing was performed using an ABI 3700 sequencer (Applied
Biosystems, Foster City, CA) per the manufacturer’s instructions.

Oligonucleotide primers were designed for the amplification of an
internal fragment of the putative CHO cell o2,3-sialyltransferase from the
published Mesocricetus auratus (AJ245700.1) sequence. Sense primer 5'-
CAA-CTC-AGA-GAA-GAA-AGA-GCC-ATG-3' and antisense primer 5'-
GCC-ACA-GGA-GCA-TTG-TTC-AA-3' were used to amplify a 280-bp
fragment of the CHO cell sequence. To capture the stop codon of the CHO
cell sequence, a GeneRacer reverse transcription primer was used to gen-
erate cDNA with a known 3' sequence. The sense primer from M. auratus
and the GeneRacer antisense primer generated a fragment containing the
CHO cell sialyltransferase stop codon. The 5' sequence of the CHO cell
sialyltransferase was determined by using a sense primer based on the
homology in the upstream region between Homo sapiens (BC010645), Mus
musculus (BC050773.1), and Oryctolagus cuniculus (AF121967) o2,3-sialyl-
transferases. The sense primer used was 5'-GAG-GCA-GCC-GGG-ATG-
ACA-3'and the antisense primer was the M. auratus primer. The full-length
CHO cellsialyltransferase sequence was generated using the upstream sense
primer and the antisense primer 5'-ATC-CCA-ACG-CTC-ATA-GAC-AGG-3'.
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Table 1
Primer and Probe Sequences for TagMan Assays
Primer

Gene direction Primer sequence (5'-3')
o2,3-Sialyltransferase FP ACGCTCCTGTGGCTGGTTAT

RP GGCCGACTCAGGGTAGAAGAG

PRB ATGTGGGCTCCAAGACCACCATACGTC
B1,4-Galactosyltransferase FP GGTGGCCATCATTATCCCATT

RP CGGATGCAAATAATACAGCCAA

PRB CGCAACCGGCAGGAGCACCT
CMP-sialic acid transporter FP AGCCCCAAGGAACTGATGAA

RP ACCTGGTATACTGCTGCATCCA

PRB CTGAACAGCATACACCAGTGATGGCACA
UDP-galactose transporter FpP TGCCACCTCCCTGTCTATTGT

RP AATAATGGGTCCAGGTGAAAGC

PRB TCCACTGTTGCCTCCATTCGCCTCT
Sialidase FP CCCTACAGACTCCCGGAAGAG

RP AGTCCGAGTAGGCACAGATGC

PRB ACCTGGTCAGCTCCCACCCTGTTG

Full-length CHO cell a2,3-sialyltransferase sequence information was
deposited in GenBank (AY266675).

Quantitative Real-Time Polymerase Chain Reaction

CHO cell gene expression for the terminal portion of the glycosylation
pathway was quantified using TagMan chemistry. Primers and probes were
designed using Primer Express (Applied Biosystems) for the following five
genes: sialidase (U06143), 0.2,3-sialyltransferase (AY266675), $1,4-galacto-
syltransferase (AF318896), CMP-sialicacid transporter (Y12074),and UDP-
galactose transporter (AF299335) (see Table 1 for primer and probe
sequences). The glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
primers and probes were purchased as a predeveloped assay from Applied
Biosystems (TagMan Rodent GAPDH Control Reagents). Since only mRNA
sequence information was available from GenBank, the amplicons used
did not span introns. Reverse transcription negative controls were used to
confirm the absence of significant genomic DNA contamination. TagMan
universal master mix and 6-carboxy-fluorescein/6-carboxy-tetramethyl-
rhodamine-labeled probes were purchased from Applied Biosystems. Total
RNA was quantified using RiboGreen (Molecular Probes, Eugene, OR)
according to the manufacturer’s instruction. Five nanograms of total RNA
was used for the TagMan assays. Random hexamers and SuperScript
reverse transcriptase (Invitrogen) were used per the manufacturer’s
instructions to synthesize the first strand. TagMan reactions were carried
out using an ABI 9700 thermal cycler in 96-well format. Reaction volumes
were 50 uL. Cycle parameters were 50°C for 2 min and 94°C for 2 min,
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followed by 40 cycles of 94°C for 15 s and 60°C for 30 s. Each gene was
normalized relative to its corresponding GAPDH control sample (34,35).
Actinand 18SrRNA havebeen used in parallel with GAPDH as the normal-
izers in our laboratory with insignificant differences in the experimental
gene expression profiles. Additionally, analysis of variance (ANOVA) of
the GAPDH expression across the experiment indicated no significant
trendsin the data (p 20.05). Each biologic sample was analyzed in triplicate
for each experimental gene and the normalizer gene. For better visualiza-
tion of the gene expression profiles, the normalized gene expression for
each gene was also normalized to the average of the first time point.

Results

qRT-PCR primers and probes, based on the TagMan chemistry, were
developed to measure gene expression levels for five key glycosylation-
related genes in CHO cells. The five validated qRT-PCR assays were used
to determine the gene expression levels of sialidase, a2,3-sialyltransferase,
B1,4-galactosyltransferase, CMP-sialic acid transporter, and UDP-galacto-
syl transporter in CHO cells expressing the recombinant cytokine trap
IL-4/13 during the course of a batch culture. However, first the 02,3-
sialyltransferase gene needed to be isolated and sequenced for C. griseus
(CHO cell species).

CHO Cell Sialyltransferase Sequence

The 02,3-sialyltransferase enzyme catalyzes the transfer of sialic acid
from CMP-sialic acid to a juvenile glycan. Several sialyltransferases have
been sequenced and studied; however, none of these reported sialyl-
transferases are C. griseus sialyltransferases. We sequenced a putative
C. griseus 02,3-sialyltransferase IV. The sequencing was facilitated by the
high homology of 0:2,3-sialyltransferase IV among other known mamma-
lian organisms. The putative C. griseus sialyltransferase nucleotide
sequence was found to be 96, 93, 92, 87, and 85% homologous with the
coding regions of 0.2,3-sialyltransferase IV from M. auratus (AJ245700.1),
Rattus norvegicus (XM-343368.1), M. musculus (BC050773.1), H. sapiens
(BC010645.1), and O. cuniculus (AF121967), respectively. The full length
for C. griseus 02,3-sialyltransferase sequence was deposited in GenBank
(AY266675).

Optimization and Validation of qRT-PCR

qRT-PCR primers and probes were designed and validated to quan-
tify the CHO cell gene expression levels for five key glycosylation pathway
genes. Forward and reverse primer concentrations were optimized in order
to determine the reaction conditions that resulted in the greatest fluores-
cent signal (ARn) and the lowest cycle threshold (C,) (36). Primer concen-
trations investigated were from 50 to 900 nM for each forward and reverse
primer. For the CMP-sialic acid transporter gene, as the primer concentra-

Applied Biochemistry and Biotechnology Vol. 125, 2005



Glycosylation Genes in CHO Cells 165

35+
@)

i 1

0 05 1 1.5
Log (Total RNA (ng))

Fig. 1. TagMan assay validation: (A) standard curves for ((0) CMP-sialic acid
transporter (SAT) and (O) GAPDH; (B) AC, for CMP-SAT normalized to GAPDH (A).
The solid lines in (A) and (B) are lines fitted to the data. The dashed line in (B) repre-
sents the lower allowable boundary for the slope for the AAC, method.

tions increased the C, decreased to a minimum of 26 cycles. In addition,
as the primer concentrations increased the change in ARn reached a maxi-
mum value of 2.3 relative fluorescence units. At a primer concentration of
900 nM for both the forward and reverse primers, the C,. and ARn values
were relatively constant at peak values (data not shown). The primer sets
for the other four CHO cell glycosylation genes (sialidase, o2,3-sialyl-
transferase, 1,4-galactosyltransferase, and UDP-galactose transporter)
were optimized similarly. For all five genes, the best primer concentration
was determined to be 900 nM for both the forward and reverse primers.
To determine whether the primers and probes were suitable for
quantification, samples were serially diluted and qRT-PCR was performed.
Each of the five primer probe sets, as well as the predeveloped assay
GAPDH, produced linear standard curves over the range of 1-30 ng of total
RNA on log scale. Figure 1 shows a representative plot of the standard
curve for CMP-sialic acid transporter and GAPDH. Each of the five assays
was determined to be suitable for quantifying the relative changes in gene
expression levels. The five primers and probes with GAPDH were also
evaluated for their compatibility with the standard curveless method of
relative gene quantification, i.e., the AAC, method, in which AC is defined
as the difference between the C, of the gene of interest and the C, of the
endogenous control, and AAC, is defined as the difference between the
AC, of the sample of interest and the AC, of the normalizing sample (37).
The AAC, method requires equal amplification efficiency for the gene of
interest and the endogenous control (37). Equal amplification efficiency is
demonstrated by a linear relationship from the AC, vs the log of the total
RNA curve with a slope 0.1 C, per log mass. For CMP-sialic acid trans-
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Table 2
qRT-PCR Efficiency (1) of Target Amplification,
and Slope of AC, vs log Mass of Total RNA With Respective 95% Cls
for Each Target Gene of Interest

Gene uxCI Slope + CI
02,3-Sialyltransferase 1.9+0.02 -0.32 £0.07
B1,4-Galactosyltransferase 1.84 £0.01 -0.5£0.08
CMP-sialic acid transporter 1.89+£0.03 -0.35+0.06
UDP-galactose transporter 1.98 £ 0.03 -0.1+0.09
Sialidase 1.93+0.03 -0.25+0.07
GAPDH 2.02£0.03 N/A

“N/A, not applicable.

porter and GAPDH, the slope of the AC,. curve was found to be -0.35+0.06
C,perlogmass (95% confidence interval [CI]), as shown in Fig. 1. This slope
is outside the allowable range of £0.1. The other four genes were evaluated
similarly, and none of the five primer /probe sets were found to be suitable
for the AAC, method. Therefore, standard curves were used to quantify
changes in gene expression for the primers and probes used in this study.
Table 2 provides the efficiencies of amplification for each of the six assays.

Expression Studies

To demonstrate that significant gene expression profiles could be
obtained for CHO cell cultures, the effects of growth on the gene expression
of five key glycosylation genes for duplicate CHO cell cultures expressing
recombinant IL-4/13 cytokine trap were evaluated. Figure 2 shows the
average cell densities of the parallel cultures. The gene expression levels for
all five CHO cell glycosylation genes were each normalized to the first
samples obtained from the cultures. Figure 2 shows the gene expression
levels for the five genes under investigation. The gene expression levels of
sialidase, 02,3-sialyltransferase, and CMP-sialic acid transporter were
found to have a negative slope for at least the first 55 h (p < 0.05; two-tailed
t-test) of culture time (Fig. 2). The slopes of the gene expression profiles for
the three genes sialidase, 0:2,3-sialyltransferase, and CMP-sialic acid trans-
porter were found to be the same (p > 0.05; ANOVA) during the first 55 h
of culture. The gene expression levels for the final two sample points of the
culture were found to be greater than the gene expression levels at 55 h for
02,3-sialyltransferase and CMP-sialic acid transporter (p < 0.05; one-
tailed t-test). However, sialidase gene expression decreased continu-
ously for 90 h, and then it increased between 90 and 115 h (p < 0.05;
one-tailed t-test).

The gene expression levels of B1,4-galactosyltransferase and UDP-
galactose transporter were also found to have a slope not significantly
different from zero for at least the first 55 h of the cultures (p = 0.05; two-
tailed t-test). The gene expression levels for B1,4-galactosyltransferase and
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Fig. 2. Recombinant CHO cell growth characteristics and gene expression levels
for duplicate spinner flasks: (A) cell density (M) and viability (®); (B) glucose (®)
and lactate (A); (C) sialic acid content (A) and normalized sialidase activity (#);
(D) sialidase gene expression (V); (E) 02,3-sialyltransferase (ST) (A) and CMP-sialic
acid transporter (SAT) (@) gene expression levels; (F) B1,4-galactosyltransferase (GT)
(®) and UDP-galactose transporter (GAT) (H). Error bars represent 95% Cls.

UDP-galactose transporter were found to be the same (p > 0.05; two-tailed
t-test) for the first 55 h. The gene expression levels for the final two sample
points of the culture were found to be greater than the gene expression
levels at 55 h for B1,4-galactosyltransferase (p < 0.05; one-tailed t-test).
Although UDP-galactose transporter gene expression levels were found to
be numerically greater for the final two time points of the culture relative
to the 55 h time point, UDP-galactose transporter gene expression levels
were not statistically different at the end of the culture compared to the
55-h time point.

Glucose concentration was determined to have reached zero by 77 +
6 h (p <£0.05). The genes 02,3-sialyltransferase and CMP-sialic acid trans-
porter were observed to have decreasing gene expression prior to glucose
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depletion and then increased expression after glucose depletion. The genes
B1,4-galactosyltransferase and UDP-galactose transporter were observed
to have relatively stable expression prior to glucose depletion and
increased expression after glucose depletion. Sialidase gene expression
was observed to have a continuously decreasing expression even after glu-
cose depletion (p < 0.05; one-tailed t-test).

Discussion

TagMan primers and probes were designed and validated to measure
the expression levels of five key glycosylation genes for CHO cells express-
ing recombinant IL-4/13 cytokine trap. The gene expression profiles for
0.2,3-sialyltransferase and CMP-sialic acid transporter were determined to
be similar, and the gene expression profiles for B1,4-galactosyltransferase
and UDP-galactose transporter were also determined to be similar.
The sialidase gene expression profiles were determined to be different
from the other four genes investigated.

Primers and Probes

The five primer and probe sets were observed to be suitable for mea-
suring the change in gene expression levels relative to the predeveloped
GAPDH assay. The amplification efficiency for the five assays was found
to be different from that of GAPDH. Therefore, the standard curveless
method (AAC,) was not compatible with these primers and probes.
Proudnikov etal. (27) demonstrated that the probe cleavage efficiency was,
in part, dependent on the position of the fluorescent quencher, where probe
cleavage contributes significantly to amplification efficiency. They demon-
strated that placement of the quencher at an internal nucleotide on the
probe, instead of the traditional 3' end of the probe, increased the sensitivity
of the qRT-PCR assay. Because the present study was relatively small, the
additional cost to reoptimize the efficiency was not warranted. However,
for larger studies in which the designed primers and probes are used con-
tinuously, economics would favor development of the standard curveless
method, because this would halve the number of reactions required for
quantification of gene expression. The standard curve method was
sufficient to evaluate the relative gene expression level profiles examined
in our study.

Expression Studies

The relative gene expression levels of five key glycosylation-related
genes were determined for CHO cells cultured in spinners. The CHO cells
expressed a recombinant IL-4 /13 cytokine trap molecule. The gene expres-
sion profiles of sialidase, sialyltransferase, CMP-sialic acid transporter,
B1,4-galactosyltransferase, and UDP-galactose transporter are briefly dis-
cussed next in the context of protein function in the cell.
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Sialidase

Sialidase plays an important role in protein glycosylation. Sialidases
have been demonstrated to be active and capable of degrading glycopro-
teins in CHO cell culture supernatants (30,38). The presence of sialidase in
CHO cell supernatants has been attributed primarily to apoptosis, the sub-
sequent cell lysis, and the release of cytosolic sialidases into the superna-
tant (38—40). Although the enzymatic characteristics of the CHO cell
sialidase have been studied (38,39,41), not until recently have the gene
expression levels for the sialidase gene in connection with the sialidase
enzyme activity been studied. Hasegawa et al. (42) reported that different
tissues had different gene expression profiles. Additionally, gene expression
levels and enzyme activities have not always been well correlated.
Hasegawa et al.’s (42) results indicated that sialidase enzyme activity was
possibly not transcriptionally controlled. For example, the gene expression
profiles for cytosolic sialidase in rat brain and liver were observed to be
relatively constant over the development of the rat; however, the sialidase
enzyme activity in both rat brain and liver increased during development
of the rat. Additionally, the rate of sialidase activity accumulation was
clearly different between the two tissues (42).

In the present study, the CHO cell sialidase gene expression profile
was observed to decrease throughout the culture until substrate depletion.
Because the sialidase enzyme was translated from mRNA, decreased gene
expression may have indicated a decreased need for the enzyme. The
decreased need for sialidase activity might have also been the result of a
decreased need for glycan degradation. CHO cells placed in fresh medium
with low or no waste products may have signaled the need for increased
sialidase activity, which required sialidase transcription rates to increase.

Sialyltransferase and CMP-Sialic Acid Transporter

02,3-Sialyltransferase catalyzes the transfer of sialic acid from CMP-
sialicacid toa subterminal galactose ona glycan. Several investigators have
purified sialyltransferases and assayed the function and specificity of these
sialyltransferases (43-46). The gene expression profile of the 0:2,3-sialyl-
transferase IV in CHO cells has not been well studied. The 0:2,3-sialyl-
transferase enzyme is hypothesized to be transcriptionally controlled in
otherspecies (10,11,13,47,48). Numerous isoforms of sialyltransferase have
beenidentified in various species (11,13,48). These various sialyltransferase
isoforms are expressed via multiple promoters and alternative splicing (5—
7,11,13,48-50). Currently, not much has been reported about CMP-sialic
acid transporter gene expression. Eckhardtetal. (561) sequenced CHO CMP-
sialic acid transporter and concluded that CMP-sialic acid transporter had
only one openreading frame. The CMP-sialic acid transporter has 10 trans-
membrane regions (51,52). Eckhardt et al. (51) also measured the expres-
sion levels of CMP-sialic acid transporter in various mouse tissues, and
CHO K1, 6B2, and Lec2 cells. Mouse liver and skeletal muscle tissues
appeared to have the highest expression of CMP-sialic acid transporter vs
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spleen tissues. The three CHO lines had comparable levels of CMP-sialic
acid transporter gene expression.

In our study the CMP-sialicacid transporter and 0.2,3-sialyltransferase
gene expression levels decreased until glucose depletion and thenincreased
sharply. This information and the fact that the two enzymes are located
close to one another on the metabolic pathway could indicate that o:2,3-
sialyltransferase and CMP-sialic acid transporter have similar control and
expression characteristics in CHO cells. However, the similar control
mechanism might not be universal, because the sialyltransferase enzyme
has numerous isoforms generated by multiple promoters and alternative
splicing, whereas for CMP-sialic acid transporter only one isoform has
been identified (51,52).

Galactosyltransferase and UDP-Galactose Transporter

The B1,4-galactosyltransferase enzyme catalyzes the transfer of galac-
tose from UDP-galactose to either the terminal GIcNAc on a glycan or a
glucose molecule in the lactating mammary gland to make lactose (53).
Thus far, B1,4-galactosyltransferase enzyme is thought to be transcription-
ally controlled (3-8), with tissue-specific gene expression levels (5-7).
Tissue-specific expression of galactosyltransferases hasbeenreported tobe
controlled by several promoters, one of which was demonstrated to be
occupied by the ubiquitous factor Spl (6,7). As a result, f1,4-galacto-
syltransferase has two distinctisoforms: 4.1 and 3.9 kb. The Sp1 ubiquitous
factor was observed to participate in the control of both isoforms. There
was evidence that a putative repressor also controlled the expression of
the 3.9-kb isoform (5-7). The ubiquitous control may be responsible for the
constant levels of $1,4-galactosyltransferase gene expression.

The UDP-galactose transporter enzyme catalyzes the transport of the
sugar nucleotide UDP-galactose across the Golgi membrane and trans-
ports UDP back out of the Golgi (54). To date, most of the gene expression
data for UDP-galactose transporter have been mainly for cancer cells.
Kumamoto et al. (55) reported that for colon cancer cells the gene expres-
sion levels of UDP-galactose transporter were significantly higher than in
normal colon cells. They also demonstrated that the stable transfection of
UDP-galactose transporter into various cultured human cancer cell lines
significantly changed the glycosylation profile; specifically, the presence of
more cancer-like glycans resulted.

In our study, B1,4-galactosyltransferase and UDP-galactose trans-
porter gene expression were relatively similar to each other and stable until
glucose depletion. The control of B1,4-galactosyltransferase expression is
thought to be at the transcriptional level (3-8), whereas the control of UDP-
galactose transporter has notbeen determined. The observed similarities in
gene expression suggest similar control. As with 0.2,3-sialyltransferase and
CMP-sialic acid transporter, each gene probably has a certain amount of
control independent of the other.
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Our preliminary studies quantified the gene expression profiles for
tive glycosylation genes in CHO cells. In mouse, human, and rat, each of
these genes was known to have numerous nucleotide sequences that were
attributed to enzymes with slightly different substrate specificities and that
catalyzed different sugar linkages (7,13,56). However, in CHO cells, few
nucleotide sequences corresponding to the genes investigated in our study
have been identified (57). Because it is likely that CHO cells have roughly
the same number of glycosylation genes as mouse, the probes and primers
used in our study most likely hybridized with glycosylation genes similar
to the target genes, in addition to the target genes. From the Swiss-Prot
Database, for mouse there are 17 identified sialyltransferase genes (58).
For CHO cells, only one sialyltransferase gene was available at the time of
our study; therefore, it was not possible to determine the overlap of the probes
and primers to other CHO cell sialyltransferase gene sequences. Further work
is necessary to increase the number of genes available for analysis.

The objectives of our study were to develop gene expression assays for
five key glycosylation enzymes and determine whether these assays could
be used to monitor the gene expression profiles of CHO cell cultures. Owing
to the limited number of CHO cell sequences publicly available, it was also
necessary to sequence the putative 0:2,3-sialyltransferase gene for CHO
cells. For quantification, the primers and probes used were based on the
TagMan chemistry. The primers and probes were validated to be suitable
for standard curve quantification, which reports relative gene expression
levels. These probes make it possible to detect and quantify changesin gene
expression levels for a variety of experimental stimuli. In our study, it was
observed that the gene expression levels of sialyltransferase and CMP-
sialic acid transporter were decreasing during the industrially relevant
portion of the cultures. Therefore, because 0.2,3-sialyltransferase and pos-
sibly CMP-sialic acid transporter are transcriptionally controlled, the
amount of a2,3-sialyltransferase and CMP-sialic acid transporter enzyme
also decreased. This change in enzyme levels has the potential to affect
the sialylation of glycoproteins in general and overexpressed recombinant
glycoproteins specifically. In the future, the genome of the CHO cell should
be sequenced, and the transcriptome and proteome of the whole organism
should be considered, in order tobetter understand CHO cell glycosylation.

Nomenclature

C, = cycle threshold
AC, = change in cycle threshold
AAC, = change in change in cycle threshold

ARn = fluorescent signal
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