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Abstract
DNA microarray analysis of gene expression has become a valuable tool for bioprocessing
research aimed at improving therapeutic protein yields. The highly parallel nature of DNA
microarray technology allows researchers to assess hundreds of gene simultaneously, essentially
enabling genome-wide snapshots. The quality and amount of therapeutic proteins produced by
cultured mammalian cells rely heavily on the culture environment. In order to implement
beneficial changes to the culture environment, a better understanding of the relationship between
the product quality and culture environment must be developed. By analyzing gene expression
levels under various environmental conditions, light can be shed on the underlying mechanisms.
This paper describes a method for evaluating gene expression changes for cultured NS0 cells, a
mouse-derived myeloma cell line, under culture environment conditions, such as ammonia
buildup, known to affect product quality. These procedures can be easily adapted to other
environmental conditions and any mammalian cell lines cultured in suspension, so long as a
sufficient number of gene sequences are publicly available.
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1. Introduction
Production of therapeutic proteins in cultured mammalian cells has advanced significantly
over the last few decades. Yields during this time have increased from less than ten
milligrams per liter to over five grams per liter of product mainly due to improved cell
numbers [1]. However, there has not been the same level of improvement in protein quality,
specifically with respect to glycosylation and other post-translational modifications that
directly impact a therapeutic protein's efficacy [2,3]. Much research has examined how
culture variants - including substrate and precursor-feeding, oxygen and carbon dioxide
levels, amino acid additions, and osmolarity - influence protein quality [4-22], but currently
no robust, reliable means to positively influence protein quality are known [23].
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Many studies have investigated gene expression in mammalian cell culture under bioreactor
conditions designed to improve protein productivity. Earlier work used real-time
quantitative reverse transcription polymerase chain reaction (real-time qRT-PCR) to assess
the expression levels of a few particular genes in response to induced culture variants
[24-31]. However, these narrow depictions of gene expression did not provide the global
analysis necessary to formulate comprehensive models of glycosylation and other post-
translational modifications, whereas DNA microarray analysis is beginning to provide
adequate levels of detail [32].

DNA microarray technology, with its ability to take genome-wide snapshots, provides a
comprehensive tool for gene expression analysis [32] that when combined with proteomic
and metabolic data will finally provide the inputs needed to design predictive models for
control of post-translational modification, especially glycosylation [23,33,34]. However,
DNA microarrays are still most effective for genetically sequenced species, such as mouse
cell lines. Thus, the lack of a complete genome prior to July 2011 [35] has limited Chinese
hamster ovary (CHO) cell applications, though analysis using private DNA microarrays has
yielded insightful results [36-45]. Studies have revealed that genes for vesicle trafficking,
endocytosis and cytoskeletal elements critically influenced antibody production [41] and
that death receptor- and mitochondria-mediated pathways, not endoplasmic reticulum-
mediated pathways, signaled apoptosis [38]. Studies with sodium butyrate have linked its
positive effect on protein productivity and improved glycosylation to histone modifications,
chaperones, lipid metabolism, and protein processing [39]. When sodium butyrate was
combined with lower culture temperatures, genes associated with the Golgi apparatus,
cytoskeleton, and signal transduction contributed to the improved protein quality, despite
diminished growth rates [42]. Additionally, hyperosmolarity has been investigated in
hybridoma cells (a mouse-derived cell line) using DNA microarrays and it has been
observed that differential expression of genes associated with catabolism, cell-cycle
regulation, apoptosis, regulation of transcription and translation, and transport and signaling
pathways play a significant part in cell survival. Surprisingly, hyperosmolarity affected few
genes involved in stress-response [43]. The positive affects of copper sulfate on protein
productivity and aggregation have been examined via DNA microarrays. The down-
regulation of the transferrin receptor and lactate dehydrogenase genes, and the up-regulation
of cytochrome P450 family genes were determined to mediate the positive metabolic
responses [44]. A weighted gene expression network analysis has been used to identify
patterns in gene expression due to relevant bioprocess conditions from 295 DNA
microarrays. As expected, genes associated with cell cycle, nucleic acid metabolism, and
DNA replication were enriched in the clusters that had positive effects on cell growth and
protein production. These clusters may prove useful in identifying biomarkers indicative of
high producing CHO cell lines [45]. As these previous results demonstrate, the parallel, high
throughput capabilities of DNA microarray technology makes it an ideal tool for evaluating
a larger scope of transcriptomic responses to design strategies for improving protein yields
and quality.

This article covers step-by-step protocols for mimicking the elevated ammonium stress
associated with late-stage bioreactor cultures [46] and using DNA microarrays to analyze
the effect of these culture conditions on glycosylation gene expression. While the analysis
will focus on NS0 cells (a mouse myeloma cell line used commonly for monoclonal
antibody production), these procedures are, in principle, easily adaptable to CHO cells and
other relevant suspension cell lines. Additionally, the glycosylation and housekeeping gene
sequences that are publicly available could be used with any DNA microarray platform and
could be extended to include other post-translational modification genes.
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2. Materials
2.1 Cell lines

1. NS0 cells (ECACC#85110503) from the European Collection of Cell Culture (a
mouse myeloma cell line with lymphoblast morphology, non-secreting clone, and
cholesterol auxotroph)

2. (Alternative) Chinese hamster ovary (CHO) cells from the American Tissue
Culture Collection (ATCC)

2.2 Cell culture media
1. ADCF-MAb™ media without L-Glutamine (HyClone) plus L-Glutamine (200

mM) with LS 250 or LS 1000 Lipid Supplement (HyClone), or (Alternative)
SyntheChol™ Cholesterol Supplement (Sigma) and Fatty Acid Supplement
(Sigma)

2. (Alternative) EX-CELL® NS0 Serum-Free Medium (Sigma) plus L-Glutamine
(200 mM)

3. (Alternative) CDM4NS0® Medium (Hyclone)

2.3 Cell Culture Reagents, Plasticwear, and Glassware
1. T-75 (75 cm2) Flasks (e.g. Nunc)

2. One or two 250 mL Spinner Flask (Kontes Cytostir or similar)

3. Four or five 1-L Spinner Flasks (Kontes Cytostir or similar)

4. Orbital Shaker Platform / Multiple Purpose Rotator (e.g. Barnstead Lab-Line)

5. Stir Plate with at least 4 places for 1-L spinner flasks (e.g. Barnstead/Thermolyne)

6. 5 M NH4Cl stock (in Milli-Q water) (e.g. Sigma)

7. 5 M NaCl stock (in Milli-Q water) (e.g. Sigma)

8. 5 M Proline stock (in Milli-Q water) (e.g. Sigma)

9. (Alternative/Additional) Computer-controlled fermenter system (e.g. Sartorius
BiostatB Plus)

2.4 Cell Counting
1. Scepter™ 2.0 Handheld Automated Cell Counter (Millipore)

2. (Alternative) Trypan Blue (e.g. Invitrogen), Microscope (e.g. Olympia), and
Hemocytometer

3. (Alternative) Coulter counter (e.g. Beckman).

2.5 Glucose Analysis
1. HemoCue® B-Glucose Analyzer (HemoCue)

2. (Alternative) YSI 2300 STAT Plus™ Glucose & Lactate Analyzer (Yellow Springs
Instruments)

3. (Alternative) NOVA BioProfile® Basic analyzer (NOVA Biomedical)
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2.6 RNA Stabilization
1. Ice bath to quickly cool cells

2. (Optional) RNAlater® (Ambion)

3. (Optional) RNAProtect® (Qiagen)

2.7 RNA Isolation and Purification
1. RNAqueous-Midi® kits (Ambion)

2. (Alternative) PureYield™ RNA Midiprep System (Promega)

3. (Alternative) RNeasy® Midi Kit (Qiagen)

2.8 RNA Clean-up (Optional)
1. RNeasy® Mini Kit (Qiagen)

2. RiboPure™ Kit (Ambion)

3. (Optional) RNase-Free DNase Set (Qiagen)

2.9 RNA Quantification
1. Agilent 2100 Bioanalyzer (Agilent Technologies)

2. (Alternative) Ribogreen® RNA Quantification kit (e.g. Molecular Probes)

3. (Alternative) Spectrophotometer with 280 and 260 nm filters (e.g. TECAN)

4. (Alternative) Gel electrophoresis apparatus (e.g. Nunc)

2.10 DNA Microarray
1. GLYCOv4 GeneChip® (Affymetrix), not available for commercial use.

2. (Alternative) Custom Nimblegen DNA microarray

3. (Altenative) Custom spotted DNA microarray

2.11 Gene Expression Analysis
1. GeneSpring® (Agilent)

2. (Alternative) ArrayStar® (DNASTAR)

3. (Alternative) ORIOGEN v3
(http://www.niehs.nih.gov/research/resources/software/oriogen/index.cfm), not for
commercial use.

2.12 Real-time qRT-PCR validation
1. Access RT-PCR kit (Promega, WI)

2. SYBR® Green I dye chemistry (Molecular Probes, Eugene, OR)

3. Primer Express® (Applied Biosystems, Foster City, CA)

4. Smart Cycler® (Cepheid, Sunnyvale, CA)
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3. Methods
3.1 Overview

This article will cover the key elements of the procedures needed to assess gene expression
changes under bioreactor conditions with particular focus on protein glycosylation and other
post-translational modification genes. The factors that should be considered when planning
such experiments will be discussed. Although DNA microarrays are central to assessing
gene expression levels, much of the experimental procedures described here – including
experimental setup and sampling procedures – are independent of the selected DNA
microarray platform. Additionally, most DNA microarray scanning software can generate
multiple types of specialized files (such as CEL for Affymetrix) as well as tab-delimited text
files, and gene expression software programs can read a variety of file types. Due to this
flexibility, the experimental procedures mentioned here can be performed fairly independent
of the DNA microarray platform to be used. A flow diagram outlining the basic procedure
can be found in Figure 1. The details of the experimental design and set up will be discussed
in more detail and the reader will be informed of potential options.

3.2 Experimental Design and Set-up
As a means to demonstrate how to set up and run an experiment focused on quantifying
expression changes in genes associated with glycosylation and post-translation modification,
a step-by-step procedure will be described for a model system. The model system will be
NS0 cells exposed to conditions known to affect protein glycosylation, including elevated
ammonium [16,46,47] as well as three other conditions. Specifically, the experimental
procedure to set up ammonium-stressed, salt-stressed, ammonium-stressed with proline, and
control cultures will be described. The salt-stressed will provide a control for osmolarity.
The ammonium-stressed with proline will examine the ability of proline to mitigate the
negative effects of ammonium [28]. Additionally, a control will normalize volumes,
nutrients, and osmolarity. Biological triplicates for each condition will be needed, thus
requiring 12 individual culture vessels.

Since the anticipated gene expression changes are likely to be small, relative to the large
magnitude changes observed due to a heat-shock, it is important to synchronize the control
and “stressed” cultures as much as possible to reduce the growth-associated differences. The
use of a common inoculum for the control and stressed conditions synchronizes the culture
behavior, which should reduce the noise-to-signal ratio. In Figure 2, a scale-up plan is
shown for using a common inoculum to seed four 1-L spinner flasks. These four spinner
flasks represent only one-third of the experiment and one complete set of the conditions.
This process would need to be repeated two more times to generate the biological triplicates
(12 experimental vessels total). Since most CO2 incubators can only hold one multi-place
stirrer with four 1-L spinner positions, the procedure outlined in this article runs biological
triplicates from three separate inocula, sequentially. It is possible to reduce the overall time
by staggering the T-75 flasks and recycling the 250 mL spinner with a one-day delay. This
would stagger the four experiment 4-L spinner flasks by one day, allowing sufficient time to
harvest, wash, and sterilize the spinner flasks.

For stresses sufficiently mild as to not alter the growth significantly, inoculating the cells
directly into the vessels containing the control and “stressed” media allows for
synchronization. An example set of growth profiles are shown in Figure 3A where the
stresses were mild, as indicated by the parallel growth profiles. An alternative approach is
required if the stresses to be investigated cause significant growth rate changes. In this case,
is it best to inoculate all the vessels with cells in control media. This will allow the cells to
grow sufficiently to obtain a baseline growth rate and confirm that cultures are not different,
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and then the stresses can be applied. An example set of growth profiles are shown in Figure
3B that highlights this approach, where the stresses were added at 40 hours. The growth
profiles were similar prior to the stress at 40 hours, and divergent after 40 hours.

The sampling frequency and types needed for analysis will directly determine the minimum
volumes needed in the experimental vessels. In the model system, 500 mL media was used
in 1-L spinner flasks to assure sufficient material throughout the entire experiment. The
volume reduction due to sampling should not significantly alter the culture characteristics,
such as the mixing dynamics. For the model case, samples would be taken for cell density,
cell viability, glucose, lactate, osmolarity, and total RNA. If the cell line of interest
expressed a therapeutic recombinant protein, samples analyzing the product quality should
be taken periodically. The cell density, cell viability, glucose, and lactate samples would be
taken approximately every 12 hours (See Figure 3A). For mammalian cells, the sampling
frequency can vary from 10 to 16 hours without missing the culture dynamics; however, it is
important that the time intervals used be the same for all replicates such that error bars in
time are not needed. In the model case, the sample interval was initially 16 hours, and then
alternated between 10 and 14 hours to accommodate more user-friendly work hours (See
Figure 3). The volumes withdrawn for these samples should be 5 mL per time point with 10
time points (50 mL total). The frequency of these sample types would be the same for the
growth inhibitory stress conditions (See Figure 3B).

For DNA microarrays, a minimum of 10 μg total RNA is usually required. Thus, it is critical
that the cell pellet samples for total RNA to be sufficiently large enough to assure sufficient
material is obtained. Cultured cells typically have much lower total RNA levels than tissue
sample, consequently 1 × 107 cells are a minimum target of cells to assure that 10 μg total
RNA is obtained at the necessary concentration (1 μg/μL). For beginning cultures with cell
densities in the 2 × 105 cell/mL range, harvesting 50 mL culture media per sample is
sufficient. Once the cell densities are greater than 3 × 105 cell/mL, the harvest volumes can
be decreased to 15 mL. The recommended RNA isolation kits can handle up to 100 μg total
RNA and associated cell debris, so it is unlikely that a kit will be saturated with cell debris.
For the non-growth altering stresses, a single, late-stage exponential-phase total RNA
sample from each condition would be sufficient to capture gene expression changes due to
the stress, which was indicated by the vertical line in Figure 3A. Taken together with the
other sample volumes (50 mL), the total anticipated volume change in the vessel is only
approximately 65 mL out of 500 mL. For the growth altering stresses, multiple total RNA
samples from each condition would be needed to capture gene expression changes due to the
stress. For the model experiment shown in Figure 3B as vertical lines, total RNA samples
should be taken at 40, 45, 50, 60, 70, 90, and 110 hours to fully capture the potential culture
gene expression dynamics. Taken together with the other sample volumes (50 mL), the total
anticipated volume change in the vessel would be 155 mL. The similarity of mixing
dynamics can be assessed using culture media and tracer dyes at the various anticipated
volumes to confirm minimal effects. So, depending on the placement of the stirring paddles,
the initial culture volume for the growth altering stressed cultures may need to be increased
to between 750 and 1000 mL.

3.3 Culturing NS0 Cells
Standard cell culture techniques should be used to thaw and expand the NS0 cells.

3.3.1 Standard Media Preparation—The ADCF-MAb media requires a cholesterol
supplement, since NS0 cells are cholesterol auxotrophs. ADCF-MAb media was designed to
be used with the LS 250 lipid supplement (4 mL per liter media; Hyclone) or LS 1000 (1 mL
per liter media; HyClone). Alternatively, the cholesterol supplement SyntheChol™ (2 mL
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per liter, Sigma) and the Fatty Acid Supplement (0.5 mL per liter, Sigma) can be used as
well. As needed, add L-glutamine (25 mL of 200 mM L-glutamine stock per liter) to the
ADCF-MAb media. If other cell lines or media are used, prepare media appropriately.

The NS0 cells will be inoculated into fresh media at approximately 2 × 105 cells/mL and
allowed to reach 1.5 × 106 cells/mL prior to subsequent inoculation. Preparation of the first
spinner flask requires a cell density in the T-75 flask greater than 1.0 × 106 cells/mL. For
example, 25 mL of 1.0 × 106 cells/mL added to 225 mL of fresh media will result in an
initial cell density of 1 × 105 cells/mL in the 250 mL spinner flask. The 250 mL spinner
flask will reach approximately 1.0 × 106 cells/mL in about 3 to 4 days. Since the complete
ADCF-MAb media supports cell densities of approximately 2 × 106 cells/mL, the cells
should be transferred to fresh media in the exponential phase (< 1.5 × 106 cells/mL) to
reduce the potential of a growth lag. For NS0 cells, a lead-time of 8 to 12 days is needed for
each replicate set. These lead-times can be shortened if the cell line to be examined has
faster doubling times than NS0 cells. For example, the higher growth rate of CHO cells
compared to NS0 cells results in less time required to expand the cells.

If the phenomenon to be investigated requires high cell density cultures, computer-
controlled fermenters operated in a fed-batch manner will be required. The description of
fed-batch operation of mammalian cell cultures will not be described; however, there are
several research papers that describe fed-batch operation [48-50]. The inoculum for the
fermenters will be generated in spinner flasks, as described above. Depending on the number
of fermenters available, the conditions to be examine may need to be run sequentially. If
sequential operation is required, it is very important to have standardized expansion trains.

3.3.2 Media Preparation—For the model case, three stressed conditions were compared
to the control, representing cells cultured in the standard media. In order to minimize
osmolarity and nutrient concentration differences, the final volumes in the experimental
spinner flasks were kept constant by water additions to the control and other stressed
conditions as required (See Table 1). For example, for the ammonium-stressed condition
(Condition 1), 2 mL of the 5 M NH4Cl stock was added to the media and 4 mL of Milli-Q
water. For the salt-stressed condition (Condition 2), 2 mL of the 5 M NaCl stock was added
and 4 mL of Milli-Q water. For the ammonium-stressed plus proline condition (Condition
3), 2 mL of the 5 M NH4Cl stock was added and 4 mL of the 5 M proline stock. For the
control culture (Control), 6 mL of Milli-Q water was added. To reduce any potential
osmolarity shocks, the salts, proline, ammonia, and water should be added to the medias
prior to the addition of cells. If the stresses significantly affect growth after the stress is
added, the control culture should have a water addition of equal volume to any chemical
addition.

3.3.3 Initial Sampling—Once the vessels are inoculated, the initial cell density should be
determined. A Scepter™ 2.0 Handheld Automated Cell Counter or a similar device can be
used to obtain the initial cell densities and if cell viability is desired, the Trypan Blue
exclusion method can be used. Additionally, samples should be taken for glucose and lactate
analysis using a NOVA BioProfile® Basic analyzer or the YSI 2300 STAT Plus™ Glucose
& Lactate Analyzer. Procedures for the NOVA BioProfile Basic® analyzer or the YSI 2300
STAT Plus™ Glucose & Lactate Analyzer can be found from the manufacturers.

3.3.4 Sampling—The cultures should be monitored periodically for 110 hours with
sampling every 10 to 14 hours. Samples for every time point should minimally include cell
density and glucose concentrations. Cell viability and lactate may provide additionally
information on cell health. The cell pellets for total RNA samples should be taken as per the
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experimental design. Protein quality assessment samples should also be taken for systems
that express a therapeutic recombinant protein.

3.4 RNA Isolation and Purification
Sampling for total RNA isolation requires some type of stabilization. One method simply
rapidly cools the cell broth on ice water (4°C), then centrifuges at 4°C. The cell pellet is then
stored at -80°C. Alternatively, a stabilization agent can be added directly to the cell broth for
storage. Usually an equal volume of the stabilization agent is needed. Commercially
available stabilization agents include RNAlater® Stabilization Solution (Ambion) and
RNAprotect® cell reagent (Qiagen). The stabilized cell broth is then either stored at -20° C
or -80° C depending on the manufacturer.

Although the RNA extraction kits are designed to inactivate RNAses and other degradative
compounds, it is essential that proper sterile practices be used, and that no part of the kits be
touched with bare hands, as RNAses are especially abundant on human skin, and could
affect reagents and samples. Also, all water and pipette tips used in conjunction with these
kits must be nuclease-free. It is best to process all the RNA from all samples together.

3.4.1 RNA Isolation—The RNAqueous® Midi Kit can be used to extract and isolate the
total RNA, although many other kits, such as RNeasy® Mini Kits, are also effective. These
procedures can be found at http://www.ambion.com and http://www.qiagen.com. Also, the
phenol-chloroform extraction method can be utilized. It is sold under the name TRI Reagent
(Sigma) and TRIzol® (Invitrogen). Essentially, these procedures all have steps to lyse the
cells, remove cellular debris including lipids, proteins and DNA, followed by binding and
eluting the total RNA in nuclease-free water.

3.4.2 RNA Purification—Many DNA microarray contract facilities require an additional
RNA purification. The RNeasy® Mini Kits can be used for all RNA purifications
procedures. Other companies, such as Norgen Biotek offer alternatives; however, one should
confirm the compatibility with the DNA microarray contract facility beforehand. Normally,
RNA purification kits efficiently remove the majority of DNA without DNAse treatment;
however, if any of the mRNA transcripts of interest are in low abundance, an additional
DNAse digestion step should be performed. An RNase-Free DNase Set should be used. The
procedure for Qiagen's DNAse digestion can be found at
www.qiagen.com/hb/rnasefreednaseset. In the model case, the DNAse digestion step was
not needed; however, the additional Qiagen RNA clean-up was required by the Consortium
for Function Genomics DNA microarray facility.

3.4.3 RNA Quantification—The Ribogreen® RNA Quantification Kit (Molecular
Probes) was used to quantify the concentration of all RNA samples, although other
alternatives include the Agilent 2100 Bioanalyzer, UV/VIS spectrophotometer, or gel
electrophoresis apparatus. The Ribogreen® Quantification Kit procedure can be found at
http://hcgs.unh.edu/protocol/realtime/RiboGreen.pdf.

3.5 DNA Microarray
There are several existing DNA microarray technologies; however, for this article, the
descriptions will focus on the usage of a high-density oligonucleotide DNA microarray
synthesized in situ using photolithography, a method developed by Affymetrix. Other DNA
microarray platforms that could be used with the glycosylation and post-translational
modification genes include pin-based fluid transfer systems, piezo-based inkjet dispenser
systems, and electronic-based addressing systems [51]. Selection of a DNA microarray
platform depends on the experimental design, gene sequences available, processing facility
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availability, and cost. Muyal et al. (2008) provides a good review of the different platform
technologies [52]. Further, Larkin et al. (2005) demonstrated that results obtained obtain
from Affymetrix and two-color DNA microarray platforms agreed, as long as reliable and
consistent methods of identifying genes were used. This makes sense when one considers
that the biological and procedural variation exerts a greater effect than platform variation
[53].

The specific DNA microarray that will be described is the GLYCOv4 GeneChip® DNA
microarrays. The GLYCOv4 GeneChips® are Affymetrix-manufactured DNA microarrays
that contain the known glycosylation-related genes for human and mouse. The GLYCOv4
DNA microarrays were constructed for the Consortium for Functional Glycomics with
funding from the National Institutes of Health (NIH). The GLYCOv4 GeneChips® are only
available through a proposal process to academic researchers from the Consortium for
Function Genomics. Alternatively, a researcher could have a custom DNA microarray
manufactured containing these glycosylation genes using any platform technology, as all the
gene sequences are publicly available.

The GLYCOv4 GeneChip® DNA microarray contains 25 perfect match and mismatch (PM-
MM) probes for each of the 1127 mouse glycosylation-related genes and the 119
housekeeping genes. The list of all the included genes and probe sequences can be found at
http://www.functionalglycomics.org/static/consortium/resources/resourcecoree.shtml.

The gene types include:

• Glycosyltransferases

• Glycan degradation proteins

• Intercellular protein transport proteins

• Nucleotide sugar synthesis and transporter proteins

• N-glycan biosynthesis-related proteins

• Interleukins and receptors

• Growth factors and receptors

• Cytokines

Affymetrix DNA microarrays also include numerous control probes on the array. Details of
the Affymetrix Eukaryotic Hybridization Controls can be found at
http://www.affymetrix.com. Briefly, the GeneChip® Eukaryotic Hybridization Controls
contains a mixture of four biotin-labeled cRNA controls with staggered concentrations. The
controls provides alignment signals used by the scanning software to provide calibrated
intensities that determine “present” and “absent” calls for a gene as well as confirm
hybridization and chip integrity.

3.6 RNA Sample Preparation for DNA Microarray
The total RNA samples need to be very concentrated (1 μg/μL) for DNA microarray
analysis. Therefore, it may be necessary to precipitate the total RNA after the purification
step. For the model case, a vacuum concentrator was used to dry the 10 μg samples, which
then were resuspended in 10 μL. Theses samples were sent to the Consortium for Function
Genomics. As typical of contract DNA microarray facilities, the total RNA quality and
concentration were determined upon arrival with an Agilent 2100 Bioanalyzer. This quality
assurance step, allows the contractor to avoid expense of labeling total RNA that has
degraded in transit. Alternatively, some contract DNA microarray facilities require the
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researcher to reverse transcribe the RNA to cDNA, as shipping the more stable cDNA is less
problematic. If required to reverse transcribe the RNA on-site, make sure to budget the cost
of the reserve transcriptase (~$100 per sample).

At the contract DNA microarray facilities, the RNA will be reverse transcribed in the
presence of the fluorescently-labeled dNTP analogues to obtain biotinylated cRNA. The
labeled RNA will be hybridized to a DNA microarray, such as the GLYCOv4 GeneChip®,
including Affymetrix's GeneChip® Eukaryotic Hybridization Controls. The GLYCOv4
GeneChips ® will be scanned using the Hewlett-Packard GeneArray Scanner G2500A and a
processed image file with calculated signal intensities assigned to each oligonucleotide spot
on the GLYCOv4 GeneChip® will be created. The data will be reviewed for quality control
at the contract DNA microarray facilities. The data files are processed and returned as CEL
files (for Affymetrix) to the researcher. Additionally, data regarding the probes is provided.
An example of the probe data provide in shown in Table 2 for a GLYCOv4 GeneChip®.
Only data for the first 10 probes is shown in Table 2 for brevity. Muyal et al. (2008)
provides a good overview description of the DNA microarray process from RNA sample
preparation to data acquisition (imaging) [52]. Additionally, the GeneChip® Expression
Analysis Technical Manual provides details of the RNA preparation through imaging steps
for Affymetrix DNA microarrays.

3.7 Statistical Analysis of Gene Expression Data
In order to interpret the DNA microarray data, the raw DNA microarray data files must be
imported into a statistical analysis software program. Microsoft® Excel® is the most simple
program that could be used, but has limited function. In the model case, GeneSpring® was
used; however, there are many commercial programs (e.g. ArrayStar®) and one public
domain program (ORIOGEN) available. These programs provide multiple statistical and
post-hoc tests, visualization and clustering tools, and often pathway mapping. GeneSpring®
can directly import the CEL data generated by the Affymetrix compatible scanner. Many
gene expression analysis software tools can also import gene expression data from tab-
delimited text files. A portion of a tab-delimited text file from the GLYCOv4 GeneChip® is
shown in Table 3. In this case, the data from three biological replicates were combined into
a single file.

The first step once the data has been imported into the software package is to normalize the
raw data between the DNA microarrays. Normalization adjusts for the effects that are due to
DNA microarray processing [54]. For example, with two-color DNA microarrays,
imbalances in the red and green dyes can occur due to labeling efficiency differences [55].
In GeneSpring®, the researcher needs to select a normalized protocol for the data.
GeneSpring® also performs a quality check on the Affymetrix Hybridization Controls,
which check for minimum detection levels and titration of concentrations. The default
normalization is quartile and it is commonly normalized to the total intensity of the chip,
which is often set to the arbitrary value of 500. This method assumes that on average the
total RNA level in a cell is constant. Alternatively, one can normalize to the median chip
intensity or a particular set of housekeeping genes. Bahr et al. (2009) identified over 100
potential housekeeping genes for CHO cells after reviewing multiple DNA microarray
studies [56]. Normalization methods also include linear models, global normalization,
LOESS normalization, and subset quantile normalization [57-59]. For Affymetrix CEL files,
the steps used are summarization, log transformation, and baseline transformation as
described in the GeneSpring® GX Manual.

After data normalization, differentially expressed genes can be identified from the replicates
and between the conditions of interest. In the model case, there are three biological
replicates for the four conditions, thus data from 12 DNA microarrays was analyzed.
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Experiment groupings are used to identify sample parameters and the replicates. For
example, in the model case ammonium would be a parameter, as well as proline and salt.
Table 4 shows the experimental groupings for the model case. Also, a principle component
analysis is used by GeneSpring® to check data quality per DNA microarray. DNA
microarray data that is of low quality can be discarded if necessary at this step; however,
then all the quality control checks are repeated on the new experimental groupings
[GeneSpring® GX Manual].

An ANOVA analysis is used to detect differential expression. The Welch ANOVA test
using a Benjamini and Hochberg false discovery rate correction is a fairly robust tool for
multiple comparisons (p 0.05) [60]. Many software packages can also conduct numerous
types of post-hoc tests on the data (pairwise comparisons). A Tukey Honestly Significant
Difference (HSD) post-hoc test is one example that can identify genes that are significantly
different between a pair of conditions [GeneSpring® GX Manual]. Table 5 shows an
example Tukey post-hoc for an experiment with four conditions. Analyzing these
differentially expressed genes for biological relevant comparisons is crucial. For example, in
the model case, a direct comparison of the salt-stressed cultures to the ammonium with
proline-stressed cultures may not provide any meaningful biological information. However,
the other pairwise comparisons are more likely to result in biologically meaningful
information. Specifically, comparing the control and ammonium-stressed cultures would
provide information on the effects of ammonium on glycosylation genes. Comparing the
control and salt-stressed cultures would identify glycosylation genes sensitive to a low salt
addition (a mild osmolarity change). Comparing the ammonium-stressed and ammonium-
stressed with proline cultures would identify genes sensitive to the proline addition.

Identifying differentially expressed genes and establishing links between these changes and
altered biological activity in response to stressful conditions is crucial. Functional annotation
can be used to assist with identifying underlying principles. Several databases can be
accessed to provide functional annotation such as the Gene Ontology Consortium (GO),
Metacyc, and the Kyoto Encyclopedia of Genes and Genomes (KEGG). The Gene Ontology
Consortium maintains a database of controlled vocabularies for the description of molecular
functions, biological processes and cellular components of gene products, which can be
accessed directly from GeneSpring®. Metacyc is a database of non-redundant,
experimentally elucidated metabolic pathways. The Metacyc Pathway Tools Omics Viewers
allows for gene expression data to be overlaid onto the metabolic pathway. KEGG is
collection of manually drawn pathway maps representing the current knowledge of
molecular interaction networks, including glycan biosynthesis and metabolism.
Additionally, tools like the MAPPFinder software have been used to identify gene ontology
with a higher-than-expected proportion in the differentially expressed data [42].

Many different approaches can be taken to identify the biological significance for an
observed set of gene expression changes. Cluster analysis, principle component analysis,
heat-maps, k-means clustering, and self-organizing maps (SOM) are all common tools
[54,61,62].

Hierarchical clustering was used to identify cell-cycle genes that were differentially
expressed due to hyperosmolarity [43] and principal components analysis was used to
condense the dimensionality for butyrate-treated culture gene expression data [42]. Wit and
McClure (2004) reviewed these various tools and provides examples of how each compares
[54].

DNA microarray gene expression data is customarily validated using an orthogonal method,
with real-time qRT-PCR being the most commonly employed tool. In the recent cell culture
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DNA microarray literature, the number of gene expression changes that have been validated
by real-time qRT-PCR varies from none to six genes [39,42,43,57,63]. Work by Canalas et
al. (2006) demonstrated excellent concordance between real-time qRT-PCR and DNA
microarray fold change results using the three common real-time qRT-PCR chemistries;
calling into question the need for this validation step [64]. However, real-time RT-qPCR
does provide lower thresholds of detection and larger assay ranges, which can be used to
complement DNA microarray analysis for both highly and rarely expressed mRNA species
[64].

Real-time qRT-PCR uses primers to hybridize the mRNA species and amplify a portion of
the mRNA, in which either the DNA product or probes fluoresce proportionally to the
amount of mRNA in the sample. Gasparic et al. (2010) recently reviewed nine real-time
qRT-PCR technologies and provides a description of the mechanism of each [65]. As with
DNA microarrays, it is necessary to normalize the gene expression data. For real-time qRT-
PCR, housekeeping genes are used to provide this normalization. Often actin,
glyceraldehyde 3-phospahte dehydrogenase (GAPDH), and 18S rRNA are used as
normalizers for mammalian mRNA [64,65]. Using many DNA microarray data sets, Bahr et
al. (2009) identified over 100 housekeeping gene targets for CHO cells due to consistent
expression among a variety of culture stresses [56].

To validate DNA microarray gene expression results by real-time qRT-PCR, one must select
a real-time qRT-PCR chemistry, design primers to the target mRNA and housekeeping
genes, run the reactions, process the data, then compare to the DNA microarray data. Schefe
et al. (2006) provide a comprehensive guide to real-time qRT-PCR methods and data
analysis [66]. Canalas et al. (2006) provides details for comparing DNA microarray and
real-time qRT-PCR results [64].

In the model case, gene expression levels were quantified using SYBR Green I dye
chemistry (Molecular Probes, Eugene, OR) [67,68]. Primers for each of the mRNA targets
were designed using Primer Express (Applied Biosystems, Foster City, CA). Conventional
reverse transcription polymerase chain reactions (RT-PCR) and 2.0% agarose gels were
used to confirm primer design, after which visible products on the gels were sequenced to
confirm primer specificity. A one step RT-PCR kit (Promega, WI) was used for both
conventional RT-PCR and real-time qRT-PCR. The conventional RT-PCR should be
performed, as per kit instructions. The real-time qRT-PCR can be performed using a Smart
Cycler (Cepheid, Sunnyvale, CA). For the model case, CT values were calculated using the
Gene Expression's CT Difference (GED) method [66]. Alternatively, a second derivative
analysis CT method [69] outlined by Peters et al. (2003) and Schwarz et al. (2004) [70,71]
and normalized as per Pfaffl (2001) [72] can be used. The normalized gene expression levels
for the control, ammonium-stressed, salt-stressed, and ammonium-stressed with proline
cultures were assessed using Statistical Analysis Software (SAS). An ANOVA analysis (p ≤
0.05) was used to identify gene expression differences.

3.8 Data Dissemination
Researchers are often required by journals to submit gene expression data to public
databases. Gene Expression Omnibus (GEO) at the National Institutes of Health (NIH) in
the United States and ArrayExpress at the European Bioinformatics Institute (EBI) part of
the European Molecular Biology Laboratory (EMBL) in the United Kingdom, are two well-
recognized public gene expression repositories. These public databases offer great
opportunities to compare data to other experimental results as well as learn from results of
other experiments. Both GEO and ArrayExpress use the Minimum Information About a
Microarray Experiment (MIAME) guidelines that specify the minimum information that
should be included when describing a microarray experiment. For GEO submission, the
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types of data input are categorized – including metadata, raw data files, matrix tables, and
the platform. The metadata comprises the descriptive information and protocols used. The
raw data files are the original, software-generated quantitative results files. For Affymetrix
DNA microarray data, the raw data is contained in the CEL files. The matrix table is a
spreadsheet that contains the normalized data. The platform is a description of the DNA
microarray architecture and probe sequences. Many commercial platforms have already
been submitted to GEO; however, if a new platform has been used, the researcher will have
to provide this information. As more data becomes available and accessible through these
databases, existing models can be updated and improved. The procedure for GEO
submission using MIAME can be found online at
http://www.ncbi.nlm.nih.gov/geo/info/MIAME.html [73].

4. Concluding Remarks
DNA microarray technologies are extremely useful tools for evaluating how cells respond at
the gene expression level to stresses in their culture environment. It is known that the culture
environment can greatly impact protein quality, but so far, there has been limited research
devoted to evaluating the gene expression levels in response to these culture conditions.
While the lack of sequenced genomes hindered previous research, as more genomes
continue to be sequenced, the potential for gene expressional analysis using DNA
microarrays continues to grow. With DNA microarrays’ ability to look at many different
genes at once, researchers can now evaluate a larger scope of cellular responses to specific
stresses. This allows for the discovery of more comprehensive patterns, involving not only
the genes responsible for the enzymes in the glycosylation pathway but also genes
associated with other cellular functions that indirectly influence the protein quality.
Additionally, data collections from gene expression studies are now publicly available
online, providing researchers with even more data with which to formulate models. With
these deeper insights, more effective strategies can be designed to take advantage of various
culture parameters known to positively affect glycosylation and other post-translational
modifications in an effort to develop methods to improve both the quality and quantity of
therapeutic protein yields.
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Figure 1.
Flow diagram for the collection and analysis of gene expression data. The process begins
with the experimental design. Next, the experiments are conducted in triplicate for each
condition. From each condition, the samples are harvested and the cells obtained. The
product quality can be analyzed from the harvest broth samples. In order to analyze gene
expression, the total RNA is separated from the cells and purified. Depending on the DNA
microarray platform, the researcher will convert the mRNA to cDNA, or send the total RNA
to a DNA microarray contract facility for processing or process in-house. The cDNA is then
hybridized with DNA microarray, the DNA microarray is scanned and the data is processed.
At this point the processed data will be available for analysis. The processed data is usually
imported into a DNA microarray analysis software tool, where the data is normalized. Once
the data is normalized, statistical analysis is conducted to identify genes with differential
expression between the replicates. Statistical analysis of the product quality is conducted in
parallel with the gene expression analysis. A variety of tools can be used to determine
underlying gene regulation principles. In order to publish the research results, the data is
then submitted to a public database.
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Figure 2.
Expansion timeline for NS0 cells to be used in parallel 1-L spinner flasks. NS0 cells are
inoculated into a T-75 flask and allowed to expand to approximately 1.5 × 106 cells/mL,
which takes 4 to 5 days. The T-75 flask cells (25 mL) are used to inoculate one 250 mL
spinner flask with 225 mL fresh media added. If the desired culture volume in the four 1-L
spinners is only 500 mL, the cells from one 250 mL spinner flask can be used to inoculate
all four 1-L spinners. However, if a higher volume is required in the 1-L spinners, an
additional 1-L spinner can be used to expand the seed train. Inoculate the extra 1-L spinner
with the entire contents of the 250 mL spinner flask and add up to 750 mL fresh media.
Inoculate the control and “stressed” spinner flasks with the same volume of cells from either
the 250 mL spinner or the additional 1-L spinner flasks (50 mL to 250 mL depending on
desired timeframe).
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Figure 3.
Example growth profiles for biological triplicate conditions. A) The conditions being
examined did not significantly affect the growth rate; however, the final cell densities were
significantly different. In this case, obtaining gene expression analysis data from one time
point, late in culture (around 90 hours, indicated by the vertical line) would not have high
noise in the data due to a growth effect. B) The conditions being examined significantly
affect the growth rate. In this case, the stress was applied at 40 hours. Sampling throughout
the culture's growth (before and after the stress) would be desirable, such that gene
expression changes due to growth effect could be identified. The total RNA sample times
are indicated by the vertical lines.
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Table 1

Media additions to induce the stressful condition, while normalizing the nutrient concentrations and
osmolality. Amounts listed are per liter of the final media.

Additions Control Condition 1 (10 mM
Ammonium)

Condition 2 (10 mM Salt) Condition 3 (10 mM Ammonium + 20
mM Proline)

5 M NH4Cl 0 2 mL 0 2 mL

5 M NaCl 0 0 2 mL 0

5 M Proline 0 0 0 4 mL

Milli-Q Water 6 mL 4 mL 4 mL 0
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Table 4

Experimental grouping for the model case to identify replicates for a statistical software package, such as
GeneSpring®.

CEL file names
Parameters

Replicates Ammonium Salt Proline

Control 1 Control 0 0 0

Control 2 Control 0 0 0

Control 3 Control 0 0 0

Ammonium 1 Ammonium 10 0 0

Ammonium 2 Ammonium 10 0 0

Ammonium 3 Ammonium 10 0 0

Salt 1 Salt 0 10 0

Salt 2 Salt 0 10 0

Salt 3 Salt 0 10 0

Ammonium with Proline 1 Ammonium Proline 10 0 20

Ammonium with Proline 2 Ammonium Proline 10 0 20

Ammonium with Proline 3 Ammonium Proline 10 0 20
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Table 5

Example pairwise comparison of the culture conditions (Tukey post-hoc) – hypothetical data. The ANOVA
analysis (p ≤ 0.05) identified 310 of the 1246-glycosylation and housekeeping genes as regulated across the
four conditions. The diagonal represents self-comparisons. Values above the diagonal represent the genes that
have significantly different expression levels between the paired conditions. Values below the diagonal
represent the genes that are not significantly different between the paired conditions.

Conditions Control Condition 1 (10 mM
Ammonium)

Condition 2 (10 mM
Salt)

Condition 3 (10 mM
Ammonium + 20 mM

Proline)

Control X 230 70 161

Condition 1 (10 mM Ammonium) 1016 X 153 125

Condition 2 (10 mM Salt) 1176 1093 X 155

Condition 3 (10 mM Ammonium + 20
mM Proline)

1085 1211 1091 X
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