
ABSTRACT

Next Generation RNA-Sequencing (RNA-Seq)

is a methodology for comprehensive

measurements of cellular transcription at a scale,

accuracy and precision never seen with previous

technologies. We conducted a comparative RNA-

Seq study of basic cell growth conditions to

understand and improve high quality therapeutic

protein production in CHO cells. In this study, we

examined global changes in gene expression in

CHO cells across differing cell subtype and

media- specific parameters. Eight CHO RNA

samples from different cultures were sequenced

on two full slides of a SOLiDTM System resulting

in approximately 760 million, 50 base pair

sequence reads. These reads were mapped to

multiple reference sequences including CHO

ESTs, mRNAs and well as mouse chromosomes

with annotated genes with cognate functional

data. From this, we report estimates of transcript

expression levels and use known annotation to

infer functional differences that can be associated

with changing basic bioproduction growth

conditions. These findings may uncover novel

genetic mechanisms that could be optimized for

improved bioproduction. This analysis of this data

set represents the characterization of the CHO

transcriptome at an unprecedented depth.

Whole transcriptome analysis is a prerequisite for

full understanding of cellular processes that

govern efficient bioproduction. Past microarray

based studies have shown great promise for

characterizing cellular processes in CHO cells at

a transcriptional level1. Recently, RNA-Seq has

dramatically lowered sequencing costs while

achieving great gains in sensitivity for

constructing transcriptional profiles in CHO

cells2,3,4. Furthermore, differential expression

analysis comparing cell growth parameters can

present us with rational gene targets for

optimizing therapeutically relevant cell lines.

The 2 multi-factorial study designs (Fig 1.) include

RNA quantitation and comparisons between DG44

cells and the high-osmolarity tolerant RevO cells

under high and low media osmolarity conditions as

well as high and low IgG producing cells in batch

or fed batch feeding modes. Briefly, RNA was

extracted at several time points during growth in

the following culture conditions: shaker flask, 37°C,

8% CO2, 130rpm. Sequencing libraries prepared

using the Applied Biosystems® SOLiDTM Total

RNA-Seq kit and polyadenylated transcripts were

extracted using for 16 samples using the Ambion®

Poly(A) PuristTM kit. The resulting 32 libraries were

multiplexed across 2 SOLiDTM 3.5 System flow

cells (2 reps X16) using the InvitrogenTM SOLiDTM

RNA barcoding kit.
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RESULTS

Figure 4. Correlation of human IgG RNA and protein 

production levels To assess RNA-Seq sensitivity and accuracy, 

raw reads from DG44 high and low IgG producing cells were 

mapped to human IgG reference RNA sequences from NCBI and 

to variable regions used for internal development. Normalized 

read counts from RNA-Seq libraries correlate very well with IgG 

protein titer levels taken from the same samples.

CONCLUSIONS
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Figure 6.  Time course DG44 IgG titer for low and high  

IgG producer cell lines. IgG titer measurements were taken 

at several time points under batch and fed batch feeding 

conditions. Batch: no feeding; Fed-batch: maintain glucose 

between 2g/L and 6g/L, feed CD EfficientFeedTM C on D4 

(10%), D6 (10%), D8 (5%) and D10 (5%).  For evaluating 

differential expression, RNA was extracted at day 11 for high 

and low IgG producing cells (dashed orange box) as the cells 

were viable and IgG production was disparate between the 

two cell types.

Figure 7. MA fold-change scatter plot highlighting 

significantly differentially expressed genes RNA-Seq data 

are mapped count data that does not typically adhere  to normal 

or Poisson, but to negative binomial distributions.  In addition, 

variance should be handled carefully when comparing RNA-Seq 

samples to estimate differentially expressed genes.  Software 

tools are now available which include this error models to 

mitigate these concerns. For this study, we used the R package, 

DESeq7, for variance estimation, normalization and finding 

significantly differentially expressed genes (DEGs). The results 

of which are depicted in the scatter plot above. Each data point 

is a gene.  The y-axis is the log2 fold change between high and 

low IgG producing cells (blue lines indicate 4-fold change). The 

x-axis represents the log2 of transcript abundance.  Navy 

colored markers represent genes significant DEGs with a p-

value <= 0.05 (n=277) and orange markers <= 0.01 (n=98).  

Since these genes are mouse homologs to hamster, we can 

infer function from associated annotation from NCBI and 

Ensembl. The red box highlights one such example and is 

described in terms of exon coverage in the figure below.

Figure 8. Visualizing exon coverage and 

differential expression. Screen shot from the University 

of California Santa Cruz genome browser depicting coverage 

of individual DG44 reads aligning to mouse exon models. (A) 

Reads mapping in high abundance on to mouse exons on 

chromosome 14.  After using DESeq to scale the reads from 

each sample, it is evident that the high IgG producing cells 

(blue peaks) over express this gene relative to low IgG 

producing cells (green peaks) by  approximately 5 fold. 

(B) Zooming in on exons 2,3 and 4, we can see in detail where 

reads align to each exon.  Areas of no coverage suggest that 

there is either a sequence specific bias at this location making 

it difficult to sequence or homology between hamster and 

mouse is much lower in this region preventing reads from 

mapping.

Figure 9.  General, over represented functional classes 

of top differentially expressed genes across DG44  and 

RevO cell lines.  Gene ontology and pathway enrichment for 

DEGs was determined using the R package, GoSeq8 and 

NCBI Entrez Gene annotation.
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Label Condition

Deg5 DG44 High Osmol vs.RevO High Osmol, day 7 

Deg4 DG44 batch High IgG vs. fed batch High IgG, days 18 and 24 

Deg3 DG44 fed batch Low IgG vs. fed batch High IgG, day 11 
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Figure 1. Two part study design for RNA expression 

comparisons

Figure 2. CHO RNA-Seq analytical workflow

Mapping and downstream analysis components include 

software packages and high performance compute cluster.

MATERIALS AND METHODS

INTRODUCTION

Table 1. CHO RNA-Seq mapping statistics Categorical counts 

are correspond reads which can map (align) up to 10 times to a 

particular reference genome or transcript set. 

With the use of RNA-Seq technology and cognate

computational approaches, we have successfully

estimated RNA expression profiles in CHO cells

under several conditions using the mouse genome

to derive functional information. Normalized

expression values were used to identify

significantly differentially expressed genes for

orthologous mouse genes. From these, functional

information may be gleaned which will be used to

identify gene targets associated with cell subtype

and media conditions for optimizing bioproduction

activities. Future studies will include mapping to

the CHO genome once available and alternative

platform validation of putative targets.

Figure 3. Boxplot distributions of RPKM normalized 

expression values by sample In order to compare RNA 

expression levels between samples, the overall signal must be 

normalized (scaled) while also taking into account longer 

transcripts have more reads mapped to them. RPKM 

transformation accomplishes this by taking raw counts per kilobase 

of transcript per million mapped reads 5. From these, it is clear that 

the DG44 cell in high osmolarity conditions have a lower median 

expression suggesting that transcriptional activity is lowered 

overall.

Figure 5. Use of ERCC external spike-in RNA controls to 

assess dynamic range and performance (A) 92 synthetic  poly-

A RNAs across a gradient of concentrations are spiked into total 

RNA extracts. Expected results from ERCC6 validation 

experiments using the SOLiDTM system resulted in dose 

response curves with R2 values near 0.97 from linear regression 

analysis. (B) In this study, we observed high R2 values ranging 

from 0.95-0.98 (2 of 32 are shown) . RPK values on the y-axis 

correspond to reads per kilobase of transcript. Shaded grey 

regions indicate a confidence interval of +/- 1%.
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