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Abstract

Chinese Hamster Ovary (CHO) cells, commonly used in the production of therapeutic proteins, 

are aneuploid. Their chromosomes bear structural abnormality and undergo changes in structure 

and number during cell proliferation. Some production cell lines are unstable and lose their 

productivity over time in the manufacturing process and during the product’s life cycle. To better 

understand the link between the genome structural changes and productivity stability, an 

Immunoglobulin G (IgG) producing cell line was successively single-cell cloned to obtain 

subclones that retained or lost productivity, and their genomic features were compared. Although 

each subclone started with a single karyotype, the progeny quickly diversified to a population with 

a distribution of chromosome numbers that is not distinctive between the parent and among 

subclones. Comparative genomic hybridization (CGH) analysis showed that the extent of copy 

variation of gene-coding regions among different subclones stayed at levels of a few percent. 

Genome regions that were prone to loss of copies, including one with a product transgene 

integration site, were identified in CGH. The loss of the transgene copy was accompanied by loss 

of transgene transcript level. Sequence analysis of the host cell and parental producing cell showed 

prominent structural variations within the regions prone to loss of copies. Taken together, we 

demonstrated the transient nature of clonal homogeneity in cell line development and the retention 

of a population distribution of chromosome numbers; we further demonstrated that structural 

variation in the transgene integration region caused cell line instability. Future cell line 

development may target the transgene into structurally stable regions.
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INTRODUCTION

Chinese hamster ovary (CHO) cells are industrial workhorses for the production of 

recombinant protein therapeutics, such as monoclonal antibodies and Fc-fusion proteins, 

which require proper folding and post-translational modifications for their biological activity 

(Bandyopadhyay et al., 2014; Wurm, 2013). The production cell line for these biologics is 

traditionally generated by random integration of the product transgene into the host CHO 

cell followed by transgene amplification and screening for high producing cell clones 

(Bandyopadhyay et al., 2017). In addition to a high productivity, the cell line must also 

sustain its productivity, not only during the manufacturing process but also throughout the 

product’s life cycle. To mitigate risks related to genetic changes in the producing cell line, 

single cell cloning is performed prior to the establishment of the cell stock to ensure the 

homogeneity of the starting cell population (EMA, 1998; FDA, 1997). This minimizes the 

probability that a subpopulation of cells overtakes the population, possibly causing changes 

in the productivity or product quality.

For normal diploid cells, such as many different types of stem cells, single cell cloning 

ensures the homogeneity of the ensuing cell population. However, aneuploid cell lines, 

including CHO cells, have abnormal chromosome number and structure. During 

proliferation, they continuously undergo genomic changes such as mutations, deletions, 

duplications, and other structural alterations due to errors in DNA replication and repair, and 

mistakes in chromosome segregation. As a result, these cells have a wide distribution of 

chromosome number, which has been shown in commonly used cell lines such as HEK293 

(Stepanenko et al., 2015), MDCK (Gaush et al., 1966; Wunsch et al., 1995), and Vero cells 

(Bianchi & Ayres, 1971; Osada et al., 2014; Rhim et al., 1969). This heterogeneity in 

chromosome number and structure has also been demonstrated in CHO cells (Davies & 

Reff, 2001; Deaven & Petersen, 1973; Derouazi et al., 2006; Vcelar, Melcher, et al., 2018; 

Worton et al., 1977).

For a production CHO cell line, a large number of cell divisions are required to expand the 

cell population and have enough cells to fill a manufacturing bioreactor and to create enough 

cell banks to encompass a product’s life cycle. The subsequent accumulation of genome 

aberrations over time can lead to genetic and phenotypic heterogeneity among CHO cells, 

even those which are clonally derived (Frye et al., 2016). This heterogeneity can occur in the 

form of genomic and epigenomic variation (Feichtinger et al., 2016; Rouiller et al., 2015) or 

changes to cell phenotype or productivity (Kim et al., 1998; Ko et al., 2017).

There are a number of reported mechanisms leading to production instability (Barnes et al., 

2003). These include loss of transgene copy number (Chusainow et al., 2009; Kim et al., 

2011), promoter methylation (Osterlehner et al., 2011; Yang et al., 2010), and other 

epigenetic silencing mechanisms in the promoter region (Veith et al., 2016). In most studies, 

gene amplification was used to acquire multiple copies of transgene. How the loss of 

transgene copy number is affected by structural changes in the surrounding genome regions 

has not been elucidated.
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Using Comparative Genome Hybridization (CGH), it has become possible to globally 

survey copy number changes in genomic loci within CHO cells (Vishwanathan et al., 2017). 

High throughput sequencing technologies have also greatly facilitated whole genome 

sequencing and the detection of structural changes in the genome. The combination of these 

tools with classical karyotyping and chromosome counting allows us to evaluate the effect of 

genome stability on phenotype stability in CHO cells. We chose to study productivity 

because it is the most important phenotype of an industrial cell line, and because it is readily 

measurable after single cell cloning.

We first eliminate the population heterogeneity of a recombinant DG44 cell line by single 

cell cloning to obtain subclones of high and low productivities, then allowed the 

heterogeneity to reestablish. The genomic heterogeneity of the populations derived from 

high and low producing subclones was investigated at the macroscopic level using 

karyotyping and chromosome counts, and at the microscopic gene and sequence levels using 

genome sequencing and CGH data. We also identified the primary transgene integration sites 

in the genome and examined local genomic alterations at the integration loci.

MATERIAL AND METHODS

CELL LINES AND CULTURE CONDITIONS

A recombinant CHO-DG44 cell line producing IgG (rDG_IgG) was used in this study. 

rDG_IgG and all derived clones were grown in T-flasks (Corning) in CHO-S-SFM-II 

Medium (Gibco). Cells were incubated at 37°C in a humidified incubator with 5% CO2. 

Single cell cloning was performed by limiting dilution at a seeding density of 0.2 cells per 

well.

PREPARATION OF METAPHASE CELLS AND CHROMOSOME COUNTING

Approximately 5 x 106 cells in exponential phase of growth were submitted to the 

Cytogenomics core at the University of Minnesota for metaphase spreads and G-banding 

analysis. Briefly, cells were cell cycle arrested by colcemid treatment, followed by 

incubation in 0.075M KCl at 37°C. Cells were fixed in a 3:1 solution of methanol:acetic 

acid, and then dropped onto slides. Slides were treated with a trypsin solution for improved 

banding. Wright’s stain was used for G-banding and visualization of chromosomes. Imaging 

of metaphase spreads was done on a Nikon Diaphot using a 100x oil objective. At least 70 

chromosome spreads were counted per sample. Chromosome counting was done manually 

using ImageJ (NIH).

GENOME SEQUENCING

Genomic DNA from H1 was extracted using DNeasy Blood & Tissue Kit (Qiagen, Valencia, 

CA) and paired-end sequenced (101 bp) using Illumina Hi-seq 2000. Sequencing data for 

the DG44 genome was obtained from Lewis et al. (2013) (Accession number: SRS406582). 

Raw sequencing reads were quality-trimmed and were mapped to an annotated genome, 

UMN2.0 (Vishwanathan et al., 2016) using the gap-enabled aligner BWA mem (Li & 

Durbin, 2009) in paired-end mode. The SAMtools suite of algorithms (v.0.1.18) (Li et al., 

2009) was used to process the resulting alignments. Reads with minimum paired-end 
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mapping quality of 20 were used. Structural variant analysis was performed using DELLY 

(Rausch et al., 2012).

COMPARATIVE GENOMIC HYBRIDIZATION (CGH)

A full description of comparative genomic hybridization (CGH) can be found in the 

Supplementary Information. Briefly, a CGH array based on Expressed Sequence Tags 

(ESTs) from the Chinese hamster genome was custom designed and manufactured by 

Agilent. Genomic DNA extracted from either CHO cell lines or Chinese Hamster liver tissue 

was labeled using the SureTag DNA Labeling Kit, followed by hybridization to the CGH 

array. Raw microarray hybridization intensity data was normalized by a LOWESS method. 

In order to identify segments of the genome with variation in copy number relative to liver, a 

circular binary segmentation-based algorithm was used called DNAcopy (Olshen et al., 

2004; Venkatraman & Olshen, 2007). This algorithm uses statistical analysis to smooth out 

noisy CGH probe data and call discreet regions of the genome as having a particular copy 

number.

INTEGRATION SITE ANALYSIS & QPCR

A description of these methods can be found in the Supplementary Information.

RESULTS

DERIVATION OF SUBCLONES

A CHO cell line (rDG_IgG) that has been extensively cultured in the laboratory (De Leon 

Gatti et al., 2007; Kantardjieff et al., 2010; Yee et al., 2008) was subcloned and IgG 

productivity was quantified (Fig. 1). The highest producing clone, H1, was isolated and 

expanded for a second round of subcloning 35 days after the first subcloning (~ 30 

population doublings). The two subclones with highest and lowest IgG titer derived from H1 

(designated as H1H2 and H1L2) were again expanded to obtain enough cells for further 

characterization. H1H2 was then subcloned for the third round 55 days after the second 

subcloning (~40 population doublings). The highest and lowest producing clones were again 

obtained and designated as H1H2H3 and H1H2L3 respectively (Fig. 1). The growth rates of 

the derived clones were all similar.

RAPID RISE OF HETEROGENEITY IN KARYOTYPE AND CHROMOSOME NUMBER

The inbred female Chinese hamster from which CHO cells were derived had 11 pairs of 

chromosomes (classically the chromosomes were numbered 1, 2, X, 4 until 11, skipping 

chromosome 3) (Deaven & Petersen, 1973). Figure 2A shows representative cell karyotypes 

from H1H2 and H1H2H3 based on the classical assignment of Chinese hamster 

chromosomes. Each metaphase spread exhibited a few normal appearing chromosomes as 

well as some abnormal ones. The copy number of each normal chromosome in the H1H2 and 

H1H2H3 cells analyzed is shown in Figure 2B. Each line represents the chromosome count 

for one metaphase spread analyzed. More than half of the cells retained a very similar 

distribution of normal chromosomes for both H1H2 and H1H2H3. Chromosomes 6 retained 
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two copies in all cells. No cell was found to lose all copies of chromosome 1, while some 

trisomic cells were seen.

To survey a large number of cells, we utilized chromosome counting of metaphase spreads 

instead of karyotyping each chromosome. Chromosome numbers of approximately 70 cells 

were obtained for all five subclones. Representative images are shown in Supplementary 

Figure S1. All the cell lines showed a pseudo-triploid chromosome set of ~35 chromosomes 

with broad cell-to-cell variance in chromosome number within the population (Fig. 2C). A 

small number of cells in each cell line had a lower chromosome number (~15-25) while 

some had almost 70 chromosomes. The mode of chromosome number as well as the 

chromosome number distribution was largely similar among the five subclones. H1H2L3 

may have a slightly higher number of cells with a very high number of chromosomes 

compared to its sister H1H2H3 and parent H1H2. Nevertheless, the data show that in the 

population doublings required to attain sufficient cells for systematic investigation, the once 

“clonal” population displayed a spread of chromosome numbers. Although the chromosome 

number and karyotype of each initial cell from subcloning was not known and were likely to 

be different from each other, the resulting populations had remarkably similar chromosome 

number distributions. The small sample size did not reveal any discernible difference in 

chromosome number in the phenotypically “abnormal” low-producing subclones.

GAIN AND LOSS OF GENE COPY NUMBER AMONG SUBCLONES

To assess the genomic changes at a microscopic scale, a comparative genomic hybridization 

(CGH) array (focused on transcript-coding regions) was used to detect gain or loss of 

genomic regions. Since the reference DNA was from a diploid genome, the normalized 

signal ratio of the sample to the reference for a probe reflects the gain or loss of abundance 

level of the corresponding gene. It should be noted that the genomic structure of the cell 

population was heterogeneous, and in a given genomic region, some cells may have no gain 

or loss of copy, while a subpopulation might have gained or lost copies. It is also possible 

that cells with multiple structural changes in the same gene region may appear to be distinct 

copy number change events, or that different degrees of copy number change might occur in 

a region that is prone to structural changes. Thus, the gene copy number data may not show 

discrete changes in copy numbers (e.g. one allele changed or both alleles changed) as in the 

case of a homogeneous population with a diploid genome.

Pairwise comparisons of CGH data for the subclones are shown in Figure 3. The dotted 

horizontal and vertical lines a, b mark one copy gain with respective to liver (log21.5 = 0.58 

i.e. 3 copies instead of 2), while the lines c, d mark one copy loss with respect to liver 

(log20.5 = −1 i.e. 1 copy instead of 2 copies). 5,072 (3.02 %) probes had gained copy(-ies) in 

both H1 and H1H2 as compared to liver (upper yellow box, Fig. 3A). Similarly, 932 (0.55 %) 

probes lost copy(-ies) for both H1 and H1H2 (lower yellow box, Fig. 3A). Similar numbers 

of about 5000 for gain of copy(-ies) and 900 for loss of copy(-ies) were seen in the other 

comparisons. Despite the seemingly large change of chromosome number from normal 

diploidy, the genome showed a relatively small gain and loss of copies at the gene probe 

level compared to a diploid reference.
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The 45° solid red lines (x=y) mark the probes for which the two samples have the same copy 

number relative to liver. The dotted red lines e, f indicate the bounds for 1.5-fold gain or loss 

from one cell line to the other. The vast majority of probes lie within the bounds of 1.5-fold 

change (region bounded by red dashed lines). 959 (0.57 %) probes (outside the upper red 

dashed line labeled e) show a higher copy number in H1H2 compared to its parent H1 (Fig. 

3A), whereas 280 (0.17 %) probes show a lower copy number in H1 than H1H2 (outside the 

lower red dashed line labeled f). Similarly, 1199 probes showed a gain in H1L2 compared to 

its parent H1 and 753 probes showed a loss in H1L2 compared to H1 (Fig. 3B). H1H2H3 

compared to H1H2 showed a very narrow spread of probe intensities (82 probes are higher 

and 35 probes are lower, Fig. 3D), indicating that these two samples are very similar at the 

gene copy abundance level, whereas H1H2L3 and its parent H1H2 show a higher spread, with 

271 probes higher and 786 probes lower in H1H2L3, (Fig. 3E).

Figure 3C shows the comparison of two sublines derived from the same parent, H1H2 and 

H1L2, where 145 (0.09 %) probes showed an increased copy number in H1H2 over H1L2 

while 87 (0.05 %) probes showed a lower copy number. H1H2L3 showed higher divergence 

from its sister clone H1H2H3 (276 probes ↑ and 1281 probes ↓, Fig. 3F). Interestingly, both 

low producers (H1L2 and H1H2L3) had ~100 probes with gained copy from the diploid 

reference show a decrease in copy number from their respective high producing sister clones 

(H1H2 and H1H2H3) (Fig. 3C and F).

CNV BETWEEN HIGH AND LOW PRODUCING CLONES

Among the probes which showed consistent loss during high-to-low producer transitions, 

~85 probes (Fig. 3, red dots) belonged to a 4 Mbp region within the genome, flanked by the 

genes Csmd3 and Rspo2 (Fig. 4A, yellow box). Each point represents the (log2) intensity 

ratio of the sample to diploid genome (liver) of a probe lined up according to its position in 

the genome region. The black line denotes the mean (log2) intensity ratio of a contiguous 

segment computed by DNAcopy. The region marked in yellow is amplified in the parent H1. 

The high producing clones, H1H2 and H1H2H3, retained the gain of copy number seen in the 

parent, but the low producers H1L2 and H1H2L3 showed a loss in copy number from their 

respective parents, H1 and H1H2. Importantly, the loss of the amplified segment happened in 

two independent transition events from a high producing parent to low producing clones.

We further investigated this region using whole genome sequencing read pileups from H1 

and the host cell line DG44 (Fig. 4B). The pileup of sequencing reads in this region for the 

host line DG44 showed almost a uniform sequence depth in the entire genomic region 

except a few highly amplified spikes at the left end. In contrast, the pileup for H1 showed 

increased depth in read pileups over the entire region. Notably, a nearly 4 Mbp region was 

further amplified to different levels in three segments. This is consistent with the DNAcopy 

call of ~4 Mbp segmental gain of copy from the CGH data. The CGH data lacked the spatial 

resolution to divide the segment further into different levels of amplification as the CGH 

microarray probes covered only the gene coding regions. Nevertheless, the sequence read 

pileup confirmed the CGH finding that the repeatedly lost 4 Mbp region was amplified in 

H1.
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We investigated the stability of this region using the CGH data reported previously for other 

cell lines (Vishwanathan et al., 2017). In CHO-K1, almost the entire segment has a loss of 

~1 copy from diploid (log20.5 = −1 i.e. 1 copy instead of 2 copies, Fig. S2A). The loss was 

retained by K1 derived producing cell lines rK1_IgG and rK1_2C10 (Fig. S2B and C) and 

was also seen in DXB11 (Fig. S2D). However, the log2 segment mean relative to diploid of 

the DXB11 derived cell line rDX_Fcf was between 0 and −1 (Fig. S2E). This might indicate 

a heterogeneous population in which some cells retained the loss while some others gained a 

copy relative to DXB11. Interestingly, the other DXB11 derived cell line, rDX_IgG_32, 

gained a copy relative to DXB11 and returned to the level of diploid cells (Fig. S2F). DG44 

shows a normal ploidy state (Fig. S2G), consistent with the sequencing pileup data. In the 

DG44 derived lines, different segments of this region were amplified to varying extents as 

illustrate by the plots of H1L2 and H1H2L3 (Fig. 4A).

Overall, the data suggests that this region of genome is not only prone to change in copy 

number over a long stretch of segments as seen in the transition of high producing cells to 

low producing cells but has also been deleted or amplified in various CHO cell lines. This 

further suggests that some genome regions may be more prone to structural changes.

IDENTIFICATION OF TRANSGENE INTEGRATION SITES

Having shown that the occurrence of low producing clones was accompanied by recurring 

loss of copies in some genome regions, we identified the transgene integration sites to 

determine possible gain or loss of copies in those regions. Three methods were employed to 

identify the transgene integration sites in the genome. First, biotinylated probes were used to 

capture the genome fragments containing sequences of different regions of the vector (Fig. 

S3). The isolated fragments were then sequenced using Illumina sequencing. Due to the 

short-read length of Illumina MiSeq (250bp), the confidence for mapping of split reads was 

low in some cases. From reads containing both vector and genome sequences, three 

integration sites were identified (Table S1). The read pileup showed a blunt boundary at the 

vector-genome junction and trailing read depth moving away from the integration site as 

expected (Fig. S4). Next, vector specific primers designed along the vector sequence were 

used to amplify DNA segments extending beyond the genome vector junction (Fig. S5). 

Amplified fragments were then separated on a gel (Fig. S6), extracted, and sequenced using 

Sanger sequencing. The longer genome sequences obtained gave higher confidence in the 

integration site identified. Using this method, we confirmed the previously determined 

integration sites and identified an additional site (Table S1). Further, DELLY was used on 

whole genome sequencing data of H1 to identify split reads that map to both the genome and 

the vector. Based on the paired-end and split reads spanning the integration junction, all but 

one of the integration sites found using the PCR-based method were identified, and a fifth 

site was also identified. The missing integration site within the intron of the Rc3h1 gene, as 

discussed later, had complex sequence rearrangements that made it difficult to identify. 

Combining the three methods we were able to identify the five transgene integration sites 

with high confidence (Table S1).
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LOSS OF TRANSGENE IN HIGH-TO-LOW PRODUCER TRANSITION

We next examined the CGH data on the integration sites identified for changes in copy 

number. The relative probe intensity at or near all integration loci was similar among all 

subclones except for the probe representing Rc3h1 (site #1 in Table S1). Rc3h1 had a much 

higher copy number than the diploid genome, suggesting that the locus had been amplified 

(Fig. 5A, marked in red circle). The copy number appeared similar in H1 and H1H2, but 

slightly higher in H1H2H3. However, the copy number was markedly reduced in low 

producing clones. Note that H1H2 and H1L2 were both derived from H1, while H1H2H3 and 

H1H2L3 were both derived from H1H2. The data thus showed that the Rc3h1 locus lost copy 

in two independent events associated with the emergence of low producers.

To examine whether the copy loss of Rc3h1 was accompanied by the loss in transgene copy, 

the copy numbers of the IgG heavy chain and light chain genes in the clones were quantified 

using qPCR (Fig. 5B). The high producing daughter cell line H1H2 retained the transgene 

copy number from its parent H1 whereas H1L2 showed a loss of IgG heavy chain copy 

compared to its parent H1. High producing daughter cell line H1H2H3 showed an increased 

copy number of IgG heavy chain compared to its parent H1H2, consistent with the increased 

probe intensity for Rc3h1, the integration site. The low producing daughter cell line H1H2L3 

showed a loss in copy number of IgG heavy chain compared to its parent H1H2. IgG 

transcript expression from qRT-PCR also showed a similar trend where the low producing 

clones showed a 6 to 15-fold decrease in the expression of IgG heavy chain (Fig. 5C). These 

results imply that the loss of productivity is likely to be a consequence of the loss of an IgG 

heavy chain gene copy at the Rc3h1 locus and subsequent loss in transcript expression.

This integration site was further investigated using the sequencing reads pileup of H1 and the 

parental cell line DG44 (Fig. 6). Figure 6A shows a 29 Mbp genomic region where the 

integration site is marked with a red vertical line. Though the read pileups for DG44 and H1 

look very similar across the entire region, the region marked in yellow shows a slight (~1.2-

fold) amplification and the integration site shows about a 10-fold amplification. Zooming in 

further (Fig. 6B), we see the integration locus is in a smaller segment of 31 Kbp that was 

amplified to ~8 times from diploid. DELLY identified tandem duplications and inversions 

within this segment, as well a large deletion. No deletions, duplications, or inversions were 

present at this site in DG44; there is thus no indication that the region surrounding this site is 

structurally unstable or has a higher propensity for duplication/amplification in the host cell 

line. The structural changes incurred after vector integration and amplification may have 

contributed to the instability of the locus and the loss in transgene copy number. Further 

zooming into the integration locus shows the sharp vector-genome boundary (Fig. 6C).

The sequence pileup around integration sites #2 and #3 (Table S1) are shown in 

Supplementary Figures S7A and S8A, along with the CGH data in the integration regions. 

Site 2 had an amplification with respect to DG44 (Fig. S7A), while site 3 did not show any 

amplification. The CGH data of the probes in the region did not show a significant 

difference in copy number among high and low producers (Fig. S7B and S8B).
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DISCUSSION

THE STABILITY OF RECOMBINANT CHO CELL LINES

Cell lines used in industrial production of biopharmaceuticals were initially clonal, 

originating from a single cell at some stage after the introduction of the transgene into the 

genome. This is to avoid the risk of a subpopulation within a heterogeneous population 

eventually out-growing the others and, as a result, altering the productivity or the product 

quality. It is now a regulatory requirement that production cell lines be initially 

phenotypically and genomically “clonal” (EMA, 1998; FDA, 1997). Recent studies have 

addressed the issue of the variability among single cell clones from clonally derived cell 

lines (Ko et al., 2017), and discussed the possibility for using cell pools for the production of 

non-clinical material (Munro et al., 2017).

Karyotyping of CHO host cells and assessment of chromosomal rearrangements has been 

demonstrated using various techniques such as G-banding, BAC-FISH (Bacterial Artificial 

Chromosome Fluorescence in Situ Hybridization), and chromosome painting (Baik & Lee, 

2017; Cao et al., 2012b; Deaven & Petersen, 1973; Derouazi et al., 2006; Martinet et al., 

2007; Vcelar, Jadhav, et al., 2018; Vcelar, Melcher, et al., 2018). DG44 was reported to have 

twenty chromosomes, with seven normal chromosomes, eleven chromosomes with 

rearrangements of normal chromosomes, and two uncharacterized marker chromosomes 

(Martinet et al., 2007). Other karyotyping studies on DG44 and CHO-K1 have found that 

chromosomes 1, 2, 4, 5, 9, and 10 (by classical nomenclature) are likely to have at least one 

intact copy (Cao et al., 2012a; Derouazi et al., 2006; Vcelar, Jadhav, et al., 2018; Vcelar, 

Melcher, et al., 2018). Our karyotyping data showed the presence of at least two copies of 

chromosomes 1 and 6, and at least one copy of chromosomes 2, 7, 8, 9, and 11. Comparing 

all of these studies, at least one intact copy of chromosomes 1, 2, and 9 seems to be stably 

present in all tested cell lines, and so these are promising targets for transgene integration.

Previous studies have also found a wide distribution of chromosome number in CHO cell 

lines, ranging from 15 to 50 chromosomes (Deaven & Petersen, 1973; Vcelar, Melcher, et 

al., 2018; Worton et al., 1977). Derouazi et al. (2006) found that the chromosome number 

for sixteen DG44-derived recombinant cell lines varied from 19 to 41. In our study of five 

cell lines also derived from DG44, we found a wide spread of chromosome numbers (20 - 70 

chromosomes, Fig. 2C). Importantly, we demonstrated that this distribution is rapidly re-

established by about 30 generations after starting from a single cell.

CLONAL CELLS AND POPULATION HETEROGENEITY

By single cell cloning to ensure that all offspring cells originated from a particular karyotype 

and genome structure, we showed chromosomal reorganization and genomic structural 

changes occurred again to give a population with a wide distribution in karyotype and 

chromosome number. Interestingly, the redistribution of genomic organization was 

accompanied by relatively small levels of gain and loss of gene copies. The number of gene 

probes that showed gain or loss of copies from a diploid genome was about 4-5% in all the 

cell lines (Fig. 3). Further, in each subcloning, over the span of 30-40 population doublings, 

approximately 100 to 2000 probes (0.06 to 1.16 % of all probes) gained or lost copies from 
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their immediate parent. However, the CGH microarray that we employed did not have a high 

spatial resolution. The Chinese hamster genome assembly and the sequencing analytical 

tools also await further enhancement. We thus refrain from determining the fraction of total 

genome regions that are subject to gain or loss of copies. Nevertheless, the CGH and 

sequencing data both indicate that the genes that changed copy number in CHO cell lines 

constitute only a minor fraction.

It is also interesting to note that the number of gene probes that showed a loss of copy is 

relatively small compared to those which gained copy. It is plausible that a cell with a more 

drastic loss of copies may have a growth disadvantage or be prone to death. Similarly, the 

cells that have an “extreme” karyotype (too many, too few, or too drastic of a change (e.g. 

losing both alleles of critical regions)) may not survive. Therefore, even though cells 

continue to undergo genomic structural changes, the population still maintains a relatively 

stable distribution of karyotype and gene copies. Taken together, the cell lines established by 

subcloning largely returned to a distribution of gene copy and chromosomal organization 

that is very similar to their parent. However, in this study we examined only the 

heterogeneity in the chromosome number, gene copy number, and the productivity 

phenotype. Even though only a small fraction of genes changed copy number in each pair of 

parent-subclone, extensive sequential subcloning will increase the probability of generating 

a new population that has a skewed property distribution compared to the ancestor cell line.

This thus raises the prospect that, in the “recloning” or re-purifying a cell line, one should 

focus on maintaining the property distribution of the population of the production cell line. 

For example, pooling a large number of cells that maintain the productivity and eliminating 

low producers from the population, rather than picking a colony that grew out from of single 

cell.

PRODUCTIVITY STABILITY AND TRANSGENE INTEGRATION

Traditionally, a CHO production cell line is generated by integrating the product transgene 

into a random locus in the genome followed by the amplification of transgene copy number. 

The initial integration of the transgene after transfection typically occurs at one or a few loci 

(Derouazi et al., 2006; Kim & Lee, 1999; Zhou et al., 2010), and in the subsequent 

amplification the copy number increases over a wide range. The number of copies of 

transgene integrated is affected by the many factors, including the dose of plasmids and the 

extent of selective pressure applied. In some cases, a large number of copies were integrated 

even without amplification (Derouazi et al., 2006; Jiang et al., 2006; Yusufi et al., 2017). The 

amplification process typically amplifies not only the vector and transgene, but also the 

surrounding genomic region. Furthermore, breakage, ligation, and other structural changes 

may occur during amplification (Chusainow et al., 2009; Kim et al., 2001; Pallavicini et al., 

1990). Loss of productivity in transgene amplified cell lines over long-term culture occurs 

frequently (Bailey et al., 2012; Chusainow et al., 2009; Kim et al., 2011). Hence, before a 

cell line is chosen to be the production cell line, extensive testing of its stability is commonly 

performed.

In this study, by identifying the transgene integration sites, we not only showed that 

transgene copy loss was likely the cause of the lost productivity, but also demonstrated that 
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the lost copy in two independent isolations of low producing subclones was from the same 

integration site (Rc3h1 locus). The loss was accompanied by a decreased IgG heavy chain 

copy number and transcript level. Sequence analysis of the production parental line (H1) 

revealed extensive amplification and structural rearrangements in the Rc3h1 locus (tandem 

duplication, inversion, and deletion), possibly occurring in conjunction with the 

amplification process during cell line development. The data thus suggests that some 

amplified sequences are unstable and prone to repeated loss of copy number.

Intriguingly, from CGH data we found another segment of an amplified 4 Mbp region in the 

production cell line was also lost in both low producing subclones (Fig. 4A). From our 

archived CGH data this segment showed frequent gain or loss of copies in other CHO cell 

lines (Fig. S2). Although the segment did not harbor any integrated transgene, its loss 

appears to associate with the loss of the productivity or the loss of the transgene in Rc3h1 

locus, as its copy number was lower only in the low producing subclones, but normal in the 

high producing subclones. It is possible that the region also harbors genes or epigenetic loci 

that confer traits related to productivity, although the region was not very transcriptionally 

active, and no notable gene was found. It is also possible the co-loss of copy number in this 

region and the Rc3h1 locus was related to other clonal events. It is plausible that the low 

producing sublines H1L2 and H1H2L3 arose from subclones that had DNA repair alterations 

that triggered copy loss in both Rc3h1 and the 4 Mbp region, and these may be linked to 

transgene copy change and loss of productivity. Regardless of the mechanism of the co-loss 

of the two regions, the data suggests that some genome regions are possibly prone to 

structural variation. Our results also demonstrate that by combining CGH and subcloning 

one can identify such genome regions that are more vulnerable to copy number loss. One 

can thus use these tools to help determine clone stability.

With the advances in genome engineering, transgene integration can now be targeted to a 

specific locus in the host cell genome, without resorting to the traditional selective pressure-

based transgene amplification (Cristea et al., 2013; Inniss et al., 2017; Lee et al., 2016; Lee 

et al., 2015). In general, the site selected for targeted integration should be stable, and not 

prone to structural variation or copy number changes. Genome scale CGH and sequencing 

analysis of structural variants provide valuable information on the regions to be avoided. 

Additionally, the target genomic regions should be transcriptionally active and epigenetically 

accessible for gene expression. Recent work from our laboratory showed that a single copy 

of the transgene integrated into a genomic region of high chromatin accessibility and high 

transcriptional activity can have an expression level equivalent to or higher than a cell line 

with multiple copies (O’Brien et al. 2018, manuscript submitted for publication). The 

incorporation of genomic analysis and genome engineering into cell line development will 

allow this traditionally empirical operation to become a design-based process.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Derivation of cell lines through subcloning and the titer distribution.
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Figure 2. 
(A) Representative karyotype images from H1H2 and H1H2H3. (B) Distribution of all the 

chromosomes from the karyotypes. The marker chromosome numbers are divided by 8 for 

visualization purposes (M/8). (C) Chromosome number distributions for all the subclones 

obtained from ~70 metaphase spreads.
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Figure 3. 
Pairwise comparison of log2(Sample/Liver) probe intensities for the 5 subclones. The dotted 

black lines (labeled a and b), both horizontal and vertical, are the bounds for one copy gain 

with respect to liver (log21.5 = 0.58) (i.e. 3 copies instead of 2). The dotted lines (labeled c 

and d) mark the bounds for loss of one copy with respect to liver (log20.5 = −1), i.e. 1 copy 

instead of 2 copies. The solid red line along the diagonal indicates the line x=y which 

implies both samples have the same copy number. The red dashed diagonal lines (labeled e 

and f) indicate the bounds for 1.5-fold difference in copy between the two cell lines. The red 

dots are the probes belonging to a genomic 4 Mbp region which show loss during high-to-

low producer transition.
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Figure 4. 
(A) Two independent losses of a 4 Mbp genomic region seen during high-to-low producer 

transition. The green-blue dots represent the log-ratio intensities for each probe in the region 

relative to liver. The black line is the mean intensity of the segments as identified by the 

DNAcopy. (B) Normalized sequencing read pileup (Reads per Million) for DG44 and H1. 

H1 shows amplification of the entire genomic region, correlating with the CGH data.
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Figure 5. 
(A) Two independent losses of the gene probe for the integration site at Rc3h1 (circled in 

red) seen during high-to-low producer transition. The green-blue dots represent the log-ratio 

intensities for each probe in the region relative to liver. The black line is the mean intensity 

of the segments as identified by the DNAcopy. (B) Genomic qPCR results show loss of 

heavy chain correlating with the loss of the integration site. Results reported in terms of 

gDNA copy number fold change relative to the subclone parent. (C) Transcript expression as 
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quantified by qRT-PCR shows loss of heavy and light chain transcript levels. Results 

reported in terms of transcript expression fold change relative to the subclone parent.
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Figure 6. 
Normalized sequencing read pileup (Reads per Million) for DG44 and H1 in the integration 

region shown in the different magnifications. The red vertical line denotes the integration 

junction. The red horizontal bar indicates deletion, the green bar indicates tandem 

duplication, and the purple bar indicates inversion.
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