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Abstract

Generation of recombinant Chinese hamster ovary (rCHO) cell lines is critical for the production 

of therapeutic proteins. However, the high degree of phenotypic heterogeneity among generated 

clones, referred to as clonal variation, makes the rCHO cell line development process inefficient 

and unpredictable. Here, we investigated the major genomic causes of clonal variation. We found: 

(1) consistent with previous studies, a strong variation in rCHO clones in response to hypothermia 

(33 vs 37°C) after random transgene integration; (2) altered DNA sequence of randomly integrated 

cassettes, which occurred during the integration process, affecting the transgene expression level 

in response to hypothermia; (3) contrary to random integration, targeted integration of the same 

expression cassette, without any DNA alteration, into three identified integration sites showed the 

similar response of transgene expression in response to hypothermia, irrespective of integration 
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site; (4) switching the promoter from CMV to EF1α eliminated the hypothermia response; and (5) 

deleting the enhancer part of the CMV promoter altered the hypothermia response. Thus, we have 

revealed the effects of integration methods and cassette design on transgene expression levels, 

implying that rCHO cell line generation can be standardized through detailed genomic 

understanding. Further elucidation of such understanding is likely to have a broad impact on 

diverse fields that use transgene integration, from gene therapy to generation of production cell 

lines.

Keywords

Chinese hamster ovary cells; Clonal variation; Integration site; Targeted integration; Vector 
configuration

Therapeutic protein production has been the major revenue source in the biopharmaceutical 

industry1,2. Mammalian-based expression systems, particularly CHO cell lines, are 

predominately used for the manufacture of high-value biopharmaceuticals that require 

complex post-translational modifications such as protein folding, assembly, and 

glycosylation. To meet the increasing demand for therapeutic proteins, there have been 

tremendous advancements in cell line development, media composition optimization, and 

process optimization2. Recombinant mammalian cell lines have been developed by selecting 

clones with high productivity and target protein quality and properties suitable for the 

downstream process.

Despite the successful attainment of high titers for therapeutic proteins through high-

throughput clone screening techniques3, the high degree of phenotypic heterogeneity among 

clones renders the clone screening process laborious and expensive. In particular, 

considerable screening efforts are often required to cope with the heterogeneity in specific 

productivity (qp)4-6 and variable responses to different culture conditions7,8. This 

phenomenon, referred to as clonal variation, describes phenotypic and genetic variability 

among cells within a clonal population of either host or recombinant cells. Clonal variation 

can originate from host cell selection, generation of parental recombinant clonal cells, gene 

amplification, and maintenance of recombinant clonal cells being subjected to aging4,5,9-13.

Among a number of variables underlying clonal variation, the transgene integration site is 

believed to be key to clonal variation in transgene expression when establishing recombinant 

cell lines based on random integration of transgenes14-17. Upon transfection of expression 

vectors encoding target genes of interest (GOI), a transgene is randomly integrated into the 

host cell chromosomes. It has been suggested that genomic integration sites with different 

genomic structural and regulatory backgrounds may influence transgene expression level 

and sustainability during long-term cultivation18. There have been few efforts to understand 

impacts of genomic environment, including chromosome structure and epigenetic regulation, 

on the expression and stability of transgenes13-15,19-21. Thus, the roles of the transgene 

integration site and configuration thereof in clonal variation have not been fully elucidated.

In this study, we investigated the issue of clonal variation particularly in differential 

transgene expression profiles in relation to transgene integration in rCHO cells. Specifically, 
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we focused on how transgene integration site and transgene configuration impact protein 

production and phenotypic responses to hypothermia. We found that random integration of 

the GOI in rCHO cell clones exhibiting different responses to hypothermia was associated 

with varying levels of damage to vector integrity at different integration sites. CRISPR/

Cas9-mediated targeted integration was used to insert an intact GOI into the different 

genomic integration sites, but this did not lead to transgene expression patterns similar to 

those observed in the parental clones. Rather, promoter dissection and replacement support 

the crucial role of promoter elements in the differential transgene expression patterns at the 

identical genomic site. Thus, we demonstrated that clonal variation is not simply attributed 

to the transgene integration site, and that genetic rearrangement of vector regulatory 

elements may bring about distinct phenotypic outcomes.

Results

CHO-K1 GFP clones exhibit variable response of GFP expression levels to hypothermia.

We isolated clones expressing a GFP reporter protein using a single limiting dilution step 

and measured GFP intensity with a multiwell plate reader. We screened 210 individual 

clones with respect to cell growth and GFP expression at two temperatures, 37 and 33°C. 

Since the GFP intensity was directly proportional to cell number (Supporting Figure S1), the 

specific GFP expression level for each clone was calculated by dividing total GFP intensity 

by total cell number. The specific GFP expression levels of the 210 clones varied widely, 

ranging from 1.2 to 431.3 (arbitrary unit) at normal culture temperature (37°C) (Figure 1a) 

and from 2.1 to 2,272.0 at 33°C (Figure 1b). Upon shifting culture temperature from 37 to 

33°C, cell growth was suppressed, and GFP was more highly expressed on average (Table 

1). The fold change in specific GFP expression levels for individual clones was compared 

directly by normalization to the data at 37°C. At a lower culture temperature, the clones 

exhibited a 0.4- to 16.4-fold change in specific GFP expression levels, demonstrating that 

clones vary substantially in their response to culture temperature (Figure 1c and Table 1). 

Although the same expression vector was transfected into the same CHO-K1 host cells, the 

variability of both absolute GFP expression and responses to culture condition was 

significant among the clones. These results demonstrate clonal variation in rCHO cell lines 

following random integration of a transgene.

Targeted sequencing identifies random integration sites of transgenes in the selected 
CHO-K1 GFP clones.

To elucidate the clonal variation of rCHO cell lines with an emphasis on different responses 

to hypothermia, we localized and sequenced the transgene integration sites in the CHO 

genome. To perform this sequencing, we employed targeted locus amplification (TLA)-

based sequencing of the transgenes22.

We looked at transgene expression to identify clones for TLA sequencing. Among 210 

analyzed clones, three CHO-K1 GFP clones were selected for analysis based on their 

different levels of response to hypothermia – strong positive response (HT3), moderate 

positive response (HT2), and no response (HT1) (Figure 2a). The absolute GFP expression 

levels of the three selected clones were comparable at 37°C, while the selection marker 
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NeoR gene was expressed five-fold higher in the HT1 clone than the HT2 and HT3 clones 

(Figure 2b). The fold change of GFP expression in selected clones at 33°C relative to 

expression at 37°C (hereafter referred to as the response level) indicates that the GFP 
response level was distinctly different from one-fold to three-fold among the selected clones, 

HT1 to HT3. (Figure 2c). The change in GFP production in response to hypothermia did not 

appear to be related to the absolute GFP expression level of the clones (Figure 2b,c). The 

production change for NeoR in the HT3 clone showed more than four-fold increase with the 

temperature shift, while expression in the HT1 and HT2 clones varied less than two-fold. 

Thus, the HT3 clone has a higher increase in transgene expression for GFP and NeoR, but 

the response of transgenes to hypothermia does not correlate with their absolute expression 

levels.

Targeted sequencing by proximity ligation uncovered specific integration sites of transgenes 

in the selected clones (Figure 2d, Supporting Figure S2). For this, two different positions on 

the GFP coding sequence were used as transgene specific sites (the anchor sequences) for 

amplification. Sequencing coverage profiles across the GFP expression vector showed that 

the complete vector sequence was covered by sequencing reads (Supporting Figure S3). 

Further analysis of the breakpoints between the plasmid sequence and the CHO-K1 genome 

sequence allowed us to identify integration site location and if the integration spanned 

different contigs. These results demonstrated that rCHO cell lines with different response 

levels of the transgene to hypothermia harbored their transgenes at different genomic sites.

Targeted integration of transgenes into three identified integration sites reduces clonal 
variation in response to hypothermia.

To determine whether the different responses of the rCHO clones to hypothermia were due 

to different transgene integration sites, rCHO cell lines expressing GFP were constructed by 

CRISPR/Cas9-mediated targeted integration23 of transgenes into the integration sites that we 

had identified. Cas9 cleavable sgRNA target sites were selected as close as possible to the 

identified genome-plasmid breakpoints, which determined the genomic sequences of 

homology arms flanking target GOI in the donor plasmid (Figure 3a). The target GOI 

included GFP and NeoR expression cassettes. They were identical in sequence and 

configuration to the original GFP expression vector except for remaining vector parts that 

included the gene expression cassette for plasmid replication in bacteria. In addition to the 

three identified genomic sites, one control locus, C1galt1c1 (COSMC), was included for the 

targeting experiment, resulting in a total of four different sites. Since no significant increase 

in COSMC mRNA expression was observed in CHO cells upon hypothermia, the COSMC 
locus was chosen as an endogenous ‘no response’ control site (Supporting Figure S4).

A 5’/3’ junction PCR was performed to evaluate correct integration of transgenes into HT1, 

HT2, and HT3 target sites. For the COSMC locus out-out PCR was applied, which spanned 

both genomic sites encompassing the whole integration unit (Supporting Figure S5). 

Because CHO cells only have one copy of the COSMC gene24, the targeting event can be 

detected directly through amplification of the targeted genomic region using the out-out 

PCR. The 5’/3’ junction PCR or out-out PCR positive-targeted integrants at four sites were 

cultivated under hypothermic conditions as used for the original CHO-K1 GFP clones, and 
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then, the GFP response was measured by comparing green fluorescence levels between 37 

and 33°C (Figure 3b). Surprisingly, the targeted integrants showed similarly increased GFP 

expression under hypothermia, regardless of the integration site used. They all showed 

enhanced GFP expression up to four- or five-fold under hypothermia. The GFP mRNA 

expression level at 37°C was comparable among targeted integrants, which was consistent 

with that in the original clones (Figure 3c). However, the variation in NeoR mRNA 

expression at 37°C was also within a narrow range of 0.6- to 1.2-fold, whereas an 

exceptionally high level expression of NeoR was observed in the original HT1 clone (Figure 

2b and Figure 3c). The GFP response level of mRNA confirmed the fluorescence-based 

measurement of the GFP response level, but at lower levels, two- to three-fold, which may 

be due to higher stability of GFP protein than that of GFP mRNA (Figure 3d). The more 

sensitive mRNA analysis indicates a distinct difference in the GFP response level depending 

on the integration sites (HT3 and HT1 sites: ~ two fold versus HT2 and COSMC sites: ~ 

three fold), with a similar tendency. The NeoR response levels in the targeted integrants 

were similar to those in the original clones, except for the HT3 clone. In contrast to the 

apparent high response of the transgene in the original HT3 clone, de novo targeting into the 

genomic site originating from HT3 clone could not induce such a high response.

The reduced clonal variation in the hypothermic responses suggests that the target locus has 

a limited impact on both transgene expression and its response to hypothermia. Thus, other 

factors may be involved in differential transgene expression patterns. Additionally, the 

positive response to hypothermia at the COSMC locus implies that the response of the 

independent exogenous transcription unit did not correlate with the natural response of the 

endogenous gene in an identical genomic context.

Random integration of transgenes induces rearrangements to the expression vector.

Since integration site location seemed not to contribute substantially to clonal variation, we 

investigated additional factors affecting clonal variation. We analyzed the integrated 

transgene sequences in the original clones to assess if structural changes may have occurred 

upon random integration. The expression vector contains the GFP and NeoR genes, bounded 

by the CMV promoter / SV40 polyadenylation signal and SV40 promoter / TK 

polyadenylation signal, respectively. The two expression cassettes were also juxtaposed with 

their transcription oriented tandemly (Figure 4a).

We analyzed the TLA sequencing data, by evaluating the genome-plasmid breakpoints. This 

analysis provided information on structural changes including deletions, relative orientation 

of the expression vector, and position in the transgene expression vector at which the 

breakpoints occurred (Figure 4b-d; left and right). We also looked at the fusion reads within 

the transgene that were extracted from the total reads. Sequence analysis of these transgene-

transgene breakpoints allowed for detection of transgene concatemerization and 

rearrangements of transgenes (i.e., where partial copies of the transgene were fused in 

different orientations: head to head, head to tail, and tail to tail organizations) (Figure 4b-d; 

middle). Several types of structural changes were seen, which included deletions in the 

coding region of target GFP and NeoR genes, different orientation of vector elements, and 

discontiguous arrangement of transcription units. In particular, the most evident observations 
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at both breakpoints in the entire clones were deletions in the CMV promoter (Figure 4b-d). 

Out of approximately 0.6 kb of the annotated CMV promoter region, 10-90% were deleted 

in the original clones. These data demonstrate that random integration of the transgene 

results in a complete loss of transgene integrity, generating unpredictable combinations of 

rearranged vector elements.

Transgene expression response to hypothermia is affected by promoter selection.

Transgene expression depends on both promoter and target locus25. To determine whether 

promoter choice applies to the response of transgene expression in hypothermia, the CMV 

promoter within the GFP expression cassette was replaced with an EF1α promoter, another 

widely used constitutive promoter for high level production of transgenes in rCHO cells. 

This was done in the clone in which GFP was integrated into the genomic site identified 

from the HT2 clone.

Simultaneous generation of two double-stranded breaks (DSBs) in the genomic region 

harboring the CMV promoter can cleave off the intervening segment in an HT2 site-targeted 

integrant while integrating an EF1α promoter by using a donor plasmid as a template 

(Figure 5a). Junction PCR analysis verified the successful targeting of the EF1α promoter 

by amplifying genome-EF1α promoter boundaries (Figure 5b). The EF1α promoter resulted 

in a 2.5-fold higher GFP expression level compared to the CMV promoter driven GFP 
expression at 37°C (Figure 5c). However, it eliminated the hypothermia-enhanced 

expression seen in the parental clone driven by the CMV promoter (Figure 5d). This result 

indicates no hypothermic response of transgene expression driven by EF1α promoter, 

despite its localization at the identical locus. The promoter exchange appeared to influence 

expression patterns of the independent NeoR transcription unit that is juxtaposed with GFP 
transcription unit. It resulted in a 50% increase in the absolute NeoR mRNA expression level 

and a 30% decrease in the NeoR response level compared to the patterns in the original HT2 

site-targeted integrant (Figure 5c,d). The replacement of the coding sequence of GFP by 

mCherry did not change the propensity for the positive response to hypothermia (Figure 

5e,f). The use of the CMV promoter led to positive responses regardless of transgene, but 

with different levels (GFP: 3.1 versus mCherry: 4.7; Figure 5g) when expressed at the 

identical locus, which supports the impact of promoter on transgene expression patterns.

Reproducible results were acquired in a different CHO host cell, CHO-S, at the HT2 site 

(Supporting Figure S6). CMV promoter-driven GFP expression showed a response level of 

five to six (Supporting Figure S6b,c), whereas EF1α promoter-driven mCherry expression 

did not respond to hypothermia (Supporting Figure S7). These data indicate that the choice 

of promoter played pivotal roles not only in expression of transgenes but also in their 

different responses to the culture condition.

Deletion of a promoter or its elements alters the transgene expression pattern.

We observed substantial structural changes in the promoter regions of the parental clones 

(Figure 4) and promoter dependence of transgene expression patterns (Figure 5 and 

Supporting Figure S6 and S7). To further examine the role of promoters in response to 

hypothermia, the CMV promoter was modified in the HT2 site-targeted integrant. Targeted 
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integration of an identical target GOI, but in the opposite orientation, into the HT2 site 

showed a minimal effect of orientation on the levels of both absolute GFP expression (1.4-

fold compared to HT2t clone in Figure 3) and response (0.9-fold compared to HT2t clone in 

Figure 3; Supporting Figure S8). Thus, the focus was shifted to certain parts of the CMV 

promoter that might be involved in the differing response levels. To dissect the CMV 

promoter, either an enhancer part or the entire CMV promoter was deleted from the HT2 

site-targeted integrant using CRISPR/Cas9-mediated generation of two DSBs (Figure 6a). 

Targeted clonal cells harboring deletion of the CMV promoter were isolated from a transient 

pool of cells` following junction PCR analysis and amplicon sequencing (Figure 6b,c). 

Concurrent DSBs led to formation of insertion/deletion mutations at two CRISPR/Cas9 

target sites, resulting in the excision of the CMV promoter (Figure 6c).

As expected, deletion of the whole CMV promoter reduced the absolute GFP expression 

level significantly by 85%, compared to the parental clone, while increasing the absolute 

NeoR expression level by 27% (Figure 6d). Interestingly, deletion of the whole CMV 

promoter caused a drop in GFP response level by 50% from three-fold to 1.5-fold, but the 

NeoR response level appeared unaffected (Figure 6e). Deletion of the CMV enhancer, on the 

other hand, showed enhanced expression levels of GFP and NeoR up to 1.5 to 1.6 at 37°C. 

These data suggest that a residual core part of the CMV promoter can not only support 

expression of target GOI, but also have positive effects on the expression of both its direct 

target and downstream independently regulated transcription unit (Figure 6d). With regard to 

the response level, a lack of the enhancer part in the CMV promoter resulted in reduction in 

the levels of both GFP and NeoR, but to a lesser extent than the effect of whole CMV 

promoter deletion on the GFP response level, by approximately 35% (Figure 6e). Co-

downregulation of GFP and NeoR expression by the deletion of CMV enhancer implies a 

possibility of interactions of upstream transcriptional regulators with downstream 

transcription machinery. The in situ deletion of promoter elements resulted in variegated 

expression of the GFP and NeoR genes at 37 and 33°C. Thus, structural rearrangement in 

the CMV promoter of parental clones contributes to the variable response to hypothermia.

Discussion

Over the last three decades, clonal variation has been one of the most puzzling aspects of 

rCHO cell line generation. Here, we aimed to understand the clonal variation in rCHO cells 

using a hypothermic condition as an example phenotype. Temperature, which is modulated 

easily in a cell culture process, is a key parameter that affects cell growth and recombinant 

protein productivity7. Mammalian cells, including rCHO cells, are cultivated at 37°C to 

simulate body temperature. Although lowering culture temperature below 37°C decreases 

the specific growth rate (μ), many studies reveal beneficial effects. These include slowing of 

metabolism such as glucose and glutamine consumption26, oxygen uptake, and ammonium 

production, thus maintaining high viability for a longer period27. Furthermore, resistance to 

shear stress and apoptosis is improved28. Lowering the culture temperature may also 

increase the specific productivity (qp) despite its heterogeneous effect on qp among different 

rCHO cell lines7. In many reports, the qp of rCHO cells was enhanced by lowering the 

culture temperature29-33. Other studies report that the qp of rCHO cells was not increased at 

low temperature7,34,35. Thus, the beneficial effect of lowering culture temperature on 
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recombinant protein production varies considerably across cell lines and target proteins. 

GFP expression under hypothermia showed distinct differences among CHO-K1 GFP clones 

in this study, which is line with previous observations (Figure 1).

The issue of clonal variation has been extensively discussed not only for process 

development, but also for upstream cell line development in CHO cell culture. In general, 

MTX-mediated gene amplification increases gene copy number, and results in 

overexpression of mRNA and increased mAb productivity36. However, gene amplification 

does not always induce high protein expression, and the transcription and translation rate 

exhibits extensive variation among clones37. Our sub-culture of recombinant CHO-K1 

clonal cells with the GFP gene inserted showed that the rate of proliferation and expression 

of GFP was variable even without gene amplification (Figure 1a). Although clonal variation 

is one of the most important aspects for recombinant therapeutic protein production, it has 

not been comprehensively investigated to date. Thus, better understanding of clonal variation 

concerning both transgene expression levels under normal and modified culture conditions 

may focus efforts toward screening the clones that are most suitable for subsequent 

processes.

This heterogeneity is generally attributed to the integration site of the foreign gene in the 

CHO chromosomes14,15,18. To test this hypothesis, the experiments described here were 

designed to directly assess specific transgene integration sites and their effects on clonal 

variation of transgene expression profiles, which was observed in parental rCHO cells. TLA 

sequencing revealed differences in the integration sites of the foreign GFP gene among 

clonally derived cell lines with different response levels of GFP to hypothermia (Figure 2d). 

However, the direct use of identified integration sites as transgene landing pads did not lead 

to analogous expression patterns (Figure 3). Rather, identification of several rearrangements, 

particularly in the CMV promoter regions in the integrated transgene of parental rCHO cells, 

suggested interrupted function of transgene regulatory elements as another feasible cause of 

clonal variation (Figure 4). The exchange of promoters from CMV to EF1α and deletions of 

CMV promoter elements resulted in a change in transgene expression patterns including 

absolute GFP expression and response to hypothermia (Figure 5 and 6). These observations 

support the aforementioned cause of clonal variation proposed in this study. The present 

study did not fully investigate the effect of other types of structural changes including 

deletions in the coding regions and polyadenylation signals, and did not rule out the 

possibility that vector sequences other than GFP and NeoR expression cassettes affect the 

expression patterns of the parental clones. Nevertheless, the results demonstrate the complex 

nature of clonal variation in rCHO cells that should encompass a concept of vector elements 

and their rearrangement upon random integration beyond the sole genomic integration sites.

The effect of target loci on transgene expression has been extensively addressed in studies of 

positional effects on either retroviral DNA integration38 or randomly integrated heterologous 

reporter genes39. Depending on genomic location, more than three to four orders of 

magnitude of variation are reported in HIV38 or reporter expression levels39. The previous 

high-throughput genome-wide studies provide sufficient data to determine the causal 

relationships between transgene expression and certain genomic context such as endogenous 

enhancers38,39 or lamina-associated domains39. Characterization of different transgene 
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expression cassettes targeted into the adeno-associated virus site 1 (AAVS1) and C-C 

chemokine receptor type 5 (CCR5) loci of human cells revealed a strong dependence of 

transgene expression on both the promoter and the target locus25.

In our model system, the three selected clones (HT1, HT2, and HT3) showed comparable 

GFP expression level at 37°C (Figure 2b). Targeted integration of the GFP cassette into 

identified target loci also resulted in similar GFP expression levels (Figure 3c). The 

expression profile of the hypothermic response, however, was not reproduced upon targeted 

integration (Figure 3b,d). Moreover, EF1α promoter-driven GFP expression exhibited 2.5-

fold higher GFP expression than the CMV cassette at 37°C, but no hypothermic response 

compared to 3.1-fold higher GFP expression by the CMV promoter under hypothermia 

(Figure 5d). This result emphasizes the large impact of the promoter on the response and 

also indicates that the increased GFP transcript abundance at a lower temperature was not 

simply derived from enhanced mRNA stability but rather from transcriptional regulation. 

The positive response to hypothermia at the endogenous ‘no response’ COSMC locus 

further supports a much stronger effect of an exogenous promoter in the expression cassette 

than genomic environment including an endogenous promoter at the target locus on the 

environmental response (Figure 3c). Recent studies found that genes involved in 

transcription regulation, including transcription factors, were upregulated under 

hypothermia40. Given the importance of transcription factors and their cognate binding sites 

within promoters as the other side of the coin of transcriptional regulation41, further analysis 

pertaining to global expression profiles of transcriptional factors and their interactions will 

help understand the distinct expression profiles driven by different promoters.

The GFP and NeoR expression cassettes were juxtaposed and tandemly arranged within the 

target GOI. Each transcription unit contained the regulatory elements required for 

independent transcription. According to the results of promoter exchange and deletion, 

NeoR expression patterns appeared to be affected by the upstream GFP transcription unit 

(Figure 5 and 6). This observation may be partly addressed by the term, transcriptional 

interference (TI), which refers to the direct impact of one transcriptional unit on the second 

unit linked in cis42,43. According to the potential mechanisms of TI, deletion of the CMV 

promoter may relieve competition for cis- or trans-acting factors or promoter occlusion42,43, 

leading to increased expression of downstream NeoR (Figure 6d). Given the general 

definition of TI as the suppressive influence of one transcriptional process, it may not 

explain the NeoR expression patterns shown in the promoter exchange and deletion of the 

CMV enhancer. For future studies, it would be interesting to explore how the 

aforementioned different transcriptional factor profiles and regulatory DNA interactions 

work together to couple the expression pattern of one gene by the promoter of another, 

which could provide practical implications for the architecture of transgene constructs.

Targeted integration of transgene cassettes has been shown to remodel the epigenetic 

features of the target loci, such as the removal of repressive chromatin marks around the 

integration site towards active transcription25. Hence, the exogenous promoter appears to act 

independently of endogenous transcriptional control or to perturb preexisting regulation of 

transcription, which may lead to desired outcomes. This apparent independence of 

exogenous cassettes from endogenous control suggests limitations of the predictive value of 
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regulatory element screening, which is typically based on transcriptome/epigenome data of 

endogenous genes for cell engineering purposes. Likewise, application of endogenous 

promoters in heterologous reporter constructs may not be able to fully mimic the activity of 

a sequence originally seen in its endogenous genomic context44. Assessment of gene 

regulatory crosstalk between exogenous cassettes and genomic environment at certain 

endogenous loci would further elucidate the clonal variation and improve the predictive 

power of element screening.

Vector fragmentation is well studied and known to occur at a significant level during 

transfection and random integration in traditional CHO cell line development45. Random 

rearrangement of the transfected vector makes it difficult to predict its effect on transgene 

expression and also complicates interpretation of mutual relationships between integration 

sites and exogenous regulatory elements. Targeted integration, mediated by the homology-

directed repair (HDR) pathway, on the other hand, could reduce complexity through the 

screening process that isolates clones with site-specific integration and intact transgene. This 

approach may provide a useful tool not only for the analysis of interactions between 

exogenous transcription units or between transcription unit and genomic context, but also for 

obtaining more predictable transgene expression levels between clones.

In conclusion, the present report provides insight into the long-standing and fundamental 

question of clonal variation in rCHO cell lines. It was found that clonal variation is not 

solely caused by genomic integration sites, but rather vector regulatory elements and their 

structural rearrangement appear to be stronger determinants of differential transgene 

expression. Further characterization of interactions between integration sites and vector 

regulatory elements together with controlled integration of transgenes could uncover 

underlying features of clonal variation more clearly, and could drive the tailored control of 

recombinant gene expression in rCHO cells while minimizing clonal variation.

Methods

Plasmids.

The GFP expression plasmid (pEGFP-C1, Clontech) was used to generate parental 

recombinant CHO-K1 cells expressing GFP. For CRISPR/Cas9-mediated targeted 

integration of the transgenes, CHO codon optimized Cas9 expression vectors23, target site-

specific sgRNA expression vectors, and target site-specific donor plasmids were used 

(summarized in Supporting Table S1). Target site-specific sgRNA and donor plasmids were 

constructed via a uracil-specific excision reagent (USER) cloning method, as described 

previously23. The CRISPR guide RNA selection tool, CRISPOR46, was applied for 

generating sgRNA target sequences (Supporting Table S2). To flank each sgRNA target 

sequence, 5’ and 3’ homology arm regions were selected, and the length of each arm was 

~750 bp. Since the target GOI, GFP, expressed green fluorescence, an mCherry expression 

cassette was placed outside the homology arms as an indicator of random integration. All 

constructs were verified with sequencing and purified using NucleoBond Xtra Midi EF 

(Macherey-Nagel, Düren, Germany) according to the manufacturer’s instructions.
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Cell lines and cell culture.

The CHO-K1 host cells (ATCC CCL-61) were maintained in Dulbecco’s modified Eagle’s 

medium (DMEM, Thermo Fisher Scientific) supplemented with 10% (v/v) fetal bovine 

serum (FBS, Gibco). Cells were cultivated as monolayer cultures in 25 cm2 T-flasks (Nunc) 

with a working volume of 5 mL. CHO-S cells (Thermo Fisher Scientific) were maintained in 

CD CHO medium supplemented with 8 mM L-Glutamine (Thermo Fisher Scientific) and 

cultivated as suspension cultures in 125 mL Erlenmeyer flasks (Sigma-Aldrich) with a 

working volume of 30 mL. All cells were incubated in a humidified 5% CO2 incubator at 

37°C without shaking (CHO-K1) or with 120 rpm shaking (CHO-S).

Recombinant cell line generation.

Parental recombinant CHO-K1 cells expressing GFP were made by transfecting pEGFP-C1 

into CHO-K1 host cells using Lipofectamine 2000 (Thermo Fisher Scientific) according to 

the manufacturer’s instructions. DMEM supplemented with 7% FBS and 550 μg/mL G418 

(Gibco) was used as a selection medium for CHO-K1-GFP cell line selection. After 

approximately 2 weeks of the drug selection process, a limiting dilution step was followed 

for single clone isolation. Targeted integrants expressing GFP at specific target sites were 

constructed by transfecting Cas9 and sgRNA expression vectors and donor plasmid at a ratio 

of 1:1:1 (w:w:w), followed by G418 selection process and clone generation. Lipofectamine 

2000 and FreeStyle™ MAX transfection reagent (Thermo Fisher Scientific) were used for 

CHO-K1 and CHO-S cells, respectively, following the standard protocol. Stable pools of 

cells were subjected to limiting dilution or single cell sorting using a BD FACSJazz cell 

sorter (BD Biosciences) for clonal generation, and GFP positive/mCherry negative clones 

were isolated for further analysis. In promoter/coding sequence replacement and deletion 

experiments, two sgRNA expression vectors and Cas9 expression vector with or without 

corresponding donor plasmid were transfected by the Nucleofector 2b device using the 

Amaxa Cell Line Nucleofector Kit V (Lonza, Switzerland) according to the manufacturer’s 

recommendations (program U-023). Clone generation was followed two or three days post 

transfection via limiting dilution or FACS.

Targeted locus amplification (TLA) based transgene and integration site sequencing.

The transgene integration sites were identified using Targeted Locus Amplification (TLA)22. 

Overview of the TLA analysis is described in Supporting Figure S2. Two independent 

primer pairs were designed for the transgenes for further validation and reliability of the 

break sites and/or occurrence of partial integrations. The primer sets, which are listed in 

Supporting Table S3, were used in individual TLA amplifications. PCR products were 

purified, and library preparation was done using the Illumina NexteraXT protocol. Libraries 

were subsequently sequenced using an Illumina Miseq sequencer. TLA sequencing data 

were analyzed using a custom pipeline. We leveraged BWA-MEM for read mapping47, thus 

allowing partial mapping for the optimal identification of break-spanning reads. SAMtools48 

was also used for manipulating and post-processing alignments. Briefly, TLA reads were 

mapped to the genome assembly for the Chinese hamster using default parameters. Contigs 

in which integrations occur were identified. TLA reads were also mapped to the transgene 

plasmids to identify reads that spanned the genome and integrated plasmid. To identify the 
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precise breakpoints in the genome and the transgenes, the break spanning fusion reads, 

which had been mapped to both the genome and the transgene, were extracted and remapped 

to the hamster genome. Hard clipped alignments representing break sites were called using 

the findPeaks program from HOMER tools49. All breakpoints were visualized by IGV for 

further validation. Although paired-end sequencing was performed, the paired-end data were 

treated as single-end in the mapping, since the TLA protocol leads to large amounts of 

shuffling of the sequence.

Fluorescence level analyses.

Exponentially growing cells were plated into 96 well tissue culture plates (Nunc) at a 

concentration of 1.0 × 105 cells/mL with a working volume of 200 μL to measure 

fluorescence intensity of CHO-K1 GFP cell lines. The cells were incubated for 3 days in a 

humidified 5% CO2 incubator at two different temperatures, 37 or 33°C. After 3 days of 

cultivation, the medium was replaced with PBS (200 μL/well) because the growth medium 

(DMEM) exhibited a strong auto-fluorescence. The fluorescence intensity of GFP was 

measured at an excitation wavelength of 483 nm and an emission wavelength of 535 nm 

using multiwell plate reader (Infinite 200 PRO Tecan™, TECAN, Switzerland). To measure 

viable cell concentration, cells were stained by PrestoBlue® Cell Viability Reagent (Thermo 

Fisher Scientific) according to the manufacturer’s protocol, and cell concentration was 

determined by measuring the resulting fluorescent signal using Infinite 200 PRO Tecan™. 

For CHO-K1 and CHO-S based targeted integrants expressing GFP or mCherry, Celigo 

Imaging Cell Cytometer (Nexcelom Bioscience) was used to measure fluorescence applying 

the mask + target1 application as described previously23. The mask represented individual 

cells that were stained with blue fluorescent NucBlue™ Live ReadyProbes™ Reagent 

(Thermo Fisher Scientific), and the target1 represented the green or red fluorescence 

channel.

Genomic DNA extraction and PCR amplification of target regions.

Genomic DNA was extracted from the cell pellets using QuickExtract™ DNA extraction 

solution (Epicentre, Illumina) according to the manufacturer’s instructions. Junction PCR 

and out-out PCR used 1-2 μL of genomic DNA mixture. PCR was carried out using 2x 

Phusion Master Mix (Thermo Fisher Scientific) by touchdown PCR following cycling 

instructions: 98°C for 30 s; 10x: 98°C for 10 s, 68-58°C (−1°C/cycle) for 30 s, 72°C for 30 s 

– 1 min 30 s depending on amplicon size; 30x: 98°C for 10 s, 58°C for 30 s, 72°C for 30 s – 

1 min 30 s depending on amplicon size; 72°C for 10 min. DreamTaq DNA polymerase 

(Thermo Fisher Scientific) based PCR conditions23 were used for COSMC-targeting clones. 

PCR primers are listed in Supporting Table S3.

Quantitative real time PCR (qRT-PCR).

qRT-PCR was carried out on genomic DNA and RNA samples to determine relative copy 

number and relative RNA expression levels of transgenes, respectively. Genomic DNA was 

extracted from approximately 5.0 × 106 cells using GeneJET Genomic DNA Purification Kit 

(Thermo Fisher Scientific). RNA was extracted from a minimum of 1.0 × 106 cells using 

TRIzol™ Reagent (Thermo Fisher Scientific), followed by DNase treatment to remove 

contaminating DNA (TURBO DNA-free™ DNase Treatment and Removal Reagents, 
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Thermo Fisher Scientific). cDNAs were synthesized from 1 μg of total RNAs using Maxima 

First Strand cDNA Synthesis Kit for RT-qPCR (Thermo Fisher Scientific). The qRT-PCR 

was performed in an Mx3005P qPCR System (Agilent Technologies) using Brilliant III 

Ultra-Fast SYBR® Green QPCR Master Mix (Agilent Technologies) as described 

previously23. Target regions were amplified using primers listed in Supporting Table S3 that 

were validated by melting curve analysis and agarose gel electrophoresis. Fold changes were 

calculated using the ∆∆CT method. Vinculin was used as normalizer for genomic DNA 

quantification23 and β-actin (ACTB) was used for RNA quantification since the expression 

of β-actin RNA/protein was considered constant and was not affected by temperature in 

CHO cells50.

Statistical analysis.

No statistical methods were used to predetermine sample size. The investigators were not 

blinded to allocation during experiments and outcome assessment. An unpaired two-tailed t-
test, one-way analysis of variance followed by the Tukey/Bonferroni post-hoc test, or Welch 

test followed by the Games-Howell post-hoc test were performed to determine significance 

for comparisons of mRNA and protein expression levels. P values were calculated with 

SPSS (Statistical Package for the Social Sciences, IBM Corporation), and P < 0.05 was 

considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Clonal variation in transgene expression levels in traditional cell line development.
CHO-K1 GFP clones were constructed by the typical process of recombinant cell line 

development including the introduction of the GFP expression vector into CHO-K1 host 

cell, followed by clone selection and screening. Quantification of specific GFP expression 

levels of CHO-K1 GFP clones at (a) normal culture temperature, 37°C or (b) lowered 

culture temperature, 33°C. The specific GFP expression levels were calculated by dividing 

total GFP intensity by total cell number, and normalized to the lowest value at 37°C. (c) Fold 

change of the specific GFP expression levels of CHO-K1 GFP clones (33 versus 37°C). A 

dotted line indicates an average value of fold change. Cellular GFP contents of 210 isolated 

clonal cells were measured after 3-day cultivation period. The error bars represent the 

standard deviations calculated from data obtained in triplicate experiments.
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Figure 2. Identification of transgene integration sites of representative clones with positive 
response in hypothermic cultivation.
(a) Overview of three clones showing different responses to hypothermia from a strong 

positive response clone (HT3) to a no response clone (HT1). (b) Relative RNA expression 

levels of GFP and NeoR transgenes in selected clones at 37°C compared to the HT3 clone. 

The data were analyzed by one-way analysis of variance followed by the Tukey post-hoc test 

for significance, ***P < 0.001 (c) Fold change in transgene RNA expression in selected 

clones at 33°C relative to expression at 37°C. Results are shown as the average values ± 

standard error (SE) in three and four independent cultivation experiments in b and c, 

respectively. The data were analyzed by the Welch test followed by the Games-Howell post-

hoc test for significance, *P < 0.05, **P < 0.01 (d) TLA-based transgene integration site 

sequencing in selected clones. Remapping of the breakpoints spanning fusion reads from 

TLA data identified the precise breakpoints between the transgene and the genome. All 

breakpoints that were visualized by IGV were represented. Position indicates genomic 

position on the dedicated scaffold (bp).
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Figure 3. De novo integration of transgenes into identified integration sites.
(a) Representation of genomic regions across targeting sites including HT3 to HT1 sites, and 

one control site, C1galt1c1 (COSMC) where no significant increase in RNA was observed 

under hypothermia. Neighboring genes (green bar) and their direction of transcription 

(arrow) are shown. Red arrow heads indicate sgRNA target sites where GFP and NeoR 

expression cassettes in donor plasmids are inserted through HDR-mediated repair upon 

generation of DSBs. Arrows indicate primer positions for PCR analysis to identify targeted 

integration. (b) Hypothermic cultivation of targeting clones. Targeting clones were denoted 

by a superscript t. The fold change in GFP expression levels (Relative fluorescence unit, 

RFU) is shown. Mean RFU values were used to calculate the fold change. Center lines show 

the medians; box limits indicate the 25th and 75th percentiles as determined by R software; 

whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles, outliers 

are represented by dots; crosses represent sample means; data points are plotted as open 

circles. Data points are from three independent cultivation experiments of 10, 3, 8, and 5 

targeting clones at the HT3, HT2, HT1, and C1galt1c1 sites, respectively. The data were 

analyzed by the Welch test followed by the Games-Howell post-hoc test for significance, *P 
< 0.05. (c) The relative RNA expression levels of GFP and NeoR transgenes in targeting 

clones at 37°C compared to those in a targeting clone at the HT3 site. (d) Fold change in 

transgene RNA expression in targeting clones at 33°C relative to expression at 37°C. In c 

and d, results are shown as the average values ± SE from four targeting clones at the HT3, 

HT2, and C1galt1c1 sites and five targeting clones at the HT1 site. In c and d, the data were 

analyzed by one-way analysis of variance followed by the Bonferroni post-hoc test for 

significance, *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4. Random integration induces structural rearrangements in transgene sequences.
(a) Representation of the reference plasmid map. Schematic representation of breakpoints 

(left and right sides) and rearranged vector elements in the parental (b) HT3, (c) HT2, and 

(d) HT1 clones.
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Figure 5. Effect of the promoter on transgene expression.
(a) Schematic representation of a targeting approach to replace the CMV promoter with an 

EF1α promoter in the targeted integrant at the HT2 site (HT2t). Red arrow heads indicate 

sgRNA target sites where the EF1α promoter in a donor plasmid are inserted while cleaving 

off the intervening CMV promoter segment upon generation of DSBs. Homologous regions 

are depicted as dotted lines. Arrows indicate primer positions for junction PCR analysis. (b) 
Validation of promoter targeting clones by junction PCR. Agarose gel results of junction 

PCR on stable cell pools and representative targeting positive clonal cells are shown. 

Promoter replacement events were detected only in the presence of Cas9, sgRNA pair and 

donor plasmids. (c) Relative RNA expression levels of GFP and NeoR transgenes in EF1α 
driven clones at 37°C compared to the expression level of the parental HT2 site-targeted 

integrant. (d) Fold change in transgene RNA expression in EF1α driven clones at 33°C 

relative to expression at 37°C. Relative RNA expression values observed in the parental 

clone are plotted as reference. *P < 0.05, ***P < 0.001 by 2-tailed, unpaired t-test. (e) 
Schematic representation of a targeting approach to replace GFP with the mCherry coding 

sequence in the targeted integrant at the HT2 site (HT2t), as described in (a). (f) Validation 

of the coding region targeting clones by junction PCR method, as described in b. (g) Fold 

change in transgene RNA expression in CMV-mCherry clones at 33°C relative to expression 

at 37°C. In c, d, and g, results are shown as the average values ± SE from two targeting 

clones in two independent cultivation experiments.
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Figure 6. Dissection of the CMV promoter.
(a) Schematic representation of CMV promoter dissection in the targeted integrant at the 

HT2 site (HT2t). Three sgRNA target sites cleaved by Cas9 are shown (red triangles), which 

results in excision of a whole part of the CMV promoter by targeting site 1 and 3 or an 

enhancer part by targeting sites 1 and 2. Arrows indicate primer positions for PCR analysis. 

(b) Genomic deletions detected in stable cell pools and representative deletion positive 

clonal cells. Arrow heads indicate deletion-specific PCR amplicons shown on stable cell 

pools together with wild type amplicons. (c) Validation of deletion clones by amplicon 

sequencing. Deletion-specific PCR amplicons of selected deletion clones were exposed to 

Sanger sequencing. Representation of reference plasmid map magnifying the CMV 

promoter region are shown above DNA sequences. Target site PAM sequences are shown in 

red, and sgRNA-matching sequences are shown in bold type. (d) Relative RNA expression 

levels of GFP and NeoR transgenes in promoter deletion clones at 37°C compared to the 

expression level of the parental HT2 site-targeted integrant. (e) Fold change in transgene 

RNA expression in promoter deletion clones at 33°C relative to expression at 37°C. In d and 

e, results are shown as the average values ± SE from five targeting clones. Relative RNA 

expression values observed in the parental clone were plotted as reference. **P < 0.01, ***P 
< 0.001 by 2-tailed, unpaired t-test; NS, not significant.
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Table 1.

Characteristics of CHO-K1 GFP clones under different environmental culture conditions.

Control (37°C) Hypothermia (33°C)

Specific GFP expression level variation
(Arbitrary unit) 1.2 – 431.3 2.1 – 2,272.0

Average of specific GFP expression levels* 32.5 ± 10.0 118.2 ± 58.1

Fold change variation - 0.4 - 16.5

Average of fold change* - 3.6 ± 0.9

Clone number 210 210

*
Pooled average values ± pooled standard deviation (SDpooled) are shown.
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