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Chapter 1

General introduction



1.1. Chinese hamster ovary (CHO) cells as host cells producing biopharmaceuticals

The demand for protein-based biopharmaceuticals such as monoclonal antibodies

(mAbs) is growing. The market for biopharmaceutical products reached $140 billion in

total cumulative sales in 2013 (Walsh 2014). These biopharmaceuticals are produced by

the cultivation of recombinant cells. Escherichia coli, Saccharomyces cerevisiae (yeast),

and mammalian cells are commonly used as host cells for industrial protein production.

Among these host cells, Chinese hamster ovary (CHO) cell lines are particularly widely

used for the production of protein-based biopharmaceuticals. As of 2014,

biopharmaceuticals produced by CHO cells made up a 35% share of all approved

biopharmaceuticals (Walsh 2014).

CHO cell lines have several advantages as host cells. First, they can achieve

post-translation modification that is appropriate for biopharmaceuticals because they are

derived from Chinese hamster, a higher eukaryote. Consequently, they can produce

recombinant proteins with the correct glycoforms for compatibility with humans (Koo

et al. 2009; Li and Stern 2005; Ono et al. 2003). Many protein-based

biopharmaceuticals require specific modifications that can only be performed in higher

eukaryotic cells (Maksimenko et al. 2015). Second, CHO cells have already been

demonstrated to be relatively safe as host cells for clinical use, potentially making it



easier to obtain approval from regulatory agencies. Third, CHO cells can be easily

adapted to serum-free suspension culture, which is suitable for large-scale cultivation

for biopharmaceutical manufacturing (Omasa et al. 2010). Moreover, as approval for the

production of many protein-based biopharmaceuticals using CHO cells has been

granted, CHO cell production systems have steadily improved (Reinhart et al. 2015).

Now, chemically defined (CD) medium is typically demanded for producing

biopharmaceuticals using recombinant host cells. In the case of production using CHO

cell lines as host cells, various CD media have been developed for the production of

high levels of protein-based biopharmaceuticals.



1.2. Previous study on basic biology of CHO cells

Systems for the production of biopharmaceuticals using CHO cells are now well

developed, but the basic biological background of CHO cells has not been investigated.

Human and mouse genomic sequences were analyzed in the early 2000s (International

Human Genome Sequencing Consortium 2004; Mouse Genome Sequencing

Consortium, 2002), but the first draft CHO genomic sequence was only reported in

2011 (Xu et al. 2011). Moreover, this CHO genomic sequence does not refer to CHO

chromosomes; in contrast, human and mouse genomic sequences were analyzed with

their chromosomal information such as genomic sequence and relationship between

genomic sequence and chromosomal location. The reason for this is that CHO cells

exhibit aneuploidy in chromosome number and instability of chromosomal structure

(Omasa et al. 2010; Cao et al. 2012a). In the manufacturing of recombinant proteins

using host cells, the transfection and effective screening for highly productive cells are

essential steps. In the case of using CHO cell lines as host cells, this screening is

dependent on the knowhow and techniques of researchers. Genome targeting techniques

such as the use of zinc finger nuclease, TALEN, and CRISPR/Cas9 (Lombardo et al.

2007; Kim et al. 2013; Qi et al. 2013) have been developed and refined; these

techniques require a specific genome sequence as a targeted site. Consequently, it is



important to be able to refer to the particular chromosomal location when defining

genomic sequences.



1.3. Our previous study involving construction of CHO DR-1000L-4N cell line and

bacterial artificial chromosome (BAC) library

The workflow of our previous study is shown in Figure 1.3.1.

Constructionof CHO DR1000L-4N cell line by
DHFR geneamplification system
Yoshikawa etal., 20004, 2000b

It revealed thatamplified genes are located in specific chromosome
and stable in the chromosome.
Yoshikawa etal., 2000a, 2000b

¥y
Construction of genomic BAC library
by CHO 1000L-4H cell line
Omasaetal., 2009

It revealed thatampliconis consisted in structure of inverted repeat (IR).
Omasaetal., 2009

k4
We constructed genomic identified markers from 13 BAC clones in CHO DG44
cellline that is used by fluorescence insitu hybridization (FISH).
Omasaetal., 2009

v *
Constructionof genomic physical map Analysis of effectthat IR structureis
in CHO DG44 cell line contributed to protein production
Caoetal., 2012 Park et al., 2009

Homology search between CHO DG44 cell and mouse genome
In this study, Chapter 2

Figure 1.3.1 Workflow of our previous study

We investigated an effective procedure to construct cell lines that produce high levels of
recombinant protein under a dihydrofolate reductase (DHFR) gene amplification system
(Yoshikawa et al. 2000; Park et al. 2010). Our results revealed the construction of the
CHO DR-1000L-4N cell line, which stably produced recombinant protein at a high
level. We thus investigated the chromosomal location of the gene-amplified region and

the relationship between the copy numbers of recombinant protein and DHFR gene on



the one hand and the specific production rate of recombinant protein on the other.

However, the construction of a cell line that stably produces recombinant protein is

extremely time-consuming and expensive. Consequently, in 2006, a bacterial artificial

chromosome (BAC) library from CHO DR-1000L-4N cell line chromosomes was

constructed to determine the genomic sequence at the gene-amplified location (Omasa

et al. 2009). BAC libraries have been used for the analysis of human and mouse

genomic sequences (International Human Genome Sequencing Consortium 2004;

Mouse Genome Sequencing Consortium 2002), it was only procedure for determined

genomic sequences in those days. Using this BAC library, we revealed that the

amplified region consisted of an inverted repeat (Omasa et al. 2009). In human genome

analysis, the development of a clone-based physical map was indispensable for the

Human Genome Project because of the presence of numerous repeat sequences in the

genome (McPherson et al. 2001). The DNA sequencing information of the CHO

genome should be coupled with physical chromosomal locations because of the

instability of the chromosomal structure of CHO cells. These locations should be

obtained from BAC physical maps that can be derived from the sequence of BAC

library clones and their comparison with the genomic sequences of Chinese hamster,

various Chinese hamster-derived CHO cell lines, and other related species. Based on the
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CHO genomic BAC library, we constructed a chromosomal physical map of the CHO
DG44 cell line using 303 BAC clones and investigated the chromosomal
rearrangements between the two most widely used CHO cell lines, CHO K1 and CHO
DG44 (Cao et al. 2012a). It was revealed that the two longest chromosomes did not

feature significant rearrangements among CHO cells.
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1.4. Overview of the present study

In this study, my colleagues and | determined the BAC end sequences (BESs) of 303

clones, which were used as BAC probes for the construction of a chromosomal physical

map in the CHO DG44 cell line. Chapter 2 describes a comparison between these BESs

and mouse genomic sequences. It has been reported that Chinese hamster cDNAs have

high homology to mouse cDNAs (WIlaschin et al. 2005; Melville et al. 2011). However,

cDNA analyses of Chinese hamster have not revealed whether its genome has high

homology to the mouse genome. Using BAC-FISH and BESs, | confirmed that the

genomic sequences of CHO DG44 cells have regions that are highly homologous to the

Mouse genome.

Chapter 3 describes a comparison between these BESs and genomic sequences of the

CHO K1 cell line (Xu et al. 2011). Many CHO cell lines are used for host cells.

However, the karyotype and the genomic sequences differ among CHO cell lines. It is

thus difficult to couple the DNA sequencing information of the CHO genome with

physical chromosomal locations. Against this background, this thesis describes a

comparison of these BESs and CHO K1 cell line genomic sequences. The genomic

comparison between CHO DG44 and CHO K1 cell lines can clarify the differences of

karyotypes and genomic structures in CHO cells. In the final chapter of this thesis,

12



Chapter 4, a discussion of the implications of the obtained results and future research

aspects is presented.
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Chapter 2

Genome sequence comparison between
Chinese hamster ovary (CHO) DG44 cells and mouse
using end sequences of CHO BAC clones

based on BAC-FISH
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2.1. Introduction

The basic biology of model mammalian organisms as represented by human and

mouse has been well researched. The complete genomic sequences of human and mouse

were also determined in the early 2000s. Moreover, these genomic sequences were

almost all referenced to their chromosomes by constructed their physical maps. (Collins

et al. 2004; Waterston et al. 2002). Chinese hamster ovary (CHO) cells play an

important role as hosts for the commercial-scale production of protein-based

pharmaceuticals (Greber and Fussenegger 2007; Hacker et al. 2009; Omasa et al. 2010).

Two subclones of CHO cells, CHO K1 (Kao and Puck 1968) and CHO DG44 (Urlaub

and Chasin 1980), are the most widely used for both scientific research and industrial

applications (Wurm 2004; Griffin et al. 2007).

Recently, following the development of next-generation sequencing (NGS) techniques

and their impact on genome research, whole-genome sequencing has become more

economical and faster. Several groups have reported NGS analyses of the genomic

sequences of Chinese hamster and/or CHO cells (Xu et al. 2011; Lewis et al. 2013;

Kaas et al. 2015; Feichtinger et al. 2016; Vishwanathan et al. 2016). However, the

genome of Chinese hamster includes various repeat sequences that are distributed on the

same or different chromosomes (Ono and Sonta 2001). In human genome analysis, a

15



clone-based physical map was indispensable for the Human Genome Project because of

the presence of numerous repeat sequences in the genome (McPherson et al. 2001). In

view of this, the DNA sequencing information of the CHO genome should be coupled

with physical chromosomal locations because of the instability of its chromosomal

structure. These locations should be obtained from BAC physical maps that can be

derived from BAC libraries and compared with the genomic sequences of Chinese

hamster, various CHO cell lines, and other related species.

Previously, my colleagues and | constructed a genomic BAC library from the CHO

DR1000L-4N cell genome, which provided 5-fold coverage of this genome (Omasa et

al. 2009). This cell line can be used for the high and stable production of recombinant

proteins using a dihydrofolate reductase (DHFR) gene amplification system (Yoshikawa

et al. 2000a, 2000b). The above-mentioned BAC library consisted of 122,281 clones,

based on which my colleagues and | constructed a chromosomal physical map of the

CHO DG44 cell line using 303 BAC clones and investigated the chromosomal

rearrangements between the two most widely used CHO cell lines, CHO K1 and CHO

DG44 (Cao et al. 2012a). It was revealed that the two longest chromosomes did not

feature significant rearrangements among CHO cells.

In the work described in this chapter, | determined the BAC end sequences (BESS) of

16



303 clones, which were used as BAC probes to construct a chromosomal physical map

in the CHO DG44 cell line. Moreover, | compared these BESs and mouse genomic

sequences.
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2.2. Materials and methods

2.2.1. Cell lines and media

The CHO DG44 (dhfr?) (Urlaub and Chasin 1980) cell line, provided by Dr. L.A.

Chasin of Columbia University, was used in this study. It was maintained in Iscove’s

modified DMEM (IMDM) (Sigma-Aldrich, St. Louis, MO) with 10% dialyzed fetal

bovine serum (FBS) (SAFC Biosciences, Lenexa, KS), 13.6 mg/L hypoxanthine

(Yamasa, Choshi, Japan), and 2.42 mg/L thymidine (Yamasa). This cell line was

cultivated at 37 °C in a humidified atmosphere containing 5% CO..

2.2.2. Extraction of bacterial artificial chromosome (BAC) clones

my colleagues and | previously constructed a genomic BAC library from the CHO

DR1000L-4N cell genome, which provided 5-fold coverage of this genome (Omasa et

al. 2009). BAC clones were cultured in 10 mL of Luria—Bertani (LB) medium

containing chloramphenicol (12.5 pg/mL) at 37 °C for 14-16 h, and harvested by

centrifugation (7500% g, 5 min at room temperature). BAC DNA was purified from E.

coli using the JETstar 2.0 Plasmid Purification mini kit (Genomed GmbH, Lo6hne,

Germany), in accordance with the manufacturer’s protocol. The extracted BAC DNA

18



was purified by isopropanol precipitation and dissolved in 40 pL of sterilized ultrapure

water. The DNA concentration was estimated by measuring the UV absorption at 260

nm. The final DNA concentration was adjusted in the range from 0.1 to 0.2 pg/pL.

2.2.3. Fluorescence in situ hybridization

Chromosome preparation and fluorescence in situ hybridization (FISH) were

performed as described previously (Cao et al. 2012b; Omasa et al. 2009; Yoshikawa et

al. 2000a; Yoshikawa et al. 2000b). The protocol of two-color BAC-FISH is

summarized in Fig. 2.2.1.
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procedure of fluorescence in situ hybridization using BAC

DNA as a probe (BAC-FISH, figure from Omasa et al. 2009; Cao et al. 2012b).

Probes derived from BAC DNA were finally detected using fluorescein isothiocyanate

(FITC)-labeled streptavidin and/or anti-digoxigenin (DIG)-rhodamine antibody. One

microgram of BAC DNA was labeled by incubation using biotin or DIG-Nick

translation mix (Roche Diagnostics, Basel, Switzerland) at 15 °C for 8 h following the

manufacturer’s protocol.

Metaphase chromosome spreads were prepared from exponential-phase cultures using

standard techniques. CHO cells were treated with 10 pg/mL colcemid solution for 4.5 h.
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After harvesting the metaphase cells, these cells were suspended in 40 mL of hypotonic
solution (0.75 M potassium chloride solution). Approximately 20 pL drops of the cell
suspension were placed on a slide and dried with a metaphase spreader (Hanabi, Adstec,
Funabashi, Japan).

For hybridization, the probe DNA should be heat-denatured to single-stranded DNA.
Ethanol-precipitated probe DNA was incubated for 10 min at 80 °C in a water bath.
After incubation, the denatured probe DNA was incubated for more than 5 min on ice.
Metaphase chromosome spreads on a slide glass were dried in an air incubator for 3 h at
37 °C. A denaturation solution (5 mL of 20x SSC, 10 mL of ultrapure water, and 35 mL
of deionized formamide) was prepared and incubated in a tray at 70 °C in a water bath.
The slide with spread metaphase chromosomes was incubated in the tray for 90 s and
denatured. After incubation, the slide was subjected to dehydration. Denatured probe
DNA on a 22 x 22 mm square microscope cover glass (Matsunami Glass Ind., Ltd.) was
mounted on a slide glass with the spread metaphase chromosomes. Both slide and cover
glasses were sealed with rubber cement. These glasses were incubated at 37 °C
overnight in a moist chamber humidified with 2x SSC.

After incubation, the slide glass was washed with washing solution | (deionized

formamide: 2x SSC: ultrapure water = 5:4:1) at 43 °C for 5 min three times. Then, the

21



slide was washed with washing solution 11 (0.8x SSC) at 60 °C for 5 min three times.

After washing, 150 pL of blocking solution [3% (w/v) Block Ace™ (DS Pharma

Biomedical, Suita, Japan), 0.1% (v/v) Tween 20 in 4x SSC] was mounted on the 24 x

50 mm cover glass. The cover glass was mounted on the slide glass, which was then

incubated for 1 h at 37 °C in a moist chamber with 2x SSC. After incubation, 150 uL of

detection solution [4x SSC solution containing 1% (w/v) Block Ace™, 0.1% (v/v)

Tween 20, 0.375 pL of 1 mg/L fluorescein-labeled avidin (Fluorescein Avidin DN;

Vector Laboratories, Inc., Burlingame, CA, USA), and 0.375 pL of 1 mg/L

anti-DIG-rhodamine Fab fragment (Roche Diagnostics)] was mounted on the slide glass.

The slide glass was again incubated for 40 min at 37 °C in a moist chamber with 2x

SSC. Finally, the slide glass was washed with washing solution 111 [0.1% (v/v) Tween

20 with 4x SSC] at 43 °C for 5 min four times.

The washed slide glass was transferred into a tray with DAPI solution [25 pL of stock

solution (DAPI 400 pg/mL, Sigma-Aldrich, stored at 4 °C in the dark) was diluted with

50 mL of 2x SSC] and incubated for 5 min at room temperature. The slide was then

washed with 2-fold-diluted washing solution Il for 5 min at room temperature,

followed by air-drying in the dark. Finally, 40 pL of antifade solution, which prevents

fluorescence degradation, was mounted on the slide glass, followed by its sealing with a
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cover glass. The antifade solution was composed of 0.233 g of 1,4-diazabicyclo[2.2.2]

octane (Sigma-Aldrich), 0.2 mL of 1 M Tris—HCI solution, 0.8 mL of ultrapure water,

and 9 mL of glycerol.

The prepared FISH slide was observed under an Axioskop 2 fluorescence microscope

(Carl Zeiss, Jena, Germany) with an oil immersion objective lens (Plan-Apochromat

w0.8 63 x 0il Ph3) and fluorescence filter sets for DAPI (excitation filter G365, dichroic

mirror FT395, barrier filter BP445/50), FITC (excitation filter BP485/20, dichroic

mirror FT510, barrier filter BP515-565), and rhodamine (excitation filter BP545/25,

dichroic mirror FT570, barrier filter BP625/53). Photographs were taken with an

AxioCam MRm CCD camera (Carl Zeiss, basic resolution: 1388 x 1040 = 1.4

megapixels). Image processing was performed using Adobe Photoshop CS3. Imagel

software (http://rsbweb.nih.gov/ij/) was used to analyze the chromosomal loci of the

BAC clone probes and the positions of the centromeres on the chromosomes, which

were expressed as FLpter values (relative distance from the short-arm telomere to the

signal fractional length p-terminal; Lichter et al., 1990).
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2.2.4. Determination of BAC end sequences (BESSs)

The end sequencing of BAC DNA was performed with the forward sequencing primer
5'-CGCCAGGGTTTTCCCAGTCACGAC-3" and the reverse sequencing primer
5'-CAGGAAACAGCTATGACC-3' using the ABI PRISM BigDye Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems Inc., Foster City, CA). After the PCR

reaction, the substrate DNA was purified by ethanol precipitation.

2.2.5. Searching for highly homologous sequences between BAC end sequences and

mouse genomic sequences using BLAST

A sequence homology search with the mouse genome (Mus musculus strain C57BL/6J,
GRCm38.p2, March 2013) was performed using the BLAST algorithm
(http://blast.ncbi.nlm.nih.gov/), setting the threshold for a significant value (e-value) as
<1072, The threshold is typically set to <1071° for homology searches with genomic
sequences. However, | set the threshold to <1072 in this study because the determined
BES lengths are short (less than 1,100 bp) and it was expected that regions with greater
homology to mouse genomic sequences would be obtained by setting a low threshold.

In the case of the threshold to <10, the number of homologous BESs decreased from
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465 BESs to 457 BESs. And, in the case of the threshold to <10, the number of

homologous BESs decreased from 465 BESs to 425 BESs.
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2.3 Results and discussion

2.3.1. Determination of BAC end sequences (BESs) and their analysis

It has been reported that Chinese hamster cDNAs have high homology to mouse
cDNAs ( Melville et al. 2011; WIlaschin et al. 2005). However, cDNA analyses of
Chinese hamster have not revealed whether its genome has high homology to the
genome of mouse. Using BAC-FISH and BESs, my colleagues and I confirmed that the
genomic sequences of CHO DG44 cells have regions that are highly homologous to the
mouse genome. For Chinese hamster and the Chinese hamster-derived CHO cell line,
less information on the genome sequence is available than for human and mouse. Thus,
my colleagues and | constructed a chromosome physical map in the CHO DG44 cell
line by BAC-FISH (Cao et al. 2012a). This physical map is based on the chromosomal
locations of 303 BAC clones containing genomic fragments of CHO cells. | determined
the BESs of BAC clones that were used for physical map construction in the CHO
DG44 cell line. | attempted to determine all BESs of the 303 BAC clones (606 BESS)
by end sequencing; | succeeded in this for 558 BESs. Consequently, both BESs of 266

BAC clones were determined (Table 2.3.1).
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Table 2.3.1 Results of determined BAC end sequences

Number of BAC clones

Determined both end sequences 266
Determined only forward end sequence 0

Determined only reverse end sequence 26
Determined neither end sequence 11
Total 303

The average length of the determined sequences was 532 bp and the minimum and

maximum sequence lengths were 175 and 1,100 bp, respectively. However, both BESs

of 11 BAC clones could not be determined. Among these 11 clones, 6 are located in

chromosomes A and B, which are the pair of longest chromosomes of the CHO DG44

cell line (Omasa et al. 2009; Cao et al. 2012a). | also analyzed whether BESs have high

homology with the mouse genomic sequence. The results showed that 465 BESs exhibit

high homology with the mouse genome (Fig. 2.3.1). It appeared that the lengths of the

determined sequences did not affect this high homology. A previous study on

comparative genomic hybridization (CGH) between Chinese hamster and mouse

showed that the entirety of each chromosome was not conserved between the two

species (Yang et al. 2000).
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2.3.2. Determination of highly homologous sequences between CHO DG44 cells

and mouse

In view of the findings described above, | compared the locations of BESs between the
CHO DG44 cell line and mouse chromosomes using BLAST (Fig. 2.3.2). Figure 2.3.2
shows the proportion of regions highly homologous (e-value of less than 107?) to the
mouse genome in each CHO DG44 chromosome (A to T). The results show that each
chromosome in the CHO DG44 cell line exhibits high homology to various mouse
chromosomes. Yang et al. (2000) also reported similar results from a comparative

chromosome map between Chinese hamster and mouse.
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2.3.3. Analysis of relationship between CHO DG44 cells and mouse genomic

sequences

| have determined the loci of BESs in the chromosomes of the CHO DG44 cell line by
BAC-FISH (Cao et al. 2012a). Although the chromosomal structures of Chinese
hamster and mouse are not the same, | investigated the relationship of BESs between
positions in the CHO DG44 chromosome and sequences in mouse chromosomes. The
results showed that 23 specific regions in 13 chromosomes of the CHO DG44 cell line

had similarities to specific mouse chromosomes (r?> 0.850).

Chromosome A and B

Eighty-three BAC clones are located in chromosome A and B, and about 83% of these
BESs have homology to mouse genomic sequences (Fig. 2.3.2). In particular, three
regions in chromosomes A and B were found to be correlated to mouse chromosomes 3
and 8 (Fig. 2.3.3a and 2.3.3b). Several BESs are not located in these specific regions;
however, the results showed a tendency for the sequences of these two regions to be
conserved in the mouse genome. Sixteen BESs showed high homology to mouse
chromosome 14. Among these, 15 BESs are located in a specific narrow region of

chromosomes A and B (FLpter value: 0.04-0.22, Fig. 2.3.3c). However, the correlation
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coefficient between BESs and the mouse genome was quite low (r>=0.208) here and no
significant correlation was identified in this narrow region. Consequently, this region of
chromosomes A and B was not found not to be conserved compared with the mouse
genomic sequence. These results suggest that some genomic modifications such as
translocation have occurred in the homologous regions of mouse chromosome 14 and/or
CHO chromosomes A and B.

According to the report of Yang et al. (2000), Chinese hamster chromosome 1 shows
high homology to mouse chromosome 3, 8, and 14. Besides, short sections of Chinese
hamster chromosome 1 show homology to other mouse chromosomes. The results of
Yang et al. correspond (2000) to this analysis. Consequently, chromosome A and B are

considered to correspond to Chinese hamster chromosome 1.
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Chromosomes C and D

As shown in Fig. 2.3.4, homologous BESs were located symmetrically in

chromosomes C and D. Even considering the error in determining BAC-FISH positions

in chromosomes in the CHO DG44 cell line, specific regions in chromosomes C and D

have high similarities to mouse chromosomes 1, 4, 10, and 15. My colleagues and |

previously estimated that chromosome D is chromosome C but with a partial deletion,

based on BAC-FISH results (Cao et al. 2012a). This BES analysis also confirmed that

chromosome D is a mutated form of chromosome C, from which part of the long arm

has been deleted.

According to the report of Yang et al. (2000), Chinese hamster chromosome 2 shows

high homology to mouse chromosome 1, 4, 10, and 15. The results of Yang et al. (2000)

correspond to the findings of the homology analysis here. Consequently, chromosome C

and D are considered to correspond to Chinese hamster chromosome 2, and a large

deletion might have occurred in chromosome D to create chromosome C.
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Fig. 2.3.4 Relationship between the chromosomes of the CHO DG44 cell line and
mouse chromosome sequences based on BESs. The horizontal axis reflects the
chromosomal position in each CHO DG44 cell chromosome (the mean of the FLpter
value; Lichter et al. 1990), while the vertical axis represents the position on the mouse
chromosome [bp] in all graphs. In these graphs, S is the slope of the fitted curve and r?
is the correlation coefficient. Gray closed circles indicate the positions excluded from
the fitted curve in all graphs. a) Relationship between chromosome C and D and MMUL1.
b) Relationship between chromosome C and D and MMUA4. c) Relationship between
chromosome C and D and MMU10. d) Relationship between chromosome C and D and
MMU15. Black closed circles indicate the positions of chromosome C; white closed
circles indicate the positions of chromosome D.
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Chromosome F

There are two correlations between chromosome F and the mouse genomic sequence.

The region of the long arm (FLpter value: 0.55-0.95, Fig. 2.3.5a) shows high homology

to mouse chromosome 9 (MMU9), while the region of the short arm in chromosome F

(FLpter value: 0.05-0.22, Fig. 2.3.5b) shows high homology to mouse chromosome 16.

The correlation between chromosome F and mouse chromosome 9 is located in a large

part of the long arm of chromosome F. This indicates that this area is conserved

between Chinese hamster and mouse genomic sequences.

According to a the report of Yang et al. (2000), Chinese hamster chromosome 5 has

high homology to mouse chromosome 9 and mouse chromosome 16. The results

reported here are the same as those reported by Yang et al. (2000). This indicates that

chromosome F originated from Chinese hamster chromosome 5.
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Fig. 2.3.5 Relationship between the chromosomes of the CHO DG44 cell line and
mouse chromosome sequences based on BESs. The horizontal axis reflects the
chromosomal position in each CHO DG44 cell chromosome (the mean of the FLpter
value; Lichter et al. 1990), while the vertical axis represents the position on the mouse
chromosome [bp] in all graphs. In these graphs, S is the slope of the fitted curve and r?
is the correlation coefficient. Gray closed circles indicate the positions excluded from
the fitted curve in all graphs. a) Relationship between chromosome F and MMU9. b)
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b)
1.20x108

1.00x108
0.80x108
0.60x108
0.40x108

0.20x108

0
0.00 020 040 060 080 1.00
Chromosome F

Relationship between chromosome F and MMU16.

37

MMU16




Chromosome G

In chromosome G, there are three correlations of mouse genomic sequences. The

region from 0.61 to 0.80 has high homology to mouse chromosome 7 (Fig. 2.3.6a), the

region from 0.25 to 0.33 has high homology to mouse chromosome 8 (Fig. 2.3.6b), and

the region from 0.80 to 0.93 has high homology to mouse chromosome 19 (Fig. 2.3.6c¢).

According to the report by Yang et al. (2000), Chinese hamster chromosome 3 has

high homology to mouse chromosome 7, 8, and 19. This suggests that chromosome G

corresponds to Chinese hamster chromosome 3.
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Fig. 2.3.6 Relationship between the chromosomes of the CHO DG44 cell line and
mouse chromosome sequences based on BESs. The horizontal axis reflects the
chromosomal position in each CHO DG44 cell chromosome (the mean of the FLpter
value; Lichter et al. 1990), while the vertical axis represents the position on the mouse
chromosome [bp] in all graphs. In these graphs, S is the slope of the fitted curve and r?
is the correlation coefficient. Gray closed circles indicate the positions excluded from
the fitted curve in all graphs. a) Relationship between chromosome G and MMU?7. b)
Relationship between chromosome G and MMUS8. c¢) Relationship between
chromosome G and MMU19.
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Chromosome H and J

Chromosomes H and J showed homology to mouse chromosome 2 in large parts of
each of their long arms (Fig. 2.3.7). This is unique to chromosome H and J of the CHO
DGA44 cell line because other regions homologous to the mouse genome are short. It was
reported that large parts of Chinese hamster chromosome 6 and rat (Rattus norvegicus)
chromosome 3 show high homology to mouse chromosome 2 (Yang et al. 2000).
Consequently, these regions in chromosomes H and J might be conserved among rodent
species. However, it is known that multiple chromosomal modifications are prone to
occur in chromosomes of the CHO cell line. Moreover, large parts of chromosomes H
and J in the CHO DG44 cell line in BAC-FISH and BES sequences show high
homology to mouse chromosome 2. Thus, these regions might be conserved among
several CHO cells, such as the CHO K1 cell line.

According to the report by Yang et al. (2000), a large part of CGR6 has high
homology to mouse chromosome 2. These findings suggest that chromosome H and J

correspond to Chinese hamster chromosome 6.
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Fig. 2.3.7 Relationship between the chromosomes of the CHO DG44 cell line and
mouse chromosome sequences based on BESs. The horizontal axis reflects the
chromosomal position in each CHO DG44 cell chromosome (the mean of the FLpter
value; Lichter et al. 1990), while the vertical axis represents the position on the mouse
chromosome [bp] in all graphs. In these graphs, S is the slope of the fitted curve and r?
is the correlation coefficient. Gray closed circles indicate the positions excluded from
the fitted curve in all graphs. a) Relationship between chromosome H and MMU?2. b)
Relationship between chromosome J and MMU2. There are two correlated regions
among chromosome H, J and MMU2: one of them is narrow (FLpter value: 0.43-0.48)
and the other is wide (FLpter value: 0.58-0.97). White closed circles indicate the
narrow region and black closed circles indicate the wide one.
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Chromosome K

In chromosome K, there are two correlations of mouse genomic sequences. The region

from 0.06 to 0.16 has high homology to mouse chromosome 6 (Fig. 2.3.8a) and the

region from 0.50 to 0.74 has high homology to mouse chromosome 7 (Fig. 2.3.8b).

According to the report of Yang et al. (2000), the entirety of Chinese hamster

chromosome 8 has high homology to mouse chromosome 6 and doesn’t have homology

to mouse chromosome 7. The result obtained here thus corresponds to the work of Yang

et al. (2000), but chromosome K has correlation to mouse chromosome 7. These results

indicate that chromosome K corresponds to Chinese hamster chromosome 6, but

chromosomal modification such as insertion from Chinese hamster chromosome 8

might have occurred in chromosome K.
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Fig. 2.3.8 Relationship between the chromosomes of the CHO DG44 cell line and
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Chromosome L and N

Chromosomes L and N showed homology to mouse chromosome 1 in large parts of

each of their long arms (Fig. 2.3.9). This is unique to these two chromosomes of the

CHO DG44 cell line because other regions homologous to the mouse genome are short.

It was also reported that large parts of Chinese hamster chromosome 5 and rat (Rattus

norvegicus) chromosome 13 show high homology to mouse chromosome 1 (Yang et al.

2000). Consequently, these regions in chromosomes L and N might be conserved

among rodent species. CHO DG44 cell line chromosomes are not conserved 22

chromosomes, they are mainly 20 chromosomes (Omasa et al. 2009), and it is

considered that many chromosomal modifications such as translocations have occurred

in them. The above findings indicate that chromosome L and N may be paired

chromosomes in Chinese hamster.
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Fig. 2.3.9 Relationship between the chromosomes of the CHO DG44 cell line and
mouse chromosome sequences based on BESs. The horizontal axis reflects the
chromosomal position in each CHO DG44 cell chromosome (the mean of the FLpter
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Chromosome M

In a large part of chromosome M, there is high homology to mouse chromosome 9

(Fig. 2.3.10), which is the same result as obtained for chromosome F (Fig. 2.3.5a).

However, chromosome M does not have high homology to mouse chromosome 16,

which does not correspond to the result for chromosome F. Consequently, chromosome

M might be based on chromosome F but underwent a large deletion and/or

translocation.
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Fig. 2.3.10 Relationship between the chromosomes of the CHO DG44 cell line and
mouse chromosome sequences based on BESs. The horizontal axis reflects the
chromosomal position in each CHO DG44 cell chromosome (the mean of the FLpter
value; Lichter et al. 1990), while the vertical axis represents the position on the mouse
chromosome [bp] in all graphs. In these graphs, S is the slope of the fitted curve and r?
is the correlation coefficient. Gray closed circles indicate the positions excluded from
the fitted curve in all graphs. a) Relationship between chromosome M and MMUS9.
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Chromosome R

In chromosome R, there is a correlation to the mouse genomic sequence. The region

from 0.11 to 0.77 has high homology to mouse chromosome 6 (Fig. 2.3.11), which is

the same as the result for chromosome K (Fig. 2.3.8a), but chromosome R does not have

homology to mouse chromosome 7.

According to the report of Yang et al. (2000), the entirety of Chinese hamster

chromosome 8 has high homology to mouse chromosome 6, which is the same as the

result obtained by Yang et al. (2000). These results indicate that chromosome K

corresponds to chromosome F, but that a chromosomal modification such as an

insertion from chromosome F might have occurred in chromosome R.
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Fig. 2.3.11 Relationship between the chromosomes of the CHO DG44 cell line and
mouse chromosomal sequences based on BESs. The horizontal axis reflects the
chromosomal position in each CHO DG44 cell chromosome (the mean of the FLpter
value; Lichter et al. 1990), while the vertical axis represents the position on the mouse
chromosome [bp] in all graphs. In these graphs, S is the slope of the fitted curve and r?
is the correlation coefficient.. a) Relationship between chromosome R and MMUSG.
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Sex chromosome

It was reported that the X chromosome, a sex chromosome, is conserved to a large
extent among Chinese hamster, mouse, and rat, as determined by CGH analysis (Yang
et al. 2000). Most BESs that have homology to the X chromosome in mouse are located
in chromosomes E and P (Fig. 2.3.12), but no structural similarity among them was
identified by BES analysis. This indicates that the genetic composition as revealed by
CGH analysis is similar among rodent X chromosomes, but the locations of genetic

sequences in the chromosome revealed by BESs are quite different.
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Fig. 2.3.12 Relationship between mouse X chromosome (MMUX) and CHO DG44 cell
line chromosome a) E and b) P. The horizontal axis reflects the chromosomal position
in each CHO DG44 cell chromosome (the mean of the FLpter value; Lichter et al. 1990),
while the vertical axis represents the position on the mouse chromosome [bp] in all
graphs. In these graphs, S is the slope of the fitted curve and r? is the correlation
coefficient. Gray closed circles indicate the positions excluded from the fitted curve in
all graphs.
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2.4. Summary

The results presented here indicate that the CHO DG44 chromosomes exhibit high

homology to mouse chromosomes. The results also enable estimation of which

chromosomes in mouse correspond to CHO DG44 chromosomes. These findings were

not revealed by hybridization analysis, such as CGH and SKY, because the exact

relationship between sequences and chromosomal locations could not be revealed using

hybridization analysis. To overcome this problem, BAC-FISH with BES analysis can be

used, which involves the combination of BAC-based hybridization and sequence data; it

is a useful technique to link sequences and chromosomal locations. Moreover, using

BAC-FISH with BES analysis, it is possible to perform comparisons between

chromosomal locations in several cell lines. Recently, the genomic sequences of

Chinese hamster and its cell lines were revealed by next-generation sequencing (NGS;

Xu et al. 2011; Vishwanathan et al. 2016), and the genomic scaffolds constructed using

the NGS results were compared with mouse genomic sequences and chromosomal

locations. However, their scaffolds could not be linked to chromosomal locations in

Chinese hamster or Chinese hamster-derived cell lines. The genomic sequences

determined by NGS should thus be combined with the chromosomal information

revealed by BAC-FISH and BES data. Recently, Lewis et al. (2013) analyzed the CHO
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genome sequence and compared the sequence scaffolds based on our previous

BAC-FISH data (Lewis et al. 2013). Genomic sequences are essential information for

understanding cells and useful for genome engineering technologies, such as genomic

editing. It is expected that BAC-FISH and BES data can contribute to the development

of scientific research on CHO cells and the construction of cell lines for producing

protein-based pharmaceuticals.
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Chapter 3

Determination of rearrangements

between CHO DG44 cells and CHO K1 cells
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3.1. Introduction

Recently, following the development of next-generation sequencing (NGS) techniques

and their impact on genomic research, whole-genome sequencing has become more

economical and faster. Several groups have reported NGS analyses of the genomic

sequences of Chinese hamster and/or CHO cells ((Xu et al. 2011; Lewis et al. 2013;

Kaas et al. 2015; Feichtinger et al. 2016; Vishwanathan et al. 2016). According to the

results of Xu et al. (2011), the estimated size of the CHO K1 genome is about 2.45 Gb

and it was predicted to contain 24,383 genes.

However, the genome of Chinese hamster includes various repeat sequences that are

distributed on the same or different chromosomes (Ono and Sonta 2001). In analysis of

the human genome, a clone-based physical map was indispensable for the Human

Genome Project because of the presence of numerous repeat sequences in the genome

(McPherson et al. 2001). The DNA sequencing information of the CHO genome should

thus be coupled with physical chromosomal locations because of the instability of the

chromosomal structure. These locations should be obtained from BAC physical maps

that can be derived from bacterial artificial chromosome (BAC) libraries and compared

with the genomic sequences of Chinese hamster, various CHO cell lines, and other

related species.
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In the work described in this chapter, I determined the BAC end sequences (BESS) of

303 clones, which were used as BAC probes for a chromosomal physical map in the

CHO DG44 cell line. Moreover, | compared these BESs and CHO K1 cell genomic

sequences (Xu et al. 2011).
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3.2. Materials and methods

The procedures regarding the extraction of BAC DNA and BAC end sequences are

described in chapters 2.2.2 and 2.2.4.

3.2.1. Searching for highly homologous sequences between BAC end sequences and

genomic sequences of CHO K1 cells using BLAST

A sequence homology search with the CHO K1 cell genomic sequences [Cricetulus
griseus assembly CriGri_1.0 scaffolds (reference assembly in build 1.1), July 2011] was
performed using the BLAST algorithm (http://blast.ncbi.nlm.nih.gov/), setting the

threshold for significance (e-value) as <102°,
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3.3. Results and discussion

3.3.1. Analysis of BAC end sequences

| determined the BESs of BAC clones that were used for physical map construction in

the CHO DG44 cell line in the work described in chapter 2.3.1. Specifically, | attempted

to determine all BESs of the 303 BAC clones (606 BESs) by end sequencing (Table

2.3.1). Then, | also analyzed whether BESs have high homology with the CHO K1

genomic sequence (Fig. 3.3.1). In general, all BESs show homology to the CHO K1

genome because these two cell lines have been derived from Chinese hamster. However,

13 BESs do not exhibit homology to CHO K1 genomic sequences (referred to here as

“not homologous BESs”). Thus, I determined the differences between homologous and

not homologous BESs based on their sequences. First, | evaluated the average sequence

lengths: the average homologous sequence length was 533 bp, but the average not

homologous sequence length was 479 bp. The significance of this difference was

evaluated by t-test.
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determined to BESs.
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But the difference was not significant. Thus, | analyzed some features of not

homologous BES sequences. This revealed that nine BESs have low GC content (Table

3.3.1). Generally, genomic modifications such as single-nucleotide polymorphisms

(SNPs) do not readily occur in sequences with high GC content. It is known that the

A-T bond are weaker hydrogen bond than the G-C band. So, the region in low GC

content is tend to occur chromosome modification. Consequently, it was estimated that

some modifications occurred in these sequences. Two other BESs have some repeat

sequences of at least 10 bp. In general, short repeat sequences are very difficult to

characterize using a sequence analyzer. For example, the reverse sequence of BAC

clone Cg0180E19 contains a (TTAGGG), sequence (Cao et al. 2012a), which is a

typical repeat sequence in human and Chinese hamster telomeres (Moyzis et al. 1988;

Slijepcevic and Hande 1999; Bolzan and Bianchi 2006). It was thus considered that this

sequence is potentially useful for establishing genomic information on Chinese hamster.

The remaining two BESs, the reverse sequence of Cg0160D05 and the forward

sequence of Cg0160L12, did not show significant features. It appears that these

sequences are modified versions of sequences derived from the Chinese hamster

genome.
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Table 3.3.1 List of BESs not homologous to CHO K1 genomic sequences

BAC Direction of DDBJ Insertion size Length of GC contents

number end sequence number [kb] end sequence [bp] (%)
Cg0160D05 Reverse DE989456 140 493 53.2
Cg0160F01 Forward DE989336 135 515 36.5
Cg0160F07 Forward DE989505 160 323 38.3
Cg0160L12 Forward DE989585 110 517 47.4
Cg0180A19 Forward DE990260 115 223 47.7
Cg0180B10 Reverse DE989985 115 296 42.9
Cg0180D06 Forward DE989864 140 654 38.4
Cg0180E19 Reverse DE990269 35 257 49.5
Cg0180F03 Reverse DE989776 115 651 39.1
Cg0180G09 Reverse DE989963 90 714 41.6
Cg0180119 Forward DE990276 125 491 35.0
Cg0180KO06 Forward DE989878 125 580 36.1
Cg0180L20 Forward DE990313 105 517 38.4

| determined the distribution of homologous BESs in each CHO DG44 chromosome

(Fig 3.3.2). Each chromosome has BESs that do not show homology to the CHO K1

genome or has end sequences that were not characterized.
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Fig. 3.3.2 Distribution of number of homologous sequences between CHO DG44
chromosome and CHO K1 genomic sequence. CHO DG44 chromosomes are arranged
in order from A to T based on chromosome length, as reported previously (Omasa et al.
2009; Cao et al. 2012a). Black: number of BESs homologous to CHO K1 genomic
sequences. White: number of BESs not homologous to CHO K1 genomic sequences.
Gray: number of not determined BESs.
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3.3.2. Analysis of BAC end sequences

The CHO genome is easily modified in previous studies (Omasa et al. 2009; Cao et al.

2012a). | determined the single-nucleotide polymorphisms and insertions/deletions

(indels) between BESs and CHO K1 genomic sequences. Mismatches and gaps between

BES and CHO K1 genomic sequences were identified (Table 3.3.2). SNPs constitute

approximately 0.60% of the entire determined sequence length and indels

approximately 0.17%. It can thus be estimated from the CHO genome size that the

amounts of SNPs and indels are approximately 15 and 4.1 Mbp in the entire CHO CG44

genome, respectively.

Table 3.3.2 Total SNPs and indels between BESs and CHO K1 genomic sequences
SNPs (n) SNPs (%) indels (n) indels (%)
1,525 0.598% 422 0.166%
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3.4. Summary

The work described in this chapter does not clarify the relationship between the CHO

DG44 and K1 genomes, but it does provide important information linking the genomic

sequence to the chromosomes. The findings also show that the sequences homologous

to CHO K1 genomic sequences contain many SNPs and indels. These results indicate

that our BES and BAC-FISH data are useful for showing the correspondence between

sequence data and chromosomal locations.
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Chapter 4

Conclusions
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Recently, following the development of next-generation sequencing (NGS) techniques

and their impact on genome research, whole-genome sequencing has become more

economical and faster. Several groups have reported NGS analyses of the genomic

sequences of Chinese hamster and/or CHO cells (Xu et al. 2011; Lewis et al. 2013;

Kaas et al. 2015; Feichtinger et al. 2016; Vishwanathan et al. 2016). According to the

results of Xu et al. (2011), the estimated size of the CHO K1 genome is about 2.45 Gb

and it was predicted to contain 24,383 genes. Nowadays, it is possible to obtain

substantial data from NGS analysis, but it is difficult to use such data in Chinese

hamster without basic biological information such as a physical map. Thus, a BAC

library and a physical map for CHO cells were constructed to obtain basic information

on the biology of these cells; several important findings were made using these BAC

library data (Omasa et al. 2009; Park et al. 2010; Cao et al. 2012a; Cao et al. 2012b;

Takagi et al. 2017). For example, it was discovered that the sequence of DHFR gene

amplification site consists of an inverted repeat structure (Omasa et al. 2009), which is

effective for the construction of “cell lines producing high levels of recombinant protein

(Park et al. 2010). In addition, this sequence was shown to contain a motif that was

estimated to be an insulator (Takagi et al. 2017). The physical map of CHO DG44 cells

revealed that these cells mainly have 20 chromosomes, the modification of which has
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frequently occurred (Omasa et al. 2009; Cao et al. 2012a). However, the longest pair of

chromosomes (named chromosomes A and B) were shown to be conserved in various

CHO cell lines (Cao et al. 2012a). In this study, | also determined the relationship

between BESs derived from CHO DGA44 cells and the mouse genome, and found that

some regions in CHO DG44 chromosomes show high homology to mouse

chromosomes.

Human and mouse genomic sequences have been linked to their positions on the

chromosomes, and this information is widely available and used in many fields of

research, including genome editing (Kim et al. 2013). It is possible that genome editing

techniques can also contribute to improved knowledge of the basic biology in Chinese

hamster. To enable this, the Chinese hamster or Chinese hamster-derived genomic

sequences determined by NGS should be combined with chromosomal information

revealed by BAC-FISH and BES data. Recently, Lewis et al. (2013) analyzed the CHO

genome sequence and compared the sequence scaffolds based on our previously

reported BAC-FISH data (Lewis et al. 2013). Moreover, very recently, third-generation

PAC-BIO NGS analysis was reported (Rupp et al. 2018). Using these PAC-BIO data, it

may be possible to precisely compare the Chinese hamster genome and the CHO DG44

genome or genome sequences of other cell lines. Genomic sequences are essential
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information for understanding cells and useful for genome engineering technologies,
such as genomic editing. It is expected that BAC-FISH and BES data can contribute to
the progression of scientific research on CHO cells and the construction of cell lines for

producing protein-based pharmaceuticals.
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