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expressed on the developing [38] and adult [39] cerebellar granule cells. Furthermore, contrary to the
neurotoxic effects of glutamate, NMDA receptors were found to promote the survival of cultured
Purkinje [40] and granule cells [41,42]. However, double-KO mice with disrupted Nr24 and Nr2C genes
(encoding two major NMDA receptor subunits in the adult mice cerebellum) demonstrate a mild
impairment in motor coordination, but they do not exhibit an ataxic phenotype [43]. This observation
suggests that NMDA receptors and GRID2 functions may not be directly linked [44].

Thus, in the present study, pharmaco-behavioral approaches failed to identify Grid2 as a candidate
for the cause of the observed phenotypes. Unexpectedly, our efforts resulted in the observation of new
phenotypes in our Grid2 deficient mice, which appeared as enhanced memantine susceptibility, which
was likely mediated by dysfunctional NMDA receptors [1,2,45]. OKR measurements in Grid2/ake/Hiake
mice revealed impaired basal cerebellar functions in eye movement, which was also mimicked by
memantine treatment. Dizziness has been reported as a major adverse effect of memantine treatment in
humans [6,46]. The cerebellar flocculus is thought to be responsible for the early stage formation of
OKR adaptation and its memory [47,48].

The Grid2 gene is located in a hot spot of genomic deletions [31], and a number of mutant lines with
defects in this gene have been identified. In addition to naturally occurring mutants, targeted disruption
and knock-in mutations of Grid2 have been reported [30,49,50]. In contrast to these loss-of-function
mutations, Grid2"¢ (Lurcher) [51] was identified as a spontaneous dominant mutation characterized by
cerebellar ataxia and atrophy of Purkinje and granule cells [30]. Physiological studies of Grid2“’* mice
have shown that the Grid2" mutation produces constitutive inward Ca**/Na* currents that induce cell
death [52].

The importance of the genetic background on Grid2"“* mice phenotypes was also reported [47,53].
In congenic Grid2:" mice, almost 99.99% of those on a C57BL/6 genetic background lost Purkinje
cells, whereas no Purkinje cell loss was observed in Grid2'" mice on a 93% C57BL/6 genetic
background, indicating that phenotypes in Grid2:“" mice are highly dependent on their genetic
backgrounds. Interestingly, abnormal eye-movement and impaired motor-coordination were only
observed in 93% of C57BL/6 background-Grid2-“* mice possessing Purkinje cells, but not in 99.99%
of C57BL/6 background-Grid2*** mice without Purkinje cells [47], suggesting that gain of GRID2
signaling is also a cause of motor deficits in the presence of Purkinje cells. In contrast to Grid2"“* mice,
we noticed during gene mapping that memantine-induced balance impairment was observed in
Grid2Heke/fiake mice irrespective of their genetic backgrounds (mixed B6 and C3 backgrounds). This is
also the case for random eye movements commonly observed in different Grid2-deleted mice with
different genetic backgrounds, Grid2-KO in C57BL/6 and Grid2"/>/137 on a C3HJ background [17],
suggested that memantine-induced balance impairment may occur in other Grid2 deficient mice
irrespective of their genetic backgrounds.

How does the Grid2"#¢ deletion enhance the actions of memantine? GRID2 regulates long-term
depression (LTD) at synapses between immature parallel fibers and Purkinje cells by inducing AMPA
receptor endocytosis [34,35]. D-Serine is an endogenous ligand for GRID2 and one of the factors that
induce LTD [9]. Developing mice that express GRID2 with a disrupted D-serine binding site show
impaired motor coordination and learning, suggesting the importance of LTD for motor regulation. On
the other hand, NMDA receptor activation requires the removal of Mg?" block, which occurs when the
membrane potential increases through activation of non-NMDA receptors including AMPA receptors [4].
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Cooperative signal-transmission from cerebellar mossy fiber-granule cells to Purkinje cells mediated by
NMDA and AMPA receptors has been shown in both Mg?* block dependent and independent manners [54].
We observed that co-treatment with memantine and AMPA impaired gait and OKR in wild type mice,
suggesting that dysregulation of AMPA receptor function in Grid2 deficient mice may cause the enhanced
memantine susceptibility. This may be implicated in the decreased number of memantine-sensitive
NMDA -responsible granule cells in Grid2!eke/Hiake mice.

Whilst mapping the gene responsible for the ataxic phenotype, we observed new phenotypes in Grid2
deficient mice, which were latent balance defects, and OKR impairments. These deficits were also
mimicked by memantine with AMPA in the impaired WT mice. Because, recently, the wide distributions
of Grid2 mRNA and GRID2 protein were reported in the adult rodent brain [55], the phenotypes in
Grid2Htake/tiake mice could be ascribed to not only attenuated NMDA receptor responsiveness in a subset
of granule cells but also other cellular mechanisms.

When granule cells are collectively activated in vivo, glutamate spilt over from parallel fiber-Purkinje
cell synapses stimulate adjacent interneurons (volume transmission), which in turn exert inhibition of
Purkinje cells [44,56—58] crucial for normal motor coordination [59]. The GRID2 mutation may reduce
NMDA receptor-mediated excitation of granule cells, and this might decrease the volume transmission
and Purkinje cell inhibition via interneurons. Moreover, cerebellar interneurons (basket, stellate, and
Golgi cells) also express functional NMDA receptors at their presynaptic membrane [44,56-58] and
these receptors could be affected by the change of GRID2 signaling. Taken as a whole, the present study
using a naturally occurring Grid2 deleted mouse line may lead to a better understanding of NMDA,
AMPA, and GRID2 receptors. Further studies are required to elucidate the precise mechanisms underlying
GRID2 signaling.

4. Experimental Section
4.1. Animals

C57BL/6J (B6) and C3H/HeN (C3) from SLC Japan (Shizuoka, JAPAN) were used for the
maintenance of the Grid2#take/Hiake mouse line and for IVF for microsatellite analyses, respectively. IVF
was performed following a standard method [60] using human tubal fluid medium (Ark Resource,
Kumamoto, Japan). The Grid2 mutant mice, Grid2/'ake/Hiake (formal name is Grid2"*-"**/Nibio), were
supplied by the JCRB Laboratory Animal Resource Bank at the National Institute of Biomedical
Innovation. The experimental mouse protocols were approved by the Ethics Committee at the National
Institute of Biomedical Innovation (assigned No. DS-23-35), and by the University of Toyama’s
Committee on Animal Experiments (assigned No. A2012eng-8) for animal welfare. For microarray
analyses, cerebella were dissected after anesthesia of mice with isoflurane (WAKO Pure Chemicals,
Osaka, JAPAN). The animals were maintained under standard light (08:00-20:00) and temperature
conditions (23 °C, 50% humidity).

4.2. Reagents
Microsatellite markers were used to identify the chromosomal region responsible for the ataxic

phenotype, (D6Mit86, 1.18 cM; D6Mit351, 22.94 cM; D6Mit384, 27.38 cM; D6Mit243, 32.2 cM 7,
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D6MIt29, 37.75 ¢cM; D6Mitl02. 42.11 cM; D6Mit149, 48.93 cM; D6Mit200, 89.28 ¢cM). To map the
end points of the Grid2 deletion, we used following primers: mGrid2 intron 2H F 5-GCT ACT TTG
GTA CAA GTG GAC A and mGrid?2 intron 2H R 5'-GAC AAG TTG CTC TCT GTA TCT; mGrid?2
Intron 2I F 5'-CAT GCT CAC ATC AAA ATA CAT CAA and mGrid2 Intron 21 R 5'-TGT AAT TGA
GGAA AAT ACA TAA T. Other primers used in Figure 3D were prepared with reference to [31].
To identify the Grid2 deletion in Grid2"e/fiake mice, we used the following primers for PCR
amplification: mGrid2 Intron 2HIF 5'-TGG ATC CTT CTA CGT GCA AC, mGrid2 Intron 8YF2
5'-GGA CCA CAC TGA GGT TCG AAA GA, and mGrid2 Intron 8YR 5'-ATC TCT TGG CAT GCA
TTA GAC. The mutant allele of Grid2@¢ produces a PCR band corresponding to a product of
approximately 600 bp, and that for the WT allele is approximately 400 bp.

GRID?2 antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies
for NMDARI and tubulin were obtained from Cell Signaling Technology (Boston, MA, USA).
Memantine, AMPA, DNQX, MK-801, nitrazepam, donepezil, and ondansetron were purchased from
WAKO Pure Chemicals; ifenprodil, Ro25-6981, DL-AP7, felbamate, and loperamide were obtained
from Sigma-Aldrich (St. Louis, MO, USA).

4.3. mRNA Analyses

Total RNA was prepared from the cerebellar hemispheres of 12-week-old mice (male and female)
using the EZ1-RNA purification kit (Qiagen, Venlo Park, The Netherlands). For microarray analyses,
GeneChip Mouse Genome 430A (Affymetrix, Santa Clara, CA, USA) was used, and differences in
transcript levels were calculated with Partek (Partek Inc., St. Louis, MO, USA). The original data files
(CEL-files) were deposited in the Gene Expression Omnibus (GEO) repository and assigned
the GEO accession numbers: GSM1334015, GSM1334016, and GSM1334017 for normal mice, and
GSM1334018, GSM 1334019, and GSM 1334020 for mutant mice. PCR primers for real-time PCR were
as follows: mGrid2 F, 5'-AAC ACG CTA CAT GGA CTA CTC-3' and mGrid2 R, 5'-GAA GCA CTG
TGC CAG CAA TG-3"; mGapdh F, 5'-ACT CAC GGC AAA TTC AAC GG-3'and mGapdh R, 5'-GAC
TCC ACG ACA TAC TGA GC-3'. To amplify the Grid2 ORF, primers are mGrid2 F2 (5ATG): 5-ATG
GAA GTT TTC CCC TTG CTC TTG T and mGrid2 R (3Stop): 5'-TCA TAT GGA CGT GCC TCG
GTC GGG GTC A were used.

4.4. Measurements of Walking Distance and the OKR

Male mice (12—14 weeks old) were placed in a rectangular box (25 cm x 40 cm), and their head
position was tracked for 5 min using ANY-maze software (Brain Science Idea, Osaka, Japan). Each
mouse was monitored three times, and the longest distance recorded was used in the data analysis.

The OKR was measured in adult mice using previously described methods [28], which are depicted
in Supplementary Figure S1. Briefly, the mice were anesthetized with isoflurane (2%) and a stainless
steel screw was glued to the skull. The mice were then habituated to the experimental conditions for
2 days before the measurement. Ten minutes before the measurement were made, mice were
administered a saline (8 mL/kg) injection with or without memantine (10 mg/kg) intraperitoneally.
The mouse was then mounted on a stereotaxic apparatus and exposed to continuous sinusoidal horizontal
oscillations (17°, 0.25 Hz) of a cylindrical checkerboard-patterned screen (diameter, 65 cm; single
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square, 1.8 x 1.8 cm; brightness, ~30 Ix). Right eye movement was captured at 30 Hz with an infrared
camera. For each image frame, we used a machine vision system to estimate the pupil azimuth from the
location of the pupil center. The OKR was expressed on a time plot of the relative pupil azimuth for each
round of screen oscillation, with the pupil azimuth at the beginning of backward eye movement set
to 0°. An OKR gain was defined as the ratio of the maximal relative pupil azimuth change to that of
the screen (17°).

4.5. Cell Culture and Electrophysiology

Granule cell-enriched cultures were prepared as previously described [61]. Briefly, 2-day-old (P2)
mutant or WT mice were anesthetized by cooling and then sacrificed by decapitation. The cerebella were
dissociated with trypsin, plated on poly-L-ornithine-coated plastic dishes (Becton Dickinson, Franklin
Lakes, NJ, USA) at 1.25 million cells/mL, and maintained in low-serum, nutrient-supplemented
Dulbecco’s Modified Eagle Medium/F-12 (Life Technologies; 5% CO2, 37 °C) for 12 days.

Ruptured-patch whole-cell recordings were performed on cultured granule cells. The pipette solution
contained 134 mM potassium D-gluconic acid, 7.6 mM KCI, 9 mM KOH, 10 mM NaCl,
1.2 mM MgClz, 4 mM ATP magnesium salt, 10 mM HEPES, and 0.5 mM EGTA (pH 7.3). The culture
dish was perfused at a rate of 1.4 mL./min with 145 mM NaCl, 5 mM KCI, 2 mM CaClz, 10 mM HEPES,
10 mM D-glucose, and 10 uM glycine (pH 7.4). Current signals were recorded using an EPC-8 amplifier
(holding potential, =90 mV; cut-off frequency, 5 kHz; sampling rate, 20 kHz; HEKA, Lambrecht/Pfalz,
Germany) controlled by Patchmaster software (version, 2.35; HEKA). The command potentials were
corrected for a liquid junction potential between the pipette and bath solutions. Electronic capacitance
cancellation and series resistance compensation were not used. The series resistance (33.2 + 5.1 MQ,
n=55) and membrane capacitance were estimated from the amplitude and time constant of the capacitive
current evoked by a 10 mV voltage jump. The bath solution containing 20 pM NMDA or 10 uM
memantine was locally applied to the cell through a theta tube under the control of gravity and
electromagnetic valves (VM8, ALA Scientific Instruments, Farmingdale, NY, USA). The magnitude of
an NMDA-induced current was quantified as the inward current charge over a 2 s NMDA application
normalized to the membrane capacitance (charge density). The background charge was estimated from
a 0.5 s pre-application period and subtracted from the charge density.

4.6. Statistical Analyses

Data from each group were characterized by the mean + SD, unless otherwise stated. Data from
biochemical assays were examined with one-way ANOVA followed by unpaired two-tailed z-tests to
detect statistically significant differences. All the statistical examinations were performed using JMP
software (versions 9.0.2 and 10.0.1, SAS Institute, Cary, NC, USA).
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Cell line cross-contamination: WSU-CLL is a known derivative of REH
and is unsuitable as a model for chronic lymphocytic leukaemia

A recent article by Zhang et al. [7| explored the mechanism of
action of arsenic trioxide in induction of apoptosis. The study used
a single cell line, WSU-CLL, as a model for B-cell chronic lympho-
cytic leukaemia (B-CLL). As the authors noted, arsenic trioxide is a
possible therapeutic agent for a number of malignancies, includ-
ing B-CLL. Their resuits might therefore be clinically relevant to
patients with this disorder.

The conclusions reached by Zhang et al. |1} seem straightfor-
ward at first glance. But a closer look at the scientific literature
reveals an obvious problem. The WSU-CLL cell line is known to be a
false or misidentified cell line {2,%}. DNA profiling and cytogenetic
analysis performed by the Deutsche Sammlung von Mikroorganis-
men und Zellkulturen (DSMZ) {7} demonstrated that WSU-CLL is
actually REH, a cell line derived from B-cell precursor acute lym-
phoblastic leukaemia (BCP-ALL). These cells carry the ETV6-AML1
fusion rearrangement recurrently reported in BCP-ALL, but not in
B-CLL {41 The stocks of WSU-CLL that were tested by DSMZ came
directly from the originators of the cell line; no other authentic
stocks have been found {31 It is likely that WSU-CLL was cross-
contaminated during establishment, resulting in overgrowth of
WSU-CLL and replacement with REH cells. The end result is a false
cell line that no longer corresponds to B-CLL.

The finding that WSU-CLL is a false cell line does not invalidate
the data presented by Zhang et al. { 1 §. It is reasonable to conclude
that arsenic trioxide induces apoptosis in WSU-CLL cells, through
down-regulation of survivin, in a p53-dependent manner. How-
ever, not all of the authors’ conclusions can be substantiated. The
identity of the cell line becomes critically important when deciding
if arsenic trioxide should be used as a therapeutic agent for patients
with chronic lymphocytic leukaemia.

A closer analysis of the literature shows why authors may
incorrectly assume that WSU-CLL is a valid model for chronic
lymphocytic leukaemia (7abie 1 and Supplementary Data). We
examined 27 references that referred to WSU-CLL in their abstracts
or methods, dating from the initial characterisation of the cell line
in 1996 |5 . Of these 27 references, three referred to WSU-CLL using
its correct tissue attribution (BCP-ALL). The remaining 24 refer-
ences reported WSU-CLL as a cell line arising from B-CLL. These
24 references were published in 15 different journals.

The potential impact of this reporting became more evident
when we looked at the number of citations per reference. The
three references that referred to WSU-CLL as an acute lym-
phoblastic leukaemia cell line were cited 215 times (7abie ¥ and

0145-2126/© 2014 Elsevier Ltd. All rights reserved.

Supplementary Data). In contrast, the 24 references that reported
WSU-CLL as a chronic lymphocytic leukaemia cell line were cited
1159 times.

It should be made clear that the 24 references using WSU-CLL
as a model for B-CLL relied on the information available to them
at the time of publication. The majority of references using WSU-
CLL were published before 2002, when cross-contamination of the
cell line was first discovered |Z!. However, authors reading those
papers today could easily conclude that WSU-CLL is an appropriate
model for chronic lymphocytic leukaemia.

Cell lines are widely used and are essential models for biomed-
ical research. In the same issue as Zhang’s publication, another 20
cell lines were used as models for leukaemia and lymphoma (Sup-
plementary Data). It is difficult to know if other cell lines have been
incorrectly reported, without looking specifically at each instance
as part of the manuscript submission process. We therefore urge
Leukaemia Research, and other journals that publish cell line data,
to respond to false cell lines by adopting new requirements for
authors.

We urge all laboratories to check the authenticity of their cell
lines before starting work. Checking for authenticity should involve
asearch of the scientific literature, which in this case, would clearly
indicate that the WSU-CLL cell line is cross-contaminated {2}, It
may not always be easy to find a publication demonstrating that
a cell line is misidentified. To assist the research community, the
International Cell Line Authentication Committee (ICLAC) curates
a database of known cross-contaminated or otherwise misidenti-
fied cell lines {#1. The database, which continues to be updated, is
available at www.iciac.org

It is also essential for authors to check their own cell line
stocks by performing authentication testing. The original report
that WSU-CLL is cross-contaminated relied on short tandem repeat
(STR) profiling and cytogenetic analysis ;21 STR profiling has now
been adopted by many laboratories and an international standard
has been published, containing a consensus approach to testing
of human cell lines {7}. Shared databases of human cell line STR
profiles are available online for comparison to cell line stocks
worldwide {81,

Adopting minimum reporting requirements for cell lines would
be a simple and straightforward way to address the problem. We
urge authors to report in their manuscripts whether authentica-
tion testing has been performed for the cell line(s) used, and which
method(s) were used for authentication. Authentication testing of
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Table 1
Reporting of WSU-CLL in published journal articles.

Reported as
CLL (incorrect)

Published articles 24 3
referring to WSU-CLL

Journals in which these 15 2
articles were
published

Citations of published 1159 215
articles referring to
WSU-CLL

The table summarises the ways in which WSU-CLL has been reported and estimates
the impact of this reporting in published journal articles. Published articles that refer
to WSU-CLL were collated by performing a search for “WSU-CLL” using PubMed
and Google. For each article, we documented the journal in which that article was
published, and the number of citations using Web of Science (Thomson Reuters).
Each article was then examined for its description of WSU-CLL. All articles referred
to WSU-CLL as arising from a specific tissue, or used the cell line as a control for a
specific tissue - either chronic lymphocytic leukaemia (CLL) or acute lymphoblastic
leukaemia (ALL).

Reported as
ALL (correct)

human cells should include STR profiling, allowing comparison to
donor tissue or other commonly used cell lines. Species determi-
nation, at a minimum, should be performed for non-human cell
lines.

We also encourage a standardised framework for reporting cell
line data, with inclusion of minimum criteria to encourage trans-
parency and reproducibility. Authors should include the full name
of any cell line used; its source and catalogue number; the range of
passage numbers used; and whether the cell line has been tested
for contamination, with the method used and the results. Essen-
tial quality control evaluation should include both mycoplasma
testing and authentication testing, regardless of the cell line
application.

In the absence of any institutional mechanism for enforcing
their withdrawal, false cell lines such as WSU-CLL remain preva-
lent within the scientific literature. Their use has led to the scientific
record becoming increasingly inaccurate and unreliable. We invite
all who handle cell lines, and all who publish or fund such work, to
address the problem by working towards a standardised reporting
framework with minimal criteria for cell line data.
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Abstract

Continuous cell lines that originate from mammalian tissues serve as not only invaluable tools for life
sciences, but also important animal cell substrates for the production of various types of biological pharma-
ceuticals. Vero cells are susceptible to various types of microbes and toxins and have widely contributed to not
only microbiology, but also the production of vaccines for human use. We here showed the genome landscape
of a Vero cell line, in which 25,877 putative protein-coding genes were identified in the 2.97-Gb genome se-
quence. A homozygous ~ 9-Mb deletion on chromosome 12 caused the loss of the type I interferon gene
cluster and cyclin-dependent kinase inhibitor genes in Vero cells. In addition, an ~59-Mb loss of heterozy-
gosity around this deleted region suggested that the homozygosity of the deletion was established by a
large-scale conversion. Moreover, a genomic analysis of Vero cells revealed a female Chlorocebus sabaeus
origin and proviral variations of the endogenous simian type D retrovirus. These results revealed the
genomic basis for the non-tumourigenic permanent Vero cell lineage susceptible to various pathogens and
will be useful for generating new sub-lines and developing new tools in the quality control of Vero cells.
Key words: Vero cell; whole genome; infectious diseases; vaccine; animal cell substrate

1. Introduction University in Japan, several continuous cell sub-lines

were obtained after passages for several months, and

Continuous cell linesthat originate from mammalian
tissuesserve as not only invaluable toolsfor life sciences,
but also important animal cell substrates for the pro-
duction of various types of biological pharmaceuticals.
One lineage of the most frequently utilized mammalian
cell lines for these purposes is the Vero cell lineage,
which was established from the kidney tissue of an
African green monkey (AGM). The primary culture of
this tissue was started on 27 March 1962 in Chiba

T These authors contributed equally to this study and, thus, are the
co-first authors.

a sub-line was then chosen as the standard Vero cell
line."*

Vero cells were found to be highly susceptible to
various types of viruses including simian polyoma
virus SV-40," measles virus,” rubella virus,”® arbo-
viruses,®” and adenoviruses’ soon after their establish-
ment, and were later found to be also susceptible to
bacterial toxins including the diphtheria toxin,® heat-
labile enterotoxins,” and Shiga-like toxins (or ‘Vero’
toxins).">'" After their global distribution,'>'® the
application range of Vero cells extended from virology
in academic laboratories to diagnostic practices in hos-
pitals and bacterial toxin assays. Vero cells have pseudo-

© The Author 2014. Published by Oxford University Press on behalf of Kazusa DNA Research Institute.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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diploid karyotypes'“ and are non-tumourigenicwhen a
cell passage was not prolonged.’ ' ® Therefore, the Vero
cell lineage has been successfully utilized as a cell sub-
strate for human vaccines.' ' ¥ Vero cells are still the
first choice cell model for various types of life-threatin
emerging pathogens such as H5N1 influenza virus,’
Ebola haemorrhagic fever virus,”” and middle east re-
spiratory syndrome (MERS) coronavirus.”" Animal sub-
strates for vaccine manufacturing are desired to be
shifted from animals and eggs to assured continuous
cell lines, because animal materials have several con-
cerns related to quality control, stable supply, and
animal ethics.'”~'? In addition, antigenic drift affecting
the vaccination efficacy to humans, which often occurs
during the proliferation of influenza viruses in hen
eggs,“* might be improved by shifting to vaccine strain-
susceptible human or non-human primate culture cells.

Therefore, the Vero cell lineage should be fully charac-
terized using modern technologies to prepare threats of
infectious diseases. The whole-genome sequences of
continuous cell lines provide invaluable basic informa-
tion for various purposes. The genome sequence of a
cell line is a comprehensive basis for many genetic char-
acteristics of the cell line, it is closely relevant to other
omics approaches such as transcriptomics and proteo-
mics on the cell line, and also facilitates targeted
genome editing of the cell line.””~?% However, the
whole genome of Vero cells has not yet been determined.
We here provided a draft sequence of the whole genome
of the Vero cell lineage after massively parallel sequen-
cing of the genome DNA and also karyological and
RNA-seq analyses. The genome landscape gave a mech-
anical insight into events that had occurred during the
establishment of the permanent cell line susceptible to
various types of microbes. In addition, we presented a
proof of concept for the genomic-based quality control
of cell lines.

b

2. Materials and methods

2.1. Karyological analysis

Metaphase chromosomes from Vero cells and AGM
peripheral blood mononuclear cells (PBMC) were ana-
lysed by conventional Giemsa-banding (G-banding)*®
and multi-colour fluorescence in situ hybridization
(M-FISH) with 24 differentially labelled human
chromosome-specific painting probes (24xCyte kit
MetaSystems, Altlussheim, Germany). For detailed
information, see Supplementary data.

2.2. Genome DNA preparation and de novo assembly
Genome DNA was prepared from Vero cells (with
passage number 115) and PBMC using the Qiagen
Blood & Cell Culture DNA kit (Qiagen GmbH, Hilden,
Germany). Libraries constructed for paired ends and

Genome Landscape of Vero Cells
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mate pairs were sequenced with HiSeq2,000 (lilumina
Inc, San Diego, California). After quality filtering,
sequences were assembled into scaffolds using SGA
and SSPACE software””*¥ (see Supplementary data for
detailed assembly procedure). Protein-coding genes
were predicted by the AUGUSTUS program with refer-
ence to the human genome as a model” and also
with RNA-seq reads to assist in the predictions.

2.3. Mapping to the rhesus macaque and AGM
reference genome

Reads were mapped on the draft genome of the rhesus
macaque (Macaca mulatta: rheMac2) and AGM
(Chlorocebus sabgeus 1.0: GCA_000409795.1) using
the BWA-MEM algorithm with default parameter set-
tings.”” After mapping, potential polymerase chain reac-
tion (PCR) duplicates, which were mapped to the same
positions of the reference genome, were removed using
Picard software (http://picard.sourceforge.net). The
average genome coverage of paired-end sequences
after removing the PCR duplicates was 54-fold for the
ACM reference. Single-nucleotide variants (SNVs) were
called following the Best Practice pipeline of the
Genome Analysis Toolkit (GATK) software package,
which includes base quality score recalibration, inser-
tion/deletion (indel) realignment, and discovering and
filtering SNVs and indels.”’

2.4. Detection of genomic rearrangements in the Vero

JCRBOT111 cell line

Copy number variants were detected using the
Control-FREEC software®* with a 100-kb window size
and 20-kb step size. Sites with map quality scores
<40 were not used in the analysis. Structural variants
were identified using the integrated structural variant
prediction method DELLY. Junction sequences with
>85% identity to the other part of the reference
genome and split-read coverage >100 were also
filtered out.

To reduce rare and false-positive variant calls, we
further applied the following conservative criteria. To
detect deletions and inversions, we counted reads span-
ning non-rearranged sequence regions with at least
7 bp overlapping to each sequence proximal and distal
to the boundaries. The number of these canonical
reads should be proportional to the number of non-
rearranged cells. The number of canonical reads was cal-
culated for each non-rearranged region and divided by
2,because one rearrangement had two non-rearranged
regions. We selected the regions at which rearranged
reads (split reads) consisted of at least 70% of total
reads mapped on boundary regions (sum of canonical
and split reads). We also filtered out the regions that
had <20 paired-end supports. For additional informa-
tion, see Supplementary data.
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Loss-of-heterozygosity (LOH) regions were identified
using 1-Mb-size windows with average heterozygosity
<0.0005 and the ratio of homozygous to heterozygous
SNVs smaller than 0.2. The cut-off criteria were deter-
mined using the distribution of these values in a
whole genome (Supplementary Fig. S3). The windows
were progressively merged into larger regions when
average statistics in the region satisfied the criteria.

2.5. Miscellaneous

Procedures for cell culture, tumourigenicity test,
RNA-seq, phylogenetic analysis, and genomic PCR are
described in Supplementary data.

2.6. Ethics

All animal experimental procedures were approved
by the National Institute of Biomedical Innovation
Committee on Animal Resources as the Institutional
Animal Care and Use Committee.

2.7. Accession codes

The short reads and assembled draft genome se-
quence have been deposited in the public database (ac-
cession number: DRA002256). The full-length simian
endogenous retrovirus sequences obtained in Vero
JCRBO111 cells have been deposited in DDBJ (accession
number: AB935214).

3. Results

3.1. Vero cell seed

To obtain the reference genome sequence of the cell
lineage, cell seeds with the least passage levels were
desirable as material. We chose a cryopreserved cell
lot registered at the Japanese Collection of Research
Bioresources Cell Bank, which, to the best of our knowl-
edge, is the oldest or nearly the oldest lot (with a
passage level of 115 from the original primary culture
started in March 1962) among the currently available
stocks. Lot JCRBO111 (hereafter referred to as Vero
JCRBO111) was expected to be a close relative to
widely distributed Vero cell seeds such as ATCC CCL81
and WHO Vero 10-87."41 4133335 The heteroplan-
tation of Vero JCRB0111 cells in immunocompromised
nude mice (n = 10) did not produce any discernible
tumours, while that of human cervical carcinoma-
derived Hela cells produced tumours in nude mice at
100% efficacy. Thus, Vero JCRBO111 cells are non-
tumourigenic, which is consistent with previous find-
ings of Vero cells being non-tumourigenic when their
passage number was limited.”>"®

When choosing the Vero JCRBO111 cell seed in this
study, we confirmed that there was no microbial con-
tamination in the seed using conventional tests. In
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addition, DNA-seq short reads, which were obtained
to resolve the draft sequence of the whole Vero cell
genome, were employed to comprehensively detect
microbe-relevant sequences with a megablast search.
No discernible sign of microbe-relevant sequences
(except for endogenous retroviral sequences as shown
below) was detected in the cell genome sample,
which confirmed the absence of microbial contamin-
ation in the Vero cell seed.

3.2. Karyotyping

The Vero JCRBO111 cell line had different karyotypes
with chromosomes numbering between 52 and 62, and
the modal chromosome number appeared to be 59 chro-
mosomes in 79 of 100 metaphase cells (Fig. 1A). The
same analysis on PBMC from normal female AGM
showed 60 chromosomes (Supplementary Fig. S1A).>®
Because the G-banding karyotypes of Vero cells include
several abnormal chromosomes (Fig. 1B), M-FISH was
applied to identify chromosomal rearrangements.
Human M-FISH probes hybridized efficiently to AGM chro-
mosomes and showed 3 2 syntenic blocks in normal AGM
karyotypes (Fig. 1C). This homology to humans was con-
sistent with previous findings,®” and implied that the
human M-FISH signal pattern can be used as a normal
AGM reference (Fig. 1C). G-banding and M-FISH analyses
revealed that 18 of 37 Vero metaphases represented a
main clone with 59 chromosomes. M-FISH identified 40
segments in the Vero metaphases (Fig. 1D), which indi-
cated the occurrence of one fusion and seven transloca-
tions. The fusion occurring between chromosomes 7
and 24 led to a reduction in the chromosome number
from 60 to 59. Duplications and deletions were also
detected in 6 chromosomes (Fig. 1 D), showing rearrange-
ments involved in 14 chromosomes. However, major
chromosomal rearrangements were not detected in the
other 46 chromosomes by G-banding or M-FISH (Fig. 1B
and D), which suggested that a haploid chromosome set
was retained in its original form. In addition to these
common features, additional abnormalities were
detected in 11 of 37 cells (Supplementary Fig. S1C and
D). Although the other eight karyotypes were found to
have similar abnormalities, the Vero cell line appeared to
include several subclones. The main clone accounted for
less than half of the population (18 of 37 cells) and the
Vero cell line had a high cytogenetic heterogeneity.

3.3. De novo assembly of the Vero genome sequence

Two paired-end and three different size mate-pair
libraries were constructed from Vero cell DNA, and the
libraries were sequenced by massively parallel sequen-
cing. The insert size distribution and read length of
the libraries are summarized in Supplementary Table
S1. After quality filtering, we obtained a total of ~2.55
billion paired-end and 390 million mate-pair reads.
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Figure 1. Karyotypingofthe VeroJCRB0O111 cellline. (A) Chromosome numberin the Verocell line based on 100 Giemsa-stained metaphases,
which showed that the modal number was 59 chromosomes and differences in the chromosome number between 52 and 62 indicated
heterogeneous karyotypes. (B) G-banded karyotype of Vero cells with 59 chromosomes consisted of 16 homologous pairs (blue
numbers) and 13 abnormal chromosomes (black numbers). (C and D) M-FISH signal pattern using human probes on a normal AGM
metaphase (C), and a main clone of the Vero cell line (D). Paints of human chromosomes 1~22 and X showed homologous regions in
the AGF and the identity of 32 and 40 syntenic blocks in a normal female and Vero, respectively. The number on the right of aberrant
chromosomes (D) shows correspondence to AGF chromosomes. The derivative chromosome der(13) (white arrow in D) showed an
extra signal that corresponded to AGM chromosomes 15 and 22, both of which were painted by human chromosome 3. Although the
addition in der(13) could not be distinguished using human M-FISH probes, the copy number analysis revealed a gain at chromosome
15q (Fig. 2B), which indicated that der(13) had additional material over chromosome 15.

The filtered sequences were used for de novo assembly
of the Vero genome. Our final scaffolds consisted of
401,905 scaffolds, which were 2.97 Gb in total, and
had the N50 of 508 kb and N90 of 48 kb. The
AUGUSTUS program identified 25,877 putative protein-
coding genes in the genome scaffolds, using RNA-seq
data as a support.

3.4. ThefemaleC.sabaeus origin of the Vero cell lineage

The Vero cell lineage was originally reported to be
established from the kidney of the AGM Cercopithecus
aethiops.”* However, the species classification of AGMs
is a still debated issue and has been revised several
times.*®*? In current nomenclature, Cercopithecus
aethiops is further classified into four different species

of Chlorocebus. To clarify the species origin of the Vero
cell lineage, we compared our reads with four previously
reported complete mitochondrial sequences of
Chlorocebus species. Chlorocebus aethiops, Chlorocebus
tantalus, C. sabaeus, and Chlorocebus pygerythrus.*® The
mutation rate in the mitochondrial genomes of Old
World monkeys is known to be markedly higher than
that in nuclear genomes*'; therefore, the mitochondrial
sequences of these four species had sufficiently diverged
to cause mapping bias of short reads. We mapped the
paired-end reads to all four Chlorocebus mitochondrial
genomes as a reference and found that the mitochon-
drial genome of C. sabaeus had the highest coverage
and lowest divergence to the mitochondrial genome of
Vero cells (Supplementary Table S2). Furthermore, a
phylogenetic tree using whole mitochondrial genome
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sequences indicated that the Vero cell line was closest to
C. sabaeus (Fig. ZA). The gender of the AGM individual
from which the Vero cell lineage was established has
not yet been clearly described. A pair of X chromosomes
in karyotyping (Fig. 1) and the almost diploid copy
number of X chromosomes in sequence data (Fig. 2B)
were observed in Vero JCRBO111 cells. Collectively, we

A 87 Chigrocebus aethiops
wa‘ E Chlorocebus tantaius
Chlorocebus pygerytheus

[ Chloracebus sabaeus
160 b Varo
Macaca mulatta
— 1
*x 1
B 82 2
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Figure 2. Genome landscape of the Vero genome. (A) Phylogeny of
mitochondrial genomes of the Vero cell line, four Chlorocebus
species, and Macaca mulatta. Bootstrap values with 1,000
replications were shown upon the branches. (B) Circos plot of
the Vero cell genome. The orange bars in the outermost
rectangles represent LOH regions. The blue, green, and orange
lines in the middle layer show deletions, duplications, and
inversions larger than 1 kb, respectively. The innermost plot
shows the coverage of paired-end reads and expected ploidy
(black lines). The blue, green, and orange dots represent the
coverage values in 1x, 2 x, and 3 x regions, respectively. (C) The
large deletion and LOH regions on Chlorocebus sabaeus
chromosome 12. The red and blue points represent average
heterozygosity (the number of heterozygous SNVs per bp) and
genome coverage of paired-end reads in 1-Mb-size windows,
respectively. The predicted homozygous deletion regions and
LOH regions are shown as yellow and black bars on the plot area,
respectively.
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concluded that the Vero cell lineage had been estab-
lished from a female individual of C. sabaeus.

3.5. Identification of SNVs

To characterize SNVs in the Vero cell line nuclear
genome, we mapped our paired-end reads to the refer-
ence genome of the rhesus macaque (M. mulatta),
which has been annotated more than other non-
human primate genome sequences. A total of 92% of
the unambiguous sites of the rhesus macaque draft
genome was covered with high-quality reads, and the
genotype was called with high confidence (genotyping
quality score >45 and coverage >10), which indicated
that the rhesus macaque genome would work as a rea-
sonable reference sequence for analysing the Vero cell
genome. Approximately 58.5 million SNVs were identi-
fied (Supplementary Table S3). Of these, ~51.2 million
and 7.3 million SNVs were homozygous and heterozy-
gous, respectively. Most of the homozygous SNVs in
the Vero cell line were attributed to evolutionary diver-
gence between the genus Macaca and Chlorocebus,
which was ~8-12 million years ago.**** The esti-
mated divergence between the rhesus macaque and
Vero cell line genomes was ~2.2%. The level of hetero-
zygous SNVs in the Vero cell line was also high and was
markedly higher than that in a human individual.**
This may be partly explained by the higher genetic di-
versity within AGM populations. We also identified
~2.9 and 2.7 million small deletions (<28 bp) and
insertions (<44 bp), respectively (Supplementary
Table S3).

3.6. Detection of genomic rearrangements in the
Vero cell line

By comparing our paired-end reads with the
publicly available draft genome of the AGM C. sabaeus
(C. sabaeus 1.0: GCA_000409795.1), we examined
potential >1- kb-scale deletions, segmental duplica-
tions, inversions, and translocations using the informa-
tion of improper paired-end mapping and split-read
mapping.*> In order to present a landscape of genomic
rearrangements in the main population of the Vero cell
lines, we set stringent criteria for finding genome rear-
rangements that could identify rearrangements of
high frequency in the cell population. A total of 138
deletions, 7 8 duplications,and 12 inversions of high fre-
quency were detected (Fig. 2B; Supplementary Table
S3), whereas none of the translocation candidates
were detected at a high frequency. AGM chromosome
12 harboured a homozygous deletion that spanned
across nearly 9 Mb (Supplementary Tables S3 and S4).
The region was syntenic to human chromosome 9 and
rhesus macaque chromosome 15 (from MLIT3 to
LINGO2) and contained ~40 genes including the type
| interferon gene cluster and CDKN2 genes (Fig. 2B
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and C; Supplementary Table S4). This homozygous
large deletion was validated as given below.

3.7. Detection of LOH

We identified copy number variations in different
genomic regions using the mapping coverage of
paired-end reads. Nine regions in chromosomes 2q, 8q,
15q, 16q, 21, 23q, 28, and Xq had three copies, while
eight regions at 3p, 7p, 13p, 17q, 21q, 27q, and Xq
were identified as a single copy (Fig. 2B). AGM chromo-
some 8p showed an intermediate coverage between
two and three copies, in which the duplication and trans-
location of ACM chromosome 8p varied among the
clones. These large-scale copy number changes agreed
wellwith the karyotypes examined using M-FISH analysis
(Fig. 1 D). LOH regions were identified using the density of
SNVs and its ratio to the density of homozygous SNVs. In
addition to the identified haploid regions, we identified
large LOH blocks in chromosomes 6q, 12q, and 23.
The LOHonchromosome 12 harboured a large homozy-
gous deletion (Fig. 2C; Supplementary Table S4; see also
below).

3.8. Validation of large deletions by PCR

The large deletions predicted by the massively parallel
sequencing system were validated by genomic PCR.
Regarding the 8.85-Mb deletion of chromosome 12, a
set of PCR primers striding across the deletion junction
produced a ~230-bp amplicon from Vero cells, but
not from normal AGM cells, while a PCR primer set desig-
nated for the AGM genome produced a predicted ampli-
con from normal AGM cells, but not from Vero cells
(Fig. 3A). We tested two Vero cell lines, JCRBO111 and
ATCC CCL81, and obtained identical results (Fig. 3A). In
similar validation tests for another four large (>90 kb)
predicted deletions (Supplementary Table S4), DNA
fragments with breakpoint junctions were amplified
from the Vero cell lines, but not from AGM PBMC for all
these deletions, which confirmed the existence of these
deletions in Vero cells (Fig. 3A; Supplementary Fig. S2).
Four small (1—-2 kb) predicted deletions were also con-
firmed to exist (Fig. 3B; Supplementary Fig. S2).

3.9. Proviral SRV in the Vero JCRBO111 genome

Analysis of collected SRV-related short reads from all
paired-end short reads of the Vero JCRBO111 cell line,
followed by analyses of gene assighment and long ter-
minal repeat (LTR) finding, identified the 8,367 bp
complete SRV genome sequence. The medians of
variant frequencies were 25.5 and 8.0% in the highly
variable and env-deleted region (nucleotide position
7525-7829) of SRV, respectively (Fig. 4). The copy
number of SRV with 8.4-kb full length was estimated
to be 30%, while that of SRV with the deletion of the
7525-7883 nucleotide (nt) region encompassing
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the C-terminal part in env and a portion of LTR was
70%. The SRV-Vero of JCRBO111 had 97% of the same
nucleotides as those of ATCC CCL81 (Genbank_ID:
JN134185). The number of minor alleles was 703 for
SNVsand 1 forthe insertion among the whole complete
consensus SRV sequence in the Vero JCRBO111
genome. Four minor mutation sites caused three non-
sense mutations and one frameshift on the pol or env
region (Supplementary Table S5). Previous studies sug-
gested a frameshift mutation in pol (position 3726) or
frameshift mutation in prt (its position was not reported)
on the SRV proviral sequences of Vero E6 or ATCC CCL8 1
cells.*®*” However, our study did not detect equivalent
mutations on the SRV proviral sequences of Vero
JCRBO111 cells; however, other notable mutations were
instead detected (Supplementary Table S5).

4. Discussion

By comparing with the AGM reference genome, the
whole genome structure of Vero cells provided various
important insights into the molecular characterization
of this cell line. Vero cells are incapable of producin
type | interferon in response to viral infections,**
which may be the main cause for the high susceptibility
of these cells to various types of microbes. The homozy-
gousdeletion of a-and B 1-interferon genesin Verocells
was previously reported using classical DNA hybridiza-
tion analysis.*” The present study determined an ~9-
Mb deleted region in chromosome 12 at the nucleotide
level and further revealed an ~59-Mb LOH around the
deleted region (Fig. 2B and C), which suggested that an
~9-Mb deletion first occurred in one of two homolo-
gous chromosome 12 during the establishment of
cells, followed by a large-scale conversion that fixed
the homozygous deletion of the region in the Vero cell
lineage. The deleted region in chromosome 12 of
Vero cells is syntenic to human chromosome 9p21—
p22, which contains many genes of type | interferons
(a8, @2, a1/13, a6, al4, a4, al7, 21, w1, and B1)
(Supplementary Table S4).

The human syntenic region corresponding to the
deleted region in AGM chromosome 12 also contained
CDKN2A and CDKN2 B: CDKN2A encodes cyclin-depend-
ent kinase (CDK) inhibitor 2A/p16'™*** (which inhibits
CDK6, a negative regulator of the retinoblastoma
protein pRB) and p14~% (which inhibits the p53-nega-
tive regulator MDM2) in an alternate reading frame

" to the former, while CDKN2B encodes CDK inhibitor

2B/p15™*® (which inhibits another pRB-negative regu-
lator CDK4) (Supplementary Table $4).5“*' The CDK
inhibitors and MDM2 inhibitor act as key regulators of
the cell cycle, and mutations in CDKN2A-CDKNZ2B often
occur in various types of human cancer; however, these
mutations by themselves are not enough to transform
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Figure 3. Validation of genomic deletions in Vero cells by PCR analysis. Large deletions (>90 kb deletions) (A) and some small deletions
(1-2 kb deletions) (B) were selected. Although the genomic PCR confirmed the existence of breakpoint junctions for the 573 kb
deletion in chromosome 21 and the 294 kb deletion in chromosome 9, a part of these regions appeared to exist somewhere in the
genome (A; see also Supplementary Fig. S2). Amplicons corresponding to the deletions predicted in chromosomes 1 and 10 were
produced not only from Vero cells, but also from AGM PBMC, while amplicons corresponding to the ‘non-deleted’ counterparts were not
produced even from AGM PBMC (B; see also Supplementary Fig. S2), which indicated that our determined sequences for the Vero cell
genome existed homozygously in these regions not only in Vero cells, but also in AGM PBMC. This paradox might be attributed to the
possible incompleteness of the currently available version of the AGM whole-genome draft sequence or polymorphic state of the
deletion within AGM populations. Normal Genome indicates the sequences predicted from the draft genome sequences of AGM and
the rhesus macaque. Arrows indicate the primer positions used in the PCR analyses. The ‘A’ indicates the genomic deletion size predicted
by the massively parallel sequencing system. The templates used were as follows: VJ, Vero JCRBO111; VA, Vero ATCC; P, AGM PBMC. PCR
amplicons were sequenced to confirm the breakpoint sequences, which are shown in Supplementary Fig. S2. Chr, chromosome.

§]

cells into tumourigenic cells.’°~>% The loss of both Originally non-tumourigenic Vero cells may then
CDKN2A and CDKN2B may play a crucial role in the acquire tumourigenicity when additional unknown
acquirement of immortality in the Vero cell lineage. mutations accumulate during prolonged passages.'”
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Figure 4. Characterization of proviral SRV sequences. DNA-seq short read mapping to the complete SRV-Vero genome sequence. Read depth
and mismatch nucleotides are shown in the following colours (Depth: light grey, A: light green, T: red, G: orange, C: dark blue). The high
variability of SRV sequences was rarely detected in the 7525-7883 nt region, whereas high variability was observed throughout other

regions.

Although the karyological analysis demonstrated that
Vero cells had various chromosomal rearrangements
(Fig. 1C), no translocation was identified in the whole-
genome sequence (Fig. 2B). This discrepancy may have
been due to technical limitations. The karyotyping
results obtained showed that most of the translocation
events occurred between the telomeric regions of chro-
mosomes, which could not be identified by sequencing if
chromosomes fused via repeat sequences. In addition, in
order to filter out rare chromosomal rearrangements in
a cell population, events that occurred in only one of the
homologous chromosomes may not be identified in our
filtering criteria. Therefore, the absence of translocation
rearrangements by sequencing does not contradict the
results of the karyological analysis, which showed that
all or most chromosomal translocations were observed
in one of the two homologous chromosomes (Fig. 1C
and D; Supplementary Fig. S1C and D). Haplotype se-
quencing may be necessary to determine such heterozy-
gous events.

Many SRV sequence variations existed in Vero
JCRBO111 cells (Fig. 4). As for SRV associated with the
vaccine-producing Vero E6 cell line (the parental cell
line of which is ATCC CCL81),aframe-shifting single-nu-
cleotide insertion in the polymerase gene was identi-
fied.*® This frameshifting mutation was not detected in
SRV associated with the Vero ATCC CCL81 cell line*” or
Vero JCRBO111 cell line (this study). SRV variant
sequences lacking the U3 and R regions of 3’LTR were
instead detected in Vero ATCC CCL81-associated SRV,*”
while the results of this study suggested that some SRV
copiesinthe VeroJCRBO111 cell genome were defective
in the env-3’LTR region (Fig. 4). Thus, a large amount of
diversity may occur in proviral SRV sequences during
the passage of Vero cells.

Various quality tests must be conducted in order to
fully characterize cell banks for pharmaceutical use®?

(The WHO guidelines on animal cell substrates are
available at http://www.who.int/biologicals/vaccines/
TRS_978_Annex_3.pdf.) Many of these tests rely on
conventional methodology, and some tests still use
many experimental animals. The whole-genome se-
quence should be invaluable reference information to
develop more rational and effective methods for identi-
fication, genetic stability, and microbial agents in
pharmaceutical cell banks. For example, the currently
authorized tests for cell identity consist of classical
methods (e.g. isoenzyme analysis and G-band analysis)
and more modern DNA profiling methods (e.g. restric-
tion fragment length polymorphism and variable
number of tandem repeats analysis). These tests, even
if not all, require a considerable amount of time and
money as well as well-trained technical skills, and some
are not accurate enough to discriminate different cell
lines established from the same biological species. This
study presented a proof of the concept that PCR analysis
will open a rapid and accurate alternative method for
the cell identity test to detect unique chromosomal
deletions (Fig. 3). Metagenome analysis is a powerful
approach that can be used to survey microbial con-
tamination in biological pharmaceuticals.*®*”>* This
study also employed DNA-seq short reads of Vero cell
genome DNA to comprehensively survey microbe-
related sequences in the cell sample, and detected no
discernible sign of microbe-relevant sequences (except
for endogenous SRV) in Vero JCRBO111 cells. In this dir-
ection, it is crucial to distinguish between endogenous
and exogenous viral-like sequences, because the appear-
ance of the former is inevitable and can serve as an in-
ternal positive control in metagenomic analysis for
microbial agents. In addition, the heterogeneity in SRV
sequences as discussed above may also be a good
genomic signature for identifying a specific cell seed
among various Vero cell sub-lines. The whole-genome
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