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Abstract

Hybrid (both intra-species and inter-species) cell lines arise through intentional or non-
intentional fusion of somatic cells having different origins. Hybrid cell lines can pose a
problem for authentication testing to confirm cell line identity, since the results obtained
may not conform to the results expected for the two parental cell types. Thus, depend-
ing on the identity testing methodology, a hybrid cell may display characteristics of one
of the parental cell type or of both. In some instances, the hybrid cell line may display
characteristics that are different from those displayed by either parental cell type; these
differences may not necessarily indicate cellular cross-contamination. Testing should be
performed as soon as possible after an intended fusion has occurred, so that a baseline
reference profile is available for later comparison. In this article, we describe the vari-
ous approaches that have been used for identifying hybrid cell lines and the results that
might be expected when using various technologies for this purpose.

Keywords: cell fusion, hybrid cell line, authentication, immunostaining, isoenzyme
analysis, karyotyping, STR profiling, SNP profiling

1. Introduction

Fusion of cells occurs normally in vivo, such as of muscle cells, bone cells, macrophages, dur-
ing fertilization of germ cells, and in placenta formation [1]. Somatic cell hybrid cell lines (or
more simply hybrid cell lines) are cell lines that arise through intentional or nonintentional
fusion of somatic cells having different origins [2]. Intra-species and inter-species (cross-species)
cell fusions have been described since the 1950s [3] and can occur either spontaneously or
can be mediated by human oncogenic viruses (such as Sendai virus, Epstein-Barr virus,
human papilloma viruses, hepatitis B and C viruses, human T-cell lymphotropic virus type 1
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(HTLV-1), herpesviruses-8/Kaposi sarcoma herpesvirus (HHV-8/KSHV)) [4, 5], polyethylene
glycol [6], or electrical pulses (electrofusion) [7-12], resulting in viable syncytial cells (giant
cells or polykaryotes) with hybrid genotypes, namely heterokaryons. Mouse-human hetero-
hybridoma technology has advanced significantly with the use of electrofusion technology
[13]. Currently, electrically induced cell fusion is also being used to develop cancer cells
with increased immunogenicity by fusion with dendritic cells for development of anti-tumor
vaccines [14, 15].

Cell fusion can be important in the establishment and evolution of cell lines (e.g., [16]) and can
lead to cancer progression and metastasis via genetic instability [17-20]. Hybrid cell lines also
can arise spontaneously. Numerous examples have been documented [21], including a case
where a patient-derived xenograft model underwent spontaneous fusion with normal mouse
stromal cells, forming a hybrid cell that was more tumorigenic than the parental lines [22].
Spontaneous cell-cell fusion can act as a mechanism for DNA exchange between malignant
and non-malignant cells and for horizontal transmission of malignancy [21, 23]. Spontaneous
cell-cell fusion can be challenging to detect. Some cases are only detected incidentally —for
example, when unexpected chromosomes are detected during cytogenetic analysis [24].

Intentionally created hybrid cell lines have been used for a variety of purposes, including
monoclonal antibody production by mouse x mouse and mouse x human hybridomas [25],
gene mapping studies [26], studies of gene expression [27], study of cancer initiation, progres-
sion, and metastasis [21, 23, 24, 28, 29], evaluation of drug resistance mechanisms [30]; as well
as in the field of virology [31, 32]. Perhaps the most commonly employed inter-species hybrid
cell lines, currently, are mouse x human somatic cell hybrids. Examples of intra-species cell
hybrids might include mouse x mouse (inter-strain) hybrid cells [33] or hybridomas created
by fusion of mouse splenic cells and mouse myeloma cells [34].

Hybrid cell lines can be challenging to authenticate and to confirm that they are valid research
models. This paper reviews historical and more recent technologies that have played a role
in the authentication of inter-species and intra-species hybrid cell lines. As part of cell line
authentication, the identity of a cell line is expected to be established to the species level, or if
possible, to the individual donor level. There are a variety of approaches that may be used for
this purpose. Over the years, these have included isoenzyme, cytogenetic, and immunological
analyses, and more recently, a variety of molecular methods such as restriction length frag-
ment polymorphism (RFLP), nested PCR analysis of mitochondrial genes, short tandem repeat
(STR) profiling, single nucleotide polymorphism (SNP) profiling, sequence-based human
leukocyte antigen (HLA) typing, and next generation sequencing. Each of these approaches
may also be applicable to the authentication of intra-species or inter-species hybrid cell lines,
although the results to be expected and, therefore, the interpretation of such results in arriv-
ing at the identification of the cell line may differ from those for non-hybrid cell lines. Inter-
species hybrid cell lines have a propensity to lose chromosomes during continued passage of
the cultures [18]. Such loss occurs especially in the case of hybrids of human and rodent cells,
such as human x mouse or human x rat hybrids. In these cases, the human chromosomes tend
to be lost with continued passage of the cultures. The results expected to be obtained with
several of the authentication techniques mentioned below tend, therefore, to evolve over time
as the hybrid cells are cultured [35-38]. This is especially true in the case of karyotyping and
total DNA content, but also may impact isoenzyme analysis and molecular-based methods.
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2. Methodologies for authenticating hybrid cell lines

2.1. Isoenzyme analysis

Isoenzyme analysis was one of the first methods to be used (as early as 1970s) for determining
the species-level identity of cell lines. This method is still being used [39], despite the fact that
reagents for performance of the method are not commercially available. There is a consider-
able amount of historical data, in the public domain, for non-hybrid and hybrid cell lines,
therefore, discussion of these results has relevance in deciphering hybrid cell line identities.

In isoenzyme analysis, the gel electrophoresis banding patterns and relative migration dis-
tances of intracellular enzyme isoforms are used to confirm the expected animal species of
origin for test cells. Normalized migration distances obtained for the set of enzymes evaluated
are compared to a set of tabular values for various animal species, and through a process of
elimination, the most likely animal species of origin for the test cell is determined. Although
the results of isoenzyme analysis historically have been used to confirm species-level (intra-
species) identity of a cell line, the method also can be used to demonstrate the existence of
an inter-species cell mixture [40] or to authenticate inter-species hybrid cell lines [27, 31-32,
36-38, 41, 42].

When evaluating inter-species cell mixtures using isoenzyme analysis, bands migrating as
expected for each of the parental species comprising the mixture are observed, provided that
a sufficient percentage of cells of both species are present in the mixture [31, 38—41]. In the case
of inter-species hybrid cell lines, however, a variety of possible outcomes may be obtained
when authenticating using isoenzyme analysis. These outcomes might include, for instance,
bands for certain enzymes that migrate as expected for both parental species or for only one
of the two parental species, or bands that migrate differently than expected for either parental
species (Figure 1).

As is evident from Figure 1, interpretation of an isoenzyme analysis electropherogram for a
hybrid cell is not as straightforward as it is for a cell mixture. The chromosomes contributed
to the hybrid cell by the two parental cells determine the outcome of the isoenzyme analysis
results for any given enzyme, as the genes encoding the enzymes evaluated in this method
are scattered among the various chromosomes of the various animal species [37]. In fact, iso-
enzyme analysis was performed commonly in early gene mapping studies because linkage
between genes encoding an isoenzyme and a gene of interest could be used to assign the
chromosomal location for the gene of interest. Due to uncertainty of the assortment of paren-
tal chromosomes (and encoded enzyme genes) into a hybrid cell, it is not possible to predict
in advance the phenotype and, therefore, the electrophoretic characteristics of enzymes being
evaluated using isoenzyme analysis. This is depicted well by the results of authentication of a
series of human x bovine hybrid cell lines (Table 1) by van Olphen and Mittal [32].

Authenticating an intentionally created hybrid cell line using isoenzyme analysis, therefore,
entails evaluation of the hybrid as soon as possible after fusion of the parental cells. The
migration patterns displayed by the enzymes evaluated are then considered to be the ref-
erence pattern to be expected for the hybrid cell during subsequent authentication assays.
This is similar to the case for DNA fingerprinting. When reviewing historical data of cell line
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Figure 1. Isoenzyme analysis of (A) lactate dehydrogenase; and (B) 6-phosphogluconate dehydrogenase in parental cells,
a cell mixture, and a hybrid cell. Lane 1: parental rat-SV40 cell; lane 2: hybrid H3 (rat-SV40 x mouse 3T3 TK"); lane 3:
mixture of rat-SV40 and mouse 3T3 TK"; lane 4: parental mouse 3T3 TK~ (from [31]). The black lines in each lane indicate
the origins (the slots in the wells into which the protein is loaded).

authentication by isoenzyme analysis, allowance must be made for loss of parental chromo-
somes during extended culture, as this may result in loss of electrophoretic bands associated
with certain enzyme isoforms over time. Reagents for performing isoenzyme analysis are no
longer commercially available, so other methods to be described below are now more com-
monly being used for hybrid cell authentication.

2.2. Immunostaining for surface antigens

The species-level identification of cells through use of antisera directed against species-specific
cell surface markers has also been applied to the authentication of inter-species cell hybrids [32].
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Method Parental Parental Hybrid cell line
293-P MDBK-N

93-Puro eo BHH2C BHH3 BHHS
Immunofluorescent Human Bovine Human Bovine Bovine
staining for surface
antigen
Karyotyping
Number of human 62 0 71 27 19
chromosomes
Number of bovine 0 60 4 48 47
chromosomes
Total number of 62 60 97 113 103
chromosomes?

Isoenzyme analysis

Glucose-6-phosphate Human Bovine Human Bovine +° Bovine +
dehydrogenase

Malate dehydrogenase Human Bovine Human Bovine + Bovine +
Lactate dehydrogenase Human Bovine Human + Bovine + Bovine +
Nucleoside phosphorylase Human Bovine Human Bovine Bovine

Flow cytometry
Total DNA content 171.1+£5.3 166.0 +4.9¢ 254.7+6.8 297.7+10.3 288.6+7.5

aTotal chromosomes includes human, bovine, and unidentified chromosomes.
PBands expected for bovine were observed, along with extra bands.
‘Bands expected for human were observed, along with extra bands.

dMean + standard deviation, units are relative DNA content.

Table 1. Authentication results for three hybrid (human x bovine) cell lines (data from [32]).

In the case of an inter-species cell mixture, immunostaining reagents directed against con-
served surface antigens of each parental species would each be expected to demonstrate reac-
tivity. In the case of inter-species hybrids, the result that might be obtained is not so easily
predicted in advance. For instance, as shown in Table 1, the surface antigens that are actually
detected in a set of hybrids may be derived from only one or the other of the parental species
(Figure 2).

It is also possible, depending upon the species-specific antisera employed and the chromo-
somal make-up of the hybrid cell, for an inter-species hybrid cell to display surface staining
for antigens of both parental species. For instance, Kano et al. [43] reported that all human x
mouse hybrids evaluated in their study displayed mouse surface antigens, while most but
not all also displayed human surface antigens. Surface antigens characteristic of both paren-
tal species were displayed by all human x hamster and human x rat hybrid cells evaluated.
Gallagher et al. [44] reported similar results in their analysis of the surface antigens in human
[HeLa] x mouse hybrid [3T3.4E] cells. Surface antigens characteristic of both parental cells
were displayed by the hybrid cells.

It is also possible that by the staining of interspecies hybrid cells, one may detect a surface
antigen that is not expressed by either parental cell. For instance, van Someren et al. [41]
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Species-specific antibodies
Cell lines a-Human a -Bovine a -Mouse
BHHS

Figure 2. Use of immunostaining against species-specific surface antigens to characterize parental human [293-Puro]
and bovine [MDBK-Neo] cells, and three human x bovine hybrid cell lines [BHH2C, BHH3, and BHHS8]. Antisera are
designed a-human (anti-human), a-bovine (anti-bovine), and a-mouse (anti-mouse). The latter was used as a negative
control reagent (from [32]).

examined a large number of human x Chinese hamster hybrid cells using human leukocyte
antigen (HLA) typing antisera. The parental human cells exhibited reactivity against HLA
typing serum 3 only. Most of the hybrids evaluated retained reactivity against this typing
serum, and a subset of these displayed reactivity against one or more additional typing sera
(i.e, seral, 2,9, and 10) for which the human parental cell was negative.

Immunostaining for HLA antigens may be used for detecting hybrids of parental human cells
with differing HLA types, therefore conferring limited utility of this approach for detecting
intra-species (human x human) cell hybrids [44, 45]. The results of HLA typing of a human x
human hybridoma cell line [46] are displayed in Table 2.

As with isoenzyme analysis, immunostaining for surface antigens should be performed as
soon as possible once a hybrid cell is created. The results may not in all cases remain the same
throughout management of the cell culture over time. For instance, a loss of one or more of
the parental surface antigen reactivities may coincide with loss of chromosomal material, and
perhaps function, with time in culture.
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Parameter Parental cell lines Hybrid cell line
GM15006TGOB EC,,, GMEC-101
Chromosomes (mean * standard deviation) 38+3 38+2 84+7
HLA type A2 Al,2 Al2
B18 B5,17 B17
Cc7 C6,7 Cc7
Bwo6 Bw4 Bw4,6
DR5 DR6 DR5,6

Table 2. Authentication of a human x human hybridoma cell line using HLA typing (data from [46]).

2.3. Karyotypic (cytogenetic) analysis

Karyotypic analysis of inter-species hybrid cells enables an investigator to visualize the
rearrangement and addition/deletion of chromosomes that are typically (but not always)
observed in such hybrids as a result of the fusion of the two parental cells (Tables 1 and 2).
The analysis may amount to determination of modal chromosome number and/or the range
of chromosomal numbers observed in a set of metaphase spreads [38, 45]. The chromosomes
comprising the karyotype may also be analyzed for morphology (telocentricity, acrocentric-
ity, and banding pattern analysis, see Scheme 1), enabling assignment of chromosomes to one
parental species or the other [26, 32, 36, 46, 47].

Jacobsen and co-workers [22] used fluorescence in situ hybridization (FISH) to demonstrate
inter-species cell hybrids between human breast cancer and mouse stromal cells in patient-
derived xenografts. The authors labeled human and mouse Cot-1 DNA (enriched in repeti-
tive DNA sequences) with different fluorophores and used these as FISH probes. They were
able to highlight the origin of individual nuclei in formalin-fixed, paraffin-embedded tissue
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Scheme 1. Part 1. Schema for chromosomal structure. Part 2. Human x mouse karyotype from [36]. The arrow indicates
the single human submetacentric chromosome among numerous telocentric mouse chromosomes.

157



158 Cell Culture

sections, and the origin of individual chromosomes in metaphase spreads, and were able to
detect hybrid chromosomes consisting of both human and mouse DNA.

At the time of creation, hybrid cells contain a complement of chromosomes, a portion of
which are attributable to one of either parental cells, while some may be of unknown origin
(Table 1). Inter-species chromosomal rearrangements may also occur in somatic cell hybrids
[26]. In many, but not all cases, loss of chromosomes attributed to one or the other parental
cell is experienced as the hybrid cells are cultured [26, 31, 32, 35, 36, 46].

2.4. DNA content

Measurement of total or nuclear DNA content is used in characterization of somatic cell
hybrids, but is not necessarily intended as an identity test for authenticating such cells. The
excess number of chromosomes present in certain cell hybrids relative to the parental cells
(discussed above) is also reflected in an increase in DNA content in the hybrid cells. This
increase may be detected using microspectrophotometric analysis for nuclear DNA [38] or
flow cytometric analysis of propidium iodide-stained cells for total DNA [32]. For instance,
while authenticating a series of human x bovine hybrid cell lines, van Olphen and Mittal [32]
found that the total DNA content of the hybrid cells was 51-77% greater than the average
value for the parental cells (Table 1).

Levels of nuclear DNA in bovine x mouse hybrid cells corresponded to the relative increases
in chromosome count for the hybrids [38]. A hybrid with mean chromosomal count of 53 (vs.
parental values of 44 and 44) was found to have nuclear DNA content similar to the parental
mouse cell, while a hybrid with mean chromosome count of 89 displayed a bimodal nuclear
DNA content, with one peak similar to that of the parental mouse cell and another peak at
around twice the parental cell peak value [38].

Both total DNA and chromosome count for a hybrid cell may evolve with continued passage
of a culture, due to the propensity for loss of chromosomes derived from one or both parental
cells, as mentioned above.

2.5. Nucleic acid sequence-based methods

The ability to detect intra-species and inter-species cell hybrids has been greatly facilitated by the
development of nucleic acid sequencing methods, such as DNA barcoding (PCR- or sequence-
based approaches targeting mitochondrial genes), STR analysis, and next generation sequencing,.

2.5.1. DNA barcoding

Ono et al. [48] used a nested PCR targeting the cytochrome b gene of 7 animal species (human,
mouse, rat, rabbit, cat, cow, and pig) to authenticate two inter-species hybrid cell lines. These
included the 4G12 hybridoma cell line (human B lymphocyte x mouse myeloma) and the
N18-RE-105 hybridoma cell line (mouse glioma x rat neural retina). Cytoplasmic isoenzymes
from the two hybridoma cell lines were found to display human- or rat-specific migration
patterns in isoenzyme analysis, but yielded a result expected for mouse in the nested PCR
(Figure 3). The authors concluded that the preferential retention of mouse mitochondria in
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Figure 3. Use of nested PCR to evaluate a human x mouse hybrid cell line [4G12] and a mouse x rat hybrid cell line
[N18-RE-105]. Multiplex group 1 (targeting human, mouse, rat, rabbit, cat, cow, and pig) or the corresponding species-
specific primer pairs were used. Note that only the mouse DNA is detected in these two hybrid cells (from [48]).

hybrid cells in which one of the parental cells was mouse, as observed also by Attardi and
Attardi [47], diminishes the utility of the nested PCR method for identifying inter-species cell
hybrids.

2.5.2. STR profiling

Chan et al. [49] used STR profiling to identify presumed intra-species human hybrid cell lines
comprised of HeLa x EBV-negative NPC (Epstein-Barr virus-negative nasopharyngeal car-
cinoma) cells. Four EBV-negative NPC cell lines (CNE-1, CNE-2, HNE-1, and HNE-2) were
found to have STR profiles similar to each other, and also shared at least one allele with HeLa
across 16 STR loci, as well as additional alleles at several of the STR loci that were attributed to
an unknown EBV-negative NPC cell. High-throughput RNA sequencing by Strong et al. [50]
resulted in similar conclusions and raised similar concerns for three other EBV-negative NPC
cell lines (HONE-1, AdAH, and NPC-KT).

Because these particular EBV-negative NPC cell lines have additional alleles, they do not sat-
isfy the usual match criteria for human cell line authentication [51]. However, it is important
to consider all available evidence when deciding if cross-contamination has occurred. The
data from Chan et al. [49] showed that CNE-1, CNE-2, HNE-1, and HNE-2 carry an allelic
variant (D13S317 13.3) that is characteristic of HeLa derivatives [51]. Strong et al. [50] showed
that CNE-1, CNE-2, HONE-1, AdAH, and NPC-KT carry human papillomavirus 18 (HPV18),
which is an unexpected finding for NPC cell lines, and display viral and cellular genomic
rearrangements that are consistent with HeLa. Looking at all the evidence, it is reasonable to
conclude that these EBV-negative NPC cell lines represent not simply cross-contamination
with HeLa, but rather somatic cell hybridization with HeLa.
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The mechanism responsible for somatic cell hybridization in these seven EBV-negative NPC
cell lines is not known. Cell-cell fusion may have occurred between HeLa and an unknown
NPC cell line through exposure to Sendai virus. NPC-KT, one of the cell lines investigated
by Strong et al. [50], was established by using Sendai virus to fuse AAAH and primary NPC
cells [52]. NPC-KT also carried EBV, which can cause cell-cell fusion in monolayer cultures
[5, 53]. If the originating laboratory unknowingly performed this work on a culture that was
cross-contaminated with HelLa, it may have resulted in a HeLa fusion cell line, which may
have subsequently cross-contaminated other cell lines used by the NPC research community.
HeLa cells also contain the gene for HPV18 viral protein E5, which is fusogenic [54]. The E5
protein of HPV16 is a fusogenic membrane protein and if expressed in two cells, the cells can
fuse [55, 56]. So if HeLa and another cell line expressed the HPV18 analogue protein E5, this
could have also induced fusion.

Yoshino et al. [33] used an STR profiling approach to authenticate a series of mouse cell
lines, including an inter-strain hybrid (Balb/c mouse x C3H/He mouse) cell line. In this
approach, F1 hybrid cells derived from the two parental mouse strains displayed dif-
ferent alleles at each locus, corresponding to the alleles contributed by the two parental
strains. Loss of heterozygosity occurring during extended culture was thought to result
in loss of one of the parental alleles at the D5 Mit201.1 locus of the dinucleotide STR
marker (Table 3).

Almeida et al. [34] described results obtained during authentication of an intra-strain (Balb/c
mouse) hybridoma (P3X63Ag8.653 x Balb/c mouse splenic cell). In this case, not unexpect-
edly, identical alleles were detected for eight of nine STR loci evaluated. At the mouse STR
9-2 locus, the parental P3X63Ag8.653 cell was heterozygous, displaying alleles with 15 and 16
repeats, while the hybrid cell contained only the allele with 15 repeats.

Authentication of hybridoma cell lines is difficult, because of the inbred rodent populations
that are used for hybridoma generation. Koren et al. [57] proposed a unique solution using
degenerate primers to amplify and sequence the variable regions of the monoclonal antibod-
ies produced by their hybridoma cell lines. Because these regions are highly diverse, they can
potentially be used to uniquely identify the hybridoma cell line from which a monoclonal
antibody is generated. Koren et al. [57] used this approach to resolve a misidentified cell line
in their own laboratory, but the method would be useful for any laboratory working with
hybridoma cell lines.

Strain/cell line Size of amplicons for alleles at STR loci

D1 Mit159.1 D2 Mit395.1 D4 Mit170.1 D5 Mit201.1 D13 Mit256.1 D17 Mit51.1

Parental Balb/c 141.8 135.5 2425 94.9 88.3 155.1
Parental C3H/He 185.1 123.8 236.4 92.5 78.4 140.1
Hybrid UV.CC3.11.1 142.0, 185.2 135.5,123.9 242.6,236.4 94.8 88.4,78.5 155.2, 140.2

Table 3. Authentication of an inter-strain hybrid (mouse) cell line by STR profiling (data from [33]).
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2.5.3. Next generation sequencing

Inter-species and intra-species cell fusion may be detectable by next generation sequencing
techniques because of the extensive amount of DNA sequencing and the unbiased selection of
the DNA segments (i.e., not using species-specific primers for PCR or selection of DNA frag-
ments). A difficulty may occur in genomic regions that are highly conserved between species
for which only small sequence differences exist (e.g., a single or a few bases). In such cases,
it may be difficult to determine whether the observed difference is a single nucleotide varia-
tion (SNV) between two species or between two samples from the same species. Also, SNPs/
SNVs are generally transitional sequence changes (i.e., either purine to purine or pyrimidine
to pyrimidine) and may not provide sufficient information to determine whether a sample
contains cells from two different species or from two different individuals of the same species.
To overcome this difficulty, one must sequence DNA segments that are highly variable and
unique to different individuals. These might include human, mouse [34], or rat [58, 59] STR
and human [60, 61] or mouse SNP arrays [62, 63]. Multiple genomic regions must be evalu-
ated for those cases in which a few or even a single chromosome from one species is retained
by the hybrid cell, as is the case with many hybridoma cell lines.

3. Discussion

Hybrid cell lines represent a special problem for the various approaches that have been uti-
lized for authentication up to now. Firstly, the endpoints that are used in cell authentication
assays are ultimately, if not directly, dependent upon the genetic make-up of the cell. Intra-
species and inter-species hybrid cells are difficult to test because they contain an assortment
of genetic material conferred from the two parental cell types during the fusion process. Thus,
specific isoforms of enzymes, the presence or absence of surface antigens, chromosome count,
and total DNA content are each subject to the assortment of genetic material that is present in
the hybrid cell line following the fusion process. This difficulty also applies to the molecular-
based methods that are so useful for determining the authenticity of cells. Thus, one cannot
predict, in advance, the results that will be obtained during authentication of a hybrid cell
using one of these analytical techniques.

Secondly, not all of the genetic material in the hybrid cell is stable, as it is not uncommon for
one or more chromosomes to be lost from hybrid cells on continued passage of the culture.
This means that the authentication profile of a hybrid cell may evolve over time in culture.

Due to these considerations, a hybrid cell should be evaluated as soon as possible after fusion
to get a baseline (reference) profile. Any drift or change in subsequent profiles may imply
changes within the chromosome number or expression profiles. The profile of authentication
resulting from one or more of these methods can then be used as a sort of fingerprint or ref-
erence against which subsequent authentication can be compared (as in authentication of a
master cell bank or a working cell bank). Evolution of such a reference pattern may occur as
chromosomes are lost, sometimes quite soon following fusion, from a hybrid during continued
culture. This evolution typically involves the loss of characteristics of one of the parental cells
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(be it parental chromosome(s), species-specific isoenzyme bands or hybrid bands, loss of het-
erozygosity in SNP or STR profiles, loss of surface staining characteristic of one of the parental
cells, etc.). On the other hand, gains in chromosome counts, addition of new isoenzyme bands,
appearance of new alleles in SNP or STR profiles, or increases in DNA content with time in
culture would not be expected, and such would be considered a red flag during authentica-
tion. For instance, such a result might indicate the presence of a cross-contaminating cell type.

4. Executive summary

* Fusion of two different cell types to create an inter-species or intra-species hybrid results
in an unpredictable assortment of genetic material derived from one or the other parental
cell into the hybrid.

* The outcome of the fusion process in terms of genetic content contributed by the two
parental cells will impact the results of the methodologies typically used for determining
cell line authenticity.

* Isoenzyme analysis may indicate the presence of electrophoretic bands migrating as
expected for one parental cell, the other parental cell, or bands migrating differently than
expected for either parental cell.

* Hybrid cells may retain surface antigens characteristic of one parental cell or the other, or
of both.

¢ Chromosome number (total, and number derived from one parental cell or the other) and
total DNA content will vary from hybrid to hybrid.

¢ Human chromosomes found in inter-species hybrid cells tend to be unstable, and are often
lost over time in culture.

¢ Regardless of the authentication method to be used, it is recommended that a baseline
evaluation be performed as soon as possible after the fusion process used to create the
hybrid cell, and that the result be used as a reference against which future authentication
results may be compared.

5. Future perspectives

Hybrid cell lines require new methods to ensure that cell-cell fusion is detected and such
cultures can be authenticated to demonstrate their validity as research models. Detection of
spontaneous cell-cell fusion is particularly important. Somatic cell hybridization may arise
when using feeder layers in vitro or when working with patient-derived xenograft models
in vivo. In many cases, cell-cell fusion is associated with increased tumorigenicity or the
development of malignant behavior in adjacent cell populations [21, 22]. This has the poten-
tial to alter the behavior of patient-derived xenograft models, which may be used as the final
step before a novel drug proceeds to clinical evaluation [64].
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Current authentication methods are not always effective to detect hybrid cell lines. The
advantages and limitations of the available methods are displayed in Table 4. Common to
all methods is the fact that the chromosomal contributions from each parental cell are not
possible to predict in advance. This means that chromosomal makeup and number and cor-

responding genetic information (e.g., surface antigens, HLA types, enzyme isoforms, alleles
at STR loci) will be unique to each fusion cell. In hybrid cells, STR profiles become more

Method

Principle

Advantages

Disadvantages

Isoenzyme analysis

Immunostaining

Karyotyping
(cytogenetic
analysis)

DNA content

DNA barcoding

STR profiling

Next generation
sequencing

Electrophoretic
mobilities of cytosolic
enzymes in the fusion
cell correspond to one
or both parental cell
isoforms

Surface antigens of
one or both parental
cells may be retained

Chromosomes
contributed by two
parental cells may be
directly observed in
the fusion cell

Fusion cells may

contain more total
DNA content than
either parental cell

Mitochondrial
DNA sequences are
conserved within
species

Multiple (8 or more)
STR loci provide
identity to the donor
level

Agnostic sequencing
of variable DNA
sequences such as
STR or SNP arrays

Rapid; inexpensive; visual
endpoint; useful for inter-
species hybrids

Rapid, visual endpoint;
useful for inter-

species hybrids; HLA
immunostaining enables
detection of intra-species
(human) fusion cells

Visual endpoint; useful

for inter-species hybrids;
can directly determine
chromosomal makeup
derived from the parental
cells; useful for inter-species
hybrids

Total DNA content is simple
to measure; DNA content is
useful in detecting intra-

as well as inter-species
hybrid cells

Rapid; DNA barcoding is
used for species of origin
confirmation of cells

Rapid; STR profiling can
enable authentication of
human, dog, or mouse
cells to the individual
donor level; useful for
authenticating mouse
hybridoma cells

Detects inter- and intra-
species hybrid cells

Reagents no longer commercially
available; results must be compared to a
reference result; certain isoforms may be
lost with continued passage of the hybrid
cells

Requires species- or HLA type-specific
immunostaining reagents and fluorescent
microscopy; results must be compared to
a reference result; certain surface antigens
may be lost with continued passage of the
hybrid cells

Preparing and interpreting karyotypes
takes expertise; human chromosomes in
inter-species hybrids are often lost with
passage in culture

Total DNA content in hybrid cells is often
not stable with passage in culture as
chromosomes may be lost

Nested PCR must be created with
species-specific primers for parental
cells; preferential retention of mouse
mitochondria in inter-species bybrid cells
diminishes utility of this method

Not typically useful for inter-species
hybrid cells; loss of heterozygosity during
extended passage in culture may result in
loss of STR alleles

Multiple genomic regions must be
evaluated in hybrids containing few or
single chromosomes from one of the
parental cells

Table 4. Limitations and advantages of methods for authenticating hybrid cells.
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complex and difficult to interpret, while mitochondrial-based methods may not be effective
for species detection if mitochondria from one species are retained preferentially (as is true
for the mouse). However, many methods can be optimized to allow for detection of cell-
cell hybrids. For example, SNP genotyping is increasingly used for cell line authentication
and has been used as a test method for patient-derived xenograft models [64]. SNP panels
could be modified to include species-specific marker sets, or human and mouse SNP panels
could be run in parallel to confirm species and strain identifications and search for additional
markers. Although this type of comprehensive assessment is not usually performed, it could
be incorporated into testing pipelines if laboratories are aware of the spontaneous (uninten-
tional) cell fusion issue and look specifically for such markers of cell fusion. A role has been
suggested for cell-cell fusion in cancer, stem cell plasticity, and trans-differentiation [17-20,
54, 59, 65-67]. A better set of tools is needed to explore hybrid cell lines and the role of somatic
cell hybridization in health and disease.

Abbreviations

DNA deoxyribonucleic acid

EBV Epstein-Barr virus

FISH fluorescence in situ hybridization

HHV-8/KSHV  herpesviruses-8/Kaposi sarcoma herpesvirus

HLA human leukocyte antigen

HPV human papillomavirus

HTLV-1 human T-cell lymphotropic virus type 1
NPC nasopharyngeal carcinoma

PCR polymerase chain reaction

RFLP restriction length fragment polymorphism
RNA ribonucleic acid

SNP single nucleotide polymorphism

SNV single nucleotide variation

STR short tandem repeat

Sv40 simian virus 40



Authenticating Hybrid Cell Lines
http://dx.doi.org/10.5772/intechopen.80669

Author details

Raymond W. Nims"*, Amanda Capes-Davis?, Christopher Korch® and Yvonne A. Reid*

*Address all correspondence to: rnims@rmcpharma.com

1 RMC Pharmaceutical Solutions, Inc., Longmont, CO, USA

2 CellBank Australia, Children’s Medical Research Institute, The University of Sydney,
Westmead, New South Wales, Australia

3 Division of Medical Oncology, University of Colorado Denver, Aurora, CO, USA

4 ATCC, Manassas, VA, USA

References

[10]

Cell Fusion. Encyclopedia of Genetics, Genomics, Proteomics and Informatics. Dordrecht:
Springer; 2008. DOI: 10.1007/978-1-4020-6754-9_2621

Somatic Cell Hybrids. Encyclopedia of Genetics, Genomics, Proteomics and Informatics.
Dordrecht: Springer; 2008. DOI: 10.1007/978-1-4020-6754-9_15854

Ephrussi B, Weiss MC. Interspecific hybridization of somatic cells. Proceedings of the
National Academy of Science, USA. 1965;53:1040-1042

Gao P, Zheng J. Oncogenic virus-mediated cell fusion: New insights into initiation and
progression of oncogenic viruses-related cancers. Cancer Letters. 2011;303:1-8

Hussain T, Mulherkar R. Lymphoblastoid cell lines: A continuous in vitro source of cells
to study carcinogen sensitivity and DNA repair. International Journal of Molecular and
Cellular Medicine. 2012;1:75-87

Pedrazzoli F, Chrysantzas I, Dezzani L, Rosti V, Vincitorio M, Sitar G. Cell fusion in
tumor progression: The isolation of cell fusion products by physical methods. Cancer
Cell International. 2011;11:32. https://doi.org/10.1186/1475-2867-11-32

Scheurich P, Zimmermann U, Mischel M, LamprechtI. Membrane fusion and deformation
of red blood cells by electric fields. Zeitschrift fiir Naturforschung C. 1980;35:1081-1085

Pilwat G, Richter H-P, Zimmermann U. Giant culture cells by electric field-induced
fusion. FEBS Letters. 1981;133:169-174

Zimmermann U. Electric field-mediated fusion and related electrical phenomena.
Biochimica et Biophysica Acta. 1982;694:227-277

Zimmermann U, Vienken J. Electric field-induced cell-to-cell fusion. Journal of Membrane
Biology. 1982;67:165-182

165



166  Cell Culture

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]
[20]

[21]

[22]

[23]

[24]

[25]

[26]

Zimmermann U, Vienken ], Pilwat G, Arnold WM. Electro-fusion of cells: Principles and
potential for the future. Ciba Foundation Symposia. 1984;103:60-85

Zimmermann U, Urnovitz HB. Principles of electrofusion and electropermeabilization.
Methods in Enzymology. 1987;151:194-221

Trontelj K, Rebersek M, Kanduser M, Serbec VC, Sprohar M, Miklavcic D. Optimization
of bulk cell electrofusion in vitro for production of human-mouse heterohybridoma
cells. Bioelectrochemistry. 2008;74:124-129

Hock BD, Roberts G, McKenzie JL, Gokhale P, Salm N, McLellan AD, et al. Exposure
to the electrofusion process can increase the immunogenicity of human cells. Cancer
Immunology and Immunotherapy. 2005;54:880-890

Schoeman RM, van den Beld WTE, Kemna EWM, Wolbers F, Eijkel JCT, van den Berg
A. Electrofusion of single cells in picoliter droplets. Scientific Reports. 2018;8:3714. DOI:
10.1038/s41598-018-21993-8

Willkomm L, Bloch W. State of the art in cell-cell fusion. Methods in Molecular Biology.
2015;1313:1-19

Bastida-Ruiz D, Van Hoesen K, Cohen M. The dark side of cell fusion. International
Journal of Molecular Science. 2016;17(pii):E638. DOI: 10.3390/ijms17050638

Zhou X, Merchak K, Lee W, Grande JP, Cascalho M, Platt JL. Cell fusion connects onco-
genesis with tumor evolution. American Journal of Pathology. 2015;185:2049-2060

Duelli D, Lazebnik Y. Cell fusion: A hidden enemy? Cancer Cell. 2003;3:445-448

Duelli D, Lazebnik Y. Cell-to-cell fusion as a link between viruses and cancer. Nature
Reviews in Cancer. 2007;7:968-976

Goldenberg DM. Horizontal transmission of malignancy by cell-cell fusion. Expert
Opinions in Biological Therapy. 2012;12:5133-5139

Jacobsen BM, Harrell JC, Jedlicka P, Borges VF, Varella-Garcia M, Horwitz KB.
Spontaneous fusion with, and transformation of mouse stroma by, malignant human
breast cancer epithelium. Cancer Research. 2006;66:8274-8279

Searles SC, Santosa EK, Bui JD. Cell-cell fusion as a mechanism of DNA exchange in
cancer. Oncotarget. 2017;9:6156-6173

Camps J, Salaverria I, Garcia MJ, Prat E, Bea S, Pole JC, et al. Genomic imbalances and
patterns of karyotypic variability in mantle-cell lymphoma cell lines. Leukemia Research.
2006;30:923-934

Kohler G, Milstein C. Derivation of specific antibody-producing tissue culture and
tumor lines by cell fusion. European Journal of Immunology. 1976;6:511-519

RaimondiE, Mezzelani A, Castiglioni B, Moralli D, RognoniG, De Carli L. Characterization
of hamster-bovine somatic cell hybrids by in situ hybridization and chromosome band-
ing. Hereditas. 1993;118:191-194



[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Authenticating Hybrid Cell Lines
http://dx.doi.org/10.5772/intechopen.80669

Melmed S, Fagin JA. Isolation and characterization of rat-mouse somatic cell hybrids
secreting growth hormone and prolactin. Experimental Cell Research. 1986;162:475-485

Gauck D, Keil S, Niggemann B, Zanker KS, Dittmar T. Hybrid clone cells derived from
human breast epithelial cells and human breast cancer cells exhibit properties of cancer
stem/initiating cells. BMC Cancer. 2017;17:515. DOI: 10.1186/s12885-017-3509-9

Ramakrishnan M, Mathur SR, Mukhopadhyay A. Fusion-derived epithelial cancer cells
express hematopoietic markers and contribute to stem cell and migratory phenotype in
ovarian carcinoma. Cancer Research. 2013;73:5360-5370

Giavazzi R, Scholar E, Hart IR. Isolation and preliminary characterization of an adriami-
cyn-resistant murine fibrosarcoma cell line. Cancer Research. 1983;43:2216-2222

van der Noordaa J, van Haagen A, Walboomers JMM, van Someren H. Properties of
somatic cell hybrids between mouse cells and simian virus 40-transformed rat cells.
Journal of Virology. 1972;10:67-72

van Olphen AL, Mittal SK. Development and characterization of bovine x human hybrid
cell lines that efficiently support the replication of both wild-type bovine and human
adenoviruses and those with E1 deleted. Journal of Virology. 2002;76:5882-5892

Yoshino K, Saijo K, Noro C, Nakamura Y. Development of a simple method to determine
the mouse strain from which cultured cells originated. Interdisciplinary Biology Central.
2010;2:1-9. DOI: 10.4051/ibc.2010.2.4.0014

Almeida JL, Hill CR, Cole KD. Mouse cell line authentication. Cytotechnology. 2014;
66:133-147

Weiss MC, Green H. Human-mouse hybrid cell lines containing partial complements
of human chromosomes and functioning human genes. Proceedings of the National
Academy of Science, USA. 1967;58:1104-1111

Migeon BR, Miller CS. Human-mouse somatic cell hybrids with single human chromo-
some (group E): Link with thymidine kinase activity. Science. 1968;162:1005-1006

Nichols EA, Ruddle FH. A review of enzyme polymorphisms, linkage and electrophoretic
conditions for mouse and somatic cell hybrids in starch gels. Journal of Histochemistry
and Cytochemistry. 1973;21:1066-1081

Chinchar VG, Floyd AD, Chinchar GD, Taylor MW. Characterization of hybrids between
bovine (MDBK) and mouse (L-cells) cell lines. Biochemical Genetics. 1979;17:133-148

Machado ]JZ, de Miranda ACS, Cruz AS. G6PD and MDH isoenzyme electrophoresis for
cell lines authentication. Virus Reviews and Research. 2016;21:1-4

Nims RW. Historical and current methods for detecting inter- and intra-species cell
mixtures and thereby assuring cell line purity. In: Tsongalis GJ, editor. Advances in
Molecular Pathology. Vol. 1. 2018. In press

van Someren H, Westerveld A, Hagemeijer A, Mees JR, Meera Khan PM. Human anti-
gen and enzyme markers in man-Chinese hamster somatic cell hybrids: Evidence for

167



168 Cell Culture

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]
[54]

synteny between the HL-A, PGM,, ME, and IPO-B loci. Proceedings of the National
Academy of Science, USA. 1974;71:962-965

Croce CM, Talavera A, Basilico C, Miller OJ. Suppression of production of mouse 285
ribosomal RNA in mouse-human hybrids segregating mouse chromosomes. Proceedings
of the National Academy of Science, USA. 1977;74:694-697

Kano K, Baranska W, Knowles BB, Koprowski H, Milgrom F. Surface antigens on inter-
species hybrid cells. Journal of Immunology. 1969;103:1050-1060

Gallagher T, Chardonnet Y, Viac ], Patet J, Lefevre A. Antigenic immunostaining pat-
terns in somatic hybrids of human HeLa cells and mouse fibroblasts 3T3.4E propagated
in conventional medium and delipidized serum. Virchows Archiv Part B Cell Pathology
Including Molecular Pathology. 1989;57:339-347

Kozbor D, Burioni R, Ar-Rushdi A, Zmijewski C, Croce CM. Expression of members of
the immunoglobin gene family in somatic cell hybrids between human B and T cells.
Proceedings of the National Academy of Science, USA. 1987,;84:4969-4973

Hulette CM, Effros RB, Dillard LC, Walford RL. Production of a human monoclonal anti-
body to HLA by human-human hybridoma technology. American Journal of Pathology.
1985;121:10-14

Attardi B, Attardi G. Fate of mitochondrial DNA in human-mouse somatic cell hybrids.
Proceedings of the National Academy of Science, USA. 1972;69:129-133

Ono K, Satoh M, Yoshida T, Ozawa Y, Kohara A, Takeuchi M, et al. Species identification
of animal cells by nested PCR targeted to mitochondrial DNA. In Vitro Cellular and
Developmental Biology — Animal. 2007;43:168-175

Chan SY-Y, Choy KW, Tsao S-W, Tao Q, Tang T, Chung GT-Y, et al. Authentication of naso-
pharyngeal carcinoma tumor lines. International Journal of Cancer. 2008;122:2169-2171

Strong M]J, Badoo M, Nanbo A, Xu M, Puetter A, Lin Z. Comprehensive high-throughput
RNA sequencing analysis reveals contamination of multiple nasopharyngeal carcinoma
cell lines with HeLa cell genomes. Journal of Virology. 2014;88:10696-10704

ANSI/ATCC ASN-0002-2011. Authentication of human cell lines: Standardization of
STR profiling. In: https://webstore.ansi.org/RecordDetail.aspx?sku=ANSI%2FATCC+
ASN-0002-2011

Takimoto T, Furukawa M, Hatano M, Umeda R. Epstein-Barr virus nuclear antigen-
positive nasopharyngeal hybrid cells. The Annals of Otology, Rhinology, and Laryn-
gology. 1984;93:166-169

Bayliss GJ, Wolf H. Epstein-Barr virus-induced cell fusion. Nature. 1980;287:164-165

Gao P, Zheng ]. High-risk HPV E5-induced cell fusion: A critical initiating event in the
early stage of HPV-associated cervical cancer. Virology Journal. 2010;7:238. DOI: 10.1186/
1743-422X-7-238



[55]

[58]

[63]

[64]

[67]

Authenticating Hybrid Cell Lines
http://dx.doi.org/10.5772/intechopen.80669

Hu L, Plafker K, Vorozhko V, Zuna RE, Hanigan MH, Gorbsky GJ, et al. Human pap-
illomavirus 16 E5 induces bi-nucleated cell formation by cell-cell fusion. Virology.
2008;384:125-134

Hu L, Ceresa BP. Characterization of the plasma membrane localization and orientation
of HPV16 ES5 for cell-cell fusion. Virology. 2009;393:135-143

Koren S, Kosmac M, Colja Venturini A, Montanic S, Curin Serbec V. Antibody vari-
able-region sequencing as a method for hybridoma cell-line authentication. Applied
Microbiology and Biotechnology. 2008;78:1071-1078

Bryda EC, Riley LK. Multiplex microsatellite marker panels for genetic monitoring of
common rat strains. Journal of the American Association for Laboratory Animal Science.
2008;47:37-41

Shore SK, Bacheler LT, de Riel JK, Barrows LR, Lynch M. Cloning and characterization
of a rat-specific repetitive DNA sequence. Gene. 1986;45:87-93

Huang ], Wei W, Zhang J, Liu G, Bignell GR, Stratton MR, et al. Whole genome DNA copy
number changes identified by high density oligonucleotide arrays. Human Genomics.
2004;1:287-299

Sebat J, Lakshmi B, Troge ], Alexander ], Young J, Lundin P, et al. Large-scale copy num-
ber polymorphism in the human genome. Science. 2004;305:525-528

Didion JP, Buus R]J, Naghashfar Z, Threadgill DW, Morse HC 3rd, de Villena FP. SNP
array profiling of mouse cell lines identifies their strains of origin and reveals cross-
contamination and widespread aneuploidy. BMC Genomics. 2014;15:847. DOI: 10.1186/
1471-2164-15-847

Morgan AP, Fu C-P, Kao C-Y, Welsh CE, Didion JP, Yadgary L, et al. The mouse uni-
versal genotyping array: From substrains to subspecies. G3: Genes, Genomes, Genetics.
2015;6:263-279

El-Hoss]J, Jing D, Evans K, Toscan C, Xie ], Lee H, et al. A single nucleotide polymorphism
genotyping platform for the authentication of patient derived xenografts. Oncotarget.
2016;737:60475-60490

Eisenberg LM, Eisenberg CA. Stem cell plasticity, cell fusion, and transdifferentiation.
Birth Defects Research, Part C Embryo Today: Reviews. 2003;69:209-218

Holland H, Livrea M, Ahnert P, Koschny R, Kirsten H, Meixensberger J, et al. Intracranial
hemangiopericytoma: Case study with cytogenetics and genome wide SNP-A analysis.
Pathology, Research and Practice. 2011;207:310-316

LiuC, Lin], LiL, Zhang Y, Chen W, Cao Z, et al. HPV16 early gene E5 specifically reduces
miRNA-196a in cervical cancer cells. Scientific Reports. 2015;5:7653. DOI: 10.1038/
srep07653

169



ntechOpen

ntechOpen



