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CMV primer R 80 1L
HHVG primer F 40 L
HHVE primer R 40 w L.
B19 primer F 60 uL
B19 primer R 60 u L
BKV JCV primer F 40 u L
BKV JCV primer R 40 b
VZV primer F 20 L
VZV primer R 20 L
Total 520 L

%2 BISAT—IE 100 pmol/ u LICHE UEbORERLD.

® WEEIY hO—LBETF (C) B-JOEY7S1I—3 vy AR
774 v —IREE 4 pmol/ u LI T %

B-2OE Y primer F 4ul
B -0 > primer R 4l
Nuclease free water 92 u L.
Total 100 L

O VIFTLYIAPCREAVYAY —Z v 7 AD{ER

<1 EiGa>

Primer (@ THRELZHLD) 060 L
IC primer (@THEL/ILBD) 040 u L
Buffer 150l
TEVEFRISIRRSR 0.25 L
dH,0 225 'L
Total 500 1L
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@ NATUTO-TEwIREBuLTOAND
ZFITCHEER 71— 78 L U LeRed 5% 7 v — 7% 45 0.02 pmol/ ¢ LICERE 5,

<Aty b 7O-J0EE>

HSV-1,2 FITCIE#TO—7*® 2ul
HSV-1,2  LcRedb404ZH# 7~ 2ub
vzv o FTcEmTO-—7 2ul
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HHV-6  FITCE# O—7 2ul
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BKV, JCV LcRed705@#7 00— 2ul
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Nuclease free water 972 u L
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25  ZT70O—ME 100 pmol/ L LICHELESOERVS.
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o |
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e
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3. BRI, %
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VZN B s N6l

BAIEDBEET LD,

B3 3EEY » VR RBICHE LB, 1 #dd SARERIRIEE Y A VA (varicella-
zoster virus : VZV) PEH I Nk, 200y Fuh 513 1C (B -Globin) D AMSEH &
n, VANABETH R I ERRLTHS,

EH{LERET L= 247 PCREEZEM L/RBNIRESR
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o, 120N ) PCRERE 3 OBERIIZNE TS 94 v— - 7To—7 0% %
FUEEBRL % Th BIFRFERE2ME NS LOBENE TV, LaLl, SHEOMEET
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(2 D

O By LA RESRE B v )

HfARBREEEy b (HAT 7 79— 24), DNA-RNAYA VA - w4 a7 I ARE
HREey b (HAFZ 79— 2% ke, FS5A4v— - Tu—7, EEHEEPEHIL
Ehib o (H4), 50 a—0fili% CHE4A0 BT TIFA S L) KPEELTw5,

14> 7ILDNA 100 ng N
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@ BRIIECEIILFTL v 7 ABHRDER

B RIGROHREE

UTOMBRDY 7N A & PCREGHEIEERET 27172 F Y 7 uh% 0L BiC N
rfvs, :

PCR i 8FF Buffer 98uL
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> 7L DNA 300 ng
fahiiivid HE
Total ( 20uL

%1 HfERRECY ME 7OV TISERICDVTHRET D, RIGEDHERE7~80
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HEETHHEOD 27 ANAERIT S Z LS TEBLILBRERAY Y FTH S,
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Research into cancer, and many other life-threatening condi-
tions, relies on the culture of continuous cell lines as effective
models for the cell type being studied.* Cell lines cease to
be effective models if their behavior changes—for example,
due to overpassaging, microbial contamination or misidentifi-
cation of the cell line.>* Cell line authentication and contami-
nant testing, and other routine measures to minimize behav-
ioral changes, are an important but often neglected part of
good cell culture practice.®

A cell line is said to be misidentified when its DNA profile
is no longer consistent with the individual donor from whom it
was first established. Although misidentification has many
causes, including accidental substitution of culture samples, it is
often caused by cross-contamination—introduction of another
cell line into that culture, resulting in overgrowth by the con-
taminant. Cross-contamination is a common occurrence within
the research community. Ongoing work from the German Col-
lection of Microorganisms and Cell Cultures (DSMZ), evaluat-
ing deposited leukemia-lymphoma cell lines (n = 620), has
shown that 31% of that sample set are contaminated: 18% with
mycoplasma, 7% with another cell line and 6% with both.>®
Cross-contamination remains a common occurrence even when
cell lines are supplied from the originator’s laboratory, suggest-
ing that contamination is frequently an early event—often dur-
ing establishment of the cell line.” More than 360 cell lines are
known to be cross-contaminated or otherwise misidentified with
no known authentic stock, calling into question the validity of
any studies involving these cell lines.®

Misidentified human cell lines, whether due to cross-con-
tamination or other causes, can be detected through authenti-
cation testing. Authentication testing aims to compare the
test cell line to other samples (either tissue or cultured cells)
from the same donor. Correctly authenticated samples may
behave differently in culture (i.e., exhibit phenotypic differen-
ces), but testing will show that they come from the same do-
nor and are not cross-contaminated by other commonly used
cell lines such as Hela. A variety of methods exist for
authentication testing, but short tandem repeat (STR) profil-
ing has been recommended as the most widely used method
currently available for human cell lines.”*

Human STR profiling relies on a polymerase chain reac-
tion (PCR)-based assay examining polymorphic tetranucleotide
or pentanucleotide repeats.” The varying number of repeats
produces amplified DNA fragments of different sizes, which
are identified and assigned a numerical value after comparison
to a set of size standards. The resulting profile is characteristic

Int. ). Cancer: 132, 2510-2519 (2013) © 2012 UICC

of that individual and can be entered into a database, where it

is readily compared between laboratories so long as appropriate
controls and validation are used.”'® STR profiling was initially
shown to be effective for international comparison of cell line
samples.” It was recently recommended by the American Type
Culture Collection Standards Development Organization
(ATCC SDO) Workgroup ASN-0002 as the best method cur-
rently available for human cell line authentication.®'' The
Workgroup has now published a Standard for authentication of
human cell lines by STR profiling, approved by the American
National Standards Institute (ANSI), aiming to set out sufficient
information for laboratories to perform their own testing or to
interpret results obtained from testing laboratories.">

As with all authentication methods, STR profiling has
advantages and disadvantages. Advantages include extensive
data available through population and forensic studies; stand-
ardized kits; and implementation of the technique by cell
banks worldwide, resulting in publication of STR profiles for
the most commonly used cell lines.”'" Four of the cell banks
have made these STR profiles available through online interac-
tive databases; samples have established provenance, with
records of their origin and history kept by the relevant cell
bank.">'* The combined dataset will be used for a global data-
base currently being developed by the ASN-0002 Workgroup
and the National Center for Biotechnology Information
(NCBI). Researchers will be able to use the NCBI database to
compare the STR results for their cell lines to those for other
samples of the same cell line and will be able to add STR pro-
files from their own testing.®*'! Some laboratories have under-
taken STR profiling of large cell line panels that would fit well
with a combined database approach.’>™"? Other groups such as
the National Institute of Standards and Technology (NIST) are
generating STR profiles specifically for the NCBI database
through the Identification of Human Cell Lines Project.*®

The disadvantages of STR profiling include the inability to
fully characterize more than a few species using the available
kits. Most primer sets used for cell line authentication amplify
only human DNA, although primer sets for other species have
been developed and both canine and monkey cell lines have
been authenticated using a similar approach.”*** Another disad-
vantage of STR profiling comes from a tendency for some cell
lines to undergo genetic drift with continued passage in culture.
STR profiles from malignant tissues are known to vary, with
loss of heterozygosity and a high incidence of microsatellite
instability.”** In culture, genetic drift may be accentuated by
suboptimal culture conditions, for example, if cells are
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overpassaged or overdiluted when passaged, resulting in selec-
tion of variant subclones. Subclone selection through “bottle-
necking” can be minimized by the use of low passage cultures,
regular feeding and avoidance of overdilution.*

Most cell lines show only small amounts of genetic
drift.'”?® Such changes generally relate to loss of heterozygosity
rather than changes in alleles.”” However, some cell lines such as
CCRF-CEM and Jurkat show considerable variation between
subclones, resulting in genetic drift even when good cell culture
technique is used.””*® CCRF-CEM and Jurkat are widely used,
and like HeLa, have often been implicated in cases of cross-con-
tamination.” Thus to interpret authentication test results cor-
rectly, one must use standardized match criteria to discriminate
between “related” (same donor) and “unrelated” (different do-
nor) samples, with some allowance for genetic drift. Any match
criteria must also discriminate effectively between cells derived
from different donors; if set incorrectly, samples may be said to
come from the same donor when that is not the case.

Match criteria generally incorporate an algorithm to com-
pare two STR profiles.”'%**~? One STR profile is defined as the
“questioned” profile (the sample being tested), while the other is
a “reference” profile, ideally from the same donor. Where another
sample from that donor is not available, the questioned STR pro-
file should be compared to other samples from that laboratory
and databases online. Comparison to other samples improves the
chances of detecting cross-contamination, as most cases of cell
line cross-contamination arise from a limited number of com-
monly used cell lines.>® Various match algorithms have been pro-
posed for comparison of DNA fingerprints, some requiring speci-
alized bioinformatics expertise.”>*> Although the more complex
algorithms can yield a substantial amount of information on au-
thenticity and instability, early validation of STR profiling has
shown that simple match algorithms also work well to discrimi-
nate between related and unrelated samples.”*

The STR profiles made available by the cell banks gener-
ally included eight STR loci plus amelogenin for gender
determination.'® Some cell banks and laboratories now use a
larger number, typically 16 loci.'**" To make effective recom-
mendations for the human cell line authentication Stand-
ard,'? STR profiles were contributed from four cell banks to
give a combined dataset. The duplicates within the dataset
were sorted into sets of related (same donor) samples, based
on known provenance, and analyzed to determine the mini-
mum number of STR loci when comparing cell line profiles,
and the effectiveness of a simple set of match criteria. We
also highlighted the commonly used cell lines where match
criteria are difficult to apply due to marked genetic drift, and
the known misidentified cell lines within the dataset.

Methods

Match algorithms

Three empirical match algorithms were evaluated for STR
profile comparison. The sample undergoing authentication is
defined as the questioned profile, and a previously authenti-

Match criteria for STR profiling of human cells

cated sample used for comparison is defined as the reference
profile. Homozygous alleles are counted as one allele.

The first match algorithm is referred to as the “Masters
algorithm””:

Percent match = number shared alleles/total number of
alleles in the questioned profile.

The second algorithm is a modification of the Masters
algorithm:

Percent match = number shared alleles/total number of
alleles in the reference profile.

The third match algorithm is referred to here as the
“Tanabe algorithm”° but is more usually known as the Ser-
ensen similarity index or Serensen-Dice coefficient’:

Percent match = (number shared alleles x 2)/(total
number of alleles in the questioned profile + total number of
alleles in the reference profile).

Combined dataset of STR profiles
STR profiles for this analysis were contributed by four cell
banks: ATCC (n = 664), DSMZ (n = 465), JCRB (n = 577) and
RIKEN (1 = 573), giving a total of 2,279 STR profiles. STR pro-
files were obtained retrospectively, during authentication testing
performed by each cell bank as part of its accession process.

Methods used for DNA extraction varied between the cell
banks and over time. Extraction methods included spotting
onto FTA cards (Whatman, Maidstone, United Kingdom),
using FTA Classic or FTA Elute (formerly IsoCode, Schlei-
cher & Schuell), and use of the High Pure PCR Template
Preparation Kit (Roche, Penzberg, Germany). The PowerPlex
1.2 System (Promega, Fitchburg, WI) was used by all four
cell banks for STR analysis. Results were made available for
eight core STR loci: D55818, D13S317, D75820, D16S539,
vWA, THO1, TPOX and CSF1PO, with the addition of ame-
logenin as a ninth locus for gender determination. Electro-
pherograms were analyzed and results were interpreted by
each cell bank, in accordance with their own internal STR
method validation and Standard Operating Procedures.

Data were made available anonymously. Donors were de-
identified, with the exception of the Hela cell line, where the
donor’s identity is in the public domain.

Grouping STR profiles into related cell line sets

To identify “related” STR profiles, that is, those coming from
a common donor, entries were tagged by manual sorting of
the combined dataset. Entries were sorted by:

1. Cell line designation. All STR profiles associated with
the same cell line name, or with the same name followed
by a different suffix, were tagged as possibly coming
from the same donor. For example, Hela was tagged
along with HeLa 229, HeLa AG, HeLa TG and Hela §3.

2. STR locus. STR profiles that differed at 0-2 loci were
tagged as possibly coming from the same donor.
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3. Comparison to a separate database of cross-contami-
nated or misidentified cell lines.’ Version 6.7 of the
database was used for comparison. Cell line designa-
tions in common were compared to the published con-
taminant, and the resulting misidentified cell lines were
tagged as coming from the same donor.

The provenance of all tagged entries* was assessed, look-
ing for further evidence of relatedness apart from the cell line
designation or STR profile. Provenance was determined
through the catalog entry for that cell line and a search of
the scientific literature using PubMed. For example, HeLa
229, HeLa AG, HeLa TG and Hela S3 were all documented
as Hela derivatives on the relevant cell bank websites and
through published work.*

Tagged entries were grouped into related cell line sets.
Each set represented all of the STR profiles arising from a
single donor. A reference STR profile was selected from each
set for further comparison. Normally a reference profile
would come from donor tissue or the parental cell line at the
lowest available passage. Because no tissue or passage infor-
mation was available for our study, the reference profile was
selected arbitrarily from the entries for the parental cell line.

Provenance information was then used to determine rela-
tionships between the reference profile and the other STR pro-
files in that set. STR profiles were grouped into same cell line
(duplicate holdings of that cell line across several cell banks);
legitimately related cell lines—either derivatives (daughter cell
line) or other cell lines established from the same donor (sister
cell line)—and known misidentified or cross-contaminated cell
lines. In some cases, provenance could not be used to establish
a relationship between similar STR profiles, and in those cases
the entry was labeled as “Relationship Unknown.”

Developing a validated subset of STR profiles
To look at the effectiveness of match criteria in distinguish-
ing between unrelated cell lines, a validated subset of STR
profiles was used. This subset was initiated as the nucleus for
the NCBI database and consists of cell lines with known
identities, whose STR profiles displayed minimal variation
when tested by the cell banks contributing to the dataset.
STR profiles were included in this validated subset if two or
more cell banks generated identical STR profiles for that cell
line. Data were interpreted by the contributing cell bank. The
cell lines in the subset were then compared to the database of
cross-contaminated or misidentified cell lines,® using version 6.7
of the database for comparison. Any cell line with evidence for
misidentification was excluded before the subset was finalized.

Resuits

A minimum of eight core STR loci is recommended when
comparing STR profiles

The STR loci used by the cell banks may differ with respect
to the specific loci used and the number of loci used, relative
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to those described in previous studies.””® To recommend a
minimum number of loci, the ASN-0002 Workgroup exam-
ined the number of unique STR profile results within the
combined dataset. Relationships between cell line samples
were not considered at this stage. For successful authentica-
tion, it is important to be able to discriminate between
unique STR profiles, just as it is to be able to group related
samples together.

Discrimination between unique STR profiles was assessed
by progressively reducing the number of loci included in the
analysis from nine (eight STR loci plus amelogenin) to one.
All possible locus combinations were examined (including
elimination of amelogenin), giving a total of 512 combina-
tions across the nine loci evaluated. For each locus combina-
tion, the number of unique STR profiles resulting was calcu-
lated, expressed as a percentage of the combined dataset (n
= 2,279). The highest and lowest percentages were recorded
for each of the number of loci included in the analysis, giving
a range of reductions.

The results are summarized in Figure 1. Nine loci (eight
STR loci plus amelogenin) resulted in 77.2% unique STR pro-
file results within the combined dataset. As might be
expected, reduction of the number of loci evaluated resulted
in loss of discriminating ability. Some loss of discrimination
became evident with removal of one locus; unique STR pro-
file results from eight loci ranged from 76.8 to 75.5%. Con-
tinued reduction of the number of loci evaluated resulted in
a steady loss of discrimination, which was particularly
marked when looking at the worst results from all locus
combinations.

Because some reduction of discrimination occurred after
exclusion of one locus, the recommendation was made that
eight core STR loci (plus amelogenin) be used as a minimum
when comparing cell line STR profiles. The core loci recom-
mended were those included in this analysis: D5S818,
D138317, D78820, D16S539, vWA, THO01, TPOX and
CSF1PO.

Related cell line samples can be highly variable

To assess the effectiveness of the recommended STR loci for
cell line authentication, the combined dataset was examined
to identify related STR profiles, that is, those arising from the
same donor. The process is described in the Methods section
and summarized in Figure 2.

Relatedness was established for more than half of the
combined dataset (n = 1,157, 50.8%). A reference profile was
chosen for each set of related samples (n = 369). Of the
remaining STR profiles, approximately one third were dupli-
cate holdings of the same cell line (352/1,157, 30.4%);
another third were legitimately related (330/1,157, 28.5%);
and almost one in ten samples were known to be misidenti-
fied (91/1,157, 7.9%). Misidentification was documented in
previous publications or was confirmed during discussion
with the relevant cell bank. Misidentified cell lines were
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Figure 1. Discrimination between STR profiles based on the number of loci used. The combined dataset (n = 2279) comprised results from
eight STR loci (D55818, D13S317, D75820, D165539, vWA, THO1, TPOX and CSF1PO), with the addition of amelogenin for gender
determination. To assess discrimination, the number of unique STR profiles existing within the combined dataset with these nine loci was
calculated and expressed as a percentage of the total number of STR profiles in the combined dataset. The number of loci was then
progressively reduced from nine to one, and the number of unique STR profiles was calculated for each possible locus combination (512
combinations). The “best result” (highest) and “worst result” (lowest) are recorded for each locus number.

Figure 2. Grouping STR profiles into related cell line sets. The combined dataset of STR profiles was sorted into related cell line sets using
the process shown. The process is described further in the Methods section.

clearly labeled as such in the cell bank catalog or, in other
cases, were restricted from distribution to the public.

In a small number of cases (15/1,157, 1.3%), a search of
the cell bank catalogs and the literature did not bring up evi-
dence that cell lines were legitimately related. Of these STR
profiles, 7/15 were identical to another STR profile in the
dataset; all fulfilled the match criteria described in the follow-
ing section. Because these samples made up only 1% of the
dataset and otherwise fulfilled the match criteria, they were

included in data analysis along with the samples for which
relatedness could be clearly documented.

The sets of related cell lines were then examined to see
how they differed when compared to the reference profile. A
total of 369 sets were examined, locus by locus, looking at
the maximal locus differences when each profile was com-
pared to the reference profile. The results are shown in
Table 1. More than half of the related cell line sets consisted
of identical STR profiles (189/369, 51.2%). Other sets showed
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Table 1. Related cell line sets: locus differences

2515

Individual STR profiles within {hé relafed
cell line sets

STR profiles in each set from legitimately
related cell lines

STR profiles in each set with an unknown 5 2
relationship

107 90

56 77 330

5 3 15

Number of locus differences seen when STR profiles are grouped into related cell line sets. For all of the related cell line sets (n = 369), profiles
were compared to a single reference profile, and the maximum number of locus differences arising from that comparison was recorded. Results for
individual STR profiles from the combined dataset (n = 1,157) are shown in the remaining rows, excluding the reference profiles, which are used
for comparison (n = 788). Results are sorted by their relationship to the reference profile—samples from the same cell line, legitimately related
samples, misidentified or cross-contaminated cell lines, and those with an unknown relationship.

Table 2. Related cell line sets: match criteria

STR profiles in each set with an unknown relationship

Effectiveness of the match criteria recommended within the Standard to determine relatedness for cell line samples. For all of the related cell line
sets (n = 369), the Masters algorithm (see Methods section) was used to compare individual sample profiles to a designated reference profile. The
lowest percent match for each set is recorded in the first row of the table. Results for individual STR profiles from the combined dataset (n = 1157)
are shown in the remaining rows, excluding the reference profiles, which are used for comparison (n = 788). Results are sorted by their relationship
to the reference profile—samples from the same cell line, legitimately related samples, misidentified or cross-contaminated cell lines, and those
with an unknown relationship. The columns falling below the 80% match threshold are highlighted in grey.

more variability. One in four included STR profiles differing
at only one locus (93/369, 25.2%), while one in ten contained
STR profiles that differed at three or more loci when com-
pared to the reference profile (37/369, 10.0%). The latter
group included a high proportion of misidentified samples
(44/91 misidentified profiles), making this an important
group of samples to authenticate correctly.

A simple match algorithm with an 80% threshold shows
relatedness for 98% of cell lines

A match algorithm is often used to compare STR profiles
from cell line samples, allowing for some degree of genetic
drift. We assessed the effectiveness of this approach by apply-
ing a commonly used and simple match algorithm, the Mas-
ters algorithm (see Methods section), to the STR profiles in
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the related cell line sets. A threshold of 80% match was used
for interpretation of results.”*°

The results are shown in Table 2. Of all the related cell
line sets identified from the combined dataset, 98% demon- -
strated percent match between the reference profile and all
sample profiles at 80% or above (362/369, 98.1%). Four sets
included samples displaying percent match in the range 70-
79%, and three had samples displaying <70% match (total
displaying <80% match in profiles: 7/369, 1.9%). The seven
cell line sets that failed to meet the 80% match threshold
using the Masters algorithm are listed in Supporting Infor-
mation Table 1.

Samples within each set were not equally variable with
respect to STR profile match. The seven cell line sets failing
to meet the 80% match threshold with the Masters algorithm
included 35 STR profiles; of those profiles, ten fell below the
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B Masters Algorithm: percent match = shared alleles/total alleles in questioned profile
6 Mastets algorithm using Reference: percent match = shared alleles/total alleles in reference pratite

f1Tanabe algorithm: percent match = (shared afleles x2) / {total alleles in questioned + referénce profites}

Number of related cell line sets

A

<70% 7079 %

© Percent match

Figure 3. Comparison of match algorithms. Percent match results obtained when comparing related cell line sets using different algorithms.
Samples are compared using the Masters algorithm, using the total number of alleles from the questioned profile in the calculation; the
Masters algorithm, using the total number of alleles from the reference profile in the calculation; and the Tanabe algorithm. The lowest

percent match result for each set is recorded here.

80% match threshold. Those ten samples originated from all
of the cell banks contributing data (Supporting Information
Table 1). Six samples came from duplicate holdings of the
same cell line, two from legitimately related cell lines and
two from misidentified cell lines (Table 2), suggesting that a
more distant relationship between cultures was not the cause
of the variability seen in these STR profiles.

Both algorithms tested are effective to show relatedness
Although the Masters algorithm is simple to apply, it can
produce different numerical results depending on whether the
calculation is based on the number of total alleles in the ques-
tioned or reference profiles. Because of this variation, some lab-
oratories prefer to use the Tanabe algorithm (see Methods sec-
tion), which uses the numbers of alleles from both questioned
and reference profiles in the calculation. To compare the differ-
ent approaches, percent match was calculated across all related
samples using two additional algorithms. The Masters algo-
rithm was re-applied but using the total number of alleles in
the reference profile rather than in the questioned profile. The
last algorithm tested was the Tanabe algorithm. Percent match
results for each of the three algorithms across the related cell
line sets are compared in Figure 3.

The Masters algorithm resulted in some subtle changes
when the calculations were based on the numbers of alleles
in the reference profile instead of in the questioned profile—
for example, there were fewer results at >90% match (Fig. 3).
However, almost 98% of sets gave a percent match of 80% or
above (361/369, 97.8%). Eight sets failed to meet the 80%

match threshold (8/369, 2.2%), four at 70-79% and four at
<70% match. In contrast, the Tanabe algorithm gave a larger
number of results at >90% match but its performance rela-
tive to the 80% threshold was similar (Fig. 3). Nearly 99% of
related cell line sets gave a percent match of 80% or above
(364/369, 98.6%) using the Tanabe algorithm; five sets failed
to meet the 80% match threshold (5/369, 1.4%), three at 70—
79% and two at <70% match.

Whichever algorithm was used, close to 98% of cell line
samples were correctly authenticated. However, the profiles
for the remaining 2% of samples were more challenging to
interpret correctly. Samples from the related cell line sets that
failed to meet the 80% match threshold with either algorithm.
are listed in Supporting Information Table 1. Cell lines
within these sets have previously been documented as having
highly variable STR profiles,”'**® and many have known
microsatellite instability—for example, the leukemia and lym-
phoma cell lines CCRF-CEM, Jurkat, MOLT-3, MOLT-4,
NALM-6>® and KCL-22* and the breast carcinoma cell
line MT-3.%

Results for all known misidentified cell lines in the dataset
(n = 91) are listed in Supporting Information Table 2. All but
two misidentified cell lines gave percent match results at >80%
when the contaminant was compared to the reference profile (n
= 89), including all HeLa-contaminated samples (# = 32). The
two exceptions were RTSG and RMUG-L, both contaminated
with SNG-II. Both STR profiles showed more than two allele
peaks across at least four loci (Supporting Information Table 2),
suggesting that these samples were mixtures at the time
of testing.
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o Masters Algorithm: percent match = shared alleles/total allefes in questiahed 'pr'oﬁie

Number of STR profile comparisons
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Figure 4. Comparison of unrelated cell lines. Percent match results obtained when comparing unrelated cell line samples. A subset of 223
validated samples, with all related samples removed, was used. Each sample was compared to all of the others in the subset, resulting in

a total of 49,224 unrelated results.

Testing on a subset of unrelated STR profiles shows that

an 80% threshold discriminates effectively between
unrelated cell lines

Having examined the effectiveness of an 80% match thresh-
old when detecting related samples, it was important to
assess its ability to discriminate between unrelated samples.
To evaluate this, we used a validated subset of the combined
dataset containing 223 STR profiles. The combined dataset is
likely to contain unrecognized duplicates even after known
provenance has been determined, making such a subset nec-
essary for analysis of unrelated samples.

Percent match was calculated for all of the STR profiles in
this 223 sample subset, comparing each STR profile to the
others in the dataset—a total of 49,506 comparisons. Of these
comparisons, 282 were found to involve related STR profiles
(to same or sister/daughter cell lines) and were excluded
from the analysis, leaving 49,224 unrelated comparisons. The
results are summarized in Figure 4.

All percent match results for unrelated cell lines fell below
the 80% match threshold. Four were found in the 60-69%
match range and 36 in the 50-59% range; the remaining
comparisons (n = 49184) were each below 50%. A clear sep-
aration can thus be seen between related samples, at >80%
match (Fig. 3), and unrelated samples at <50% match (Fig.
4). Note that an overlap can also be seen in the 50-79%
range for a small minority of samples in this dataset.

Discussion
STR profiling is an accepted and reliable method for match-
ing different samples derived from the same human donor.’
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However, a tendency toward genetic drift in malignant sam-
ples and cultured cells means that clear guidelines are needed
for comparison of STR profiles from cell line samples.
Researchers using STR profiling for human cell line authenti-
cation need to know the minimum number of STR loci that
should be used, and how to interpret results to correctly con-
clude whether samples come from the same donor. Absence
of such guidelines mean that laboratories may easily draw
incorrect conclusions from authentication data—for example,
saying that differences in STR profiles are due to “genomic
instability” when cross-contamination has actually occurred.
One such example has occurred recently in relation to the T1
neural stem cell line, showing the need for clear recommen-
dations in this area.***

STR profiling has been performed on cell lines over more
than 10 years and so, inevitably, there are variations in the
number of loci and in the specific loci comprising the pub-
lished profiles. One recent study has questioned the use of
only eight STR loci. The authors presented data and per-
formed simulations to show that reliable discrimination
between glioma cell lines does not always occur when evalu-
ating eight STR loci plus amelogenin, and that the duplicates
present within many databases make interpretation more dif-
ficult>! In our study, we used the duplicates present within
the cell bank holdings and applied known provenance infor-
mation to generate sets of related cell lines that were then
used to analyze these eight STR loci in practice.

Our results are consistent with previous studies showing a
clear separation in STR profiles between related and unre-
lated cell line samples.”'® When using the Masters algorithm,
more than 98% of related cell line sets (362/369) gave percent
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match results at 80% or above; more than 99% of unrelated
comparisons (49,184/49,224) gave percent match results
below 50%. These results were obtained using eight STR loci
plus amelogenin and involved a large dataset comprising
many of the common cancer cell lines, including those most
likely to cause cross-contamination.*'?

Our results also agree with other studies showing that in a
small number of cases, determining if two samples are related
using STR profiling alone is difficult’®*' Using the Masters
algorithm, 7/369 of related cell line sets gave at least one
result at <80% match; 40/49,224 of unrelated comparisons
gave results at 50-69% match. We thus have a documented
overlap at 50-79% match between related and unrelated sam-
ples. Although discrimination due to insufficient loci may be
responsible, a more likely cause is variation in primer
choices, test methods and interpretation of results between
the cell banks and over time. STR profiles were obtained retro-
spectively as part of authentication testing of cell bank holdings
over a prolonged period of time (>10 years). A previous study
performing STR profiling of 253 cell lines within a single centre
did not demonstrate a similar overlap,” suggesting that labora-
tory differences are contributory in our study. A prospective
study from a single cell bank or testing organization would help
to address this possibility, for example, arising from the NIST
Identification of Human Cell Lines Project.*® If such variations
are confirmed to contribute to STR profile variability, validation
guidelines for all laboratories contributing to the NCBI database
of human cell line STR profiles would be essential. Quality crite-
~ ria for STR profiles have already been developed as part of the
human cell line authentication Standard."

It should be emphasized that eight core STR loci plus
amelogenin are recommended as a minimum number for
effective authentication; adding more loci will further increase
the discriminatory power of the technique. The discrimina-
tory power of STR analysis depends on the biological nature
of each of the loci included, the number of loci and the pop-
ulation group.'? For the eight core STR loci recommended
here, the probability of a random match has been estimated
at 271 x 107° for African American and 1.14 x 107® for
US Caucasian populations.*’ The power of discrimination
improves by approximately one order of magnitude for each
STR locus added'?; for example, the probability of a random
match becomes 5.9 x 107'® when examining the 15 STR loci
of the PowerPlex 16 kit in the US Caucasian population.*?
Increasing the number of STR loci used will not only give
greater clarity when comparing cell line samples but also
increases the risk that the donor may be unambiguously
identified if results are compared to other databases online.

Our analysis of a combined dataset containing the cell lines
most frequently associated with cross-contamination® shows
that in most cases, eight core STR loci plus amelogenin pro-
vide sufficient resolving power for effective authentication. A
clear separation is seen here between related and unrelated
samples even where one or more loci show variation from the
reference sample. However, additional loci may be of benefit

Match criteria for STR profiling of human cells

for a small number of problematic samples. Problematic sam-
ples include those related cell line sets with percent match
results in the range 50-79% (n = 7), or those samples at
>80% match with no known relationship (n = 15).

Any percent match result that does occur in the range 50-79%
is best handled by further testing, using additional loci or an alter-
nate test method.”" Six of the sets here that failed to meet the 80%
match threshold included cell lines with known microsatellite
instability.>**® STR loci are known to vary in the presence of
microsatellite instability, with the degree of variability depending
on the locus being assessed."***** A greater number of loci may
give sufficient data for discrimination, but for cell lines with
microsatellite instability, an alternate method such as single nucle-
otide polymorphism (SNP) analysis should also be considered.**

Previous information on the cell line’s provenance should
be taken into consideration when performing authentication
testing. In some cases, what initially appears to be a case of
cross-contamination may prove to be quite otherwise when
the history of the cell line is known—for example, showing
that a cell line exists under two different names, as with
Alexander and PLC/PRF/5.*> Cell lines from different donors
but carrying the same name coincidentally may also cause con-
fusion. Where similarly named cell lines exist, it is advisable
for the laboratory that established the later cell line to alter its
designation so that each cell line is uniquely identified. Where
cell lines are held by a repository, supplying the catalog num-
ber within the Methods section will allow cross-referencing
with provenance information collected from the depositor by
the cell bank when that cell line was first deposited.

STR profiling will not discriminate between cell lines
established from the same donor. Cell lines from different
tissues may be distinguishable using phenotypic markers,
although it should be noted that phenotypic matkers can be
affected by the degree of differentiation shown by each cell line
and their length of time in culture." To effectively distinguish
between cell lines from the same donor, it may be necessary to
use microarray analysis or next-generation sequencing to per-
form in depth analysis of gene expression patterns, underlying
mutations and copy number alterations.***’

The ultimate aim of authentication testing is to ensure
that cell lines are not misidentified, but rather that they con-
tinue to correspond to the individual who first agreed to
donate their cells or tissue for research. We have a responsi-
bility to ensure that the donor’s gift is used effectively and
guarded from misuse. Authentication testing of human cell
lines through STR profiling offers an excellent solution, but
as with all test methods, results must be interpreted carefully
and considered in context. Clear guidelines for authentication
testing, documentation of cell line provenance and ongoing
validation will help ensure that human cell lines are effective
and representative models for biomedical research.
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Abstract

‘ Background The self—renewal of human plurrpotent stem (hPS) cells mcludmg embryomc stem and mduced plunpotentf
stem cells have been reported to be supported by various signal pathways Among them, fibroblast growth factor-2 (FGF-2)
- appears indispensable to' maintain self—renewal of hPS cells However, downstream sugnalmg of FGF 2 has not. yet been
~ clearly understood in hPS cells L L , o .

'Methodology/Prmapa/ Fmdrngs In i'thrs study, we screened a kmase mhrbrtor lrbrary usmg a hlgh-throughput alkalme'~
: y ina mlnrmal growth factor—det" ned medrum to understand FGF—2 related molecular

mechanlsms regula

whereas activin A alone d|d not GFX negated drfferentratlon of hPS cells ind
13- acetate whereas Go6976 a selective inhibitor of PKCa, B, a :
~ lntngumgly, functlonal gene analysis by RNA interference revealed that the phosphorylatlon of GSK—SB was reduced by o
- siRNA of PKC3, PKCa, and {, the phosphorylation of ERK-l/2 was reduced by 5|RNA of PKCs and C and the phosphorylatron

of AKT was red ‘ed by PKCs in hPS cells ‘ ; - o -

L

, Conc/usrons/Srgnlf' icance: Our study suggested compllcated cross-talk in hPS cells that FGF-2 mduced the phosphorylatlon ;

- of phosphatrdyllnosrt‘ nase (PI3K)/AKT, mltogen—actlvated proteln kmase/ERK—l/Z kinase (MEK), PKC/ERK-1/2 kinase,
and PKC/GSK-3B. Addmon of GFX with a MEK inhibitor, U0126, in the presence  of FGF-2 and activin A provrded along-term
stable undifferentiated state of hPS cells even though hPS cells were dissociated into single cells for | passage. Thls study
'untangles the cross talk between molecular mechamsms regulatmg self renewal and dlfferentlatlon of hPS cells.
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Introduction FGF family members including FGF-2, bind to FGF receptors
) (FGFRs) and induce activation of the mitogen-activated protein

The self-renewal of human pluripotent stem (hPS) cells kinase/extracellular signal-regulated kinase-1/2 (ERK-1/2) kinase
including embryonic stem (hES) and induced pluripotent stem (MEK), phosphatidylinositol-3 kinase (PI3K), and phospholipase
(hiPS) cells have been reported to be supported by various signal C-y (PLC-y)/protein kinase C (PKC) pathways [13]. MEK-1/2
pathways, including  transforming growth factor-B/activin A/ activation by FGFR results in ERK-1/2 phosphorylation, which
Nodal [1-3], sphingosine-1-phosphate/platelet derived growth  ghsequently translocates into the nucleus leading to phosphory-
factor (SIP/PDGE) [4], insulin growth factor (IGF)/insulin [5] lation of transcription factors such as ¢-Myec, c-Jun, and c-Fos.
and fibroblast growth factor-2 (FGF-2) [6-9]. The process of self- PI3K, a lipid kinase activates pleckstrin homology (PH) domain

renewal appears to be regulated synergistically through the various containing proteins such as AKT, and 3-phosphoinositide-
pathways via growth factor or cytokine supplementation. Among dependent kinase-1 (PDK1)

them, FGF-2 signaling appears indispensable to hPS cells [10-12].

. AKT directly activates murine
double minute 2 (MDM?2), a negative regulator of p53. p53 is
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responsible for DNA damage surveillance and in response initiates
cell cycle arrest and DNA repair. Interestingly, AKT also inhibits
glycogen synthase kinase-3 (GSK-3), a negative regulator of Wnt
signaling by phosphorylation [14]. However, the contributions of
FGF-2 downstream pathways in the self-renewal of hPS cells have
been controversial [9,14-18]. The ERK pathway has been
thought to promote cell proliferation and adhesion but also
differentiation in hES cells. The PI3K pathway plays important
roles in proliferation, differentiation, survival, and cellular
transformation.

Previously, we found that a proteoglycan, heparin promotes
FGF-2 activity on the growth of undifferentiated hES cells in a
minimal growth factor-defined culture medium, hESF9 [8], in
which the effect of exogenous factors can be analyzed without the
confounding influences of undefined components [8,19-23]
because insulin, transferrin, albumin conjugated with oleic acid,
and FGF-2 (10 ng/ml) are the only protein components.
Understanding cell signaling in undifferentiated hPS cells has lead
to the development of optimal conditions for culturing hPS cells.
However, manipulation of hPS cells still remains difficult because
hPS cells as a single cell are unstable of self-renewal. Although
Rho-associated kinase (ROCK) inhibitor (Y-27632) is quite
effective to markedly diminish dissociation-induced apoptosis of
single cells of hPS cells [24], the continuous use of the ROCK
inhibitor increases differentiated cells [25]. For developing
application using hPS cells, such as cell based therapy or toxicity
screening tests, handling cell numbers would be beneficial. Even
for basic research, handling cell numbers would be useful when the
cells are dissociated for passages or differentiation. Presumably, if
the culture conditions were able to fully support undifferentiated
state, even single cells might maintain undifferentiated state. We
suspected that there were unrevealed mechanisms to maintain
undifferentiated state of single hPS cells. To further understand
FGF-2 related molecular mechanisms regulating self-renewal
would enhance understanding unclarified cell signaling in hPS
cells. Therefore, we screened a kinase inhibitor library using a
high-throughput alkaline phosphatase (ALP) activity-based assay
in a minimal growth factor-defined culture medium, hESF9. We
found that in the presence of FGF-2, an inhibitor of PKCs,
GF109203X (GFX), increased ALP activity, suggesting that PKC
reduces self-renewal of hPS cells. GFX inhibited FGF-2-induced
GSK-3B phosphorylation. Addition of activin A increased
phosphorylation of GSK-3f and ERK-1/2 synergistically with
FGF-2 whereas activin A alone did not induce phosphorylation of
GSK-3B. GFX negated differentiation of hPS cells induced by a
PKC activator, phorbol 12-myristate 13-acetate (PMA) whereas
G56976, a selective inhibitor of PKCa, B, and v isoforms did not
counteract the effect of PMA. Functional gene analysis by RINA
interference revealed that siRNA of PKC9, €, and { isoforms
decreased phosphorylation of GSK-3B and also siRNA of PKCe
and ( isoforms decreased phosphorylation of ERK-1/2 in hPS
cells. siRNA of PKCe decreased phosphorylation of AKT. On the
basis of these results, we suggest that PKC9, € and ( isoforms are
FGF-2 downstream effectors, and they play various roles in
regulating hPS cell self-renewal. This study helps to untangle the
cross-talk between molecular mechanisms regulating self-renewal
and differentiation of hPS cells.

Results

PKC inhibitor increased ALP activity of hiPS cells
Previously, we detected the cell proliferative effect of heparin on

hES cells without feeder cells in a minimal growth factor-defined

culture medium, hESF9 [8], in which the effect of exogenous
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factors can be analyzed without the confounding influences of
undefined components [8,19-23]. In this culture condition using
hESF9 medium (Table S1) on bovine fibronectin (FN), a high-
throughput ALP activity-based assay was performed to evaluate a
library of chemical kinase inhibitors to understand FGF-2 related
molecular mechanisms regulating self-renewal of hPS cells. Nine
compounds were found to increase ALP activity of the hiPS cell
line 201B7 [26] (Fig. 1): Kenpaullone, which is a substitute for a
reprogramming factor KLF-4 in mouse iPS cells [27]; Y-27632,
which is a Rho-kinase (ROCK) inhibitor known to enhance hES
cells survival [24]; HA-1004, H-89, and HA-1077, which are
kinase inhibitors presumed to target ROCK [28]; GF109203X
(GFX) [29], which is a inhibitor for PKC isoforms; and H-7, H-8,
and H-9, which are also thought to target PKC [30]. These results
suggest that FGF-2 induces PKC, and PKC acts downstream of
FGF-2 to regulate self-renewal of hPS cells.

Effect of PKC inhibitor on FGF-2 signaling in hPS cells

To examine how GFX influenced FGF-2 signaling in hPS cells,
the phosphorylation of AKT, ERK-1/2, and GSK-3p induced by
FGF-2 with GFX was confirmed by western blotting analysis (Fig.
S1A, S1B, S1C, S1D). Then, the phosphorylation levels were
quantified by AlphaScreen® SureFire® assay kit. Human ES cells
H9 [31] after starvation of FGF-2 and insulin were treated with
FGF-2 with and without GFX. FGF-2 significantly stimulated the
phosphorylation of AKT, ERK-1/2, and GSK-3p in H9 cells in
15 minutes (Fig. 2A, 2B, 2C) as described previously [16,32].
Addition of GFX at 5.0 uM in the presence of FGF-2 significantly
increased AKT phosphorylation in 15 minutes compared with
addition of FGF-2 alone (Fig. 2A, 2B, Fig. S1E). The level of
ERK-1/2 phosphorylation induced by FGF-2 with GFX was
comparable with that without GFX (Fig. 2A). On the other hand,
FGF-2-induced GSK-3f phosphorylation was completely inhibit-
ed by GFX (Fig. 2A, 2B) at concentrations higher than 1 uM
treatment (Fig. S1E).

Addition of the PISK inhibitor LY-294002 with FGF-2
completely inhibited AKT phosphorylation and significantly
reduced GSK-3f phosphorylation (Fig. 2B, Fig. S1B). Addition
of the MEK inhibitor U0126 with FGF-2 reduced ERK-1/2
phosphorylation and had little influence on GSK-38 phosphory-
lation. Addition of the GSK inhibitor BIO with FGF-2 signifi-
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Figure 1. An ALP activity-based high-throughput screening
assay of chemical library for PKC inhibitors. The ALP activity
using 4-methylumbelliferyl phosphate [59] in 201B7 hiPS cells in a 96-
well plate was measured by fluorometry. Each dot on the graph
represents the fluorescent intensity for each compound of the kinase
inhibitor library. Dotted line indicates the level for DMSO as a control.
doi:10.1371/journal.pone.0054122.g001
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