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ABSTRACT

In an attempt to explore infectious agents associated with nasopharyngeal carcinomas (NPCs), we employed our high-through-
put RNA sequencing (RNA-seq) analysis pipeline, RNA CoMPASS, to investigate the presence of ectopic organisms within a
number of NPC cell lines commonly used by NPC and Epstein-Barr virus (EBV) researchers. Sequencing data sets from both
CNE1 and HONE1 were found to contain reads for human papillomavirus 18 (HPV-18). Subsequent real-time reverse transcrip-
tion-PCR (RT-PCR) analysis on a panel of NPC cell lines identified HPV-18 in CNE1 and HONE1 as well as three additional NPC
cell lines (CNE2, AdAH, and NPC-KT). Further analysis of the chromosomal integration arrangement of HPV-18 in NPCs re-
vealed patterns identical to those observed in HeLa cells. Clustering based on human single nucleotide variation (SNV) analysis
of two separate HeLa cell lines and several NPC cell lines demonstrated two distinct clusters with CNE1, as well as HONE1 clus-
tering with the two HeLa cell lines. In addition, duplex-PCR-based genotyping showed that CNE1, CNE2, and HONE1 do not
have a HeLa cell-specific L1 retrotransposon insertion, suggesting that these three HPV-18� NPC lines are likely products of a
somatic hybridization with HeLa cells, which is also consistent with our RNA-seq-based gene level SNV analysis. Taking all of
these findings together, we conclude that a widespread HeLa contamination may exist in many NPC cell lines, and authentica-
tion of these cell lines is recommended. Finally, we provide a proof of concept for the utility of an RNA-seq-based approach for
cell authentication.

IMPORTANCE

Nasopharyngeal carcinoma (NPC) cell lines are important model systems for analyzing the complex life cycle and pathogenesis
of Epstein-Barr virus (EBV). Using an RNA-seq-based approach, we found HeLa cell contamination in several NPC cell lines that
are commonly used in the EBV and related fields. Our data support the notion that contamination resulted from somatic hybrid-
ization with HeLa cells, likely occurring at the point of cell line establishment. Given the rarity of NPCs, the long history of NPC
cell lines, and the lack of rigorous cell line authentication, it is likely that the actual prevalence and impact of HeLa cell contami-
nation on the EBV field might be greater. We therefore recommend cell line authentication prior to performing experiments
using NPC cell lines to avoid inaccurate conclusions. The novel RNA-seq-based cell authentication approach reported here can
serve as a comprehensive method for validating cell lines.

Nasopharyngeal carcinoma (NPC) is an epithelial malignancy
arising within the posterior nasopharynx with a high inci-

dence among Southeast Asian, Alaskan Eskimo, Greenland, and
Central and North African populations (1). The World Health
Organization (WHO) categorizes NPCs into three histological
subtypes: well-differentiated squamous cell carcinoma (WHO
type I), nonkeratinizing carcinoma (WHO type II), and undiffer-
entiated carcinoma (WHO type III) (2). Although the etiology of
NPC is still unclear, both genetic and environmental factors have
been linked to the development of NPC. Among the environmen-
tal factors, infection with Epstein-Barr virus (EBV) has been ex-
tensively studied and shown to play a critical etiological role in
NPCs, particularly the undifferentiated nasopharyngeal carci-
noma subtype (WHO type III). However, EBV is less commonly
found in other types of NPC, such as WHO type I.

Due to the rarity of this disease and the limited availability of
pathological specimens, NPC cell lines have been important
model systems to study its pathophysiology. The unique tropism
of EBV to NPC tissues also makes NPC cell lines valuable systems

to study EBV’s biology and pathogenesis. The majority of NPC cell
lines were established around 10 to 30 years ago, with very few
NPC cell lines stably harboring natural EBV infection (e.g., c666-
1). Although most of NPC cell lines used today are EBV negative,
it is believed that they were once EBV positive and that the EBV
genome was lost due to long-term culture (3). Whether other
exogenous agents are present in these NPC cell lines has not yet
been documented.
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The use of next-generation sequencing (NGS) technology has
successfully been applied to the discovery and investigation of
pathogens associated with cancer. This approach utilizes an unbi-
ased method for the global assessment of all exogenous agents
within a cancer sample with high sensitivity and specificity. Sev-
eral laboratories have successfully utilized NGS and specifically
high-throughput RNA sequencing (RNA-seq) for the discovery
and investigation of exogenous agents associated with various
cancers (4–11).

In this study, we utilized RNA-seq technology along with our
computational analysis pipeline RNA CoMPASS (12) to explore
the exogenous agents associated with nasopharyngeal carcinomas.
To our surprise, most of the NPC cell lines analyzed were positive
for human papillomavirus 18 (HPV-18). Further transcriptome
and comparative analyses revealed that these HPV-18-positive
NPC cell lines, CNE1, CNE2, HONE1, AdAH, and NPC-KT, are
likely HeLa derivatives.

MATERIALS AND METHODS
Cell culture. CNE1 is a well-differentiated nasopharyngeal carcinoma cell
line established by the Laboratory of Tumor Viruses of Cancer Institute in
China (13) and was obtained from three independent sources: Jack
Strominger (Harvard) for CNE1, Yixin Zeng (China) for CNE1-CN, and
Asuka Nanbo (Japan) for CNE1-JPN. CNE2 is a poorly differentiated
nasopharyngeal carcinoma cell line established by Gu and colleagues (14)
and was obtained from Jack Strominger (Harvard). AdAH is a human
nasopharyngeal adenoid epithelial cell line established by Toru Takimo-
to’s group in Japan (15) and was obtained from Erik Flemington (Tulane).
NPC-KT is an EBV-positive hybrid cell line which was generated by the
fusion of EBV genome-positive NPC epithelial explant culture cells with
AdAH cells in Takimoto’s laboratory in Japan (16) and was obtained from
Erik Flemington (Tulane). HONE1 is a poorly differentiated nasopharyn-
geal carcinoma cell line established by Ronald Glaser and colleagues (17)
and was obtained from Asuka Nanbo (Japan). The cell line c666-1 is an
EBV-infected undifferentiated NPC cell line established by Dolly Huang’s
group in China (18) and was obtained from Bryan Cullen (Duke). HeLa is
a well-known and characterized human cervical adenocarcinoma cell line
(19) and was obtained from the ATCC and from Erik Flemington (Tu-
lane).

All cells (except c666-1, which was cultured in RPMI 1640) were
grown in Dulbecco modified Eagle medium (DMEM; Thermo Scientific,
Waltham, MA) supplemented with10% fetal bovine serum (FBS; Invitro-
gen-Gibco, Grand Island, NY) and 0.5% penicillin-streptomycin (Invit-
rogen-Gibco). Cells were grown at 37°C in a humidified, 5% CO2 incu-
bator. In our laboratory, we have never used or generated any HPV
plasmid or HPV recombinant plasmid.

Sequencing data set acquisition. RNA-seq data sets from c666-1,
HK1, NP460, and x666-1 were downloaded from the Gene Expression
Omnibus under accession number GSE54174. In addition, paired-end
HeLa cells RNA-seq data sets were downloaded from the European Nu-
cleotide Archive and the Sequence Read Archive under run accession
numbers ERR049804 (20) and SRR309265 (21), respectively.

Sample preparation and next-generation sequencing. All cell lines
were freshly thawed, grown to 90% confluence on a 10-cm plate, and
harvested for RNA using 0.25% trypsin with 1 mM EDTA. Total RNA was
extracted from each cell line culture using the miRNeasy minikit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions. Three
cell lines were selected for RNA-sequencing, including CNE1 (CNE1 cells
from Harvard), CNE1-JPN (CNE1 cells from Japan), and HONE1. All
cDNA libraries were prepared from ribosomal RNA-depleted (ribode-
pleted) RNAs using the Illumina Truseq Stranded Total RNA Sample Prep
kit (RS-122-2101). The ribodepleted RNA cDNA library was subjected to
1 � 100-base single-end strand-specific sequencing on an Illumina HiSeq
2000 instrument.

RNA CoMPASS analysis. RNA CoMPASS is an automated computa-
tional pipeline that seamlessly analyzes RNA-seq data sets (12). Briefly,
RNA-seq data sets were first aligned to the human reference genome, hg19
(Genome Reference Consortium GRCH37), plus a splice junction data-
base (which was generated using the make transcriptome application
from Useq [22]; splice junction radius set to the read length minus 4)
using Novoalign version 3.00.05 (Novocraft) (-o SAM, default options).
Nonmapped reads were isolated and subjected to consecutive BLAST ver-
sion 2.2.27 (23) searches against the Human RefSeq RNA database and
then to the NCBI NT database to identify reads corresponding to known
exogenous organisms (24). Results from the NT BLAST searches were
filtered to eliminate matches with an E value of greater than 10e�6. The
results were then fed into the taxonomic classifier MEGAN 4 version
4.70.4 (25) for visualization of taxonomic classifications within the spec-
imens being analyzed. RNA CoMPASS was run in parallel on three 2x2.66
GHz 12 core Intel Xeon Mac Pro computers with 64 to 96 GB of memory
each.

Real-time RT-PCR analysis. Total RNA was reverse transcribed using
the SuperScript III First-Strand Synthesis System for reverse transcrip-
tion-PCR (RT-PCR; Invitrogen, Carlsbad, CA). Random hexamers were
used along with 1 �g of RNA in a 20-�l reaction volume according to the
manufacturer’s instructions. For the incubation steps (25°C for 10 min
followed by 50°C for 50 min), a Mastercycler ep (Eppendorf, Hamburg,
Germany) was used. The resulting cDNA was subjected to quantitative
(real-time) PCR using sequence-specific forward and reverse primers (In-
tegrated DNA Technologies) (see Table S1 in the supplemental material).
For real-time PCR, 1 �l of the resulting cDNA was used in a 10-�l reaction
volume that included 5 �l of SybrGreen and a 500 nM concentration each
of forward and reverse primers. Amplification was carried out using the
following conditions: 95°C for 3 min, followed by 40 cycles of 95°C for 15
s and 60°C for 60 s. Melt curve analysis was performed at the end of every
quantitative RT-PCR (qRT-PCR) run. Samples were tested in triplicates.
No-template controls were included in each PCR run. PCRs were per-
formed on a Bio-Rad CFX96 Real Time System, and data analysis was
performed using CFX Manager 3.0 software. Relative detection levels were
calculated by normalizing with the glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) gene as a reference gene.

Viral transcriptome analysis. Raw sequence data were aligned to a
reference genome containing a human genome (hg19; Genome Reference
Consortium GRCH37) plus a library of virus sequences (including se-
quences from all known human viruses documented by NCBI and PAvE
(Papillomavirus Episteme Database [http://pave.niaid.nih.gov/]) (see Ta-
ble S2 in the supplemental material). The alignments were performed
using Spliced Transcripts Alignment to a Reference (STAR) aligner ver-
sion 2.3.0 (--clip5pNbases 6, default options) (26) and were subjected to
visual inspection using the Integrative Genomics Viewer (IGV) genome
browser (27). Transcript data from STAR were subsequently analyzed
using RSEM version 1.2.09 (28) for quantification of human and HPV-18
gene expression. Signal maps (i.e., the total number of reads covering each
nucleotide position) were generated using IGV tools, and read coverage
maps were visualized using the IGV genome browser (27).

Identification of HPV-18 integration sites and breakpoints. The ri-
bodepleted single-end strand-specific reads aligned previously were ana-
lyzed further to determine HPV-18 integration sites and breakpoints in
NPCs. For each 100-base single-end read, we extracted the first 25-mers
from both ends, and these paired 25-mer reads were then aligned inde-
pendently of each other to a reference genome containing both human
hg19 and HPV-18 genomes. If one 25-mer end was aligned to human and
the other corresponding 25-mer end mapped to the viral genome, their
corresponding single-end read represents a fusion read. The correspond-
ing 25-mer read pairs from the identified fusion reads were collected and
visualized in the IGV browser to pinpoint the viral integration sites in the
host genome and to identify the breakpoints in the viral genome.

SNV analysis. The coverage of reads aligning to human and HPV-18
from the STAR aligner was visualized using IGV. Mutations in the
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HPV-18 genome were color-coded and manually inspected. Human sin-
gle nucleotide variants (SNVs) were identified using a detection pipeline
consisting of samtools version 0.1.19 mpileup (-q 10, default parameters)
(29) and VarScan version 2.3.6 (mpileup2snp --p-value 0.01 -output -vcf
1, default parameters) (30) to identify candidate SNVs and output in
variant call format (VCF) format. In dealing with SNVs from RNA-seq
data, the potential candidate SNVs not called may be due to lack of ex-
pression or not meeting the default parameter thresholds. To overcome
this obstacle, coverage maps for each chromosome were generated from
expression data for each RNA-seq data set with a minimum of 10 reads
using IGVtools (27). The coverage maps were compared to the candidate
SNV output in order to determine SNVs that were from uniform gene
expression for all RNA-seq data sets analyzed. This was a necessary step
prior to cluster analysis using PLINK version 1.9 (https://www.cog
-genomics.org/plink2) (31) to eliminate cluster bias based on SNVs orig-
inating from genes expressed only in certain cell types. The human SNVs
in VCF format from commonly expressed genes for each cell line were
merged using vcftools version 0.1.11 (vcf-merge, default parameters)
(32). The merged VCF file was converted to binary PED files using PLINK
1.9 (--vcf, --make-bed). The resulting binary PED files were subjected to
clustering (-cluster) and a subsequent cluster dendrogram was generated
in R using plot(hclust(dist(x))) (33).

Genomic DNA isolation and genotyping of the HeLa-specific L1 ret-
rotransposon marker. Genomic DNA was isolated from freshly thawed
NPC and HeLa cell lines using the DNeasy Blood & Tissue kit (Qiagen
catalog no. 69504) by following the manufacturer’s protocol. DNA sam-
ples were quantified using a NanoDrop 2000 spectrophotometer
(Thermo Scientific).

To detect the L1 retotransposon marker, 500 ng of the genomic DNA
was used in a 50-�l reaction volume that included 1� standard Taq reac-
tion buffer (NEB catalog no. B9014), 500 nM each primer (VM164A,
VM164B, and RB164K2), 400 �M deoxynucleotide solution mix (NEB

catalog no. N0447), and 2.5 U of Taq DNA polymerase (NEB catalog no.
M0273). A list of primers can be found in Table S1 in the supplemental
material. Amplification was carried out on a Mastercycler ep (Eppendorf,
Hamburg, Germany), using the following conditions: 96°C for 30 s, fol-
lowed by 30 cycles of 96°C for 30 s, 54°C for 30 s, and 72°C for 1 min, and
then 1 cycle of 72°C for 5 min.

Thirty microliters of PCR product was run on a 1% agarose gel and
visualized by ethidium bromide staining on a Bio-Rad gel documentation
system. The product size was estimated by comparison to a Quick-Load
2-log DNA ladder (NEB N0469).

Nucleotide sequence accession numbers. Sequence data (RNA-seq)
for CNE1, CNE1-JPN, and HONE1 can be retrieved from the National
Center for Biotechnology Information Sequence Read Archive (accession
no. SRP043686). Fasta files, bed format annotation files (for visualization
of annotation data on a genome browser), and .gtf format annotation files
(for quantification of RNA-seq data) are available on request.

RESULTS
Detection of HPV-18 in nasopharyngeal carcinoma cells. To
elucidate the metatranscriptome of NPC cells that are commonly
used in NPC and EBV research, RNA-seq data sets generated from
our lab (CNE1 and HONE1) as well as from publicly available
sequencing data sets (HK1, c666-1, x666-1, and NP460) were an-
alyzed using RNA CoMPASS. Analysis of the virome component
of RNA CoMPASS showed that these samples were free of most
known DNA viruses (see Fig. S1 to S6 in the supplemental mate-
rial). As expected, Epstein-Barr virus was detected in both c666-1
(Fig. 1A; see also Fig. S1) and x666-1 (see Fig. S2) but not in the
other data sets analyzed. In addition to the EBV findings, we were
surprised to find high read numbers for the high-risk human pap-

FIG 1 Detection of human papillomavirus 18 in nasopharyngeal carcinomas. (A) RNA-seq data from each NPC sample was analyzed using RNA CoMPASS. A
representative virome branch of the taxonomy tree (CNE1) for each HPV� sample was generated using the metagenome analyzer MEGAN 4. c666-1 was positive
for both EBV (human herpesvirus 4) and MuLV. (B) In-depth analysis of the virome. Raw reads from each sample were aligned to the hg19 genome with the
custom human virus genome using the genome aligner STAR. Reads are displayed as viral reads per million human mapped reads. Blue, HPV-16 reads; green,
HPV-18 reads; and red, EBV reads. (C) Using quantitative real-time PCR, six NPC cell lines were surveyed for the presence of HPV-16 (blue columns), HPV-18
(green columns), and EBV (red columns). Five out of the six NPC cell lines demonstrated evidence of HPV-18, but none of the NPC cell lines was infected with
HPV-16. Both NPC-KT and c666-1 were positive for EBV EBER. Samples were normalized to GAPDH and compared to c666-1 for HPV-16 or -18 expression
and compared to NPC-KT for EBV expression.

Strong et al.

10698 jvi.asm.org Journal of Virology

https://www.cog-genomics.org/plink2
https://www.cog-genomics.org/plink2
http://jvi.asm.org


illomavirus 18 (HPV-18) in the CNE1 (Fig. 1A; see also Fig. S3)
and HONE1 (see Fig. S4) data sets.

The murine leukemia virus (MuLV), an RNA oncogenic virus,
was detected in both the c666-1 and x666-1 cell lines (see Fig. S1,
S2, and S7 in the supplemental material) and represented active
infection (M. J. Strong and Z. Lin, unpublished data). To our
knowledge no study has previously reported the detection of
MuLV within these 2 NPC cell lines, and we reason that the infec-
tion most likely occurred before 1999 at the source institution,
since both cell lines were established through passage in labora-
tory mice. MuLV was also detected in NP460 (see Fig. S7). De-
tailed MuLV transcriptome analysis in this cell line revealed that
the MuLV reads may be derived from MuLV-based retroviral ex-
pression vectors since coverage was restricted to the LTR regions
(Strong and Lin, unpublished).

To confirm the virus findings from RNA CoMPASS, the
NPC RNA-seq data sets were aligned to a reference genome con-
taining a human genome (hg19; Genome Reference Consortium
GRCH37) plus a library of virus sequences (including sequences
from all known human viruses documented by NCBI and PAvE)
(see Table S2 in the supplemental material) using the aligner
Spliced Transcripts Alignment to a Reference (STAR) version
2.3.0 with default options. Consistent with our RNA CoMPASS
analysis, CNE1 and HONE1 data sets were positive for HPV-18
but not HPV-16, with viral reads per million human mapped
reads of 170 and 503 for CNE1 and HONE1, respectively (Fig. 1B).
Furthermore, c666-1 and x666-1 samples were negative for
HPV-16 and HPV-18 but positive for EBV, with 457 and 387 viral
reads per million human mapped reads, respectively. Finally, HK1
was negative for all known viruses (see Fig. S5 in the supplemental
material).

The detection of HPV-18 in these NPC cell lines was unex-
pected because HPV-18 typically infects the genital epithelium
and is generally not associated with the head and neck region (34).
To verify that the presence of HPV-18 in these cells was not due to
contamination from a particular lab, CNE1 cells were obtained
from two additional independent laboratories in China (CNE1-
CN) and Japan (CNE1-JPN) and analyzed by real-time PCR using
primers specific for HPV-18 and HPV-16. The results confirmed
the presence of HPV-18 but not HPV-16 in these CNE1 cell lines
(see Fig. S8 in the supplemental material). Furthermore, total
RNA from CNE1 cells obtained from Japan was subjected to RNA
sequencing and subsequent virome analysis (see Fig. S9). The re-
sults were consistent with our first CNE1 RNA-seq data set, with
more than 500 HPV-18 reads per million human mapped reads
(Fig. 1B).

An additional three NPC cell lines (CNE2, AdAH, and NPC-
KT) were surveyed for the prevalence of HPV as well as EBV using
real-time PCR. Cell lines (CNE1, HONE1, and c666-1) were also
included in the assay to serve as positive controls and to further
validate the RNA-seq results. As shown in Fig. 1C, CNE1, CNE2,
AdAH, NPC-KT, and HONE1 cells were all positive for HPV-18
but not HPV-16, with NPC-KT also positive for EBV. In contrast,
c666-1 was negative for both HPV-18 and HPV-16 but positive
for EBV.

HPV transcriptome analysis in NPC cells. The depth of cov-
erage in our NPC RNA-seq data sets were sufficient for HPV tran-
scriptome analysis, which indicated robust expression of HPV-18
(see Fig. S10 in the supplemental material). Further transcriptome
analysis revealed that the viral early genes E6 and E7 were actively

expressed at relatively high levels (see Table S3). As a comparison,
two publicly available HeLa RNA-seq data sets from Nagaraj et al.
(20) and Cabili et al. (21) were obtained and subjected to HPV
transcriptome analysis. The average transcripts per million (TPM)
for HPV-18 E6 in HeLa and HPV� NPC cell lines were 461.6 (20%
of total transcripts) and 132.4 (23% of total transcripts), respec-
tively. The average TPM for HPV-18 E7 in HeLa cells and HPV�

NPC cell lines were 1,228.4 (52% of total transcripts) and 297.7
(50% of total transcripts), respectively. Although there was abun-
dant expression of the E1 gene (average TPM, 622.3 [26% of total
transcripts] and 122.3 [21% of total transcripts] for HeLa cells and
HPV� NPC cell lines, respectively), the expression of the E1 open
reading frame (ORF) is disrupted, leading to a premature mRNA
product (see Fig. S10).

Since the NPC cell lines CNE1, CNE1-JPN, and HONE1 were
subjected to strand-specific RNA sequencing, we were able to dis-
tinguish transcripts initiated from either the sense or antisense
direction (strand-specific viral transcripts). In addition to the
transcripts observed from the E6/E7 region, large numbers of
reads were observed in the E1/E2 and L1/URR regions (see Fig.
S10 in the supplemental material). The middle of the HPV-18
genome is void of coverage due to the viral genome rearrangement
during integration into human chromosome 8 (see details below).
Strand-specific transcriptome analysis further revealed that nearly
all reads were derived from the sense strand of HPV-18. There
were very low read levels (�15) from the antisense strand, possi-
bly resulting from inefficiencies in the strand-specific sequencing
approach (see Fig. S10).

HPV� NPCs have a common pattern of viral and cellular
genomic rearrangement as HeLa cells. In HPV-associated can-
cers, the HPV genome is typically found to be integrated into the
host genomes. We therefore examined the transcriptionally active
integration sites in NPCs. Our single-end ribodepleted strand-
specific RNA-seq data set was analyzed by extracting the first 25-
mer reads from each end of the 100-base read and aligning them
independently of each other to a reference genome containing
both the human hg19 and HPV-18 genomes. Next, fusion reads
were identified as those in which one 25-mer end mapped to one
genome and the other corresponding 25-mer end mapped to the
other genome. These fusion reads were then utilized to pinpoint
the integration sites/breakpoints through visualizing the read cov-
erage peaks in the IGV genomic browser. This analysis revealed
that all examined HPV� NPCs demonstrated similar viral and
cellular genomic rearrangements within a 12-kb fragile region of
human chromosome 8 (Fig. 2). Further, the HPV-18 integrated in
a reverse manner and exhibited five genome breakpoints (num-
bered 1 to 5 with corresponding read coverage peaks) resulting in
the four potential HPV-18 integration patterns (colored and
boxed). For each HPV-18 integration pattern, there is a corre-
sponding read coverage peak for chromosome 8 (labeled a to e).
All HPV-18 integration patterns started with the L1 breakpoint
and shared the same upstream insertion point on chromosome 8,
as demonstrated by the high coverage peaks, respectively. Analysis
of reads spanning the rearranged HPV-18 integrated genome
demonstrated consistent coverage across all segments, suggesting
active transcription in this rearranged configuration (Fig. 2).

Since HPV-18 has been shown to integrate in the same region
of chromosome 8 in HeLa cells (35), and since HeLa cells have
been plaguing in vitro cell cultures since the 1950s, we compared
the precise integration sites and viral breakpoints between NPCs
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and HeLa cells. Reference genomes that span the five HPV-18/
human chromosome 8 junctions in NPCs were generated, and
reads from HPV� NPCs and the two HeLa data sets were aligned
using the STAR aligner with default parameters. The results
showed that all HPV-18/human chromosome 8 junctions in
HPV� NPCs were identical (down to the nucleotide) to those
observed in the two HeLa cells (see Fig. S11 to S15 in the supple-
mental material). Furthermore, nucleotide insertions within a
junction sequence specifically identified in HeLa cells (35) show-
ing no homology to human or HPV-18 were also identified in
analyzed HPV� NPCs (see Fig. S15).

SNV analysis of NPCs further substantiates HeLa cell con-
tamination in NPC cell lines. To further elucidate the cell origins

of these HPV� NPCs, we investigated both viral and human single
nucleotide variations (SNVs) in the three NPCs and the two HeLa
data sets. Analysis of the viral SNV showed that all five data sets
have the same integrated HPV-18 genome, exhibiting 29 identical
SNVs relative to a reference HPV-18 consensus genome (Fig. 3A;
see also Fig. S16 in the supplemental material). Additional SNVs
observed in the HeLa-1 sample are likely from sequencing errors,
since those were not preserved in the HeLa-2 sample.

Analysis of the human SNVs for all RNA-seq data sets was also
performed. A total of 13,551 human SNVs were identified within
genes commonly expressed in all nine data sets. These SNVs were
subjected to clustering using PLINK (31). As shown in Fig. 3B, two
distinct clusters were identified. The two HeLa cell samples cluster

FIG 2 HPV� NPCs demonstrate same pattern of viral and cellular genomic rearrangement as HeLa cells. Strand-specific sequencing data from ribodepleted
CNE1 RNA were analyzed for integration sites and breakpoints. First, 25-mer reads were extracted from both ends of each read and aligned to a reference genome
containing both the human hg19 and HPV-CNE1 genomes. Next, fusion reads that were aligned to both human and HPV genomes were identified and visualized
in the IGV genomic browser. Potential HPV integration patterns are represented as colored boxes. Read coverage peaks represent chromosome 8 integration sites
(a to e) and HPV genome breakpoints (1 to 5). The rearranged HPV integrated genome is shown with breakpoints highlighted by numbers and corresponding
read coverage.

Strong et al.
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tightly with CNE1, CNE1-JPN, and HONE1, forming one major
cluster. In contrast, cell lines c666-1, x666-1, HK1, and NP460
formed a distinct major cluster. Notably, CNE1 and HONE1 are
within the HeLa cell cluster but not tightly clustering with the
other two HeLa cell samples, suggesting that these NPC cell lines
were not entirely of HeLa cell origin.

In addition to cluster analysis, in-depth investigation of the
SNV patterns at the gene level was performed. By comparing in-
dividual SNVs, we found that HPV� NPC cells exhibited distinct
SNV patterns in certain genomic regions compared to HeLa cells.
For example, isoenzyme analysis of glucose-6-phosphate dehy-
drogenase (G6PD) revealed G6PD type A for both HeLa cell sam-
ples, a signature variant that has been previously used to identify
HeLa cells (36). Interestingly, CNE1, CNE1-JPN, and HONE1
were all heterozygous for this G6PD type A variant (see Fig. S17A
in the supplemental material), while HK1, c666-1, x666-1, and
NP460 were homozygous for the wild-type G6PD type B variant.

Further, a unique SNV within the p53 gene was found in CNE1,
CNE1-JPN, and HONE1 but not HeLa or the other NPC cell lines
(see Fig. S17B). Finally, SNV analysis of phosphoglucomutase 1
(PGM1) showed a heterozygous variant in the 3= untranslated
region in HeLa, CNE1, CNE1-JPN, and HONE1 but not in HK1,
c666-1, x666-1, or NP460 (see Fig. S17C). Taken together, these
data suggest that HPV� NPCs, CNE1 and HONE1, are likely de-
rivatives of HeLa and another cell of unknown origin.

HeLa-specific L1 retrotransposon marker is present in some
NPC cell lines. To further confirm our findings, we screened the
six NPC cell lines with a single duplex detection PCR assay, which
targets a HeLa-specific L1 retrotransposon insertion (37). As
shown in Fig. 4, a 325-bp insertion-specific amplicon was readily
detected in HeLa cells. This marker was also detected in the AdAH
and NPC-KT cells. In contrast, other HPV� NPCs such as CNE1,
CNE1-JPN, CNE1-CN, and HONE1 were negative for this HeLa
marker, indicating that these cells bear only part of the HeLa

FIG 3 Single nucleotide variant analysis of NPCs further substantiates HeLa cell contamination in NPC cell lines. (A) HPV-18 SNVs were analyzed in all
HPV-18-positive NPCs and visualized using IGV. The nucleotide mutation coordinates and corresponding amino acid changes are represented in Fig. S16 in the
supplemental material. The y axis represents the number of reads at each nucleotide position of the genome. The maximum scale for the coverage graphs is 4,950
reads for HeLa-1 and 1,650 reads for the other graphs. Coverage graph insets represent blowup regions of the genome with maximum scales of 60 reads for HeLa-1
and 200 reads for HeLa-2 and HONE1. (B) Universally expressed human-specific SNVs in each cell line were also identified and clustered using PLINK. CNE1
and HONE1 were clustered with HeLa cells in one major branch, whereas c666-1, x666-1, HK1, and NP460 were clustered in another branch.
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genomic sequences (partial HeLa genome) and lowering the pos-
sibility that these cell lines are simply cross-contaminants of HeLa
cells.

DISCUSSION

CNE1 and other NPC cell lines serve as an essential widely used
tool in both the NPC and the EBV research communities. Al-
though the majority of NPC cell lines used today are currently
EBV negative, it is believed that they were initially positive for EBV
and that their EBV genomes were lost due to long culture (3). To
date, whether other exogenous agents are present in NPC cell lines
has not been determined. During our effort to fully assess the
viromes of NPC cell lines, we identified active HPV-18 infection in
several cell lines analyzed. Even though it is possible that these
NPCs might have naturally acquired HPV infection (38), it is
HPV-16, but not HPV-18, that is typically associated with tumors
in the head and neck region (38). Considering the HPV-18 inte-
gration pattern and the host and viral SNV analyses, along with the
widespread contamination of HeLa in several tissue culture sys-
tems, we reasoned that this HPV-18-positive cervical adenocarci-
noma cell line is a likely source of contamination in these NPC cell
lines.

Using our in-house RNA-seq based computational pipeline,
we were able to identify the HPV/human genome rearrangements,
which provided critical evidence to support the notion that CNE1
and HONE1 cells were of HeLa origin. Four complex integration
patterns were detected in CNE1, HONE1, and HeLa data sets,
which was consistent with a recent study showing similar integra-
tion patterns of HPV-18 in HeLa cells (35). Despite the similarity
in HPV-18 integration patterns observed in our data and those of
Adey et al., we observed an additional HPV-18 breakpoint and
insertion. As shown in Fig. 2, there was a peak at the beginning of
HPV-18 E1 (peak 3) indicating a pileup of fusion reads with the
corresponding pileup shown as peak d on chromosome 8. This
new observed breakpoint and integration pattern (see Fig. S13 in
the supplemental material) may be due to differences in HeLa cell
clones or may be allele specific, since we analyzed the average of
both alleles, while Adrey et al. analyzed only a single allele from
chromosome 8.

Our results indicated that several NPC cell lines analyzed
(CNE1, CNE2, AdAH, NPC-KT, and HONE1) are contaminated
with HeLa cells either during the initial establishment of these
lines (e.g., CNE1) or during subsequent cell passage. Further, an
earlier study identified the presence of HPV-18 E6 protein in
AdAH and its variant (39), suggesting contamination with HeLa.

In addition, since NPC-KT is also HPV-18 positive and was estab-
lished in the same laboratory as AdAH, it is likely that NPC-KT is
also contaminated with HeLa, with contamination possibly oc-
curring during the initial establishment of this cell line. It is likely
that other NPC cell lines not analyzed in this study that are com-
monly used in the field are also contaminated. For example, we
detected HPV-18 in another NPC RNA-seq data set (SRA020971)
(40) generated from 5-8F cells (a SUNE-1-derived cell line) (data
not shown). Unfortunately, due to the nature of the experimental
design (microRNA-seq study, which misses the majority of
mRNA sequences), we do not have definitive evidence to call HeLa
contamination in this cell line. Therefore, considering the rarity of
NPCs, the long history of NPC cell lines, and the lack of rigorous
authentication (since general cell line vendors such as the ATCC
do not carry NPC cell lines), we strongly recommend cell line
authentication prior to performing experiments. Otherwise, us-
age of HeLa-contaminated NPC cell lines in both NPC- and EBV-
related studies might lead researchers to draw misleading or even
false conclusions.

Our findings are consistent with a study conducted in Hong
Kong by Chan and colleagues, in which they tested the authentic-
ity of several NPC cell lines, including CNE1, CNE2, HK1, x666-1,
and c666-1 (41). Chan et al. conducted a short tandem repeat
(STR) profiling assay on these NPC cell lines and determined that
CNE1 and CNE2 contain at least one allele identical to HeLa based
on the STR patterns (41). Furthermore, Chan et al. identified the
same CNE1-specific p53 SNV (Thr 280) that we observed in our
CNE1 and HONE1 data sets (41).

The HeLa cell line was established in 1951 and is the first hu-
man cell line established from an aggressive cervical carcinoma.
There has been widespread use of this cell line for a variety of
experiments conducted in the United States and abroad. Since the
establishment of this cell line more than 60 years ago, many cell
lines have been confirmed to be contaminated with HeLa (42, 43).
Despite massive collaborative efforts to ameliorate HeLa contam-
ination and cell line misidentification within our cell line reper-
toire, these issues still persist today, as evidenced by this study.
Recently, there has been a call to action to address cell line con-
tamination and misidentification in the hope of avoiding the gen-
eration of misleading data due to cross-contaminated cell lines
(44, 45).

To the best of our knowledge, an RNA-seq-based cell authen-
tication method has not yet been reported. The existing methods
all focus on analyzing the genetic DNA sequences of the cell lines.
For instance, the most popular STR profiling measures the num-
ber of specific, short repetitive DNA sequences at specific loci in
the genome (42). In this study, we explored the possibility of using
transcriptome data analysis as an additional tool for cell authen-
tication. Using this approach, we were able to obtain (from the
RNA-seq data sets) critical information regarding the viral tran-
scriptome, the viral and cellular genomic rearrangement, and the
viral and cellular SNVs that were used for successful cell authen-
tication. We believe that with increasing awareness of cell line
contamination, the use of an RNA-seq-based approach may be
another viable option in the pursuit of validating cell lines for
experimental use.

Given our data along with data from Chan et al., we conclude
that CNE1 is not of true nasopharyngeal origin and is therefore an
inappropriate cell line to study NPC biology. The other NPC cell
lines that tested positive for HPV-18 (HONE1, CNE2, AdAH, and

FIG 4 HeLa cell-specific L1 retrotransposon marker is present in a group of
NPC cell lines. A single duplex detection PCR assay was conducted to detect a
HeLa-specific L1 retrotransposon marker. Genomic DNAs from six NPC cell
lines and two independent HeLa cell lines were subjected to PCR analysis. PCR
products were fractionated on a 1% agarose gel. Two amplicons/bands were
observed, and the HeLa-specific amplicon/band presents as a band of 325 bp.
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NPC-KT) and/or HeLa markers (AdAH and NPC-KT) are
strongly suspicious for HeLa contamination; however, additional
testing from multiple sources is needed. For instance, our data
strongly indicate that HONE1 is a HeLa-related somatic cell hy-
brid; however, without testing from multiple sources, a definitive
conclusion cannot be drawn.

The three NPC cell lines analyzed in this study that are HPV-18
negative and are not contaminated with HeLa cells are c666-1,
x666-1, and HK1. The normal nasopharyngeal cell line NP460 is
also HPV-18 and HeLa negative. Even though c666-1 and x666-1
are free of HeLa contamination, the presence of murine leukemia
virus (MuLV) in these cells might influence the results of EBV-
related studies in unforeseen ways that may cause invalid or
skewed conclusions. Caution must be exercised in interpreting
experimental results from these two cell lines.
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