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Abstract
Aim: In forensic science, the authentication of biological samples is critical for accurate analysis and evidence 
validation. To evaluate the authenticity and genetic stability of 91 long-term preserved human cell line samples 
under cryogenic conditions over 34 years, and to explore the applicability of forensic-grade short tandem repeat 
(STR) profiling for long-term cell line authentication.

Methods: We conducted STR-based authentication using 23 forensic STR markers. STR profiles were analyzed 
using the Tanabe and Masters algorithms for authentication. The study also examined the effects of prolonged 
passaging and genetic modification on STR stability, and investigated potential contamination events by comparing 
profiles with public databases.

Results: All uniquely labeled human cell lines were successfully revived and yielded complete STR profiles, 
confirming the efficacy of long-term cryopreservation. One male cell line showed the Y-indel in the absence of a 
Y-allele at Amelogenin, indicating that the Y-indel alone is insufficient for accurate sex determination. 
Authentication using the Tanabe and Masters algorithms revealed that stringent criteria provided more definitive 
results than scoring-based methods. Instances of relatedness among unauthenticated cell lines to problematic 
references in existing databases suggest early-stage contamination rather than recent laboratory errors. STR profile 
stability persisted through routine cell line passages, and genetically edited cell lines retained profiles identical to 
their parental counterparts, indicating a need for additional differentiation markers for accurate derivation 
authentication. No significant differences in the number of altered alleles between normal and tumor cell lines, 
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implying cell type alone did not dictate STR stability.

Conclusion: This study represented one of the most extensive single-laboratory investigations into cell line 
preservation using forensic-grade tools, providing new reference alleles and valuable insights into cell line 
authentication. The findings supported the application of forensic STR kits beyond traditional forensic samples, 
offering a new perspective on their utility in genetic research and laboratory management.
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INTRODUCTION
Cell lines serve as essential experimental models, which have been widely utilized in biomedical research 
and drug development[1]. However, frequent exchange of cell lines between laboratories increases the risk of 
mislabeling, misidentification, and contamination, leading to incorrect and irreproducible research 
outcomes[2]. In 1967, Walter Nelson-Rees first reported cross-contamination in human cell lines, but his 
findings did not gain much immediate attention, allowing problematic cell lines to persist in published 
studies[3]. It was not until the 1980s that the scientific community began to recognize this issue[4]. Since then, 
increasing attention has been paid to cell line contamination, with many journals now requiring 
authentication as a prerequisite for publication.

Among various authentication methods[5,6], short tandem repeat (STR) profiling stands as the gold 
standard[7], especially in forensic science due to its precision in identifying genetic variation. Initially, the 
American Type Culture Collection (ATCC) Standards Development Organization Workgroup 
recommended eight STR markers for human cell line authentication, later expanding to 13 STRs to improve 
accuracy[8]. Forensic STR markers are highly stringent and exhibit greater polymorphism, offering strong 
discriminatory power[9]. The inclusion of additional STR loci in authentication can further enhance 
accuracy, similar to forensic science applications where testing more markers improves individual 
identification reliability[10]. As the diversity of cell lines increases, expanding STR loci will likely become 
necessary to meet evolving authentication needs, reflecting a forensic-like emphasis on precision and 
reliability. Therefore, adopting forensic-grade STR markers for cell line authentication represents an 
innovative approach ensuring more robust and reliable analysis.

Researchers who conduct cell-based experiments seek to confirm that their cell lines are correctly labeled 
and free from aberrations. In most cases, cell line authentication aims to prevent cross-contamination, 
misidentification, and genetic drift. Furthermore, assessing the impact of long-term storage on cell line 
integrity is essential, yet comprehensive studies in this area remain limited. Our laboratory began using cell 
lines in 1990 and has documented 91 human cell lines by a limited, experienced team to ensure reliability.

Given these circumstances, it was imperative to conduct a thorough investigation of our cell line inventory. 
The objectives of this study were threefold: (1) to assess the preservation status of cell lines stored over the 
past 34 years and identify any potential contamination events that may compromise research outcomes; (2) 
to explore the genetic changes that occurred in cell lines during long-term passaging, thereby evaluating the 
stability and variation of STR loci over time; and (3) to demonstrate the application of forensic-standard 
STR profiling combined with comparative algorithms as a reliable approach for cell line authentication. 
These questions are essential for understanding the integrity of stored biological resources and for ensuring 
the validity of experimental results in biomedical research.
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MATERIALS AND METHODS
Sample selection
According to our laboratory regulations, all cell line samples stored in the liquid nitrogen tank were 
documented on paper. To ensure comprehensive backup, samples with different names were treated as 
distinct cell line strains for subsequent STR genotype analysis. For instance, samples labeled as 293FT, 
HEK293 LC, HEK293, 293y99, K562, k562, HUH7, and HUH7-2 were considered as eight different samples, 
rather than three different cell line strains (HEK293, K562, and HUH7). This approach resulted in the 
selection of 91 different cell line samples for the subsequent cell line backup [Supplementary Table 1].

Cell line culture and DNA extraction
The 91 cell line samples were selected for subsequent cell line cultivation. The cell lines referenced in 
publications were cultured following the experimental conditions described in the respective articles. For 
the cell lines not involved in any publications, cultivations were performed according to the vendor’s 
instructions.

Genomic DNA was extracted from 5 × 106 cells using the QIAamp DNA Blood Mini Kit (Qiagen, Venlo, 
The Netherlands), according to the manufacturer’s instructions. DNA quantification was performed using a 
Qubit fluorometer (Life Technologies, CA, USA), and all DNA samples were stored at -80 °C until use.

STR genotyping and alternation status evaluation
STRs were analyzed using the SiFaSTRTM 23-plex system (Academy of forensic sciences, Shanghai, China), 
which includes 21 autosomal STRs (D3S1358, D5S818, D2S1338, TPOX, CSF1PO, Penta D, TH01, vWA, 
D7S820, D21S11, Penta E, D10S1248, D8S1179, D1S1656, D18S51, D12S391, D6S1043, D19S433, D16S539, 
D13S317, and FGA) and two sex-related polymorphisms (Amelogenin and Y indel). The PCR reactions 
were conducted according to the manufacturer’s protocol, and DNA genotyping was performed in a Classic 
116 Genetic Analyzer (SUPERYEARS, Nanjing, China) using GeneManager Software (SUPERYEARS, 
Nanjing, China).

The alteration status evaluation focused solely on the 21 autosomal STRs. By comparing the query genotype 
with the reference genotypes of the cell lines, five types of statuses were determined[11,12] as follows: (1) stable 
(S): no alteration occurred; (2) loss of heterozygosity (L): an allele was lost in the query cell line sample 
compared to the reference alleles; (3) occurrence of an additional allele (Aadd): an additional allele appeared 
in the query cell line sample (e.g., allele 16, 17 > allele 16, 17, 19); 4. occurrence of a new allele (Anew): allele 
replacement occurred in the query cell line sample (e.g., allele 16, 17 > allele 16, 19).

Human cell line authentication
Conventionally, cell line authentication is performed by comparing the obtained STR profiles 
to those registered in the cell l ine databases[13]. In  this  s tudy,  two matching a lgori thms were 
applied to evaluate the relatedness between the query sample and the reference cell lines. The scores were 
computed  us ing  the  fo l lowing  a lgor i thms :  (1 )  Tanabe  a lgor i thm:  percent  match  
=                                                                                                                 × 100%  (2) Masters algorithm: percent 

match =                                                 × 100%. Different algorithms applied distinct similarity thresholds to 
classify the relationship between two cell lines[14-16]. According to the Tanabe algorithm, a similarity score 
ranging from 90% to 100% indicated that the two profiles were related, likely originating from the same 
donor. Scores between 80% and 90% were considered ambiguous or mixed results, suggesting possible 
relatedness but requiring further investigation. Scores below 80% were regarded as unrelated. In contrast, 
the Masters algorithm was slightly more lenient. A similarity score of 80% or higher indicated relatedness, 
while scores from 60% to 80% suggested mixed or uncertain results. Scores below 60% were interpreted as 
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unrelated, reflecting a likely distinct origin. Tanabe’s “Related” threshold (≥ 90%) was stricter than that of 
Masters (≥ 80%) due to differences in the underlying allele-matching algorithms. In Tanabe’s method, the 
number of shared alleles was multiplied by 2 and divided by the total number of alleles in both profiles. This 
formula placed greater emphasis on exact matches and penalized allele imbalances more heavily, especially 
in polyploid or contaminated lines.

To search for the correct reference cell line, we utilized the obtained STR results and conducted a search 
using the online STR similarity search tool CLASTR (Cell Line Authentication using STR, version 1.4.4) 
(https://www.cellosaurus.org/str-search/). The matching scores were recalculated using the two algorithms 
based on the highest-scoring results obtained from CLASTR 1.4.4.

Statistics analysis
Statistical analyses were performed using Prism 9.0 software (GraphPad, San Diego, USA) and Microsoft 
Excel 2019 (Microsoft Corporation, Redmond, USA). An unpaired t-test was conducted to compare the two 
groups, and a P-value < 0.05 was considered statistically significant.

RESULTS
Overview of the human cell lines stored in the laboratory
During the cell line backup process, we revived a total of 91 different cell samples based on the labels on the 
cell cryovials, which were later confirmed to represent 75 unique cell line strains [Supplementary Table 1]. 
According to the publications of our laboratory, a total of 80 human cell lines should have been 
documented, with nearly half of these cell lines and their research outcomes published. A total of 93.75% 
(75 out of 80) of the cell lines were successfully recovered during the cell line backup process. Although 
BEAS-2BS, FDIX, FL, HT-1080 and Raji had related outcomes published, we did not find them during the 
backup process and were considered lost [Table 1].

Most human cell lines in our laboratory were purchased from ATCC and the Cell Bank of Type Culture 
Collection of Chinese Academy of Sciences. Approximately 12.5% (10 out of 80) of the cell lines were kindly 
provided by the collaborators [Figure 1A]. Among them, about 18.75% (15/80) of the cell lines were derived 
from normal tissues, while 77.5% (62/80) were derived from tumor tissues. Lung cancer cell lines were the 
most numerous (n = 16), followed by liver cancer cell lines (n = 8), colon cancer cell lines (n = 6), and breast 
cancer cell lines (n = 5) [Figure 1B].

From 1990 to 2024, our laboratory published 60 articles involving 33 human cell lines. HEK 293 was the 
most frequently used human cell line, accounting for 28.86% of our publications. Publications using 293T, 
HeLa, and HT-1080 cells ranked second to fourth, accounting for 14.77%, 9.09%, and 7.95%, respectively. 
FDIX and HT-1080 tied for fifth place, each being used for four articles [Figure 1C].

STR profiling of cell lines stored in the lab over 34 years
A total of 23 STRs were tested, but only 21 autosomal loci were used for cell authorization. For the 
sex-determining genotypes, excluding the HFLS-OA and RKO cell lines, which lacked sex-related 
polymorphism data, about 24.72% (22/89) of the cell lines exhibited changes in genetic sex. According to the 
reference genomes, the cell lines should be derived from 46 male samples and 43 female samples. The results 
for the female cell lines showed 100% concordance with expectations. However, among the male-origin cell 
lines, only 24 showed the expected sex-determining profiles, while 20 samples completely lost male 
characteristics at these loci [Figure 2A].

https://www.cellosaurus.org/str-search/
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Table 1. Overview of the human cell lines stored in the laboratory

Cell line Publication Cell line Publication Cell line Publication Cell line Publication

ALK / NCI-H520 / BPH-1 [17] SW620 (CCL-
227)

/

GM12878 / 95-D / HeLa [18-25] U-251MG /

KELLY / HCC4006 (CRL-
2871)

/ WI-38 / HEP2 [26]

SNU-2535 / NCI-H1975 / M059J / CNE-1 (CNE) /

NCI-H596 / U-2 OS [27,28] M059K / A-431 /

GM13705 [29] BT-483 (ATCC=HTB-
121)

/ NCI-H460 / SK-OV-3 /

GM12593 [30] 22Rv1 [17] ECV-304 / 7721 [31]

HTB-178 (CRL-
5928)

/ NCI-H226 / MCF7 [32] L-02 [31,33]

HTB19 (BT-20) / Ca Ski / MRC-5 / SK-N-AS /

GM24385 / SW 1271 (CRL-2177) / RKO (CRL-
2577)

/ CCL-187 /

HEK 293 [18,20,22,23,25,27,34
-45]

SW48 / Huh-7 [23] 5637 [46]

AD-293 [43] A549 [23,47] MHCC97-L / NCCIT /

293GPG [48,49] SaOS-2 [27] MHCC97-H [31] PC-3 [17]

293T [26,27,33,37,50-58] HFLS-OA / QGY-7703 [31,59] DU145 [17]

293Cre4 [60-62] CRL-7585 / HCCLM3 / SW480 /

NCI-H1703 / ZR-75-30 / Hep G2 [63,64] BEAS-2BS [23]

NCI-H1299 [28] Jurkat, Clone E6-1 / MDA-MB-231 / FDIX [65-67]

EJ / SK-HEP-1 / KB / FL [68]

NCI-H1563 / K-562 [69] LNCaP [17] HT-1080 [65,66,70-74
]

NCI-H2170 / PNT1B [17] SW1417 (CCL-
238)

/ Raji [21]

Figure 1. Summary of the human cell lines recorded in the laboratory from 1990 to 2024. (A) Origin of the cell lines; (B) Types of the 
cell lines; (C) Distribution of the cell lines used in published studies.

Among the 17 normal cell lines, the distribution of genotypes was as follows: homozygous genotypes 
accounted for 33.89% (121/357), heterozygous genotypes for 57.42% (205/357), and polyploid genotypes for 
8.68% (31/357). In cancer cell lines, the proportions of homozygous, heterozygous, and polyploid genotypes 
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Figure 2. STR profiling of the human cell line samples revived in this study (n = 91). (A) Sex-related polymorphisms in the human cell 
lines; (B) Distribution of homozygous, heterozygous, and polyploid genotype loci in normal cell lines and cancer cell lines; (C) 
Distribution of the polyploid genotypes in normal cell lines and cancer cell lines.

were 39.79% (610/1533), 58.25% (893/1533), and 1.96% (30/1533), respectively [Figure 2B]. The polyploid
genotypes were distributed across the 73 tumor cell lines, with the QGY cell lines having the most (n = 6).
Interestingly, the polyploid genotype loci in the normal cell lines were predominantly found in GM12593 (n
= 19, 61.29%). The vWA locus was the most frequent site for polyploid genotype in tumor cell types,
whereas the CSF1PO locus was the most altered in normal cell lines. Additionally, alternations in D1S1656
and D8S1179 were commonly observed across different cell line types [Figure 2C].

Most cell line identities successfully verified using two algorithms
In this study, we successfully revived and typed 91 cell samples. Except for GM13705, GM12593, GM24385,
HFLSOA, and MHCC97-L, all samples had registered STR profiling data in the ATCC or Cellosaurus
databases. Two algorithms were employed for cell line authentication, and no statistically significant
differences were observed between the scoring results [Figure 3A]. Approximately 94.51% (86/91) of the
authentication results were identical using both algorithms, with discrepancies found in the conclusions for
five samples [Figure 3B].

The inconsistent outcomes primarily fell into two scenarios: first, where the Masters algorithm classified the
result as “Related”, while the Tanabe algorithm categorized it as “Unrelated” (n = 1, scoreMasters algorithm =
0.8236; scoreTanabe algorithm = 0.8889); and second, where the Masters algorithm categorized the result as
“Unrelated”, while the Tanabe algorithm resulted in “Mixed results” (n = 4, scoreMasters algorithm =
0.6129~0.7353; scoreTanabe algorithm = 0.6897~0.7692). Since there were no significant score differences between
the two algorithms, the scores for inconsistent conclusions were very close. We validated the outcomes of
different scoring methods under the same criterion using cross-validation, revealing that identical
authentication results were obtained regardless of the scoring method used [Figure 3C].

A total of eight samples failed to match their proclaimed cell line identities. To further investigate their
origins, CLASTR 1.4.4 was applied to search for STR similarities in the Cellosaurus database. Results
showed that seven out of eight samples had related matches. Although the relationship between Sample
293FT and HEK293 was questionable, it showed higher similarity to two HEK293 derivatives. Samples EJ,
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Figure 3. Comparative analysis of authentication results using different algorithms. (A) Scores obtained from the different algorithms; 
(B) Authentication outcomes produced by different algorithms; (C) Intersection of authentication results derived from different scoring 
methods under the same criterion. ns indicates no significant difference.

Sample QGY, Sample QGY-2, and Sample CNE successfully matched several human cell lines, but all the
matched cell lines were considered contaminated. The typing results of Sample PC-3 differed from its
reference genotype, resulting in “Mixed results” with both algorithms. However, the STR profiling showed a
higher similarity to LNCaP C4-2B (scoreTanabe algorithm = 90.91, scoreMasters algorithm = 93.75).

Fortunately, our laboratory possessed the parent cell line of LNCaP C4-2B, LNCaP. By comparing the STR
profiling results of LNCaP with Sample PC-3, we found the scores using both algorithms were above 0.9.
This further confirmed that Sample PC-3 was mislabeled and should be identified as the LNCaP cell line.
Using the same method, we found that Sample WI-38 was also mislabeled, as its STR results were identical
to those of 2BS [Table 2].

Comparative analysis of the multiple-backup cell lines and their derivatives
In this study, a total of 31 cell samples had multiple backups recorded in the laboratory. Due to its known
issue, QGY-7703 was excluded from the analysis of this section. We compared the genotypes of cell samples
within the same strains and found that only 12 cell lines had identical results. Among them, only eight
samples showed exact matches to their reference genotypes [Supplementary Table 2]. Although the STR
profiles of Sample H1299 vs. Sample H1299-1, and Sample 252 vs. Sample CCL-231 differed from their
references, the typing results within each pair were completely identical. For the remaining samples, one to
five loci differed from the reference.

HEK293 and its derivatives had the highest number of backups in this study. Among the six backups, the
typing results differed from the reference except for Sample 293y99 (the oldest recorded cell sample in our

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202506/jtgg5008-SupplementaryMaterials.zip
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Table 2. Cell line authentication results for eight “unrelated” samples

Reference cell line Masters 
algorithm Tanabe algorithmLabel on 

cryovials
Cell line Reference Score Outcome Score Outcome

HEK 293 https://www.
cellosaurus.org/
CVCL_9804

0.8235 Related 0.8889 Unrelated

HKb20 (HEK293 Hierarchy) https://www.
cellosaurus.org/
CVCL_E065

0.9286 Related 0.9630 Related

293FT

tsA201(HEK293 Hierarchy) https://www.
cellosaurus.org/
CVCL_2737

0.9286 Related 0.9630 Related

EJ https://www.
cellosaurus.org/
CVCL_7039

0.5000 Mixed 
results 

0.4444 Mixed 
results 

JCA-1 (Problematic cell line: Shown to be a T24 derivative) https://www.
cellosaurus.org/
CVCL_4015

1.0000 Related 1.0000 Related

SLR20 (Problematic cell line: Shown to be a T24 derivative) https://www.
cellosaurus.org/
CVCL_V606

1.0000 Related 1.0000 Related

EJ

TSU-Pr1 (Problematic cell line: Contaminated. Shown to be 
a T24 derivative)

https://www.
cellosaurus.org/
CVCL_4014

1.0000 Related 1.0000 Related

WI-38 https://www.atcc.
org/products/ccl-75

0.4194 Mixed 
results 

0.4333 Mixed 
results 

WI-38

2BS https://www.
cellosaurus.org/
CVCL_BT02

1.0000 Related 1.0000 Related

QGY-7703 (Problematic cell line: Contaminated. Shown to 
be a HeLa derivative)

https://www.
cellosaurus.org/
CVCL_6715

0.6129 Unrelated 0.7308 Mixed 
results 

QGY

MGC-803 (Problematic cell line: Contaminated. Seems to 
be a hybrid of HeLa and probably of a gastric cancer cell 
from an Asian individual)

https://www.
cellosaurus.org/
CVCL_5334

0.9130 Related 0.9231 Related

QGY-7703 (Problematic cell line: Contaminated. Shown to 
be a HeLa derivative)

https://www.
cellosaurus.org/
CVCL_6715

0.6129 Unrelated 0.7308 Mixed 
results 

QGY-2

MGC-803 (Problematic cell line: Contaminated. Seems to 
be a hybrid of HeLa and probably of a gastric cancer cell 
from an Asian individual)

https://www.
cellosaurus.org/
CVCL_5334

0.9149 Related 0.9348 Related

293T https://www.
cellosaurus.org/
CVCL_0063

0.7353 Unrelated 0.7692 Mixed 
results 

293T

STAR-A (HEK293T derivative) https://www.
cellosaurus.org/
CVCL_AR74

0.8000 Related 0.8889 Unrelated

CNE-1 (CNE) https://www.
cellosaurus.org/
CVCL_6888

0.7407 Unrelated 0.6897 Mixed 
results 

CNE

HeLa/Blvra KO (Problematic cell line:  (Contaminated. 
Seems to be a hybrid of HeLa and of cell line of unknown 
origin.)

https://www.
cellosaurus.org/
CVCL_D5I9

1.0000 Related 1.0000 Related

PC-3 https://www.atcc.
org/products/crl-1435

0.2188 Mixed 
results 

0.2500 Mixed 
results 

PC-3

LNCaP C4-2B https://www.
cellosaurus.org/
CVCL_4784

0.9375 Related 0.9091 Related

lab, a backup of HEK293 stored in 1999), Sample 293gpg, and Sample 293CRE. Nevertheless, they were 
classified as HEK293 derivatives by both cell line authentication algorithms.

https://www.cellosaurus.org/CVCL_9804
https://www.cellosaurus.org/CVCL_9804
https://www.cellosaurus.org/CVCL_9804
https://www.cellosaurus.org/CVCL_E065
https://www.cellosaurus.org/CVCL_E065
https://www.cellosaurus.org/CVCL_E065
https://www.cellosaurus.org/CVCL_2737
https://www.cellosaurus.org/CVCL_2737
https://www.cellosaurus.org/CVCL_2737
https://www.cellosaurus.org/CVCL_7039
https://www.cellosaurus.org/CVCL_7039
https://www.cellosaurus.org/CVCL_7039
https://www.cellosaurus.org/CVCL_4015
https://www.cellosaurus.org/CVCL_4015
https://www.cellosaurus.org/CVCL_4015
https://www.cellosaurus.org/CVCL_V606
https://www.cellosaurus.org/CVCL_V606
https://www.cellosaurus.org/CVCL_V606
https://www.cellosaurus.org/CVCL_4014
https://www.cellosaurus.org/CVCL_4014
https://www.cellosaurus.org/CVCL_4014
https://www.atcc.org/products/ccl-75
https://www.atcc.org/products/ccl-75
https://www.cellosaurus.org/CVCL_BT02
https://www.cellosaurus.org/CVCL_BT02
https://www.cellosaurus.org/CVCL_BT02
https://www.cellosaurus.org/CVCL_6715
https://www.cellosaurus.org/CVCL_6715
https://www.cellosaurus.org/CVCL_6715
https://www.cellosaurus.org/CVCL_5334
https://www.cellosaurus.org/CVCL_5334
https://www.cellosaurus.org/CVCL_5334
https://www.cellosaurus.org/CVCL_6715
https://www.cellosaurus.org/CVCL_6715
https://www.cellosaurus.org/CVCL_6715
https://www.cellosaurus.org/CVCL_5334
https://www.cellosaurus.org/CVCL_5334
https://www.cellosaurus.org/CVCL_5334
https://www.cellosaurus.org/CVCL_0063
https://www.cellosaurus.org/CVCL_0063
https://www.cellosaurus.org/CVCL_0063
https://www.cellosaurus.org/CVCL_AR74
https://www.cellosaurus.org/CVCL_AR74
https://www.cellosaurus.org/CVCL_AR74
https://www.cellosaurus.org/CVCL_6888
https://www.cellosaurus.org/CVCL_6888
https://www.cellosaurus.org/CVCL_6888
https://www.cellosaurus.org/CVCL_D5I9
https://www.cellosaurus.org/CVCL_D5I9
https://www.cellosaurus.org/CVCL_D5I9
https://www.atcc.org/products/crl-1435
https://www.atcc.org/products/crl-1435
https://www.cellosaurus.org/CVCL_4784
https://www.cellosaurus.org/CVCL_4784
https://www.cellosaurus.org/CVCL_4784


Chen et al. J Transl Genet Genom. 2025;9:149-66 https://dx.doi.org/10.20517/jtgg.2025.08 Page 157

Potential cross-contamination of the human cell lines with HeLa cells
As mentioned previously, several cell samples did not show a “related” outcome to any cell lines because 
they were registered as contaminated problematic cell lines. To investigate potential cell line contamination 
in our laboratory, we compared all 91 successfully revived cell samples with HeLa cells. Nine cell samples 
showed the outcomes of “Unrelated” or “Mixed results”. Sample Hela NFkB and Sample HELA were both 
HeLa derivatives, confirming their results as correct. The remaining seven cell samples were documented as 
contaminated by HeLa [Figure 4].

Analysis of STR alternations in tumor and normal cell lines
To investigate STR alternations in different cell lines, we analyzed the STR status in tumor and normal cell 
lines. Due to the difficulty in determining specific cellular attributes for contaminated cell lines, all 
problematic cells and those without reference STR results were excluded from this analysis.

An average of 1.43 ± 1.99 altered loci were detected in the normal cell lines, whereas the tumor cell lines 
contained approximately 0.75 ± 1.09 variant loci per sample. There was no significant statistical difference 
between the two groups (P > 0.05) [Figure 5A]. No STR alternations were observed in TH01, D12S391, 
D10S1048, and D6S1043 in any cell lines. D1S1656 and D3S1358 showed a low tendency for mutation, while 
vWA, D7S820, and D8S1179 were the most frequently altered STRs in this study [Figure 5B]. Alternations 
in normal cell lines were mainly confined to eight STRs, whereas the alternations in tumor cells were widely 
distributed. Regardless of cell line type, status of L was the most detected alternation, followed by the 
occurrence of Aadd and Anew [Figure 5C].

For different tumor cell lines, status of L was the most frequently observed type of STR alternation, 
constituting all alternations in lung cancer, liver and breast cancer cell lines. Anew was observed in colon 
and prostate cancer cell lines, while Aadd was detected only in prostate cancer cell lines. The distribution of 
STR alterations varied among different tumor types.

In the lung cancer cell lines, vWA and D8S1179 were the most common altered loci. In the liver cancer cell 
lines, the most common variated loci were D8S1179 and D13S317. In the colon cancer cell lines, vWA was 
the most variable STR locus, while in the breast cancer cell lines, it was TPOX. The distribution of STR 
variant loci was more balanced in the prostate cancer cell lines, with FGA, D21S11, and D13S317 each 
occurring twice, and Penta D and D16S539 each occurring once [Figure 6].

DISCUSSION
Long-term storage reveals mislabeling and cell line loss
From 1990 to 2024, our laboratory documented 80 human cell lines. Given the importance of cell line 
authentication for reliable and accurate research results[75], we authenticated the cell lines during the backup 
process using the established STR identification methods.

To ensure the reliability and traceability of the cell lines, the liquid nitrogen tank was managed by only three 
authorized personnel over the past 34 years. However, instances where the same cell line strains were 
labeled and documented with different names still occurred. For example, the sample labeled 293y99 was 
later confirmed to represent “HEK293 stored in 1999”. Subsequent STR verification revealed many 
duplicates (as detailed later). Therefore, although 91 “different” cell line samples were selected for 
identification, they represented 75 unique cell line strains. The observation underscored the significant 
inconvenience improper labeling can cause in future experiments. Cell line naming has been a long-
standing problem in life sciences[76]. Despite restricted access and management by a limited number of 
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Figure 4. Description of cell samples with outcomes of “Unrelated” or “Mixed results” (n = 9).

Figure 5. STR status in normal cell lines and tumor cell lines. (A) Number of altered loci in normal cell lines and tumor cell lines; (B) 
Number of altered STRs in two types of cell lines; (C) Genetic status at each STR locus in normal and tumor cell lines. STR: Short 
tandem repeat.

authorized personnel, inconsistent labeling practices can still lead to misunderstandings for future users 
over time. Additionally, five cell lines (BEAS-2BS, FDIX, FL, HT-1080, and Raji) were considered lost as 
they were not found in the liquid nitrogen tank. Among these, FDIX, a skin fibroblast from an adult 
hemophilia B patient (FDIX)[65-67], likely failed to be preserved due to its status as a non-finite cell line, 
making it unsuitable for long-term use. The loss of the other four cell lines likely resulted from irregular 
handling and transfer practices that led to sample loss. Most cell lines in our laboratory were tumor cell 
lines, with lung cancer cell lines being the most common, followed by liver and colon cancer cell lines. 
However, HEK 293 and its derivatives were the most extensively used in our publications, accounting for a 
quarter of all cell lines.

STR-based sex identification shows male-specific instability
Amelogenin and Y-indel play crucial roles in sex determination in forensic identification[77]. Similarly, 
Amelogenin plays an essential role in cell identification, although it is not included in the match score 
calculation. In this study, the expected number of cell lines from males and females was 46 and 43, 
respectively. However, the observed concordance was only 75.28% (67/89). All inconsistencies occurred in 
cell lines of male origin, primarily manifesting as a loss of heterozygosity in Amelogenin. Although the 
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Figure 6. STR status in five different tumor cell lines. STR: Short tandem repeat.

Y-indel was included as an additional marker for sex determination, it did not improve the accuracy. In 
most cases, the loss of the Y allele at Amelogenin occurred simultaneously with the loss of the Y-indel.

Unexpected polyploidy and cross-contamination in normal cell lines
Normal human cells are diploid, resulting in one to two alleles at an STR locus. In this study, three normal 
cell lines (GM12593, 293T, and 293FT) exhibited a polyploid genotype. Notably, the GM12593 cell line 
showed an extremely high number of polyploid genotypes, with 19 out of 21 autosomal STRs (90.48%). 
GM12593 cell line is derived from a healthy female’s B-lymphocytes and is expected to exhibit the 
characteristics of a diploid cell. Although genomic alternations can occur over successive passages, such 
extensive mutations are rare. Given that GM12593 and GM13705 originated from the same donor, we 
compared their genotypes and found that all alleles in GM13705 can be traced back to GM12593. This 
suggested that GM12593 was likely contaminated by GM13705, but the extract time of contamination was 
currently difficult to ascertain[29,30].

Algorithm evaluation highlighted STR criteria over scoring methods
To investigate the origins of the cell samples, we analyzed them using the gold standard STR profiling 
technique for cell line authentication[8]. The Tanabe algorithm is recommended for STR profiling, while the 
Masters algorithm is useful for identifying contaminating cell lines. In this study, we applied both methods 
and found that the vast majority of samples yielded consistent results, demonstrating the reliability of both 
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methods. Additionally, all samples identified as “related” by the Tanabe algorithm were also confirmed by 
the Masters algorithm. The outcomes were not true in the opposite scenario, suggesting that the Tanabe 
algorithm may be more stringent. Since both algorithms rely on the ratio of query alleles to reference alleles 
and showed no statistical difference in score values, this suggested that the choice of scoring method has a 
limited impact on the authentication outcomes. Cross-validation of scoring and criteria revealed complete 
consistency in results under the same criterion, suggesting that the criterion was more crucial than the 
scoring method. Sample 293FT (recorded as HEK293) was the only case that yielded conflicting results 
between the two methods. The Masters algorithm identified it as “related” to HEK293 (score: 0.8236), while 
the Tanabe algorithm classified it as “Unrelated” to HEK293 (score: 0.8889). HEK293, established in 1973, is 
one of the most widely used cell lines due to its robust growth in culture and high transfection efficiency[78]. 
After prolonged passaging, cell lines may develop subtypes. Since the Tanabe algorithm score for this 
sample was close to the “related” threshold, we speculated that it may represent another subtype of HEK293. 
Using CLASTR 1.4.4 software to search for similar cell lines confirmed that Sample 293FT and Sample 293T 
showed high similarity to HEK derivates, suggesting they may represent new HEK293 subtypes.

To enhance the accuracy and reliability of cell line identification, ATCC increased the number of STR 
markers used for authentication from 8 to 13 in 2019[13]. The cell lines showing high similarity to Sample 
293FT and Sample 293T were analyzed using only 8 STR loci, which may provide insufficient evidence for 
definitive identification. Moreover, the reference cell lines used for comparison were all problematic, 
suggesting that contamination likely occurred prior to their acquisition by our laboratory. Therefore, it was 
not difficult to understand why these eight cell lines initially failed to match any related reference cell lines.

STR profiling traced mislabeling events and confirmed minimal research impact
According to CLASTR search results, Sample PC-3 was related to LNCaP C4-2B. Although the comparison 
initially used only eight loci, our laboratory possessed a validated LNCaP cell line. We subsequently 
compared the profiles across 21 autosomal loci, confirming their close relationship (data not shown). This 
observation confirmed that PC-3 was a mislabeled cell line rather than one of unknown origin. 
Interestingly, both Sample WI-38 and Sample PC-3 were mislabeled, yet were classified as “Mixed results”, 
indicating that neither authentication method could clearly identify these problematic cell lines. In our 
laboratory, the PC-3 cell line was used in one publication. In that study, Tian et al.[17] investigated the 
relationship between four microRNAs (miR-19b, miR-23b, miR-26a, and miR-92a) and prostate cell 
proliferation in vitro, using four different cell lines, including PC-3 and LNCaP. Therefore, we suspected 
that the mislabeling likely occurred during this period. However, the expression trend of miR-23b was 
downregulated in PC-3 but upregulated in LNCaP. This indicated that the expression trends of miR-23b in 
LNCaP and PC-3 were opposite, suggesting that LNCaP and PC-3 were still independent cell lines at that 
time. The labeling error for PC-3 may have occurred after the publication. Fortunately, since the PC-3 cell 
line was not used in any published studies afterward, it did not result in erroneous findings for the scientific 
community.

Another mislabeled sample was WI-38, which should be 2BS based on the comparison results. WI-38 is a 
normal diploid cell line derived from normal embryonic lung tissue[79], and the cell line in our laboratory 
was sourced from the World Health Organization (WHO) as a gift to Wuxi Co., Ltd. for vaccine 
development. Although 2BS was also a fibroblast cell line derived from fetal lung tissue, it has already 
undergone STR alternations (https://www.cellosaurus.org/CVCL_BT02). Our observations were completely 
consistent with the subtype, as all loci exhibited diploid characteristics. Therefore, we asserted that the 2BS 
cell line stored in our laboratory represented a very early passage. These findings underscored the challenges 
in managing cell lines, which are susceptible to being mixed up over long periods of use. Even large 
professional organizations like the WHO can make mislabeling mistakes, highlighting the necessity of 

https://www.cellosaurus.org/CVCL_BT02
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authenticating cell lines before conducting experiments.

STR-based authentication confirmed derivatives but lacked subtype resolution
In the records of our laboratory, 31 cell samples had multiple backups or derived lines. We compared these 
samples with their corresponding reference typing profiles and found that the results varied from one 
another. Even the reference STRs have shown several different genotyping results, indicating that the cell 
lines underwent multiple variations during passaging. Three cell line strains (A549, K562, and NCI-H460) 
showed the same STR profiles as the reference, and two cell samples (NCI-H1299 and SW48) showed 
identical profiles within the backups, suggesting that their backup times were likely very close, resulting in 
no changes. Six cell samples were recorded as HEK293 or its derivate. Although their STR profiles varied, 
they were all identified as HEK293 derivatives. Only 293y99, the oldest recorded HEK293 backup in our 
laboratory, showed results that were completely consistent with the reference cell line. Sample 293gpg was a 
human 293-derived retroviral packaging cell line[48,49], and Sample 293CRE was a Cre-loxP recombination 
cell line[60-62]. Interestingly, their STR profiling remained the same with the parental cell line. Although STR 
polymorphisms are hotspots for homologous recombination, these genetic modifications did not alter the 
number of repeating units. Therefore, the current STR typing method could not differentiate the two cell 
lines, indicating that additional methods were needed to distinguish their differences. Castro et al.[5] 
developed a 24-plex single nucleotide polymorphism profiling assay for human cell line authentication, and 
found it was a more robust approach for analyzing mismatch repair deficient cell lines. Lung et al.[6] 
conducted metagenomic high‐throughput sequencing for cell line authentication and contamination, 
providing an alternative approach for species identification and contamination detection. To date, 
high-throughput sequencing-based cell line authentication research has primarily focused on identifying 
more stable genetic markers rather than expanding intercellular differences. Therefore, future research 
should concentrate on developing new technologies and methods to identify and distinguish cell lines, 
ensuring the recognition of cell lines within the same hierarchy more accurately.

No evidence of HeLa contamination detected
Cross-contamination is considered the most common source of cell line contamination[7], often occurring 
during the establishment of the cell line[80]. Several studies[2,81,82] suggested that HeLa cells played a central 
role in cross-contamination due to their rapid growth. In Chinese laboratories, more than 90% of cross-
contaminated foreign cells were HeLa cells[83]. Since our laboratory also maintained a HeLa cell line, the 
possibility of contamination with HeLa cells could not be ruled out. To investigate potential contamination, 
all revived cell samples were compared with HeLa cells. We found seven non-HeLa derivative samples were 
classified as “related” results. The QGY cell line is registered as a HeLa derivative; hence, the Masters 
algorithm results were more accurate. Therefore, we concluded that the Tanabe algorithm was more 
stringent in determination, and the Masters algorithm was better at exclusion. Scanning the cell line 
database trace revealed that all HeLa-induced contamination has been reported previously, suggesting early 
contaminations, possibly before these cells were introduced into our laboratory. Over the past 34 years, the 
cell line preservation status in our laboratory has been good, with no instances of HeLa cell contamination 
in our stock.

Characterizing STR instability and authentication markers
STR polymorphisms are hotspots for homologous recombination, which may display alternations in the 
number of repeating units[84]. Additionally, a somatic mutation from microsatellite instability may 
complicate the STR typing[11]. In this study, we investigated the STR profiles of the stocked cell lines at 23 
loci. STR alternations were found in both normal diploid cells and tumor cells, with the number of 
alternations in normal cell lines not being less than in tumor cells. This may be attributed to the 
accumulation of alternations occurring during the passaging. TH01, D12S391, D10S1048, and D6S1043 
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showed relatively low alternation frequencies in cell lines, suggesting they may be ideal markers for 
authentication. In contrast, loci such as vWA, D7S820, and D8S1179 exhibited higher instability. Based on 
the principles of cell passage and STR replication, factors like high GC content or motif complexity could 
influence stability[85-87]. However, this study found that both stable and unstable loci have comparable GC 
content and motif complexity (data not shown). We further examined the genomic context and found that 
most of them are located in intergenic regions or introns. As the mechanisms governing STR stability in 
these non-coding regions remain poorly understood, it was difficult to draw definitive conclusions at this 
stage. Further research was needed to clarify the biological significance of these observations. pLOH, L, 
Aadd, and Anew are the four types of alterations that may occur at STR loci[12]. Since reference STR in 
public databases does not provide peak height information, pLOH-type alternation cannot be assessed. The 
status of L was the most frequent alternation, consistent with the observations reported by Rubocki et al.[88]. 
Moreover, it was the only type of alternation detected in the lung cancer, liver and breast cancer cell lines. 
Although earlier genomic instability studies revealed a preference for STR alternations in different tumor 
types and predicted the potential biological significance behind these changes[12], the preferred loci observed 
in this study differed from previous research, possibly due to the limited sample size. Compared to the 
number of cases reported previously (n = 407), the cell line number involved in this study was relatively 
small (n = 65). Therefore, the current findings should be considered exploratory, and larger cohorts will be 
required to establish tumor-specific STR alteration signatures. On the other hand, tumor cells experienced 
different environmental conditions between in vivo and in vitro cultures. The varied selection pressures 
may lead to different mutation outcomes ultimately. Although differences exist between tumor cell lines and 
tumor tissues, research using tumor cell lines remained representative as they retain specific characteristics 
of the primary tumor, such as gene mutations and phenotypic features. As noted by Freedman et al.[76], 
DNA profiling provided limited insight into the complex molecular and phenotypic characteristics of a cell 
line. At the same time, cell lines serve as a foundational tool for further research, making it crucial to 
guarantee their authenticity before conducting experiments.

CONCLUSION
In this study, we used 23 forensic STR markers to authenticate 91 human cell line samples stored in our 
laboratory over the past 34 years. First, we confirmed that all revived cell lines were correctly authenticated 
and free from HeLa contamination, demonstrating the effectiveness of long-term preservation when 
coupled with periodic verification. Second, we observed STR alterations across both normal and tumor cell 
lines, indicating that genomic changes can accumulate with extended passages and should be considered in 
experimental interpretation. To support future research, we documented these genotypic variations and 
provided updated reference STR profiles for multiple widely used cell lines. Third, both the Master and 
Tanabe authentication algorithms were reliable, although they differed in stringency. However, our findings 
indicated that STR profiling alone was inadequate for distinguishing cell line derivatives within the same 
lineage. These findings underscore the importance of obtaining cell lines from reputable repositories and 
highlight the need for comprehensive multi-omics authentication frameworks to improve reproducibility in 
biomedical research.
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