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Abstract 
Human pluripotent stem cells (hPSCs) are currently evaluated for clinical applications due to their proliferation and differentiation capacities, 
raising the need to both assess and enhance, the safety of hPSC-based treatments. Distinct molecular features contribute to the tumorigenicity 
of hPSCs, manifested in the formation of teratoma tumors upon transplantation in vivo. Prolonged in vitro culturing of hPSCs can enhance se-
lection for specific genetic aberrations, either at the chromosome or gene level. Some of these aberrations are tightly linked to human tumor pa-
thology and increase the tumorigenic aggressiveness of the abnormal cells. In this perspective, we describe major tumor-associated risk factors 
entailed in hPSC-based therapy, and present precautionary and safety measures relevant for the development and application of such therapies.
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Significance Statement
This perspective describes major tumor-associated risk factors entailed in human pluripotent stem cell-based therapy and presents 
precautionary and safety measures relevant for the development and application of such therapies.

Introduction
Human pluripotent stem cells (hPSCs) hold a pivotal role in 
cell therapy and regenerative medicine, due to their capacity 
to differentiate into all cell types of the human body and 
their ability to self-renew in an undifferentiated state.1 While 
the features of both pluripotency and self-renewal represent 
the major clinical potential of hPSCs, they also hide within 
them contributing factors to a third feature of hPSCs, in vivo 
tumorigenicity.2

hPSCs can be isolated from human embryos, establishing 
human embryonic stem cells (hESCs),3 or reprogrammed 
from somatic cells, generating human induced pluripotent 
stem cells (hiPSCs).

4 When these cells differentiate in cul-
ture, they can generate a large array of immature and ma-
ture cell types. However, when undifferentiated hPSCs are 
transplanted in vivo into mice, they differentiate while 
forming teratoma tumors.2,5 Teratomas are benign tumors, 
characterized by a heterogeneous composition of haphazardly 
differentiated cells, representing all 3 embryonic germ layers. 
In humans, naturally occurring teratomas belong to the class 
I of human germ-cell tumors, and their etiology is attributed 
to the misplacement or dysregulation of germ cells and their 
derivatives.6 Teratocarcinomas are immature tumors, defined 
by the presence of undifferentiated embryonal carcinoma-
like cells in addition to teratoma-like structures, and are 
considered malignant compared to mature benign teratomas.7

The readiness of hPSCs to form differentiated teratomas 
upon their transplantation in vivo, permits unique 
opportunities to study early developmental processes,8 as 
well as features of tumorigenicity. Their tumorigenesis is also 
one of the major hurdles for the various clinical applications 
of hPSCs. This perspective summarizes the current knowl-
edge about the factors mediating the tumorigenic potential 
of hPSCs, and highlights risks and precautions that should 
be considered during the propagation and differentiation of 
these cells, before being considered for transplantation to 
patients.

hPSCs-Derived Teratomas
Normal hPSCs share common features with cancer tumors 
and cancer-derived cell lines, such as similarities in their gene 
expression profile,9,10 cell cycle progression,11 and telom-
erase activity.12 Key pluripotency genes, such as NANOG, 
POU5F1, and LIN28, were shown to have an active role 
in various cancers,13-15 and many epigenetic features such as 
DNA-methylation and histone marks are common to hPSCs 
and cancer cells.16,17 Unlike cancer initiating cells, the capacity 
of hPSCs to form teratomas does not depend on the acquisi-
tion of genetic aberrations. Unlike cancer tumors, teratomas 
do not grow clonally, exemplified by the facts that at least 
20% of the injected cells contribute to the differentiated 
tumor,8 and that different tumor-initiating cells can contribute 
to the same tissue or structure within the tumor.18

When compared to spontaneous in vitro differentiation of 
hPSCs into embryoid bodies, during in vivo differentiation 

into teratoma the cells present enhanced proliferation.21 
Teratomas are vascularized by the host’s endothelium in an 
HIF1α-dependent manner, although HIF1α-null hPSCs gen-
erate massive teratomas despite their reduced vasculariza-
tion.19 Transcriptional differences between embryoid bodies 
and teratomas highlight several onco-fetal genes, that are 
highly expressed in hPSCs, repressed during in vitro differen-
tiation, but are retained when the cells differentiate in vivo.20 
The oncofetal gene BIRC5, also known as SURVIVIN, is an 
anti-apoptotic gene whose inhibition was shown to specifi-
cally eliminate hPSCs in vitro, and BIRC5 inhibition induces 
apoptosis in hPSC-derived teratomas.20

Chromatin modifiers are also implicated in the regulation of 
teratoma formation. Expression of the histone de-acetylases 
HDAC1 and HDAC2, was shown to correlate with the ma-
turity of human patient teratomas,21 and the chemical inhi-
bition of the histone de-methylase LSD1 in vivo was shown 
to prevent teratoma formation from hPSCs.22 Interestingly, 
HDAC1/2 and LSD1, are both involved in regulation of the 
pluripotent state,23 and form a protein complex together with 
the gene ZMYM2. Genetic ablation of ZMYM2 was shown 
to hinder exit from pluripotency and prevent the formation 
of hPSCs-derived teratoma, while ZMYM2-null hPSCs over-
expressed pluripotency genes and maintained a high prolifer-
ative rate in vitro.24

The mechanism of teratoma formation remains to be accu-
rately defined. Teratoma formation naturally depends on the 
survival of hPSCs and their differentiated derivatives, and it 
is mediated by the pluripotency gene network, while the ex-
tent of tumorigenesis and the maturity of the tumors can be 
manipulated genetically and pharmacologically.

Culture Adaptation and its Implications on 
the Genomic Stability and Tumorigenicity of 
hPSCs
The mere propagation of hPSCs in vitro was shown to in-
troduce selective advantage to various genetic and epige-
netic aberrations. Such aberrant hPSCs that readily take over 
the culture, are commonly referred to as “culture adapted” 
cells.25 The first observations of acquired genomic insta-
bility in hPSCs over time, were of large scale chromosomal 
aberrations, manifested as recurrent full or partial gains, 
mostly in chromosomes 1, 12, 17, 20, and X.26-30 Smaller 
copy-number variations (CNVs) were also shown to ex-
pand during hPSC culture,31 with interesting observations re-
garding de novo acquisition and selection of CNVs during the 
reprogramming of somatic cells into iPSCs.32 The variety of 
small and large aneuploidies described in hPSCs are not ran-
domly distributed across the genome, and frequently affected 
loci highlight potential causative genes.33 Some of the most 
common gains are of the chromosome arm 12p, harboring 
the pluripotency factor NANOG, and chromosome arms 17q 
and 20p, harboring the anti-apoptotic genes, BIRC520 and 
BCL2L1,27,34 respectively.

Next generation sequencing technologies permit a more re-
fined view on the occurrence of point-mutations in hPSCs. 
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Pathogenic single nucleotide variants were first described via 
whole-exome sequencing (WES) analysis of 22 iPSC lines, 
revealing an average mutation load of 5 non-synonymous 
mutations per cell line. About half of these mutations could 
be detected in low frequencies in the original fibroblasts.35 
Moreover, a recent study showed that the reprogramming 
process positively selects for clones harboring somatic 
mutations in cancer-associated genes.36 In a comprehensive 
study that examined the genomic sequence of 140 early-
passage hPSC lines, including lines designated for clinical 
application, they identified recurring dominant-negative 
mutations in the tumor suppressor gene TP53.37 The 
mutations found are among the most common mutations in 
human cancers, and this study was able to show, using RNA-
sequencing (RNA-seq) data, the expansion of such mutations 
with time, not only in cultures of undifferentiated hPSCs but 
also throughout in vitro differentiation.37 The frequency of 
cancer-related mutation acquisition was further demonstrated 
by comparison of early passage WES of 2 of the most com-
monly used hPSC lines, to published RNA-seq data of the 
same lines in later passages. In this study, more than 30% of 
the samples were shown to acquire mainly TP53 mutations, 
but also less frequent cancer-related mutations in other genes, 
eg, EGFR and CDK12.38

The dynamics of genomic aberration acquisition is difficult 
to characterize due to the large number of variables affecting 
this process (eg, genetic background, culture techniques, and 
passaging frequency), yet published data can help yield rough 
estimations. Karyotypic abnormalities were reported to be 
identified in cells ranging from passage 19 to passage 209,25 
and the proportion of a karyotypically abnormal clone was 
shown to completely take over a normal culture in 5 passages 
from the time of its initial identification at a low frequency in 
the population.39

While the most mutated gene in hPSCs seems to be the 
most pivotal gene in cancer prevention, the most common 
aneuploidies acquired during the culturing of hPSCs, closely 
mirror aneuploidies found in a variety of human germ cell 
tumors.33,40 Indeed, culture adapted cells were shown to form 
aggressive teratomas and teratocarcinoma-like tumors.41-44 
These findings demonstrate the close relationship be-
tween culture adaptation and in vivo tumorigenicity, while 
establishing the relevance of the teratoma assay to assess not 
only pluripotency, but also tumorigenicity of hPSCs.

Assessing Genetic Integrity and Tumorigenic 
Potential of hPSCs
Chromosomal aberrations can be detected by various 
methodologies, among them are G-banding karyotyping, 
quantitative-PCR, fluorescence in situ hybridization and 
comparative genome hybridization.45 High-throughput 
sequencing methods can be also useful for karyotyping, even 
at relatively low genomic coverage. DNA based assays as 
whole-genome sequencing (WGS) and WES, although origi-
nally designed for sequence variation analysis, can be applied 
to detect aneuploidies even at very low genomic representa-
tion. RNA-seq, commonly used for gene-expression analysis, 
is also used to detect genomic duplications and deletions, this 
via algorithms that identify alterations in expression or devia-
tion from conventional allelic ratios.46 However, most current 
methodologies are limited in their sensitivity to detect low 
levels of karyotypic mosaicism in hPSC cultures.29,45

The detection of pathogenic point-mutations requires high-
resolution DNA sequencing. Sanger sequencing, although 
limited due to its locus specific experimental design, can be 
applied to validate with high confidence selected risk loci. 
Naturally, high-throughput sequencing methods offer the 
ability for genome-wide analysis of single nucleotide variation, 
limited only by our ability to interpret variants, and annotate 
them as benign or pathogenic. WGS offers genome-wide cov-
erage of both coding and non-coding DNA sequences but is 
somewhat demanding due to the high read coverage required. 
WES is commonly used, enabling affordable high-fidelity de-
tection of variation in the coding genome, but unable to de-
tect pathogenic variants in non-coding regions as promoters 
and enhancers. RNA-seq of hPSCs is commonly used research 
and development because it can be used to detect point-
mutations with high confidence,47 while being uniquely sensi-
tive to sequences that are adequately transcribed in the hPSC 
sample. It should be noted that high-throughput sequencing 
methods can be subjected to contamination from feeder cells 
cocultured with hPSCs. Since some murine sequences can re-
semble human pathogenic variants, they could be misleading, 
by causing overestimation of the mutational load in the tested 
hPSC population.48

The genetic makeup of hPSCs can help predict their tu-
morigenic potential, but should be complemented with 
methodologies that enable the direct quantification of 
hPSCs’ tumorigenicity.49 Teratoma assays are currently 
limited in their ability to quantify the tumorigenicity of in-
dividual cell lines, as the field lacks benchmarking of dif-
ferent parameters in the teratoma assay, such as the number 
of cells injected, the injection site, and host mouse strain 
used. Nevertheless, teratoma assays can highlight the risk 
of hPSCs for a malignant transformation, as such a trans-
formation can be efficiently detected by histological anal-
ysis of excised tumors, or by algorithms that are capable of 
quantifying the maturity of teratomas using tumor expres-
sion data.49-51

Maximizing the Safety of hPSCs-Based 
Treatments
The main risk in cell therapy is that transplanted cells will 
form tumors in patients with time. Teratoma and even 
teratocarcinomas or somatic tumors are potential unfortu-
nate outcomes of hPSCs-based treatments (Fig. 1). In the 
clinical context, hPSCs are ultimately differentiated into 
specific target cell types. Differentiation efficiency might 
contribute to the persistence of pluripotent cells throughout 
differentiation procedures.52 Hence, making sure that the in-
oculum is not contaminated with residual undifferentiated 
cells is essential to eliminate the risk of teratoma forma-
tion. Several strategies regarding the elimination of hPSCs 
from differentiated cultures has been previously proposed.53 
Immunological targeting of pluripotency surface markers 
(eg, CLDN6) can permit flow-cytometric removal of plu-
ripotent cells, or their specific ablation using cytotoxic 
antibodies.54 Alternatively, some small molecules (eg, 
PluriSIns) can specifically abolish pluripotent cells, without 
affecting differentiated cells in culture.53,55,56 Moreover, 
transgenics-based methods are available, eg, the integration 
of a “suicide gene” into the cell’s genome (eg, the herpes 
simplex’s thymidine kinase gene, that induces cell death upon 
ganciclovir treatment57). Such a gene can be conditionally 
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expressed under a pluripotency-specific promoter and can 
thus specifically eliminate pluripotent cells in vitro or in vivo 
upon induction. In addition, a transcriptional link between 
the suicide gene and a cell-division gene can improve the 
system by protecting the suicide system from inactivation in 
dividing cells.58 The process of transgene introduction into 
cells entails additional passaging and selection and overall 
increases the risk of unwanted perturbations, making phar-
macological and immunological approaches potentially 
preferable.

The major cause of cancer is the acquisition of mutations 
that occur during cell proliferation and are subjected to 
positive selection in vivo. As similar selective pressures are 
present during hPSCs culturing and human tumor pathology, 
it is highly probable that mutations rising in culture will 
contribute to malignant transformation of the transplanted 
cells in vivo. Aberrant clones are initially present at very low 
percentages within hPSCs populations, making early detec-
tion challenging, especially since high-resolution genome-
scale inspections are desired. The variety of tumorigenicity 
risk factors and suggested methodologies that can help elim-
inate these risks are summarized in Table 1.

Concluding Remarks
Safe hPSC-based treatments rely heavily on good practices in 
hPSCs maintenance and quality control, from the earliest days 

Figure 1. Schematic representation of the potential consequences of hPSCs-based therapy.The top panel represents the expansion of culture-adapted 
cells during in vitro propagation of hPSCs. The left and right panels represent potential consequences of cell therapy using normal and aberrant hPSCs, 
respectively. The middle panels describe the potential consequence of incomplete differentiation in the cell inoculum designated for treatment.

Table 1. Potential tumorigenicity-associated risk factors in hPSCs-based 
therapy and applicable methodologies for their detection or prevention.

Potential risk factor for tumor 
formation 

Applicable detection or 
prevention methods 

Large to medium chromosomal 
aberrations

G-banding, spectral karyotype 
(SKY),
Array-CGH, e-Karyotype, WES.

Small copy-number variation SNP-array, quantitative-PCR, 
FISH,
eSNP-karyotype, WES

Pathogenic point mutations Sanger sequencing, RNA-seq, 
WES, WGS

Cell line specific tumorigenic or  
malignant propensity

Teratoma assay

Residual hPSCs in the transplant Chemical ablation, immunologi-
cal targeting, genetic elimination
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of cell line derivation. Maintenance of hPSCs should mini-
mally include routine screening for common aberrant variants, 
eg, chromosomal aberrations, CNVs, and integrity of cancer-
related genes (mainly TP53). Additionally, hPSCs culturing 
procedures (eg, media composition, passaging, and banking) 
should be optimized to reduce selective bottlenecks and mini-
mize the number of cell divisions in culture. The expansion of 
hPSCs at industrial scales is especially challenging, but with the 
advancement of knowledge and technology, the efficiency and 
safety of large scale propagations are constantly increasing.59 It 
is noteworthy that genomic instability in culture is not restricted 
to hPSCs and occurs also during the propagation of adult 
stem cells.40,60,61 Thus, extensive propagation of hPSC-derived 
progenitors should require similar quality control measures.

Currently, hPSCs-based clinical trials asses the safety of the 
treatment through cell transplantation into relevant model 
animals and the absence of a pathogenic outcome when 
compared to untreated controls.1 While standardization of the 
teratoma assay could help benchmark the spectrum of tumor-
igenic propensities in hPSC lines, the injection of treatment-
designated cells into immune deficient mice currently provides 
the best assessment of in vivo tumorigenicity. Advanced pre-
treatment quality control methodologies, combined with 
pharmacological and biotechnological approaches seem to be 
the key for the elimination of the tumorigenic potential in 
hPSC-based treatments.
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