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ABSTRACT

As soon as induced pluripotent stem cells (iPSCs) reprogramming of somatic cells were
developed, the discovery attracted the attention of scientists, offering new perspectives for
personalized medicine and providing a powerful platform for drug testing. The technol-
ogy was almost immediately applied to cancer studies. As presented in this review, direct
reprogramming of cancer cells with enforced expression of pluripotency factors have sev-
eral basic purposes, all of which aim to explain the complex nature of cancer development
and progression, therapy-resistance and relapse, and ultimately lead to the development
of novel anti-cancer therapies. Here, we briefly present recent advances in reprogramming
methodologies as well as commonalities between cell reprogramming and carcinogenesis
and discuss recent outcomes from the implementation of induced pluripotency into cancer

research.
© 2018 Greater Poland Cancer Centre. Published by Elsevier Sp. z o.0. All rights reserved.

1. Introduction

together with advances in reprogramming methodologies
using a variety of pluripotency-inducing factors and delivery
systems (presented below). Induced pluripotency was used

Induced pluripotent stem cells (iPSCs) are somatic cells that
have been reprogrammed to form undifferentiated stem
cells.!? Direct dedifferentiation of somatic cells with enforced
expression of pluripotency markers was for the first time
reported by Takahashi and Yamanaka in 2006.' Since then,
the utilization of iPSC technology has grown exponentially

to reprogram diverse types of cells, paving the way for ded-
ifferentiation of transformed cancer cells. Currently, most
human models of cancer are based on cancer cell lines and/or
xenografts of primary tumor tissues cultured in vitro, reflecting
the advanced state of tumor progression from which the cells
were derived.? Due to the application of induced pluripotency,
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cancer research acquired a new turn. Utilization of iPSC tech-
nology in cancer studies gives the opportunity to elucidate
the mechanisms which underlie the stages of cancer devel-
opment. Moreover, the reprogramming of cancer cells gives
rise to a population of cells that possess cancer stem cell
(CSC) characteristics* - thorough exploration of their biolog-
ical properties may help in better understanding of therapy
resistance and tumor relapse. Also, the application of iPSC
technology to dedifferentiate cancer cells creates a power-
ful tool for distinguishing epigenetic and genetic alterations
that occur during tumor development and progression. In this
review we briefly present recent advances in reprogramming
methodologies as well as commonalities between cell repro-
gramming and carcinogenesis and discuss recent outcomes
from the implementation of induced pluripotency technology
into cancer studies.

2. Somatic cell reprogramming to
pluripotency

Since the first discovery that fully differentiated somatic cell
could be reprogrammed to become induced pluripotent stem
cell (iPSCs), numerous methods have been developed to gen-
erate iPSCs.»?° Systematically improved strategies resulted
in more efficient reprogramming (yielding a higher number
of pluripotent colonies), and/or the generation of xeno-free
iPSC lines lacking integration of any vector sequences into
their genomes. The basal protocol established by Takahashi
et al."? centers on the ectopic expression of master repro-
gramming factors (Oct-3/4, Sox2, K1f4 and c-Myc; OSKM) and
epigenetic reactivation of endogenous pluripotency genes. In
further studies reprogramming without the proto-oncogene c-
Myc has been proposed either by using only 3 reprogramming
factors® or by replacing c-Myc with less critical genes such as
L-Myc or Glis1.”~ It was further demonstrated that in induc-
ing pluripotency, the number of reprogramming factors could
be reduced (to two factors Oct-3/4 and Kl1f4 or c-Myc) when
using somatic cells that endogenously express appropriate
levels of complementing factors.'%'? Moreover, the emerg-
ing strategies of reprogramming were oriented to increase the
safety of iPSC derivation; therefore, majority of them utilized
transgene-free methods of reprogramming factors delivery
to the host cell.'? Integration-free mouse and human iPSCs
have been generated using adenoviral vectors,’®'* Sendai
viruses,'> Cre/loxP system,'®?° the piggyBac system,’!??
episomal vectors,”?>%* expression plasmid vectors,” small-
molecule compound distribution?®-?® and direct mRNA?%3? or
protein delivery.®"*? Examples of specific methods that have
been recently utilized to reprogram mouse or human somatic
cells to induced pluripotent stem cells are summarized in
Table 1.

3. Reprogramming and carcinogenesis

The connection between oncogenesis and induced pluripo-
tency is commonly discussed by the fact that during the
reprogramming, somatic cells acquire potential for unlimited
proliferation and ability to self-renew — both are well known

features of transformed cancer cells.?* Also, induced pluripo-
tent stem cells lack contact inhibition of proliferation®* and
exhibit high telomerase activity and telomere elongation.3>3¢
These are also two essential characteristics of cancer cells
that facilitate tumor growth. Moreover, iPSC and cancer cell
metabolism are overtly similar, with metabolite levels directly
influencing chromatin organization and transcription.>” To
promote rapid cell proliferation and duplication, induced
pluripotent stem cells balance their energy with biosynthetic
requirements, which results in a metabolic shift from oxida-
tive state to a glycolytic state in pluripotency,®® a feature
shared with highly proliferative cancer cells. Furthermore,
the core pluripotency genes involved in the reprogramming
process also play a central role in tumorigenicity.>*>*° The
cocktail of Yamanaka’s factors™? that enables the dediffer-
entiation of somatic cells to a stem-like state is composed
of well-known oncogenes, such as c-Myc and KIf4,*4? or
genes that exhibit high expression in various types of cancer,
such as Oct-3/4 and Sox2.%>*¢ Oct-3/4 was demonstrated to
promote tumorigenesis and inhibit apoptosis of cervical can-
cer cells,** support drug-resistance of prostate cancer,*” and
play a crucial role in maintaining cancer stem-like cells in
lung,*® liver,*° breast,”%°! brain°? and other cancers.>>>* Simi-
larly, Sox2 enhances the tumorigenicity and chemoresistance
of cancer stem-like cells derived from gastric carcinoma,®”
and is required to maintain cancer stem cells in the breast,*®
bladder,”® ovarian,” and other cancers.”®°° The importance
of the thorough understanding of somatic cell reprogramming
for enforced expression of “pluripotency factors” is evident
when we consider the proposed theory of cancer evolution
from dedifferentiated cancer cell that acquire stem cell traits
(so called, cancer stem cell).’ Advanced analyses of this mul-
tistep process will be extremely helpful in the recognition of
specific molecular changes that reprogrammed cells and, in
parallel, cancer cells need to make to achieve stem cell state.
These molecular or cellular modifications may serve as ther-
apeutic targets in anti-cancer treatment.®?63

Similarities between iPSCs and cancer cells also encompass
the overall gene expression pattern® and epigenetic status.®®
Reprogramming of somatic cells to iPSCs requires profound
alterations in the epigenetic landscape. During the repro-
gramming, pluripotent stem cells acquire a unique epigenetic
profile enriched for active chromatin modifications (including
H3K4me3, H3K36me3, histone acetylation, and hypomethy-
lated DNA)®® which are frequently found within the regions
of pluripotency-associated genes. Also, alterations in DNA
methylation within cancer-specific gene promoters as well as
aberrant responses to epigenetic-modifying drugs resembling
those for cancer cells®® were observed in induced pluripotent
stem cells, suggesting that thorough exploration of mech-
anisms governing induced reprogramming may provide a
significant insight into the origins of epigenetic gene silencing
associated with human carcinogenesis.®’

4, Generation of induced cancer stem cells
(iCsCs)

Generation of induced pluripotent stem cells from both nor-
mal and malignant patient tissue could be used to model
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Table 1 - Mouse and human iPSC lines derived with different methods of reprogramming factor delivery.

Delivery method Cell origin Cell type Reprogramming factors Reference
. Mouse Tail tip fibroblasts, fetal OSKM 3
Adenoviruses .
liver, hepatocytes
Human Embryonic fibroblasts OSKM =
Human Neonatal foreskin, dermal OSKM B
Sendai virus fibroblasts
Human Fibroblasts OSKM ge
Human Nasal epithelial cells OSKM 4
Mouse Primary fibroblast OSKM 1
Cre/loxP Human Extraembryonic fetal cells OSKM 19
Human Fibroblast OSKM 20
PiggyBac Mouse Fibroblast OSKM 2
transposon Mouse/human Embryonic fibroblasts OSKM 22
_y . Human Fibroblast OSKM and NANOG, 28
pisoma LIN28 + SVAOLT
vector Human Neonatal foreskin, adult OSKM and LIN28 + mutated 4
scar tissue, amniotic fluid, TP53
urine
Human Dermal fibroblasts OSKM and LIN28 + TP53 4
knockdown
Plasmid DNA transfection Mouse Embryonic fibroblasts OSK+M e
Mouse Embryonic fibroblasts None 20
Small-molecule .
Mouse Embryonic fibroblasts Oct-3/4, K1f4 + BIX-01294 2
compounds
and BayK8644
Mouse Embryonic fibroblasts Oct-3/4 + VPA, 2
tranylcypromine,
CHIR99021 and 616452
(Tgfbeta inhibitor)

RNA Human ES-derived dH1f fibroblasts OSKM 22
m Human Fibroblast OSKM, Lin28 30
Protein Mouse Embryonic fibroblasts OSKM 22
delivery Human Newborn fibroblasts OSKM =2

OSKM - Oct-3/4, Sox2, Klf4, c-Myc.

carcinogenesis and elucidate the mechanisms which under-
lie the stages of cancer development. Also, reprogramming
cancer cells could offer a platform for studying tumor het-
erogeneity and origin of cancer stem cells and a source for
cancer type-specific drug discovery studies. Moreover, induced
cancer stem cells (iCSCs) would be beneficial to explore the
possibility to normalize in vivo the malignant phenotype of
cancer stem cells, as an alternative to conventional therapeu-
tic protocols. In vitro generation of iCSCs may yield a large
number of stem-like cells, which would be available for exper-
imental manipulation and for exploration of their biological
properties that ultimately may help in better understanding
of therapy-resistant tumors. Specific techniques developed so
far for in vitro cancer cell reprogramming are presented below.

The concept of cancer cell reprogramming to pluripo-
tency is not new and before Yamanaka’s discovery of
enforced expression of ectopic master reprogramming fac-
tors in somatic cell reprogramming, the Somatic Cell Nuclear
Transfer (SCNT) was adapted in cancer studies.®®%° In 2004,
Hochedlinger et al. reversed malignant melanoma cells to
a pluripotent state by nuclear transplantation to oocytes.®®
However, not all cancer types could be reprogrammed with
this technique. Hochedlinger et al.’® have observed that

leukemia, lymphoma, and breast cancer cell nuclei trans-
planted into the oocyte could support normal preimplantation
development to the blastocyst stage but failed to produce
embryonic stem (ES) cells. Blelloch et al.?® have observed a
strong correlation between the differentiation state of the
donor cancer nucleus and the efficiency of producing stem cell
lines after nuclear transfer, suggesting that cancer cells that
initially express high levels of pluripotency markers, including
Oct-3/4, Sox2 and SSEA, are more prone to reprogramming that
differentiated cancer cells. They have found that the deriva-
tion of stem cells after NT of a differentiated tumor model
occurs at a low efficiency if at all.

As previously mentioned, the reprogramming of cancer
cells seems to be a valuable approach to analyze cancer-
associated genes and the interaction between the genes and
cell environment before and after reprogramming, to explain
the mechanisms regulating cancer development. Fortunately,
utilization of new protocols to obtain induced cancer stem
cells (iCSCs) resulted in the higher efficiency of reprogram-
ming (Fig. 1).7°

For the first time, core Yamanaka’s reprogramming fac-
tors were adapted to dedifferentiate cancer cells into induced
cancer stem-like cells with lentiviral vector in 2009 by Utikal
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Fig. 1 - Generation of induced cancer stem cells (iCSCs) with defined reprogramming factors. Patient derived cancer cells
could be dedifferentiated into cancer-stem like population upon introduction of reprogramming factors either with
integrating or non-integrating methods. Emerging iCSCs colonies possess the ability to both self-renew and give rise of

more differentiated progeny.

et al.”! They demonstrated that mouse melanoma cells do
not require Sox2 transcription factor to acquire pluripotency
fully. Emerging induced cancer stem-like cells phenotypi-
cally resemble embryonic stem cell-like colonies and show
demethylation of the endogenous OCT-3/4 and NANOG gene
promoters. They also formed teratomas and gave rise to
chimeras after blastocyst injection. Lentiviral reprogramming
method was further used by Mathieu et al.”> who observed
iPSC-like colonies generated from lung cancer cell line. How-
ever, relatively low level of endogenous OCT-3/4 and NANOG
mRNA and partially unmethylated status of OCT-3/4 gene pro-
moter suggested not fully re-programmed phenotype. Zhang
et al.”? demonstrated direct reprogramming of several sar-
coma cell lines and resulting iCSCs were further utilized to
explore the relationship between cell reprogramming and the
epigenetics of oncogenes. Interestingly, they observed that
reprogramming of cancer cells affects the ability of the cancer
cells to re-engage and terminally execute normal cellular dif-
ferentiation pathways with consequentloss of tumorigenicity.
Later, Kim et al.’”* have established iPSC-like cell lines from
patient-derived pancreatic ductal adenocarcinoma as well as
matched healthy tissue. However, they were successful in
deriving pluripotent cell lines from only one patient, which
demonstrates the difficulty of reprogramming primary can-
cer cells to iCSCs. Recently, Bernhardt et al.”> have obtained
metastable melanoma induced cancer stem-like cells with
the ability to differentiate into non-tumorigenic lineages
terminally. Moreover, reprogrammed cells, as well as their dif-
ferentiated progeny, were more resistant to targeted therapies,
although the cells harbor the same oncogenic mutations and
signaling activity as the parental melanoma cells.”®

Also, other approaches of reprogramming factor delivery
that include retroviruses’®’? and Sendai virus,®® as well as
non-integrating methods: episomes,®! PiggyBac transposon®?
or plasmid transfection,’® were used to dedifferentiate several
cancer types to induced pluripotency.

Retroviral reprogramming approach was used by Miyoshi
et al.”? who dedifferentiated several types of gastrointesti-
nal cancer cells with combination of Yamanaka’s factors as
well as oncogenes (BCL2 and KRAS) and shRNA targeting
tumor suppressor genes (TP53, CDKN2A, PTEN, FHIT, RB1). Sur-
prisingly, Miyoshi et al.”° demonstrated higher sensitivity to
chemotherapeutic agents and differentiation-inducing treat-
mentininduced cancer stem cells when compared to parental
cell lines which contradicts previous results showing cancer
stem cell resistance to chemotherapy.*> However, retroviral
reprogramming of cancer cells applied to other cancer types,
such as chronic myeloid leukemia’®#? or breast cancer,?
resulted in the acquisition of stem-like drug-resistant pheno-
type by reprogrammed cells. Recently, direct reprogramming
of lung cancer cells with retrovirus-mediated enforced expres-
sion of pluripotency factors resulted in the acquisition of
stem-like phenotype by cancer cells which were character-
ized with a distinct epigenetic pattern when compared to
parental cells.®> Mahalingam et al.®> have suggested that
direct reprogramming was able to perturb the epigenetics of
lung cancer cells by causing the reversal of the aberrantly
methylated promoters resulting in some instances in acti-
vation of gene transcription. They propose that direct cell
dedifferentiation amends the aberrant epigenetic signatures
of cancer cells which may contribute to the abrogation of
their malignant properties.®> Surprisingly, further studies with
lung cancer dedifferentiation enabled Lai et al.® to observe
that enforced cell reprogramming not only perturb the epi-
genetic state of the cell when compared to parental cell but
also impacts the genetic mutation status. However, it is clear
that a cell is not capable of recovering a mutated gene during
reprogramming®’-%%; therefore, Lai et al.?® observation sug-
gests that enforced reprogramming discriminates within the
heterogeneous cancer cell population of varying degrees of
genetic insult and enriches a minor subpopulation with not
affected genetic background.
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Generation of iCSCs still requires improvement to increase
the efficiency of direct reprogramming. Recently, Zhao et al.”®
have reported a highly optimized protocol for reprogram-
ming cancer cells to pluripotency using transfection with
non-viral plasmid vectors. Transfection of cancer cells with
specific vectors encoding Yamanaka’s reprogramming fac-
tors resulted in extremely high differentiation effectiveness,
reaching more than 50% of transfected cells emerging with
stem-like phenotype. Surprisingly, the critical parameter in
optimizing reprogramming effectiveness was the cell den-
sity initially seeded in the cultures. They believe that parallel
principles established in their study can be used to generate
virus-free iCSCs from other cancer types, thereby providing
a general protocol with widely applicable potential for future
studies.”®

5. Application of induced reprogramming
in cancer research

Primary tumors resected from patients and patient-derived
cancer cell lines allow to understand late-stage markers and
cellular phenotypes; however, they are inadequate models
to study the early stages of tumor progression. Utilization
of induced reprogramming technology gives the opportunity
to elucidate the mechanisms which underlie the stages of
cancer development (Fig. 2). In their work Kim et al.’* have
reprogrammed human patient-derived pancreatic ductal ade-
nocarcinoma to induced pluripotent state to test whether,
upon differentiation, a subset of reprogrammed cells would
undergo early developmental stages of human cancer. They
observed very low efficiency of dedifferentiation, being suc-
cessful only once in reprogramming a cell from a recurrent,
late stage human pancreatic cancer to a near-pluripotent

modeling cancer progression

cancer epigenetic state

state. Emerging induced cancer stem-like cells when injected
into immunodeficient mice, consistently generate pancreatic
intraepithelial neoplasia lesions that progress to the invasive
stage. Established protocol allowed identification of specific
proteins secreted by tumor cells at distinct stages of tumor
progression. Kim et al.”* proposed that the combined detec-
tion of released proteins that are the products of the HNF4a,
TGFB, and integrin networks within pancreatic intraepithe-
lial neoplasia and invasive ductal adenocarcinoma cells may
provide the best means for noninvasively detecting the pro-
gression of pancreatic cancer in humans.

So far, the reprogramming efficiency is extremely low in
many types of cancer cells, suggesting that some proper-
ties of these cells impede induced dedifferentiation. During
the acquisition of a pluripotent state, the genome of repro-
grammed cells undergoes dynamic epigenetic changes.®’ The
fact that cancer cells are highly resistant to enforced dediffer-
entiation might be associated with relatively stable epigenetic
regulations that maintain cancer cell integrity.”® Therefore,
application of induced reprogramming into cancer studies
may help to determine the epigenetic state of cancer cell
and to evaluate the relative contribution of reversible epi-
genetic and irreversible genetic changes that occur during
carcinogenesis.®”’ /1858691 Moreover, uncovering the epige-
netic stability of cancer cells may ultimately contribute to the
development of therapeutics that effectively target epigenetic
modifications in cancer cells.

Nowadays, standard high-throughput cell viability assays
applied to bulk populations of cancer cells are ineffective in
identifying agents with CSC-specific toxicity due to the low
frequency of CSCs within cancer cell populations. Respec-
tively, screening for agents that preferentially target CSCs
depends on the ability to propagate stable, highly-enriched

drug testing platform

mechanisms of dedifferentiation

Fig. 2 - Potential application of induced cancer stem cells in biomedical studies. Utilization of induced reprogramming
technology in cancer studies (1) gives the opportunity to elucidate the mechanisms which underlie the stages of cancer
development, (2) creates a powerful tool for distinguishing epigenetic (and genetic) alterations that occur during tumor
development and progression, (3) allows a better understanding of dedifferentiation mechanism that occurs within
heterogeneous cancer population and (4) serves as suitable platforms for the identification and validation of therapeutic
targets that directly eradicate stem-cell like population within tumor cells.
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populations of CSCs in vitro. Therefore, human induced cancer
stem-like cells could empower translational-research areas,
serving as suitable platforms for the identification and val-
idation of therapeutic targets and more relevant models for
compound screening and drug repurposing. Recently, Nishi
et al.”? using a model of iCSCs have developed a phenotypic
drug assay to identify agents that inhibit the stemness and
self-renewal properties of CSCs. They determined the selectiv-
ity of tested agents with three distinct assays characterized by
cell viability, cellular stemness and tumor sphere formation.
With this approach, the withaferin A was identified as a potent
inhibitor of cancer stemness leading to cellular senescence
primarily via the induction of p21©iP! expression.

Observation that induced reprogramming of cancer cells
could be achieved with enforced expression of reprogramming
factors reveals the possibility that stem cell-like phenotypes
could be gained and maintained by cancer cells during tumor
progression in response to other exogenous stimuli in vitro
or in vivo (i.e. hypoxia, therapeutic agents, heterogeneous
stromal cells). Recent studies have demonstrated that can-
cer stem cells could be induced from non-stem cancer cells
by radio- or chemotherapy, constituting the subpopulation of
iCSCs that is characterized by increased sphere-forming abil-
ity, enriched tumorigenicity, and expression of genes related
to stemness.”>% It is, therefore, of the highest importance to
identify direct mechanisms that govern dedifferentiation of
cancer cells to stem-like populations to more precisely select
therapeutic strategies that would not only destroy non-stem
cancer cells, but also eradicate cancer stem cell population as
well as disrupt the machinery of stemness acquisition.

6. Conclusion

Direct reprogramming of cancer cells with enforced expres-
sion of pluripotency factors have several primary purposes, all
of which aim to explain the complex nature of cancer devel-
opment and progression, therapy-resistance and relapse, and
ultimately lead to the development of novel anti-cancer ther-
apies. Generation of a large number of iCSCs that resemble
cancer stem cell population in vivo may give the opportunity to
explore biological properties of these cells. Moreover, since the
prevalent in vitro cancer models miss the heterogeneous tumor
structure and profoundly express the late-stage markers of
cancer progression, the induced pluripotent stem cell tech-
nology could provide an alternative model to explore the early
stages of carcinogenesis. Reprogramming of cancer cells into
induced cancer stem-like cells provides the opportunity to
convert malignant cells into any cell type, however, the effec-
tiveness of cancer cell reprogramming remains to be a barrier.
The difficulties in cancer cell dedifferentiation are thought to
stem (at least partially) from the accumulation of DNA dam-
age and cancer-specific mutations, epigenetic modifications
and reprogramming-triggered cellular senescence. Therefore,
development of more effective reprogramming approaches
that would overcome current technological and biological
challenges is essential to fully exploit the potential of induced
pluripotency stem cell technology in cancer research.
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