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Abstract

In stem cell pluripotency and differentiation, ubiquitylation and deubiquitylation
modifications of stem cell core transcription proteinsis of high significance, as it
influences stem cell fate determination. Two key enzymes i.e. an E3 ubiquitin ligase
enzyme; known for tagging ubiquitin molecules to the target proteins for degradation,
and the deubiquitylating enzyme (DUB), that counteracts the proteolysis, have to be
well balanced for cellular homeostasis. Interestingly, the notion of DUBs enhancing
the stability and half-life of stem cell core transcription factors has presented a new
vision about significance of applying DUBs to control stem cell fate determination and
cellular reprogramming. In this review, we propose the applications of DUBs along
with stem cells core transcription factors i.e. Oct4, Sox2, KlIf4, c-Myc, Nanog and
Lin28 for an efficient generation of protein induced pluripotent stem cells.
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Introduction

Embryonic stem cells (ESCs) are derived from the inner cell mass
(ICM) of the blastocyst and possess the unique ability for unlimited
self-renewal. ESCs can differentiate into three embryonic germ layers

a) ectoderm — nerve and skin,
b) mesoderm - bone, muscle, and blood
¢) endoderm - lung tissues and gut

During cell division, each stem cell can either remain as stem cell
or differentiate into a particular cell type. Several reports indicate the
role of transcriptional factors such as c-Myc, Sox2, Oct4, K1f4, Lin28
and Nanog, in controlling the regulation of cellular reprogramming,
stem cell pluripotency and differentiation.’? In addition, post-
translational modifications (PTMs) play a central part in directing
multiple cellular processes through protein regulation.

PTMs such as sumoylation and phosphorylation are involved in the
regulation of pluripotency-related transcriptional pathways."> PTMs

also include the key regulatory cellular mechanism of ubiquitylation,
which reverses upon deubiquitylation by DUBs. However, the
information about the roles of ubiquitylation and deubiquitylation
processes on pluripotency-associated transcriptional networks of
ESCs is limited. This review article demonstrates the significance
of DUBs in regulating various proteins involved in the process of
cellular reprogramming such as induced pluripotent stem cell (iPSC)
generation and its further applications.

Ubiquitin-proteasome pathway

The process of ubiquitylation includes conjugation of ubiquitin
molecule to a protein substrate, thereby regulating its stability and
function. For the conjugation of ubiquitin moiety to a target protein,
the sequential activity of three classes of enzymes i.e. E1 (ubiquitin
activating enzymes), E2 (ubiquitin conjugating enzymes), and E3
(ubiquitin ligases) is necessary®>® (Figure 1). Ubiquitin is a small
and highly conserved protein which can covalently attach to protein
substrates as a single unit (monoubiquitin), multiple units (multi-
monoubiquitins) or in the form of a polyubiquitin chain.®” During
polyubiquitylation, any of the seven lysine (K) residues (K6, K11,
K27, K29, K33, K48, and K63) of ubiquitin can form linkages to
others resulting into a sizeable chain comprising of sequentially linked
ubiquitin molecules. Polyubiquitin chains formed by K-48 and K-63
linkage have been well understood and are widely reported in literature.
K-48 linked chains directs the target protein for proteolysis via 26S
proteasome, whereas K-63 linked polyubiquitin chains are involved
in regulation of protein activity and signal transduction events.” Thus,
ubiquitylation is a significant regulatory mechanism that is involved
in various cellular processes such as apoptosis, oncogenesis, immune
response, transcriptional DNA repair regulation, cell cycle control,
embryonic development and intracellular signaling pathways.’
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Figure | The ubiquitin proteasomal pathway.The sequential activity of El
(ubiquitin activating enzymes), E2 (ubiquitin conjugating enzymes), and E3
(ubiquitin ligases) ligates ubiquitin moiety to the protein substrate. Protein
substrates attached with lysine 48 linked polyubiquitylation are targeted to
the 26S proteasome for target protein proteolysis. Ubiquitin molecules are
recycled through the activity of DUBs.

Deubiquitylation

DUBs are proteases which cleave ubiquitin moiety from ubiquitin-
conjugated protein substrates as well as ubiquitin-ubiquitin covalent
links. DUBs counteract ubiquitylation and consequently prevent
proteasome-dependent protein degradation. Thus, deubiquitylation
is an important event in maintaining ubiquitin homeostasis (Figure
1). DUBs are involved in: recycling of ubiquitin molecules from a
previous ubiquitylation event, removal of nonessential ubiquitin
molecules, and editing and rearranging the ubiquitylation process to
modify the target protein accordingly.®

Approximately 100 different kinds of DUBs have been found in
the human genome which has been classified into six broad families:

i. Ubiquitin-specific processing protease (USP/UBP),
ii. Ubiquitin carboxy-terminal hydrolase (UCH),
iii. Otu-domain ubiquitin aldehyde binding protein (OTU),
iv. Jadl/Pad/MPN-domain-containing metalloenzyme (JAMM),
v. Monocyte chemotactic protein-induced protease (MCPIP) and
vi. Ataxin-3/Josephin proteases.

Among these categories, the USP family is the largest and consists of
more than 50 members.* DUBs have been reported to recycle ubiquitin
molecules, cleave polyubiquitin chains, process ubiquitin precursors
and reverse ubiquitin conjugation.® Similar to ubiquitylation, DUBs
are also involved in the regulation of numerous cellular activities such
as proteasome-dependent and lysosome-dependent proteolysis, DNA
repair, gene expression, chromosome segregation, kinase activation,
cell cycle progression, apoptosis, localization, spermatogenesis, and
degradation of signaling intermediates.®!!!
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Figure 2 iPSC generation in the presence or absence of DUBs. (A) Figure
demonstrates the mechanism of iPSC generation from fibroblasts in the
absence of DUBs thereby leading towards inefficient production. (B) Figure
shows diagrammatical representation of iPSC generation in the presence
of DUBs leading towards stabilized stem cell core transcription factors and
subsequent efficient iPSC production.
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Application of DUBs for rapid and efficient iPSC ge-
neration

Identification of pluripotent stem cell (PSC)-specific genes is
crucial for comprehending the mechanism of stemness. Previous
studies have identified several key factors such as POUSF1 (Oct3/4,
Oct4), Sox2, and Nanog for controlling the pluripotent state.'>!
Nanog and Oct4 were discovered due to their confined expression
in ESCs; Sox2, on the other hand, was found to be expressed in
other multi-potential cells and precursor cells of developing central
nervous system (CNS).'® Nanog, Oct4 and Sox2 transcription factors
bind to DNA and thus, this triumvirate controls the subsequent gene
expression.'”® Yamanaka factors (Sox2, Oct3/4, c-Myc, K1f4) exhibit
high expression in ESCs, resulting into pluripotency induction in
mouse and human somatic cells, thereby, demonstrating a vital role
in regulation of the signaling network involved in ESCs fate choice.”

iPSCs generation evades the political and ethical concerns of
using oocytes and embryos. The possibility of iPSCs generation from
patients confers it as a safe technique as compared to ESCs and present
unprecedented opportunities for research and applications in clinical
settings. However, various limitations need to be addressed in order
to design reliable iPSCs generation methods for clinical applications.
Currently existing methods for generating iPSCs include lentiviral,
episomal, mini circle, send virus and direct delivery of proteins.
Primary concerns with retroviral or lentiviral vectors include the
transgene integration followed by mutations in host DNA. Another
concern during iPSC generation is the reactivation of transcriptionally
silent proviruses that could promote carcinogenesis.?>?! In contrast,
transiently expressing vectors e.g. Adenoviral or episomal vectors
cause a very low frequency of iPSC generation.”*** Due to viral
methodologies based drawbacks, non-viral based methods have
gained attention. To address the safety concerns arising from harboring
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integrated exogenous sequences in the genome of the cell, numerous
genetic methods have been designed to reduce the risk.”> However,
use of genetic materials in such methods, raises the probability
for unexpected genetic alterations by the exogenous sequences in
the target genome. Among these, a novel strategy of human iPSCs
generation by direct delivery of reprogramming related proteins has
been designed.

The process of proteins cellular delivery includes their conjugation
with a short cell penetrating peptide (CPP). A poly-arginine (11R)
CPP conjugated to the carboxyl terminal of reprogramming factors,
i.e. Kif4, Oct4, Sox2, and c-Myc was introduced into the cells.”
Such reprogrammed cells with transduced proteins are called protein-
induced pluripotent stem cells (piPSCs). Later an advanced method
for iPSC generation was introduced by utilizing direct delivery
of reprogramming proteins without any chemical treatment.?
Protein-based iPSCs have greater efficacy of generating functional
dopamine neurons as compared to virus-based iPSC. Moreover
protein-based iPSCs have been found to rescue motor defects in the
Parkinson disease model.”” The protein based transduction method
offers a substantially simpler strategy as compared to the genetic
based methods that demand time-consuming sequential selection of
integration-free iPSCs. However, piPSC based methodology takes
approximately double time in contrast with viral transduction—based
iPSC generation. Additionally, unstable proteins with low half-lives
followed by its lower efficiency in generating piPSCs are the few
hurdles that have to be overcome for successful protein based cellular
reprogramming.

The half-life of stem cell core transcription factors is directly
proportional to the effectiveness of pIPSCs generation. Interestingly, it
has been confirmed that all the Yamanaka transcription factors undergo
ubiquitylation through 26S proteasome and have relatively low half-
lives. For example, Oct4 protein degrades at a rapid pace and exhibits
a short half-life of about 90minutes.”® In ESCs, Oct4 ubiquitylation
events are promoted by WW domain-containing protein 2 (WWP2),
which is also involved in negative regulation of Oct4 transcriptional
activity.”? Similarly, another stem cell core transcriptional factor
i.e. KIf4 also degrades rapidly and has a short half-life of about
120 minutes. Moreover, proteasome inhibitor MG132-treatment
extends half-life of KIf4 protein by partial refractory to its protein
degradation. Increased amount of ubiquitin bound Kl1f4 proteins in
proliferating cells in contrast to the serum-starved cells, demonstrate
the significance of ubiquitylation in serum-mediated degradation.
Klf4 levels enhance drastically after MG132 treatment demonstrating
that it undergoes proteasomal degradation.’! c-Myc, being a highly
unstable protein, has a half-life of only 20-30minutes.*> Nanog protein
exhibits a relatively short half-life of approximately 120minutes in
human ESCs.* It is generally known that ubiquitin proteasome system
(UPS) degrades numerous short-lived regulatory proteins in vivo.3*
Upon pretreatment with MG132, Nanog protein stability and its half-
life extends in human ESCs. Moreover, a PEST motif sequence (rich
in glutamine, proline, threonine and serine) ranging from 47" to 72
amino acid in N-terminal of Nanog has been found to be involved
in protein proteolysis. Deletion of PEST motif leads to decrease in
ubiquitylation levels of Nanog, thereby causing stabilization of
Nanog.*> However, further investigation of stabilized Nanog protein
without PEST motif sequences in iPSC generation has to be carried
out.

DUBs have been found to play a significant part in regulating
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stemness. For instance; knockdown of USP34 augments the
mammosphere-forming ability concomitant with the significant
upregulation of Oct4, Nanog and Sox2 mRNA levels in mammary
epithelial cells in vitro.3> USP44 confers a high expression in PSCs
as well as germinal cells/organs; however the expression levels are
repressed upon cellular differentiation and also in somatic tissues.
Epigenetically, the transcription of USP44 correlates with the DNA
methylation of a CpG island near its key promoter area. The study
suggests that the expression profile of USP44 in PSCs is controlled by
complex machinery that may involve interaction of pluripotent core
genes (POUSF1, Sox2 and Nanog) with other epigenetic factors.>® The
role of USP44 in PSCs needs to be further characterized. TRIM32 is a
well-known ubiquitin ligase that ubiquitylates c-Myc and Oct4 proteins.
The absence of TRIM32 enhances the efficacy of reprogramming
from mouse embryonic fibroblasts (MEFs) into iPSCs.’” USP28,
USP36 and USP37 have been reported to deubiquitylate and stabilize
c-Myc. ¥4 K1f4 protein has a high turn-over rate and it is a target for
proteasome-mediated proteolysis by pVHL however DUB for KIf4
is not well defined.’! USP21 deubiquitylates and stabilizes Nanog
and reverses the F-box/WD repeat-containing protein 8§ (FBXWS)-
mediated Lys48-linked polyubiquitylation of Nanog.*'*> Thus, USP21
might have a significant role in maintaining the pluripotency of iPSCs
and ESCs, iPSCs generation and offers novel insights for therapeutic
interventions.*

The aforementioned examples vividly illustrate that Yamanaka
factor proteins are undergoing ubiquitylation and subsequent
proteolysis. In order to extend the half-life and stability of a particular
protein, a suitable strategy is to identify potential DUB candidates
that could reverse their ubiquitylation and protein degradation. Thus,
screening for potential DUBSs, that could regulate the protein levels
of core stem cell transcription factors might offer novel applications.
For instance, the combined delivery of potential DUBs candidate
regulating protein degradation of stem cell transcription factors
coupled with the Yamanaka factors during cellular reprogramming is
a promising new approach. Utilizing this paradigm of reciprocal post-
translational regulatory modulations by DUBs in stem cell networks
during iPSCs generation might considerably improve the efficiency
of cellular reprogramming and pave way for further applications in
the related field.

Alternatively, identification of critical lysine residues in core stem
cell transcriptional factors for the purpose of protein stabilization
is a potential strategy for improving the efficiency of cellular
reprogramming. In-depth bioinformatics analysis has predicted
potential ubiquitylation related several lysine residues in core stem
cell transcriptional factors. For an instance, a link between lysine
site(K) at 232" position with ubiquitylation has been established
in KIf4 protein. Mutant lysine 232 has been reported to exhibit
higher stability and longer half-life as compared to its non-mutant
counterpart.** Similarly, mutation of K43 lysine residue alone or in
combination with K23R has been found to reduce the ubiquitylation
levels of KIf4.3' We recommend further investigations in the similar
direction for improving the stability of Yamanaka factors. Thus,
a novel strategy of replacing predicted ubiquitylation mediating
lysine sites of core stem cell transcriptional factors might contribute
to improving the stability of such proteins thereby, leading towards
efficient protein-induced iPSCs generation. pIPSC is a promising
technique for the production of patient-specific iPSCs however
few drawbacks like complications in protein purification and less
efficiency have to be addressed. Taken together, purification as well as

Citation: Haq S, Ramakrishna S. Future application of deubiquitylating enzymes for rapid and efficient cellular reprogramming. | Stem Cell Res Ther.

2017;2(6):184-188.DOI: 10.15406/jsrt.2017.02.00083


https://doi.org/10.15406/jsrt.2017.02.00083

Future application of deubiquitylating enzymes for rapid and efficient cellular reprogramming

expression of modified core transcriptional factor proteins with longer
half-life might contribute to better protein-induced iPSCs generation
efficiency.

Conclusion and future prospects

Stem cell fate results from a delicate check and balance between
ubiquitylation and deubiquitylation regulatory events. Identification of
DUBs candidates which could reverse the degradation of core stem cell
transcription factors would be essential to comprehend the molecular
pathways influencingthe fate determination of ESCs. In addition,
screening of particular DUBs for factors associated with the direct
conversion of fibroblasts to functional neurons,* endothelial cells,*
astrocytes,* hepatocytes’ etc., might confer noteworthy implications
on iPSC related research studies. In conclusion, extensive mapping of
the crosstalk between ubiquitylation and deubiquitylation events in the
context of the regulation of Yamanaka factors is of high significance.
Two approaches mentioned in our review i.e. identifying DUBs for
stem cell core transcriptional factors and mapping ubiquitylation sites
on such Yamanaka factors might lead towards stable and efficient
piPSC production. After careful consideration of short half-lives of
c-Myc (20-30minutes), Oct4 (90minutes), Nanog and KIf4 proteins
(120minutes),we anticipate that there is dire need to identify critical
lysine residue of these proteins to extend their short half-lives. Thus,
maintenance of stable and efficient Yamanaka factors and their use for
protein-induced iPSCs generation might have boundless outcomes in
context to cellular reprogramming

We further recommend that the alternate unexplored concept of
“Dubbing DUBs” i.e. deubiquitylating enzymes itself undergoing
self or trans-deubiquitylation event should also be considered with
reference to efficient iPSC generation. We speculate that any DUB
involved in regulation of iPSC generation might also undergo
ubiquitylation. Thus, identification of additional novel DUBs which
can stabilize those DUBs which are already known to regulate iPSC
generation is required.*® We anticipate that corresponding research will
not only lead towards exciting novel avenues for future investigation
but also initiate DUB-targeted treatment approaches. However,
detailed research still remains to be done in order to corroborate and
expand the concept of DUBs-mediated iPSC generation for future
clinical applications.
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