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The transcription factor, Kriippel-like factor 4 (KIf4) plays a crucial role in generating induced pluripotent
stem cells (iPSCs). As the ubiquitination and degradation of the Kif4 protein have been suggested to play
an important role in its function, the identification of specific lysine sites that are responsible for protein
degradation is of prime interest to improve protein stability and function. However, the molecular mech-
anism regulating proteasomal degradation of the Kif4 is poorly understood. In this study, both the anal-
ysis of KlIf4 ubiquitination sites using several KlIf4 deletion fragments and bioinformatics predictions
showed that the lysine sites which are signaling for KIf4 protein degradation lie in its N-terminal domain
(aa 1-296). The results also showed that Lys32, 52, 232, and 252 of KIf4 are responsible for the proteolysis
of the KIf4 protein. These results suggest that Kif4 undergoes proteasomal degradation and that these
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lysine residues are critical for KIf4 ubiquitination.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

The ubiquitin proteasome pathway of intracellular proteolysis
controls the fate of proteins and the regulation of cellular homeo-
stasis. Ubiquitin conjugation to target proteins at lysine residues is
tightly regulated by three sequential ubiquitin-activating (E1),
conjugating (E2), and ligating (E3) enzyme reactions through an
ATP-dependent manner [1,2]. Ubiquitin can establish chains
through the addition of free ubiquitins on its lysine (K) residues
by E2 and E3 enzymes [3]. The products of ubiquitin-catalyzed
proteins are mono-ubiquitination, multiple mono-ubiquitination,
or poly-ubiquitination chain conformations [3,4]. Ubiquitin
consists of 76 amino acids and has seven lysine residues; K6,
K11, K27, K29, K33, K48, and K63 [3]. K48-linked polyubiquitin
chain-targeted proteins undergo the 26S proteasomal degradation
and regulate the half-life of proteins, and K63-linked polyubiquitin
chains mediate intercellular signaling transduction [3,5,6].
Ubiquitin chains can attach to target proteins as various forms; a
single mono-ubiquitin, a multiple mono-ubiquitin, a single ubiquitin
chain, a multiple ubiquitin chain, and a mixed mono- or poly-
ubiquitin chain [5]. Proteins with ubiquitin-binding domains can
recognize and interact with those ubiquitins [7].
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Induced pluripotent stem cells (iPSCs) are dedifferentiated from
somatic cells through reverse differentiation and reprogramming,
and they can exhibit pluripotency. It has been well established that
differentiated somatic cells can be induced into iPSCs following the
expression of Oct4, Sox2, Kif4 and c-Myc (OSKM) [8,9]. Further,
several technical methods and research tools have been applied
to establish more efficient iPSCs [10]. Recent studies showed that
recombinant proteins of OSKM can be used for making protein-in-
duced human iPSCs (p-hiPSCs) and that these p-hiPCSs showed
long-term self-renewal and pluripotency [11,12]. These results
raise the possibility of more stable recombinant OSKM, increasing
pluripotency. Despite the use of recombinant proteins for iPSCs,
the analysis of proteasomal degradation and ubiquitination pat-
terns of OSKM are not yet fully understood. Several studies have
provided a line of evidence for OSKM ubiquitination. It has been
demonstrated that Oct-4 undergoes sumoylation and that Wwp2
promotes Oct4 degradation by ubiquitination [13-15]. Moreover,
a recent study showed that itch, an Oct4 specific E3 ligase, regu-
lates Oct4 ubiquitination and degradation [16]. Additionally, Kif4
underwent the proteasomal degradation by serum stimulation
[17]. We recently revealed that the transcription factor Nanog
required for pluripotency undergoes proteasomal degradation
through its PEST motif (rich in proline, glutamic acid, serine, and
threonine) [18]. In this study, we identified critical lysine sites on
KIf4 involved in its ubiquitination. We also demonstrated that the
stability of a lysine mutated Klf4 protein was increased, compared
with wild-type KlIf4. Our findings might help to support advances
in generating iPSCs via the ubiquitin-proteasome pathway.
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2. Materials and methods
2.1. Cell culture, transfection, reagents, and antibodies

Human embryonic kidney (HEK) 293T cells were maintained in
Dulbecco’s Modified Eagle Medium (DMEM) containing 10% Fetal
Bovine Serum (FBS) and 1% penicillin-streptomycin (Gibco, Grand
Island, NY, USA). Polyethylenimine (PEI) (Polyscience, Warrington,
PA, USA) was used for the cell transfection, and DNA ratio to PEI of
N/P = 20 was treated. After treatment of the cells with the DNA/PEI,
cells were incubated at 37 °C overnight. After incubation, the cells
were washed once with PBS and grown in DMEM supplemented
with 10% FBS and 1% penicillin-streptomycin. A total of 100 pg/mL
of cycloheximide (Sigma-Aldrich, St. Louis, MO, USA) was dissolved
in distilled water and added to the cells 24 h after transfection.
Anti-Myc (9E10) and anti-HA antibodies (all from Santa Cruz Bio-
technology, Santa Cruz, CA, USA) were used for immune blotting.

2.2. Generation of expression plasmids

The full-length cDNA for human KIf4 was cloned into a
Myc-tagged pcDNA3.1 expression vector (Invitrogen, Carlsbad,
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CA, USA). Each deletion fragment of Kif4 (KlIf4,_430, Klf4;_ 596,
Klf41_204, Klf4190_479, and Klf4263_479) was subcloned into a
Myc-tagged pcDNA3.1 expression vector. Multiple lysine mutants
of KIf4 were generated using site-directed mutagenesis with Pfu
polymerase (Enzynomics, Daejeon, Korea) according to the manu-
facturer’s protocol [18], and specific primers were targeted by
polymerase chain reaction (PCR). The HA-tagged ubiquitin con-
struct was previously described [18].

2.3. Immunoblotting and in vivo ubiquitination assay

For immunoblotting, the cells were washed twice with ice-cold
PBS, and then lysed in Triton X-100 lysis buffer (50 mM Tris-HCl
[pH 8.0], 150 mM Nacl, 0.1% Triton X-100, 1 mM phenylmethylsul-
fonyl fluoride (PMSF) and a protease inhibitor cocktail (PIC) tablet
(Roche, Mannheim, Germany) in PBS). Protein expression analysis
was performed with anti-Myc (9E10, Santa Cruz Biotechnology,
Santa Cruz, CA, USA), anti-HA (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), anti-ubiquitin (Cell signaling Technology, Beverly,
MA, USA), and anti-B-actin antibodies (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). For the in vivo ubiquitination assay, the cells
were resuspended in a lysis buffer (50 mM Tris-HCl [pH 7.5],
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Fig. 1. KIf4 contains 18 lysine sites and its partial peptides showed ubiquitination. (A) Schematic representation of KIf4 lysine residues and the five deletion constructs. (B)
HEK 293 cell extracts that were co-transfected with five Myc-tagged Klf4 deletion constructs and HA-tagged ubiquitin were immunoprecipitated with an anti-Myc antibody,
and pull-downed precipitates were analyzed by immunoblotting with an anti-HA antibody.
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Fig. 2. Lys32, Lys232 and Lys252 were critical sites of ubiquitination of Kif4. HEK
293T cells were transfected with Myc-tagged Klif4-wild-type, and Myc-tagged-
K32R, -K52R, -K232R and -K252R. These transfected cells were treated with MG132
4h before harvest. Cell lysates were immunoprecipitated with an anti-Myc
antibody, and immunoprecipitates were detected by immunoblotting with anti-
ubiquitin and anti-Myc antibodies.

150 mM NaCl, 1 mM EDTA, 0.1% Triton X-100, 1 mM PMSF, 0.1%
SDS and a PIC) and incubated on ice for 30 min. The supernatants
from the cell pellets were incubated with antibodies overnight at
4 °C, and protein A/G Sepharose (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) was added to the supernatants and incubated at
4°C for 1h. The ubiquitinated proteins were separated by 8%
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SDS-PAGE gel and then detected by immunoblotting with appro-
priate antibodies.

3. Results
3.1. Mapping of ubiquitination sites on KIf4

Previously, a structural analysis of KIf4 showed that Kif4 has
zinc finger, trans-activation, and trans-repression functional do-
mains (Fig. 1A) [19]. Moreover, a recent study reveled that Kif4
undergoes ubiquitination and proteolysis by the 26S proteasome
[20]. The E3 ligase plays an essential role in forming an isopeptide
bond between the C-terminus of ubiquitin and lysine residues on
its substrates [21]. To identify the ubiquitination site on Kif4, we
analyzed lysine sites in human KIf4, which has 18 lysines
(Fig. 1A). Interestingly, most of the lysine residues were accumu-
lated in trans-repression and zinc finger domains at the C-terminal
region of Kif4 (Fig. 1A). We referred to two bioinformatics
databases, UbPred (http://www.ubpred.org) and NetChop (http://
www.cbs.dtu.dk/services/NetChop), to predict the putative lysine
sites responsible for polyubiquitination of Klf4 [22]. Following
the comparison of the data in the two databases, we selected over-
lapping potential lysine sites for Kif4 ubiquitination. Although
most of the lysine sites were located in the C-terminal region of
KIf4, high-scored putative ubiquitination sites resided towards
the proximal and distal regions in the N-terminus of Kif4. To
confirm this finding, we generated five fragments of Klf4, 1-420,
1-296, 1-204, 190-479, and 263-479, and we tested the level of
ubiquitination in each fragment (Fig. 1A and B). The ubiquitination
analysis with the five Kif4 fragments showed that ubiquitin was
accumulated in the K1f4,99_479 region (Fig. 1B, lane 6). We observed
the weakest ubiquitin signal in the Klf4,63_479 fragment, indicating
that KiIf4 ubiquitination mainly arises in lysine sites that are lo-
cated between amino acid 190-263. In addition, we observed that
the ubiquitination level of the KIf4;_504 and KIf4;_»9 mutants was
less than that of the full-length KIf4 but that their expressions were
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Fig. 3. The KIf4 mutations K232 and K252 inhibited protein degradation. (A) HEK 293T cells were transfected with wild-type Myc-tagged KIf4, and Myc-tagged-K232R and -
K252R mutants, and treated with cycloheximide (CHX) in a gradient manner (50, 100, 200, 400 ng/mL) for 6 h. The cell extracts were separated by SDS-PAGE and
immunoblotted with anti-Myc and anti-B-actin antibodies. (B) Data are mean + standard errors of three independent experiments.
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Fig. 4. The Lys232 mutant of KIf4 suppressed p53 expression. Control or UV (30 ]/
m?) treated MCF7 cells that expressed wild-type Myc-tagged KIf4 and a Myc-
tagged-K232R mutant were analyzed by Western blotting with anti-Myc, anti-p53,
and anti-B-actin antibodies.

significantly decreased. Together, the results indicate that Klf4
undergoes 26S proteasomal degradation and that lysines in the
KlIf4,90.263 region are essential for protein degradation.

3.2. Identification of critical lysine residues of Kif4 for ubiquitination

Ubiquitin usually makes an isopeptide bond between its C-ter-
minus and lysine sites on target proteins by E3 ubiquitin ligases
[23]. In this study, we found that the downstream region of
KlIf4,_,96 is crucial for ubiquitination, as shown in Fig. 1B. Thus, it
is expected that K232 and K252 are critical sites for KIf4 ubiquiti-
nation. To define the critical lysine residue of Kif4, we generated
four mutants, substituting lysine (K) with arginine (R) on Klf4
through site-directed mutagenesis (SDM). To identify the essential
lysine site on KIf4 for ubiquitination, we determined the ubiquiti-
nation levels of the lysine mutants of Kif4. The ubiquitination of
wild-type KIf4 and all lysine mutated KIf4 was increased by
MG132, a proteasome inhibitor, and we observed some reduction
in the ubiquitination pattern of the four Kif4 mutants compared
with wild-type KlIf4 (Fig. 2, lanes 3-6). In particular, K232R and
K252R mutants of KIf4 strongly inhibited ubiquitination (Fig. 2,
lane 3). These data indicate that Lys232 and 252 are critical lysine
residues for KIf4 ubiquitination.

3.3. Stability of KIf4 mutants in proteasomal degradation

The ubiquitination analysis of KIf4 revealed that the KIf190-296
domain is a crucial region for KIf4 ubiquitination and that Lys232
and Lys252 residues specifically regulate KIf4 ubiquitination. Based
on this observation, we tested whether Lys mutants of KIf4 show
resistance to proteasomal degradation. We treated cells over-
expressing each Klf4 and Lys232 and Lys252 mutants of KIf4 with
cycloheximide (CHX), a protein synthesis inhibitor (Fig. 3). The
results indicated that the half-life of the Lys232 mutant of Kif4
was extended compared with that of wild-type Kif4. These data
suggest that the Lys232 residue of KIf4 is critical for the ubiquitina-
tion of the KIf4 protein. The tumor suppressor p53 is known as a
down-regulator of KIf4, and overexpression of Kif4 repressed p53
expression [24]|. We next examined whether the lysine mutated
KIf4 suppressed p53 expression. We overexpressed wild-type
KIf4 and the Lys232 mutant of KIf4 in wild-type p53 expression cell
line (MCF7) (Fig. 4). As expected, Lys232 mutated KIf4 exhibited
decreased p53 expression (Fig. 4, lane 3). Moreover, p53 expression
was suppressed in the KIf4 mutant exposed to ultraviolet irradia-
tion (Fig. 4, lane 6).

4. Discussion

Four transcription factors of OSKM are known to induce iPSCs
from murine somatic cells [8]. Reprogramming factors, cell deliv-
ery systems, cell types, cell culture conditions and factor expres-
sion to generate iPSCs from differentiated cells are regarded as
important points in improving the generation of iPSCs [25]. Re-
cently, several studies used recombinant-reprogramming proteins
called protein-induced pluripotent stem cells (piPSCs) [11,12].
These studies showed the significant potential of in vivo or
in vitro reprogramming proteins in improving the generation of
iPSCs. Although many researches have focused on generating iPSCs
with various protocols [10], the study of the stability and ubiquiti-
nation patterns of the four factors (OSKM transcription factors) are
poorly understood. Interestingly, research on c-Myc degradation
has revealed interesting findings. For example, c-Myc was shown
to contain two conserved motifs, myc homology box I (MBI, amino
acids 45-65) and myc homology box I (MBII, amino acids 128-144),
both of which were targeted during proteasomal degradation [26].
Another study showed that the N-terminal deletion (amino acids
1-147) of c-Myc inhibited ubiquitination and increased protein
stability [27]. Moreover, missense amino acid mutations accumu-
lated in the c-Myc MBI domain in primary Burkitt's and AIDS-asso-
ciated lymphomas [28]. Recently, we demonstrated that the PEST
motif is an important site for Nanog ubiquitination and degrada-
tion and that deletion of PEST increased Nanog stability [18]. We
assumed that increasing the stability of reprogramming proteins
by inhibition of their ubiquitination would prevent protein turn-
over and produce materials more suited to the generation of iPSCs.

Approximately, 25 human KIf family genes are located through-
out the human genome [29]. Several Klfs are associated with the
regulation of cellular proliferation. For example, KIf4 and KIf5 have
been introduced as yin and yang regulators with tumor suppressor
and oncogene in regulation for cancer cell proliferation [30]. KIf6
has been investigated as a tumor suppressor gene, and a mutation
of KIf5 was found in prostate cancer [31,32]. Interestingly, several
studies reported that KIf4 has oncogenic function [24,29,33]. These
contrary results for KIf4 functions suggested one possibility that it
acts as a switching-protein between tumor suppression and onco-
genic function via its expression pattern [29]. Recently, a study re-
vealed that the mutant for sumoylation site of KIf4 suppressed p21
protein expression, and it has the same effect as wild-type Kif4 for
iPSC induction [34]. In the present study, we revealed that the re-
gion of KIf4 190-263 is critical for ubiquitination and degradation
by the 26S proteasome through a proteomic analysis approach.
Moreover, we found that Lys232 on KIf4 is a main ubiquitination
amino acid residue of KIf4 and that a mutation of Lys232 on Klf4
enhances protein stability in the cells. In addition, we found that
a Lys232 mutation of KIf4 represses the expression of p53. Collec-
tively, these results suggest that the post-translational modifica-
tion might be useful for generating a stable protein to induce
iPSCs. In addition, our results may help to understand the role of
different KIf4 expression patterns and their functions in cellular
regulation.
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