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Abstract

● AIM: To develop a new method to produce recombinant
reprogramming proteins, cMyc, Klf4, Oct4, and Sox2, in
soluble format with low cost for the generation of induced

INTRODUCTION

S

omatic cells can be reprogrammed to induced pluripotent
stem cells (iPSCs), which also can self-renew and

differentiate into cells of three germ layers as embryonic stem

pluripotent stem cells (iPSCs).

cells (ESCs), by the related transcriptional factors Oct4, Klf4,

● METHODS: A short polypeptide sequence derived from

Sox2, and cMyc as first reported by Takahashi and Yamanaka[1].

the HIV trans-activator of transcription protein (TAT) and

Owing to their abilities to replicate unlimitedly and to

the nucleus localization signal (NLS) polypeptide were

differentiate into numerous cell types, generation of iPSCs was

fused to the N terminus of the reprogramming proteins and

regarded as one of the most outstanding breakthroughs in the

they were constructed into pCold-SUMO vector which can

field of stem cell research. During the following years, there

extremely improve the solubility of recombinant proteins.

have been significant advances in iPSCs generation, such as

Then these vector plasmids were transformed into E. coli

generated in a broad range of species and from various cell

BL21 (DE3) Chaperone competent cells for amplification.

types[2]. These groundbreaking steps have been expected to

The solubility of these recombinant proteins was

evolve to novel regenerative cell therapies with the potential

determined by SDS-PAGE and Coomassie brilliant blue

to solve many problems surrounding incurable diseases, such

staining. The recombinant proteins were purified by Ni-

as spinal cord injury[3], neurodegenerative disease[4], heart

NTA resin and identified by Western blot. The transduction

failure[5-6], diabetes[7], and retinal disease[8]. In particular, the

of these proteins into HEK 293T cells were evaluated by

clinical application of iPSCs is expected to solve the problems

immunofluorescence staining.

of immune rejection and ethics that are key obstacles in the

● RESULTS: These four reprogramming proteins could be

current clinical use of ESCs.

produced in soluble format in pCold-SUMO expression

A large number of the iPSC lines were generated using genetic

vector system with the assistance of chaperone proteins

manipulation, which is a highly efficient and reproducible

in bacteria. The proteins were purified successfully with

method. However, small sequences of the DNA are integrated

a purity of over 70% with a relative high transduction rate

with the genes coding for reprogramming factors frequently in

into 293 cells.

this process, which raises a major safety issue and has hindered

● CONCLUSION: The results in the present study indicate

the potential clinical applications of iPSCs. Furthermore,

the four important reprogramming proteins, cMyc, Klf4,

these permanent insertions, such as cMyc known as an
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oncogene in human cells, potentially increase the risk of tumor
[9-10]

study, we established a new method to improve the solubility

. Moreover, the transgenes can potentially disrupt

of the recombinant proteins and constructed the transactivator

functional genes even if they are silenced or not expressed. To

transcription (TAT) and the nuclear localization signal (NLS)

minimize or avoid the side effects resulting from exogenous

sequences to the proteins to guarantee the cell-penetrating

DNA integration, a number of methods have been developed

capacity.

to produce iPSCs with potentially reduced risks. For example,

MATERIALS AND METHODS

substitution of the retrovirus vector with adenovirus vector,

Materials HEK 293T cells were purchased from Chinese

which integrate into the genome of target cells at extremely

Academy of Typical Culture Collection Cell Bank (Shanghai,

low frequencies and will not transfer residual transgenes into

China). Fetal Bovine Serum (FBS), Dulbecco's Modified

formation

[11]

the host genomes . Also nonviral reprogramming systems,

Eagle Medium (DMEM), ampicillin, chloramphenicol, and

such as PiggyBac and Sleeping Beauty transposon systems

Alexa488-conjugated secondary antibody were purchased from

have been adopted

[12]

. In addition, the Sendai virus, as

Invitrogen (Carlsbad, CA, USA). TAT and NLS sequences were

negative-sense single-stranded RNA does not pose a danger

synthesized at GenScript (Nanjing, China). Isopropyl-b-D-

of genome insertion, was also successfully used to generate

thiogalactopyranoside (IPTG), coomassie brilliant blue R250,

[13-14]

. Besides, the direct delivery of synthetic mRNAs of

imidazole, and DAPI were purchased from Sigma-Aldrich

the four transcriptional factors has been shown to successfully

iPSCs

(Shanghai, China). Endonucleases of SacI and HindIII, Ni-

reprogram somatic cells to a pluripotent state

[15-16]

. Small-

NTA Agarose Resin were purchased form Thermo Scientific

molecule drugs have attracted much attention as another way

(Hudson, NH, USA). Protein marker, BCA Protein Assay kit

to avoid introducing genetic material. Deng group completed

and enhanced chemiluminescence (ECL) reagent were from

the Chemical iPSCs (CiPSCs) prepared from mouse embryonic

HaiGene (Harbin, China). Antibodies against Oct4, Sox2, Klf4,

fibroblast cells solely using a cocktail of seven small-

Myc and rabbit secondary antibody were all purchased from

[17]

molecule compounds . Although these methods significantly

Proteintech (Wuhan, China). LAS-4000 CCD camera system

reduced genome integration, the reprogramming efficiency is

was from FUJIFILM, and DMRE fluorescence microscope

influenced at a great extent. Besides, the instability of some

was from Leica.

nonintegrative systems (such as mRNA delivery) makes

Plasmids Construction To generate the recombinant human

the entire reprogramming procedure laborious. Similarly,

reprogramming proteins cMyc, Klf4, Oct4, and Sox2, the

direct delivery of recombinant proteins was also reported

codon-optimized sequences harboring a short polypeptide

as a successful means of gene introduction for generating

sequence derived from the HIV TAT and NLS polypeptide at

[18-19]

iPSCs

. These protein-based methods are also attractive for

N-terminal was synthesized and sub-cloned into the pCold-

clinical application owing to the absence of breaks in existing

SUMO vector with restriction site of SacI and HindIII. The two

host genes and the reactivation of transgenes, which is an

domains were linked by a short linker to assure the flexibility

important safety advantage for human therapy.

of the protein structure (Figure 1). All the four constructs were

The critical step in this method is to produce large quantities

verified by sequencing.

[20]

obtained the

Protein Expression The four constructs of pCold-SUMO-

recombinant TAT-fused proteins of Sox2, Oct4, Lin28, and

TAT-NLS-Protein vector were individually transformed into E.

Nanog from insect cell in 2014. Unfortunately, most of the

coli BL21 (DE3) Chaperone competent cells which can express

recombinant proteins remained in the nuclei of the Sf9 insect

the chaperone proteins, and the positive clones were selected

cells, and were much difficult to purify. As indicated above,

on Luria-Bertani (LB) agar plate with antibiotics (50 μg/mL

insect cell expression vector system is not ideal for the high-

ampicillin and 20 μg/mL chloramphenicol). For the expression

volume production of these proteins. The E. coli expression

of recombinant fusion proteins, the selected clones were grown

vector system can produce a high yield of target proteins with

overnight in 5 mL of LB with the antibiotics. The overnight

low cost and simple purification procedures in a short time.

culture broths were then diluted 1:40 in fresh 200 mL of LB

However, the recombinant proteins usually exist in the form

broth containing antibiotics and the cells were grown at 37℃

of inclusion bodies in commonly-used expression systems

until the OD 600 nm reached approximately 0.2-0.3. Then

such as pET systems, which need laborious denaturation and

2 ng/mL of tetracycline and 2 mg/mL of L-arabinose were

of pure and bioactive proteins. Pan et al

[18]

refolding . The bioactivity of the recombinant proteins may

added into the medium for induction of the chaperone proteins

be impaired by the treatments of denaturizing and refolding

expression, and the cells were incubated at 37℃ for 3-4h with

thus rendered them useless for reprogramming. In present

constant shaking. Recombinant proteins were expressed in
561
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Figure 1 Schematic representation of the four recombinant reprogramming proteins Human reprogramming transcriptional factors were
fused to the C-terminus of the 6His and SUMO tags, while the TAT polypeptide and NLS polypeptide were directly fused to the N-terminus of
the reprogramming factors. A short linker to assure the flexibility of the protein structure was inserted between the SUMO tag and TAT sequence.

cells by induction with IPTG at a final concentration of 0.2 mmol/L,

transferred onto a nitrocellulose membrane. Primary antibodies

and the cells were incubated for 24h at 15 ℃, 200 r.p.m. The

against Oct4, Sox2, Klf4 and cMyc were used to identify the

cells were then harvested at 4 ℃ by centrifugation at 5000 g,

reprogramming proteins correspondently. The membrane was

and the pellets were resuspended in lysis buffer (20 mmol/L

blocked in 5% non-fat milk in 20 mmol/L Tris-buffered saline

sodium phosphate, pH 7.4, 150 mmol/L NaCl, 8 mmol/L

(pH 7.6) containing 0.05% Tween 20 (TBST) for 1h at room

imidazole, and 10% glycerol). After that, the cells were

temperature. Then, the membrane was individually incubated

disrupted by sonication on ice at 400 W for 100 cycles, 4s each

with Oct4, Klf4, Sox2, and cMyc primary antibody overnight

cycle. Insoluble materials were removed by centrifugation at

at 4 ℃ (1000-folds dilution in TBST buffer containing 5%

8000 g at 4 ℃ for 15min. To determine the expression and

nonfat powdered milk). And then the membrane was incubated

the solubility of target proteins, the supernatants and the total

with HRP-conjugated secondary antibody (10 000-folds diluted

amounts of cell proteins were both analyzed on 12% SDS-

in TBST buffer containing 5% non-fat powdered milk). The

polyacrylamide gel and detected by Coomassie brilliant blue

signals were developed using enhanced chemiluminescence

R250.

reagent and the digital images were captured using a LAS-

Protein Purification Totally 20 mL of the supernatants after

4000 CCD camera system.

sonication and centrifugation were collected and added to 1 mL

Transduction of Reprogramming Proteins into HEK 293T

Ni-NTA Agarose Resin pre-equilibrated in 10 mL of lysis

Cells To test the penetrability of the four recombinant proteins

buffer (20 mmol/L sodium phosphate, pH 7.4, 150 mmol/L

(TAT-NLS-Oct4, TAT-NLS-Klf4, TAT-NLS-Sox2, and TAT-

NaCl, 8 mmol/L imidazole, and 10% glycerol) at 4 ℃. The

NLS-cMyc), the HEK 293T cells of 1×104 were seeded in

unbound proteins were removed with wash buffer (20 mmol/L

24-well plates and cultured in DMEM medium with 10%

sodium phosphate, pH 7.4, 150 mmol/L NaCl, 20 mmol/L

FBS overnight. After washed with PBS twice carefully, cells

imidazole, and 10% glycerol). Then the four recombinant

were cultured for 8h at 37 ℃ in the new serum-free medium

proteins were eluted with 5 mL of elution buffer (20 mmol/L

supplemented with recombinant reprogramming proteins (TAT-

sodium phosphate, pH 7.4, 150 mmol/L NaCl, 250 mmol/L

NLS-Oct4, TAT-NLS-Klf4, TAT-NLS-Sox2 or TAT-NLS-

imidazole, and 10% glycerol). After that, the purified proteins

cMyc) at a final concentration of 8 µg/mL as recommended in

were dialyzed in the storage buffer containing 20 mmol/L sodium

reference[17]. After that, cells were incubated for 24h with the

phosphate, pH 7.4, 150 mmol/L NaCl, and 10% glycerol at

replaced complete growth medium.

4 ℃ for 48h. After purification, the proteins were subjected

Immunofluorescence Analysis HEK 293T cells were washed

to 12% SDS-polyacrylamide gel and stained with coomassie

twice with PBS and then subjected to fixation. After fixed in

brilliant blue R250. The middle-ranged protein marker

4% paraformaldehyde for 20min at room temperature, cells

was used as the protein standard. The concentrations were

were permeabilized with 0.1% Triton X-100 in PBS for 15min

determined using a commercial BCA Protein Assay Kit and the

at room temperature. The cells were washed three times with

purified proteins were stored at -80 ℃.

PBS and incubated with 5% normal donkey serum for 1h at

Western Blot Analysis Proteins were separated on 12% SDS-

room temperature. Subsequently, cells were incubated with

polyacrylamide gel under denaturing conditions, and then

the primary antibody of Anti-Oct4 (1:200 dilution), Anti-
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Int J Ophthalmol, Vol. 10, No. 4, Apr.18, 2017
www.ijo.cn
Tel:8629-82245172 8629-82210956
Email:ijopress@163.com

Figure 2 Soluble expression of the four reprogramming factors in E .coli BL21 (chaperone) The four recombinant reprogramming proteins
were expressed in E. coli BL21 (Chaperone). The cells lysates with and without IPTG induction and the supernatant after induction were
collected for SDS-PAGE and coomassie brilliant blue staining. A: cMyc; B: Klf4; C: Oct4; D: Sox2. Lane M: Protein molecular weight marker;
Lane 1: Cell lysates without IPTG induction; Lane 2: Cell lysates after IPTG induction; Lane 3: Supernatant after IPTG induction. The arrows
indicate the expected size of the recombinant proteins.

Klf4 (1:200 dilution), Anti-Sox2 (1:400 dilution), and Anti-

Soluble Expression of the SUMO-TAT-NLS-cMyc/Klf4/

cMyc (1:400 dilution) for 2h at room temperature. After

Oct4/Sox2 Fusion Proteins In order to acquire soluble and

washed three times with PBS, cells were incubated with the

bioactive proteins, pCold-SUMO expression system was

Alexa488-conjugated secondary antibody (1:200) for 60min

employed. E. coli BL21 (DE3) chaperone, in which chaperone

at room temperature. Then cells were rinsed with PBS twice

proteins were overexpressed to facilitate protein folding in

for 3min each time. Then, the samples were incubated in the

correct format, was used as the expression host strain. The

moist chamber for 10min with DAPI (0.5 μg/mL) for nuclear

theoretical molecular mass of cMyc (612aa) , Klf4 (637aa),

staining. Finally, the cells were washed three times again and

Oct4 (518aa), and Sox2 (475aa) fusion proteins containing the

were examined by fluorescence microscope.

SUMO-TAT-NLS peptide were approximately 68 kDa, 68 kDa,

RESULTS

56 kDa, and 53 kDa respectively. As revealed by SDS-PAGE

Construction of the SUMO-TAT-NLS Fusion Reprogramming

and Coomassie brilliant blue staining analysis, all the four

Proteins Expression Vectors It was indicated in previous

fusion proteins were overexpressed in total lysates by IPTG

study that the four reprogramming proteins fused with TAT

induction, and mainly expressed in the soluble fraction (Figure 2).

sequence were commonly expressed in the form of inclusion

Therefore, it was clearly indicated that our strategy was preferred

bodies in E. coli and it was difficult to produce high-volume

for soluble expression of the four reprogramming factors.

[17]

soluble proteins . To obtain soluble proteins, each gene with

Purification of the SUMO-TAT-NLS-cMyc/Klf4/Oct4/Sox2

codon optimized for E. coli was inserted into pCold-SUMO

Fusion Proteins Since the reprogramming proteins were

vector. pCold-SUMO expression system was employed to

co-expressed with an N-terminal his tag in bacteria, the Ni-

improve the solubility of the proteins by the mechanism of

NTA Resin was applied for purification. As shown in Figure

the cold-inducible promoter, SUMO tag and its TEE signal

2, recombinant proteins mainly existed in soluble format

peptide with the assistance of chaperone proteins. To generate

in supernatants. The soluble supernatants of each protein

recombinant proteins that are able to penetrate the plasma

were collected and performed for purification with Ni-NTA

membrane of cells, an 11-amino acid (YGRKKRRQRRR)

resin. After washing of the unbound materials by imidazole

membrane-penetrating domain derived from the human

(20 mmol/L), the proteins were purified successfully with a

immunodeficiency virus type 1 (HIV) Tat protein (TAT) was

purity of over 70% (Figure 3A). For further identification, the

fused to the N-terminus of the four reprogramming factors

recombinant proteins were separated on SDS-PAGE followed

individually. Adjacent to the TAT peptides, a 6-amino acid

by Western blot analysis. As shown in Figure 3B, each of the

(KKKRKV) nuclear localization signal (NLS) sequence

purified protein was recognized by its responding specific

was inserted, which facilitated nuclear localization,

primary antibody, showing a single band corresponding to their

potentially decreasing the quantity of proteins trapped in

molecular weight. Therefore, the results indicated that these

organelles

[20-21]

. Between the reprogramming proteins and

four reprogramming proteins could be produced in a soluble

SUMO-TAT-NLS tags, a short linker (GGGGC) was inserted

format through pCold-SUMO expression system and Ni-NTA

to assure the flexibility of the protein structures (Figure 1).

Resin purification.

The 6-his tag at N-terminal of the SUMO tag upon the

Transduction of the SUMO-TAT-NLS-cMyc/Klf4/Oct4/

vector was used for purification of the proteins by Ni-affinity

Sox2 Fusion Proteins into Live Cells In our work, the TAT

chromatography.

sequence and NLS were fused to the protein constructs. The
563
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Figure 3 SDS-PAGE and Western blot analysis of the purified recombinant proteins The supernatants of the four proteins were purified by
Ni-NTA affinity resin, and then were conducted to SDS-PAGE and Western blot analysis. A: SDS-PAGE analysis of the purified recombinant
reprogramming proteins by Coomassie blue staining. Lane M: Protein molecular weight marker; Lane 1-4 represented purified cMyc, Klf4, Oct4,
and Sox2 proteins respectively. B: Western blot analysis of the each purified protein by specific primary antibody against cMyc, Klf4, Oct4, and
Sox2 individually. Lane M: Prestained Western blot marker; Lane 1-4 represented purified cMyc, Klf4, Oct4, and Sox2 proteins respectively.

Figure 4 Transduction of TAT-NLS-tagged reprogramming proteins into HEK 293T cells were examined by immunofluorescence TATNLS-cMyc, TAT-NLS-Klf4, TAT-NLS-Oct4, and TAT-NLS-Sox2 proteins (8 μg/mL) were added to HEK 293T cells. Cells were incubated with
the medium supplemented with the corresponding protein for 8h, and then incubated with the complete growth medium for 24h. Cells were fixed
and immunostained with specific antibodies and Alexa488-conjuagated secondary antibody (Green). DAPI staining was performed to visualize
the nuclei (blue), and the images were merged.

TAT sequence was designed to facilitate cell penetration of the

DISCUSSION

recombinant proteins, and the NLS sequence was to promote

In this study, we aimed to prove the feasibility of producing

nuclear localization, which is able to potentially decrease the

soluble and bioactive reprogramming proteins for iPSCs

quantity of proteins trapped in organelles. The aim of this study

generation in E. coli, which is the most widely used approach

is to obtain the soluble recombinant reprogramming proteins

to produce recombinant proteins. Here, the four recombinant

that should also be able to penetrate into the plasma membrane

proteins were fused to SUMO tag and the E. coli bacteria

of living cells. In order to verify that, HEK 293T cells as the

containing chaperones was employed as host strain, which

model were used to determine the penetrating capacity of

can extremely decrease the misfolding of these proteins.

the proteins. Immunofluorescence staining was performed to

Subsequently, the four reprogramming proteins were expressed

confirm the ability of the four recombinant reprogramming

in bacteria and purified from soluble fractions successfully.

proteins to penetrate into HEK 293T cells. Cells were

The fused TAT and NLS sequences facilitate the proteins to

cultivated for 8h individually in medium supplemented with

penetrate into live cells efficiently. Thus the present described

the four reprogramming proteins at a concentration of 8 µg/mL

method possessed advantages over other non-DNA introducing

individually, and then incubated in complete medium for

strategies. First, it can avoid the introduction of exogenous

24h. As shown in Figure 4, all the four recombinant proteins

genes absolutely, particularly those that encode intracellular

could penetrate into nuclei of the cells (shown with green

proteins. Second, the recombinant proteins are soluble and

fluorescence signal). Consequently, it was indicated that the

bioactive because they have been correctly post-translationally

four recombinant reprogramming proteins fused with TAT and

modified and folded. Third, the easily scalable culture is

NLS sequences can penetrate into live cells exactly, which

conductive to large-scale production of these recombinant

addressed that these proteins obtained through our method

proteins with higher yields. Actually, these purified proteins

would be very useful for iPSCs generation from various other

were quite stable with scarcely precipitation after frozen at

types of cells.

-80 ℃ in 10% glycerol for three months. This characteristic
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enables the widespread use of our method for generation of

molecules[27-28]. In view of these findings, further optimization

iPSCs.

of the process to increase the reprogramming rate will be

As reported in previous studies, the integration of transgenes

investigated in our further study.

into the genome involves genome integration and genetic
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