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Abstract
GLIS1 has multiple roles in embryonic development and in deriving induced pluripotent stem cells by aiding signaling 
pathways and chromatin assembly. An inexpensive and simple method to produce human GLIS1 protein from Escherichia 
coli (E. coli) is demonstrated in this study. Various parameters such as codon usage bias, E. coli strains, media, induction 
conditions (such as inducer concentration, cell density, time, and temperature), and genetic constructs were investigated 
to obtain soluble expression of human GLIS1 protein. Using identified expression conditions and an appropriate genetic 
construct, the human GLIS1 protein was homogeneously purified (purity > 90%) under native conditions. Importantly, the 
purified protein has upheld a stable secondary structure, as demonstrated by circular dichroism spectroscopy. To the best of 
our knowledge, this is the first study to report the ideal expression conditions of human GLIS1 protein in E. coli to achieve 
soluble expression and purification under native conditions, upholding its stable secondary structure post-purification. The 
biological activity of the purified GLIS1 fusion protein was further assessed in MDA-MB-231 cells. This biologically active 
human GLIS1 protein potentiates new avenues to understand its molecular mechanisms in different cellular functions in 
various cancers and in the generation of induced pluripotent stem cells.

Keywords GLIS1 · Escherichia coli · Heterologous expression · Recombinant protein production · Protein purification · 
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Introduction

Glis1 belongs to the Gli-similar protein family and broadly 
to the subfamily of Kruppel-like zinc-finger proteins [1, 2]. 
The Glis1 gene encodes a ~ 66 kDa protein (620 amino acids) 

rich in proline residues and has zinc-finger motifs, with the 
highest sequence homology to different members of Gli and 
Zic subfamilies of Kruppel-like proteins [3, 4]. The pivotal 
role of the nuclear translocation of the GLIS1 protein was 
due to the contribution of the zinc-finger region in its struc-
ture. The ability to bind to the consensus sequence 5′-GAC 
CAC CCAC-3′ of the Gli-binding site was also observed for 
the same [1]. It has a transactivation domain present at both 
the N- and C-terminus of the protein, and thus, it acts as a 
transcription factor that regulates gene expression during 
specific embryonic developmental stages [1]. A spatiotem-
poral expression of GLIS1 during embryonic development 
contributed to its abundant expression in unfertilized eggs, 
one- and two-cell embryos, and placenta [3, 5]. Also, its 
abundant expression in the kidney and low expression in the 
brain, colon, testis, thymus, and adipose tissue was observed 
in adults [3, 5].

The expression profile of GLIS1 protein in embry-
onic stem cells (ESCs) showed a low level of expres-
sion, with drastic inhibition in ESC proliferation upon its 
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overexpression [6]. Its importance to derive fully repro-
grammed induced pluripotent stem cells (iPSCs) with high 
reprogramming efficiency was demonstrated by many stud-
ies [6–12]. It was reported that OCT4, SOX2, and KLF4 
combined with GLIS1 enhanced the generation of both 
mouse and human fully reprogrammed iPSCs, along with 
the successful generation of germline-competent chimeras 
from mouse iPSCs [6]. In this study, Maekawa et al. demon-
strated the generation of iPSCs by substituting c-MYC with 
GLIS1 from the Yamanaka factor cocktail (OCT4, SOX2, 
KLF4, and c-MYC) [6]. The mouse and human iPSCs gener-
ated formed bona fide ESC-like colonies when compared to 
the Yamanaka factor cocktail. Specifically, GLIS1 enhanced 
the generation of fully reprogrammed iPSCs, unlike c-MYC, 
which promoted the formation of partially reprogrammed 
clones in a higher proportion. The chimeric mice gener-
ated with these mouse iPSCs showed decreased incidence 
of tumor formation, thus, GLIS1 emerging as a potential 
promising candidate in the cocktail of reprogramming fac-
tors, replacing the oncogene c-MYC [6]. The same combi-
nation (OCT4, SOX2, KLF4, and GLIS1) showed enhanced 
reprogramming efficiency with the non-pathogenic, self-rep-
licating Venezuelan equine encephalitis RNA virus to derive 
integration-free human iPSCs [8]. Further, GLIS1, in differ-
ent reprogramming factor combinations, also efficiently gen-
erated iPSCs from mouse and human somatic cells [9–11, 
13]. GLIS1 has multifaceted roles such as the promotion 
of pro-reprogramming pathways (Wnt, Nanog, Myc, Lin28, 
Esrrb), induction of the expression of the FOXA2 transcrip-
tion factor, inhibition of epithelial to mesenchymal transition 
[6], facilitation of the change in chromatin state, and activa-
tion of a pluripotency-associated gene like SOX2 [14]. It 
induces multilevel epigenetic and metabolic remodeling in 
stem cells, thus, facilitating the induction of pluripotency 
[15]. All these functions enhanced the reprogramming effi-
ciency and enabled the generation of bona fide iPSCs. Apart 
from its function in cell reprogramming, embryonic devel-
opment, and mesodermal cell differentiation during fetal 
development [6, 16, 17], its role has also been implicated in 
various ciliated organ diseases of lung, pancreas and kidney 
[17], breast cancer [18], and in the late onset of Parkinson’s 
disease [19].

iPSCs are important cell sources for basic understand-
ing of embryonic development, various prospects of dis-
ease modeling, development of drugs, toxicity screening, 
and personalized medicine [20]. Various approaches such 
as integrating and non-integrating have been developed to 
generate iPSCs from different somatic cell sources [21–25]. 
However, the major constraints concerning the integrative 
approaches are the permanent genomic mutations leading to 
tumor formation, inefficient gene silencing, and transgene 
reactivation [25–31]. These problems affect their potential 
to differentiate properly and limit the applicability of iPSCs 

in patient-specific therapies [26–30, 32]. The non-integrative 
gene delivery approaches provided a platform to generate 
iPSCs with no or minimum genetic alterations [23, 24, 33, 
34]. Among all the non-integrative approaches, the recom-
binant protein approach is the safest so far [23, 33–36]. It 
provides great control over the time of application, dosage as 
well as flexibility in designing and screening different repro-
gramming factor combinations. It also helps in assessing 
their respective roles at specific reprogramming stages [23, 
35]. However, the limiting factor of this approach is the low 
reprogramming efficiency and kinetics [23, 25, 35] due to 
the presence of various reprogramming roadblocks [22, 37, 
38]. Therefore, the inclusion of reprogramming factors such 
as GLIS1, especially in recombinant form, may promote the 
formation of bona fide iPSCs efficiently with a step towards 
the generation of integration-free iPSCs.

Recombinant proteins have accrued great utility in clini-
cal research, agricultural, and industrial applications [39, 
40]. Despite its hassle-free and inexpensive generation 
advantages in host systems like E. coli, the bottlenecks, 
such as codon usage bias, soluble expression, native puri-
fication, retaining secondary structure, and protein folding, 
remain inevitable. In this study, we are the first to purify and 
determine the secondary structure of the recombinant GLIS1 
fusion protein overcoming these limitations in E. coli.

Materials and Methods

Construction of GLIS1 Fusion Gene Constructs

The GLIS1 protein-coding sequence was obtained, codon 
optimized, and evaluated as shown in Fig. 1 and as per our 
previously published studies [41, 42]. Briefly, codon opti-
mization was carried out using the Gene Optimizer tool 
(Thermo Scientific), and the codon-optimization quality was 
evaluated using GenScript Rare Codon Analysis (GRCA) 
and Graphical Codon Usage Analyzer 2.0 (GCUA) online 
tools. Further, the codon-optimized sequence was cloned 
in a protein expression vector for the heterologous expres-
sion in E. coli, as illustrated in Fig. 1. The sequences of the 
fusion tags used in this study are listed in Table S1. DNA 
sequencing and restriction digestion analysis was employed 
to confirm the resulting genetic constructs, as shown in 
Figs. 1 and S1.

Expression of pET‑HTN‑GLIS1 and pET‑GLIS1‑NTH 
in Different E. coli Host Strains and Media Conditions

The plasmids (pET-HTN-GLIS1 and pET-GLIS1-NTH) 
were transformed into E. coli BL21(DE3) and Rosetta 
strains using standard calcium chloride  (CaCl2) transforma-
tion protocol using the heat-shock method. The antibiotic 
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selection for BL21(DE3) was kanamycin, whereas for 
Rosetta, kanamycin and chloramphenicol were used. Single 
colonies obtained were inoculated in Luria–Bertani/Lysog-
eny Broth (LB) media for primary culture. The secondary 
culture was prepared in LB and Terrific Broth/Tartoff-Hobbs 
Broth (TB) media for screening the influence of media con-
ditions on protein expression of N- and C-terminal GLIS1 
in both BL21(DE3) and Rosetta strains. Following the first 
screening (Table S2), two clones of pET-GLIS1-NTH were 
expressed in LB and TB media. The induced cultures were 
incubated at 37 °C for different time points in a shaker incu-
bator at 180 rpm. The induction parameters for the experi-
ments are mentioned in Table S2 (second screening). After 
induction, the harvested cells were centrifuged and resus-
pended in lysis buffer (20 mM phosphate buffer, 150 mM 
NaCl, and 20 mM imidazole). Throughout the process, the 
buffer and the lysates were kept on ice. Following resuspen-
sion, the cells were subjected to ultrasonication. The bio-
chemical analysis was performed by sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis (SDS-PAGE) and 
immunoblotting methods.

Screening for Minimum Inducer Concentration 
and Cell Density for pET‑GLIS1‑NTH in BL21(DE3) E. 
coli Strain

Screening for the minimal inducer concentration 
was carried out by inducing pET-GLIS1-NTH plas-
mid clones grown in LB media (40 ml) with isopropyl 

β-d-1-thiogalactopyranoside (IPTG) (Sisco Research Labo-
ratories) in a range from 0, 0.01, 0.025, 0.05, 0.1, 0.25, 0.5, 
1, 1.5, and 2 mM concentration at  OD600 ~ 0.5, at 37 °C for 4 
h in a shaker incubator at 180 rpm. Screening for the optimal 
optical density was performed by inducing the cells grown 
in LB media (40 ml) with optimal IPTG concentration (0.05 
mM) for  OD600 range ~ 0.5, ~ 1, and ~ 1.5, and incubated at 
37 °C for 4 h in a shaker incubator at 180 rpm. After induc-
tion, the harvested cells were centrifuged and resuspended in 
lysis buffer (20 mM phosphate buffer, 150 mM NaCl and 20 
mM imidazole). Throughout the process, the buffer and the 
lysates were kept on ice. Following resuspension, the cells 
were subjected to ultrasonication, and further, the biochemi-
cal analysis was performed by SDS-PAGE and immunoblot-
ting methods.

Screening for the Optimal Induction Temperature 
for Soluble Expression of pET‑GLIS1‑NTH 
in BL21(DE3) E. coli Strain

The soluble expression of GLIS1-NTH was screened 
by inducing the cells grown in LB media (40 ml). At 
 OD600 ~ 0.5, the cultures were divided equally into four cen-
trifuge tubes. Cultures were induced with 0.05 mM IPTG 
and incubated at four temperatures; 37, 30, 25, and 18 °C, 
and incubated for 4 h at 37 °C, 8 h at 30 °C, 16 h at 25 
°C, and 32 h at 18 °C, respectively. After induction, the 
harvested cells were centrifuged and resuspended in lysis 
buffer (20 mM phosphate buffer, 150 mM NaCl and 20 mM 

Fig. 1  Illustration of the codon optimization workflow and methodology
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imidazole, pH 7.2). Following resuspension, the cells were 
subjected to ultrasonication and further separated into lysate 
and supernatant fractions, respectively. The biochemical 
analysis of the fractions was analyzed by SDS-PAGE and 
immunoblotting methods.

Screening for Clonal Variation of pET‑GLIS1‑NTH 
in BL21(DE3) E. coli Strain

The plasmids were transformed into E. coli BL21(DE3) 
strain using standard  CaCl2 transformation protocol as men-
tioned in previously published studies [41, 43]. Four clones 
were selected and grown in LB media (10 ml) supplemented 
with kanamycin. The secondary culture (40 ml) in LB media 
was prepared, and upon reaching  OD600 ~ 0.5, the cells were 
induced with 0.05 mM IPTG and incubated at 37 °C for 4 h 
in the shaker incubator. After induction, the harvested cells 
were centrifuged and resuspended in lysis buffer (20 mM 
phosphate buffer, 150 mM NaCl, and 20 mM imidazole, pH 
7.2). Following resuspension, the cells were subjected to 
ultrasonication and further separated into lysate and super-
natant fractions. The analysis was performed by SDS-PAGE 
and immunoblotting methods.

Native Purification of GLIS1‑NTH Protein Using 
 Ni2+‑NTA Affinity Column Chromatography

1.2 L LB media was inoculated for the expression of GLIS1-
NTH in a 2 L flask. The culture was induced with 0.05 mM 
IPTG and incubated at 37 °C for 4 h. After induction, the 
harvested cells were centrifuged. The pellet weight of ~ 6.5 
gm was resuspended in 40 ml equilibration/lysis buffer (20 
mM phosphate buffer, 150 mM NaCl and 20 mM imida-
zole at pH 7.2). GLIS1-NTH was purified using the affin-
ity chromatography technique. Following resuspension, the 
cells were subjected to ultrasonication. The lysate was cen-
trifuged at 8000 rpm at 4 °C for 20 min. The supernatant 
obtained was loaded onto the equilibrated 20 ml column 
(Bio-Rad) containing charged nickel resin. The equilibration 
buffer used was 20 mM phosphate buffer, 150 mM NaCl, and 
20 mM imidazole at pH 7.2. The column was incubated for 2 
h at 4 °C with continuous shaking, and the purification step 
was carried out using purification buffers at pH 7.2 (W1: 20 
mM phosphate buffer, 150 mM NaCl and 50 mM imidazole; 
W2: 20 mM phosphate buffer, 150 mM NaCl and 100 mM 
imidazole; W3: 20 mM phosphate buffer, 150 mM NaCl and 
150 mM imidazole; Elution: 20 mM phosphate buffer, 150 
mM NaCl, and 500 mM imidazole) with 10 min of incu-
bation on ice. After purification, the eluted fractions were 
loaded onto pre-packed PD10 size-exclusion chromatogra-
phy columns (10 ml; GE healthcare). Columns were equili-
brated using PD10 equilibration buffer (20 mM phosphate 
buffer, pH 7.2) and eluted using PD10 elution buffer (20 

mM phosphate buffer, pH 7.2). The protein was eluted from 
the column as per the manufacturer’s protocol. The eluted 
protein was supplemented with 5% glycerol, quantified with 
Bradford assay, and stored at − 80 °C until further analysis.

SDS‑PAGE and Immunoblotting Techniques

The protein estimation for the samples was performed using 
the Bradford assay [44]. Bovine serum albumin (Bio-Rad) at 
varying concentrations was used to make the standard plot 
for protein estimation. Following protein estimation, SDS-
PAGE was run with the respective samples and subjected to 
Coomassie staining and immunoblotting, described in our 
recent studies [41, 45]. Anti-His primary antibody (1:5000; 
Bio BioBharati, BB-AB0010) and anti-rabbit IgG secondary 
antibody (1:5000; Invitrogen, 31460) were used for immuno-
blotting analysis. 5% bovine serum albumin was used as dil-
uent for both the primary and secondary antibodies. Immu-
noblots were developed using chemiluminescence substrate 
(Bio-Rad). The gel and blot images from were taken and 
analyzed using the molecular imager (ChemiDoc™ XRS+) 
installed with Image Lab™ software (Bio-Rad).

Far UV Circular Dichroism Spectroscopy

Secondary structure analysis of purified GLIS1-NTH pro-
tein was performed using far UV circular dichroism (CD) 
spectroscopy. The PD10 eluted fraction without glycerol was 
used for the analysis. The same parameters, as mentioned 
in our recent studies [41, 43], were used for data accumula-
tion. The raw CD data were analyzed using an online tool 
[Beta Structure Selection (BeStSel)]. BeStSel algorithm is 
described in detail in the recently published study [46].

Cell Culture

Breast cancer cell line MDA-MB-231 was procured (from 
National Centre for Cell Science, Pune, India) and cultured 
in Dulbecco’s modified Eagle medium (DMEM) (Invitro-
gen), 10% fetal bovine serum (FBS) (Invitrogen), and 1% 
penicillin/streptomycin (P/S) (Invitrogen). Cells were cul-
tured at standard cell culture conditions (37 °C with 5%  CO2 
under humidified conditions). Cells were passaged upon 
attaining confluency of 70–80% with 0.25% trypsin–EDTA 
(Invitrogen) for further culture.

Cell Migration Assay

Cell migration assay was performed by plating a specific 
number of breast cancer cells MDA-MB-231 (0.85 ×  105 
cells/well of a 24-well plate) and BJ cells (0.50 ×  105 cells/
well of 24-well plate), and the seeded cells were incubated 
overnight. Cells at 80–90% confluency were scratched with 
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a 10 μL sterile pipette tip. The medium was aspirated out, 
followed by a PBS wash. Scratched monolayers were treated 
with GLIS1-NTH (200 nM) or 5% glycerol buffer for 2 days 
in protein transduction media, and for BJ cells, the protein 
media was changed to fibroblast growth media (DMEM sup-
plemented with 10% FBS and 1% P/S) after 4 h. Images 
were captured at different time intervals (0, 24 and 48 h) for 
MDA-MB-231 cells and BJ cells using an inverted bright-
field microscope (ZOE Fluorescent Cell Imager, Bio-Rad, 
California, USA) at ×20 magnification. The migration rate 
at 24 h was analyzed and calculated using ImageJ software.

Statistical Analysis

A statistical test (unpaired t-test) was performed to analyze 
the results obtained from migration assay using Graphpad 
Prism 5 software. p values ≤ 0.05 were considered to be sta-
tistically significant.

Results

Codon Optimization and Design of GLIS1 Genetic 
Construct in pET Vector

Codon optimization tools deal with sequence-related param-
eters such as transcription, splicing, translation, and mRNA 
degradation, involved in various aspects of gene expression. 
The presence of rare codons deteriorates the protein expres-
sion due to tRNA insufficiency for these codons during 
translation [47], and therefore, codon optimization was per-
formed of the coding sequence of the human GLIS1 gene for 
its expression in the E. coli host system. As per the GRCA 
tool, 11% rare codons with codon usage frequency of ≤ 30% 
(in red) were observed, as shown in Fig. S2 and Table S3, 
which were codon optimized. As per the GCUA tool, a total 
of 23 codons were observed to have a relative adaptiveness 
value of ≤ 30%, as shown in Fig. S3 (left; magenta). For 
example, the rare codons CTC and CGA present in the first 
50 codons of the sequence were substituted with codons 
CTG and CGT (Fig. S3). Upon its codon optimization using 
the Gene Optimizer tool, the relative adaptiveness values 
of these codons enhanced from 26 and 30 to 100% for both 
these codons (Fig. S3). The optimized sequence showed 
parametric differences considering the original (non-opti-
mized) sequence, as shown in Figs. S2, S3, and Table S3. 
In congruence with our previously published study of stem 
cell-specific transcription factor SOX2 [42] and OCT4 [48], 
an increase in the CAI (Codon adaptability index defines the 
measurement and the respective quantification of the similar 
codon usage bias of the DNA or RNA sequence with the ref-
erence set) value was observed for the optimized GLIS1 gene 
compared to the non-optimized sequence. The results also 

further confirmed the absence of rare codons after codon 
optimization.

The codon-optimized gene was then tagged with the 
fusion tags (NLS: for nuclear delivery, TAT: for cell perme-
ability, and 8X His: for affinity purification) at either N- or 
C-terminal end of the gene of interest (Fig. S1) and further 
cloned into a pET28a(+) expression vector using restric-
tion enzymes NcoI and XhoI as shown in Fig. 1 and Fig. 
S1, generating two genetic constructs, pET-HTN-GLIS1 
and pET-GLIS1-NTH (Fig. S1). We performed preliminary 
confirmation for assessing the integrity of the cloned pET-
HTN-GLIS1 and pET-GLIS1-NTH by restriction digestion, 
as shown in Fig. S4. Restriction enzymes used for digestion 
and their respective cut sites are mentioned in Table S4.

Optimization of Various Expression Parameters 
for Soluble Expression of the GLIS1 Fusion Protein

Heterologous expression of eukaryotic proteins in the 
prokaryotic system has been challenging due to various fac-
tors such as codon bias, expression host system, media com-
position, inducer concentration, optical density, temperature, 
time, expression construct, and so forth. Moreover, obtain-
ing soluble expression of human proteins from the bacterial 
system is even more challenging. Thus, optimizing these 
parameters is essential for the successful soluble expression 
of heterologous genes in E. coli [49–52].

Screening for Strains and Media Conditions 
for the Expression of HTN‑GLIS1 and GLIS1‑NTH Fusion 
Proteins

To overcome these bottlenecks, we have initially screened 
to determine the best expression host strain (E. coli, in this 
study) and media condition for expressing pET-HTN-GLIS1 
and pET-GLIS1-NTH. Two E. coli strains, BL21(DE3) and 
Rosetta (BL21 derivatives designed to improve the expres-
sion of eukaryotic proteins that contain rare codons rarely 
used in E. coli), were used in this study, which were used in 
the first screening process. These two strains were selected 
because BL21(DE3) has a strong T7 promoter system, lacks 
lon and Omp T proteases, and is compatible with the pET 
expression vector [53]. On the other hand, Rosetta is a highly 
engineered strain and a derivative of BL21(DE3) contain-
ing plasmid pRARE, used to express genes containing rare 
codons [50, 54]. Selecting these two strains would give us an 
idea of the presence of any rare codon in the sequence, com-
promising the expression of the gene. Although codon opti-
mization was performed, Rosetta was also chosen as the ini-
tial expression analysis in BL21(DE3) alone resulted in low 
expression of the GLIS1 fusion protein in E. coli. Rosetta 
strain is reported to increase the success in the expression 
and purification of human-recombinant proteins containing 
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rare codons [55]. Therefore, to rule out the possibility of the 
presence of any rare codons even after codon optimization, 
Rosetta was chosen for comparison.

In addition, two culture media, LB and TB (more nutri-
tionally rich), were used in the first screening process. The 
cells were induced as per the induction parameters men-
tioned in Table S2 (first screening). Post-induction, an 
intense band at ~ 73 kDa GLIS1-NTH fusion protein, was 
observed in BL21(DE3)-transformed clones compared to 
Rosetta in both LB and TB media (Fig. 2A, top and bottom; 
2B top and bottom; Table 1). However, HTN-GLIS1 showed 

no expression in any of the conditions (Fig. 2A, top and 
bottom; 2B, top and bottom). Interestingly, faint degrada-
tion was observed for HTN-GLIS1 in BL21(DE3) grown 
in TB media (Fig. 2B, bottom). No significant difference in 
the overall cell biomass was observed in BL21(DE3) trans-
formed with GLIS1-NTH in both LB and TB at 37 °C (data 
not shown). The further assessment (i.e., the second screen-
ing; Table S2) of the difference in expression of the protein 
in BL21(DE3) in LB and TB media at different time points 
confirms maximum expression of the protein at 4 h in LB 
media compared to TB (Fig. 3, top and bottom).

Fig. 2  Screening of E. coli strains and media conditions for express-
ing pET-HTN-GLIS1 and pET-GLIS1-NTH. A The gene was 
expressed in LB in BL21(DE3) and Rosetta strains, and the expressed 
protein samples were resolved in 10% SDS-PAGE. B The gene was 
expressed in TB in BL21(DE3) and Rosetta strains, and the expressed 

protein samples were resolved in 10% SDS-PAGE. The loading was 
normalized for both Coomassie and immunoblotting, and the amount 
of protein loaded in each well was 40 µg/well. M protein marker 
(kDa); UI uninduced; Ab antibody (n = 2)

Table 1  Summary of the 
optimal expression parameters 
to obtain maximal and soluble 
expression of the human GLIS1 
fusion protein in E. coli 

LB Luria–Bertani/Lysogeny Broth; TB terrific broth

Expression parameters Values/media/strains screened Optimal 
value/media/
strain

E. coli strain BL21(DE3) and Rosetta BL21(DE3)
Induction media LB and TB LB
Inducer concentration (IPTG) (in mM) 0.05, 0.1, 0.25, 0.50, 1, 1.5, 2 0.05
Induction cell density  (OD600)  ~ 0.5, ~ 1.0, ~ 1.5  ~ 0.5
Post-induction incubation temperature (°C) and 

post-induction incubation time (in h)
37 °C (2, 4, 6 and 8 h)
30 °C (8 h)
25 °C (16 h)
18 °C (32 h)

37 °C (4 h)
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Screening for Minimum IPTG Concentration 
and Appropriate OD Value for GLIS1‑NTH Expression

After the screening, we screened for the minimum IPTG 
concentration and ideal optical density to express the 
GLIS1-NTH fusion protein. The bacterial culture was 
inoculated in LB media and induced with different IPTG 
concentrations, as mentioned in Table 1. Screening showed 

the highest expression with 0.05 mM IPTG concentration 
for GLIS1-NTH (Fig. 4A, top and bottom). In addition, 
lower IPTG concentrations such as 0.01 and 0.025 were 
also screened and compared to 0.05; however, lower than 
0.05 mM concentration of GLIS1-NTH failed to induce high 
protein expression (Fig. S5, top and bottom). Next, to screen 
the optical density, we induced the bacterial culture with 
optimized IPTG concentration (0.05 mM) after reaching 
the desired  OD600 values (Table 1). The results showed that 
 OD600 ~ 0.5 showed maximum expression for GLIS1-NTH 
(Fig. 4B, top and bottom; Table 1) compared to  OD600 ~ 1 
and ~ 1.5.

Assessment of Soluble Expression of GLIS1‑NTH at Varying 
Temperatures

The soluble expression of recombinant GLIS1-NTH was 
evaluated by screening different induction temperatures, as 
shown in Table 1 and Fig. 5A. It was observed that at only 
37 °C, a small fraction of the protein was observed in the 
soluble fraction compared to other temperatures. At 30 °C, 
although expression was observed in the lysate fraction, no 
expression was detected in the supernatant fraction. The 
overall expression of the protein at 25 °C and 18 °C tem-
peratures was also compromised (Fig. 5A, top and bottom; 
Table 1).

Assessment of Clonal Variation in Soluble Protein 
Expression Under Optimized Culture Conditions

Randomly four clones were picked from the freshly trans-
formed pET-GLIS1-NTH dish and were expressed as per 

Fig. 3  Comparison and assessment of GLIS1-NTH in LB and TB 
at different time points. The genetic construct was transformed and 
expressed in BL21(DE3) in LB and TB media. Post-induction, the 
cultures were incubated at different time points to compare and assess 
the difference in the expression between the two media. Protein sam-
ples were resolved in 10% SDS-PAGE, and the loading was normal-
ized for both Coomassie and immunoblotting and the amount of pro-
tein loaded in each well was 40 µg/well. M protein marker (kDa); UI 
uninduced; Ab antibody (n = 2)

Fig. 4  Screening for maximum expression of GLIS1-NTH fusion 
protein at different IPTG concentrations and optimal optical density. 
A Expression of GLIS1-NTH was screened at increasing order of 
different IPTG concentrations. The protein samples were resolved in 
10% SDS-PAGE for visualization. B Optical density at three different 

growth phases was assessed for the maximum expression of GLIS1-
NTH. The loading was normalized for both Coomassie and immuno-
blotting, and the amount of protein loaded in each well was 40 µg/
well. M protein marker (kDa); UI uninduced; Ab antibody (n = 2)
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the optimized parameters mentioned in Table 1. No sig-
nificant difference in the overall expression of the clones 
was observed in both the lysate and supernatant fractions 
(Fig. 5B, top and bottom). The protein solubility of the 
selected clone showed GLIS1-NTH in both supernatant (S) 
and pellet (P; pellet (inclusion bodies)) fraction (Fig. 5C; 
top and bottom). The supernatant fraction was chosen for 
purification. The Lysate (L), P, and S band intensity of the 
immunoblot was quantified using Image J, and the arbitrary 
area value for each intensity peak was plotted as shown in 
Fig. 5D.

Recombinant GLIS1‑NTH Fusion Protein Purification

GLIS1-NTH was expressed using identified optimal condi-
tions, and the supernatant fraction was used for purification 

to purify under native conditions. 1.2 L culture-encoding 
recombinant GLIS1-NTH was expressed according to the 
optimized culture conditions (Table 1). The supernatant 
was loaded onto the pre-equilibrated  Ni2+-NTA column. 
The purified GLIS1-NTH was observed corresponding 
to the expected molecular weight of ~ 73 kDa (Calculated 
molecular weight: 73.017 kDa) in Coomassie-stained SDS-
PAGE gel (eluted fraction) and immunoblot (Fig. 6A, top 
and bottom). However, the loss of protein was observed 
in the flow through in both Coomassie and immunoblot 
(Fig. 6A, top and bottom). This presumably could be due 
to the overloading of the sample on the purification column 
or due to the low resin volume used for purification. A very 
faint-truncated GLIS1 fusion protein at around 45 kDa was 
also observed in Coomassie-stained SDS-PAGE gel (eluted 
fraction) and immunoblot (Fig. 6A, top and bottom). These 

Fig. 5  Determination of appropriate temperature for soluble expres-
sion of GLIS1-NTH fusion protein. A four different temperatures (37, 
30, 25, 18 °C) were screened to determine the appropriate tempera-
ture for the soluble expression of GLIS1-NTH. B Clonal variability 
at 37 °C of four different clones were assessed. Lysate concentration 
was quantified, and the same volume was loaded for supernatant. C 
Soluble expression analysis of the selected clone 3 expressed under 

optimal parameters. D Quantitative analysis of soluble protein expres-
sion using ImageJ online tool. All the protein samples for Coomassie 
and immunoblotting were resolved in 10% SDS-PAGE for visualiza-
tion and analysis. The loading was normalized, and the amount of 
protein loaded in each well was 40 µg/well. M protein marker (kDa); 
L lysate; P pellet; S supernatant; UI uninduced; Ab antibody (n = 2)
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truncations observed could be possibly due to (i) the pres-
ence of intragenic sequences that mimic E. coli ribosomal 
entry sites within the protein-coding sequence [56], and (ii) 
proteolysis at specific sensitive sites of some protein mol-
ecules during expression [57]. A total of nine 1 ml elution 
fractions were collected, and their absorbance at 280 nm 
was measured and plotted. The elution profile shows the 
maximum peak at the fourth elution (Fig. 6B). The total 
protein yield obtained was 1.5 mg/L of culture with a purity 
of > 90% (quantified using Image J software).

Secondary Structure Prediction of the Recombinant 
GLIS1‑NTH Fusion Protein

The far ultraviolet CD spectroscopic technique is the most 
frequently used method to study the folding conforma-
tion/characteristics of desired proteins in which secondary 

structure is unknown [58, 59], like GLIS1. Therefore, 
secondary structure determination for purified recombi-
nant GLIS1-NTH fusion protein was performed using far 
UV CD spectroscopy. The results showed a positive peak 
at ~ 195 nm and a negative peak at ~ 218 nm (Fig. 7A), 
which are corresponding to the peaks for β-sheets [58, 
59]. The GLIS1-NTH structure was observed to be majorly 
composed of random coils (~ 46%) and β-sheets (~ 27%) 
and a substantial contribution of α-helix (~ 14%) and turns 
(~ 13%) determined using the BestSel method (Fig. 7B). 
These results confirm that recombinant GLIS1-NTH 
fusion protein has maintained its secondary structure and 
shows great promise of being biologically active.

Fig. 6  Purification of the GLIS1-NTH fusion protein. Affinity puri-
fication method was applied for purifying GLIS1-NTH protein from 
the supernatant fraction of the lysate. A purification of GLIS1-NTH 
protein and its purity were visualized using Coomassie and immu-
noblot using anti-His antibody. M protein marker (kDa); L lysate; S 

supernatant; FT flow through; W wash buffer; E eluted fraction; Ab 
antibody; (*), GLIS1-NTH protein truncations (n = 3). B elution pro-
file analysis of the eluted proteins per ml measured at absorbance 280 
nm

Fig. 7  Investigating the secondary structure of purified human 
GLIS1-NTH fusion protein using CD spectroscopy. A Representa-
tion of secondary structure peaks (positive or negative) correspond-
ing to the wavelength. Analysis using the BeStSel web server, and the 

spectra were plotted with wavelength (nm) in X-axis and delta epsi-
lon  (M−1/cm) on Y-axis. B the bar graph represents the quantitative 
secondary structure percentage present in the purified human GLIS1-
NTH fusion protein (n = 3)
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Effect of the Exogenously Delivered Recombinant 
GLIS1 Fusion Protein on the Rate of Migration 
of MDA‑MB‑231 Cells

Recently, a study reported that overexpression of GLIS1 
in breast cancer MDA-MB-231 cells contributed to the 
increase in the migration rate of these cells [18]. Therefore, 
to determine the functionality of the purified GLIS1-NTH 
fusion protein, the rate of migration of the breast cancer cells 
MDA-MB-231 was determined using migration assay. Upon 
protein transduction in MDA-MB-231 cells at every 24 h, 
the results showed that the migration rate of cells treated 
with purified GLIS1-NTH protein migrated faster compared 
to the vehicle control (Fig. 8A, B). This increase in the rate 
of migration was in congruence with the recent study [18]. 
The calculation for the migration rate was performed as 
reported earlier [60]. The migration assay was also per-
formed for BJ cells, and the results showed no significant 
difference in the migration rate (Fig. S6), indicating that the 
observation was specific to breast cancer cells.

Discussion

GLIS1 is a multifaceted protein, and in cell reprogramming, 
it has a prominent role in enhancing the generation of fully 
reprogrammed iPSCs [6]. To date, the viral form of GLIS1 
has been used for generating iPSCs in combination with 
OCT4, SOX2, and KLF4. In this study, we sought to purify 
the recombinant human GLIS1 fusion protein from E. coli, 
which can substitute its genetic and viral counterpart to gen-
erate integration-free iPSCs.

In this study, expression host E. coli was used, which 
is the most versatile and well-understood system with high 
transformation efficiency, rapid doubling time, inexpensive 
culture conditions, and hassle-free culturing techniques [39]. 
Moreover, this expression host is extensively used to gener-
ate recombinant human proteins for which post-translational 
modifications are not essential for their bioactivity [61–64]. 
In addition to codon optimization, the expression of human-
recombinant protein in this host system is also influenced 
by the media composition. It was reported that complex and 
semi-defined media enhanced cell biomass, thus, boosting 
protein production [65, 66]. Also, the position of fusion tags 
at either end of the gene influences the solubility of the pro-
tein, as reported previously [41]. Owing to these reports, we 
have compared the expression of pET-HTN-GLIS1 and pET-
GLIS1-NTH in two E. coli strains BL21(DE3) and Rosetta, 
grown in LB and TB media. Interestingly, the recombinant 
expression of pET-GLIS1-NTH comparatively showed 
high expression in BL21(DE3) strain, whereas only a trace 
amount was detected in the Rosetta strain (in LB media). 
This implied that codon optimization was efficiently per-
formed, and the low expression was due to reasons other 
than the presence of rare codons. In general, a similar 
observation of high expression in BL21(DE3) strain and 
low expression in Rosetta strain was also made by a study 
purifying Cas9 protein [67] and few other proteins from a 
set of 68 human proteins [55]. We speculate that the extra 
metabolic burden due to an additional plasmid pRARE and 
the presence of chloramphenicol might have resulted in the 
low GLIS1 gene expression in Rosetta, similar to what was 
reported earlier with other recombinant proteins [55, 67, 68]. 
A solution to this would be to induce the expression of the 

Fig. 8  Effect of the exogenously 
delivered recombinant GLIS1-
NTH fusion protein on the rate 
of migration of MDA-MB-231 
cells. A cells were seeded in 
24-well culture dishes. The 
respective wells were treated 
with protein or vehicle control 
every 24 h for 2 days. B graphi-
cal representation of the rate of 
migration of protein vs. vehicle 
control-treated cells (p ≤ 0.05) 
(n = 4)
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protein of interest at low temperature (preferably at 18 °C) to 
reduce the metabolic burden [67]; however, this did not yield 
any expression in our study. In agreement with earlier stud-
ies, our study shows that the inclusion of plasmids contain-
ing extra copies of low abundance of tRNA genes and the 
presence of chloramphenicol may cause negative metabolic 
side effects decreasing the expression levels of recombinant 
proteins, but this may not be the case for other recombinant 
proteins and detailed screening will be required. Also, pET-
HTN-GLIS1 failed to express in either of the expression host 
system in both LB and TB, thus, confirming the influence of 
the fusion tags on protein expression [69, 70].

Also, the higher expression of GLIS1-NTH in the case 
of LB compared to TB was observed. We speculate that 
TB being a more nutritionally rich medium (composed 
of increased concentrations of peptone, yeast extract, and 
glycerol as a carbon source) might have contributed to the 
accumulation of acetate in the culture, presumably affecting 
the overall expression of GLIS1-NTH fusion protein com-
pared to LB media. Earlier studies have reported that acetate 
acts as an inhibitor in biomass production and, thus, reduces 
recombinant protein production [71, 72]. Although we did 
not see any difference in the overall cell biomass between 
LB and TB at 37 °C, the expression of GLIS1-NTH was 
affected in the case of TB compared to LB. This could be 
due to overflow metabolism (the Crabtree effect) producing 
acetate because of the presence of excess carbon sources in 
the TB medium [73]. Other studies have also reported that 
E. coli, in the presence of excess carbon sources like glucose 
and glycerol, produces acetate as a by-product due to acidic 
fermentation [74, 75].

The other factors affecting the soluble expression of 
recombinant protein are inducer concentration, the optical 
density of cells, induction time, and temperature. Several 
studies have reported that reducing the inducer concentra-
tion, time, and temperature helps maximize the solubility 
of the protein, reduces the metabolic burden, and facilitates 
protein folding [50, 76, 77]. This step is crucial to avoid 
protein purification from inclusion bodies that contain either 
misfolded or partially folded proteins. Hence, it demands 
solubilization with strong detergents and refolding to the 
native state [76]. The bacterial growth phase also plays a 
critical role in the soluble expression of recombinant pro-
teins. Several studies have reported that the maximum 
expression of the protein was achieved at the early to mid-log 
phase  (OD600 0.1–0.5) [78, 79]. Higher cell densities lead to 
exhaustion of nutrients leading to nutrient deprivation, pro-
duction of acetate, reduced dissolved oxygen, and increased 
carbon dioxide post-induction. These factors contribute to 
the decrease in the expression of recombinant proteins [50, 
80–82]. We have optimized these expression parameters for 
maximizing the soluble expression of GLIS1-NTH in E. 
coli. Upon screening the inducer concentration, maximum 

expression was obtained at minimum IPTG concentration. 
Also, upon screening the optical density of cells, the results 
were in tandem with the fact that maximum expression of 
the GLIS1-NTH fusion protein was obtained at an early- 
to mid-log phase compared to the late-log phase. However, 
the reduction in temperature did not enhance the soluble 
expression; instead, it curbed the overall protein expression 
at lower temperatures. This might be due to the decrease in 
total cell mass, thereby expressing GLIS1-NTH at an unde-
tectable range.

To the best of our knowledge, we are the first to optimize 
the induction parameters and use a simple and straightfor-
ward approach to purify GLIS1-NTH protein under native 
conditions. The presence of an affinity tag (polyhistidine) 
aided purification through the affinity chromatography tech-
nique. The cell-penetrating peptide (TAT) and NLS will 
help deliver the protein to the subcellular and subnuclear 
locations of the mammalian cell. Our previous reports have 
corroborated that tagging the proteins with TAT and NLS 
promoted their entry into the cell and nucleus, respectively 
[43, 45, 48]. Similar fusion strategies were employed in pre-
vious studies, including ours, for the efficient subcellular 
and subnuclear delivery of reprogramming factors such as 
OCT4, NANOG, SOX2, PDX1, and GATA4 in the form 
of recombinant proteins in mammalian cells [43, 45, 48, 
69, 83–86]. Thus, purified GLIS1-NTH fusion protein can 
potentially translocate into the cell and nucleus as well. The 
biological activity of a protein depends on its structural con-
formation, and thus, retention of the secondary structure is 
imperative for its functionality. Secondary structure analysis 
of GLIS1-NTH showed its structure composition, majorly 
comprising of β-sheets and random coils and a substantial 
contribution of α-helix and turns; thus, it is most likely to 
be biologically active.

GLIS1 overexpression in breast cancer cells MDA-
MB-231 contributed to the increase in the migration and 
invasion capacities of the cells, possibly through the upregu-
lation of WNT5A [18] or by cooperating with CUX1, thus 
stimulating activity of TCF/β-catenin transcription factor 
and enhancing cell migration and invasion of breast can-
cer cells [87]. In our study, we also observed an increase 
in migration rate when the same MDA-MB-231 cells were 
treated with the GLIS1 fusion protein. Interestingly, no sig-
nificant difference in migration rate was observed when BJ 
cells were treated with the GLIS1 fusion protein. This might 
be due to the fact that GLIS1 alone has no prominent effect 
on somatic cells, but in combination with other transcription 
factors like OCT4, SOX2, and KLF4, it pushes the cell fate 
towards the generation of iPSCs. However, a further detailed 
understanding of the role of GLIS1 protein in various cellu-
lar processes and signaling pathways in cancer cells as well 
as in somatic cells would be an interesting and important 
topic of research in the near future.
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This study optimized the parameters for the maximum 
expression of a human-recombinant GLIS1 fusion protein, 
successfully purified the protein under native conditions, 
determined its secondary structure and biological activ-
ity. However, compared to our recently published studies 
[41–43, 45, 88], the total protein expression is less. This 
might be due to the large size of the protein ~ 73 kDa com-
pared to our other purified proteins, which are ≤ 50 kDa. 
Many studies have previously reported the constraints of 
purifying large molecular weight proteins [89], and simi-
larly, the compromised expression of GLIS1-NTH could 
be due to its large size. Thus, further optimization or other 
novel strategies should be employed to increase the total 
yield of the protein. The methodology generated and used 
in our study is not only inexpensive and facile but also 
highly reproducible. The immense prospect of this biologi-
cal tool (GLIS1-NTH) in the recombinant form will bring 
forth multiple opportunities. It will allow the scientific 
community to understand its detailed function in different 
stage-specific developmental processes, its function, and 
downstream implications in various cancers and other dis-
ease models, molecular interactions with reprogramming 
factors and signaling pathways, nuances of the mecha-
nism during cell-fate transitions, and substituting its viral/
genetic counterpart in the generation of integration-free 
iPSCs. Importantly, this tool can be used to gauge the spe-
cific spatiotemporal expression of GLIS1 reprogramming 
factor in different combinations during the generation of 
integration-free iPSCs and understand its expression and 
function in different diseases in the near future.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12033- 021- 00390-z.
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