ORIGINAL ARTICLE
Iran J Allergy Asthma Immunol
August 2019; 18(4):419-426.

Molecular Cloning, Expression and Purification of G-CSF Isoform D,
an Alternative Splice Variant of Human G-CSF
Fatemeh Sadat Toghraie1, Mahsa Yazdanpanah-Samani1, Elham Mahmoudi Maymand1,
Ahmad Hosseini 1, Amir Asgari1, Amin Ramezani1,2, and Abbas Ghaderi1,3
1

Shiraz Institute for Cancer Research, School of Medicine, Shiraz University of Medical Sciences, Shiraz, Iran
2
Department of Medical Biotechnology, School of Advanced Medical Sciences and Technologies,
Shiraz University of Medical Sciences, Shiraz, Iran
3
Department of Immunology, School of Medicine, Shiraz University of Medical Sciences, Shiraz, Iran
Received: 19 December 2018; Received in revised form: 14 January 2019; Accepted: 22 January 2019

ABSTRACT

Granulocyte colony-stimulating factor (G-CSF) is the major regulator of hemopoiesis and
granulopoiesis. However, overexpression of G-CSF has been implicated in several important
processes in tumor biology such as tumor growth, angiogenesis, and metastasis. Four
different mRNA isoforms resulting from alternative splicing have been reported for G-CSF
(transcript variants 1, 2, 3 and 4). The mRNAs and protein products of splice variants 1 and
2 have been isolated for the first time, from tumor cell lines. In the present study for the first
time we isolated the G-CSF transcript variant 4 encoding G-CSF isoform D from a highly
malignant tumor cell line (Mehr80) with overexpression of G-CSF.
Both the full-length G-CSF isoform B and G-CSF isoform D were cloned from Mehr80
cell line, overexpressed in Escherichia coli as N-terminal glutathione-S-transferase fusion
proteins in the form of inclusion bodies and affinity purified by the batch method using
glutathione-Sepharose 4B resin.
Both fusion proteins were successfully cloned and expressed. Folded recombinant
proteins were solubilized from inclusion bodies using sarkosyl, Triton X-114 and CHAPS
and purified. The purity of G-CSF isoforms was confirmed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and they were clearly detected in western
blot analysis using anti-G-CSF polyclonal antibody.
The G-CSF plays various roles in physiological and pathological conditions, however to
date, the differential function of G-CSF isoforms remains unknown. Considering the fact
that G-CSF isoform D was isolated from a highly malignant tumor cell line with
overexpression of G-CSF, the role of this splice variant in tumorigenesis requires further
investigation.
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INTRODUCTION
Granulocyte colony-stimulating factor (G-CSF) is
the major regulator of hemopoiesis and granulopoiesis
produced by a variety of cell types. In addition to
neutrophil proliferation and survival, G-CSF plays a
key role in the mobilization of neutrophil and
hematopoietic progenitor cells from the bone marrow.
G-CSF was rapidly integrated into clinical medicine for
treatment of chemotherapy-associated neutropenia and
hematopoietic progenitor cells transplantation.1,2
G-CSF gene contains five exons. Four different
mRNA isoforms resulting from alternative splicing
have been reported for G-CSF. While transcript
variants 1 and 2 include all five exons, they utilize two
donor splice site at the 5' terminus of intron 2 arranged
in tandem, 9bp apart. Transcript variant 1 encodes the
mature 177-amino acid G-CSF isoform A and
transcript variant 2 encodes the major biologically
active G-CSF isoform B consisting of 174 amino
acids.3 The G-CSF isoform B is the most studied and
the major isoform produced in prokaryotic and
eukaryotic expression systems for therapeutic proposes.
Two other G-CSF isoforms, 141-amino acid isoform C

and 138-amino acid isoform D, are respectively
encoded by transcript variants 3 and 4 which both skip
exon 3 (108bp) and use two donor sites at 5′ splice site
of the second intron (Figure 1).
Besides the crucial role of G-CSF in innate
immunity, interestingly, overexpression of G-CSF has
been implicated in several important processes in tumor
biology.4-7
Paraneoplastic
leukemoid
reaction
characterized by extreme leukocytosis has been
described in a variety of malignancies and in numerous
cases; it has been linked to high G-CSF production by
the tumor.8 In normal cells G-CSF production is highly
regulated however, aberrant production of significant
amounts of G-CSF as a consequence of the abnormal
processing of G-CSF mRNA has been reported in
various malignant cell lines.9
G-CSF overexpression in many solid tumors is
considered as a poor prognostic marker however, the
mechanisms remained unclear.10 Upregulation and
mutations of G-CSF receptor (G-CSFR) have also been
implicated in a variety of hematopoietic and nonhematopoietic malignancies indicating the pivotal role
of G-CSF/G-CSFR signaling axis in the pathogenesis
of these malignancies.9,11-13

Figure 1. Schematic representation of alternative splicing events in the human granulocyte colony-stimulating factor (G-CSF)
gene. Alternative splicing of G-CSF pre-mRNA, containing five exons, generates four different mRNA isoforms (transcript
variants 1, 2, 3, and 4). In the transcript variants 1 and 2 all five exons are included, while two splice sites are utilized at the 5'
terminus of the second intron. Transcript variants 3 and 4 are produced by alternative exclusion of exon 3 and use of
alternative 5′ splice site of intron 2. Transcript variants 2 and 4 were cloned in the present study. Solid lines indicate splicing
options
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Two splice variants of G-CSF have been purified
for the first time from tumor cell lines, isoforms A from
squamous cell carcinoma cell line CHU-2,14 and
isoform B from the human bladder carcinoma cell line
5637.15 Later, Nagata et al cloned the cDNAs encoding
both G-CSF isoforms A and B from the CHU-2 tumor
cell line.3 The molecular mechanisms determining
alternative choices of exons and splice sites remained
unknown. We also detected transcript variant 4 mRNA
for the first time in a G-CSF producing tumor cell
line.16 Changes in alternative splicing pattern under
pathological conditions including cancers have been
reported in many genes. Regarding the dual role of GCSF in tumorigenesis, there is a possibility that just as
many other transcript variants in various types of
cancers, changes in the balance of G-CSF transcript
isoforms occur during oncogenesis. Identification of
tumor specific splice isoforms even those with an
unknown function may have diagnostic and prognostic
value and also can be considered as a promising
therapeutic target in different malignancies.17
In this study, we reported the isolation of a shorter
splice variant of G-CSF, transcript variant 4. Both
isoforms B and D were cloned from Mehr80 cell line
and overexpressed in Escherichia coli (E. coli). To the
best of our knowledge, this is the first report regarding
the cloning, heterologous expression, and purification
of G-CSF isoform D.
MATERIALS AND METHODS
Cell Culture and RNA Extraction
This project was approved by the local ethics
committee of Shiraz University of Medical Sciences,
Shiraz, Iran (N. IR.SUMS.REC.1393.S6991).
Mehr-80 cell line is an adherent lung large cell
carcinoma established in Shiraz Institute for Cancer
Research.16 The cells were cultured in RPMI-1640
(Gibco, USA) supplemented with 2 mM glutamine,
10% heat-inactivated fetal bovine serum (FBS, Gibco,
USA), 100 U/mL penicillin (Biosera, France), and 100
µg/mL streptomycin (Biosera, France) in humidified
5% CO2 at 37°C. Total RNA was extracted from Mehr80 cell line using High Pure RNA Isolation Kit (Roche
Diagnostics, Germany) according to the manufacturer's
instruction and cDNA was generated from about 1µg of
the total RNA using the RevertAid First Strand cDNA
Synthesis Kit (Thermo Scientific, Lithuania).

Isolation and Cloning of Two Splice Variants of
Human G-CSF
To isolate the mature cDNA of full-length human
G-CSF (GeneBank Accession No. NM_172219.2), one
pair
of
primers,
forward
primer
5ˊATGACCCCCCTGGGCCCTG -3ˊ and the reverse
primer 5ˊ- TCAGGGCTGGGCAAGGTGG-3ˊ was
employed. The polymerase chain reaction (PCR) was
carried out under the following conditions: initial
denaturation temperature of 94ºC for 3 min, then 30
cycles of 30 s at 94ºC, 30s at 62 ºC, 1 min at 72ºC with
a final extension for 10 min at 72ºC using a T100
Thermal cycler (Bio-Rad, USA). Although PCR
conditions were optimized, unexpectedly, we found
two bonds with lengths of about 400bp and 500bp on
agarose gel. We decided to clone both PCR products.
The amplified products were cloned into EcoRI and
BamHI restriction sites of the pUC19 vector (Thermo
Fisher, USA) and sequenced on both strands to
determine their identities. The resulting plasmids were
named pUC19-G-CSF/B and pUC19-G-CSF/D.
Construction of Expression Plasmids
The DNA fragments coding for full-length G-CSF
isoform B (174 amino acids) and alternatively spliced
shorter isoform of G-CSF (isoform D, 138 amino acids)
were amplified by PCR from pUC19-G-CSF/B and
pUC19-G-CSF/D. PCR amplifications were performed
by using forward primer containing XhoI restriction site
and reverse primer containing EcoRI restriction site.
The recombinant genes encoding mature proteins were
then inserted into the expression vector pGEX-4T-1
(GE Healthcare, USA), at the same restriction sites
downstream of the glutathione-S-transferase (GST)-tag
sequence. The sequences of the resulting pGEX-GSTG-CSF/B and pGEX-GST-G-CSF/D plasmids were
confirmed by DNA sequencing.
Expression and Purification of Human G-CSF
Isoforms in E. coli
The expression and purification of recombinant GCSF isoforms were performed according to a method
previously described with modifications.18 E. coli BL21
(DE3) (Novagen, USA) competent cells were
transformed with recombinant pGEX-GST-G-CSF/B
and pGEX-GST-G-CSF/D plasmids and were grown at
37 ºC in 10 mL of LB medium containing 100 µg/mL
ampicillin. When absorbance at 600 nm reached 1, the
culture broths were diluted 1:20 in 200 mL fresh LB
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medium containing 50 µg/mL ampicillin, 1% glucose,
440 mM sorbitol and 2.5 mM betaine and incubated at
37ºC until the cell density reached an OD600 of 0.5. To
induce
protein
expression,
isopropyl-b-Dthiogalactopyranoside (IPTG) was added to a final
concentration of 0.25 mM after cooling the cultures to
27 ºC. Cultures were incubated overnight at 27ºC with
180 rpm shaking to allow for protein expression. The
cells were harvested at 4ºC and analyzed by 12.5%
sodium
dodecyl
sulfate
polyacrylamide
gel
electrophoresis (SDS-PAGE).
The bacterial pellets were suspended in cold lysis
buffer containing 50 mM Tris-HCl pH 8.0, 1M NaCl,
20 mM 2-mercaptoethanol (2-ME) and 1 mg/mL
lysozyme and incubated for 45 min at 4°C. Sarkosyl
was added to a final concentration of 1%, and the
mixture was incubated at room temperature for 2 hours.
The cell lysate was centrifuged at 15000g for 20 min at
4°C to discard the cell debris. Just before purification,
the solution was incubated with 2% Triton X-114 and
20 mM CHAPS at 4°C for 30 min. The sample was
then transferred to a 37°C water bath, incubated for 10
min, and centrifuged at 20,000 g for 10 min at 25°C.
The supernatant containing soluble GST-fusion protein
was mixed gently by the batch method with 2 mL (bed
volume) of glutathione-Sepharose 4B at 4°C for 2 h.
The nonspecifically bound proteins and the remaining
detergents were removed by washing with binding
buffer (50 mM Tris-HCl pH 8.0, 500mM NaCl, 20 mM
2-ME) 4 times. The target protein was eluted in about
10 mL of 10 mM glutathione in 50 mM Tris-HCl at pH
8.0. The eluted fraction was dialyzed against phosphate
buffered saline (PBS) pH 7.3 for overnight at 4°C. The
protein concentration was determined by the Bradford
method with bovine serum albumin as the reference
standard. To check the presence of detergents, the
absorbance of wash and elution fractions was measured
at 240 nm.
SDS–PAGE and Western blot Analysis
The induced cultures, non-induced cultures, and
eluted fractions were subjected to 12.5% SDS-PAGE,
and protein bands were visualized by Coomassie
Brilliant Blue staining. For western blotting, samples
were separated by 12.5% SDS-PAGE gels and
transferred to polyvinyl difluoride (PVDF) membrane.
The membrane was incubated with rabbit anti-human
G-CSF (1:2000 dilution, polyclonal antibody, Abcam,
USA) and then incubated with Horseradish peroxidase-

conjugated anti-rabbit IgG (1:6000 dilution, Abcam,
USA) as secondary antibody. The peroxidase activity
was detected by enhanced chemiluminescence (BioRad, USA).
RESULTS
Cloning and Sequence Analysis of Two
Alternatively Spliced Variant of Human G-CSF
There are four alternative splicing variants of the GCSF gene. Using specific primers designed for fulllength human G-CSF, PCR was expected to yield a
525bp product; however, two bands of 417bp and
525bp were identified (Figure 2). Sequence analysis
and Basic Local Alignment Search Tool (BLAST)
results revealed that the larger 525bp amplicon
corresponded to the full-length transcript of G-CSF
consisting of five exons (transcript variant 2), whereas
deletion of exon 3 (108bp) was detected in the shorter
amplicon of 417bp (transcript variant 4, Accession No.
NM_001178147). We deposited this sequence in
GenBank under Accession No. HM132049. While
transcript variant 2 encodes for full-length mature GCSF isoform B with 174 amino acids, the transcript
variant 4 encodes a mature protein with 138 amino
acids (G-CSF isoform D).

Figure 2. The reverse transcriptase polymerase chain
reaction (PCR) analysis of mRNA prepared from Mehr80
cell line using specific primers of granulocyte colonystimulating factor (G-CSF) transcript variant 2. Band of
525 bp represents the full length G-CSF transcript
variant 2, while that of 417 bp represents the G-CSF
transcript variant 4.
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Figure 3. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and western blot analysis of granulocyte
colony-stimulating factor (G-CSF) isoforms B and D. (A) The 12.5% SDS–PAGE analysis of expression of recombinant
glutathione-S-transferase (GST) fusion proteins in the total cell lysates prepared by boiling in SDS loading buffer. Lane 1,
recombinant GST-G-CSF isoform D; Lane 2, non-induced (without IPTG) control of GST-G-CSF isoform D; Lane 3, noninduced (without IPTG) control of GST-G-CSF isoform B; Lane 4, recombinant GST-G-CSF isoform B. (B) The 12.5% SDS–
PAGE analysis of purification of recombinant GST-G-CSF isoform D (lane 1) and GST-G-CSF isoform B (lane 2). (C) Two
fusion proteins were examined by western blot after a 12.5% reducing SDS-PAGE performance. Lane 1, recombinant GSTG-CSF isoform D; Lane 2, non-induced (without IPTG) control; Lane 3, recombinant GST-G-CSF isoform B.

Expression and Purification of Recombinant
Human G-CSF Isoforms
To express human G-CSF isoforms in E. coli BL21
(DE3), corresponding genes without any codon
sequences optimization were cloned into the pGEX-4T1 vector. Using this expression plasmid, the G-CSF
isoform B and isoform D were produced as the Nterminal GST fusion proteins. To improve
conformation of the recombinant proteins, low
expression temperature (27ºC) and reduced IPTG
concentration (0.25mM) were used.19 The LB media
were supplemented with sucrose and betaine which
function as osmolytes and help to proper folding of the
recombinant protein.18 As revealed by SDS–PAGE
analysis, the expression level of both isoforms was high
(Figure 3A). However most of the proteins were
produced in the form of inclusion bodies. The GST-GCSF isoforms were purified in a single-step procedure.
Using 2% Triton X-114 and 20mM CHAPS, we
successfully purified GST-G-CSF isoform B (protein

concentration 250 µg/mL) and isoform D (protein
concentration 180 µg/mL). The purity of G-CSF
isoforms was confirmed by SDS-PAGE (Figure 3B).
The purified GST-G-CSF proteins were clearly
detected in western blot analysis using anti-G-CSF
polyclonal antibody (Figure 3C). By washing with the
binding buffer, the three detergents were removed from
the purified proteins.
DISCUSSION
In the present study for the first time we isolated,
cloned and overexpressed the G-CSF transcript variant
4 from a G-CSF producing cell line. The corresponding
coding region of both full length G-CSF isoforms B
and exon-skipped isoform D without signal peptide was
amplified, inserted into the pGEX-4T-1 vector and
successfully overexpressed in E. coli as GST-fusion
proteins.
The E. coli expression system has the advantages of
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high productivity, being relatively simple, rapid and
inexpensive. However, the lack of eukaryotic posttranslational modification machinery and formation of
insoluble recombinant proteins in form of inclusion
bodies are the major challenges of the prokaryote
expression system.20 In human G-CSF, there is a
glycosylation site at Thr-133 which protects the
molecule from aggregation and proteolytic degradation.
However it has been shown that glycosylation as a
post-translational modification does not affect the GCSF biological activity. Filgrastim, a non-glycosylated
form of recombinant G-CSF produced in E. coli is
clinically available for treatment of neutropenia and
stem cell mobilization for decades.2
We tried to express recombinant G-CSF isoform D
in E. coli without any tag or with N-terminal and Cterminal His-tag however, it was not expressed at
detectable levels. One probable reason is the high GC
contents of N-terminal region of native G-CSF which
could not be transcribed in E. coli.21 Codon bias can
also affect the expression of heterologous genes. We
performed codon optimization of the G-CSF isoform D
gene in order to reduce N- terminal GC content and to
eliminate rare codons. But the yield of the recombinant
protein was low, and we could not obtain enough
amount of protein for purification. It has been shown
that while codon optimization approach can improve
heterologous protein production, some other factors
such as mRNA secondary structure particularly,
secondary structures at the 5′‐UTR have an important
role in efficient protein production. With using a
well‐expressed N‐terminal protein fusion such as GST,
G-CSF isoform D was successfully expressed.22 We
used GST as a fusion expression partner for two main
reasons: First, GST as one of the most common fusion
tags greatly enhances the expression of difficult-toexpress recombinant proteins by allowing the efficient
initiation of translation.23 High levels expression of the
GST-fusion proteins in E. coli may result in the
formation of inclusion bodies, as we observed in our
experiment. The production of inclusion bodies can,
however, be considered an advantage as inclusion
bodies allow the overproduction of the highly pure
recombinant proteins.24 Second, GST is a very
commonly used affinity tag allowing for one-step
purification of many proteins.25 Although in our
experiment the recombinant GST-G-CSF isoforms
were produced in the form of inclusion bodies, by using
Sarkosyl, proteins were solubilized from inclusion

bodies. In the presence of sarkosyl, GST- fusion
proteins are not properly folded and could not be
affinity-purified. Therefore, it is necessary to remove
sarkosyl from the lysate before purification. As
described by Tao et al Triton X-100 and CHAPS at a
specific ratio, remove sarkosyl molecules from the
solution and enhance protein folding and purification.
By multiple batch mode washes of the resin, the
concentration of detergents decreased significantly.18,26
Full-length G-CSF belongs to the four-helix-bundle
class of cytokines with long connecting loops between
helices A and B and between helices C and D. There is
also a short helix (helix E) between helices A and B.27
G-CSF isoform D lacks exon 3 (108 bp) encoding the
amino acid residues of N-terminal region of D helix
and AB loop region of the full length G-CSF.
Homology modeling and docking study confirmed the
stable binding of isoform D to G-CSFR through several
residues on the A and C helices which are conserved in
isoform D.28 However, it should be investigated if
deletion of an entire exon and its corresponding amino
acids in the resulted protein can affect the G-CSF
signaling and biological activity.
Exon skipping similar to that of G-CSF isoform D
has been reported in other members of four-helix
bundle cytokines including IL-6, IL-4 and IL-2. Bihl et
al reported an alternatively spliced IL-6 mRNA lacking
exon 4 which encodes a smaller isoform named IL-6δ4.
Both the full-length and IL-6δ4 has been detected in the
healthy lung samples. The IL-6δ4 isoform binds to IL-6
receptor α (IL-6Rα); however it lacks signaling
activity. Their results showed that the short isoform
may have a regulatory role in IL-6 signaling.29 A
specific inhibitory function has also been described for
a splice isoform of IL-4 (IL-4δ2) generated through
alternative splicing of exon 2. Luzina et al
demonstrated the secretion of IL-4δ2 by activated T
lymphocytes from patients with asthma, but not from
healthy controls.30 Recombinant IL-4δ2 is able to
inhibit the full-length IL-4-induced effects in T
lymphocytes.30,31 While IL-4 is known as a Th2
cytokine, an independent role for IL-4δ2 as a Th1
cytokine has been proposed by some studies.31,32 A
similar mechanism of regulation has been shown for
two splice variants of IL-2, IL-2δ2 and IL-2δ3, lacking
exon 2 and exon 3, respectively. Both splice variant
function as competitive antagonists of IL-2 inhibiting T
cell proliferation.33
We isolated G-CSF splice variant 4 from Mehr80
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cell line derived from peritoneal effusion of a female
patient with lung large cell neuroendocrine carcinoma,
a very rare tumor with poor prognosis.16 While
endogenous G-CSF has been known as the main
regulator of granulopoiesis,1 aberrantly expressed,
tumor-derived G-CSF represents a key inflammatory
component that facilitates tumor growth, angiogenesis
and metastasis. The majority of G-CSF producing
malignant tumors are encountered in patients with
advanced-stage cancer, most of which are associated
with extremely poor prognosis. Overexpression of GCSF has been shown to be a strong inducer of
proangiogenic factor Bv8 and Cd11b+Gr1+ myeloidderived suppressor cells (MDSCs) which are important
mediators of tumor angiogenesis, tumor metastasis and
immune suppression. G-CSF produced by the tumor or
stromal cells has a major role in tumor resistance to
anti-VEGF therapy.4-7 Regarding the pro- and antitumor role of G-CSF and the fact that changes in
alternative splicing are associated with various
pathological conditions; it is worthy to identify the
occurrence and changes in the expression level of GCSF isoforms at mRNA and protein level. Of interest,
alternative splicing products of G-CSF gene and their
corresponding protein isoforms has been deposited into
the NCBI's Reference Sequence (RefSeq) database;
however we could not find any study assessing the
expression of G-CSF splice variants at mRNA and
protein level. One possible reason is that the expression
levels of G-CSF splice isoforms may be limited
compared with that of biologically active full-length GCSF at mRNA and protein level, not allowing for
detection of these transcript variants with commonly
used methods. Indeed, unavailability of anti-G-CSF
antibodies reacting selectively with a specific G-CSF
protein isoform without cross-reactivity to other
isoforms makes it difficult to discriminate between GCSF isoforms.
In the present study we could successfully clone,
express and purify two alternatively spliced variant of
G-CSF. Production of recombinant G-CSF isoform D
provides the possibility of functional assessment of this
isoform in future studies. Considering the fact that GCSF isoform D was isolated from a highly malignant
tumor cell line with overexpression of G-CSF, the role
of this splice variant in tumorigenesis requires further
investigation. It is also needed to be clarified whether
isoform D has any regulatory effect on the function of
full length G-CSF or its effects are independent of the

effects of full-length G-CSF.
ACKNOWLEDGEMENTS
This work was supported by the Shiraz Institute for
Cancer Research (Grant No. ICR-100-509). The study
was also a part of the Ph.D thesis project of Fatemeh
Sadat Toghraie, Shiraz University of Medical Sciences
(Grant No 93-6991).
REFERENCES
1. Panopoulos AD, Watowich SS. Granulocyte colonystimulating factor: molecular mechanisms of action
during steady state and 'emergency' hematopoiesis.
Cytokine 2008; 42(3):277-88.
2. Dale DC, Bonilla MA, Davis MW, Nakanishi AM, et al.
A randomized controlled phase III trial of recombinant
human granulocyte colony-stimulating factor (filgrastim)
for treatment of severe chronic neutropenia. Blood 1993;
81(10):2496-502.
3. Nagata S, Tsuchiya M, Asano S, Yamamoto O, Hirata Y,
Kubota N, et al. The chromosomal gene structure and two
mRNAs for human granulocyte colony-stimulating factor.
EMBO J 1986; 5(3):575-81.
4. Chung AS, Wu X, Zhuang G, Ngu H, Kasman I, Zhang J,
et al. An interleukin-17–mediated paracrine network
promotes tumor resistance to anti-angiogenic therapy. Nat
Med 2013; 19(9):1114-23.
5. Kowanetz M, Wu X, Lee J, Tan M, et al. Granulocytecolony stimulating factor promotes lung metastasis
through mobilization of Ly6G+Ly6C+ granulocytes. Proc
Natl Acad Sci U S A 2010; 107(50):21248-55.
6. Shojaei F, Wu X, Qu X, Kowanetz M, Yu L, Tan M, et
al. G-CSF-initiated myeloid cell mobilization and
angiogenesis mediate tumor refractoriness to anti-VEGF
therapy in mouse models. Proc Natl Acad Sci U S A
2009; 106(16):6742-7.
7. Waight JD, Hu Q, Miller A, Liu S, Abrams SI. TumorDerived G-CSF Facilitates Neoplastic Growth through a
Granulocytic
Myeloid-Derived
Suppressor
CellDependent Mechanism. PLoS ONE 2011; 6(11):e27690.
8. Granger JM, Kontoyiannis DP. Etiology and outcome of
extreme leukocytosis in 758 nonhematologic cancer
patients: a retrospective, single-institution study. Cancer
2009; 115(17):3919-23.
9. Demetri GD, Griffin JD. Granulocyte colony-stimulating
factor and its receptor. Blood 1991; 78(11):2791-808.
10. Kawano M, Mabuchi S, Matsumoto Y, Sasano T,

Vol. 18, No. 4, August 2019

Iran J Allergy Asthma Immunol /425
Published by Tehran University of Medical Sciences (http://ijaai.tums.ac.ir)

F.S. Toghraie, et al.

11.

12.
13.

14.

15.

16.

17.
18.

19.

20.

21.

Takahashi R, Kuroda H, et al. The significance of G-CSF
expression and myeloid-derived suppressor cells in the
chemoresistance of uterine cervical cancer. Sci Rep 2015;
5:18217.
Chakraborty A, Guha S. Granulocyte colony-stimulating
factor/granulocyte colony-stimulating factor receptor
biological axis promotes survival and growth of bladder
cancer cells. Urology 2007; 69(6):1210-5.
Beekman R, Touw IP. G-CSF and its receptor in myeloid
malignancy. Blood 2010; 115(25):5131-6.
Ehlers S, Herbst C, Zimmermann M, Scharn N,
Germeshausen M, von Neuhoff N, et al. Granulocyte
colony-stimulating factor (G-CSF) treatment of childhood
acute myeloid leukemias that overexpress the
differentiation-defective G-CSF receptor isoform IV is
associated with a higher incidence of relapse. J Clin
Oncol 2010; 28(15):2591-7.
Nomura H, Imazeki I, Oheda M, Kubota N, Tamura M,
Ono M, et al. Purification and characterization of human
granulocyte colony-stimulating factor (G-CSF). EMBO J
1986; 5(5):871-6.
Welte K, Platzer E, Lu L, Gabrilove JL, Levi E,
Mertelsmann R, et al. Purification and biochemical
characterization of human pluripotent hematopoietic
colony-stimulating factor. Proc Natl Acad Sci U S A
1985; 82(5):1526-30.
Sharifzadeh S, Owji SM, Pezeshki AM, Malek-Hoseini Z,
Kumar PV, Ghayumi SM, et al. Establishment and
characterization of a human large cell lung cancer cell
line with neuroendocrine differentiation. Pathol Oncol
Res 2004; 10(4):225-30.
Oltean S, Bates DO. Hallmarks of alternative splicing in
cancer. Oncogene 2014; 33(46):5311-8.
Tao H, Liu W, Simmons BN, Harris HK, Cox TC,
Massiah MA. Purifying natively folded proteins from
inclusion bodies using sarkosyl, Triton X-100, and
CHAPS. Biotechniques 2010; 48(1):61-4.
Francis DM, Page R. Strategies to Optimize Protein
Expression in E. coli. Curr Protoc Protein Sci 2010;
61(1):5.24.1-29.
Sahdev S, Khattar SK, Saini KS. Production of active
eukaryotic proteins through bacterial expression systems:
a review of the existing biotechnology strategies. Mol
Cell Biochem 2008; 307(1-2):249-64.
Devlin PE, Drummond RJ, Toy P, Mark DF, Watt KW,
Devlin JJ. Alteration of amino-terminal codons of human
granulocyte-colony-stimulating
factor
increases
expression levels and allows efficient processing by
methionine aminopeptidase in Escherichia coli. Gene

22.

23.
24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

1988; 65(1):13-22.
Nieuwkoop T, Claassens NJ, van der Oost J. Improved
protein production and codon optimization analyses in
Escherichia coli by bicistronic design. Microb Biotechnol
2018; 12(1):173-9.
Waugh DS. Making the most of affinity tags. Trends
Biotechnol 2005; 23(6):316-20.
Ramón A, Señorale-Pose M, Marín M. Inclusion bodies:
not that bad Front Microbiol 2014; 5:56.
Smith DB. Generating fusions to glutathione-Stransferase for protein studies. Methods Enzymol 2000;
326:254-70.
Massiah MA, Wright KM, Du H. Obtaining Soluble
Folded Proteins from Inclusion Bodies Using Sarkosyl,
Triton X-100, and CHAPS: Application to LB and M9
Minimal Media. Curr Protoc Protein Sci 2016;
84(1):6.13.1-6.
Hill CP, Osslund TD, Eisenberg D. The structure of
granulocyte-colony-stimulating factor and its relationship
to other growth factors. Proc Natl Acad Sci U S A 1993;
90(11):5167-71.
Toghraie F S, Ghaderi A, and Ramezani A. Homology
Modeling of an Alternative Splice Variant of Human
Granulocyte Colony-Stimulating Factor, G-CSF Isoform
D, and Study of Its Binding Properties by Molecular
Docking. International Journal of Peptide Research and
Therapeutics 2019;1-9.
Bihl MP, Heinimann K, Rudiger JJ, Eickelberg O,
Perruchoud AP, Tamm M, et al. Identification of a novel
IL-6 isoform binding to the endogenous IL-6 receptor.
Am J Respir Cell Mol Biol 2002; 27(1):48-56.
Luzina IG, Lockatell V, Lavania S, Pickering EM, Kang
PH, Bashkatova YN, et al. Natural production and
functional effects of alternatively spliced interleukin-4
protein in asthma. Cytokine 2012; 58(1):20-6.
Luzina IG, Keegan AD, Heller NM, Rook GA, SheaDonohue T, Atamas SP. Regulation of inflammation by
interleukin-4: a review of "alternatives". J Leukoc Biol
2012; 92(4):753-64.
Luzina IG, Lockatell V, Todd NW, Highsmith K, Keegan
AD, Hasday JD, et al. Alternatively spliced variants of
interleukin-4 promote inflammation differentially. J
Leukoc Biol 2011; 89(5):763-70.
Tsytsikov VN, Yurovsky VV, Atamas SP, Alms WJ,
White B. Identification and characterization of two
alternative splice variants of human interleukin-2. J Biol
Chem 1996; 271(38):23055-60.

426/ Iran J Allergy Asthma Immunol

Vol. 18, No. 4, August 2019
Published by Tehran University of Medical Sciences (http://ijaai.tums.ac.ir)

