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Abstract
Background: Warts, hypogammaglobulinemia, recurrent bacterial infections and myelokathexis (WHIM) syndrome is
a primary immunodeficiency disease (PID) usually caused by autosomal dominant mutations in the chemokine
receptor CXCR4 gene. To date, a total of nine different mutations including eight truncation mutations and one
missense mutation (E343K, CXCR4E343K) distributed in the C-terminus of CXCR4 have been identified in humans.
Studies have clarified that the loss of phosphorylation sites in the C-terminus of truncated CXCR4 impairs the
desensitization process, enhances the activation of G-protein, prolongs downstream signaling pathways and
introduces over immune responses, thereby causing WHIM syndrome. So far, there is only one reported case of
WHIM syndrome with a missense mutation, CXCR4E343K, which has a full length of C-terminus with entire
phosphorylation sites, no change in all potential phosphorylation sites. The mechanism of the missense mutation
(CXCR4E343K) causing WHIM syndrome is unknown. This study aimed to characterize the effect of mutation at the
343 site of CXCR4 causing the replacement of arginine/E with glutamic acid/K on the receptor signal transduction,
and elucidate the mechanism underling CXCR4E343K causing WHIM in the reported family.
Results: We completed a series of mutagenesis to generate different mutations at the 343 site of CXCR4 tail, and
established a series of HeLa cell lines stably expressing CXCR4WT or CXCR4E343D (glutamic acid/E replaced with
aspartic acid/D) or CXCR4E343K (glutamic acid/E replaced with lysine/K) or CXCR4E343R (glutamic acid/E replaced with
arginine/R) or CXCR4E343A (glutamic acid/E replaced with alanine/A) and then systematically analyzed functions of
the CXCR4 mutants above. Results showed that the cells overexpressing of CXCR4E343D had no functional changes
with comparison that of wild type CXCR4. However, the cells overexpressing of CXCR4E343K or CXCR4E343R or
CXCR4E343A had enhanced cell migration, prolonged the phosphorylation of ERK1/2, p38, JNK1/2/3, aggravated
activation of PI3K/AKT/NF-κB signal pathway, introduced higher expression of TNFa and IL6, suggesting over
immune response occurred in CXCR4 mutants with charge change at the 343 site of receptor tail, as a result,
causing WHIM syndrome. Biochemical analysis of those mutations at the 343 site of CXCR4 above shows that
CXCR4 mutants with no matter positive or neutral charge have aberrant signal pathways downstream of activated
mutated CXCR4, only CXVR4 with negative charge residues at the site shows normal signal pathway post activation
with stromal-derived factor (SDF1, also known as CXCL12).
(Continued on next page)
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Conclusion: Taken together, our results demonstrated that the negative charge at the 343 site of CXCR4 plays an
essential role in regulating the down-stream signal transduction of CXCR4 for physiological events, and residue
charge changes, no matter positive or neutral introduce aberrant activities and functions of CXCR4, thus
consequently lead to WHIM syndrome.
Keywords: WHIM, CXCR4, Mutation, Residue charge changing, Abnormal activities of signal pathway

Background
Warts, hypogammaglobulinemia, recurrent bacterial infections and myelokathexis (WHIM) is a rare autosomal dominant inherited primary immunodeficiency disease (PID)
[1–3]. Patients with WHIM syndrome with low concentration of B cells in the blood are susceptive to human papillomavirus (HPV) infection, and get warts which is difficult to
control using standard medical treatment [4, 5]. Recurrent
bacterial infection is another clinical feature in WHIM syndrome, which would cause lots of other diseases, including
chronic lung disease, joint, hearing dysfunction, loss of
dentition [6] and tetralogy of Fallot which is a congenital
heart disease [7]. Myelokathexis is another clinical feature
of WHIM syndrome. The mature neutrophils retained in
the patient’s bone marrow and undergo apoptotic death,
therefore resulted in the lack of neutrophils in peripheral
stream [8, 9]. In addition to these classical features, the
clinical onset and complications of WHIM syndrome are
more than initially suspected [10].
It is reported that almost all cases of WHIM syndrome
are caused by mutations distributed in the cytoplasmic
C-terminus of cysteine-X-cysteine chemokine receptor 4
(CXCR4), which contains eighteen potential serine/
threonine phosphorylation sites [11], and six of them are
phosphorylated by various kinases such as G proteincoupled receptor kinases (GRKs) and protein kinase C
(PKC) upon stimulation with the ligand stromal-derived factor (SDF1, also known as CXCL12). The truncated CXCR4
lost phosphorylation sites impairs the desensitization
process, thereby enhancing the activation of G-protein, and
causing WHIM syndrome (Fig. 1a) [2, 12]. To date, a total
of nine different mutations of 65 cases of WHIM syndrome
in humans had been reported by the year 2019 (reviewed by
Lauren E. Heusinkveld et al.) [13]. Analysis of those nine
WHIM syndrome like mutations shows that almost all
result in premature truncated proteins, leading to a loss of
serine and threonine residues at the C-terminus of CXCR4,
including G323fs343X, L329fs341X, R334X, G336X, S338X,
S339fs342X, S341fs365X and E343X, only one mutation
association with a single case of WHIM syndrome family
from North Carolina causes one residue change from E
(glutamic acid) to K (lysine) (CXCR4E343K) at the 343 site of
the CXCR4 tail, but no loss of serine and threonine residues
for phosphorylation (Fig. 1a, b) [2, 14, 15]. The family with
CXCR4E343K had clinical manifestations of WHIM

syndrome, and experiments showed that the desensitization
of activated CXCR4E343K was delayed, cellular calcium flux
and cell migration were increased [15], demonstrating
in vitro CXCR4E343K is a causative factor for the WHIM
syndrome. Fine biochemical analysis shows that the glutamic acid at the site 343 is conserved among all species
(Fig. 1c), the mutation causes a positive charge residue of lysine substitution for a negative charge residue of glutamic
acid, by which we speculated that the negative charge of the
residue is crucial for physiological functions of CXCR4,
otherwise, positive or neutral charge residue at the site may
cause aberrant activities or functions of the receptor, leading
to pathogenic events and eventually causing WHIM syndrome, to verify if our speculation is scientific, a series of experiments of extensive mutagenesis and cell-based
functional analyses of the receptors with E343K mutation
and other artificially created mutations at the site 343 of the
receptor should to be performed and the mechanism underlying the family with CXCR4E343K can be clarify.
In this study, we focused on the E343K mutation in
CXCR4, where, we performed a series of mutagenesis, artificially generated a series of CXCR4 mutations at the 343
site and established a series of HeLa cell lines individually
stably overexpressing CXCR4WT or CXCR4E343D or
CXCR4E343K or CXCR4E343R or CXCR4E343A. Functional
analyses showed that the cells overexpressing of
CXCR4E343D did not accelerate the cell migration and neither enhance the inflammatory responses compared with
the cells overexpressing CXCR4WT. However, the cells
overexpressing of CXCR4E343K increased the cell migration,
prolonged the phosphorylation of ERK1/2、p38、JNK1/2/
3 and the activation of PI3K/AKT/NF-κB signal pathway,
introduced aggravated inflammation responses. Remarkably, overexpressing of CXCR4E343R as well as CXCR4E343A
showed the same effect on cells with that overexpressing
CXCR4E343K. Taken together, all the results suggested that
the negative charge at the 343 site is essential for the
normal function of CXCR4. The E343K mutation impairs
the desensitization and the down-stream signal transduction of CXCR4, consequently lead to WHIM syndrome.

Results
Establishment of stably overexpressing HeLa cell lines

To date, only the E343K mutation causing WHIM
syndrome has been identified in humans [15]. Therefore,
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Fig. 1 Schematic diagram of mutations in CXCR4. a 9 different mutations in the C-terminus of CXCR4 cause WHIM syndrome. b The protein
sequence of mutant CXCR4. c The glutamic acid at 343 site of CXCR4 is highly conserved among species. d the mutant CXCR4 were generated
by mutagenesis and the vector was confirmed by sequencing. e The stably overexpressing wildtype and mutant CXCR4 in HeLa cells were
validated by western blot. f Flow cytometric analysis of GFP expression in control (negative control, NC) Hela cells and HeLa cells stably
transduced with CXCR4 (WT, E343D, E343K, E343R and E343A)

we hypothesized that the negative charge is important
for its functions. As HeLa cell does not normally express
native CXCR4 on the cell surface what makes HeLa cell
such a proper cellular model for studying the function of
CXCR4. To confirm our hypothesis, we replaced the
Glutamic acid/D with Aspartic acid/E (another acidic

amino acid, negative charge E343D), or Arginine /R
(another basic amino acid, positive charge, E343R), or a
neutral amino acid Alanine/A (E343A) using site-directed
mutagenesis technique (Fig. 1d), and established HeLa cell
lines that stably overexpressing CXCR4WT or CXCR4E343K
or CXCR4E343D or CXCR4E343R or CXCR4E343A respectively
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Fig. 2 The effect of E343 mutation on cell migration. Cell migration was evaluated by Transwell assay, and the cells migrated through the
membrane were fixed in formaldehyde and stained with crystal violet, then imaged using the microscope (a) and quantified the cell number
using ImageJ software (b). Cell migration was evaluated by wound healing assay (c) and the migration rate was quantified (d). Scale bar: 100 μm,
*p < 0 .05, **p < 0 .01, ***p < 0 .001

to study whether change of the charge at the site 343 affects
the functions of CXCR4. Western blot analysis revealed
that HeLa cells expressed similar levels of WT or mutant
CXCR4 proteins (Fig. 1e). Furthermore, the percentage of
cells expressing CXCR4 was more than 98% for HeLa cells
stably transduced with CXCR4 wild type and mutants
(WT, E343D, E343K, E343R and E343A), and those either
stable lines expressing wild type receptor or mutants were
maintained at this expression precentage under selective
pressure (Fig. 1f).
Charge-change of the 343 site of CXCR4 promotes cell
migration

To study the effect of mutant CXCR4 on the cell migration
activities, we detected cell migration using Transwell coculture system and wound healing assay. The results
showed that the wound closure rate and migration was
similar between the cells overexpressing CXCR4WT and
CXCR4E343D (Fig. 2a-d). However, the migration rate of the
cells overexpressing CXCR4E343K was accelerated (Fig. 2ad), intriguingly cell lines overexpressing CXCR4E343R as well
as CXCR4E343A also had enhanced the cell migration, like

CXCR4E343K mutant (Fig. 2a-d). These results suggest that
the negative charge of 343 site of CXCR4 in important for
mentioning normal cell migration activities.
Charge-change of the 343 site of CXCR4 prolongs the
phosphorylation of ERK1/2, p38 and JNK1/2/3

It has been reported that SDF-1 activates CXCR4 and
then induces cell migration via ERK, p38 and JNK
MAPK pathway [16, 17]. Next, we explored the effect of
charge-change of the residue at the 343 site of CXCR4
on MAPK pathway. We detected the phosphorylation of
MAPK at different time points post treatment with SDF1, and found that phospho-ERK1/2, phospho-p38 and
phospho-JNK proteins increased significantly in a timedependent manner (Fig. 3a-f). At 5 min post-treatment
with SDF-1, the phosphorylation rate of MAPKs including ERK1/2, p38 and JNK1/2/3 reached a peak, and
phospho-ERK1/2, phosphor-p38 and phosphor-JNK1/2/
3 were dephosphorylated at 15 min, 30 min and 60 min
post-treatment with SDF-1, respectively (Fig. 3a-f). The
phosphorylation and dephosphorylation patterns were
similar between the cells overexpressing CXCR4E343D
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Fig. 3 The effect of E343 mutation on MAPK signaling. The stably overexpressing HeLa cells were serum-starved and then exposed to SDF-1 (50
nM) and over a range of time periods (5 min to 60 min). Western blotting was performed for phosphorylated ERK1/2 (a), p38 (c) and JNK1/2/3 (e).
Total ERK1/2, p38 and JNK were used as loading control. The relative phosphorylation level was quantified using ImageJ software and showed in
(b) for ERK1/2, (d) for p38 and (f) for JNK1/2/3, respectively. Bars represent the mean value ± standard deviation of at least three independent
experiments. * P < 0.05; ** P < 0.01; *** P < 0.001

and CXCR4WT, while the phosphorylation rate reached
the peak at 10–15 min post-treatment in cells overexpressing CXCR4E343K or CXCR4E343R or CXCR4E343A
(Fig. 3a-f). Consistent with our the results in Supplement

Fig. 1 which showed delayed MAPK phosphorylation in
mutant CXCR4 receptors compared to that in CXCR4
WT, we found that ligand-induced receptor downstream
regulation was delayed in HeLa cells expressing the
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Fig. 4 The effect of E343 mutation on inflammatory response. HeLa Cells were stimulated with SDF-1 (50 nM) for 0, 4 and 6 h, respectively. The
mRNA expression level of TNF-α (a) and IL-6 (b) was quantified by qRT-PCR. Western blotting was performed for phosphorylated PI3K (c) and AKT
(e). Total PI3K and AKT were used as loading control. The relative phosphorylation level was quantified using Image J software and showed in (d)
for PI3K and (f) for AKT, respectively. The subcellular localization of p65 was photographed using confocal microscope (g) and relative
phosphorylated p65 which localized in the nucleus were quantified using ImageJ software (h). Bars represent the mean value ± standard
deviation (SD). * P < 0.05; ** P < 0.01; *** P < 0.001

mutant CXCR4 (E343K or E343R or E343A) compared
to HeLa cells expressing the WT receptor (Fig. S1).
These results indicate that the charge-change at the 343
site of CXCR4 receptor introduces delayed internalization, prolongs the phosphorylation of MAPKs, prolongates the down-stream signal transduction.

Charge-change of the 343 site of CXCR4 results in an
exacerbation of inflammation response

Accumulating evidence demonstrated that SDF-1/
CXCR4 is involved in inflammatory responses [18–20],
knockdown of CXCR4 suppressed the activation of NFκB signaling pathway therefore prevented the expression
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of inflammatory cytokines [21]. To determine whether
the mutations above impair the inflammatory response
of the cell expressing charge changed CXCR4 mutants,
we detected the mRNA expression of pro-inflammatory
cytokines, TNF-α and IL-6. The results showed that the
mRNA expression of TNF-α and IL-6 was dramatically
increased in cells overexpressing CXCR4WT or
CXCR4E343D at 4 h post-treatment with SDF-1 (Fig. 4a,
b), and the mRNA expression returned to basal level at
6 h post-treatment with SDF1 (Fig. 4a, b). However, the
mRNA expression was slowly increased and reached the
peak at 6 h post- treatment with SDF-1 in cells overexpressing CXCR4E343K or CXCR4E343R or CXCR4E343A
(Fig. 4a, b). As PI3K/AKT/ NF-κB signal pathway plays a
critical role in the regulation of the various inflammatory
cytokines expression [22]. Next, we detected the phosphorylation of PI3K and AKT using western blot, and
found that PI3K and AKT were highly phosphorylated at
5 min post-treatment with SDF-1 in cells overexpressing
CXCR4WT and CXCR4E343D, while PI3K and AKT were
highly phosphorylated at 10–15 min in the cells overexpressing CXCR4E343K or CXCR4E343R or CXCR4E343A
(Fig. 4c-f). Transcriptional activation of inflammatory
cytokines required the nuclear translocation of the
NF-κB subunit p65 [23]. Therefore, we examined the
localization of p65 after SDF-1 treatment in HeLa
cells by immunofluorescence. Consistent with the mRNA
expression of pro-inflammatory cytokines, the immunofluorescence results revealed that after stimulation with
SDF-1, the nuclear relocalization of p65 lasted until 6 h
post-stimulation in the cells overexpressing CXCR4E343K
or CXCR4E343R or CXCR4E343A, while that was almost
diminished in the cells overexpressing of CXCR4WT and
CXCR4E343D, suggesting the nuclear relocalization of p65
lasted much shorter (Fig. 4g, h). Taken together, these
results indicate that the inflammatory response prolonged
and enhanced by a charge-changing amino acid substitution in the 343 site of CXCR4.

Discussion
In the present study, we created more extensive point
mutations at the 343 site and completed a series of cellbased functional assays of the mutational receptors in
HeLa cells. In particular, we found that the negative
charge of amino acid at the 343 site (eg, Glu, Asp) is
essential for the normal function of CXCR4, thus
mentioning physiological events related with CXCR4.
The charge-change substitution mutations (eg, positive
residues of Lys and Arg or neutral residue of Ala) delay
the desensitization and prolong down-stream signal
transduction of CXCR4, and increase cell migration
activities and aggravate inflammatory responses, thus
causing pathogenic events, consequently leading to
WHIM syndrome.
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Up to now, 105 cases of WHIM syndrome have been
described all over the world, and almost all of them were
caused by different mutations causing truncation of the
C-terminus of CXCR4, losing phosphorylation sites, but
only one missense mutation in CXCR4, and all potential
phosphorylation are intact [13, 24–28]. As a G-proteincoupled receptor (GPCR), the down-stream signal transduction is mediated by coupling to an intracellular
heterotrimeric G-protein. Studies have demonstrated
that the C-terminus of CXCR4 is important for interaction with GRK-β-arrestins which regulate the
desensitization and internalization of CXCR4 [29].
Orsini et al. found that phosphorylation of S338/339
were essential for homologous desensitization [30–32],
the mutation of CXCR4E343K found in a family with
WHIM syndrome does not introduce a loss of any single
phosphorylation site in the C-terminus of CXCR4, but
the mutation only is close to phosphorylation residues at
S346/347 and S338/339. Biochemical analysis shows that
the significant change of residue in CXCR4E343K is
charge change, a substitution of the negative charge residues with positive residue (Glu/E to Lys/K), by which we
made a speculation that the charge change alters the
phosphorylation activities of the residues at S346/347
and S338/339 nearby, thus we created a series of mutations which cause different substitutions of the residue
at 343 site of CXCR4 C-terminus, and established cell
lines expressing those CXCR4 mutants, which has a substitution with either with a positive charge residue (e.g.
Lys/K or Arg/R) or neutral residue (e.g. Ala/A for Glu/
E), a negative charge residue (Asp/D for Glu/E), and systematically analyzed activities of those CXCR4 mutants
in respect of their migration, phosphorylation, signaling
pathway and immune response to clarify the mechanism
underlying WHIM like mutation CXCR4E343K found in a
family with WHIM syndrome at molecular level in vitro.
Consistent with previous studies, our results show that
CXCR4E343K mutation delays the receptor internalization
and desensitization [15], considering the simultaneous
appearance of WHIM clinical manifestations, by which
the authors suggested CXCR4E343K is a WHIM-like mutation. To further investigate downstream events of activated CXCR4 mutants, we detected the phosphorylation
of ERK, p38, JNK, PI3K and AKT, and found that their
phosphorylation in cells overexpressing CXCR4E343K was
lasted longer than that in cells overexpressing CXCR4WT
(Figs. 3a-f and 4c-f). Time course test showed that the
highest phosphorylation levels of ERK, p38, JNK, PI3K
and AKT in cells overexpressing CXCR4WT and in cells
overexpressing CXCR4E343K at 5 and 10 min posttreatment with SDF-1 respectively (Figs. 3a-f, 4c-f).
These results suggest that the E343K mutation delays
the receptor internalization, thus leading delayed and
procrastinated phosphorylation of ERK, p38, JNK, PI3K
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and AKT. To further elucidate the effect of E343K mutation or charge change at 343 site of the receptor tail on
the receptor functions, we tested immigration activities
and immune responses of all mutants, results show that
CXCR4WT and CXCR4E343D had similar migration rate,
but CXCR4E343R as well as CXCR4E343A had faster
migration activities. Quantification of cytokine mRNA
expression showed higher levels and longer expression
of TNFa and IL6 were introduced in the CXCR4E343R
and CXCR4E343A mutants after activated with SDF1
compared with that in CXCR4WT and CXCR4E343D
(Figs. 2, 3 and 4). Consideration of only charge change
created in all the CXCR4 mutants, either positive charge
(CXCR4E343R and CXCR4E343k) or neutral charge
(CXCR4E343A) replacement at the 343 site of receptor
tail, cellular phenotypes of internalization and migration
and immune responses are different from CXCR4WT
and CXCR4E343D, the mutant with no charge change,
given us that charge change at the 343site is the unique
factor for the introduction of the activity abnormality of
the mutants, CXCR4E343R, CXCR4E343k and CXCR4E343A,
demonstrating that the negative charge is essential for
mentioning physiological functions of CXCR4, otherwise,
pathological events will occur, causing WHIM syndrome.

Conclusions
We mutated the 343 site residue of glutamic acid (Glu/
E) with to negatively charged residue asparitic acid (Asp/
D), or positively charged residue lysine (Lys/K) or arginie
(Arg/R), or non-charged residue alanine (Ala/A) to
determine the signaling properties and functions of the
CXCR4. Results from our studies have revealed that
negative charge of 343 site is essential for physiologically
functional CXCR4, charge-changing of residue at the
343 of receptor tailor dysregulates the down-stream Gprotein signal events. This discovery is important for
understanding the mechanisms of CXCR4E343K causing
WHIM syndrome, expended our understanding of WHIM
pathogenesis.
Methods
Plasmid construction and transduction of human Hela
cells

The full-length CXCR4 (NM_003467.3) was amplified
by PCR using primers: 5′-TCTAGAA TGGTGAGCAA
GGGCGAGG-3′ and 5′-CTCGAGAATGCTGGAG
TGAAAACTTTGAAG-3′, then was subcloned into a
lentiviral plasmid pReceiver-Lv201. The mutant CXCR4
was generated by mutagenesis according the manufacturer’s instructions (TAKARA, China).
Cell culture

HeLa and HEK293T cell lines were obtained from the
Institute of Basic Medical Sciences, Chinese Academy of
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Medical Sciences (Beijing, China). Cells was maintained
in MEM medium supplemented with 10% heatinactivated fetal bovine serum (FBS), 2 mM L-glutamine,
100 U/ ml penicillin and 100 μg/ml streptomycin (Solarbio, China) at 37 °C in a 5% CO2 incubator [33]. The recombinant plasmid pReceiver-Lv201 was transfected
into HEK293T cells with lentivirus packaging mix
plasmids to pack the expression lentivirus using polyetherimide (PEI) which has been described previously
[34]. The recombinant plasmid pReceiver-Lv201 was
transfected into HEK293T cells with lentivirus packaging
mix plasmids to pack the expression lentivirus using
polyetherimide (PEI) which has been described previously. The healing of scratches was observed and photographed using Zeiss AxioScope A1 microscope.
Antibodies

Anti-ERK1/2 (1:1000), AKT (1:1000), JNK1/2/3 (1:1000)
and p38 (1:1000) antibody were purchased from Cell
Signaling Techonlogy (Shanghai, China). Anti-PI3K antibody (1:1000) was purchased from Bioworld Technology
(Nanjing, China). Anti-phospho-Erk1/2 antibody (1:
1000) was purchased from Boster Biological Technology
(Wuhan, China). Anti-phospho-JNK1/2 antibody (1:
1000) and anti-phospho-PI3K antibody (1:1000) were
purchased from Immunoway (Beijing, China). Antiphospho-p38 antibody and anti-phospho-AKT antibody
(1:1000) were purchased from Bioworld Technology
(Nanjing, China). The anti-rabbit/mouse secondary antibody (1:1000) were obtained from Boster Biological
Technology (Wuhan, China).
Wound healing assay

The stably overexpressing HeLa cells were seeded into a
24-well plate and cultured in serum-free MEM overnight. When the cell density reached 80–90%, a scratch
was introduced to the monolayer with 200 μL pipette
tips. HeLa cells were washed for 2–3 times using PBS
and incubated by MEM containing 5% FBS and 50 nM
chemokine SDF-1 (Peprotech, UK) [35]. The healing of
scratches was observed and photographed using Zeiss
AxioScope A1 microscope.
Flow cytometry and receptor internalization

For surface expression and internalization of the receptor analysis, stably transfected HeLa cells grown on sixplate were stimulated with 50 nM SDF-1 for 0 min or 0
min, 40 min at 37 °C. Reactions were terminated by
addition of 4% PFA. Cells were stained with Mouse mAb
IgG isotype control (Cell Signaling), anti-CXCR4 (4G10)
primary antibody (Santa Cruz Biotechnology) and antimouse IgG(H + L) conjugate with Alexa Flour 647 (Cell
Signaling) and analyzed by using a four-color FACSCalibur flow cytometer equipped with CELLQUEST PRO
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software (BD LSRFortessa™ X-20) and analyzed using
FlowJo software.

Transwell migration assay

The HeLa cells were seeded into a 24-well plate and
cultured in serum-free MEM overnight. 2 × 104 Hela cells
were seeded into the upper chambers (consisted of polycarbonate filters, 8 μm pore size) of Transwell (Millipore).
Serum-free MEM medium with SDF-1 (50 nM) was added
to the bottom chamber. After incubation for 5 h, cells
remained on the upper membrane were removed with a
cotton swab, while cells that had migrated through the
membrane were fixed in formaldehyde, stained with
crystal violet and imaged using Zeiss AxioScope A1
microscope, the cell number was quantified using ImageJ
software [36].

Reverse transcription quantitative polymerase chain
reaction (RT-qPCR)

Total RNA was extracted from cells using Trizol reagent
(TAKARA, Japan) and reverse-transcribed into complementary DNA (cDNA) (Takara, Japan) using 500 ng RNA
for qPCR according to the manufacturer’s instructions
(Mei5bio, China) The primers used in the qPCR were: IL6 F: 5′-TGGATGAGCTGAACTGTACCC-3′, IL-6 R: 5′GCTTGCCAAGGATT GTGAGT; TNF-α F: 5′-CGGA
ATTCGCCACCATGAGCACTGAAAGC-3′, TNF-α R:
5′-CGGA ATTCGCCACCATGAGCACTGAAAGC-3′;
β-actin F: 5′-GATGGAAAGTGACCCGCA-3′, β-actin R:
5′-GAGGAAGACGCAGAGGTTTG-3′.

Western blot

The stably overexpressing HeLa cells were seeded into
6-well plates and cultured for 24 h, and maintained in 1
ml of serum-free MEM for 6 h at 37 °C before stimulation. After stimulation with SDF-1 (50 nM), cells were
collected and washed three times with cold PBS, then
total protein was extracted using RIPA lysis buffer (10
mM Tris pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 1 mM PMSF, and protease inhibitor).
Proteins (30 μg) were separated via SDS-PAGE then
transferred onto a nitrocellulose membrane. The
membrane was blocked with 5% skim milk powder in
Tris-buffered saline (TBS) at room temperature for 1 h.
Subsequently, the blots were incubated at 4 °C overnight
with primary antibodies against phosphorylated p-ERK1/
2, ERK1/2, p-JNK1/2/3, JNK1/2/3, p-p38, p38, p-PI3K,
PI3K, p-AKT, AKT. The secondary antibodies were
horseradish peroxidase (HRP)-linked anti-rabbit IgG,
and HRP-linked anti-mouse IgG. The intensity of the
protein bands was analyzed by the ImageJ software.
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Immunofluorescence

The stable cell lines were grown and treated with SDF-1
(50 nM). Cells were fixed with 4% paraformaldehyde for
10 min at room temperature as described [37]. Immunostaining of p65 was done as described above [38].
Secondary, AlexaFluor 647-conjugated donkey anti-goat
antibody was used at a concentration of 1:1000 (Thermofisher, USA) for 90 min. Nuclei were counterstained
with 4 V,6-diamidino-2-phenylindole (DAPI, sigma). Images of fixed cells were taken with a Zeiss LSM710
Microscope with a 63 X 1.4 DIC Plan-Apochromat oilimmersion objective.
Statistical analysis

All experiments were replicated at least three times. The
experiments results were presented as the mean ± standard deviation. A one-way analysis of variance (ANOVA)
was utilized to calculate P-values via GraphPad Prism
7.0 software. The value P < 0.05 was considered as statistically significant.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12860-021-00347-9.
Additional file 1: Fig. S1 Ligand-induced internalization of wild type
and mutant CXCR4. The mean levels of cell surface CXCR4 at the 40 min
post-stimulation with SDF-1was examined by flow cytometry from 3 independent experiments. *p < 0 .05, **p <0 .01, ***p <0 .001 compared to
the WT group.
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