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Erythropoiesis is a highly complex and sophisticated multistage process regulated by many transcription factors, as well as
noncoding RNAs. Anthrax toxin receptor 1 (ANTXR1) is a type I transmembrane protein that binds the anthrax toxin ligands
and mediates the entry of its toxic part into cells. It also functions as a receptor for the Protective antigen (PA) of anthrax
toxin, and mediates the entry of Edema factor (EF) and Lethal factor (LF) into the cytoplasm of target cells and exerts their
toxicity. Previous research has shown that ANTXR1 inhibits the expression of γ-globin during the differentiation of erythroid
cells. However, the effect on erythropoiesis from a cellular perspective has not been fully determined. This study examined the
role of ANTXR1 on erythropoiesis using K562 and HUDEP-2 cell lines as well as cord blood CD34+ cells. Our study has
shown that overexpression of ANTXR1 can positively regulate erythrocyte proliferation, as well as inhibit GATA1 and ALAS2
expression, differentiation, and apoptosis in K562 cells and hematopoietic stem cells. ANTXR1 knockdown inhibited
proliferation, promoted GATA1 and ALAS2 expression, accelerated erythrocyte differentiation and apoptosis, and promoted
erythrocyte maturation. Our study also showed that ANTXR1 may regulate the proliferation and differentiation of
hematopoietic cells, though the Wnt/β-catenin pathway, which may help to establish a possible therapeutic target for the
treatment of blood disorders.

1. Introduction

Hematopoietic stem cells (HSCs) can self-renew and differen-
tiate into erythroid lines [1]. By dividing into megakaryocytic
erythroid progenitors (MEPs) through common myeloid
progenitor cells (CMPs) and erythroblasts through erythroid

blast-forming units (BFU-E) and erythroid colony-forming
units (CFU-E), HSCs form reticulocytes through the terminal
differentiation stage, and then enter the bloodstream and
become mature red blood cells, highly specialized functional
cells. In this process, new erythrocytes are continuously
generated, and the spontaneous elimination of senescent
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erythrocytes maintains a dynamic balance. Blood disorders
such as sickle cell anemia, β-thalassemia, and sideroblastic
anemia are often caused by red blood cells with abnormal
morphology and function [2–4]. Life-long blood transfusions
or bone marrow transplantation may be required in severe
cases of blood diseases with complications. Therefore, pro-
moting the production of effective red blood cells is an effec-
tive treatment for hemolytic anemia. Previous studies have
shown that erythropoiesis is regulated by many microenvi-
ronmental factors, such as miRNAs and transcription factors,
particularly the crucial GATA1.

Initially, Krüppel-like factor 1 (KLF1 or EKLF, erythroid
Krüppel-like factor) and GATA1 primitively and definitively
regulate erythropoiesis under physiological and pathological
conditions by targeting different erythroid-specific genes [5],
but their regulatory networks remain unclear. Anthrax toxin
receptor 1 (ANTXR1) is a membrane protein discovered 20
years ago, and it plays an important role in extracellular
matrix homeostasis, angiogenesis, and cell proliferation [6,
7]. A recent study has found that ANTXR1 is a target of
Runx2 and regulates the proliferation and apoptosis of chon-
drocytes [8]. The role of ANTXR1 in tumor development has
been demonstrated in previous studies, but no studies have
examined its effects on hematopoiesis and erythrocyte differ-
entiation. Until now, two single-nucleotide polymorphisms
(SNPs), known as rs4527238 and rs35685045, have been
associated with the expression of fetal hemoglobin (HbF) in
patients with sickle cell anemia [9–11]. We overexpressed
and interfered with ANTXR1 in K562 cells, cord blood
CD34+ cells, and HUDEP-2 cells in the early stage and found
that the expression of the γ-globin gene was inversely pro-
portional to the expression of the ANTXR1 gene, and inter-
fering with the gene inhibited cell proliferation.

Canonical Wnt signaling has been implicated in the reg-
ulation of hematopoiesis. Wnt signaling pathways play
important roles in self-renewal of hematopoietic stem cells
[12]. The knockout of β-catenin in the mouse hematopoietic
system results in impaired HSCs self-renewal [13]. HSCs
self-renewal is impaired, and hematopoietic reconstitution
capacity is reduced when Wnt inhibitors, such as Axin1,
DKK1, and Wif1, are overexpressed in bone marrow stromal
cells and osteoblasts [14–16]. There is evidence that hemato-
poietic stem cells and their hematopoietic microenviron-
ment can receive and respond to Wnt signaling. However,
the role of ANTXR1 in regulating erythroid cell proliferation
and differentiation through the Wnt/β-catenin signaling
pathway has not been proven. In this study, differentiated
erythroid cell models were used to investigate the role of
ANTXR1 in the proliferation and differentiation of erythroid
cells and its possible mechanisms. Based on the findings of
this study, we might be able to promote the production of
red blood cells that are more effective in the treatment of
blood disorders.

2. Materials and Methods

2.1. Cell culture. K562 cell line was purchased from Shanghai
Institute of Biological Sciences, China. Cord blood (CB)
samples were obtained from the Obstetrics Department of

Beijing Maternity Hospital. The institutional ethical com-
mittee of Guizhou Provincial People’s Hospital approved
the study. All methods were conducted following Declara-
tion of Helsinki guidelines and regulations. HUDEP-2 cells
were donated by RIKEN Tsukuba Branch, Ibaraki, Japan.

K562 cells were cultured in RPMI-1640 medium con-
taining 10% fetal bovine serum (FBS) and 1% streptomy-
cin/penicillin. The culture media was changed once daily
and passaged once every two days. The erythroid differenti-
ation of K562 was induced for three days with 50μmol/L
hemin and cultured in a 37°C, 5% CO2 incubator.

Isolated CD34+ cells (STEMCELL,#17896) were first
plated in StemSpan SFEM II (STEMCELL Technologies)
supplemented with 50 ng/mL SCF, 50 ng/mL, Flt3 ligand,
50 ng/mL TPO, and 2% penicillin-streptomycin for 7 days
according to the manufacturer’s instructions. On day 7, the
cells were cultured to promote erythroid differentiation
using conditions modified from those reported previously
[10]. The cells were inoculated for 7 days at a density of 5
× 105/mL in StemSpan SFEM II medium containing 10 ng/
mL SCF, 10 ng/mL IL-3, 3 IU/mL EPO, and 2% penicillin-
streptomycin, followed by the addition of 10ng/mL SCF,
3 IU/mL EPO, and 2% penicillin-streptomycin and culture
for a further 3 days. 1 IU/mL EPO and 2% penicillin-
streptomycin were then added continually to the SFEM II
medium for a further 6 days, resulting in a total incubation
time of 16 days.

Culture of the HUDEP-2 cells for erythroid differentia-
tion involved: (1) transfer of the cells to the erythroid differ-
entiation medium (EDM) containing Iscove’s modified
Dulbecco’s medium (IMDM), 2% penicillin-streptomycin
solution (10,000U/mL stock concentration), 500μg/mL
human holo-transferrin, 10μg/mL recombinant human
insulin solution, 3 IU/mL heparin, 3% inactivated human
plasma, and 3 IU/mL Epoetin alfa (Epogen, Amgen); (2) cul-
ture for 4 days in EDM containing 100 ng/mL SCF and 1μg/
mL doxycycline; and (3) culture for 3 days in EDM contain-
ing 1μg/mL doxycycline.

2.2. Overexpression and Knockdown of ANTXR1-Transfected
K562 Cells, Cord Blood CD34+, and HUDEP-2 Cells. Semiat-
tached K562 cells were cultured in RPMI 1640 (Gibco) sup-
plemented with 10% FBS (Gibco), penicillin 100 units/mL,
and streptomycin 100μg/mL at 37°C in a humidified 5%
CO2 incubator overnight. K562 cells were seeded at a density
of 5 × 105 cells per well, then transfected with the overex-
pression (OE) plasmids (titer 1 × 108 transduction unit
(TU)/mL, multiplicity of infection MOI=30) and control
plasmids (titer 1 × 107 TU/mL, MOI = 30) transfected into
K562 cells, and were cultured with fresh RPMI-1640
medium containing 10% fetal bovine serum for 48h. The
NC-shRNA and ANTXR1-sh5 sequences were designed by
online software (https://www.sigmaaldrich.cn/CN/zh/semi-
configurators/shrna?activeLink=productSearch). The K562
cells were infected with the shNC (titer 1 × 108 TU/mL,
MOI = 20) virus or ANTXR1-sh5 (titer 4 × 108 TU/mL,
MOI = 20) virus with Invitrogen Lipofectamine™ 3000
Transfection Reagent following the commercial protocol.
On the second day of erythroid differentiation, CD34+ cells
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were infected with the virus, and the culture medium was
changed after 8 hours of infection. HUDEP-2 lentivirus
infection was the same as K562 cells infection, and GFP-
positive cells were screened by flow cytometry.

2.3. qRT-PCR. For the detection of mRNA expression, total
RNA was reversed and transcribed into cDNA using the 2-
ΔΔCt method. The PCR was carried out at 95°C for 10min;
95°C for 10s, and 60°C for 30s for 40 cycles. Each sample
was repeated 3 times. The gene expression of the ANTXR1,
GATA1, and ALAS2 was detected by RT-PCR. The primers
of the target genes are shown in Table 1.

2.4. Flow Cytometry. Approximately 1 × 106 of K562 and
CD34+ cells were collected and washed twice with 1×PBS.
The cells were then permeabilized using TritonX-100
(Beyotime, #P0096) for 20 minutes. Following immuno-
staining, antibodies to CD235a-APC (#REA175) and
CD71-PE (Miltenyi Company, Germany, #AC102) were
added. The cells were incubated for 30 minutes at room
temperature in the dark, and fluorescence-activated cell
sorting (FACS) machine was then used to analyze CD71
and CD235a expression.

2.5. Benzidine Staining. Benzidine hydrochloride powder
(10mg) was dissolved in 1mL of 0.5M glacial acetic acid
solution. 50μL of the above solution was added to 1μL of
30% hydrogen peroxide to prepare a benzidine work solu-
tion. About 0.5 million cells were spread on the slide after
two washes with 100μL 1×PBS and incubated at room
temperature for 5min following addition of 1μl benzidine
solution to the cell suspension. The staining results were
observed, and about 200 cells in a field were counted under
a microscope. The positive rates of blue-stained cells in 3
different fields were calculated. Benzidine staining was used
to determine K562 cell differentiation by synthesizing
hemoglobin.

2.6. Wright-Giemsa Staining. The entire glass slide area
smeared with cells was covered with drip dye solution A
(0.8-1.0mL) and then evenly stained for 1min. Later, solu-
tion B (which has a volume twice that of solution A) was
added, washed, and stained for approximately 8 minutes
each. The slide was then gently rinsed to remove the residual
dye solution, air-dried, and observed under the microscope
for the effect of ANTXR1 on K562 cells during erythroid
differentiation.

2.7. Western Blot. Using a collection of 1 × 106 cells from the
overexpression, knockdown, and control groups, western
blotting was used to determine protein expression in trans-
fected cells. In brief, the cells were washed three times with
PBS, and 200μL of protein lysis buffer was added to extract
the total protein. The protein concentration was determined
with the BCA protein assay. After loading 20μg total protein
in the SDS-PAGE, it was run for 5min at 95°C using protein
sample buffer. The protein was transferred into a PVDF
membrane through electrophoresis at 120V for 2 h. The
membrane was then blocked with 5% bovine serum albumin
for 1 h at room temperature. The primary ANTXR1 anti-

body of the target gene 1 : 1000 (ab21270, Abcam), anti-phos-
pho-β-catenin (Ser33/37/Thr41) 1 : 1000 (ab246504, Abcam),
anti-β-catenin 1 : 2000 (#8480, CST), anti-GATA1 1 : 1000
(ab133274, Abcam), anti-ALAS2 1 : 1000 (ab184964, Abcam),
anti-GAPDH 1 : 3000 (ab181602, Abcam), and anti-
GSK3β1:3000 (ab32391, Abcam) was added, respectively, for
each detection and incubated overnight at 4°C. Themembrane
was washed thrice with TBST, 5min each time, and incubated
with a secondary antibody for 1h at room temperature. The
membrane was then re-washed thrice with TBST, and the
band was developed with ECL Iuminescence solution. Finally,
immunoreactive protein bands were visualized using the ECL
system, and the protein bands were analyzed using Image J
software (http://imagej.nih.gov/ij).

2.8. Cell Proliferation Assay. We aimed to detect the effect of
ANTXR1 on the proliferation of K562 cells and CD34+ cells.
Cell proliferation assay was done using Biyuntian Cell
Counting Kit-8 (#C0038, Biyuntian Biotech, Jiangsu, China).
The experimental and the control cells were plated into a 96-
well plate at a density of 1 × 104 cells/well, and the K562 cell
line were divided into groups at 12, 24, 48, and 72 hours
according to protocol; 10μL of CCK-8 solution was added
to the well plates at various times, and the OD absorbance
value of each well at 450 nm was detected by a microplate
reader at 12, 24, 48 and 72 hours. Cord blood CD34+ cells
were evaluated for cell proliferation on D6, D7, D8, and D9.

2.9. Apoptosis Assay. The apoptosis experiment was per-
formed with an Annexin V-PE apoptosis detection kit
(#C1065S, Biyuntian, Jiangsu, China.). The cord blood
CD34+ cells of the experimental and the control group were
centrifuged at 300g to remove the supernatant. The cells
were then washed with 1×PBS, and the supernatant was dis-
carded. Later, 195μL Annexin V-PE binding solution was
added, and the cells were gently resuspended before adding
5μL Annexin V-PE with gentle mixing. The mixture was
incubated in the dark at room temperature for 15 minutes,
washed with 1×PBS, resuspended in 500μL of 1×PBS,
and placed on ice for flow cytometry detection.

2.10. Immunofluorescence Staining. To detect the localiza-
tion of ANTXR1 and LRP6 in K562 cell line, we collected
1 × 106 cells from the experimental and the control group.
The cells were then centrifuged, washed twice with 1×PBS,

Table 1: List of primers used for RT-qPCR assays.

Gene Primer sequence (5′-3′)
GAPDH F: GCACCGTCAAGGCTGAGAAC

R: TGGTGAAGACGCCAGTGGA

ANTXR1 F: CGGATTGCGGACAGTAAGGAT

R:TCCTCTCACGACAACTTGAAATG

GATA1 F: CTGTCCCCAATAGTGCTTATGG

R:GAATAGGCTGCTGAATTGAGGG

ALAS2 F: CCAAACAGGAACTGGTGAGTC

R:TCATTCGTTCGTCCTCAGTG
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Figure 1: Continued.
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and resuspended in 20μL of 1×PBS. Cells were later intro-
duced onto glass slides to air dry naturally. The cells were
fixed for 30min using 4% paraformaldehyde. Later, rinsing
was done three times with 1×PBS for 5min each time before
air-drying the cells naturally. Cells were permeabilized with
TritonX-100 at room temperature for 15min and then
rinsed thrice with 1×PBS for 5min. The samples were then
blocked with 5% BSA/PBS solution for 30min at room tem-
perature before blocking with 50μL of primary antibodies
ANTXR1 1 : 100 (ab21270, Abcam) and LRP6 1 : 100
(ab75358, Abcam). Cells were incubated overnight at 4°C
and rinsed thrice with 1×PBS. Later, 50μL of fluorescein-
labeled secondary antibody (#A-11037, Thermo Fisher Sci-
entific) was added and incubated in the dark for 1 h at room
temperature. The samples were then rinsed thrice with
1×PBS, stained with DAPI, and observed in a laser confocal
microscope.

2.11. Statistical Analysis. Data were analyzed using SPSS17.0
software and presented as mean± standard deviation. The
experiments were independently repeated three times, and
the statistical significance between groups was determined
by an independent t-test, and ∗P < 0:05 or ∗∗P < 0:01 was
considered a significant difference.

3. Results

3.1. ANTXR1 Effects on Erythrocyte Differentiation during
Erythroid Differentiation. To determine the effect of ANTXR1
overexpressing on erythroid differentiation, ANTXR1 was
cloned into the pHAGE-fEF-1a-IRES-ZsGreen-2 vector. In
the following experiments, the vector was transfected into
K562 and cord blood CD34+ cells, while cells transfected
with an empty vector were used as controls. Western blot
was performed to confirm transfection efficiency 48-72
hours after transfection. According to the results, ANTXR1
expression was significantly increased during the induction
of erythroid in K562 cells compared with the control group
(Figures 1(a) and 1(b)). There was no statistical difference
in cell proliferation compared with the control group before
48 hours. Cell proliferation was significantly increased in
the OE-ANTXR1 group compared to the control at 48-
72 h (Figure 1(c)). ANTXR1 was found to promote prolifer-
ation in the study. Flow cytometry analysis showed that the
double-positive ratio of overexpression ANTXR1, CD71,
and CD235a was significantly reduced compared with the
control group, indicating that ANTXR1 inhibited the ery-
throid differentiation of K562 cells (Figure 1(d)). In com-
parison to the control group, the proportion of positive
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Figure 1: ANTXR1 promotes erythroid cell proliferation and inhibits erythroid cell differentiation and apoptosis in K562 cells. (a)
Western blot analysis was used to detect ANTXR1 (45 kDa) expression after transfection of K562 cells with ANTXR1 overexpression
vectors. (b) Quantification of western blots. (c) CCK8 proliferation assay of K562 cells at 12 h, 24 h, 48 h, and 72 h. (d) Flow cytometry
detection of CD71 and CD235a expression in K562 erythroid differentiation. (e) Benzidine staining-positive cells. (f) Changes in the
proportion of benzidine-positive cells. (g, h) Quantitative reverse transcription polymerase chain reaction (qRT-PCR) was used to
determine the mRNA expression levels of GATA1 and ALAS2 in K562 erythrocytes induced by overexpression of ANTXR1. (i)
Western blot analysis was used to detect GATA1 (45 kDa) and ALAS2 (65 kDa) protein expression in K562 erythrocytes induced by
overexpression of ANTXR1. (j, k) Quantification of western blots. Error bars represent standard deviation of three independent
experiments. ∗P < 0:05, ∗∗P < 0:01.
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cells detected by benzidine staining decreased (Figures 1(e)
and 1(f)). In addition, ANTXR1 overexpression inhibited
the GATA1 and ALAS2 expression at mRNA and protein
levels among the days of D0 to D3 with erythroid differen-
tiation (Figures 1(g)–1(k)).

3.2. ANTXR1 Promotes Erythroid Cell Proliferation and
Inhibits Erythroid Cell Differentiation and Apoptosis in
Cord Blood CD34+ Cells. An increase in ANTXR1 expression

was observed in cord blood CD34+ cells on days 14 and 16
during erythroid induction (Figures 2(a) and 2(b)). CD34 +

cells proliferated from day 7 after ANTXR1 overexpression
(Figure 2(c)). According to flow cytometry results, the OE-
ANTXR1 showed reduced CD71 and CD235a expression
compared with the control group, which indicated that
ANTXR1 inhibited the differentiation of cord blood CD34+

cells into erythroid (Figure 2(d)). Wright-Giemsa results also
showed that ANTXR1 overexpression increased CD34+
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Figure 2: ANTXR1 promotes erythroid cell proliferation and inhibits erythroid cell differentiation and apoptosis in cord blood CD34+ cells.
(a) Western blot analysis was used to detect ANTXR1 levels after transfection of cord blood CD34+ cells with ANTXR1 overexpression
vectors. (b) Quantification of western blots. (c) CCK8 assay of cord blood CD34+ cells proliferation at D6, D7, D8, and D9. (d) Flow
cytometry detection of CD71 and CD235a expression in cord blood CD34+ cells during erythroid differentiation. (e) Wright-Giemsa
staining results of cord blood CD34+ cells. (f) Flow cytometry to detect the expression of apoptotic cells in the differentiation of cord
blood CD34+ cells. Error bars represent standard deviation of three independent experiments. ∗P < 0:05, ∗∗P < 0:01.
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Figure 3: Continued.
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erythroid cell volume, whereas the cells with nuclear shift
and nuclear shrinkage was significantly reduced compared
to those in the control group (Figure 2(e)).

Apoptosis experiment results showed a significantly
higher apoptosis rate in the CON group (42.9%, 35.6%,
and 28.7%) on days 11, 14, and 16 of cord blood CD34+ cell
differentiation than that in the OE-ANTXR1 group (29.8%,
17.4%, and 16.5%) (Figure 2(f)). The results of these studies
confirm that ANTXR1 regulates erythroid proliferation and
differentiation in K562 cells and cord blood CD34+ cells dur-
ing erythroid induction.

3.3. ANTXR1 Silencing Inhibits Cell Proliferation and
Promotes Erythroid Differentiation. To further confirm the
role of ANTXR1 in erythroid differentiation, we silenced
the ANTXR1 expression in K562, cord blood CD34+ cells,
and HUDEP-2 cells with short hair RNA (shRNA). After
transfection with shRNA, ANTXR1 expression in these three
cell lines was significantly reduced compared to the control
group cells transfected with shNC (Figures 3(a) and 3(b),
4(a), and 5(a)). ANTXR1 silencing significantly reduced the
proliferative capacity of K562 cells after 24 h (Figure 3(c)).
The flow cytometry results showed that during erythroid
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Figure 3: Interfering with ANTXR1 inhibits erythroid cell proliferation and promotes erythroid cell differentiation and apoptosis in K562
cells. (a) Western blot analysis was used to detect ANTXR1 levels after transfection of K562 cells with ANTXR1 interfering vectors. (b)
Quantification of western blots. (c) CCK8 assay of K562 cells proliferation at 12 h, 24 h, 48 h, and 72 h. (d) Flow cytometry detection of
CD71 and CD235a expression in K562 cells erythroid differentiation. (e) Benzidine staining-positive cells. (f) Changes in the proportion
of benzidine-positive cells. (g, h) Quantitative reverse transcription polymerase chain reaction (qRT-PCR) was used to determine the
mRNA expression levels of GATA1 and ALAS2 in K562 erythrocytes induced by interfering with ANTXR1. (i) GATA1 and ALAS2
protein expression in K562 erythrocytes induced by interfering with ANTXR1. (j, k) Quantification of western blots. Error bars represent
standard deviation of three independent experiments. ∗P < 0:05, ∗∗P < 0:01.
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differentiation of K562, the proportion of CD71 and CD235a
double-positive cells was significantly increased by interfer-
ing with ANTXR1 (Figure 3(d)). The benzidine staining
showed that ANTXR1 silencing increased the proportion of
the positive cells (Figures 3(e) and 3(f)). In addition,
ANTXR1 silencing increased the GATA1 and ALAS2 expres-
sions at mRNA and protein levels from days D0 to D3
throughout the erythroid differentiation (Figures 3(g)–3(k)).

We also found the same GATA1 and ALAS2 expressions
trend in HUDEP-2 (Figures 4(a)–4(e)). Similar cell prolifer-
ation, differentiation, and apoptosis results were observed in
cord blood CD34+ cells after ANTXR1 silencing, and CD34+

cell proliferation decreased from day 7 (Figure 5(b)). There
was a significant increase in CD71 and CD235a expression
compared to the shNC group, suggesting that ANTXR1
induced erythroid differentiation in cord blood CD34+ cells

(Figure 5(c)). The Wright-Giemsa results also showed that
during CD34+ cells erythroid differentiation, ANTXR1
silencing could induce a smaller volume of cord blood
CD34+ cells, and the cells with nuclear shift and shrinkage
were significantly higher after Day 14 (Figure 5(d)). In addi-
tion, the apoptosis rate of shNC group (10.7%, 19.5%, and
36.3%) at days 11, 14, and 16 in cord blood CD34+ cells
was significantly lower than ANTXR1-sh5 group (23.8%,
40.8%, and 42.2%, respectively (Figure 5(e)). Thus, we spec-
ulate that ANTXR1 regulated the proliferation and differen-
tiation of erythroid cells during erythroid induction.

3.4. ANTXR1 Regulates Erythroid Cell Differentiation
through the Wnt/β-Catenin Pathway. Recent studies have
shown that theWnt signaling pathway induces blood cell mat-
uration by regulating the hematopoietic microenvironment
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Figure 4: ANTXR1 silencing promotes erythroid cell differentiation in HUDEP-2 cells by interval consecutive analysis. (a) Analysis of
GATA1 and ALAS2 protein expressions in HUDEP-2 cells following the knockdown of ANTXR1 the gene expression levels by western
blotting and qRT-PCR. (b, c) The relative protein expression levels of GATA1 and ALAS2 were detected after HUDEP-2 cells were
transfected with ANTXR1-sh5. (d, e) Quantification of western blots. Error bars represent standard deviation of three independent
experiments. ∗P < 0:05, ∗∗P < 0:01.
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[17]. For instance, overexpression of Axin can block Wnt sig-
naling and further inhibit HSCs proliferation in vitro [15].
Immunofluorescence results showed that ANTXR1 and Wnt
upstream protein LRP6 were colocalized on the cell mem-
brane of K562 cells in order to determine whether the Wnt
signaling pathway is also involved in the regulation of ery-
throid differentiation by ANTXR1 (Figure 6(a)). Our previous
research shows that ANTXR1 interacted with LRP6 to activate
Wnt/β-catenin signaling pathway in K562 cell line, but
whether this interaction is direct or indirect is still unclear.

In this experiment, overexpression of ANTXR1 upregulated
the β-catenin expression but down-regulated the P-β-catenin
and GS3β expressions. ANTXR1 knockdown reduced β-
catenin expression but increased P-β-catenin and GS3β
expressions as demonstrated by western blotting analysis
(Figure 6(b)). The Wnt/β-catenin pathway may be involved
in the ANTXR1 regulation of erythroid differentiation.

To further test and verify the mechanisms of ANTXR1
and Wnt/β-catenin in the regulation of erythroid differenti-
ation, different concentrations of XAV939 (a chemical that
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Figure 5: knockdown of ANTXR1 decreased erythroid cell proliferation and promoted erythroid cell differentiation and apoptosis in cord
blood CD34+ cells. (a) Western blot analysis was used to detect ANTXR1 levels after transfection of cord blood CD34+ cells with ANTXR1
interference vectors. (b) CCK8 assay of cord blood CD34+ cells proliferation at D6, D7, D8, and D9. (c) Flow cytometry detection of CD71
and CD235a expression in cord blood CD34+ cells during erythroid differentiation. (d) Wright-Giemsa staining results of cord blood CD34+

cells. (e) Flow cytometry to detect the expression of apoptotic cells in the differentiation of cord blood CD34+ cells. Error bars represent
standard deviation of three independent experiments. ∗P < 0:05, ∗∗P < 0:01.
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Figure 6: The Wnt/β-catenin signaling pathway cooperates with ANTXR1 in regulating erythroid cell differentiation. (a) The expression of
ANTXR1 and LRP6 in K562 cells was detected by immunofluorescence with a confocal laser scanning microscope. ANTXR1 was labeled
with 428 nm FITC, which represents green; LRP6 was labeled with Texas red; and nuclei were stained by DAPI to compare to the cell
membrane. The merged images indicate the localization of ANTXR1 and LRP6 in the cell membrane, which the overlay of green and
red give yellow. (b) The protein levels of β-catenin (92 kDa), P-β-catenin (85 kDa), and GS3β (46 kDa) were measured by western
blotting after K562 cells were overexpressed or knocked down by ANTXR1. (c) Respectively, with K562 cells overexpressing ANTXR1
treated with 2.5, 5, and 10μmol/L of XAV939 for 24 h. Cell proliferation was determined by CCK-8. (d) K562 cells knockdown
ANTXR1 treated with 20mM LiCl for 24 h, and cell proliferation was determined by CCK-8. (e) Cord blood CD34+ cells knockdown
ANTXR1 treated with 5, 20, and 40mM LiCl for 24 h, respectively. Flow cytometry detection of CD71 and CD235a expression. Error
bars represent standard deviation of three independent experiments. ∗P < 0:05, ∗∗P < 0:01.
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inhibits the regulation of Wnt pathway transcription factor
β-catenin) were firstly added to K562 cell line that stably
overexpress ANTXR1. Different concentrations of LiCl (a
special Wnt activator that functions by inhibiting the activity
of GSK3β) were also analyzed. Compared to the DMSO
control group, cell proliferation significantly decreased
with increasing XAV939 concentration in K562 cells
(Figure 6(c)). In contrast, the proliferation of cells in the
ANTXR1-sh5+LiCl20 group was significantly increased
compared with the control group (Figure 6(d)). We used flow
cytometry to investigate further the Wnt/β-catenin pathway
in the erythroid differentiation of hematopoietic stem cells.
After interfering with ANTXR1 in cord blood CD34+ cells
and adding various LiCl concentrations, the double positivity
of CD71 and CD235a decreased with the increasing LiCl
dose, showing a dose-effect relationship (Figure 6(e)). Taken
together, these observations confirmed that Wnt/β-catenin
has a role in the regulation of ANTXR1 on erythroid differen-
tiation, proliferation, and differentiation. The specific regula-
tion mechanism needs to be further studied.

4. Discussion

The hematopoietic microenvironment is mainly regulated
by various cytokines. Hematopoietic cells with disrupted
gene expression exhibit a state known as “stressed hemato-
poiesis,” which causes abnormal hematopoietic cell prolifer-
ation due to the increased cellular oxidative stress level and
early erythrocyte apoptosis [18–20]. Transplantation of
hematopoietic stem cells is the primary treatment for many
blood diseases, but it is frequently difficult to obtain suffi-
cient HSCs and transplantable donors for this procedure.
In addition, an inefficient hematopoietic reconstruction sys-
tem is still a fundamental cause of hematopoietic engraft-
ment failure [21, 22]. Our study provides theoretical bases
for improving effective erythroid expansion by exploring
mechanism that membrane protein ANTXR1 regulates the

proliferation and differentiation of erythroid cells through
wnt/β-catenin signaling pathway for the first time.

ANTXR1 was initially found in tumor vascular endothe-
lial cells and promote tumor vascular endothelial formation
[23]. ANTXR1 gene mutation can also cause growth retarda-
tion, alopecia, pseudo-anodontia, and GAPO syndrome
(GAPOS) [24, 25]. ANTXR1 plays an important role in
chondrocyte proliferation, and its overexpression causes
chondrocyte apoptosis and matrix mineralization [8]. In
addition, ANTXR1 inhibition has been reported to reduce
esophageal tumor cell proliferation, block the G0/G1 phase,
and promote cell apoptosis [26].

Our findings showed that ANTXR1 overexpression pro-
moted K562 cell proliferation, decreased the erythrocyte
transcription factors GATA1 and ALAS2 expressions, and
delayed the differentiation and apoptosis of the erythroid
cell. On the other hand, ANTXR1 knockdown inhibited
the erythroid cells proliferation, promoted the GATA1 and
ALAS2 expressions, and inhibited the erythroid cell apopto-
sis. GATA1 is expressed in the erythroid, and its DNA bind-
ing region can recognize the specific gene regulatory region
of erythrocytes, which is an essential regulatory factor for
erythroid development [27, 28]. ALAS2 is the key enzyme
for heme synthesis, which can promote hematopoietic cell
differentiation by increasing hemoglobin synthesis [29].
Therefore, we speculated that ANTXR1 was involved in
regulating erythroid differentiation. This indicates that
ANTXR1 may be a new factor that affects the proliferation
and differentiation of erythroid cells.

The Wnt/β-catenin pathway plays a role in cell prolifer-
ation and cycle changes and the maintenance and differen-
tiation of stem cell self-renewal [30]. A large amount of
unphosphorylated catenin will be present in the cytoplasm
when the Wnt pathway is activated. Upon entering the
nucleus, β-catenin binds to transcription factor (TCF) pro-
tein and acts as a co-activator of TCF to stimulate tran-
scription of Wnt target genes. Our previous research
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Figure 7: The hypothetical molecular mechanism of ANTXR1 affecting erythroid cell proliferation and differentiation through wnt/β-
catenin signaling pathway.
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found that there was an interaction between ANTXR1 and
LRP6, the colocalization of ANTXR1 and LRP6 in cell
membrane indicated that ANTXR1 regulates erythroid pro-
liferation and differentiation is probably through interacting
with the membrane protein LRP6 and activating the Wnt/
β-catenin signaling pathway [31]. However, it is not clear
whether ANTXR1 involved in regulating erythroid prolifer-
ation and differentiation by interacting with LRP6. It has
been shown that overexpression of Axin to block Wnt sig-
naling can inhibit HSCs proliferation in vitro [16]. The
transduction of β-catenin into HSCs of transgenic Bcl-2
mice resulted in increased HSCs phenotype during
in vitro culture [32]. Overexpression of Wnt inhibitory fac-
tors in bone marrow stromal cells or/and osteoblasts can
break the quiescent state of HSCs, resulting in impaired
HSCs self-renewal and reduced hematopoietic reconstitu-
tion in vivo [15, 33, 34]. Activating β-catenin signaling with
GSK3β inhibitors can improve the HSCs expansion in vitro
and promote the hematopoietic reconstitution ability of
HSCs in vivo [35–37].

Our study shows that ANTXR1 activates the Wnt/β-
catenin signaling pathway and promotes the proliferation
of erythroid cells through inhibit GATA1 and ALAS2 tran-
scription. In contrast, ANTXR1 knockdown reduced the β-
catenin expression, and Wnt/β-catenin signaling was also
inhibited, GATA1 and ALAS2 expressions were increased
and promote erythroid differentiation. It has therefore been
proposed that ANTXR1 may affect the proliferation and dif-
ferentiation of erythroid cells through the Wnt/β-catenin
signaling pathway.

Recent studies have found that the Wnt signaling path-
way strengthens the differential effect on HSCs self-renewal
[38]. The Wnt/β-catenin signaling pathway may affect the
proliferation and differentiation of hematopoietic stem cells
in a dose-response-dependent manner at different levels.
Two times the normal level of Wnt pathway activity pro-
motes HSCs proliferation, and more than four times the
Wnt pathway activity impairs HSCs self-renewal and prolif-
eration. In this study, overexpression of ANTXR1 increased
the activity of Wnt pathway and increased the proliferation
of HSCs cells. We speculate that the activity of Wnt pathway
may be at a normal low level. Further studies are needed to
determine the effect of Wnt pathway activation induced by
different expression levels of ANTXR1 on erythrocyte prolif-
eration and differentiation. In addition, STRING database
shows that the downstream transcription factor JUN of the
Wnt/β-catenin pathway interacts with GATA1. As an
important protein of the Wnt pathway, Wnt1 and JUN
may also interact (https://cn.string-db.org/cgi/network?tas
kId=bjU1mtYXnzEc&sessionId=bw0iWzp61fNp). Our pre-
vious research showed that ANTXR1 regulates γ-globin
expression is mainly activating the Wnt/β-catenin signaling
pathway, which initiates the expression of the downstream
transcription factor c-Jun. Erythrocyte differentiation and
development are accompanied by globin production. There-
fore, this study suggests that GATA1/ALAS2, an important
transcription factor for hematopoiesis and erythrocyte dif-
ferentiation, may also interact with the c-Jun gene in
Wnt/β-catenin to regulate erythrocyte proliferation and dif-

ferentiation [39, 40]. However, further investigation is
needed to determine whether ANTXR1 interacts with
Wnt1. The use of gene expression profiles in peripheral
blood for the diagnosis of autoimmune diseases, leukemia,
and other genetic disorders is becoming increasingly com-
mon in clinical settings. The participation of all hematopoi-
etic cells in the hematopoietic system, whether directly or
indirectly, is highly dependent on the stage of hematopoie-
tic development.

In summary, ANTXR1 may play essential roles in regu-
lating the HSCs microenvironment through Wnt signaling
pathway (Figure 7) that may indirectly trigger Axin1,
DKK1, and Wif1 [41–43]. It requires further understanding
of ANTXR1 in regulating hematopoiesis in a gene network.
In conclusion, due to the complex mechanism of Wnt path-
way regulation of HSCs self-renewal and maintenance,
ANTXR1 modulates erythroid cell proliferation and differ-
entiation, but many unknowns are still to be revealed. The
findings of this research might provide a novel approach
for treating blood disorders and improve the proliferation
of hematopoietic stem cells.
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