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ARTICLE INFO ABSTRACT

B lymphocytes, a key cluster of cells composing the immune system, can protect against abnormal biological
factors. Heme oxygenase-1 (HO-1) plays important roles in cell proliferation and immune regulation, but its
effects on the development and growth of B lymphocytes are still unknown. Herein, the count of B lymphocytes
in HO-1 gene knockout (HO-1*/7) mice was significantly lower than that of the HO-1 gene wild-type (HO-1"")
mice. Meanwhile, the cell count of HO-1 "/~ mice did not recover after irradiation for one week, due to the GO/
G1 phase arrest of Pro-B cells and the augmented apoptosis of Pre-B cells. Up-regulation of HO-1 by lentivirus
attenuated the Pro-B cell cycle arrest and Pre-B cell apoptosis. To understand the molecular mechanism by which
HO-1 knockout blocked B lymphocyte development, protein-to-protein interaction network and Western blot
were used. The PI3K/AKT signaling pathway mediated the regulatory effects of HO-1 on B lymphocytes. In
conclusion, HO-1 is a crucial transcriptional repressor for B cell development.
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1. Introduction

The hematopoietic system is a distributed tissue consisting of mul-
tiple phenotypically and functionally distinct cell types [1,2]. B cells are
essential for the hematopoietic system, functioning as efficient immune
responses to a variety of pathogens [3]. B cells develop from hemato-
poietic precursor cells in an ordered maturation and selection process.
Defects in B cell development, selection and function lead to auto-
immune disease, malignancy, immunodeficiency and allergy [4].
Therefore, clarifying the key regulators of B cell differentiation and
immune function is of great significance to the treatment of related
diseases.

Heme oxygenase-1 (HO-1) is a heme catabolic enzyme responsible
for the degradation of hemoglobin into carbon monoxide, bilirubin and
biliverdin [5,6]. Besides, it is capable of protecting cells, resisting
apoptosis, promoting proliferation and regulating cellular immunity
[7]. For hematopoietic system diseases, overexpression HO-1 enhances
the anti-apoptotic and cell cycle-blocking effects of leukocytes, causing
resistance to chemotherapeutic drugs [8,9]. In addition, the influence of

HO-1 on cell differentiation in microenvironment has attracted wide-
spread attention. We have previously reported that overexpression of
HO-1 in bone marrow stromal cells enhanced microenvironment-
mediated anti-apoptotic effects [10]. Similarly, Herroon et al. demon-
strated that up-regulation of HO-1 promoted cell survival in bone
marrow via oxidative and endoplasmic stress pathways [11]. HO-1
influences a lineage commitment in pluripotent stem cells and ma-
turation of hematopoietic cells [12,13], so it may play an important role
in microenvironment. However, whether HO-1 can promote B cell
differentiation and development, especially in the bone marrow mi-
croenvironment, remains elusive.

To explore the role of HO-1 in microenvironment, HO-1 gene
knockout mice were established. Meanwhile, mice with homozygous
deletion of HO-1 gene (HO-1 =/~ mice) were also established. However,
the number of HO-17/~ mice was significantly lower than the
Mendelian expectation ratio (about 2%) [14-16]. Indeed, HO-1 het-
erozygous (HO-1*/7) mice were not perfect subjects, but we had to use
them in subsequent experiments to ensure the study feasibility. Simi-
larly, HO-1 */~ mice have been utilized in a previous literature [17].
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Interestingly, the count of CD19 ™ B cells in the peripheral blood (PB) of
HO-1"/~ mice was significantly lower than that of HO-1 gene wild-
type (HO-1"T) mice. Additionally, the absolute numbers of CD45%/
CD19™ cells in the PB and spleen of HO-1*/~ mice were lower than
those of HO-1"" mice, and the spleen and bone marrow of HO-1*/~
mice also had significantly fewer B cell subsets. Moreover, the count of
irradiated CD45* /CD19™" cells from HO-1"" mice returned to normal
after a week, whereas that of HO-1"/~ mice remained low. Therefore,
we hypothesized that HO-1 knockout evidently affected the differ-
entiation of B cells in bone marrow.

Herein, we studied the development of B cells in HO-1 knockout
mice, aiming to elucidate the effects of HO-1 on B cell development and
to provide a new target for treating related diseases.

2. Methods
2.1. Mice

HO-1 knockout mice described in Supplementary Material were
provided by Cyagen Biosciences Inc. (USA). Experiments were per-
formed with 4- to 6-week-old mice. All procedures involving mice were
approved by the Ethics Committee of Affiliated Hospital of Guizhou
Medical University, and conducted in accordance with Guidelines for
the Care and Use of Laboratory Animals [18]. Immunodeficient mice
were established by being placed into an acrylic circular container and
exposed to 4.5 Gy X-ray at a dose rate of 1.2 Gy/min (RS2000Pro, Rad
Source Technologies, USA) [19-21]. All mice were housed under spe-
cific pathogen-free conditions.

2.2. Flow cytometry (FCM) and fluorescence-activated cell sorting (FACS)

Cells were extracted from bone marrow and spleen, passed through
a 200-mesh sieve for subsequent FCM and FACS, and stained with anti-
B220 (PerCP-Cy5.5), anti-CD43 (APC), anti-IgM (FITC), anti-IgD (PE),
anti-CD21 (FITC), anti-CD23 (PE), anti-CD25 (APC) and anti-CD93
(APC) for 30 min at 4 °C in dark. Then the stained cells were analyzed
by FCM on LSR II (BD Biosciences, USA), and FACS was performed on
FACS Aria II (BD Biosciences, USA) [22]. For FACS, the cells were
concentrated to 10 million ml ™~ by resuspension in phosphate buffered
saline (PBS) after staining to maintain a sorting rate of about 1000
cells/s [23,24].

The parameters for FCM visualization of B lineage populations were
as follows: Immature B cells (IM, flow phenotype: B220 + IgM+),
mature recirculating B cells (MR, flow phenotype: B220 + IgM + IgD
+), mature B cells (M, flow phenotype: B220 + IgM + IgD +) marginal
zone cells (MZ cells, flow phenotype: CD21brightCD23+), follicular
cells (FO cells, flow phenotype: CD21 + CD23brightCD93-) and tran-
sitional B cells (Tra cells, flow phenotype:
CD21 + CD23brightCD93 +).

2.3. Cells and culture conditions

B cell precursor (Pre-B, flow phenotype: B220*CD43*IgM ™) and B
cell progenitor (Pro-B, flow phenotype: B220*CD43 "IgM ~) cells were
sorted by using the bone marrow from HO-1"" and HO-1*/~ mice.
Subsequently, all cells were maintained in StemPro®-34 SFM complete
medium (No. 10639011, Thermo Fisher Scientific, USA) supplemented
with 50% B liquid nutrient supplement (No. A1024001, Thermo Fisher
Scientific, USA). The cells were maintained in a 37 °C incubator with
95% humidity and 5% CO, [25-28].

2.4. Real-time PCR
Total RNA was extracted from cells using TRIzol reagent

(Invitrogen, USA), and cDNA was synthesized using Prime Script re-
verse transcription kit (Takara, China). Real-time PCR was conducted
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on iQ5 Multicolor real-time PCR system (Bio-Rad Laboratories Inc.,
USA) using SYBR Green Real-time PCR Master Mix (Takara, China).
Amplification was carried out under the following conditions: dena-
turation at 94 °C for 3 min, 35 cycles of 94 °C for 30, 58 °C for 30 s and
72 °C for 35s. The expression of target gene was calculated using the 2
AACA method [29-31]. All experiments were repeated independently 3
times.

2.5. Lentiviral vector transduction

Sequences containing mouse coding sequence of HO-1 gene were
selected with Invitrogen designer software. Retroviruses were gener-
ated by transfecting empty plasmid vector containing HO-1 plus en-
hanced green fluorescence protein (EGFP) into 293 T packaging cells,
using FuGENE HD6. Lentiviral stocks were concentrated using Lenti-X
concentrator, and titers were determined with Lenti-X Q-PCR titration
kit (Shanghai Innovation Biotechnology Co., Ltd., China). Finally, four
recombinant lentiviral vectors were constructed: lentivirus-V5-D-
TOPO-HO-1-EGFP (L-HO-1) and lentivirus-V5-D-TOPO-EGFP (TOPO-
EGFP). For transduction, the cells were inoculated into 12-well plates at
2.5 x 10%/well, infected with the lentiviral stocks at a multiplicity of
infection of 10 in the presence of polybrene (10pg/ml), and then
analyzed by Olympus fluorescence microscope (Japan) and Western
blotting 48 h after transduction. MEC-1 cells were transduced with L-
HO-1 (HO-1) and TOPO-EGFP (Vector), respectively [32,33].

2.6. Pathological and hematoxylin-eosin (HE) staining

Splenic tissues were fixed in neutral formalin for one day. Bone
marrow tissues were fixed in neutral formalin for one week and dec-
alcified for one day. The splenic and bone marrow tissues were em-
bedded in paraffin blocks, sectioned and stained with HE [18].

2.7. Apoptosis analysis

Cells were treated with lentivirus for 72 h, harvested, washed with
PBS and stained with 7AAD according to the manufacturer's instruc-
tions. They were thereafter subjected to FCM using Cell Quest software
(BD Biosciences, USA) [2,34].

2.8. Cell viability

Cell viability was measured using trypan blue (Solarbio, China) after
trypan staining [35]. The stained cells were observed under Nikon
microscope (Japan).

2.9. Cell cycle analysis

Cell cycle was measured using FCM system (BD Biosciences, USA)
after propidium iodide staining. The DNA content was detected by
FCM, and cell cycle distributions were analyzed with Cell Quest Pro
software (BD Biosciences, USA) [32,33].

2.10. Western blot

Protein expressions were detected by Western blot. Primary anti-
bodies against HO-1, AKT and P-AKT were obtained from Santa Cruz
Biotechnology (USA). P was used to represent phosphorylation. Cell
cycle-related antibodies against P21, P27, CDK4 and CDK6 as well as
secondary antibodies were purchased from Cell Signaling Technology
(USA). Apoptosis-related antibodies against BAD and BCL-2 were
bought from Abcam (USA). Equal amounts of protein lysate were used
for Western blot analyses [10,32,36,37], and B-actin expressions were
maintained consistent.
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Fig. 1. Characteristic descriptions and identification of HO-1"'" and HO-1"/~ mice.

(A) HO-1 gene was knocked out using CRISPR/Cas technology. HO-1 knockout mice were housed under specific pathogen-free conditions, and the survival statuses of
HO-1"" and HO-1*/~ mice were observed every day. (B) Sanger sequencing confirmed HO-1 gene sequences. (C) The first-generation HO-1*/~ mice were bred,
giving more mice with different HO-1 genotypes, which were then identified as HO-1*/~ (500 bp) or HO-1"" (1277 bp) by PCR., HO-1"" mice stands for the HO-1
gene wild type mice and HO-1*/~ mice stands for the HO-1 gene heterozygous mice.

3. Results

3.1. Establishment of HO-1 gene knockout mice and detection of HO-1 gene
expression

We knocked out HO-1 gene from C57/BL6 mice using CRISPR/Cas
technology. HO-1 gene knockout mice have previously been established
with this method [16]. Actually, we have also established mice with
homozygous deletion of HO-1 gene (HO-1~/~ mice). However, the
number of HO-1 "/~ mice was too small (Mendelian expectation ratio
of about 2%), failing to meet the experimental requirements. To ensure
the study feasibility, we used HO-1*/~ mice in subsequent experi-
ments. Notably, the HO-1*/~ mouse was smaller than the HO-1""
mouse, with their survival statuses shown in Fig. 1A. To verify that the
establishment was successful, the HO-1 gene sequences of HO-1"" and
HO-1*/~ mice were detected by DNA sequencing (Fig. 1B). In panel B,
the upper part exhibits the nucleotide sequence of HO-1"" mouse, and
the lower part shows a mismatched nucleotide sequence, indicating that
HO-1 gene had been knocked out. Next, the first-generation HO-1*/~
mice were bred. Since the cost of sequencing was high, HO-1*/~ mice
were identified by PCR by extracting mouse tissue DNA. PCR showed
that HO-1"/~ and HO-1"" mice had different HO-1 DNA molecular
weights, because HO-1 gene in HO-1"/~ mouse had only half of alleles.

Therefore, the band of HO-1 gene appears at near 500 bp, and that of
HO-1"" mouse is located at approximately 1277 bp. As a result, HO-
1%/~ mice can be identified. The mice numbered 1, 3, 5, 6, 8, 9, 10, 13,
20, 21, 22, 26, 27 and 28 were HO-1" mice, and those numbered 2, 4,
7,11, 12, 14, 15, 16, 17, 18, 19, 23, 24 and 25 were HO-1*/~ mice
(Fig. 1C).

3.2. Expressions of HO-1 gene and protein in HO-1"/~ mice were
significantly lower than those in HO-1"" mice

Real-time PCR and Western blot showed that the expressions of HO-
1 gene and protein in HO-17/~ mice were significantly lower than
those of HO-1"T mice (P < 0.05, P < 0.01) (Fig. 2A-C). Notably, the
HO-1 gene and protein expressions of HO-1"/~ mice were significantly
lower than those of HO-1"" mice. Therefore, HO-1*/~ mice were used.
For subsequent experiments, we selected the HO-1*/~ mice with sig-
nificantly lower HO-1 gene and protein expressions.

3.3. B cells in bone marrow and spleen of HO-1"/~ mice significantly
reduced

We prepared immunodeficient mice through irradiation (dose:
4.5 Gy/mouse) to establish a hematological tumor model by injecting
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Fig. 2. HO-1 protein expressions in HO-1"" and HO-1*/~ mice.

(A and B) The expressions of HO-1 gene and protein in HO-1"" and HO-1"/~
mice were detected by Western blot and real-time PCR, respectively. Western
blot bands were quantified with Quantity One software. Data were analyzed
with GraphPad Prism V5.0 software (San Diego, CA, USA). All experiments
were repeated three times. *P < 0.05, **P < 0.01.

human leukocytes. To assess the damage of the immune system after
irradiation, CD19™ cells in PB of mice were counted on day 0 and day
7, respectively. The number of CD19™" B cells in PB of HO-1*/~ mice
was significantly lower than that of HO-1"" mice on day 0 (P < 0.05)
(Fig. 3A). On day 7, the count of CD19" B cells in PB of HO-1"" mice
returned to normal, but that of HO-1*/~ mice failed to do so (com-
pared with day 0, P < 0.05) (Fig. 3B). Furthermore, FCM exhibited
that HO-1"" and HO-1*/~ mice had similar numbers of CD3™ T cells
(P > 0.05) (Supplementary Fig. 1), but there were significantly dif-
ferent counts of CD19* B cells. Based on the above findings, we further
extracted mouse bone marrow and spleen, and detected CD45"CD19 ™
B cells therein by absolute counting with FCM. The counts of
CD45%CD19™" B cells in the PB and bone marrow HO-1"/~ mice were
significantly lower than those of HO-1"T mice (P < 0.05) (Fig. 4A,
Fig. 4B and Supplementary Fig. 2). Afterwards, the effects of HO-1
deficiency on later B cell developmental stages were assessed. Com-
pared with littermate controls, HO-1*/~ mice had significantly larger
spleens and heavier weights (P < 0.05) (Fig. 4C). HE staining showed
significantly fewer germinal centers in HO-1*/~ mice than in HO-1W"
mice, which may be one of the causes for the decrease of B cells in PB.
Next, we studied B cell maturation in the spleen of HO-1*/~ mice and
their littermate control HO-1W".

In particular, HO-1 deficient mice had significantly fewer immature,
marginal zone, follicular and transitional B cells (P < 0.01, P < 0.05,
P < 0.01 and P < 0.05) (Fig. 4E and Supplementary Fig. 3). In ad-
dition, FCM of various B cell subsets in bone marrow showed that HO-1
deficiency caused Pro-B cells to undergo a series of differentiation steps
during the abnormal generation of Pre-B cells, and then blocked B cell
development (P < 0.01) (Fig. 4F and Supplementary Fig. 4). The
number of Pre-B cells was significantly smaller while immature and
mature recirculating B cells were hardly detectable in the bone marrow
of HO-1*/~ mice (P < 0.01 and P < 0.05).
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Fig. 3. Effect of irradiation on B cell growth in HO-1"" and HO-1"/~ mice.

(A) CD19% B cells in PB of HO-1*/~ and HO-1"" mice before and after irra-

diation were counted by FCM. (B) Absolute numbers of CD19* B cells in PB of
HO-1*"/~ and HO-1"" mice (n = 10).

o

3.4. B cell cycle arrest and apoptosis in HO-1"/~ mice were significantly
facilitated compared with those in HO-1"" mice

The blockage of B lymphocyte development may mainly be attrib-
uted to cell cycle arrest and apoptosis, so we detected the two processes
in the Pro-B and Pre-B cells of HO-1"/~ mice and HO-1"" mice by
FCM. The Pro-B cell cycle of the HO-1*/~ group was significantly ar-
rested in the G1 phase (P < 0.01), but hardly altered in any pre-B cells
subset in the absence of HO-1 (Fig. 5A). Additionally, the apoptosis rate
of Pre-B cells in the HO-1*/~ group exceeded that of the HO-1W" group
(P < 0.01), whereas the rates of Pro-B cells were similar (Fig. 5B).
Collectively, HO-1 was essential for normal B lymphocyte development
and its absence was associated with severe lymphopenia.
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3.5. Knockout of HO-1 gene induced Pro-B cell cycle arrest

To gain an insight into the mechanism underlying the influence of
HO-1 gene on Pro-B cell cycle arrest, we used lentiviral transduction to
down-regulate HO-1 gene in the Pro-B cells of HO-1"" mice and to up-
regulate it in the cells of HO-17/~ mice. EGFP was detected with
fluorescence microscopy (Fig. 6A). HO-1 gene and protein expressions
in the transfected Pro-B cells were detected by real-time PCR and
Western blot, respectively. The expressions in the transfected Pro-B
cells of HO-1"T mice were both significantly lower than those of the
Vectorl group (P < 0.01), and the expressions in the Pro-B cells of HO-
1"/~ mice were significantly higher than those of the Vector2 group
(P < 0.01). Next, the cell cycle arrests of different groups of Pre-B cells
were detected by FCM. Silencing HO-1 gene in the Pro-B cells of HO-
1WT mice significantly blocked them in the G1 phase (p < 0.05),
whereas up-regulating this gene in the cells of HO-1*/~ mice sig-
nificantly attenuated the blockage (P < 0.05) (Fig. 6B). Taken to-
gether, HO-1 protein weakened the cell cycle arrest of Pro-B cells.

3.6. Knockout of HO-1 gene enhanced Pre-B cell apoptosis

To further assess the effects of HO-1 on Pre-B cell apoptosis, we
performed lentiviral transduction to silence HO-1 gene in the Pre-B cells
of HO-1"T mice and to up-regulate it in the cells of HO-1*/~ mice.
EGFP was detected with fluorescence microscopy (Fig. 7A). The HO-1
gene and protein expressions in the Pre-B cells of HO-1WT mice sig-
nificantly decreased compared with those of the Vectorl group, and the
expressions in the cells of HO-1*/~ mice significantly increased com-
pared with those of the Vector2 group. Compared with control and
vector groups, the apoptosis rate of Pre-B cells in the HO-1 up-regula-
tion group significantly decreased. On the contrary, silencing HO-1
elevated the apoptosis rate (P < 0.05) (Fig. 7B). In short, HO-1 protein
inhibited Pre-B cell apoptosis.

3.7. The PI3K/AKT pathway was involved in the relationship between HO-1
and Pro-B cell cycle arrest

To explore the mechanism by which HO-1 weakened Pro-B cell
cycle arrest, we tested the key pathway related to B cell differentiation,
i.e. the PI3K/AKT pathway. The expressions of HO-1, P-AKT, AKT, P21,
P27, CDK4 and CDK6 proteins were detected by Western blot.

The expression of HO-1 protein in the HO-1W" group significantly
exceeded that of the HO-1*/~ group. Lentivirus-mediated HO-1 up-
regulation significantly increased HO-1 gene expression in the HO-1*/
~ group. Furthermore, up-regulating HO-1 protein in the Pro-B cells of
HO-1*/~ mice increased the expression of P-AKT protein, thereby at-
tenuating the inhibited expressions of downstream cycling proteins
such as P21, P27, CDK4 and CDK6 (P < 0.05) (Fig. 8A and B). In
contrast, lentivirus-mediated HO-1 down-regulation significantly de-
creased HO-1 gene expression in the HO-1"" group, and silencing HO-1
protein in the Pre-B cells of HO-1"" mice reduced the expression of P-
AKT protein, thus reversing the suppressed expressions of P21, P27,
CDK4 and CDK6.

3.8. The PI3K/AKT pathway was involved in the relationship between HO-1
and Pre-B cell apoptosis

To explore the mechanism by which HO-1 protected against Pre-B
cell apoptosis, we tested the key pathway related to B cell differentia-
tion, i.e. the PI3K/AKT pathway. The expressions of HO-1, P-AKT, AKT,
BAD and BCL-2 proteins were detected by Western blot.

The expression of HO-1 protein in the HO-1W" group significantly
surpassed that of the HO-1*/~ group. Lentivirus-mediated HO-1 up-
regulation significantly increased HO-1 gene expression in the HO-1*/
~ group. Besides, up-regulating HO-1 protein in the Pre-B cells of HO-
1"/~ mice increased the expression of P-AKT protein, thereby sup-
pressing the expression of downstream apoptosis protein BAD but sti-
mulating that of BCL-2 protein (Fig. 9A and B). In contrast, lentivirus-
mediated HO-1 down-regulation significantly reduced HO-1 gene
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expression in the HO-1"7 group, and silencing HO-1 protein in the Pre-
B cells of HO-1"" mice decreased the expression of P-AKT protein, re-
versing the above phenomenon.

3.9. Possible mechanism for influence of HO-1 on B cell development

HO-1 was required for AKT-mediated inhibition of apoptosis and
cell cycle arrest, so we postulated that HO-1 was a key factor regulating
the proliferation and development of B cells in mice. The mechanism
for the relationship between HO-1 and the PI3K/AKT pathway is
schematized in Fig. 10.

4. Discussion

At present, the roles of HO-1 in tumor microenvironment-mediated
drug resistance, immune regulation, cytoprotection against in-
flammatory diseases and risk evaluation have been extensively studied
on cellular and molecular levels [8,9,38-40]. Our group has devoted to
studying the effects of HO-1 on hematological malignancies and the
mechanisms, and demonstrated that HO-1 enabled acute myelocytic
leukemia, chronic myelocytic leukemia, myelodysplastic syndrome,

multiple myeloma and diffuse large B-cell lymphoma cells to resist
various chemotherapeutic drugs [10,30-33,37,41-45]. Until now,
however, the effects of HO-1 on B cell differentiation and the me-
chanisms are still unclear.

In this study, we used CRISPR/Cas9 technology to knock out HO-1
gene from mice, and obtained mice with different HO-1 genotypes. HO-
1 was differently expressed in HO-1W" and HO-1*/~ groups, so we
selected the mice with HO-1 expression differences for subsequent ex-
periments. Then we prepared immunodeficient mice through irradia-
tion and established a hematological tumor model by injecting human
leukocytes [21]. The number of CD19* B cells in PB of HO-1*/~ mice
was significantly lower than that of HO-1"" mice. Moreover, the re-
covery ability of B cells in PB of HO-1*/~ mice was significantly in-
ferior to that of HO-1W" mice. Subsequently, FCM revealed that HO-1""
and HO-1"/~ mice had similar numbers of CD3™" T cells. Nevertheless,
the absolute numbers of CD45*CD19* B cells in the bone marrow and
spleen of HO-1*/~ mice plummeted compared with those of littermate
controls. Thus, HO-1 predominantly participated in B cell development.

Once generated, Pro-B cells undergo a series of differentiation steps
that generate Pre-B cells and immature B lymphocytes. The latters then
migrate to the spleen to complete their maturation. Hence, we firstly
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Fig. 6. Effects of HO-1 protein on Pro-B cell cycle
arrest.

(A) Pro-B cells were isolated from bone marrow
cells of HO-1"" and HO-1"/~ mice by FACS.
Next, lentivirus-mediated HO-1 gene over-
expression in Pro-B cells of HO-1"/~ mice and
HO-1 gene silencing in Pro-B cells of HO-1W"
mice, as well as positivity of lentivirus-mediated
HO-1 transduction (> 95%) were observed by
fluorescence microscopy. HO-1 gene and protein
expressions were detected by real-time PCR and
Western blot, respectively. (B) After treatment
with lentivirus for 48h, cells cycle arrest was
detected by FCM. *Comparison between control
and siHO-1 in HO-1"" mice, P < 0.05.
#Comparison between control and siHO-1 in HO-
1%/~ mice, P < 0.01. Data were analyzed with
GraphPad Prism V5.0 software.
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Fig. 8. The PI3K/AKT pathway was involved in Pro-B cell cycle arrest.

(A and B) Lentivirus-mediated HO-1 gene up-regulation in Pro-B cells of HO-
1"/~ mice and HO-1 gene silencing in Pro-B cells of HO-1"" mice. The ex-
pressions of HO-1, P-AKT, AKT, P21, P27, CDK4 and CDK6 proteins were de-
tected by Western blot. Western blot bands were quantified with Quantity One
software. Each sample was normalized by relative B-actin expression. All ex-
periments were repeated three times. *P < 0.05, **P < 0.01.
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Fig. 9. The PI3K/AKT pathway was involved in Pre-B cell apoptosis.

(A and B) Lentivirus-mediated HO-1 gene up-regulation in Pre-B cells of HO-
1"/~ mice and HO-1 gene silencing in Pre-B cells of HO-1"" mice. The ex-
pressions of HO-1, P-AKT, AKT, BAD and BCL-2 proteins were detected by
Western blot. Western blot bands were quantified with Quantity One software.
Each sample was normalized by relative (-actin expression. All experiments
were repeated three times. *P < 0.05, **P < 0.01.

studied the development of B cells in the spleen, and confirmed that the
absolute numbers of all B cell subtypes in HO-1*/~ mice were sig-
nificantly lower than those of HO-1"T mice, suggesting that the absence
of HO-1 decreased the absolute counts of various B cell subsets and
blocked B cell maturation in the spleen.

In bone marrow, lymphoid-primed multipotent progenitors commit
to the lymphoid branch by generating common lymphoid progenitors,
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which, in turn, generate early B and T lymphocyte progenitors [2].
Herein, there were significantly fewer Pre-B cells as well as mature and
recirculating B cells in the bone marrow of HO-1*/~ mice than those of
HO-1"T mice. Contrarily, HO-1"/~ mice had more Pro-B cells. In ad-
dition, HO-1 deficiency caused Pro-B cells to undergo a series of dif-
ferentiation steps during the abnormal generation of Pre-B cells, which
blocked B cell development at the Pro-B to Pre-B cell transition. No-
tably, Pre-B cells lacking HO-1 were more susceptible to apoptosis than
HO-1"" ones. Altogether, Pro-B cells failed to differentiate into Pre-B
cells owing to the lack of HO-1, which may be responsible for the
sharply reduced numbers of pre-B and subsequent B cell subsets in the
bone marrow and PB of HO-1 deficient mice. In short, we verified, for
the first time, that HO-1 was necessary for early B cell development.

Since this study used HO-1*/~ mice instead of HO-1~/~ mice,
there were limitations such as poor targeting ability. HO-1 gene was
knocked out from mice with a conventional method, so HO-1~/~ mice
died in the embryonic period. Similarly, Travis et al. reported that HO-1
was involved in the differentiation of immune cells in bone marrow
upon renal ischemia-reperfusion injury, and HO-1 deficient mice had
myeloid-specific HO-1 deficiency [43]. By conditionally deleting HO-1
in hepatocytes and macrophages, Alexander et al. found that mice
managed to combat diet-induced insulin resistance and inflammation.
Particularly, HO-1 deficiency in other tissues barely affected the dif-
ferentiation of bone marrow cells [33].

Furthermore, in vitro experiments were conducted by up-regulating
HO-1 in the Pro-B cells of HO-1*/~ mice and silencing it in the cells of
HO-1"" mice through lentiviral transduction. The down-regulation of
HO-1 expression significantly promoted the GO/G1 phase arrest of Pro-
B cells in vitro. In addition, HO-1 up-regulation significantly inhibited
Pre-B cell apoptosis in vitro. The PISK/AKT signaling pathway was
possibly involved in the regulation of early B lymphocyte development
induced by HO-1 deficiency. Strikingly, the absence of HO-1 from Pro-B
cells was associated with activation of the PI3K/AKT pathway, leading
to up-regulated expressions of key proteins for cell cycle arrest, such as
P21, P27, CDK4 and CDK6. Although increasing HO-1 protein expres-
sion augmented the expression of P-AKT protein, AKT protein expres-
sion was not significantly affected. The phosphorylation of AKT protein
is usually linked to its activity, and HO-1 promoted expression of P-AKT
protein can activate the PI3K/AKT pathway. In this study, nevertheless,
the expression of P-AKT also reduced after HO-1 protein expression in
the Pre-B cells of HO-1"" mice was down-regulated. When the PI3K/
AKT pathway was suppressed, the inhibited expressions of downstream
apoptosis proteins, such as BAD and BCL-2, were weakened.
Accordingly, HO-1 was required for AKT-mediated inhibition of apop-
tosis and cell cycle arrest. Cudmore et al. also found P-AKT reduction in
the organs of HO-1 null mice, and identified an inter-dependency be-
tween AKT and HO-1 [46]. In-depth studies using gene microarray, co-
immunoprecipitation assay and chromatin immunoprecipitation assay
to reveal the interactions between HO-1 and key factors in micro-
environment are ongoing in our group.

5. Conclusions

In conclusion, HO-1 was a key factor regulating the proliferation
and development of B cells in mice. Our findings pave the way for
unraveling the transcriptional complexity underlying B cell generation.
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Fig. 10. Schematic representation of mechanism for influence of HO-1 protein on B cell development.
The schematic representation of mechanism for the relationship of HO-1 with the PI3K/AKT pathway and its downstream proteins.
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