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microRNA-155-5p initiates childhood acute lymphoblastic
leukemia by regulating the IRF4/CDK6/CBL axis
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Acute lymphoblastic leukemia (ALL) is a common malignancy in children. In this study, we aimed to explore putative mechanisms
of microRNA-155-5p (miR-155-5p) involvement in childhood ALL (cALL) via interactions with casitas B-lineage lymphoma (CBL),
interferon regulatory factor 4 (IRF4), and cyclin-dependent kinase 6 (CDK6). Bioinformatic analysis was performed initially to identify
differentially expressed genes in cALL. The expression levels of miR-155-5p, CBL, IRF4, and CDK6 in peripheral blood lymphocytes
from clinical ALL samples were determined using RT-qPCR and Western blot assays. A dual-luciferase reporter gene assay was used
to ascertain a possible targeting relationship between miR-155-5p and CBL, CCK-8 assay and flow cytometry were used to measure
cell activity and apoptosis of ALL cells. Co-IP was performed to investigate the interaction between CBL and IRF4 and the
ubiquitination level of IRF4. Furthermore, in vivo validation was performed inducing xenograft tumor models with ALL cells in nude
mice. As indicated by bioinformatic analysis, miR-155-5p and CDK6 were upregulated and CBL was downregulated in ALL. miR-155-
5p was found to target CBL to inhibit CBL expression. miR-155-5p promoted the proliferation of ALL cells and inhibited their
apoptosis by inhibiting the expression of CBL, which otherwise degraded IRF4 protein through ubiquitination, leading to inhibited
CDK6 expression. Collectively, the results show that miR-155-5p can promote the development of cALL via the regulation on CBL-
mediated IRF4/CDK6 axis.
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INTRODUCTION
Acute lymphoblastic leukemia (ALL) is a frequently occurring
childhood malignancy and is a major cause for disease-related
death among children [1]. ALL is characterized by uncontrolled
immature lymphoid cell proliferation [2]. Genomic features and
epigenetic regulation are responsible for the transformation in
childhood acute lymphoblastic leukemia (cALL) [3]. The treatment
options for cALL include initial high intensity chemotherapy, and
subsequent low intensity oral maintenance therapy using oral
6-mercaptopurine and methotrexate [4]. Despite advances in its
treatment modalities, the survival of cALL patients with relapse
remains unsatisfactory [5].
Of note, the role of microRNAs (miRs) in cALL has been

documented [6]. miRs are endogenous 22-nucleotide RNAs with
the ability to regulate crucial gene-regulatory events by pairing
with the mRNAs of protein-coding genes resulting in gene
repression [7]. Previous work has shown differentially upregulated
miR-155 in patients with ALL, which can thus serve as diagnostic
biomarkers and possibly act as facilitators in leukemogenesis [8].
In particular, overexpressed miR-155-5p has been noted in
peripheral blood mononuclear cells of patients with chronic
lymphocytic leukemia [9]. In addition, the levels of miR-155 were
found as significantly higher in acute myeloid leukemia patients
than in controls, and its overexpression has been associated with
initial presentation and poor outcome [10]. Mechanistically, miR-
155 is capable of targeting casitas B-lineage lymphoma (CBL) in
melanoma [11] and is also shown to target CBL to mediate the

behaviors of colon cancer cells [12]. CBL is a E3 ubiquitin ligase of
multiple tyrosine kinase receptor types [13]. Notably, a lack of CBL
E3-ligase activity has been discovered in B-lineage cALL cells [14].
Moreover, it has been previously reported that CBL displays
mutations in infants with cALL [15]. In this context, it is noteworthy
that CBLs can trigger ubiquitination and degradation of interferon
regulatory factor 4 (IRF4) in GC light zone B cells [16]. IRF4, a
member of IRF family transcription factors, exerts crucial functions
in the development of lymphoid cells as well as in the regulation
of immune responses [17] and is highly expressed in cALL [18].
Other research has shown that knockdown of IRF4 downregulated
cyclin-dependent kinase 6 (CDK6) in EBV-mediated B cells [19].
CDK6 is a type of D-Cyclin-activated kinase involved in propelling
the cell cycle by inactivating pRB in the G1 phase [20]. Inhibition of
CDK6 has been reported to contribute to a reduction in IRF4
expression [21]. Interestingly, high expression of CDK6 has been
found in childhood patients with B-ALL [22]. This study was
designed to test the hypothesis that miR-155-5p mediates
regulation of the CBL–IRF4–CDK6 axis and therefore plays a
regulatory role in cALL.

MATERIALS AND METHODS
Bioinformatic analysis
The Gene Expression Omnibus database (https://www.ncbi.nlm.nih.gov/
gds) was utilized to obtain the gene expression microarray dataset
(GSE141140) and miRNA expression microarray dataset (GSE56489), which
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pertained to cALL. Differential gene expression analysis was performed
using edgeR software package in the R statistical environment. There were
57 samples in the GSE56489 dataset, including 14 normal samples and 43
ALL samples, and there were 17 samples in the GSE141140 dataset,
including four normal samples and 13 ALL samples. Significant differen-
tially expressed genes and miRNAs were screened using the criteria
logFC and p < 0.05. The starBase (http://starbase.sysu.edu.cn/), TargetScan
(http://www.targetscan.org/vert_72/), miRDB (http://mirdb.org/), and mir-
DIP databases (http://ophid.utoronto.ca/mirDIP/) were used to predict the
target genes of the miRNA, and their intersection was selected as the
candidate target gene set of miR-155-5p.

Clinical sample collection
Peripheral blood lymphocytes were collected from children with ALL (n=
28), aged 1–15 years old, who were hospitalized between 2017 and 2019 at
the Shandong Provincial Hospital Affiliated to Shandong First Medical
University. All included patients did not have any prior treatment. Samples
were also collected from age-matched normal children (used as normal
control material) (n= 28). The specific clinicopathological characteristics of
the included patients are shown in Table S1.

Cell culture and treatment
The normal lymphoblastoid cell line AHH-1 and four ALL cell lines (697,
KOPN-8, B1, and SUP-B15) were purchased from the Institute of
Biochemistry and Cell Biology, Shanghai Institutes for Biological Sciences,
Chinese Academy of Sciences (Shanghai, China). The cells had been
identified by STR DNA analysis (the specific STR data are presented in
Table 1), with regular examination for control of mycoplasma contamina-
tion. The cells were cultured in Rosewell Park Memorial Institute-1640
(RPMI-1640) medium (72400120, Gibco, Carlsbad, California, USA) contain-
ing 10% fetal bovine serum (FBS, 10099141, Gibco) and 1% penicillin/
streptomycin (15070063, Gibco). HEK293T cells purchased from American
Type Culture Collection (VA, USA) were cultured in Dulbecco’s modified
Eagle’s medium containing 10% FBS and 1% penicillin/streptomycin
(10569044, Gibco). All cells were cultured in a cell incubator containing 5%
CO2 at 37 °C.
The 697 cells were grouped into the following treatment groups:

inhibitor-negative control (NC) (cells treated with miR-155-5p inhibitory
control), inhibitor-miR-155-5p (cells treated with miR-155-5p inhibitor),
short hairpin RNA (sh)-NC (cells treated with lentivirus carrying NC of
shRNA vector: 5′-CCTAAGGTTAAGTCGCCCTCG-3′), sh-CBL-1 (cells treated
with lentivirus carrying shRNA sequence 1 targeting CBL: 5′-GGGAACA
TTCTCCAGACAATC-3′), sh-CBL-2 (cells treated with lentivirus carrying
shRNA sequence 2 targeting CBL: 5′-GGAGCAATGTGAGGGTGAAGA-3′),
inhibitor-NC+ sh-NC (cells treated with miR-155-5p inhibitory control and
lentivirus carrying NC of shRNA vector), inhibitor-miR-155-5p+ sh-NC (cells
treated with miR-155-5p inhibitor and lentivirus carrying NC of shRNA
vector), inhibitor-miR-155-5p+ sh-CBL (cells treated with miR-155-5p
inhibitor and lentivirus carrying sh-CBL), overexpression (oe)-NC+
dimethylsulfoxide (DMSO) (cells treated with lentivirus carrying NC of
overexpression vector and with DMSO), oe-CBL+DMSO (cells treated with
lentivirus carrying oe-CBL and with DMSO), oe-NC+MG132 (cells treated
with lentivirus carrying NC of overexpression vector and a proteasome
inhibitor MG132), oe-CBL+MG132 (cells treated with lentivirus carrying
oe-CBL and MG132), oe-NC (cells treated with lentivirus carrying NC of
overexpression vector), oe-CBL+ oe-NC (cells treated with lentivirus
carrying oe-CBL and NC of overexpression vector), oe-CBL+ oe-IRF4 (cells
treated with lentivirus carrying oe-CBL and oe-IRF4), oe-CBL+ oe-CDK6
(cells treated with lentivirus carrying oe-CBL and oe-CDK6), and oe-CDK6
(cells treated with lentivirus carrying oe-CDK6).
KOPN-8 cells were assigned to the following treatment groups: mimic-

NC (cells treated with miR-155-5p overexpression control), mimic-miR-155-
5p (cells treated with miR-155-5p overexpression), oe-NC (cells treated with
lentivirus carrying NC of overexpression vector), oe-CBL-1 (cells treated
with lentivirus carrying overexpressed CBL), mimic-NC+ oe-NC (cells
treated with miR-155-5p overexpression control and lentivirus carrying
NC of overexpression vector),e(cells treated with lentivirus carrying NC of
shRNA vector), sh-CDK6-1 (cells treated with lentivirus carrying shRNA
sequence 1 targeting CDK6: 5′-CTTCTGAAGTGTTTGACATTT-3′), sh-CDK6-2
(cells treated with lentivirus carrying shRNA sequence 2 targeting CDK6: 5′-
GAGAAGTTTGTAACAGATATC-3′), sh-CBL+ sh-NC (cells treated with lenti-
virus carrying sh-CBL and NC of shRNA vector), sh-CBL+ sh-IRF4 (cells
treated with lentivirus carrying sh-CBL and sh-IRF4), and sh-CBL+ sh-CDK6
(cells treated with lentivirus carrying sh-CBL and sh-CDK6).

HEK293T cells were divided into the following treatment groups: CBL-
wild type (WT) (the normal group of 3′-untranslated region (3′-UTR)
binding site between CBL and miR-155-5p), CBL-mutant type (MUT) (the
mutation group of 3′-UTR binding site between CBL and miR-155-5p),
mimic-NC (cells treated with the control of miR-155-5p overexpression),
and mimic-miR-155-5p (cells treated with miR-155-5p overexpression).

Table 1. STR data of human cell lines.

Cell lines STR profile

AHH-1 Amelogenin: X,Y

CSF1PO: 10,12

D13S317: 11

D16S539: 11,12

D5S818: 11

D7S820: 8,11

TH01: 8,9.3

TPOX: 8,11

vWA: 14

697 Amelogenin: X,Y

CSF1PO: 10,12

D13S317: 11

D16S539: 11,12

D5S818: 11

D7S820: 8,11

TH01: 8,9.3

TPOX: 8,11

vWA: 14

KOPN-8 Amelogenin: X,Y

CSF1PO: 10,12

D13S317: 11

D16S539: 11,12

D5S818: 11

D7S820: 8,11

TH01: 8,9.3

TPOX: 8,11

vWA: 14

B1 Amelogenin: X,Y

CSF1PO: 10,12

D13S317: 11

D16S539: 11,12

D5S818: 11

D7S820: 8,11

TH01: 8,9.3

TPOX: 8,11

vWA: 14

SUP-B15 Amelogenin: X,Y

CSF1PO: 10,12

D13S317: 11

D16S539: 11,12

D5S818: 11

D7S820: 8,11

TH01: 8,9.3

TPOX: 8,11

vWA: 14
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The core plasmid (PLKO. 1) and the auxiliary plasmid (psPAX2, pMD2. G)
were used to package the silencing lentivirus, and, the core plasmid
(pHAGE-CMV-MCS-IzsGreen) and auxiliary plasmid (psPAX2, pMD2.G)
inserted into the complementary DNA (cDNA) sequence of the target
gene were used to package the overexpression lentivirus. All lentiviruses
were purchased from Shanghai Sangon Biotechnology Co. Ltd. (Shanghai,
China). The primer sequences and plasmid construction were completed
by Sangon and the experimental steps were carried out according to the
instruction manual. MG132 was purchased from Sigma-Aldrich Chemical
Company (St Louis, MO, USA).

Isolation of peripheral blood lymphocytes
A total of 10-mL venous blood was added to Ficoll Hypaque solution
(Amersham Pharmacia biotechnology, Uppsala, Sweden) and mixed
evenly. The mixture was then centrifuged at 1500 g at room temperature
for 25min. The resulting intermediate layer contained lymphocytes, which
were isolated for subsequent experiments.

Cell counting kit-8 (CCK-8) assay
CCK-8 kits (GK10001, GlpBio, Montclair, CA, USA) were used to quantify cell
proliferation after different treatments. The experiments were carried out
according to the instructions of the kit. At 0, 24, 48, 72, and 96 h after cell
treatment, 10 μL of CCK-8 reagent was added to each well and incubated
in an incubator for 1 h. The optical density value at 450 nm was then
measured.

Flow cytometry
Cell apoptosis was determined using Annexin V-fluorescein isothiocyanate
(FITC) and propidium iodide (PI) kits (APOAF, Sigma-Aldrich). The cells were
subjected to different treatments, cultured in an incubator for 48 h,
centrifuged, and resuspended in 200-μL buffer. Next, 10-μL Annexin V-FITC
and 5-μL PI were added to the cells, followed by mixing and reaction at
room temperature in the dark, for 15 min. The reaction was terminated
with addition of 300-μL buffer. A flow cytometer (Becton, Dickinson and
Company, Sparks, Md, USA) was used to measure cell apoptosis and the
apoptotic rate was determined.

Dual-luciferase reporter gene assay
The normal sequence [CBL-WT] and mutant sequence [CBL-MUT] of miR-
155-5p and CBL at the 3′-UTR binding site were synthesized and
introduced into the pMIR vector (AM5795, Ambion, Austin, TX, USA).
Following restriction endonuclease cleavage, the target fragment was
inserted into the vector using T4 DNA ligase (M0204S, New England
Biolabs, Ipswich, MA, USA). The fluorescent plasmid of Renilla and the
constructed luciferase reporter plasmids were, respectively, co-transfected
with mimic-NC and miR-155-5p mimic into HEK293T cells. The cells were
cultured in a 37 °C incubator with 5% CO2 and saturated humidity for 48 h.
After transfection, the cells were collected and lysed. The luciferase activity
was determined using Dual-Luciferase® Reporter Assay System on the
GloMax® 20/20 Luminometer detection instrument (E5311, Promega
Corporation, Madison, WI, USA). The relative luciferase activity= firefly
luciferase activity/Ranilla luciferase activity. All the vectors were con-
structed by Sangon.

Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR)
Total RNA was extracted using TRIzol reagent (16096020, Thermo Fisher
Scientific Inc., Waltham, Massachusetts, USA). miRNA (B532451, Sangon)
and mRNA (D7168l, Beyotime, Shanghai) were synthesized into cDNA
using the first strand cDNA synthesis kits according to the manufacturer’s
instructions. RT-qPCR was carried out using RT-qPCR kits (Q511-02, Vazyme
Biotechnology, Nanjing, China) according to the instruction manual. PCR
amplification was performed on a Bio-Rad real-time qPCR instrument
CFX96. U6 was used as internal reference for miR-155-5p and β-actin for
CBL, IRF4 and CDK6. All primer sequences were designed and provided by
Sangon. The primer sequences are listed in Table S2. The results, using the
2−ΔΔCT method, indicated the expression ratio relationships between the
experimental and the control groups.

Western blot assay
Radio-immunoprecipitation assay (RIPA) lysis buffer containing phenyl-
methylsulfonyl fluoride and the protein inhibitor cocktail (P0013B,

Beyotime) was used to lyse tissues and cells to extract total protein.
Nuclear and cytoplasmic proteins were extracted using kits (P0028,
Beyotime) according to the instruction manual. The supernatant was
extracted, and the total protein concentration of each sample was
determined with bicinchoninic acid kits (23229, Thermo Fisher Scientific
Inc.). The protein concentration was adjusted to 1 μg/μL, and the sample
volume of each tube was set at 100 μL. The protein was boiled for 10min,
and the denaturated protein stored at −80 °C for further use. Based on the
molecular size of the target protein, 8–12% sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis was performed, where protein samples
were added to the lanes in equal amounts for electrophoresis. The protein
was transferred from the gel to the polyvinylidene fluoride membrane
(1620177, Bio-Rad, Hercules, CA, USA), which was then blocked with 5%
skimmed milk or 5% bovine serum albumin at room temperature for 1 h.
The protein samples were then incubated with rabbit antibodies against β-
actin (ab8227, 1:5000), CBL (ab32027, 1:1000), IRF4 (4964, 1:1000), and
CDK6 (ab124821, 1:1000) at 4 °C overnight. The next day, the protein was
further incubated with horseradish peroxidase-labeled goat anti-rabbit
against immunoglobulin G (IgG) (ab6721, 1:5000) at room temperature for
1 h. The membrane was immersed in enhanced chemiluminescence
reaction solution (1705062, Bio-Rad, USA) at room temperature for 1 min.
The excess liquid was removed and the protein was covered with plastic
wrap. Band exposure imaging was performed on the Image Quant LAS
4000C gel imager (GE company, USA). Cell total protein was measured
using β-actin as internal reference, and the ratio of gray value of target
band to that of internal reference band was taken as the relative protein
expression. All the aforementioned antibodies were purchased from
Abcam Inc. (Cambridge, UK), except the rabbit antibody against IRF4,
which was purchased from Cell Signaling Technologies (Beverly, MA, USA).

Co-immunoprecipitation (Co-IP) assay
The interaction between endogenous CBL and IRF4 protein was
determined by the Co-IP assay. Pierce IP buffer (1% Triton X-100, 150-
mM NaCl, 1-mM ethylenediamine tetraacetic acid, 25-mM Tris HCl, pH 7.5)
was used to lyse the cells, followed by addition of protease inhibitors and
phosphatase inhibitors. After centrifugation, the supernatant was extracted
and incubated with mouse antibody against IRF4 (sc-48338, 1:100, Santa
Cruz Biotechnology, Santa Cruz, CA, USA) and IgG (ab200699, 1:100,
Abcam) overnight at 4 °C. After that, protein G beads, Dynabeads (Thermo
Fisher Scientific Inc.) were added to the above mixture and slowly rotated
for 8 h at 4 °C. The protein G beads were then washed with IP buffer three
times, eluted with elution buffer and boiled at for 10min to denature the
protein, which was stored at −80 °C for subsequent use. Finally, the Co-IP
product was analyzed by the Western blot assay.

Determination of ubiquitination
For determining the endogenous IRF4, the cells were incubated with
10-μM MG132 (HY-13259, MedChemExpress, NJ, USA), a proteosome
inhibitor, for 6 h, whereas cells in the control group were added with the
same amount of DMSO (D2650, Sigma-Aldrich). Cells were lysed in 1% SDS
RIPA buffer and treated with ultrasound. After the IP reaction, the diluted
cell lysate (at a final 0.1% SDS concentration) was incubated with IRF4
antibody (sc-48338, 1:100, Santa Cruz) at 4 °C overnight. Protein G beads
were added to the cells and incubated at 4 °C for 8 h. Thereafter, the
protein G beads were washed in IP buffer three times, eluted with washing
buffer, boiled at 100 °C for 10min to denature the protein, and then stored
for subsequent use at −80 °C. The ubiquitination level of IRF4 was
determined by Western blot assay using rabbit anti-human ubiquitin
(ab7780, 1:1000, Abcam).

Xenograft in nude mice
Male nonobese diabetic/severe combined immunodeficient (NOD/SCID)
mice (aged 6 weeks) were purchased from Jiangsu ALF Biotechnology Co.,
LTD. (Nanjing, China) and fed in a specific-pathogen-free animal room with
sufficient water and food. After 1 week of adaptive feeding, 697 cells were
injected into a tail vein at a dose of 5 × 106 cells/mouse. Ten mice in each
group were randomly selected and their conditions were monitored every
day. The start and end time-points of the survival of the mice were recorded,
and the survival analysis curve was drawn. The surviving mice in each group
were euthanized after 30 days; their spleens and livers were collected, and
the spleen and liver mass coefficients (ratio of spleen/liver weight to total
body weight) were calculated, respectively (Supplementary Fig. 2C). Using
human E2A/PBX1 and human CD19 antibodies (ab134114, 1:1000, Abcam),
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flow cytometry was conducted to analyze bone marrow and peripheral
blood cells from mice injected with human 697 cells. The spleens and livers
were fixed with formalin, dehydrated, and embedded in paraffin for
histopathological analysis by hematoxylin–eosin (HE) staining. Animals were
assigned to the blank control group, or treated with antagomir NC+ oe-NC
(miR-155-5p inhibitory control+ lentivirus overexpression control), miR-155-
5p antagomir+ oe-NC (miR-155-5p inhibition+ lentivirus overexpression
control), or miR-155-5p antagomir+ oe-CDK6 (miR-155-5p inhibition+
lentivirus overexpressing CDK6). Engraftments of human 697 cells in NOD/
SCID mice are shown in Table 2.

HE staining
The whole sections were dried at room temperature, fixed at room
temperature for 30 s, and stained with hematoxylin (60 °C) for 60 s. Next,
the sections were treated with 1% hydrochloric acid alcohol differentiation
solution for 3 s, stained with eosin for 3min, dehydrated with 70, 80, 95%
ethanol and anhydrous ethanol for 5min each, and then cleared with xylene
three times for 5min each time. Finally, the sections were sealed with resin
and observed under a microscope (BX63, Olympus, Tokyo, Japan).

Statistical analysis
All data were processed using SPSS 21.0 statistical software (IBM Corp.,
Armonk, NY, USA). The measurement data, obtained from three
independent experiments, were expressed as mean ± standard deviation.
The comparison between two groups was conducted using unpaired t-test.
Data from multiple groups were compared by one-way analysis of variance
(ANOVA), with the Tukey’s post hoc test. Data from multiple groups at
different time-points were compared by repeated measures ANOVA,
followed by the Tukey’s post hoc test. Pearson’s correlation analysis was
used to determine the correlations between measures. The Kaplan–Meier
method was used to calculate the survival rates and the differences
between the survival curves by group were examined using the log-rank
test. p < 0.05 indicated statistically significant difference. A schematic
diagram illustrating the experimental procedures is depicted in Supple-
mentary Fig. 1.

RESULTS
miR-155-5p and CBL were differentially expressed in cALL
A total of 71 differentially expressed miRNAs were screened using
the edge package in R. Among these, 42 were upregulated and 29
were downregulated (Fig. 1A and Table 3). A clustering heatmap
of the differentially expressed miRNAs was drawn (Fig. 1B) and
miR-155-5p was found to be upregulated in ALL (Fig. 1C). RT-qPCR
was used to determine the expression levels of miR-155-5p in
peripheral blood lymphocytes from ALL clinical samples. The
results showed that the expression of miR-155-5p was significantly
increased in peripheral blood lymphocytes from ALL clinical cases
as compared with normal controls. To further verify the results, we
determined the expression levels of miR-155-5p in ALL cell lines,
which showed that, as compared with the AHH-1 cell line, 697, B1,
KOPN-8, and SUP-B15 cell lines each displayed notably increased
miR-155-5p expression (Fig. 1D, E). The results of the RT-qPCR
and Western blot assays showed that CBL expression was
significantly decreased in peripheral blood lymphocytes from
ALL clinical samples as compared with normal controls (Fig. 1F, G).
Similar results were found concerning CBL expression in the above

four ALL cell lines (Fig. 1H, I). Pearson’s correlation analysis
demonstrated that miR-155-5p was negatively correlated with CBL
mRNA (Fig. 1J). These results suggest that miR-155-5p is
upregulated and CBL is downregulated in cALL.

miR-155-5p targeted and inhibited CBL
The intersection of four databases predicted that CBL was among
the target genes of miR-155-5p (Fig. 2A). We hypothesized that
miR-155-5p might target CBL expression in cALL. Using a web-
based tool, http://mirdb.org/, a targeted binding site between
miR-155-5p and CBL (Fig. 2B) was predicted. mimic-miR-155-5p
(overexpression of miR-155-5p) was co-transfected into
HEK293T cells with CBL-WT and CBL-MUT, respectively. The
expression level of miR-155-5p was determined by RT-qPCR,
which showed that the expression of miR-155-5p in CBL-WT and
CBL-MUT was significantly increased by mimic-miR-155-5p
(Fig. 2C). The results of the dual-luciferase reporter gene assay
displayed that mimic-miR-155-5p notably decreased the lucifer-
ase activity of CBL-WT, but failed to change that of CBL-MUT
(Fig. 2D). Having found that miR-155-5p showed the highest
expression in 697 cell line among the four tested cell lines, while
the lowest expression was noted in the KOPN-8 cell line, we
inhibited the expression of miR-155-5p in 697 cell line and
promoted the expression of miR-155-5p in the KOPN-8 cell line.
RT-qPCR then confirmed that miR-155-5p expression was
significantly lower in 697 cells in response to inhibitor-miR-155-
5p treatment than with inhibitor-NC. Furthermore, the expres-
sion of miR-155-5p in KOPN-8 cells in response to mimic-miR-
155-5p treatment was notably higher than that in the mimic-NC
group (Fig. 2E). RT-qPCR and Western blot assay showed
that inhibitor-miR-155-5p treatment of 697 cells significantly
increased CBL expression, while mimic-miR-155-5p treatment of
KOPN-8 cells markedly decreased its expression (Fig. 2F, G).
These results suggest that miR-155-5p inhibits CBL expression.

miR-155-5p augmented proliferation and inhibited apoptosis
of ALL cells by inhibiting CBL
Next, we focused on elucidating whether miR-155-5p can regulate
the cellular functions of ALL cells by inhibiting CBL. RT-qPCR and
Western blot assay were used to determine the efficiency of CBL
silencing or overexpression in 697 and KOPN-8 cells. The results
showed that CBL expression in 697 cells upon sh-CBL-1 and sh-
CBL-2 treatment was significantly reduced. Since the silencing
efficiency of sh-CBL-1 was higher than that of sh-CBL-2, we used
sh-CBL-1 (sh-CBL) for subsequent experiments. CBL expression in
KOPN-8 cells in the presence of oe-CBL was markedly increased
(Fig. 3A, B). RT-qPCR and Western blot assay showed that miR-155-
5p expression was significantly decreased and CBL expression was
increased in 697 cells treated with inhibitor-miR-155-5p. Com-
pared with inhibitor-miR-155-5p, inhibitor-miR-155-5p+ sh-CBL
treatment provoked no significant difference in miR-155-5p
expression, but resulted in a marked decline in CBL expression
in 697 cells. Moreover, the expression of miR-155-5p in KOPN-8
cells upon mimic-miR-155-5p treatment was significantly

Table 2. Engraftments of human 697 cells in NOD/SCID mice.

Mice engrafted Overall survival (%) Final engraftment level
(hCD19+ E2A/Pbx1+%, mean ± SD)

Peripheral blood Bone marrow

Blank 10 100.0% 13.89 3.1.71 10.52 0.1.63

antagomir NC+ oe-NC 10 40.0% 30.24 0.2.16 23.52 3.2.98

miR-155-5p antagomir+ oe-NC 10 80.0% 13.69 3.1.07 11.01 1.1.52

miR-155-5p antagomir+ oe-CDK6 10 30.0% 31.71 1.2.19 24.09 4.2.46
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increased, along with decreased CBL expression; compared with
the effect of mimic-miR-155-5p, whereas mimic-miR-155-5p+ oe-
CBL treatment of KOPN-8 cells had no significant effects on the
expression of miR-155-5p, but increased the expression of CBL
(Fig. 3C, D).
CCK-8 assays showed that inhibitor-miR-155-5p treatment led to

markedly decreased cell viability; however, inhibitor-miR-155-5p+
sh-CBL reversed this effect. The cell viability was significantly
increased by mimic-miR-155-5p, but this effect was neutralized by
mimic-miR-155-5p+ oe-CBL (Fig. 3E). The results of flow cytometry
revealed that the apoptotic rate in the presence of inhibitor-miR-
155-5p was significantly increased; however, compared with
inhibitor-miR-155-5p treatment, inhibitor-miR-155-5p+ sh-CBL

provoked a significantly lower apoptotic rate. mimic-miR-155-5p
also resulted in a significantly lower apoptotic rate, which was
restored in the presence of mimc-miR-155-5p+ oe-CBL (Fig. 3F).
Overall, miR-155-5p has the potential to promote proliferation and
repress apoptosis of ALL cells by inhibiting CBL.

CBL inhibited CDK6 expression through ubiquitination of IRF4
We then investigated the interaction between CBL, CDK6, and
IRF4 in ALL. A total of 4396 differentially expressed genes were
screened utilizing the edgeR R package, among which 1676
were downregulated and 2720 were upregulated (Fig. 4A and
Supplementary Table S3). The clustering heatmap of the
differentially expressed genes was delineated (Fig. 4B), among

Fig. 1 miR-155-5p and CBL are differentially expressed in cALL. A Volcano map of differentially expressed miRNAs in the ALL microarray
data. Each dot represents a gene, where red dots indicate upregulation and green dots indicate downregulation. B Clustering heatmap for
differentially expressed miRNAs in ALL microarray data. Each row represents a gene, and each column represents a sample. C Expression of
miR-155-5p in microarray. Red indicates ALL samples (n= 43) and gray indicates normal bone marrow samples (n= 14). D Scatter plot
denoting the expression of miR-155-5p in peripheral blood lymphocytes from ALL clinical samples as determined by RT-qPCR (n= 28). E The
expression of miR-155-5p in AHH-1, 697, B1, KOPN-8, and SUP-B15 cell lines as determined by RT-qPCR. F Scatter plot for CBL expression in
peripheral blood lymphocytes from ALL clinical samples as determined by RT-qPCR (n= 28). G The protein bands and statistical histogram
denoting the expression of CBL in peripheral blood lymphocytes from ALL clinical samples as determined by Western blot assay (n= 28).
H The statistical histogram denoting the expression of CBL in AHH-1, 697, B1, KOPN-8, and SUP-B15 cells as determined by RT-qPCR. I The
protein bands and statistical histogram denoting the expression of CBL in AHH-1, 697, B1, KOPN-8, and SUP-B15 cell lines as determined by
Western blot assay. J The correlation between miR-155-5p and CBL as determined using Pearson’s correlation analysis. *p < 0.05 indicates
significant difference. Each cell experiment was conducted three times independently.
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which CDK6 was upregulated in ALL samples (Fig. 4C). Western
blot assay was performed to determine the expression levels of
IRF4 and CDK6 in clinical peripheral blood lymphocytes. The
results demonstrated that the expression levels of IRF4 and
CDK6 in ALL were markedly increased compared with those in
normal control samples (Fig. 4D). Western blot assay displayed
similar results for the expression of IRF4 and CDK6 in AHH-1 and
ALL cells (Fig. 4D).

In addition, our data showed that relative to oe-NC+ DMSO,
the treatment with oe-CBL+ DMSO significantly increased the
expression of CBL protein, whereas IRF4 protein expression
was notably decreased. When the proteosome inhibitor MG132
was added, CBL protein expression was also significantly
increased, but there was no significant difference in the
expression of IRF4; however, the expression of IRF4 was higher
in the presence of MG132 (Fig. 4E). Compared with treatment
with sh-NC+ DMSO, the treatment with sh-CBL+ DMSO sig-
nificantly decreased the expression of CBL protein, whereas that
of IRF4 protein showed a marked increase. When MG132 was
added, CBL protein expression was also significantly decreased,
but IRF4 protein expression remained almost unchanged; the
protein expression of IRF4 was higher in the presence of MG132
(Fig. 4F).
The results from Co-IP assay showed that CBL interacted with

IRF4 (Fig. 4G). IP assays revealed that the ubiquitination level of
IRF4 in response to oe-CBL treatment was markedly increased,
while sh-CBL significantly decreased the ubiquitination level.
Treatment with MG132 also decreased the ubiquitination level of
IRF4 (Fig. 4H). Subsequently, we confirmed that CBL inhibited
CDK6 expression via ubiquitination of IRF4. Western blot assay
results demonstrated that the expression of CBL in the presence
of oe-CBL was notably increased, and the expression of IRF4
and CDK6 was significantly decreased. Compared with oe-CBL
treatment, oe-CBL+ oe-IRF4 did not provoked significantly
changed expression of CBL, but did result in a marked increase
in the expression of IRF4 and CDK6. CBL expression significantly
declined in response to sh-CBL treatment, whereas there was an
increase in IRF4 and CDK6 expression. Compared with sh-CBL, sh-
CBL+ sh-IRF4 treatment resulted in no significant effects on CBL
expression, but reduced IRF4 and CDK6 expression (Fig. 4I). These
results suggest that CBL downregulates CDK6 by ubiquitination
of IRF4.

CBL impaired proliferation and stimulated apoptosis of ALL
cells by inhibiting CDK6 expression and promoting the
ubiquitination and degradation of IRF4
We then proceeded to examine whether CBL can regulate the
cellular functions of ALL cells by regulating the IRF4/CDK6 axis. RT-
qPCR showed that expression of CDK6 was increased by oe-CDK6
treatment but decreased by sh-CDK6-1 and sh-CDK6-2 (Fig. 5A).
Since the silencing efficiency of sh-CDK6-1 was better than that
of sh-CDK6-2, we used sh-CDK6-1 (sh-CDK6) for the follow-up
experiments.
Western blot assay results revealed that CBL expression was

notably increased but IRF4 and CDK6 expression was decreased by
oe-CBL. However, compared with oe-CBL treatment, oe-CBL+ oe-
CDK6 had no significant effect on CBL and IRF4 expression, but
provoked a marked increase in CDK6 expression. Treatment with
sh-CBL resulted in decreased CBL expression but increased CDK6
and IRF4 expression. Relative to sh-CBL treatment, sh-CBL+ sh-
CDK6 had no significant effect on CBL and IRF4 expression, but
markedly decreased CDK6 expression (Fig. 5B).
CCK-8 assay results demonstrated that oe-CBL decreased cell

viability, the effects of which were reversed by oe-CBL+ oe-CDK6
combined treatment. sh-CBL notably increased cell viability, while
sh-CBL+ sh-CDK6 neutralized this effect (Fig. 5C). Flow cytometry
showed that the apoptotic rate was increased in the presence of
oe-CBL; however, compared with oe-CBL treatment, oe-CBL+ oe-
CDK6 resulted in a marked decrease in apoptotic rate. Moreover,
the apoptotic rate displayed a notable increase in response to sh-
CBL. Compared with sh-CBL treatment, sh-CBL+ sh-CDK6 resulted
in significantly increased apoptotic rate (Fig. 5D). Taken together,
CBL enhances the ubiquitination and degradation of IRF4 to
reduce CDK6 expression, thus impairing proliferation and promot-
ing apoptosis of ALL cells.

Table 3. Upregulated and downregulated mRNAs in Fig. 1A, B.

Upregulated miRNAs Downregulated miRNAs

hsa-miR-181b hsa-miR-145

hsa-miR-128 hsa-miR-143

hsa-miR-155-5p hsa-miR-640

hsa-miR-146a hsa-miR-606

hsa-miR-7-1* hsa-miR-199a-3p

hsa-miR-708 hsa-miR-199b-3p

hsa-miR-1323 hsa-miR-567

hsa-miR-369-3p hsa-miR-96

hsa-miR-195 hsa-miR-199b-5p

hsa-miR-449a hsa-miR-633

hsa-miR-222 hsa-miR-136

hsa-miR-181a hsa-miR-199a-5p

hsa-let-7b* hsa-miR-4301

hsa-miR-181a-2* hsa-miR-454*

hsa-miR-548i hsa-miR-516b

hsa-miR-587 hsa-miR-362-5p

hsa-miR-3121 hsa-miR-149

hsa-miR-181a* hsa-miR-1243

hsa-miR-1322 hsa-miR-146a*

hsa-miR-664 hsa-miR-802

hsa-miR-1183 hsa-miR-140-5p

hsa-miR-105* hsa-miR-548u

hsa-miR-297 hsa-miR-200b*

hsa-miR-488* hsa-miR-186

hsa-miR-185* hsa-miR-4296

hsa-miR-613 hsa-miR-1289

hsa-miR-299-3p hsa-miR-329

hsa-miR-147b hsa-miR-219-5p

hsa-miR-1244 hsa-miR-616*

hsa-miR-342-5p

hsa-miR-1284

hsa-miR-1321

hsa-miR-181c

hsa-miR-3173

hsa-miR-1257

hsa-miR-548d-5p

hsa-miR-206

hsa-miR-4312

hsa-miR-924

hsa-miR-29a*

hsa-miR-4297

hsa-miR-2117

*Indicates significantly downregulated expression.
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Fig. 3 miR-155-5p stimulates proliferation and impedes apoptosis of ALL cells by inhibiting CBL. A The statistical histogram denoting CBL
silencing and overexpression efficiency as determined by RT-qPCR. B The CBL silencing and overexpression efficiency as determined by the
Western blot assay. C The statistical histogram denoting miR-155-5p and CBL expression after different treatments as determined by RT-qPCR.
D The protein bands and statistical histogram denoting CBL protein expression after different treatments as determined by the Western blot
assay. E Line chart depicting cell viability determined by the CCK-8 assay. F The apoptotic rate of cells as examined by flow cytometry. *p < 0.05
indicates significant difference. Each cell experiment was conducted three times independently.

Fig. 2 miR-155-5p targets and inhibits CBL. A The intersection of the results obtained from four databases used for prediction of the target
genes of miR-155-5p. B The binding site between miR-155-5p and CBL predicted using the web-based tool, http://mirdb.org/. C The statistical
histogram denoting miR-155-5p expression in HEK293T cells after treatment with mimic-NC, mimic-miR-155-5p, CBL-WT, or CBL-MUT as
determined by RT-qPCR. D The targeted binding between miR-155-5p and CBL after treatment with mimic-NC, mimic-miR-155-5p, CBL-WT, or CBL-
MUT in HEK293T cells as examined by dual-luciferase reporter gene assay. E The statistical histogram denoting miR-155-5p expression in 697 and
KOPN-8 cells after miR-155-5p was either silenced or overexpressed, as determined by RT-qPCR. F The statistical histogram denoting CBL
expression in 697 and KOPN-8 cells after either miR-155-5p silencing or overexpression, as determined by RT-qPCR. G The protein bands and
statistical histogram denoting the expression of CBL in 697 and KOPN-8 cells after either miR-155-5p silencing or overexpression, as determined by
the Western blot assay. *p < 0.05 indicates significant difference. Each cell experiment was conducted three times independently.

X. Sun et al.

417

Laboratory Investigation (2022) 102:411 – 421

http://mirdb.org/


miR-155-5p promoted the development of cALL through the
CBL/IRF4/CDK6 axis
Finally, we verified in vivo if miR-155-5p promotes the develop-
ment of cALL through the CBL/IRF4/CDK6 axis. RT-qPCR was used
to determine expression of miR-155-5p in bone marrow and
peripheral blood cells, and the Western blot assay was performed
to determine the protein expression of CBL, IRF4, and CDK6. The
results showed, that compared with blank control, the expression
of miR-155-5p, IRF4, and CDK6 in response to antagomir NC+
oe-NC treatment was significantly increased, and CBL expression
was decreased. miR-155-5p antagomir resulted in a markedly
diminished miR-155-5p expression, increased CBL protein
expression, but reduced IRF4 and CDK6 protein expression.
Relative to miR-155-5p antagomir treatment, miR-155-5p

antagomir+ oe-CDK6 had no significant effect on miR-155-5p
expression or IRF4 and CBL protein expression, but increased
CDK6 protein expression (Fig. 6A, B).
The Kaplan–Meier curve showed that, compared with the blank

control, the mice treated with antagomir NC+ oe-NC had
decreased survival rate; relative to the antagomir NC+ oe-NC
group, the survival time of mice in the miR-155-5p antagomir+
oe-NC group was significantly prolonged, and that of the miR-155-
5p antagomir+ oe-CDK6 group was decreased (Fig. 6C).
Flow cytometry was used to determine the proportion of

human 697 cells in bone marrow and peripheral blood of nude
mice. The results demonstrated that the proportion of 697 cells in
mice treated with antagomir NC+ oe-NC was increased compared
with that in the blank control group. miR-155-5p antagomir

Fig. 4 CBL inhibits CDK6 expression through ubiquitination of IRF4. A Volcano map for differentially expressed miRNAs in ALL microarray
data. Each dot represents a gene, where red dots indicate upregulation and green dots indicate downregulation. B Clustering heatmap
depicting differentially expressed miRNAs in ALL microarray data. Each row represents a gene, and each column represents a sample.
C Expression of CDK6 in microarray data. Red indicates ALL samples (n= 13) and gray indicates normal bone marrow samples (n= 4). D The
protein expression levels of RF4 and CDK6 in peripheral blood lymphocytes from ALL clinical samples, as determined by the Western blot
assay (n= 28). E Protein bands and statistical histograms denoting RF4 and CDK6 expression levels in ALL cells, as determined by the Western
blot assay. F Protein bands and statistical histograms denoting RF4 and CDK6 expression in ALL cells after different treatments as determined
by the Western blot assay. G The interaction between CBL and IRF4 as determined by the Co-IP assay. H IRF4 ubiquitination level as
determined by IP assay. I Protein bands and statistical histograms denoting CBL, IRF4, and CDK6 expression in ALL cells after different
treatments as determined by the Western blot assay (n= 28). *p < 0.05 indicates significant difference. Each cell experiment was conducted
three times independently.
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Fig. 5 CBL reduces proliferation and enhances apoptosis of ALL cells via regulation of the IRF4/CDK6 axis. A The statistical histogram
denoting CDK6 overexpression and silencing efficiency, as determined by RT-qPCR. B The protein bands and statistical histogram denoting
CBL, IRF4, and CDK6 protein expression after different treatments, as determined by the Western blot assay. C Line chart showing cell viability
determined by the CCK-8 assay. D The apoptotic rate of cells and its statistical histogram, determined by flow cytometry. *p < 0.05 indicates
significant difference. Each cell experiment was conducted three times independently.

Fig. 6 miR-155-5p promotes the development of cALL through the CBL/IRF4/CDK6 axis. A The statistical histogram denoting miR-155-5p
expression, as determined by RT-qPCR. B The protein expression levels of CBL, IRF4, and CDK6 as determined by the Western blot assay.
C Kaplan–Meier survival curve for the mouse survival rate. D The 697 cell proportion as examined by flow cytometry. E The statistical
histogram denoting mouse liver and spleen, and coefficient of liver and spleen. F HE staining for the mouse liver and spleen. *p < 0.05
indicates significant difference between groups (n of mice= 10).
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treatment reduced the proportion of 697 cells, which was reversed
in the presence of miR-155-5p antagomir+ oe-CDK6 (Fig. 6D and
Supplementary Fig. 2A).
Observations of the mouse livers and spleens showed that,

compared with blank control, organ swelling was more pro-
nounced in mice treated with antagomir NC+ oe-NC, and the
coefficient of liver and spleen was increased. The liver and spleen
swelling were notably alleviated and the coefficient of liver and
spleen was reduced upon treatment with miR-155-5p antagomir,
and these effects were neutralized by treatment with miR-155-5p
antagomir+ oe-CDK6 (Fig. 6E).
HE staining results showed that, as compared with the blank

control group, the mice treated with antagomir NC+ oe-NC had
higher levels of infiltrating cells in the liver and spleen. Treatment
with miR-155-5p antagomir led to a marked decrease in infiltrating
cells in the livers and spleens of mice. Compared with the miR-155-
5p antagomir+ oe-NC treatment, miR-155-5p antagomir+ oe-CDK6
resulted in notable increase in infiltrating cells in the mouse liver and
spleen (Fig. 6F and Supplementary Fig. 2B). These results concurred
with other findings indicating miR-155-5p can promote the
development of cALL through the CBL/IRF4/CDK6 axis.

DISCUSSION
ALL is a highly prevalent hematological tumor in children, with
high mortality despite the best available treatments [23]. In the
present study, we showed that miR-155-5p promoted the
development of cALL by mediating the CBL–IRF4–CDK6 axis.
In the initial phase of this study, we detected upregulated miR-

155-5p and downregulated CBL in cALL samples and confirmed
that miR-155-5p decreased the expression of CBL in cALL by
targeting CBL. Of note, previous studies have demonstrated the
oncogenic function of miR-155 in ALL. One study reported that
the lack of miR-155 could lead to suppression of leukemic as well
as HCV virus loads in cases of pediatric ALL associated with HCV-4
infection, thus suggesting miR-155 as a potential target for
therapy [24]. In addition, downregulation of miR-155 by treatment
with IL-27 was reported to aid in suppressing the development of
childhood B-ALL, in part, through effects on the proliferation and
apoptosis of B-ALL cells [25]. Earlier reports have shown that miR-
155-5p is potentially linked to B-cell functions and has an
association with the proportion of B-cell population among blood
mononuclear cells [26, 27]. In addition, miR-155 is crucial for B-cell
responses to thymus-dependent and -independent antigens,
whereby B cells without support from miR-155 develop reduced
extrafollicular and germinal center responses and cannot produce
high-affinity IgG1 antibodies [28]. Previous work has also unveiled
the implications of CBL in leukemia. For instance, Martinelli et al.
found that CBL E3-ligase activity was absent in B-lineage cALL [14].
In addition, Checquolo et al. revealed that retention of c-CBL due

to lack of pTalpha in Notch3 transgenic mice could contribute to
leukemogenesis [29]. Of note, the targeting relationship between
miR-155 and CBL has been reported and the present findings
concur with a previous study demonstrating that miR-155 could
target and regulate CBL, thereby regulating the cell biology of
melanoma [11]. Furthermore, others have reported that miR-155
could regulate colon cancer cell behaviors by targeting CBL [12].
Taken together, background evidence supports the findings of the
current study showing that miR-155-5p targeted and down-
regulated CBL to promote the development of cALL.
In addition, our study found that CBL suppressed the expression

of CDK6 through ubiquitination and degradation of IRF4. In fact,
previous studies have highlighted the relation between CBLs and
IRFs by showing that high expression of CBLs in GC light zone B
cells could enhance the ubiquitination and degradation of IRF4
[16]. Moreover, c-CBL was found to regulate the ubiquitination of
another member of the IRFs family, IRF3, to mediate IFN-β
production as well as cellular antiviral responses [30]. Similarity to
our findings, previous studies have found that IRF4 plays a crucial
role in the development of leukemia. As noted by Adamaki et al.,
IRF4 displayed high expression in cALL, thus functioning as a
potential prognostic marker for relapse at diagnosis [18]. In
another report, the inhibition of IRF4 was found to partially
suppress the development of the pre-B-cell stage in leukemia [31].
Furthermore, the regulation on ALL progression by CDK6 has also
been previously demonstrated. Hematopoietic stem/progenitor
cells with a lack of CDK6 protein were found to be resistant to ALL
induction in a mouse model [31]. In line with our findings, the
inhibition of CDK6 was found to reduce the proliferation of ALL
cells while promoting their apoptosis [32]. Notably, previous
research supports our findings regarding the regulatory
relationship between IRF4 and CDK6. It has been previously
shown that inhibition of IRF4 could contribute to downregulation
of CDK6 in B cells mediated by EBV [19]. In addition, the
overexpression of IRF4 was demonstrated to elevate CDK6
expression in KMS11 cells [33]. Therefore, based on the current
findings, we conclude that CBL is capable of downregulating IRF4
in cALL through ubiquitination and degradation, thereby repres-
sing the expression of CDK6.
Taken together, the findings of the present study demon-

strated that miR-155-5p targets and inhibited the expression of
CBL, which suppressed the degradation of IRF4 protein and
thus upregulated CDK6, thereby promoting the development of
cALL (Fig. 7). These findings provide new mechanistic insights
for understanding the role of miR-155-5p in cALL and suggest
a basis for potential future therapeutic strategies for cALL.
Nevertheless, the specific mechanisms through which the
CBL–IRF4–CDK6 axis contributes to the development of cALL
warrants further exploration through broader studies in ALL-
diagnosed patients and in preclinical models.
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