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miR-181d/RBP2/NF-κB p65 Feedback Loop
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Abstract
Background: Chronic myeloid leukemia (CML) is a malignant clonal proliferative disease. Once it
progresses into the phase of blast crisis (CML-BP), the curative effect is poor, and the fatality rate is
extremely high. Therefore, it is becoming urgent to explore the molecular mechanisms of blast crisis
transition and develop new therapeutic targets.

Methods: The expression levels of miR-181d, RBP2 and NF-κB p65 were assessed in 42 newly diagnosed
CML-CP patients and 15 CML-BP patients. Quantitative real-time PCR, Western blots, and cell proliferation
assay were used to characterize the changes induced by overexpression or inhibition of miR-181d or
RBP2 or p65. Luciferase reporter assay and CHIP assay was conducted to establish functional
association between miR-181d, RBP2 and p65. Inhibition of miR-181d expression and its consequences
in tumor growth was demonstrated in vivo models.

Results: We found that the non-coding RNA miR-181d is overexpressed in CML-BP, which promotes
leukemia cell proliferation. We identi�ed histone demethylase RBP2 as directly downregulated by miR-
181d and found that RBP2 inhibited p65 expression in leukemia cells by its binding to the p65 promoter
and demethylating the tri/dimethylated H3K4 region in the p65 promoter locus. Conversely, p65 directly
binds to miR-181d promoter and upregulates its expression; thus, forming a positive feedback loop.

Conclusions: Taken together, the miR-181d/RBP2/p65 loop promotes CML blast transformation.

1. Background
Chronic myeloid leukemia (CML) is a malignant myeloproliferative disease that is originated from
hematopoietic stem cells and characterized by the BCR-ABL fusion gene [1]. The natural course of the
disease includes a chronic phase (CP), an accelerated phase (AP) and a blast phase (BP). In the chronic
phase of CML (CML-CP), the leukemia cells still retain a certain ability to differentiate into mature cells;
while in blast phase of CML (CML-BP), a large number of invasive primitive and immature cells
accumulate [2]. At present, CML-CP patients have a good response to tyrosine kinase inhibitors (TKIs),
and most of them survive for a long time. However, some patients are still insensitive to TKIs or develop
drug resistance, leading to an accelerated CML phase and/or blast phase. Once they progress into CML-
BP, the curative effect is poor, and the fatality rate is extremely high. Besides, the etiology of CML
malignant transformation is complex and highly heterogeneous [3]. Therefore, it is becoming urgent to
explore the molecular mechanisms of blast crisis transition and develop new therapeutic targets.

Epigenetics mean that the gene expression undergoes heritable changes without changes in the gene
DNA sequence [4]. Epigenetic modi�cations include DNA methylation, histone modi�cation and non-
coding RNA regulation, which affect cell proliferation, differentiation and apoptosis [5, 6]. MicroRNAs
(miRNAs) are a class of small non-coding RNAs, which negatively or positively regulate genes expression,
by directly binding to the 3’untranslated regions (3’UTR) of the target genes mRNAs [7]. They are also vital
players in the development of leukemia. A recent study showed that miR-150 expression, was
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downregulated in the transition period between the CML chronic phase and the blast crisis [8]. Moreover,
the expression of miR-328 was lost in blast crisis of CML and its overexpression could promote cell
differentiation and inhibit cell proliferation, by inducing the survival factor PIM1 and suppressing the
binding between the translational regulator poly(rC)-binding protein hnRNP E2 and CEBPA [9]. Besides,
miR-223 which forms a feedback loop with the cell cycle regulator gene E2F1 was found to be
underexpressed in acute myeloid leukemia (AML) [10]. MiR-29 was downregulated in KIT-related AML.
The mutual regulation of miR-29 and SP1/ NF-κB/HDAC forms a feedback regulation network, which
mediates the pathogenesis of KIT-related AML [11]. MiR-181 family was overexpressed in AML, which
blocked cell differentiation by inhibiting the expression of PRKCD, CTDSPL and CAMKK1 [12]. However,
whether miR-181d misregulation is involved in CML progression, is unknown.

The misregulation of histone-modifying enzymes, including methyltransferases and demethylases,
mediates tumorigenesis. Recent studies have found that histone methyltransferase is involved in the
pathogenesis of CML blast crisis. For instance, the retinoblastoma-interacting zinc-�nger protein 1 (RIZ1)
and H3K9 histone methyltransferase, are downregulated in CML-BP. The overexpression of RIZ1 can
inhibit cell proliferation, induce apoptosis and promote differentiation by inhibiting the IGF-1 signaling
pathway [13, 14]. The expression of BMI1, that belongs to the Polycomb-group of proteins, gradually
increased in CML progression, which makes this protein an effective marker of CML-BP [15]. We have
found that the histone demethylase RBP2 mediates the blast crisis of CML through a negative regulation
of miR-21[16]. However, the mechanism of RBP2 underexpression in CML-BP, has not yet been studied.

The Nuclear Factor-kappa B (NF-κB) family plays an important role in CML progression by regulating cell
proliferation and apoptosis and there is an NF-κB/TNF-α feedback loop, in leukemic primary cells, which
promotes leukemia progression [17]. The inhibitors of NF-κB signaling pathway PS-1145 and AS602868,
signi�cantly induced the apoptosis of CML primary cells [18, 19]. Parthenolide, that inhibits NF-κB
transcription, greatly promoted the apoptosis of leukemia cells in the blast crisis phase [20]. Furthermore,
recent studies showed that there is an interaction between NF-κB and histone-modifying enzymes, which
are involved in the development of in�ammation and tumors, such as JMJD3, FBXL11 and JMJD2B [21-
23]. However, whether RBP2 could regulate NF-κB expression, remains largely unknown.

In this study, we aimed to de�ne whether miR-181d could mediate CML progression through a miR-
181d/RBP2/NF-κB p65 feedback loop. In CML, miR-181d overexpression repressed RBP2 expression,
which resulted in p65 overexpression. Moreover, high p65 expression reversely upregulated the level of
mature miR-181d, which formed a feedback loop and promoted CML blast crisis transition.

2. Methods

2.1 Patients and bone marrow samples
Patients’ bone marrow samples were collected between July 2010 and June 2018, from the Department
of Hematology, Qilu Hospital of Shandong University, Jinan, China. The patients were newly diagnosed
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CML-CP (n=42) and CML-BP (n=15). Mononuclear cells were isolated from the samples by Ficoll-
Hypaque density-gradient centrifugation and stored at -80°C. The study was approved by the Ethics
Committee of Qilu Hospital of Shandong University, and also accorded with the Helsinki Declaration of
1975, as revised in 1983.

2.2 Cell lines and cell culture
The human cell line K562, HL60 and HEK-293 were cultured at 37 °C, 95% air and 5% CO2 in RPMI 1640,
containing 10% heat-inactivated fetal bovine serum (FBS; Gibco, Carlsbad, CA, USA) and without
antibiotics. The cells were cultured on 6,12 and24-well plates for 18 to 24 h before the start of the
experiments.

2.3 Transfection
MiR-181d mimics (miR10002821-1-5)/inhibitor (miR20002821-1-5; Ribobio, Guangzhou, China) and p65
siRNA (SASI_Hs01_00171095; Sigma-Aldrich, USA) were transfected into the cells using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA) and according to the manufacturer's protocol. Plasmids, containing
the RBP2 wild-type, the RBP2-mutant (defective in demethylase activity (RBP2 H483A, Addgene), p65
(laboratory owned) and the control plasmid (laboratory owned), were transfected using the Roche
Transfection Reagent (Roche, Switzerland).

2.4 RNA extraction and qRT-PCR
Total RNA was extracted from the human bone-marrow samples and the cells using different treatments
of Trizol reagent (Invitrogen, Carlsbad, CA, USA). Subsequently, the extracted RNA was reverse transcribed
using PrimeScript RT reagent Kit using the gDNA Eraser (Takara, Japan). The cDNAs were then subjected
to SYBR Green-based real-time PCR analysis. RBP2 and p65 mRNA levels were normalized to that of the
human β-actin. The mRNA level of the mature miR-181d was normalized to that of U6. The probes for
RBP2 used were Hs00231908_m1 (Applied Biosystems). The primers for miR-181d and U6 were MQP-
0101 and MQP-0201 (Ribobio). The other primers used in qRT-PCR assays are listed in Table 2 and the
expression was calculated by the 2-ΔΔCt method.

2.5 Western blot analysis
Total proteins were extracted using a lysis buffer, containing protease inhibitors, and subjected to
quantitative determination. The proteins were separated by SDS-PAGE gels, transferred to PVDF
membranes (Millipore, Bedford, MA) and overnight probed, at 4 °C, with speci�c primary antibodies
against RBP2 (1:1000, Abcam), p65 (1:5000, Abcam) and β-actin (1:10000, Sigma) and followed by 1h
incubation with a horseradish peroxidase-labeled goat-anti-rabbit/mouse IgG (1:6000, Abcam).

https://www.ribobio.com/product_detail/?sku=MQPS0000709-1-100
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Subsequently, immunoblots were probed with ECL detection reagent (Millipore) and according to
standard protocols.

2.6 Immunostaining
The mononuclear cells, that were isolated from patient bone-marrow samples, were used to prepare
cytospins with glass slides �xed by a polyformaldehyde �xation solution. The samples were stained with
anti-RBP2 antibody (1:150, Abcam) and anti-p65 antibody (1:150, Abcam) overnight at 4°C, followed by
an incubation with a horseradish peroxidase-conjugated secondary antibody for 30 min.

2.7 Immunohistochemistry
Paraffin embedded slides were deparaffinized, rehydrated and subjected to antigen-retrieval using citric
acid buffer. The endogenous peroxidase was deactivated by H2O2. The slides were blocked using a 10%
goat serum solution and incubated with the corresponding primary antibodies overnight at 4°C. The used
antibodies were: anti-RBP2 antibody (1:150, Abcam), anti-p65 antibody (1:150, Abcam) and anti-Ki67
antibody (1:100, Abcam). Next, the slides were incubated with a secondary antibody, followed by a
colorimetric detection using a DAB staining kit (Vector Laboratories, USA).

2.8 Cell proliferation assay
The 5-ethynyl-2’-deoxyuridine (EDU) assay was used to detect proliferative rates of K562 and HL60 cells.
The treated cells were incubated with EDU for two hours before �uorescence detection. Then, the cells
were smeared on glass slides, �xed with 4% paraformaldehyde for 30 minutes and then stained using a
Cell-Light™ EDU Apollo®488 In Vitro Imaging Kit (RioBio, China), and following the manufacturer’s
instructions. The slides were examined by confocal laser scanning microscopy.

2.9 Chromatin immunoprecipitation (ChIP) assay
For the ChIP assay, the Cell Signaling ChIP assay protocol was used. The precipitated DNA samples were
detected by PCR. The PCR primers for p65 and miR-181d promoters are listed in Table 2.

2.10 Luciferase reporter assay
MiR-181d mimics/inhibitor (Ribobio, Guangzhou, China), RBP2 wild-type/mutant 3’UTR and the internal
control vector TK plasmids were transfected into HL60 and HEK-293 cells. The plasmids containing RBP2
wild-type, RBP2-mutant, defective in demethylase activity (RBP2 H483A), p65 promoter wild or binding
site mutant plasmids, and the internal control vector TK plasmid, were transfected into HL60 and HEK-
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293 cells. The p65 expression plasmid/siRNA, miR-181d promoter wild, or binding site mutant plasmids,
and the internal control vector TK plasmid were transfected into HL60 and HEK-293 cells. After 24 or 48 h
of incubation, luciferase activity was measured using a Luciferase Assay System (Promega, Madison, WI,
USA) and according to the manufacturer's protocol.

2.11 Tumor xenograft model
For the xenograft model, 6 NOD/SCID male mice (Hua Fu Kang Biological Technology, Beijing, China)
were treated with 2Gy dose of radiation. After 24 hours, 1× 106 K562 cells were subcutaneously injected
into the right or left �ank of the mice. Tumor growth was monitored every 3 days. From the seventh day,
miR-181d antagomir (miR30002821-4-5) or control, were injected into the tumor every 3 days. The total
period lasted 16 days. All animal procedures were approved by Qilu Hospital of Shandong University
Research Ethics Committee. The animal study also accorded with the ARRIVE guidelines [24].

2.12 Statistical analysis
All experiments were repeated at least three times. The data were expressed as mean ± standard
deviation. Student’s t-test was used to compare the means between the two groups using the GraphPad
Prism for Windows, version 5.00 (GraphPad Software, La Jolla, CA, USA). The p-values of < 0.05 were
considered statistically signi�cant.

3. Results

3.1 miR-181d is overexpressed in CML-BP and promotes
leukemia cell proliferation
To examine whether miR-181d is critical in CML progression, we measured the expression level of mature
miR-181d in bone-marrow samples of newly diagnosed CML-CP patients (n = 42) and CML-BP patients (n 
= 15). The relative clinical characteristics of these patients are shown in Table 1. The mature miR-181d
level was higher in the CML-BP samples than in the CML-CP samples (Fig. 1A). Therefore, miR-181d is
overexpressed during CML progression. Furthermore, we explored the potential role of miR-181d in
leukemia cell proliferation by transfecting miR-181d mimics or inhibitor into K562 and HL60 cells. The
cells transfected with miR-181d mimics proliferated at a higher rate compared to the NC mimics
transfection, and the cells transfected with miR-181d inhibitor proliferated at a slower rate (Figs. 1B, C).

3.2 miR-181d directly targets the 3’UTR of histone
demethylase RBP2
To investigate the mechanisms by which miR-181d promotes cell proliferation, we investigated the
potential role of miR-181d in the regulation of RBP2 expression by modulating miR-181d expression



Page 7/21

levels via transfecting miR-181d mimics or inhibitor into K562 and HL60 cells. RBP2 mRNA and protein
levels were signi�cantly decreased in K562 and HL60 cells overexpressing miR-181d when compared to
control cells (Fig. 2A and B). On the other hand, miR-181d inhibition in K562 and HL60 cells, resulted in
RBP2 increased mRNA and protein levels (Fig. 2A and B). Using the target prediction programs miRanda
and TargetScan, we found that the 3’UTR of RBP2 mRNA contains a conserved miR-181d binding site
(Fig. 2C). To verify this �nding, the RBP2 3’UTR, containing the putative miR-181d binding site, and its
mutant 3’UTR (with mutated miR-181d binding site) were cloned downstream of the luciferase open
reading frame. These luciferase reporter constructs were co-transfected into HL60 and HEK-293 cells with
miR-181d mimics or inhibitor. The luciferase activity of RBP2 3’UTR was repressed by the miR-181d
mimics transfection and this repression was abrogated when miR-181d binding site was. Oppositely, the
miR-181d inhibitor upregulated the luciferase activity of RBP2 3’UTR and this upregulation was also
abrogated when miR-181d binding site was mutated (Fig. 2D-G). These data demonstrated that RBP2
was a direct target of miR-181d. 

3.3 RBP2 directly targets p65 promoter and inhibits its
expression in histone demethylase dependent manner
Several studies have shown that p65 is pivotal in promoting cell proliferation and our previous study
con�rmed that RBP2 mediates CML blast crisis. However, it is not clear whether p65 is involved in this
pathogenesis. By transfecting RBP2 wild-type or RBP2-mutant (defective in demethylase activity, RBP2
H483A) plasmids or the control plasmid into K562 and HL60 cells, we compared p65 expression in
differently treated cells. We found that RBP2 overexpression, signi�cantly downregulated p65 mRNA and
protein levels (Fig. 3A, B and C). However, RBP2 H483A plasmid, which also overexpresses RBP2 but
without demethylase activity, could not inhibit p65 expression (Fig. 3B and C). These results suggest that
RBP2 negatively regulates p65 expression and this was dependent on its enzyme activity. 

Furthermore, to determine whether p65 is a direct target of RBP2, we identi�ed two potential RBP2
binding sites in the promoter of p65 (Fig. 3D). We constructed two p65 promoter plasmids, that included
the �rst RBP2 binding site (p65 pro1) and the second RBP2 binding site (p65 pro2), and which were co-
transfected into the HL60 and HEK-293 cells with the RBP2 plasmid. The promoter activity of p65 pro1
was signi�cantly decreased after RBP2 overexpression in HL60 and HEK-293 cells, while no signi�cant
change was observed in p65 pro2 promoter activity (Fig. 3E and F). Moreover, accompanied by the
mutation of the binding site in p65 pro1, the promoter activity of p65 pro1-mut was unchanged after
RBP2 overexpression in HL60 and HEK-293 cells (Fig. 3G, H). To determine the association between RBP2
and p65 promoter, a chromatin immunoprecipitation assay was performed, and which showed that RBP2
bound to the promoter region of the p65 promoter in K562 and HL60 cells, (Fig. 3I and J). Furthermore, in
K562 and HL60 cells transfected with the RBP2 plasmid, RBP2 overexpression increased its association
with p65 promoter sequences (Fig. 3K and L). Consistent with its demethylase activity, which is speci�c
for tri- and dimethylated lysine 4 on histone 3, RBP2 overexpression also remarkably reduced H3K4
tri/dimethylation at the promoter region of p65 (Fig. 3K and L). Therefore, the results demonstrate that
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RBP2 reduces H3K4 tri/dimethylation by its binding to the p65 promoter region, which negatively
regulates its expression.

3.4 Ectopic expression of p65 in CML-BP enhances
leukemia cell proliferation
To determine whether p65 is critical player in CML progression, we measured p65 expression in bone-
marrow samples from patients with CML-CP and CML-BP. Compared with CML-CP samples, p65 mRNA
and protein levels were signi�cantly higher in the CML-BP samples (Fig. 4A, B). 

Moreover, to explore the potential mechanism by which miR-181d promotes CML progression, the p65
plasmids or siRNA were transfected into K562 and HL60 cells. The cells transfected with p65 plasmid
proliferated at a higher rate compared to the control plasmid; while the cells transfected with p65 siRNA
proliferated at a lower rate (Fig. 4C, D). These data indicate that ectopic p65 expression in CML-BP cells
enhances leukemia cell proliferation.

3.5 p65 directly modulates miR-181d expression, which
forms a positive feedback loop
It is worth mentioning that we found miR-181d to be positively regulated by p65 (Fig. 5A-C). To explore
this mechanism, we found that there were two classical binding sites of p65 in the miR-181d promoter
(Fig. 5D). To investigate whether miR-181d is a direct target of p65, luciferase reporters’ plasmids were
constructed and which included the two potential binding sites (miR-181d pro1 and pro2), respectively.
The overexpression of p65 signi�cantly increased the luciferase activity of miR-181d pro1; while p65
siRNA greatly inhibited miR-181d pro1 luciferase activity (Fig. 5E-H). However, the p65 plasmid and siRNA
did not affect the luciferase activity of miR-181d pro2 (Fig. 5E-H). Furthermore, we constructed a mutant
luciferase reporter for miR-181d pro1 (miR-181d pro1-mut) and observed no changes in the promoter
activity of miR-181d pro1-mut when p65 was overexpressed or inhibited (Fig. 5I-L). Besides, to explore the
association between p65 and the miR-181d promoter, we applied a series of ChIP assays and we found
that p65 bound to the promoter region of the miR-181d promoter in K562 and HL60 cells (Fig. 5M and N).
Taken together, the above results show that p65 directly targets miR-181d and forms a positive feedback
loop to promote the transition of CML blast crisis. 

3.6 miR-181d inhibition suppresses leukemia cell
proliferation in vivo
We further examined the oncogenic role of miR-181d in CML blast crisis in vivo. When the tumor
diameters reached 8–9 mm, miR-181d antagomir was injected into the tumor every 3 days, and then the
mice were sacri�ced on the sixteenth day (Fig. 6A). The tumors, that were treated with miR-181d
antagomir, were smaller compared to the control tumors treated, both in size and weight (Fig. 6B-D). It
was proved that miR-181d antagomir signi�cantly inhibited miR-181d expression in vivo (Fig. 6E).
Besides, IHC con�rmed that RBP2 levels were increased and that p65 levels were decreased in tumors
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treated with miR-181d antagomir (Fig. 6F, G, H). Ki67 staining con�rmed the in vivo tumor growth results
(Fig. 6F, I). Overall, these data indicate, that the inhibition of miR-181d, suppresses leukemia cell
proliferation in vivo, and that miR-181d might be an effective target for inhibiting CML blast
transformation. 

4. Discussion
Recent studies have demonstrated that epigenetic misregulation plays vital roles in leukemia. The ectopic
expression of miR-181 family blocked cell differentiation by inhibiting the expression of PRKCD, CTDSPL
and CAMKK1, which promoted AML pathogenesis [12]. MiR-181a-1/b-1 deletion in mice, inhibited the
development of T-cell acute lymphoblastic leukemia, which was induced by Notch1 [25]. Nonetheless,
whether miR-181d plays important roles in the CML blast transformation have not been clearly identi�ed.

In this study, we demonstrated that miR-181d mediates CML malignant transformation and that it is
overexpressed in bone-marrow samples of CML-BP. Following this, we determined that miR-181d
overexpression signi�cantly promoted leukemia cell proliferation, and its greatly suppressed cell
proliferation. The possible mechanism by which miR-181d regulates cell proliferation was reported to be
associated with the regulation of KNAIN2, CDKN3 and CYLD [26–28]. In this study, we revealed a new
mechanism and showed that miR-181d promotes leukemia cell proliferation by directly targeting and
negatively regulating the histone demethylase RBP2.

The retinoblastoma binding protein 2 (RBP2) is a member of the JARID family of proteins, which has a
histone demethylase activity by speci�cally demethylating tri- and di-methylated lysine 4 of histone 3
(H3K4) [29–31]. Our previous study showed that a low RBP2 expression could not repress miR-21
expression, which promoted the transition of CML from CP to BP [16]. In this study, the results
characterized the mechanism by which RBP2 was underexpressed in CML blast crisis, which further
revealed the importance of epigenetic misregulation in CML blast transformation.

The AT-rich interaction domain of RBP2 can recognize a speci�c DNA sequence CCGCCC [32] that is
contained in the promoter region of p65. We found that RBP2 directly and negatively regulates p65
expression by binding to its promoter, which depended on its enzyme activity. RBP2 overexpression
signi�cantly downregulated p65 mRNA and protein levels. However, RBP2 H483A plasmid, which is also
overexpress RBP2, but without demethylase activity, could not inhibit p65 expression. Furthermore,
Luciferase reporter assay and ChIP assay showed that RBP2 directly binds to p65 promoter.

Recent studies have shown that miRNAs play important roles in in�ammation and cancer by regulating
the NF-κB pathway [33–36]. Nevertheless, whether miRNAs could be reversely regulated by NF-κB is
largely unknown. Here, we found that NF-κB/p65 upregulates the expression of miR-181d and forms a
feedback loop. Mechanistically, miR-181d proximal promoter contains the classical binding sites of NF-
κB/p65 (GGGRNNYYCC R-purine, Y- pyrimidine, N- arbitrary base) [37]. The overexpression of p65
signi�cantly upregulated miR-181d expression and activated its promoter activity; while p65 inhibition
greatly downregulated miR-181d expression and suppressed miR-181d promoter activity. However, when
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the binding site was mutated, the corresponding activation, or inhibition disappeared. Furthermore, the
ChIP assay showed that p65 directly binds to the promoter sequence of miR-181d.

In summary, we provide evidence for the existence of a new epigenetic mechanism that is involved in
CML blast transformation (Fig. 6J).

5. Conclusions
Taken together, the non-coding RNA miR-181d is overexpressed in CML-BP, which promotes leukemia cell
proliferation. Mechanismally, miR-181d downregulated the level of histone demethylase RBP2, which
inhibited p65 expression in leukemia cells by its binding to the p65 promoter and demethylating the
tri/dimethylated H3K4 region in the p65 promoter locus. Conversely, p65 upregulated the level of mature
miR-181d by directly binding to its promoter. These �ndings might point to a way to build new diagnostic
markers for CML blast crisis.

Declarations

Ethics approval and consent to participate
Informed consent was obtained from all participants that were included in the study. The animal study
was approved by Qilu Hospital of Shandong University Research Ethics Committee.

Consent for publication
Each person provided signed informed consent for publication of the results of the study.

Availability of data and materials
All data generated or analyzed during this study were included in this published article and its additional
�le.

Competing interests
The authors declare that they have no competing interests.

Funding
This study was supported by grants from the National Natural Science Foundation of China (grant nos.
81670146, 81470318, 81772151, 81971901), the Key Research and Development Project of Shandong
Province (grant no. 2017GSF18109), Natural Science Fund of Shandong Province (grant nos.



Page 11/21

ZR2018PH013, ZR2019PH073), Department of Science and Technology of Shandong Province (Nos.
2018CXGC1208), Science Fundation of Qilu Hospital of Shandong University (grant nos. 2016QLQN09,
2017QLQN34), and the Shandong Provincial Key Laboratory of Immunohematology Open Research
Program (grant no. 2019XYKF006).

Authors' contributions
CCY contributed to study design, the discussion of the results and revised the manuscript; ZMR
contributed to data collection, analysis, and interpretation; YXL contributed to validation of internal
regulatory mechanisms; ZLX and WY contributed to statistical analysis and tumor xenograft model; FY,
WXM, HT, and Jihui Jia contributed to the discussion of the results; CZL and GZX collected the patients’
bone marrow samples. All authors contributed to writing, critical review, and �nal approval to submit the
paper for publication.

Acknowledgements
The authors thank Prof. Jihui. Jia, Department of Microbiology/Key Laboratory for Experimental
Teratology of the Chinese Ministry of Education, School of Basic Medical Science, Shandong University,
Jinan, Shandong 250012, PR China, for statistical advice and research comments.

References
1. Apperley JF. Chronic Myeloid Leukaemia. Lancet. 2015;385(9976):1447–59.

2. Perrotti D, Jamieson C, Goldman J, Skorski T. Chronic Myeloid Leukemia: Mechanisms of Blastic
Transformation. J Clin Invest. 2010;120(7):2254–64.

3. Hehlmann R. How I Treat Cml Blast Crisis. Blood. 2012;120(4):737–47.

4. Boskovic A, Rando OJ. Transgenerational Epigenetic Inheritance. Annu Rev Genet. 2018;52:21–41.

5. Wagner KW, Alam H, Dhar SS, Giri U, Li N, Wei Y, et al. Kdm2a Promotes Lung Tumorigenesis by
Epigenetically Enhancing Erk1/2 Signaling. J Clin Invest. 2013;123(12):5231–46.

�. Duckworth A, Glenn M, Slupsky JR, Packham G, Kalakonda N. Variable Induction of Prdm1 and
Differentiation in Chronic Lymphocytic Leukemia Is Associated with Anergy. Blood.
2014;123(21):3277–85.

7. Garzon R, Fabbri M, Cimmino A, Calin GA, Croce CM. Microrna Expression and Function in Cancer.
Trends Mol Med. 2006;12(12):580–7.

�. Machova Polakova K, Lopotova T, Klamova H, Burda P, Trneny M, Stopka T, et al. Expression Patterns
of Micrornas Associated with Cml Phases and Their Disease Related Targets. Mol Cancer.
2011;10:41.



Page 12/21

9. Eiring AM, Harb JG, Neviani P, Garton C, Oaks JJ, Spizzo R, et al. Mir-328 Functions as an Rna Decoy
to Modulate Hnrnp E2 Regulation of Mrna Translation in Leukemic Blasts. Cell. 2010;140(5):652–65.

10. Pulikkan JA, Dengler V, Peramangalam PS, Peer Zada AA, Muller-Tidow C, Bohlander SK, et al. Cell-
Cycle Regulator E2f1 and Microrna-223 Comprise an Autoregulatory Negative Feedback Loop in
Acute Myeloid Leukemia. Blood. 2010;115(9):1768–78.

11. Liu S, Wu LC, Pang J, Santhanam R, Schwind S, Wu YZ, et al. Sp1/Nfkappab/Hdac/Mir-29b
Regulatory Network in Kit-Driven Myeloid Leukemia. Cancer Cell. 2010;17(4):333–47.

12. Su R, Lin HS, Zhang XH, Yin XL, Ning HM, Liu B, et al. Mir-181 Family: Regulators of Myeloid
Differentiation and Acute Myeloid Leukemia as Well as Potential Therapeutic Targets. Oncogene.
2015;34(25):3226–39.

13. Pastural E, Takahashi N, Dong WF, Bainbridge M, Hull A, Pearson D, et al. Riz1 Repression Is
Associated with Insulin-Like Growth Factor-1 Signaling Activation in Chronic Myeloid Leukemia Cell
Lines. Oncogene. 2007;26(11):1586–94.

14. Lakshmikuttyamma A, Takahashi N, Pastural E, Torlakovic E, Amin HM, Garcia-Manero G, et al. Riz1
Is Potential Cml Tumor Suppressor That Is Down-Regulated During Disease Progression. J Hematol
Oncol. 2009;2:28.

15. Bhattacharyya J, Mihara K, Yasunaga S, Tanaka H, Hoshi M, Takihara Y, et al. Bmi-1 Expression Is
Enhanced through Transcriptional and Posttranscriptional Regulation During the Progression of
Chronic Myeloid Leukemia. Ann Hematol. 2009;88(4):333–40.

1�. Zhou M, Zeng J, Wang X, Wang X, Huang T, Fu Y, et al. Histone Demethylase Rbp2 Decreases Mir-21
in Blast Crisis of Chronic Myeloid Leukemia. Oncotarget. 2015;6(2):1249–61.

17. Carra G, Torti D, Crivellaro S, Panuzzo C, Taulli R, Cilloni D, et al. The Bcr-Abl/Nf-Kappab Signal
Transduction Network: A Long Lasting Relationship in Philadelphia Positive Leukemias. Oncotarget.
2016;7(40):66287–98.

1�. Cilloni D, Messa F, Arruga F, De�lippi I, Morotti A, Messa E, et al. The Nf-Kappab Pathway Blockade by
the Ikk Inhibitor Ps1145 Can Overcome Imatinib Resistance. Leukemia. 2006;20(1):61–7.

19. Lounnas N, Frelin C, Gonthier N, Colosetti P, Sirvent A, Cassuto JP, et al. Nf-Kappab Inhibition Triggers
Death of Imatinib-Sensitive and Imatinib-Resistant Chronic Myeloid Leukemia Cells Including T315i
Bcr-Abl Mutants. Int J Cancer. 2009;125(2):308–17.

20. Guzman ML, Rossi RM, Karnischky L, Li X, Peterson DR, Howard DS, et al. The Sesquiterpene
Lactone Parthenolide Induces Apoptosis of Human Acute Myelogenous Leukemia Stem and
Progenitor Cells. Blood. 2005;105(11):4163–9.

21. Na J, Lee K, Na W, Shin JY, Lee MJ, Yune TY, et al. Histone H3k27 Demethylase Jmjd3 in Cooperation
with Nf-Kappab Regulates Keratinocyte Wound Healing. J Invest Dermatol. 2016;136(4):847–58.

22. Zhao D, Zhang Q, Liu Y, Li X, Zhao K, Ding Y, et al. H3k4me3 Demethylase Kdm5a Is Required for Nk
Cell Activation by Associating with P50 to Suppress Socs1. Cell Rep. 2016;15(2):288–99.

23. Lu T, Jackson MW, Wang B, Yang M, Chance MR, Miyagi M, et al. Regulation of Nf-Kappab by
Nsd1/Fbxl11-Dependent Reversible Lysine Methylation of P65. Proc Natl Acad Sci U S A.



Page 13/21

2010;107(1):46–51.

24. Kilkenny C, Browne W, Cuthill IC, Emerson M, Altman DG, Group NCRRGW. Animal Research:
Reporting in Vivo Experiments: The Arrive Guidelines. Br J Pharmacol. 2010;160(7):1577–9.

25. Fragoso R, Mao T, Wang S, Schaffert S, Gong X, Yue S, et al. Modulating the Strength and Threshold
of Notch Oncogenic Signals by Mir-181a-1/B-1. PLoS Genet. 2012;8(8):e1002855.

2�. Zhang G, Liu D, Long G, Shi L, Qiu H, Hu G, et al. Downregulation of Microrna-181d Had Suppressive
Effect on Pancreatic Cancer Development through Inverse Regulation of Knain2. Tumour Biol.
2017;39(4):1010428317698364.

27. Gao LM, Zheng Y, Wang P, Zheng L, Zhang WL, Di Y, et al. Tumor-Suppressive Effects of Microrna-
181d-5p on Non-Small-Cell Lung Cancer through the Cdkn3-Mediated Akt Signaling Pathway in Vivo
and in Vitro. Am J Physiol Lung Cell Mol Physiol. 2019;316(5):L918–33.

2�. Jiang K, Xie LF, Xiao TZ, Qiu MY, Wang WL. Mir-181d Inhibits Cell Proliferation and Metastasis
through Pi3k/Akt Pathway in Gastric Cancer. Eur Rev Med Pharmacol Sci. 2019;23(20):8861–9.

29. Klose RJ, Yan Q, Tothova Z, Yamane K, Erdjument-Bromage H, Tempst P, et al. The Retinoblastoma
Binding Protein Rbp2 Is an H3k4 Demethylase. Cell. 2007;128(5):889–900.

30. Christensen J, Agger K, Cloos PA, Pasini D, Rose S, Sennels L, et al. Rbp2 Belongs to a Family of
Demethylases, Speci�c for Tri-and Dimethylated Lysine 4 on Histone 3. Cell. 2007;128(6):1063–76.

31. Secombe J, Li L, Carlos L, Eisenman RN. The Trithorax Group Protein Lid Is a Trimethyl Histone H3k4
Demethylase Required for Dmyc-Induced Cell Growth. Genes Dev. 2007;21(5):537–51.

32. Tu S, Teng YC, Yuan C, Wu YT, Chan MY, Cheng AN, et al. The Arid Domain of the H3k4 Demethylase
Rbp2 Binds to a DNA Ccgccc Motif. Nat Struct Mol Biol. 2008;15(4):419–21.

33. Liu J, Guo S, Jiang K, Zhang T, Zhiming W, Yaping Y, et al. Mir-488 Mediates Negative Regulation of
the Akt/Nf-Kappab Pathway by Targeting Rac1 in Lps-Induced In�ammation. J Cell Physiol.
2020;235(5):4766–77.

34. Ye T, Yang M, Huang D, Wang X, Xue B, Tian N, et al. Microrna-7 as a Potential Therapeutic Target for
Aberrant Nf-Kappab-Driven Distant Metastasis of Gastric Cancer. J Exp Clin Cancer Res.
2019;38(1):55.

35. Zhang H, Li W. Microrna-15 Activates Nf-Kappab Pathway Via Down Regulating Expression of
Adenosine A2 Receptor in Ulcerative Colitis. Cell Physiol Biochem. 2018;51(4):1932–44.

3�. Xin H, Wang C, Liu Z. Mir-196a-5p Promotes Metastasis of Colorectal Cancer Via Targeting
Ikappabalpha. BMC Cancer. 2019;19(1):30.

37. Antonaki A, Demetriades C, Polyzos A, Banos A, Vatsellas G, Lavigne MD, et al. Genomic Analysis
Reveals a Novel Nuclear Factor-Kappab (Nf-Kappab)-Binding Site in Alu-Repetitive Elements. J Biol
Chem. 2011;286(44):38768–82.

Tables



Page 14/21

Table 1
Patients’ characteristics.

Characteristic CML-CP patients

(n=42)

CML-BP patients

(n=15)

Gender Male 23 9

Female 19 6

Age(years) Median 46 42

Range 21-75 19-68

WBC, ×109/L Median 202.34 125.18

Range 10.34-441.60 2.15-414.46

Hemoglobin, g/L Median 100.38 82.8

Range 48-147 45-136

Platelet count, ×109/L Median 469.96 59.70

Range 134-1486 10-210

 
Table 2

PCR Primers
Primers Sequences

p65 Forward ATGTGGAGATCATTGAGCAGC

Reverse CCTGGTCCTGTGTAGCCATT

β-actin Forward AGTTGCGTTACACCCTTTCTTG

Reverse CACCTTCACCGTTCCAGTTTT

p65-ChIP Forward TGCAATGGGTACATGGGTGT

Reverse GTGGCTGGCCCTGATTAGAA

miR-181d-ChIP Forward ATGGAGTTGAGAAGGGCTGC

Reverse TGGGTCAGACCAGGAGAGAG

Figures



Page 15/21

Figure 1

miR-181d is overexpressed in CML-BP and promotes leukemia cell proliferation (A) qRT-PCR analysis of
mature miR-181d in CML-CP and CML-BP patients. Human CML-CP and BP cells were obtained from
patients’ bone marrow. (B, C) EDU of K562 and HL60 cells following transfection with miR-181d mimics
or inhibitor. The results were con�rmed by 3 independent experiments. * p < 0.05, **p < 0.01.
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Figure 2

miR-181d directly regulates RBP2 expression. (A, B) qRT-PCR and Western blot analysis of RBP2 mRNA
and protein levels after transfection with miR-181d mimics or inhibitor. (C) Schematic illustration of the
predicted miR-181d binding sites in RBP2 3’-UTR. (D-G) RBP2 wild type 3’UTR and its mutated activity
following miR-181d mimics/inhibitor transfection in HL60 and HEK-293 cells. Luciferase activities were
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determined at 48 h and normalized by Renilla luciferase activity. The results are from 3 independent
experiments. * p < 0.05, **p < 0.01, ***p < 0.001.

Figure 3

p65 is directly and epigenetically downregulated by RBP2. (A, B) qRT-PCR of RBP2 and p65 mRNA level
after transfection with RBP2 wild-type or RBP2-mutant (defective in demethylase activity, RBP2 H483A)
plasmids in K562 and HL60 cells. (C) Western blot analysis of RBP2 and p65 protein expression levels
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after transfection with RBP2 wild-type or RBP2 H483A plasmids in K562 and HL60 cells. (D) Schematic
illustration of the predicted RBP2 binding sites in the p65 promoter. (E, F) Regulation of p65 wild-type
promoter by RBP2, including the �rst RBP2 binding site (p65 pro1) and the second RBP2 binding site (p65
pro2). HL60 and HEK-293 cells were transfected with p65 wild-type reporters, together with RBP2
expression plasmids, followed by luciferase activity assessment 48 h post-transfection. (G, H) p65 wild-
type pro1 and its mutated activity following RBP2 wild-type plasmids transfection in HL60 and HEK-293
cells. (I, J) ChIP assay for RBP2 binding to the p65 promoter in K562 and HL60 cells. (K, L) The binding of
RBP2 and H3K4me3/2 to p65 promoter after RBP2 plasmid transfection in K562 and HL60 cells. The
results are from 3 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.

Figure 4

p65 is overexpressed in CML-BP and promotes leukemia cell proliferation. (A, B) qRT-PCR and
Immunostaining analysis of p65 mRNA and protein levels in bone-marrow samples from patients with
CML-CP and CML-BP. (C, D) EDU of K562 and HL60 cells following transfection with p65 plasmid or
siRNA. The results were con�rmed by 3 independent experiments. *p < 0.05, **p < 0.01.
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Figure 5

miR-181d is directly upregulated by p65. (A, B) qRT-PCR of p65 mRNA and mature miR-181d levels after
transfection with p65 plasmid or siRNA in K562 and HL60 cells. (C) Western blot analysis of p65 protein
expression level after transfection with p65 plasmid or siRNA in K562 and HL60 cells. (D) Schematic
illustration of the predicted p65 binding sites in the miR-181d promoter. (E-H) Regulation of miR-181d
wild-type promoter by p65, including the �rst p65 binding site (miR-181d pro1) and the second p65
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binding site (miR-181d pro2). HL60 and HEK-293 cells were transfected with miR-181d wild-type reporters
together with p65 plasmid/siRNA and the luciferase activity was assessed 48 h or 72h post-transfection.
(I-L) miR-181d wild-type pro1 and its mutated form activities following with p65 plasmid or siRNA
transfection in HL60 and HEK-293 cells. (M, N) ChIP assay for p65 binding to the miR-181d promoter in
K562 and HL60 cells. The results are from 3 independent experiments. *P < 0.05, **p < 0.01, ***p < 0.001.

Figure 6

Inhibition of miR-181d suppresses leukemia cell proliferation in vivo. (A) Xenograft model in NOD/SCID
male mice. Timeline of the miR-181d antagomir therapeutic delivery experiment. Primary tumor gross
appearance (B) and tumor growth curves (C) and the average tumor weight (D) of the miR-181d
antagomir or control treated xenograft model. (E) RT–PCR analysis shows miR-181d antagomir e�cacy
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in each group. (F-I) IHC staining and relative IHC score for RBP2, p65 and Ki67 were performed on the
indicated tumors. Similar results were acquired in three independent experiments. (J) A summary of the
�ndings. A new epigenetic mechanism involved in the pathogenesis of CML-BP: In CML progression, miR-
181d overexpression directly inhibits RBP2 expression, low levels of RBP2 cannot repress the expression
of p65, which increases miR-181d expression and stimulates cell proliferation. *p < 0.05, **p < 0.01, ***p <
0.001.


