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Abstract
Extramedullary infiltration (EMI), as a concomitant symptom of acute myeloid leukemia (AML), is associated with low
complete remission and poor prognosis in AML. However, the mechanism of EMI remains indistinct. Clinical trials showed
that increased miR-29s were associated with a poor overall survival in AML [14]. Nevertheless, they were proved to work as
tumor suppressor genes by encouraging apoptosis and inhibiting proliferation in vitro. These contradictory results led us to
the hypothesis that miR-29s may play a notable role in the prognosis of AML rather than leukemogenesis. Thus, we explored
the specimens of AML patients and addressed this issue into miR-29c&b2 knockout mice. As a result, a poor overall
survival and invasive blast cells were observed in high miR-29c&b2-expression patients, and the wildtype mice presented a
shorter survival with heavier leukemia infiltration in extramedullary organs. Subsequently, we found that the miR-29c&b2
inside leukemia cells promoted EMI, but not the one in the microenvironment. The analysis of signal pathway revealed that
miR-29c&b2 could target HMG-box transcription factor 1 (Hbp1) directly, then reduced Hbp1 bound to the promoter of
non-muscle myosin IIB (Myh10) as a transcript inhibitor. Thus, increased Myh10 encouraged the migration of leukemia
cells. Accordingly, AML patients with EMI were confirmed to have high miR-29c&b2 and MYH10 with low HBP1.
Therefore, we identify that miR-29c&b2 contribute to the poor prognosis of AML patients by promoting EMI, and related
genes analyses are prospectively feasible in assessment of AML outcome.

Introduction

Acute myeloid leukemia (AML) is a malignant clonal dis-
ease originating in bone marrow (BM), from which invasive
myeloblasts spread to peripheral blood (PB). It is well
known that the chemotherapy resistance, tumor micro-
environment, and tumor cells themselves are related to the
outcome of AML [1–4]. However, extramedullary infiltra-
tion (EMI), as a common concomitant symptom of AML, is
part of the initial diagnosis in about 30% of AML patients
[5–8], little attention has been paid to it. Recent studies have
reported that EMI leads to a poor outcome in both adults
and children with leukemia [6, 9, 10], but researchers tend
to regard EMI simply as a common concomitant symptom
as leukemia cells can spread to multiple extramedullary
systems through blood vessels. The underestimation has led
to a lack of studies on the mechanism of EMI. Only a few
studies showed that DNMT3A and CD56 participated in the
process of EMI [6, 11]. Thus, the mechanism research of
EMI remains indistinct.
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As non-coding RNAs, miRNAs are found related to
metastasis. miR-29s usually work as tumor suppressors in
AML by inhibiting the proliferation or promoting the
apoptosis of leukemia cells in vitro [12, 13]. But clinical
studies show that higher miR-29c contributes to poor
prognosis in leukemia patients [14], leading us to suspect
that miR-29s might impact the outcome of AML in other
ways. Meanwhile, it is reported that miR-29s can influence
the invasion of solid tumor by affecting extracellular matrix
and angiogenesis [15–18]. It is known that miRNAs reg-
ulate the expression of a variety of genes, and their exact
roles in a tumor are determined by the dynamic between
various biological functions [19]. These facts, combined
with the contradictory results of miR-29s in AML and their
roles in the metastasis of solid tumors, lead us to the
hypothesis that the dominant role of miR-29s is promoting
EMI in AML, which results in adverse prognosis.

In this paper, we explored this hypothesis through
studying AML patients combined with miR-29c&b2
knockout mice. The study revealed that miR-29c&b2
enhanced the motility of leukemia cells through HBP1/
MYH10 axis, which encouraged the EMI, leading to the
poor prognosis in AML. In addition to improving our
understanding of EMI’s cellular processes and pathogen-
esis, these findings also provide a new approach to the
assessment of AML.

Results

miR-29c&miR-29b2 were related to poor outcome
and severe EMI in AML

We downloaded gene expression profiles and clinical
information of AML patients with initial pathologic diag-
nosis from the TCGA database. The survival analysis
showed that both miR-29c and miR-29b2 were related to
poor outcome in AML (Fig. 1A). Analysis on several
standard AML clinical risk factors showed no difference
among different groups, which also demonstrated that the
expression of miR-29c&b2 remained prognostically sig-
nificant (Supplementary Fig. S1A). Meanwhile, fewer blast
cells were observed in BM of higher miR-29c&b2-expres-
sion patients (Fig. 1B), while there was no difference in
blast cell counts of PB (Fig. 1C).

We then evaluated the potential function of miR-29c&b2
on AML by knocking out miR-29c&b2 in C57 mice (Fig.
1D). Friend-MuLV, secreted by FBL-3 cells (a mouse
leukemia cell line), was injected into miR-29c&b2–/– or
wildtype (WT) mice to induce erythroleukemia (Fig. 1E)
[20–22]. Leukemia cells could be observed in PB around
day 21 in both groups (Supplementary Fig. S1B). The
survival analysis showed that miR-29c&b2–/– mice had a

better prognosis, and the mortality was 34% lower than WT
mice (Fig. 1F). Strikingly, flow-cytometric analysis of BM
showed that percentage of the myeloblast (c-Kit+, CD71–)
and proerythroblast (c-Kit+, CD71+) was higher in BM of
miR-29c&b2–/– mice (Fig. 1G), indicating a heavier leu-
kemia burden in BM of miR-29c&b2–/– mice than in WT
mice. Meanwhile, the hematopoiesis made no difference in
most of the time, and there were similar blast cell counts in
PB between two groups right before the conclusion of the
experiment (Supplementary Fig. S1C, D). These conflicting
results between BM and PB suggested that miR-29s might
enhance the infiltration of leukemia cells, leading to poor
prognosis. To explore EMI in mice, tissues were collected
after mice deceased. More leukemia clusters were found in
the WT mice’s extramedullary organs, such as livers, kid-
ney, and lungs (Fig. 1H and Supplementary Fig. S1E).
Together, these results proved that miR-29c&b2 encour-
aged EMI, which might be the reason behind shorter sur-
vival and increased mortality.

miR-29c&b2 in leukemia cells encouraged the EMI

Since miR-29c&b2 were knocked out conventionally in
C57 mice, we were unable to define whether it was the miR-
29c&b2 in microenvironment or leukemia cells that pro-
moted the EMI. Therefore, wild-genotype FBL-3 cells with
GFP were injected into miR-29c&b2–/– and WT mice,
respectively (Fig. 2A). Neither overall survival nor EMI
contributed to a difference between two groups (Fig. 2B, C
and Supplementary Fig. S2A). The percentage of FBL-3
cells in BM also made no difference (Supplementary Fig.
S1B). The results above indicated that miR-29c&b2 in
microenvironment was not responsible for the AML EMI or
the leukemia burden in BM.

Subsequently, the cross-transplantation was conducted
to evaluate the impact of miR-29c&b2 in leukemia cells.
FBL-3 cells with miR-29c/b2 knocked out by CRISPR/
Cas9 were injected into WT mice, while WT FBL-3 cells
were injected into miR-29c&b2–/– mice (Fig. 2D). As a
result, WT mice had a higher median overall survival and
less mortality than miR-29c&b2–/– mice (Fig. 2E). As
expected, the infiltration of leukemia clusters in miR-
29c&b2–/– mice was more severe than WT mice (Fig. 2F
and Supplementary Fig. S2C), while the white blood cells
in PB made no difference between two groups (Supple-
mentary Fig. S2D). The percentage of miR-29c&b2–/–
FBL-3 cells was higher than WT FBL-3 cells in BM, but
there was no difference on total cell counts (Supplemen-
tary Fig. S2E). The homing assays also showed that miR-
29c&b2–/– FBL-3 cells migrated into marrow less than
WT FBL-3 cells (Supplementary Fig. S2F). To confirm
the effect of miR-29c&b2 in AML cells, the phenotypes
above were conducted by other AML models of C1498 or
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MV4-11 (Supplementary Fig. S3). These results revealed
that miR-29c&b2 in leukemia cells might contribute to the
EMI of AML. Indeed, the migration of leukemia cells was
proved to be regulated by miR-29c&b2 in vitro (Fig. 2G,
H). On the other side, the clone formation assays, cell
growth assays, and the differentiation analysis of AML

cells showed that miR-29c&b2 suppressed cell growth
moderately (Supplementary Fig. S4A–C) and did not
regulate the differentiation of AML cells (Supplementary
Fig. S4D, E). All factors considered, it was the EMI
induced by miR-29c&b2 in leukemia cells that con-
tributed to a poor outcome in AML mice.
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miR-29c/miR-29b2-3p contributes to the migration
of AML cells by suppressing Hbp1

To identify candidate mRNAs regulated by miR-29c&b2-
3p that promote EMI, we queried three publicly available
databases (Target Scan, microRNA.org, and miRDB.org),
cataloged mRNAs predicted (Supplementary Fig. S5A)
which met the criteria and investigated these mRNAs for
their known relevance to cancer biology. Among them, high
mobility group box (HMG-box) transcription factor 1
(Hbp1) was found related to the better prognosis of AML
patients in TCGA database. Compared to the lower group,
AML patients with higher expression of HBP1 underwent a
longer overall survival (Fig. 3A). As predicted, miR-29c-3p
and miR-29b2-3p might target identical sequences in the
Hbp1 3′UTR with the same seed sequence (Fig. 3B). To
verify this, we cloned the Hbp1 3’UTR into pmirGLO-
REPORT™ vector and mutated the predicted binding site
(Fig. 3C). Dual-luciferase assays demonstrated that activity
of luciferase with Hbp1 3’UTR could be regulated by miR-
29c-3p or miR-29b2-3p. In addition, the regulation was
ineffective in the Hbp1 3’UTR mutant group (Fig. 3D).
These findings implied that miR-29c&b2-3p were capable
of targeting Hbp1 by the identical sequences predicted.

To further confirm this pathway in leukemia cells, we
introduced mimics or inhibitors of miR-29c/b2-3p in FBL-3
cells. The western blotting analysis showed that Hbp1
expression decreased after adding mimics of miR-29c/b2-3p
and increased by inhibiting the miR-29c/b2-3p (Fig. 3E).
Subsequently, FBL-3 cells were infected with lentivirus
carrying short-hairpin RNA (shRNA) designed to target
Hbp1 specifically. Compared to a non-silencing control, the
shRNA mediated downregulation of Hbp1 transcript and
protein (Fig. 3F, G). On the other hand, the western blotting
analysis showed that Hbp1 expression could be rescued by

transfecting the inhibitors of miR-29c/b2-3p (Fig. 3I). These
observations confirmed that miR-29c&b-3p target Hbp1 in
leukemia cells.

Transwell analysis identified the role of Hbp1 in reg-
ulating the migration of leukemia cells. Results showed that
the Hbp1 downexpressed cells migrated more when com-
pared to the control cells (Fig. 3H), which could also be
reversed by introducing inhibitors of miR-29c/b2-3p (Fig.
3J). However, due to the ceiling effect, there was no dif-
ference in 167 cell migration (Supplementary Fig. S5D, E)
after overexpressing the Hbp1 in FBL-3 cells (Supple-
mentary Fig. S5B, C). Similarly, the immunohistochemistry
analysis showed a higher expression of Hbp1 in BM of
miR-29c&b2–/– mice when compared to WT mice (Fig.
3K). These findings suggested that Hbp1 was a target of
miR-29c&b2-3p and suppressed cell migration in AML.

Hbp1 mediates the transcription of Myh10

As a transcription repressor, Hbp1 influenced cellular
functions by regulating the transcription of other genes. The
analysis of RNA-seq with c-kit+ cells in BM of leukemic
mice showed that Myh10 ranked high among all the dif-
ferential genes and ranked top in the list of genes that
regulated cell motility (Table 1 and Fig. 4A). And the
evaluation of HSC/LSC and erythroid differentiation-related
gene sets were provided (Table 2). Also, the correlation
analysis in the TCGA database implied a positive correla-
tion between miR-29c/b2 and MYH10, which suggested
that Myh10 might have played a vital role (Supplementary
Fig. S6A). The potential binding site in the promoter of
Myh10 was first predicted by Jaspar database (Fig. 4B).
Then ChIP-PCR assay verified that Hbp1 could bind with
the predicted sequence of Myh10 promoter (Fig. 4C).
Subsequently, we cloned and inserted repeats of the pre-
dicted binding site (bs) in pmirGLO-REPORT™ vector.
Sequences of Hbp1-202 and Hbp1-201, the latter lacking
HMG-box domain, were cloned into pGFP-N1 vector
(Supplementary Fig. S6B). The dual-luciferase assay
demonstrated that Hbp1-202 could suppress luciferase
expression of pmirGLO-6×bs-REPORT™ vector compar-
ing to the original vector, while Hbp1-201, which lacks
HMG-box domain, had no suppressing effect (Fig. 4D). It
was also confirmed that the 508 bp before the exons of
Myh10 contained the core promoter (Supplementary Fig.
S6C, D). The results above showed that Hbp1 could bind to
the promoter of Myh10 by its HMG-box domain and sup-
press the transcription of Myh10. Although the over-
expression of Hbp1 was unable to suppress Myh10 due to
the ceiling effect (Supplementary Fig. S6E), the expression
of Myh10 was enhanced in FBL-3 cells with shHbp1
(Supplementary Fig. S6F–H) or mimics of miR-29c/b2-3p,
while it was suppressed when transfected with inhibitors

Fig. 1 miR-29c&miR-29b2 were related to poor outcome and
severe EMI in AML. A Excluding subtype M3, patients with AML in
TCGA database were divided into four groups equally by miR-29c or
miR-29b2 expression and the overall survival was analyzed. Statistical
significance was evaluated by log-rank test. B, C The analysis of BM
or PB blast cell counts of AML patients in TCGA database (patients
with subtype M3 or who had previously undergone chemotherapy
were excluded). Patients were stratified by miR-29c or miR-29b2
expression into 50% high (n= 40) and 50% low (n= 40). D The
scheme describes miR-29c&b2 knockout strategy in mice by CRISPR/
Cas9. E The scheme describes the experiment. F Survival curve of the
miR-29c&b2–/– mice (n= 24; median survival, undefined) and WT
mice (n= 22; median survival, 71.6 days). G Representative flow
cytometry profiles and quantification of the frequencies of the mye-
loblast (c-Kit+, CD71–) and proerythroblast (c-Kit+, CD71+) in the
BM of the dead mice. H H&E staining and IHC of c-Kit+ of the liver,
lung, kidney of the miR-29c&b2–/– mice (#41, died at day 44; #112,
died at day 76) and WT mice (#61, died at day 48; #29, died at day
77), with the quantitatively analysis of IHC sections. All results are
representative of at least three independent experiments.
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(Supplementary Fig. S6I–K). These findings demonstrated
that miR-29c&b2 and Hbp1 could regulate the expression
of Myh10 in FBL-3 cells.

Expression of Myh10 was knocked down in FBL-3 cells
to explore its effect on migration (Fig. 4E, F). Transwell
assays showed that FBL-3 cells with lower Myh10 migrated

Fig. 2 miR-29c&b2 in leukemia cells encouraged the EMI. A, D
The scheme describes the experiment. B Survival curve of the miR-
29c&b2–/– mice (n= 6; median survival, 10 days) or WT mice (n= 6;
median survival, 10 days) that underwent FBL-3 GFP+ cells trans-
plantation, representative of three independent experiments. C Livers,
lungs, and kidneys of these mice died at day 10 after injection were
subjected to H&E staining and IHC of GFP+. E Survival curve of the
miR-29c&b2–/– mice (n= 6; median survival, 11.5 days) that
underwent FBL-3 GFP+ cells transplantation or WT mice (n= 6;

median survival, undefined) that underwent miR-29c&b2–/– FBL-3
cells transplantation, representative of three independent experiments.
F Livers, lungs, and kidneys of these mice died at day 10 or 18 after
injection were subjected to H&E staining and IHC of GFP+. G, H The
miR-29c&b2–/– FBL-3/MV4-11, WT FBL-3/MV4-11, and miR-
29c&b2+ FBL-3/MV4-11 cells were subjected to transwell migration
assays. All results are representative of at least three independent
experiments.
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less (Fig. 4G). As expected, shHbp1 and miR-29c&b2
mimics could rescue the expression of Myh10 in Myh10
knock down cells (Fig. 4H, I, K, L). The reduction in
migration, which resulted from lower expression of Myh10,
could also be rescued (Fig. 4J, M). Compared to WT mice,

miR-29c&b2–/– mice showed lower protein expression of
Myh10 in BM, (Fig. 4N). These findings proved that
Myh10, a non-muscle myosin, controlled the migration of
leukemia cells and miR-29c&b2 contributed to the EMI of
AML by Hbp1/Myh10 axis.
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AML patients with liver or splenomegaly expressed
high miR-29c&b2 and MYH10 with low HBP1

To explore the relationship between HBP1/MYH10 and the
prognosis of AML patients, we analyzed the TCGA data-
base. Compared to a favorable group, which categorized by

CALGB cytogenetics risk category, patients in the poor risk
group had lower HBP1 and higher MYH10 (Fig. 5A). In
addition, we observed an increased expression of miR-
29c&b2 in primary AML patients with liver or splenome-
galy compared to those without these conditions (Fig. 5B
and Table 3). Lower HBP1 and higher MYH10 were then
confirmed by testing specimens of AML patients with liver
or splenomegaly on both RNA and protein levels (Fig.
5B–D and Table 3). These observations provided convin-
cing in vivo evidence of an inverse relationship between the
prognosis of AML patients and miR-29c&b2, which could
be resulted from encouraging the EMI by regulating HBP1/
MYH10 axis (Fig. 5E).

Discussion

Several clinical studies have found that EMI is associated
with low complete remission rate and poor prognosis in
AML [6, 8–10]. However, the mechanism of EMI remains
indistinct. We found that miR-29c&b2 promoted the inva-
sion of AML cells and encouraged the EMI by regulating
cells motility.

In AML, liver or splenomegaly is one of the most
common EMI events and can be diagnosed by computerized
tomography scan or ultrasonography. Though EMI is more
frequent in subtype M4 or M5, research shows that it
remains as an independent poor risk factor in all subtypes of
AML [6]. Meanwhile, over 50% of deceased AML patients
are reported to have multi-system extramedullary leukemia
infiltration at their death [23–25]. As reported, miR-29
family may play a vital role in AML. Interestingly, miR-29a
has been reported to relate to the good outcome of AML
[26] while miR-29c&b2 are related to the poor outcome
[14], even though all of them share the same seed sequence.
In addition, many studies on miR-29a&b1 in AML, ranging
from apoptosis and proliferation, have suggested that miR-
29a&b1 work as a tumor suppressor in AML [12, 13].
Meanwhile, miR-29c&b2 may perform as an oncogene in
AML by encouraging EMI, which is why we are interested
in exploring and confirming their exact effect in AML.

In both mice and AML patients’ specimens, we found
that higher miR-29c&b2 resulted in more severe cases of
EMI. Our experiments in vitro also showed that higher miR-
29c&b2 was associated with increased migration of leuke-
mia cells. Meanwhile, other studies have also reported that
miR-29s can promote tumor metastasis in both breast cancer
and pancreatic cancer [27–29]. Interestingly, our studies
showed that miR-29c&b2 was associated with lighter BM
leukemia burden in vivo, which was aligned with infor-
mation from the TCGA database. Although the homing of
leukemia cells was decreased by the miR-29c&b2 loss, the
leukemia burden in marrow of miR-29c&b2–/– AML

Fig. 3 miR-29c/miR-29b2-3p contributes to the migration of AML
cells by suppressing Hbp1. A Overall survival of patients with AML
(subtype M3 excluded) from TCGA database was stratified by HBP1
expression into 50% low (n= 64, median survival, 10.98 months) and
50% high (n= 64; median survival, 25.97 months) groups. Statistical
significance was evaluated by log-rank test. B Alignment of the miR-
29c/b2-3p seed sequence with the Hbp1 3′ UTR. Dashed lines
represent complementary base pairing. C The scheme describes the
building strategy of dual-luciferase-reporter vectors with Hbp1 3’UTR
or the mutant. D Luciferase expression in 293T cells, which were
transfected with pmirGLO-REPORT™ vector containing the Hbp1
3’UTR or Hbp1 3’UTR mutant and treated with miR-29c/b2-3p
mimic/inhibitor or a scrambled mimic/inhibitor. Renilla luciferase
activity was used as a reference. E HBP1 protein expression after miR-
29c/b2-3p mimic/inhibitor or a scrambled mimic/inhibitor infection in
FBL-3 cells. Equivalent gel loading was confirmed by probing with
antibodies against β-actin. F–H Hbp1 RNA (F) or protein (G)
expression of FBL-3 stably expressing Ctrl or shHbp1-1 or shHbp1-2.
Transwell migration assays (H) were conducted with these cells. I, J
HBP1 protein expression (I) and transwell assays (J) of FBL-3 cells
stably expressing Ctrl or shHbp1-1 or shHbp1-2 after miR-29c/b2
inhibitor or a scrambled inhibitor infection. K Representative images
of IHC of HBP1 in BM of miR-29c&b2–/– mice or WT mice with
virus-derived AML and quantitative analysis of HBP1 intensity in BM.
All results are representative of at least three independent experiments.

Table 1 The most differentially expressed genes in bone marrow
between WT and miR-29c&b2–/– mice.

Gene id Gene name P value

ENSMUSG00000096929 A330023F24Rik 8.60E–13

ENSMUSG00000099519 Gm29253 1.21E–11

ENSMUSG00000029657 Hsph1 3.81E–11

ENSMUSG00000031762 Mt2 5.29E–07

ENSMUSG00000020900 Myh10 1.26E–06

ENSMUSG00000053846 Lipg 1.59E–06

ENSMUSG00000034480 Diap2 1.07E–05

ENSMUSG00000026411 Tmem9 2.93E–05

ENSMUSG00000027562 Car2 4.44E–05

ENSMUSG00000041329 Atp1b2 4.47E–05

ENSMUSG00000102748 Pcdhgb2 4.41E–05

ENSMUSG00000006567 Atp7b 5.85E–05

ENSMUSG00000024939 Fam89b 8.19E–05

ENSMUSG00000041570 Camsap2 7.13E–05

ENSMUSG00000046959 Slc26a1 5.65E–05

ENSMUSG00000059108 Ifitm6 7.57E–05

ENSMUSG00000067149 Jchain 7.57E–05

ENSMUSG00000068105 Tnfrsf13c 8.30E–05

ENSMUSG00000071796 6820431F20Rik 6.37E–05
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models was heavier, which may be resulted from the
enhanced proliferation and decreased apoptosis by miR-
29c&b2 loss. Recent studies on miR-29s’ role in inhibiting
proliferation and promoting apoptosis by CDK6, DNMT3B,
MCL1 may explain the results above [30–33]. And the
suppressed invasion ability of leukemia cells by miR-
29c&b2 loss was responsible for the mismatching leukemia

burden in BM and PB. Moreover, studies on solid tumors
usually regard proliferation and metastasis as two different
routes in tumor cells’ evolution and mutually exclusive in
most cases. For example, low-expression E-cadherin and
FBXO22 are associated with high invasiveness and low
proliferation, and result in poor outcome in breast cancer
[34–36]. Therefore, we speculated that miR-29c&b2 might
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work as a double-edged sword, but their primary role is
promoting EMI in AML, which results in poor prognosis.

The miR-29s family consists of four members, 29a&b1
and 29c&b2, located on two different chromosomes sharing
the same seed sequence [37]. The predicted target genes of
miR-29c&b2 ranged widely in multiple pathways. Three
datasets of predicted target genes were cross-compared to
narrow down the possible genes in our works. We identified
several potential target genes of miR-29c/b2 that were
reported regulating cell invasion or migration, including
HBP1, ADAMTS17, SPARC, and BACH2 [38–41]. The
expression of ADAMTS17, SPARC, and BACH2 were not
related to the prognosis of AML according to the survival
analysis in TCGA (data not shown). Meanwhile, HBP1, as
an HMG-box transcription inhibitor, usually inhibits gene
expression by isolating other transcription factors or col-
lecting co-factors [42]. It was reported lower HBP1 in AML
LSC comparing to AML non LSC [43]. The survival ana-
lysis also demonstrated that low expression of HBP1 was
related to a poor outcome in AML in our study. Thus, we
preferred to focus on HBP1 as a primary downstream target
of miR-29c&b2. Other researches show that HBP1 can be
regulated by several miRNAs, such as miR-155, miR-21,
miR-17, or miR-96 [44–46]. miR-29a is also proved to
target HBP1 in human endothelial cells and hematopoietic
stem cell [43, 47]. Furthermore, it has been reported that the
reduction of HBP1 can promote the migration ability of
lung cancer cells and relates to invasive breast cancer
[40, 48]. Our study found that HBP1 was regulated by miR-
29c&b2, the suppression of which could promote the
migration of leukemia cells.

In addition, we were the first to report that Hbp1 could
suppress the transcription of Myh10 directly. Due to the
decrease of Hbp1 expression, the transcription of Myh10
increased, which also caused the enhancement of cell

migration. Physical descriptions of cell migration usually
involve front protrusion, adhesion, contraction, and rear
detachment that lead to forward motion in a polarized cell
[49]. Myosin motors are key factors in protrusion and
contraction by dynamic self-assembly and force-generating
properties. Myosin, widely found in non-myoblasts, is a
component of the cytoskeleton that provides the necessary
force for cytoplasm flow, cytogenetic movement, material
transport, filament division, cytoplasm division, and cell top
growth [50]. Since myosin II motors cross-link actin fila-
ments slide filaments and facilitate network contraction by
hydrolyzing ATP, they also play a heavy role in cell
migration and formation [51]. MYH10, as an important
member of myosin family, is reported to play a heavy role
in cell motility and cell mechanics. Studies showed that
Myh10 is required for vessel formation and neuronal
migration in mammal and regulates cell width and tissue
angle changes during zebrafish brain morphogenesis
[52, 53]. In the case of cancer cells, MYH10 can promote
the metastasis of gliomas [54]. Our study was the first to
reveal the role of MYH10 in AML infiltration, thereby
providing a new idea for clinical therapy.

The role of miR-29c&b2 in AML was quite complex,
and our studies were the first to show that the miR-29c&b2/
HBP1/MYH10 signal axis played an important role in
promoting EMI and leading to poor outcomes. Therefore,
extra attention should be given to AML patients with related
genes expression due to the possibility of MRD in extra-
medullary organs. However, it remains unknown whether
there are other pathways regulated by miR-29c&b2 in EMI
and the value of miR-29c&b2 in new therapy also needs
further exploration.

Method

Patients specimens and TCGA dataset

Twenty BM samples from patients with AML of Shanghai
Ninth People’s Hospital were retrospectively selected for
this study and were reviewed by pathologists to confirm the
diagnosis according to the criteria described by the 2016
World Health Organization classification for hematopoietic
diseases based on morphological criteria. The inclusion
criteria for this study were the availability of BM, patient
age no less than 18 years, and available clinical and
demographic data. This study was approved by the local
Ethics in Research Committee. All the patients signed the
written informed consent form before enrolled in this study.
According to the liver or splenomegaly or not at first
diagnosis of AML, patients were divided into two groups
and the BM samples were obtained before the first
chemotherapy.

Fig. 4 Hbp1 mediates the transcription of Myh10. A Differential
genes in cell motility by RNA-seq analysis of c-Kit+ cells in BM of
the WT and miR-29c&b2–/– mice. B Three predicted Hbp1 binding
sites in Myh10 promoter. C FBL-3 cells stably expressing FLAG-
Hbp1 were subjected to ChIP-PCR assay. D Luciferase expression in
293T cells transfected with pmirGLO-REPORT™ vector or which
containing 6×bs and transfected with eGFP-N1 vector or Hbp1-202/
201-eGFP-N1 vector. Renilla luciferase activity was used as a refer-
ence. E–G Myh10 RNA (E) or protein (F) expression of FBL-3 stably
expressing Ctrl or shMyh10-1 or shMyh10-2. Transwell migration
assays (G) were conducted with these cells. H–J Myh10 RNA (H) or
protein (I) expression or transwell assays (J) of FBL-3 cells stably
expressing Ctrl or shMyh10-1 or shMyh10-2 after Ctrl or shHbp1-2
lentivirus infected. K–MMyh10 RNA (K) or protein (L) expression or
transwell assays (M) of FBL-3 cells stably expressing Ctrl or
shMyh10-1 or shMyh10-2 after miR-29c/b2-3p mimic or a scrambled
mimic infection. N Representative images of IHC of MYH10 in BM of
miR-29c&b2–/– mice or WT mice with virus-derived AML and
quantitative analysis of MYH10 intensity in BM. All results are
representative of at least three independent experiments.
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Almost 198 AML cases assayed on RNA sequencing and
miRNA sequencing were included in the analysis. Sequence
files are available from CGHub (https://cghub.ucsc.edu/). All
other molecular, clinical, and pathological data are available
through the TCGA Data Commons (https://gdc.nci.nih.gov/).

CRISPR/Cas9-mediated generation of a
miR-29c&b2−/− mice

Homozygous miR-29c&b2−/− mice (C57BL/6 strain)
were generated using the CRISPR/Cas9 technique from
Shanghai Model Organisms Center, Inc (Shanghai, China).
Briefly, guide RNAs (gRNAs) were designed for targeting
the 5′ and 3′ ends of mouse miR-29c&b2 based on publicly
available information on the sequences of miR-29c (miR-
Base:MI0000577) and miR-29b2 (miRBase:MI0000712).
The spacer sequences of the gRNAs were as follows:
gRNA1: 5′-TCTACCGACACTATGCATCT-3′; gRNA2:
5′-CTACCGACACTATGCATCTT-3′; gRNA3: 5′-AACT
AAGTACTGTTAAACGT-3′; and gRNA4: 5′-GCACA
GCAAATTAACTTTCC-3′. A mixture of gRNA and Cas9
mRNA was microinjected into one-cell stage mouse
embryos from C57BL/6 mice. The injected embryos were
then implanted into pseudo-pregnant C57BL/6 mice to
generate F0 mice. The F0 mice were genotyped using PCR
with primers designed to anneal to the 5′ and 3′ ends of
miR-29c&b2. These PCR-amplified products were
sequenced to confirm complete deletion of miR-29c&b2.
The homozygous mice (miR-29c&b2–/–) were bred for at
least four generations at the Shanghai Model Organisms

Center (Shanghai, China) prior to starting any experiments.
The WT C57BL/6 mice were obtained from the Shanghai
Model Organisms Center (Shanghai, China) and housed
five per cage, fed standard laboratory chow and deionized
water, according to Institutional Animal Care and Use
Committees protocols.

Cell lines, culture, and treatments

FBL-3 cells, C1498 cells, and MV4-11 cells were cultured
in complete RPMI 1640 medium supplemented with 10%
heat-inactivated fetal bovine serum (Gibco) and main-
tained in a humidified atmosphere of 5% CO2 at 37 °C.
FBL-3 cell line was a gift from Henan Tumor Hospital.
C1498 and MV4-11 cells were purchased from the
Shanghai Model Organisms Center, Inc (Shanghai, China)
and National Collection of Authenticated Cell Cultures
(Shanghai, China). In this study, an absence of myco-
plasma or bacterial contamination of the cells was detec-
ted. AML cells knocked out miR-29c&b2 by CRISPR/
Cas9. Sequences of miR-29c&b2 sgRNAs were inserted
into Lenti-sgRNA-eGFP vector. The monoclonal cells
were sorted by a FACSAria Cell Sorter (BD) and identified
by PCR. Cells was transfected with mimics
(miR10000536-1, miR10000127-1, miR1N0000001-1,
Ribobio) or inhibitors (miR20000536-1, miR20000127-1,
miR2N0000001-1, Ribobio) of miR-29c-3p, miR-29b2-3p
or negative control as a scramble microRNA in 48-well
plates using riboFECT CP Transfection Kit (Ribobio)
according to the manufacturer’s instructions.

Table. 2 Gene sets analysis.

#Term Database ID Input number Background number Corrected
P value

Input

Acute myeloid
leukemia

KEGG
PATHWAY

mmu05221 9 69 0.00527 Bcl2a1d|Stat3|Ccnd1|Pik3cb|Nras|Pik3r2|Pml|
Lef1|Itgam

Cell
differentiation

Gene
Ontology

GO:0030154 63 1004 3.90E–06 Bmp8b|Tal1|Lrrk2|Heyl|Itgav|Gm14490|Pkdcc|
Cbfa2t3|Vegfb|Hck|Calr3|Klhl10|Spib|Sik1|
Ntng2|Ddx25|Ccdc36|Foxo1|Fgr|Cplx2|Spag8|
Slco4c1|Hes1|Rhob|Hspa1l|Gata2|Ccdc85b|
Nr1h3|Pax5|Smurf1|Tnfsf11|Ptk2|Fam65b|Sfrp4|
Tex15|Syne1|Nhsl2|Robo4|Hemgn|Bmpr1a|
Rasgrp4|Mycbpap|Sort1|Sema4a|Ngfr|Sema4f|
Rmdn3|Bmp7|Corin|Rasgrp1|Bmp1|Fam210b|
Bhlhe41|Sox12|Zfpm1|Rfx2|Nr1i3|Rbm24|Ets1|
Diap2|Ina|Gas7|Abhd5

Positive
regulation of
erythrocyte
differentiation

Gene
Ontology

GO:0045648 8 27 0.000158 Stat3|Fam210b|Acvr1b|Inhba|Ets1|Tal1|Gata2|
Gata1

Myeloid cell
differentiation

Gene
Ontology

GO:0030099 7 27 0.000906 Clec5a|Tal1|Tirap|Cdkn1c|Prdx3|Pml|Gata1
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Fig. 5 AML patients with liver or splenomegaly expressed high
miR-29c&b2 and MYH10 with low HBP1. A Patients with AML
excluded subtype M3 in TCGA database was classified by CALGB
cytogenetics risk category. The expression analysis of HBP1 or
MYH10 was conducted. B The BM of AML patients with (n= 12) or
without (n= 8) liver or splenomegaly were subjected to qPCR

analysis. C Representative images of IHC of HBP1 or MYH10 in BM
of AML patients with or without liver or splenomegaly. D Quantitative
analysis of HBP1 or MYH10 intensity in BM. E The schematic car-
toon of the mechanism of miR-29c&b2 encouraging EMI in AML
cells. All results are representative of at least three independent
experiments.
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Homing assays

In all, 3 × 106 AML GFP+ cells were transplanted into C57
mice or sub-lethally irradiated NOD-SCID mice. Femurs of
the recipient mice were harvested after 20 h, and the per-
centages of GFP+ cells were determined by flow-
cytometric analysis.

Mouse AML model by Friend-MuLV or AML cells

The Friend virus (Friend-MuLV) was generated form FBL-
3 cells [20, 22]. Viral supernatant was collected after an
additional 24 h of culture, percolated by 0.22 μm Sterile

Millex filter units (SLGP033RB), pooled and prepared as
single-use aliquots. Adult 6- to 8-week-old male C57 mice
or sub-lethally irradiated NOD-SCID mice were injected
intravenously with 100 μl supernatant or 1 × 106 AML cells
for constructing secondary AML model or AML xenograft
model. Six per group of mice were set up for AML xeno-
graft models and 25 per group of mice were set up for virus-
derived secondary AML model.

Mouse tissues

Peripheral blood mononuclear cells were collected by cau-
dal veins. BM cells were prepared by washing femurs with
injection needles in PBS. Red cell lysis was performed with
lysis buffer before flow-cytometric analysis. For histology,
samples were fixed in 4% paraformaldehyde overnight
before standard processing for paraffin-embedded tissues.
Then, 10-μm sections were stained with hematoxylin-eosin/
immunohistochemistry. Blood smears were stained with a
modified Wright–Giemsa stain as per standard protocols.

Flow cytometry and immunochemistry

BM or PB samples were processed using a whole blood
lysis technique. The immunophenotyping was performed by
multiparameter flow cytometry (EPICSTM XL-MCL,
Beckman Coulter). The leukemic blasts were stained and
analyzed with CD71-PE, c-Kit-PE-Cy7 (113807, 105814,
Biolegend). The paraffin sections of mice tissues were
dewaxed, antigen retrieval and blocked with 5% BSA as per
standard protocols. Sections were stained using the poly-
clonal antibodies c-Kit (ab25022, abcam) or GFP (50430-2-
AP, Proteintech).

Dual-luciferase reporter analysis

For luciferase reporter assays, HEK293T cells were seeded in
96-well plate 24 h before plasmid transfection. The miR-
29c&b2-3p mimics/inhibitors (miR10000536-1, miR10000
127-1, miR1N0000001-1, miR20000536-1, miR20000127-1,
miR2N0000001-1, Ribobio) with pmirGLO-REPORT™
vectors (Hbp1 3’UTR WT or Mut) were co-transfected into
cells using lipofectamine 2000. For Myh10 promoter activity
assay, six repeats of the predicted binding site were cloned and
inserted before the CMV promoter in pmirGLO-REPORT™
vector. Sequence of Hbp1-202 (NM_153198.3) and Hbp1-201
with lacking HMG-box domain (NM_177993.4) were cloned
into pGFP-N1 vector. HEK293T cells were co-transfected
with pGFP-FLAG-Hbp1-202/201-N1 vectors (NM_177993.4;
NM_153198.3) and pmirGLO-6×bs-REPORT™ vector. Cells
were harvested 48 h later and assayed using Dual-Luciferase
Reporter Assay System (Beyotime). Renilla luciferase activity
was used as a reference.

Table. 3 Characteristics of AML patients.

Characteristic AML without liver or
splenomegaly

AML with liver or
splenomegaly

Age, years

Median 59.1 43.5

Min–max 37–76 21–65

Gender

Male 6 5

Female 6 3

Prior MDS

Yes 0 0

No 12 8

Subtype

M0 1 1

M1 2 1

M2 3 2

M4 4 2

M5 2 2

ECOG PS

0 10 7

1 2 1

Co-occurring mutations

CEBPA 2 0

DNMT3A 2 1

NRAS 0 1

NPM1 2 1

TET2 0 1

FLT3-ITD 1 2

BCORL1 0 1

MLL/ENL 0 1

AML1/ETO 1 0

Hematology, median (range)

WBC, ×109/L 20.68 (1.05–134) 57.79 (4.31–218)

Hgb, g/dL 93.44 (66–130) 70.25 (57–103)

PLT, ×109/L 58.78 (14–120) 65.5 (18–134)
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Cell migration and transwell assays

The culture medium with 20% FBS was added in under
chamber. Cells were suspended with culture medium with
serum free and then seeded (5 × 103 cells) in the top
chamber of transwell plate. After 6 h, the chambers were
removed and cells in the plates were counted under
microscope at five fields per filter.

Cell viability and differentiation analysis

Cell viability was determined using a CCK-8 assay kit
(Beyotime) according to the manufacturer’s instructions.
Clones formation assays were conducted with soft agar. The
differentiation analyses were evaluated by flow cytometry
with CD71-PE (113807, Biolegend), CD11b-APC-Cy7
(557657, BD), CD14-APC (301808, Biolegend), and
CD11b-PE (555388, BD).

Isolation and expression analysis of microRNAs or
mRNAs

Total RNA was extracted from collected AML mono-
nuclear cells using Trizol (Sigma) according to the pro-
tocol of the manufacturer. cDNA synthesis was performed
on 2 μg of RNA using miRcute Plus miRNA First-Strand
cDNA Kit (KR211) or TIANScript II RT Kits (TIANGEN
KR107). Quantitative real-time PCR was performed
using the SuperReal PreMix Plus (SYBR Green)
(TIANGEN FP205). The expression levels of relative
genes were calculated and quantified by using the ΔΔCt
method after normalization by expression of endogenous
control.

Protein expression analysis

To verify protein expression levels, western blotting
assays were performed by using the following antibodies:
polyclonal anti-HBP1 (11746-1-AP, Proteintech) and
polyclonal anti-β-actin (ab8227, abcam). After exposure to
ECL Prime (Beyotime), blots were developed using the c-
Digit imaging system (ImageQuant LAS 4000mini).
Immunohistochemical (IHC) was performed in accordance
with well-established protocols. The primary antibodies
for IHC were polyclonal anti-MYH10 (8824, CST) or
polyclonal anti-HBP1 (11746-1-AP, Proteintech). Tissue
sections were then incubated with secondary Goat Anti-
Rabbit (HRP) antibody (ab7090, abcam) and HRP activity
was visualized using the DAB (Beyotime) according to the
manufacturer’s instructions. Tissue sections were then
dehydrated and mounted with a coverslip using neutral
resins (Solarbio).

Chromatin immunoprecipitation assay

FBL-3 were infected with lentivirus and overexpressed
3×FLAG-Hbp1-202 protein. Then cells were collected and
crosslinked with 1% formaldehyde and lysed in SDS lysis
buffer, sheared with ChIP-IT® Express Enzymatic Shearing
Kit (ActiveMotif). The antibody against FLAG (14793,
CST) or Normal Rabbit IgG (2729, CST) was then added to
the supernatant, incubated overnight at 4 °C with rotation
and incubated with 100 μL Salmon Sperm DNA/Protein A
agarose beads for 2 h at 4 °C. Then, the immunoprecipitated
complex was washed and eluted. The DNA crosslinks were
reversed, and DNA was purified for real-time PCR.

Statistical analysis

The significance of the differences between the groups was
determined with an ANOVA test or Student’s t test, and
P < 0.05 was considered statistically significant. The results
were expressed as the mean ± SD from at least three inde-
pendent experiments. Kaplan–Meier method was used to
calculate overall survivals, and the differences were ana-
lyzed by a log-rank test.
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