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Erbin has been shown to have significant effects on the develop-
ment of solid tumors. However, little is known about its func-
tion and regulatory mechanism in hematological malignancies.
The biological function of Erbin on cell proliferation was
measured in vitro and in vivo. The predicted target of Erbin
was validated by dual-luciferase reporter assay and rescue
experiment. We found that overexpression of Erbin could
inhibit the cell proliferation and promote the cell differentia-
tion of acute myeloid leukemia (AML) cells, whereas depletion
of Erbin could enhance the cell proliferation and block the cell
differentiation in AML cells in vitro and in vivo. Besides, miR-
183-5p was identified as the upstream regulator that negatively
regulated the Erbin expression. The results were confirmed by
dual-luciferase reporter and RNA pull-down assay. Further-
more, we found that miR-183-5p negatively regulated Erbin,
resulting in enhanced cell proliferation of AML cells via activa-
tion of RAS/RAF/MEK/ERK and PI3K/AKT/FoxO3a path-
ways. The activation of RAS/RAF/MEK/ERK and PI3K/AKT/
FoxO3a pathways was mediated by Erbin interacting with
Grb2. These results were also validated by rescue experiments
in vitro and in vivo. All above-mentioned findings indicated
that the miR-183-5p/Erbin signaling pathway might represent
a novel prognostic biomarker or therapeutic target for treat-
ment of AML.

INTRODUCTION

Acute myeloid leukemia (AML) is a common hematological malig-
nancy with higher morbidity and mortality in adults. Currently,
the progress in research of AML therapy is slow, and the long-term
disease-free survival for acute promyelocytic leukemia (APL) using
all-trans retinoic acid (ATRA) and arsenic trioxide is the only break-
through during the past 20 years. Despite advances in our under-
standing of AML biology, there is still no fundamental progress in
the treatment for non-APL patients. The conventional treatment still
relies on the adjustment of dosage and frequency of standard cyto-
toxic drug or hematopoietic stem cell transplantation techniques.
Although the complete remission rate in young AML patients can
reach more than 80%, its 5-year survival rate is less than 40%.
Furthermore, the condition of elderly AML patients is worse, and
the overall survival rate remains low even with the use of demethyla-
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tion drugs." Leukemia stem cells with self-renewal ability are the
“culprit” of malignant proliferation of leukemia cells. These stem cells
are highly proliferative, showing differentiation arrest and drug resis-
tance, which results in a high relapse rate after complete remission.
The molecular characteristic is one of the important signs of AML
treatment and prognosis. The extensive use of second generation
sequencing technology has enabled us to have a more in-depth and
accurate understanding of the molecular biology of AML. More
than 95% of AML patients carry at least one somatic mutation. Unlike
solid tumors, the number of mutated genes normally carried in the
AML genome is very limited (an average of 13 mutated genes in
each patient).Z Moreover, there are still major limitations in the use
of molecular marker genes in clinical applications. Therefore, it is
urgently necessary to explore new markers, as well as their functions
and mechanisms of action (MOAs), in the AML environment for the
diagnosis and treatment of AML.

By using a yeast two-hybrid method, Borg et al.” have found a new
PDZ (PSD95/discs large/ZO-1) protein that functions as an interact-
ing protein of ErbB2 in epithelial cells, and named as Erbin (also
called ErbB2 interacting protein). Erbin belongs to a new family of
PDZ proteins, which is called the Leucine-rich repeat and PDZ
domain (LAP) family. The function of Erbin is not yet fully under-
stood, and it is abundant in brain, heart, kidney, muscle, and stomach
tissues. Some studies have shown that Erbin, as a linker protein, is
involved in the interaction between the scaffold protein and signal
protein of the signaling pathway, and it also participates in the
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formation of intracellular signal transduction networks. In addition,
Erbin may play an important role in the cell proliferation and differ-
entiation, formation of organ morphology during development, and
signal transduction pathway.” The role of Erbin in the development
of some solid tumors is still controversial, which is also not well char-
acterized in AML. In the present study, we aimed to explore the role of
Erbin in the pathogenesis of AML and provide new ideas for the diag-
nosis and treatment of AML.

RESULTS

Endogenous Expression of Erbin and Efficiency of Lentiviral
Vector in AML Cell Lines

qRT-PCR and western blotting analysis showed that the expression of
Erbin was relatively high in U937 cells, whereas its expression was
relatively low in HL-60 and SHI-1 cells. However, the difference be-
tween HL-60 and SHI-1 cells was not statistically significant (Fig-
ure 1A). Therefore, U937 and HL-60 cell lines were selected for
follow-up experiments. In addition, the expression of Erbin at the
mRNA and protein levels in HL-60 cells transfected with Erbin over-
expression lentiviral vector was significantly higher compared with
the cells transfected with empty vector. As expected, the Erbin gene
was transfected into U937 cells containing short hairpin RNA
(shRNA) lentivirus (Lv). The expression of Erbin at the mRNA and
protein levels in U937 cells transfected with Erbin-specific ShRNA
was significantly lower compared with the cells transfected with con-
trol shRNA (Figure 1B).

The Proliferation of AML Cells Is Regulated by Erbin

HL-60 and U937 cells were transfected with Erbin overexpression
plasmid or Erbin-specific sitRNA. As a control group, each cell line
was also transfected with the control vector. The results of cell count-
ing kit-8 (CCK-8) assay showed that the viability of Erbin-overex-
pressing HL-60 cells was moderately decreased compared with the
control group. Consistently, the viability of Erbin-depleted U937 cells
was measurably increased compared with the control group (Fig-
ure 1C). We further determined the cell cycle of either Erbin-overex-
pressing or Erbin-depleted cells, and the flow cytometry results
showed that the proportion of G2/M phase cells in Erbin-overex-
pressing HL-60 cells was decreased compared with the cells trans-
fected with empty vector. In contrast, the proportion of G2/M phase
cells in Erbin-depleted U937 cells was increased compared with
the cells transfected with empty vector (Figure 1D). Furthermore,
the Annexin V assay indicated that the apoptotic rate of Erbin-over-
expressing HL-60 cells was higher than that of the control group (Fig-
ure 1E). Western blotting analysis showed that the expressions of
p21WCIPL and p275"P! in Erbin-overexpressing HL-60 cells were
upregulated compared with the control cells, whereas the expressions
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of p21WVCIPL and p27%"P! in Erbin-depleted U937 cells were
decreased compared with the control cells (p < 0.05) (Figure 1F). In
addition, the apoptotic rate of Erbin-depleted U937 cells was lower
than that of the control cells, although the difference was not statisti-
cally significant.

Erbin Affects the Cell Differentiation of AML Cells In Vitro

The expression of CD11b was analyzed by flow cytometry and
confocal microscopy. As differentiation-inducing agents, ATRA
and phorbol 12-myristate 13-acetate (PMA) could significantly
induce the differentiation of HL-60 and U937 cells, leading to the up-
regulation of CD11b. In addition, the expression of Erbin at the
mRNA and protein levels in HL-60 and U937 cells was also signifi-
cantly increased compared with the untreated cells (Figures 2A and
2B). Moreover, the positive rate of CD11b in Erbin-overexpressing
HL-60 cells was increased compared with that in the control cells,
and the difference between Erbin-overexpressing HL-60 cells and
control cells was statistically significant (p < 0.01), indicating that
the cell differentiation was promoted. In contrast, the CD11b and
CD14 expression in Erbin-depleted U937 cells were decreased
compared with that in control cells, and such differences were statis-
tically significant (p < 0.05), indicating that the differentiation was
suppressed (Figure 2C). Immunofluorescence (IF) analysis revealed
that CD11b and CD14 were localized in the membrane of cells. The
expression of CD11b was stronger in Erbin-overexpressing HL-60
cells compared with the control cells, whereas such expression was
weaker in Erbin-depleted U937 cells compared with the control cells,
as well as the expression of CD14 (Figure 2D).

Erbin Affects the Proliferation and Differentiation of AML Cells

In Vivo

The tumor volume and mass in nude mice subcutaneously injected
with Erbin-overexpressing HL-60 cells were significantly increased
compared with the nude mice injected with control cells. In
contrast, the tumor volume and mass in nude mice subcutaneously
injected with Erbin-depleted U937 cells were significantly decreased
compared with the nude mice injected with control cells (Figure 3A).
The IHC analysis showed that the Erbin expression in the Erbin over-
expression group was significantly higher than that in the control
group, and the phosphorylation levels of RAS and ERK1/2 in tumor
tissues of nude mice injected with Erbin-overexpressing HL-60 cells
were significantly lower than those in the control group, suggesting
that this pathway was less activated. In addition, multiple red fluores-
cent protein (RFP)-labeled CD11b" cells were observed in tumors of
nude mice injected with Erbin-overexpressing HL-60 cells, whereas
such CD11b" cells were not observed in the control mice, suggesting
that the cell differentiation in tumor was increased in nude mice upon

Figure 1. The Impact of Erbin on Proliferation in HL-60 and U937 Cells

(A) Relative mRNA expression of Erbin was detected by gRT-PCR. Relative protein expression of Erbin was determined by western blotting analysis. (B) Efficiency of Erbin
overexpression or depletion in AML cell lines. gRT-PCR and western blotting analysis were used to detect the expression of Erbin. The results were normalized to GAPDH
expression and presented as relative Erbin expression. HL-60 and U937 were transfected with Erbin overexpression lentiviral vector or shRNA lentiviral vector, as well as their
control vectors. (C) CCK-8 assay was used to determine cell proliferation. (D) Flow cytometry was applied to determine cell-cycle distribution. (E) Annexin V assay was used to
detect cell apoptosis. (F) Expressions of p21Wa/CP1 and p27KPT were measured by western blotting analysis. **p < 0.01 versus control.
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Figure 2. The Impact of Erbin on Differentiation in HL-
60 and U937 Cells

(A) The expression of CD11b in HL-60 and U937 cells was
analyzed by flow cytometry after applying differentiation-
inducing agents ATRA and PMA. (B) gRT-PCR and western
blotting analysis were performed to determine the expres-
sion of Erbin after treating with ATRA and PMA. (C) The
expression of CD11b or CD14 was analyzed by flow cy-
tometry after transfection with the Erbin overexpression
lentiviral vector or shRNA lentiviral vector in HL-60 cells or
U937 cells. (D) IF staining of Erbin and CD11b or CD14 in
HL-60 and U937 cells (original magnification x400).
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(A) A schematic diagram showed wild-type and mutant of miR-183-5p binding sites in the 3" UTR of Erbin. (B) The Dual-Luciferase Reporter Assay System was used in U937
cells. Luciferase activity was measured at 48 h after transfection. (C) The biotinylated miR-183-5p or its mutant (miR-183-mut) was transfected into U937 cells. gRT-PCR was
applied to quantify the RNA levels of Erbin and GAPDH. Scatterplot showed the relative ratios of the input of IP. *p < 0.01.

injection of Erbin-overexpressing HL-60 cells. The IHC analysis
showed that the expression of Erbin in tumor tissue of nude mice in-
jected with Erbin-depleted U937 cells was decreased compared with
the control mice, whereas the phosphorylation levels of RAF and
ERK1/2 from nude mice injected with Erbin-depleted U937 cells
were significantly increased compared with the control mice, suggest-
ing that the activation of such pathway was enhanced. In addition, the
RFP-labeled CD11b" cells were not observed in tumors of nude mice
with downregulated Erbin expression, whereas the RFP-labeled
CD11b" cells were observed in tumors of control nude mice, suggest-
ing that the cell differentiation in tumor tissues of nude mice with
downregulated Erbin expression was suppressed (Figure 3B). These
differences were statistically significant (p < 0.05).

Peripheral blood and bone marrow smears prepared from nude mice
injected with HL-60 cells were stained with eosin methylene blue.
Microscopic examination revealed that the amount of peripheral
blood and bone marrow blast cells in nude mice injected with
Erbin-overexpressing HL-60 cells was significantly decreased
compared with the control group. H&E staining was performed for
liver and spleen tissues. Light microscopy revealed that there was
no significant difference in the infiltration of blast cells from different
groups. Peripheral blood and bone marrow smears from nude mice
injected with U937 cells were stained with eosin methylene blue. Light
microscopic examination revealed that the amount of peripheral
blood blast cells in nude mice injected with Erbin-depleted U937 cells
was significantly increased compared with the control group, whereas
the amount of bone marrow blast cells was slightly increased

compared with the control group. However, there was no significant
difference in the infiltration of blast cells in the liver and spleen tissues
(Figure 3C). In addition, flow cytometry showed that the proportion
of CD45RACD33" bone marrow cells from nude mice injected with
Erbin-overexpressing HL-60 cells was significantly lower than that of
the control group, suggesting that Erbin-overexpressing HL-60 cells
had lower tumorigenicity compared with the normal HL-60 cells.
Consistently, the proportion of CD45RA"CD33" bone marrow cells
from nude mice injected with Erbin-depleted U937 cells was signifi-
cantly higher than that of the control group, suggesting that Erbin-
depleted U937 cells had an increased tumorigenicity compared with
the normal U937 cells (Figure 3D). These differences were statistically
significant (p < 0.05).

miR-183-5p Targets the 3' UTR of Erbin and Regulates Its
Expression

To further explore the upstream regulatory mechanism of Erbin, the
possible miRNAs targeting Erbin were predicted and screened based
on the bioinformatics database. We found that miR-183-5p might
interact with the 3" UTR of Erbin (Figure 4A). The Dual-Luciferase
Reporter Assay System was employed to further confirm this finding.
Data showed that miR-183 mimic could significantly reduce the lucif-
erase activity of the luciferase reporter gene containing wild-type
Erbin 3’ UTR, whereas the miR-183 inhibitor promoted the luciferase
activity. Furthermore, miR-183 had no significant effect on the lucif-
erase activity of the luciferase reporter gene containing the mutated
Erbin 3’ UTR (Figure 4B). The results of RNA pull-down assay man-
ifested that Erbin was more enriched in the wild-type miR-183-5p

Figure 3. Impact of Erbin on Tumor Growth In Vivo

(A) Tumors were removed and collected from nude mice injected with Erbin-overexpressing or Erbin-depleted AML cells. The tumor volume was analyzed every 5 days. The
tumor weight was measured 30 days after tumor transplantation. “p < 0.05 compared with the NC group. (B) IHC detection of Erbin, pRAF, and pERK1/2 in paraffin-
embedded tissue sections and IF staining of CD11b in AML cells. (C) Wright’s staining in peripheral blood and bone marrow, as well as H&E staining in liver and spleen. (D)

CD45RA*CD33" medullary cells were counted by flow cytometry.
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compared with that in the mutant-type miR-183-5p with broken Ebin
binding site (Figure 4C). In addition, qRT-PCR and western blotting
analysis indicated that miR-183-5p could negatively regulate the
expression of Erbin at mRNA and protein levels (Figure 5A), and
the differences from the above-mentioned results were statistically
significant (p < 0.05).

miR-183-5p Regulates the Cell Proliferation of AML

CCK-8 assay showed that the proliferation of HL-60 cells transfected
with miR-183 inhibitor was lower than that of the control cells, and
the proliferation of U937 cells transfected with miR-183 mimic was
higher than that of the control group (Figure 5B). The flow cytometry
showed that the proportion of G2/M phase cells was decreased in HL-
60 cells transfected with miR-183 inhibitor compared with the control
cells, whereas the proportion of G2/M phase cells was increased in
U937 cells transfected with miR-183 mimic compared with the con-
trol cells (Figure 5C). Annexin V staining showed that the apoptotic
rate of HL-60 cells transfected with miR-183 inhibitor was higher
than that of the control group (Figure 5D). The differences from
the above-mentioned results were statistically significant (p < 0.05).
There was no significant difference between the U937 cells transfected
with miR-183 mimic and control cells.

Western blotting analysis showed that the expression of Erbin at the
protein level in HL-60 cells transfected with miR-183 inhibitor was
higher than that in the control cells. Moreover, the phosphorylation
level of the RAS/RAF/MEK/ERK pathway in HL-60 cells transfected
with miR-183 inhibitor was significantly decreased, whereas the phos-
phorylation level of the PI3K/AKT/FoxO3a pathway was significantly
increased compared with the control cells. In addition, the expression
of Erbin at the protein level in U937 cells transfected with miR-183
mimic was lower than that in the control cells, and the phosphoryla-
tion level of the PI3K/AKT/FoxO3a pathway was also significantly
decreased compared with the control cells. All of these differences
were statistically significant (p < 0.05). However, the phosphorylation
level of the RAS/RAF/MEK/ERK pathway in U937 cells transfected
with miR-183 mimic was not significantly changed (Figures 6A
and 6B).

To further explore the mechanism that Erbin affect RAS/RAF/MEK/
ERK and PI3K/AKT/FoxO3a pathway, we performed co-immuno-
precipitation (co-IP) and mass spectrum to identify potential
interactive proteins in U937 cells. Grb2, a well-known upstream reg-
ulatory protein of the RAS/RAF/MEK/ERK and PI3K/AKT/FoxO3a
pathway, was identified as a potential candidate (Figures 6C and
6D). Then we confirmed the interaction between Erbin and Grb2
by co-IP assays (Figure 6E). The result of western blotting assay
revealed that the degradation of Grb2 protein could be obviously

accelerated when Erbin was exogenously overexpressed in U937 cells
(Figure 6F). These results indicated that Erbin may modulate the
RAS/RAF/MEK/ERK and PI3K/AKT/FoxO3a pathway by directly
affecting activity of Grb2.

The Rescue Experiment of the miR-183-5p/Erbin Pathway

In Vitro and In Vivo

In HL-60 cells, interference of Erbin expression could significantly
abolish miR-183-5p inhibitor-mediated elevation of Erbin expression
(Figure 7A), inhibition of cell proliferation (Figures 7C and 7E),
decrease of the RAS/RAF/MEK/ERK phosphorylation, and increase
of the PI3K/AKT/FoxO3a phosphorylation (Figure 8A) (p < 0.05).
In U937 cells, overexpression of Erbin could abrogate miR-183-5p
mimic-mediated Erbin expression (Figure 7B), promotion of cellular
proliferation (Figures 7D and 7F), and decrease of PI3K/AKT/
FoxO3a phosphorylation (Figure 8B) (p < 0.05). Because miR-183
mimic showed little effect on the RAS/RAF/MEK/ERK phosphoryla-
tion in U937 cells, overexpression of Erbin had less significant effect
on the RAS/RAF/MEK/ERK phosphorylation (Figure 8B).

In nude mouse xenografts, the tumor volume and mass could be
significantly affected by modulation of miR-183-5p in AML cells,
which subcutaneously injected to nude mice (p < 0.05). The differ-
ences of tumor volume and mass in nude mice between the co-trans-
fecting HL-60 group (Lv-Erbin + miR-183-5p mimic) and control
HL-60 group were not statistically significant. Similarly, the differ-
ences between the co-transfecting U937 group (Lv-shErbin + miR-
183-5p inhibitor) and control U937 group were also not statistically
significant (Figure 8C). All of these results suggested that the Erbin/
miR-183-5p pathway could eventually modulate the proliferation in
AML cells.

The Expressions of Erbin and miR-183-5p in Clinical Samples

To further validate the in vitro results, seven bone marrow samples
and 30 peripheral blood samples were collected from initially diag-
nosed AML patients without treatment. Clinical characteristics
were summarized in Table S1. In addition, 10 peripheral blood sam-
ples from healthy individuals were used as controls. qRT-PCR
showed that the expression of Erbin at the mRNA level in the periph-
eral blood of healthy individuals was significantly lower than that in
the bone marrow and peripheral blood of AML patients (Figure S1A).
The expressions of pre-miR-183-5p and mature-miR-183-5p at the
mRNA level in peripheral blood and bone marrow from AML
patients were significantly higher than those in the healthy individuals
(Figures S1B and S1C), suggesting that the increased expression
of miR-183-5p in bone marrow and peripheral blood of AML
patients could be attributed to the increased synthesis at the transcrip-
tion level, instead of reduced degradation. These differences were

Figure 5. miR-183-5p Negatively Regulates Erbin in HL-60 and U937 Cells

(A) miR-183-5p negatively regulates the expression of Erbin at the mRNA and protein levels. HL-60 cells were transfected with miR-183 inhibitor, and U937 cells were
transfected with miR-330 mimic. gRT-PCR and western blotting analysis were used to determine the expression of Erbin at the mRNA and protein levels, respectively. HL-60
and U937 were transfected with miR-183 inhibitor, miR-183 mimic, or empty control. (B) CCK-8 assay was used to measure cell proliferation. (C) Flow cytometry was applied
to determine cell-cycle distribution. (D) Annexin V assay was used to detect cell apoptosis. “p < 0.05 versus control.
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Figure 7. Rescue Experiment with miR-183-5p/Erbin in HL-60 and
U937 Cells

The expression of Erbin at the mRNA (A) and protein (B) levels was
measured by gRT-PCR and western blotting analysis, respectively. The
viability (C, HL-60; D, U937) and cell-cycle distribution (E, HL-60; F, U937)
were measured by CCK-8 assay and flow cytometry, respectively.
These experiments were conducted after transfection with control
vector, miR-183 mimic or miR-183 inhibitor, Lv-Erbin or Lv-shErbin, and
miR-183 mimic+Lv-Erbin or miR-183 inhibitor+Lv-shErbin. *p < 0.05
versus control.
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statistically significant (p < 0.05). Additionally, the expression of
Erbin was not correlated with the expression of pre-miR-183-5p or
mature-miR-183-5p in clinical samples, which might mainly attribute
to small sample size (Figure S1D).

The Expression of Erbin and miR-183-5p in Different
Hematopoietic Cells

Different hematopoietic cells including granulocytes, monocytes,
erythrocytes, megakaryocytes, T lymphocytes, B lymphocytes, and
NK cells were collected from healthy people by flow cytometer.
qRT-PCR was used to measure the level of Erbin and miR-183-5p.
The result indicated that the expression of Erbin was comparatively
high in granulocytes, monocytes, erythrocytes, and megakaryocytes
and comparatively low in T lymphocytes, B lymphocytes, and NK
cells. The difference among granulocytes, monocytes, erythrocytes,
and megakaryocytes was not statistically significant. Also, the differ-
ence among T lymphocytes, B lymphocytes, and NK cells was not sta-
tistically significant. The expression of miR-183-5p in hematopoietic
cells was fairly low. The difference among these cells was not statisti-
cally significant (Figure S2).

DISCUSSION

The function of Erbin in tumors has not been fully elucidated. It
has been reported that Erbin expression in human breast cancer
tissue is significantly reduced, and the inhibition of Erbin expres-
sion in breast cancer cells can trigger the resistance to the targeted
therapeutic drug Herceptin (trastuzumab), promoting the inva-

sion and metastasis of cancer cells.” However, some other studies
have shown that Erbin expression in ErbB2-positive breast cancer
cells is increased.® Inhibition of Erbin expression can enhance the
sensitivity of MCF-7 cancer cells to tumor necrosis factor-related
apoptosis-inducing ligand TNF superfamily member 10 (TRAIL),
thereby promoting cell apoptosis.” Hu et al.® have demonstrated
that the reduced or absent expression of Erbin can induce tumor
cell proliferation, drug resistance, and migration in cervical can-
cer, suggesting that the underlying mechanism may be related
to the absence of Erbin-mediated incapability of inhibiting
STATS3 signaling, which results in the enhanced resistance of cer-
vical cancer cells to apoptosis, thereby promoting tumor develop-
ment and metastasis. In the study of rectal cancer, Erbin expres-
sion is upregulated, the expression level of Erbin is associated
with the stage and progression of the tumor, and it can regulate
the expression of epidermal growth factor receptor (EGFR),’
thereby exhibiting the characteristics of oncogenes. Additionally,
some studies have shown that Erbin reduces the expression of
the tumor suppressor gene Melin by inhibiting the activity of pro-

tein kinase PAK2 and indirectly participates in the development
of neurofibroma."’

Current studies suggest that Erbin is associated with the development
of multiple tumors. However, its function and mechanism in hema-
tological malignancies still remain largely unexplored. Hematological
malignancies and solid tumors have distinct characteristics in terms
of pathological types, clinical features, and prognosis. AML is the
most common type of leukemia in adults. This study found that Erbin
expression negatively regulated the proliferation and differentiation
of AML cells, and such ability of Erbin might be related to the activa-
tion of tumor suppressor genes p21"“*/“!"! and p27%"!. In the tu-
mor-bearing mouse model, the tumor volume and mass of nude
mice injected with Erbin-overexpressing cells were lower than those
of mice injected with control cells. Moreover, Erbin might inhibit
the proliferation of AML cells in vivo by decreasing the RAS/RAF/
mitogen-activated protein kinase (MAPK) phosphorylation and
decrease the tumorigenicity of AML cells by promoting the differen-
tiation of naive cells.

To further elucidate the regulatory mechanism of Erbin in AML, a
bioinformatics method was employed to predict and screen the
possible targets of Erbin, and miR-183-5p was found to bind directly
to the 3’ UTR of Erbin. The function of miR-183 in tumors has been
intensively reported; it often shows high expression in tumors,
accompanied by allelic imbalance, chromosome breakage, and
increased copy number,''"'” and most of these phenotypes are man-
ifested as carcinogenic. Some phenotypes also show tumor suppressor
activity, suggesting that its tumorigenicity may be dependent on the
environment and cell type.'® Moreover, ectopic overexpression of
miR-183 in medulloblastoma cells cultured in Ptch1*/~/PtenFloxp "+
transgenic mice exhibits enhanced proliferative capacity. In
addition, miR-183 is highly expressed in colorectal cancer and hepa-
tocellular carcinoma, and its tumorigenicity is mainly achieved by
suppressing tumor suppressor mRNA.”’ ** However, overexpression
of miR-183 inhibits the invasion and migration of 801D lung cancer
cells and regulates the metastasis-related genes.”> The ectopic expres-
sion of miR-183 can inhibit the migration, invasion, and activity of
ovarian cancer cells in vitro.”® In normal breast tissue, estrogen ther-
apy increases miR-183 levels.”” Paradoxically, miR-183 expression is
highest in estrogen receptor (ER)-negative breast cancer.”® Similarly,
overexpression of miR-183 in breast cancer cell line T47D, which
already possesses a high expression level of miR-183, inhibits the
cell migration,” displaying a similar effect as high-level expression
of miR-183 in lung cancer cells. Moreover, miR-183 often shows dif-
ferences among different tumor cells, which may be attributed to
different transcriptional environments. Our study further showed

Figure 8. Rescue Experiment with miR-183-5p/Erbin

The expression of Erbin and the phosphorylation levels of RAS/RAF/MEK/ERK and PIBK/AKT/FoxO3a pathways were detected by western blotting analysis in HL-60 (A) and
U937 (B) cells after transfection with control vector, miR-183 mimic or miR-183 inhibitor, Lv-Erbin or Lv-shErbin, and miR-183 mimic+Lv-Erbin or miR-183 inhibitor+Lv-
shErbin. *p < 0.05 versus control. (C) Tumors were collected from nude mice injected with AML cells transfected with miR-NC, miR-183 mimic or miR-183 inhibitor, Lv-
Erbin+miR-NC or Lv-shErbin+miR-NC, and miR-183 mimic-+Lv-Erbin or miR-183 inhibitor+Lv-shErbin. The tumor volume was analyzed every 5 days. The tumor weight was
measured 30 days after tumor transplantation. *p < 0.05 compared with the NC group.
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that miR-183-5p regulated the expression of Erbin at the mRNA and
protein levels in AML cells. Meanwhile, miR-183-5p could also
regulate the proliferative capacity of AML cells. The luciferase re-
porter assay and RNA pull-down assay confirmed the direct binding
of miR-183-5p to Erbin. In-depth study found that the miR-183-5p/
Erbin pathway played a role in regulating cell proliferation and differ-
entiation by mediating the phosphorylation levels of RAS/RAF/MEK/
ERK and PI3K/AKT/FoxO3a pathways. The modulation on phos-
phorylation of RAS/RAF/MEK/ERK and PI3K/AKT/FoxO3a path-
ways was not direct but secondary and was mediated by Grb2, which
was confirmed by co-IP, mass spectrometry, and western blotting as-
says. Grb2 was a famous upstream regulator of such pathways that
was previously proven by several studies.’® > Furthermore, a rescue
experiment was carried out to prove the reliability of the miR-183-5p/
Erbin pathway. The results showed that negative regulation of Erbin
expression in AML cells could restore the proliferation of AML cells
affected by miR-183-5p, suggesting that miR-183-5p, as a regulatory
factor upstream of Erbin, could directly bind to and inhibit Erbin
expression and modulate the phosphorylation levels of RAS/RAF/
MEK/ERK and PI3K/AKT/FoxO3a pathways, thereby being involved
in regulation of cellular proliferation and differentiation, and playing
an important role in occurrence and development of AML. Rescue
experiment in vivo further validated these conclusions. Moreover,
we also showed that the expression of the miR-183-5p/Erbin pathway
was significantly different between AML patients and healthy individ-
uals, and such difference could be attributed to the increased expres-
sion of miR-183-5p at the transcription level. For healthy individuals,
hematopoietic cells of lymphatic origin expressed less Erbin than he-
matopoietic cells of myelocytic, erythrocytic, and megakaryocytic
origin. All hematopoietic cells expressed only very little miR-183-
5p. The functional phenotype of Erbin in AML was effective against
the characteristics of high proliferation, low apoptosis, and differen-
tiation arrest of AML cells, making it not only a marker for the
development, efficacy, and prognosis of AML but also a potential
therapeutic target. The finds in AML were different from those in
several solid tumors, which reflected functional diversity of Erbin in
cancers.

In the present study, we also found that downregulation of Erbin in
U937 cells did not significantly inhibit the apoptosis, which could
possibly be explained by that AML cells generally had anti-apoptotic
properties. Therefore, downregulation of Erbin exerted only a limited
impact on the further decrease of apoptotic rate. Collectively, it was
not reasonable to make a conclusion that Erbin could not affect the
apoptosis of AML cells. In addition, the phosphorylation level of
the RAS/RAF/MEK/ERK pathway in U937 cells was not significantly
altered, whereas the PI3K/AKT/FoxO3a pathway had normal feed-
back after the expression of Erbin was decreased by miR-183-5p,
which might be attributed to several reasons. The first reason is
that the increased cell proliferation caused by downregulation of
Erbin in U937 cells was not mediated by the phosphorylation of the
RAS/RAF/MEK/ERK pathway, although it was mediated by PI3K/
AKT/FoxO3 and other signaling pathways. The second reason is
that the U937 cell line had high proliferative and low apoptotic
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characteristics; thus, there was an upper limit or a bottleneck for
the proliferative capacity even when the Erbin expression was down-
regulated. Moreover, there might be other negative feedback mecha-
nisms, such as the presence of a relevant threshold, which could
trigger a negative feedback mechanism counteracting the phosphor-
ylation of the RAS/RAF/MEK/ERK pathway to achieve negative reg-
ulatory function. The above-mentioned hypothesis needs to be
further determined. Actually, we also observed that further downre-
gulation of Erbin in HL-60 cells did not result in a significant increase
in proliferative capacity, which might be attributed to the low level of
endogenous Erbin in HL-60 cells, as well as its weak ability to regulate
cell proliferation. In the tumor model, cell infiltration of AML was not
detected in the liver and spleen. However, given the fact that clinical
AML patients possessed a low proportion of extramedullary invasive-
ness, we believed that the large difference in invasiveness between
AML cells might be the main cause of this finding.

It was possible that Erbin-targeted therapy might benefit AML pa-
tients. Various types of differentiation-inducing agents, such as
ATRA, have been widely used in the treatment of APL and myelodys-

33-35
” How-

plastic syndromes (MDSs), showing satisfactory efficacy.
ever, there are still some limitations, such as how to maintain an effec-
tive blood concentration of oral drugs at low doses with low toxicity
and side effects, how to accurately localize intravenous drugs to the
bone marrow, and the presence of ATRA-insensitive fusion gene mu-
tations, such as PLZF-RARa.”® " Gene-level intervention allows
Erbin to directly affect the differentiation of AML cells, and it has
an advantage over conventional drugs in terms of its MOA. In com-
bination with gene-editing technology, Erbin could possibly be used
as a good therapeutic target.

In the present study, we described the mechanism by which the
miR-183-5p/Erbin pathway affected the proliferation and differen-
tiation of AML cells. Our findings enriched the pathogenesis of
AML and provided a theoretical basis for the study of disease pro-
gression and treatment. However, several questions still remain un-
answered. For example, it is necessary to explore the downstream
coding proteins of Erbin and the regulatory long noncoding RNAs
(IncRNAs), circ-RNAs, or transcription factors existing upstream
of miR-183-5p. In addition, the clinical efficiency of Erbin-targeted
therapy needs to be further verified by large-sample clinical trials.
It is foreseeable that the miR-183-5p/Erbin pathway had good po-
tential in the treatment of hematological malignancies, and Erbin-
targeted treatment might improve the therapeutic scheme for AML
patients.

MATERIALS AND METHODS

Cell Culture

Human leukemia cell lines, THP-1 (monocytic leukemia), HL-60
(promyelocytic leukemia), and U937 (monocytic leukemia/lym-
phoma), were obtained from the Chinese Academy of Sciences,
Shanghai Institutes for Biological Sciences (Shanghai, China). Human
leukemia cell lines, NB-4 (promyelocytic leukemia) and SHI-1
(monocytic leukemia), were kindly provided by Prof. Suning
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Chen (Blood Research Institute of Soochow University). All tested
cells were maintained in RPMI-1640 medium supplemented with
10% fetal calf serum (HyClone Laboratories, Logan, UT, USA),
100 U/mL penicillin, and 100 pg/mL streptomycin at 37°C in a
humidified atmosphere of 5% CO..

Lentiviral Transduction and Generation of Stable Cell Lines
Human Erbin Lv (Lv-Erbin), shRNA Lv targeting Erbin (Lv-shErbin),
negative control (Lv-GFP), and scrambled shRNA Lv (Lv-scramble)
were constructed by Genelily (Shanghai, China). EGFP and
puromycin were labeled to all lentiviruses. The target sequences
of Erbin were 5-GGAAGTGCCTGAAGTACTTGA-3' for shErbin
and 5'-TTCTCCCCGAACAACAACGTG-3' for shRNA-NC. After
2 days of lentiviral transduction, stable cell lines were selected with
2 pg/mL puromycin for at least 2 weeks. The overexpression or
depletion efficiency of cells was determined by qRT-PCR and western
blotting analysis.

Transfection

Transient transfection was respectively conducted with 50 nm
miRNA-183 mimic, miRNA-183 inhibitor, and miRNA-NC using
Lipofectamine 2000 (Invitrogen). miRNA-183 mimic, miRNA-183
inhibitor, and miRNA-NC were generated by GenePharma
(GenePharma Corporation, Shanghai, China).

Cell Viability Assay

Cell growth was monitored by CCK-8 assay. In brief, cells (5 x 10> per
well) were incubated in 96-well plates for 0, 24, 48, or 72 h. Subse-
quently, CCK-8 solution (Dojindo, Japan) was added to each well,
followed by 4-h incubation. Cell viability was detected at a wavelength
of 450 nm. All experiments were performed in triplicate.

gRT-PCR

Total RNA was extracted from exponentially growing cells by TRIzol
reagent (Invitrogen, USA). Purified RNA was reverse transcribed
into cDNA using M-MLV (Promega, USA). qRT-PCR was performed
on an Applied Biosystems vii7 system using SYBR qPCR mix and has-
miRNA-183 qPCR kit (Thermo Fisher). The primers were synthesized
as follows: Erbin, 5-ATCTCACCAAACGACCGACT-3' and 5'-
TCCTGGCATCATTGGAGGAG-3'; GAPDH, 5-CACCATCTTC
CAGGAGCGAG-3' and 5'-AAATGAGCCCCAGCCTTCTC-3'. The
relative expression of the target gene was calculated using the 2744
method. All experiments were performed in triplicate.

Western Blotting Analysis

Cells of logarithmic growth phase were collected. Total proteins were
extracted using radioimmunoprecipitation assay (RIPA) buffer; then
protein contents were quantified. Equal amounts of proteins were
subjected to SDS-PAGE. Western blotting analysis was performed ac-
cording to a previously established method. Antibodies against p21,
p27, phospho-ERK1/2, ERK1/2, phospho-MEK1/2, MEK1/2, Akt,
phospho-Akt, FOXO3a, phospho-FOXO3a, RAS, and phospho-
RAS were purchased from Cell Signaling Technology (USA), whereas
antibodies against Erbin, Grb2, and GAPDH were obtained from

Abcam (Cambridge, MA, USA). GAPDH was used as a protein
loading control.

Differentiation Assay

Flow cytometric analysis was employed to assess the differentiation of
AML cells. Phycoerythrin (PE-anti CD11b; BD) was conjugated to
CD11b antibody. Cells (20 pL of antibody/ 10° cells) were washed
and incubated with conjugated antibodies at 4°C for 1 h. Subsequently,
cells were washed and analyzed by FACSCalibur flow cytometer (BD).

Cell-Cycle Analysis

Cells were fixed in 70% ice-cold ethanol at 4°C overnight and then
stained in a mixed solution (200 pg/mL PI, 0.1% sodium azide,
0.1% Triton X-100, and 10 pg/mL RNase) in the dark at 23°C for 4
h. Cell-cycle distribution was analyzed by FACSCalibur flow cytom-
eter using the Modfit software.

Apoptosis Assay

Allophycocyanin (APC)-Annexin V apoptosis detection kit (BD
Biosciences Pharmingen, San Diego, CA, USA) was used to examine
the apoptosis-mediated cell death. In brief, cells (1 x 10°) were
harvested and incubated with Annexin V and propidium iodide
(PI) solutions. The apoptotic cells were detected by a FACSCalibur
flow cytometer and quantified by BD CellQuest Pro software accord-
ing to the manufacturer’s instructions.

Luciferase miRNA Target Reporter Assay

PsiCheck2 (Promega, USA) was cloned by the 3’ UTR of Erbin
mRNA containing wild-type or mutant miRNA-183 binding sites.
Then HEK293T cells were co-transfected with psiCheck2-Erbin-
wild-typeormutant plasmids and miRNA-183 or miRNA-NC using
Lipofectamine 2000 (Invitrogen). Cells were collected after 48 h.
Glomax 96 luminometer (Promega) was used to determine the lucif-
erase activity. In addition, B-galactosidase activity was applied to
normalize the transfection efficiency.

Xenograft Model

About 4- to 5-week-old female nude mice (BALB/c) were randomly
divided into two groups according to random number table and sub-
cutaneously injected with approximately 107 of siRNA-infected and
mock-infected HL60 and U937 cells at the dorsal region. No blinding
was done. Mice were examined every 5 days 2 weeks post-injection.
The formed tumor was measured with a micrometer. All mice were
sacrificed after 1 month. The tumors were then excised and weighed.
Micro-hematocrit capillary tubes were used to collect blood samples
from the orbital sinus. Blood and bone marrow smears were per-
formed and stained with the May-Griinwald-Giemsa stain using
approximately 0.1 mL of blood or bone marrow. The leukemic infil-
tration was evaluated by optical microscope observation. Tumor,
spleen, and liver were collected for further immunohistochemistry
(IHC) and IF analyses. For rescue experiments, 4- to 5-week-old
female BALB/c nude mice were randomly divided into eight groups
according to random number table and subcutaneously injected
with approximately 10” of transfected AML cells and control cells.
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The experiments were carried out according to the ethical guidelines
for laboratory animal use and approved by the Ethics Committee of
the Third Affiliated Hospital of Soochow University.

IHC

THC staining was performed as previously described.*’ In brief, the
tumor tissues were cut into 4-mm-thick sections, dewaxed in xylene,
and rehydrated in a graded series of alcohols. Antigen was retrieved
by heating the tissue sections at 100°C for 30 min in EDTA solution
(I mM, pH 9.0). Cooled tissue sections were immersed in 0.3%
hydrogen peroxide solution for 15 min to block endogenous peroxi-
dase activity, rinsed with PBS for 5 min, and blocked with 3% BSA so-
lution at room temperature for 30 min. Subsequently, the sections
were incubated with mouse monoclonal antibody against human
Erbin (1:100), phospho-ERK1/2 (1:200), and phospho-RAF (1:200)
at 4°C overnight, followed by incubation with HRP-conjugated
goat anti-rabbit secondary antibody. Diaminobenzene was used as
the chromogen, and hematoxylin was used as the nuclear counter-
stain. For IF analysis of CD11b and CD14 expression, the sections
were incubated with mouse monoclonal antibody against human
CD11b (1:100) and CDI4 (1:100) at 4°C overnight and then
incubated with Alexa 488-conjugated goat anti-rabbit secondary anti-
body (Thermo Fisher, CA, USA). The nuclear stain Hoechst 34580
(5 pg/mL; Molecular Probes, Thermo Fisher, CA, USA) was added
prior to final washes after incubation of the secondary antibody.
Finally, the sections were dehydrated, cleared, and mounted using
both wide-field microscope Leica AF7000 and Zeiss confocal micro-
scope. The resulting area and cell measurement were quantified using
Image] software analysis.

RNA Pull-Down Assay

In brief, U937 cells were transfected with the 3’ end biotinylated miR-
183 or miR-183-mut for 24 h at a final concentration of 20 nmol/L.
Then the cells were incubated in the cell lysate with streptavidin-coated
magnetic beads (Ambion, Life Technologies). The biotin-coupled
RNA complex was pulled down, and analysis of the abundance of
Erbin in bound fractions was then conducted by qRT-PCR. The
pull-down assay was performed as previously described.*’

co-IP

The soluble cortical extract was diluted and pre-cleared by using BSA
and protein A-Sepharose (Zymed, San Francisco, CA, USA) or A/G
agarose (Thermo Scientific, Waltham, MA, USA) beads. Pre-cleared
samples were incubated first with antibodies and then with fresh
beads. The co-immunoprecipitated proteins were eluted from the
beads, resolved by SDS-PAGE, and analyzed by mass spectrometry.
Also, western blotting was used for analysis as previously described.

Clinical Samples

A total of seven bone marrow samples and 30 peripheral blood sam-
ples were collected from initially diagnosed AML patients who did not
undergo the treatment at the Third Affiliated Hospital of Soochow
University. Another 10 peripheral blood samples of healthy controls
were obtained from the Physical Examination Center. Two bone
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marrow samples of healthy donors were used for different kinds of
hematopoietic cells sorting. All the samples were stored in liquid
nitrogen (—80°C). Informed consent was obtained from each partic-
ipant. The use of human tissues was approved by the Institutional
Human Experiment and Ethics Committee of the Third Affiliated
Hospital of Soochow University, and the experiments were strictly
conducted according to the Declaration of Helsinki.

FACS Analysis and Purification

Cells were harvested at the immature stage by mechanical selection
and at later stages using 0.05% trypsin/EDTA or TrypLE Express
(GIBCO, Grand Island, NY, USA; http://www.thermofisher.com/).
Cells were filtered through cell strainer caps (35-m mesh) to obtain
a single-cell suspension after gentle trituration. Surface antigens
(granulocytes: CD11/CD13/CD33, monocytes: CD14/CD15, erythro-
cytes: CD36/CD47/CD59/CD71, megakaryocytes: CD41/CD42/
CD61, T lymphocytes: CD2/CD3/CD7, B lymphocytes: CD19/
CD20/CD21, and NK cells: CD25/CD56) were labeled by incubating
with the primary antibodies described above for 30 min in the dark at
4°C to prevent internalization of antibodies, then incubated for
20-30 min with the appropriate secondary antibodies (Alexa Fluor
488 or Alexa Fluor 647 fluorescent). After washing, the stained cells
were analyzed and sorted on a fluorescence-activated cell sorter
FACSAria (BD Biosciences, San Diego, CA, USA; http://www.
bdbiosciences.com) using FACSDiva software (BD Biosciences);
FlowJo software (Tree Star, Ashland, OR, USA; http://www.treestar.
com) was used for data analysis. The fluorochromes were excited
with this instrument’s standard 488-nm and 633-nm lasers, and green
fluorescence was detected using 490 LP and 510/20 filters, and far red
fluorescence using 660/20 filters. All analyses and sorts were repeated
three times. Purity of sorted fractions was checked visually and by
FACS reanalysis.

Statistical Analysis

Statistical analyses were performed using the SPSS version 21.0 (SPSS,
Chicago, IL, USA). Other data were assessed by two-tailed Student’s
t tests using GraphPad Prism 5.0 software package (GraphPad
Software, San Diego, CA, USA). A p value <0.05 was considered
statistically significant.
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