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Concurrent targeting of MAP3K3 and BRD4
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Neuroblastoma (NB) harboring MYCN amplification is a re-
fractory disease with a poor prognosis. As BRD4, an epigenetic
reader belonging to the bromodomain and extra terminal
domain (BET) family, drives transcription of MYCN in NB
cells, BET inhibitors (BETis) are considered useful for NB ther-
apy. However, clinical trials of BETis suggested that early ac-
quired resistance to BETis limits their therapeutic benefit.
MicroRNAs are small non-coding RNAs that mediate
post-transcriptional silencing of target genes. We previously
identified miR-3140-3p as a potent candidate for nucleic acid
therapeutics for cancer, which directly targets BRD4. We
demonstrated that miR-3140-3p suppresses tumor cell growth
in MYCN-amplified NB by downregulating MYCN and MYC
through BRD4 suppression. We established BETi-acquired
resistant NB cells to evaluate the mechanism of resistance to
BETi in NB cells. We revealed that activated ERK1/2 stabilizes
MYCN protein by preventing ubiquitin-mediated proteolysis
via phosphorylation of MYCN at Ser62 in BETi-acquired resis-
tant NB cells, thereby attenuating the effects of BETi in these
cells.miR-3140-3p efficiently downregulatedMYCN expression
by directly targeting theMAP3K3-ERK1/2 pathway in addition
to BRD4 suppression, inhibiting tumor cell growth in BETi-ac-
quired resistant NB cells. This study suggests thatmiR-3140-3p
has the potential to overcome resistance to BETi in NB.

INTRODUCTION
Neuroblastoma (NB), which originates from undifferentiated neural
crest cells, is the most common pediatric extracranial solid tumor.1

According to the International Neuroblastoma Risk Group classifica-
tion, the pretreatment risk of NB is classified as very low, low, inter-
mediate, or high.2 The prognosis is favorable for NB in very low- and
low-risk groups, whereas NB in the high-risk group is generally re-
fractory with a poor prognosis despite comprehensive therapy,
including surgery, chemotherapy, radiotherapy, and immuno-
therapy.3,4 Thus, novel therapeutic approaches are needed for high-
risk NB tumors.

MYCN, a highly homologous member of the MYC oncogenes, is
amplified in ~50% of high-risk NB.5 Functionally, MYCN regulates
the transcriptional program similar to MYC, playing an essential
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role in the growth of NB cells.6,7 Therefore, MYCN is not only a prog-
nostic marker but also a therapeutic target of NB. BRD4, an epigenetic
reader belonging to the bromodomain and extra terminal domain
(BET) family, drives transcription of oncogenes, including MYC, in
cancer cells.8 Recent studies revealed that BRD4 binds to super-en-
hancers of MYCN to drive its transcription in MYCN-amplified NB
cells;9 thus targeting MYCN with BET inhibitors (BETis) may be effi-
cient for the treatment of MYCN-amplified NB tumors.9,10 In addi-
tion, MYC overexpression via enhancer activation drives a subset of
high-risk NB.11 These reports suggested BRD4 to be a therapeutic
target in high-risk NB harboringMYCN amplification orMYC over-
expression. On the other hand, clinical trials of BETis suggested that
early acquired resistance to BETis limits their therapeutic benefit in
solid tumors.12,13

MicroRNAs (miRNAs) are endogenous small non-coding RNAs of
20–25 nucleotides that repress the expression of their target genes
post-transcriptionally by binding to complementary mRNA se-
quences. Nucleic acid therapeutics, including tumor-suppressive
miRNA formulations, are now being developing as a next-generation
treatment for cancer.14,15 We previously identified miR-3140-3p as a
potent candidate for nucleic acid therapeutics for cancer by function-
based screening.16,17 Administration of miR-3140-3p suppressed
in vivo tumor growth in pancreatic cancer by concurrently targeting
BRD4, EGFR, and CDK2.16 In MYCN-amplified NB cells, the inhibi-
tion of CDK2 was reported to induce synthetic lethality.18 EGFR in-
hibitors suppress tumor growth in a subset of NB tumors.19,20 As
miR-3140-3p concurrently targets BRD4, EGFR, and CDK2, we hy-
pothesized thatmiR-3140-3p can inhibit tumor cell growth efficiently
and overcome the resistance to BETi in NB cells. In the present study,
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Figure 1. Comparison of the tumor-suppressive effects between the BETi and miR-3140-3p in neuroblastoma cells

(A) western blot analysis of BRD4, MYCN, andMYCwith b-actin as a loading control in a panel of neuroblastoma (NB) cells. Red,MYCN amplified cell lines. Blue,MYCN non-

amplified cell lines. Green, MYC amplified cell line. (B and C) Western blotting (B) and cell growth assay (C) of indicated cell lines after treatment with DMSO or 0.5 mmol/L

OTX015 or JQ1. The cell growth rate was assessed byWST-8 assay using a relative ratio compared with day 0. Bar, SD for triplicate experiments. *p < 0.05. (D and E)Western

blotting (D) and cell growth assay (E) of indicated cell lines after transfection with 10 nmol/L miR-NC or miR-3140-3p. The cell growth rate was assessed by WST-8 assay

using a relative ratio compared with day 0. Bar, SD for triplicate experiments. *p < 0.05.
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we compared the effects of miR-3140-3p with BETi on growth sup-
pression in high-risk NB cells. We revealed the mechanisms of ac-
quired resistance to BETi in NB cells by establishing BETi-acquired
resistant NB cells. Finally, we demonstrated that miR-3140-3p has
the potential to overcome BETi-acquired resistance by suppressing
the newly identified target MAP3K3 in NB cells.

RESULTS
BETi inhibited in vitro cell growth by suppressing MYCN or MYC

throughBRD4 inhibition inMYCN-amplifiedorMYC-elevatedNB

cells

We first determined the protein expression levels of BRD4, MYCN,
and MYC in a panel of 17 NB cell lines by western blotting. As shown
in Figure 1A, the expression of MYCN was upregulated in MYCN-
amplified NB cells, although that of MYCN was slightly detected in
MP-N-MS. MYCN was also detected in 3 MYCN-non-amplified
NB cell lines (KP-N-NY, KP-N-NH, and SJ-N-KP). On the other
hand, MYC expression increased in 1 MYCN-amplified NB cell line
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(NB-1) and 5 MYCN-non-amplified NB cell lines (KP-N-SILA, SJ-
N-KP, SK-N-SH, SK-N-AS, and SH-SY5Y) (Figure 1A).

Next, the effects of BETi on the expression of MYCN and MYC were
examined in NB cells as follows: four MYCN-amplified NB (IMR-32,
GOTO, SJ-N-CG, MP-N-MS), one MYCN-amplified and MYC-
elevated NB (NB-1), and two MYC-elevated NB (SK-N-AS and SH-
SY5Y) cell lines. Treatment with 0.5 mmol/L of BETi (JQ1 and
OTX015) reduced the expression of MYCN and MYC in MYCN-
amplified NB cells (IMR32, GOTO, SJ-N-CG, MP-N-MS, and NB-1)
and MYC-elevated NB cells (SK-N-AS and SH-SY5Y), respectively
(Figures 1B and S1A). Of note, the expression of MYC paradoxically
increased after treatment with BETi inNB-1 cells (Figure 1B). This par-
adoxical increase in MYC was also observed after knocking down
BRD4 or MYCN with small interfering RNA (siRNA) in NB-1 cells
(Figures S1B and S1C). Consequently, 0.5 mmol/L of JQ1 and
OTX015 suppressed in vitro cell growth of all NB cell lines tested except
for NB-1 cells, which were intrinsically resistant to BETi (Figure 1C).
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These effects of BETi were similar to those of siRNA targeting BRD4
(Figures S1B and S1D), suggesting that the effects of BETi are mainly
due to the inhibition of BRD4, as previously reported.21

miR-3140-3p suppressed in vitro cell growth inMYCN-amplified

or MYC-elevated NB cells

To compare the effects ofmiR-3140-3p with BETi, we transfected the
same NB cell lines used for BETi treatment with 10 mMmiR-3140-3p.
The expression of BRD4, EGFR, and CDK2, which are known direct
targets of miR-3140-3p,19 was reduced in miR-3140-3p-transfected
NB cells (Figures 1D and S2).miR-3140-3p downregulated the expres-
sion of MYCN and MYC in MYCN-amplified NB cells and MYC-
elevated NB cells, respectively (Figure 1D). Of note, miR-3140-3p
suppressed both MYCN and MYC expression in intrinsically BETi-
resistant NB-1 cells (Figures 1B and 1C). Accordingly, miR-3140-3p
suppressed the in vitro cell viability of all NB cell lines tested (Figures
1E and S2).

Establishment of BETi-acquired resistant NB cells

To examine the mechanism of acquired resistance to BETi in NB cells,
JQ1-resistant-IMR-32 (IMR-32-JQ1R) and OTX015-resistant-GOTO
(GOTO-OTXR) cells were generated from IMR-32 and GOTO cells,
respectively. We selected IMR-32 and GOTO cells to generate BETi-
resistant NB cells since these cells were easy to culture for long periods.
As shown in Figures 2A and 2B and Figure S3A, IMR-32-JQ1R and
GOTO-OTXR cells were tolerant to JQ1 and OTX015, respectively.
Moreover, IMR32-JQ1R cells were resistant to OTX015, indicating
that IMR32-JQ1R cells acquired cross-resistance to OTX015 (Figures
2A and 2B). Similarly, cross-resistance to JQ1 was observed in
GOTO-OTXR cells (Figure S3A). This suggested that IMR32-JQ1R
and GOTO-OTXR cells acquired resistance to BETi.

The expression of MYCN protein, but not MYCN mRNA, was only
slightly reduced by JQ1 or OTX015 in IMR-32-JQ1R and GOTO-
OTXR cells, whereas that of MYCN protein was reduced by JQ1
and OTX015 in a dose-dependent manner in IMR-32 and GOTO
cells (Figures 2C and 2D; Figure S3B). Knockdown of MYCN by
siRNA suppressed cell viability of IMR32-JQ1R and GOTO-OTXR
cells and their parental cells (Figures 2E and S3C), suggesting that
insufficient reduction of MYCN protein after BETi treatment played
a role in the acquired resistance to BETi.

MYCN protein was stabilized because of reduced ubiquitin-

mediated proteolysis in BETi-acquired resistant NB cells

We found that IMR-32-JQ1R cells proliferated faster than IMR-32
cells (Figure 2F). As mitogen-activated protein kinase (MAPK)/
ERK1/2 signaling and phosphatidylinositol 3-kinase (PI3K)/AKT
signaling are key proliferative pathways, we examined the levels of
activated ERK1/2 (phosphorylated ERK1/2 [p-ERK1/2] [Thr202/
Tyr204]) and activated AKT (phosphorylated AKT [p-AKT]
[Ser473]) in these cells. As a result, the expression of p-ERK1/2, but
not p-AKT, was markedly higher in IMR-32-JQ1R cells than in
IMR-32 cells (Figure 2G). A similar increase in p-ERK1/2 was
observed in GOTO-OTXR cells (Figure S3D).
Based on previous reports that activated ERK1/2 stabilizes MYCN
protein by preventing ubiquitin-mediated proteolysis via phosphory-
lation of MYCN at Ser62,22,23 we hypothesized that the stability of
MYCN protein increased in IMR-32-JQ1R cells. The expression of
phosphorylated MYCN (p-MYCN) (Ser62) increased in IMR-32-
JQ1R cells (Figure 2G). Cycloheximide chase assay demonstrated
that the half-life of MYCN protein was significantly longer in IMR-
32-JQ1R cells than in IMR-32 cells (IMR-32: 34.8 ± 9.6 min, IMR-
32-JQ1R: 57.1 ± 7.4 min, p = 0.03) (Figure 3A). In addition, ubiquiti-
nated MYCN was reduced in IMR-32-JQ1R cells compared with
IMR-32 cells (Figure 3B). Collectively, the stability of MYCN was
higher because of reduced ubiquitin-mediated proteolysis in IMR-
32-JQ1R cells. Similar results were obtained in GOTO-OTXR cells
(Figures S3D, S4A, and S4B).

Activated ERK1/2 conferred resistance to BETi by stabilizing

MYCN in BETi-acquired resistant NB cells

We next examined whether activated ERK1/2 stabilized MYCN pro-
tein in IMR-32-JQ1R cells. As shown in Figures 3C and 3D, the MEK
inhibitor trametinib or transfection of siRNA targeting ERK1 and
ERK2 reduced p-ERK1/2 in IMR-32 and IMR-32-JQ1R cells. As a
result, p-MYCN (Ser62) and MYCN decreased through the downre-
gulation of p-ERK1/2 in IMR-32-JQ1R cells but not in IMR-32 cells
(Figures 3C–3E). Concordantly, trametinib increased ubiquitinated
MYCN in IMR-32-JQ1R cells (Figure 3F). Proteasome blockade
with MG132 rescued the expression of MYCN protein, but not
MYCN mRNA, in the presence of trametinib in IMR-32-JQ1R cells,
supporting the promotion of ubiquitin-mediated proteolysis by tra-
metinib (Figures S5A and S5B). Similarly, ubiquitination of MYCN
increased with the decrease in p-MYCN (Ser62) after trametinib
treatment in GOTO-OTXR cells (Figures S6A and S6B). This sug-
gested that activated ERK1/2 stabilizes MYCN protein by preventing
ubiquitin-mediated proteolysis via phosphorylation of MYCN at
Ser62 in BETi-acquired resistant NB cells.

Moreover, the combination of trametinib with JQ1 or OTX015 coop-
eratively suppressed cell viability with the downregulation of MYCN
in IMR-32-JQ1R and GOTO-OTXR cells (Figures 3G and S6C), sug-
gesting that the addition of trametinib restored sensitivity to BETi in
these cells. Taken together, activation of ERK1/2 conferred BETi-ac-
quired resistance by stabilizing MYCN in NB cells.

miR-3140-3p suppressed tumor cell growth in BETi-acquired

resistant NB cells

To assess whethermiR-3140-3p can overcome the acquired resistance
to BETi in NB cells, we examined the effects of miR-3140-3p on the
expression of MYCN, p-MYCN (Ser62), and p-ERK1/2 in IMR-32-
JQ1R and GOTO-OTXR cells. As shown in Figures 4A, S7, and
S8A, the expression of MYCN, p-MYCN (S62), p-ERK1/2, BRD4,
EGFR, and CDK2 was downregulated by miR-3140-3p in IMR-32-
JQ1R and GOTO-OTXR cells. miR-3140-3p increased ubiquitinated
MYCN, and this increase was cancelled by miR-3140-3p inhibitor in
IMR-32-JQ1R cells (Figure S8B). Consequently, miR-3140-3p
suppressed tumor cell growth in both IMR-32-JQ1R and
Molecular Therapy: Nucleic Acids Vol. 25 September 2021 85
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Figure 2. Establishment of BETi-resistant IMR-32 (IMR-32-JQ1R) cells

(A) Dose-response curve for cell viability using WST-8 assay of IMR-32 and IMR-32-JQ1R cells treated with different concentrations (0, 0.031, 0.063, 0.13, 0.25, 0.50, 1.0,

and 2.0 mmol/L) of JQ1 or OTX015 for 48 h. Data represent means and SD of two independent experiments performed in triplicate. (B) Phase-contrast images of IMR-32 and

IMR-32-JQ1R cells after treatment with DMSOor JQ1 or OTX015 at 0.5 mmol/L for 48 h. (C)Western blot analysis ofMYCN expression in IMR-32 and IMR-32-JQ1R cells 48 h

after treatment with JQ1 (upper) or OTX015 (lower) at 0, 0.25, 0.50, or 1.0 mmol/L. (D) Relative expression of MYCN mRNA assessed by qRT-PCR in IMR-32 and IMR-32-

JQ1R after treatment with DMSOor JQ1 or OTX015 at 0.50 mmol/L for 48 h. Bar, SD for triplicate experiments. *p < 0.05. (E) Western blot analysis (right) and cell growth assay

(left) of IMR32 and IMR32-JQ1R cells after transfection with si-NC, si-MYCN #1, or si-MYCN #2 (each 20 nmol/L). The cell growth rate was assessed byWST-8 assay using a

relative ratio compared with day 0. Bar, SD for triplicate experiments. *p < 0.05. (F) In vitro cell growth of IMR-32 and IMR-32-JQ1R cells. The cell growth rate was assessed by

WST-8 assay using a relative ratio compared with day 0. Bar, SD for triplicate experiments. *p < 0.05. (G) Western blot analysis of the indicated proteins in IMR-32 and IMR-

32-JQ1R cells.
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GOTO-OTXR cells, as well as in their parental cells (Figures 4B, 4C,
and S8C). Cell cycle analysis suggested that miR-3140-3p might
induce G1 arrest in these cells (Figures S9A and S9B).

miR-3140-3p directly targeted the MAP3K3-ERK1/2 pathway in

NB cells

We next examined the mechanism by whichmiR-3140-3p suppressed
p-ERK1/2 in BETi-acquired resistant NB cells. As knockdown of
EGFR did not affect the level of p-ERK1/2 in IMR-32-JQ1R cells (Fig-
ure S10A), novel targets ofmiR-3140-3p were explored. According to
our previous screening on targets of miR-3140-3p using gene expres-
86 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
sion array analysis combined with TargetScan database research,19

several genes of the MAPK/ERK1/2 pathway, including MAP2K1,
MAP3K2, and MAP3K3, were potentially targeted by miR-3140-3p.
Among these 3 genes, MAP3K3 expression, which increased in
BETi-acquired resistant cells (Figure S10B), was markedly downregu-
lated by miR-3140-3p in IMR-32-JQ1R and GOTO-OTXR cells (Fig-
ures 4A and S8A). Knockdown of MAP3K3 using siRNA partially
restored the sensitivity to BETi with decreased expression of
p-ERK1/2 in both BETi-acquired resistant NB cell lines (Figures
4D, S10C, and S10D). Conversely, overexpression of MAP3K3 in
IMR-32 cells conferred resistance to BETi with increased levels of



Figure 3. Activated ERK1/2 conferred resistance to BETi by stabilizing MYCN in BETi-acquired resistant NB cells

(A) Cycloheximide (CHX) chase assay showing the half-life of MYCN in IMR-32 and IMR-32-JQ1R cells. Cells were harvested at the indicated time points after CHX addition

and subjected to western blotting with antibodies against MYC and b-actin (upper). The percentage of MYCN remaining at each time point was quantitated by ImageJ

software (lower). The values were normalized against b-actin for each sample. Bar, SD for 3 independent experiments. (B) Ubiquitinated MYCN in IMR-32 and IMR-32-JQ1R

cells. Protein lysates were immunoprecipitated with the anti-MYCN antibody. Amounts of polyubiquitin weremeasured by immunoblotting with an anti-ubiquitin antibody. (C–

E) Western blotting of indicated protein in IMR-32 and IMR-32-JQ1R cells. Cells were treated with trametinib at indicated concentrations (C and D) or transfected with si-NC

or si-ERK1/si-ERK2 (E). The intensity of MYCN bands was quantified by densitometry and shown as the fold change after normalization (C and E). These experiments were

repeated three times. (F) Ubiquitinated MYCN in IMR-32 and IMR-32-JQ1R cells treated with DMSO or trametinib (Tram, 1.0 mmol/L). Amounts of polyubiquitin were

measured as described in (B). (G) Western blot analysis (upper) and cell growth assay (lower) of IMR-32 and IMR-32-JQ1R cells after treatment with DMSO, BETi (JQ1 or

OTX015), trametinib, or the combination of BETi and trametinib (BETi: 0.50 mmol/L, trametinib: 1.0 mmol/L). The cell growth rate was assessed by WST-8 assay using a

relative ratio compared with that of DMSO-treated cells. Bar, SD for triplicate experiments. *p < 0.05.
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p-ERK1/2 and p-MYCN (S62) (Figure 4E). Accordingly, the stability
of MYCN increased with decreased levels of ubiquitinated MYCN in
MAP3K3-overexpressed IMR-32 cells (Figures 4F and 4G). This sug-
gested that overexpression of MAP3K3, at least in part, played a role
in the acquired resistance to BETi in NB cells.

In luciferase assays using reporter plasmid vectors with wild-type
(WT) ormutant (Mt) sequences of the 3¿ UTRs ofMAP3K3, the lucif-
erase activity was significantly reduced by miR-3140-3p with the WT
vector compared with the empty vector (EV), whereas it was restored
with the Mt vector (Figure 4H). This suggested that miR-3140-3p
directly targets MAP3K3 by binding to its 3¿ UTR. Thus, miR-
3140-3p overcame the acquired resistance to BETi by concurrently
targeting BRD4 and the MAP3K3-ERK1/2 pathway in NB cells.
DISCUSSION
We demonstrated that miR-3140-3p suppresses tumor cell growth in
MYCN-amplified NB cells, including NB1 cells that have intrinsic
resistance to BETi. We further revealed that the acquired resistance
to BETi was through the stabilization of MYCN protein due to acti-
vated ERK1/2 in NB cells. Finally, miR-3140-3p downregulated
MYCN expression transcriptionally by suppressing BRD4 and post-
transcriptionally through the MAP3K3-ERK1/2 pathway, thereby
overcoming the acquired resistance to BETi in NB cells (Figure 5).

According to the TARGET (Therapeutically Applicable Research To
Generate Effective Treatments) database, in high-risk NB, high-level
amplification of MYCN or MYC was observed in 35.5% or 0.4%,
respectively (https://ocg.cancer.gov/programs/target; Tables S1 and
Molecular Therapy: Nucleic Acids Vol. 25 September 2021 87
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Figure 4. miR-3140-3p suppressed the growth of BETi-acquired

resistant NB cells by concurrently targeting BRD4 and the MAP3K3-

ERK1/2 pathway

(A) Western blotting of the indicated proteins in IMR-32 and IMR-32-JQ1R cells

transfected with 10 nmol/LmiR-NC ormiR-3140-3p. (B) Cell growth assay (upper)

and phase-contrast images (lower) of IMR-32 and IMR-32-JQ1R cells 72 h after

transfection with 10 nmol/L miR-NC or miR-3140-3p. The cell growth rate was

assessedbyWST-8 assay using a relative ratio comparedwithmiR-NC-transfected

cells.Bar,SD for triplicateexperiments. *P<0.05. (C)Westernblotting forMAP3K3,

ERK1/2, and p-ERK1/2 in IMR-32 and IMR-32-JQ1R cells transfected with 20

nmol/L si-NC or si-MAP3K3. (D) Dose-response curve for cell viability using the

WST-8 assay in IMR-32-JQ1R cells after treatmentwith different concentrations (0,

0.031, 0.063, 0.13, 0.25, 0.50, 1.0, or 2.0 mmol/L) of JQ1 for 48 h combined with

transfection with si-NC or si-MAP3K3. The cell growth rate was assessed using a

relative ratio compared with that of DMSO-treated cells. Bar, SD for triplicate ex-

periments. * P < 0.05. (E) Western blotting of the indicated proteins in control cells

(IMR-32-EV) and MAP3K3-overexpressing stable clone (IMR-32-MAP3K3). Dose-

response curve for cell viability using the WST-8 assay in IMR-32-EV and IMR-32-

MAP3K3 cells after treatment with different concentrations (0, 0.031, 0.063, 0.13,

0.25, 0.50, 1.0, or 2.0 mmol/L) of JQ1 for 48 h. The cell growth rate was assessed

usinga relative ratio comparedwith that ofDMSO-treated cells.Bar, SD for triplicate

experiments. * P < 0.05. (F) Cycloheximide (CHX) chase assay of IMR-32-EV and

IMR-32-MAP3K3 cells, as described in Figure 3A. Western blotting (upper) and the

quantification of MYCN at each time point (lower). The values were normalized

against b-actin for each sample. Bar, SD for 3 independent experiments. (G)

Ubiquitinated MYCN in IMR-32-EV and IMR-32-MAP3K3 cells. Amounts of poly-

ubiquitin weremeasured as described in Figure 3B. (H) Luciferase reporter assays.

IMR-32 cells were cotransfected with pmirGLO dual-luciferase vectors containing

thewild-type (WT) 3’UTRs ofMAP3K3 ormutant variants (Mt) ofMAP3K3 andmiR-

NC or miR-3140. Upper, a putative binding site of miR-3140 within the 3’UTR of

MAP3K3 and mutant sequences. Lower, the results of the luciferase assay; *P <

0.05.
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S2). We first revealed that miR-3140-3p suppresses in vitro tumor cell
growth inMYCN-amplified andMYC-elevated NB cells. In contrast to
BETi,miR-3140-3p suppressed tumor cell growth in NB-1 cells that ex-
hibited intrinsic resistance to BETi due to the paradoxical increase in
MYC expression after BETi treatment. A similar paradoxical increase
in MYC by BETi treatment was reported to be associated with
ERK1/2 activation in MYCN-overexpressed triple-negative breast can-
cer cells.24 Consistent with this report, concurrent suppression of p-
ERK1/2 and BRD4 bymiR-3140-3p, as well as the combined treatment
of trametinib with BETi, downregulated bothMYCNandMYCexpres-
sion, thereby suppressing tumor cell growth of NB-1 cells (Figures
S11A and S11B). Although further examination is needed to reveal
the mechanism by which activated ERK1/2 instead of BRD4 upregu-
lated MYC in NB-1 cells, ERK1/2 activation may be associated with
less intrinsic sensitivity to BETi. AsRAS-MAPK activation is frequently
induced by genomic alteration, such as ALK, NF1, and PTPN11, in
high-risk NB,25 a strategy of simultaneously targeting the ERK1/2
pathway and BRD4 may be rational for the treatment of high-risk NB.

We revealed that the stabilization of MYCN protein due to activa-
tion of ERK1/2 conferred acquired resistance to BETi in NB cells.
88 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
The stability of MYCN and MYC was reported to be regulated by
p-ERK1/2-mediated phosphorylation of MYCN at Ser62.22,23 Our
study results are consistent with these reports. We further revealed
that activated ERK1/2 attenuates the effects of BETi via MYCN sta-
bilization in BETi-acquired resistant NB cells. In contrast to our re-
sults, receptor tyrosine kinase/PI3K activation was reported to be
associated with BETi resistance in genome-scale, pooled lentiviral
open reading frame and CRISPR knockout rescue experiments in
NB cells.26 These differences may be due to differences in the exper-
imental model. Several mechanisms of acquired resistance to BETi
were reported in different types of cancer: WNT/b-catenin activa-
tion promotes MYC transcription instead of BRD4 in acute leuke-
mia cells;27 activation of receptor tyrosine kinases stabilizes MYC
and FOSL1 in ovarian cancer cells;28 and loss of PP2A-induced hy-
perphosphorylation of BRD4 strengthens the transcription of MYC
in triple-negative breast cancer cells.29 Stabilization of MYCN
induced by p-ERK1/2 may be one of the novel mechanisms of ac-
quired resistance to BETi in NB.

Finally, we demonstrated that miR-3140-3p suppresses p-ERK1/2, at
least in part, by directly targeting MAP3K3. A previous study



Figure 5. Diagram summarizing the mechanism by

which miR-3140-3p overcomes the acquired

resistance to BETi in NB cells

Activation of the MAP3K3-ERK1/2 pathway conferred

BETi-acquired resistance by stabilizing MYCN in NB cells.

miR-3140-3p downregulated MYCN expression tran-

scriptionally by suppressing BRD4 and post-transcription-

ally through the MAP3K3-ERK1/2 pathway, thereby over-

coming the acquired resistance to BETi in NB cells.
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revealed that MAP3K3 directly activates the ERK1/2 pathway.30

MAP3K3 regulates p-ERK1/2 in several cellular contexts, including
osteogenesis,31 immflamation,32 proliferation,33 and differentia-
tion.34 In breast cancer, amplification and overexpression of
MAP3K3 have been reported to lead to carcinogenesis.35 Moreover,
activated ALK promotes MYC transcription through the MAP3K3-
ERK5 pathway in ALK-positive NB cells.36 These reports support
MAP3K3 as a potential therapeutic target for NB, although further
assessment of the clinical relevance of MAP3K3 is required in NB.
Interestingly, we found that knockdown of MYCN increased the
expression of MAP3K3 and p-ERK1/2 in IMR-32, GOTO, and their
BETi-resistant cells (Figure S12). Although the mechanism by which
silencing MYCN upregulated MAP3K3 and p-ERK1/2 was un-
known, these results suggested that concurrent suppression of
BRD4-MYCN and MAP3K3-p-ERK1/2 pathway by miR-3140-3p
might be rational for the treatment of NB.

The expression of miR-3140-3p was barely detectable in normal ad-
renal tissue and panels of NB cells and BETi-acquired resistance NB
cells, whereas that of miR-3140-3p increased thousands of times to
exert its function in miR-3140-3p-transfected cells (Figure S13). The
expression of endogenous miR-3140-3p might be too low to func-
tion in these NB cells. In addition, although the data of miR-
3140-3p does not exist in primary NB tumors in a TARGET study
or TCGA study, the expression of miR-3140-3p was extremely low
both in other types of cancers and normal tissues compared with
Molecular Ther
that of the representative miRNA miR-34a-5p
or let-7a-5p (Table S3). The expression of
endogenous miR-3140-3p would be expected to
be low also in NB tumors. Further analysis is
needed to reveal the expression and biological
function of endogenous miR-3140-3p.

In conclusion, our study demonstrated thatmiR-
3140-3p efficiently downregulates the expression
of both MYCN and MYC by concurrently target-
ing BRD4 and the MAP3K3-ERK1/2 pathway in
NB cells. Unfortunately, BETi-resistant NB cells
and their parental cells used in this study could
not form subcutaneous tumors in our xenograft
model. Although further studies, including in vivo
experiments, are required to evaluate the thera-
peutic potential of miR-3140-3p for NB tumors,
miR-3140-3p has the potential to overcome the intrinsic or acquired
resistance to BETi in NB cells.

MATERIALS AND METHODS
Cell culture

KP-N-YN, KP-N-YS, KP-N-TK, MP-N-MS, KP-N-RT-BMV6, KP-N-
SILA, KP-N-NY, KP-N-NH, SJ-N-CG, SJ-N-KP, and SK-N-AS cells,
which were established as described previously,37–39 were gifts from
Dr. Tohru Sugimoto (Kyoto Prefectural University ofMedicine). These
cell lines were authenticated by monitoring cell morphology. NB-1,
GOTO, and IMR-32 were obtained from the JCRB Cell Bank (Tokyo,
Japan). CHP134 was purchased from the RIKEN Cell Bank (Osaka,
Japan). SH-SY5Y was from ATCC (Manassas, VA, USA). The identi-
ties of IMR-32, GOTO, NB-1, SH-SY5Y, and CHP-134 cell lines
were authenticated by short tandem repeat profiling by BEX CO.,
Ltd. All cell lines used in this study were cultured in RPMI1640 me-
dium containing 10% fetal bovine serum (FBS) at 37�C in 5% CO2

for no more than 20 passages from the validated stocks. The status
of MYCN amplification in NB cell lines used in this study was deter-
mined previously.40 All experiments were carried out in accordance
with the approved guidelines and regulations (G2019-013A).

Reagents

JQ1, OTX015, trametinib, and MG132 were purchased from Selleck
Chemicals (Houston, TX, USA), and cycloheximide was obtained
from WAKO Pure Chemical Industries (Tokyo, Japan). These
apy: Nucleic Acids Vol. 25 September 2021 89
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reagents were used for the treatment of cultured cells in vitro at the
indicated concentrations.

Transfection of miRNAs and siRNAs

The double-stranded RNAs (dsRNAs) mimicking mature human
miR-3140-3p (MC17496), a non-specific control miRNA (negative
control #1), and miR-3140-3p inhibitor (MH17496) were purchased
from Thermo Fisher Scientific (Waltham, MA, USA). The SMART-
pool siRNAs for BRD4 (M-004937-02), ERK1 (MAPK3) (M-
003592-03), ERK2 (MAPK1) (M-003555-04), EGFR (M-003114-
03), and MAP3K3 (M-003301-02) and nonspecific control siRNAs
were obtained from GE Healthcare (Little Chalfont, Buckingham-
shire, UK). Each SMARTpool siRNA contains 4 siRNA duplexes de-
signed to target different mRNA sequences of the same gene. siRNAs
targetingMYCN (#1, s9133; #2, s526555) were from Thermo Scienti-
fic. miRNAs and siRNAs were transfected individually into cells at the
indicated concentrations with Lipofectamine RNAiMAX (Thermo
Fisher Scientific) according to the manufacturer’s instructions.

In vitro cell growth assay

Cell viability was evaluated by the WST-8 assay (Cell Counting Kit-8;
Dojindo, Kumamoto, Japan) as described previously.19 Each assay
was carried out in triplicate.

Cell cycle analysis

The cell cycle was evaluated 48 h after transfection ofmiR-NC ormiR-
3140-3p (each 10 nmol/L) in IMR-32, IMR-32-JQ1R, GOTO, and
GOTO-OTXR cells by flow cytometry as previously described.41

Western blotting

Western blotting was performed as previously described.42 The
following primary antibodies were used for western blotting: anti-
bodies against BRD4 (#13440), MYC (#9402), MYCN (#51705), p-
ERK1/2 (Thr202/Tyr204) (#4370), ERK1/2 (#4695), AKT (#9272),
p-AKT (Ser473) (#4060), and MAP3K3 (#5727) were purchased
from Cell Signaling Technology (Danvers, MA, USA); anti-
MAP3K2 was from Proteintech (Chicago, IL, USA); the antibody
against phosphorylated MYC (Ser62) (ab51156), which was used to
detect p-MYCN (Ser62) in NB cells as previously reported,22 was
obtained from Abcam (Cambridge, UK); antibodies against CDK2
(sc-163) and EGFR (sc-03-G) were from Santa Cruz Biotechnology
(Dallas, TX, USA); anti-b-actin (A5441) was obtained from Sigma-
Aldrich (Tokyo, Japan).

Establishment of BETi-acquired resistant NB cells

BETi-acquired resistant cells derived from IMR-32 and GOTO cells
were established by long-term incubation with gradually increasing
JQ1 or OTX015 (i.e., BETi) concentrations, respectively. The cells
were initially exposed to BETi at 0.1 mmol/L in RPMI medium,
cultured in BETi-free medium to confluence, and then exposed to
BETi at a higher concentration. This cycle was repeated for several
months. IMR-32 or GOTO cells that were able to survive in RPMI
medium containing 2.0 mmol/L JQ1 or OTX015 were defined as
IMR-32-JQ1R or GOTO-OTXR cells, respectively.
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Luciferase activity assay

The luciferase activity assay was carried out as previously described.19

In brief, luciferase reporter plasmids were constructed by inserting the
30 UTRs of MAP3K3 downstream of the luciferase gene in the pmir-
GLO Dual-Luciferase miRNA Target Expression Vector (Promega,
Madison, WI, USA). All site-specific mutations were generated by
the KOD-Plus-Mutagenesis Kit (TOYOBO, Osaka, Japan). Firefly
and Renilla luciferase activities were measured with the Dual-Lucif-
erase Reporter Assay System (Promega), and relative luciferase activ-
ity was calculated by normalizing the firefly luciferase reading to its
corresponding internal Renilla luciferase control.

Cycloheximide chase assay

To assess MYCN protein stability, a cycloheximide chase assay was
performed. Cells were treated with cycloheximide (50 mg/mL)
(Sigma-Aldrich) for the indicated time periods prior to cell harvest-
ing. The amount of MYCN at each time point was analyzed by west-
ern blotting. Band intensities of MYCN were calculated by ImageJ
software (National Institutes of Health, Bethesda, MA, USA), and
the values were normalized against b-actin for each sample. Cyclo-
heximide chase experiments were repeated for three independent bio-
logical replicates.

Detection of ubiquitinated MYCN

Ubiquitinated protein was detected as described previously.43 Briefly,
cells were lysed with cell lysis buffer (#9803, Cell Signaling Technol-
ogy) with protease inhibitors, and the lysates were incubated with
normal rabbit IgG and protein A magnetic beads (#73778, Cell
Signaling Technology) for 30 min to reduce non-specific protein
binding. After separation of the beads, the supernatant was incubated
with anti-MYCN antibody or normal rabbit IgG (control) overnight
on a rotator at 4�C. The lysate and antibody were then incubated with
protein A magnetic beads. The immunoprecipitated protein com-
plexes were analyzed by western blotting. Levels of ubiquitinated
forms of MYCN were measured by immunoblotting with ubiquitin
conjugates-specific HRP (Horseradish peroxidase)-linked antibody
(Enzo Life Sciences, Tokyo, Japan).

Quantitative RT-PCR

Total RNAwas extracted with TRIsure reagent (Bioline, London, UK)
according to the manufacturer’s instructions. Expression of mRNA
was quantified by a real-time fluorescence detection method, as
described previously.44 The primers used were as follows: MYCN
mRNA (forward, 50-TCTACCCGGACGAAGATGAC-30; reverse,
50-CACAGCTCGTTCTCAAGCAG-30). These primers were de-
signed with Primer3 plus (https://primer3plus.com/) based on
sequence data obtained from NCBI databases (https://www.ncbi.
nlm.nih.gov/). The endogenous control for mRNA was GAPDH.

The expression of miR-3140-3p was examined as described previ-
ously.16 The following primers were used for the TaqMan assay
(Thermo Fisher Scientific): human miR-3140-3p (244524) and
RNU6B (001093). Normal adrenal tissue RNA was purchased from
BioChain Institute Inc. (Newark, CA, USA).

https://primer3plus.com/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
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Establishment of MAP3K3-overexpressing cells

The complete coding sequence ofMAP3K3 was amplified from IMR-
32 cells subcloned into the pCDH-CMV-MCS-EF1a-GreenPuro
Cloning and Expression Lentivector (CD513B-1) (System Biosci-
ences, Palo Alto, CA, USA) and verified by sequencing. Subsequently,
lentiviral particles were produced with the pPACKH1 HIV Lentivec-
tor Packaging Kit (System Biosciences, LV500A-1) according to the
manufacturer’s instructions. IMR-32 cells were infected with the
lentivirus and maintained in DMEM medium with puromycin
(1 mg/mL) to select positive cells overexpressing MAP3K3 (IMR-
32-MAP3K3 cells).

Public dataset analysis

To explore the copy number of MYCN and MYC, we examined the
public datasets from TARGET (https://ocg.cancer.gov/programs/
target) in 921 neuroblastoma primary samples. GISTIC analysis
was performed with TARGET-30-combined_Illumina_915.seg file
from the TARGET project under the following parameters; -refgene
hg19.UCSC.add.miR.140312.refgene.mat -ta 0.1 -armpeel 1 -brlen
0.7 -cap 1.5 -conf 0.99 -td 0.1 -genegistic 1 -gcm extreme -js 4 -maxseg
2000 -qvt 0.25 -rx 0 -savegene 1. Summarized data of GISTIC are
output as values of 0, 1, and 2. The values of 0, 1, and 2 indicate no
amplification, low-level copy number amplification, and high-level
copy number amplification, respectively.

To explore the expression ofmiR-3140-3p,miR-34a-5p, and let-7a-5p
in various types of cancer, miRNA sequencing (miRNA-seq) data of
the TCGA project were obtained from the ENCORI database (http://
starbase.sysu.edu.cn/index.php).

Statistical analysis

Differences between groups were determined with the Student’s t test
and one-way ANOVA with Bonferroni adjustment, as appropriate.
All statistical analyses were carried out with R software. p values of
<0.05 were considered significant.
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