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Abstract

Glucocorticoids (GCs) are commonly used as therapeutic agents for immune-mediated diseases and leukemia. However,
considerable inter-individual differences in efficacy have been reported. Several reports indicate that the inhibitor of mTOR
rapamycin can reverse GC resistance, but the molecular mechanism involved in this synergistic effect has not been fully
defined. In this context, we explored the differential miRNA expression in a GC-resistant CCRF-CEM cell line after treat-
ment with rapamycin alone or in co-treatment with methylprednisolone (MP). The expression analysis identified 70, 99 and
96 miRNAs that were differentially expressed after treatment with MP, rapamycin and their combination compared to non-
treated controls, respectively. Two pathways were exclusively altered as a result of the co-treatment: the MAPK and ErbB
pathways. We validated the only miRNA upregulated specifically by the co-treatment associated with the MAPK signaling,
miR-331-3p. Looking for miR-331-3p targets, MAP2K7, an essential component of the INK/MAPK pathway, was identified.
Interestingly, MAP2K?7 expression was downregulated during the co-treatment, causing a decrease in terms of JNK activity.
miR-331-3p in mimic-transfected cells led to a significant decrease in MAP2K7 levels and promoted the reversion of GC
resistance in vitro. Interestingly, miR-331-3p expression was also associated with GC-resistance in patient leukemia cells
taken at diagnosis. The combination of rapamycin with MP restores GC effectiveness through the regulation of different
miRNAs, suggesting the important role of these pharmacoepigenetic factors in GC response.
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Introduction

Synthetic glucocorticoids (GCs), such as dexamethasone

. . . . . and methylprednisolone (MP), are commonly used in the
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and in the prevention of rejection in transplant patients [1].
GCs activate glucocorticoid receptor (GR), which, upon
nuclear translocation, binds glucocorticoid responsive ele-
ments (GRESs) resulting in the transcriptional regulation of
a large set of target genes [2]. Ligand interaction with GR
can also modulate gene expression by the cooperation with
other transcription factors, including activator protein-1
(AP-1) and nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) [3, 4].

Despite considerable therapeutic utility of GCs, remark-
able inter-individual differences in their efficacy have been
reported. GC resistance seems to be disease independent:
about 10-30% of patients with acute lymphoblastic leuke-
mia [5], inflammatory bowel diseases [6], nephrotic syn-
drome [7], asthma [8] and rheumatoid arthritis [9] are poor
responders to GCs. This variability is due to different mech-
anisms that include GR mutations, resulting in impaired
expression, ligand binding or nuclear translocation, and
epigenetic factors [10—12] that however can be in common
among the different diseases in which these agents are used.
Despite the poor understanding of GC resistance, enhanc-
ing GCs efficacy remains important given their widespread
clinical use in several diseases.

An increasing number of reports indicate that the immu-
nosuppressive and anti-proliferative agent rapamycin, an
inhibitor of mammalian target of rapamycin (mTOR), can
reverse GC resistance in different cell types [13—16]. Rapa-
mycin forms a complex with an immunophilin, the 12-kDa
FK506-binding protein (FKBP12) that binds and specifi-
cally blocks the mTOR complex 1 (mTORC1) activity [17].
Miller and colleagues have demonstrated that, in GC-resist-
ant lymphoid cells, rapamycin reduces the activity of c-Jun
N-terminal kinase (JNK), a member of the mitogen-activated
protein kinase (MAPK) family, and enhances the apopto-
sis signaling pathway, revealing the important role of these
kinases in GC response [18]. Moreover, the combination of
GCs with rapamycin leads to an increase in total GR mRNA
and protein, suggesting that the inhibitor of mTOR sensitizes
GC resistant cells by modulation of GR expression [13].

Although the main pathways affected in the synergistic
effect of rapamycin and GCs have been identified, the molec-
ular mediators involved in the interactions among mTOR,
GR and MAPK signaling have not been described yet.

Recent studies have shown that specific non-coding
microRNAs (miRNAs) profiles are associated with drug
sensitivity, in particular to GCs [19, 20]. miRNAs are small
non-coding RNAs able to bind the 3'-UTR of target mes-
senger RNAs (mRNAs), and can regulate expression either
post-transcriptionally or post-translationally. In the present
study, we investigated the role of miRNAs in the underly-
ing mechanism by which rapamycin sensitizes GC-resist-
ant cells. We also validated the most interesting miRNA,
miR-331-3p, in a cohort of pediatric patients with acute
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lymphoblastic leukemia (ALL), in terms of in vitro resist-
ance to GCs.

Materials and methods
Cell cultures

T-lymphoblasts acute lymphocytic leukemia CCRF-CEM
cell line (ATCC, CCL-119) was cultured in RPMI 1640
medium (Sigma-Aldrich, St. Louis, MO, USA, Cat. N.
RO883) supplemented with 10% FBS (Euroclone, Pero,
ML, Italy, Cat. N. ECS0180L), L-glutamine 2 mM (Euro-
clone, Pero, MI, Italy, Cat. N. ECB3004D) and antibiotics
(Euroclone, Pero, MI, Italy, Cat. N. ECB3001D).

293-T epithelial cells (ATCC, CRL-3216) and U-2 OS
epithelial osteosarcoma cells (ATCC, HT9-96) were cul-
tured in DMEM medium (Euroclone, Pero, MI, Italy, Cat.
N. ECM0728L) supplemented with 10% FBS (Euroclone,
Pero, MI, Italy, Cat. N. ECS0180L) and antibiotics (Euro-
clone, Pero, MI, Italy, Cat. N. ECB3001D).

H1299 epithelial non-small cell lung cancer cells
(ATCC, CRL-5803) were cultured in RPMI medium
(Euroclone, Pero, MI, Italy, Cat. N. ECM2001L) supple-
mented with 10% FBS (Euroclone, Pero, MI, Italy, Cat. N.
ECSO0180L) and antibiotics (Euroclone, Pero, MI, Italy,
Cat. N. ECB3001D).

Cell cultures were maintained according to standard
procedures in a humidified incubator at 37 °C and with 5%
CO,, and cell passage was performed once/twice a week.
Mycoplasma contamination was evaluated monthly by DNA
Hoechst staining and PCR.

Viability analysis

The effect of methylprednisolone (MP), rapamycin and MP
plus rapamycin on cell viability was determined by the col-
orimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide (MTT) (Sigma-Aldrich, St. Louis, MO, USA,
Cat. N. M2128) assay. Cells were seeded into 96-well round
bottom plates (5 X 103 cells/well) in the presence of MP,
rapamycin and with the combination and incubated for 68 h.
20 pl stock MTT (5 mg/mL) were added to each well, and
the incubation continued for additional 4 h. Cells were lysed
with DMSO. Absorbance was measured at 540 nm using a
microplate reader (Automated Microplate Reader EL311,
BIOTEK® Instruments, Vermont, USA). All measurements
were done in six replicates, and at least three independent
experiments were carried out.
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Total RNA isolation

Total RNA was extracted using TRIzol reagent (Thermo Sci-
entific, Waltham, MA USA, Cat. N. 15596026) according
to manufacturer’s instructions. The RNA concentration and
purity were calculated by Nano Drop instrument (NanoDrop
2000, EuroClone, Milan, Italy).

miRNA expression profile analysis

To evaluate miRNA expression profile, TagMan® Low
Density Array Human MicroRNA A Card v2.0 (Applied
Biosystems™, Carlsbad, California, USA, Cat. N. 4398965)
containing 377 different probes (https://www.thermofish
er.com/order/catalog/product/4398965#/4398965) was used.
The arrays were processed and analyzed in accordance to
manufacturer’s protocols. PCR amplification was performed
using TagMan miRNA reverse transcription kit and Mega-
plex RT Primers and the resulting cDNA combined with
TagMan Universal PCR Master Mix (Applied Biosystem,
Foster City, CA, USA). The experiment was repeated three
times. Data were normalized using the Small Nucleolar
RNA C/D Box 44 (RNU44) as endogenous control. The
comparative Ct method (2 AACTy was used to evaluate the
relative changes in miRNA expression. A cut off of relative
expression (RE) > 1.5 for up-regulated miRNAs and <0.5
for down-regulated miRNAs was established.

MiRNA pathway analysis and identification
of putative miRNA targets

For the identification of the networks and pathways of the
differentially expressed miRNAs, we used DIANA miRPath
(v3.0) [21]. TargetScan database [22] and miRDIP software
(https://ophid.utoronto.ca/mirDIP/) were then used to predict
miRNA targets (in 3'-UTR regions).

Validation of miR-331-3p expression by qRT-PCR

Expression levels of the candidate miR-331-3p were evalu-
ated by real-time RT-PCR TagMan® analysis (Applied Bio-
systems™, Carlsbad, California, USA, Cat. N. 4427975 ID:
000545) using the CFX96 real-time system-C1000 Ther-
mal Cycler (Bio-Rad Laboratories, Hercules, CA, USA).
The reverse transcription reaction was carried out with the
Tagman MicroRNA Reverse Transcription Kit (Life Tech-
nologies, Carlsbad, California, USA, Cat. N. 4366596)
according to manufacturer’s instructions and the real-time
PCR was performed in triplicate using the Tagman Micro-
RNA assay. The expression levels of the selected miRNA

were determined using the comparative Ct method (274ACT
method). miR-331-3p expression values were normalized
using RNA U6 Small Nuclear 1 (U6) (Applied Biosys-
tems™, Carlsbad, California, USA, Cat. N. 4427975 ID:
001973) as reference gene.

TaqgMan gene expression analysis

Expression levels of NR3C1 and GILZ were evaluated
by TagMan® Gene Expression Assay (Applied Biosys-
tems™, Carlsbad, California, USA, Cat. N. 4331182 ID:
Hs00353740_m1, Hs00608272_m]1,) and the reverse tran-
scription reaction was carried out with the High Capacity
RNA-to-cDNA Kit (Applied Biosystem, Foster City, CA,
USA). The expression levels were determined using the
comparative Ct method (27 2A¢T method). Gene expression
values were normalized using 18S ribosomal RNA (18S)
(Applied Biosystems™, Carlsbad, California, USA, Cat. N.
4331182 ID: Hs99999901_s1) as reference gene.

Western blot

Cells (2% 10% were treated with MP, rapamycin and in
combination for 72 h; total cell extracts were prepared in
RIPA buffer without SDS (150 mM NaCl, 50 mM Tris—HCl
pH8, 1 mM EDTA, 1% NP-40, 0.5% Na-deoxycholate) sup-
plemented with 1 mM PMSF, 5 mM NaF, 1 mM Na;VO,,
10 pg/ml CLAP. Protein concentration was determined with
Bio-Rad Protein Assay Reagent (Bio-Rad Laboratories, Her-
cules, CA, USA, Cat. N. 500-006). Western blot experiments
were performed according to standard procedures. Lysates
were resolved by SDS/PAGE and transferred to nitrocellu-
lose membranes (Sigma-Aldrich, St. Louis, MO, USA, Cat.
N. GE 10600002). Western blot analysis was performed
according to standard procedures using the following pri-
mary antibodies: anti-p-JNK Thr183/Tyr185 (Cell Signal-
ing, Beverly, MA, USA, Cat. N. s9251), anti-JNK (Santa
Cruz, Dallas, Texas, USA, Cat. N. sc-6254), anti-HSP90
(Santa Cruz, Dallas, Texas, USA, Cat. N. sc-13119), anti
p-GR Ser 211 (Cell Signaling, Beverly, MA, USA, Cat. N.
s4161), anti-GR E-20 (Santa Cruz, Dallas, Texas, USA,
Cat.N. sc-1003), anti-actin (Sigma-Aldrich, St. Louis, MO,
USA, Cat. N. A2066), anti-MAP2K7 (Abcam, Cambridge,
UK, Cat. N. ab52618). Anti-mouse and anti-rabbit HRPO-
conjugated (Abcam, Cambridge,UK, Cat. N. ab214879 and
ab214880) were used as secondary antibodies.

Transfections and mimic assay
293-T (4x 10°), U-2 0S (2% 10°) and H1299 (1 x 10°) cells
were seeded 24 h prior to transfection. Cells were transfected

with Lipofectamine RNAiMax (Invitrogen, Carlsbad, Cali-
fornia, USA, Cat. N. 13778-150), following manufacturer’s
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instructions. Briefly, 3 pl Lipofectamine RNAiMax for each
experimental point, miR-331-3p mimic (Thermo Scientific,
Waltham, MA, USA, Cat. N. 4464066 Assay ID: MC10881),
at a final concentration of 3 nM, or All Star Negative con-
trol (Qiagen, Gaithersburg, MD, USA, Cat. N. 1027281),
used as control, at the final concentration of 3 nM, were
added in 300 ul Opti-MEM Medium without serum (Thermo
Scientific, Waltham, MA, USA, Cat. N. 11058021). After
20 min incubation at room temperature, RNAIMAX-RNA
molecules mix was added to cells, plated in medium without
antibiotics. The day after, culture medium was replaced with
culture medium supplemented with antibiotics. Cells were
harvested 48 h after transfection, according to the manufac-
turer’s guidelines.

Luciferase assay

293-T cells (5 x 10%), plated in 24-well plates, were firstly
transfected with Lipofectamine RNAiMax (Invitrogen,
Carlsbad, California, USA, Cat. N. 13778-150), following
manufacturer’s instructions. Briefly, 1 ul Lipofectamine
RNAiMax for each experimental point, miR-331-3p mimic
(Thermo Scientific, Waltham, MA, USA, Cat. N. 4464066
Assay ID: MC10881), at a final concentration of 3 nM,
siRNA targeting MAP2K7 (5'-AGUCACGAUUAGCUG
CUUG-3’, Eurofins Genomics, Ebersberg, Germany) at a
final concentration of 3 nM, or All Star Negative control
(Qiagen, Gaithersburg, MD, USA, Cat. N. 1027281), used
as control, at the final concentration of 3 nM, were added
in 100 pl Opti-MEM Medium without serum (Thermo
Scientific, Waltham, MA, USA, Cat. N. 11058021). After
20 min incubation at room temperature, RNAiIMAX-
RNA molecules mix was added to cells, plated in medium
without antibiotics. The day after, the pEZX-MTO06 dual-
luciferase vector containing the 3'-Untraslated Region
(3'-UTR) of MAP2K7 (Genecopoeia, Rockville, MD,
20850, USA, Cat. N. HmiT117977-MT06) or the control
empty vector (Genecopoeia, Rockville, MD, USA, Cat.N.
CmiT000001-MTO06) were transiently transfected into
293-T cell using the Lipofectamine 3000 reagent (Invit-
rogen, Carlsbad, California, USA, Cat. N. L3000015) fol-
lowing manufacturer’s instructions. Briefly, 0.5 pl Lipo-
fectamine 3000 and 0,4 pl of P3000, for each experimental
point, and the plasmid vectors at a final concentration of
200 ng were added in 50 pl Opti-MEM Medium without
serum (Thermo Scientific, Waltham, MA, USA, Cat. N.
11058021). After 20 min incubation at room tempera-
ture, Lipo 3000-DNA molecules mix was added to cells.
Twenty-four hours later, Luciferase assay was performed
using Dual Luciferase Reporter Assay System (Promega,
Wisconsin, USA, Cat. N. E1910): luciferases activity was
measured on a Promega luminometer (Promega), follow-
ing manufacturer’s instructions.
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miR-331-3p levels and GC sensitivity in ALL patient
samples

MiR-331-3p expression data and LC50 values were down-
loaded from the Gene Expression Omnibus (GEO) (https://
www.ncbi.nlm.nih.gov/geo/), in particular from the project
GSE76849 and GSE66705 [23, 24]. Written, informed con-
sent and assent following Institutional Review Board, NCI,
FDA, and Office for Human Research Protections Guide-
lines was obtained and described in Paugh et al. [24]. The
probe “42887” was used for evaluating miR-331-3p expres-
sion in the miRCURY LNA 10.0 microarray. Background
subtracted minimum translated data were log2 transformed
and then quantile normalized prior to statistical analysis.
The microRNA expression data are available for download
via https://trident.stjude.org, and https://www.stjuderese
arch.org/evans/. The GC LC50 of patient-derived leukemia
cells taken at initial diagnosis from bone marrow aspirate or
peripheral blood was determined with the use of the 4-day
in vitro MTT drug-resistance assay [24]. Glucocorticoid
resistant ALL was defined as having an LC50 of 64 uM or
greater, whereas glucocorticoid sensitive cases were defined
as having an LC50 less than 0.1 uM.

Statistical analysis

Data are represented as mean =+ standard error (SE). Statisti-
cal analyses were performed using Graph-Pad Prism version
4.00 (GraphPad, La Jolla, CA, USA). Two-way and one-way
ANOVA with Bonferroni post-test and t test were used for
the analysis of inhibition of proliferation and expression. p
values < 0.05 were considered statistically significant. For
the analysis evaluating an association between miR expres-
sion and MP sensitivity in patient samples, a linear model
with formula log10 (MP LC50) ~1log2 (miRNA expression)
was used.

Results
Sensitivity to MP, rapamycin and to co-treatment

To evaluate the role of rapamycin in sensitizing cells to
MP, we firstly measured cell viability by MTT cytotoxic-
ity assay. CCRF-CEM cells were treated for 72 h with MP
alone (concentration 50 uM), with rapamycin (concentra-
tions 0.1-100 nM) alone or in combination with MP. As
shown in Fig. 1, even if MP alone seems to have a significant
effect on the cell viability, a more significant increase in
cytotoxicity was observed in cells treated with rapamycin in
combination with MP in comparison with rapamycin alone,
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Fig. 1 Cytotoxic effect of rapamycin alone (RAPA; range from 0.1 to
100 nM) and in combination with methylprednisolone (MP 50 uM)
on CCRF-CEM cells. Cells were exposed for 72 h to drugs and cyto-
toxicity was evaluated by the MTT assay. The value is the percentage
of treated cells vs untreated controls. Results are mean values +SE
from three independent experiments; two-way ANOVA (p <0.0001)
and Bonferroni post-test ***p value <0.001

supporting the hypothesis that rapamycin may improve the
efficacy of GCs.

Based on these results, the concentration (1 nM) of rapa-
mycin with an intermediate effect in combination with MP
was chosen for further experiments.

Evaluation of GR expression and transactivation

To verify whether the ability of rapamycin to restore the
sensitivity to GCs was dependent on the expression of the
GR and its ability to promote GC-induced leucine zipper
(GILZ) transcription, we performed western blot and qRT-
PCR experiments on CCRF-CEM cells treated with MP,
rapamycin and in co-treatment.

Interestingly, we did not observe any significant change
in GR mRNA (NR3Cl1 gene; Fig. 2a) and protein levels
(total GR (pan-GR)) (Fig. 2b) after exposure to the drugs.
GR phosphorylation status changed only in the presence
of its ligand but no significant difference was detected
between the treatment with MP alone and the co-treatment
(Fig. 2b).

As expected, a strong upregulation of GILZ was
observed after treatment with MP alone (Fig. 2c). Co-
treatment with rapamycin did not further increase the
transactivation of the GC target gene (Fig. 2c) suggesting
that the increased cytotoxicity observed during the co-
treatment is not related to a higher transcriptional activity
of the GR.

Differentially expressed miRNAs

To understand the effects of MP, rapamycin and their com-
bination on miRNAs expression profile, we performed a

large-scale analysis of 377 miRNAs on CCRF-CEM cells
treated for 72 h compared to untreated cells.

The expression analysis identified 70, 99 and 96 miRNAs
that were differentially expressed after treatment with MP
(50 uM), rapamycin (1 nM), and their combination, respec-
tively (Online Resource Fig. 1 and Online Resource Tablel).

Pathways affected by differentially expressed
miRNAs

Next, we performed a pathway enrichment analysis of
protein-coding genes potentially targeted by the identi-
fied miRNAs using DIANA algorithm and TargetScan
databases containing predicted miRNA-target interactions.

Many cancer and metabolism related networks were
found to be involved after treatment with the drugs but
only two pathways were altered by the combination treat-
ment and not by MP or rapamycin alone: the MAPK and
the epidermal growth factor receptor (ErbB) signaling
pathways (Table 1). Ninety-eight genes related to the
MAPK signaling pathway were predicted targets of 41
upregulated miRNAs, while 22 genes related to the ErbB
signaling pathway turned out to be potentially targeted
by the 14 miRNAs downregulated by MP and RAPA co-
treatment (Online Resource Table 2).

Among the 41 upregulated miRNAs linked to the MAPK
signaling pathway, only 1 was exclusively deregulated by the
co-treatment but not by the treatments with RAPA or MP
alone, the miR-331-3p (Online Resource Table 1). Therefore
we chose this miRNA as involved in the potential molecular
mechanism of the synergic cytotoxicity observed during the
co-treatment.

A list of putative target genes of miR-331-3p, predicted
by Diana miRPath software, belonging to the MAPK signal-
ing pathway was obtained (Online Resource Table 3). Tar-
getScan Human analysis (release 7.2) was performed on all
these identified putative target genes and only for MAP2K7
it was predicted that the 3'-UTR contains more than one
putative miR-331-3p binding sites; in particular two sites
were predicted, in position 31-37 and 82-89 (Fig. 3a).

The first target site had a context score of 40% on Tar-
getScan, the second site had a higher score of 87%, and is
more conserved within the seed region. For this reason, miR-
331-3p and its putative target MAP2K7, an upstream regula-
tor of INK proteins, were selected for further investigations.

A list of miR-331-3p putative target genes were also
obtained using another web tool called microRNA Data
Integration Portal (miRDIP; Online Resource Table 4).
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Fig.2 Effect of MP and rapa-
mycin on GR protein levels
and its transcriptional activity.
a Relative expression (RE)

of NR3C1 after incubation 39
for 72 h with MP, RAPA and
MP +RAPA. One-way ANOVA
(p=ns). b Protein levels of GR
in CCRF-CEM in untreated
cells (CTRL) and after treat-
ment with MP (50 uM), 14
rapamycin (RAPA 1 nM) and

in combination (MP+RAPA).
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MAP2K?7 is a direct target of miR-331-3p miR-331-3p in comparison with the negative control (siC).
As expected, no differences were observed using the empty
To verify the hypothesis, luciferase reporter vector contain-  vector in 293-T cells co-transfected as described above.

ing 3'UTR of MAP2K?7 in 293-T cells co-transfected with
miR-331-3p mimic or siRNA targeting MAP2K7 3'UTR
(positive control) were used. As shown in Fig. 3b, the rela-
tive luciferase activity was significantly downregulated by
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Table 1 Pathways enriched in genes targeted by the differentially regulated miRNAs; methylprednisolone (MP), rapamycin (RAPA)
Upregulated miRNAs
Pathways MP RAPA MP +RAPA

p value Gene  miRNA  p value Gene  miRNA  pvalue Gene  miRNA
ECM-receptor interaction 5.067e-27 26 14 1.611e-27 30 20 1.674e-21 36 21
Biotin metabolism 7.131e-5 2 2 0.0009 2 3 0.002 2 3
Vitamin B6 metabolism 0.00057 4 4 0.0294 3 3 0.0416 3 4
PI3K-Akt signaling pathway 0.00687 96 29 0.0009 124 44 0.0025 130 48
p53 signaling pathway 0.0086 24 18 0.0071 30 27 0.00271 33 31
Ras signaling pathway 0.0201 64 26 0.003 85 39 0.027 83 42
Neurotrophin signaling pathway 0.042 36 22 0.0294 47 31 0.0053 53 34
Glycosaminoglycan biosynthesis 0.025 6 5 - - - 0.0065 11 11
Fatty acid biosynthesis - - - 1.898e-13 4 4 3734e-12 4 5
Ubiquitin mediated proteolysis - - - 0.0071 55 33 0.0146 57 37
Prion diseases - - - 5.169 9 12 - - -
Bacterial invasion of epithelial cells - - - 0.0052 34 28 - - -
Estrogen signaling pathway 0.0291 29 16 - - - - - -
Protein digestion and absorption 0.02 31 15 - - - - - -
Tight junction 0.028 41 21 - - - - - -
Proteoglycans in cancer 0.019 74 39 - - - - - -
MAPK signaling pathway - - - - - - 0.00576 98 41
Downregulated miRNAs
Pathways MP RAPA MP+RAPA

p value Gene  miRNA  p value Gene  miRNA  p value Gene  miRNA
Fatty acid biosynthesis 3.31e-26 4 3 1.123e-23 3 7.532e21 3 1
Fatty acid metabolism 2.069 e-8 11 0.00064 9 8 0.007 9 6
Proteoglycans in cancer 3.569 e-5 40 16 0.00074 37 20 0.0019 35 15
N-Glycan biosynthesis 0.0314 10 9 0.0248 12 9 0.03 10 8
Pathway regulating pluripotency of 0.005 30 15 0.03099 30 20 - - -

stem cells

Glycosphingolipid biosynthesis 0.0106 5 3 0.0248 6 7 - - -
PI3K-Akt signaling pathway - - - 0.0248 67 22 - - -
Acute myeloid leukemia - - - 0.0309 15 14 - - -
Thyroid hormone signaling pathway ~ 0.0015 20 15 - - - - - -
Thyroid hormone synthesis 0.0075 12 8 - - - - - -
ErbB signaling pathway - - - - - - 0.014 22 14

gRT-PCR validation data

We first validated the selective up-regulation of miR-331-3p
after the co-treatment by qRT-PCR, in CCRF-CEM cells
treated with MP, rapamycin and their combination for 72 h.
As reported in Fig. 4, results confirm its upregulation after
the co-treatment.

Quantification of MAP2K7 and JNK activation

The protein expression of MAP2K7 in CCRF-CEM cells
after treatment with MP, rapamycin alone or in co-treatment

for 72 h was measured by western blot. The results showed
a decrease in the protein level during the co-treatment
(Fig. 5a).

To evaluate whether the combination of rapamycin and
MP could inhibit JNK activation, through reduced MAP2K7
expression, we measured phospho-JNK (p-JNK) and total
JNK (pan-JNK) levels in CCRF-CEM human leukemia cell
line post-treatment by western blot. As shown in Fig. 5b, a
significant difference among all the groups analyzed was
observed; in particular, the results demonstrated a signifi-
cant decrease in the phosphorylated active form p-JNK after
treatment with rapamycin (p-JNK/pan-JNK =0.49) and in
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Position 31-37 of MAP2K7 3' UTR 5' ..CAGCCCCACAGGGGGCCAGGGEC...
[T
hsa-miR-331-3p 3 AAGAUCCUAUCCGGGUCCCCG
Position 82-89 of MAP2K73'UTR  5'... CCACCCAGCUGCCUGCCAGGGGA...
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hsa-miR-331-3p 3" AAGAUCCUAUCCGGBUCCCCG
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3'UTR MAP2K7

Fig.3 a Predicted consequential pairing of MAP2K7 target region
(top) and miR331-3p (bottom). b Luciferase reporter assays was per-
formed after 293 T cells were transfected with MAP2K7 3'-UTR-
reporter constructed together with miR-331-3p mimics or negative
controls (siC). In parallel, cells were transfected with the empty vec-
tor together with miR-331-3p mimics, siRNA targeting MAP2K7
3'-UTR or siC. T-test analysis **p value <0.01. The data are reported
as means + SE of three independent experiments performed in tripli-
cate

co-treatment with MP (p-JNK/pan-JINK =0.38). These data
confirm the hypothesis that the effects observed during co-
treatment could be caused by the inhibition of INK activa-
tion following a reduction of MAP2K7 protein levels.

miR-331-3p reduces both MAP2K7 and p-JNK
and sensitizes GC resistant cells to MP

To verify that miR-331-3p targets MAP2K?7 directly, we
designed gain-of-function experiments of miR-331-3p in the
293-T, U-2 OS and H1299 cell lines. We forced the expres-
sion of miR-331-3p in cells using miR-331-3p mimic, and
miRNA levels were increased significantly with respect to
the scramble control (Fig. 6a).

As shown in Fig. 6b, the miR-331-3p in mimic-trans-
fected cells led to a significant decrease in MAP2K7 protein
levels. The effect of miR-331-3p mimic was tested also on
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Fig.4 Relative expression (RE) of miR-331-3p after treatment with
MP (50 uM), RAPA (1 nM) and MP+RAPA for 72 h. One-way
ANOVA (p=0.023) and Bonferroni post-test *p value <0.05. The
data are reported as means+SE of three independent experiments
performed in triplicate

p-JNK protein expression. As shown, the phosphorylation
of INK decreased after transfection with the miR-331-3p
mimic, confirming its role in the regulation of MAP2K?7
(Fig. 6b).

To investigate on the role of miR-331-3p in the reversion
of GC resistance, mimic-transfected cells were treated with
different concentrations of MP (concentrations 0.1-0.4 mM)
for 72 h and the cytotoxicity was evaluated by MTT assay.
The results clearly showed that cell viability was lower in
miR-331-3p transfected cells treated with MP (Fig. 6¢). No
difference was observed after transfection of mimic miR-
331-3p alone or siRNA control alone on cell growth.

miR-331-3p as a marker of GC resistance in pediatric
ALL patients

To investigate the association between the miR-331-3p
levels and the GC sensitivity in ALL patients, the miRNA
expression values (available in Gene Expression Omnibus
(GEO; https://www.ncbi.nlm.nih.gov/geo/) from the pro-
ject GSE76849) were compared to sensitivity/resistance
data (available in GEO from the project GSE66705). The
GC LC50 of patient-derived leukemia cells taken at initial
diagnosis from bone marrow aspirate or peripheral blood
was determined with the use of the 4-day in vitro MTT drug-
resistance assay [24]. GC resistant ALL was defined as hav-
ing an LC50 of 64 pM or greater, whereas glucocorticoid
sensitive cases were defined as having an LC50 less than
0.1 pM.

Among the 93 enrolled patients, 46 were steroid resistant
and 47 steroid sensitive. Steroid sensitive patients presented
significantly higher miR-331-3p in comparison with steroid
resistant group (p =0.044; Fig. 7). Moreover, among the 41
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Fig.5 a Protein expression

of MAP2K?7 by western blot
analysis on CCRF-CEM cells
untreated (CTRL) treated with
MP (50 uM), RAPA (1 nM)
and MP +RAPA for 72 h.
MAP2K7 expression evaluated
in cells treated and untreated
for 72 h normalized by HSP90
protein; one-way ANOVA
analyses: p=0.0022, Bonfer-
roni’s post-test *p value <0.05;
**p value < 0.01. The data

are reported as means + SE

of three independent experi-
ments performed in triplicate.
b Protein expression of p-JNK
and pan-JNK by western blot
analysis on CCRF-CEM cells
untreated (CTRL) treated with
MP (50 uM), RAPA (1 nM)
and MP +RAPA for 72 h.
P-INK expression evaluated
in cells treated and untreated

A

CTRL
RAPA

o
=

CTRL
MP
RAPA

MP + RAPA

MP + RAPA

for 72 h in respect to pan-JNK
protein. One-way ANOVA
analyses: p=0.0022, Bonfer-

p-JNK 1/2

==

N

roni’s post-test *p value <0.05;

**p value < 0.01. The data pan-JNK 1/2

L4 Aot
e =

are reported as means + SE of
three independent experiments
performed in triplicate.

miRNAs upregulated by the cotreatment in vitro, linked to
the MAPK signaling pathway, in addition to miR-331-3p,
other 5 miRNAs (miR-222-3p, miR-221-3p, miR-339-5p,
miR-149-5p and miR-15a-5p) showed differential expression
in steroid sensitive patients respect to the steroid resistant
group (Online Resource Table 5).

Discussion

GC resistance is a major driver of therapeutic failure in
immune-mediated diseases. Considering the large number
of reports that describe the effect of the mTOR inhibitor
rapamycin in reverting GC resistance in vitro [13, 15, 18],
in this study we investigated the involvement of miRNAs
in the underlying molecular mechanism of GC sensitivity
and how it is restored by rapamycin co-treatment. miR-
NAs involvement in the modulation of drug response is of
great interest to the scientific community but studies about
this topic are still very limited, and the possible correla-
tion between miRNAs expression and variability of GC
response has been poorly examined [19].

We show that rapamycin can reverse resistance to
MP, one of the most commonly used steroids for the

A el [ ——

*%

1.04

0.84

0.6+ l}}“}

0.4+

MAP2K7/HSP90

CTRL MP RAPA MP+RAPA

2.0+ *

i
(V)]
A

)
>
A

T

p-JNK/pan-JNK

=
n
A

) v
CTRL MP RAPA MP+RAPA

management of several diseases, in our GC-resistant cell
model, the CCRF-CEM human leukemia cell line. In our
model system, results demonstrate that GR levels, in terms
of mRNA and protein, were unaffected by the single treat-
ments or by the co-treatment. These data seem to be in
contrast with the previously published paper in which
authors suggested that rapamycin increased GC-induced
apoptosis mainly through a significant upregulation of the
GR protein [13]. The differences observed could be due to
the experimental conditions: in particular, Guo and col-
laborators used a different cell line, selected for GC resist-
ance, and dexamethasone instead of MP.

Moreover, the upregulation of the GR target gene GILZ,
induced upon GC stimulation, resulted to be similar after
treatment with MP used alone or in combination with rapa-
mycin, again suggesting that rapamycin could enhance GC
efficacy independently of GR activity. This hypothesis was
confirmed evaluating the GR phosphorylation status, given
that transactivation function strongly depends on this post-
translational modification [25].

Emerging evidence indicates that miRNAs could be
involved in GCs resistance [26, 27], therefore in the present
study we implemented a miRNA array analysis to detect the
differential expression profile of miRNAs in CCRF-CEM
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Fig.6 a Relative expression
(RE) of miR-331-3p in 293-T
cells transfected with the miR-
331-3p mimic (miR-331) or the
scramble control (siC). T-test
analyses: *p value <0.05. The
data are reported as means +SE
of three independent experi-
ments performed in triplicate. b
Protein expression of MAP2K?7,
p-JNK and pan-JNK by western
blot analysis on 293-T, U-2 OS
and H1299 cells transfected
with the miR-331-3p mimic
(miR-331) or the scramble
control (siC). T-test analyses:
*#%p <0.001, **#%p <0.0001.
The data are reported as

means + SE of three independ-
ent experiments performed in
triplicate. C) Effect of MP on
293-T cell viability in cells
transfected with miR-331-3p
mimic (miR-331-3p) and con-
trol (siC). Two-way ANOVA
p<0.0001 and Bonferroni post-
test ¥*p <0.01. The data are
reported as means + SE of three
independent experiments
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Fig.7 Expression level of

miR-331-3p in leukemia cells N
derived from patients sensi-

tive or resistant to GCs. Linear

model *p <0.05
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cells after treatment with MP, rapamycin and in co-treat-
ment. Among all human miRNAs analyzed, 70, 99 and 96
were differentially expressed after treatment with MP, rapa-
mycin and the combination, respectively.

Some of the miRNAs identified as deregulated after
treatments with the GC and rapamycin have previously
shown a similar trend in leukemic cells, such as for
miR185-5p and miR-221 [28, 29]. In particular, in our
experiments, the fold change of miR-185-5p increased
from 7.86 during MP treatment up to 12.45 during the
co-treatment with rapamycin, confirming the importance
of this miRNA in GC response. Indeed, Chen and col-
laborators have reported that the overexpression of miR-
185-5p significantly enhanced GC sensitivity in CEM-C1
cells (GC resistant) by increasing the rate of cell cycle
arrest and apoptosis, and decreasing survival, accompa-
nied by a decrease in mTORC activity [28]. Concerning
the role of miR-221, Kotani and colleagues have shown
that miR-128b acts in a cooperative manner with miR-221,
increasing GC effect in a leukemic cell line [29]. In our
experiments, the expression levels of miR-221 was upregu-
lated by the three pharmacological conditions, and in par-
ticular after the co-treatment, however no difference were
observed in terms of expression of miR-128b. Moreover,
miR-181a-5p, miR-20a-5p and miR-139-5p target MCL1

Resistant

[30-32], a protein involved in the mechanism of GC-resist-
ance reversion induced by rapamycin [16].

Pathway enrichment analysis of differentially expressed
miRNAs revealed that two biological processes were altered
specifically by the co-treatment: the MAPK and the ErbB
signaling pathways.

Since several reports support the hypothesis that MAPKs
influence GC sensitivity [18, 33, 34], we further analyzed
41 miRNAs associated to the MAPK signaling pathway, and
found that only one was deregulated by the co-treatment but
not by the single treatments (both rapamycin and MP), miR-
331-3p. Currently, the molecular mechanism by which miR-
331-3p could be regulated by rapamycin or the GC has never
been investigated. Preliminary evidence has documented the
biological function of the circular RNA circ_0001649 as
sponge for the regulation of miR-331-3p expression [35]
but no data have been reported about the ability of GCs or
rapamycin to modulate the levels of this circular RNA.

To explore the mechanism by which miR-331-3p regu-
lates the GC response, we evaluated potential targets of miR-
331-3p, identifying MAP2K?7 as the main putative target.
The hypothesis was confirmed by the luciferase reporter
assay which showed that miR-331-3p directly targeted the
MAP2K7 3'-UTR.
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MAP2K7, also known as MKK?7, specifically activates
JNK which, in turn, modifies the activity of numerous pro-
teins by phosphorylation [33, 36]. Moreover, it is known that
activated MAP2K7 enhances the proliferation, metastasis
and progression of cancer [37].

In our experiments, rapamycin in combination with MP
reduces the expression of MAP2K7, possibly through the
upregulation of miR-331-3p. We analyzed also the expres-
sion levels of its downstream regulator, the JNK protein. The
results demonstrated a significant decrease in the phospho-
rylated active form p-JNK after co-treatment in comparison
to the MP treatment alone, confirming again the key role of
MAP2KY7 in the sensitization to MP caused by rapamycin.
However, rapamycin also reduced p-JNK even if the difference
with MP is not significant. It is known that p-JNK can be regu-
lated also by MAP2K4 therefore the reduction observed after
rapamycin treatment could be related to the modulation of this
protein. JNKs, also called stress activated protein kinases, are
members of the MAPK family implicated in the regulation of
a wide range of cellular functions [38]. The JNKSs phosphoryl-
ate and activate members of AP-1 transcription family as well
as other substrates involved in numerous biological functions,
such as apoptosis, cytoskeletal rearrangement, transcriptional
activation and protein ubiquitination [39]. Miller and col-
leagues have already demonstrated that, in GC-resistant lym-
phoid cells, rapamycin diminishes JNK activity and enhances
apoptosis signaling pathway, revealing the important role of
these proteins in GC response [18]. Moreover, sensitivity to
GCs could be restored by co-treatment with JNK inhibitors in
HelLa cells [40].

On the contrary, few papers have described a direct cross-
talk between GCs and MAP2K?7. For instance, Szatmary and
collaborators observed that the activation of endogenous JNK
by its specific activator MAP2K?7 inhibited GR-mediated tran-
scriptional activation [41]. In addition, Bruna and collabora-
tors analyzed the negative regulation of MAPK pathways by
GCs and found that treatment with dexamethasone inhibited
MAP2K7-induced activation of JNK by the GR-mediated
sequestration of the protein [42]. In both cases, the cellular
models used were HeLa cells, a non-lymphoid GC sensi-
tive cell line; this could, at least in part, explain the different
behavior observed for the GR in our experiments, in which its
expression and activation were not altered.

As hypothesized, a forced expression of miR-331-3p
decreased MAP2K?7 expression levels, confirming that this
protein is a target of miR-331-3p. Importantly, miR-331-3p
could revert GC resistance, as indicated by the decreased rate
of cellular viability; however, further analysis on lymphoid
cells transfected with the mimic should be performed to better
appreciate an increased effect on MP cytotoxicity.

The miR-331-3p gene is located at 12q22 and has been
found to regulate the development and progression of vari-
ous types of cancer cells [43—45]; in particular, miR-331-3p
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contributes to cell growth regulation by targeting ERBB
expression and blocks phosphatidylinositol 3-kinase (PI3K)/
AKT signaling, one of the upstream pathways of JNK signal-
ing. Since miR-331-3p is involved in regulating PI3K/Akt and
JNK signaling networks, the identification of small molecules
that could increase expression of miR-331-3p or the use of its
miRNA mimics could represent new strategies to overcome
the resistance due to PI3K-Akt-JNK activation.

Interestingly miR-331-3p expression was associated with
GC resistance evaluated ex vivo in a cohort of patients with
pediatric ALL: patients with higher miRNA levels presented
increased sensitivity to MP, an observation consistent with
the contribution of this miRNA in modulating GC response.

Conclusions

Our study is the first that highlights a role of miR-331-3p
in the mechanism of GC resistance reversion by rapamycin
and demonstrates that miR-331-3p directly targets MAP2K7.

Although the role of all the other miRNAs differentially
expressed during the co-treatment should be further evalu-
ated, our data support the hypothesis that treatment with
MP plus rapamycin modulates the MAPK pathway through
upregulation of miR-331-3p.

Considering data obtained on ALL patients, in the future
it could be interesting to measure miR-331-3p levels in other
clinical cancer samples, to evaluate if this miRNA could be
a potential marker of patient response to GC treatment and/
or a therapeutic target useful for the development of new
pharmacological approaches to restore GC sensitivity.

Acknowledgements Open access funding provided by Universita
degli Studi di Trieste within the CRUI-CARE Agreement. This study
was supported by the Italian Ministry of Health (No. 44/GR-2010-
2300447). A.B. is supported by the "Post-doctoral fellowship 2019-
2020" from FUV (Fondazione Umberto Veronesi).

Compliance with ethical standards

Conflict of interest All authors have read the journal’s authorship
agreement and policy on conflict of interests and have none to declare.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/

Cancer Chemotherapy and Pharmacology (2020) 86:361-374

373

References

10.

11.

12.

13.

14.

15.

Coutinho AE, Chapman KE (2011) The anti-inflammatory and
immunosuppressive effects of glucocorticoids, recent develop-
ments and mechanistic insights. Mol Cell Endocrinol 335(1):2—
13. https://doi.org/10.1016/j.mce.2010.04.005

Kassel O, Herrlich P (2007) Crosstalk between the glucocorti-
coid receptor and other transcription factors: molecular aspects.
Mol Cell Endocrinol 275(1-2):13-29. https://doi.org/10.1016/].
mce.2007.07.003

Herrlich P (2001) Cross-talk between glucocorticoid receptor
and AP-1. Oncogene 20(19):2465-2475. https://doi.org/10.1038/
sj.onc.1204388

Scheinman RI, Gualberto A, Jewell CM, Cidlowski JA, Baldwin
AS Jr (1995) Characterization of mechanisms involved in tran-
srepression of NF-kappa B by activated glucocorticoid recep-
tors. Mol Cell Biol 15(2):943-953. https://doi.org/10.1128/
mcb.15.2.943

Brown JA, Ferrando A (2018) Glucocorticoid resistance in acute
lymphoblastic leukemia: BIM finally. Cancer Cell 34(6):869-871.
https://doi.org/10.1016/j.ccell.2018.11.011

Tung J, Loftus EV, Freese DK, El-Youssef M, Zinsmeister AR,
Melton LJ, Harmsen WS, Sandborn WJ, Faubion WA (2006) A
population-based study of the frequency of corticosteroid resist-
ance and dependence in pediatric patients with Crohn’s disease
and ulcerative colitis. Inflamm Bowel Dis 12(12):1093-1100.
https://doi.org/10.1097/01.mib.0000235835.32176.85

Che R, Zhang A (2013) Mechanisms of glucocorticoid resist-
ance in idiopathic nephrotic syndrome. Kidney Blood Press Res
37(4-5):360-378. https://doi.org/10.1159/000350163

Corrigan CJ, Loke TK (2007) Clinical and molecular aspects
of glucocorticoid resistant asthma. Ther Clin Risk Manag
3(5):771-787

Chikanza IC, Kozaci DL (2004) Corticosteroid resistance in
rheumatoid arthritis: molecular and cellular perspectives. Rheu-
matology (Oxford) 43(11):1337-1345. https://doi.org/10.1093/
rheumatology/keh333

Gross KL, Lu NZ, Cidlowski JA (2009) Molecular mecha-
nisms regulating glucocorticoid sensitivity and resistance.
Mol Cell Endocrinol 300(1-2):7-16. https://doi.org/10.1016/j.
mce.2008.10.001

Song QQ, Xie WY, Tang YJ, Zhang J, Liu J (2017) Genetic vari-
ation in the glucocorticoid pathway involved in interindividual
differences in the glucocorticoid treatment. Pharmacogenomics
18(3):293-316. https://doi.org/10.2217/pgs-2016-0151
Lucafo M, Di Silvestre A, Romano M, Avian A, Antonelli R,
Martelossi S, Naviglio S, Tommasini A, Stocco G, Ventura A,
Decorti G, De Iudicibus S (2018) Role of the long non-coding
RNA growth arrest-specific 5 in glucocorticoid response in chil-
dren with inflammatory bowel disease. Basic Clin Pharmacol
Toxicol 122(1):87-93. https://doi.org/10.1111/bcpt.12851
Guo X, Zhou CY, Li Q, Gao J, Zhu YP, Gu L, Ma ZG (2013)
Rapamycin sensitizes glucocorticoid resistant acute lympho-
blastic leukemia CEM-C1 cells to dexamethasone induced
apoptosis through both mTOR suppression and up-regulation
and activation of glucocorticoid receptor. Biomed Environ Sci
26(5):371-381. https://doi.org/10.3967/0895-3988.2013.05.006
Gu L, Xie L, Zuo C, Ma Z, Zhang Y, Zhu Y, Gao J (2015)
Targeting mTOR/p70S6K/glycolysis signaling pathway
restores glucocorticoid sensitivity to 4E-BP1 null Burkitt Lym-
phoma. BMC Cancer 15:529. https://doi.org/10.1186/s1288
5-015-1535-z

Lucafo M, Bravin V, Tommasini A, Martelossi S, Rabach I,
Ventura A, Decorti G, De Iudicibus S (2016) Differential expres-
sion of GASS in rapamycin-induced reversion of glucocorticoid

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

resistance. Clin Exp Pharmacol Physiol 43(6):602-605. https://
doi.org/10.1111/1440-1681.12572

Wei G, Twomey D, Lamb J, Schlis K, Agarwal J, Stam RW,
Opferman JT, Sallan SE, den Boer ML, Pieters R, Golub TR,
Armstrong SA (2006) Gene expression-based chemical genom-
ics identifies rapamycin as a modulator of MCL1 and gluco-
corticoid resistance. Cancer Cell 10(4):331-342. https://doi.
org/10.1016/j.ccr.2006.09.006

Li J, Kim SG, Blenis J (2014) Rapamycin: one drug, many
effects. Cell Metab 19(3):373-379. https://doi.org/10.1016/j.
cmet.2014.01.001

Miller AL, Garza AS, Johnson BH, Thompson EB (2007) Path-
way interactions between MAPKs, mTOR, PKA, and the gluco-
corticoid receptor in lymphoid cells. Cancer Cell Int 7:3. https
://doi.org/10.1186/1475-2867-7-3

De Iudicibus S, Lucafdo M, Martelossi S, Pierobon C, Ventura A,
Decorti G (2013) MicroRNAs as tools to predict glucocorticoid
response in inflammatory bowel diseases. World J Gastroenterol
19(44):7947-7954. https://doi.org/10.3748/wjg.v19.144.7947
De ITudicibus S, Lucafdo M, Vitulo N, Martelossi S, Zimbello R,
De Pascale F, Forcato C, Naviglio S, Di Silvestre A, Gerdol M,
Stocco G, Valle G, Ventura A, Bramuzzo M, Decorti G (2018)
High-throughput sequencing of microRNAs in glucocorticoid
sensitive paediatric inflammatory bowel disease patients. Int J
Mol Sci. https://doi.org/10.3390/ijms 19051399

Vlachos IS, Zagganas K, Paraskevopoulou MD, Georgakilas G,
Karagkouni D, Vergoulis T, Dalamagas T, Hatzigeorgiou AG
(2015) DIANA-miRPath v30: deciphering microRNA function
with experimental support. Nucleic Acids Res 43(W1):W460—
466. https://doi.org/10.1093/nar/gkv403

Agarwal V, Bell GW, Nam JW, Bartel DP (2015) Predicting effec-
tive microRNA target sites in mammalian mRNAs. Elife. https://
doi.org/10.7554/eLife.05005

Paugh SW, Coss DR, Bao J, Laudermilk LT, Grace CR, Ferreira
AM, Waddell MB, Ridout G, Naeve D, Leuze M, LoCascio PF,
Panetta JC, Wilkinson MR, Pui CH, Naeve CW, Uberbacher
EC, Bonten EJ, Evans WE (2016) MicroRNAs form triplexes
with double stranded dna at sequence-specific binding sites; a
eukaryotic mechanism via which microRNAs could directly alter
gene expression. PLoS Comput Biol 12(2):e1004744. https://doi.
org/10.1371/journal.pcbi. 1004744

Paugh SW, Bonten EJ, Savic D, Ramsey LB, Thierfelder WE,
Gurung P, Malireddi RK, Actis M, Mayasundari A, Min J, Coss
DR, Laudermilk LT, Panetta JC, McCorkle JR, Fan Y, Crews KR,
Stocco G, Wilkinson MR, Ferreira AM, Cheng C, Yang W, Karol
SE, Fernandez CA, Diouf B, Smith C, Hicks JK, Zanut A, Gior-
danengo A, Crona D, Bianchi JJ, Holmfeldt L, Mullighan CG, den
Boer ML, Pieters R, Jeha S, Dunwell TL, Latif F, Bhojwani D,
Carroll WL, Pui CH, Myers RM, Guy RK, Kanneganti TD, Rel-
ling MV, Evans WE (2015) NALP3 inflammasome upregulation
and CASP1 cleavage of the glucocorticoid receptor cause gluco-
corticoid resistance in leukemia cells. Nat Genet 47(6):607-614.
https://doi.org/10.1038/ng.3283

Di Silvestre A, Lucafo M, De Iudicibus S, Ventura A, Martelossi
S, Stocco G, Decorti G (2017) Glucocorticoid receptor inter-
acting co-regulators: putative candidates for future drug target-
ing therapy. Mini Rev Med Chem 17(8):657-666. https://doi.
org/10.2174/1389557516666161130094255

Ledderose C, Mohnle P, Limbeck E, Schutz S, Weis F, Rink J,
Briegel J, Kreth S (2012) Corticosteroid resistance in sepsis is
influenced by microRNA-124—induced downregulation of gluco-
corticoid receptor-alpha. Crit Care Med 40(10):2745-2753. https
://doi.org/10.1097/CCM.0b013e31825b8ebc

Kim J, Jeong D, Nam J, Aung TN, Gim JA, Park KU, Kim SW
(2015) MicroRNA-124 regulates glucocorticoid sensitivity by

@ Springer


https://doi.org/10.1016/j.mce.2010.04.005
https://doi.org/10.1016/j.mce.2007.07.003
https://doi.org/10.1016/j.mce.2007.07.003
https://doi.org/10.1038/sj.onc.1204388
https://doi.org/10.1038/sj.onc.1204388
https://doi.org/10.1128/mcb.15.2.943
https://doi.org/10.1128/mcb.15.2.943
https://doi.org/10.1016/j.ccell.2018.11.011
https://doi.org/10.1097/01.mib.0000235835.32176.85
https://doi.org/10.1159/000350163
https://doi.org/10.1093/rheumatology/keh333
https://doi.org/10.1093/rheumatology/keh333
https://doi.org/10.1016/j.mce.2008.10.001
https://doi.org/10.1016/j.mce.2008.10.001
https://doi.org/10.2217/pgs-2016-0151
https://doi.org/10.1111/bcpt.12851
https://doi.org/10.3967/0895-3988.2013.05.006
https://doi.org/10.1186/s12885-015-1535-z
https://doi.org/10.1186/s12885-015-1535-z
https://doi.org/10.1111/1440-1681.12572
https://doi.org/10.1111/1440-1681.12572
https://doi.org/10.1016/j.ccr.2006.09.006
https://doi.org/10.1016/j.ccr.2006.09.006
https://doi.org/10.1016/j.cmet.2014.01.001
https://doi.org/10.1016/j.cmet.2014.01.001
https://doi.org/10.1186/1475-2867-7-3
https://doi.org/10.1186/1475-2867-7-3
https://doi.org/10.3748/wjg.v19.i44.7947
https://doi.org/10.3390/ijms19051399
https://doi.org/10.1093/nar/gkv403
https://doi.org/10.7554/eLife.05005
https://doi.org/10.7554/eLife.05005
https://doi.org/10.1371/journal.pcbi.1004744
https://doi.org/10.1371/journal.pcbi.1004744
https://doi.org/10.1038/ng.3283
https://doi.org/10.2174/1389557516666161130094255
https://doi.org/10.2174/1389557516666161130094255
https://doi.org/10.1097/CCM.0b013e31825b8ebc
https://doi.org/10.1097/CCM.0b013e31825b8ebc

374

Cancer Chemotherapy and Pharmacology (2020) 86:361-374

28.

29.

30.

31.

32.

33.

34.

35.

targeting phosphodiesterase 4B in diffuse large B cell lymphoma.
Gene 558(1):173-180. https://doi.org/10.1016/j.gene.2015.01.001
Chen P, Shen T, Wang H, Ke Z, Liang Y, Ouyang J, Jiang T
(2017) MicroRNA-185-5p restores glucocorticoid sensitivity
by suppressing the mammalian target of rapamycin complex
(mTORC) signaling pathway to enhance glucocorticoid receptor
autoregulation. Leuk Lymphoma. https://doi.org/10.1080/10428
194.2017.1296143

Kotani A, Ha D, Hsieh J, Rao PK, Schotte D, den Boer ML, Arm-
strong SA, Lodish HF (2009) miR-128b is a potent glucocorti-
coid sensitizer in MLL-AF4 acute lymphocytic leukemia cells and
exerts cooperative effects with miR-221. Blood 114(19):4169—
4178. https://doi.org/10.1182/blood-2008-12-191619

Ouyang YB, Lu Y, Yue S, Giffard RG (2012) miR-181 targets
multiple Bcl-2 family members and influences apoptosis and mito-
chondrial function in astrocytes. Mitochondrion 12(2):213-219.
https://doi.org/10.1016/j.mito.2011.09.001

LiRY, Chen LC, Zhang HY, Du WZ, Feng Y, Wang HB, Wen JQ,
Liu X, Li XF, Sun Y, Yang DB, Jiang T, Li YL, Jiang CL (2013)
MiR-139 inhibits Mcl-1 expression and potentiates TMZ-induced
apoptosis in glioma. CNS Neurosci Ther 19(7):477-483. https://
doi.org/10.1111/cns.12089

Fan MQ, Huang CB, Gu Y, Xiao Y, Sheng JX, Zhong L
(2013) Decrease expression of microRNA-20a promotes can-
cer cell proliferation and predicts poor survival of hepatocel-
lular carcinoma. J Exp Clin Cancer Res 32(1):21. https://doi.
org/10.1186/1756-9966-32-21

Miller AL, Webb MS, Copik AJ, Wang Y, Johnson BH, Kumar
R, Thompson EB (2005) p38 Mitogen-activated protein kinase
(MAPK) is a key mediator in glucocorticoid-induced apoptosis
of lymphoid cells: correlation between p38 MAPK activation and
site-specific phosphorylation of the human glucocorticoid recep-
tor at serine 211. Mol Endocrinol 19(6):1569-1583. https://doi.
org/10.1210/me.2004-0528

Jones CL, Gearheart CM, Fosmire S, Delgado-Martin C, Evensen
NA, Bride K, Waanders AJ, Pais F, Wang J, Bhatla T, Bitter-
man DS, de Rijk SR, Bourgeois W, Dandekar S, Park E, Burleson
TM, Madhusoodhan PP, Teachey DT, Raetz EA, Hermiston ML,
Miischen M, Loh ML, Hunger SP, Zhang J, Garabedian MJ, Porter
CC, Carroll WL (2015) MAPK signaling cascades mediate dis-
tinct glucocorticoid resistance mechanisms in pediatric leukemia.
Blood 126(19):2202-2212. https://doi.org/10.1182/blood-2015-
04-639138

Liu T, Song Z, Gai Y (2018) Circular RNA circ_0001649 acts as a
prognostic biomarker and inhibits NSCLC progression via spong-
ing miR-331-3p and miR-338-5p. Biochem Biophys Res Commun
503(3):1503-1509. https://doi.org/10.1016/j.bbrc.2018.07.070

@ Springer

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Kragelj J, Palencia A, Nanao MH, Maurin D, Bouvignies G,
Blackledge M, Jensen MR (2015) Structure and dynamics of
the MKK7-JNK signaling complex. Proc Natl Acad Sci USA
112(11):3409-3414. https://doi.org/10.1073/pnas.1419528112
Guo Y, Wang W, Wang J, Feng J, Wang Q, Jin J, Lv M, Li X,
Li Y, Ma Y, Shen B, Zhang J (2013) Receptor for activated C
kinase 1 promotes hepatocellular carcinoma growth by enhancing
mitogen-activated protein kinase kinase 7 activity. Hepatology
57(1):140-151. https://doi.org/10.1002/hep.25978

Wang X, Destrument A, Tournier C (2007) Physiological roles of
MKK4 and MKK?7: insights from animal models. Biochim Bio-
phys Acta 1773(8):1349-1357. https://doi.org/10.1016/j.bbamc
r.2006.10.016

Chen Z, Gibson TB, Robinson F, Silvestro L, Pearson G, Xu B,
Wright A, Vanderbilt C, Cobb MH (2001) MAP kinases. Chem
Rev 101(8):2449-2476

Yang N, Caratti G, Ince LM, Poolman TM, Trebble PJ, Holt CM,
Ray DW, Matthews LC (2014) Serum cholesterol selectively
regulates glucocorticoid sensitivity through activation of INK. J
Endocrinol 223(2):155-166. https://doi.org/10.1530/JOE-14-0456
Szatméry Z, Garabedian MJ, Vilcek J (2004) Inhibition of
glucocorticoid receptor-mediated transcriptional activation
by p38 mitogen-activated protein (MAP) kinase. J Biol Chem
279(42):43708-43715. https://doi.org/10.1074/jbc.M406568200
Bruna A, Nicolas M, Muiioz A, Kyriakis JM, Caelles C (2003)
Glucocorticoid receptor-JNK interaction mediates inhibition of
the JNK pathway by glucocorticoids. EMBO J 22(22):6035-6044.
https://doi.org/10.1093/emboj/cdg590

Zhao D, Sui Y, Zheng X (2016) MiR-331-3p inhibits prolif-
eration and promotes apoptosis by targeting HER2 through the
PI3K/Akt and ERK1/2 pathways in colorectal cancer. Oncol Rep
35(2):1075-1082. https://doi.org/10.3892/0r.2015.4450

Epis MR, Giles KM, Barker A, Kendrick TS, Leedman PJ (2009)
miR-331-3p regulates ERBB-2 expression and androgen receptor
signaling in prostate cancer. J Biol Chem 284(37):24696-24704.
https://doi.org/10.1074/jbc.M109.030098

Guo X, Guo L, Ji J, Zhang J, Chen X, Cai Q, Li J, Gu Q, Liu
B, Zhu Z, Yu Y (2010) miRNA-331-3p directly targets E2F1
and induces growth arrest in human gastric cancer. Biochem
Biophys Res Commun 398(1):1-6. https://doi.org/10.1016/j.
bbrc.2010.05.082

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.gene.2015.01.001
https://doi.org/10.1080/10428194.2017.1296143
https://doi.org/10.1080/10428194.2017.1296143
https://doi.org/10.1182/blood-2008-12-191619
https://doi.org/10.1016/j.mito.2011.09.001
https://doi.org/10.1111/cns.12089
https://doi.org/10.1111/cns.12089
https://doi.org/10.1186/1756-9966-32-21
https://doi.org/10.1186/1756-9966-32-21
https://doi.org/10.1210/me.2004-0528
https://doi.org/10.1210/me.2004-0528
https://doi.org/10.1182/blood-2015-04-639138
https://doi.org/10.1182/blood-2015-04-639138
https://doi.org/10.1016/j.bbrc.2018.07.070
https://doi.org/10.1073/pnas.1419528112
https://doi.org/10.1002/hep.25978
https://doi.org/10.1016/j.bbamcr.2006.10.016
https://doi.org/10.1016/j.bbamcr.2006.10.016
https://doi.org/10.1530/JOE-14-0456
https://doi.org/10.1074/jbc.M406568200
https://doi.org/10.1093/emboj/cdg590
https://doi.org/10.3892/or.2015.4450
https://doi.org/10.1074/jbc.M109.030098
https://doi.org/10.1016/j.bbrc.2010.05.082
https://doi.org/10.1016/j.bbrc.2010.05.082

	miR-331-3p is involved in glucocorticoid resistance reversion by rapamycin through suppression of the MAPK signaling pathway
	Abstract
	Introduction
	Materials and methods
	Cell cultures
	Viability analysis
	Total RNA isolation
	miRNA expression profile analysis
	MiRNA pathway analysis and identification of putative miRNA targets
	Validation of miR-331-3p expression by qRT-PCR
	TaqMan gene expression analysis
	Western blot
	Transfections and mimic assay
	Luciferase assay
	miR-331-3p levels and GC sensitivity in ALL patient samples
	Statistical analysis

	Results
	Sensitivity to MP, rapamycin and to co-treatment
	Evaluation of GR expression and transactivation
	Differentially expressed miRNAs
	Pathways affected by differentially expressed miRNAs
	MAP2K7 is a direct target of miR-331-3p
	qRT-PCR validation data
	Quantification of MAP2K7 and JNK activation
	miR-331-3p reduces both MAP2K7 and p-JNK and sensitizes GC resistant cells to MP
	miR-331-3p as a marker of GC resistance in pediatric ALL patients

	Discussion
	Conclusions
	Acknowledgements 
	References




