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Abstract
Pharmacological inhibition of MDM2/4, which activates the critical tumor suppressor p53, has been gaining increasing
interest as a strategy for the treatment of acute myeloid leukemia (AML). While clinical trials of MDM2 inhibitors have
shown promise, responses have been confined to largely molecularly undefined patients, indicating that new biomarkers and
optimized treatment strategies are needed. We previously reported that the microRNA miR-10a is strongly overexpressed in
some AML, and demonstrate here that it modulates several key members of the p53/Rb network, including p53 regulator
MDM4, Rb regulator RB1CC1, p21 regulator TFAP2C, and p53 itself. The expression of both miR-10a and its downstream
targets were strongly predictive of MDM2 inhibitor sensitivity in cell lines, primary AML specimens, and correlated to
response in patients treated with both MDM2 inhibitors and cytarabine. Furthermore, miR-10a inhibition induced synergy
between MDM2 inhibitor Nutlin-3a and cytarabine in both in vitro and in vivo AML models. Mechanistically this synergism
primarily occurs via the p53-mediated activation of cytotoxic apoptosis at the expense of cytoprotective autophagy. Together
these findings demonstrate that miR-10a may be useful as both a biomarker to identify patients most likely to respond to
cytarabine+MDM2 inhibition and also a druggable target to increase their efficacy.

Introduction

p53 is a critical tumor suppressor protein that has a central
role in modulating diverse cellular processes including
proliferation, cell cycle, DNA repair, senescence, apoptosis,

and autophagy [1]. Approximately half of all human cancers
bear inactivating mutations of p53, and p53-deficent mice
develop a range of tumors with high penetrance [2]. While
common in solid cancers, TP53 mutations are less frequent
in hematological malignancies such as AML, in which
they are present in only around 5% of patients [3]. In the
majority of these cases however it is thought that p53 is
repressed by other means, including via the overexpression
of its two primary negative regulators, murine double
minute 2 homolog (MDM2) and MDM4 [4, 5], or via
mutation of nucleophosmin 1 (NPM1) [6] which results in
the improper relocalization of the crucial MDM2 inhibitor
p14ARF from the nucleoli to the cytoplasm, effectively dis-
abling it [7, 8].

Pharmacological inhibitors of MDM2/4 have therefore
recently been developed in an effort to reactivate the p53/
Rb tumor suppressor network in cancers in which p53 is
functional but repressed [9]. While most clinical trials in
AML have been Phase I/II studies focussed on safety
and tolerability, some preliminary response data has been
reported [9]. Overall efficacy has been promising but vari-
able, with second generation MDM2 inhibitor idasanutlin
(RG7388)+ cytarabine in relapsed/refractory AML for
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example reporting response rates of around 60% [10].
Toxicity is common however, with most patients experi-
encing adverse gastrointestinal and infection-related events,
as well as frequent high grade neutropenia and thrombo-
cytopenia [10, 11]. Interestingly, responses have been
observed in highly diverse patients, including those
in varied risk groups as well as subgroups of relapsed/
refractory patients. These findings, while showing promise,
highlight the need to develop new predictive biomarkers to
identify those patients most likely to benefit as well as non-
responders that can be spared toxic side-effects. In addition,
the identification of targeted compounds with the potential
to synergize with MDM2 inhibition to enable lower effec-
tive doses would be beneficial.

We previously reported that the microRNA miR-10a is
strongly overexpressed in AML compared to normal bone
marrow (up to 80-fold), and also displays subgroup-specific
expression [12]. We also provided some evidence that miR-
10a may be involved in p53/Rb tumor suppressor/stress
response pathway regulation via its repression of a number
of the p53/Rb networks’ key genes, including p53 regulator
MDM4, Rb regulator RB-Inducible Coiled-Coil 1 (RBCC1),
and p21 regulator Transcription Factor AP2-Gamma
(TFAP2C) [12, 13]. These findings have suggested that
miR-10a may act as an oncomiR via its repression of the
p53/Rb network in those ~40–60% of AML patients that
strongly overexpress the miRNA. In the current study we
hypothesized that miR-10a therefore may have a role in the
response to MDM2 inhibitors in AML, and could represent
both a valuable therapeutic target for modulating drug
responses via de-repression of its key p53/Rb-related targets,
as well as a potential biomarker of response.

Materials and methods

Cell lines and transfections

Cell lines were obtained from ATCC and cultured accord-
ing to their recommendations (www.atcc.org). Cell lines
were authenticated by STR profiling and confirmed to be
mycoplasma-free immediately prior to use. An hsa-miR-10a
mimic, inhibitor, and negative control based on Qiagen
miScript sequences (product numbers MSY0000253,
MIN0000253, and 1027271 respectively) were cloned into
CD713B lentiviral expression plasmids (System Bios-
ciences, CA, USA) and transduced into cultured cells.
Successfully transduced cells were selected using 2µG/mL
puromycin and underwent FACS to isolate GFP+
(positively transduced) clones. miR-10a expression was
determined by TaqMan QPCR in each clone, which iden-
tified an inhibitor-transduced clone with 94% knockdown
of miR-10a expression, and a mimic-transduced clone

with 624-fold increase in miR-10a expression, compared
to scrambled inhibitor/mimic-transduced cells (data not
shown). Cells regularly underwent flow cytometry to con-
firm purity of transduced cells. A mammalian expression
construct containing RB1CC1 (AddGene plasmid #24300)
and CDKN1A siRNA (Qiagen siRNA SI03031105) were
transiently transfected into recipient cells 24 h prior to drug
treatment.

In vitro assays

Drug sensitivity assays were performed using the CellTitre
96 Aqueous One Solution Cell Proliferation Assay Assay
(Promega). Growth inhibition following drug treatment was
used to generate Combination Index (CI) values calculated
by Calcusyn (Biosoft), as previously described [14]. CI
values of <1, 1, >1 indicated synergism, additive effect, and
antagonism, respectively. The Click-iT Plus EdU Cell
Cycle Assay (ThermoFisher Scientific) was performed as
per manufacturer’s instructions. Autophagy activation was
measured by flow cytometry in cells labeled with the
autofluorescent compound monodansylcadaverine (MDC)
which binds to autophagic vacuoles, as previously descri-
bed [15], as well as Western blotting for expression of the
autophagy marker LC3-II [16].

mRNA and protein quantitation

miRNA and mRNA were extracted using the mirVana
miRNA Isolation Kit (Ambion) and RNEasy Kit (Qiagen),
respectively. cDNA was prepared using the SuperScript III
First-Strand Synthesis SuperMix for qRT-PCR (mRNA;
Life Technologies) or TaqMan MicroRNA Reverse Tran-
scription Kit (miRNA; Applied Biosystems) and measured
using the SYBR Select Mastermix (mRNA; Applied Bio-
systems) or TaqMan Universal PCR Master Mix (miRNA;
hsa-miR-10a assay ID 1093, rnu6B assay ID 387; Applied
Biosystems). mRNA QPCR primer sequences are shown
in Supplementary Table 1. Antibodies used for Western
blotting were purchased from Cell Signaling: p21 (12D1
Clone, Cat# 2947), p53 (7F5 Clone, Cat# 2527), and LC3
(D11 clone, Cat# 3868).

Biomarker analyses

Primary AML specimens from the “Sydney” and “Dresden”
cohorts (see Supplementary Table 2 for clinicopathological
characteristics) were collected at diagnosis with informed
consent and approval from the relevant centre’s Human
Research Ethics Committees (SVH HREC approval 13/
012). NPM1-mutant patients were excluded to minimize
bias as they uniquely display both unusually high miR-10a
expression [12, 13, 17] while also being strongly associated
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with a favorable outcome following chemotherapy. mRNA
expression data from publicly-available microarray datasets
GSE110087 (“Houston”) and GSE12417 (“Munich”) from
the National Center for Biotechnology Information (NCBI)
Gene Expression Omnibus (GEO) was also used to corre-
late miR-10a downstream targets to MDM2 inhibitor sen-
sitivity and patient response. Cohorts were chosen for
analysis if they included sufficient clinical information and
follow-up time, and met a minimum sample size to ensure
adequate power based on our previous similar studies
[18–21]. A minimum p value approach was used to select a
cut-point for each biomarker with p values corrected for
multiple testing [22]. Data were analyzed and reported
according to ReMARK recommendations for studies on
tumor markers [23].

Animal studies

Animal experiments were approved by the Animal Ethics
Committee of the Garvan Institute of Medical Research
(Sydney, Australia; AEC approval 16_27). To establish
AML orthotopic xenografts, 5 × 106 OCI-AML3 cells were
injected into the tail veins of randomly-selected 8–12-week-
old female NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice.
12 days after cell delivery, mice were treated with cytar-
abine (50 mg/kg I.P.), Nutlin-3a (100 mg/kg oral gavage), a
combination of both compounds at the dosages above, or
a vehicle control 4 days/week for up to 3 weeks. Ethical
endpoint was >20% weight loss or hind limb disability.
Investigators were not blinded to treatment group alloca-
tion. Eight animals were included per treatment group fol-
lowing a power analysis with variables including effect size
estimated based on our previous similar studies [24].

Statistical analysis

Statistical analyses were performed using Prism 9 (Graph-
pad) and PASW Statistics 18 (SPSS). All results were
derived from at least three independent experiments, and all
data was confirmed to meet the assumptions of the statistical
test used. Quantitative data are presented as mean ±
standard deviation (SD) unless otherwise denoted, and all
groups compared were confirmed to have similar variances.
Student’s T tests were used for the comparison of means of
quantitative data between groups. Two-way ANOVA was
used to compare dose response curves. Univariate Cox
regression analyses and Kaplan–Meier plots were used for
survival analyses in which endpoint was overall survival.
Multivariate Cox regression analysis was used to test
prognostic variables for independence, including miR-10a
expression, FAB subtype, FLT3-ITD status, DMNT3a
mutation status, and age (<60 vs ≥60). Affymetrix micro-
array gene expression data was normalized by the MAS5

algorithm as implemented by the ‘affy’ package version
1.56.0 under Bioconductor version 3.6 and R version 3.4.3.
p values < 0.05 were considered statistically significant and
all tests were two-sided.

Results

miR-10a regulates several members of the p53/Rb
network

We previously demonstrated that miR-10a directly regulates
the p53 regulator MDM4 [13], and also binds to the 3′UTR
of two other key p53/Rb network genes: the p21 regulator
TFAP2C, and the Rb regulator RB1CC1 [12]. Since these
effects may modulate response to MDM2 inhibition, we
first wished to confirm whether, like MDM4, miR-10a
binding to TFAP2C and RB1CC1 had functional effects,
and whether manipulating the intracellular availability of
miR-10a would modulate of the expression of these genes
and hence activity of the p53/Rb network. In cells in which
the p53 network was activated by MDM2 inhibitor Nutlin-
3a or stress induction by serum starvation (Supplementary
Fig. 1a), inhibition of miR-10a in miR-10a-high OCI-
AML3 cells (Supplementary Fig. 1b) resulted in significant
upregulation of both TFAP2C and RBCC1, and conversely
overexpression in miR-10a-low MV4–11 cells resulted in
their significant downregulation (Fig. 1a). As a consequence
of miR-10a-mediated modulation of TFAP2C, its tran-
scriptional target p21 was significantly downregulated
(4-fold, p < 0.05 for both; Fig. 1b, Supplementary Fig. 1c,
d). There exists significant crosstalk between the Rb and
p53 pathways, with p53 binding to RBCC1 to upregulate
Rb [25], and Rb binding to MDM2 to stabilize and stimu-
late the apoptotic function of p53 [26]. In accordance, miR-
10a inhibition also significantly increased accumulation of
p53 itself (Fig. 1b, Supplementary Fig. 1e). A similar trend
was found in primary patient specimens, in which a strong
negative correlation was observed between endogenous
miR-10a levels and p53 levels (Fig. 1c). Together this data
confirms that miR-10a modulates several key members of
the active p53/Rb stress response network (Supplementary
Fig. 1f).

Sensitivity to MDM2 inhibitor Nutlin-3a is regulated
by several downstream miR-10a gene targets

To determine whether these downstream miR-10a target
genes were also associated with MDM2 inhibitor sensitiv-
ity, we data mined the Genomics of Drug Sensitivity in
Cancer (GDSC) database [27], which correlates sensitivity
of 265 compounds to genomic features (mutation/loss/
gain) across >1000 human cancer cell lines. As expected,
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loss-of-function mutations in TP53 was the strongest pre-
dictor of Nutlin-3a resistance of all genomic features present
in the database (p= 1.49 × 10−40; Fig. 2a). RB1 loss-of-
function was the 4th strongest predictor (p= 8.12 × 10−7).
Mutation in TFAP2C or RB1CC1 was not observed among
these cell lines so no correlations could be made for these
targets. Cell lines with loss-of-function mutations of
TFAP2C target cyclin-dependent kinase inhibitor 1a
(CDKN1A) were vanishingly rare in this dataset (with a
mutation rate of <0.01%), however the more common
amplification of CDKN1A was significantly associated with
resistance (p < 0.05 for all). Interestingly, loss-of-function
of TP53 and RB1 were also significantly correlated to
resistance to AML standard-of-care chemotherapy cytar-
abine (p= 0.001 and 0.013 respectively; Fig. 2b).

In concordance with these findings, endogenous
expression of miR-10a itself in the NCI-60 Human Tumor

Cell Line panel [28, 29] was strongly correlated to sen-
sitivity to Nutlin-3a (4th highest correlation of 265 drugs
screened in GDSC; Fig. 3a), with a mean IC50 of 34.1 µM
for those cell lines that expressed miR-10a below the
median level, versus 95.7 µM for those above (p= 0.008;
Fig. 3b). Importantly, in consecutively-collected primary
AML patient samples (n= 86; Supplementary Table 3),
miR-10a displayed a clear bimodal expression, potentially
identifying a group of NPM1wt patients (~50%) whose
leukemia overexpress miR-10a and are likely to be sen-
sitive to MDM2 inhibition, and a subset (~50%) that
express very low miR-10a and may be refractory to
this approach (Fig. 3c). Within this cohort, low (<4.0)
miR-10a was significantly associated with decreased
death (p= 0.024) and wildtype FLT3 (p= 0.007), but
there was no significant association with age (p= 0.825),
gender (p= 0.781), FAB subtype (p= 0.364), relapse

Fig. 1 miR-10a regulates several members of the p53/Rb network.
a mRNA expression of p53 pathway modulators and miR-10a targets
TFAP2C and RBCC1 in response to miR-10a inhibition (“+ inhi-
bitor”) in the miR-10a-high (/NPM1c+) OCI-AML3 cell line or miR-
10a overexpression (“+ mimic”) in the miR-10a-low (/NPM1wt)
MV4–11 cell line in which p53 was stabilized by Nutlin-3a (“+
Nutlin-3a”) or serum deprivation (“– serum”). b The ability of p53 to
upregulate p21 was significantly attenuated in OCI-AML3 cells fol-
lowing upregulation of p21 negative regulator TFAP2C in response to

miR-10a inhibition. miR-10a inhibition also significantly increased
accumulation of p53 itself (2.4-fold). c A negative correlation was
observed between endogenous miR-10a levels and p53 protein levels
in NPM1wt primary AML patient samples. (*p < 0.05, **p < 0.01;
***p < 0.001 by Student’s T test with error bars representing SD (3–6
replicates per experiment); mRNA and protein expression data dis-
played relative to B-actin, with the scrambled mimic or inhibitor
(control)-transfected cells set at 100% for each comparison.).
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(p= 0.082), or DNMT3A mutation status (p= 0.435; all
by Fisher Exact test). Overall this data provides evidence
that miR-10a and several of its downstream target genes

are key mediators of sensitivity to MDM2 inhibitor
Nutlin-3a and AML standard-of-care chemotherapeutic
cytarabine.

Fig. 2 Sensitivity to MDM2
inhibitor Nutlin-3a is
regulated by several
downstream miR-10a gene
targets. a, b Correlations
between mutation status of miR-
10a downstream targets and
sensitivity to Nutlin-3a and
cytarabine in 888 cancer cell
lines (GDSE database). Loss-of-
function mutations in p53 and
Rb, and chromosomal gain in
CKDN1A (D; 2n= diploid, 3n
= triploid, 4n= tetraploid) were
significantly associated with
resistance to Nutlin-3a (a) and
cytarabine (b). (*p < 0.05, **p <
0.01; ***p < 0.001 by Student’s
T test with error bars
representing SD).

Fig. 3 miR-10a expression is correlated to MDM2 inhibitor sen-
sitivity in vitro. a The endogenous expression of miR-10a in the NCI-
60 cell line panel was correlated to sensitivity to 265 drugs screened in
GDSC and Nutlin-3a was found to have the 4th strongest positive
correlation with an r2 value of 0.17 (p < 0.05). b NCI-60 cell lines with

endogenous expression below the median level had a mean IC50 of
34.1 µM, versus 95.7 µM for those above. c miR-10a displayed
bimodal expression in 86 NPM1wt primary AML specimens assayed at
diagnosis. (*p < 0.05, **p < 0.01; ***p < 0.001 by Student’s T test
with error bars representing SD).
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miR-10a and its downstream targets are biomarkers
of MDM2 inhibitor and cytarabine responsiveness in
AML patient samples

We next determined whether these observations in cell
lines could be generalized to primary AML patient sam-
ples, potentially identifying miR-10a and/or its down-
stream gene targets as clinically valuable predictive
biomarkers. Sensitivity of 38 primary AML patient sam-
ples treated ex vivo with second generation high potency
MDM2 inhibitor and Nutlin derivative DS-3032b was
correlated to miR-10a target expression (labeled here
as the ‘Houston’ cohort; response data, clinical, and
molecular features as previously described [30]). As is
observed in the clinical setting, sensitivity to MDM2
inhibition varied markedly between these p53-wildtype
leukemias in vitro, with primary samples that were sen-
sitive to DS-3032b (defined as exhibiting an IC50 dose in
the lower third of the cohort) exhibiting a > 20-fold lower
mean IC50 than those that were resistant (upper third; p <
0.001; Supplementary Fig. 2a, b). Consistent with the
GDSC data, primary samples that were sensitive to DS-
3032b expressed significantly higher levels of TFAP2C,
TP53, and MDM4 mRNA (p < 0.05 for all), and sig-
nificantly lower levels of CDKN1A (52% lower; p < 0.05)
compared to non-responsive samples (Fig. 4a). Impor-
tantly, similar correlations between expression of these
genes and the clinical response of these same patients
to DS-3032b during a clinical trial [30] was also observed
(p < 0.05 for all targets; Fig. 4b).

The GDSC data led us to also investigate the predictive
value of miR-10a and its targets in patients treated with
cytarabine-based chemotherapy in three further indepen-
dent, retrospective AML patient cohorts, in which miR-
10a was measured at diagnosis and correlated to outcome
(Fig. 4c). The first cohort (‘Munich’) consisted of 242
cytogenetically-normal AML patients (most of whom
were derived from German AMLCG 1999 trial [31];
clinical and molecular features as previously described
[32]) given intensive double-induction and consolidation
chemotherapy. Patients expressing high levels of
TFAP2C or RB1CC1, or low levels of CDKN1A had
significantly improved outcome following cytarabine-
based chemotherapy compared to other patients (hazard
ratios (HR)= 0.6, 0.6, and 1.6, respectively (all p < 0.05).
A second cohort (‘Dresden’) comprising NPM1wt patients
derived from the Study Alliance Leukemia (SAL)
AML2003 trial [33, 34] (n= 35; Supplementary Table 2),
which investigated optimal timing of allogeneic hemato-
poietic stem cell transplantation (HSCT), was used to
correlate miR-10a expression itself to outcome. Low miR-
10a was strongly predictive of improved relapse-free and
overall survival in those patients treated with intensive

cytarabine-based induction chemotherapy followed by
allogeneic stem cell transplantation in remission (hazard
ratio (HR)= 10.2 (p= 0.003) and 3.8 (p= 0.007),
respectively). Similar results were shown in a third inde-
pendent cohort (‘Sydney’; n= 23; Supplementary
Table 2) consecutively collected from AML patients
at diagnosis, with low miR-10a also associated with
improved overall survival in patients treated with
cytarabine-based induction chemotherapy ± HSCT (HR=
3.1 (p= 0.037)). Multivariate Cox regression analyses
demonstrated that miR-10a expression provided prog-
nostic information independent of FAB subtype, FLT3-
ITD status, DMNT3a mutation status, and age (all p <
0.05). Together this data supports the hypothesis that
miR-10a and its downstream targets may be valuable
predictive biomarkers for both MDM2 inhibitor and
cytarabine-based therapies.

miR-10a mediates response to Nutlin-3a and
cytarabine in AML

We next hypothesized that modulating miR-10a and/or its
targets may in turn modulate sensitivity to MDM2 inhibition
and cytarabine (Fig. 5a, b). To investigate this, miR-10a-high
AML cell lines OCI-AML3 and IMS-M2 were transduced
with a miR-10a inhibitor, resulting in a significant sensitiza-
tion to both compounds. Conversely, resistance to both
compounds could be induced by overexpressing miR-10a in
miR-10a-low AML cell line MV4–11, and interestingly also
in the miR-10a-low/p53-mutant/Nutlin-3a resistant cell line
HL60. The ectopic expression of RBCC1 or knockdown of
CDKN1A alone was sufficient to recapitulate these effects in
the absence of miR-10a repression. Conversely, the sensiti-
zation effects of miR-10a inhibition could be rescued by the
knockdown of RB1CC1 or overexpression of CDKN1A.
These data further confirm the role of these miR-10a target
genes themselves in sensitivity to these compounds.

Combination treatment modalities, particularly those that
target multiple nodes of the same network, have the potential
for increased efficacy, decreased toxicity, and reduced like-
lihood of drug resistance. We further demonstrated that a
combination of Nutlin-3a and cytarabine and was additive in
miR-10a-high OCI-AML3 cells (with a mean Combination
Index (CI) [14] of 0.85), which became synergistic when
miR-10a was also inhibited (mean CI= 0.61; Fig. 5c). This
corresponded to a potential mean dose reduction of 4.4-fold
for Nutlin-3a and 2.6-fold for cytarabine when the two
compounds were combined with miR-10a inhibition, while
maintaining equivalent efficacy. Conversely, in miR-10a-low
MV4–11 cells the combination was only weakly additive
(CI= 0.95), and became antagonistic when miR-10a was
overexpressed (CI= 1.30). These data confirm that there may
be significant benefit in combining Nutlin-3a, cytarabine, and
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miR-10a inhibition in miR-10a-overexpressing AML cells,
potentially allowing increased efficacy and/or decreased
dosage and therefore toxicity while maintaining equivalent
anti-leukemic activity.

miR-10a regulates the p53-mediated switch
between autophagy and apoptosis

Activation of the p53/Rb-mediated stress response is
potentiated by increased expression of miR-10a target

RBCC1 via its direct binding to and stabilization of p53,
and subsequent upregulation of Rb, p16, and p21 [25].
Excessive accumulation of Rb and p53 in the cytoplasm
represses pro-survival autophagy and instead promotes
intrinsic apoptosis via their direct interaction with Bcl-2
family proteins [35–37] (Supplementary Fig. 1f). Consistent
with miR-10a’s ability to regulate key genes in this net-
work, significantly fewer miR-10a-inhibited OCI-AML3
cells had detectable autophagic vacuoles following treat-
ment with Nutlin-3a or cytarabine as determined by MDC

Fig. 4 miR-10a and/or its downstream targets are biomarkers of
MDM2 inhibitor and cytarabine responsiveness in AML patient
samples. a 38 pre-treatment AML primary patient samples were
treated ex vivo with a dose range of MDM2 inhibitor DS-3032b [30].
Samples sensitive to DS-3032b in vitro expressed significantly higher
levels of TFAP2C, TP53, and MDM4 mRNA, and significantly lower
levels of CDKN1A. b These patients also participated in a Phase I/II
clinical trial of DS-3032b and response data was available for the
cohort [30]. “Responders” (those that experienced either complete
remission (CR), complete remission with incomplete platelet recovery
(CRp) or hematological improvement (HI)) displayed analogous
expression patterns of miR-10a target expression when compared to

non-responders. c TFAP2C, RB1CC1, and CDKN1A were also sig-
nificantly prognostic in a second independent cohort (‘Munich’; n=
242) treated with intensive cytarabine-based double-induction and
consolidation chemotherapy. miR-10a itself was also strongly pre-
dictive of outcome in patients treated with cytarabine-based che-
motherapy+HSCT. In a subset of patients (n= 35) derived from the
SAL AML2003 trial (‘Dresden’), low miR-10a was strongly predictive
of both improved progression-free and overall survival. Similar results
were observed in an additional independent cohort (‘Sydney’; n= 21),
in which low miR-10a was also associated with improved overall
survival in patients treated with cytarabine-based induction che-
motherapy ± HSCT.
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fluorescence (Fig. 6a). Concordantly, these cells also
expressed significantly lower levels of autophagy marker
LC3-II compared to controls (Fig. 6b, Supplementary

Fig. 3a, b). Cytotoxic stress leading to the activation of
cytoprotective autophagy is universally associated with cell
cycle arrest mediated by downstream miR-10a target p21

Fig. 5 miR-10a mediates sensitivity to Nutlin-3a and cytarabine
in AML. miR-10a inhibition in the miR-10a-high AML cell lines
OCI-AML3 and IMS-M2 resulted in significant sensitization to
Nutlin-3a (a) and cytarabine (b). Conversely, overexpression of
miR-10a in miR-10a-low AML cell lines MV4–11 and HL60 led to
significant resistance. The exogenous overexpression (OE) of
Rb1cc1 or knockdown (KD) of p21 alone were sufficient to reca-
pitulate these effects in OCI-AML3 and IMS-M2 cells, confirming
that these miR-10a targets are mediators of Nutlin-3a and cytarabine
sensitivity. Conversely, the sensitization effects of miR-10a inhibi-
tion could be rescued by the knockdown of Rb1cc1 or over-
expression of p21. c OCI-AML3 cells transduced with a miR-10a or
scrambled control inhibitor (left) and MV4–11 cells transduced with
a miR-10a or scrambled control mimic (right) were treated with a

combination of Nutlin-3a and cytarabine at various doses and cell
viability determined by MTS assay to quantify fractional inhibition
of proliferation (Effect (Fa)). The Combination Index (CI) was
calculated to determine antagonistic (CI > 1), additive (CI ≈ 1), or
synergistic (CI < 1) effects between the two compounds. Nutlin-3a
and cytarabine were strongly additive in miR-10a high OCI-AML3
cells but less so in miR-10a-low MV4–11 cells. Drug interactions
became synergistic when miR-10a was simultaneously inhibited
(p= 3.57 × 10−4), and antagonistic when miR-10a was over-
expressed (p= 1.29 × 10−5). (For statistical testing, each treatment
was compared to the control within its own group. *p < 0.05, **p <
0.01; ***p < 0.001 by Student’s T test with error bars representing
SD (3–6 replicates per experiment)).
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Fig. 6 miR-10a regulates the switch between p53-mediated
autophagy and apoptosis in AML by repressing autophagy
induction. Cells in which miR-10a was inhibited were significantly
less likely to undergo autophagy as measured by MDC fluorescence
(a) and LC3-II protein accumulation (b) following treatment with
Nutlin-3a or cytarabine. c Scrambled miRNA inhibitor-transfected

control cells undergo cell cycle arrest in the G0/G1 and S phases in
response to cytarabine and Nutlin-3a treatment, respectively. When
miR-10a was inhibited however, cell cycle arrest was attenuated, with
significantly increased numbers of cells progressing through G0/G1

and S checkpoints. (*p < 0.05 by Student’s T test with error bars
representing SD (3-6 replicates per experiment)).

miR-10a as a therapeutic target and predictive biomarker for MDM2 inhibition in acute myeloid leukemia 1941



[38]. Extended arrest gives the cells sufficient time to
repair DNA and recycle organelles before recommencing
proliferation, and an inability to do so results in the accu-
mulation of DNA damage and mitotic catastrophe leading
to apoptosis [39–41]. OCI-AML3 cells transduced with a
scrambled control inhibitor and treated with Nutlin-3a or
cytarabine arrested in G0/G1-phase and S-phase, respec-
tively, as has been previously observed [42, 43]. Con-
versely, those transduced with a miR-10a inhibitor were
unable to arrest as normal in response to either compound,
with significantly more cells escaping arrest and pro-
gressing through each checkpoint (Fig. 6c). The inhibition
of autophagy and cell cycle arrest coincided with a sig-
nificant activation of apoptosis in miR-10a-inhibited,
RB1CC1-overexpressing, and p21-knockdown cells trea-
ted with Nutlin-3a, and to a more modest extent with
cytarabine (Fig. 7a). These effects were also observed in
primary AML specimens with low or high endogenous
expression of miR-10a treated with a low dose (IC25) of
each drug (Fig. 7b, c). Together this data is consistent
with miR-10a inhibition potentiating activation of p53/Rb
stress response pathway following treatment via RB1CC1
and p21, which favors the activation of apoptosis over
autophagy.

A combination of Nutlin-3a, cytarabine, and miR-
10a inhibition is an effective therapeutic strategy
for miR-10a-high AML in vivo

Orthotopic xenografts were established via tail vein injec-
tion of 5 × 106 OCI-AML3 cells transduced with a miR-10a
inhibitor or scrambled control, resulting in rapid engraft-
ment of aggressive acute leukemia with a mean survival of
just 22 days. Twelve days after cell delivery, mice were
treated with cytarabine, Nutlin-3a, both compounds, or a
vehicle control 4 days/week for up to 3 weeks (n= 6–9 per
group). Inhibition of miR-10a markedly improved the
survival of animals treated with Nutlin-3a compared to the
control inhibitor group (mean survival 34.6 days vs
22.9 days; p < 0.001; Fig. 8a). A similar effect was observed
in animals treated with cytarabine (mean survival 33.2 days
for miR-10a inhibitor vs 27.4 days for control inhibitor;
p= 0.02). Simultaneous treatment with Nutlin-3a, cytar-
abine, and the miR-10a inhibitor resulted in the longest
overall survival (37.1 days), extending survival by 35% in
this aggressive in vivo model compared to the “standard-of-
care” cytarabine + control inhibitor group (p= 0.001;
Supplementary Table 4). Improved survival was consistent
with significantly lower human CD45 positive (hCD45+)
leukemic cell infiltrate in the spleen of miR-10a inhibited vs
control animals collected after 7 days of treatment (all
except vehicle p < 0.05; Fig. 8b). In concordance with

the in vitro findings, Nutlin-3a/cytarabine-treated leukemic
cells in which miR-10a was inhibited displayed approxi-
mately 50% lower MDC-positivity indicating repressed
autophagy (p= 0.21; Fig. 8c). Together this data confirms
that inhibition of miR-10a synergizes with Nutlin-3a +
cytarabine and is an effective combination in AML in vivo.

Discussion

We show here for the first time that miR-10a and several of
its direct and downstream targets are strong biomarkers of
sensitivity to MDM2 inhibition and cytarabine in cell lines,
primary patient-derived AML cells treated ex vivo, and to
clinical response in patients. Initial efforts to identify bio-
markers of MDM2 inhibitor response have focussed on
MDM2 and p53 themselves [44, 45], however it has since
become clear that alone these are not strongly predictive,
with one recent study demonstrating that TP53 mutation
status had a positive predictive value (PPV) in primary
AML specimens of just 62% [30]. This observation is likely
due to the finding that p53 can be repressed by a myriad of
mechanisms other than mutation [46]. Three more recent
studies sought to identify gene expression signatures in
cancer cell lines and primary AML samples [30, 47, 48],
resulting in multigene signatures ranging from 4 to 1532
genes, and PPVs up to 82% when internally validated on
patient-derived tumor PDX models and ex vivo-treated
primary cells. Of note, miR-10a downstream targets
CDKN1a, MDM4, and TP53 were consistently among the
top genes that made up the predictive signatures. Indepen-
dent validation is required to confirm the predictive power
of multi-gene signatures to exclude model overfitting,
however, which is a significant risk [21]. An attempt to
independently validate the 4-gene signature in a subsequent
study [48] for example demonstrated a PPV no better than
using TP53 mutation status itself [30], and due to improper
training of the 13-gene signature [47] it could not be
independently validated at all [49]. Implementing gene
expression-based signatures in a clinical setting also
requires specialist diagnostic equipment and expertise and is
more expensive than measuring the expression of a single
biomarker. miRNAs have proven to be effective biomarkers
since they modulate many targets, often including several in
the same pathway as we have shown here, and can therefore
act as a surrogate marker for the activation of multiple
nodes of important gene networks [18, 24]. Here validation
using independent cell line datasets miR-10a demonstrated
a PPV of 86% in identifying lines with Nutlin-3a IC50

below the median, at a specificity of 94%. Data from
upcoming clinical trials will allow further independent
validation in additional patient cohorts. Also observed here
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was an association between miR-10a and response to
cytarabine-based therapy, with which MDM2 inhibition is
synergistic [50]. Previous studies that have investigated

miR-10a in this context have reported variable findings
[51–54]; for example, while Havelange et al. observed a
correlation between miR-10a expression and complete
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remission following idarubicin/cytarabine-based treatment
in de novo AML patients, little effect on cell proliferation or
apoptosis was observed when miR-10a was inhibited in
a cytarabine-treated p53-wildtype AML cell line [52]. In
other models however, miR-10a inhibition is associated
with sensitivity to other genotoxic chemotherapeutics
including gemcitabine [55], temozolomide [56], and cis-
platin [57]. Our data suggests a combination of miR-10a
inhibition, MDM2 inhibition, and cytarabine is potently
synergistic, however additional work may be required to
determine the exact conditions under which miR-10a can
modulate cytarabine sensitivity specifically.

MDM2 inhibitors such as Nutlin-3a trigger the rapid
intracellular accumulation of p53 resulting in the activa-
tion of one (or sometimes both) of the tumor suppressors’
contrasting canonical signaling networks – either cyto-
protective, promoting cell cycle arrest, autophagy, and
DNA repair, or cytotoxic, promoting cell death via the
activation of apoptosis [41, 58]. Cell fate depends heavily
on the status of key nodes within these signaling networks
[59], of which four – p21, Rb1, MDM4, and p53 itself –
we show here are both downstream targets of miR-10a as
well as important determinants of cellular sensitivity to
Nutlin-3a and cytarabine. miR-10a regulates cell cycle
inhibitor p21 by directly binding to and downregulating
it’s repressor TFAP2C [12], with miR-10a inhibition
ameliorating the ability of p53 to upregulate p21 in
response to genotoxic stress (Fig. 1b, c), coinciding with
an inability to initiate cell cycle arrest and the subsequent
activation of apoptosis (Fig. 7). These observations are
consistent with p21’s function as a key determinant of the
switch between p53’s cytoprotective and cytotoxic roles.
While the normal cellular response to sublethal DNA
damage is to trigger extended G1 arrest to allow cells an
opportunity for DNA repair, p21 ablation prevents this
block and results instead in repeated rounds of asyn-
chronized DNA replication leading to gross nuclear
abnormalities, mutation, and polyploidy, followed by the

subsequent activation of apoptosis by both transcriptional
and post-transcriptional means [39–41, 60].

We also demonstrated that miR-10a directly targets and
downregulates RB1CC1 [12], which plays an essential
role in the induction of autophagy in mammalian cells
[61]. The activation of autophagy normally results in
resistance to weak-to-moderate cytotoxic stressors,
including sublethal concentrations of chemotherapeutic
agents [62]. As with other stress response pathways,
autophagy is universally associated with cell cycle arrest,
requiring the induction of p21-mediated cellular senes-
cence for successful execution [38]. Here we showed that
loss of p21 coincided with the inhibition of autophagy
activation, as has been observed previously [63]. Both
RB1CC1 and fellow miR-10a target MDM4 play dual
roles in response to cell stress. When cell repair pathways
are overwhelmed by cytotoxic or genotoxic injury,
RB1CC1 switches from its canonical role as an inducer of
cytoprotective autophagy to one of classical tumor sup-
pressor and apoptosis inducer [25, 64, 65]. Similarly,
MDM4 normally cooperates with MDM2 to mediate p53
degradation [66], but in response to DNA damage it can
instead stabilize the secondary structure of TP53 mRNA
to promote its transcription [67, 68], as well as compete
with MDM2 for p53 binding to stimulate its stabilization
and relocalization to the cytoplasm [69] where it can
further contribute to apoptosis. For these reasons AML
cells that express high endogenous MDM4 levels under
genotoxic stress can be highly sensitive to MDM2 inhi-
bition [69]. Our data suggests that these mechanisms are
central to the efficacy of the miR-10a inhibitor/MDM2
inhibitor/cytarabine combination and result in a cellular
bias away from autophagy and towards apoptosis in both
our in vitro and in vivo models.

In AML MDM2 inhibition has shown useful activity as
both a single agent and with cytarabine, though thus far in
undefined clinical subgroups [70]. The data here suggest a
biomarker-driven approach using miR-10a may allow
optimal targeting of the most responsive patients in future.
While the use of miRNA inhibitors as therapeutic molecules
is still in its infancy, there have been a handful of successful
non-human primate in vivo studies and clinical trials that
have shown promise, combining efficacy with an acceptable
toxicity profile [71–73]. Further investigations into the use
of the described combined therapy, either to increase effi-
cacy or decrease the dose of either (or both) compound
while maintaining equivalent efficacy are therefore war-
ranted. This may represent an efficacious companion
biomarker-driven treatment strategy for a significant sub-
group of AML patients whose only moderately efficacious
first-line therapy has remain largely unchanged for several
decades.

Fig. 7 miR-10a regulates cell cycle arrest and apoptosis. a Sub-
sequent to the repression of autophagy and cell cycle arrest observed in
miR-10a-inhibited cells in response to Nutlin-3a and cytarabine
treatment, cells became apoptotic. These pro-apoptotic effects could be
recapitulated in the absence of miR-10a inhibition by knocking
down CDKN1a expression, or overexpressing RB1CC1. b, c NPM1wt

primary AML specimens with high (n= 4) or low (n= 4) endogenous
miR-10 expression (shown on right Y-axis of plot) were treated with a
low (IC25) does of Nutlin-3a, cytarabine, or Nutlin-3a+Cytarabine.
Those samples with low miR-10a expression exhibited significantly
higher levels of apoptosis (as measured by Annexin-V positivity (b))
and had significantly fewer cells arrested (c) in response to drugs
compared to specimens with high miR-10a expression. (*p < 0.05,
**p < 0.01; ***p < 0.001 by Student’s T test with error bars repre-
senting SD (3–6 replicates per experiment)).
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