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Introduction

MicroRNAs (miRNAs) are short (~22 nucleotide) single stranded 
non-coding RNA molecules that regulate translation and protein 
production by interfering with complementary seed sequences in 
target mRNA 3' untranslated regions (UTRs). The role of miR-
NAs in the pathogenesis of neoplasms has become increasingly 
appreciated in recent years, particularly as they show potential 
as biomarkers and drug targets in the search for new cancer 
therapeutics.1 For example, studies have shown miRNA expres-
sion signatures to surpass those of mRNA in predicting tissue of 
origin and cancer type in both solid tumors and hematological 
malignancies.2-4

miRNA (miR)-125b is one such miRNA that provides an 
attractive focus for further research, emerging as a key player in 
the pathology of numerous cancers, in particular hematologi-
cal malignancies.5 Several putative targets have been identified, 
including tumor suppressor p536 and pro-apoptotic Bcl-2 antago-
nist killer 1 (Bak1),7 suggesting that miR-125b acts as an onco-
genic miRNA, or “oncomiR.” Further to this, miR-125b appears 
to be frequently implicated in drug resistance8 and thus presents 

Dexamethasone is a key front-line chemotherapeutic for B-cell malignant multiple myeloma (MM). Dexamethasone 
modulates MM cell survival signaling but fails to induce marked cytotoxicity when used as a monotherapy. We demonstrate 
here the mechanism behind this insufficient responsiveness of MM cells toward dexamethasone, revealing in MM a 
dramatic anti-apoptotic role for microRNA (miRNA)-125b in the insensitivity toward dexamethasone-induced apoptosis. 
MM cells responding to dexamethasone exhibited enhanced expression of oncogenic miR-125b. Dexamethasone also 
induced expression of miR-34a, which acts to suppress SIRT1 deacetylase, and thus allows maintained acetylation 
and inactivation of p53. p53 mRNA is also suppressed by miR-125b targeting. Reporter assays showed that both these 
dexamethasone-induced miRNAs act downstream of their target genes to prevent p53 tumor suppressor actions 
and, ultimately, resist cytotoxic responses in MM. Use of antisense miR-125b transcripts enhanced expression of pro-
apoptotic p53, repressed expression of anti-apoptotic SIRT1 and, importantly, significantly enhanced dexamethasone-
induced cell death responses in MM. Pharmacological manipulations showed that the key regulation enabling complete 
dexamethasone sensitivity in MM cells lies with miR-125b. In summary, dexamethasone-induced miR-125b induces cell 
death resistance mechanisms in MM cells via the p53/miR-34a/SIRT1 signaling network and provides these cells with an 
enhanced level of resistance to cytotoxic chemotherapeutics. Clearly, such anti-apoptotic mechanisms will need to be 
overcome to more effectively treat nascent, refractory and relapsed MM patients. These mechanisms provide insight into 
the role of miRNA regulation of apoptosis and their promotion of MM cell proliferative mechanisms.
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an intriguing parallel to the function of another key miRNA, 
miR-34a.

miR-34a has shown deregulation in a diverse range of cancers 
through its role as a tumor suppressor.9,10 This activity appears, in 
part, to be due to the direct transactivation of miR-34a by pro-
apoptotic p53.11 In turn, miR-34a targets the 3'UTR of Sirtuin 
(SIRT)1, an anti-apoptotic histone deacetylase that itself binds to 
and deacetylates the C terminus of the p53 protein. Activation of 
this pro-apoptotic cell signaling loop causes disruption of SIRT1 
translation, promoting cell cycle arrest and ultimately apopto-
sis.12 The p53/miR-34a/SIRT1 network has now been well char-
acterized in solid tumors, including breast and neuroblastoma,13 
with emerging evidence of a role in leukemias, particularly 
chronic lymphocytic leukemia (CLL).14 Intriguingly, miR-34a 
also appears to confer a level of protection against drug resistance 
in various solid tumors, further highlighting its importance as a 
tumor suppressor.15,16

As yet, however, there has been little research into the role of 
either miR-125b or miR-34a in multiple myeloma (MM), despite 
this pathology sharing numerous characteristics with both solid 
and blood-borne malignancies. MM is characterized by a clonal 
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for apoptosis in response to induction chemotherapies, such as 
Velcade (bortezomib) or lenalidomide (Revlamid), through its 
anti-inflammatory properties. Dexamethasone is known to stim-
ulate plasma cell apoptosis in vivo and in vitro via pathways medi-
ated by anti-apoptotic Bcl2,21 while further in vitro studies have 
demonstrated a role for transcription factors NFκB and p53.20 
In patients, however, resistance to dexamethasone is a common 
problem, signifying a need to elucidate the cellular mechanisms 
of plasma cell drug resistance.22

Recently interest in hematopoietic cell miRNA expression in 
response to dexamethasone has increased, and there is evidence 
that miRNA can control sensitivity and resistance to dexametha-
sone in leukemic cell lines.23 Given the emerging data on miRNA 
regulation in response to dexamethasone, we took a microarray 
approach to investigate dexamethasone-induced miRNA in the 
dexamethasone-sensitive MM/B-lymphoblast cell line, MM.1S. 
Our findings led us to focus on miR-125b and the potential to 
exploit the p53/miR-34a/SIRT1 network to manipulate B-cell 
apoptosis to improve MM therapy.

Results

Dexamethasone fails to induce net cell death in human MM 
cells. Dexamethasone is well characterized as an anti-inflam-
matory and immunosuppressant through its repression of pro-
survival transcription factor NFκB expression.19,24 We found, 
however, that dexamethasone failed to induce greater than 
approximately 20% cell death over a range of concentrations and 
time points in the dexamethasone-sensitive MM/B-lymphoblast 

expansion of plasma cells in the bone marrow and accounts for 
approximately 1% of all cancer diagnosis.17 There is currently 
no cure for MM and, despite the recent addition of thalidomide 
derivatives, frontline induction therapy continues to follow a sim-
ilar regime to that seen in clinics over 50 y ago, including syn-
thetic glucocorticoids and potential bone marrow transplant.18 
Current treatment regimens favor the synthetic glucocorticoid 
dexamethasone (dex), which acts as an anti-inflammatory and 
immunosuppressant via the inhibition of NFκB.19,20 The exact 
mode of action for dexamethasone in MM is not fully under-
stood; however, it is thought to “prime” malignant plasma cells 

Figure 1. Dexamethasone fails to induce net cell death in multiple 
myeloma cells, despite repression of key anti-apoptotic genes. (A) Lumi-
nescent cell proliferation assays of dexamethasone-sensitive MM.1S and 
dexamethasone-resistant MM.1R cells with increased concentration and 
time of dexamethasone exposure. (B) qRT-PCR analysis of pro-survival 
Bcl2 and c-FLIP mRNA in response to dexamethasone (10 μM) over 
24 h in MM.1S and MM.1R cells. Values indicate the mean ± SEM from 
three independent experiments (statistical significance calculated by 
Student’s t-test, with p ≤ 0.05 indicated,*). (C) Western blot analysis of 
total Bcl2 and c-FLIP protein and nuclear phosphorylated p65 (p-p65) 
in response to dexamethasone (10 μM) over 48 h in MM.1S and MM.1R 
cells. Membranes were re-probed for β-actin to confirm equal loading. 
Values indicate optical density of each band expressed as a fold change 
of untreated cells.

Figure 2. miRNA profiling of multiple myeloma cells in response to 
dexamethasone reveals regulation of miR-125b and miR-34a. (A) qRT-
PCR analysis of 92 cancer-associated miRNAs in MM.1S cells in response 
to 8 h dexamethasone (10 μM). Values represent change in qRT-PCR 
cycle threshold normalized to an endogenous control (ΔCT). Dashed 
line indicates no change in expression. Open circles indicate miR-125b 
and miR-34a (labeled). (B) qRT-PCR analysis of miR-125b and miR-34a 
in response to dexamethasone (10 μM) over 24 h in MM.1S and MM.1R 
cells. Values indicate the mean ± SEM from three independent experi-
ments (statistical significance calculated by Student’s t-test, * indicates 
p ≤ 0.05).
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Unexpectedly, despite repression of its inhibitor SIRT1, 
tumor suppressor p53 also showed reduced mRNA and protein 
levels in response to dexamethasone over 24 h (Fig. 3C). This 
does, however, correspond with the early dexamethasone-driven 
induction of miR-125b, known to bind target sites in the p53 
3' UTR.6 Again, we utilized a chemiluminescent reporter gene 
assay to confirm the interaction between miR-125b and p53. 
MM.1S cells transfected with the pMIR-REPORT™-3' UTR-
p53 (Fig. 3E) plasmid showed decreased luciferase reporter activ-
ity relative to β-galactosidase when co-transfected with synthetic 
miR-125b-mimics, compared with MM.1S transfected with a 
non-target control plasmid or scrm-miRNA scrambled control 
(Fig. 3D).

miR-125b modulates expression of the p53/miR-34a/SIRT1 
signaling network. To determine if there is a relationship between 
novel regulation of miR-125b and the p53/miR-34a/SIRT1 sig-
naling network, MM.1S and MM.1R cells were transfected with 
synthetic miR-34a-mimics or anti-miR-125b-transcripts. We 
hypothesized that repression of oncomiR miR-125b activity and 
enhancement of tumor suppressor miR-34a activity would have 
equivalent effects on MM cells through their regulation of p53 
and SIRT1, respectively. In the presence of anti-miR-125b-tran-
scripts, p53 mRNA and protein expression was increased, while 
SIRT1 mRNA and protein was downregulated (Fig. 4A and C). 

cell line, MM.1S, compared with the dexameth-
asone-resistant MM.1R cell line (Fig. 1A). To 
further investigate the effect of dexamethasone 
on cell death we analyzed expression of key 
anti-apoptotic genes Bcl2 and c-FLIP,25 both of 
which showed a significant (p ≤ 0.001) reduction 
in mRNA expression over 24 h, compared with 
MM.1R (Fig. 1B). Repression of Bcl2 and c-FLIP 
protein in response to dexamethasone was con-
firmed between 24–48 h, along with repression 
of phosphorylated NFκB subunit p65 (p-p65) 
between 4–48 h (Fig. 1C). These apparent con-
tradictions in gene expression and cell-death 
response led us to further investigate the mecha-
nisms controlling dexamethasone-induced MM 
cell death.

Dexamethasone induces miR-125b and miR-
34a in human MM cells. To examine miRNA 
expression in MM.1S cells exposed to dexametha-
sone for 8 h, we utilized a commercial miRNA 
PCR array panel of 92 individual qRT-PCR prim-
ers for miRNA previously associated with cancer 
pathology and hematopoiesis. Despite a general 
trend for downregulation, there were high lev-
els of expression and significant upregulation of 
oncomiR miR-125b (p ≤ 0.01) and tumor-sup-
pressor miR-34a (p ≤ 0.001; Fig. 2A).

The functions and expression profile of miR-
125b and miR-34a are well characterized, both 
in hematological malignancies26,27 and solid 
tumors.9,28 Both have been implicated in NFκB 
signaling29,30 and are emerging as important play-
ers in the pathogenesis of multiple myeloma.26 We therefore chose 
to further investigate the expression of miR-125b and miR-34a 
in MM.1S cells in response to dexamethasone over a time course 
of 24 h. qRT-PCR revealed peak expression of both miRs at 4 
h post-dexamethasone, with basal expression levels returning by 
24 h, compared with no change in expression in dexamethasone-
resistant MM.1R cells (Fig. 2B).

Dexamethasone regulates the p53/miR-34a/SIRT1 signal-
ing network in human MM cells. miR-34a is a key component 
of the p53/miR-34a/SIRT1 signaling network, through which 
it is directly trans-activated by p53 and targets the expression of 
the p53 deacetylase, SIRT1. Analysis of SIRT1 mRNA and pro-
tein expression in MM.1S and MM.1R cells reveals a decrease 
over time following dexamethasone treatment in MM.1S (Fig. 
3A), coinciding with the induction of miR-34a expression (Fig. 
2B). This suggested targeting of the SIRT1 3' UTR by mature 
miR-34a, as shown previously.12 To confirm the interaction 
between miR-34a and the SIRT1 3' UTR, we utilized a chemilu-
minescent reporter gene assay. MM.1S cells transfected with the 
pMIR-REPORT™, 3' UTR-SIRT1 plasmid (Fig. 3E) showed 
decreased luciferase reporter activity relative to β-galactosidase 
when co-transfected with synthetic miR-34a-mimics, compared 
with MM.1S transfected with a non-target control plasmid or 
scrambled (scrm)-miRNA control (Fig. 3B).

Figure 3. Dexamethasone-induced miR-125b and miR-34a expression are responsible for 
repression of SIRT1 and p53 target mRNA. (A) qRT-PCR shows time-dependant repression 
of SIRT1 and (C) p53 mRNA levels in response to dexamethasone. Dexamethasone-resis-
tant MM.1R cells were used as a control. Insets show western blotting for SIRT1 and p53 
protein at 24 h. (B) Chemiluminescent plasmid reporter gene assays confirm targeting of 
a fragment of the SIRT1 3’ UTR following transfection with synthetic miR-34a-mimics and 
(D) targeting of the p53 3’ UTR following transfection with synthetic miR-125b-mimics, 
compared with a non-target control 3’ UTR or scrambled-miR in MM.1S cells. (E) Schemat-
ic representation of the reporter constructs created and used. Values indicate the mean ± 
SEM from three independent experiments (statistical significance calculated by Student’s 
t-test; *, indicates p ≤ 0.05).
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anti-miR-125b-transcripts or miR-34a-mimics stimu-
lated significantly (p ≤ 0.001) higher levels of cell death 
[approximately 60% compared with scrambled-miR 
and MM.1R controls (Fig. 5A)]. When the time course 
was extended to 72 h, the combination of dexametha-
sone and anti-miR-125b-transcripts enhanced further 
cell death [approximately 90% compared with scram-
bled-miR and MM.1R controls (Fig. 5B)]. Importantly, 
performing this experiment with anti-miR-34a-tran-
scripts or miR-125b-mimics produced opposing results, 
with a significant (p ≤ 0.05) increase in live cells in 
response to dexamethasone (Fig. S1A). Further mRNA 
and protein analysis revealed the mechanism of anti-
miR-125b-transcript enhancement of dexamethasone-
induced cell death to be the alteration of p53, miR-34a 
and SIRT1 levels. MM cells transfected with anti-miR-
125b-transcripts and then exposed to dexamethasone 
for 24 h, showed significant upregulation of p53 mRNA 
(p ≤ 0.05) and miR-34a (p ≤ 0.001), and downregula-
tion of SIRT1 mRNA (p ≤ 0.001; Fig. 5C). This altera-
tion by anti-miR125b-transcripts of the p53/miR-34a/
SIRT1 signaling network was also confirmed at the 
protein expression level (Fig.  5D). Again, contrasting 
results were observed when mRNA analysis was per-
formed following transfection with miR-125b-mimics 
and treatment with dexamethasone (Fig. S1B).

Ultimately the importance of our findings could 
only be confirmed by analysis of miR-125b and the 
p53/miR-34a/SIRT1 axis in primary human bone mar-
row derived from MM patients. Markedly enhanced 
dexamethasone-induced cytotoxicity, increased miR-
34a and decreased SIRT1 mRNA expression was 
observed in primary bone marrow cells from 6 MM 
patients transfected with anti-miR125b-transcripts 
(Fig. 6A and B). Interestingly we were unable to detect 
p53 expression by qRT-PCR in 4 of the 6 samples 
analyzed (data not shown). We therefore repeated the 
analysis of anti-miR-125b-transcript enhanced dexa-

methasone-induced cytotoxicity in the p53WT myeloma-derived 
B-lymphocyte cell line H929, and the p53MUT myeloma-derived 
B-lymphocyte cell lines U266 and LP-1, as classified by the 
IARC TP53 database.31 While H929 cells responded to the com-
bination of dexamethasone and anti-miR-125b-transcripts in the 
same way as the p53WT MM.1S cells, with enhanced cell death, 
increased miR-34a expression and repression of SIRT1 mRNA, 
the p53MUT U266 and LP-1 cells showed a trend toward increased 
cell proliferation but no significant change in miR-34a or SIRT1 
expression (Fig. 6C and D).

Nutlins are pharmacological agents that enhance p53 func-
tion by disrupting its interaction with the ubiquitin ligase 
MDM2. Here we observed that 16 h pre-treatment with 2.5 μM 
nutlin3 was capable of enhancing p53 mRNA and miR-34a levels 
and repressing SIRT1 mRNA levels in MM.1S cells (Fig. 7A). 
Manipulation of the p53/miR-34a/SIRT1 axis alone, however, is 
not sufficient to enhance dexamethasone-induced MM cell death 
(Fig. 7B), proving that the key to enable greater dexamethasone 

Figure 4. miR-125b and miR-34a have divergent effects on the p53/miR-34a/
SIRT1 signaling network in multiple myeloma cells. (A) qRT-PCR analysis reveals 
enhanced p53 and repressed SIRT1 mRNA expression in MM.1S and MM.1R cells 
following transfection with anti-miR-125b-transcripts or synthetic miR-34a-mim-
ics. (B) Transfection with anti-miR-34a-transcripts or synthetic miR-125b-mimics 
reveals an antagonistic effect. (C) Western blot analysis of total p53 and SIRT1 
protein expression correlate with mRNA in response to anti-miR-125b or miR-34a-
mimics in MM.1S and MM.1R cells. Values indicate the mean ± SEM from three 
independent experiments (statistical significance calculated by Student’s t-test; *, 
indicates p ≤ 0.05).

Similarly, the transfection of MM cells with synthetic miR-
34a-mimics resulted in an induction of p53 and repression of 
SIRT1 mRNA and protein (Fig. 4A and C). Importantly, trans-
fection of synthetic miR-125b-mimics or anti-miR-34a tran-
scripts produced antagonistic effects, impairing expression of p53 
mRNA while enhancing SIRT1 mRNA (Fig. 4B). Together with 
confirmation of 3' UTR targeting (Fig. 3), these results show 
a novel relationship between miR-125b and the p53/miR-34a/
SIRT1 signaling network.

miR-125b attenuates MM cell death in response to dexa-
methasone. We hypothesized that dexamethasone-induced 
miR-125b expression led to targeting of tumor suppressor p53 
and is therefore responsible for the net cell survival of MM.1S 
cells following dexamethasone treatment. To further address 
this, MM cells were again transfected with synthetic miR-
34a-mimics or anti-miR-125b-transcripts and treated with 
dexamethasone for 24 h. While neither mimic nor transcript 
had any significant effect on cell death in untreated cells at 
this time point, the combination of dexamethasone with either 
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suppressor miR-34a. Likewise, the net cell survival achieved fol-
lowing exposure to dexamethasone is paradoxical to the down-
regulation of pro-survival NFκB subunit p65 and the repression 
of anti-apoptotic Bcl2 and c-FLIP, but reflects levels of apop-
totic (sub-G

1
) MM1.S cells observed in previous dexametha-

sone studies using highly accurate flow cytometric analysis.37 
This also highlights the sensitivity of the luminescent cell death 
assay utilized, which quantifies metabolic activity of live cells as 
opposed to transient caspase activity of apoptotic cells, tradition-
ally measured in such studies. When presented together with the 
miR-125b-driven repression of tumor suppressor p53, however, 
our results appear to suggest a level of dexamethasone resistance 
coordinated through changes in miRNA expression.

sensitivity in MM cells lies with miR-125b, which is not 
regulated by nutlin3 (Fig. 7A). Indeed, the recent success-
ful MM chemotherapeutic bortezomib (Vecade) also acts 
to significantly (p ≤ 0.01) inhibit miR-125b expression in 
MM.1S and MM1.R cells over a range of concentrations 
(Fig. 7C), an effect that can be significantly enhanced by 
the addition of dexamethasone in dexamethasone-sensi-
tive MM1.S cells (p ≤ 0.001). Other recent potential MM 
chemotherapeutics, lenalidomide and ibrutinib,32 showed 
mixed effects on miR-125b levels (data not shown). This 
suggests a potential mechanism by which a synergism 
between bortezomib and dexamethasone is established 
and supports the notion that pharmacological targeting of 
miR-125b in vivo is a legitimate strategy in the battle to 
eradicate MM.

Discussion

Dexamethasone is routinely used as a front-line adjuvant 
therapy in combination with classic MM chemotherapies, 
but shows little cytotoxicity to MM cells on its own. In this 
study we have uncovered novel dexamethasone-induced 
p53/miR-34a/SIRT1 activity in the MM/B-lymphoblast 
cell line MM.1S and established important signaling 
mechanisms behind the net cell survival of MM cells 
when exposed to dexamethasone alone. Most importantly 
we have shown for the first time that the oncomiR miR-
125b can feed into this signaling network, targeting p53 
tumor suppressor function and effecting MM cell death 
response through SIRT1 expression. Crucially, the action 
of miR-125b can be repressed by transient transfection of 
anti-miR-125b-transcripts, which enhance p53 mRNA 
and protein levels and increase cell death in response to 
dexamethasone in both MM cell lines, and in primary 
MM patient samples. We propose that miR-125b is a key 
player in the delicate balance between net cell survival and 
net cell death in MM in response to dexamethasone and 
should therefore be the focus of future studies (Fig. 7).

Array analysis of miRNA expression in neoplastic tis-
sues, cell lines and in response to various chemotherapies 
is frequently used to elucidate potential disease biomark-
ers, and some of the earliest miRNAs to be classified as 
such were investigated in B-cell malignancies.33 Evidence 
has since emerged of a deregulation of miR-125b in cancerous 
B-cells, specifically during differentiation34,35 and pre-leukemic 
oncogenesis.27,30 Significantly, transgenic mice overexpressing 
miR-125b develop lethal B-cell malignancies, produce apoptosis-
resistant B-cells and display repression of a stress-induced p53 
target gene, Trp35inp1.36 In this study, we have shown a novel 
dexamethasone-induced upregulation of oncogenic miR-125b in 
a miRNA array of MM.1S cells. This further substantiates a role 
for miR-125b in B-cell malignancies, suggesting a function in 
the response to drug therapy, as well as the pathogenesis of MM.

The enhanced expression of dexamethasone-induced onco-
genic miR-125b we have observed in MM cells initially appeared 
inconsistent with the similarly enhanced levels of tumor 

Figure 5. Repression of miR-125b allows dexamethasone-induced cell death by 
enhancing tumor suppressor p53 expression in multiple myeloma cells. (A) Lu-
minescent cell death analysis shows significantly enhanced levels of dexameth-
asone-induced cell death in MM.1S cells transfected with anti-miR-125b-tran-
scripts or synthetic miR-34a-mimics after 24 h against a scrambled-miR control 
and compared with dexamethasone-resistant MM.1R cells. (B) Dexamethasone-
induced cell death is further enhanced with anti-miR-125b-transcript up to 72 
h after dexamethasone exposure in MM.1S cells. (C) qRT-PCR reveals regulation 
of the p53/miR-34a/SIRT1 signaling network in MM.1S cells transfected with 
anti-miR-125b and exposed to dexamethasone: p53 mRNA and miR-34a levels 
are enhanced, while SIRT1 mRNA is repressed. (D) Western blot analysis of total 
p53 and SIRT1 protein confirms divergent regulation, in response to anti-miR-
125b and dexamethasone. Dexamethasone-resistant MM.1R cells were used 
as a control. Values indicate the mean ± SEM from 3 independent experiments 
(statistical significance calculated by Student’s t-test; *, indicates p ≤ 0.05).
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p53 and GR-α in response to stress-induced endogenous glu-
cocorticoid release.41 Despite this, it is well established that 
the use of dexamethasone as an adjuvant therapy alongside 
primary chemotherapeutics in vivo is of benefit in multiple 
myeloma.18 Our work suggests, however, that dexamethasone 
will be of even greater use in combination with miR-125b 
inhibition.

The ability to reverse miRNA-driven drug resistance and 
induce apoptosis with the use of an inhibitor against miR-
125b has been demonstrated previously in vitro, in glioblas-
toma.42 Similarly, we have shown significantly enhanced 
dexamethasone-induced apoptosis in MM cells through anti-
miR-driven repression of miR-125b or enhanced expression 
of miR-34a through the use of synthetic mimics, an effect 
that can be countered with the use of anti-miR-34a tran-
scripts or miR-125b-mimics. This shift toward net cell death 
is time-dependant and correlates with significantly enhanced 
expression of p53 and downregulation of SIRT1 mRNA and 
protein. The ability to target disease-associated miRNAs in 
vivo has been proven, although remains a relatively novel 
field. For example, studies have shown reduced tumor bur-
den in vivo in chemotherapy-resistant cancers treated with an 
“antagomiR” against the oncogenic miRNA 17-5p-92 poly-
cistron.43 Similarly, antagomiRs against the pro-metastatic 
miR-10b have displayed a significant reduction in metasta-
sis and tumor size in vivo and, perhaps most promisingly, 
showed minimal toxic effects in animals treated.44 Contrary 
to our findings, recent studies have shown overexpression of 
miR-125b in vivo to have a protective effect, repressing cell 
growth and angiogenesis.45 The ability of miR-125b to func-
tion as both a tumor suppressor and oncomiR demonstrates 
an apparent inconsistency in miRNA function; however, this 
is to be expected due to the low-specificity binding potential 
of mammalian miRNAs and the numerous different tissues 
targeted. For example, it is possible that the role of miR-125b 
varies considerably between solid tumors and hematological 
malignancies due to the differing challenges of each micro-
environment. Similarly, it is likely that cancers lacking p53 
expression, or expressing a mutant variant, display differing 
miR-125b profiles due to the loss of a major miRNA target. 
As p53 mutations are relatively rare in MM at the point of 

initial diagnosis,46 and we were consistently able to detect p53 
mRNA and protein expression in our p53WT MM cell lines, we 
are confident that miR-125b provides a viable oncogenic target for 
potential future in vivo experimentation in MM. Importantly, by 
investigating dexamethasone-induced cell death and the expres-
sion of the p53/miR-34a/SIRT1 signaling network in both p53WT 
and p53MUT cell lines, we have revealed a potential requirement 
for p53 expression for optimum response to dexamethasone. It 
is of note that there was no difference in response to combined 
dexamethasone and anti-miR-125b treatment in the six primary 
MM patient samples tested, despite an inability to detect p53 
expression via qRT-PCR in 4 out of the 6 samples. This, com-
bined with the relative rarity of p53 mutations in early stage MM, 
allows us to hypothesize that these samples were expressing p53, 
but at levels too low detect via mRNA analysis.

Both miR-125b and miR-34a have been previously implicated 
in drug resistance in solid tumors and leukemia.28,38 miR-34a, 
for example, has been shown to enhance the chemo-sensitivity 
of paclitaxel-resistant prostate cancer cells through decreased lev-
els of SIRT1 and Bcl2,39 while upregulation of miR-125b con-
fers paclitaxel-resistance to breast cancer cells through targeting 
of a pro-apoptotic Bcl2-family members.7 This demonstrates a 
clear potential for activity of miR-125b and the p53/miR-34a/
SIRT1 signaling network, and its downstream targets, in drug 
response and resistance. Similarly, activation of GR-α, the glu-
cocorticoid receptor to which dexamethasone binds, has been 
found to have protective effects on cancer cells, albeit in solid 
tumors.40 Interestingly, this may provide some explanation for 
the enhanced p53 response observed in GR-α-null MM1.R cells 
(Fig. 4A) in addition to the loss of negative crosstalk between 

Figure 6. miR-125b modulates expression of the p53/miR-34a/SIRT1 
signaling network and dexamethasone-induced cell death in primary 
MM samples and is dependent on p53WT expression. (A) Luminescent cell 
death analysis reveals enhanced dexamethasone-induced cell death with 
anti-miR-125b-transcript in six primary bone marrow MM patient samples. 
(B) qRT-PCR reveals regulation of the p53/miR-34a/SIRT1 signaling network 
in the same primary MM patient samples: miR-34a levels are enhanced, 
while SIRT1 mRNA is repressed. (C) Luminescent cell death analysis reveals 
enhanced dexamethasone-induced cell death with anti-miR-125b-transcript 
in p53WT MM cell lines while p53MUT MM cells are unable to respond. (D) A 
similar lack of response to anti-miR-125b-transcripts and dexamethasone 
exposure is seen in the regulation of miR-34a expression and SIRT1 mRNA 
levels in p53MUT compared with p53WT cell lines. Values indicate the mean ± 
SEM from three independent experiments (statistical significance calculated 
by Student’s t-test; *, indicates p ≤ 0.05).
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expression of key miRNAs, in conjunction with dexamethasone 
and other front-line therapeutics. Likewise, future work should 
focus on the expression profile of miR-125b and the p53/miR-
34a/SIRT1 axis in in vivo models of MM to better understand 
the discrepancy between oncogenic and tumor suppressor func-
tions of these genes.

In summary, we have highlighted the importance of the p53/
miR-34a/SIRT1 signaling network in MM, in response to front-
line therapy dexamethasone. We have shown that miR-125b func-
tions as an oncomiR in the MM/B-lymphoblast cell line, MM.1S 
and in MM patient cells, and revealed enhanced cell death when 
dexamethasone is used in combination with anti-miR-125b-tran-
scripts. We propose that miR-125b feeds into the p53/miR-34a/
SIRT1 axis by targeting the 3' UTR of p53 controlling a delicate 
balance between net cell survival and net cell death that needs to 
be exploited to develop better MM chemotherapies in the future.

Perhaps unsurprisingly, the primary MM chemotherapies 
used in conjunction with dexamethasone, lenalidomide and 
bortezomib have also been found to influence the expression 
of the p53/miR-34a/SIRT1 signaling network. For example, 
lenalidomide promotes degradation of p53 protein by stabiliz-
ing its endogenous inhibitor MDM2,47 while bortezomib sta-
bilizes p53 itself and enhances DNA binding.48 Interestingly, 
expression profiles of p53 have proven to be predictive of poor 
response to lenalidomide and dexamethasone treatment in 
relapsed/refractory MM, further confirming a pivotal role 
for p53 in response to MM therapies.49 A recent study aim-
ing to stabilize miR-34a/p53 expression in lymphoma B-cells 
overexpressing oncogenic Myc revealed unexpected repression 
of steady-state p53 in response to miR-34a-mimics, while the 
converse inhibition of miR-34a lead to enhanced sensitivity to 
bortezomib.50 This hints at a level of complexity not yet under-
stood and suggests that miRNA function is highly dependent 
on cell and tissue type, disease state and previous exposure to 
chemotherapies.

As our understanding of the complexities of miRNA function 
and our ability to successfully target miRNAs in vivo is still in 
its infancy, it is important to investigate novel chemotherapies 
that may provide the desired effect on miR-125b expression and 
the p53/miR-34a/SIRT1 signaling network without the need 
for intensive clinical studies. For example, a recent study has 
shown repression of SIRT1 and induction of miR-34a resulting 
in synergistic induction of apoptosis in CLL cells in response to 
safe and inexpensive nicotinamide therapy alongside front-line 
chemotherapies.14 Similarly, the classic topoisomerase I inhibi-
tor camptothecin has been shown to downregulate miR-125b 
expression during apoptosis of CML cells, while ectopic expres-
sion of miR-125b was able to reverse the apoptotic response.51 We 
believe promising results may be found through the screening of 
novel, but clinically available, MM drugs for their effect on the 

Figure 7. A potential role for miR-125b in the p53/miR-34a/SIRT1 
signaling network in MM. (A) qRT-PCR reveals regulation of the p53/
miR-34a/SIRT1 signaling network following direct p53 stabilization 
and activation by 16 h nutlin3 pre-treatment before a further 24 h 
exposure to dexamethasone. (B) Luminescent cell death analysis 
reveals nutlin3 pre-treatment to have no effect of on dexametha-
sone-induced cytotoxic responses. (C) qRT-PCR reveals the effect 
of bortezomib treatment on miR-125b levels in MM.1S cells is 
dose-dependent, and can be significantly enhanced by addition of 
dexamethasone, compared with MM.1R cells. (D) Proposed scheme 
of how the p53/miR-34a/SIRT1 signaling network is regulated by 
dexamethasone in MM and intervention of miR-125b. Several solid 
tumors and hematological malignancies, display a balance between 
net cell survival and net cell death.13,14 Tumor suppressor p53 tran-
scription factor transactivates pro-apoptotic miR-34a, that in turn 
targets numerous 3’ UTR sites of pro-survival histone deacetylase 
SIRT1. Active SIRT1 deacetylates p53’s C terminus to prevent its 
transcriptional activity. Dexamethasone represses numerous pro-
survival proteins; however, MM cells exposed to dexamethasone 
demonstrate only low levels of cell death. Dexamethasone induced 
expression of oncogenic miR-125b triggers net cell survival in MM 
cells by targeting p53. We show here that repression of miR-125b 
activity with synthetic anti-miRs enhances p53 expression, shifting 
the balance back toward net cell death.
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viability was measured using the CellTiter-Glo® Luminescent 
Cell Viability Assay (Promega) as per the manufacturer’s instruc-
tions. Luminescence was measured with the FLUOstar Omega 
Microplate Reader (BMGLabtech).

Chemiluminescent reporter gene assay. A 750 nucleo-
tide fragment of the SIRT1 3' UTR with predicted miR-34a 
interaction regions, or the entire p53 3' UTR, was amplified 
from human genomic DNA, using the following PCR prim-
ers: SIRT1; forward 5'-AAAGAGCTCT CAGGGAGAAT 
AATTCTGATA GTGC-3' and reverse 5'-AATAAGCTTT 
ACTCATAATC CTGTCATTTG TCTTCG-3'; p53; forward 
5'-AAAGAGCTCC ATTCTCCACT TCTTGTTCCC-3' and 
reverse 5'-AATAAGCTTC ACCCCTCAGA CACACAGG-3'. 
The 3' UTR fragments were then subcloned into the SacI/
HindIII site in the expression vector pMIR-REPORT™-
Luciferase (pMIR-REPORT™, 3' UTR-SIRT1/p53; Applied 
Biosystems). 2 × 106 MM.1S cells were transfected with a total 
of 500 ng DNA (250 ng pMIR-REPORT™, Luciferase or 
pMIR-REPORT™-3' UTR-SIRT1/p53 and 250 ng pMIR-
REPORT™, β-galactosidase control plasmid) with 30–50 nM 
miR-34a or miR-125b mimic (Ambion® Life Technologies). 
Luciferase and β-galactosidase activities were measured 48 h 
after transfection using the Dual-Light® Chemiluminescent 
Reporter Gene Assay System Kit (Promega) with the EnVision 
2103 Multilabel Plate Reader (Perkin Elmer).

Western immunoblotting. Protein fractions were extracted 
from MM.1S and MM.1R cells using the NE-PER Nuclear and 
Cytoplasmic Extraction Kit (Thermo Scientific) according to the 
manufacturer’s instructions. SDS/PAGE and western blot analy-
ses were performed as described previously.54-56 ECL detection 
using Pierce ECL Western Blotting Substrate (Thermo Scientific) 
and subsequent quantification were performed with the Chemi-
Stage CC-16 mini imaging system (Fujifilm).
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Materials and Methods

Materials. All antibodies were obtained from Santa Cruz 
Biotechnology (Santa Cruz). Ambion® Anti-miR-125b inhibi-
tor and mirVana™ miR-34a mimic sequences were purchased 
from Invitrogen Life Technologies. All other reagents were 
obtained from Sigma-Aldrich, unless stated otherwise. All 
MM/B-lymphoblast cell lines were obtained from the European 
Collection of Cell Cultures, with cell identity authenticated by 
cytogenetic analysis. Cells were cultured in the laboratory for a 
maximum of 6 mo post-revival from liquid nitrogen storage to 
ensure low passage number and retention of their true character-
istics, testing regularly for Mycoplasma infection.

Cell culture. Primary MM cells were obtained under local 
ethical approval (LREC ref. 07/H0310/146) and processed as 
described.32 MM.1S and MM.1R MM cell lines were cultured in 
a humidified atmosphere at 37°C with 5% CO

2
 in RPMI-1640 

containing L-Glutamine from Gibco Life Technologies supple-
mented with 10% fetal bovine serum (FBS).52

Transient transfection of miRNA mimic and anti-miR tran-
scripts. MM.1S and MM.1R cells were transfected with 30 nM 
Ambion® anti-miR-125b or anti-miR-34a inhibitor, or mirVana™ 
miR-34a or miR-125b mimic transcripts by nucleofection using 
the Amaxa™ Nucleofector™ according to manufacturer’s instruc-
tions (Lonza Biologics). Cells were maintained for 24 h post-trans-
fection before further treatment and RNA or protein extraction.

RNA extraction and quantitative real-time-PCR. Total 
RNA was extracted from 1 × 106 MM cells using Total RNA 
Lysis Solution (Applied Biosystems) and the mirVana™ 
miRNA Isolation Kit (Ambion® Life Technologies), accord-
ing to the manufacturer’s instructions. Reverse transcription 
of total RNA (containing miRNA) to cDNA was performed 
using the miScript II RT Kit (Qiagen). Relative quantita-
tive real-time PCR (qRT-PCR) using LightCycler® 480 SYBR 
Green I Master (Roche) was performed on cDNA produced via 
the reverse transcription reaction using real-time PCR prim-
ers purchased from Invitrogen. Primer sequences are as fol-
lows: GAPDH, forward 5'-ACCAGCCTCA AGATCATCAG 
C-3' and reverse 5'-TGCTAAGCAG TTGGTGGTGC-3'; 
SIRT1, forward 5'-GCGATTGGGT ACCGAGATAA-3' 
and reverse 5'-TTGCATGTGA GGCTCTATCC-3'; 
Bcl2, forward 5'-CACCTGTGGTCCACCTGAC-3' and 
reverse 5'-AGCTGGCTGG ACATCTCG-3'; p53, for-
ward 5'-CCCCAGCCAAAGAAGAAAC-3' and reverse 
5'-GCCCACGGAT AAT-3'. qRT-PCR of miRNA was per-
formed as above with miScript Universal Primer (Qiagen) and 
the OncomiR collection Cancer miRNA qPCR Array (SBI). 
After pre-amplification (95°C for 2 min) the cDNA was ampli-
fied for 45 cycles (95°C for 15 sec, 60°C for 10 sec, 72°C for 10 
sec) on the Roche LightCycler® 480 Real-Time PCR system as 
described.53 Gene expression was analyzed using the comparative 
cycle threshold algorithm (ΔΔC

T
); mRNA expression was stan-

dardized against GAPDH expression, while miRNA expression 
was standardized against U6 snRNA expression.

Luminescent cell death analysis. 1 × 105 MM.1S and MM.1R 
cells were treated with dexamethasone as described above. Cell 
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