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Background: Meta-analysis shows that women with diabetes have a 20% increased risk of breast cancer and also an increased risk
for distant metastasis and mortality. The molecular mechanisms for distant metastasis and mortality in breast cancer patients with
diabetes are not very well understood.

Methods: We compared the effect of physiological (5 mM) and diabetic (10 mM) levels of glucose on malignant breast epithelial
cell invasion and stemness capabilities. We performed microRNA array to determine the dysregulated microRNAs in
hyperglycaemic conditions and performed functional and molecular analysis of the gene targets.

Results: Hyperglycaemia leads to hyperactivation of cancer stem cell pool and enhances invasive ability of breast cancer cells.
MiR-424 seems to be a key regulator of cancer cell stemness and invasion. Knockdown of miR-424 in cancer cells under
euglycaemic conditions leads to enhanced invasion and stem cell activity, whereas ectopic expression of miR-424 in cancer cells
under hyperglycaemic conditions results in suppressed invasion and stem cell activity. Cdc42, a target of miR-424, influences
cancer stem cell activity by positively regulating prdm14 through activation of pak1 (p-21-activated kinase 1) and stat5.

Conclusions: Our findings establish miR-424-cdc42-prdm14 axis as a key molecular signalling cascade that might influence
breast cancer progression in diabetic patients through hyperactivation of cancer stem cells.

Epidemiological findings suggest a strong association between
diabetes mellitus (DM) and poor prognosis of breast cancer
(Giovannucci et al, 2010). Emerging lines of evidence suggests that
pre-existing diabetes increases the probability of distant metastasis
in breast cancer patients and reduces the overall survival

(Giovannucci et al, 2010). It is believed that altered blood glucose
levels can influence the metabolic reprogramming of the cancer
cells. In this regard, several factors like the glucose transport
channels, and glycolytic and glutamine pathways have been
suggested to have a major role (Li et al, 2016).
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MicroRNAs are non-coding, single-stranded RNAs that are
20–23 nucleotides in length and are evolutionarily conserved.
MicroRNAs are thought to regulate gene expression by reducing
the stability of mRNA or by inhibiting translation of a particular
target gene through binding of its seed sequence to complementary
sequence located at the 30-untranslated region (UTR) of the target
gene (Esquela-Kerscher and Slack, 2006; Cho, 2007; Voorhoeve
and Agami, 2007). We here demonstrate a tumour-suppressive role
for miR-424, which is significantly downregulated in malignant
breast epithelial cells under hyperglycaemic (HG) condition. MiR-
424 is an intergenic microRNA belonging to the miR-424/503
cluster, which is an integral component of the cell cycle arrest
program in mammary epithelium (Llobet-Navas et al, 2014a, b).
MiR-424 has tumour-suppressive properties in breast (Llobet-
Navas et al, 2014; Zhang et al, 2015), endometrial (Li et al, 2015;
Zhang et al, 2015), renal (Chen et al, 2013), ovarian clear cell (Wu
et al, 2017), bladder carcinomas (Wu et al, 2015) and osteosarcoma
(Long et al, 2013). Contrasting evidence suggests miR-424 to
favour prostate cancer (Dallavalle et al, 2016) and the process of
epithelial–mesenchymal transition in breast cancer (Drasin et al,
2015).

In this study, we show that glycaemic levels can negatively
influence the expression of miR-424. We also identified comple-
mentarity between miR-424 and promoter sequence of cdc42 (cell
division control 42). Cdc42 is a small 21 kDa Rho-GTPase that has
been associated with enhanced invasive abilities of cancer cells and
is often hyperactivated in breast tumours (Fritz et al, 1999, 2002;
McHenry and Vargo-Gogola, 2010). We here demonstrate that in
hyperglycaemia, impaired inhibitory regulation of miR-424 on
cdc42 leads to the activation of prdm14 (PR-domain containing
14). Prdm14, a transcription regulator is a part of the embryonic
core regulatory circuit involving Sox2, Nanog and Oct4 (Yamaji
et al, 2013). Prdm14 is thought to repress differentiation and
support the maintenance of pluripotency.

Our findings in the current study establish a role for reduced
miR-424 under hyperglycaemic condition leading to (a) promotion
of invasive abilities of breast cancer cells and (b) hyperactivation of
the breast cancer stem cell (CSC) pool. It also suggests a molecular
mechanism that can be explored further to improve the prognostic
outcomes of breast cancer patients with diabetes.

MATERIALS AND METHODS

Cell lines. MDA-MB-231 (ATCC, Manassas, VA, USA; HTB-26),
triple-negative metastatic breast cancer cell line, and MCF-10A
(ATCC CRL 10317), non-malignant breast epithelial cell line, were
purchased from ATCC and maintained in media containing
normal physiological levels (NMLs) of glucose (5 mM). The cells
were also cultured in 10 mM glucose containing media to mimic
hyperglycaemia (HG).

Transfections and stable cell lines. Stable cell lines overexpres-
sing miR-424 (miR-424-MDA231 and miR-424-MCF10A) and
miR-424 knockdown (anti-miR-424-MDA231 and anti-miR-424-
MCF10A) were generated from parental MDA-MB-231 and MCF-
10A cell lines. Both MDA-MB-231 and MCF-10A cell lines were
transfected with miR-424-overexpressing vector (pEZX-MR04; cat.
no. HmiR-R0396-MR04; Genecopoeia, Rockville, MD, USA) and
inhibitor containing vector (pEZX-AM01; cat. no. HmiR-AN0494-
AM01; Genecopoeia). Stable clones with miR-424 overexpression
and knockdown were drug selected using puromycin (5mg ml� 1;
cat. no. A11138-03; Invitrogen, Carlsbad, CA, USA). MDA-MB-
231 were also transfected with short interfering RNA (siRNA) for
cdc42 (cat. no. SR300714; Origene, Rockville, MD, USA) and
plasmid vector harbouring open reading frame for cdc42 (cat. no.
RC214076; Origene). For prdm14 promoter reporter assay, pEZX-

PG04 plasmid vector containing PRDM14 promoter with Gaussia
luciferase (cat. no. HPRM19109-PG04; Genecopoeia) as the
reporter gene was used. All plasmid DNA and siRNA transfections
were performed using Lipofectamine 2000 transfection reagent
(cat. no.11668019; Invitrogen) and Lipofectamine RNAiMAX
transfection reagent (cat. no. 13778150), respectively, as per the
manufacturer’s instruction.

In situ hybridisation. miR-424 was detected in live cells using
SmartFlare RNA Detection Probes (EMD Millipore, Billerica, MA,
USA). Briefly, cells in both NML and HG conditions were
incubated with miR-424-specific Cy-5-labelled RNA Detection
Probe (cat. no. SF-408; EMD Millipore) overnight. The cells were
imaged the following day using an inverted fluorescent microscope
(Floid Imaging Station; Life Technologies, Carlsbad, CA, USA).

30-UTR luciferase reporter assay. miR-424-MDA-231 cells were
transfected with plasmid vector harbouring the wild-type 30-UTR
(cat. no. HmiT023455-MT06; Genecopoeia) or mutant 30-UTR of
CDC42 (cat. no. CS-HmiT023455-MT06-01; Genecopoeia) using
Lipofectamine 2000 transfection reagent (cat. no.11668019;
Invitrogen). Luminescence was analysed after 48 h using Dual
Luciferase Detection Kit (cat. no. LPFR-P030; Genecopoeia).

Immunoblotting. Proteins from whole-cell lysates for western
blotting were extracted with mammalian protein extraction reagent
(cat. no. 78501; Thermo Scientific, Rockford, IL, USA), resolved on
SDS–PAGE and transferred to polyvinylidene fluoride (PVDF; cat.
no. IPVH00010; EMD Millipore) membrane. The membranes were
then blocked with 5% bovine serum albumin (BSA; cat. no. A7906;
Sigma-Aldrich, St Louis, MO, USA) in Tris-buffered saline with
0.1% Tween-20 (TBST) for 1 h at room temperature. The
membranes were then incubated with primary antibody for 1 h
at room temperature, followed by rinsing of unbound antibody
with TBST and incubating the membranes with appropriate
horseradish peroxidase-conjugated secondary antibodies. Primary
antibodies for Cdc42 (cat. no. ab64533; Abcam, Cambridge, UK),
E-cadherin (cat. no. 3195S, Cell Signaling, Danvers, MA, USA),
vimentin (cat. no. 5741S; Cell Signaling), p-PAK1 (p-21-activated
kinase 1) (cat. no. ab40852; Abcam), LIMK1 (cat. no. ab95186;
Abcam), prdm14 (cat. no. ab91587; Abcam), caspase-3 (cat. no.
C8487; Sigma-Aldrich) and b-actin (cat. no. A1978; Sigma-
Aldrich) were used. Protein expression was detected using
SuperSignal West Femto Maximum Sensitivity Substrate (cat. no.
34095; Thermo Scientific) and the membranes were imaged for
chemiluminescence using the ImageQuant LAS 4000 Imager (GE
Healthcare Life Sciences, Bio-Sciences, Pittsburgh, PA, USA).

Active cdc42 pull-down assay. Guanosine-50-triphosphate
(GTP)-bound cdc42 was detected using Pull-Down and Detection
Kit (cat. no. 16119; Thermo Scientific). Proteins from whole-cell
lysates for immunoprecipitation were used. Active cdc42 was
pulled down using 20 mg of GST-Pak1-PBD (Pak1 protein-binding
domain). The pulled down lysate along with total lysate (input)
was then resolved on a SDS–PAGE and transferred to a PVDF
membrane. The membrane was processed as per regular
immunoblotting protocol and probed with anti-cdc42 antibody
provided with the kit. GTPgS or GDP were used as positive and
negative controls in the assay.

MicroRNA reverse transcription–PCR array. To analyse the
altered microRNAs (associated with breast cancer) in response to
hyperglycaemia, a miScript miRNA PCR array was performed (cat.
no. MIHS-109Z; Qiagen, Germantown, MD, USA). Good quality
RNA (1 mg) was used to generate cDNA using RT2 miRNA First
Strand Kit (Qiagen). The cDNA generated was used to perform the
PCR. Data were normalised with the six snoRNA/snRNA miScript
PCR controls provided in the array. Data analysis was performed
using the 2�DDCT relative quantification method.
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Real-time quantitative reverse transcription–PCR. Total RNA
was extracted using the Trizol reagent (cat. no. 15596-018; Life
Technologies) from both cell lines and xenograft tumours. To
analyse the expression of miR-424, cDNA was prepared from RNA
(500 ng per reaction) using miScript II RT Kit (cat. no. 218161;
Qiagen). The quantitative reverse transcription–PCR (qRT–PCR)
was performed using miScript SYBR Green PCR Kit (cat. no.
204141; Qiagen) on a StepOnePlus Real-Time PCR System
(Applied Biosystems, Carlsbad, CA, USA). Complementary DNA
(2 ml per reaction) was used with miR-424-specific primers
(SABiosciences, Qiagen). RNU6-2 and SNORD91 were used as
internal controls. The data were analysed using the 2�DDCT

relative quantification method.

Sphere-forming assay. For sphere-forming assays, the cells were
grown in serum-free DMEM media supplemented with B-27 (cat.
no. 12587010; Gibco Life Technologies, Grand Island, NY, USA)
and MEGM SingleQuots (cat. no. CC-4133; Lonza, Basel, Switzerland).
The assay was established using 5000 cells per well on ultra-low
attachment 6-well plates (Corning, Corning, NY, USA; cat. no.
3471). Cultures were terminated after 5–7 days and analysed under
a phase contrast light microscope for sphere formation (Nikon
Eclipse TS100; Nikon, Tokyo, Japan).

Flow cytometric analysis. Flow cytometric analysis was per-
formed to analyse the percentage of CD44þ /CD24� /low cells. Post
trypsinisation, the cells were probed with anti-CD44-FITC (cat. no.
555478; BD Biosciences, San Jose, CA, USA) and CD24-PE (cat.
no. 555428; BD Biosciences) after fixing and blocking with 5%
formaldehyde and 0.1% BSA, respectively. After incubating for
30 min at room temperature, the cells were rinsed with 1� PBS
once before acquisition and analysed using flow cytometer (cat. no.
653118; Accuri C6; BD Biosciences). Unstained and single stained
cells for CD44 or CD24 were used as compensation controls.

Immunohistochemistry. Formalin-fixed, paraffin-embedded
xenograft tumour sections were used for immunohistochemical
(IHC). Briefly, the paraffin sections were deparaffinised and the
antigens were unmasked using Trilogy (cat. no. 920P-10; Cell
Marque, Rocklin, CA, USA). The sections were then blocked for
endogenous peroxidase and non-specific antibody binding before
being probed with primary antibodies against Ki67, active caspase-
3, vimentin, E-cadherin, Cdc42 and p-pak1. The signals from
primary antibody were detected using mouse/rabbit polyscan HRP/
DAB Detection System (cat. no.956D-40; Cell Marque). The
sections were counterstained with haematoxylin, followed by
treatment with bluing agent. The sections were imaged using
upright microscope (Eclipse 50i; Nikon). The images were analysed
and documented using NIS Element Imaging Software (Nikon).

Immunofluorescence. Cells seeded in an 8-well chamber slide
were fixed and blocked using 5% formaldehyde and 5% BSA,
respectively. They were then stained with antibodies against stat5
(cat. no. sc-836; Santa Cruz, Dallas, TX, USA) and pak1 (cat. no.:
ab40852; Abcam). Alexa Fluor 488- and 594-tagged secondary
antibodies raised in species appropriate for the primary antibody
were used followed by counterstaining with DAPI. All slides were
examined using a confocal microscope (Nikon Eclipse Ti; Nikon).

Animals and xenograft assays. All the animal studies conducted
were approved by TTUHSC-Institutional Animal Care and Use
Committee. Animals used in the study were cared as per the
Institutional guidelines. Six- to seven-week-old female athymic
nude mice were obtained from Envigo (Indianapolis, IN, USA). All
animals used were at the age of 10–12 weeks at the time of
transplantation. Experimental group animals (n¼ 6) were sub-
cutaneously transplanted with MDA-MB-231 cells stably over
expressing miR-424 (0.5� 106 cells per flank). Control group
(n¼ 6) animals were transplanted with MDA-MB-231 containing

the empty vector (EV). The animals were followed till 10 weeks
post transplantation. Tumour volumes were calculated according
to the formulae 4/3p� r1

2� r2. After killing the animal, the
tumours were surgically excised, weighed, formalin fixed for IHC
and snap frozen for RNA and protein studies.

Metastasis assay. Female athymic nude mice 10–12 weeks of age
were used for the assay. Anti-miR-424-MDA231 (n¼ 3) and EV
(n¼ 3) containing cells were injected non-surgically through the
tail vein route. The animals were weekly monitored for body
weight until 8 weeks before terminating them. Necropsy was
performed to obtain lung, live, brain, heart and mammary gland
for the control and experimental animals.

Invasion assay. Invasive ability of the cells was assessed by
performing transwell Matrigel-based invasion assay. Cells in
0.2% FBS were seeded at a density of 8� 104/well in the upper
chamber of 6.5 mm transwell with 8.0 mm pore polycarbonate
membrane inserts (Corning) coated with the Matrigel (cat. no.
354234; BD Biosciences). Media containing 10% FBS was added to
the lower chamber. After 48 h of incubation in 37 1C/5% CO2,
cultures were terminated; the Matrigel from the upper chamber
was gently scrapped using Q-tips. The inserts containing invaded
cells on the side of the membrane facing the lower chamber was
rinsed with 1� PBS and fixed with 4% paraformaldehyde. They
were then stained with 0.1% crystal violet stain for 24 h at 4 1C
before washing the inserts well with tap water and imaging the
inserts under inverted phase contrast microscope (Eclipse Ti;
Nikon).

CSC transcription factor array. CSC Transcription Factor (TF)
Profiling Plate Array (cat. no. FA-1004; Signosis Inc., Santa Clara,
CA, USA) was used to find TFs affected by miR-424. Briefly,
biotin-labelled probes specific for TF DNA binding sites were
incubated with cell nuclear extract. The TF–probe complex was
separated from the unbound probes using a spin column. Finally,
the bound probes were detached from the complex and were
allowed to hybridise in the wells precoated with complementary
sequence to the probes. Detection of the bound probe was read in a
luminometer (Clariostar, BMG Labtech, Cary, NC, USA).

In silico analysis. Predictive miR-424 binding site on CDC42
30-UTR were identified by using the TargetScan online portal
(http://www.targetscan.org/;version6.2). The predictions were also
validated using other online platforms like miRbase and
microRNA.org.

Statistical analysis. Data are represented as mean±s.d. and
analysed by paired Student’s t-test. Po0.05 was considered as
statistically significant.

RESULTS

Hyperglycaemia promotes invasion and stemness in breast
cancer cells. To investigate the effect of hyperglycaemia on triple-
negative breast cancer (TNBC) cells; invasion and sphere-forming
assays were performed. Our findings suggest that hyperglycaemia
enhances the invasive behaviour of highly metastatic TNBC cells
compared with euglycaemic controls (Figure 1A and B). Non-
malignant breast epithelial cell line, MCF-10A, under hypergly-
caemia also seems to have a similar effect on invasion
(Supplementary Figure S1A). Further, it was also noted that
hyperglycaemia promoted expansion of stem cell population in
TNBC cells. Flow cytometric analysis of CD44þ /hi/CD24� /low cells
revealed that hyperglycaemia promoted CSCs in TNBC cells
(Figure 1C and D). These data were further supported by sphere
formation assay (Figure 1E). An increase by two-fold in the sphere-
forming ability in hyperglycaemic conditions indicated an elevated
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CSC activity (Figure 1E and F). Self-renewing ability of TNBC stem
cells was also increased significantly under hyperglycaemic
condition compared with cells under euglycaemic conditions
(Figure 1G). This set of data suggested that hyperglycaemic
environment could potentially help cancer cells to attain more
aggressive traits by promoting cancer stemness and invasiveness.
Similar observations for stem cell activity were made in non-
malignant epithelial cells as well (Supplementary Figure S1B).
However, no changes were observed in self-renewal ability of non-
malignant breast epithelial cells under hyperglycaemic compared
with euglycaemic conditions (Supplementary Figure S1C).

Hyperglycaemia alters microRNA profile in TNBC cells. To
analyse the impact of hyperglycaemia on global microRNA
expression in TNBC cells, RT–PCR-based microRNA array was
performed. MicroRNA profiles of MDA-MB-231 cells under
hyperglycaemia were analysed and compared with cells under
euglycaemic condition. MiR-424 was found to be one of the most
significantly altered (downregulated) microRNA in response to
hyperglycaemia in TNBC cells (Supplementary Figure S2). Reverse
transcription–PCR and in situ hybridisation analysis also con-
firmed downregulation of miR-424 in TNBC cells under
hyperglycaemic condition (Figure 1H and I).

Hyperglycaemia mediated reduced miR-424 expression leads to
promotion of invasion and CSC activity. We now wanted to
investigate if enhanced invasion and CSC activity of malignant and
non-malignant breast epithelial cells in hyperglycaemia was
mediated by miR-424. For this, we established miR-424 stably
overexpressing (miR-424-MDA231 and miR-424-MCF10A) and
knockdown (anti-miR-424-MDA231 and anti-miR-424-MCF10A)
cell lines from parental MDA-MB-231 and MCF-10A cells
(Supplementary Figure S3A–D). MiR-424 overexpressing and
knockdown cell lines were maintained in hyperglycaemic and
euglycaemic culture conditions, respectively. MiR-424-MDA231
cells had marked reduction in their invasive abilities compared
with EV controls despite being maintained in hyperglycaemic
conditions (Figure 2A and B). In addition, anti-miR-424-MDA231
cells had enhanced invasive abilities compared with EV control in
euglycaemic conditions (Figure 2A and B). Similar trends in
invasive abilities were observed in non-malignant cells with miR-
424 modulation (Supplementary Figure S4A). This set of data
points towards the crucial involvement of miR-424 in the
regulation of invasive abilities of breast epithelial cells, both
malignant and non-malignant in response to glycaemic levels.
Findings from sphere-forming assay in miR-424-MDA231 revealed
a two-fold reduction in sphere-forming ability compared with EV
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Figure 1. Impact of hyperglycaemia on invasion, migration, stem cell behaviour and on expression of miR-424 in TNBC cells. (A and B) Matrigel-
based assay to analyse invasive abilities of TNBC cells in hyperglycaemic (10 mM glucose, HG) compared with euglycaemic (5 mM glucose, NML)
culture conditions (n¼ 3). (C and D) Flow cytometry dot plots and cumulative bar graph representation depicting the increase in the percentage of
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depicting the sphere-forming ability of CSCs in serum-free conditions under hyperglycaemia in contrast to euglycaemic. (G) Self-renewing ability of
CSCs in first (G1) and second (G2) generations (n¼ 3). (H) Quantitative reverse transcription–PCR analysis of miR-424 expression levels with RNU-6 as
an internal control in TNBC cells in hyperglycaemic conditions (n¼ 3). (I) In situ hybridisation for miR-424 using Cy-5-tagged probes against miR-424
in live breast cancer cells under hyperglycaemic and euglycaemic conditions (n¼3). Data are represented as mean ± s.d. *Pp0.05.
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controls under hyperglycaemic condition (Figure 2C and D). On
the contrary, anti-miR-424-MDA231 cells showed an increase in
sphere-forming abilities compared with EV control under
euglycaemic conditions (Figure 2C and D). Further, in anti-miR-
424-MCF10A cells, a statistically significant increase in sphere-
forming abilities was observed (three-folds) (Supplementary Figure
S4B and C), whereas no such change was observed in miR-424-
MCF10A cells. These findings suggested that reduced miR-424
promotes invasion and stem cell activity of both malignant and
non-malignant breast epithelial cells.

Cdc42 is a direct target of miR-424. It was important to
investigate the gene targets of miR-424 to understand its role in

hyperglycaemia. For this, we performed in silico analysis using
online platforms like TargetScan, miRBase and microRNA.org.
Based on the in silico analysis, we found cdc42 to be a predicted
target of miR-424 (Figure 2E). MicroRNAs are believed to regulate
gene expression by recognising specific target sites in the 30-UTRs
of target genes. To test the direct interaction between miR-424 and
30-UTR of cdc42, we performed luciferase-reporter assay. 30-UTR
region of cdc42 including the putative binding site of miR-424 was
introduced downstream of the open reading frame of luciferase
gene in the reporter plasmid pEZX-PG04 (Genecopoeia). Simulta-
neously, luciferase reporter constructs containing specific mutation
in the putative binding site of miR-424 were used to confirm the
interaction between miR-424 and 30-UTR of cdc42 in MDA231
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cells. A significant reduction in luciferase activity was observed in
the miR-424-overexpressing MDA231 cells with cdc42 wild-type
(wt) 30-UTR, while no difference was noted with the mutant (mut)
30-UTR (Figure 2F).

Further, immunoblotting demonstrated a reduced level of cdc42
in miR-424-MDA231 cells under hyperglycaemia (Figure 2G). In
contrast, anti-miR-424-MDA231 had a higher level of cdc42
compared with EV controls under euglycaemic condition
(Figure 2G). While these results suggested that an increased
expression of cdc42 was mediated by reduced miR-424 in cancer
cells under hyperglycaemia, it was also important to check the
levels of activated cdc42 (GTP-bound). We looked for the levels of
active cdc42 through pull-down assays using GST-pak1 protein
binding domain. Pak1 is a major downstream effector of cdc42 and
its binding domain has high affinity for active cdc42 and negligible
affinity for inactive form of cdc42 (Manser et al, 1997). Further,
epidermal growth factor (EGF) was used as an exogenous
stimulator of cdc42 activity in this experiment. MiR-424-
MDA231 under hyperglycaemia had lower levels of active cdc42
than EV controls (Figure 2H). However, EGF stimulation in miR-
424-MDA231 cells was able to bring the levels of active cdc42
comparable to EGF-stimulated EV control cells. It was clear that
suppression of miR-424 in hyperglycaemic condition leads to
increased cdc42 activity. In other words, high expression of miR-
424 in euglycaemic condition keeps the level of active cdc42 under
control.

MiR-424 influence xenograft tumourigenesis and metastasis.
MiR-424 seems to be a key player in invasion and stemness, which
are important contributing factors towards tumourigenesis and
metastasis. To investigate miR-424-mediated effects on xenograft

tumour formation, 0.5� 106 miR-424-MDA231 or EV cells were
injected in both flanks of nude mice (n¼ 6 per group). These
animals were followed for 10 weeks post transplantation, and
alterations in body weight (Figure 3A) and tumour volume were
assessed (Figure 3B and C). It was noted that miR-424-MDA231
group had a significantly reduced tumour growth compared with the
control group. All animals in the control group had tumours by week
6, whereas only one animal from the experimental group barely
showed signs of tumour formation at week 10. Reverse transcription–
PCR of the miR-424-MDA231-derived tumours revealed a stable
overexpression of miR-424 (Figure 3D). Haematoxylin and eosin
staining indicated an intense cellular phenotype in control compared
with miR-424-overexpressing tumours (Figure 3E). Immunohisto-
chemical staining and western blot analysis confirmed the stable
suppression of cdc42 and p-pak1 in miR-424-MDA231-derived
tumours compared with empty vector control group (Figure 3F and
G). MiR-424-MDA231 tumours also demonstrated reduced number
of Ki67-positive cells, indicating a lower proliferation index
(Figure 3F). On the contrary, higher expression of active caspase-3,
an apoptotic marker, was observed in miR-424-overexpressing
tumours (Figure 3F and G). This suggested an increased apoptosis
in miR-424-overexpressing tumours. Mesenchymal marker vimentin
was markedly reduced in miR-424-overexpressing tumours
(Figure 3F). In addition, expression of epithelial marker E-cadherin
was elevated in miR-424-overexpressing tumours (Figure 3G). This
confirmed the role of miR-424 as a suppressor of tumour growth in
extremely aggressive TNBC cell lines.

To investigate the role of miR-424 in metastasis, we used cell
lines with stable knockdown of miR-424 (anti-miR-424-MDA231)
and EV control cells. A million anti-miR-424-MDA231 cells or EV
control cells were non-surgically injected into nude mice (n¼ 3 per
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group) through the tail vein. Body weight of animals was
monitored every week till 4 weeks postinjection (Figure 4A).
Metastatic activity was assayed by examination of the organs at
necropsy. Histological analysis of lungs isolated at necropsy
suggested that animals with miR-424 knockdown had severe
metastasis in the lung (Figure 4C) compared with EV control cells
(Figure 4B). These findings suggested an antimetastatic role for
miR-424.

MiR-424-cdc42 signalling axis is a key regulator of invasive-
ness in hyperglycaemia. Although the role of cdc42 in promotion
of cancer cell invasion is well established, it was imperative to
understand if hyperglycaemia promotes invasion of cancer cells
through miR-424-cdc42 axis. In an attempt to do so, cdc42 was
overexpressed in miR-424-MDA231 cells. Cdc42 overexpression
was able to rescue the inhibitory effect of miR-424 on cdc42
(Figure 5A). Matrigel-based invasion assay was performed in
cdc42-overexpressing miR-424-MDA231 cells (Figure 5B and C).
It was observed that cdc42 overexpression in miR-424-MDA231
cells was able to increase the invasive ability of the cells and was
comparable to the invasive ability of cdc42-overexpressed EV
group. Thus, it was clear that ectopic expression of cdc42 could
abrogate the effects of miR-424 overexpression and can elevate the
invasion rates in otherwise less invasive miR-424-MDA231 cells.
Further, expression levels of p-pak1, cdc42 and limk1 were
significantly increased with knockdown of miR-424 (Figure 5D).
These data suggested that miR-424 not only suppressed cdc42

activity but also its downstream signalling molecules. To further
investigate if hyperglycaemia-mediated hyperactivation of CSCs is
through miR-424-cdc42 axis, we silenced cdc42 in anti-miR-424-
MDA231 cells and quantified the percentage of CSCs. Silencing of
cdc42 was able to oppose the hyperactivation of CSCs as a result of
miR-424 knockdown (Figure 5E and F). These findings suggested
that hyperglycaemia promotes invasion and CSC activity through
miR-424-cdc42 signalling axis.

Hyperglycaemia enhances CSC activity by stimulating prdm14
through cdc42. It was imperative to understand the mechanism
behind the regulatory influence of miR-424 on breast CSCs. First,
we looked into the CSC-associated TFs that are influenced by miR-
424 under hyperglycaemia. To test this, we performed a CSC-
associated TF activation assay using nuclear extracts from
miR-424-MDA231 and compared it to EV control under high
glucose culture condition (Supplementary Figure S5). Prdm14 and
Nanog were the most significantly suppressed TFs in miR-424-
overexpressing cells compared with EV controls under hypergly-
caemic conditions (Supplementary Figure S5). Increased nuclear
accumulation of prdm14 levels in anti-miR-424-MDA231 cells was
noted, which strongly suggested an inhibitory role of miR-424 in
prdm14 activation (Figure 6A). To further investigate, if prdm14
activity is mediated by miR-424-cdc42 axis, we overexpressed
cdc42 in miR-424-MDA231 cells and looked for the transcript
levels of prdm14. Reintroduction of cdc42 in miR-424-MDA231
cells led to a marked increase in the transcript level of prdm14
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(Figure 6B). Further, prdm14 promoter reporter assay indicated a
definitive role for cdc42 in prdm14 regulation. Knockdown of miR-
424 in MDA-MB-231 cells elevated the prdm14 promoter activity
by 30% and silencing of cdc42 in anti-miR-424-MDA231 reduced
it by almost 50%, suggesting suppression of prdm14 promoter
activity in the absence of cdc42 (Figure 6C). These findings
strongly suggested miR-424-cdc42 axis to be a key regulator of
prdm14. However, the mechanism for regulation of prdm14 by
cdc42 was not clear. We noted that prdm14 promoter has a
consensus sequence for stat5 binding (binding position: Chr 8:
70 980 676–70 980 685). This led us to hypothesise that cdc42
through phosphorylation of pak1 promotes stat5 activation, which
further binds to prdm14 promoter and results in gene expression.
To test the involvement of stat5 in cdc42–prdm14 signalling axis,
we inhibited stat5 using Stat5 inhibitor (CAS 285986-31-4) in anti-
miR-424-MDA231 cells and looked for the transcript levels of
prdm14. Anti-miR-424 elevated the prdm14 transcript levels by
over eight-folds, whereas with stat5 inhibition prdm14 transcript
levels were reduced by three-folds (Figure 6D). This indicates stat5
to be the intermediate player between cdc42 and prdm14. Further,
increased nuclear localisation of stat5 was noted in anti-miR-424-
MDA231 cells (Figure 6E). Interestingly, p-pak1 (S144)

downstream of cdc42 seems to colocalise with stat5 and facilitates
its nuclear accumulation. These findings strongly indicate that
cdc42 activates stat5, most probably through phosphorylation of
pak1, which then leads to prdm14 activation. Based on these
findings, we propose a mechanism involving miR-424–cdc42–
prdm14 signalling axis, which can significantly contribute towards
breast cancer metastasis under hyperglycaemic conditions through
enhanced invasion and hyperactivation of CSC pool (Figure 7).

DISCUSSION

Diabetes mellitus not only worsens the prognosis (Kaplan et al,
2012; Villarreal-Garza et al, 2012; Yerrabothala et al, 2014) but also
the quality of life of breast cancer patients (Tang et al, 2016).
Diabetes being a metabolic disorder can affect cancer progression
and recurrence through factors such as hyperglycaemia (Villarreal-
Garza et al, 2012; Flores-Lopez et al, 2016), hyperinsulinaemia
(Flores-Lopez et al, 2016) and hyperlipidaemia (Owiredu et al,
2009; Emaus et al, 2010; Kaye et al, 2002). Antidiabetic drugs such
as metformin has shown improvement in cancer-specific survival
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rates in breast cancer patients with DM (Xu et al, 2015). Earlier we
have shown that the effect of hyperglycaemia on proliferation of
breast cancer cells is mainly due to activation of JAK-STAT
signalling (Lopez et al, 2013). The findings of our current study
indicates that hyperglycaemia in addition to proliferation can also
significantly affect invasion and CSC behaviour in TNBC through
miR-424–cdc42–stat5–prdm14 signalling axis. Invasive ability of
non-malignant breast epithelial cells was also significantly
influenced by hyperglycaemia.

Several lines of evidence have suggested the role of high glucose
levels in enhancing the invasive and migratory capacity of breast
cancer (Takatani-Nakase et al, 2014; Flores-Lopez et al, 2016),
pancreatic cancer (Han et al, 2013) and lung cancer cells (Kang
et al, 2015). Recent literature also suggests crucial roles for
microRNAs in various disease pathologies. Through the current
study we have directed our efforts to understand the role of miR-
424, whose expression is significantly reduced under hyperglycae-
mic conditions in TNBC cells. Although the role of miR-424 in
different cancers is debatable, it is important to note that
microRNAs in general act in a context-dependent manner.
Further, the fact that miR-424 is regulated by the biphasic
signalling cytokine, TGF-b makes it even more complicated to
define its role in different cancers (Llobet-Navas et al, 2014). Role
of miR-424 in cancer cells under hyperglycaemic conditions has so
far not been reported. Our findings present a novel role for reduced

miR-424 levels in enhancing the aggressive behaviour of breast
cancer by promoting invasiveness and stem cell activity. Further,
enhancement in cdc42 activity by reduced miR-424 under
hyperglycaemia seems like a crucial signalling axis to promote
invasion of cancer cells. Rho-GTPase cdc42 has been previously
implicated in invasive behaviour of cancer cells. It is interesting to
note that breast cancer cells under euglycaemic conditions with
higher levels of miR-424 have reduced levels of cdc42, thereby
affecting its overall activation (GTP-bound state). Expression of
miR-424 under euglycaemic conditions seems to inhibit invasion
and metastatic behaviour of TNBC. This was clearly demonstrated
by our in vivo metastasis assay where miR-424 knockdown of
TNBC cells had increased metastasis. Apart from playing a crucial
role in influencing the invasive abilities of TNBC cells in
hyperglycaemia, we have demonstrated miR-424 to be closely
associated with the regulation of CSC pool. Reduced miR-424 in
hyperglycaemic conditions resulted in hyperactivation of CSC
population leading to its undesirable expansion. Drasin et al (2015)
has reported the role of miR-424 in the process of breast
tumourigenesis and metastasis, wherein they specifically pointed
out that miR-424 did not seem to favour tumour-initiating
properties. Tumour initiation has been strongly associated with
cancer stem cell activation, and in the context of breast cancer
under hyperglycaemia, miR-424 seems to play a tumour-
suppressive role.
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Our observations regarding expansion of CSC population
under hyperglycaemic condition can be associated with epide-
miological data showing aggravation of breast cancer malignancy
and recurrence post therapy in breast cancer patients with
diabetes. Mechanistically, we found that knockdown of miR-424
resulted in significant activation of TF, prdm14. Prdm14 is not a
very widely studied TF, but its overexpression has been
associated with poor prognosis in breast cancer patients
(Nishikawa et al, 2007; Moelans et al, 2011, 2014). Interestingly,
in one of the studies comparing the copy numbers of oncogenes
and tumour suppressors in breast cancer samples suggested
prdm14 to be one of the genes that showed significantly higher
frequency of gain and copy number amplification in liver and
lung mets (Moelans et al, 2014). In yet another study, prdm14
was reported to favour metastasis through MMP/TIMP, leading
to increased degradation of extracellular matrix (Lu et al, 2016).
Current literature does not provide evidence for direct regulation
of prdm14 by miR-424. We proposed and demonstrated that the
miR-424 regulation over prdm14 is mediated by cdc42–stat5 axis
through pak1 kinase activation under hyperglycaemic condition.
In addition to promotion of invasion, activated cdc42-stat5-
prdm14 signalling cascade results in hyperactivation of the breast
CSC pool.

In conclusion, hyperglycaemia can contribute towards aggravat-
ing breast malignancies by promoting invasion and hyperactivation
of the CSC pool. Both invasive nature of cancer cells and
hyperactivated CSC pool go hand in hand in worsening the
prognosis of cancer patients. MiR-424, by its ability to regulate
cdc42 expression and activation, can be explored to combat
aggressive behaviour of TNBC cells under hyperglycaemic
condition. Also, suppressing the activity of cdc42 to target breast
cancer invasion and CSC hyperactivity can be a beneficial strategy
in this scenario.
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