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The let-7 microRNA (miRNA) family has been implicated in the regulation of diverse

cellular processes and disease pathogenesis. In cancer, loss-of-function of let-7 miRNAs

has been linked to tumorigenesis via increased expression of target oncogenes. Excessive

proliferation rate of tumor cells is often associated with deregulation of mitotic proteins.

Here, we show that let-7b contributes to the maintenance of genomic balance via targeting

Aurora B kinase, a key regulator of the spindle assembly checkpoint (SAC). Our results indi-

cate that let-7b binds to Aurora B kinase 30UTR reducing mRNA and protein expression of

the kinase. In cells, excess let-7b induced mitotic defects characteristic to Aurora B pertur-

bation including increased rate of polyploidy and multipolarity, and premature SAC inac-

tivation that leads to forced exit from chemically induced mitotic arrest. Moreover, the

frequency of aneuploid HCT-116 cells was significantly increased upon let-7b overexpres-

sion compared to controls. Interestingly, together with a chemical Aurora B inhibitor, let-7b

had an additive effect on polyploidy induction in HeLa cells. In breast cancer patients,

reduced let-7b expression was found to be associated with increased Aurora B expression

in grade 3 tumors. Furthermore, let-7b was found downregulated in the most aggressive

forms of breast cancer determined by clinicopathological parameters. Together, our find-

ings suggest that let-7b contributes to the fidelity of cell division via regulation of Aurora

B. Moreover, the loss of let-7b in aggressive tumors may drive tumorigenesis by
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up-regulation of Aurora B and other targets of the miRNA, which further supports the role

of let-7b in tumor suppression.

ª 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.
1. Introduction is linked to poor patient prognosis (Carter et al., 2006). The
MicroRNAs (miRNAs) are small 18e25 nucleotide-long non-

coding RNAmolecules that regulate awide range of physiolog-

ical and pathological processes (He and Hannon, 2004). A

miRNA generally binds to the 30UTR of the target messenger

RNA (mRNA) and either represses its translation or directs

the mRNA for degradation (He and Hannon, 2004). Some miR-

NAs have also been reported to bind the coding region or

50UTR of the target mRNA (Forman et al., 2008; Lytle et al.,

2007). In addition to regulation of animal development and tis-

sue differentiation, several miRNAs are implicated in cell

transforming processes that can contribute to cancer initia-

tion, progression and metastasis (Farazi et al., 2011). MiRNAs

thatpromote tumorigenesisare termedonco-miRNAswhereas

tumor suppressor miRNAs are associated with anti-cancer

pathways. Even though cancer is characterized by excessive

rate of cell division very little is known about the miRNA-

mediated regulation of mitosis. However, recently a few miR-

NAs have been reported to influence cell division through the

regulation of mitosis-associated genes (Bhattacharjya et al.,

2013; He et al., 2013) and many more miRNAs are anticipated

to control mitosis.

In mitosis, faithful chromosome segregation is essential

for the maintenance of genomic balance and normal growth.

Therefore, mitosis is under the control of a signalling network

termed the spindle assembly checkpoint (SAC) (Musacchio,

2011). In the presence of unstable kinetochore-microtubule at-

tachments or erroneous spindle structure, the SAC halts

mitosis progression allowing more time for correction of mis-

takes that could lead to increased genomic instability. In case

of severe mitotic defects, cells typically arrest to M phase for

several hours before they either exit mitosis normally upon

successful error correction, or alternatively die or slip out of

mitosis with chromosomal errors. The cell fate depends on

the balance between the SAC, cell cycle, and cell death signal-

ling (Gascoigne and Taylor, 2008). Loss or gain of chromo-

somes, which is the cause of aneuploidy, and induction of

polyploidy by cytokinesis failure are associated with numeri-

cal chromosomal instability (CIN), one of the hallmarks of

cancer (Li et al., 2009; Musacchio, 2011). Earlier studies have

shown that altered expression of certain mitotic proteins,

for example Cenp-E and Mad2, contributes to induction of

aneuploidy (Sotillo et al., 2007; Weaver et al., 2007). Interest-

ingly, aneuploidy has a dual role in tumorigenesis; tolerable

low levels of aneuploidy can provide cancer cells with a

growth advantage whereas high levels of aneuploidy usually

induce cell death (Weaver et al., 2007).

Also, altered Aurora B expression and kinase activity can

lead to perturbation of mitosis causing aneuploidy and poly-

ploidy (Hauf et al., 2003; Ota et al., 2002; Terada et al., 1998).

In vivo, Aurora B is often highly expressed in cancer, which
kinase is an essential component of the SAC and the catalytic

subunit of the chromosomal passenger complex (CPC)

composed of three other main subunits, INCENP, Survivin

and Borealin (Ditchfield et al., 2003; Gassmann et al., 2004;

Hauf et al., 2003). At the centromeres, Aurora B destabilizes

erroneous kinetochore-microtubule attachments by phos-

phorylating outer kinetochore protein Hec1 that mediates

the connections between microtubules and chromosomes

(DeLuca et al., 2006, 2011). Besides the SAC signalling, Aurora

B contributes to other mitotic events including chromatin or-

ganization and cytokinesis through its action on substrates

such as centralspindlin (Guse et al., 2005), condensin I (Lipp

et al., 2007) and histone H3 (Hirota et al., 2005).

The let-7 miRNA family is widely studied for its regulatory

effects on cell differentiation, proliferation, and develop-

mental timing (Johnson et al., 2007; Roush and Slack, 2008).

Altered expression of the family members can however lead

to reprogramming of these normal processes and stimulate

malignant cell proliferation and cancer metastasis (Johnson

et al., 2007; Yu et al., 2007). In the majority of human cancers,

let-7 is considered to function as a tumor suppressor miRNA

inhibiting cancer cell proliferation and tumor growth (He

et al., 2010; Johnson et al., 2007; Yu et al., 2007). However, in

certain cancers, like in certain lymphomas (Lawrie et al.,

2009), let-7 is linked to enhanced cancer progression. Here,

we have investigated the impact of excess let-7b on mitotic

signalling and genomic stability. We report that let-7b directly

targets the mRNA of Aurora B kinase and consequently re-

duces Aurora B protein levels and kinase activity leading to

chromosomal and spindle errors. In cells, excess let-7b

induced polyploidy, aneuploidy, and premature exit from

mitosis, which are phenotypes previously associated with

Aurora B loss-of-function (Hauf et al., 2003; Marxer et al.,

2014). Furthermore, let-7b overexpression had an additive ef-

fect on polyploidy induction together with chemical Aurora

B inhibition in HeLa cells. In breast cancer patient samples,

we found that let-7b expression negatively correlates with

tumor grade and Aurora B expression. Also, let-7b expression

was lower in estrogen receptor (ER) negative, human

epidermal growth factor receptor 2 (HER2) positive and TP53

mutated cancers. Together, our results indicate that altered

let-7b expression can modulate Aurora B expression and

thereby have an impact on mitotic fidelity and tumorigenesis.
2. Materials and methods

2.1. Cell culture

HeLa cells (ATCC CCL-2, obtained in 2006) were cultured in

Dulbecco’s Modified Eagle’s medium (DMEM) supplemented

http://dx.doi.org/10.1016/j.molonc.2015.01.005
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with 10% fetal bovine serum (Gibco, Life Technologies), L-

glutamine (2 mM), sodium pyruvate (1 mM), HEPES buffer

(20 mM), non-essential amino acids (0.1 mM), and penicillin-

streptomycin (0.1 mg/ml). Blasticidin (2 mg/ml) was added to

the culture medium of HeLa H2B-GFP cells, which were a

kind gift from Geoffrey Wahl (Salk Institute for Biological

Studies, La Jolla, USA), obtained in 2005. HCT-116 cells were

a kind gift from Lauri Aaltonen’s laboratory (University of Hel-

sinki, Helsinki, Finland), obtained in 2009, and were grown in

McCoy’s 5A medium supplemented with 10% fetal bovine

serum, L-glutamine (2 mM), and penicillin-streptomycin

(0.1 mg/ml). MDA-MB-231 (ATCC HTB-26, obtained in 2004)

andMDA-MB-231 SA (fromTheresa A. Guise, University of Vir-

ginia, Charlottesville, USA, obtained in 2004) breast adenocar-

cinoma cells were grown in DMEM supplemented with 10%

FBS, non-essential amino acids (0.1 mM), and L-glutamine

(2 mM). All cell culture reagents were from SigmaeAldrich if

not stated otherwise. Cells were cultured at 37 �C with 5%

CO2. All cell lines used in the study were negative for

mycoplasma.

2.2. Chemicals

Nocodazole (M1404; SigmaeAldrich, St. Louis, MO, USA) was

used at 150 nM, taxol (Paclitaxel; T7191; SigmaeAldrich) at

100 nM, ZM447439 (2458; Tocris Bioscience) at 20 mM, MG132

(C2211; SigmaeAldrich) at 20 mM, barasertib (AZD1152-HQPA;

S1147; Selleckchem) at 3.125e50 nM, and thymidine (T9250;

SigmaeAldrich) at 2 mM concentration.

2.3. High-throughput screen

20 nM Human Pre-miR miRNA Precursor library v2 (Ambion;

319 molecules) or 20 nM miRIDIAN microRNA mimic library

v10.1 (Dharmacon; 810 molecules) were screened for anti-

mitotic miRNAs. Hamilton Microlab Star robotics (Hamilton)

was used to print pre-miRNAs to 384-well plates. Transfection

reagent siLentFect (Bio-Rad) and OptiMEM were added to

plates using Multidrop Combi (Thermo Fisher Scientific). After

1 h incubation at room temperature (RT), HeLa H2B-GFP cells

were added to plates and incubated for 60 h after which

150 nM nocodazole or 100 nM taxol was introduced for 12 h.

For end-point analysis, cells were imaged with Zeiss inverted

200 M microscope (Zeiss GmbH) and Metamorph software

version 6.2r6 (Molecular Devices) or ScanR imaging software

(Olympus Corporation).

2.4. MicroRNAs, target site blockers and transfections

The pre-miRNAs (Pre-miR� miRNA Precursors hsa-let-7b-5p

and negative controls #1 and #2) used in cell based target vali-

dation were purchased from Ambion. Target site blockers

(TSBs) were from EXIQON. The non-targeting control TSB

was EXIQON’s miRCURY LNA Inhibitor Control (50-
AGAGCTCCCTTCAATCCAAA-30). The miRNAs and TSBs were

used at 40 nM concentration and reverse transfected if not

stated otherwise. In reverse transfection, pre-miRNAs were

introduced to cells in parallel with cell plating. For luciferase

assays, miRNAs and plasmids were transfected 24 h after

cell plating in forward transfection. Hiperfect (Qiagen) or
siLentFect (Bio-Rad) was used as a transfecting lipid. Hiperfect

and pre-miRNAwere incubated in Opti-MEM (Gibco, Life Tech-

nologies) for 10e30 min at RT before cells were added in cul-

ture medium. SiLentFect was mixed with Opti-MEM and

incubated for 10 min at RT prior to mixing transfection re-

agent and miRNA. The mixture was incubated for 1 h prior

to adding cells. For luciferase assays, Lipofectamine 2000

(Life Technologies) was used as a transfection reagent.

2.5. Cell cycle synchronization

Cells were synchronized with double thymidine block. Briefly,

2mM thymidinewas added to cells for 19 h, after which thymi-

dine was removed by washing the cells 4 times for 15min with

culture medium. After 9 h incubation, the second thymidine

block was introduced for 17 h. After second release, cells were

incubated for 3 h after which 100 nM taxol or 150 nM nocoda-

zole or DMSO were added. Cell cycle progression was recorded

with IncuCyte live-cell imager (Essen Instruments Ltd.).

2.6. Flow cytometry

For flow cytometric cell cycle analysis, cells were harvested

by trypsinization and washed with phosphate buffered sa-

line (PBS). Cells were resuspended in citrate buffer (40 mM

Na-citrate, 0.3% Triton X-100) containing propidium iodide

(50 mg/ml; P3566; Invitrogen, Life Technologies) and incu-

bated for 15 min at RT protected from light. Flow cytometric

data were obtained using BD FACSCalibur (BD Biosciences)

and CellQuest Pro software (BD Biosciences) and analyzed

with the Flowing Software ver. 2.5.1 (Mr. Perttu Terho,

Turku Centre for Biotechnology, Turku, Finland,

www.flowingsoftware.com).

2.7. Immunoblotting

For Western blotting, cells were centrifuged and washed with

cold PBS prior to freezing the pellets in liquid nitrogen. Cells

were thawed and lysed in 20 mM TriseHCl (pH 7.7), 100 mM

KCl, 50 mM sucrose, 1 mM MgCl2, 0.1 mM CaCl2, 0.5% Triton

X-100 (APC-buffer) containing protease inhibitor cocktail

(04693132001; Roche) and phosphatase inhibitor PhosSTOP

(4906837001; Roche) for 7e10 min on ice followed by centrifu-

gation. Samples were run on 4e20% gradient gels (Bio-Rad).

Protein was transferred to nitrocellulose membranes, which

were incubated in blocking solution (5%milk in TBS or 1:1 Od-

yssey blocking buffer (LI-COR Biosciences) in TBS) for 45 min,

in primary antibody dilution for 0.5e2 h, and in secondary

antibody dilution for 1 h at RT. Alternatively, membranes

were incubated with primary antibody over night atþ4 �C. Pri-
mary antibodies were rabbit anti-Aurora B (ab2254; Abcam;

1:800), mouse anti-AIM1 (611083; BD Biosciences; 1:1000),

and mouse anti-GAPDH (mAb 6C5; Advanced ImmunoChem-

ical Inc.; 1:30 000-1:50 000). Secondary antibodies (1:5000)

included IR Dye� conjugated anti-mouse 800 (Rockland Immu-

nochemicals Inc.) and Alexa Fluor� anti-mouse 680, and anti-

rabbit 680 (Invitrogen, Life Technologies). The signal intensity

measurement and the quantitative analysis were conducted

using a two channel Odyssey Infrared Imaging System (LI-

COR Biosciences).

http://www.flowingsoftware.com
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2.8. Immunofluorescence

Cells on 384-well plates, 24-well plates or coverslipswere fixed

for 15 min with 2% paraformaldehyde in 60 mM Pipes, 25 mM

Hepes, 10 mM EGTA, 4 mM MgSO4 (PHEM) containing 0.5%

Triton-X-100. For microtubule imaging, 0.2% glutaraldehyde

was included in the fixative. Cells werewashed by rinsing cov-

erslips in 10 mM MOPS, 150 mM NaCl and 0.05% Tween 20

(MBST) and blocked in MBST containing 20% boiled normal

goat serum (bngs) for 1 h at RT. Cells were incubated with pri-

mary antibodies for 1 h at RT. Primary antibodies were mouse

anti-AIM1 (611083; BD Biosciences; 1:1000), rabbit anti-pCenp-

A Ser7 (05-792; Upstate; 1:1000), human autoimmune serum

(CREST; Antibodies Incorporated; 1:200), rabbit anti-

pericentrin (ab4448; Abcam; 1:500), and mouse anti-a-tubulin

(ab7291; Abcam; 1:200). Coverslips were rinsed in MBST prior

to secondary antibody incubation. Secondary antibodies

includedAlexa Fluor 488, 555 and 647 dyes againstmouse, rab-

bit, and human antigens (Invitrogen; 1:400). Fixed cells were

incubated with secondary antibodies for 1 h at RT. All anti-

body dilutions were made in MBST containing 5% bngs. After

rinsing with MBST, DNA was stained with 40,6-diamidino-2-

phenylindole (DAPI). Coverslips were washed with H2O prior

to mounting on microscope slides with Vectashield mounting

medium (H-1000; Vector Laboratories).

2.9. Microscopy

A Zeiss inverted 200 M microscope (Zeiss GmbH) equipped

with Hamamatsu ORCA-ER camera (Hamamatsu Photonics),

and Metamorph software version 6.2r6 (Molecular Devices)

were used to image fixed cells on coverslips. Kinetochore in-

tensities were quantified with Metamorph from maximum

projections created from a Z-stack of images acquired every

0.3 mm. For FISH analysis, ScanR imaging software (Olympus

Corporation) was used. IncuCyte live-cell imager (Essen In-

struments Ltd.) or a Zeiss inverted 200 M microscope (Zeiss

GmbH) equipped with AxioCam MRm camera, AxioVision

software (Zeiss GmbH), and an environment chamber were

used for live cell imaging.

2.10. RNA isolation and qRT-PCR

RNA isolation was performed using RNeasy Mini Kit (Qiagen).

Synthesis of cDNAwas conductedwith iScript� cDNA synthe-

sis kit (Cat# 170-8891; Bio-Rad) according to themanufacturer’s

instructions. Taqman qRT-PCR was done using Taqman Uni-

versal Master Mix II, no PNG (Applied Biosystems), gene spe-

cific primers (SigmaeAldrich) and probes (Roche Universal

Probe Library; Roche). Primers for Aurora B kinase were as fol-

lows: forward 50-ATTGCTGACTTCGGCTGGT-30 and reverse

50-GTCCAGGGTGCCACACAT-3’. Primers for GAPDH were as

follows: forward 50-AGCCACATCGCTCAGACAC-30 and reverse

50-GCCCAATACGACCAAATCC-30 or forward 50- ACGACCAAA

TCCGTTGACTC-30 and reverse 50- CTCTGCTCCTCCTGTTC

GAC-3’. Gene expression levels were normalized by compari-

son to GAPDH. MirVana� miRNA Isolation Kit (Ambion) was

used to isolate the total RNA for miRNA PCR. Taqman Micro-

RNA Reverse Transcription Kit (Applied Biosystems) and

miRNA specific Taqman MicroRNA Assay (#4427975; ID
002619; Applied Biosystems) were used to measure let-7b-5p

expression.MiRNAexpression levelswerenormalizedby com-

parison to RNU6B. The assay readout for gene expression and

miRNA qRT-PCRs was done by the Finnish Microarray and

Sequencing Centre (Turku Centre for Biotechnology) with the

7900HT Fast Real-Time PCR System (Applied Biosystems). Re-

sults were analyzed with the comparative Ct method using

SDS 2.4 and RQ manager 1.2.1 software (Applied Biosystems).

2.11. Reporter constructs and luciferase assays

The Aurora B 30UTR region (140 bp) was amplified from the

genomic DNA of HeLa cells using following primers: forward

50-ATCGACTAGTTGATGGTCCCTGTCATTCACT-30 and reverse

50-ATCGACGCGTTGAGTACAAAAAGCTTCAGCC-3’. A frag-

ment covering the full length Aurora B gene (1224 bp) without

introns was amplified from the cDNA of HeLa cells using spe-

cific primers: forward 50-ATCGACTAGTGGAGAGTAGCAGT
GCCTTGGA-30 and reverse 50-ATCGACGCGTTGAGTACAAAA
AGCTTCAGCC-3’. The Aurora B 30UTR or the full length Aurora

B gene were cloned into SpeI/MluI sites of a pMir-REPORT

Luciferase vector (Ambion) downstream of a luciferase gene.

For luciferase assays, HeLa cells were seeded onto white

clear-bottom 96-well plates 24 h prior to transfection. The

cells were co-transfected with 50 ng of the reporter plasmid,

50 ng of Renilla luciferase plasmid and 50 nM of pre-miR

construct using Lipofectamine 2000 (Invitrogen, Life Technol-

ogies) according to the manufacturer’s instructions. 25 nM

Silencer� Firefly Luciferase (GL2 þ GL3) siRNA (Ambion) was

used to control the reaction conditions. 24 h after transfection,

luciferase activity was determined with a Dual-Glo Luciferase

Assay System (Promega Corporation) and measured with an

Envision Plate-reader (Perkin Elmer Inc.).

2.12. Site-directed mutagenesis

Site-directed mutagenesis was conducted using

QuickChange� Lightning Site-Directed Mutagenesis Kit

(#210518, Agilent Technologies) according to manufacturer’s

instructions. The following primers were used to create a

four base pair mutation to the predicted binding site of let-

7b on Aurora B 30UTR and the full length Aurora B: forward

50- GGATCCCTAACTGTTCCCTTATCTGTTTTCGCATTCCTCCT

TTGTTTAATAAAGGCTGAAG-30 and reverse 50-CTTCAGCCTT
TATTAAACAAAGGAGGAATGCGAAAACAGATAAGGGAACAG

TTAGGGATCC-3’. The mutations were verified by sequencing

at the Finnish Microarray and Sequencing Centre (Turku

Centre for Biotechnology).

2.13. Fluorescence in situ hybridization (FISH)

HCT-116 cells were trypsinized and incubated in 0.075 M KCl

hypotonic solution for 15 min at 37 �C. Then the cells were

fixed using methanol:acetic acid (3:1) for 1 h at 4 �C. The cells

were pelleted and resuspended in fresh fixative, and dropped

on a clean glass slide (Superfrost from Thermo Fisher Scienti-

fic). The glass slide was incubated for minimum 10 min at RT.

Vysis LSI ETV6(TEL)/RUNX1(AML1) ES Dual color probe and

Vysis LSI 13(13q14) SpectrunGreen probe (Abbott Inc.) were

used. The slides were prepared according to the

http://dx.doi.org/10.1016/j.molonc.2015.01.005
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manufacturer’s instructions. The Image acquisition and anal-

ysis was done using ScanR Imaging system (Olympus

Corporation).

2.14. Clinical data analyses

Primary breast carcinoma samples from 101 patients part of

theMicMa cohort (Naume et al., 2001) were profiled formiRNA

expression using the 8 � 15 k “Human miRNA Microarray Kit

(V2)”withdesign id019118 fromAgilent (AgilentTechnologies).

In brief, 100 ng total RNA was dephosphorylated, labeled and

hybridized for 20 h, following the manufacturer’s protocol.

Scanning was performed on Agilent Scanner G2565A, signals

were extracted using Feature Extraction v9.5 and the subse-

quent data processing was performed using the GeneSpring

software v12.0 (Agilent Technologies). MiRNA signal inten-

sities were log2-transformed and for each sample normalized

to the 90th percentile. MiRNAs that were detected in less

than10%of thesampleswereexcluded.ThemiRNAexpression

datawas published (Enerly et al., 2011) andhas been submitted

to the Gene ExpressionOmnibus (GEO)with accession number

GSE19536. The mRNA expression data were measured using

Agilent 4�44Kone-color oligonucleotide arrays (AgilentTech-

nologies), published earlier (Enerly et al., 2011) and submitted

to GEO with accession number GSE19783. The patient clinical

information is described earlier (Naume et al., 2007) and the

molecular subtype classification based on mRNA expression

was derived using the PAM50 gene list (Parker et al., 2009).

2.15. Statistical analysis

TheStudent’sT-testwasusedforperformingstatisticalanalysis

if not stated otherwise. For analysis of FISH results, Chi-square

test was used. Values are presented asmean� standard devia-

tion (SD). For analyzing miRNA expression in clinical data

groups, The Student’s t-test was applied to evaluate differences

in miRNA expression among two groups, and the ANOVA test

was applied to evaluate differences between three or more

groups. The log-rank test was used to determine differences

between survival curves. Statistical significance was denoted

as p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***).
3. Results

3.1. Excess let-7b induces mitotic defects and affects cell
cycle progression

Let-7b-5p (Supplementary Figure A.1A), henceforth called let-

7b, was identified as a potential mitosis and cell cycle regu-

lating miRNA in a high-throughput screen (HTS) for anti-

mitotic miRNAs performed earlier. In total, the HTS yielded

seven strong hit miRNAs that are all under further investiga-

tions. As the third strongest hit miRNA, let-7b induced pleio-

tropic mitotic phenotype including formation of multilobed

nuclei after override of chemically induced mitotic block as

well as induction of polyploidy in drug-free culture conditions

(data not shown). The transient transfection of pre-miRNA let-

7b into HeLa cells induced a significant elevation in the let-7b

expression compared to controls (Supplementary
Figure A.1B). To confirm the HTS results, we used time-lapse

microscopy to determine cell fates in let-7b or control miRNA

overexpressing HeLa cells treated with the microtubule drug

nocodazole (Figure 1A and Supplementary Movies S1-2). The

analysis of the films indicated that HeLa cells with excess

let-7b exhibited significantly increased frequency of forced

mitotic exit (47.5%) from nocodazole block in comparison to

control (18.8%) (Figure 1AeB). In drug-free culture conditions,

overexpression of let-7b led to mitotic delay in comparison to

controls. The average duration of mitosis in the let-7b trans-

fected HeLa cell population was 3.7 � 4.6 h compared to

1.3 � 1.3 h observed in the control population (Figure 1B).

Moreover, the analysis of cell fates indicated that excess let-

7b lowered cell viability compared to controls. In drug-free

culture conditions, 31.3% of the let-7b overexpressing cells un-

derwent cell death after prolonged mitosis of 9.1 � 4.9 h

whereas 5.0% of control cells died in mitosis with mitotic

duration of 5.3 � 4.8 h (Figure 1B).

Supplementary video related to this article can be found at

http://dx.doi.org/10.1016/j.molonc.2015.01.005.

To confirm the M phase effects and identify any pre-

mitotic cell cycle delays, HeLa cells transfected with let-7b

or control miRNA were synchronized with double thymidine

block and time-lapse filmed for 18 h after thymidine washout

(Figure 1C). In the drug-free culture conditions, no significant

difference was observed in timing of M phase entry between

let-7b and control miRNA overexpressing cells. However, the

mitotic index (MI) was slightly higher in the let-7b transfected

cell population (6.7 � 2.7% at 18 h after thymidine washout)

compared to controls (2.0 � 0.6% at 18 h after thymidine

washout). In the synchronized and microtubule drug treated

cell populations, the MI was higher over time after thymidine

washout in the control miRNA transfected cells (in the pres-

ence of nocodazole and taxol 69.6 � 2.6% and 77.4 � 8.8%,

respectively, at 18 h after thymidine washout) in comparison

to the let-7b overexpressing cells (in the presence of nocoda-

zole and taxol 58.9 � 3.5% and 62.7 � 5.9%, respectively, at

18 h after thymidine washout). To further characterize the

cell cycle effects, let-7b and control miRNA overexpressing

HeLa cells were subjected to flow cytometric analysis. In the

control cell population, 13.3 � 2.0% of the cells were at G2/M

(4n) phase whereas in the let-7b overexpressing cell popula-

tion significantly more cells (25.7 � 4.0%) exhibited 4n DNA

content (Figure 1D). In flow cytometric analysis, 4n DNA con-

tent can refer to G2 and M phase cells but also to cells that

have exited from mitosis without cytokinesis. In addition,

the frequency of polyploid 8n cells was significantly increased

in the let-7b transfected cell population (2.5 � 0.1%) compared

to control (1.6 � 0.3%). We conclude that the excess of let-7b

causes disturbances in mitosis that are associated with

increased frequency of forced exit from microtubule drug

imposed M phase block, elevated induction of polyploidy

and lowered cell viability.

3.2. Let-7b diminishes Aurora B mRNA and protein
levels by targeting the 30UTR of the kinase

The mitosis perturbing phenotype of let-7b overexpression

prompted us to search for mitotic target genes of the miRNA.

http://dx.doi.org/10.1016/j.molonc.2015.01.005
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Figure 1 e Excess let-7b perturbs normal mitosis. A, Micrographs of time-lapse filmed HeLa cells transfected with 40 nM let-7b or miR-control

and treated with nocodazole (arrowheads point to mitotic cells). Nocodazole (150 nM) was added 48 h post-transfection. The numbers indicate

hours from the drug addition. Scale bar equals 100 mm. The histogram shows quantification of phenotypes observed in nocodazole treated mitotic

cells. The data are from four films (mean ± SD), and a total of 80 cells were analyzed for both miR-control and let-7b. B, The graphs show fates of

80 mitotic cells in let-7b and miR-control transfected cell populations cultured in non-perturbed conditions or in the presence of nocodazole (noc).

C, Mitotic indices of HeLa cell populations transfected with miR-control or let-7b, synchronized with double thymidine block and time-lapse

filmed after thymidine washout. Nocodazole (150 nM) or taxol (tx; 100 nM) were added 3 h after thymidine washout. The data are from three

separate experiments (mean ± SD). D, Flow cytometric analysis of HeLa cells harvested 48 h post-transfection. The histogram shows quantification

of cell cycle phases. The data are from three separate experiments (mean ± SD). The asterisks denote statistical significance (*p < 0.05,

**p < 0.01).
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According to TargetScan target prediction software (TargetS-

canHuman 6.2; Garcia et al., 2011) Aurora B is one of the

possible targets of let-7b. Earlier studies have associated

Aurora B inhibition with forced mitotic exit and override of

microtubule drug induced M phase arrest (Kallio et al., 2002),

which led us to investigate the impact of let-7b on the kinase

expression. Both the mRNA and protein levels of Aurora B

were found to be significantly (p < 0.05) decreased, by 42.3%

and 34.6% respectively, in the let-7b overexpressing HeLa cells

compared to controls (Figure 2AeB). Moreover, analysis of

immunostained cells indicated that excess of let-7b caused a

significant (p < 0.001) reduction in the amount of centromeric
Aurora B and phosphorylated Cenp-A (Ser7), a well-

established marker for Aurora B activity at the centromere

(Zeitlin et al., 2001) (Figure 2C). The mRNA and protein levels

of Aurora B were also diminished (p < 0.05 and p < 0.01) in

let-7b transfected breast cancer cell lines MDA-MB-231 and

highly bone metastatic MDA-MB-231 SA compared to controls

(Supplementary Figure A.2A-B). Furthermore, the signal inten-

sity of phosphorylated Cenp-A was significantly (p < 0.001)

reduced in let-7b transfected MDA-MB-231 SA cells

(Supplementary Figure A.2C). Excess let-7b also induced an in-

crease in theamountof cellswithmultilobednucleidetected in

taxol treated and fixed MDA-MB-231 SA cells (Supplementary

http://dx.doi.org/10.1016/j.molonc.2015.01.005
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Figure 2 e Excess let-7b reduces Aurora B mRNA (A) and protein (B) levels. AeB, HeLa cells were transfected with 20 nM let-7b or miR-control

and incubated for 48 h before harvesting for qRT-PCR and Western blotting. Data are from three separate experiments (mean ± SD). C,

Representative micrographs of 40 nM let-7b or miR-control transfected HeLa cells treated with 100 nM taxol 52 h post-transfection for 12 h. Cells

were fixed and immunostained with antibodies against Aurora B, phosphorylated Cenp-A (pCenp-A) (Ser7), and centromere marker CREST.

DNA was stained with DAPI. In merge, Aurora B (red), CREST (green) and DNA (blue) staining are combined. The graphs show quantification

of centromeric pCenp-A and Aurora B signal intensities in mitotic cells normalized against CREST. Data are mean ± SD from 30 cells, 20

centromeres quantified per each cell. Scale bars equal 10 mm. The asterisks denote statistical significance (*p < 0.05, ***p < 0.001).
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Figure A.2D). The phenotype suggests that the breast cancer

cells undergo forced exit from taxol block. To determine

whether let-7b binds to Aurora B mRNA directly, Aurora B

30UTR and the full length Aurora B genewere cloned into lucif-

erase reporter vectors. In the let-7b overexpressing HeLa cells,

luciferaseactivitywasdiminishedby24.0% (p<0.05) and21.1%
(p < 0.01) compared to controls determined with Aurora B

30UTR plasmid and the full length Aurora B plasmid, respec-

tively (Figure 3A). To verify the binding, the predicted binding

site of let-7bonAuroraBwasmutatedwith site-directedmuta-

genesis.When either of themutant plasmidswere transfected

into let-7b overexpressing cells, the luciferase activity

http://dx.doi.org/10.1016/j.molonc.2015.01.005
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Figure 3 e Let-7b binds to 30UTR of Aurora B mRNA. A, Reduced luciferase activity in let-7b overexpressing HeLa cells in comparison to

controls determined using reporter plasmids encoding for Aurora B 30UTR or full length Aurora B sequence. The predicted binding site of let-7b

on Aurora B (AURKB) is shown, and the binding sequence of let-7b is underlined. Data are from four separate experiments (mean ± SD). B, Site-

directed mutagenesis of Aurora B 30UTR prevents let-7b binding determined by luciferase reporter assays. Indicated bases (red) were mutated on

Aurora B. Data are from five separate experiments (mean ± SD). C, Let-7b target site blocker (TSB) rescues Aurora B protein levels in cells with

excess let-7b. HeLa cells transfected with 40 nM miR-control, let-7b, control TSB or let-7b TSB in different combinations as indicated were

extracted for Western blotting to detect Aurora B protein levels 48 h post-transfection. GAPDH was used as a loading reference. TSB sequence

and a part of Aurora B mRNA 30UTR are shown. The region of TSB corresponding let-7b binding sequence is underlined. Data are from three

separate experiments (mean ± SD). The asterisks denote statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001).
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remained at the basal control level indicating that let-7b binds

to the predicted site in Aurora B mRNA (Figure 3B). Next, we

attempted to functionally rescue the suppression of Aurora B

protein induced by let-7b. TSB was designed to bind to Aurora

B mRNA and compete for binding with let-7b. In cells trans-

fected with both let-7b and TSB, Aurora B protein levels were

restored back to the control level (Figure 3C). Our results sug-

gest that let-7b directly binds to a specific site in the Aurora B

30UTR causing reduction of Aurora B mRNA and protein levels

as well as perturbation ofmitotic events dependent on normal

Aurora B kinase activity.
Figure 4 e Excess let-7b alters chromosome copy number in HCT-116 cel

let-7b and harvested 48 h post-transfection for qRT-PCR (A) and Wester

(mean ± SD). C, 50 nM let-7b and miR-control transfected HCT-116 cell

specific FISH. The arrows in the micrographs denote individual cells with

The graphs show quantification of copy numbers in a pool of 800e1 200 ce

are from 2 to 3 separate assays per a probe (mean ± SD). The asterisks den
3.3. Excess of let-7b induces aneuploidy and
multipolarity

Altered Aurora B expression and activity have been linked to

genomic instability (Kallio et al., 2002; Ota et al., 2002). To

investigate the impact of let-7b on induction of aneuploidy,

we measured numerical chromosome changes using a near-

diploid colon cancer HCT-116 cell line. First, we determined

Aurora B mRNA and protein levels in HCT-116 cells trans-

fected with let-7b or control miRNA. The excess of let-7b

was found to reduce the kinase levels in comparison to
ls. AeB, HCT-116 cells were transfected with 50 nM miR-control or

n blot (B) analysis. Data are from three separate experiments

s were fixed 66 h post-transfection and processed for chromosome

abnormal chromosome copy number. The scale bar equals to 10 mm.

lls for both miR-control and let-7b transfected cell populations. Data

ote statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001).
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controls (Figure 4AeB). Next, using fluorescence in situ hybrid-

ization (FISH) we determined possible copy number changes

of the chromosomes 12, 13 and 21. Analysis revealed signifi-

cant elevation in the frequency of monosomy, trisomy, and

tetrasomy by excess of let-7b in comparison to controls

(Figure 4C). For example, let-7b overexpression increased

monosomy to 12.8 � 1.3% and trisomy to 12.5 � 2.0%

compared to control’s 6.4 � 1.5% and 6.6 � 1.9%, respectively,

determined with a probe for chromosome 12.

In addition to the numerical chromosome changes, let-7b

transfected HeLa cells manifested multipolar spindles, which

is in line with earlier work reporting induction of polyploidy

upon Aurora B inhibition (Kallio et al., 2002). The structure of

mitotic spindle was visualized in let-7b and control miRNA

transfected HeLa cells using immunofluorescence with anti-

bodies against a-tubulin and pericentrin. Let-7b transfected

HeLa cell populations showed significant increase in the num-

ber ofmitotic cells withmore than two poles as 57.7� 12.7% of

let-7b transfected cells were multipolar compared to

8.9 � 5.0% of control population (Figure 5). This resembled

closely the impact of chemical inhibition of Aurora B as

HeLa cells treated with a chemical Aurora B inhibitor

ZM447439 in the presence of a proteasome inhibitor MG132

exhibited high rate of multipolarity (68.9 � 8.6%)

(Supplementary Figure A.3). These results indicate that let-

7b induces multipolarity and aneuploidy, which are both phe-

notypes associated with Aurora B inhibition.

3.4. Let-7b overexpression has an additive effect on
induction of polyploidy in the presence of the Aurora B
inhibitor barasertib

Barasertib (AZD1152) is a specific Aurora B inhibitor in phase II

clinical trials for treatment of acute myeloid leukemia

(Kantarjian et al., 2013). Since the drug induces mitotic
Figure 5 e Let-7b overexpression induces multipolarity in HeLa cells. Cell

transfection and immunostained with antibodies against pericentrin (red) a

equals 10 mm. The graph shows quantification of mitotic cells with either bi

populations (n [ 75e105). Data are from three separate experiments (mea
slippage and polyploidy in cells (Marxer et al., 2014), we inves-

tigated its possible synergistic or additive effects on the

cellular phenotype observed in the let-7b overexpressing cells.

HeLa cell populations overexpressing let-7b or control miRNA

were subjected to treatments with different concentrations of

barasertib. The range of concentrations (3.125e50 nM) was

chosen based on an earlier study reporting that 12.5 nM bara-

sertib increases the frequency of polyploid cells (Marxer et al.,

2014). After 24 h drug incubation, the DNA content of the cell

populations was profiled using flow cytometry. The analysis

showed that control miRNA transfected Hela cells exhibited

increase in 4n and 8n populations when treated with

12.5 nM barasertib as expected (Figure 6). Interestingly, excess

let-7b in combination with barasertib induced more poly-

ploidy compared to barasertib with control miRNA. The differ-

ence in polyploidy between control miRNA and let-7b

transfected cells was restored throughout the used concentra-

tion range but in cells treated with higher barasertib concen-

trations the differences became smaller. Together, our data

suggest that let-7b has an additive effect on induction of poly-

ploidy in combination with the Aurora B inhibitor barasertib.

3.5. Low let-7b expression correlates with high tumor
grade, positive HER2 status, negative ER status and
mutated TP53 in breast cancer patients

Earlier in vitro and xenograft studies have suggested tumor

suppressor functions for the let-7 family (Esquela-Kerscher

et al., 2008; Johnson et al., 2005; Kumar et al., 2008). Moreover,

in patients with lung and ovarian cancer, reduced expression

of let-7 family members has been found to correlate with poor

prognosis (Nam et al., 2008; Takamizawa et al., 2004). Here, we

retrospectively analyzed let-7b expression in a breast cancer

patient cohort composed of 101 patients whose tumors were

profiled for expression of 799 miRNAs (Enerly et al., 2011).
s were transfected with 40 nM let-7b or miR-control, fixed 48 h post-

nd a-tubulin (green). DNA was stained with DAPI (blue). Scale bar

polar or multipolar spindles in let-7b and miR-control transfected cell

n ± SD). The asterisks denote statistical significance (**p < 0.01).
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Figure 6 e Excess let-7b has an additive effect on the induction of

polyploidy in combination with the Aurora B inhibitor barasertib.

HeLa cells transfected with 40 nM miR-control or let-7b were

subjected to flow cytometric cell cycle analysis 48 h post-transfection.

Barasertib was added to cells at indicated concentrations 24 h before

cell harvesting. Representative flow cytometric profiles are shown.

The histogram depicts the data from three separate experiments

(mean ± SD). The asterisks denote statistical significance (*p < 0.05,

**p < 0.01).
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We found that let-7b expression inversely correlated with

increasing tumor grade (p < 0.001) and was significantly

reduced in the HER2 and basal-like tumor subtypes compared

to the normal-like and luminal A and B cancer subtypes
(Figure 7AeB). These previously established molecular sub-

types of breast cancer are based on gene expression (Perou

et al., 2000; Sorlie et al., 2001) and are associated with survival

of which the basal-like subtype has the worst prognosis.

Relapse-free survival records were available for 96 patients

of the Micma cohort. When the patients were divided into

high and low let-7b expression groups (above or belowmedian

expression), low let-7b expression was associated with poorer

survival compared to high let-7b expression (p < 0.05;

Figure 7C). Furthermore, let-7b expression was significantly

lower in HER2 positive tumors, ER negative tumors and TP53

mutated tumors compared to the opposite statuses

(Figure 7DeF). In accordance with our data showing that let-

7b targets Aurora B mRNA, let-7b expression was found to

inversely correlate with Aurora B expression in different tu-

mor grades (Pearson correlation �0.41, p < 0.001). For

example, in the grade 3 tumors let-7b was markedly reduced

while expression of Aurora B was notably elevated

(Figure 7G). Next, we investigated The Cancer Genome Atlas

Network database to see if our observations can be repro-

duced using another dataset (Cancer Genome Atlas Network,

2012). The let-7b expression was available for 395 breast can-

cer patients. The analysis indicated high similarity in compar-

ison to the results from the Micma cohort. Let-7b had the

lowest expression in the HER2 and basal-like subtypes of

breast cancer (p < 0.001; Supplementary Figure A.4A), and

was lower expressed in HER2 positive (p < 0.001;

Supplementary Figure A.4B) and in ER negative (p < 0.001;

Supplementary Figure A.4C) tumors compared to the opposite

statuses. Moreover, a negative correlation between Aurora B

and let-7b expressions (Pearson correlation ¼ �0.367) was

observed (p < 0.001; Supplementary Figure A.4D).

Finally, analysis of let-7 family members’ expression

patterns in the Micma cohort’s breast tumors of different

grade and against various clinicopathological markers

(Supplementary Figure A.5 and Supplementary Table A.1)

revealed that let-7a, let-7b, let-7c, let-7e and let-7f all are

downregulated in tumors of higher grade. Interestingly, this

was a more evident trend for the -5p forms of miRNAs

compared to the -3p forms originating from the same hairpin

loops of these individual miRNAs. Importantly, of all the let-7

family miRNAs we analyzed, let-7b-5p was the most signifi-

cantly downregulated family member in ER negative, HER2

positive and TP53 mutated tumors, and showed the strongest

negative correlation with increasing tumor grade

(Supplementary Table A.1). In conclusion, our data indicate

loss of let-7b expression in more aggressive forms of breast

cancer, which correlates with increased expression of the

Aurora B kinase.
4. Discussion

Let-7b is a member of the let-7 family of miRNAs that are

implicated in oncogenesis as tumor suppressors (He et al.,

2010; Johnson et al., 2007). Let-7 miRNAs control the expres-

sion of a number of oncogenes, such as RAS and MYC, and

thereby reduce cancer cell proliferation and tumor develop-

ment (Johnson et al., 2007, 2005; Kumar et al., 2008; Sampson

et al., 2007). Also, it has been suggested based on an mRNA

http://dx.doi.org/10.1016/j.molonc.2015.01.005
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Figure 7 e Let-7b expression and association to clinical parameters. A, Let-7b expression in breast tumors of different grade (1, 2 and 3). B, Let-7b

expression in the five molecular subtypes of breast cancer (LumA: Luminal A; LumB: Luminal B). C, Let-7b expression and association to survival.

Relapse-free survival (disease-free survival) was available for 96 patients of the Micma cohort. The KaplaneMeier plots show patients divided into

high and low expression groups (above or below median expression). D, Let-7b expression inHER2 negative and positive breast tumors. E, Let-7b

expression in ER negative and positive breast tumors. F, Let-7b expression in breast tumors of wild-type (wt) or mutated (mut) TP53. G, Aurora B

(AURKB) mRNA expression versus let-7b expression (Pearson correlation [ L0.41). The regression line is shown. Each dot represents an

individual breast tumor and the color coding indicates tumor grade. The asterisks denote statistical significance (*p < 0.05, ***p < 0.001). Round

dots in panels A and E represent outliers.
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array study that let-7b indirectly or directly affects the Aurora

B kinase levels (Johnson et al., 2007). The effects of let-7 miR-

NAs on mitosis have, however, remained largely unknown.

Here, we show that let-7b binds to the 30UTR of the Aurora B

kinase, a mitotic kinase essential for the proper function of

the SAC and normal chromosome segregation. Let-7b overex-

pression decreased the mRNA and protein levels of Aurora B

in cells, which was associated with mitotic defects and induc-

tion of aneuploidy and polyploidy. The luciferase reporter as-

says and TSB rescue experiments confirmed that let-7b

directly targeted Aurora B mRNA for decay. High Aurora B

expression and low let-7b expression have both been sepa-

rately reported to correlate with a poor patient prognosis

(Kurai et al., 2005; Nam et al., 2008). Our results extend the

earlier findings showing significant correlation between low
let-7b expression and high Aurora B expression in high grade

breast tumors. Togetherwith the observed anti-mitotic effects

of excess let-7b these results provide a mechanistic explana-

tion of how altered let-7b expressionmay drive tumorigenesis

via perturbation of Aurora B dependent cellular processes.

Since each miRNA can have several target genes, it is

possible that other cell cycle regulators, in addition to Aurora

B, become abnormally suppressed by excess let-7b and

thereby contribute to the observed cellular phenotype. How-

ever, most, if not all, mitotic anomalies observed in let-7b

overexpressing cells can be associated with Aurora B mal-

function. Induction of polyploidy and multipolarity are prom-

inent consequences of Aurora B inhibition as the kinase

affects central spindle localization and the completion of

cytokinesis by e.g. phosphorylating the centralspindlin

http://dx.doi.org/10.1016/j.molonc.2015.01.005
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complex (Guse et al., 2005). Also, syntelic chromosome at-

tachments and lagging chromosomes leading to aneuploidy

have been reported to be consequences of Aurora B inhibition

(Hauf et al., 2003; Honda et al., 2003; Tanaka et al., 2002).

Furthermore, in non-perturbed growth conditions the dura-

tion of mitosis was prolonged in cells with excess let-7b.

This is possibly caused by cells’ initial response to improper

kinetochore-microtubule interactions that are not efficiently

corrected due to reduced Aurora B activity. This notion is

further supported by our observations that low concentra-

tions of the Aurora B inhibitor barasertib induced transient

mitotic arrest (data not shown). Moreover, let-7b overexpres-

sion caused exit from microtubule drug induced M phase ar-

rest, which indicates impaired Aurora B dependent SAC

signalling. This closely resembles the outcome of chemical

Aurora B inhibition, which causes cancer cells treated with

microtubule poisons to undergo forced mitotic exit

(Ditchfield et al., 2003; Hauf et al., 2003).

The let-7 family members share the same seed sequence,

the nucleotides 2-8 at their 50 ends (Farazi et al., 2011), and

often have similar functional consequences (Roush and

Slack, 2008). This may explain why many family members,

such as let-7a, let-7c, let-7e and let-7f, showed a similar trend

of expression as let-7b in different clinical groups of breast

cancer. Also, let-7c, let-7e and let-7f came up as hit miRNAs

in our original HTS (data not shown). It is, however, note-

worthy that let-7b exhibited the most significant expression

decrease associated with increasing tumor grade compared

to other family members. Let-7a had very similar expression

profile as let-7b, which could result from the nearby genomic

localization of let-7a-3 and let-7b on chromosome 22 enabling

common promoter regulation e.g. via NF-kB (Wang et al.,

2012). Interestingly, in endometrial carcinoma also let-7a has

been reported to target Aurora B kinase (Liu et al., 2013) but

the impact of this miRNA on mitotic phenotype has not

been characterized.

From a clinical perspective our findings can have diag-

nostic and therapeutic value. First, our findings reveal the as-

sociation between low let-7b expression and poorer survival

compared to patients with high let-7b expression. Also, the

observation that let-7b is lower expressed in HER2 positive,

TP53 mutated and ER negative breast cancers may have prog-

nostic significance as these forms of breast cancer are gener-

ally associated with reduced patient survival. Moreover,

restoration of let-7b expression in such tumors could poten-

tially have beneficial effects on prognosis. Secondly, let-7b

overexpression was found to cause forced exit from microtu-

bule drug induced M phase arrest and may antagonize micro-

tubule drug effects via premature inactivation of the SAC.

Since taxanes and epothilones are the first line chemothera-

peutics in the treatment of breast cancer (Dumontet and

Jordan, 2010), analysis of tumors’ let-7b expression may

assist in prediction of drug efficacy in the future. Lastly,

excess let-7b had an additive effect on the induction of poly-

ploidy in the presence of low concentrations of barasertib.

This observation may allow the use of let-7b expression

profiling in stratification of patients for future Aurora B ther-

apies. However, we cannot exclude the possibility that the ef-

fects of barasertib and let-7b overexpression are

independent.
In summary, based on our in silico findings and experi-

ments in cells, we hypothesize that let-7b functions as one

of the molecular switches that control Aurora B expression

post-transcriptionally. Altered expression of let-7b could

contribute both to cancer initiation and progression by regu-

lating Aurora B dependent mitotic processes. For example,

in the later stages of tumorigenesis low let-7b expression

may not be able to suppress Aurora B and target oncogenes,

which can provide cells with a growth and survival advantage.

The potency of let-7b as a biomarker for tumor grade and drug

efficacy should be addressed in more detail in the future.
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