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ABSTRACT

Background

Cancer-associatdebroblasts (CAFs) are known to impaxct tumour behaviour but mechanisms
controlling this argpoorly understood.

Methods

Breast normal fibroblasts (NFs) or CAFs werm@ased from cancers by laser-microdissection or
were cultured. Fibroblasts wetensfected to manipulate mi#&2 or Lamin B Receptor (LBR).
Fibroblast conditioned medium was collected and used to treat epithelial BC linesMBDA
231 and MDA-MB-157. Migration,nivasion, proliferation, or sescence was assessed using
transwell, MTT or X-gal assays respectively.

Results

MiR-222 was up-regulated in CAFs as compai@dNFs. Ectopic miR-222 expression in NFs
induced CAF-like expression profiles, wdilmiR-222 knock-down in CAFs inhibited CAF
phenotypes. LBR was identified as a direct - target and was functionally relevant since
LBR knock-down phenocopied miR-222 over-exgsien and LBR over-expression phenocopied
miR-222 knock-down. MiR-222 overxpression, or LBR knock-downyas sufficient to induce
NFs to show CAF characteiiss of enhanced migrationhvasion and senescence, and
furthermore conditioned medium from these ditliasts induced increased BC cell migration and
invasion. The reverse manipulations in CAiRkibited these behaviosirin fibroblasts and
inhibited paracrine influences on BC cells.

Conclusion

MiR-222/LBR have key roles inontrolling pro-progression influees of CAFs in BC. This

pathway may present therapeutic opportuntteishibit CAF-inducedcancer progression.
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BACKGROUND

Breast cancer (BC) is the leading cause of cancer death worldwide amongwantenearly
2.3 million females are newly diagnosed anndalilthough there are itial responses to
treatment, many cancers relapse and distant met¢asiasur in nearly one third of woman; these
are typically fatal The biology behind BC mestses still remains unigemined. Therefore,
understanding molecular determinants of maegastis crucial forfinding new therapeutic
strategies. The tumour microenvironment consiétemmune cells, blod vessels, endothelial
cells, fibroblasts and extracellular mafridThis microenvironment plays key roles in disease
outcome by inducing tumour cell gliferation and aggressivend$s Cancer-associated
Pbroblasts (CAFs), an activated form of tissuedest fibroblasts presemtithin breast cancers,
comprise a major component of the tumour microenvironfnehtracterised most commonly
by expression of-smooth muscle actihCAFs can induce cancer progresdiand metastasis

by secreting various cytokiae chemokines and growtladtors (e.g. VEGF, FGF2, TGF
CXCL12, IL6 and IL8*? and by modulating the extracellulenatrix (ECM) that facilitates
tumour cell migration and invasibit®. CAFs also modulate immureell function to create an
immune suppressive enviroemt during cancer progresstonThe process of transformation of
CAFs from resident normabbroblasts is achieved bseveral growth factot$'”*® however
mechanisms of transformation have not yet by explored and may represent attractive
targets for therapeutic intervention; intgregly, once transformed into CAFs, the CAF

phenotype has been regarded as stable, plptreough maintenance epigenetic changts

MicroRNAs (miRNAs) are small, non-coding RNAsat regulate genexpression by binding to

the 3'untranslated regions (3TRs) of target genes, leadi to post-transcriptional down-
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regulatio®. MiRNAs can be oncogenic or act as tumour suppressors, depending upon the
specific genes that they requfdt& Dysregulation of miRNAs ithin the fibroblast component

of breast cancer has been reported, and is therhmlicated in induction or maintenance of the
CAF phenotype. For example, differential pexssion between breast CAFs and normal
fibroblasts has been reported for maniRNAs, including miR-221, miR-31, miR-205, miR-
200b, miR-200c, miR-107, miR-30b, tHet-7 family and miR-268"%* although there is
relatively little consistency between reports. feaver miRNAs have been shown experimentally
to have functional impacts oneghoreast CAF phenotype, or masterestingly indirectly on
cancer cell behaviour; examples include miR?6let-715>, miR-200 family® andmiR-291".
Although some of these studiesvhaindicated functional rolefor specific miRNAs within
CAFs, very few studies haverdctly investigated miRNA roles on the transformation and
maintenance of CAF phenotypes and on how ithigacts on cancer behaviour, therefore how
mMiRNAs in CAFs are involved in cancer pregsion remains poorly understood. Here, we have
focussed on miR-222 as a candidate regulatdAF phenotypes and cancer behaviour. MiR-
222 has previously been reported as an oncogenic miRNA in various cancers includfiig BC
functioning within the cancer cells themselvas,opposed to stromal cells. Furthermore, it has
been shown that up-regulation of miR-222 ioeld growth of cancer cells by targeting
p27/kipT? as well as chemoresimice by targeting PTEN/AR Interestingly, inthe context of
our study on function in fibroblasts, levetd miR-222 positively correlated with fibroblast
viability in hypertrophic scar tissus while miR-222 has been showo induce replicative
senescence in human lung fibrobl&tsiowever, to date, no studies have been published on
roles of miR-222 in CAFsTherefore, the above observati@uggest the importance of miR-222

as a post-transcriptional modifier, playing ftional roles in BC progression. However, it is



94 unclear whether expression of miR-222 is onlyjaur cell specific or the other cells also
95 express miR-222 in tumour microenvironment.rAR-222 is an importandncogenic factor in

96 breast cancer we wanted to unveil whether CAlBs expressed miR-222 to influence disease
97  progression.

98

99 MATERIALS AND METHODS

100 Reagents

101 Foetal bovine serum (FBS), DMEMna antibiotic/antimycotic (100X; 10,000units/mL
102 penicillin, 10,000ug/mL streptomycin, 25ug/mlAmphotericin B) were purchased from
103 ThermoFisher (MA, USA). Antibodies forsmooth muscle actin (ab5694), LBR (ab32535) and
104 -Actin (ab8227) were purchased from Abcam (MA, USA), and for Vimentin (#5741S) and Slug
105 (#9585S) from Cell Signaling Technology (MAJSA). Secondary dnrabbit antibody was
106 purchased from Bangalore Genei (Bangalordian AlexaFluor 488-agugated anti-rabbit and
107 TRITC-conjugated anti-rabbit antibodies weregased from ThermoFisher (MA, USA). MiR-
108 222-3p mimics (#¥MSY0000279) and inhibitorsMNO000279), miScriptinhibitor negative
109 control (#1027271), siLBR (#SI00035798) andlStars negative control siRNA (#1027280)
110 were purchased from Qiagen (Hilden, Gany). Lipofectamine 3000 was purchased from
111  ThermoFisher (MA, USA). -Galactosidase assay kit was ghased from Cell Signaling
112 Technology (MA, USA). Kpnl, Xbal, Pmel, Noéind T4 DNA ligase were purchased from New
113  England Biolabs (MA, USA).

114

115 Ethical issues, and cell culture
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Ethical approval for collection and use of huntessue was obtained from the Leeds East REC
(references 06/Q1206/180, 09/H1306/108), and &em the Ethical Committee, Medical
College, Kolkata, references MC/KOEL/NON-SPON/102/09-2015Fresh samples of
surgically removed breast cancer samples weieced, digested with collagenase IV from
HiMedia Laboratories Pvt. Ltd (Mumbai, India), and platedllégenase | coated) to derive
primary breast CAFs (from within tumounasses) and NFs (from >1cm outside tumour
margins). Breast cancer cell ¢éims MDA-MB-231 and MDA-MB157 were obtained from the
ATCC (VA, USA). The NF and CAmPbroblast lines were derivedoim breast cancer samples
and immortalised using lentiviral transdion of hnTERT, as previously descrilf&dAll cell lines
were cultured in DMEM with 10% FB&nhd 1% antibiotics/antimycotics in a humid atmosphere
incubator with 5% C@at 37°C. NFs were transfected with scrambled siRNA negative control
(NC), siLBR, miR-222 mimic or mimic contraising Lipofectamine 3000 (ThermoFisher; MA,
USA) according to manufacturer’s instruction. $amy, CAFs were transfected with scramble
negative control, miR-222 inhitior, pPCDNA or pCDNA-LBR. 72h dér transfection, cells were
harvested for Western blottingRT-PCR analyses, senescenagdigts or migration/invasion
studies. To collect NF and CAF conditioned mediwalls were seeded into 6-well plates at
1.5x10 cells/well. As previously deeribed, cells weréransfected as apppriate for 24h, then
medium was replaced with fresh DMEM. AfteBhtand 72h of incubation medium was collected

and centrifuged at 150g for 5min théire supernatant was collected.

RNA isolation and gPCR
For LMD samples, total RNA was extracted from using RecoverAll Total Nucleit I8olation

Kit for FFPE (ThermoFisher; MA, USA) folleing the manufacturer'protocols, or the
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mirVanaTM miRNA Isolation Kit (ThermoFisheNIA, USA). RNA was reverse-transcribed for
miR-222 using the TagMan MicroRNA RT kit (TitmoFisher; MA, USA) and the resulting first
strand was amplified using specific TagmarRMA assay primers (ThermoFisher; MA, USA).
The PCRs were performed by StepOne plusctiete system (ThermoFisher; MA, USA), and
amplification data were normadid using RNU6 expression. Relative expression levels were
calculated using the 2™ method. For cultured primary fibblasts (in Figure 1B), RNA was
isolated from a 90-mm dish of cultured cellgngsTRIzol (ThermoFisher; MA, USA), according
to manufacturer instruction and RNA qufied by MULTISCANGO (ThermoFisher; MA,
USA). For miRNA expression status and gemeression status, first strand cDNA and cDNA
were synthesised with miScript RT-Il kit @yen, Hilden, Germany) and Superscript Il
(ThermoFisher; MA, USA) respectively. MiR22 expression was analysed using PCR starter
kits (Qiagen, Hilden, Germany); U6 was usexian endogenous control. Quantitative RT-PCR
was performed using the Power SYBR Gradaster Mix (ThermoFisher; MA, USA) on
StepOne detection system (ThermoFisher; M&A). Expression was normalised to the house-

keeping gene 18S.

Protein extraction and Western blots

Cells were washed with PBSd lysed in RIPA lysis buffeSystem (lysis buffer pH 7.200mM
PMSF, protease inhibitor cocktailOOmM sodium orthovanattg (SantaCruz-sc24948). The
lysates were centrifuged at 12700g for 20min @&. 4Protein concentrations were determined
using BCA Protein Assay Kit (ThermoFisher; MASA). Total protein was separated by SDS-
PAGE (12% gel) then transferred to PVDRembranes (Millipore) and blocked with 5%

skimmed milk. Membrane were then incubatedroight with primary antibodies. Protein bands
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were detected by incubation with horseradish peroxidase (HRP)-conjugated antibodies

(Bangalore Genei, Bangalore, IndiBands were visualised using ECL.

Histology, laser capture microdissectioffLMD) and immunohistochemistry (IHC)

LMD was carried out on the Zeiss PALM Lasermp@ae Microdissection Microscope exactly as
described previousf{ In brief, archival FFPE cancer blocks and matched normal blocks were
obtained and sectioned at 10 onto Membrane Slides NF 1.0 PEN (Zei€¥erkochen,
Germany). A guide section was staineith haematoxylin and eosin and reviewed by a
histopathologist (LMW) to identyf areas of fibroblasts with very few admixed inflammatory
cells, epithelial cells or necrosis. The equivakamias were then identified on other sections and
these were collected with the laser ititls of AdhesiveCap500 opaque PCR Tubes (Zeiss;
Oberkochen, Germany) by laseregsure catapulting (LPC). The aroscope settings used for
LCM were cut energy 71, focus 65, LPCeegy 100, focus 65 at 100x magnification. Areas
dissected from each case varied between 5.2-274x®0depending on filmblast density. For
IHC, FFPE human breast cancer resection ¢issas available; canaars and non-cancerous
breast tissue was immunostained feBMA and LBR. The signal was amplified and visualised

with 3, 3-diaminobenzidine (DAB) chromogenl|léoved by counterstainingith haematoxylin.

Luciferase reporter assays

The potential miR-222 binding sequence from the LBR gene (WT LBR) and 3 nucleotide
mutated LBR (MUT LBR) (Fig 2A) were cl@d into pMiRGLO (Promega, WI, USA) under
restriction sites Pmel and Xbal (primers listedrable S1). Luciferase activities were measured

48h after transfection using BuLuciferase Reporter Asga (Promega, WI, USA).
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186 Cell proliferation assays

187 NFs and CAFs were seeded in 96-well plates at “lg&Ds/well and trasfected the following
188 day. Cell proliferation was maored after 72h by MTT (HiMediaaboratories, Mumbai, India).
189 10yl MTT solution (10mg/ml) in 100ul of DMEMmedia was added per well. After 4h of
190 incubation, formazan complexes were dissolied 00yl DMSO and signals were measured
191 using MULTISCANGO plate reader (ThermoRkes; MA, USA). To evaluate effects of
192 conditioned media, MDA-MB-231 and MDA-MB57 were seeded in 96-well plates at Zx10
193 cells/well. 24h after seeding condition media wpplied. MTT assays were performed at 48h as
194  above.

195

196 Cell migration and invasion assays

197 Cell migration and invasion abilitwas determined by Corning tamell insert chambers (8um
198 pores; Corning, MA, USA) and Magel (Sigma Aldrich, MO,USA) coated in transwell
199 chamber for invasion analysis. Conditional media from different treatment conditions were use
200 in lower chambers for migraticand invasion study. Theells were priotreated with conditional
201 media for 48h. 1x10cells of MDA-MB-231 or MDA-MB-4157 were added into chambers and
202 incubated for 28h at 37°C. Cells that had meptadr invaded were fixed with 100% methanol,
203 stained with 0.5% crystal violegimaged and counted manually.

204

205 Senescence-associated beta-gdlzsidase (SA-3-gal) assays
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SA-3-gal activity was detected by 3-gal stainkig(Cell Signaling Telknologies) according to
the manufacturer's instructions. Cells containihge stain were counted manually as positive

senescent cells, and imageseviaken under phase contrast.

Cell immunostaining and confocal microscopy

NFs and CAFs were allowed to attaohglass coverslips overnight ati87 Cells were fixed in
4% paraformaldehyde (20min) and permeabiligeth 0.1% Triton X-100 (15min). Blocking
was performed with 5% BSA for 1h followed by incubation wit&8 MA and Vimentin primary
antibodies (4&C overnight). Alexa Fluor 488-conjugal and TRITC-conjugated secondary
antibodies were incubated for 1Goverslips were counterstathavith DAPI and analysed on

confocal microscope (Olympus).

Cloning

For LBR overexpressing vector, LBR operadang frame was cloned within pCDNA 3.1+
vector using Kpnl and Xbal restriction sites and primers
GTGGTACCACCATGCCAAGTAGGAATTTG (forward) and

GCTCTAGAGCTTAGTAGATGTATGGAAATATACGG (reverse).

Statistical analyses
All data are representative of at least thredependent experiments. Results are presented as
means +/- SEM of at least three independepeements in all the figures. Differences were

considered statistically sigpgant at p<0.05 usin§tudent’s t-test.

10



229 RESULTS

230

231 miR-222 is up-regulated in breastCAFs, and controls CAF phenotypes

232 Many studies have shown that miRNAs are dyswigdl in CAFs. To inv&igate roles of miR-
233 222 dysregulation in CAF biologyve first assessed relativecggession of miR-222 in 14
234 matched pairs of normal fibroblasts (NFs) andcearassociated fibroblasts (CAFs) that have
235 been isolated from breast cancer resectionpées using laser micrdissection (LMD). We
236 found miR-222 to be up-regulated in CAFs relative to matched NFs in 11 out of 14 cases,
237 representing significant up-regutat overall by a mean fold &.63 (p<0.04; Fig.1A, left plot).
238 To expand this finding, we further assessed 2#R-expression in 4 matched pairs of primary
239 human breast NFs and CAFs cultures extracted In@ast cancer resectignge found a greater
240 than 2-fold induction of miR-222 in CAFs asngpared to matched NFRs all cases (Fig.1A,
241  middle plot). Finally, miR-222>gression in immortalised huméreast NFs was compared to
242 immortalised human breast CAFs; this alsovetd higher expression ofiR-222 in CAFs by
243 more than 3-fold (Fig.1A, right plot). We cdoded that miR-222 is morkighly expressed in
244  CAFs than NFs in breast tissue.

245 To explore functional roles @hiR-222 in transformation of NAs CAFs, we conducted a series
246  of experiments on immortalised human breass MF immortalised human breast CAFs using
247 miR-222 mimics to up-regulate peession in NFs, or miR-22ihhibitors to downregulate
248 expression in CAFs. First, miR-222 expressiwas assessed using gRT-PCR to confirm
249 appropriate over- or under-expston (Fig.1B); miR-222 was giificantly over-expressed by
250 more than 8-fold and was knocked down to ondltbirits original level. Next, the relatively

251 “normal” or CAF-like phenotypes of these cell lin@ere characterised to establish their base-

11
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lines for subsequent analyses. Exp@ssif a range of classical CAF marKeét¥ was assessed
using gRT-PCR (Fig.1C), immunofluorescence western blotting (Fig.S1). Relative
expressions of ACTA2 (smootimuscle actin), FSP, CCL2 andEGF were all substantially
higher in CAFs as compared to NFs (a mimmaf 5-fold higher as assessed by gRT-PCR), as
indicative of the CAF phenotypé&Jp-regulation in CAFs oACTAZsmooth muscle actin and
vimentin was also confirmed at the protein leff@g.S1). Next, NFs were transfected with miR-
222 mimics, or control mimics, and CAFs weransfected with miR-22ihhibitors or control
inhibitors, and miR-222’s influeze on transformation of NFs to €4, or on maintenance of the
CAF phenotype was examined using the samel mdr@AF markers as previously. Transfection
of miR-222 mimics in NFs res@d in significant up-regulatioof all the CAF markers (QRT-
PCR, Fig.1D, left plot; Westerblots, Fig.1E). Furthermorelownregulation of miR-222 in
CAFs using miR-222 inhibitorsignificantly down-regulated exgssion of the CAF markers,
with the notable and surprising exception of CCL2 (QRT-PCR, Fig.1D, pightWesern blots,
Fig.1E). We concluded that miR-222 levels pkay roles in controliig the CAF phenotype in

breast fibroblasts.

LBR is a direct target of miR-222

To investigate potential mechiams by which miR-222 plays rolé@s breast fibroblast biology,
bioinformatics tools were used to predict pontarget genes of lR-222. We analysed the
best possible miR-222 seed matches usinBamda, TargetScan, and miRDB software. 11
predicted target genes were chodor further analysis basexh the target scores, containing
seed matches for miR-222. On analysis of exgioesby qRT-PCR in NFs and paired CAFs from

patient samples three of these genes, RECKOP1 and LBR, demonstrated differential

12



275 expression in the predicted directionBR showed the most substantial and consistent
276 dysregulated result in NFs and CAFs and theeelBR was prioritised fosubsequent analyses.
277  The potential miR-222 binding site within th&R 3'UTR is depictedn Fig.2A. We performed
278 a number of different assays é#gsess whether LBR & true direct targedf miR-222 within
279 breast fibroblasts. First, luciferase reportenstructs containing eithehe wild-type miR-222
280 binding site from the LBR 3'UTR or a mutategof-binding) version of the site (Fig.2A) were
281 cloned. Reporters were co-transfected witrRR22 mimics and inhibitors, or appropriate
282 controls, in NFs and CAFs respectively, andflreaise assays were performed. MiR-222 mimics
283 significantly inhibited the activity of the lucifase reporter containinpe wild-type LBR site,
284  while the mutated site was insensitive taRR#22 over-expression in NK§&ig.2B, left plot),
285 whereas miR-222 inhibitors significantly increasbd activity of the wildtype reporter, while
286 the mutated reporter was again insensitive iF€Fig.2B, right plot). Next, endogenous LBR
287 expression was assessed in NFs after tramsfettt over-express miR-222, and in CAFs after
288 transfection with miR-222 inhitors (Fig.2C and D). LBRxpression was down-regulated by
289 miR-222 over-expression and upregulated by miR-222 inhibition at the level of both transcript
290 (Fig.2C) and protein (Fig.2D),rfdings that were in accordanesdth it being down-stream of
291 miR-222 function. We concluded thiaBR is a direct target ahiR-222 in breast fibroblasts, via
292 a canonical miR-222 binding sitgthin the LBR 3'UTR.

293

294  Down-regulation of LBR induces a CAF-like phenotype

295 Our next aim was to determine whether LBR dewgulation is involved in determining the
296 breast CAF phenotype, since wevbalready determined th@AFs over-express miR-222 and

297  that this can down-regulate LBR. In one apphpage examined whether breast normal stroma

13
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or tumour stroma exhibit differential exgson of LBR using immunohistochemistry. LBR
expression(Fig.2E), was relatively reduced imour stroma, in contrast to ACTA2 (smooth
muscle actin) (Fig.S2) which was relativehghiin tumour stroma. In addition, gRT-PCR was
performed on 8 matched pairs of primaNF and CAF cultures. LBR expression was
significantly reduced by a mean of 4.3-fold in CAfesnpared to the NFs (p<0.01), in contrast to
expression of the CAF markers ACTA2 and vime, which were up-regulated in CAFs as
expected and indicative of tiiAF phenotype (Fig.2F and G).

We next assessed whether LBR down-regulatios su#ficient for transformation of NFs to
CAFs, and conversely whether LBR over-expm@ssiould reduce CAF features. We transfected
immortalised breast NFs with siRNA targeted against LBR or with an appropriate nomtarget
control, and also transfected immortalised ré€asFs with plasmids to allow over-expression
of LBR, or with appropriate control plasds. The efficacy of knock-down and overexpression
was confirmed using qRT-PCR (Fig.3A) and $é&n blots (Fig.3B); knock-down was to
approximately 30% of the original levels, whibverexpression was by matean 9-fold. Next,
we assessed expression of panel of CAF markers in thescells after knock-down or over-
expression of LBR using gRT-PCR or Westeblots as previously. Reduction of LBR
expression in NFs, and increased expressibiBR in CAFs, sigrficantly increased and
decreased respectively expression of all the CAF markers (Fig.3@econcluded that LBR is

a key regulator of the breast CAF phenotype, thatl knock-down of LBR alone is sufficient to

transform NFs into cells that resemble CAFs.

MiR-222 and LBR regulate migration, invasian and senescence in breast fibroblasts

14
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Since it has been previously demonstrated that CAFs are characterised by higher agll motil
than their adjacent NES we also investigated whetheniR-222 overexpression or siRNA
mediated knock-down of LBR would induce incre@$NF migration omvasion, and conversely
whether miR-222 inhibition or LBR over-expressiwould reduce CAF migration or invasion.
Immortalised breast NFs or CAFs were trangfdcas previously with miR-222 mimics or
inhibitors respectively, or with siRNA tgeted against LBR or overexpression of LBR
respectively. We then performhemigration or invasion assayssing transwell assays. NFs
transfected with miR-222 mimics or siRNArgating LBR had significantly higher migration
and invasion capacity (Fig.4/, left plots), whereas inbition of miR-222 or LBR over-
expression in CAFs significantly reduced theignation and invasion capacity (Fig.4A, B right
plots). In order to confirm that these apparfiects on migration andhvasion did not relate to
differences in cell numbers induced by the ¢fantions, we also eWated proliferation
capabilities of fibroblasts after these npnations of miR-222 orLBR expression. We
performed MTT assays after tsame transfected conditionsragntioned above; there were no
significant differences in proliferiain of NFs or CAFs after any @iiese treatments (Fig.S3). We
concluded that miR-222 and itmrget LBR have key influences on aspects of CAF-like
fibroblast behaviour, namelyigration and invasion.

It was previously reported thhiss of LBR is associated withduction of cellular senesceriée
therefore, we also specifically evaluatedhescence by determining senescence associated
galactosidase (SA--gal) activities in NFs and CAFs aftdysregulation of expression of miR-
222 or LBR. We found an increased SAgal activity in NFs trangfcted with miR-222 mimics
or siLBR compared to controls (Fig.4C, lefofl In addition, inhibition of miR-222 activity or

increased LBR expression in CAFs significantly reduced & activity (Fig.4C, right plot).
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We also further examined features of this senescence phenotype by determining whether it was
also associated with differential expressionotifer senescence markers. NFs and CAFs were
transfected as before, and gRT-PCR was usaddess expression of MIgFOPN ,IL6 and IL8,

which are upregulated in senescent cells pderty those showing the senescence associated
secretory phenotype (SASP}® Expression of all four markevsas significantly up-regulated in

NFs transfected with miR-222 mimic or siLBEig.4D, left plot), while expression was
significantly down-regulated in (s transfected with miR-222hibitors or toover-express

LBR (Fig.4D, right plot). This provied strong support that changes Hgal activity we had
detected were indeed associated with ssree, and that miR-222é LBR expression impact

on senescence phenotypes in breast fibroblasts.

miR-222 and LBR in breast fibroblasts regulae proliferation, migration and invasion of
cancer cells

To better understand the exact effects oRtB22 and its action on LBR in fibroblasts on
epithelial breast cancer cell behaviowe assessed abilities Mfs and CAFs after manipulation
of miR-222 or LBR expression faduce growth or migttion/invasion of keast cancer cells. In
particular, we focused on the highly metastMidA-MB-231 and the relatively less metastatic
and triple negative MDA-MB-157 delines. In order to assessflirences of fibroblasts on the
cancer cells, we decided to collect conditioned medium from fibroblasts and treat cal&
with this. Fibroblast-conditioned medium hagsduently been shown to influence cancer cell
behaviour in this conteXt NFs or CAFs were transfectexactly as previously. Conditional
medium (CM) was collected from these cellseaftransfection and waasdded to cultures of

epithelial breast cancer cells. First, proliferation of epithelial cels assessed using MTT
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assays after treatment with CM (Fig.5A, B).dath epithelial cell linesCM from control NFs
caused a marginal, but not significant, reductiopnoliferation, while CM from control CAFs
caused a marked and significantrease in prolération when comparet cells without CM
(p<0.005), as has beeaported previousf{. More interestingly, oveexpression of miR-222 in
NFs and knock-down of miR-222 in CAFs signifitlgraltered the activity of these CMs on both
epithelial cell lines; miR-222 over-expression in NFs produced CM that had similar growth
inducing effects to that from control CAFs, Nehknock-down of miR-222 in CAFs reduced this
growth stimulation (Fig.5A). Changes in LBR expression within NFs and CAFs also had similar
significant effects, with LBRknock-down allowing CM from NF$o induce relative growth
increases, while over-expression of LBR in CABduced the growth stimulatory effect of CAF
CM (Fig.5B). We concluded that up-regulatiohmiR-222 and down-regulation of LBR were
both necessary and sufficient for CAF functioithwespect to inducingroliferation of breast
cancer cells. Next, we investigated the influences of these CMs on the motility ol BB
cells also responded dramatically and signifiiato these CMs in tens of migration and
invasion capacities. CM from NFs had little urdhce on migration, while CM from CAFs
significant and consistently induced migrationg(b C, E) and invasion (Fig.5 D, F) in both
epithelial cell lines. Oweexpression of miR-222 or knock-dowefiLBR in NFs led to enhanced
migration in the epithelial lire Knock-down of miR-222 or ow@xpression of LBR in CAFs
led to reduced migration in the epithelial linExactly the same result was evident in terms of
invasion, with miR-222 and LBR kg a key influence on abilitiesf NFs or CAFs to induce
invasion in both epithelial celldes (Fig.5 C, D, E, F). To fumer clarify that differences in
migration/invasion of the breast cancer epithelial cells treated with CM did mdy selate to

changes in proliferation rate, we additionally performed an experiment assessifieggpianh in
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the cells treated exactly as fttre migration/invasion assay ¢F54), which involves an earlier
time-point than that used for Fig.5 A, B. Taawere no significant differences in almost all
combinations, supporting the conclusion that true diffe@s in migration/invasion were seen.
An exception is MDA-MB-157 cells treated witbAF CM, in which a significant reduction in
proliferation was seen with CM after miR-2RAock-down and LBR oveexpression; however,
this change in proliferation was only upo 20% (Fig.S4), whereas decreases in
migration/invasion were up to 50% (Fig.5E,F), indicgtithat — again — true influences on

migration/invasion were seen.

Finally, to determine whether the fibroblasts wefeuencing migration ad invasion capacity of
epithelial cells by inducing epithal to mesenchymal transitigtMT) pathways, we analysed
expression of EMT markers slug and vimentin in the BC cells after culture with theCdme
using both gRT-PCR and Westerrotsl (Fig.6). CM from NFs hatittle influence on slug or
vimentin expression at either transcript or pinotlevel, while CM from CAFs induced up to a 6-
fold increase in expression. Manipulation mfR-222 or LBR expressn in the fibroblasts
consistently and significantly altered slug awichentin expression in accordance with the
changes in migration and invasiamith greater slug and vimentexpression in cells induced to
migrate/invade more by miR-222 mics or LBR siRNA in NFs, and reduced slug and vimentin
expression in cells induced to migrate/invéetes by miR-222 inhibitin or LBR over-expression
in CAFs. We concluded that miR-222 and, doweatn of this, LBR have key influences on
abilities of breast fibroblasts to control criticencer-related behaviours of breast epithelial

cancer cells, including prolifetian, migration, invasion and EMT.
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DISCUSSION

Increasing evidence supports the proposal thi®®@NA dysregulation vthin CAFs modulates
function of the tumour microenvironment. Howevetris worth highlighting that most studies
have emphasised investigation of miRNA rolathim the tumour cells themselves, therefore it
remains the case that relatiyelittle is known about rolesof miRNAs in the tumour

microenvironment. In this study, we have fesed on roles of miR-222 within fibroblasts.

We initially compared the miR-222 expression difference between CAFs and adjacent NFs in

breast cancer tissue samples. Our studyodsimated that miR-222 was significantly up-

regulated in CAFs. Although others have made similar comparisons for multiple miRNAs in this

contexf3'24'26'4°

miR-222 has not previously been idewtifias differentially expressed. This may
be because studies have not always effectively purified only the fibroblasts for their gredyse
we have by LMD, or may be because miR-222 watsalways included in the analyses. Next,
we identified that miR-222 targets Lamin Bceptor (LBR) expression in the CAFs. Various
targets of miR-222 have been published presiy, but LBR is a novel target on which we
focused since we were able to confirm its dewgulation in CAFs in accordance with negative
regulation by the up-regulated miR-222. Mospaortantly, down-regulation of LBR with siRNA
phenocopied miR-222 over-exprassi in functional experimest using breast fibroblasts,
strongly suggesting that LBR @&skey functionally-important taeg of miR-222 in these cells.

In terms of cellular function, wehowed that miR-222 and LBR veeboth involved in defining

and maintaining the breast CAF phenotypetarms of expression patterns, and fibroblast
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behaviours including migrationnd invasion. MiR-222 has previously been assigned roles in
promotion of cell proliferation, migration, insin and drug resistance within cancer éeffs*:

so our findings are in accordance with thith@gh they represent thedt observations to our
knowledge in a cancer stromal celpe. With respect to functiored LBR, a role in senescence
has previously been reported in fibrobldstand we also observed a related result with
manipulation of LBR expression by siRNA, evexpression or via miR-222 all impacting on
senescence in breast fibroblasts. LBR encodedatmin B receptor, a 70.4 kD protein of the
inner nuclear membraffe which is known to interact witheterochromatin and B-type lamffis
Other functions for the protein have been liegh by observations tha&tctopic LBR expression

deregulates differentiation offattory neurons inducing an uor early-differentiated staté

More excitingly, we showed that fibroblaststhvidifferential expressn of miR-222 or LBR
have potent differential influences behaviour of two independdmteast epithelial cancer cell
lines. We demonstrated that conditioned medfuom fibroblasts thatvere stimulated to be
more CAF-like by miR-222 over-expression or BR. promoted breast cancer proliferation,
migration and invasion. Similarly, abilities ofrutitioned medium from CAFs to promote breast
cancer proliferation, migration dnnvasion was inhibited by reded miR-222 levels or by LBR
over-expression. Next, we investigated possible pathways involved in the breast tumiityr moti
effects. We found that the enhanced migratand invasion was associated with increased
expression of vimentin and slug in the BC gedisggesting involvemerdf the EMT pathway.
Taken together, these results suggest ih&-222 up-regulation, and subsequent LBR down-
regulation, within fibroblasts ithe tumour microenvironmenbntribute to progression of BC,

through induction of proliferation and EMT-re&dal motility. It is established that cancer
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progression is not only dependent on tumour cells themselves but also dependent on the tumour
microenvironmerft**® and, in particular, CAFs, which prate growth and invasion of cancer

cells through synthesis and remodellingeM and secreting some growth facf6f§ Hence,
blocking CAF activity may be a key approath effectively control cancer metastasis.
Manipulation of either miR-222xpression or LBR function prosgte candidate approaches for
development of these types oftiacancer therapies. In particular, our data demonstrate that
reduced expression of miR-222 or over-expressiotBR in CAFs greatly reduces their ability

to promote aggressive behaviours in camads, supporting the proposal that CAF phenotypes

are not fixed and could be normalised therapeutically.

Surprisingly, our data also implicate the n#R2/LBR axis in senescence induction in CAFs.
Previous studies have indicated that inseeamiR-222 or loss of LBR induces senescEnée

So this is not a surprise in itself, however itiexpected that high lelgeof senescence in CAFs
would be associated with cancer cell behavidhet promote progression, since senescence is
often regarded as a tumour swuggsor mechanism in cancer céllsHowever, more recent
evidence shows that senescenells may promote oncogenesisaiigh secretion of secretory
factors (SASP¥ and several reports describe abilitiesefiescent human fibroblasts to promote
growth and tumorigenesis In support of this, here, welemonstrated that miR-222
overexpression in NFs induces a SASP phenotype nigadiincreased secreti of, at least, the

SASP factors IL6, IL8, and the slsical senescence marker MMP3.
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478 In conclusion, we present miR-222 and LBRkag molecules involved in transformation and
479 maintenance of breast CAFs, which in turn ¢fiere impacts on theggressive tumorigenic
480 behaviour of breast cancer cells. These molearesovel targets for thegpeutic intervention.
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FIGURE LEGENDS

Figure 1: MiR-222 is upregulated in breast cancer associated fibroblasts (CAFs), and
controls breast fibroblast phenotype. A) MiR-222 expression was determined by gPCR and is
shown for CAFs relative to NFs in 3 separa#édl types. Left plot: matched pairs of normal
fibroblasts (NFs) and CAFs were isolated frbneast cancer patient samples using laser micro-
dissection of archival (fixed) tissue. Data eeg@nt technical triplicates. Middle plot: 4 matched
pairs of primary cultured CAFs and NFs frdmmeast cancer patient derived tumour samples.
Data represent technical trigdiies. Right plot: immortalised dast CAF and NF cell lines. Data
represent biological triplicates. B) Immortaits breast NFs (left) or CAFs (right) were
transfected with miR-222 mimiax control (NC), or miR-222 inbitor (i) or control (NC) and
miR-222 expression was assessed using qPCR. Data represent biolpicatets. C) Relative
gene expression levets the CAF markers,.-SMA, Fibroblast Spedi Protein (FSP), CCL2
and VEGF were assessed in immortalised Cad~sompared to immortalised NFs using qPCR.
Data represent biological triplicates. D) Relative expression levels dfatime CAF markers
were assessed using gPCR in NFs (left) oF€Aright) transfected with miR-222 mimics or
control (NC), or miR-222 inhibito(i) or control (NC). Data repsent biological triplicates. E)
NFs or CAFs were transfected with miR-222 minacsontrol (NC), or miR-222 inhibitor (i) or
control (NC) and protein exgssion of the CAF markersSMA (ACTA2) and Vimentin were
assessed using Western blots, along wiActin as a loading control. p<0.0005(***) and

p<0.005(**)

Figure 2: Lamin B Receptor (LBR) is a direct targetof miR-222 in breast fibroblasts and is

downregulated in breast CAFs relative to matched NFsA) LBR was identified as a potential
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662 miR-222 target by bioinformatics. The potentiaR-222 binding site within the LBR 3-UTR is
663 shown (WT), along with a binding-dead mutanedisexperimentally (MUT). B) Luciferase
664 reporters were cloned that allow expression of luciferase transcripts containing the wild type or
665 mutant LBR miR-222 3'UTR bindingites. These were transfectedo NFs (left) or CAFs
666 (right) along with either miRR22 mimic or control (NC), or miR-222 inhibitor (i) or control
667 (NC), and relative luciferase activity was detered. Data represent twmological replicates. C
668 and D) NFs or CAFs were transfected lagven and relative expression of endogenous LBR was
669 determined using gPCR (C) or Western bl¢ly). gPCR data represent three biological
670 replicates. E) Representative teteed pair of normal and breasincer tissues was assessed for
671 expression of LBR by immunoh@themistry (10X and 20X ngaification). Biown staining
672 represents expression of the target protein,embithk is a counter-stain. F) Relative expression
673 of LBR was assessed in 8 pairs of primary celluNFs and CAFs isolated from breast cancer
674 patient derived tumour. Data represent technigplicates. G) Protai expression levels of
675 LBR, and the CAF markersSMA and Vimentin were assesskg Western blotting in 3 pairs
676 of primary cultured NFs and CAFs isolated friameast cancer patientrideed tumour samples.

677 -Actin was used as a loading comtrp<0.0005(***), p< 0.005(**), p< 0.05(*)

678 Figure 3: LBR regulates the NF vs CAF breast fibroblast phenotypeA and B) Immortalised
679 breast NFs (left) or CAFs (right) were transéttvith siRNA targeting LBR (SiLBR) or control
680 (NC), or plasmid to allow over-expression @R (LBR OE) or control plasmid (pCDNA), and
681 LBR expression was assessed using qPCR (AWestern blots (B). qPCR data represent
682 biological triplicates, while -Actin represents a loading control for the Western analysis. C, D
683 and E) Immortalised breast NF8§ and E) or CAFs (D and Eyere transfected as shown and

684 relative expression levels of the CAF marker gen&MA, Fibroblast Specific Protein (FSP),
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CCL2 and VEGF was determinéy qPCR (C and D), or of-SMA and Vimentin by Western
blot (E). qPCR data represent biological triplicates, whikkctin represents a loading control

for the Western analysis. p< 0.0005(***) and p< 0.005(**)

Figure 4: MiR-222 and its down-stream targetLBR modulate the behaviour of breast
fibroblasts. Immortalised breast NFs were transfectdth miR-222 mimic or siRNA targeting
LBR (siLBR) or appropriate controls (NC), andmortalised breast CAFs were transfected with
miR-222 inhibitor (i) or to oer-express LBR (LBR OE) or witlappropriate controls (NC,
pCDNA). A,B) Migration (A) or invasion (B) ofibroblasts was assessesing transwell assays.
Representative images are shown (A, B-Upper Ispr&long with quantified data that represent
biological triplicates (A, B- Lower panels). C) Expression of senescence-associated
galactosidase was also assedse-gal staining and is shown bkie green colouration (Upper
panels). Positive cells were quantified in data tbptesent biological triplicates (Lower panels).
D) Expression of the senescence markdidP3 and Osteopontin (OPBNand senescence
associated secretory phenotyparkers IL6 and IL8 were assedday qPCR in NFs (Left plot)
and CAFs (Right plot). Data represdniblogical triplicates. p< 0.0005(***), p<0.005(**),

p<0.05(*).

Figure 5: MiR-222 and LBR control the ability of breast fibroblasts to influence cancer cell
proliferation and metastatic potential. Immortalised breast NFs were transfected with miR-
222 mimic or siRNA targeting LBR (siLBR) ormpropriate controls (), and immortalised
breast CAFs were transfected with miR-222 loitior (i) or to over-express LBR (LBR OE) or
with appropriate controls (NC, pCDNA). Conditioned medium (CM) was collected from
fibroblast cultures and used teeat breast égmelial cancer linesDA-MB-231 or MDA-MB-

157. A and B) Proliferation of MDA-MB-231or MDA-MB-157 cell lines cultured with
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708 conditioned medium (CM) from the transfectetrdiblasts as labelled was determined using
709 MTT assay. Data represent biological triplicat€sF) Migration (C, E) or invasion (D, F) of
710 epithelial cancer cells was assessed usingwalh assays. Representative images are shown
711  (Upper panels), along with quantifiedata that represent biolodidaplicates (Lower panels).

712 p<0.0005(***), p<0.005(**), p<0.05(*)

713 Figure 6: MiR-222 and LBR control the ability of breast fibroblasts to activate EMT in
714  breast cancer cellsimmortalised breast NFs were tragrsted with miR-222 mimic or siRNA
715 targeting LBR (siLBR) or appropriate contro(8!C), and immortalised breast CAFs were
716 transfected with miR-222 inhibitq(i) or to over-express LBRLBR OE) or with appropriate
717  controls (NC, pCDNA). Conditioned medium (CM)as collected from fibroblast cultures and
718 used to treat breast epithelial cancer lind3AYMB-231 or MDA-MB-157. Expression levels of
719 the EMT-associated genes Slug and Vimentirevessessed in MDMB-231 or MDA-MB-157
720 cell lines cultured with conditioned medium (CKtpm the transfected broblasts as labelled
721 using gPCR (A and C) or Western blots (B and BCR data representolagical triplicates,
722 while -Actin represents a loading contrdbr the Western analysis. p<0.0005(***),

723 p<0.005(**), p<0.05(*)
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