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Abstract

Y-box binding protein-1 (Y B-1), an important transcription and translation regulator protein,
is known to increase cancer cell invasiveness and spreading. Here, we report its role in breast
cancer, particularly in mediating cell invasion in triple-negative breast cancer (TNBC). YB-1
stable knockdown (shYB-1) significantly reduced the invasive potential of MDA-MB-231
TNBC cellsin 2D and 3D (spheroid) cultures. Whole proteome mass spectrometry analysis
showed an enrichment of cell adhesion and cell to matrix interaction proteins, notably, matrix
metalloproteinase-1 (MMP1) and beta-catenin (CTNNB1), which are known to play critical
roles in cancer metastasis. shY B-1 cells exhibited substantial downregulation of MMP1 and
CTNNB1 mRNA and protein expression with reduced MMP1 enzyme activity. YB-1 was
also observed to bind to the promoter of MMP1 and overexpression of MMP1 plasmid in
shYB-1 cells increased cell invasion. Finaly, analysis of tumour samples from the Gene
Expression-Based Outcome for Breast Cancer Online (GOBO) database revealed that high
gene expressions of YBX1, MMP1 and CTNNBL1 predict for a significantly lower 10-year
distant metastasis free survival. Altogether, this study shows that YB-1 mediates breast

cancer invasion and metastasis via regulation of MMP1 and beta-catenin.
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Abstract

Y-box binding protein-1 (YB-1), an important trangtion and translation regulator protein,
is known to increase cancer cell invasiveness prehading. Here, we report its role in breast
cancer, particularly in mediating cell invasiontiiple-negative breast cancer (TNBC). First,
we carried out an in-depth silico search, which revealed an upregulatioryYBK1 gene in
basal B and TNBC cell lines. Next, YB-1 stable Kkmwvn @hYB-1) significantly reduced
the invasive potential of MDA-MB-231 TNBC cells #D and 3D (spheroid) cultures. Whole
proteome mass spectrometry analysis showed anhereit of cell adhesion and cell to
matrix interaction proteins, notably, matrix mesglioteinase-1 (MMP1) and beta-catenin
(CTNNB1), which are known to play critical roles mancer metastasishYB-1 cells
exhibited substantial downregulation dMP1 and CTNNB1 mRNA and protein expression
with reduced MMP1 enzyme activity. YB-1 was alses@tved to bind to the promoter of
MMP1 and overexpression of MMP1 plasmid $hYB-1 cells increased cell invasion.
Finally, analysis of tumour samples from the GemxgrEssion-Based Outcome for Breast
Cancer Online (GOBO) database revealed that higle ggpressions ofBX1, MMP1 and
CTNNBL predict for a significantly lower 10-year distanetastasis free survival. Altogether,
this study shows that YB-1 mediates breast camsasion and metastasiga regulation of
MMP1 and beta-catenin.

(209 words)

Keywords: YB-1; invasion; metastasis; MMP1; beta-catenin;rgiiative proteomics



1. Introduction

Y-box binding protein-1 (YB-1) is an evolutionaryortserved master regulator of
transcription and translation [1]. It is known te bngaged in pleotropic cellular processes,
including DNA repair, cell proliferation and pre-miR splicing [1]. YB-1 is often found to
be dysregulated in human malignancies, with oveaesgion in several cancers, including
breast [2], gastric [3] and prostate [4] cancersclBar expression of YB-1 is known to
correlate with an increase in P-glycoprotein, atmulg resistance gene MDR1) product
[5], leading to enhanced chemoresistance to amgradrugs such as cisplatin [6, 7],
mitomycin C [7] and paclitaxel [8, 9]. High express of YB-1 in triple-negative breast
cancer (TNBC) cell lines is known to confer resisgto paclitaxel, a drug commonly used
in the treatment of advanced breast cancer stageduced level of early growth response 1
(EGR1) gene [9]. YB-1 also regulates transcription df cgcle related genes, such @&lin

A, cyclin B1 [10], cell divison control protein 6 (CDC6) [11] andcyclin D1 [12]. In a
transgenic mouse model, elevated YB-1 enhancedstbreancer progression through

chromosomal instability, centrosomal abnormalitied mitotic failure [13].

Notably, reports have linked YB-1 with cancer delNasiveness, promoting metastasis of
liver cancer [14], and relapse of gastric [3, 14H dreast [15] cancers. Metastasis which
involves dissemination of cancer cells from thenany tumours to distant sites is responsible
for the majority of cancer-related deaths [16]. YBis associated with epithelial-
mesenchymal-transition (EMT), which is one of theial steps of the “invasion-metastatic”
cascade, through enhancing the translation of Srail]. Orthotopic injection of YB-1
overexpressing MCF10AT breast cells in the mamnfarpads of mice led to generation of
spontaneous metastatic tumours in the lungs amaditocavities [17]. YB-1 has also been
shown to induce Twist expression, an important EmM&diator [18] and activate EMT
phenotype such as reduced cell to cell contacirasrdased cell elongation in prostate cancer
[19]. Whereas in pancreatic ductal adenocarcino2@, [silencing of YB-1 has been
observed to reduce the generation of liver metastasl suppress the progression of tumour
[21].

Moreover, YB-1 is reported to stimulate the trandon of matrix metalloproteinase 2

(MMP2) gene which plays a role in the degradation ofa@dllular matrix, aiding in tumour



metastasis [22]. In MCF7 breast cancer cells tentstl with YB-1/EGFP plasmid, YB-1 was
observed to be concentrated at the invadopodiaotifercells [20]. Higher expression of YB-
1 levels could elevate the endocytosis of MT1-MMBndther important matrix
metalloproteinase implicated in metastasis) andiategy to the cell surface. We have
recently demonstrated that YB-1 facilitates cellgration and invasion of TNBCsia

coronin-1C CORO1C), an actin binding protein, thus suggesting thlvement of YB-1 in

cytoskeletal remodelling [23]. The diverse roles Y8-1 in oncogenic cell progression

requires more in-depth investigation.

This study explores the functional role of YB-1 tpararly in breast cancer invasion
mediatedvia stable knockdown of YB-1 in the aggressive MDA-NMB1 TNBC cell line.
We show that stable knockdown of YB-1 led to a otiun of cell invasion. Subsequent
guantitative proteomics analysis and downstreanayasgdemonstrate that YB-1 regulates
both  MMP1 and beta-catenin, which are involved iell cadhesion and cell-matrix
interactions. Moreover, a combined set of YB-1, MM&nd beta-catenin genes appear to

have prognostic value in determining distant matastfree survival.

2. Materials and methods

2.1. Bioinformatics analysis

Evaluation ofYBX1 gene expression in 51 different breast cancerliogls was conducted
with GOBO Gene Set Analysis (GSA)-cell line (httpa.bmc.lu.se/dobo), an online database
which provides assessment of expression of a sgghe or sets of genes in commonly used
breast cancer cell lines [24]. An evaluation ofanbination gene set comprisindgdXx1,
MMP1 and CTNNBL1 genes analysed by Affymetrix U133A arrays and dati@n with 10-
year distant metastasis free survival (DMFS) acrb881 cases of breast cancers, was
conducted with the GOBO GSA-tumour database.

2.2. Short-hairpin RNA (shRNA)-mediated silencing of YB-1 in MDA-MB-231 breast
cancer cells

Parental MDA-MB-231 cell line was cultured in RP¥840 complete medium, consisting of
10% fetal bovine serum (FBS). 3 x°Iarental MDA-MB-231 cells per well were seeded
into 6-well plate, and were then transfected wabrfdifferent 29mer shRNA constructs in
retroviral pGFP-V-RS vector (Origene, Rockville, MDSA) which specifically targets YB-

1 protein or scrambled vector control (Origeneywiiurbofectin 8.0 (Origene), following the
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guidelines by the manufacturer. The cells were taaied for an additional 48 hours before
being split at 1:10 ratio into new 6 well platedasingle cell colonies were selected using
Puromycin (Sigma Aldrich, St. Louis, MO, USA) atcancentration of dg/ml, which was
determined from a killing curve prior to transfecti of the shRNA plasmids. Silencing
efficiency of the cell colonies were determined duantitative polymerase chain reaction
(qPCR) and Western blot analysis as described bdbmsitive colonies were subsequently
maintained with RPMI 1640 medium, containinggdml| of Puromycin and 10% FBS in a 5%
COyincubator with temperature set at 37382quences of sShRNA plasmids used are listed in

Supplementary Table 1.

2.3. Cdl invasion assay

Cell invasion assay was done by seeding 3 %cHlis/well in BD BioCoat™ Matrigel™
Invasion Chamber (BD Biosciences, San Jose, CA, JUBAriplicates, and the chambers
were incubated for 21 hours. The procedure wasechout as described previously [23].
Stained cells were visualised and captured at I9@¥nification for five different fields with
the Nikon SMZ 1500 stereo microscope, followed bwgrmification of the average number of

cells per insert and calculating the mean of thadimg cells in the triplicate inserts.

2.4. Spheroid invasion assay

5000 scrambled ahYB-1 cells were seeded in 100ul cell suspensiottstime wells of 96-
well Corning spheroid microplates (Corning, NY, US#nd incubated at 37°C and 5% £0O
for 72 hours for spheroid formation. Subsequent@Qul of a mixture consisting of cold
7.5mg/ml matrigel basement membrane matrix (Copnamgl 250 g/ml of rat tail collagen |
(Life Technologies, Carlsbad, CA, USA) was loadadetully into each well containing the
spheroids with the plate placed on ice. The plads then centrifuged at 300 x g for 3 mins
and re-incubated at 37°C and 5% & one hour to harden the matrigel mixture, foléalv
by addition of 100ul of RPM1 complete media on edphe matrigel mixture. The plate was
incubated up to 96 hours and the images of thersplsewere taken with an Olympus
CKX53 inverted microscope with 40X magnificationeey 24 hours to monitor the extent of

spheroid invasion.

2.5. Collagen-based cell invasion assay
Cells were serum starved overnight prior to seeditptal of 6 x 10 cells were seeded in

triplicates in QCM 24-well collagen-based invasiassay inserts (Chemicon, Merck
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Milipore). Briefly, the interior of the inserts weadded with 3Qd of pre-warmed serum free
RPMI and incubated for 15 to 30 mins to rehydraie ¢ollagen layer. Next, 2hDof the
media was removed and 2B®f the cell suspension in serum free RPMI wasedd the
interior of the inserts. RPMI with 10% FBS (50Pwhich acted as chemoattractant was then
pipetted to the lower chamber of each insert. Tlatepwas re-incubated at 37°C and 5%,CO
for 24 hours for cell invasion. Subsequently, celése stained with 4Q0 of cell stain from
the kit and incubated at room temperature for 2@smfThe inserts were then rinsed in water,
cleaned and invaded cells were counted similarht dell invasion assay as described

previously [23].

2.6. SILAC labeling

MDA-MB-231 scrambled control cells (Scr 2B) or YBsiable knockdown cells (Sq 4(4A))
which has the highest knockdown efficiency wereduse the experiments. SILAC labelling
was carried out as described previously [25]. B&th 2B and Sq 4(4A3hYB-1 MDA-MB-
231 cells were adapted to SILAC RPMI (Thermo SdientWaltham, MA, USA) media
containing either 13C and 15N labelled Lysine angidine (Sigma-Aldrich) (*K8R10 -
heavy”) or 12C and 14N labelled Lysine and Arginf{Beggma Aldrich) (“KORO — light”) with
10% dialysed FBS (Thermo Scientific).

2.7. Céll lysate preparation for whole proteome analysis

Cell cultures were harvested once sufficient inocapon of heavy labels were determined.
Cells were then lysed in a buffer consisting of &vea (Sigma-Aldrich) and 100mM
ammonium bicarbonate (Sigma-Aldrich). Protein qifeation was carried out using the
PierceTM 660nm protein assay (Thermo Scientifi¢)e Tells used for forward and reverse
experiments are explained in Fig. 2A. @0of protein lysates from cells cultured in “light”
and “heavy” SILAC media respectively were mixed tloe forward and reverse experiments.
A total of 1mg of protein lysate each for the ford/and reverse experiments were used. The
samples were then subjected to in-solution digestio obtain peptides. 5mM DL-
Dithiothreitol (DTT) (Sigma-Aldrich) was used foreduction for 30 mins at room
temperature, followed by 10mM lodoacetamide (IAS&)gma-Aldrich) for alkylation. After
30 mins incubation in the dark, samples were stbjeto digestion by Lys-C (Wako, Tokyo,
Japan) overnight and trypsin (Promega, Madison,W8lA) digestion for another 8 hours.

2.8. Liquid Chromatography-M ass Spectrometry (LC-MS)



The resulting tryptic peptides were subjected sxtionation by isoelectric focusing (IEF)
and LC-MS as previously described [25]. The hae@SILAC proteins were analyzed on a
Q Exactive Hybrid Quadrupole-Orbitrap (Thermo Fi3heoupled to a Proxeon Easy-nLC
1000.

2.9. Protein identification and analysis

MS analysis was performed using MaxQuant [26] werdl.5.0.30 against a 2016-06 human
database (Uniprot). For assignment of upregulatetems, a SILAC ratio cut off value o
and p<0.5 was used in the forward and reverse experimesfsectively andice versa for
the down regulated proteins. Scatterplot was géserasing R. Downregulated proteins
identified from both forward and reverse reactiomere subjected to process networks
enrichment using the MetaCore software version.6.33

2.10. Isolation of proteins from cell supernatant for Western blot

Cells were first seeded in 6-well plates. The réay, the media was replaced with serum-
free media and the cells were incubated overnighé supernatants were pooled from the
triplicate wells and centrifuged at 500 x g for Snsnto remove cell debris. Next, the
supernatant was removed carefully without distigbihe cell debris at the bottom and
transferred to Amicon Ultra-4 Centrifugal Filter tmwith Ultracel-10 membrane (Merck
Milipore, Burlington, MA, USA) and centrifuged at5@00 x g for 15 mins twice to
concentrate proteins with a protein size of morantiiOkDa in the supernatant. The
concentrated supernatant containing the proteingntefest was subsequently quantified
using microtiter Bio-Rad Protein Assay (Bio-Rad rtiges, CA, USA) and denatured to the

desired amount.

2.11. Western blot

Samples were lysed with radio-immunoprecipitati®iPA) lysis buffer (Pierce, Waltham,
MA, USA), quantitated and denatured as describevipusly [23]. The same amount of
protein lysates were subjected to protein separatio 10% sodium dodecyl sulfate-
polyacrylamide (SDS-PAGE) or 4-20% mini-PROTEAN TQGXecast protein gels (Bio-
Rad), transferred to polyvinyl difluoride (PVDF) mbranes or Trans-Blot Turbo Midi
PVDF Transfer Packs (Bio-Rad). The membranes wierekbd using 5% skim milk or 5%
BSA, followed by primary antibodies incubation wihianti-YB-1 (1:1000 dilution) [23, 27],
anti-beta-catenin (1:1000) (Cell Signaling TechggloDanvers, MA, USA), anti-MMP1
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(2:2000 dilution) (Proteintech, Rosemont, IL, USAhd antip-actin (1:6000 dilution)
(Sigma-Aldrich) at 4°C overnight. Next, membranesrevincubated with the corresponding
HRP-conjugated secondary antibodies (Sigma-Aldri¢he blot signals were detected with
SuperSignal West Pico Chemiluminescent ECL sules{faerce) and quantitated using the
GS-800 densitometer (Bio-Rad). For Western blotsupiernatant proteins, Ponceau staining
was used to confirm equal loading and membranes meubated in Ponceau S stain [0.1%
(w/v) in 5% (v/v) acetic acid] on a shaker for Snsiat room temperature following Western
blot gel transfer, before performing the blockineyps

2.12. Nuclear fraction protein extraction

A total of 2.5 x 18cells were seeded in two 10 cm plates each fondael control cells Scr
2B andshYB-1 Sq 4(4A) MDA-MB-231 cells. Two days later, cellseng harvested and
washed with 1X PBS, before centrifugation at 509 %or 3 mins in 1.5ml tubes. After
removal of supernatant from the cell pellets, naicfeaction of the cells were isolated using
the NE-PER nuclear and cytoplasmic extraction retgkit (Thermo Scientific). Briefly, ice
cold CER | was added to the cell pellets and thatexed at the highest speed for 15s. The
tubes were then incubated on ice for 10 mins, ¥atid by addition of ice cold CER Il to the
cell pellets. Next, the tubes were then vortexeireesubjecting to micro-centrifugation at
16,000 x g for 5 mins. The supernatant was remauad the insoluble fractions which
contained the nuclear fractions were then addeld wé-cold NER, and sonicated briefly at
4°C until the pellets were dissolved. Next, thepgmsion was centrifuged at 16,000 x g for
10 mins. Finally, the resulting supernatant comtgnthe nuclear extract proteins were

transferred to clean tubes and stored at -80°C ws#i

2.13. Total RNA extraction, cDNA conversion and gPCR

Total RNA was extracted with the RNeasy Mini exti@t kit (Qiagen, Hilden, Germany).
First strand cDNA synthesis withud of total RNAs was conducted as previously desckib
[23]. The gene expression changes were quantitesied) Applied Biosystems 7900HT Fast
Real-Time PCR system. Samples were run in triggaand with GAPDH as the
housekeeping gene for normalisation. Gene expressiere expressed as fold change using

the 2**“T method [28]. Primer sequences used are listedipl®mentary Table 2.

2.14. Transfection of MMP1 overexpression plasmid in the YB-1 stable knockdown
MDA-MB-231 cells



6.75 x 10 shYB-1 Sq 4(4A) or scrambled control cells Scr 2B MDA-MB22stable cell
colonies were seeded per well in a 6-well plateriplicates. Next day, the cells were
transfected with 3,5y of pReceiver-M56 control vector (EV-mCherry) (@eaopeia,
Rockville, MD, USA) or MMP1 ORF construct with C-terminal mCherry tag (MMP1-
mCherry) (Genecopeia) with Lipofectamine 3000 (frogen) using the guidelines from the
manufacturer and the transfected cells were ineabavernight. The cells were replenished
with fresh media the following day, and incubated dnother 24 hours (for cell invasion) or
48 hours (for Western blot).

2.15. MMP1 promoter reporter luciferase assay

1.5 x 16 wild type MDA-MB-231 cells were seeded in triplieatin a 24-well plate. The next
day, cells were co-transfected with 250ng of cdngextor pCMV-AC6-GFP (Origene) or
YB-1 ORF plasmid (pCMV-AC6-YBX1-GFP) and 250ng oégative luciferase construct
pPEZX-PGO04 (Origene) aviMP1 promoter luciferase construct (Origene) with Lgaiimine
3000 (Invitrogen). The transfected cells were iratad at 37°C and 5% G@vernight,
following which the media was removed from eachlhaatl new complete media was added.
48 hours post transfection, luciferase assay wasgedaout with the Secrete-pair dual
luminescence assay kit (Genecopeia), followingpghaocol outlined by the manufacturer.
Each sample was run in triplicate readings. Thatiked luminescence unit (RLU) for each
sample was calculated by dividing the averageitap readings from the gaussia luciferase
signal to the secreted alkaline phosphatase (SEAfApl. Subsequently, the average RLU

readings were calculated from the triplicate sasfibe each of the co-transfection conditions.

2.16. Active MM P1 fluor okine assay

Supernatants were collected from Scr 2B gnB-1 Sq 4(4A) MDA-MB-231 cells cultured

in T-25 flasks. The supernatant was subjected @5 centrifugation for 5 mins to remove

cell debris. Fluorokine E human active MMP1 fluaeast assay kit (R&D System, MN, USA)
was used to measure the amount of active MMP1 teeciato the cell supernatant. The

working standards and samples were added in dtgdicand the procedure was in

accordance with guidelines provided by the manufact Relative fluorescence units (RFU)

per well was ascertained with a fluorescence plkdder set at 320nm excitation wavelength
and 405nm emission wavelength with 20ms integratiore. The duplicate readings were

averaged and the average zero standard RFU wamdelt from each of the average

duplicate readings. A standard curve was generaed) GraphPad Prism 5.0 with average
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RFU of the standards on the Y-axis against the;dag the human active MMP1
concentrations on the X-axis, followed by a bestiirve through the points on the graph.
The corresponding active MMP1 concentration forhesample was interpolated from the
standard curve with the average RFU for each ofstmaples using GraphPad Prism 5.0.
Next, the relative fold change was determined byidihg the active MMP-1 active
concentrations of the samples over the concentr&iothe control sample.

2.17. Statistical analysis

The GraphPad Prism 5.0 was used for the analyampkes with two groups were analysed
with Student’s t-test and samples with more thaa gmoups were analysed with One-way
ANOVA. The values were represented as mean + SERNenjd is <0.05, the results were

statistically significant.

3. Results

3.1 YBX1 gene is highly expressed in TNBC cell lines and stable knockdown of YB-1
protein decreases cell invasion

YBX1 gene expression levels were first determined endifferent breast cancer cell lines, by
using the GOBO-GSA cell line software, which enaldgaluation olyBX1 gene expression
across 51 breast cancer cell lines [¥BX1 gene expression was found to be highest in basal
B cell lines, which is associated with stem-cetkelifeatures and mesenchymal morphology
[29], followed by basal A and lowest in luminal lcéhes (Fig. 1A). FurthermoreYBX1
showed highest expression in the TNBC cell linag.(EA). TNBC is the most aggressive

form of breast cancer which thus far lacks an déffedcherapeutic target [30].

As YB-1 showed the highest expression in TNBC liedls, we decided to evaluate the role
of YB-1, particularly in metastasis through shRNAgated stable silencing ofBX1 in
MDA-MB-231 TNBC cells. By introducing four differéry B-1 shRNA plasmids into MDA-
MB-231 cells, we obtained YB-1 stable knockdownnel® and used two of them, Sq 2(2E)
and Sq 4(4A), in the following experiments. YB-lofmin was knocked down by
approximately 19% and 75% in tHeYB-1 Sq 2(2E) and Sq 4(4A) cells, respectively, which
were selected from two different sShRNA plasmids mwltempared to Scr 2B control cells
which had a scrambled shRNA constuct introduceg. (E8).

A significant reduction in cell invasion was obsahin the two YB-1 stable knockdown cells
Sq 2(2E) and Sq 4(4A) when compared to Scr 2B obgetlls (Fig. 1C). Furthermore, 3D
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spheroid invasion assay showed that Scr 2B corgppbleroids were able to invade the
surrounding basement membrane matrix more extdgsivbereas it was also observed that
Sq 4(4A) spheroids which showed the highest YBetgin knockdown efficiency were more
compact than the Scr 2B and Sq 2(2E) spheroidsl(AR).

3.2. Whole proteome analysis shows that silencing YB-1 downregulates cell adhesion
and cell to matrix interaction proteins

Both Scr 2B control cells and Sq 4(44)YB-1 MDA-MB-231 cells were adapted to SILAC
“heavy” and “light” media for the whole proteomeadysis. Sq 4(4A) cells were selected for
adaptation in SILAC media as they showed the gseé&teockdown of YB-1 when compared
to Scr 2B control cells (Fig. 1B). One set of fard experiment, in which cell lysates from
“light”-labeled Scr 2B and “heavy”-labeled Sq 4(4Mere mixed, and one set of reverse
experiment, in which cell lysates from “heavy”-l&duk Scr 2B and “light™-labeled Sq 4(4A)
were mixed, and performed (Fig. 2A). A total of 83proteins were identified (Fig. 2B).
Using 2 fold as the cut-off value, a total of 13®tpins were found to be downregulated
(Supplementary Table 3) while 62 proteins were tbtm be upregulated (Supplementary
Table 4).

To understand the processes involvedsityB-1 MDA-MB-231 cells, down-regulated
proteins were subjected to enrichment analysiggusia MetaCore process networks function.
The list of proteins in the enrichment analysis bBsted in Supplementary Table 5. The
process networks enrichment analysis revealed tiede downregulated proteins were
mainly involved in cell adhesion and cell to matimeractions, proteolysis of connective
tissues and extracellular matrix (ECM), reprodutiémd development processes (please refer
to Fig. 2C). Of particular interest is MMP1, a wé&hown secreted protein involved in
extracellular matrix (ECM) remodelling and canceell cinvasiveness. The list of
downregulated proteins that are involved in celiemion and cell to matrix interactions are
listed in Table 1.

3.3. Silencing YB-1 downregulates MM P1 and beta-catenin expression

Our whole proteome analysis revealed that MMP1 wagnregulated following YB-1
reduction in MDA-MB-231 cells (Table 1). To valigathe results, Western blot was carried
out to evaluate the protein expression of MMPlathbwhole cell lysates and in the culture

supernatant ashYB-1 knockdown cells. It was observed that YB-1 &kaown resulted in a
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decrease in MMP1 protein expression in the celiths (Fig. 3A) as well as in the secretion
of MMP1 into the culture supernatant (Fig. 3B angdementary Figure 1). Active MMP1
fluorokine assay further showed that the MMP1 erzwutivity was decreased in thgY B-

1 MDA-MB-231 cells (Fig. 3C).

From the process network analysis, we found that/bMgta-catenin signaling was among the
top hit lists generated with beta-catenin being oh¢he downregulated proteins involved
(Fig. 2C). As beta-catenin (CTNNB1) has been regubtio transcriptionally activate the
expression of MMP1 [31] and that overexpressiorYBf1l has been reported to enhance
beta-catenin transcriptional activity using thePrlash luciferase assay [32], we therefore
evaluated beta-catenin protein expressioshiviB-1 MDA-MB-231 cells. The beta-catenin
protein was indeed decreased in the YB-1 knockeadndoells although not statistically
significant (Fig. 3D). To further verify this findg, we examined the nuclear fraction of beta-
catenin in shYB-1 knockdown MDA-MB-231 cells, and showed a concontitdown-

regulation of nuclear beta-catenin protein. (Sumgletary Figure 2).

3.4. YB-1regulatescell invasion via MM P1 by direct binding to the MMP1 promoter

Next, gPCR was carried out to determine if YB-1ulates the expression of bd#MP1 and
CTNNBL1 at the transcriptional level. We observed thahiddMP1 (Fig. 4B) andCTNNB1
(Fig. 4C) gene expression were downregulateghiB-1 cells, correlating with the gene
expression levels of YB-1 in the cells (Sq 2(2EYl &1y 4(4A)) (Fig. 4A). This suggests that
YB-1 regulates trancription of both gen®MP1 andCTNNB1) either directly or indirectly.
To further determine if YB-1 regulatéddMP1 gene transcription directly, luciferase assays
with a MMP1 promoter reporter were carried out. The promoterstruct contains 1310 bp
upstream and 186 bp downstream MMP1 gene transcription start site (Fig. 4D). A
significant increase in the relative luminescenoé (RLU) signal was observed in MDA-
MB-231 cells transfected with both YB-1 plasmid aitiP1 promoter luciferase plasmid,
thereby suggesting that YB-1 protein binds to MBIP1 promoter region and regulates
MMP1 gene transcription directly (Fig. 4E).

In addition, a rescue experiment was designed terméne the role of MMPL1 in triggering
YB-1 induced cell invasion. To do this, MMP1 wasoexpressed in the Sq 4(4&)YB-1
and Sq 2(2E) cells (Fig. 5A, 5B and Supplementagyre 3). An increase in cell invasion

was seen upon overexpression of MMP1, albeit radtssitally significant (Fig. 5C). Since
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collagen | is a substrate for MMP1, to further fsethat YB-1 regulates cell invasion through
MMP1, an invasion assay was conducted using inteatsvere only layered with collagen |

(Fig. 5D). It was observed that Sq 4(4#h)YB-1 cells had reduced cell invasion for collagen
| matrix as compared to Scr 2B control cells.

3.5. High expressions of YBX1, MMP1 and CTNNB1 predict for a lower distant
metastasis free survival (DMFES)

We further explored the predictive function of theee genesYBX1, MMP1 and CTNNBL1)

as biomarkers of metastasis for breast cancer aling&cal cohort. GOBO GSA-tumour
analysis of 1881 breast tissue samples revealeduimours with basal phenotype that were
grouped according to HU gene sets and PAM50 getisehsee the highest gene expressions
of all three ¥YBX1, MMP1 andCTNNB1) genes (Fig. 6A and B). Tumours that were grouped
as estrogen receptor negative also had higher gygressions of all 3 genes (Fig. 6C). We
further showed that the merged gene sé&X(l, MMP1 and CTNNB1) was positively
correlated with the grade of the tumours, with grédtumours having the highest gene
expression (Fig. 6D). Kaplan-Meier analysis of flieyear distant metastasis free survival
(DMFS) showed that high expressionYB8X1, MMP1 and CTNNB1 was correlated with a
lower survival rate (Fig. 6E). In addition, multnate analysis revealed that grade 3 tumours
and tumours with lymph node involvement had an alVéigher expression of all three genes
(Fig. 6F). Our analysis suggest that a combinatioyBX1, MMP1 andCTNNB1 expression

levels can serve as prognostic markers of breaseca

4. Discussion

YB-1 is a strong predictor of relapse in breastceanand is upregulated in the highly
malignant triple negative breast cancer subtypBg [t this study, we determined that YB-1
is highly upregulated in breast cancer, particylarlthe basal B and TNBC cell lines. YB-1
is also involved in EMT, a complex cellular processolving changes in epithelial cells
morphology with acquisition of mesenchymal cellsogerties and enhancement of
dissemination [33] in breast [17, 34] and prostaecers [19]. Furthermore, upregulation of
YB-1 in MDA-MB-231 cells induced mammary tumour gitth and cancer cells migration
[35]. Our results showed that stable knockdown &-1Y diminished cell invasion in the
MDA-MB-231 cells, which are consistent with prevsouweports of YB-1 modulating cell
invasion in breast cancer [23, 34]. To shed lighttbe possible molecular mechanisms

governing YB-1 actions using tleaYB-1 cells, we performed whole proteome profiling o
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these stable knockdown cells. Our results revettiiat the downregulated proteins in the
shYB-1 cells were enriched in cell adhesion and miy®s of connective tissues and
extracellular remodelling, angiogenesis, Wnt/bettegin signalling and development
processes. Here, we focused on the proteins ingdotveell adhesion-related function, which

are associated with metastasis.

Cell adhesion is often dysregulated during invasi@iastasis, that involves reorganisation
of cytoskeletal structures and its interaction watktracellular matrix [36], thus affecting
cellular movement. In this study, MMP1 was idemtifias one of the top downregulated
proteins upon YB-1 reduction in MDA-MB-231 cellshigh is involved in cell adhesion and
cell to matrix interactions process. MMP1 is a membf the matrix metalloproteinases
(MMPs) family, a group of endopeptidases or proteolenzymes which have various
important functions in cancer biology, includingncar cells migration and invasion,

angiogenesis, tissue remodelling and differentiaf8Y].

So far, 23 MMPs have been identified in humans, esosh which are found to be
dysregulated in several diseases including car8&jr The role of different MMPs in breast
cancer has been explored extensively and MMP1 riticptar, is highly expressed by breast
cancer tissues [39]. MMPs are grouped accordintheéar structures [37] and MMPL1 is a
secreted form of interstitial collagenase which carert effect on the tumour
microenvironment [40]. The expression of MMP1 irttbthe stromal and tumour cells was
reported to be significantly associated with tumprwgression, with poorer prognosis and
shorter survival in breast cancer [41]. Moreovédre txpression of MMP-1 in cancer-
associated stromal cells was found to be differanthe breast cancer subtypes with its
expression suggestive of breast cancer metastagogpype [41]. MMP1 is capable of
enhancing melanoma cells invasion, acting as a dwwasm target of an EMT transcription
factor, TWIST1 [42]. Taken together, these resirticate that the significance of cellular
and extracellular MMP1 levels in breast and otharcers such as melanoma [42], cervical
[43] and head and neck cancer [44].

Notably, we observed that the secretion of MMPD itite extracellular matrix was also
affected by YB-1 protein expression, correlatinghwthe amount of YB-1 protein in the
whole cell lysate, suggesting that YB-1 could retgelIMMP1 at the transcriptional level.
Subsequent gPCR analysis revealed that YB-1 indsgulatesMMP1 gene expression. As
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there is lack of understanding of the role of YBRIMMPL1 regulation, particularly in breast
cancer cells invasion, we focused on MMP1 proteimtlie downstream assays. We further
showed that YB-1 could regulate the transcriptionativity dependent on th&MP1
promoter region. Previous studies have reportetdBal could regulate the expression of
MMP13 [45] and MMP12 [46] through binding of the APsequence in their promoter
regions. Hence, it is plausible that YB-1 enhardd®4P1 transcription through binding of the
AP-1 sequence in its promoter region. In additive,found that MMP1 enzyme activity was
decreased upon stable YB-1 reduction in the MDA-RE- cells, suggesting that YB-1
controls breast cancer cell invasion through rdgriaof MMP1 gene transcription and
enzyme activity. Overexpression of MMPL1 in #ieYB-1 MDA-MB-231 cells could rescue
the cell invasion (although not statistically sfgrant), which suggest the possible

involvement of other invasion enhancing proteins.

Interestingly, beta-catenin was also downregul&#dwing YB-1 knockdown. Beta-catenin
is an important transcription factor of the Wingldat (Wnt) signalling pathway which
contributes to cell development and stem cell retgd7, 48]. Abnormal expression and
translocation of beta-catenin into the nucleusbeen linked to malignant transformation of
normal cells [49]. Moreover, nuclear beta-catenicuanulation is linked to tumours with
triple-negative or basal-like phenotype and poatarical prognosis in breast cancer [49].
Some of the beta-catenin downstream targets whocihdgoromote tumourigenesis include
cyclin D1 [50], MMP7 [51] and c-Myc [52]. Previowudies have identified that the beta-
catenin/TCF4 complex binds MMP1 promoter, regulating its gene and protein expressio
therefore affecting the extracellular matrix degtaah [31]. YB-1 has been found to induce
hepatocellular carcinoma (HCC) and maintain HC@idting stem cell properties through
regulation of Wnt/beta-catenin signalling pathwayloreover, YB-1 knockdown was
observed to reduce beta-catenin protein expressidnts translocation into the nucleus [32].
Moreover, overexpression of YB-1 and beta-catearkihg the GSK-B phosphorylation
domain led to an increase in transcriptional attjvsuggesting that YB-1 could regulate
beta-catenin in HCC [32]. In addition, it was rejedr that YB-1 forms a complex with
Kindlin-2 and beta-catenin to activate transcriptiof epidermal growth factor receptor
(EGFR), thus mediating cell proliferation, migration aimgdasion of glioma [53]. Our results
are thus in agreement with the previous study YtBafl could regulate beta-catenin gene and

protein expression.
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Using anin vivo metastasis model which involved injection of MDABM31 breast cancer
cells into the tail vein of Balbc/C nude mice, Miehal. [54] demonstrated tha¥iMP1
belongs to a set of prometastatic genes that calhiateemetastasis to the lungs. In another
study using MDA-MB-231 variant cell lines with ankleanced ability to metastasize to the
brain, Liuet al. [55] showed that upregulation of MMP1 expressioithie breast cancer cells
increased brain metastatic deposits. High MMP1 gxpeession has been reported to predict
for a lower overall survival rate in invasive breaarcinomas [56] and poorer prognosis in
patients treated with systemic therapy [57]. Restudies have also found the association of
beta-catenin expression with tumour promotion aoorgr survival in breast cancer patients
[58]. Furthermore, high expression of both c-Myal areta-catenin predicts for a higher
recurrence and lower survival rate in patients WithBC [59]. To determine the clinical
implications of a combination ofBX1, MMP1 and CTNNBL in breast cancer patients, a
GOBO GSA-tumour analysis was further conducted.hHexpression of all three genes
(YBX1, MMP1 and CTNNB1) was observed in higher grade tumours with bakal-I
phenotype and lymph node involvement, in which ehiera lower 10-year DMFS rate in
these breast cancer patients. These findings sutgesthe combination oYBX1, MMP1
andCTNNB1 genes could serve as a reliable and valuable pstignoarker panel to identify

TNBC patients with risk of development metastas@irrence.

Taken together, YB-1 is highly upregulated in TNBX®d plays a role in breast cancer cell
invasion by regulating beta-catenin and MMP1 exgoes and MMP1 enzymatic activity
(Fig. 7). The novel association of YB-1 with MMPidabeta-catenin offers a new biological
insight into breast cancer invasion and the faat MMPs are widely explored as therapeutic
target in cancer progression, opens a new posgittdi study MMP-1 inhibition in YB-1
overexpressed cancers. The combination of YB-1, NIMRd beta-catenin gene or protein
expression could potentially serve as a reliabbgpostic marker for breast cancer metastasis.
Finally, elucidation of YB-1 and the regulatory rhaaisms governing its downstream targets

could also provide novel therapeutic targets feraggressive TNBC subtype.
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Figurelegends

Fig. 1. YB-1 is upregulated in basal and triple-negativk logges, affecting the cell invasion
activity. (A) Box plots of YBX1 gene expression across cell lines that were groapdzhsal
A, basal B and luminal based on the data from Nat\a. [29] (left). The box plot on the
right shows YB-1 protein expression across cebdithat were grouped into triple-negative
(TN, red), HER2-postive (HERZ2, purple) and hormoeeeptor positive (HR, blue). (B) YB-
1 protein expression in the scrambled control &afd stableshYB-1 cells (Sq 2(2E) and
Sq 4(4A)) cells, which were selected from two dif& shRNA plasmid sequences in MDA-
MB-231 cells.(C) Boyden chamber invasion assays revealed afisigmi reduction in cell
invasion for the YB-1 knockdown cells (Sq 2(2E) ad 4(4A)), as compared to Scr 2B
control cells. (D) Spheroid invasion assays show reduced cellsiovafor theshYB-1
knockdown MDA-MB-231 cells. Each assays were regbat least twice with triplicates.
Scale bar = 1Qdm. Error bar = SEM, p<0.05, **p<0.01, ***p<0.001.

Fig. 2. Whole proteome analysis reveals an enrichmentateprs involved in cell adhesion
and proteolysis of connective tissues processe$. éhematic diagram showing the
workflow and adaptation of cells to SILAC “lighthd “heavy” media for the Scr 2B and
shYB-1 Sq 4(4A) MDA-MB-231 cells. (B) Correlation plotfdorward and reverse SILAC
experiments. MMP1 and beta-catenin (CTNNB1) wesniified to be downregulated in the
shYB-1 MDA-MB-231 cells. (C) MetaCore process netwsrknalysis revealed that the
differentially downregulated proteins were enrichied cell adhesion and cell to matrix
interactions, proteolysis of connective tissues &@M, reproduction and development

processes.

Fig. 3. MMP-1 and beta-catenin are downregulated aftelestéB-1 knockdown(A) MMP1
protein was decreased in the total cell lysates(8)atulture supernatant upon stable YB-1
knockdown in MDA-MB-231 cells. The culture supemnat with the same amount of
proteins were analysed. (C) Active MMPL1 fluorescassay revealed a decrease in MMP1
enzyme activity in the stable YB-1 knockdown cellB) Beta-catenin protein was also
reduced in thehYB-1 MDA-MB-231 cells. Representative Western blots wanewn. Error
bar = SEM, *1p<0.01, ***p<0.001.



Fig. 4. MMPL1 is a direct target of YB-1 proteigdA) YBX1, (B) MMP1 and (C)CTNNBL1
genes were decreased in the YB-1 stable knockdovidA-MIB-231 cells. (D) MMP1
luciferase construct contains 1310 bp upstream E8&l bp downstream df¥IMP1 gene
transcription start site. (E) MMP1 promoter repoliteciferase assay in the transient YB-1
overexpressing cells (231 YB-1) showed that YB-idsi toMMP1 promoter. Error bar =
SEM, *p<0.05, **p<0.01, ***p<0.001.

Fig. 5. YB-1 regulates cell invasion through MMP1. (A) Res experiment using MMP1
plasmid. Western blot confirmed the overexpressiodMP1-mCherry protein in the Scr 2B
and Sq 4(4A) total cell lysates and (B) supernat@i Overexpression of MMPL1 protein in
the Sq 4(4A)shYB-1 knockdown MDA-MB-231 cells increased cell invasi@aithough not
statistically significant. (D) Collagen-based innasassay revealed a downregulation of cell
invasion for Sq 4(4AhYB-1 MDA-MB-231 cells. Error bar = SEM, p<0.05, **p<0.01,
*** n<0.001.

Fig.6. GOBO gene set analysis for tumour samples usirgrdbmation ofYBX1, MMP1 and
CTNNBL1 genes(A-B) The combination oi¥BX1, MMP1 andCTNNB1 gene expression was
higher in the basal-like tumours, stratified ac@ogdto (A) HU subtypes and (B) PAM50
subtypes. (C) Estrogen Receptor negative (ER_egours have higher gene expressions of
YBX1, MMP1 andCTNNBL1 than estrogen positive (ER_pos) tumoyB). Grade 3 tumours
have higher gene expressions of YBXMMP1 and CTNNB1 genes.(E) Kaplan-Meier
analysis showed that all tumour samples availabldhé GOBO database have a lower 10-
year distant metastasis free survival (DMFS) whnend were high gene expressiony8iX1,
MMP1 and CTNNBL1 (n=519).(F) Multivariate analysis revealed that tumourshwpbsitive
lymph node infiltration and grade 3 histologicabhde have higher expression of all three

genes.

Fig.7. Schematic diagram showing the role of YB-1, bettegin and MMP1 in the TNBC
invasion. Both YB-1 and beta-catenin could trarslecto the nucleus to activate the
transcription ofMMP1 through binding to théiMP1 promoter. MMP1 secretion into the



extracellular matrix will lead to degradation oftexcellular matrix proteins including
collagen (I, 1, 1, VI, VIII, X, XI), entactin, fibronectin, aggrecan and laminin which are
substrates of MMP1. Finally, degradation of thesdragellular matrix proteins will

eventually lead to enhanced cancer cell invasion.

Table 1 List of differentially downregulated proteins $hYB-1 cells which were involved in

cell adhesion and cell to matrix interactions peses.

Supplementary files
Supplementary table 1 List of ShRNA plasmid sequences used
Supplementary table 2 List of primers used for the gPCR

Supplementary table 3 List of downregulated proteins identified in forslaand reverse
reactions for whole proteome analysissbYB-1 MDA-MB-231 cells with a H/L ratio< 0.5

in the forward and2 in the reverse experiments and ratio cetht

Supplementary table 4 List of upregulated proteins identified in forwaehd reverse
reactions for whole proteome analysisiofB-1 MDA-MB-231 cells with H/L ratio>2 in the
forward and<0.5 in the reverse experiments and ratio co@nt

Supplementary table 5 List of proteins in the enrichment analysis of $h¥B-1 MDA-MB-

231 whole proteome as analysed using MetaCore aadtw

Supplementary figure 1 Secretion of MMP1 into the supernatant in the shYBIDA-MB-

231 cells. Equal loading of proteins is indicabgdPonceau staining of the protein bands.

Supplementary figure 2 Protein expression of beta-catenin and YB-1 in thuelear
compartment of scrambled and Sq 4(4&)YB-1 MDA-MB-231 cells. Lamin B1 is the

nuclear housekeeping protein.

Supplementary figure 3 Secretion of MMP1 protein into the supernatantSor 2B and Sq
4(4A) shYB-1 cells overexpressed with vector and MMP1 plasiaglal loading of proteins

is indicated by Ponceau staining of the proteindsan



Table 1. List of differentially downregulated proteins which were involved in cell adhesion and cell

to matrix interactions processes.

Protein name Gene Ratio H/L Ratio H/L
name normalised normalised

(Forward) (Reverse)
Matrix metalloproteinase 1 MMP1 0.21916 9.1605
Chondroitin sulfate proteoglycan 4 CSPG4 0.23176 2.5553
Fibrillin-1 FBN1 0.25803 4.4039
Collagen apha-1(1V) chain COL4A1 0.30425 3.0861
A disintegrin and metalloproteinase = ADAMTSL 0.39135 2.8464

with thrombospondin motifs 1
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Highlights

Y B-1 protein facilitates cell invasion in triple-negative breast cancer cells

YB-1 mediates cell invasion via Matrix Metalloproteinase 1 (MMP1) and beta
catenin

Y B-1 transcriptionally activates MMP1 by binding to its promoter directly

High gene expression of YB-1/MMPLl/beta-catenin predict lower metastasis free
survival

Y B-1/MMPL1/beta-catenin axis could be a potential therapeutic target for metastasis
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