Accepted Manuscript

Increased production of 27-hydroxycholesterol in human colorectal cancer advanced
stage: Possible contribution to cancer cell survival and infiltration

D. Rossin, I.H.K. Dias, M. Solej, I. Milic, A.R. Pitt, N. laia, L. Scoppapietra, A. Devitt,
M. Nano, M. Degiuli, M. Volante, C. Caccia, V. Leoni, H.R. Griffiths, C.M. Spickett, G.
Poli, F. Biasi

PII: S0891-5849(19)30266-7
DOI: https://doi.org/10.1016/j.freeradbiomed.2019.03.020
Reference: FRB 14205

To appearin:  Free Radical Biology and Medicine

Received Date: 20 February 2019
Revised Date: 15 March 2019
Accepted Date: 18 March 2019

Please cite this article as: D. Rossin, I.H.K. Dias, M. Solej, I. Milic, A.R. Pitt, N. laia, L. Scoppapietra,
A. Devitt, M. Nano, M. Degiuli, M. Volante, C. Caccia, V. Leoni, H.R. Griffiths, C.M. Spickett, G. Poli,
F. Biasi, Increased production of 27-hydroxycholesterol in human colorectal cancer advanced stage:
Possible contribution to cancer cell survival and infiltration, Free Radical Biology and Medicine (2019),
doi: https://doi.org/10.1016/j.freeradbiomed.2019.03.020.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.freeradbiomed.2019.03.020
https://doi.org/10.1016/j.freeradbiomed.2019.03.020

ACCEPTED MANUSCRIPT

Intestinal cells

Apical

Cytokines and ‘
growth factors 27HC

\ TI MP /
Recruitment of

Tumor promotlon |mmune/|nflammatory cells ‘
and progressnon




Increased production of 27-hydroxycholesterol in hman colorectal cancer advanced stage: possible cabttion
to cancer cell survival and infiltration.
Rossin D?, Dias IHK?, Solej M, Milic 1., Pitt A.R", laia N? Scoppapietra £. Devitt A®, Nano M2 Degiuli M,

Volante M€, Caccia C°, Leoni V¢, Griffiths H.R', Spickett C.M’, Poli G? Biasi F2

Affiliations

2Dept. of Clinical and Biological Sciences, San litigspital, Orbassano (Turin), University of Turltaly

® Aston Research Centre for Healthy Ageing, Schodlifef and Health Sciences, Aston University, Birgtimm, UK
“Dept. of Oncology, San Luigi Hospital, Orbassanor{f), University of Turin, Italy

4Genetics of Neurodegenerative and metabolic Dised¥ept. of Applied Diagnostic, Fondazione IRCCBuU®
Neurologico Carlo Besta, Milan, Italy

®Department of Laboratory Medicine, University oflaio-Bicocca, School of Medicine, Hospital of Dedd@sio
(Milan), Italy

"Health and Medical Sciences, University of Sur@yildford, UK

Authors e-mail addressesDaniela Rossin, d.rossin@unito.it; IrundikaDiak.i.dias1l@aston.ac.uk; Mario Solej,

mario.solej@unito.it; lvana Milic, i.milic@aston.a&; Andrew R. Pitt, a.r.pitt@aston.ac.uk; Noenia)a

noemi.iaia@.unito.it; Lara Scoppapietra, lara.semgra@edu.unito.it; Andrew Devitt, a.devittl @ aste.uk;

Mario Nano, marionano.md@gmail.com; Maurizio Deginlaurizio.degiuli@unito.it.; Marco Volante,

marco.volante@unito.it; Claudio Caccia, claudioata@istituto-besta.it; Valerio Leoni, valerioleoni@mail.com;

Helen R. Griffiths, h.r.griffiths@surrey.ac.uk; @me M. Spickett, c.m.spickett@aston.ac.uk; Gipsepoli,

giuseppe.poli@unito.it; Fiorella Biasi, fiorellaasi@unito.it.

Corresponding author:

Fiorella Biasi

Department of Clinical and Biological Sciences, \émsity of Turin at San Luigi Gonzaga Hospital, 48@rbassano
(Turin), ltaly

Phone number: 00390116705420; Fax number: 00390544

E-mail: fiorella.biasi@unito.it

Declarations of interest none



ABSTRACT

So far, the investigation in cancer cell linest tmodulation of cancer growth and progressiontygirols, in
particular 27-hydroxycholesterol (27HC), has yield®ntroversial results. The primary aim of thisdst was the
guantitative evaluation of possible changes in 27éi@ls during the different steps of colorectaiaa (CRC)
progression in humans. A consistent increase makysterol in CRC mass compared to the tumor-adjatissue was
indeed observed, but only in advanced stages agfrpssion (TNM stage 1), a phase in which canees $pread to
nearby sites. To investigate possible pro-tumopertes of 27HC, its effects were studiaditro in differentiated
CaCo-2 cells. Relatively high concentrations @ tixysterol markedly increased the release ofipflammatory
interleukins 6 and 8, monocyte chemoattractantgmet, vascular endothelial growth factor, as vaslimatrix
metalloproteinases 2 and 9. The up-regulationldhake molecules, which are potentially able imfacancer
progression, appeared to be dependent upon aimetation of Akt signaling exerted by supra-physigical amounts

of 27HC.
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1. Introduction

An increasing number of reports are increasinglyifsling the role of oxysterols, a family of chaleol oxidation
products, in human pathophysiology. In particuséle chain oxysterols, which mostly have enzymatigin, can
contribute to a large number of physiological psses [1, 2]. Conversely, it is also widely accepbed a supra-
physiological accumulation of oxysterols, of botizgmatic and non-enzymatic generation, may be iratin the
pathogenesis of different human degenerative disealsie to their pro-oxidant and pro-inflammatamypgrties [3].
The most common oxysterol in human plasma is definR7-hydroxycholesterol (27HC), which is ubiaquisly
produced by mitochondrial cholesterol 27-hydroxglé8YP27A1); its role in human carcinogenesisilbisiclear.
27HC has been suggested to favor the progressibreast and prostate cancers owing to its abditgct as a selective
estrogen receptor modulator [4]. Like other endogsroxysterols identified in human melanoma, lund kkidney
cancer cell lines, 27HC was hypothesized to exartrer-supporting immunosuppressive action [5]. &toer, 27HC
was reported to facilitate the metastasis in ting lof murine breast cancer [6]. However, such diffig was achieved
with daily subcutaneous injection of 27HC at a Vieigh concentration (20 mg/kg) during two weeksumor bearing
animals. Notably, five days of such a strong treatimvere not sufficient to induce lung metastasia statistically
significant way [6].

How oxysterols - particularly 27HC - could modulatencer cell proliferation and behavior is far froeing clarified.
In fact, oxysterol action may depend on differexdtérs such as histological type and stage of caoggsterol
concentration, different impact of inflammatorylsehnd so on. Indeed, despite reports supportimgt-promoting
effects of specific oxysterols, other studies hanttined potential antitumor action of these conmmtai A relatively
old but comprehensive review by deWeille et alcdssed the two facets of action of enzymaticallyveel oxysterols
[7]. More recentlyjn vitro studies have shown the inhibitory action of 27Houliferation and migration of human
gastric HGC-27 cell line [8].

Bearing these controversial findings in mind, wesidered it essential to extend our research framermental tumor
models to human malignant tumors. We focused autysbn evaluating 27HC content in the tumor massotidrectal
cancer (CRC) at different stages of malignancyradition that had not been previously investigaMdreover, there
is consistent evidence for 27HC being able to &igand sustain survival signaling in different dieleés [9]. Therefore,
the possible mechanisms by which this oxysterolccptomote intestinal cancer cell survival and ivaness were

investigated in depth.

2. Materials and Methods

2.1. Chemicals



Unless otherwise specified, reagents and chemiggals obtained from Sigma Aldrich (Milan, Italy). [becco's
modified Eagle's medium (DMEM) with high glucosentent and GlutaMAX™, fetal bovine serum (FBS), hgrhde
methanol and formic acid for High Performance Lej@hromatography/Mass spectrometry (HPLC/MS) weomf
Thermo Fisher Scientific Inc. (Monza, Italy). Sielvplates, 96-well plates and Triton X-100 werenfr VWR
International s.r.I. (Milan, Italy). 24HC, 25HC, BT, 7-K and BHC and deuterated internal standard 24HC-d7, 25HC-
d6, 27HC-d6, 7-K-d7 andBHC-d7 were from Avanti Polar Lipids (Alabaster, AUSA). Oasis® HLB Prime
cartridges for solid phase extraction (SPE) wesenfiVaters (Milford, MA, USA). Bio-Rad Protein AssBye reagent
for protein evaluation and Clarity™ Western ECL filny Substrates were from Bio-Rad (Milan, Italijtrocellulose
membranes were from GE Healthcare (Milan, Italy).

Human IL-6 ELISA (Enzyme-Linked Immunosorbent Asskiy was from PeProtech (DBA ltalia s.r.l., Milaltaly).
DuoSet ELISA kit for human IL-8 detection was fré?&D System, Space Import Export (Milan, Italy). Ham
monocyte chemoattractant protein-1 (MCP-1) and mlas@ndothelial growth factor (VEGF)-A ELISA kitgere from
Ray Biotech Inc. (Prodotti Gianni S.p.A., Milamallt). The primary antibodies were rabbit anti-pHas{Ser473 Akt,
anti-Akt, and anti-phosphatase and tensin homdhag=(N) antibodies, the secondary goat anti-rablitteorse anti-
mouse HRP-linked antibodies were from Cell Sigrliechnology (Euroclone S.p.A., Milan, Italy). Meuanti-
MMP-9, mouse anti-B-cell ymphoma (Bcl)-XL and aBitl-2-associated x (Bax) antibodies were purchdised
Santa Cruz (Tebu-Bio s.r.l., Milan, Italy). The sadary goat anti-mouse antibody and the EnVisiostSyg-HRP

using diaminobenzidine as the chromogen was froko&lostrup, Denmark).

2.2. Patient recruitment and tissue specimen handaig

Tumor and non-tumor tissues were collected frorp&tents affected by CRC at different stages ofgnahcy.
Patients (15 women, 11 men; age range 45 — 80 amedje 71) underwent tumor surgical resectioneatirgical
Division of San Luigi Gonzaga University Hospit@lrbassano, Turin, Italy) between 2016 and 2017 .tUihmer
specimens were classified following Dukes’ modifisstler-Coller and TNM classification. Patients'chxsion criteria:
1) patients aged above 80 or below 40 years oldaggnts affected by other chronic inflammatorgedises; 3) patients
who had undergone previous gut surgical interventi) patients, who had received radiotherapy enadtherapy
before surgery.

Tissues were surgically removed, and specimens fivee in 4% formaldehyde and then in paraffin fioe
histopathological analyses. Parts of the specime&mne embedded in the optimum cutting temperatu@T{Anatrix,
frozen and preserved to perform chromatographityaiseon tissue homogenates. In particular, tweugssamples

were considered for each patient: 1) Tumor tis3Ug;(2) tumor-surrounding non-tumor tissue (adjdd&asue - AT).



This study was carried out in accordance with Tkel@ration of Helsinki, approved by the local E&li€ommittee
(San Luigi Hospital, Orbassano, Italy, MNGP2014qd amitten informed consent was obtained from eaatiept

enrolled.

2.3. Human cancer cell line culture and treatment

The human colorectal adenocarcinoma CaCo-2 celhias obtained from Cell Bank Interlab Cell Lindl€ction
(Genoa, Italy). CaCo-2 cells (passages 15-20) waltared 1x18ml density in 6-well plates in DMEM GlutaMAX ™
supplemented with 10% heat-inactivated FBS, 1%baniic/antimycotic solution (100 U/mL penicillin, D mg/mL
streptomycin, 250 ng/mL amphotericin B and 0.04mmggentamicin) at 37°C and 5% G a humidified
atmosphere. CaCo-2 cells were cultured for 18 days,cell medium was replaced three times a weakdw their
spontaneous differentiation. Differentiated CaCeells express morphological and functional charésttes of mature
small intestinal enterocytes [10].

After overnight serum starvation, the cell mediuasweplaced with DMEM containing 5% FBS, and défdrated
CaCo-2 cells were treated with different conceidrest of 27HC (molecular weight: 402.663 g/mol) @t@ for
different times (3, 6, 12, 24, 48 or 72 hours)tfar evaluation of cytotoxicity. The oxysterol contrations of 1 uM or
5 uM were further chosen to investigate inflammgatond survival signals. In some experiments, ce#ise pre-treated

with different concentrations of PI3K inhibitor L'¥2002 for 1 hour.

2.4. Quantification of oxysterols by LC-MS/MS

Frozen tissue (100 mg) was ground using a pestlevantar; powdered samples were collected andspeswed in
500 pl ice-cold methanol containing 5 mg/ml butytifoxytoluene (BHT) (corresponding to 20% tissuenbgenate
w/v) and incubated for 40 minutes in ice. Samplesanthen centrifuged (1862 RCF at 4°C for 15 misjuéand the
collected supernatants were dried out by usingsERYC 2-18 vacuum concentrator (Osterode am Hgermany).
Dried samples were re-suspended with 12.5 % metlaagidic water with 1% formic acid (v/v). Tisssamples were
spiked with deuterated internal standards relaiffereint oxysterols. Sterols were extracted by gs$®E cartridges
and analyzed by liquid chromatography UltiMate 3G®LC (Dionex, Thermo Scientific Ltd., Hemel Hermged, UK)
coupled on-line with a ESI-QgLIT-MS/MS mass specteter (QTrap 5500, AB Sciex, Warrington, UK) follmg the
protocol used by Dias and colleagues [11]. Multiiglaction monitoring with transitions of 385.4/1#6t 27HC and
391.4/135 for the 27-hydroxycholesterol-d6 standeede used. Data files (.wiff format) were exaministhg Analyst
Software 1.7 (AB Sciex, Warrington, UK). Oxystetiskue content was expressed as ng/g fresh wetiii} intestinal

tissue.



2.5. Evaluation of cell death and proliferation

Cell death was analyzed by extracellular lactateydeogenase (LDH) release in cell medium. LDH enationactivity
was evaluated spectrophotometrically, recordeiAdss/minute at 340 nm wavelength, and reported @ereentage of
LDH total release into cell medium when 0.5% Trii#100 was added to culture flask containing theeaell
density as the test sample. A time-course analysis 3 to 72 h cell treatment with increasing 27etfhicentrations
was performed.

The tetrazolium dye 3-(4,5-dimethylthiazol-2-ylBjiphenyltetrazolium bromide (MTT) test was als®d for
measuring cell proliferation, testing for cytotakycrelated to the number of viable cells upon 27ir&atment [12].
The cells were seeded in 96 well culture plate®Ql&lIs/well) and incubated with 27HC at differéntes (3 to 72
hours). After cell treatment with 27HC, ROMTT from stock solution (hg/ml) were added to medium and cells were
kept into CQ incubator in the dark for &. Formazan crystals were dissolved by replacindiame with 120 pl DMSO,
and the plates incubated for 30 minutes. Purpl@daan products was recorded at BBOwavelength by using a
multiwell plate reader (Model 680 Microplate Read&in-Rad, Milan, Italy), and the absorbance at 6&Bbwas
considered as reference value. Therefore, incresissatbance reflects an increase in the numbegabfevcells, while

its reduction indicates an oxysterol cytotoxic effe terms of loss of number of cells.

2.6. Immunoblotting

Differentiated CaCo-2 cells were collected in icdddysis buffer (20 mM Tris-HCI, 150 mM NacCl, 1%dium
deoxycholate, 1% Triton X-100, 0.1% SDS, pH 7.Z;®M AEBSF, 2 mM EDTA, 2 mM EGTA, 50 uM Leupeptih,
UM Pepstatin, 10 uM Bestatin, 10 uM E-64, 1 uM PM®&H 0.15 unit/ml Aprotinin as protease inhibitdgsnM
Sodium fluoride, 0.1 mM Sodium orthovanadate, 1 ®Mlium Pyrophosphate and 1 i¥@&lycerophosphate),
incubated at 4°C for 20 minutes and centrifuget8®&2 RCF at 4°C for 15 minutes. Total cell lysatat@in
concentration was evaluated by Bio-Rad proteinyadga reagent [13].

Sample immunoprecipitation (80 g protein) wasiedrout overnight with rabbit anti-Akt monoclonaitdbody (4 ul)
only for Akt and pAkt protein level evaluation. Inmmoprecipitation was achieved by 2 hours incubadio®C with
Protein A - Sepharose resin, and pellets were fsdchmunoblotting analyses.

All samples (immunoprecipitated and not) were lzbdé¢ 100°C for 5 minutes in Laemmli buffer [200 nivis-HCI,
pH 7.4, glycerol 36% (v/v), SDS 7% (w/v), 1M 2-maptoethanol, bromophenol blue 0.1% (w/v)] and ssjearon
10% SDS-polyacrylamide gel electrophoresis (PAGD)ug/lane), followed by blotting onto Hybond ECL

nitrocellulose membranes. The membrane was thakéxdbin Tris-buffered saline (TBS) with Tween 2@BQT) [20



mM Tris-HCI (pH 7.6) TBS, 0.1% (v/v) Tween 20] cairting 5 % skimmed milk powder (w/v) for 1 hourrabm
temperature, followed by three 5 minutes wash@B8T.

Blots were then incubated with rabbit anti-Akt Q0D dilution), rabbit anti-pAkt Ser473 (1:1000 ditun), rabbit anti-
PTEN (1:1000 dilution), mouse anti-Bcl-xL (1:100iution), or mouse anti-Bax (1:1000 dilution) mohareal
antibodies in 5% dry milk — TBST overnight at 4°@ & three-dimensional rocking table.

Blots were washed twice for 10 minutes in TBST #reh incubated with goat anti-rabbit/mouse HRP-ggajed
secondary antibodies (1:5000 dilutions) for 1 houFBST containing 3% skimmed milk powder (w/v).té&f two
further washes with TBST for 10 minutes, blots wexposed to ECL® reagent for 5 minutes following fiotocol as
described by the manufacturer. Blots were then seghdo Hyperfilm-ECL using a ChemiDoc MP systeno(Bd
Laboratories, Inc.). Normalization was performedusingp-actin as control reference. Protein bands weratified
through densitometry by using Image J 1.42q sof#wWaISA, http://rsb.info.nih.gov/ij/). Results wezgpressed as

fold-increase compared to the values obtainedémtbadium from untreated cells (control).

2.7. Gelatin zymography

Matrix metalloproteinase (MMP)-2 and MMP-9 actiatiwvas assessed in the cell incubation medium latige
zymography following standard protocols [14]. Gakdium (10 pg protein) from each sample was dilirgtbn-
reducing Laemmli buffer (8 ul) and loaded onto 8BSSpolyacrylamide gels containing 0.8 mg/ml gelatvhich acts
as substrate for MMP activity. After gel proteirpaeation by electrophoresis, the gels were washedénaturing
buffer (2.5% Triton X-100 in 50 mM Tris-HCI, pH 7.8nal solution) for 1 hour to allow protein relfointo native
conformation. Gels were then incubated overnigi37aC in a proteolysis buffer (40 mM Tris-HCI, 260M NacCl,
10mM CacCl2, 0.02% NaN3, pH 7.5, final solutionknhstained for 3 hours in a Coomassie Blue sol{fid®b%
Coomassie Brilliant Blue R-250, 50% methanol, 10%tia acid, final solution) and destained with 5%thanol and
7% acetic acid (final solution). The final zymogratrowed MMP proteolytic activity as clear bandeésled gelatin)
on a blue background (uncleaved gelatin). Densitomanalysis was used for the detection of getdyitic action of
MMP-2 and -9, and performed through Image J SoftwBiSA). Results were expressed as fold increasgpared to

values obtained in the medium from untreated ¢etistrol).

2.8. Immunohistochemical analysis
Tissue distribution of MMP-9 was tested on 23 sthgad 23 stage Ill CRC specimens. Paraffin-emleddissue was
deparaffinized and rehydrated through graded alsohieat-induced antigen retrieval was performednigrowave

treatment in citrate buffer (pH 6.0) three times3aninutes, followed by cooling for 30 minutes@bm temperature.



Endogenous peroxidase activity was quenched byraidates treatment with 3% hydrogen peroxide. Futhg 15
minutes incubation in bovine serum in TBST, sectioere incubated overnight in a humidified chandiet°C in the
presence of 1 pg/ml mouse anti-MMP-9 polyclonaibarty. After washing with TBS, slides were inculzhfer 35
minutes with the secondary anti-mouse antibody. iffireune reaction was then revealed with EnVisiost&y-HRP
using diaminobenzidine as chromogen. Sections firm#ly counterstained with hematoxylin, dehydratbrbugh
graded alcohols, mounted and examined at a Leiceostiope (Leica Microsystems Wetzlar GmbH, Wetzlar,
Germany). Staining intensity was evaluated randgrwo independent observers. A semi-quantitativadyeis was
expressed as the total percentage histologicas¢dje, where both intensity (0, 1+, 2+, and 3+) thedpercentage of

positive cells - ranging from 0 to 300 - were taketio account and combined.

2.9. Protein level evaluation by ELISA

Protein levels of IL-6, IL-8, VEGF and MCP-1 weretdcted in the cell culture medium by using comimaéELISA
kits (see section 2.1. Chemicals) following the ofanturer’s instructions. Sample absorbance vakers detected
using a multiwell plate reader (Model 680 Microgpl&eader, Bio-Rad, Milan, Italy) set to a dual-waxgth mode at
450 and 655 nm, where optical density recordedatvias considered as the reference. Data werezauaby using
SlideWrite Plus software (Advanced Graphics Sofeyafhe analyses of different cytokines were penfat in

triplicate and expressed as pg/mg of protein.

2.10. Statistical analyses
Statistical differences among different groups weraluated using Student’s t-test and one-way ANQ&S
associated with the Bonferroni’s multiple companigmst-test. Data were analyzed with GraphPad Rgispftware

(San Diego, CA, USA) and results were expressadesn + Standard Deviation (SD).

3. Results

3.1. Marked 27HC increase in human colorectal cancat advanced stage of progression. Comparison witthe
corresponding tumor-adjacent tissue.

To provide evidence of the presence of 27HC at @R@r site, we performed chromatographic charazédn of
different oxysterols in sterol extracts from tuntissues (TT) and adjacent tissue (AT) specimenaiodd from 26
CRC patients at different stages of malignancy tgmige surgical resections. Table 1 shows patieietsiils and tumor
staging following TNM and Dukes modified Aster-Gallsystem classification (3 patients were classifie at stage |,

8 as stage I, 12 as stage lll, 3 as stage V).



LC-MS/MS analyses demonstrated that 27HC was th&t ommmon side-chain oxysterol in TT as indicatg@b
representative LC-MS/MS total ion chromatogram (iFégglA). In particular, Figures 1B and 1C show t&egilots
displaying the distribution of 27HC analyzed in @fid non-tumor AT, respectively. No 27HC differenaese evident
among the four stages in non-tumor AT (Fig. 1B).tBmother hand, a strong 27HC increase was evidéuainor
tissues at stage Il compared to the others (F1j. 1

A more detailed analysis of samples from stagasdi IIl, the two groups with the largest numbepafients, was
carried out. Figure 1D shows that 27HC median agntetumor tissues at stage Il malignancy wasificantly

increased [76.% 17 ng/g FW (Fresh Weight)] compared with tumorstage Il (34.5 11 ng/g FW) and stage 11l

tumor-adjacent tissues (28518 ng/g FW).

3.2.1n vitro evidence of 27HC pro-inflammatory effect in diffeentiated CaCo-2 cells

Based on the observed 27HC increase in specimestaga || CRC tumor malignancy, the possible tutimamoting
role of this oxysterol in favoring the release mfammatory cytokines involved in tumor growth wstadied.

A set of experiments was performed by treatingedéhtiated CaCo-2 cells with increasing concermnatof 27HC in
order to evaluate the ability of oxysterol in inthgIL-6 and IL-8 cell release in culture mediungire 2shows
cytokine production upon cell treatment with 1 ubguM 27HC for 24 and 48 hours. Only 5 uM 27HCuced a
significant increase in cytokine release in celtume medium. The increased production of IL-6 whsady significant
at 24 hours cell incubation (Fig. 2A), while IL-8ogluction was also significantly increased at 2dre@nd reached a
higher level and significance after 48 hours aelatment (Fig. 2B).

Notably these two concentrations did not show aytgtoxic effect in terms of MTT staining and LDH ééll release

(Table S1 supplementary material).

3.3. 27HC stimulates intestinal cell release of aee MMP-2 and MMP-9

Matrix metalloproteinases have been demonstratpthioa prominent role in cancer cell invasion digsemination.
They are produced and assembled in the cytoplastreted as zymogen pro-MMPs, and extracellulatiyaied.

We recently demonstrated that a mixture of dietatysterols was able to activate MMP-2 and MMP-9yeall as
increase IL-8 synthesis in differentiated CaCo4fsd&5]. Therefore, we tested the ability of #redogenous oxysterol
27HC to induce these two MMPs in the same intektiethline treated with 1 uM or 5 uM 27HC for 24ch48 hours.
As shown by gelatin zymography analyses, both @xgstoncentrations were able to increase MMP #gtat the
different times considered. MMP-9 appeared to biwated earlier than MMP-2, as it was significaritigreased with

the lower oxysterol concentration already aftehZdeatment, compared with controls. The highegtiicant



enzymatic activation of both MMP-2 and MMP-9 waadaieed after 48 hours of cell treatment with eith@M or 5
UM 27HC (Fig. 3). Immunohistochemical analysis d¥I®-9, gradually increasing toward the tumor invasiont,

supports the concept of MMP-9’s importance in meks (Fig. 4).

3.4. 27HC induces Akt activation in differentiatedCaCo-2 cells.

Elevated activity and phosphorylation of seringtmine kinase Akt are thought to be required forate in positively
regulating cell survival in various types of cargséncluded CRC [16]. Activation directly deperats
phosphatidylinositol-4,5-bisphosphate 3-kinase Kpland is negatively regulated by the tumor suppoe
phosphatase and tensin homolog deleted on chronsoam{PTEN), Consequently, to investigate thergatkability
of 27HC to modulate Akt activation in differentidt€aCo-2 cells, we evaluated phosphorylated Akk{pBy Western
Blotting upon cell treatment with 5 uM 27HC, assthoncentration exerted the strongest inflammatéfgcts. As
reported in Figure 5, a marked Akt activation whseyved in terms of pAkt/Akt ratio increase in thiestinal cells
incubated for 48 hours with the oxysterol (Fig. 5Nptably, Akt activation was also studied in ufeliéntiated CaCo-
2 tumor cells that showed high pAkt protein levaleady at basal conditions without any treatmeig.(S1). Such
substantial pAkt cell content did not allow us ignificantly quantify a further possible increaseéiiced by 27HC.
Furthermore, at this degree of dedifferentiatialschad already acquired autonomous survival mashes.

PTEN catalyzes phosphatidylinositol-3,4,5-trisphap (PIP3) dephosphorylation, thus preventing Akt
phosphorylation. Therefore, a decreased ratio &NPTo pAkt proteins can indicate Akt activation.

The observed significant reduction of PTEN proteirels after 48 hours of cell incubation with 5 |PVHC in terms of
decreased PTEN/pAkt protein ratio (Fig. 5B) confidrthe activation of Akt signaling pathway in ouperimental

model.

3.5. Akt interaction with 27HC-induced inflammation response

To investigate if the observed Akt signaling adiiva by 27HC could be involved in mediating prolamhmatory
processes induced by this oxysterol, differentis@ado-2 cells were pre-treated for 1 hour with M Iply294002 and
then treated with 5 uM 27HC for 48 hours. LY294@2 specific inhibitor of PI3K, the enzyme respiblesfor Akt
phosphorylation. The LY294002 concentration usedfaCo-2 pre-treatment was shown to have no cyimffect
(Table S2 - Supplementary materials).

LY294002 was able to prevent cell production ofcsfie cytokines involved in tumor development andgression, as

well as the activation of MMPs. In addition to tffect exerted by 27HC cell treatment on IL-6 abeéBlproduction



(Fig. 6A-B), increased MCP-1 (Fig. 6C) and VEGFFBD) levels were also detected in the cultureiomadafter 48h
cell treatment with 5 uM 27HC, but were abrogated %294002. Similarly, the observed oxysterol-degemnt
increased activity of MMP-2 and MMP-9 was preverttgccell pre-treatment with the PI3K inhibitor (FBE-F), thus
supporting a causative association between 27H@ratEmt Akt activation and the observed increaseduyation of

inflammatory pro-tumor mediators.

3.6. The effect of 27HC-dependent Akt survival sigaling on the regulation of apoptosis

PI13K/Akt survival signaling requires concomitanppuession of apoptosis by inhibiting pro-apopt&a-2 family
proteins through their phosphorylation, as welpesmoting the expression of anti-apoptotic proteirterefore, the
ability of 27HC to activate Akt-dependent signalipathway was investigated by evaluating changeslimprotein
levels of pro-apoptotic Bcl-2 associated X (Baxdl amti-apoptotic B-cell ymphoma-extra-large (Bthby Western
Blotting analyses. The incubation of differentia@aCo-2 cells with 5 puM 27HC for 48 hours signifidg reduced
pro-apoptotic Bax protein levels, while markedlgnegasing anti-apoptotic Bcl-xL protein levels (Fig.On the other
hands, these oxysterol-dependent changes weresladdlby cell pre-incubation with PI3K inhibitor L¥2002 (Fig.
7A-B). Notably, Figure 7C confirmed the ability b¥294002 to inhibit Akt activation. These findinggre supported
by MTT test results (Table 2). Indeed, the numbesiable cells, in terms of percentage of formazeystals, was
increased after 48 hours incubation with 5 uM 278ile in cell samples pre-treated with LY294002 trell number
was comparable to controls. These data providesegil to support the role of Akt in mediating provéual effects of

27HC on intestinal cell line.

4. DISCUSSION

Until now, 27HC has aroused particular interestt®tumor-promoting role in hormone-dependent easbecause of
its property to bind estrogen (ER)7] and androgen (AR) receptdiss]. A quantitative analysis of 27HC carried out
on tumor specimens from ER positive breast canatemts showed a marked increase of this oxysteithle tumor
mass compared with the normal mammary tissueatthred the low micromolar range in the tumor tisaues if the
concentration showed high variability among thdedént specimens and was not characterized forecataging [17].
Guo and colleagues very recently showed by LC-M#arease in about three times of 27HC in humatrigas
carcinoma as to the tumor-adjacent normal gastucasa, but again no indications of the clinicagstaf the nineteen
cancers collected was provided [8].

The evidence that 27HC is increased in CRC tisandghat its presence may be functionally relabeiinor

progression, was previously missing, so the keydfithe present study was to investigate this. gilesent report



provides a first overall picture of the actual 27BBount detectable in human CRC along the stagemlifnant
progression. It is important to outline that, efethis oxysterol appears to accumulate graduabynf TNM stage | to
TNM stage lll, a statistically significant 27HC m@se compared to the corresponding tumor-adjacoental tissue
was only detectable in stage Ill CRC. Notably, LGMIS analysis led to the detection in the CRC no&sslatively
low amounts of other oxysterols than 27HC, eittfexreymatic origin, i.e. 25HC and 24HC, or non-anayic one, i.e.
7K.

The amount of 27HC measured in the other CRC spawsrof different stages was within the concentnatimge
observed in the corresponding samples of adjacental mucosa. Hence, with regard to human CRCetfiadings
would clearly indicate that an accumulation of 27takes place at a quite advanced stage of canegrgssion. The
lack of further rise of 27HC detected in the fevaitable specimens of stage IV CRCs is most likelyl@ned by the
extreme dedifferentiation displayed by cancer calithat stage, implying an almost complete lodsteftinal features.
Notably, the reported evidence of a supra-physiodgccumulation of 27HC in the CRCs of the adeahstage is
consistent with the oxysterol metabolizing enzynegression profile, which has been recently detkit the tumor
microenvironment from a large number of CRC pati¢h®]. Besides providing conclusiuevivo demonstration of the
presence or even accumulation of CYP27A1 in colorcer cells, that study indicated that patientslisal rate was
gradually decreasing with the enhancement of CYR2&¥pression [19].

In relation to this, Baek and coworkers showednrestablished mouse model of breast cancer thairtheetastatic
effect of a high-cholesterol diet required the pree of CYP27A1 [6].

Evidence for a link between tumors and inflammatias been getting stronger over the years [20,Sa&ge 11|
malignancy is a crucial step in which cancer hasabto nearby tissues, organs and lymph nodesstaowls a
metastatic behavior, even if metastases at distta# are not yet evident. In this stage differefttmmatory molecules
may contribute to accelerate cancer progressioaimtitro experiments here reported aimed to investigadenit
increase in 27HC as observed in the advanced efs&@RC could give growing neoplasia further prdanimatory
properties.

Of the various pro-inflammatory cytokines, IL-6 ahd8 do appear to be associated with malignangjpession of
colorectal cells. In fact, their serum level waswsh to rise in CRC patients in direct proportiorthe increase of tumor
size and invasiveness [22, 23, 24, 25].

Moreover, IL-8 was found to be constitutively ovepressed in highly aggressive human CRC cells [26t present
data indicate a marked enhancement of IL-6 and plreiein release by differentiated CaCo-2 cells ey were

challenged for 24 or 48 hours with a relativelyth@pncentration 5 uM 27HC.



A wide variety of other cytokines has been suggksichave a prognostic value for metastatic CR@ptt. Chen and
colleagues identified seventeen molecules, inclydlin8, MCP-1 and VEGF, which could predict the mlepost
chemotherapy survival of metastatic patients [A7fnoderate but statistically significant MMP-2 aid/iP-9
increased activation was induced by 5uM 27HC ifedéntiated CaCo-2 cells after 48 hours incubaéib®7°C. A
similar stimulation of MCP-1 and VEGF secretiortlie culture medium of CaCo-2 cells challenged #®hdurs with
5 uM 27HC was found. The histological distributiminfMMP-9 observed in stage Ill CRC, where MMP-9 was
gradually increasing from the core of the tumor snastwards and reaches maximum expression at thelgr
frontline, is noteworthy.

All these molecules are recognized key playersatrisnremodeling, type 2 inflammation and neoangiwgsis, which
characterize advanced CRC progression and metzsiasi [28, 29]. Up-regulation of MMP-9 by 27HC {8/1) was
already reported in a macrophage cell lineage [8Bile a net induction of VEGF cell secretion byHZ7 (5 puM) [31]
and MMP-9 increased secretion by 27HC (4 uM) 88% observed in breast cancer cell lines.

The interplay among different pro-inflammatory nmalées induced by 27HC in micromolar amount mighttdbute to
the survival signaling pathway activation, an intpat mechanism promoting tumor resistance agapwtasis. Such
suppressing apoptotic program occurs by enhancim@poptotic Bcl-xL while decreasing anti-apoptdiax cell
protein levels. Our reported net activation of PI8K pathway in differentiated CaCo-2 cells witlu 27HC well
supports such hypothesis. About this, a very restemty claimed apparently opposite data concerAkignodulation
by 27HC in undifferentiated CaCo-2 cells, showing 8ignaling down-regulation exerted by this oxyst¢33]. Those
findings were actually obtained by using undiffarated intestinal cancer cells, thus introducingretigher
intercellular variability and higher 27HC concetitas (from 10 uM upward).

The fact that in the differentiated CaCo-2 modetasn,the prevention of 27HC-induced enhancement of Addading
widely inhibited the oxysterol’s pro-inflammatorffect, as well as the anti-apoptotic one furthghtights the very
likely mechanistic implication of this pleiotropsignaling pathway also in colon cancer progresfimma review see

34].

5. CONCLUSIONS

Despite the few quantitative analyses so far alvkglan oxysterol content - particularly 27HC - inhan cancer
specimens and not simply human cancer cell lilesgetis evidence that an excessive amount of ittheschain
oxysterol might be present in breast cancer [1d]gastric cancer [8]. Our study now provides thet #vidence that

this is also true in colorectal cancer.



The here reported LC-MS/MS 27HC evaluation in specis at different CRC stages clearly indicates2iatC
reaches pathological concentrations only in an acke stage of tumor progression, at least in humans

A possible increasing tumoral concentration of thisther oxysterols associated with cancer matigpaas we found
in CRC, would be critical for the progression andasiveness of different cancer types, and shozilchdre thoroughly
investigated.

Once a concentration significantly higher thanghgsiological one is reached, in this case in titestine, 27HC
definitely appears able to contribute significanthfurther cancer progression by triggering argtaning the hyper-
activation of pro-inflammatory cytokines, tissuetmametalloproteinases, anti-apoptotic factorsr @uwitro evidence
supports a key role of 27HC-enhanced Akt signailingiggering the late inflammatory response to CgtGwth and

invasiveness.
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Figure legends

Figure 1. LC-MS/MS analysis of 27HC content in thesurgically resected tumor tissues from CRC patients
The 27HC concentration was detected by LC-MS/M&iimor-surrounding non-tumor tissue (adjacent tisgdg and
tumor tissue (TT).

Panel A shows a representative LC-MS/MS total immomatogram of different oxysterols detected intthraor tissue
of a patient at stage Ill malignancy, underlyingiZ7as the main oxysterol produced at this staggstexol
chromatographic separation was recorded for 48 tesn{min) run time based on the fragmentation Tdre
comparison between mass spectra and productsticetdimes with pure standards was obtained aeviai 24HC
(385/161: RT =14.86min); 25HC (385/147: RE 15.30min); 27HC (385/161: RE 16.05min); 7BHC (385/81:

RT =16.85min); 7-K (401/196: RE 17.62 min). lon intensity values are expressedasts/second (cps).

Panels B and C show the distribution of 27HC cotregion values in AT and TT specimens, respectival\different
CRC stages. The levels of 27HC significant incréaskeT stage 11l compared to stage Il malignancgn@ C). The
horizontal lines in the panels B and C indicatertfeglian tissue concentration.

Panel D shows histograms of 27HC detected condentsain the stages Il and Ill and their comparibetween AT
and the corresponding TT. A significant increass wbserved in TT at stage Il disease progressiotpared with
the corresponding AT. Values are expressed asm\yy/gntestinal tissue. Significantly different vess8tage Il TT:

**p <0.01; ***p <0.001; n.s.: not significant.

Figure 2. 27HC induces cell release of pro-inflamntary cytokines IL-6 and IL-8.

IL-6 (panel A) and IL-8 (panel B) were evaluatedHiyiSA test in the culture medium of differentiat€dCo-2 cells
treated with 1 uM or 5 uM 27HC for 24 or 48 howkaximum increase of both interleukins’ cell prodantwas
reached after 48-hour cell incubation with 5 uM Z7Walues are shown as pg/ml interleukin releagecketis in the
cell culture medium and are referred to means s8ibree independent experiments. Significantlyedéht vs.

controls: **p <0.01 and ***p <0.001.

Figure 3.27HC induces the activation of MMP-2 and MMP-9 in dfferentiated CaCo-2 cells.
CaCo-2 cells were incubated with 1 uM or 5 uM 27Ad24 or 48 hours; the activation of MMP-2 and MMRvas
evaluated by gel-zymography and expressed asrotéase than controls (untreated cells). Panelsd®Bashow the

activation of MMP-2 and MMP-9, respectively. Thdajmolytic activity of MMP-9 was already increaseafier 24



hours with the lower concentration of the oxystekwever, both MMPs reached maximal significaniterat8 hour
of cell incubation with 5 uM 27HC.
Data are reported as means + SD of three indepepapariments. Significantly different vs. controfyp <0.01 and

***p <0.001.

Figure 4. A representative immunohistochemical vievof MMP-9 tumor tissue distribution.

Left panel - The paraffin embedded CRC tissue srdit stage 11l shows a strongest staining for M8&xpression
that was localized at the invasive front of the turmass (black arrows).

Right panel — Histopathological evidence of MMPs@munostaining in different tissues from patientstages Il and
Il CRC malignancy. Data are referred as percentdgtaining reported as total percent H-score.dxperimental
details see section 2.8 in Materials and Methodis. images were visualized with a 10x/0.22 objedbyeising Digital

Microscope DMD Leica, Leica Microsystems, Milarglit. Significantly different versus Stage Il: *©<01.

Figure 5. 27HC induces Akt phosphorylation in diffeentiated CaCo-2 cells.

CaCo-2 cells were incubated with 5 uM of 27HC arkd #&nd pAkt protein levels were detected by WesRlatting.
The Akt signal activation was evaluated until 72ufsoof cell incubation with the oxysterol, and eegged as pAkt/Akt
ratio (panel A). Protein levels of PTEN tumor swggsor, the main negative regulator of the PI3Kgdthway, were
also detected by Western Blotting in differentia@aiCo-2 cells treated with 27HC (5 uM) for 24 a®chéurs. The
observed significant decreased ratio between PTiENoAkt protein levels after 48 hours of cell inatibn with 5 uM
27HC confirmed the activation of Akt signaling patty in our experimental model (panel B).

All values are referred to means * SD of three fresielenexperiments. Significantly different vs. time ze#:<0.05,

##p <0.01; significantly different vs. controls: p*<0.01.

Figure 6. PI3K inhibitor prevents 27HC ability in inducing pro-tumor inflammatory molecules’ releasem the
cell culture medium.
Cells were treated for 48 hours with 27HC (1 uMbqrM) and pretreated or not with the PI3K inhibitdf294002 (10

uM). The IL-6, IL-8, MCP-1 and VEGF protein leveilgre assessed by ELISA in the cell medium, andesged as
pg/ml (panels A, B, C and D, respectively). Thevatton of MMP-2 and MMP-9 was analyzed through-gel
zymography and expressed as fold increase thanot@pénels E and F, respectively). All values r@ferred to means
+ SD of three independeakperiments. Significantly different vs. contraip:<0.05, **p <0.01 and ***p <0.001;

significantly different vs. 5 uM 27HC: #p <0.05 a#t##p <0.001.



Figure 7. 27HC impairs pro-apoptotic protein levelghrough Akt activation.

The oxysterol 27HC reduced pro-apoptotic Bax, whikrkedly increased anti-apoptotic Bcl-xL. Cellpreatment
with the PI3K inhibitor LY294002 prevented 27HC-@epdent changes of the two above-mentioned proi@iodved
in the apoptosis modulation. Cell protein level8ak (panel A) and Bcl-xL (panel B) were determitmgdWestern
Blotting in differentiated CaCo-2 cells treatediwi& uM 27HC for 48 hours, pre-treated or not withuM PI3K
inhibitor LY294002 for 1 hour. Panel C shows theassful inhibition of Akt signal by LY294002. Repentative
immunoblots of Bax, Bcl-xL, pAkt, Akt (and Actin aseference protein) are shown in panel D. All valugpresent
means + SD of three independent experiments. Signifiy different vs. controls: *p <0.05 and **p €Q,

significantly different vs. 5 uM 27HC: #p <0.05 a#tdp <0.01.



Table 1. Clinical characteristics of CRC patients

Number of Patients

CRC Stages I A Il (B/C) v
3 8 12 (7/5) 3

Grading

Low 2 4 4/2 -

Intermediate 1 1/- 1

High - 3 2/3 2

Gender

Female 7

Male 2 1 6 2

Age (median) 76 71.5 78 68

Tumor location

Right/transverse colon - -

Left colon 3 5 3

Rectum




Table 2. Analysisof cell viability by MTT test in differentiated CaCo-2 cells pre-treated with
L Y 294002 and treated with 27-hydroxycholesteral.

MTT (% control)

10 pM LY294002 95+ 11

5puM 27HC 150+ 23*
#

5uM 27HC +10 pM LY294002 92+ 10

Differentiated CaCo-2 cells were pre-treated withuM LY294002 for 1 hour, then incubated or notwstuM 27HC
for 48 hours. Cell viability was evaluated tetrazol dye MTT crystals’ formation recorded at 550 wavelength and

was expressed as percentage of control (takenQ2$)10
* Significantly different vs. control (untreatedlis®: p <0.05; # significantly different vs. 5 uM RIC treated cells: p

<0.05.



ACCEPTED MANUSCRIPT

A . .
@ 27HC ®) Adjacent Tissue (AT)

2,3e6 1 154

2,0e6

@
g H
5 156 Z 10
z =
2 o0
5 10e6- Z . N
| g 5
25HC
5,0e5 24HC g a A@Eﬁ
0 T T T T
00140 150 160 170 180 186 Stagel Stagell Stagelll Stage IV
Time, min
© Tumor Tissue (TT) D)
154 10 Fkkk
Kk

Z 10 A 2

) w6 n.s,

0 Ala ES —

£ n S 4

g 51 u AAAA E )

S (o]

iy Ee kL

0 T T

Stage I Stage II Stage IIl Stage IV Stage Il Stage I Stage Il Stage I1I
ATT T ATT T



ACCEPTED MANUSCRIPT

(A) 1L-6 (B) IL-8
40 400 ook
sk sk
= 307 300 s
E E
oo eo
& 20 & 200
2 *®
= =
104 100
0- 0- 4
R I N T I
¢S é"\; w‘;" 8 @’» é'b S é\'\' v J g’\' é’b
N o¥ N4 34 N o¥ N oV

24 hours 48 hours 24 hours 48 hours



ACCEPTED MANUSCRIPT

(A) B)
2.0 2.0
*kk ok %k ok ok k
T
§ 1.5' ;§ 1.5' ok *%
Q$ o g
S St
% 2 10 % 2 10
= =
S S
S 0.5 S 0.5
0.0- 0.0-
1 uM 27HC - + - + - 1 uM 27HC - + - + -
5 uM 27HC - - + - + 5 uM 27HC - - + - +

24 hours 48 hours 24 hours 48 hours



ACCEPTED MANUSCRIPT

3k

250+

T
(=3
(=3
o

9103S-H 6-dININ

150+
100+
5




ACCEPTED MANUSCRIPT

3k

S w0
— S
(3seaadur proy)

PVANALD

N —
(3seauadur proy)
riv/mivd

1
(=]

W,ﬁﬁw
pAkt “. —

PTEN

72 hours

6 12 24 48
DAKI e s c — ———



()

S R R r——

S\

L
L+

S B S B S
[ S T R S
(aseaaour proy)
T-dNIN

&
3+
*
*
*
=S =) =S o
S s S i)
5 -z =
(rw/3d) 8-
—~
<)
=
*
*
*
Q = =
=) ¥ Q
(rw/3d) 911
_
<
~

(F)

(I

o

(D)

©

N
e

S n o v o9
-_o O

a =
(aseaaour pjoy)
6~dININ
H*
E:S
H*
*
*
N \n < "
IS — — S
(Jw/3u) 4OFA
H*
*
(=3 (=3 (=3 f=]
oo Nl < N

(qu/3d) 1-dOIN

0.0

LY294002

s el B

LY294002

LY294002

5 uM 27HC

5 uM 27HC

5 uM 27HC



ACCEPTED MANUSCRIPT

[GV
- 2
g 15 #
L
0s
(B)
2
= 204 *
= 15 #
] D i I '
os
ool
©
.
i
EET ‘
=
0




Highlights
e 27-hydroxycholesterol (27HC) isinvolved in colorectal cancer (CRC) progression
e 27HC reaches high pathological concentrationsin CRC advanced stage in humans
e 27HCinvitro increases cell release of pro-tumor inflammatory mediators

e 27HCfavorssurvival and invasiveness-related cell signalsin intestinal cells



