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Abstract

Solid tumors are composed of both cancer cells and various typesesbaxy cells, mainly
fibroblasts, that collectively compose the so called tumor-microemwvient. Cance
associated fibroblasts have been described to actively participancer progression by
establishing a cytokine-mediated as well as metabolic crkssitth cancer cells. In the
present paper we show that activated human fibroblasts are able to tlmos cell
proliferation and that this effect is greatly dependent on stroarhonic anhydrase 1X (C
IX) activity. In fact fibroblasts show a strong upregulation of ©A expression upo
activation by cancer cells, while CA IX products, protons and bicatbpagert differential
effects on cancer cells proliferation. While acidification otrasellular pH, a typical
condition of rapidly growing solid tumors, is detrimental for tumor scedfoliferation
bicarbonate, through its organication, supplies cancer cells withmiedeates useful
sustain their high proliferation rate. Here we propose a new kiffidbroblasts/tumor cell
crosstalk within tumor microenvironment, mediated by stromal CApiducts, aimed t
favor cancer cells growth, opening new perspectives on CA IX roletumor
microenvironment.
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Background

Solid tumors are not only a collection of highly heterogeneous camdier bt a very
complex tissue composed by both cellular and non-cellular componentsiootyndefined
as the tumor microenvironment (TM). The major cellular componentsdedibroblasts,
endothelial and immune cells, that collectively produce the variatyotécules representing
the non-cellular components of the tumor stroma, i.e. the extracetuddrix (ECM)
proteins, proteases, cytokines and growth factors. The main stoethdhr component of
TM is an “activated” form of fibroblasts called Cancer Asatexl Fibroblasts (CAFs) [1].
The trans-differentiation of CAFs is mediated by numerous grdadtors and cytokines
secreted by cancer cells such as Tumour Growth Factor-1 IR, PDGFe/p [3] and
interleukin (IL)-6 [4]. Many ways in which CAFs could support cangergression have
been described: a) by secreting growth factors (HGF, EGH-p&@&l cytokines (SDF-1 and
IL-6) leading to the infiltration of immune cells, which in turn paiede novo angiogenesis
helping metastatic spread [5]; b) by producing an altered B@kwas reported to influence
the proliferation, survival and migration of cancer cells [6]bg)actively remodelling the
ECM through the secretion of matrix metalloproteinases (MMP-9,PMId and MMP-14)
that are mandatory for tumor progression [7]; d) by engagingetbolic interplay with
cancer cells in which glycolytic fibroblasts produce and sedaetic acid that is metabolized
by oxygenated tumor cells [8].

The tumor microenvironment is also markedly different from thaharimal tissues also
regarding important extracellular parameters such asceldutar pH (pHe) and oxygen
tension (p@). In fact, due to the defective neovascularization of the growingrtygi,
perfusion tends to be heterogeneous and, overall, inadequate [10]. lioradadé high



metabolic rate of tumor cells leads to a massive production @it anietabolites (C¢) lactic
acid) that, in order to maintain the correct intracellular pHi), have to be secreted in the
extracellular medium. Hence, the combined effect of defectiveulaaszation and the high
metabolic activity of cancer cells leads to the consequencdutimatr microenvironment is
both relatively acidic and hypoxic compared to normal tissue [11Tt#.stringent control
on cellular pHi, mandatory for cells survival [13], is mediateddifferent types of pHi
regulating proteins such as: Na/H exchanger-1, anion exchangerbjcadaonate
cotransporters, monocarboxylate transporters and carbonic anhydrasefLATAS)

In particular, one member of the CAs family, CA IX, whichimgluced by hypoxia, is
overexpressed in many tumors, and it is associated with cangeegsimn and response to
therapy [15]. Carbonic anhydrases (CAs, EC 4.2.1.1) are widespretaloenzymes in
higher vertebrates, including humans [16]. Sixteen CA isoforms hese tharacterized to
date in mammals, which differ in their subcellular localizatioatakytic activity, and
susceptibility to different classes of inhibitors. There am@solic isozymes (CA I, CA I,
CA lll, CAX, CAXI, CAXIl, CA VIl and CA XIII), membrane bounanes (CA 1V, CA IX,
CA XIlI, CA XIV and CA XV), mitochondrial (CA Va and CA Vb) and geted (CA VI)
isoforms. Most CAs are very efficient catalysts for theersible hydration of carbon dioxide
to bicarbonate and protons (g® H,O <> HCOs + H"), a reaction of critical importance in
most organisms since the bicarbonate/carbonic acid system msaihebuffer in all living
cells.

CA IX and CAXII are overexpressed in many solid tumors, aedaasociated with tumor
progression and poor prognosis in various human tumors [17,18]. CA IX, in panticul
possesses several peculiarities that fit with tumor physiolgZA IX is the most strongly
overexpressed gene in response to hypoxia [19], a very common condlifest growing
solid tumors, being under the transcriptional control of HIFD) CA IX possesses an
extracellular catalytic domain acknowledged of a remarkalgle tatalytic activity [20], for
that reason being one of the most important protein involved in tumatecellular
acidification; c) CA IX shows an optimal catalytic activay pH 6.49 [21], which is a pH
value within the range of that of acidic and hypoxic tumors.

In the present work we have studied tumor cells proliferatian uitro coculture models of
tumor microenvironment, in particular evaluating the role of CA IX in this contex

Results

Cancer cells proliferation within tumor microenviro nment

Our aim was to study cancer cells proliferation in the tumaraanvironment context. Our
experimental model is based on prostatic tumor cells (PC3 d4Bband prostatic primary
fibroblasts (HPFs) that, following activation by cancer ceflsquire the typical CAFs
phenotype [4]. First, we found that tumor cells kept in hypoxia acitiéy extracellular

medium more than normoxic cells (Figure 1A-C) and that, in coculieeprotons release in
the extracellular medium is greater than the sum of singtareutell proton release (Figure
1B-D). This suggests that the interplay between cancer ammadtcells affects important
changes in normal and/or in tumor cells metabolism leading texdra" acidification of the

medium. In order to evaluate the ability of CAFs to contribute umor growth at

physiological (7.4) as well as acidic (6.8) or basic (8.0) pH, DUMIBSRAL3 were plated and



grown for 40 hours in single or in coculture with CAFs at varioug,plising CFDA-SE
cytofluorymetric assay to measure cells proliferation oht@ given population in cocultured
conditions (see Methods). We found that single culture cells padiderrate of both DU145
and PC3 was significantly decreased at acidic pHe (Figure)2A4Biout notable presence
of cell death in the pHe range considered (data not shown). In tbenpesof CAFs, tumor
cells proliferation increases at every pHe value compared tootinesponding single culture
(Figure 2A-B). However, in coculture, CAFs attenuate the growth itnbribiobserved in
single culture at pH 7.4 compared to pH 8.0, but the negative effdut ddwest pH 6.8 is
only partially offset. In addition, the CAFs proliferation ratsignificantly greater compared
to HPFs one (Figure 2C), although the difference is less exéersspect to the reciprocal
effect of fibroblasts on cancer cells (Figure 2A-B), sudgggsthat the interplay between
cancer cells and fibroblasts is mainly devoted to promote tumesrgreliferation. In order to
assess the effect of extracellular acidity in environmesgaditions more similar tan vivo
condition, we compared the growth rate of both PC3 and DU145 cells kédpb & at
various pHe. Our results show that hypoxic conditions induce a sagtificcrease in tumor
cells growth rate compared to tumors kept at 20%(dgure 3A-C). Nevertheless, in
hypoxia we observed a pH dependence cell growth similar to the nierecanditions, and
the same, strong, pro-proliferative effect exerted by CARscancer cells proliferation
(Figure 3B-D).

Figure 1 Effect of hypoxia and coculture on extracellular pH.Tumor and stromal cells

were plated in single culture (2X1fr each cell type) and in coculture fIDU145 or PC3

and 10 fibroblasts) at 37°C in unbuffered DME medium containing 1 mM bicarbonate in
CO, free atmosphere either at 1% @ 20% Q. Results show protons concentration values
measured in DU145 single and cocult(#eB) and in PC3 single and coculty@-D) after

24 hours calculated as a means £ SD from five independent experiments (*, p < 0.1; **, p <
0.05 and **** p < 0.005).

Figure 2 Effect of acidity on tumor cells growth.DU145(A), PC3(B) and HPFZC) were
labeled with CFDA-SE and then plated in single culture and in coculture . The esdls w
grown at various extracellular pH in DME supplemented with 25 mM hepes and 10 mM
bicarbonate at 37°C and 5% &@fter 40 hours cells were detached and analyzed by flow
cytometry. The data show the fold increase of proliferation index calculated eerage of
five experiments (*, p < 0.1; **, p < 0.05 and ***, p < 0.01).

Figure 3 Effect of acidity on tumor cells growth in hypoxic condition.DU145(A-B) or
PC3(C-D) cells were labeled with CFDA-SE and then plated in single culture and in
coculture with fibroblasts in a 1:2 ratio at 1% &d at 20% @ The cells were grown at

various pHe in DME supplemented with 25 mM hepes and 10 mM bicarbonate at 37°C and
5% CQ. After 40 hours the cells were detached and analyzed by flow cytometry. tBhe da
show the proliferation index calculated on an average of six experiments. (*, p<0.1; **, p <
0.05 and ***, p < 0.01).

Bicarbonate ion contributes to cancer cells prolifeation

The bicarbonate buffering system is essential to ensure the hasisad both pHi and pHe.
The CQ reversible hydration is catalyzed by both intra- and ealitcdar carbonic
anhydrases (CAs). In particular, extracellular CAs are uedin extracellular acidification
as well as in bicarbonate production. As shown in Figures 2 and 3 adrigentration of H
ions has negative effects on cancer cells proliferation. Thusnwvestigated the possible



involvement of the other product of G@ydration, i.e. bicarbonate, in tumor cells growth.
Therefore we compared the growth rate of tumor cells at 5%(@kich corresponds to GO
pressure present in peripheral tissues) in bicarbonate buffer,ththkept in CQfree
environment (i.e. at atmospheric €€boncentration, 0.032% GP Our results show that in
single cultures the proliferation index of tumor cells (DU145 B@B) is similar in both
conditions, therefore bicarbonate does not influence cells growthFHigierds 4A-5A). In
cocultures, instead, we found a different behavior in the two tumidines. For DU145, we
did not observe any difference in growth rate between single ewno coculture in CO
free environment (Figure 4B), while CAFs exerted a powerfulppoliferative effect in the
presence of 5% Cgbicarbonate buffer (Figure 4C). In this condition about 90% of the
increase in growth rate in the presence of CAFs is due ta¢kernxe of bicarbonate for each
pHe value considered (Table 1). For PC3 cells, instead, the inanegreavth rate due to the
presence of CAFs occurs partly also in&@e environment (Figure 5B), bicarbonate being
responsible only for about 30% of the overall growth rate increasedulture (Figure 5C
and Table 1). Hence, whereas CAFs contribution to DU145 proliferatessemntially due to
bicarbonate, PC3 cells largely depend on CAFs for their cell grdwit bicarbonate is not
the main factor that contributes to this effect. In order to gaiormation on the use of
bicarbonate by cancer cells we performed experimentsi@thicarbonate that demonstrate
the time-dependent organication of bicarbonate (Figure 6). In additiorysimg **C-
bicarbonate and GC-MS, we found an increased steady state of Dhtfaillular**C-
fumarate and®C-malate isotopes when they are grown in coculture with CAFpaced to
single DU145 culture (Table 2). This evidence indicates an irergaghe bicarbonate
organication flux in highly proliferative conditions.

Figure 4 Effect of bicarbonate on DU145 tumor cells growthDU145 were labeled with
CFDA-SE and then plated in single cult@#g, in coculture with fibroblasts in a 1:2 ra{iG)

or both(B). The cells were grown at various pHe in DME supplemented either with 25 mM
hepes and 10 mM bicarbonate at 37°C and 5% @@ DME supplemented only with 25

mM hepes at 37°C in Cfbicarbonate free environment. After 40 hours cells were detached
and analyzed by flow cytometry. The data show the proliferation index cattolatan

average of four experiments (**, p < 0.05).

Figure 5 Effect of bicarbonate on PC3 tumor cells growthPC3 were labeled with CFDA-
SE and then plated in single cultfg, in coculture with fibroblasts in a 1:2 ra{iG) or

both (B). The cells were grown at various pHe in DME supplemented either with 25 mM
hepes and 10 mM bicarbonate at 37°C and 5% @@ DME supplemented only with 25

mM hepes at 37°C in Cfbicarbonate free environment. After 40 hours cells were detached
and analyzed by flow cytometry. The data show the proliferation index cattolat@n

average of four experiments (**, p < 0.05 and ***, p < 0.01).




Table 1Relative contribution of bicarbonate to DU145 and PC3 growth rate increase in
coculture

Relative contribution of bicarbonate in DU145 growth rate increase in co-culture (%)
5% CO; + 10 mM HCO3

pH 6.8 82%
pH 7.4 100%
pH 8.0 89%

Relative contribution of bicarbonate in PC3 growth rate increase in co-culture (%)
5% CO; + 10 mM HCO3

pH 6.8 1%
pH 7.4 25%
pH 8.0 38%

The relative contribution of Cgbicarbonate was calculated taking into account the relative
DU145 and PC3 growth rate increase in the presence or in the abs€&@@gbicarbonate in
the same conditions.

Figure 6 Bicarbonate organication.DU145 were cultured in DME supplemented with 25
mM hepes, 10 mM sodium bicarbonate ;0 sodium bicarbonate“{C] and 10% fetal
bovine serum at pH 8.0 for 24, 48 and 72 hours. The data show the CPM (mounisute)
value normalized on the protein concentration of each sample, calculated on aa aferag
three experiments.

Table 2Isotopic analysis by GC-MS

13C/12C (%)

DU145 DU145 after coculture
Malate 35.068 + 0.518 36.341 + 0.619 p< 0.05
Fumarate 24.504 + 0.239 25.258 + 0.317 p< 0.05

Isotopic“C/*“C ratio of malate and fumarate extracted from DU145 singlereutnd from
DU145 cells separated after being cocultured 40 hours with CA&sstigal analysis was
performed on the basis of three independent experiments.

The role of stromal cells CA 1X in promoting cancercells growth

DU145 cells growth was significantly fostered in coculture comdigxclusively in presence
of bicarbonate/C@buffering system, hence we determined the expression level dXCA
the main responsible for extracellular bicarbonate production, in DUidlndibroblasts in
single culture and after 40 hours of coculture at 1% and 2Q%ol®@wed by MACS
separation of the two cellular populations. We observed that CA IXessipn in single
culture is low both at 1% £and 20% @, while it greatly increases only in CAFs after 40
hours of coculture with DU145 at both oxygen tensions (Figure 7). PC3legsreependent
on bicarbonate for their growth in coculture (Figure 5C and Table ctpr@dingly we
observed a reduced induction of stromal CA IX expression due to PC8npeegsee
Additional file 1) compared to that observed after activation lofoblasts with DU145
(Figure 7). In order to assess the role of CAFs CA IX in pramgotancer cells growth, we
silenced stromal CA 1X and measured DU145 growth rate in coculture ansdi@ur results
(Figure 8) show that CAFs knocked down for CA IX are far &dde to support cancer cells
proliferation respect to non-silenced counterpart. In fact, the tgroate of DU145 in
presence of CAFs knocked down for CA IX decreases both at 18adat 20% @and gets



close to that of the single culture. Finally, to assess teeofadtromal CA IX in promotingn
vivo tumor growth, we co-injected PC3 cells and CAFs (1:5 ratio) indtezal flanks of
SCID-bg/bg mice and we observed that fibroblasts knock-down foiXCére less able to
sustain tumor mass growth compared to control experiment with remeead fibroblasts
(Figure 9). Linear regression fitting on these data shows thairtuolume growth rate is
about three times lower in presence of CAFs defective Pol)XCexpression compared to
wild type ones.

Figure 7 Analysis of CA IX expression in single culture and in cocultureDU145 and
fibroblasts were plated in single culture and in coculture in a 1:2 ratio for 40 hQQ% a®

(A) and 1% Q(B). After that the coculture were detached and separated by MACS Column
Technology. The samples were lysed in SDS-Laemmli Sample Buffer andousddtern

Blot analysis. The membranes were treated with anti-CA IX and antiadiboby. Lanes 1

and 2: HPFs and DU145 in single culture. Lanes 3 and 4: CAFs and DU145 after coculture
and separation.

Figure 8 Effect of fibroblast CA 1X downregulation on tumor cells proliferation. DU145
were labeled with CFDA-SE and then plated in single culture and in cocultlre wit
fibroblasts knocked down for CA IX gene or non-silenced, in a 1:2 ratio at 2q%) @nd

1% O, (B). After 40 hours cells were detached and analyzed by flow cytometry. Tde dat
show the proliferation index calculated on an average of four experiments (**, p < 0.05, ***,
p <0.01, *** p < 0.005). Western blot images show the analysis of CA IX expression in
non-silenced or knocked down fibroblasts at 20%4A) and 1% Q (B).

Figure 9 Silencing of CA IX in fibroblasts decreases tumor growth rateXenograft
growth in SCID bg/bg mice of wild-type (control) or CA IX-silenced GARjected s.c. with
PC3 cells (CAFs:PC3 cells ratio 1:5). CA IX silencing by RNA interfeeein fibroblasts is
shown (Timepoint 14 days: ***, p < 0.01; timepoint 16 days: ****, p < 0.005). Linear
regression equation of ‘CAFs + PC¥ = 0.08065 (+ 0.01035) x — 0.82478 (+ 0.14473), R
= 0.9676; linear regression equation of ‘CAFs CA IX sil + P€3 0.023219 (+ 0.003469)
x — 0.249096 (+ 0.051038) R 0.9563.

Discussion

Solid tumors are composed of both highly genetically heterogeneogsrceells and by
numerous kinds of non transformed cells composing the so called tumoemiconment.
The main cellular component of tumor stroma is represented byctaratad form of
fibroblasts called Cancer-Associated Fibroblasts (CAFs). Gi&svidely recognized as key
players in cancer progression [1,22] mainly by sustaining tumos aritvival and
proliferation.

Typically, tumor tissue is both more acidic and relatively hypaximpared to the normal
counterpart. These peculiarities are commonly attributed to thetideferascularization of
solid tumors that leads to an hypoxic environment that contributesmtetabolic shift of
cancer cells metabolism towards glycolysis, with the conseqeakatse of lactic acid in the
extracellular milieu [11]. In addition HIF-induced CA IX in hypoxtancer cells, together
with bicarbonate transporters, generates a/lii€arbonate flux that serves to maintain the
pHi permissive for cells survival through the intracellulapart of bicarbonate and the
extrusion of CQ[23]. The concept of pHe acidification mediated by cancer tzdtgc acid



release has been recently challenged by Fiaschi et tdgdB8$howed that im vitro coculture
glycolytic fibroblasts are, indeed, responsible for lactic acid ptamtuthat is quantitatively
imported by OXFOS cancer cells by means of MCTs transporters.

In the present work we studied the effect of pHe acidificatioth the effect of CA IX-
mediated C@bicarbonate fluxes in am vitro coculture model of prostatic tumor. Single
culture of HPFs produced less pHe acidification compared to caslier(PC3 or DU145)
both at 1 and 20% LQ(Figure 1) according to the common notion that highly prolifegatin
cells, intensifying the glycolytic flux, lead to a strong producttand release of acidic
equivalents to control their pHi. Surprisingly, PC3-CAFs cocultasewell as DU145-CAFs
one, showed a synergistic increment of acidic equivalents producherproliferation index
determined for each population in single and coculture system ssig@jp$C3 or DU145
cells proliferation rate in single culture are highly sewsito environmental pH. Acidic pHe
is a stressful condition for tumor cells that leads to a notaddaction of proliferation
(Figure 2A and B); 2) tumor cells, when cocultured with CAFs, sheigraficant increase in
cell proliferation rate at every pHe considered. Neverthelesgrésence of CAFs is not
sufficient to completely overcome the negative effect of apéie (Figure 2A and B); 3) the
transdifferentiation of HPFs to CAFs, induced by their cocultutke tuimor cells, leads to an
increase in fibroblasts proliferation rate (Figure 2C), althcatgh lesser extent compared to
that observed for cancer cells (Figure 2A and B); 4) hypoxic dondjtcommonly found in
tumor microenvironment, further contribute to enhance tumor cells petida rate both in
single culture and in coculture (Figure 3).

In conclusion, coculture gives a proliferative advantage mainly tcecarells, particularly in
hypoxic condition, whereas pHe acidification constitutes a negatiieoemental condition.
One of the proteins responsible for pHe acidification in the contaxttumor
microenvironment is CA IX [15,24], whose catalytic activity leamlextracellular production
of protons and bicarbonate. Given that low pHe has a negative impduxitlorPC3 and
DU145 proliferation, we have investigated the role of the other praduCO, hydration,
bicarbonate, in cancer cells proliferation. Summary data report€dhle 1 show that CAFs
mediated DU145 cells proliferation rate enhancement relies altotadly on bicarbonate
presence in the extracellular medium (Figure 4), while only 80®C3 cells proliferation
increase due to the presence of CAFs is warranted by bicarl{bitatee 5). A key question
is why bicarbonate does not influence cells proliferation rateingle DU145 and PC3
culture (Figures 4A and 5A). In our opinion bicarbonate concentration suffidor
sustaining single culture cell proliferation can be obtained mostheric CQ@ or by cell
respiration derived C© On the contrary, when the growth rate of cancer cells is syrongl
increased, consequently to CAFs-mediated activation, bicarbonatentratioa is the rate
limiting ion both for DU145 and PC3 growth. Accordingly, in order to futfik demand of
bicarbonate there is a strong upregulation of stromal CA IX whelasGe cocultured with
cancer cells (Figure 7). It has been shown that bicarbonateenayas a shuttle to transport
protons outside the cell. In this hypothesis,,G®dration by extracellular CAs produces
protons and bicarbonate, then the latter is transported within thebyellicarbonate
transporters contributing to cytoplasm alkalinization [25,26] and refor@@g Our results,
indeed, show that tumor cells also use bicarbonate as a mono carlagmerit to build
biosynthesis intermediates necessary for sustain their highHepstbbn rate (Figure 6 and
Table 2) and that this process is enhanced in tumor cells coculithedctivated fibroblasts
compared to cancer cells alone as indicated by the increased st&tadystentrations of the
two Krebs cycle intermediates analysed (Table 2).



The important role of stromal CA IX for sustaining cancer agitsvth has been confirmed
by siRNA mediated CA IX silencing in CAFs that leads temarkable decrease of DU145
proliferation respect to standard coculture conditions (Figure I83. rEsults ofin vitro
coculture model are also clearly confirmedibwivo experiments in which we show that
CAFs impaired in CA IX expression lead to a strong reduction of tumor growth ¢Fgur

Conclusions

The possibility to counteract tumor progression depends on our understafidiagcer

tissue physiology intended as a whole and not simply focusing orercaalis behavior
outside their physiological context. In the present work we shoemvaeffect of functional
cooperation established between CAFs and tumor cells in the cooftettie tumor

microenvironment mediated by CA IX catalytic activity. In fatte upregulation of stromal
CA IX induced by cancer cells leads both to the acidificatioextfacellular milieu and to
the production of bicarbonate. While extracellular acidificatiodisedvantageous for cell
proliferation, bicarbonate, through its organication, supplies candsrvagh intermediates
useful to sustain their high proliferation rate.

It is conceivable that in solid tumors the extracellular acaifon could be maintained
within acceptable limits by the dynamics of the extracelldilsid, while CA IX activity
ensures the amount of bicarbonate sufficient for not constitute tatdiroancer cells growth
rate.

Methods

Cell cultures

Human prostatic cancer cells (PC3 and DU145) were purchased tnampdan Collection of
Cell Culture. Healthy human prostatic fibroblasts (HPFs) weodated from surgical
explantation of patients who signed informed consent in accordante tinet Ethics
Committee of Azienda Ospedaliera Universitaria Careggi by. Berni of Dipartimento di
Medicina Sperimentale e Clinica/urology. Tumor cells and fibroblaste woutinely cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 1f@tal bovine
serum (Euroclone), 2 mM glutamine and penicillin (100 U/mL) andpsimycin (100
ug/mL) in a 5% CQ humidified atmosphere at 37°C.

Reagents

Unless otherwise specified all reagents are from Sigrdathl. CA 1X siRNA and all
antibodies were purchased by Santa Cruz Biotechnologies, exceptttl@®A X antibodies
that were from Bioscience Slovakia. Carboxyfluorescein diacetatengsuatyl ester (CFDA-
SE), Opti-MEM and Lipofectamine are from Invitrogen. PVDF meméerand Immobilon
Western Chemiluminescent HRP Substrate are from Millipore. @wesl separation was
performed by MACS MicroBeads and MACS Column Technology patelyeiiltenyi
Biotec. Apoptosis test is performed by Annexin-V-Fluos stainingrkin Roche. Sodium
[**C] bicarbonate was purchased from Perkin Elmer.



Proliferation assay

The proliferation was evaluated using CFDA-SE. Tumor or straeiéd were labeled with
the dye at the concentration of 28l. Then PC3, DU145 or fibroblasts were cultured alone
or in coculture for 40 hours. After that the cells were detached, fixed in 3% paaédehyde
and analyzed by flow cytometry. The fluorescence value obtainecnagzed by ModFit
software to estimate the proliferation index. Proliferation yasgas performed by growing
cells in DME without sodium bicarbonate supplemented either with 25hepés or with 25
mM hepes and 10 mM sodium bicarbonate. In the first the cells \geyen in
COy/bicarbonate free environment, in the latter at 5%.0@e media of each condition were
brought at pH 6.8, pH 7.4 and pH 8.0.

Small interfering RNA (siRNA) transfection

siRNA transfection was performed with Lipofectamine and OptiMie knock down CA
IX gene expression. CA IX siRNA is a pool of three targetifpet9-25 nt siRNAs; a
scrambled siRNA was used as control. The cells were used fexpeeiments the day after
the transfection.

Acidification assay

The pH of the external medium of tumor cells or fibroblasts eithsingle cultures (2x£0
cells) or in cocultures (£@ibroblasts and T0DU145 or PC3) was determined after 24 hours
in DME supplemented with 1 mM sodium bicarbonate (pH 7.6) in atmosphegic CO

Western blot analysis

Cells were lysated with 2X SDS-Laemmli sample bufferhaiit -mercaptoethanol and
bromophenol blue and protein concentration was evaluated by bicinchonidi¢BaZA)
assay. After that, samples were precipitated in methanolé¢btar according to the
following protocol: for about 150-300g of proteins contained in 150 of sample were
added 60QuL of methanol, 15Q.L of chloroform and 45@L of water, after each addition
the sample was mixed by vortexing. Then the sample was ogeilifat 13,500 g for 10
minutes, discarded the upper phase, kept the white precipitationwlilentebetween the
upper and lower phases, and then 450of methanol was added to the sample. After 10
minutes of centrifugation at 13,500 g the supernatant was discardeéteapellet was dried
in a vacuum centrifuge for 20 minutes. Then, the sample was resusperge8-Laemmli
sample buffer. The proteins (40g for each sample) were separated by SDS-PAGE,
transferred on PVDF membrane by Western Blot and probed with Ank@ntibody and
with anti-actin antiboby as loading control. Immunoblots were incubateghbsphate
buffered saline supplemented with 5% bovine serum albumin and 0.05% Tweéehdior at
room temperature with primary antibody and then in phosphate bufaliee supplemented
with 1% bovine serum albumin and 0.05% Tween for 45 minutes with seconddnydgnt
conjugated with horseradish peroxidase (HRP). Development was petfaithdmmobilon
Western Chemiluminescent HRP Substrate and chemiluminescencdeteated by UVP
(Ultra-Violet Products) Ltd Chemidoc-it 500 Imaging System. Qtetite analysis of the
spots was carried out by Kodak MI software.



Cocultures separation

DU145 or PC3 were labeled with CFDA-SE and then plated in coculitiidilaroblasts in a

1:2 ratio. After 40 hours cells were detached with Accutase andasegpavith MACS

Column Technology. A fraction of each cell sample was used &rrdete the separation
efficiency by flow cytometry and the other part of the sanées lysated with 2X SDS-
Laemmli sample buffer withoy#mercapoethanol and bromophenol blue.

Cell death determination

10° DU145 or PC3 were plated in DME supplemented with 25 mM hepes and 10 mM sodium
bicarbonate at pH 6.8, pH 7.4 and pH 8.0 for 40 hours at 5% C&lls were detached with
Accutase and labeled with Annexin-V-Fluos staining kit. The probedivastly detected by

flow cytometry analysis.

Sodium [*C] Bicarbonate incorporation

DU145 were plated in DME supplemented with 25 mM hepes, 10 mM sodiunbdmnede,

20 uM sodium F“C] bicarbonate (50.8 mCi/mmol) and 10% fetal bovine serum at pH 8.0 for
24, 48 and 72 hours. The medium was changed every day. The cells werm 19¥eSDS-
Laemmli sample buffer withoutB-mercapoethanol and bromophenol blue. Protein
concentration was evaluated by bicinchoninic acid (BCA) assBiM (ounts per minute)
values were obtained by scintillation counter.

GC-MS measurements

DU145 were plated in single culture and in coculture with fibrobiasts1:2 ratio in DME
supplemented with 25 mM hepes and 25 mM sodium carbot@tgH 8.0) at 5% C@ The
medium was changed every day. After 40 hours DU145 cells of studfiere and DU145
cells separated from fibroblasts with MACS Column Technologyevsed in 100% cold
(-80°C) ethanol. Ethanol soluble fraction was dried in a vacuum centrifiged cell
extracts were redissolved in 100 of ethanol containing 1% acetic acid. The solution was
transferred in a microvial, taken to dryness under a gentlenstodanitrogen at room
temperature and then derivatized with N-methyltHid(tyldimethylsilyl)trifluoroacetamide
in the presence of 1%butyldimethylchlorosilane for 2 hours at 80°C. The samples were
analyzed on an Agilent GC-MS system composed by a 7820A gas chroapatagupled to
a 5975B mass spectrometer operating in electron ionization (El, YOmede (Agilent
Technologies lItaly, Cernusco sul Naviglio, Milan, Italy). Bystem was equipped with an
automatic liquid sampler. The column was a DB 5 MS, 20 m, 0.18 mm, y®18Im
thickness (J&W, Agilent Technologies); helium was the carrist ga0.7 ml/min constant
flow rate. The oven temperature program was as follow: from 150°22@3C then at
5°C/min, then at 30°C/min to 310°C, maintained for 3 min. The injections pegfermed in
split mode (4:1 split ratio); the injection volume was {ilL5 The injector port and transfer
line temperatures were 260°C and 280°C, respectively. The ion sourcéedpar230°C,
while the quadrupole temperature was 150°C. Data were acquired innfeidié and
alternating SIM/scan mode. In SIM the fragment ion at m/z 8W) was recorded for tHéC
and mona™C species in a specific retention time window: for scan acipisibass spectra
were acquired in the range from 40 m/z to 680 m/z. Data wereradqand elaborated using
the MSD ChemStation software (version E.01.01.335, Agilent Technologtes)daks for



malate and fumarate from GC-MS signals were integrated, tanu gercent excess$’C)
values were calculated by comparison with control samples and ledattendard solutions.
It was not possible to measure the percent enrichment in oxaltsbeticause of the low
concentration as well as the instability of this substance.

Xenograft experiments

In vivo experiments were performed co-injecting PC3 and fibroblasts knattked for CA
IX gene or non-silenced fibroblasts in 6 to 8 week old male severabined
immunodeficient (SCID)-bg/bg mice (Charles River Laboratoimésrnational). Six animals
were useder group, which were daily monitored. The tumor size was measurey e
or three days by a caliper and the tumor volumes were detminbly measuring the length
(L) and the width (W) of the tumor and calculating the volume (VW?R). Animals
experiments were conducted in accordance with national guidelimsapproved by the
ethical committee of Animal Welfare Office of Italian VkoMinistry and conform to the
legal mandates and Italian guidelines for the care and maintenance ofdabanémnals.

Abbreviations

HPFs, Human primary fibroblasts; CAFs, Cancer associated fibrolTast§€arbonic
anhydrase; pHe, Extracellular pH; pHi, Intracellular pH; ECM, Exthalee matrix

Competing interests

The authors declare that they have no competing interests.

Authors’ contributions

AS and AC performed most of the experiments, and analyzed the &atB(? and MLT
participated in experiments. GP performed mass spectrometrgiregpes and data analysis.
SS, PCh and GC participated in the coordination of the study ancakyitrevised the
manuscript. PCi designed the research, analyzed the data, andtercaeticle. All the
authors read and approved the final manuscript.

Acknowledgments

This work was supported by Italian Association for Cancer Reasd&&RkC). Fondazione
Cassa di Risparmio Pistoia e Pescia. Programma operativionaégi Obiettivo
“Competitivita regionale e occupazione” della Regione Toscanaartfiato dal Fondo
europeo di sviluppo regionale 2007-2013 (POR CReO FESR 2007-2013) .

References

1. Kalluri R, Zeisberg MFibroblasts in cancer.Nat Rev Cancer 2006,6:392—-401.



2. Lohr M, Schmidt C, Ringel J, Kluth M, Muller P, Nizze H, Jesnov&KTransforming
growth factor-betal induces desmoplasia in an experimental modebf human
pancreatic carcinoma.Cancer Res 2001,61:550-555.

3. Shao ZM, Nguyen M, Barsky SHHuman breast carcinoma desmoplasia is PDGF
initiated. Oncogene 2000,19:4337-4345.

4. Giannoni E, Bianchini F, Masieri L, Serni S, Torre E, Calorini hia@gi P:Reciprocal
activation of prostate cancer cells and cancer-associated fibr@sts stimulates
epithelial-mesenchymal transition and cancer stemnesSancer Res 2010,70:6945-6956.

5. Gerber PA, Hippe A, Buhren BA, Muller A, Homey Bhemokines in tumor-associated
angiogenesisBiol Chem 2009,390:1213-1223.

6. Chun TH, Hotary KB, Sabeh F, Saltiel AR, Allen ED, Weiss &Jpericellular
collagenase directs the 3-dimensional development of white pdse tissue Cell 2006,
125577-591.

7. Bauvois B:New facets of matrix metalloproteinases MMP-2 and MMP-9 as cell
surface transducers: outside-in signaling and relationship to tumor prgression.Biochim
Biophys Acta 1825,201229-36.

8. Fiaschi T, Marini A, Giannoni E, Taddei ML, Gandellini P, De DAntiotti M, Serni S,
Cirri P, Chiarugi P:Reciprocal metabolic reprogramming through lactate shuttle
coordinately influences tumor-stroma interplay.Cancer Res 2012,72:5130-5140.

9. Swietach P, Patiar S, Supuran CT, Harris AL, Vaughan-JonedDrole of carbonic
anhydrase 9 in regulating extracellular and intracellular ph inthree-dimensional tumor
cell growths.J Biol Chem 2009,284:20299-20310.

10. Vaupel P, Kallinowski F, Okunieff Blood flow, oxygen and nutrient supply, and
metabolic microenvironment of human tumors: a review.Cancer Res 1989, 49:6449—
6465.

11. Chiche J, Brahimi-Horn MC, Pouysseguldmour hypoxia induces a metabolic shift
causing acidosis: a common feature in canced.Cell Mol Med 2010,14:771-794.

12. Gatenby RA, Gillies RWhy do cancers have high aerobic glycolysid®at Rev Cancer
2004,4:891-899.

13. Pouyssegur J, Sardet C, Franchi A, L'Allemain G, ParisA Specific mutation
abolishing Na+/H + antiport activity in hamster fibroblasts precludes growth at neutral
and acidic pH.Proc Natl Acad Sci USA 1984,81:4833-4837.

14. Casey JR, Grinstein S, OrlowskiS&nsors and regulators of intracellular pH.Nat Rev
Mol Cdll Biol 2010,11:50-61.

15. Neri D, Supuran CTinterfering with pH regulation in tumours as a therapeutic
strategy. Nat Rev Drug Discov 2011,10:767-777.



16. Supuran CTCarbonic anhydrases: novel therapeutic applications for inhilibrs and
activators. Nat Rev Drug Discov 2008,7:168-181.

17. Lee S, Shin HJ, Han IO, Hong EK, Park SY, Roh JW, Shin KH, Kim Kikh JY:
Tumor carbonic anhydrase 9 expression is associated with thegsence of lymph node
metastases in uterine cervical canceCancer Sci 2007,98:329-333.

18. Robertson N, Potter C, Harris ARole of carbonic anhydrase IX in human tumor cell
growth, survival, and invasion.Cancer Res 2004,64:6160—6165.

19. Scheurer SB, Rybak JN, Rosli C, Neri D, EliaM&dulation of gene expression by
hypoxia in human umbilical cord vein endothelial cells: A transcriptomc and proteomic
study. Proteomics 2004,4:1737-1760.

20. Hilvo M, Baranauskiene L, Salzano AM, Scaloni A, Matulis D, Innoc&n8cozzafava
A, Monti SM, Di FA, De SGgt al: Biochemical characterization of CA IX, one of the
most active carbonic anhydrase isozymegd.Biol Chem 2008,283:27799-27809.

21. De Simone G, Supuran CTC€arbonic anhydrase IX: Biochemical and
crystallographic characterization of a novel antitumor target. Biochim Biophys Acta
1804,2010404-409.

22. Cirri P, Chiarugi PCancer-associated-fibroblasts and tumour cells: a diabolicdison
driving cancer progression.Cancer Metastasis Rev 2012,31:195-208.

23. Hulikova A, Vaughan-Jones RD, SwietactDRal role of CO2/HCO3(-) buffer in the
regulation of intracellular pH of three-dimensional tumor growths. J Biol Chem 2011,
286:13815-13826.

24. Wykoff CC, Beasley NJ, Watson PH, Turner KJ, Pastorek J, iSiBtaWilson GD,
Turley H, Talks KL, Maxwell PHet al: Hypoxia-inducible expression of tumor-associated
carbonic anhydrasesCancer Res 2000,60:7075—-7083.

25. Chiche J, llc K, Brahimi-Horn MC, Pouyssegur Membrane-bound carbonic
anhydrases are key pH regulators controlling tumor growth and célmigration. Adv
Enzyme Regul 2010,50:20-33.

26. Pastorekova S, Ratcliffe PJ, Pastoradidliecular mechanisms of carbonic anhydrase
IX-mediated pH regulation under hypoxia.BJU Int 2008,101(Suppl 4)8-15.

Additional file

Additional_file_1 as PDF

Additional file 1 Analysis of CA IX expression in single culture and in coculture. PC3 and
fibroblasts were plated in single culture and in coculture in a 1:2 ratio for 40 hdis@2.
After that the coculture were detached and separated by MACS Coluimmolegy. The
samples were lysed in SDS-Laemmli Sample Buffer and used for WesteamBlgsis. The
membranes were treated with anti-CA 1X and anti-actin antiboby. Lanes 2: &lPFs and
PC3 in single culture. Lanes 3 and 4: CAFs and PC3 after coculture and separation. The



graph shows spots quantification using Kodak-MI software. The Western Blot is
representative of four independent experiments with similar results.
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