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ABSTRACT

CDC4z2 interacting protein 4 (CIP4) is a CDCA42 difethat coordinates membrane deformation
and actin polymerization. The correlation of CIR@@xpression with metastatic capacity has
been characterized in several types of cancer. Menvéttle information exists on how CIP4
function is regulated. CIP4 interacts with A-kingdB&A) anchoring protein 350 (AKAP350)
and CIP4 is also a PKA substrate. Here, we idexdtiG1P4 T225 as the major CIP4 PKA
phosphorylation sitdn vitro andin vivo experiments using hepatocellular carcinoma (HG@) a
breast cancer cells showed that expression of 4(TIR25E) phosphomimetic mutant increased
cancer cell metastatic capacity and that, conwers&pression of a CIP4(T225A) non-
phosphorylatable mutant reduced invasive propefE#\ inhibition decreased to CIP4(T225A)
cell-levels control but not CIP4(T225E) cell migrat and invasive efficiency. Concomitantly,
our studies indicate that CIP4 T225 phosphorylapimmotes the formation of functional
invadopodia and enhances CIP4 localization at teegetures. Our findings further provide
mechanistic data indicating that CIP4 T225 phosyhton facilitates CIP4 interaction with
CDC42. Altogether this study identifies a signalpaghway that involves CIP4 phosphorylation

by PKA during the acquisition of a metastatic phgpe in cancer cells.
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1. Introduction

CIP4 (TRIP10) is an adaptor protein initially idiéietd by its interaction with the activated form
of CDC42 [1]. Structurally, CIP4 belongs to the fgnof F-BAR proteins. These F-BAR
proteins contain an amino-terminal Fes-CIP4 hompbimmain followed by a coiled-coil region
(F-BAR or extended FER CIP4 homology (EFC) domawtjich interacts with negatively
charged membrane phospholipids promoting membranatire [2]. CIP4 also contains a Src
Homology 3 (SH3) domain at the carboxyl terminuat tinediates its interaction with the
proline-rich domains of WASP and its related pngeéiVAVE and N-WASP, which are
activators of the Arp2/3 complex and promote Idoaination of branched actin filaments [3,4].
By means of its SH3 domain, CIP4 also interacth Watmins Dia and DAAM1, which generate
nucleation of linear actin filaments, and with dgma-2 [3,5,6]. Hence, CIP4 coordinates
membrane deformation with vesicle scission anchgdilymerization, participating in processes

that involve generation of membrane protrusiondpegitosis and vesicle movement [4].

Other studies have demonstrated that CIPZ4egpeession correlates with cell invasiveness
and metastatic capacity in osteosarcoma, breasecamon-small lung and nasopharyngeal
cancer cells [7-12Pur own investigations have shown that CIP4 pauditgs in the acquisition
of migratory properties in HCC cells [13]. The prwtastatic role of CIP4 has been patrticularly
well characterized in breast cancer. In MDA-MB-28fle negative breast cancer cells, CIP4 is
fundamental for invadopodia formation and, therefdor cell invasiveness in response to EGFR
activation [7].Furthermore, Rolland and colleagues demonstratgdithnormal breast
epithelial cells, CIP4 promotes E-cadherin endaogigtand disruption of cellular junctions,
which are the initial events in the acquisitioraahigratory phenotype [8]. That study also
showed that CIP4 levels are significantly increasedinically aggressive breast cancers and

that, even in breast tumors that usually have gwodnosis, CIP4 overexpression is associated



with disease relapse. Similar results were obtabyean independent study, which also

identified CIP4 as a potential biomarker for pooognosis in human breast cancer patients [11].

Even though most of the evidence collectenonmal epithelia and cancer cells positions
CIP4 as a prometastatic protein, studies perforim&btroblast-derived cells and in breast
cancer cells that overexpress Src kinase showetRd can negatively regulate cell migration
and invadopodia function [14,15]hose results suggest that the pro-invasive eftdd®P4 are
cellular context-dependent. CIP4 interacts withAHdnase anchoring protein AKAP350 (also
known as AKAP450 or AKAP9) by means of its F-BARt&in [16]. In this scenario,

AKAP350, which itself regulates metastatic feasureseveral cancer cells [13,17-19],
represents a likely candidate to regulate CIP4tfancin fact, our recent studies indicate that, in
HCC cells, CIP4 interaction with AKAP350 is impartdor the acquisition of the migratory
phenotype that enables directional cell migratibd].[CIP4 is an endogenous PKA substrate
[16]. The role for PKA in tumor cell acquisition mivasive properties is complex, since it is
dependent on the substrates that PKA phosphorylatssch specific condition [20]. In the
present study, we evaluated the effect of CIP4 jpihaylation by PKA on the modulation of the
invasive properties of HCC and breast cancer eslscharacterized the mechanisms involved in

this activity.

2. Materialsand methods
2.1. Cell culture

MDCK cells were obtained from Keith Mostov lab (8E, CA). HepG2/C3a and MDA-MB-
231 cells were purchased from the American Typdu@aiiCollection. Cells were grown on
plastic flasks in Dulbecco’s modified Eagle’s mediwith 4.5 gm of glucose/L, supplemented
with 10% fetal bovine serum and antibiotics. Calére tested monthly by PCR for

contamination with mycoplasma.



2.2. Relevance of AKAP350 expression on CIP4 plooglatiion in situ

Cells with decreased AKAP350 expression were pegpasing a lentiviral system to express
two different AKAP350 specific short hairpin RNAShRNAL and shRNA4) as described [13].
Silencing was confirmed by western blotting and umofluorescence analyses, using mouse
monoclonal anti-AKAP350 (14G2) antibody [13,21]Ralimmunoprecipitation and
identification of its phosphorylation in RXXS/T rdaes was performed using Phospho-PKA
substrate antibody (Cell Signalling), as descriineithe supplementary material.

2.3. ldentification of CIP4 PKA phosphorylationesit

In silico identification of putative PKA substrate sitesdiP4 sequence was performed using
three phosphorylation sites prediction servers:asgp bioinformatics portal
(http://www.cbs.dtu.dk/services/NetPhosK/) [22] 0Gp-based phosphorylation scoring method
(http://www.phospho.elm.eu.org) and Prediction Kf$pecific Phosphorylation site
(http://www.ppsp.biocuckoo.org) [23]. Mutants oétputative phosphorylation sites were
prepared using a Quickchange method with complesngntutated primer sequences and a full
length CIP4 cDNA cloned into the pET30c vector [ASftemplate to amplify CIP4 sequence by
PCR. The recombinant proteins were produced usii®lBDE3)pLysS bacteria and purified
using Ni-beads and CIRd vitro phosphorylation was assessed as described in&Supptary

methods.
2.4. Generation of CIP4 wild type (CIP4 WT), CIP2Z5A) and CIP4(T225E) cell lines

Plasmids for expression of CIP4T225 mutants inGzpells were generated by using
Quickchange complementary mutated primers and pEGPR plasmid [13] as template to
amplify CIP4 sequence by PCR. The pEGFP plasmidtagong CIP4 WT, CIP4(T225A) or
CIP4(T225E) sequences were used as templatesrte ekrh of the CIP4 sequences into the

retroviral vector pLPC (Clontech), which were usedenerate MDA-MB-231 CIP4 WT,



CIP4(T225A) or CIP4(T225E) cells. Detailed informoat about those procedures and cell

transfection and selection are available in thep&upentary methods section.
2.5. Evaluation of CIP4 T225 phosphorylation aldar level

MDA-MB-231 CIPAWT and CIP4T225A cells were incubdtwith 10uM Forskolin
(Sigma) for 10 min. After incubation, cells wereaeed into cold PBS containing protease and
phosphatase inhibitors (Sigma-Aldrich). Cells wigsed and immunoprecipitates were prepared
by using mouse anti-GFP antibody (abcam, #ab29®jpanlyzed by western blot by using an
antibody that recognizes the phosphorylated RXX®@ or anti-GFP as described in the

Supplementary methods section.
2.6. Wound healing and in vitro invasion assays

HepG2 or MDA-MB-231 cells seeded at 2.5%t8lls in 2 ml of DMEM were cultured
overnight at 37°C in 6-well plates. Cell cultureereszwounded by dragging a 100 ul pipette tip
through the monolayer, washed using PBS to remelelar debris and allowed to migrate. For
MDA-MB-231 experiments, images of wounds in the sedrald were captured when the wound
was introduced (0 h) and 6 h after wounding usmghaerted microscope. Wound closure was
assessed using ImageJ software. For HepG2 expasinoetis were fixed at 6 h or 24 h after the
wound was performed, immunostained and analyzembbfocal microscopy as described in the
Supplementary methods. The front-rear migratoragiyl was evaluated at 6 h by measuring the
distance from the nucleus, the centrosome or the@etroid to the wound edge, and calculating
the distance from the nucleus and the centrosortieetoell centroid, as we have previously
described [13]In vitro cell invasion assays were performed in 10 mm dianand 8&um pore
polycarbonate filter Transwell plates. Membranesewse-coated with 2(g of matrigel, which
formed a reconstituted basement membrane at 31§peBsions of 1 x 2HepG2 or 5 x 1
MDA-MB-231 cells in serum-free DMEM were added e tupper chamber, and the lower

chamber was filled with medium containing 10% fdtavine serum. After 48 h for HepG2 cells
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or 24 h for MDA-MB-231 cells, cells that had invadine lower chamber were fixed with
methanol, stained with 1% Toluidine Blue in 1% bofar 5 min, and counted using an inverted

microscope.
2.7. Animal studies

Experiments were performed usi@gveek-old female athymic nude mice (6 per group),
obtained from the School of Veterinary SciencethatNational University of La Plata. During
the experiments, the animals were treated in aeac@elwith the Canadian Council on Animal
Care guidelines. To analyze the effect of CIP4 T2kfiants on the ability of HCC cells to
invade and colonize the lungs, HepG2 cells werpented in PBS (2 x 1@ells per ml). One
hundredul of the suspension was injected into the mouszdhtail vein (experimental
metastasis studies). In order to analyze the efieCiP4 T225 mutants on the tumorigenic and
metastatic properties of breast cancer cells, MDB-281 cells were suspended (2 X téll per
ml) in an ice-cold 50:50 solution of Matrigel anB®. Fifty ul of the final cell suspension was
introduced into the right inguinal mammary glanchnfesthetized mice using a 25-gauge
needle. Primary tumor growth was analyzed by méagawumor length (a) and width (b) with a
caliper every 3-4 days, and tumor volume (V) wasuated using the formula V = 0.4alAfter
8 weeks in experimental metastasis, or 12 weekpantaneous metastasis experiments, mice
were euthanized, the chest cavity was exposeddghraumidline chest incision, the trachea
cannulated with a 20-gauge needle and lungs slmilited using 1 ml of India ink (1:16 in
PBS). Lungs were extracted, immersed in Feket&®iao and metastatic nodules were counted
visually. Lungs were embedded in paraffin and otd 4pum sections and stained with
hematoxylin and eosin. Additionally, lung sectiomsre analyzed by immunohistochemistry
using an anti-pan-cytokeratin antibody (Santa (3018, C-11, 1:50) developed with a

Vectastain ABC Kit (Vector laboratories).

2.8. Invadopodia formation and gelatin degradatassays.
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We evaluated the formation of functional invadapaas previously described (24). Briefly,
cells were plated on coverslips coated with geledinjugated to FITC (Thermo Fisher
Scientific: G13187) in 6-well plates at 4 X1¢ells/ml, incubated 16 h at 37°C and then fixedl an
stained with phalloidin-Alexa 555 and rabbit andHactin-antibody (GTX100253). Images were
obtained using a Nikon C2+ confocal system mounted Nikon TiE inverted microscope. Foci
of degraded matrix were visible as dark areasf®1.2um in diameter in the bright
fluorescent gelatin matrix. A cell generating adeone “hole” under the cell or near the cell
edge was counted as a cell able to degrade extdacehatrix (ECM). Functional invadopodia
were identified as actin- and cortactin-rich memieratructures localized close to sites of
degraded ECM. To assess localization of CIP4 msitainihvadopodia, cells were grown on
Matrigel—coated dishes at 4 X1l in complete medium, allowed to invade for 1Ghd
invadopodia were identified as previously descridet]. Invadopodia were counted from 6 to

10 random fields in each sample and averaged bues independent experiments.
2.9. Imaging Forster resonance energy transfer (FREeasurements

In the present study, the acceptor bleaching FRE@hod was used, as previously described
in detail [25] using an LSM880 confocal with an ®b&erZ1 inverted microscope. GFP-CIP4
chimeric proteins were used as donor fluorophaed,mouse monoclonal anti-CDC42 antibody
detected with secondary antibody labeled with Alg%& as acceptor fluorophore. The acceptor
dye was photobleached using the 555 laser line%gL®@wer, 70 iterations of 130 ms) at the
membrane region. The energy transfer was detestad ancrease in donor fluorescence
(dequenching) after photobleaching the acceptardphore. FRET efficiency was calculated
as: (IDa-1Db)/IDa, IDa and IDb being the fluorescerintensity of the donor channel at the
guenched area after and before the photobleadat@sgectively. As a negative control, we used

cells expressing GFP protein alone, stained far@DC42 and secondary antibody labeled with



Alexa 555. Additionally, FRET efficiency was calateéd in areas of the same fields that were

not subjected to photobleaching.
2.10. Statistical analysis

Data are expressed as the mean + s.e.m. and aesepfative of at least three experiments.
Paired Student’s t-test was used for comparisotvgdasm experiments or for comparisons within
each experiment when mixed populations of cellsewesed. Otherwise, non-parametric Mann—
Whitney test was used for comparisons within eagfeement. p<0.05 was considered

statistically significant.

3. Results
3.1. AKAP350 regulates CIP4 phosphorylation by PKA

To evaluate AKAP350 participation in CIP4 phosphation by PKA, we generated
AKAP350 knocked down (AKAP350KD) cells by usingeativiral system to express two
different AKAP350 specific short hairpin RNAs (shRNand shRNA4) (Supplementary Fig.
1A). The analysis of AKAP350 protein levels shoviledt, whereas the expression of both
shRNAs efficiently decreased AKAP350 levels, shRN#ds more effective than shRNA4
(shRNAL1:-75%; shRNA4:-55%). Control and AKAP350KBlls were incubated in conditions
of PKA activation, and the phosphorylation on CR¥XS/T PKA consensus motifs was
analyzed in CIP4 cell lysate immunoprecipitatesMegtern blot. Our results showed that CIP4
phosphorylation by PKA was severely impaired batshRNA1 and shRNA4 AKAP350KD
cells (Supplementary Fig. 1B). The analysis oféhrelependent experiments performed with
ShRNA1 AKAP350 KD cells indicated a mean 70% deseda PKA phosphorylated-CIP4

levels (Fig. 1). These results indicated that AKBP 3acilitates CIP4 phosphorylation by PKA.

3.2. CIP4 is phosphorylated by PKA on CIP4 T225



CIP4 interacts with the plasma membrane by mehits amino-terminal F-BAR domain,
whereas its interaction with cdc42 and WASP is maitedi by its HR1 and SH3 domains,
respectively (Fig. 2A). To identify the specifitesin the CIP4 sequence that is phosphorylated
by PKA, we initially performed am silico analysis using three different phosphorylation site
prediction servers (see Materials and methods).ahladysis revealed the presence of four
putative PKA phosphorylation sites in the CIP4 ssme: T225, S296, S421 and S426. To
determine which of these sites was actually phospdied, we generated expression plasmids
for four CIP4 mutant versions where each amino a@d replaced by alanine, and perfornred i
vitro phosphorylation assays using the recombinant ipot®ur results showed that, when
exposed to the PKA catalytic subunit, phosphorgtatevels of CIP4(S296A), CIP4(S421A) and
CIP4(S426A) mutants were similar to those of thiglsype protein (data not shown). Moreover,
the triple mutant (S296, S421A, S426A) exhibitedmal phosphorylation levels (Fig. 2B). In
contrast, phosphorylation by PKA was completelyeabén the CIP4(T225A) mutant (Fig. 2B),
thus revealing this exclusive PKA phosphorylatiga bcated within the CIP4 F-BAR domain.
Thein silico analysis of CIP4 quaternary structure, basedhanrdsolution of the F-BAR
domain crystal structure (https://www.ncbi.nlm.gibv/Structure/pdb/2EFK), revealed that T225
is positioned at the convex side of the F-BAR dan{&ig. 2C). Remarkably, we found that the
T225 residue is highly conserved in mammals, aljhdtiis absent in zebrafish and other non-
placental chordates and it is missing in the o@1é¥4-like proteins (formin-binding protein
(FBP) 17 and transducer of CDC42-dependent acsienaly (TOCA) 1) (Fig. 2D). To evaluate
if the CIP4 T225 residue is also a relevant PKAggmrylation site at cellular level, we
generated MDA-MB-231 cells with stable overexpressf CIP4 (CIP4AWT) or CIP4(T225A)
non-phosphorylatable mutant by transducing celtb wseudo-retroviral particles containing the
constructs that code for their respective GFP fupimteins. The expression of CIP4 chimeric
proteins and the maintenance of endogenous Cldslavthe different cells were verified by

western blot (Supplementary Fig. 2). The phospladigh of CIPAWT and CIP4T225A-GFP
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fusion proteins on RXXS/T sites was analyzed inditions of PKA stimulation (Fig. 2E).
Immunoprecipitates were prepared using an anti-@kRary antibody, and RXXS/T
phosphorylation was analyzed using anti-RXXS/Tg#ic#fic antibody, as described in Fig. 1.
Our results showed that CIP4 WT was significantiyiunoreactive, whereas the CIP4T225A
mutant showed negligible immunoreactivity with RREXS/T-Pi specific antibody. Considering
ourin vitro results, this low immunoreactive signal could likex a non-specific signal, or a
different RXXS/T phosphorylation site that was pbloarylated less efficiently. These studies
give strong support to the idea that CIP4 T22&ti$east, the prevalent CIP4 PKA

phosphorylation siten situ.

3.3. Expression of a CIP4(T225E) phosphomimeti@antiuhcreases the migratory efficiency in
HepG2 cells

HepG2 are HCC-derived cells, which retain manthefepithelial characteristics of
hepatocytes. Concomitantly, HepG2 cells are paaxgisive. Our previous studies showed that,
when subjected to wound healing assays, the atiquisif a migratory phenotype in HepG2
cells depends on both CIP4 and AKAP350 expresdi8h Therefore, we evaluated the
relevance of CIP4 phosphorylation by PKA to theussitjon of migratory and invasive
properties in HepG2 cells. We prepared HepG2 eetls stable expression of CIP4 (CIP4WT),
the CIP4(T225E) phosphomimetic or the CIP4(T225#0)-phosphorylatable mutants as GFP
fusion proteins. The analysis of CIP4 fusion prmteexpression by western blot showed that
protein levels did not differ significantly amongutants (Supplementary Fig. 3). Considering
the low migratory efficiency of HepG2 cells, we foemed experimental wound healing assays
using a mixed population of cells that containeda@daqqumbers of CIP4(T225E) or CIP4(T225A)
and control cells. After 24 h, we calculated thgoréor each group of cells at the wound edge
(Fig. 3A) and compared it to the ratio of cellstthvere located in the monolayer, far from the
wound edge. As compared to traditional wound hgadssays, this method allows higher

sensitivity for determining changes in directiooall migration efficiency and avoids artifacts
11



originating in differences in cell proliferationtes [13]. Our results showed that, compared to
control cells, the migratory efficiency was doubledCIP4(T225E), and reduced to 25% in
CIP4(T225A) cells (Fig. 3 B), demonstrating an ¢ifgid increase in the migratory efficiency
for cells expressing the phosphomimetic mutant wedpect to the cells expressing the non-
phosphorylatable mutant. On the other hand, wendidbserve any difference in directional cell
migration efficiency between control and CIP4WTiseDirectional cell migration requires the
asymmetric reorganization of the cell componentsrder to acquire a front—rear polarity, which
ensures the directional trafficking of membranes mgulatory proteins towards the leading
edge. The acquisition of this migratory polarityafves nucleus movement to the back and
centrosomal relocation to the front of the nucl@&. Concurrently, the analysis of centrosome
position relative to the nucleus in HepG2 cellsveba that the acquisition of a migratory
phenotype was impaired by the expression of CIP2%A2 (Fig. 3C). An initial event in the
acquisition of the migratory phenotype in epithietigls is the disruption of adherens junctions
by E-cadherin endocytosis and degradation. Coneglénat E-cadherin endocytosis can be
regulated by CIP4, E-cadherin protein levels indtierent cell populations were analyzed by
western blot. In accordance with the wound healasyllts, E-cadherin levels were significantly
decreased in CIP4(T225E) cells, but were unaffeict€tiP4(T225A) cells (Fig. 3D). In
CIP4WT-expressing cells, there was a subtle deen@als-cadherin levels that was not
statistically significant. This is consistent wihevious studies from other authors, who showed
that, whereas CIP4 overexpression is associatédBwxtadherin endocytosis, total levels of E-
cadherin were not affected by changes in CIP4 aspye [8]. Taking everything into account,
these results indicate that CIP4 T225 phosphooylas a regulatory event relevant to the
acquisition of the mesenchymal, migratory phenoiyppdepG2 cells.

Our recent studies have demonstrated that iRKibition decreased HepG2 migratory
efficiency in wound healing assays (27). We perdmvound healing assays in mixed

populations of control and CIP4 T225 mutant cellbasal conditions and in the presence of the
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PKA inhibitor, H89 (Fig. 3E). PKA inhibition elimiated the differences in migratory efficiency
between control and CIP4(T225A) cells and, convgrg®tentiated the migratory advantage
conferred by the expression of the CIP4(T225E) mtufBhese results highlight the significance

of CIP4 T225 phosphorylation for PKA regulatoryesff on HepG2 cell migration.

3.4. Expression of the CIP4(T225E) phosphomimetitan enhances HepG2 cell invasiveness

We further analyzed the relevance of CIP4 T225phorylation to HepG2 cell invasiveness
usingin vitro andin vivo assays. Oun vitro experiments performed in Matrigel-coated
permeable transwells showed that expression oEtRd(T225E) mutant markedly increased the
number of cells invading the lower chamber (+110086)opposed to the expression of the
CIP4(T225A) mutant, which severely impaired cellamiveness (-90%) (Fig. 4A). Likewise,
experimental metastasis experiments performedjbgting control, CIP4 WT, CIP4(T225E) or
CIP4(T225A) HepG2 cells into the tail vein of athgmude mice, showed that, compared to
CIP4 WT cells, CIP4(T225E) cells were much morécefht, whereas CIP4(T225A) cells were
significantly less efficient in generating metastaodules (Fig. 4B,C). The analysis of the
hematoxylin and eosin staining of the lungs (FiQ) 4nd the immunohistochemical staining for
cytokeratins in lung proximal lymphatic nodes (Sleppentary Fig. 4) were consistent with these
observations. Overall, these results indicate @BYd T225 phosphorylation is a central event in

the regulation of HCC cell metastatic properties.

3.5. CIP4 T225 phosphorylation participates in #uguisition of MDA-MB-231 cell migratory

and invasive properties

MDA-MB-231 cells are triple negative breast canoels, whose highly metastatic properties
rely, at least partially, on their elevated CIPdels [7]. Hence, we analyzed the relevance of
CIP4 T225 phosphorylation to MDA-MB-231 cell acqtian of migratory and invasive
properties. MDA-MB-231 cells with stable express@rCIP4WT, CIP4(T225A) and

CIP4(T225E) mutants were generated as explainedeabdound-healing assays performed on
13



these cell lines showed that CIP4(T225A) expressignificantly inhibited, whereas
CIP4(T225E) expression significantly increased,dfiigiency of directional cell migration in
MDA-MB-231 cells (Fig. 5A), indicating that the mence of the phosphomimetic residue in this

position gave a migratory advantage to these cells.

Previous studies demonstrated that the activatiétKA increases MDA-MB-231 cell
invasiveness [28]. We analyzed the effect of tharession of CIP4 T225 mutants on cell
invasiveness in basal conditions and in the presehthe PKA inhibitory peptide, PKlIn vitro
invasion assays showed that CIP4(T225A) cells lem®invasive whereas CIP4(T225E) cells
were significantly more invasive than control oP@IWT-expressing cells (Fig. 5B). The
presence of the PKA inhibitor (PKI) decreased adrdand CIP4 WT cell invasiveness to
CIP4(T225A) levels, without modifying CIP4(T225A¢ltinvasiveness. On the other hand,
although CIP4(T225E) cell invasiveness was inhtbitethe presence of PKiI, it still remained
significantly higher than control or CIP4 WT celfsthe same conditions. These results reveal
that CIP4 T225 is a significant PKA substrate ia pfathway regulating cell invasiveness in

triple negative breast cancer cells.

3.6. Expression of the CIP4(T225E) phosphomimetitan promotes spontaneous metastasis in

MDA-MB-231 orthotopic xenografts in athymic nudeeni

To test whether CIP4 T225 phosphorylation regslaienor progression and metastasis,
MDA-MB-231 cells were orthotopically injected intbe mammary fat pad of athymic nude
mice. Overexpression of CIP4 WT or expression ¢14{T225A) or CIP4(T225E) mutants did
not affect tumor growth (Fig. 6A,B). On the othemnl, CIP4 overexpression enhanced
spontaneous metastasis (Fig. 6C). Furthermore bsereed that mice injected with cells
expressing the CIP4(T225E) phosphomimetic mutamtldeed lung nodules at an even higher
frequency, considering both the number of mice deaeloped metastasis (Fig. 6C) and the

number of metastatic nodules in each individualenfiéig. 6D). In contrast, mice inoculated

14



with CIP4(T225A) cells rarely developed lung medast (Fig. 6C-D). The analysis of the
hematoxylin and eosin staining of the lungs supmbtthese observations (Fig. 6E). Similarly,
the analysis of the immunohistochemical stainingcidokeratins in lung proximal lymphatic
nodules revealed the presence of an increased mwhbgokeratin positive cells in mice
injected with CIP4(T225E) cells when compared toarinjected with CIP4 WT or

CIP4(T225A) cells (Supplementary Fig. 5).

3.7. Expression of the CIP4 T225 non-phosphorylataiutant decreases CIP4 interaction with

CDC42 at the cell edge and inhibits invadopodiarfation

CIP4 enhancement of triple negative breast catelemvasiveness is, at least in part, due to
its role in invadopodia formation. We analyzed fibvenation of functional invadopodia in
MDA-MB-231 CIP4 WT, CIP4(T225A) and CIP4(T225E) lsefjrown on coverslips coated with
FITC-conjugated gelatin. Functional invadopodiaavelentified as actin/cortatctin positive
structures in contact with the ECM that were ablddggrade gelatin. Our results showed that
expression of CIP4(T225A) inhibited, whereas exgmesof CIP4(T225E) slightly increased the
generation of functional invadopodia (Fig. 7A-C).Wiether analyzed the subcellular
localization of the CIP4 T225 mutants. Invadopodsaalization in the orthogonal views of the
image stacks showed that, as previously describ#} was enriched at such structures [7].
Compared to CIP4 WT, CIP4(T225E) levels at invadb@avere significantly higher, whereas

CIP4(T225A) localization at these structures watssmgporominent (Fig. 7D).

Considering that the role of CIP4 in invadopodienfation is dependent on its interaction
with CDC42, we analyzed if CIP4 T225 phosphorylatieas relevant for this interaction. We
analyzed thén situ CIP4/CDC42 interaction at the cell edge in MDA-N2B1 CIP4 WT and
CIP4(T225A) cells using immuno FRET by acceptortpbteaching. Cells that expressed GFP
alone were used as negative controls. Our resubiwed that, even when both CIP4 WT and

CIP4(T225A) interacted with CDC42, the T225A muatsignificantly decreased FRET
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efficiency (-43%, p<0.05), indicating that CIP4/CBinteraction was inhibited by the presence
of a non-phosphorylatable amino acid in the T22&tmm (Fig. 7E). We did not observe any
significant difference in FRET efficiency betweelP@(T225E)/CDC42 and

CIP4(T225WT)/CDC42 donor/acceptor pairs (data hois).

4. Discussion

During disease progression, cancer cells are exjimsconditions that impose severe
limitations on proliferation and survival. Therefothe capacity to dynamically regulate cell
behavior gives cells an important advantage, @aetrly during metastatic spread.
Phosphorylation is a common reversible mechanigrtrifggering or inhibiting the activity of
specific proteins in a signaling pathway. Hences itot surprising that altered phosphorylation
of key proteins participates in oncogenic mechasisdpecifically, PKA plays a regulatory role
in cancer initiation and progression by either ewivag or inhibiting proliferation and
dissemination of malignant cells in a cancer-depahdhanner [20,29]. PKA is a
serine/threonine kinase whose interaction witlsdffolding proteins by means of its regulatory
domain determines its accessibility to specificsttdies [30]. In this regard, the traditional
model proposes that, upon cAMP interaction withrégulatory subunit, PKA catalytic subunits
are activated and released from the complex. Nleglexts, recent studies have proposed that
increases in CAMP within physiological levels aater PKA without inducing the separation of
the catalytic subunit [31]. Therefore, protein phiogrylation is much more regionally confined
than previously appreciated and it is restricteduostrates within the immediate vicinity of
PKA scaffolded by particular AKAPs. Accordingly,cent studies have demonstrated that
interference with the interaction between PKA asdanchoring proteins impairs PKA-mediated
tumorigenesis in mammary epithelial cells [32,3B]P4 is a PKA substrate which interacts
with the PKA anchoring protein AKAP350 [16]. In tpeesent study, we found that CIP4
phosphorylation by PKA is dependent on AKAP350 esgpron and we identified CIP4 T225 as
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the exclusive CIP4 PKA phosphorylation site. Coasity that different lines of evidence
suggest a functional interaction between CIP4 ak&R350 during the acquisition of invasive
properties [13,19], we hypothesized that CIP4 T@R&sphorylation by PKA regulates CIP4

function during the development of invasive projesrin cancer cells.

In spite of its pro-invasive effects in breast@am osteosarcoma, nasopharyngeal and small
lung cancer cells, CIP4 overexpression leads toedsed cell migration and invasion in NIH
3T3 fibroblastic cells [15]. Moreovein vitro experiments performed in MDA-MB-231 cells
showed that CIP4 Y471 phosphorylation by Src caudidice an anti-invasive effect of CIP4
[14]. In the present study, we provide evidence @iR4 phosphorylation at CIP4 T225 by PKA
enhances its pro-invasive activity both in HCC anttiple negative breast cancer cells: First, in
HepG2 cells, expression of the CIP4(T225E) phospimatic mutant decreased E-cadherin
protein levels, whereas expression of the CIP4(A22®n-phosphorylatable mutant inhibited
the acquisition of a migratory phenotype. Secaxgyession of CIP4(T225E) increased,
whereas expression of CIP4(T225A) decreased theatoiy efficiency and invasiveness in
HepG2 and MDA-MB-231 cells. Concomitantly, CIP4(B2Z&) expression inhibited the capacity
of MDA-MB-231 cells to develop functional invadopadThird, experiments in athymic mice
showed that HepG2 and MDA-MB-231 cells expressimgghosphomimetic mutant were more
prone to develop lung metastases. Fourth, theigratory and proinvasive effects of PKA in
HepG2 and MDA-MB-231 cells were prevented by thespnce of the CIP4(T225A) non-
phosphorylatable mutant, which indicates that Gl®dstitutes an important substrate in the

signaling pathways involving PKA as a tumor-promgtkinase.

CIP4 participation in cell acquisition of migraycand invasive properties is linked to its role
as a CDC42 effector in coordinating actin cytost@lagemodeling and membrane deformation.
Those processes are essential for E-cadherin etudoewas well as for the formation of

membrane cell protrusions during the initial phasfesell migration and invasion [4,34]. The
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role of CIP4 in membrane deformation is reliantloa direct interaction of its F-BAR domain
with the membrane [2], whereas its participatiomdtin nucleation depends on its simultaneous
interaction with active CDC42 and N-WASP [1,3,4-:WASP interaction with active CDC42 is
essential for the generation of its “open” confotio® which promotes actin nucleation [35,36].
In this scenario, by directly interacting with N-VBR and active CDC42, CIP4 acts as a
membrane bound scaffold that facilitates N-WASRvatibn [7]. CIP4 interacts with active
CDC42 by means of its HR1 domain, located C-teririméhe F-BAR domain (Fig. 1A) [1].
FRET analysis of MB-231 CIP4 WT and CIP4(T225A)xshowed that mutation of CIP4 T225
to the non-phosphorylatable amino acid alaninebitdxl CIP4 interaction with CDC42 at the
cell edge. Thus, CIP4 interaction with CDC42 wageahelent on CIP4 T225 phosphorylation.
We have not been able to verify th@saitu findings by biochemical assays, because we could
not co-immunoprecipitate endogenous CDC42 with CIds is most likely related to the fact
that CIP4 HR1 domain (as well as FBP17 and TOCARIL [domains) has a remarkably low
affinity for CDC42.1n vivo, this makes their interaction dependent on the estmentalization

of both proteins at the membrane, which is lostaundnmunoprecipitation conditions [37].
Therefore, CIP4 phosphorylation could favor celgration and invasion by increasing its
interaction with active CDC42 at the membrane, Baegulating actin nucleation at membrane
protrusions. In accordance with our hypothesisfouad that expression of the CIP4(T225A)
mutant inhibited invadopodia formation. In additi@iP4 localization at invadopodia was
enhanced by the presence of the phosphomimetidiontaut was decreased by the presence of
the non-phosphorylatable mutant. At this poinglavant question is: How does CIP4 T225
phosphorylation regulate the protein localizatiomivadopodia? CIP4 T225 is positioned at the
convex side of F-BAR domain, whereas its concaviaesa is the one responsible for CIP4
interaction with the plasma membrane [38]. Therafdris not likely that T225 phosphorylation
directly affects CIP4 interaction with plasma meart®@ phospholipids. Previous studies

indicated that constitutively active CDC42 can matkiCIP4 localization at the cell edge [1].
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We might speculate that decreased localizationlB#i@o invadopodia could be related to its
decreased interaction with CDC42. Neverthelessliesyperformed in cortical neurons showed
that the CIP4 HR1 domain barely affected CIP4 liaaéibn to protruding membranes, indicating
that direct interaction with CDC42 was dispensdbteCIP4 localization at those structures [39].
Instead, the decrease in CIP4 interaction with COE&3uld be the consequence of its decreased
ability to localize to invadopodia. The F-BAR domas also responsible for CIP4 dimerization.
Considering that CIP4 interaction with the plasnemhrane is dependent on its dimerization,
future studies will focus on elucidating if CIP422phosphorylation has a direct impact on
CIP4 dimerization and interaction with the plasmenmbrane and/or on its ability to directly

interact with CDC42.
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Figurelegends

Fig. 1. Western blot analysis of CIP4 phosphorylation intoal and AKAP350KD cells. (A)

Cell lysates from MDCK cells transduced with ShRN(AKAP350KD) or scrambled shRNA1
(control) expressing lentiviral particles were fleed on 6% SDS-polyacrylamide gel
electrophoresis, transferred to nitrocellulose memés and analyzed by western blot using
mouse monoclonal anti-AKAP350 (14G2, 1:500) and-artubulin (Sigma-T9026, 1:3000)
antibodies. (B) Control and AKAP350KD MDCK cells mgancubated in the presence ofjii
forskolin (Sigma) for 10 min, and lysed in the mese of phosphatase inhibitors. CIP4
immunoprecipitates were obtained from control akdAR350KD cells using a mouse anti-CIP4
antibody and phosphorylation by PKA in the immuremipitates was analyzed by western blot
using an antibody that recognizes the RXXS/T(Pisemsus motif (Supplementary methods).
Bars indicate mean levels of RXXS/T(Pi) positivé’@llevels, related to total CIP4 levels,
expressed as percentage of controls of three imdiepe experiments.

Fig. 2. PKA phosphorylates the CIP4 T225 residue, locatdtie CIP4 F-BAR domain. (A)
Cartoon delineating CIP4 domains: F-BAR domain @C5257), responsible for CIP4
dimerization and interaction with membrane phosipiatd; cdc42 interacting domain (HR1,
CIP4 395-475) and SH3 domain (CIP4 544-598).I(Bjitro phosphorylation. (His)6-tagged
CIP4, CIP4(T225A) and CIP4(S296A/S421A/S426A) dtetto Ni beads were incubated with
the catalytic subunit of PKA as described [16]. Téactions were terminated by heating the
samples in sample buffer at 65°C for 20 min andyaed by western blot using a rabbit anti-
RXXS/T(Pi) antibody as in Fig. 1. (C) 3-dimensios#lucture of the F-BAR domain crystal
resolved by x-ray diffraction (https://www.ncbi.ninth.gov/Structure/pdb/2EFK). The T225
residue localizes at the founthhelix in the convex side of the dimer. (D) Compari of the
CIP4 T225 sequence region in different speciesimitbmo sapiens CIP4-like proteins. (E)
MDA-MB3L1 cells expressing CIPAWT-GFP and CIP4T226/P proteins were exposed to 10

UM forskolin and lysed in the presence of proteingghatase inhibitors. Fusion protein
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immunoprecipitates were obtained by using a monseGEFP antibody and phosphorylation by
PKA in the immunoprecipitates was analyzed by wedbot as in Fig. 2A.

Fig. 3. Expression of CIP4(T225E) increases, whereas TE2HA) inhibits, HepG2 migratory
properties. (A) Equal amounts of control cells (egpressing GFP) and CIP4 WT,
CIP4(T225A) or CIP4(T225E) cells were mixed anddsekto confluence to perform wound
healing assays. Cells were fixed at 24 h and daw# DAPI for confocal microscopy. The
amount of cells not expressing GFP (control) anid expressing CIP4 fusion proteins at the
wound edge (WE) and in the unperturbed confluematayer (ML) were determined. The
images show cell distribution at the wound edgeetarh group. (B) Bars represent the average
ratio between the percentages of cells in bothtimea for each group of cells. Data are
expressed as meanszs.e.m. for at least 150 csiigodied in six separate fields for each
location, representative of four independent expenits. *p<0.05 compared to its control. (C)
Cells were fixed 6 h after scratch wounding anthethusing an ant-tubulin antibody and

DAPI for centrosome and nucleus visualization, eesipely. Images were obtained by confocal
microscopy and analyzed using ImageJ software difference between the distance from the
centroid of the centrosome or the nucleus and itartce from the cell centroid to the line
tangent to the leading edge was calculated andetivby the distance from the cell centroid to
the leading edge. Negative values refer to organedalization behind the cell centroid, whereas
positive values indicate organelle localizatioriront of the cell centroid. Bar graph illustrates
the position of the nucleus (gray) or the centrasdbhack) in cells at the wound edge. Data are
expressed as meants.e.m. of at least 40 cellgsemative of three independent
experiments.*p<0.05 compared to nucléips;0.05 compared to control. (D) Western blot
analysis of E-cadherin expression in control, QI¥#, CIP4(T225A) and CIP4(T225E) cells.
Cell lysates were prepared and analyzed by webtetrusing mouse monoclonal anti-E-
cadherin (BD Bioscience-610182, 1:1000) and momadlanti-alpha tubulin (Sigma-T9026,

1:3000) as loading control, as descri&Bars represent the mean E-cadherin expression
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relative to the loading control of three indeperdaperiments. (E) Wound healing assays were
performed as in A, in the absence or presenceeoPA inhibitor, H89 (1uM), and quantified

as in B. Data are expressed as meanzs.e.m. asatllBO cells distributed in six separate fields
corresponding to each location, representativareketindependent experiments. *p<0.05
compared to control. Scale bars:|i@.

Fig. 4. Phosphorylation at CIP4 T225 modulates HepG2 imgasapacityn vitro and metastasis
in vivo. (A) Invasion assays in Boyden chambers. $iva capacity was assessed for the
different cell lines using Matrigel-coated translweCells were seeded into the upper chamber
and incubated for 48 h. Cells in the upper chammze removed and the remaining cells were
fixed and stained for optical microscopy. Bars esent the ratio of cells that invaded into the
lower chamber for each cell line related to contetlls, quantified in ten different fields for tiere
independent experiments. *p<0.05 compared to cbrtpx0.05 compared to CIP4 WT. (B-D)
Experimental metastasis assay. Control HepG2, @IP4CIP4(T225A) or CIP4(T225E) cell
lines were injected via the tail vein into athymiede mice. After 8 weeks, animals were
sacrificed and the lungs were fixed and stained wik to visualize metastatic nodules by
counterstaining and direct fluorescence. (B) Bameasent the number of metastases observed
per lung for each group. *p<0.05 compared to conte<0.05 compared to CIP4 WT. (C) The
table shows the number of mice that developed foetastases after tail vein injection of the
indicated HepG2 cells. The x/y ratio indicatesniienber of animals that scored positive
metastases in lung (x) versus the total numberioé mnalyzed in the experiments (y). (D)
Representative images of hematoxylin and eosinistabf lung tissue from athymic nude mice
injected with the different cell lines showing netic foci of cancer cells (black circles). Scale
bars: 50um (A), 100um (D).

Fig. 5. Expression of CIP4(T225E) increases, whereas CIE2HA) represses, MDA-MB-231
migratory and invasive properties. (A) Wound hegliissays performed in MDA-MB231 cells

expressing CIP4 WT, CIP4(T225A) or CIP4(T225E).I€elere seeded 24 h before the
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experiment, the intact monolayer was scratched cetls were allowed to migrate for 6 h.
Images of the same field acquired at O and 6 h aeatyzed using the ImageJ software. Bars
represent the average distance migratqdnrby each cell line. *p<0.01 compared to control.
(B) Representative images of invasion assays irdBoyhambers. Cell invasiveness was
studied using Matrigel coated transwells. Cellsenseded into the upper chamber and
incubated with or without PKI. After 24 h, cellstime upper chamber were removed and the
remaining cells were fixed and stained with toln@lblue for optical microscopy. Bars represent
the ratio of cells that invaded the lower chamledaited to control cells. *p<0.01 compared to
control PKI (-).%p<0.01 compared to control PKI (¥p<0.01 PKI (-) compared to PKI (+)

within the same group. Data are expressed as meamtof at least eight (A) or ten (B) fields,
representative of three independent experimentde®ars: 5Qum (A,B).

Fig. 6. Expression of the CIP4(T225E) phosphomimetic mupaomotes spontaneous
metastasis in MDA-MB-231 orthotopic xenograftsftyFjil of a suspension containing 1 x°10
MDA-MB-231 cells in a 50:50 solution of Matrigel/PBwvas introduced into the right inguinal
mammary gland of anaesthetized, 6-week-old fentalnac nude mice. (A) Primary tumor
growth was estimated by measuring tumor lengtlagd)width (b) every 3-4 days, and tumor
volume (V) was calculated using the formula V =alif4 (B) After 12 weeks, mice were
euthanized, the chest cavity was exposed througtilne chest incision and the presence of the
primary tumors was corroborated by direct visudiiza (C) The trachea was cannulated, and
lungs inflated using 1 ml of Indian ink. Lungs wehen extracted and destained, and metastatic
nodules countede visu The x/y ratio indicates the number of mice tleatred positive for
metastasis (x) versus the total number analyzé&ueiexperiments (y) for the different groups of
mice. (D) Bars represent the number of metastasegetl in the lungs per mouse by each
indicated MDA-MB-231 cell line. (E) Representativeages of hematoxylin and eosin staining
of lung tissue from athymic nude mice injected with indicated cells showing metastatic foci

of cancer cells (black circles). Scale bars: 60
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Fig. 7. CIP4 T225 phosphorylation affects the formatioriusictional invadopodia and CIP4
interaction with CDC42. (A) Cells were incubatedamverslips coated with gelatin conjugated
to FITC for 16 h at 37°C and then fixed and staiwét phalloidin-Alexa 555 and anti-cortactin-
antibody. Foci of degraded matrix were visible askdreas of 0.2 to 1{#m in diameter in the
bright fluorescent gelatin matrix (arrows). Imagésw DAPI (blue), actin (red) and cortactin
(green) staining and FITC-gelatin (cyax) Orthogonal views are shown below eagh

merged image. (B) A cell generating at least or@e’hunder the cell or near the cell edge was
counted as a cell able to degrade matrix (invasal. Bars represent the number of invasive
cells, expressed as percentage of total cellsachn eell line. *p<0.05 compared to CIP4 WT and

CIP4(T225E). (C) Functional invadopodia were idiesdi as actin- and cortactin-rich structures

localized close to foci of degraded matrix. Bayzresent the total number of invadopodia per
invasive cell for each cell line. *p<0.05 compatedCIP4 WT and CIP4(T225E). (D) Cells were
seeded on matrigel coated coverslips, incubatedl@dr and then fixed and stained with
phalloidin for confocal microscopy. Invadopodia wédentified as actin dots, positive for CIP4-
GFP fluorescence, in contact with the ECM. Mergadges show the visualization of CIP4
(green) and actin (red) staining in MDA-MB 231 satixpressing CIP4 WT, CIP4(T225A) or
CIP4(T225E). White arrowheads indicate represeargativadopodia. The panels below each
X,y image show th&,zmagnified views of a representative invadopodeasBepresent average
GFP intensities measured at invadopodia (MY Felated to the average GFP intensity in the
cell (Av F.q) for each construct. Data are expressed as meamtf at least thirty cells,
representative of three independent experiment).§b compared to CIP4 WT. (E) Confocal
images of MDA-MB 231 cells expressing CIP4-GFP dastonstructs and stained for CDC42
using a secondary antibody bound to Alexa 555.mitdd areas represent the photobleached
regions. Briefly, a region of interest (ROI) whikcttluded the cell edge was photobleached at
555 nm wavelength and images were taken beforat@dphotobleaching. Total GFP

fluorescence in that ROl was measure before aed aftceptor photobleaching to assess FRET
28



efficiency as described in the materials and methBRET efficiency was also calculated for
MDA-MB 231 cells expressing GFP and stained for @2Cand for each image outside the
photobleached ROI (no ROI) (negative controls). FRBages show the difference in GFP
fluorescence after and before acceptor photoblagecheépresented in pseudocolor. Bars
represent the FRET efficiency calculated for eaahline. Data are expressed as meanzs.e.m. of
ten photobleached areas, representative of thdepandent experiments.*p<0.05 compared to

CIP4AWT (ROI). #p<0.01 compared ROI vs. no ROI ia §ame group. Scale bargifh (A, E)

or 2,5um (D).
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Highlights

AKAP350 enables CIP4 phosphorylation by PKA, which occurs at the CIP4 T225 residue.
CIP4 T225 is a relevant substrate in PKA regulation of breast cancer cell invasiveness.
CIP4 T225 phosphorylation regulates CIP4/CDC42 interaction and invadopodia formation.

CIP4(T225E) phosphomimetic mutant enhances HCC and breast cancer cell invasiveness.
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Javier Girardini: supervision, writing - review and editing.
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