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ABSTRACT

The regulation of microtubule dynamics is critical to ensure essential cell
functions. End binding protein 1 (EB1) is a master regulator of microtubule dynamics
that autonomously binds an extended GTP/GDP-Pi structure at growing microtubule
ends and recruits regulatory proteins at this location. However, negative regulation
of EB1 association with growing microtubule ends remains poorly understood. We
show here that microtubule-associated tumor suppressor ATIP3 interacts with EB1
through direct binding of a non-canonical proline-rich motif. Results indicate that
ATIP3 does not localize at growing microtubule ends and that in situ  ATIP3-EB1
molecular complexes are mostly detected in the cytosol. We present evidence that
D PLQLPDO (% LQWHUDFWLQJ VHTXHQFH RI $7,3 LV ERWK QHFHVVDU\ DQG
prevent EB1 accumulation at growing microtubule ends in living cells and that EB1-
LQWHUDFWLRQ LV LQYROYHG LQ UHGXFLQJ FHOO SRODULW\ %\ AXRUHVFHQ
GFP after photobleaching, we show that ATIP3 silencing accelerates EB1 turnover at
PLFURWXEXOH HQGV ZLWK QR PRGL¢FDWLRQ RI (% GLNXVLRQ LQ WKH F\WRVR
novel mechanism by which ATIP3-EBL1 interaction indirectly reduces the kinetics of
EB1 exchange on its recognition site, thereby accounting for negative regulation of
PLFURWXEXOH G\QDPLF LQVWDELOLW\ 2XU ¢QGLQJVY SURYLGH D XQLTXH H[DPS
EB1 turnover at growing microtubule ends by cytosolic interaction with a tumor
suppressor.

INTRODUCTION and depolymerization at their growing (plus) ends. This
process, termed MT dynamic instability, allows rapid

Microtubules (MTs) are polarized structures that  reorganization of the MT cytoskeleton during essential
continuously switch between periods of polymerization  cell functions such as cell polarity and migration, mitosis
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and intracellular transport of proteins and organelles.
Alterations in MT dynamic instability parameters lead

to defects in MT targeting, mitotic spindle formation and
chromosome segregation, with subsequent consequences
on cancer initiation and progression.

MT dynamic instability is tightly regulated by
microtubule-associated proteins (MAPs) and plus-end
tracking proteins (+TIPs) that accumulate at growing
MT plus ends [1, 2]. End-Binding protein EB1 is a
+TIP that plays a pivotal role in orchestrating protein
interaction networks at growing MT ends. EB1 binds
MTs with its N-terminal calponin homology (CH) domain
and displays in its C-terminal portion an EB homology
(EBH) domain responsible for interaction with a wide
variety of regulatory +TIPs. EB1-recruited proteins
contain either a cytoskeleton-associated protein glycine-
rich domain (CAP-Gly) or a consensus sequence SxIP
(serine - any aminoacid - isoleucine - proline) embedded
in an intrinsically unstructured polypeptide region rich
in basic, proline and serine residues [2-6]. In addition
to its role as a molecular platform for regulatory +TIPs,
EB1 has an intrinsic regulatory effect on MT dynamics
at growing ends. EB1 senses the nucleotide state of MTs
and is able to bind autonomously an extended GTP/GDP-
Pi cap structure at the MT end [7-9] with more than 10-

growing MT ends.

In the present study, we show that ATIP3 interacts
with EB1 in an MT-independent manner. The interaction
involves a non-canonical sequence that directly binds EB1
in vitro. ATIP3-EB1 complexes are present in the cytosol
and impair EB1 accumulation at growing MT ends.
)5$3 DQDO\WHYV LQGLFDWH WKDW $7,3
the dynamic exchange of EB1 at growing ends with no
PRGL{FDWLRQ RI (% GLIIXVLRQ LQ WK
support a novel model for negative regulation of EB1
turnover at MT plus ends.

RESULTS AND DISCUSSION

ATIP3 interacts with EB1

To investigate whether ATIP3 interacts with EB1,
we used anti-mCherry (mCh) antibodies to isolate mCh-
ATIP3 complexes from MCF7 cells expressing mCh-
$7,3 IXVLRQ SURWHLQ DQG (% IXVHG "
protein (EB1-GFP). Western blotting with anti-GFP
DQWLERGLHY FRQ{UPHG WKH SUHVHQF
GFP complex (Figure 1A, upper panel). In a reciprocal

IROG KLJKHU DI¢QLW\ FRPSDUHG W Rpgyirent, pmEhARIRBxwag cleteated \yvant-mCh

[8]. Measurements of EB1 protein dynamics showed that
they exchange very rapidly at growing MT ends with fast
binding/unbinding kinetics [10-12]. In mammalian cells
[13] and Xenopus extracts [10], EB1 has been shown to
increase persistent MT growth and suppress catastrophe

antibodies following immunoprecipitation of EB1-GFP

(Figure 1A, middle panel) as well as GFP-EB3 and
EB3-GFP (Supplementary Figure S1A), indicating that

$7,3 LV DEOH WR ELQG (% DQG (% L
note, ATIP3-EB1 complexes were not detectable by co-

frequency. Recerin vitro VW XGLHV KDYH LG H QiWnupepescipigtiomaf endogenous proteins expressed in

a MT maturation factor that decreases the maturation time
of growing MT ends [14], providing a mechanistic link
between EB1 localization and regulation of MT dynamics.
However, negative regulation of EB1 association with MT
growing ends, which is essential to EB1 function, remains
poorly understood.

ATIP3 is a novel MAP encoded by candidate tumor
suppressor genglTUS1whose expression is markedly
down-regulated in a variety of human cancers [15-17].
ATIP3 re-expression at normal levels into breast cancer

Hela cells, suggesting that the interactions between these
proteins are weak or transient and/or involve a fraction of
the proteins.

GST pull-down assays were performed using
*67 (% DV DQ DI¢QLW\N PDWUL[ $V VKR
GST-EBL1, but not GST, precipitated GFP-ATIP3 fusion
proteins as well as endogenous ATIP3 expressed in HelLa
cells (Figure 1C). Full-length ATIP3 was then cleaved into
three regions designated D1, D2 and D3 (Figure 1D) that
were fused to GFP. Pull-down experiments using GST-

FHOOV VLIJQL:{FDQWO\ UHGXFHV FH o BBk(Giguts LEHrevpalgd thatoniwtherentral {RRPRregipK

and metastatic dissemination in animal models [15, 17]
underlying important tumor suppressor effects. ATIP3
also limits cell migration by decreasing cell polarity and
directionality, and impairs the ability of MTs to reach the
cell cortex as a consequence of reduced MT dynamics at
the plus ends [17]. Conversely, ATIP3 depletion increases
MT dynamic instability by increasing MT growth and
growth rate, and decreasing catastrophe frequency and
time spent in attenuated state [17]. Interestingly, the
HITHFWV Rl $7,3 GH¢FLHQF\ RQ 07
parameters are superimposable to those observed upon
EB1 expression in living cells, leading us to investigate
whether ATIP3 may negatively regulate EB1 functions at

LV UHWDLQHG RQ *67 (% EHDGV 21 QI
D3 region does not interact with EB1 although it contains

D ERQD ¢(GH 6[,3 PRWLI HPEHGGHG L
unstructured polypeptide region rich in basic, proline

and serine residues (Supplementary Figure S1B), which

is a hallmark of EB1 binding [3, 5, 18]. Accordingly,

deleting the last 30 residues of ATIP3 (DelCTer mutant)

did not abrogate EB1 binding (Supplementary Figure

S1C). Furthermore, EB1 binding was not affected by
srlesenrentof qorg Py epkeobipresjgyes of the consensus

SAIP motif with polar residues (lle and Pro at positions
1251-1252 of the ATIP3 sequence changed to Asn and Ala,
respectively) in SANP and SAIA mutants (Supplementary
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Figure 1: ATIP3 interacts with EB1. A. MCF7 cells were transfected with mCh-ATIP3 (or mCh) and EB1-GFP (or GFP) and
immunoprecipitation was performed using anti-GFP or anti-mCh antibodies as indicated. Western blots were probed with anti-MTUS1 and
anti-GFP antibodies to reveal mCh-ATIP3 (210 KDa) and EB1-GFP (55 KDa). IgGH: Immunoglobulin heavBcl&aT. pull-down
assays of MCF7 cell lysates transiently expressing GFP-ATIP3 or GFP using GST or GST-EB1 beads as indicated. Blots were probed with
anti-GFP antibodies. An asterisk indicates cleavage product of GFP-ATIP3. Lower panel: GST bead<JoaBliX¢gJ L, HG *67 (% EHDC
were used to precipitate GFP-ATIP3 (210 KDa) and endogenous ATIP3 (180 KDa) expressed in HelLa cells. Blots were probed with anti-
MTUSL1 antibodies. Lower panel: GST beads loadihgschematic representation of ATIP3 protein illustrating the position of D1, D2 and
D3 regions. CC: coiled coil region. Position of the SAIP motif (residues 1249-1252) is shown. Amino acid humbering is from Accession
number NP_001001924. Lower panel: Schematic drawing of ATIP3 deletion mutants and their ability (+) or not (-) to bind EB1 and MTs.
E. GST-pull-down assays of MCF7 cell lysates expressing GFP-fused D1, D2, D3 regionska®imBlown assays of MCF7 cell lysates
expressing GFP-ATIP3 or GFP-D2, using GST-EB1, GST-EB1-C and GST-EB1-N as indicated (left panel) or following treatment with 10
UM nocodazole (Nz) or vehicle (Ctrl) for 1h at 4°C (right panel). Blots were probed asinMARLI-down analysis of GFP-D2 fragments
using GST and GST-EB1 beads as in B. Molecular weights (KDa) are on tl¢ [Efill-down analysis of ATIP3 deletion mutants using
GST-EBL. Blots were probed with anti-GFP antibodies as in B. Lower panel : GST beads loddimgro pull-down assay using GST

ZKLWH EDUV RU *67 (% EODFN EDUV EHDGV DQG RU —J Rl VIQWKHWLF AXRU!
SDQHO AXRUHVFHQFH LQWHQVLW\ DUELWUDU\ XQLWYV LQ WKH SUHFLSLWDWHV /RZ
GST pull-down, using Typhoon scanner following resolution on 15%SDS-PAGE.
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Figure S1C), further indicating that the canonical SxIP
motif of ATIP3 is not essential to EB1 interaction.

To map the domain of EB1 that interacts with
ATIP3, we used GST-EB1 deletion mutants comprising
either the N-terminal (EB1-N) or C-terminal (EB1-C)
portion of the molecule [20]. As shown in Figure 1F (left
panel), both ATIP3 and D2 interact with the C-terminal
UHJLRQ RI (% DV GR RWKHU (%
VWLOO ELQGV *67 (%
EB1 deletion mutant that lacks the last 19 amino acids and
does not interact with SxIP-containing proteins [5, 19],
suggesting that the mode of interaction between EB1 and
ATIP3 differs from that of EB1-SxIP partners.

To evaluate whether MTs may contribute to ATIP3-
EB1 binding, cells were treated with nocodazole at a
concentration that totally depolymerizes cellular MTs. In
these conditions, ATIP3 and D2 still bound EB1 (Figure
1F, right panel), indicating that EB1-ATIP3 interaction
does not require an intact MT network.

To map further the EB1-interacting region of ATIP3,
a series of deletion mutants (Figure 1D) were analyzed in
GST-EBL1 pull-down experiments. As shown in Figure 1G
(upper panel) D2C and CN fragments retained the ability
to interact with EB1. Deletion of the CN sequence in
ATIP3 and D2 polypeptides (ATIP3delCN and D2delCN
mutants) led to a marked decrease in EB1 interaction
(Figure 1H) whereas deleting the adjacent CC sequence
(delCC1, delCC2, D2delCC1 mutants) did not abrogate
EB1 binding (Supplementary Figure S1E). The EB1-
LQWHUDFWLQJ UHJLRQ ZDV
67 and 45 amino acids (CN67 and CN45, respectively)
(Figure 1G, lower panel). The minimal EB1-interacting
sequence CN45 is evolutionary conserved (Supplementary
Figure S1F) and includes a proline-rich motif whose
deletion (Del3P mutant) markedly reduced EB1 binding
(Figure 1H).

To investigate whether the interaction is direct, a

3-GEP, losalizationy i livj |
XU K S e a2

in Figure 2, both N-terminal (D2N) and C-terminal
(D2C) portions of D2 co-localized with tubulin along
the MT lattice. Shorter deletion mutants of D2C (CN
and CC) remained mostly cytosolic, suggesting that MT
localization involves a conformational recognition motif
that requires both parts of the sequence. Importantly, the
EB1l-interacting domain CN was diffuse in the cytosol

S D UMi€paad) the>D2dgICN2 de@owW khutant, that has lost
"$F 6XSSOHPHERI bhiddingl. 3t Wiecobated tbeQMT lattice (Figure 2,

Supplementary Table S1), indicating that EB1-interaction
is independent of MT-binding and that the two interacting
regions are not overlapping.

ATIP3-EB1 complexes are present in the cytosol

The interaction between ATIP3 and EB1 prompted
us to examine whether EB1 may recruit ATIP3 at growing
MT plus ends. We used RPE-1 cells that have a sparse MT
array and are well suited for visualizing individual MTs
and MT ends [17]. Cells were transfected with levels of
GFP-ATIP3 close to endogenous, to avoid MT bundling
due to ATIP3 overexpression [17]. As shown in Figure
3A, EB1 comet-like structures were still detectable in
low GFP-ATIP3-expressing cells and GFP-ATIP3 was
distributed along the MT lattice but did not co-localize
at MT ends together with endogenous EB1. Time-lapse
analysis (Supplementary Figure S2A, Movies 1 and 2)
also clearly showed distinct patterns of mCh-ATIP3 and
B fpgjoagerl that
MT ends. Finally,
time-lapse images of MCF7 cells stably expressing
moderate levels of GFP-ATIP3 (Supplementary Figure
6 % 6XSSOHPHQWDU\ ORYLH FRQ¢ U
decorates the MT lattice and has no tip-tracking properties.
, QWHUHVWLQJO\ WKH\ DOVR UHYHDOI
ATIP3 accumulates at the end of shrinking microtubules

AXRUHVFHQW SHSWLGH FRUUHVSRQBIBIYPRIWIRMNG T Packirackighenarior

was synthesized and analyzed in GST-EB1 pull-down
assaysn vitro. The CC sequence, that does not bind EB1,
was used as a negative control. As shown in Figure 11,
), 7& &1
on GST-EB1 beads, indicating direct interaction between
CN45 and EB1 and suggesting that ATIP3 might bind EB1
directly. Altogether, these results demonstrate that ATIP3
interacts with EB¥ia a non-canonical motif present in the
C-terminal part of the D2 sequence.

EB1l-interaction and MT-binding involve different
ATIP3 regions

To evaluate whether EBl-interaction and MT-
binding may involve the same region of ATIP3, we
analyzed the cellular localization of GFP-fused D2
GHOHWLRQ PXWDQWV E\

EXW QRW ),7& && ZDV VS

reveal the location of ATIP3-EBT complexes
inside the cells, we used the Proximity Ligation Assay
(PLA) duolink technology that allowis situ detection

ﬁhmglg%ladqmlwdmg{ﬂlg cells at the location

wheré the proteins of Interest interact [21]. Molecular
proximity between endogenous ATIP3 and EB1 proteins
was assessed in Hela cells using anti-MTUS1 and anti-
EB1 primary antibodies followed kg situ detection of
AXRUHVFHQW 5RO0OLQJ &LUFOH DPSOL,
,QGLYLGXDO EULJKW AXRUHVFHQW 5&:
in control cells but not following transfection with ATIP3-
or EB1-siRNA (Figure 3B). Red RCP signals indicating
molecular proximity between endogenous ATIP3 and EB1
proteins were distributed throughout the cytosol (Figure
3B) and were found to some extent to colocalize with the
MT lattice (Figure 3B, inset).

3/$ DPSOL{FDWLRQ VLIJQDOV ZHUH I

LP P X QR A amitGRR Bnd GAtHEB1$ primary Rrztigndies in RPE-1

cells expressing GFP-ATIP3 and GFP-D2, but not
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GFP-D1 (Figure 3C) nor in negative control conditions  signals were also revealed in mCh-ATIP3-transfected
6XSSOHPHQWDU\ J)LIXUH 6 $ 6 % DQRPB-1&cell§ Stdbi expréssthg EB1-GFP using anti-

Figure 2: Cellular localization of GFP-D2 and deletion mutants., PPXQRAXRUHVFHQFH LPDJLQJ RI 53¢ F
*»3' DQG *)3 WDJJHG GHOHWLRQ PXWDQWY DV LQGLFDWHG &HOOV ZHUH ([HG DQ
antibodies and DAPI (blue). Enlarged portions of the selected areas are shown in the insets. Red arrowheads show MT-localization of GFP-
fusion proteins. Scale bar, 10pum.
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Figure 3: In situ interaction between ATIP3 and EB1A. 53( FHOOV WUDQVIHFWHG ZLWK ORZ DPRXQWYV
stained with anti-GFP (green) and anti-EB1 (red) antibodies. Insets show that EB1 comet-like structures at plus ends are not stained by GFP-
$7,3 O0DJQL¢{FDWLRQ ; BEBDOBHEODRUPHB LQ +H/D FHOOV WUDQVIHFWHG ZLWK FRQ)
RU (% VSHFL¢F VL(% VL51%$ DV LQGLFDWHG 6LOHQFLQJ HI¢FLHQF\ ZDV DVVHVVHC
and anti-tubulin (Tub) antibodies. Molecular proximity between endogenous ATIP3 and EB1 was analyzed using rabbit anti-MTUS1 and
mouse anti-EB1 primary antibodies and revealed as red signals of RCP stained with cy5-labeled oligonucleotide probe. Cells were stained
with anti-alpha-tubulin antibodies to reveal the MT network. Shown are merge pictures of tubulin (green), RCP (red) and nuclei (blue)
staining. Scale bar 10um. Inset: enlarged portion of a selected area from siCtrl-transfected cell. The arrowhead illustrates alignment of RCP
VLIQDOV DORQJ WKH 07 ODWWLFH 5LJKW SDQHO T XDNuiwerdr &rédd sRa)yzRd (Sakess fpX P E H U
at least 6 different cells in 3 independent experiments) is under brackgts 0001 C. PLA performed in RPE-1 cells transfected with
GFP-tagged ATIP3 regions and deletion mutants as indicated on the left, using rabbit anti-GFP and mouse anti-EB1 primary antibodies.
Shown are merge pictures of GFP (green), RCP (red) and nuclei (blue) staining. Scale bar 10pum. Inset: enlarged portions of selected areas.
Arrowheads illustrate alignment of RCP signals along the MT lafliced XDQWL,FDWLRQ RI WKH QXPBHIINKRI 5&3 SH
Five areas from at least 6 single cells in 3 independent experiments were analyged0’9601.
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mCh and anti-GFP primary antibodies (Supplementary
Figure S3D). In line with GST-EB1 pull-down assays,
PLA analyses revealed the presencendditu molecular
complexes between endogenous EB1 and GFP-D2C
and GFP-CN, but not GFP-D2N and GFP-CC regions
(Supplementary Figure S3EYhe number ofin situ

VLOHQFHG FHOOV 6XSSOHPHQWDU\ )L
that regulation of MCAK comets by ATIP3 requires

EBL1. Thus, by interacting with EB1, ATIP3 negatively
regulates the association of EB1 molecular complexes at

07 JURZLQJ HQGV 7KLV LQ WXUQ PD)
regulation of MT dynamics in the presence of ATIP3.

3/$ DPSOL¢{(FDWLRQ VLIJQDOV ZDV P DU N AL@bnEeHuence of Gedreas&dHVO @ywiamics, the

transfected with ATIP3delCN and D2delCN deletion
mutants as compared to full-length ATIP3 and D2 region
(Figure 3D), further demonstrating the involvement of the
CN sequence in EB1-ATIP3 complex formation in intact
cells.

ATIP3 interacts with EB1 to limit its accumulation
at growing ends

To investigate the consequence of ATIP3-EB1
interaction on the accumulation of EB1 as comet-like
structures at growing MT ends, which is a hallmark of
MT dynamics, we analyzed EBL1 staining in the presence
of D2 and deletion mutants. As shown in Figure 4A,
expression of EBl-interacting regions D2C and CN
reduced the number and length of EB1 comets to the
same extent as D2, whereas CC - that does not bind EB1

KDG QR VLIJQL,FDQW HIIHFW RQ (%
LPSRUWDQFH GHOHWLRQ P XW D QAMiith ATIEBH@datvely Qegulate®© EB1, we examined

21
having lost the ability to interact with EB1 were no
longer able to reduce EB1 accumulation at growing MT
ends (Figure 4A, Supplementary Table S1), highlighting
functional relevance of ATIP3-EB1-interaction.

To validate our results, rescue experiments were
performed on ATIP3-silenced HelLa cells in which GFP-
ATIP3 was re-introduced at levels close to endogenous
(Supplementary Figure S4A). As expected, EB1 comets

ability of MT tips to reach the cell cortex was markedly
impaired during cell migration, leading to defects in cell
polarity in migrating D2-positive cells compared to control

cells (Figure 4B). Deletion of the EB1-interacting domain
(D2delCN mutant) restored a radial array of MTs at the

cell margin and abrogated the effect of D2 on cell polarity,
further illustrating the importance of EB1 interaction

LQ $7,3 IXQFWLRQ 21 LQWHUHVW HJS
binding region CN partially impaired MT organization and
FHOO SRODULW\ )LIJXUH % EXW ZDV
recapitulate the effects of ATIP3 suggesting that other
ATIP3 regions, possibly involved in MT binding, might

also contribute to ATIP3 biological function.

ATIP3 silencing increases EB1-GFP exchange on
MT ends

FR PdétWmarée Nndight Whtb X tRéV tdedirbilism by

the consequence of ATIP3 depletion on the dynamic
association of EB1 with MT plus ends. Fluorescence
recovery after photobleaching (FRAP) experiments were
performed on Hela cells expressing EB1-GFP following
WUDQVIHFWLRQ ZLWK HLWKHU FRQWUR
Bleaching was done in the distal part of growing MT ends

DQG UHFRYHU\ RI (% *)3 AXRUHVFHQF
(Figure 5A, Supplementary Movie 4). After correction

LQ $7,3 GHSOHWHG FHOOV ZHUH VURQLEFDRYONMVMRIFUBDFNBEURXQG DQG A

compared to control, and moderate levels of GFP-ATIP3
ZHUH VXI¢(FLHQW WR
phenotype (Supplementary Figure S4B). Importantly,
moderate expression of GFP-D2 and GFP-CN, but
not GFP-D2delCN, in ATIP3-silenced HelLa cells was
VXI¢FLHQW WR UHVWRUH (%
6 & 6 ' DQG 6 (
interaction is essential to the regulatory effects of ATIP3
on EB1 comets formation.

We then investigated the consequence of ATIP3
silencing on the localization of EB1 partners such as
CLIP-170 and the MCAK kinesin, that bind EBla a
CAP-Gly and a SxIP motif, respectively [1, 2]. As shown
in Supplementary Figure S5A and S5B, the number
of GFP-CLIP-170 and GFP-MCAK comets that co-
localized with EB1 was increased in ATIP3-depleted
cells, indicating that ATIP3 reduces the accumulation of
EB1/+TIPs molecular complexes at growing MT ends.
21 QRWH D 0&$.
EB1 [3] remained cytosolic in both control and ATIP3-

recovery for the exchange of EB1-GFP on MT ends in

IXOO\ UHVF X Hoht# idell$ Tved 3. Mre@duB hdlRf& §f association

0.24+0.03 s), which is very close to values previously
UHSRUWHG IRU (% *)3 UHFRYHU\ RQ (
7 cells (K recovery of 3.37s half-life of association

FRPHVOX0 & K359 BhBwhQ@rvWiguse 5Alah 5BH EB1-GFP
IXUWKHU FRQ¢(UPLQAXWRKBIWF$VQF HHWHFRYHU\ DW 07 SOXV |

faster in ATIP3-silenced cells (K recovery of 5.23+0.66
s!, half-time of association 0.17+£0.02 s), with no
VLIQL{FDQW PRGL¢{FDWLRQ RI (%
(Supplementary Figure S6A), indicating that EB1
exchange on its recognition site at growing MTs is
LQFUHDVHG LQ WKH DEVHQFH RI $7,3
of EB1-GFP labeled region on MT plus ends (EB1
GHFRUDWLRQ WLPH WKDW VSHFL{HYV
07 HQGV UHPDLQHG XQFKDQ@el#& LQ $7,
control cells (2.68 +/- 0.9 (= 100) and 2.67 +/- 1.28 €

70), respectively) (Supplementary Figure S6B), indicating

*)3

( PXWDQW WKDW GittAVIPQ §isvcihdddes ndDaRaVERI-ré¢égnition sites

on MT ends.
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Figure 4: Effect of deletion mutants on EB1 comet formation and cell polarityA. Anti-EB1 (green) and anti-tubulin (red)
immunostaining of RPE-1 cells transiently transfected with GFP-D2 and GFP-tagged regions. Insets: EB1 comet-like structures in enlarged
portions of selected areas. Red arrowheads illustrate weak EB1 staining along the MT lattice. Right panels show distribution of EB1 (green)
DQG DOSKD WXEXOLQ UHG DW WKH PLFURWXEXOH SOXV HQGV 2@iteq) dndrebnigyV DQG
length (scattered dot plot) from 5 single cells in 3 to 5 independent experiments. Number of comets analyzed is under brackets. NT: non-
transfected. Scale bar, 10um. $*% 0.0001B. ,PPXQRAXRUHVFHQFH LPDJLQJ Rl PLJUDWLQJ 0&) FHOO\
DV LQGLFDWHG &HOOV ZHUH DOORZHG WR SRODUL]H IRU KUV WKHQ ¢[HG DQG VW
'$3, EOXH $UURZV LQGLFDWH WKH GLUHFWLRQ RI PLJUDWLRQ 5LJKW SDQHO VKRZ
¢HOGYV LQ LQGHSHQGHQW H[SHULPHQWYVY 1XPEHU R+-PBKHOQ@mV"POMIAIIHG LV XQGHU E
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To investigate whether ATIP3 may impair EB1 free recovery in the cytosol (K recovery of 2.2 £ 0.3 s-1 in

diffusion in the cytosol, which is rate limiting for EB1 control cellsversusK recovery of 2.1 + 0.6 s-1 in ATIP3

H[FKDQJH DW 07 SOXV HQG > @ (Stencepi3Hel X dRIg)ArvliRgHoQt R ihajor effect of ATIP3 on
recovery after photobleaching was measured in the cytosol EB1 mobility. Altogether, these results indicate that ATIP3
of Hela cells following ATIP3-silencing. As shown in binds EB1 in the cytosol to indirectly slower its binding/

Supplementary Figure S6C and S6D, ATIP3 depletion  unbinding kinetics on MT plus ends, without affecting free
GRHV QRW VLJIJQL/,FDQWO\ PRGLI\ (#fusién8fEBXRUHVFHQFH

Figure 5: ATIP3 silencing increases EB1-GFP exchange on MT ends.Representative example of time lapse imaging of HeLa

cells expressing EB1-GFP. Fluorescence was bleached at the distal part of the MT in control (siCtrl, upper) and ATIP3-silenced (SIiATIP3,
lower) cells. Red arrowhead indicates position of the bleached comet. Fluorescence intensity of the bleached comet (middle panel) and
AXRUHVFHQFH UHFRYHU\ FXUYHV ULJKW SDQHO DUH VKRZQ 5HG OLQH LQ PLGGO
respectivelyB. 4XDQWL;,FDWLRQ RI DVVRFLDWLRQ WLPH 7DX LQ VHEROQOGY RM AKROHWAHGIFF
recovery in control cellsn(= 17) and ATIP3-depleted cells € 16) in 2 independent experiments. Number of EB1-GFP bleached comets
analyzed is under bracke®. % R[ Q :KLVNHU SORW VKRZLQJ AXRUHVFHQFH LQWHQVLW\ RI (% *)3
SXUL¢{HG (% *)3 Q0 DQG LQFUHDVLQJ DPRXQWV RI &1 SHSWLGH DV LQGLFDWH(
representative experiment out of 3. Number of comets appearing over 30 minutes is under brackets. Right panel : Kymographs representing
MT assembly in the presence of tubulin (15 uM), EB1-GFP (100 nM) and increasing amounts of CN45 peptide. Tubulin and EB1-GFP are
GHWHFWHG E\ AXRUHVFHQFH WXEXOLQ LQ UHG DQG (% *)3 LQ JUHHQ 6KRZQ LV RQ

www.impactjournals.com/oncotarget 9 Oncotarget



In vitro studies were conducted to further explore Given the potent tumor suppressor effects of ATIP3,
the consequence of ATIP3-EBL1 interaction in a cell- WKHVH ¢QGLQJYV PD\ KDYH FOLQLFDO
free system. Using dual-color time-lapse total internal  cancer. Indeed, EB1 overexpression has been reported
UHAHFWLRQ AXRUHVFHQFH 7,5) PLiRFUépxecRIBIar ZartindeD[@7] Hréast cancer [28],
AXRUHVFHQFH LQWHQVLW\ RI SXUdokHGal einoma [29, Q0] aMddHoblastoma [31] and
SUHVHQFH RI G\QDPLF $772 O D E H GslagSo¢dtdd WwithwWiX & Xrogressian@ital reduced survival
increasing amounts of CN45 peptide, that directly binds  of the patients [27, 31]. Decreasing EB1 association with

EB1in vitro. As shown in Figure 5C, CN45 even in high its binding site at MT ends, with subsequent decrease in
PRODU H[FHVV KDG QR VLJQL¢FDQWITHlyh&hkds/ amiQ@ell polarfyRrRay WS represent an
intensity, indicating that ATIP3-EB1 interactiam vitro interesting therapeutic option. Among the wide variety of

LV QRW VXI¢FLHQW WR UHJXODWH @Bl parRérs) orlly] 2wHaRe@ebnWecdghRR&dLa® fumor
MT ends. Accordingly, MT dynamic instability parameters suppressors [5]. The major tumor suppressor Adenomatous
measuredn vitro ZHUH QRW PRGL¢{¢HG LQ WélyosssUddlV(ARTI id aRuell-known EB1 interacting
EB1l-interacting peptide CN45 (Figure 5C, Supplementary  protein that paradoxically cooperates - rather than
Table S2). Together, these studies suggest that negative competes - with EB1 during mitosis and cell migration
regulation of EB1 at the MT plus ends by ATIP3 may [32-34]. The Cylindromatosis CYLD tumor suppressor
require the presence of additional cellular components or is another EB1-interacting +TIP that also acts in concert
LOQYROYH SRVW WUDQVODWLRQDO P RithLEBA DovdgRIQe/MT dynamics and cell migration

> @ BHBHVXOWYV SUHVHQWHG KHUH SUF
A novel model for negative regulation of EB1 at for negative regulation of EB1 dynamic association at
growing MT ends MT ends by cytosolic interaction with a tumor suppressor

protein. This study extends our knowledge of EB1

regulation atgrowing{ MT ends and may have important

2XU GDWD VXSSRUW D PRGHO LRsEKEPWIRHYVRMRPMKH ¢HOG RI FDG

ATIP3-EB1 complexes slower the dynamic association DJJUHVVLYH WXPRUV VKRZLQJ $7,3 GH,
of EB1 on growing MT ends, without affecting EB1 free

diffusion and with no major alteration of its recognition

site. In ATIP3-silenced cells, EB1 turnover is faster and MATERIALS AND METHODS
EB1 is more prone to accumulate at plus ends together
with its interacting partners, therefore leading to increased

MT dynamic instability and subsequent increase in cell Cell lines
polarity.
Recent studies conducted in developing neurons Human breast cancer cell lines MCF7, HC7 (MCF7

have shown that MAP1B and tau, two stabilizing MAPs  cells stably expressing endogenous levels of GFP-ATIP3)
that decorate MTs, also interact with EB1/3 and negatively DQG ' + /1 DV ZHOO DV 69 05& OXQJ
regulate their accumulation at growing MT ends [22, 23].  Hela and RPE-1 cells were described previously [15,
A sequestration model has been proposed in which EB1  17]. MCF7, SV-MRC5-SV and RPE-1 cells express
is retained in the cytosol by interaction with MAP1B [22] undetectable levels of ATIP3, whereas Hela cells
RU LPPRELOL]JHG E\ HOHYDWHG OHY heiésRdndddgeifous NTRPE/ [H3, Q7Y Cells @ere2rbutinely
note, quantitative proteomics studies performed in NIH-  authenticated by morphologic observation and tested for

7 > @ 826> @ DQG +H/D > @ KXPdb§nEdoPriycopia@riavcokt@ntifation using MycoAlert
revealed high EB1 protein copy number (4.1®1.10 Assay detection kit (Lonza, France).
molecules per cell) compared to ATIP3 (from undetectable
to 300 or 1000 times less abundant than EB1), making it  Plasmids constructs and transfections
unlikely that ATIP3 sequesters EB1 in the cytosol. Arguing
against a sequestration mechanism, FRAP analyses of i )
EB1-GFP recovery indicate that ATIP3 silencing does not Plasmids encoding GFP-ATIP3, mCh-ATIP3,
PRGLI\ IUHH PRELOLW\ RI (itovith Q W KGPRWGHT-REANDLGHE-D3 were described elsewhere
VWXGLHV VKRZLQJ WKDW WKH s XxUlLZ+EEP-8iged D2 flagipepig apd @elsfiongyipitants were
VLIQL,FDQW HIIHFW RQ (% FRPHWWRWRH VR 3RO WP Y LNV LRQ RI
out the possibility that direct ATIP3-EBL1 interaction may $|te-D|rected utagenesis using ollg'onucleotldes shovyn
be responsible for decreased EB1 comets at MT ends. " Supplementary Table S3. Expression vectors encoding
7JRIHWKHU RXU ¢QGLQJV IDYRU D QRPHAPHERD v EX6Zk(% KL DQG *67 (%
ATIP3 interacts with EB1 in the cytosol and indirectly ~ Were gifts of Dr Anna Akhmanova (Utrecht University,

slowers its turnover on growing MT ends, thereby leading  1he Netherlands). EB1-GFP and GFP-CLIP-170
to decreased MT dynamics and cell polarity. constructs were provided by Dr Franck Perez (Institut

Curie, Paris, France). GFP-MCAK and GFP-MCAK-
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3E were kindly provided by Dr Michel Steinmetz (Paul by spinning disc confocal microscopy as described in
Scherrer Institute, Switzerland). All cDNA constructs Supplementary Methods. Images were acquired in a
ZHUH WUDQVIHFWHG WR —J [IRU stréanXdd®al 500 irh® éxpbsEré/tima.]
Biosciences) or X-treme Gene 9 (Roche). For backtracking experiments, HC7 [17] were

$7,3 VSHFL¢F VL51%$ > @ (% V $iddged uBiny TIRE %rideomicroscopy as described in
(on-target plus smart pool, NM_012325) and scrambled Supplementary Methods. Images were acquired in a
VL51% ZHUH IURP 'KDUPDFRQ 7KHUP®rpark iKdotle)atblbQ i EYphsgre time.
All siRNAs (50 nM) were transfected using lipofectamine

,QYLWURJHQ DQG VLOHQFLQJ HTIRF ntitfdscopy/Dor iivitid Stidied H G

by immunoblotting using rabbit anti-MTUS1 antibodies

(ARP44419; Aviva Systems, CA, USA) and rat anti-EB1 : i , i
(KT51; Santa Cruz). Perfusion chambers were functionalized with

silane-PEG-biotin (Laysanbio) coverslips and silane-PEG
(Creative PEGwork) glass slides as described [36]. The

ARZ FHOO ZDV ¢UVWO\ SHUIXVHG ZLW
ml in 1% BSA/BRB80 (80 mM PIPES, 1 mM GTPR, 1
S3XUL¢FDWLRQ RI *67 IXVLRQ SR WJELQVVMIEGT, ptb 8.75) and secondly with

GST pull-down assays and immunoprecipitations

pull-down assays from extracts of HeLa cells or MCF7 *03&33 VWDELOL]JHG $772 ODEHOO
transiently expressing GFP fusion proteins were performed seeds. Microtubules assembly was performed at 32°C
as described [3, 20] using 15-30 pg of GST or GST-EB1 IURP —0 EUDLQ WXEXOLQ FRQWD

beads per experimental condition. Immunoblotting was  565-labeled tubulin) in the presence of 100 nM EB1-GFP
using rabbit anti-MTUS1 (ARP44419, Aviva Systems) and 0, 0.05 pM or 1 uM CN45 peptide (GL Biochem,
(1:1000) or monoclonal anti-GFP antibodies (clone  Shanghai, China) in BRB80 buffer supplemented with
7.1/13.1, Roche) (1:3000). 4 mM DTT, 1% BSA, 50 mM KCI, 1 mg/ml glucose,

For in vitro interaction, chemically synthesized 70 pg/ml catalase, 580 pg/ml glucose oxydase, 0.1 %
peptides CN45 and CC coupled to FITC were purchased methylcellulose (4,000 centipoise). Dual-color time-

IURP */ %LRFKHP 6KDQJKDL &KLQ Dlaps8 kiddinghivs [eHdBieéd GHl inverted Eclipse Ti

were incubated for 1h at room temperature with GST- or  (Nikon) microscope with an Apochromat 60X1.49 N.A
GST-EB1 beads in 50mM HEPES containing 150mM  oil immersion objective (Nikon), equipped with an ilas2

NaCl, 0.01% Triton X100 (pH 7.4) then washed in 7,5) VIVWHP 5RSHU 6FLHQWL¢F D FRR
the same buffer. Interaction was assessed by FITC device camera (EMCCD Evolve 512, Photometrics) and
AXRUHVFHQFH PHDVXUHPHQW XV Lidtrolled Wy tReQViet8\okpYi A.0.5 sdf@vare (Molecular
Microplate Analyzer (Packard BioScience) and with Devices). For excitation we used 491- and 561-nm lasers.
Typhoon™ system (Amersham Biosciences) following Time-lapse imaging was performed at 1 frame per 2 s with

15% SDS-PAGE. an 80-ms exposure time, during 30 minutes.

For immunoprecipitation, cell lysates were The image analysis was performed with ImageJ
incubated for 2h at 4°C with 4ug of mouse monoclonal  software, version 1.43u (W. Rasband, NIH. USA). The
anti-GFP (Roche), or mouse monoclonal anti-mCh FRPHW AXRUHVFHQFH LQWHQVLWLHV
(Clontech) antibodies prior to incubation with G protein- tubulin polymerization periods using kymographs with
sepharose beads. Bound proteins were detected by background subtraction (protocol based on [8]). The
immunoblotting as described above. DYHUDJH AXRUHVFHQFH LQWHQVLW\ C

ends was measured in the green channel with a 5-pixel-
,PPXQRAXRUHVFHQFH DQG OLYH HOCB OCP®HLQQO\ FRPHW AXRUHVFHQFI
superior to one background standard deviation were

WKH FDOFXODWLRQ &RF

LQF f) XGH jn L %
Id ! UhD QIV I '; FWS Gd 5 3d( bF '; O(':]\a ZH Uih'ten"si igls(\;/vitiz MVW holuf:d_lkl45 were calculated from
cold methanol and incubated as described with human experiments performed with the same acquisition set-

anti-alpha-tubulin c!one F2C [17], rat anti-EB1 (Santa up and laser intensity. Microtubule dynamic parameters
Cruz) or mouse anti-GFP (Roche). Linescan analyses of were dﬂ%gmined n kymographs usi(nJg e J software,

’ Ima
AXRUHVFHQFH LQWHQVLW\ ZHUH SHUIRUPRE \§ Ra¥band, HiH! lbé%ﬁ Statistical

along the Ie.ngth of MT pIu; end [17]. Results.shown are analyses were done with Prism 6.0 (GraphPad software,
representative of 3 to 5 independent experiments. For )

TXDQWL¢{FDWLRQ RI FRPHW QXPEHU "GLIIHUHQW DUHDV RI DW
least 5 single cells were analyzed in 3 to 5 independent
experiments.
For live cell imaging, SV-MRC5 co-transfected
for 24h with mCh-ATIP3 and EB3-GFP were imaged
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Fluorescence recovery after photobleaching Paris, France) for helpful advice and discussion. We
(FRAP) analysis are grateful to Cynthia Seiler for excellent technical
assistance. We thank the Institut Cochin, Institut Curie and

, ) Institut Gustave Roussy imaging facilities.
HelLa cells were co-transfected with appropriate

siRNA (72h) and EB1-GFP (24h). FRAP analyses were
performed after bleaching MT ends, or selected cytosolic
regions, and recovery was measured as described in
Supplementary informations. To calculate the recovery
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plateau) * exfecovey™ + plateau, where y is normallzed FLICTS OF INTEREST

intensity,x LV WKH LQLWLDO AXRUHVFHQFH YDOXH SODWHDX LV WKH

\ YDOXH DW L Qg Qaisdly ishHeRpaN of the ' 7KH DXWKRUV GHFODUH WKDW WK
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