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DNA damage repair (DDR) is an orchestrated process encompassing the injury detection to its complete resolution.
DNA double-strand break lesions are repaired mainly by two distinct mechanisms: the error-free homologous recombi-
nation (HR) and the error-prone non-homologous end-joining. Galectin-3 (GAL3) is the unique member of the chime-
ric galectins subfamily and is reported to be involved in several cancer development and progression related events.
Recently our group described a putative protein interaction between GAL3 and BARD1, the main partner of breast and
ovarian cancer susceptibility gene product BRCA1, both involved in HR pathway. In this report we characterized GAL3/
BARD1 protein interaction and evaluated the role of GAL3 in DDR pathways using GAL3 silenced human cells exposed
to different DNA damage agents. In the absence of GAL3 we observed a delayed DDR response activation, as well as a
decrease in the G,/M cell cycle checkpoint arrest associated with HR pathway. Moreover, using a TAP-MS approach we

also determined the protein interaction network of GAL3.

Introduction

DNA damage repair (DDR) is an orchestrated process encom-
passing the injury detection to its complete resolution. DNA
double-strand break lesions are repaired mainly by two distinct
mechanisms: the error-free homologous recombination (HR) and
the error-prone non-homologous end-joining (NHEJ).!

HR is initiated with H2AX phosphorylation by the ATM
kinase and the consequent accumulation of several protein com-
plexes, such as Mrel1-RAD51-NBSI, at sites of damage.? H2AX
phosphorylation is also responsible for the recruitment of MDCI,
another ATM target, which in turn brings the E3 ubiquitin ligase
RNF8 leading to ubiquitination of H2A and H2AX. Ubiquitin
chains on these histones are recognized by RAP80, which directs
the BRCC36-Abraxas-BRCA1/BARDI1 complex to sites of
DNA damage.** BRCA1 is an essential scaffolding protein that
participates in many DDR-related processes, such as ionizing
radiation sensitivity and cell cycle checkpoint arrest upon dam-
age.”” Several protein interaction modules, including the RING,
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coiled-coil, and tandem BRCT domains, dictate the scaffolding
role of BRCAL.

Galectins are a group of specialized lectins that bind preferen-
tially B-galactosides. Galectin-3 (GAL3) is the unique member
of the chimeric galectins subfamily that contains an N-terminal
glycine and proline rich domain and a C-terminal carbohydrate
recognition domain (CRD).® In general, GAL3 exhibits affinity
to galactose containing oligosaccharides, such as N-acetyl lac-
tosamine; however, its CRD can also accommodate larger struc-
tures, for example polylactosaminoglycans.’

Interestingly, GAL3 is normally found in the nucleus of cells,
where no galactosides are usually found. Therefore, GAL3 may
have distinct functions other than its lectin activity. GAL3 is
reported to be involved in several cancer development and pro-
gression related events, affecting tumor characteristics such as
aggressiveness in breast and thyroid tissues.'*!* Moreover the
response to chemotherapeutic agents was described to be altered
in GAL3 silenced cancer cells.”” However, the molecular mecha-
nisms behind these findings are still poorly understood.
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Figure 1. Schematic representation of BARD1 and GAL3. Dotted box depict the BARD1 region described to interact with GAL3. Recognized domains are
depicted in dark gray boxes (BARD1: RING, RING finger domain; ANK, ankyrin repeats; tBRCT, tandem BRCT domain. GAL3: ND, N-terminal domain; CRD,
carbohydrate recognition domain). GAL3 amino acid sequence is presented with the BARD1 interaction region described by Woods et al. highlighted

Recently our group described a puta-
tive protein interaction between GAL3 and
BARDI, the main partner of breast and
ovarian cancer susceptibility gene product
BRCA1." BARDI and BRCAL share struc-
tural similarities, bearing an N-terminal
RING finger and two C-terminal BRCT
in tandem domain (tBRCT)."” The tBRCT
is a common feature in DDR related pro-
teins, found in a small family of 12 proteins
that express a total of 15 tandem BRCT
domains in the human proteome. The
tBRCT is classically described as a reader
of specific phosphorylated motifs induced
by kinases in response to DNA damage, as
ATM, ATR, and DNA-PK.'*7 However,
many protein interactions have also been
described with tBRCT domains that do
not require phosphorylated ligands.

In this report we evaluated the puta-
tive role of GAL3 in DDR pathways using
human cells with silenced GAL3 exposed
to different DNA damage agents. In the
absence of GAL3 we observed a delayed
DDR response activation, as well as a
decrease in the G,/M cell cycle check-
point arrest. Moreover, we characterized
GAL3/BARDI protein interaction, and

determined the protein interaction network of GAL3.

Results

Galectin-3 and BARDI interact in mammalian cells
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Figure 2. BARD1 and GAL3 interact in mammalian cells. An ubiquitinated form of GAL3 co-exists
with the non-modified form and interacts with BARD1 and BRCAT1. (A) Left panel: GAL3 and BARD1
expression were determined in Hela cytosolic (CyEx) and nuclear extract (NUEx) by immunoblot-
ting using anti-BARD1 and anti-galectin-3 antibodies. Middle panel: Co-IP assays were performed
using Hela cells NuEx and anti-BARD1 or anti-LexA monoclonal antibodies, immunoblotting was
developed using anti-GAL3 antibody. Right panel: Co-IP assays were performed using NuEx and
anti-GAL3 or anti-LexA antibodies, immunoblotting was developed using anti-BARD1 antibody.
(B) Left panel: Co-IP assays were performed using HeLa NuEx using anti-BARD1, anti-BRCA1 or
anti-GAL3 antibodies and the subsequent immunoblotting was developed using anti-GAL3. Right
panel: Co-IP assays were performed using HeLa NuEx using anti-BARD1, anti-BRCA1, or anti-GAL3

antibodies and the subsequent immunoblotting was developed using anti-ubiquitin antibody.

domain as bait, we conducted a yeast-two-hybrid screen and
identified a GAL3 fragment (comprising the amino acids resi-
dues 170-250, corresponding to its C-terminal region) (Fig. 1).

In order to verify this observation we performed co-immuno-
precipitations (IP) assays using HeLa nuclear extracts; endoge-
nous GAL3 was co-purified with endogenous BARDL in forward

Recently, our group described the tBRCT-protein interac-  and reverse immunoprecipitations (Fig. 2A). Collectively, these
tion network for 7 tBRCT domains." Using the BARD1 tBRCT  data indicate that GAL3 interacts with BARDI in human cells.
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Figure 3. GAL3 silenced cells exhibit increased resistance to DNA damage agents. HelLa cells were silenced using shRNA SCRB (negative control) or
shRNA GAL3 and exposed to different DNA damage agents. (A) GAL3 and BARD1 expression were determined in HeLa whole cell lysates by immunob-
lotting using anti-BARD1 and anti-GAL3 antibodies. Tubulin was used as loading control. Silenced cells were exposed to (B) IR and incubated for 96 h or
(€) incubated with different concentrations of Mitomycin C for 96 h, (D) etoposide for 48 h, or (E) carboplatin for 48 h. After incubation period, cellular
viability was assessed by MTT assay. Data are presented as mean + SD of the viability percentile values relative to untreated cells. *P < 0.05, ***P < 0.001.

A mono-ubiquitinated form of galectin-3 co-exists with the
non-modified form and is found in complexes with BARDI
and BRCA1

As shown in Figure 2B, a GAL3 modified form (increased
in approximately 9 kDa when compared with the expected
MW, 26 kDa) was predominantly observed in association with
BARDI. This observation led us to hypothesize that a mono-
ubiquitinated form of GAL3 (Ub-GAL3) was enclosed in the
same complex with BARDI. Since BRCA1/BARDI heterodimer
has ubiquitin E3 ligase activity, we also investigated the partici-
pation of BRCA1 in a complex with GAL3.

To investigate these suppositions, HeLa nuclear extracts were
immunoprecipitated using anti-GAL3, anti-BARDI, and anti-
BRCA1 antibodies followed by IB detection for GAL3 and
ubiquitin. Figure 2B shows a prevalent Ub-GAL3 form associ-
ated with BARD1 and BRCAL. Curiously, Ub-GAL3 was less
abundant than the non-modified form in nuclear extracts, being
detected only after being enriched by immunoprecipitation.

LSGAL3 silenced cells exhibit increased DNA damage
resistance

Since GAL3 was identified in complexes with BARDI and
BRCALI (Fig. 2), and both proteins are known to participate in
DDR pathways, we decided to investigate the involvement of
GALS3 in these processes. To address this question, HeLa cells
were stably silenced for LGALS3 (shGAL3) and a non-targeting
scrambled control (shSCRB). As presented in Figure 3A, GAL3
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protein levels were nearly undetectable in HeLa shGAL3 whole
cell lysates expressing the shGAL3 construct. Noteworthy,
BARDI protein profile was not affected by LGALS3 silencing
when compared with HeLa shSCRB cells (Fig. 3A).

Using the stably silenced cell lines, we performed cell viabil-
ity assays using four different DNA damaging agents: ionizing
radiation, etoposide, carboplatin, and mitomycin C. As shown in
Figure 3B, cells lacking GAL3 expression exhibited an increased
resistance to ionizing radiation (10 to 40 Gy). Similarly, statis-
tically significant increases in viability were observed for the
three chemotherapeutic agents evaluated in all tested concentra-
tions (Fig. 3C-E). It is worth noting that LGALS3 silenced cells
showed up to a 60% increase in viability when compared with
shSCRB cells after treatment with 20 nM etoposide (Fig. 3D).
These data suggest that LGALS3 plays a role in the cellular
response to DNA damage.

LSGAL3 silenced cells exhibit delayed DDR response

The increased DNA damage resistance observed in the
absence of GAL3 prompted us to evaluate the initial steps in
DDR pathway upon IR treatment: the phosphorylation pat-
terns of ATMS8! and H2AX5"¥ (yH2AX). After treatment
with ionizing radiation (10 Gy), ATM phosphorylation was
assessed at different time points using HeLa shSCRB or shGAL3
cell lines (Fig. 4). As shown in Figure 4A, no difference in
ATM398! phosphorylation was observed between HeLa shSCRB
and shGAL3. Interestingly, this event does not seem to be
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Figure 4. GAL3 silenced cells exhibit altered ATM phosphorylation pattern after DNA damage. GAL3 or SCRB silenced Hela cells were exposed to IR
(10 Gy) and NuEx were obtained after the indicated time intervals. (A) ATM and phosphorylated-ATM (Ser'*®") levels were determined by immunoblotting
using specific antibodies. (B) CHK2 and phosphorylated-CHK2 (Thr¢®) levels were determined by immunoblotting using specific antibodies.
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Figure 5. GAL3 silenced cells exhibit delayed phosphorylated-H2AX foci formation after DNA damage. Upper panel: GAL3 or SCRB silenced Hela cells
were exposed to IR (5 Gy) and immunostained after the indicated time intervals using anti-phosphorylated H2AX (Ser'*). Cells were stained using DAPI.
Lower panel: Phosphorylated H2AX (Ser'*) foci were quantified using Image J software. Data are presented as mean * SD of absolute foci number/cell.
***¥P < 0.001.
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Figure 6. GAL3 silenced cellsimpaired G,/M cell cycle arrest after DNA damage. GAL3 or SCRB silenced HeLa cells were exposed to IR (6 Gy) and incubated
for 1 h. After recovery period cells were immunostained using anti-phosphorylated H3 (Ser?®) and DNA content was stained using PI. (A) Representative
dot-plots showing DNA content (x-axis) and phosphorylated H3 (Ser?®) (y-axis), depicting the mitotic cell gate (red polygon). (B) Quantification of phos-
phorylated H3 (Ser?) positive cells after DNA damage. Data are presented as mean + SD, *P < 0.05.

directly associated to serine 1981 phosphorylation levels. Both
cell lines were able to phosphorylate ATM3%8! in response to
DNA damage; however, at least two different forms of the phos-
phorylated ATM were observed (Fig. 4A, indicated by arrows).

Additionally, CHK2 (another ATM kinase substrate involved
in DDR, downstream to H2AX phosphorylation) status was
assessed. No major effect was observed in phospho-CHK2Th¢
status after DNA damage (Fig. 4B).

We next investigated the phosphorylation status of the well-
characterized ATM substrate H2AX in different time points
upon DNA damage (5 Gy), by quantifying yYH2AX foci for-
mation. As shown in Figure 5, we observed a delay in YH2AX
foci formation in HelLa shGAL3 cell line. Different from Hela
shSCRB IR exposed cells, LGALS3 silenced cells only exhibited
detectable foci 30 min after IR exposure, in contrast to the early
(15 min) detectable signal in GAL3-proficient cell line (Fig. 5).

Collectively, these results suggest that GAL3 plays a role in
the early events in the response to DNA damage but does not
affect the activity of ATM or CHK2.

LSGAL3 silenced cells present an impaired IR-induced
G,/M cell cycle arrest

The previous observations suggesting a delay in gamma-
H2AX focus formation following DNA damage (Figs. 4 and 5),
prompted us to investigate the GAL3 impact on G,/M cell cycle
checkpoint.

LGALS3 silenced Hela cells were exposed to IR (6 Gy) and
immunostained for phosphorylated histone 3% (phospho-
H3), and co-stained with propidium iodide 1 h after the treat-
ment. Flow cytometry analyses were performed to quantify
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mitotic cells in non-IR and IR exposed conditions. Representative
dot-plots are shown in Figure GA.

In response to DNA damage HeLa shSCRB cells displayed a
well-characterized G,/M cell cycle arrest, evidenced by a decrease
in the percentage of mitotic cells (7.9 + 3.7% of total non-irradi-
ated cells, phospho-H3"*). HeLa shGAL3 cells also displayed a
G,/M arrest but the extension of this effect was significantly dif-
ferent (15.4 + 2.5% of total non-irradiated cells, phospho-H3*).
As shown in Figure 6B, a 2-fold difference was observed in phos-
pho-H3* LGALS3 silenced population in comparison to Hela
shSCRB cells after IR, indicating an impaired cell cycle arrest.

GALS3 interacts with DDR pathways-related proteins

To further explore GAL3 biology, we determined its protein
interaction network based on TAP assays. The purified pro-
teins were identified by mass spectrometry and were considered
putative GAL3 interaction partners only proteins that were not
present in control affinity purification. Using this approach,
43 GAL3 protein associations were identified, among them
GAL3BP, a well-characterized GAL3 partner, indicating native
folding of the ectopic construct (Table 1). The identified net-
work includes proteins involved in different biological processes
such as cellular component organization, response to chemical
stimuli, and developmental processes.

Since GALS3 is a ubiquitous protein, interaction partners were
categorized in six protein groups based on subcellular location
(plasma membrane, cytoplasm, cytoskeleton, mitochondria,
nucleus, and other organelles, Table 1). Noteworthy we were able
to identify four DDR-related proteins interacting with GALS3,
namely PARP1, HSP90ABI, CDC5L, and PRPF19.

Volume 15 Issue 7

©2014 Landes Bioscience. Do not distribute.



Table 1. GAL3 interaction partners identified by TAP-MS

Symbol Description® Entrez gene ID
Plasma membrane

ATP1A1 ATPase, Na*/K* transporting, a 1 polypeptide 476
BSG Basigin (Ok blood group) 682
CADM1 Cell adhesion molecule 1 23705
CCT3 Chaperonin containing TCP1, subunit 3 (gamma) 7203
ITGB1 Integrin, B 1 (fibronectin receptor, B polypeptide 3688
LAMC1 Laminin, gamma 1 (formerly LAMB2) 3915
SLC12A2 Solute carrier family 1 (neutral amino acid transporter), member 5 6558
SLC3A2 Solute carrier family 3 (activators of dibasic and neutral amino acid transport), member 2 6520
Cytoplasm

AHCY Adenosylhomocysteinase 191
CKAP4 Cytoskeleton-associated protein 4 10970
DDOST Dolichyl-diphosphooligosaccharide—protein glycosyltransferase 1650
GLB1 Galactosidase, B 1 2720
HSP90AB1 Heat shock protein 90 kda « (cytosolic), class B member 1 3326
IPO5 Importin 5 3843
KPNB1 Karyopherin (importin) 3 1 3837
MYL6 Myosin, light chain 6, alkali, smooth muscle and non-muscle 4637
RPL35 Ribosomal protein L35 11224
RPS20 Ribosomal protein S20 6224
Cytoskeleton

LAMP2 Lysosomal-associated membrane protein 2 3920
MYH10 Myosin, heavy chain 10, non-muscle 4628
NAP1L1 Nucleosome assembly protein 1-like 1 4673
VIM Vimentin 7431
Mitochondria

ATP5C1 ATP synthase, H* transporting, mitochondrial F1 complex, gamma polypeptide 1 509
HRNR Hornerin 388697
MCCC1 Methylcrotonoyl-CoA carboxylase 1 () 56922
PDHX Pyruvate dehydrogenase complex, component X 8050
Nucleus

ACTA2 Actin, o 2, smooth muscle, aorta 59
CDC5L Cell division cycle 5-like 988
KIAA1549 KIAA1549 57670
LGALS3BP Lectin, galactoside-binding, soluble, 3 binding protein 3959
MCCC2 Methylcrotonoyl-CoA carboxylase 2 (B) 64087
MYL12B Myosin, light chain 12B, regulatory 103910
PARP1 Poly (ADP-ribose) polymerase 1 142
PRPF19 PRP19/PSO4 pre-mRNA processing factor 19 homolog (S. cerevisiae) 27339
RPL7A Ribosomal protein L7A 6130
SLC1A3 Solute carrier family 12 (sodium/potassium/chloride transporters), member 2 6507
SLC1A5 Solute carrier family 1 (glial high affinity glutamate transporter), member 3 6510
TMPO Thymopoietin 7112

3Source: www.genecards.org
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Table 1. GAL3 interaction partners identified by TAP-MS (continued)

Symbol Description® Entrez gene ID
Other organelles

ECE1 Endothelin converting enzyme 1 1889

NCSTN Nicastrin 23385

PCCA Propionyl CoA carboxylase, a polypeptide 5095

RPL12 Ribosomal protein L12 6136
SERPINH1 Serpin peptidase inhibitor, clade H (heat shock protein 47), member 1, (collagen binding protein 1) 871

2Source: www.genecards.org

Discussion

Many roles have been suggested for GAL3 in cancer; how-
ever, most of them are still to be mechanistically proven.’® Our
group placed GAL3 as a binding partner of the BARD1 (BRCT
domain through a wide protein—protein interaction screening.
The identified fragment (amino acids 170-250) encompasses the
GAL3 CRD sequence that is responsible for the protein glyco-
conjugate-binding activity (Fig. 1).>

For a long time BARDI was supposed to be only a BRCA1
accessory, playing a secondary role associated with its N-terminal
RING finger domain (responsible to BRCA1/BARDI heterodi-
merization). However, BARD1 tBRCT domain (located in its
C-terminal) was also proven of functional relevance, depicted
by cancer predisposing mutations affecting this domain.”%
The BARDI1 (BRCT domain is also reported as an interaction
domain, mediating protein-protein associations by specific phos-
phorylated motifs (e.g., pSer-X-X-Phe).?! Curiously, the sequence
Ser-Val-Phe-Pro-Phe-Glu-Ser (amino acids 188-194) found in
the identified GAL3 fragment (Fig. 1) quite resembles the tBRCT
interaction motif. Moreover, an in silico query performed in the
PhosphoSitePlus database indicated that both serine residues are
prone to phosphorylation in this fragment (pSer-Val-Phe-Pro-
Phe-Glu-pSer), suggesting a putative interaction model.?#?}

The GAL3/BARDI interaction was confirmed in a endog-
enous IP approach (Fig. 2A), identifying GAL3 as a constitu-
tive component of a BARDI protein complex and also placing
it in a complex with BRCAL1 (Fig. 2B). It is reasonable to infer
that the three proteins were participating in the same complex,
but we cannot exclude that GAL3 may take place in two differ-
ent complexes (Fig. 2B). Interestingly, in both situations GAL3
was identified as its monoubiquitinated posttranslational form.
According to the PhosphoSitePlus database, at least two inde-
pendent entries point to an ubiquitination event in GAL3 lysine
residue at position 176.

Ubiquitination is not an unusual feature in DDR pathways.
In fact, the insertion and recognition of ubiquitinated chains is
essential for the correct assembly of the proteins complexes at the
DNA damage site, such as the recruitment of RAP80, a member
of BRCAI A complex, via recognition of RNF8-mediated ubig-
uitination of MDCI1.>* Importantly, BRCA1/BARDI heterodi-
mer is also an E3 ubiquitin ligase,” and since both proteins were
able to interact with GAL3, the hypothesis of a direct enzyme/
substrate relation cannot be excluded.

846 Cancer Biology & Therapy

Our protein interaction data placed GAL3 at the DDR path-
way, due to both BARDI1 and BRCAL interactions. Thus, we
investigated the impact of GAL3 silencing in the response to
different classes of DNA damage agents; namely IR and etopo-
side—which promote single strand and mainly double-strand
breaks—and the interstrand DNA crosslinking agents cispla-
tin and mitomycin C (Fig. 3). These agents induce the activa-
tion of different DNA damage repair mechanisms. DS breaks
are resolved by HR and NHE], adducts induced by crosslinking
are corrected preferentially by nucleotide excision repair, but also
with contribution of HR. SS breaks are object of the SS repair
pathway that involves APE1, PNKP, TDP1, APTX, and DNA
ligases. In addition to the canonical NHE] pathway, there is
an alternative end-joining pathway that utilizes larger stretches
of microhomology and engages various factors that also func-
tion in HR or SS break repair (MRN complex, PARP1, WRN,
LIGI).%6%

GALS3 silenced cells exhibited a consistent increase in resis-
tance when treated with damage agents compared with proficient
cells (Fig. 3). The data suggest a specific role for GAL3 in DDR
after injury.

Although most reports correlate GAL3 with anti-apoptotic
functions, and thus its overexpression is related to drug resis-

tance,*

there are evidences also suggesting a pro-apoptotic func-
tion for the protein, limited to its nuclear fraction.®® Curiously,
BARDI exhibited pro-apoptotic potential mediated by its trans-
location to the mitochondria, an opposing effect to the one
described for GAL3 migration to the same organelle. It is plau-
sible to envisage the participation of both a GAL3/BARDI com-
plex modulating apoptosis control.?>%

The HR pathway is a common feature triggered by all tested
damage agents. This cascade has many key points such as the
activation of ATM. This kinase is auto-phosphorylated upon
DNA damage, in particular at the serine residue 1981, and the
resulting activated dimers promote the phosphorylation of early
events in the HR pathway such as the phosphorylation of his-
tone H2AX, as well as downstream substrates as the CHK2
kinase.*** We investigated the phosphorylation status of both
kinases (ATM and CHK2, Fig. 4) and also of H2AX (Fig. 5),
and did not observe differences in the phosphorylation levels
of ATMS1%8! or CHK2 after IR treatment. However, GAL3
silenced cells showed a different pattern of ATM3*'%! phosphory-
lation forms upon DNA damage when compared with proficient
cells (Fig. 4), suggesting a posttranslational modification leading
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to lower MW forms. ATM phosphorylation phenomenon may
occur in different sites (not only in Ser1981) and is also associated
to different cellular processes, not restricted to the initial DDR
signaling. Among these sites, one of particular interest is $794,
this residue was found to be linked to apoptosis induction and
cell cycle regulation.®

Further investigation is required to characterize the altered
ATM phosphorylation forms observed in response to IR in
GALS3 silenced cells and also explore its eventual association with
the observed reduced sensitivity of these cells to DNA damage
agents (Fig. 4).

The altered ATM phosphorylation pattern upon IR treatment
in cells lacking GAL3 expression led us to investigate the kinetics
of H2AX phosphorylation (Fig. 5). The formation of YH2AX
foci is one of the first events in HR cascade, signaling the dam-
aged site to the DDR machinery.”” yH2AX foci formation is
retarded in the absence of GAL3, suggesting an impairment in
early steps of HR, involving both ATM and H2AX, but not the
downstream element CHK?2 (Figs. 4 and 5). Curiously, a similar
effect on the kinetics of H2AX phosphorylation was reported in
PARP1 knockout cells due to a poly-ADP-ribosylation-depen-
dent ATM regulation.?®

A common cellular response to DNA damage involves the
inhibition of cell cycle progression. The impairment of HR key
events, such as the observed in BRCA1 deficient cells, is associ-
ated to a reduced G,/M cell cycle arrest, allowing cells to undergo
mitosis independently of DNA errors.*”* A similar scenario was
observed in GAL3 deficient cells in response to IR (Fig. 6), sug-
gesting the participation of GAL3 in the DNA damage response
pathway.

The DDR is ruled by a sophisticated cellular network that
coordinates events requiring actions of various proteins with dif-
ferent functions, from sensoring DNA damage to actual repair.”!
It is reasonable to speculate that the observed delay in YH2AX
foci formation and the resistance to DNA damage agents are
intrinsic and correlated events, but it is also reasonable to assume
an independent participation of GAL3 in two distinct events dur-
ing DDR. Thus, an eventual pro-apoptotic control performed by
GAL3/BARDI would be abrogated in deficient cells. Recently,
a similar scenario was presented by Chen and colleagues, where
Gadd45a-deficient cells exhibited an increased resistance to
DNA damage associated with a decrease in the apoptosis rate and
delayed DNA repair.**

In this report we also described a new set of GAL3 protein
partners (Table 1). Supporting the involvement of GAL3 in
DDR, we identified at least four interaction partners that play
relevant roles in DNA damage-related events: HSP90ABI,
PRPF19, CDC5L, and PARPI.

HSP90 is a chaperone thatacts on the correct folding of proteins
as CHK1, BRCA2, RAD51, FANCA, DNA-PK, and BRCA1.%
In response to IR, HSP90 is phosphorylated by DNA-PK, ATR,
and ATM kinases, and co-localizes with YH2AX at DNA dam-
age sites. Importantly, cells lacking HSP90 exhibited an impaired
maintenance of YH2AX foci, as well as the treatment with HSP90
inhibitors that led to a reduction of BRCAL1 protein levels, associ-
ated to ubiquitin-proteasome pathway.*>%
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PRPF19, formerly known as Pso4, was reported to interact
with TDT BRCT domain, participating of DNA interstrand
crosslinking repair. Moreover, cells lacking PRPF19 expression
exhibited an increased sensitivity to IR treatment.” PRPF19 also
interacts with CDC5L (another novel GAL3 partner, Table 1),
that is involved in the repair of psoralen-induced DNA crosslink-
ing. This complex also contains the exonuclease WRN which
is activated by its association with DNA single strand protein
RPA.%“# Curiously, PRPF19 contains a U-box domain, associ-
ated to E3 ubiquitin ligase activity. Although PRPF19 autoubig-
uitination was reported, other ubiquitination targets are still to
be determined.*

PARPI regulates processes such as gene transcription, apop-
tosis and DDR, via its poly-ADP ribose conjugating activity.”
Curiously, this protein encloses a singular BRCT domain and
the WGR motif, the latter also found in GAL3, being criti-
cal to its self-dimerization.’®>! Therefore, it is reasonable to
speculate that these PARPI regions may be involved in GAL3
interaction. PARP1 has several substrates, such as histones H1,
H2A, and H2B, as well as aurora kinase and p53.% It is well
described that PARP1 modulates the accumulation of p53 after
IR-induced DNA damage.’* Interestingly, p53 activation induces
the downregulation of GAL3 levels in thyroid carcinoma cells, in
a HIPK2-dependent mechanism.*

Recently, Li and Yu identified BARDI ¢BRCT as a poly
(ADP-ribose)-binding module and this association is necessary
to the proper localization of BRCA1/BARDLI heterodimer to
DNA damage sites.”* Our data suggest the participation of GAL3
in complexes with BRCA1 and BARDI (and also PARP1), thus,
it is reasonable to consider an eventual participation of GAL3
modulating BRCA1/BARDI heterodimer recruitment to dam-
age sites via its association with PARPI.

Materials and Methods

Cell culture and antibodies

Human HEK293FT cell line was purchased from Invitrogen
(Invitrogen, R700-07) and the human cervix adenocarcinoma
cell line HelLa was obtained from the Rio de Janeiro Cell Bank
(BCR]J, 0100). Both cell lines were maintained in RPMI-1640
(Invitrogen, 22400-089) supplemented with 10% fetal bovine
serum (Invitrogen, 16000-044) in 5% CO, at 37 °C.

Rabbit anti-BARDI (Bethyl Laboratories, BL518), mouse
anti-galectin-3 (Santa Cruz Biotechnologies, SC5610), and rabbit
anti-BRCAL1 (Santa Cruz Biotechnologies, SC642) monoclonal
antibodies were used for co-immunoprecipitation and immunob-
lotting. Mouse anti-FLAG (Sigma Co., F1804) and anti-Tubulin
(Sigma Co., A2066), rabbit anti-ATM (Millipore, 071286) poly-
clonal and anti-phospho-ATM%1%8! (Upstate, 05740) monoclo-
nal antibodies, rabbit anti-ubiquitin (Dako Co., Z0458), goat
HRP-conjugated anti-mouse Ig (Santa Cruz Biotechnologies,
SC2005) and goat HRP-conjugated anti-rabbit Ig polyclonal
(Santa Cruz Biotechnologies, SC2301) antibodies were used for
IB. Rabbit anti-phospho-H2AX5*"% monoclonal antibody (Cell
Signaling, 2577) and goat Alexa Fluor 488 conjugated anti-rabbit
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Ig polyclonal antibody (Life Technologies, A11008) were used
for immunofluorescence staining. Rat Alexa Fluor 647 conju-
gated anti-phospho-Histone H3%* monoclonal antibody (BD
Biosciences, 558217) was used for flow cytometry. All antibodies
were used following manufacturer’s instructions.

Constructions and transfection

Human Galectin-3 coding sequence was amplified by
PCR using the following primers Fw 5-AAGAATTCAT
GGCAGACAAT TTTTCGCTCC-3' and Rv 5-
AAGGATCCTT ATATCATGGT ATATGAAGCA CTGG
-3" (enclosing EcoRI and BamHI restriction sites, respectively)
and the construction pEF-Neo-GAL3 as template.”” The ampli-
fied coding sequence was cloned into pEGFP-C2 (Clontech
Laboratories, 6083-1). The same approach was used to generate
pNTAP-GAL3 construct, encoding calmodulin binding pep-
tide, streptavidin binding peptide-tagged GAL3. pNTAP-GFP
was previously generated by our group.'

Transfections were conducted using Fugene6® reagent (Roche,
1988387), following the manufacturer instructions.

Immunoblotting and co-immunoprecipitation

Total cellular extracts were obtained using a mild-RIPA buf-
fer (previously described®), supplemented with protein inhibi-
tors cocktail (Sigma Co., P8340). Briefly cells were scraped and
incubated on ice with mild-RIPA for 30 min. Cellular debris was
removed by centrifugation and the supernatant was collected.
Sub-cellular fractionation was performed to obtain cytoplasmatic
(CyEx) and nuclear extracts (NuEx) as previously described.”

Co-immunoprecipitation (Co-IP) assays were performed by
incubating A/G plus agarose beads (Santa Cruz Biotechnologies,
SC2003), cellular extracts and the appropriate antibody for 16 h
at 4 °C in mild-RIPA buffer, followed by ice-cold mild-RIPA
buffer washes.

Immunoblotting (IB) assays were performed as previously
described’® using PVDF membranes (Millipore, PR02531). IBs
were developed using a chemiluminescent peroxydase substrate
(ECL plus, Amersham Biosciences, RPN2124) followed by auto-
radiography using Hyperfilm ECL (Amersham, 28906836).

Galectin-3 silencing

Lentiviral particles enclosing pLKO.1 plasmids encoding
shRNAs targeting LGALS3 gene (shGAL3) or a control scram-
ble sequence (shSCRB) were produced in HEK293FT cells using
Virapower Lentiviral Expression Kit (Invitrogen, K4975-00).
To generate HeLa shGAL3 and HeLa shSCRB, cell lentiviral
particles were transduced in HeLa cells, followed by puromy-
cin (Invitrogen, A1113802) selection according to manufacturer
instructions.

MTT cell viability assay

Cells were plated in 96-well plates (1 x 10° cells/well), allowed
to attach for 24 h, cells were (a) irradiated (10, 20, or 40 Gy) fol-
lowed by a 96 h recovery period or (b) treated with different che-
motherapeutic agents for 48 or 96 h: carboplatin (50-500 wM,
Blaiisiegel, B-PLANTIN), etoposide (10-200 nM, Darrow,
POSIDON), or mitomycin C (50 and 100 nM, Bristol-Myers-
Squib, MUTAMYCIN). Cellular viability was assessed using
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium ~ bromide
(MTT, Sigma Co., M5655), as previously described.”
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Immunofluorescence assay

Phospho-H2AX5"% immunofluorescence staining was per-
formed as previously described with slight modifications.”
Briefly, cells were plated over glass covers slides and allowed to
attach for 24 h. Afterwards, cells were exposed to ionizing radia-
tion (IR, 5 Gy), followed by fixation treatment (5 min in form-
aldehyde 3% v/v and sucrose 2% w/v prepared in PBS) 15, 30,
or 60 min post-IR treatment. Cellular membranes were permea-
bilized and incubated with anti-phospho-H2AX3" followed by
Alexa Fluor 488-conjugated anti-rabbit Ig secondary antibody.
Slides were mounted with Prolong Gold antifade reagent with
DAPI (Invitrogen, P-36931). Samples were analyzed by confo-
cal microscopy (Leica, Leica TCS SP5). IR-induced yYH2AX foci
were quantified using Image] software.®

Flow cytometry

Early G,/M checkpoint arrest analysis was performed as pre-
viously described.”” Briefly, HeL.a shSCRB and HelLa shGAL3
cells were plated in 6-well plates and allowed to attach for 24
h. Afterwards, cells were exposed to IR (6 Gy) and fixed with
ethanol 70% v/v for 4 h. Cells were immunostained with Alexa
Fluor 647 conjugated anti-phospho-histone H3%?% antibody,
after then washed with PBS solution and stained with prop-
idium iodide (Sigma Co., 81845) and RNase A (Sigma Co.,
R4875) solution. Samples were acquired using flow cytometry
(BD Biosciences, LRSII) and analyzed with FlowJo v.6.4.7
(TreeStar).

Tandem affinity purification and mass spectrometry
(TAP-MS)

GALS3 interacting proteins were identified by TAP-MS assay
as previously described." Briefly, HEK293FT cells were trans-
fected with pPNTAP-GAL3 or pNTAP-GFP and incubated for
24 h. After this, whole cell lysates were obtained using NETN
buffer (Nonidet P40 0,5% v/v, Tris pH8,0 20 mM, NaCl 50 mM,
NaF 50 mM, Na,VO, 100 mM, DTT 1 mM, PMSF 50 pg/mL).
TAP assay was performed using the Interplay Mammalian TAP
System (Agilent Technologies, 240107) following manufacturer
instruction. The purified proteins were resolved using SDS-PAGE
followed by Coomassie blue staining. Stained bands were excised
and in-gel trypsin digestion was performed. Eluted protein
fragments were separated by nano flow liquid chromatography
(Thermo Scientific, U3000) and analyzed by mass spectrometry
(Thermo Scientific, LTQ). Protein fragments were identified
using Scaffold v.3.2.0 (Proteome Software) and Mascot v.2.2.04
(Matrix Science). The final GAL3 interaction data set consists of
proteins identified in pNTAP-GAL3 transfected cells assay, but
not in the negative control pPNTAP-GFP analysis.
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