Cellular and Molecular Life Sciences (2019) 76:2015-2030

https://doi.org/10.1007/500018-019-03033-4 Cellular and Molecular Life Sciences

ORIGINAL ARTICLE q

Check for
updates

IGFBP-3 interacts with NONO and SFPQ in PARP-dependent DNA
damage repair in triple-negative breast cancer

Hasanthi C. de Silva' - Mike Z. Lin2® - Leo Phillips'® - Janet L. Martin'® - Robert C. Baxter'

Received: 3 September 2018 / Revised: 9 January 2019 / Accepted: 28 January 2019 / Published online: 6 February 2019
© Springer Nature Switzerland AG 2019

Abstract

Women with triple-negative breast cancer (TNBC) are generally treated by chemotherapy but their responsiveness may be
blunted by DNA double-strand break (DSB) repair. We previously reported that IGFBP-3 forms nuclear complexes with
EGFR and DNA-dependent protein kinase (DNA-PKcs) to modulate DSB repair by non-homologous end-joining (NHEJ)
in TNBC cells. To discover IGFBP-3 binding partners involved in chemoresistance through stimulation of DSB repair, we
analyzed the IGFBP-3 interactome by LC-MS/MS and confirmed interactions by coimmunoprecipitation and proximity liga-
tion assay. Functional effects were demonstrated by DNA end-joining in vitro and measurement of YH2AX foci. In response
to 20 uM etoposide, the DNA/RNA-binding protein, non-POU domain-containing octamer-binding protein (NONO) and
its dimerization partner splicing factor, proline/glutamine-rich (SFPQ) formed complexes with IGFBP-3, demonstrated
in basal-like TNBC cell lines HCC1806 and MDA-MB-468. NONO binding to IGFBP-3 was also shown in a cell-free
biochemical assay. IGFBP-3 complexes with NONO and SFPQ were blocked by inhibiting EGFR with gefitinib or DNA-
PKcs with NU7026, and by the PARP inhibitors veliparib and olaparib, which also reduced DNA end-joining activity and
delayed the resolution of the YH2AX signal (i.e. inhibited DNA DSB repair). Downregulation of the long noncoding RNA
in NHEJ pathway 1 (LINP1) by siRNA also blocked IGFBP-3 interaction with NONO-SFPQ. These findings suggest a
PARP-dependent role for NONO and SFPQ in IGFBP-3-dependent DSB repair and the involvement of LINP1 in the complex
formation. We propose that targeting of the DNA repair function of IGFBP-3 may enhance chemosensitivity in basal-like
TNBC, thus improving patient outcomes.
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double-strand breaks (DSBs), potentially the most lethal
form of DNA damage. Cancer cells typically respond by
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initiating DNA repair, cell death, or senescence [1]. Since
repairing damaged DNA reverses the effect of DNA-dam-
aging treatments, it is an important mechanism by which
cancer cells oppose the effects of these therapies. Overcom-
ing treatment resistance is a major goal to improve cancer
therapy. The two predominant DSB repair mechanisms that
maintain genomic integrity are homology-directed recombi-
nation (HR), which is accurate but only occurs from late S to
G2 phase of the cell cyle, and non-homologous end-joining
(NHEJ), more error-prone but active at all cell cycle stages.
NHE] involves the assembly and sequential reorganization of
protein complexes at the site of DNA strand breaks, includ-
ing the DNA-dependent protein kinase (DNA-PK) complex
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comprising DNA-PK catalytic subunit and the Ku70-Ku80
heterodimer [2]. Inhibitors of both HR and NHEJ pathways
have been developed in attempts to overcome DNA-repair-
mediated resistance [1].

In triple-negative breast cancers (TNBC), which are
unresponsive to estrogen receptor- or HER2-directed treat-
ments, cytotoxic chemotherapy is a front-line treatment,
and no targeted treatment is yet widely accepted [3]. Inhibi-
tors of poly(ADP-ribose) polymerase-1 (PARP1) have been
extensively trialed, mainly in cases with BRCA1 mutation or
dysregulation [3]. PARP1, which adds multiple ADP-ribose
units to proteins (known as PARylation), is involved in coor-
dinating single-strand DNA repair [4]; its inhibition results
in increased DNA single-strand breaks which, upon replica-
tion, are typically repaired by homologous recombination
pathways involving BRCA1 and BRCA2.

There is substantial evidence that PARP inhibitors disrupt
DNA repair by NHEJ [5]. For example, the EGF receptor
(EGFR) is known to translocate to the cell nucleus as part
of the NHEIJ process [6], and the PARP inhibitor veliparib
(ABT-888) has been shown to inhibit nuclear EGFR trans-
location and DNA repair in response to radiotherapy [7].
PARPI1 has also been shown to PARylate the DNA- and
RNA-binding protein NONO (non-POU domain-containing
octamer-binding protein), which is then recruited to DNA
damage sites and stimulates NHEJ while inhibiting HR [8].
This effect was also blocked by veliparib. The involvement
of NONO and its binding partner SFPQ (splicing factor, pro-
line and glutamine rich) in NHEJ is increasingly recognized,
with a role in DNA pairing during the ligation phase, and
potentially additional functions [9].

We previously reported that insulin-like growth factor
binding protein-3 (IGFBP-3) is involved in DSB repair by
NHEJ, forming nuclear complexes with both EGFR and
DNA-PKcs in response to DNA-damaging chemotherapy
[10]. This effect was unexpected because in some cancers
IGFBP-3 acts as a tumor suppressor [11]. We now report
that in TNBC cell lines, both NONO and SFPQ form PARP-
dependent complexes with IGFBP-3 after exposure to DNA-
damaging chemotherapy, and that preventing these interac-
tions inhibits the DNA damage response. These findings
present novel opportunities for drug intervention in DNA
damage repair by NHEJ, with the potential to modulate treat-
ment resistance in TNBC.

Materials and methods

Etoposide was obtained from Sigma-Aldrich (St. Louis, MO,
USA). Gefitinib (Iressa) and NU7026 (LY293646) were
from MedChem Express (Monmouth Junction, NJ, USA).
NU7441 was from Tocris Bioscience, Bristol, UK. Veliparib
(ABT-888) was from Selleckchem, Houston, TX, USA and
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olaparib from AdooQ Bioscience, Irvine, CA. Rabbit antise-
rum R-100 against full-length human IGFBP-3, and recom-
binant human IGFBP-3 expressed in human cells, were
prepared in-house. Recombinant human NONO, Myc-DDK-
tagged (TP326567) was obtained from Origene, Rockville,
MD, USA. FLAG antibody plates (L00455C) were from
GenScript, Piscataway, NJ, USA. LINP1 TagMan probes
were designed using the Custom TagMan Assay Design
Tool (ThermoFisher) and purchased from Life Technolo-
gies, Mulgrave, VIC, Australia. Goat anti-rabbit IgG-HRP
(ab97080) was from Abcam, Melbourne, VIC, Australia,
and 1-Step Turbo TMB-ELISA substrate solution was from
ThermoFisher, Scoresby, VIC, Australia.

Cell culture

The human basal-like TNBC cell lines MDA-MB-468 and
HCC1806 were obtained from ATCC, Manassas, VA and
maintained in RPMI 1640 medium containing 5% FBS and
10 pg/mL bovine insulin under standard conditions. Cryo-
preserved stocks were established within 1 month of receipt
(in 2010), and fresh cultures for use in experiments were
established from these stocks every 2-3 months. All cell
lines tested negative for mycoplasma. Inhibitor treatments
were carried out for 24 h with veliparib (20 pM), olaparib
(10 uM), gefitinib (10 uM), or NU7026 (20 uM), followed
by etoposide (20 uM).

siRNA mediated transient knockdown

IGFBP-3 was downregulated using siRNAs from Qiagen
(Hilden, Germany) (Table 1). DNA-PKcs was down-
regulated using siRNA (Hs_PRKDC_6 FlexiTube) from
Qiagen (Melbourne, VIC, Australia). LINP1 was down-
regulated using custom siRNAs from Dharmacon (Lafay-
ette, CO, USA) (Table 1). Transfection was performed by
electroporation (Amaxa Nucleofector, Lonza, Cologne,

Table 1 IGFBP-3 and LINP1 siRNAs

Name Sense strand
IGFBP-3
siRNA #1* 5" GUUGACUACGAGUCUCAGAUU 3’
siRNA #2° 5" AGGUUAAUGUGGAGCUCAAUU 3’
LINP1
siRNA #1°¢ 5" UGAUUCAGCUGCAUAAAUAUU 3’
siRNA #2°¢ 5" GAUAGGAACCCCAGGGAAUUU 3’
siRNA #3¢ 5" CACUCUCCAGCCUGCAAGAUU 3’

*Designed by Qiagen (Hilden, Germany)
bCatalog No. SI02780589, Qiagen
“Designed by Dharmacon (Lafayette, CO)
dReported by Zhang et al. [18]
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Germany). In brief, the cells were harvested by trypsiniza-
tion and resuspended at 1 x 10° cells in 100 uL Transfec-
tion Reagent solution V (Lonza), and mixed with 100 nM
targeting siRNA or AllStars negative control siRNA (Qia-
gen). Immediately after electroporation, cells were trans-
ferred to complete medium and plated for analysis. Knock-
down was confirmed by qRT-PCR as previously described
[12] using Tagman probe Hs00181211_m1 for IGFBP-3,
a custom synthesized probe for LINP1, and hydroxymeth-
ylbilane synthase (HMBS; Hs00609297_m1) as an internal
control (Applied Biosystems, Foster City, CA, USA).

Coimmunoprecipitation and western blotting

Immunoprecipitation of IGFBP-3 complexes using anti-
IGFBP-3 IgG (Fab fraction) coupled to agarose beads was
performed as previously described [10]. For immunopre-
cipitations using NONO and DNA-PK antibodies, cells
(~ 1 x 10° were lysed in 1 mL ice-cold RIPA lysis buffer
(50 mM Tris—HCI pH 7.4, 150 mM NaCl, 1 mM EDTA,
1% Triton X-100) supplemented with protease (cOm-
plete™ Mini) and phosphatase (PhosSTOP™) inhibi-
tors (Roche; Sigma-Aldrich, Sydney, Australia) at 4 °C
for 1 h and spun at 10,000 x g for 10 min to pellet cell
debris. Lysates were precleared by mixing with 20 pL of
Protein A agarose beads (Roche; Sigma-Aldrich) for 1 h
at 4 °C. Pre-cleared lysates were mixed overnight with
specific antibodies and Protein A agarose beads (blocked
by mixing with 1% BSA in RIPA buffer for 1 h at 4 °C).
Antibodies used for IP were: NONO [N-terminal] (Sigma-
Aldrich #N8789), 2.5 ug per sample; total DNA-PK (Santa
Cruz Biotechnology #sc-9051), 2 ug per sample; phospho-
DNA-PK[S2056] (Abcam #ab-18192), 2 ug per sample.

To prepare nuclear extracts for colP, cellular fractiona-
tion was performed according to the manufacturer’s pro-
tocol for the NE-PER Nuclear and Cytoplasmic Extraction
Kit (ThermoFisher).

Immunoprecipitated samples were resuspended in
Laemmli sample buffer containing 50 mM dithiothreitol,
heated at 95-100 °C for 6 min, and fractionated on 12%
SDS-PAGE gels. Proteins were transferred to Protran®
supported nitrocellulose membranes (Amersham, UK) at
160 mA for 2 h. Membranes were blocked in 50 g/L skim
milk powder and probed with primary antibodies (SFPQ
[EPR11847], 1:10,000, Abcam #ab177149; NONO (as
above), 1:2000; IGFBP-3 [C19], 1:750, Santa Cruz Bio-
technology #sc-6003; pEGFR [Y1068], 1:2000, Cell Sign-
aling #2234; pDNA-PK (as above), 1:2000; total DNA-PK
(as above), 1:1000; GAPDH [14C10], 1:2000, Cell Signal-
ing #2118; Lamin B1, 1:2000, Abcam #ab16048) at 4 °C
for 16 h. Immunoreactive bands were visualized as previ-
ously described [10].

PLA

PLA was performed using the Duolink Detection Kit (Olink
Bioscience Uppsala, Sweden) as previously described [10].
Briefly, cells were grown on 8-mm glass coverslips to 50%
confluency, treated, and prepared for microscopy by fix-
ing, permeabilizing and blocking. Coverslips were incu-
bated with primary antibody pairs (raised in different spe-
cies) targeting the proteins under investigation overnight at
4 °C: SFPQ (as above), 1:500; NONO (as above), 1:500;
IGFBP-3 (as above), 1:100. This was followed by incuba-
tion with PLA probes MINUS and PLUS for 1 h at 37 °C,
probe ligation for 30 min at 37 °C and amplification over
100 min at 37 °C. Interactions were detected as amplified
far-red signals using a Leica TCS SP5 confocal microscope
(Leica Microsystems, Wetzlar, Germany) and quantitated
using Image J software.

yH2AX immunofluorescence

Cells grown on 8-mm glass coverslips were washed three
times with PBS, fixed with 4% paraformaldehyde for 15 min,
permeabilized with 0.2% Triton X-100 for 5 min and blocked
with 2% BSA for 1 h. Cells were then incubated with rab-
bit anti-phospho-histone H2A.X (Ser139) (1:200; Cell
Signaling Technology, #9718) overnight at 4 °C, washed,
and further incubated with anti-rabbit secondary antibody,
tagged with Alexa Fluor 594 (Life Technologies, Carlsbad,
CA, USA). For controls, cells were treated with isotype-
matched IgG from the same species. Slides were mounted
using ProLong Gold Antifade Reagent (Life Technologies).
Fluorescence images were captured by confocal laser scan-
ning microscope. YH2AX fluorescence was quantitated in
5-6 fields for each condition using ImageJ (NIH, Bethesda,
MD), and corrected for the number of nuclei per field (aver-
age=14), visualized by DAPI staining. Data were calculated
from three replicate experiments.

Discovery of IGFBP-3-interacting proteins

MDA-MB-468 cells were grown to 90% confluence in
T75 flasks in RPMI 1640 medium containing 5% fetal
calf serum and 10 pg/mL bovine insulin, then exposed to
20 uM etoposide, or medium alone for control cells, for
2 h. Medium was removed, and cells were washed twice
in PBS, then lysed with 1 mL ice-cold RIPA buffer sup-
plemented with protease and phosphatase inhibitors (as
above) at 4 °C for 30 min. After centrifugation to remove
insoluble material, the supernatant was incubated over-
night with anti-IGFBP-3 IgG (Fab fraction) conjugated to
agarose beads as previously described (10). Control pre-
cipitations used agarose beads without antibody. Beads
were pelleted by centrifugation, washed 4 times in ice-cold
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«Fig. 1 IGFBP-3 forms a complex with NONO and SFPQ in response
to etoposide treatment. a MDA-MB-468 basal-like TNBC cells
were exposed to 20 uM etoposide (Etop) for the indicated times, and
IGFBP-3-interacting proteins precipitated from cell lysates by anti-
IGFBP-3 antiserum (Fab fraction) coupled to agarose beads. Uncou-
pled agarose beads were used for IP controls. Samples were blotted
for NONO and SFPQ after fractionation by SDS-PAGE. Panels on
right show blots of whole-cell lysates without IP. Molecular weight
markers are shown on the left. b IGFBP-3 was downregulated in
MDA-MB-468 cells by siRNA, and cell lysates IP’d with IGFBP-3-
Fab beads 2 h after etoposide stimulation. Precipitates were blotted
for NONO, SFPQ, and IGFBP-3. ¢ MDA-MB-468 cells were treated
with etoposide, and nuclear extracts were prepared and immuno-
precipitated with IGFBP-3-Fab beads. Panels on left show SFPQ,
NONO, lamin Bl (nuclear marker), and GAPDH (cytoplasmic
marker) in whole nuclear extracts (5% of immunoprecipitated sam-
ple). GAPDH in the whole cytoplasmic fraction, run on the same gel,
is also shown for comparison. Panels on right show the same proteins
after IP. Only 0 and 4 h time points are shown from a 4-h timecourse.
For each analyte, all samples (input and IP) were run on the same gel.
For SFPQ and NONO, but not Lamin B1 or GAPDH, the input blots
shown were from shorter exposures, to avoid saturating the images. d
Similar experiment to that shown in Fig. la, but in HCC1806 basal-
like TNBC cells. e Quantitation of bands immunoblotted for NONO
and SFPQ in HCC1806 cells. Data are mean band density + SEM
from 5 experiments. *P <0.05 vs. time O by post hoc Fisher’s LSD
test after ANOVA. f Binding of recombinant IGFBP-3 to immobi-
lized recombinant NONO, measured in an ELISA format in which
bound IGFBP-3 is immunodetected and quantitated colorimetrically
at 450 nm. See Methods for details. Panels show dose-response
curves for NONO (left) and IGFBP-3 (right)

PBS, resuspended in 50 pL. 0.1% solution of RapiGest SF
surfactant (Waters, Rydalmere, NSW, Australia) in 20 mM
Tris—HCI buffer, pH 7.4. After boiling for 5 min to dis-
sociate immunoprecipitated proteins, supernatants were
collected by centrifugation and stored at — 80 °C before
analysis. For proteomic analysis, tris(2-carboxyethyl)phos-
phine was added to 5 mM final concentration, samples
were heated at 60 °C for 30 min, then cooled to room
temperature. lodoacetamide was added to 15 mM and
reacted for 30 min in the dark. Trypsin Gold (MS grade;
Promega, Alexandria, NSW, Australia) was added at 1:50
by protein weight, the solutions were incubated overnight
at 37 °C, and TFA was added to 0.5% final. After 45 min
at 37 °C, samples were immersed in liquid nitrogen to
precipitate the RapiGest, then centrifuged for 10 min, and
the supernatants collected. Samples were fractionated on
an UltiMate 3000 nanoL.C (Thermo Scientific) and spotted
onto a Bruker MTP 384 AnchorChip target plate (Bruker,
Preston, VIC, Australia) using a Proteineer fc II fraction
collector (Bruker) as described previously [13]. MS/MS
data were acquired on an UltrafleXtreme MALDI TOF/
TOF mass spectrometer (Bruker) with a smart beam laser
run at 2 kHz, with data processing and peptide identifica-
tion performed as previously described [13].

NONO-IGFBP-3 binding assay

NONO was diluted in 50 mM sodium phosphate, 0.05%
BSA, pH 7.4, and incubated 16 h at indicated concentra-
tions in wells of FLAG (i.e. DDK) antibody plates. All
incubations were at 22 °C in 100 pL of 0.1 M Tris—HCI,
0.05% BSA, pH 7.4 (incubation buffer) unless noted oth-
erwise. After 4 washes with 250 pL cold incubation buffer,
wells were incubated for 2 h at 22 °C with recombinant
human IGFBP-3 at indicated concentrations in incubation
buffer containing 1% BSA. After 4 washes as above, wells
were incubated 2 h with anti-human IGFBP-3 antiserum
R-100 at 1:25,000, washed 4 times, incubated 1 h with
goat anti-rabbit IgG-HRP at 1:20,000, washed 4 times, and
incubated 30 min with 100 uL TMB solution. Reactions
were stopped by adding 100 pL. 1 M H,SO, and absorb-
ance read at 450 nm.

DNA end-joining assay

Nuclear extraction and end-joining assay was performed
as described by Andrin et al. [14, 15] with slight modi-
fications. Briefly, HCC1806 cells were grown in flasks
and treated with inhibitors for 24 h followed by etoposide
treatment for 2 h as described in Materials and Methods.
After isolation of nuclei by centrifugation through a buffer
containing 300 mM sucrose, the washed nuclear pellet was
extracted into high-salt buffer (20 mM Hepes, pH 7.5, 25%
glycerol, 420 mM NaCl, 0.2 mM EDTA, 1.5 mM MgCl,)
for 30 min on ice, and insoluble material was removed by
centrifugation. The soluble nuclear extract was used in the
end-joining assay. Restriction enzymes Nhel and EcoRI
(New England Biolabs, Ipswich, MA, USA) were used
to digest a EGFP-C1 plasmid (Clontech, Mountain View,
CA, USA) to generate a DNA fragment of 4 kb with non-
homologous ends. The linearized plasmid was separated
by 0.8% agarose gel electrophoresis, purified using a DNA
gel extraction kit (Qiagen), and used as the substrate for
end-joining assays. Nuclear extract (2 pg) was mixed with
end-joining assay buffer (7.5 mM Tris pH 8.0, 0.2 mM
CaCl,, 10 mM MgCl,, 50 mM KCI, 1.2 mM ATP and
0.5 mM DTT) and allowed to stand for 30 min at 22 °C.
Repair was initiated by adding 100 ng of prepared lin-
earized DNA and incubated at 25 °C for 30 min, stopped
by the addition of 0.5 M EDTA, 0.5% SDS and 10 mg/
mL Proteinase K. DNA bands were separated on a 0.7%
agarose gel, stained with SYBR Gold (Life Technologies),
and visualized on a BioRad ChemiDoc imaging system.
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Statistics

ANOVA with post hoc Fisher’s LSD test (SPSS v.22 for
Mac; IBM Corp, Armonk, NY, USA) was used for multi-
ple group comparisons.

Results

We previously reported that the formation of nuclear com-
plexes involving IGFBP-3, DNA-PKcs and EGFR peaked
2—4 h after etoposide treatment in MDA-MB-468 basal-like
breast cancer cells [10]. To discover other proteins involved
in these interactions, we undertook an unbiased proteomic
screen for proteins that interact with IGFBP-3 2 h after
etoposide treatment. Examination by LC-MALDI-TOF/
TOF mass spectrometry of proteins co-precipitating with
IGFBP-3 from whole cell lysates consistently revealed both
NONO and SFPQ as putative IGFBP-3 binding partners
(Online Resource 1). Unique peptides for each protein, iden-
tified by mass spectrometry from IGFBP-3-coimmunopre-
cipitation (colP) experiments, are shown in Online Resource
2. These interactions, and their stimulation by chemotherapy
treatment, were confirmed by colP and western blotting, and
by proximity ligation assay (PLA). Figure 1a shows western
blots of whole cell lysates from MDA-MB-468 cells treated
with etoposide for 0—4 h, after immunoprecipitation using
agarose-immobilized anti-human IGFBP-3 IgG (Fab frag-
ment) or control, non-immune agarose beads. CoIP of both
NONO and SFPQ typically peaked after 2 h exposure to
etoposide, although the time-course was variable among
experiments, with earlier (1 h) or later (4 h) peaks seen in
some experiments. This variability may be related to the
passage number of the cells, with the peak time tending to
increase with extended passages after thawing. Weak bands
for both antigens were also seen in some control IPs.
When IGFBP-3 was downregulated transiently in
MDA-MB-468 cells by siRNA, the amount of NONO
and SFPQ detectable after IP with anti-human IGFBP-3,
2 h after etoposide treatment, was greatly reduced com-
pared to that from cells treated with control non-silenc-
ing siRNA (Fig. 1b), supporting the interpretation that
these proteins were precipitating in a complex contain-
ing IGFBP-3. Immunoprecipitated IGFBP-3 was detected
as a diffuse band around 40 kDa (known to be a mix-
ture of glycosylation isoforms) plus a weak band, prob-
ably proteolyzed IGFBP-3, below 30 kDa. An increase
in IGFBP-3-associated NONO and SFPQ after etopo-
side treatment was similarly observed in isolated nuclear
extracts rather than whole cell lysates (Fig. 1c). Similar
to MDA-MB-468 cells, IGFBP-3-associated NONO and
SFPQ also increased in HCC1806 basal-like breast can-
cer cells in response to etoposide, typically peaking 1-2 h
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after etoposide treatment (Fig. 1d). A representative image
of immunoprecipitated IGFBP-3, measured in most colP
experiments, is also shown in Fig. 1d. In Fig. 1e, the asso-
ciation of NONO and SFPQ with IGFBP-3 in HCC1806
cells is quantitated for 5 experiments, the broad peaks rep-
resenting the somewhat variable time-courses.

IGFBP-3 interaction with NONO was also examined
in a cell-free system using a direct binding assay in which
IGFBP-3 bound to immobilized NONO was detected in
an ELISA format. Figure 1f shows dose-response curves
for a fixed IGFBP-3 concentration (10 ng/100 pL; approx.
2.5 nM) bound to increasing concentrations of immobi-
lized NONO, and for increasing IGFBP-3 concentrations
bound to a fixed amount of NONO (25 ng/100 pL; approx.
4.6 nM). The NONO-IGFBP-3 interaction appears dose-
dependent and saturable, consistent with NONO forming
a specific protein—protein interaction with IGFBP-3.

Figure 2 confirms the association of NONO and SFPQ
with IGFBP-3 in breast cancer cells by proximity ligation
assay (PLA). Biomolecular interactions between IGFBP-3
and either binding partner are minimal before etoposide
treatment, typically peaking 2 h after exposure to 20 uM
etoposide and decreasing again at 4 h. In control PLA
experiments, in which either detection antibody was omit-
ted, no signal was observed (not shown). These independ-
ent approaches confirm that both NONO and SFPQ form
transient nuclear complexes with IGFBP-3 in basal-like
TNBC cells treated with etoposide.

We previously reported that complex formation involv-
ing IGFBP-3, DNA-PKcs and EGFR in response to DNA-
damaging chemotherapy requires autophosphorylation
of DNA-PKcs as well as EGFR kinase activity [10]. To
determine whether the IGFBP-3 complexes with NONO
and SFPQ require DNA-PKcs activation, we used the
inhibitor NU7026, which blocks DNA-PKcs activity with
an IC;, of 0.23 uM [16]. As shown in Fig. 3a, preincuba-
tion of MDA-MB-468 cells overnight with 20 uM NU7026
blocked the ability of etoposide to increase complex for-
mation between IGFBP-3 and NONO/SFPQ, as deter-
mined by IGFBP-3 colP experiments. A similar inhibi-
tory effect was seen using another DNA-PKcs inhibitor,
NU7441 (not shown). Inhibition by NU7026 was also
observed in HCC1806 cells (Fig. 3b). Summary data for
four experiments in MDA-MB-468 cells are shown in
Fig. 3c, showing a significant stimulatory effect of etopo-
side on complex formation (with a mean peak time of 1 h
in these experiments), abolished in cells preincubated
with NU7026. This inhibitory effect was also visualized
by PLA (Fig. 3d), in which preincubation with 10 uM
NU7026 essentially abolishes NONO-IGFBP-3 interac-
tion in MDA-MB-468 cells. Similarly, in Fig. 3e, down-
regulation of DNA-PKcs with siRNA also abolished the
NONO-IGFBP-3 interaction. Figure 3f summarizes the
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Fig.2 IGFBP-3 complexes with
NONO and SFPQ visualized

by proximity ligation assay. a
MDA-MB-468 and b HCC1806
TNBC cells were exposed to

20 uM etoposide (Etop) for the
indicated times, and bimolecu-
lar interactions, shown as red
dots, between IGFBP-3 and
NONO or SFPQ, as indicated,
were measured by PLA as
described in the Methods.

All SFPQ images in MDA-
MB-468 cells have been equally
enhanced using ImageJ software
to make the red dots more vis-
ible. Bar 25 um

(a) IGFBP-3 interactions in MDA-MB-468 cells (PLA)

o 4 , " ) >
g . N g " £

Etop O h Etop 1 h Etop 2 h Etop 4 h
(b) IGFBP-3 interactions in HCC1806 cells (PLA)

NONO

SFPQ

NONO

SFPQ

EtopOh

inhibition of IGFBP-3-NONO complexes, detected by
PLA, by NU7026 for three experiments.

To support the concept that phospho-DNA-PKcs
(pDNA-PKcs) and NONO-SFPQ form part of the same
complex, we undertook further immunoprecipitations
using antibodies against total DNA-PKcs (t-DNA-PKcs)
and pDNA-PKcs. As seen in Online Resource 3, Suppl
Fig. 1, IP with t-DNA-PKcs Ab from HCC1806 cell lysates
showed an apparent increase in complexed SFPQ over 4 h
following etoposide treatment, but this was not statistically
significant by ANOVA. In contrast, IP with pDNA-PKcs
Ab showed a stronger peak of complexed SFPQ, repro-
ducibly occurring 4 h after etoposide exposure (P < 0.005
vs. all other time points), even though the peak of DNA-
PK phosphorylation appeared earlier, at 2 h. Comple-
menting the inhibitor experiments in Fig. 3, this suggests
that DNA-PKcs must preferentially be phosphorylated to

. |

Etop 1 h

Etop 4 h

Etop 2 h

participate in this complex. Why the pDNA-PKcs-SFPQ
interaction appears to peak later than the peak of DNA-
PKcs phosphorylation remains unclear.

EGFR phosphorylation was also necessary for these
complexes to form. As shown in Fig. 3g, h, preincubation
with the EGFR kinase inhibitor gefitinib before exposing
cells to etoposide also prevented IGFBP-3—NONO/SFPQ
complexes, measured by colP in both MDA-MB-468 and
HCC1806 cells. To further demonstrate that these proteins
appear part of a multi-protein complex, we undertook immu-
noprecipitations from etoposide-treated HCC1806 cells
using NONO antibody. Figure 3i shows NONO, SFPQ,
IGFBP-3, and pEGFR (Tyr1068) in these immunoprecipi-
tates, with NONO-pEGFR complexes quantitated from 4
experiments in Fig. 3j. In conjunction with our earlier find-
ings [10], these experiments are consistent with the involve-
ment of IGFBP-3 in a multi-protein DNA repair complex
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«Fig. 3 Inhibition of the IGFBP-3 interaction with NONO and SFPQ.
a Western blots of NONO and SFPQ in MDA-MB-468 cell lysates
immunoprecipitated with IGFBP-3-Fab beads, showing that incu-
bation overnight with 20 pM NU7026 blocked the formation of
IGFBP-3 complexes with NONO and SFPQ formed in response to
20 uM etopside. b Similar experiment in HCC1806 cells. ¢ Quanti-
tation of IGFBP-3-NONO and IGFBP-3-SFPQ complexes in MDA-
MB-468 cells: mean relative band density (normalized to time O con-
trols) = SEM from 4 experiments. *P <0.05 vs. the corresponding
time 0 by post hoc Fisher’s LSD test after ANOVA. NS, not signifi-
cant. d, e Proximity ligation assays in MDA-MB-468 cells, after 2 h
etoposide treatment showing that NONO-IGFBP-3 complexes (red
dots) are inhibited in cells preincubated overnight with DNA-PKcs
inhibitor NU7026, 10 uM (d), or 48 h after DNA-PKcs knockdown
with siRNA (e). Blue=nuclei (DAPI). Bar 50 um. f Quantitation of
inhibition by NU7026 of IGFBP-3 interaction with NONO meas-
ured by PLA; 5 fields (~20 nuclei/field) counted for each condition
and each time-point in each experiment. Means+SEM for 3 rep-
licate experiments. *P <0.05 vs. the corresponding time 0 by post
hoc Fisher’s LSD test after ANOVA. NS, not significant. g, h West-
ern blots of NONO and SFPQ in MDA-MB-468 and HCC1806 cell
lysates, respectively, IP’d with IGFBP-3-Fab beads, showing that
incubation overnight with 10 uM gefitinib blocked the formation of
IGFBP-3 complexes with NONO and SFPQ in response to 20 uM
etopside. i Western blots showing NONO, SFPQ, IGFBP-3, and
pEGFR (Y1068) in HCC1806 cell lysates immunoprecipitated with
NONO Ab. NONO bands are partly obscured by strong IgG heavy-
chain bands. j Quantitation of pEGFR immunoprecipitated in NONO
complexes in HCC1806 cells: mean relative band density (normalized
to time O controls)+SEM from 4 experiments. *P <0.05 vs. time 0
values by post hoc Fisher’s LSD test after ANOVA

that involves activated DNA-PKcs and EGFR as well as the
DNA- and RNA-binding proteins, NONO and SFPQ.

Since NONO recruitment to DNA damage sites is
reported to be PARP-dependent [8], we examined the effect
of PARP inhibition on IGFBP-3 interactions with both
NONO and SFPQ. Figure 4a shows in MDA-MB-468 cells
that IGFBP-3 complexes with NONO and SFPQ, determined
by immunoblotting after colP, were abolished if cells were
preincubated with the PARP1 and PARP2 inhibitor veliparib
(20 uM) for 24 h prior to exposure to etoposide. Data for
3 experiments in MDA-MB-468 cells are summarized in
Fig. 4b, c for IGFBP-3-NONO and IGFBP-3-SFPQ inter-
actions, respectively. A similar inhibitory effect was seen
after preincubation with a second PARP inhibitor, olaparib,
at 10 uM (Online Resource 3, Suppl Fig. 2). The inhibitory
effect of veliparib on complex formation was confirmed by
PLA in both MDA-MB-468 and HCC1806 cells (Fig. 4d),
showing the increase in IGFBP-3—NONO complexes 2 h
after etoposide treatment was abolished by preincubation
with 20 uM veliparib. Figure 4e shows the quantitation of
3 replicate experiments in MDA-MB-468 cells, with the
effect of veliparib highly significant by ANOVA (P <0.001).
Therefore, the formation of EGFR-dependent complexes
between IGFBP-3 and NONO/SFPQ in basal-like TNBC
cell lines exposed to DNA-damaging chemotherapy requires
PARP activity.

Consistent with this, DNA repair activity in TNBC cell
lines was inhibited by PARP inhibitors. As shown in Fig. 5a,
¢, treatment of either MDA-MB-468 or HCC1806 cells with
etoposide for 1 h (TO) caused a significant increase in foci
of histone H2AX phosphorylated on serine 139 (YH2AX),
which accumulates at sites of DNA double-strand breaks
[17]. This signal had substantially declined after 4 h (T4),
consistent with DNA repair over this period. The addition
of either PARP inhibitor, olaparib or veliparib, significantly
prevented the loss of YH2AX signal, indicating that both
drugs were inhibitory to DSB repair in these cell lines, nei-
ther of which has a mutation in BRCAI or BRCA2. Data for
both cell lines are quantitated in Fig. 5b, d. Etoposide treat-
ment also increased activity in a direct DNA end-joining
assay using nuclear extracts from treated cells (Fig. Se). In
extracts from cells treated with either PARP inhibitor, end-
joining activity was inhibited by approximately 50% in both
MDA-MB-468 and HCC1806 cells, as shown quantitatively
in Fig. 5f.

NONO and SFPQ are RNA-binding proteins known to
interact with several IncRNAs [18]. Since there is evidence
for the role of IncRNAs in DNA DSB repair [19, 20], we
questioned whether IncRNAs were involved in EGFR-
dependent IGFBP-3 complexes with NONO/SFPQ in
TNBC. A recently identified IncRNA, LINP1, was reported
to be highly expressed in TNBC, regulated by EGFR sign-
aling, and involved in DNA-PK binding during NHEJ
[21]; therefore, we investigated whether LINP1 might be
involved in IGFBP-3-NONO-SFPQ complexes associated
with NHEJ in TNBC cell lines. Data in Online Resource 4,
Suppl Fig. 3a, shows the relative expression of LINP1, meas-
ured by qPCR, in four TNBC cell lines and the triple-neg-
ative, phenotypically normal mammary epithelial cell line,
MCF-10A. Relative to MDA-MB-468 cells, MDA-MB-231,
Hs578T and HCC1806 cells each have 15- to 40-fold higher
LINP1 expression, whereas MCF-10A has similar expres-
sion to MDA-MB-468.

Since LINP1 was reported as being upregulated by EGFR
in MDA-MB-468 and MCF10A cells [21], we examined
the effect of exposure to EGF and the EGFR inhibitor, gefi-
tinib, which prevents the interaction between IGFBP-3 and
NONO/SFPQ (Fig. 3g). Online Resource 4 (Suppl Fig. 3¢)
shows that in MDA-MB-468 cells, which express low
LINP1, exposure to 50 ng/mL EGF for 4 h caused a mean
4.3-fold increase in LINP1 expression. Similarly, in the low-
expressing MCF-10A cells, EGF stimulated LINP1 expres-
sion 2.7-fold (Online Resource 4, Suppl Fig. 3d). In con-
trast, in Hs578T, MDA-MB-231, and HCC1806 cells, with
high basal LINP1 expression, EGF did not further increase
LINPI1 (Online Resource 4, Suppl Fig. 3e—g). In the highest-
expressing HCC1806 cell line EGF actually caused a sig-
nificant 23% decline in LINP1 expression over 4 h (Online
Resource 4, Suppl Fig. 3g). The inverse regulation by EGFR
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Fig.4 PARP inhibition blocks
IGFBP-3 complex formation
with NONO and SFPQ. a
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signaling in HCC1806 cells was also seen when cells were
exposed to 10 uM gefitinib, resulting in a 40% increase
in LINP1 expression (Online Resource 4, Suppl Fig. 3h).
Together these findings suggest that the ability of EGF to
stimulate LINP1 expression is inversely related to basal
LINPI expression, as represented by the significant curve
fit shown in Online Resource 4, Suppl Fig. 3b (R*=0.956).

To investigate whether LINP1 has a role in DNA repair
complexes involving IGFBP-3, siRNAs were designed to
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transiently downregulate LINP1 in the high-expressing cell
line, HCC1806. A published LINP1 siRNA [21] was also
evaluated. The sequences are shown in Table 1. As shown in
Fig. 6a, both custom-designed siRNAs (#1 and #2) downreg-
ulated LINP1 by 85-90%, 48 h after transfection, whereas
the published siRNA (#3) was less effective under our con-
ditions. Figure 6b shows IGFBP-3 complexes with NONO
and SFPQ in HCC1806 cells treated with 20 uM etoposide,
24 h after LINP1 downregulation by siRNA #1 or #2. Both
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IGFBP-3-NONO and IGFBP-3-SFPQ complexes appear to
require LINP1 as their formation is significantly inhibited
when LINP1 is downregulated. Quantitation from 5 experi-
ments is shown in Fig. 6c, d. The effect of LINP1 downregu-
lation was also observed by PLA for IGFBP-3—-NONO inter-
actions (Fig. 6e). Quantitation from 4 experiments (Fig. 6f)
again shows a significant inhibition of IGFBP-3-NONO
interaction in response to etoposide, after LINP1 downregu-
lation. The studies point to a facilitating role of LINP1 in
the DNA repair complexes involving IGFBP-3 that form in
response to DNA-damaging chemotherapy.

Discussion

Controlling the cancer cell response to DNA damage induced
by chemotherapy or radiotherapy is an important tool in
overcoming treatment resistance. By implicating the DNA-
and RNA-binding heterodimerization partners, NONO and
SFPQ, in a DNA repair complex that also includes IGFBP-3,
EGFR, and DNA-PKcs [10], this study provides further sup-
port for the role of IGFBP-3 in the PARP-dependent DNA
damage response in TNBC cells. Since the repair of DSBs
opposes the effects of DNA-damaging therapies [22], its
inhibition has been extensively studied as an approach to
enhancing cell sensitivity to DNA lesions caused by these
treatments [1]. NHEJ, which can occur at any stage of the
cell cycle, is regarded as the most commonly used mecha-
nism of DSB repair in mammalian cells, including during
late S to G2 phase when homologous recombination repair
may also occur [23, 24]. In this study, we induced DNA
damage with the topoisomerase II poison, etoposide, which
generates DSBs that are predominantly repaired by NHEJ
[25]. Among the possible mechanisms that may influence
the balance between HR and NHEJ repair pathways [24],
binding of the NONO-SFPQ complex was found to stimu-
late end-joining activity [26] and, explicitly, the recruitment
of NONO-DNA damage sites, following its PARylation by
PARPI, has been shown to enhance NHEJ and suppress HR
activity [8].

Our proteomic search for proteins that associate with
IGFBP-3 in response to etoposide treatment of TNBC cells
discovered that NONO and SFPQ appear to form part of a
nuclear complex that, together with IGFBP-3, also involves
EGFR and DNA-PKcs. In the two basal-like TNBC cell
lines examined, formation of this complex peaked approxi-
mately 2 h after exposure to etoposide, with a range of 14 h.
NONO and SFPQ are multifunctional proteins with a pre-
dominantly nuclear localization [27], although extranuclear
functions have also been described [27, 28]. We observed
nuclear complexes between NONO/SFPQ and IGFBP-3 by
both PLA and colP from nuclear extracts, with some PLA
complexes also apparent extranuclearly. SFPQ extranuclear

localization has been associated with doxorubicin sensitivity
[28], whereas its nuclear involvement in DNA damage repair
[9] would promote chemoresistance.

The IncRNA LINP1 appears to facilitate the interaction
between NONO/SFPQ and IGFBP-3, at least in HCC1806
cells, since its downregulation by two siRNAs blocked
complex formation as measured by colP and PLA. LINP1
was investigated because it was reported as a regulator
of DSB repair by NHEJ in TNBC cell lines [21]. Subse-
quently, LINP1 has been shown to affect both chemosen-
sitivity [29] and radiosensitivity [30] through its role in
DSB repair. However, the regulation of LINP1 by EGFR
signaling in breast cancer cell lines appeared more com-
plex than originally described [21], since cell lines with
low LINP1 expression (MDA-MB-468, MCF-10A) showed
upregulation by EGF as reported, whereas cell lines with
intermediate LINP1 expression (Hs578T, MDA-MB-231)
were unaffected by EGF, and in the highest-expressing cell
line (HCC1806), LINP1 was significantly downregulated
by EGF. Because LINP1 expression is extremely low in
MDA-MB-468 cells, we only undertook downregulation
experiments in HCC1806, showing inhibition of the inter-
action between NONO/SFPQ and IGFBP-3 when LINP1
was downregulated. The modest upregulation of LINP1 in
HCC1806 cells by the EGFR inhibitor gefitinib might, there-
fore, be expected to have a positive effect on NONO/SFPQ
interaction with IGFBP-3, whereas we found that gefitinib in
fact prevents these interactions. This is consistent with our
previous observation that EGFR kinase inhibition blocks the
interaction of IGFBP-3 with DNA-PKcs [10], and supports
the importance of autophosphorylated EGFR as a compo-
nent of the DNA-PK-dependent DNA repair complex [31].

NONO and SFPQ are RNA-binding proteins, and their
interaction with several IncRNAs has been reported, includ-
ing NEAT1 [18, 32], MALAT1 [33], and GAPLINC [34].
The functional role we have demonstrated for LINPI in
IGFBP-3 complexes with NONO/SFPQ suggests that LINP1
may also interact directly with these proteins, although a
direct interaction was not investigated. LINP1 was reported
to act as a scaffold between DNA-PKcs and Ku80 [21], and
the recent demonstration that the NONO/SFPQ-binding
IncRNA, NEATI, is involved in a complex involving DNA-
PKcs and Ku70/Ku80, as well as NONO and SFPQ [32],
provides a parallel to the DNA repair complex we propose
involving IGFBP-3, EGFR, and DNA-PKcs in addition to
NONO/SFPQ and LINP1.

Our discovery that IGFBP-3 is involved in DNA repair
by NHEJ [10] was unexpected because IGFBP-3 is pro-
apoptotic in many contexts. This is, in part, mediated by
its ability to inhibit pro-survival IGFIR signaling, but
IGF1R-independent effects have also been shown in many
laboratories [35-39]. In contrast, IGFBP-3 can promote
cell survival by enhancing GRP78-dependent autophagy
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«Fig.5 PARP inhibition decreases DNA end-joining in TNBC cells.
a Upper panels: yYH2AX immunofluorescence in MDA-MB-468
cells at time O (i.e. 1 h after exposure to etoposide) and after 4 h of
recovery (T4). Cells were pre-treated with olaparib (10 uM) or veli-
parib (20 uM) as indicated. Bar 20 pm. Lower panels: representa-
tive images at higher power of TO cells +etoposide, to illustrate the
punctate YH2AX fluorescence. Bar 10 pm. b Mean fluorescence
values (arbitrary units)+SEM are shown from 3 experiments. c,
d yH2AX immunofluorescence in HCC1806 cells, with quantita-
tion from 3 experiments, details as for panels a and b. Bar 20 um.
ANOVA with Fisher’s LSD post hoc LSD test: *(blue) P<0.05 vs.
TO+ etoposide; *(red) P<0.05 vs. T4 +etoposide; *P<0.05 vs. the
corresponding TO value. e DNA end-joining assay: cells were treated
with inhibitors (20 uM veliparib or 10 uM olaparib) or no inhibitor
(Con) for 24 h, then exposed to 20 uM etoposide for 2 h. In control
lanes (right), DNA or nuclear extract (NE) has been omitted. After
adding nuclear extract for 30 min, substrate DNA was added and end-
joining proceeded for 30 min at 25 °C. A representative gel is shown
for MDA-MB-468 cells. Black arrows show the bands quantitated.
Open arrow show size markers in kb. All lanes are from a single gel.
f Upper panel: Quantitation of end-joining activity 2 h after etopo-
side in MDA-MB-468 cells, mean+SEM, n=3. Lower panel: Quan-
titation of end-joining activity 2 h after etoposide in HCC1806 cells,
mean+SEM, n=5. *P<0.05 vs. control by post hoc Fisher’s LSD
test after ANOVA

partners, they are known to interact with the DNA binding
domain of the retinoid X receptor (RXR) and the thyroid
receptor [44], nuclear receptors that also bind IGFBP-3
[43]. Since IGFBP-3 regulates the transcriptional activity
of these and other nuclear receptors [43, 45], it is pos-
sible that NONO and SFPQ are involved in other nuclear
pathways involving IGFBP-3 in addition to DNA repair
by NHEIJ.

Inhibition of PARP1, which acts in the repair of DNA
single-strand breaks (SSBs) by the base excision repair path-
way, causes an accumulation of SSBs. During DNA repli-
cation these lead to stalling at replication forks, generating
DSBs that would be repaired by homology-directed repair;
accordingly, PARP1 inhibitors are lethal in cells deficient in
HR [5, 46]. Although PARP1 inhibitors are generally used
clinically for this purpose (e.g. for BRCA-mutated tumors),
they are now recognized as also affecting repair by DNA
end-joining [5]. This may in part involve alternative end-
joining pathways [47], but there is also evidence of a role for
PARPI in classical NHEJ [5]. As noted earlier, the PARP1
inhibitor veliparib (ABT-888) was found to inhibit NHEJ by
blocking the recruitment of PARylated NONO to DNA-PKcs
[8], and DNA-PKcs itself has also been described as a PARP
substrate, its activity stimulated by PARP-mediated ADP-
ribosylation [48]. The repair complex we describe in this
study, involving IGFBP-3 and the NONO/SFPQ heterodi-
mer, requires active (autophosphorylated) DNA-PKcs for its

formation, as it was inhibited by both the ATP-competitive
DNA-PK inhibitor NU7026 and by DNA-PKcs downregula-
tion by siRNA.

We have previously shown that IGFBP-3 binds to DNA-
PKcs in response to etoposide treatment in TNBC cell
lines [10], and that IGFBP-3 is a substrate for DNA-PKcs
kinase activity [49]; this phosphorylation appears neces-
sary for IGFBP-3 to exert a pro-survival effect in retinal
endothelial cells [50]. In TNBC cells, IGFBP-3 down-
regulation inhibits DNA-PKcs autophosphorylation at
Ser2056, DNA-PKcs interaction with EGFR, and DNA
end-joining activity [10]. In the present study, etoposide-
stimulated complex formation was also blocked by the
PARP inhibitors olaparib and veliparib in our cell lines,
as was the loss of YH2AX foci and DNA end-joining
activity. Veliparib has previously been shown to decrease
nuclear EGFR and attenuate NHEJ in response to radia-
tion [7], and combining EGFR inhibition with veliparib
prolongs YH2AX foci in TNBC cell lines, and inhibits
TNBC tumor growth in a mouse xenograft model [51].
Given that etoposide-induced DNA damage is most likely
to be repaired by NHEJ [25], our evidence is consistent
with the involvement of IGFBP-3 in the classical NHEJ
pathway with blockade by PARP inhibition, although the
involvement of DNA-PKcs in the repair of stalled DNA
replication forks [52] illustrates the complexity of cross-
talk among various DNA repair pathways.

Conclusions

This study advances understanding of the complexity of
DNA double-strand break repair in response to chemo-
therapy in TNBC cell lines, by demonstrating the involve-
ment of the DNA- and RNA-binding heterodimerization
partners, NONO and SFPQ, and the facilitating role of the
IncRNA, LINP1, in the nuclear protein complex previously
shown to include IGFBP-3, EGFR, and DNA-PKcs [10].
Both IGFBP-3 and EGFR are abundant in basal-like TNBC,
although generally expressed poorly in other breast cancer
subtypes. Women with TNBC typically have lower 5-year
survival rates than those with other breast cancer types,
and relapse early after treatment is a common feature [53].
We propose that disruption of the proposed nuclear repair
complex, by identifying and blocking one or more key pro-
tein—protein interactions, may complement the inhibition
of key post-translational modifications (e.g. DNA-PKcs
or EGFR autophosphorylation, or protein PARylation) to
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Fig.6 Effect of LINP1 downregulation in HCC1806 cells. a
LINP]I expression, measured by qPCR relative to HMBS, after tran-
sient transfection of two custom siRNAs (#1, #2), and a previously
reported [21] siRNA (#3). Mean values+SEM, 3 experiments in
duplicate. *P<0.001 vs. non-silencing control. b IGFBP-3 com-
plexes with NONO and SFPQ following etoposide (Etop) stimulation,
measured by colP and immunoblotting, were decreased in cells with
LINPI downregulation. ¢, d Quantitation of IGFBP-3-NONO and
IGFBP-3-SFPQ colP complexes: mean band density + SEM from 5
experiments. *P <0.05 vs. corresponding time 0, by post hoc Fisher’s
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LSD test after ANOVA. NS: not significantly different from time 0. e
IGFBP-3 complexes with NONO measured by PLA were decreased
in cells with LINP1 downregulation. Representative images are from
2 h etoposide-treated cells previously transfected with non-silencing
control siRNA or LINP1 siRNA #1 or #2. f Quantitation of PLA dots,
5 fields (average 13.7 nuclei/field) counted for each condition and
time-point in each experiment. Means + SEM for 4 replicate experi-
ments. ¥*P<0.001 vs. the corresponding time 0, by post hoc Fisher’s
LSD test after ANOVA. NS: not significantly different from time 0
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provide a novel approach to enhancing sensitivity to chemo-
and radiotherapy in TNBC, and so offer an opportunity to
improve patient survival rates.
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