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Abstract
PARP3 has been shown to be a key driver of TGFβ-induced epithelial-to-mesenchymal transition (EMT) and stemness in
breast cancer cells, emerging as an attractive therapeutic target. Nevertheless, the therapeutic value of PARP3 inhibition has
not yet been assessed. Here we investigated the impact of the absence of PARP3 or its inhibition on the tumorigenicity of
BRCA1-proficient versus BRCA1-deficient breast cancer cell lines, focusing on the triple-negative breast cancer subtype
(TNBC). We show that PARP3 knockdown exacerbates centrosome amplification and genome instability and reduces
survival of BRCA1-deficient TNBC cells. Furthermore, we engineered PARP3−/− BRCA1-deficient or BRCA1-proficient
TNBC cell lines using the CRISPR/nCas9D10A gene editing technology and demonstrate that the absence of
PARP3 selectively suppresses the growth, survival and in vivo tumorigenicity of BRCA1-deficient TNBC cells,
mechanistically via effects associated with an altered Rictor/mTORC2 signaling complex resulting from enhanced
ubiquitination of Rictor. Accordingly, PARP3 interacts with and ADP-ribosylates GSK3β, a positive regulator of Rictor
ubiquitination and degradation. Importantly, these phenotypes were rescued by re-expression of a wild-type PARP3 but not
by a catalytic mutant, demonstrating the importance of PARP3’s catalytic activity. Accordingly, reduced survival and
compromised Rictor/mTORC2 signaling were also observed using a cell-permeable PARP3-specific inhibitor. We conclude
that PARP3 and BRCA1 are synthetic lethal and that targeting PARP3’s catalytic activity is a promising therapeutic strategy
for BRCA1-associated cancers via the Rictor/mTORC2 signaling pathway.

Introduction

Breast cancer susceptibility gene 1 (BRCA1) is a well-
known tumor suppressor and women carrying a germline
mutation in the gene have a significantly higher risk to
develop breast and ovarian cancer. Poly(ADP-ribose)
polymerase (PARP) inhibition by targeting PARP1 is
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nowadays considered as one of the most pervasive ther-
apeutic opportunity to sensitize BRCA1-deficient tumors in
a synthetic lethality approach, owing to its prominent role in
the maintenance of genome integrity. This attractive ther-
apeutic potential has encouraged pharmaceutical companies
to design potent PARP inhibitors resulting in several lead-
ing candidates that have entered clinical trials. However, the
PARP family consists of 17 members having distinct
structural features and non-redundant biological functions,
but sharing a highly conserved PARP catalytic domain [1].
Thus it is still unclear how many different PARP members
are targeted by the currently used PARP inhibitors [2].
Therefore, it appears fundamental to determine the biolo-
gical properties of the less-characterized PARPs and
explore the therapeutic benefit of their inhibition in cancer
therapy.

Frequently the most aggressive BRCA1 mutation-
associated tumors lack expression of estrogen receptor, pro-
gesterone receptor and HER2 receptor being classified as
triple-negative breast cancers (TNBC) [3]. These tumors
represent a difficult therapeutic challenge owing to their cell
heterogeneity, the lack of validated molecular targets and the
poor outcome of the patients. Thus, achieving a better
understanding of the signaling pathways driving TNBC is
determinant to identify novel therapeutic targets and develop
new curative strategies. It has been shown that basal-like
TNBC cells exploit the Rictor/mTORC2 signaling pathway to
promote tumor progression [4].

mTORC2 together with mTORC1 represent two struc-
turally distinct multiprotein complexes of the mammalian
target of rapamycin (mTOR), a serine/threonine kinase
influencing cell metabolism, proliferation, survival, and
tumor growth [5]. mTORC1 consists of mTOR, Raptor,
mLST8, and PRAS40 and is well characterized for it role in
protein and lipid synthesis, mitochondrial metabolism and
autophagy. mTORC2 comprises mTOR, mLST8, Rictor,
mSIN1, and Protor and functions as a critical Serine 473
kinase of Akt, often hyper-activated in cancers [6]. Rictor/
mTORC2 mediates cell survival, chemoresistance, cytos-
keleton reorganization, cell motility, and TGFβ-induced
epithelial-to-mesenchymal transition (EMT), key hallmarks
of the metastatic process. In this complex, Rictor is defined
as an essential scaffold protein required for mTORC2
assembly, stability, and function [7].

An advanced analysis of the published PARP3 expres-
sion profile in the panel of breast cancer cells from the
Cancer Cell Line Encyclopedia (CCLE) revealed a sig-
nificantly higher expression of PARP3 in the basal-like
TNBC subtypes compared to the non-TNBC (Supplemen-
tary Fig. 1). Initially, the DNA-dependent PARP3 was
described to play critical roles in the repair of double-strand
breaks via non-homologous end joining (NHEJ), in class
switch recombination, in chromosomal rearrangements by

suppressing G4 structures, in telomere segregation and
microtubule spindle formation during mitosis and in tran-
scriptional regulation during development in the zebrafish
[8–13]. Recently, PARP3 emerged as a promising ther-
apeutic target to restrain TGFβ and ROS-driven EMT and
limit stemness in breast cancer cells [14]. However, the
beneficial significance of PARP3 inhibition to prevent
tumor progression has not yet been evaluated.

Here we examined the impact of the absence of PARP3
and its chemical inhibition on the tumorigenicity of
BRCA1-proficient versus BRCA1-deficient TNBC cell
lines. We demonstrate that PARP3 inactivation selectively
suppresses the tumor progression of BRCA1-deficient
TNBC cells via effects associated with impaired Rictor/
mTORC2 signaling, defective cytoskeleton organization
and exacerbated centrosomal amplification. This study
supports PARP3 inhibition as an encouraging targeted
therapy option for BRCA1-deficient TNBC.

Material and methods

Reagents

TGFβ2 and MG132 were purchased from Sigma-Aldrich.
The PARP1 inhibitor Ku-0058948 and the PARP3 inhibitor
ME0328 have been described [15–17]. The PARG inhibitor
PDD 00017273 was purchased from Tocris Bioscience
(Bristol, UK).

Cell lines and cell culture

MDA-MB231, Hs578T, and MDA-MB436 (ATCC) are
defined as basal-like TNBC cells [18]. MDA-MB436 cell
line harbors a 5396+1G>A BRCA1 mutation in the splice
donor site of exon 20. MDA-MB231 and MDA-MB436
cells were grown in RPMI supplemented with 10% fetal
calf serum and 1% gentamicin. Hs578T were grown in
DMEM-1g/L D-glucose supplemented with 20% fetal calf
serum and 1% gentamicin. All cell lines were maintained at
37 °C and 5% CO2. Flag, Flag-PARP3WT and Flag-
PARP3HE rescued PARP3−/−c MDA-MB436 cell lines
were maintained in 0.2 μg/mL Puromycin-containing med-
ium. When indicated, cells were treated with 10 ng/mL of
TGFβ2 for 48 h before processing.

siRNA-mediated depletion

Gene-specific siRNAs (ON_TARGET plus smart pool) for
PARP3 (L-009297), PTEN (J-003023), BRCA1 (J-
003461), and the negative control siRNA (D-001810) were
obtained from Dharmacon (Thermo Fisher Scientific). Cells
were transfected with 50 nM siRNA using JetPrime
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(PolyPlus transfection) according to the manufacturer’s
instructions and cells were processed for the indicated
experiments from 48 h to 72 h later.

Knockout of PARP3 using CRISPR/nCas9-mediated
genome editing

Cells were co-transfected with two plasmids expressing 2
gRNAs targeting exon 2 and co-expressing nCas9-EGFP
and 2 gRNAs targeting exon 5 and co-expressing nCas9-
mCherry and bearing Neomycin or Hygromycin selection
cassettes respectively (Sup. Figure 4). Forty-eight hours
after transfection, EGFP+mCherry+ cells were sorted by
flow cytometry and cultured for 3 days in medium con-
taining Hygromycin (350 μg/mL) and G418 (500 μg/mL)
for MDA-MB231 or Hygromycin (400 μg/mL) and G418
(350 μg/mL) for MDA-MB436. Single colonies were
picked, amplified, and genotyped by PCR using primers
located upstream of exon 2 and downstream of exon 5
(Suplementary Table S1). PCR products were sequenced
and the absence of PARP3 was verified by western blot.

gRNA sequences

The gRNA sequences are as following: gRNA1 (GCCTC
AGCGGTGGAGCGGAA, Exon 2), gRNA2 (AGAGAAG
CGCATAATCCGCG, Exon 2), gRNA3 (GTTAGTGAT
GAGCTTCTGCG, Exon 5), gRNA4 (CACCATGGCCC
TCATGGACC, Exon 5) (Supplementary Fig. 4A). nCas9-
compatible gRNA pairs were selected using the CRISPR
design tool (http://crispr.mit.edu/).

Generation of PARP3-rescued cell lines

PARP3−/−c MDA-MB436 cells were transfected with 10 μg
of plasmids encoding Flag, Flag-PARP3WT or Flag-
PARP3HE using JetPrime. Two days after transfection,
cells were selected for 2 days with Puromycin (0.8 μg/mL),
maintained for 2 weeks under Puromycin (0.2 μg/mL) and
sorted for EGFP expression by flow cytometry. Expression
was verified by western blot.

Cell extracts and western blot

Cells were lysed by incubation on ice for 30 min in RIPA-
like buffer (50 mM Tris-HCl, pH 8, 1% Triton X-100,
0.25% Na Deoxycholate, 150 mM NaCl, 1 mM EDTA, 50
mM NaF, 20 mM Na pyrophosphate, 1 mM Na orthova-
nadate, 1 mM Pefabloc (Roche), 1X protease inhibitor
cocktail (Roche)). After centrifugation at 13,000 rpm at 4 °C
for 15 min, cleared suspension was quantified by Bradford
protein assay. Proteins were analysed by SDS-PAGE and
immunoblotting using the appropriate antibodies

(Supplementary Table S2). When analysing the impact of
the ME0328, cells were treated with the compound for 24 h
before lysis.

Immunoprecipitation experiments

Equivalent amounts of RIPA-like cell extracts (1.5–2 mg
total proteins) were diluted in dilution buffer DB (20 mM
Tris-HCl, pH 7.5, 0.1% NP40, 150 mM NaCl, 1 mM
Pefabloc) and pre-cleared by incubation on protein A/G
separose beads for 1 h at 4 °C before incubation with the
indicated antibodies (Supplementary Table S2) overnight at
4 °C followed by 2 h incubation at 4 °C with protein A/G
sepharose (GE Healthcare, Little Chalfont, UK). Beads
were washed twice with DB containing 250 mM NaCl and
twice with DB containing 150 mM NaCl. Beads were then
resuspended in Laemmli buffer and analysed by SDS-
PAGE and immunoblotting as above.

When analyzing the ADP-ribosylation of GSK3β, cells
were pre-treated with the PARG inhibitor PDD 00017273 at
1 μM for 2 h to prevent from poly(ADP-ribose) degradation
and the compound was maintained throughout. The PARP
inhibitor Ku-0058948 was added during lysis at 100 nM to
prevent from unspecific ADP-ribosylation during lysis.

In vivo ubiquitination assay

Cells were transfected with 5 μg of HA-Ubiquitin [19] for
48 h and either mock-treated or treated with MG132 (10
μM) for 12 h before lysis using the RIPA-like buffer.
Equivalent amounts of total protein extracts (2 mg) were
processed for immunoprecipitation as above using the anti-
Rictor antibody (Supplementary Table S2). Ubiquitinated
Rictor was revealed by western blotting using an anti-HA
antibody (Supplementary Table S2).

Colony-forming assay and cell proliferation

siRNA-depleted cells were collected 72 h after siRNA
transfection. Cells were seeded in triplicates at 1000 cells
for MDA-MB231, 1500 cells for MDA-MB436 and 1500
cells for HS578T in 100-mm culture dishes. PARP3−/−

MDA-MB231 clones were seeded in triplicates at the
number of 1000 cells and PARP3−/− MDA-MB436 clones
were seeded at the number of 3000 cells in 100-mm culture
dishes. When analysing the impact of ME0328, cells were
pre-incubated with the compound for 24 h before seeding
and the medium with the compound was renewed every 48
h. From 7 to 15 days later, cells were fixed for 30 min in
formaldehyde (3.7%), stained with crystal violet (0.1%) and
colonies were scored. Statistical analyses were determined
by ANOVA tests as indicated by p-values using StatView
software. To determine cell growth rate, cells were seeded
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into 6-well plates (40,000 cells/well for MDA-MB231 cells
and 80,000 cells/well for MDA-MB436 cells) in triplicate
and counted daily for 4 days.

Immunofluorescence microscopy and fluorescent
in situ hybridization (FISH)

F-actin labeling was performed using Alexa Fluor 568
Phalloidin (Thermo Fisher Scientific) according to the
manufacturer’s protocol. For immunofluorescence, cells
were fixed in 4% formaldehyde and stained with the indi-
cated antibodies as described [8]. Metaphase spreads and
analysis of telomere aberrations by FISH were performed as
described [8].

GTPase activity assays

Cells were serum-starved for 24 h and stimulated with
TGFβ2 (10 ng/mL) for 5 h. GTP-bound RhoA and Rac1 and
total protein contents were detected using Active Rho
(16116) and Active Rac1 (16118) pull-down and detection
kits (Thermo Fisher Scientific) according to manufacturer’s
instructions.

Scratch wound assays

A linear wound was created on confluent monolayers of
cells using a sterile 200 μl pipette tip. Cells were placed in
an environment controlled wide field microscope Leica
DMIRE 2 microscope equipped with a Photometrics Prime
sCMOS camera and the Imaging capture software Meta-
morph, and imaged every 20 min for 24 h using a ×10 phase
contrast objective.

In vivo tumorigenicity experiments

Animal protocols were approved by the Ministry of Higher
Education in Research and Innovation and the local ethics
committee Cremeas. Female athymic nude mice (S/SOPF
SWISS NU/NU) were purchased from Charles Rivers
Laboratories. For xenograft studies, 3.5 × 106 MDA-MB231
and 5 × 106 MDA-MB436 cells in 50% of Matrigel
(Corning) were implanted subcutaneously into both flanks
of the 7-week-old nude mice upon xylazine (50 mg/kg)/
ketamine (3 mg/kg) anesthesia. Tumor volumes were cal-
culated from caliper measurements by length (L) and width
(W) by using the formula: Tumor volume (V mm3)=
length × (Width)2/2.

In vitro PARylation assays

In vitro PARylation assays were performed using immu-
nopurified Flag-PARP3WT and Flag-PARP3HE in activity

buffer containing α-32PNAD and DNase I activated calf
thymus DNA as described [8].

Results

PARP3 silencing impairs survival of BRCA1-deficient
or BRCA1-depleted TNBC cells

Tankyrase 1 inhibition was found to be selectively lethal
in the context of BRCA1 deficiency [20]. Therefore, we
investigated the possibility that targeting PARP3, an
activator of Tankyrase 1 [8], may have a similar effect.
We used breast cancer cells of the basal-like TNBC sub-
types because of the predominant expression of PARP3
(Supplementary Fig. 1) [14]. We first compared the sen-
sitivity of the BRCA1-proficient (MDA-MB231, Hs578T)
and BRCA1-deficient (MDA-MB436) cells to the deple-
tion of PARP3 by clonogenic survival assays. PARP3
knockdown was significantly more lethal in the BRCA1-
deficient cells (Fig. 1a). Consistent with this, knockdown
of both PARP3 and BRCA1 in the BRCA1-proficient
cells (MDA-MB231 and Hs578T) resulted in significantly
reduced cell survival when compared to cells transfected
with control siRNA or with each siRNA alone (Fig. 1b, c).
A similar lethal impact of PARP3 silencing was observed
in the BRCA1-deficient breast cancer cell line HCC1937
and in the ovarian cancer cell line UWB1.289, when
compared to the isogenic cell lines with restored BRCA1
expression (Supplementary Fig. 3 and 7A). We conclude
that PARP3 depletion is lethal in a BRCA1-deficient
background.

PARP3 silencing exacerbates centrosome
amplification and genome instability in BRCA1-
deficient TNBC cells

Increased lethality associated with the combined defi-
ciency of BRCA1 and Tankyrase 1 was previously spe-
cified by enhanced centrosome amplification [20]. PARP3
long isoform localizes to the daughter centriole and reg-
ulates mitotis [8, 21]. Therefore, we interrogated on the
consequence of PARP3 depletion on centrosome ampli-
fication in the BRCA1-proficient Hs578T cells versus the
BRCA1-deficient MDA-MB436 cells. Although PARP3
depletion moderately increased the percentage of cells
with centrosome amplification in the Hs578T cells
(Fig. 2a, b), this phenotype was markedly exacerbated in
the MDA-MB436 cells (Fig. 2a–c). Centrosome amplifi-
cation often results in the formation of multiple nuclei
within a single cell. Accordingly, the depletion of PARP3
intensified the percentage of cells with multiple nuclei in
the MDA-MB436 (19.2%) versus the Hs578T cells
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(12.7%) (Fig. 2d). As centrosome amplification has been
linked with genome instability in breast cancer [22], we
scored telomeric aberrations and the emergence of
micronuclei as indicators of overall chromosome
instability. Although the depletion of PARP3 did not
aggravate the telomere instability detected in the MDA-
MB436 cells, it significantly increased the formation of
micronuclei in the MDA-MB436 cells only (Fig. 2e, f).
Together, these findings revealed that the depletion of
PARP3 results in supernumerary centrosomes and
increased genome instability markedly in BRCA1-
deficient cells.

Knockout of PARP3 impairs proliferation, survival,
and tumor progression in BRCA1-deficient TNBC cells

To further clarify the function of PARP3 in breast cancer
associated with BRCA1 deficiency, we inactivated PARP3
in MDA-MB231 and MDA-MB436 cells using a double
nCas9(D10A) strategy (Supplementary Fig. 4 and [23]). For
each cell line, three independent PARP3−/− clones were
generated (Supplementary Fig. 5, Fig. 3a, b). The absence
of PARP3 only moderately impaired the proliferation rate of
the MDA-MB231 cells, whereas reduced markedly the
proliferation rate of the MDA-MB436 cells (Fig. 3c, d). In

MDA-MB231

C
el

l s
ur

vi
va

l (
%

) 100%

68%
58%

41%

***

***

***

0

20

40

60

80

100

120

B

C
el

ls
ur

vi
va

l (
%

) 100%

53%
73%

30%

Hs 578T
***

***

***

C

0
20
40

60

80

100 

120

0

20

40

60

80

100

***

C
el

l s
ur

vi
va

l (
%

)

PARP3
actin

67%

28%

MDA-MB231 Hs 578T MDA-MB436

81%
*

A

40 kDa
67 kDa

Fig. 1 PARP3 silencing is more lethal in the context of BRCA1
deficiency. a Clonogenic survival of MDA-MB231 and Hs578T breast
cancer cells expressing a wild-type BRCA1 compared to the BRCA1-
deficient breast cancer cell line MDA-MB436 after transfection with
the indicated siRNA. The survival of the si-control (siCTL) cells was
set as 100%. Experiments were performed more than three times
giving similar results. Mean values of triplicates ± SD are indicated.
*p < 0.05; ***p < 0.001. (Insets) The efficiency of the depletions for
the experiments shown was verified by western blot analysis 72 h post

siRNA transfection. b, c Clonogenic survival of MDA-MB231 and
Hs578T cells after transfection with the indicated siRNA. Note the
additive effect of the co-depletion of both PARP3 and BRCA1 com-
pared to the relative single depletions. The survival of the si-control
(siCTL) cells was set as 100%. Experiments were performed more
than three times giving similar results. Mean values of triplicates ± /-
SD are indicated. ***p < 0.001. The efficiency of depletions was
verified by RT-qPCR (Supplementary Fig. 2)

PARP3, a new therapeutic target to alter Rictor/mTORC2 signaling and tumor progression in. . . 1619



support of our initial observations (Fig. 1), PARP3 knock-
out only slightly diminished the survival of MDA-MB231
cells but strikingly reduced the survival of the MDA-
MB436 cells (Fig. 3e, f). Reciprocally, silencing of BRCA1
increased lethality in the two PARP3−/−1 and PARP3−/−3

MDA-MB231 clones, whereas the depletion of PTEN had
no additive effect (Supplementary Fig. 6A).

We then analysed the impact of PARP3 knockout on the
in vivo tumorigenicity of the MDA-MB231 and MDA-
MB436 cells subcutaneously xenografted into nude mice.
Whereas PARP3 knockout MDA-MB231 cells exhibited
notably reduced tumorigenic potential with a higher effect
in the PARP3−/−2 clone compared to the parental MDA-
MB231 cells (Fig. 3g), the tumorigenic potential was totally
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abolished in the three PARP3−/−a, PARP3−/−b, PARP3−/−c

MDA-MB436 cells (Fig. 3h). In line with this, the silencing
of PARP3 abolished the tumorigenic potential of the
BRCA1-mutated HCC1937 cells and reciprocally the
silencing of BRCA1 significantly reduced the tumorigenic
potential of the PARP3−/−1 MDA-MB231 cells (Supple-
mentary Fig. 6B and 7B).

Altogether, these data confirmed that the absence of
PARP3 is selectively lethal with BRCA1 deficiency in three
different TNBC cell lines.

Re-expression of PARP3, but not a catalytic mutant,
rescues proliferation, survival and in vivo
tumorigenicity in a BRCA1-deficient background

To evaluate the functional importance of PARP3’s catalytic
activity in the context of BRCA1 deficiency and to exclude
potential off-targets effects of the CRISPR/Cas9 system, we
re-expressed Flag-PARP3 (Flag-PARP3WT), a catalytically
inactive mutant (Flag-PARP3HE) or a Flag peptide alone in
PARP3−/−c MDA-MB436 cells. Flag-PARP3HE was
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Fig. 3 Knockout of PARP3 significantly reduces cell growth and
survival and suppresses tumor growth in the context of BRCA1
deficiency. a, bWestern blot analysis of PARP3 expression in the wild
type (WT) and three PARP3−/−1, PARP3−/−2, PARP3−/−3 MDA-
MB231 clones as well as in the wild type (WT) and three PARP3−/−a,
PARP3−/−b, PARP3−/−c MDA-MB436 clones selected upon screening
and sequence analysis. Actin is used as loading control. The remaining
lower band is unspecific and randomly detected by the PARP3 anti-
body depending on the cell lines used. c, d Graphs compare pro-
liferation rates between wild-type MDA-MB231 (WT) and PARP3
−/−1, PARP3−/−2, PARP3−/−3 MDA-MB231 cell lines and between
wild-type MDA-MB436 (WT) and PARP3−/−a, PARP3−/−b, PARP3
−/−c MDA-MB436 clones. Experiments were performed three times
giving similar results. Mean values of triplicates ± SD are indicated.
*p < 0.05; **p < 0.01; ***p < 0.001. e, f Survival is expressed as the
percentage of colonies formed in the PARP3−/−1, PARP3−/−2, PARP3

−/−3 MDA-MB231 clones versus the parental MDA-MB231 (WT) cell
line set to 100% and in the PARP3−/−a,
PARP3−/−b, PARP3−/−c MDA-MB436 clones versus the wild-type
MDA-MB436 (WT) set to 100%. Results represent the mean values of
three independent experiments ± SD. *p < 0.05; ***p < 0.001. g, h
Relative tumor growth curves of xenografts derived from the wild-type
(WT) MDA-MB231 cells or the three PARP3−/−1, PARP3−/−2,
PARP3−/−3 MDA-MB231 knockout cell lines and from the wild-type
(WT) MDA-MB436 cells versus the PARP3−/−a, PARP3−/−b, PARP3
−/−c MDA-MB436 clones. Mean RTV (relative tumor volume) (n= 6
individual mice) are expressed compared to tumor volumes on day 4
for MDA-MB231 series and on day 18 for the MDA-MB436 series.
Insets, representative images of the tumors collected at the end of the
experiment are shown. For g, WT MDA-M231cells were implanted on
the left flank, PARP3−/−1 cells were implanted right. For h, WT MDA-
MB436 cells were implanted left, PARP3−/−a were implanted right

PARP3, a new therapeutic target to alter Rictor/mTORC2 signaling and tumor progression in. . . 1621



generated by introducing mutations (H376A and E508A) in
the ADP-ribosyl transferase (ART) domain of PARP3. The
effectiveness of this substitution was verified using an in vitro
auto-ADP-ribosylation assay (Fig. 4a) and both Flag-tagged
proteins were efficiently expressed in the restored cell lines
(Fig. 4b). As expected, PARP3−/−c MDA-MB436 cells
expressing the Flag tag alone displayed reduced growth rate

compared to the parental cell line (WT). Whereas a partial
rescue of the proliferation defect was observed in the PARP3
−/−c MDA-MB436 cells expressing Flag-PARP3WT, no rescue
was observed with the Flag-PARP3HE mutant (Fig. 4c). To
validate these observations further, we analysed the impact on
cell survival using clonogenic assays (Fig. 4d). In support of
Fig. 3, PARP3−/−c MDA-MB436 cells expressing the Flag tag

Fig. 4 Defective proliferation, survival, and in vivo tumorigenicity of
the PARP3 knockout MDA-MB436 cells are rescued by the re-
expression of the catalytically active PARP3 but not by the re-
expression of a catalytically dead PARP3. a Radioactive in vitro auto-
ADP-ribosylation assay showing the automodification of Flag-
PARP3WT, although no automodification is detected for the dead
Flag-PARP3HE mutant. Immunopurified Flag-PARP3WT and Flag-
PARP3HE were incubated in PARP activity buffer containing DNAse
I-treated DNA and α-32P-NAD+. The addition of Ku-0058948 (250
nM) inhibits PARP3 [8]. bWestern blot analysis of PARP3 expression
in the wild type (WT) and PARP3−/−c MDA-MB436 cells with a
stable expression of either the Flag control (Flag), Flag-PARP3WT or
Flag-PARP3HE. GAPDH is used as loading control. c Graphs compare
proliferation rates between the parental MDA-MB436 (WT) and the
PARP3−/−c MDA-MB436 cell lines expressing either the Flag control
(Flag), Flag-PARP3WT or Flag-PARP3HE fusion proteins. Experiments
were performed three times giving similar results. Mean values of

triplicates ± SD of a representative experiment are indicated. d Survi-
val is expressed as the percentage of colonies formed in the PARP3
−/−c MDA-MB436 cell lines expressing either the Flag control (Flag),
Flag-PARP3WT or Flag-PARP3HE versus the parental MDA-MB436
cells (WT) set to 100%. Results represent the mean values of three
independent experiments ±SD. *p < 0.05; **p < 0.01; ***p < 0.001.
Insets, an illustration of a representative experiment is shown. e
Relative tumor growth curves of xenografts derived from the wild type
(WT) MDA-MB436 cells, and the PARP3−/−c MDA-MB436 cell lines
expressing either the Flag control (Flag), Flag-PARP3WT or Flag-
PARP3HE fusion proteins. Mean RTV ± SD (n= 6 individual mice)
are expressed compared to tumor volumes on day 13 for all cell lines.
*p < 0.05; **p < 0.01. Insets, representative images of the tumors
collected at the end of the experiments. Illustration left, WT cells were
implanted on the left flank, PARP3−/−c-Flag cells were implanted
right. Illustration right, PARP3−/−c-Flag-PARP3WT cells were
implanted left, PARP3−/−c-Flag-PARP3HE were implanted right
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only exhibited profound decrease in cell survival compared to
the parental cell line. While a substantial rescue was obtained
in the PARP3−/−c MDA-MB436 cells expressing Flag-
PARP3WT, no survival was retrieved in the PARP3−/−c

MDA-MB436 cells expressing Flag-PARP3HE. Next, we
analyzed the in vivo tumorigenic potential of the rescued cell
lines (Fig. 4e). PARP3−/−c MDA-MB436 cells expressing the
Flag tag displayed a significantly decreased tumorigenic
potential when compared to the parental cell line. Similarly,
re-expression of Flag-PARP3HE had no effect on tumor
growth. On the contrary, re-expression of Flag-PARP3WT

exacerbated tumor growth. Together, these results demonstrate
that the catalytic activity of PARP3 is required for tumor
growth in a BRCA1-deficient background.

Knockout of PARP3 attenuates the oncogenic
Rictor/mTORC2 signaling in the BRCA1-deficient
TNBC cells

In cancer progression, proliferation, survival, and centro-
some amplification are highly dependent on the activation
status of the oncogenic Rictor/mTORC2 signaling pathway.
mTORC2 mediates the phosphorylation of Akt on Ser473
and contributes to BRCA1-mediated tumorigenesis [24,
25].

To examine the role of PARP3 in the Rictor/mTORC2
pathway in the context of BRCA1 deficiency, we tested
the basal phosphorylation status of Akt on Ser 473
(Fig. 5a). Consistent with published reports, BRCA1-
deficient MDA-MB436 showed constitutive levels of p-
Akt(S473) compared to undetectable levels in the MDA-
MB231. Knockout of PARP3 significantly reduced the
amount of p-Akt(S473) in the MDA-MB436 suggesting
that PARP3 promotes the phosphorylation of Akt. To
verify this observation further, we analysed the autopho-
sphorylation of mTORC2 on Ser 2481 defined as a marker
for intact mTORC2 activity [26]. We detected increased
levels of p-mTORC2(S2481) in the parental MDA-
MB436 cells compared to the MDA-MB231 cells but no
visible impact was seen in the absence of PARP3. We
then analysed the expression of Rictor, a mandatory
cofactor of mTORC2 required for its stability and integ-
rity [6]. Similarly to PARP3, RICTOR transcript levels are
higher in TNBC versus non-TNBC cells (Supplementary
Fig. 1). The absence of PARP3 did not affect the
expression of Rictor in the MDA-MB231 cells, but
induced a notable decrease of Rictor expression in the
MDA-MB436 cells. In contrast, the absence of PARP3
did not affect the mTORC1-mediated phosphorylation of
p70S6K on Thr 389 indicating functional mTORC1
activity [26].

Next, to evaluate the contribution of PARP3 activity, we
analysed the status of p-Akt(S473) in the MDA-MB436

cells expressing either Flag control, Flag-PARP3WT or Flag-
PARP3HE (Fig. 5b). Consistent with the above results,
PARP3−/−c MDA-MB436 cells expressing the Flag tag
only exhibited strong decrease in the basal level of p-Akt
(S473) compared to the WT MDA-MB436 cells. Although
the exogenous expression of Flag-PARP3WT rescued p-Akt
(S473) levels, no rescue was detected upon re-expression of
the dead Flag-PARP3HE mutant. Similarly, we detected the
reduced expression of Rictor in the PARP3−/−c MDA-
MB436 cells expressing the Flag tag only compared to the
WT MDA-MB436 cells. Whereas the re-expression of Flag-
PARP3WT restored Rictor expression to a WT level, no
rescued expression was seen in the PARP3−/−c MDA-
MB436 complemented with Flag-PARP3HE. We also ana-
lysed the phosphorylation status of GSK3β on Ser 9, a
target of activated Akt [27]. We observed reduced p-GSK3β
(S9) levels in the PARP3−/−c MDA-MB436 cells expres-
sing the Flag tag only compared to the WT cells. Restored
p-GSK3β(S9) levels were seen in the PARP3−/−c MDA-
MB436 cells expressing Flag-PARP3WT but not in the
PARP3−/−c MDA-MB436 cells expressing Flag-PARP3HE.
In support of these data, we confirmed reduced Rictor, p-
Akt(S473) and p-GSK3β(S9) levels in the HCC1937 cells
upon PARP3 silencing and in the two PARP3 knockout
MDA-MB231 clones upon BRCA1 silencing while PTEN
silencing had no impact (Supplementary Fig. 6C and 7C).
We conclude that in BRCA1-deficient cells specifically,
PARP3 activity promotes Rictor/mTORC2 signaling and its
inhibition efficiently represses this tumorigenic pathway.

PARP3 interacts with and ADP-ribosylates GSK3β,
and limits the ubiquitination of Rictor

In cancer cells, the levels of Rictor are regulated by its
GSK3β-dependent ubiquitination and proteasomal degra-
dation [28]. Moreover, GSK3β has been identified in pro-
teome wide identification of PARP3 targets [29]. To
understand the biochemical basis of PARP3’s contribution
in Rictor/mTORC2 signaling in BRCA1-mutated cells, we
investigated the association of PARP3 with GSK3β. We
identified efficient co-immunoprecipitation of GSK3β with
Flag-PARP3 in the PARP3−/−c MDA-MB436 cells
(Fig. 6a). To evaluate the role of ADP-ribosylation, we
measured the in vivo levels of ADP-ribosylated GSK3β
immunoprecipitates using an anti-poly(ADP-ribose) anti-
body. We detected a significant basal ADP-ribosylation of
GSK3β in the MDA-MB436 cells that was suppressed upon
PARP inhibition (Fig. 6b and Supplementary Fig. 8). To
further interrogate on the contribution of PARP3 in the
ubiquitination of Rictor, we compared the levels of ubi-
quitinated Rictor immunoprecipitates in the PARP3−/−c-
MDA-MB436 versus the PARP3−/−1-MDA-MB231 cells.
Strikingly, the absence of PARP3 led to an apparent
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increase in the ubiquitination levels of Rictor in the PARP3
−/−c-MDA-MB436 cells only (Fig. 6c). Together, these data
suggest that in BRCA1-deficient cells, PARP3 interacts
with and ADP-ribosylates GSK3β to restrain the ubiquiti-
nation of Rictor.

Knockout of PARP3 decreases TGFβ-dependent Rac1
activation and lamellipodia formation in BRCA1-
deficient TNBC cells

TGFβ-induced activation of mTORC2 and phosphorylation
of Akt at Ser473 promotes actin cytoskeleton reorganization

and cell migration via a mechanism implicating the small
Rho/Rac1-type GTPases [30, 31]. PARP3 drives TGFβ-
induced EMT and cell migration in breast cancer cells [14].
Therefore, we questioned on the contribution of PARP3 in
these oncogenic events in the context of BRCA1 deficiency.
First, we evaluated the role of PARP3 in the TGFβ-induced
phosphorylation of Akt in our MDA-MB436 versus the
MDA-MB231 cells (Fig. 7a). Relative to TGFβ-untreated
cells, both MDA-MB231 and MDA-MB436 cultures trea-
ted with TGFβ displayed increased levels of p-Akt(S473),
but these inductions were less pronounced in the PARP3
knockout clones. Thus, the absence of PARP3 attenuates
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Fig. 5 The knockout of PARP3 mitigates the oncogenic mTORC2/Akt
signaling pathway in BRCA1-deficient breast cancer cells. a Equiva-
lent amounts of total cell extracts of the parental MDA-MB231 (WT)
and the two PARP3−/−1 and PARP3−/−3 MDA-MB231 cell lines and
from the wild-type (WT) MDA-MB436 cells versus the PARP3−/−b

and PARP3−/−c MDA-MB436 clones were immunoblotted with anti-
bodies against p-Akt(S473) and Akt, p-mTOR(S2481) and mTOR,
and Rictor as markers of mTORC2 activity and against p-p70S6K
(T389) as a marker of mTORC1 activity. Actin was used as loading
control (left panel). The relative signal intensities of p-Akt(S473)
versus Akt, p-mTOR(S2481) versus mTOR, p-p70S6K (T389) versus
p70S6K and Rictor versus actin were measured in three independent
experiments using ImageJ (right panel). Mean values ± SD are

indicated. *p < 0.05; **p < 0.01. b Reintroduction of Flag-PARP3WT

in the PARP3−/−c MDA-MB436 cell line restores the constitutive
induction of p-Akt(S473), p-GSK3β(S9) and Rictor levels, but not the
reintroduction of the dead Flag-PARP3HE mutant. Equivalent amounts
of total cell extracts of the parental MDA-MB436 (WT) and the
PARP3−/−c MDA-MB436 cell lines expressing either the Flag control
(Flag), Flag-PARP3WT or Flag-PARP3HE were immunoblotted with
antibodies against p-Akt(S473), Akt, Rictor, p-GSK3β(S9), GSK3β,
and actin used as loading control (left panel). The relative signal
intensities of p-Akt(S473) versus Akt, p-GSK3β(S9) versus GSK3β
and Rictor versus actin were measured in three independent experi-
ments using ImageJ (right panel). Mean values ± SD are indicated. *p
< 0.05; **p < 0.01

1624 C. Beck et al.



the TGFβ-dependent activation of Rictor/mTORC2 inde-
pendently of the BRCA1 context. To investigate this result
further, we measured TGFβ-induced RhoA and Rac1
GTPase activities in our cell models (Fig. 7b). Efficient
TGFβ-induced GTP loading of RhoA was detected in both
MDA-MB231 and MDA-MB436 cells. A similar weak
decrease was observed in both PARP3 knockout clones
suggesting a faint contribution of PARP3 in the activation
of RhoA independently of the BRCA1 context. In contrast,
MDA-MB436 cells displayed a notably higher TGFβ-
induced GTP loading of Rac1 relative to the MDA-MB231
cells suggesting a specific hyperactivation of Rac1 in
BRCA1-deficient cells. This induction was absent in the
two PARP3−/−b and PARP3−/−c MDA-MB436 clones.
Conversely, the absence of PARP3 had no consequence on
the induction of Rac1 in the MDA-MB231 cells. Hence,
TGFβ-induced Rac1 activity is profoundly impaired in the
absence of PARP3 in the context of BRCA1 deficiency.

Rac1 signaling promotes actin filament polymerization at
the leading edge of the cancer cells forming lamellipodia-
like protrusions, increasing cell migration [32]. Rictor/
mTORC2 converge on Rac1 to drive cell motility [33].
Therefore, we investigated whether PARP3 regulates
changes in the actin cytoskeleton by staining F-actin
(Fig. 7c). TGFβ treatment resulted in the appearance of
lamellipodia in the MDA-MB436 cells while no such
structures were detected in the MDA-MB231 cells. In
agreement with impaired Rac1 activation, the knockout of
PARP3 significantly reduced the extent of lamellipodia
formation in the two PARP3−/−b and PARP3−/−c MDA-
MB436 clones. No effect was seen in the PARP3−/−1 and
PARP3−/−3 MDA-MB231 clones. We conclude that the
absence of PARP3 impairs the Rac1-mediated formation of
lamellipodia structures in the context of BRCA1 deficiency.
Consequently, we compared the motility of our wild-type
and PARP3-knockout cell models (Fig. 7d). The absence of
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ubiquitination of Rictor in BRCA1-deficient breast cancer cells. a Co-
immunoprecipitation of GSK3β with Flag-PARP3 but not with the
Flag control. Cell extracts from PARP3−/−c MDA-MB436 cell lines
expressing either the Flag control (Flag) or Flag-PARP3WT were
immunoprecipitated with an anti-Flag antibody and analysed by
western blotting using successively anti-GSK3β, anti-Flag, and anti-
actin antibodies. Input corresponds to 1/10 of the total amount of cell
extract used for immunoprecipitation. b GSK3β is ADP-ribosylated in
the BRCA1-mutated MDA-MB436 cells. MDA-MB436 cell extracts
were immunoprecipitated with either a control antibody or an anti-
GSK3β antibody in the absence or in the presence of the PARP
inhibitor Ku-0058948. ADP-ribosylated GSK3β was revealed using an

anti-poly(ADP-ribose) antibody and an anti-GSK3β antibody. Input
corresponds to 1/10 of the total amount of cell extract used for
immunoprecipitation. c In vivo ubiquitination assay: the absence of
PARP3 enhances the ubiquitination of Rictor in the BRCA1-mutated
MDA-MB436 cells but not in the BRCA1-wild-type MDA-MB231
cells. The parental (WT) and the PARP3−/−1 MDA-MB231 cells as
well as the parental (WT) and the PARP3−/−c MDA-MB436 cells were
transfected with HA-Ubiquitin and either mock-treated or treated with
10 μM MG132 for 12 h to inhibit proteasomal degradation. Rictor
immunoprecipitates were blotted successively with an anti-HA anti-
body to detect ubiquitinated Rictor and an anti-Rictor antibody to
detected imunopurified Rictor. The weaker detection of Rictor in line 4
is due to steric hindrance caused by the enhanced ubiquitination
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PARP3 decreased cell migration independently of the
BRCA1 context.

Chemical inhibition of PARP3 recapitulates the
effects of the genetic disruption of PARP3

To further validate the impact of PARP3 inhibition in
BRCA1-deficient TNBC cells, we used the cell-permeable
PARP3-specific inhibitor, ME0328 [16]. We first compared
the sensitivity of the MDA-MB231 and MDA-MB436 cells

to increasing doses of ME0328 by clonogenic assays
(Fig. 8a). At all doses of ME0328 used, the inhibition of
PARP3 caused significantly higher lethality in the BRCA1-
deficient cells then in the BRCA1-wild-type cells (black
bars). Similar result was observed in the HCC1937 cells
(Supplementary Fig. 7A). Notably, this effect was not
detected in the PARP3−/−c MDA-MB436 cells and not
significant at the highest dose in the PARP3−/−1 MDA-
MB231 cells (gray bars) revealing the specificity of
ME0328 in vivo.
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−/−1 and PARP3−/−3 MDA-MB231 knockout cell lines and the wild-
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two PARP3−/−1 and PARP3−/−3 MDA-MB231 knockout cell lines
and the wild-type (WT) MDA-MB436 cells versus the PARP3−/−b and
PARP3−/−c MDA-MB436 clones were stimulated with TGFβ for 48 h.
Active GTP-bound RhoA or active GTP-bound Rac1 were isolated
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appropriate antibodies. c The parental MDA-MB231 (WT) and the two
PARP3−/−1 and PARP3−/−3 MDA-MB231 knockout cell lines and the
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arrows. Nuclei are counterstained with DAPI (blue). d Analysis of
video recording of the in vitro scratch-wounds. The percentage of
wound closure was calculated by the mean ± SD of five wound widths
per condition taken at different time points throughout 24 h and per-
formed in three independent experiments. The percentage of wound
closure for the parental cells was set to 100%. *p < 0.05; **p < 0.01.
Scale bars= 10 μm
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Fig. 8 Pharmacologic inhibition of PARP3 using ME0328 recapitulates
effects of the genetic disruption of PARP3. a Dose response of ME0328 in
the parental MDA-MB231 (WT) and the two PARP3−/−1 and PARP3−/−3

MDA-MB231 knockout cell lines and in the wild-type (WT) MDA-
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MDA-MB436 cell lines expressing either the Flag control (Flag), Flag-
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ME0328 for 24 h and processed for the analysis of mTORC2 signaling by
western blotting using the appropriate antibodies (upper panel). The relative
signal intensities of p-Akt(S473) versus Akt, and p-GSK3β(S9) versus
GSK3β were measured in three independent experiments using ImageJ
(right panel). Mean values ± SD are indicated. *p < 0.05
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We then analysed the sensitivity of the MDA-MB436
cells to the compound compared to the PARP3−/−c MDA-
MB436 cells expressing either Flag or Flag-PARP3WT

(Fig. 8b). ME0328 significantly reduced survival of the
control MDA-MB436 cells and the PARP3−/−c MDA-
MB436 cells restored with Flag-PARP3WT, but had no
impact on the PARP3−/−c MDA-MB436 cells expressing
the Flag tag only, confirming the selectivity to PARP3
inhibition.

To determine the inhibitory effect of ME0328 on Rictor/
mTORC2 signaling, we analysed the status of p-Akt(S473)
and p-GSK3β(S9) in the MDA-MB436 restored cells upon
exposure to ME0328 (Fig. 8c). Compared to untreated cells,
ME0328 significantly decreased the levels of p-Akt(S473)
and p-GSK3β(S9) in WT and PARP3−/−c MDA-MB436
cells restored with Flag-PARP3WT, but had no effect on the
PARP3−/−c MDA-MB436 expressing the Flag tag only.
Similarly, ME0328 reduced the levels of p-Akt(S473) and
p-GSK3β(S9) in HCC1937 cells (Supplementary Fig. 7C).
Together, these results confirmed that the chemical inhibi-
tion of PARP3 reduces the survival and Rictor/mTORC2
activity in the context of BRCA1 deficiency specifically.

Discussion

Analysis of the published PARP3 gene expression profile
using the Cancer Cell Line Encyclopedia (CCLE) shows a
significantly higher expression of PARP3 in the TNBC versus
the non-TNBC cells, whereas PARP1 expression remains
similar (Supplementary Fig. 1). TNBC have a high prevalence
of BRCA1mutations [34]. It has been demonstrated previously
that inhibition of Tankyrase 1 efficiently reduces survival of
BRCA1-associated cancers [20]. We found that
PARP3 stimulates Tankyrase 1 activity [8]. On these bases,
we hypothesized that targeting PARP3 may provide a novel
therapeutic avenue for BRCA1-deficient TNBC.

We demonstrate here that the knockdown and knockout
of PARP3, or inhibition of its catalytic activity is selectively
lethal with BRCA1 in several experimental models of
TNBC. We discovered an unprecedented selective role of
PARP3 in the regulation of mTORC2 complex, a critical
Akt Ser473 kinase [7]. Although mTORC2 complex is
gaining attention as a relevant target for cancer therapy due
to its important functions in cell survival, cytoskeleton
organization, cell migration, and metabolism, its contribu-
tion in the progression of the BRCA1-deficient breast can-
cers has not yet been evaluated [6]. Here we provide robust
evidence that loss of PARP3 or inhibition of its catalytic
activity attenuates mTORC2-mediated Akt phosphorylation
especially in BRCA1-deficient cells that upregulate p-Akt
(S473) showing a lesser effect in cells with normal BRCA1
expression. The mechanism by which PARP3-catalyzed

ADP-ribosylation positively regulates mTORC2 appears to
be associated with the interaction of PARP3 with GSK3β
that might be required to temper the ubiquitination and
degradation of Rictor [35]. Rictor/mTORC2 pathway has
been reported to be an essential downstream branch of
TGFβ signaling representing a responsive target to inhibit
EMT [31]. We have shown that PARP3 drives TGFβ and
ROS-induced EMT, migration and stemness in breast can-
cer cells [14]. An important morphological modification
induced by TGFβ during migration involves the rearran-
gement of the cytoskeleton leading to formation of lamel-
lipodia, a phenomenon elevated in BRCA1-deficient breast
cancer cells and associated with increased activation of the
small GTPases, RhoA and Rac1 [32, 36]. Rictor/mTORC2
plays a role in cytoskeleton reorganization and Rac1 has
been involved [35, 37, 38]. We show here that PARP3
regulates these events in a context-dependent manner. Our
data suggest that PARP3 promotes TGFβ-induced p-Akt
(S473), RhoA activation and consequently migration irre-
spective of the BRCA1 context. These findings introduce
signaling through RhoA as a downstream mechanism by
which PARP3 may promote migration in breast cancer
cells. In contrast, PARP3 supports enhanced Rac1 activa-
tion and lamellipodia formation in the context of BRCA1
deficiency reinforcing the hypothesis that targeting PARP3
could be beneficial to restrain BRCA1-associated cancer
progression.

Moreover, cumulative evidences point to a central role of
mTORC2 signaling in the maintenance of genome integrity
and deregulated p-Akt(S473) has been linked with surnu-
merary centrosomes [39–41]. Accordingly, we found that
the absence of PARP3 results in centrosome amplification
and genomic instability as measured by the accumulation of
micronuclei, telomeric aberrations and an increase in
γH2AX and P-ATM levels that are intensified in the
BRCA1-deficient cells (Supplementary Fig. 9). Hence, it is
tempting to correlate abnormal centrosome numbers and
genome instability with reduced Rictor/mTORC2 signaling
in the absence of PARP3.

In conclusion, we identified a new role of PARP3 cata-
lyzed ADP-ribosylation in promoting Rictor/
mTORC2 signaling and Rac1 GTPase activation specifi-
cally in BRCA1-deficient TNBC cells emphasizing the
potential clinical implications of selective PARP3 inhibi-
tors. Accordingly, we demonstrate the efficacy and selec-
tivity of the recently reported quinazoline derivative
ME0328 as this compound compromises survival and
mTORC2 signaling in the wild-type MDA-MB436 cells but
not in the PARP3 knockout counterparts. These data
exemplify PARP3 as a prominent target in a precision
medicine approach and thus support the significant drug
design efforts developed since a few years for selective
targeting of PARPs in cancer therapy.
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