


have been limited by lack of blood supply to the inner
mass. We further examined whether the tumors in the
triple combination had sustained alterations in signaling
that corroborate our in vitro findings. Indeed, ex vivo
immunoblotting displayed induction of ERK1/2 and p38
and a decrease in STAT3 and MK2 phosphorylation in
the triple treatment group (Figure 4E), associated with
increased apoptosis judged by PARP cleavage (Figure 4E).
As RADS1 is a key protein involved in the recombination
of both B and T cell receptors, there is a general suggestion
that therapeutically targeting of RADS1 in a combination

therapy has the potential to induce myelosuppression [23].
Although we utilized immune-compromised nu/nu mice,
they still retain functional immune cells except for T-cells,
and we were able to detect no significant reduction in
whole white blood cell count and lymphocytes in response
to the triple combination, which all stayed within normal
parameters (Supplementary Figure S3) [24-26]. Taken
together, our in vivo studies confirmed our findings that
p38 inhibition potentiates the cytotoxic effect of RADS1
inhibition alone and more so when combined with PARP
inhibition in triple combination. Similar to our in vitro

Figure 4: RAD51, PARP and p38 combined inhibition in vivo. A. MDA-MB-231 xenografts were monitored by bioluminescence
(luciferin) imaging, DMSO and triple therapy cohorts are represented. B. Tumor burden plotted as percentage change in volume for all
single arm controls, double combinations and triple therapy combination compared to days after treatment with all three drugs. *p<0.05,
***p<0.005. C. Histological analysis for overall size, cellularity, proliferation and vimentin expression of DMSO and triple treated tumors
(Scale bar =100 pm). D. Quantification of human proliferating cells (Ki67*, Vimentin"). E. Protein expression and signaling analysis of day

10 ex vivo DMSO and triple combination treated tumors.
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studies, the strong effect of the triple combination can be
explained by the inhibition of survival signaling pathways,
which are induced by the single or dual treatments.

The rationale for targeting p38 with RAD51
is driven by signaling rather than changes in
transcription of key proteins

The rationale behind combining RADS51 depletion
and PARP1 inhibition is a well-defined set of mechanisms
that coordinate inhibition of concordant DNA repair
pathways [6-10]. The mechanisms by which RADS51
depletion combines with p38 inhibition are speculative.
Previously, we found that RADS51 can bind ¢/EBPf and
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influence gene expression in MDA-MB-231 cells [12].
Our data here suggest that RADS51 depletion or inhibition
induces signaling in the p38 pathway. The significant
induction of the transcriptional factor STAT3 suggested
a possible transduction of signal from DNA damage
to modulate transcription of specific genes [27]. To
examine whether this signaling was related to changes
in expression, we used the transcriptional repressor
actinomycin D. Upon depletion of RAD51, compared
to non-targeted controls (Figure 5A-insert), there was
an associated depletion of ¢/EBPp, p38-alpha and p38-
beta transcript (Figure 5A, p<0.01, p<0.05), but not the
p38-delta transcript (Supplementary Figure S4A). p38-
alpha and p38-beta transcripts were also reduced in
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Figure 5: Analysis of p38 pathway signaling. A. MDA-MB-231 cells were depleted of RAD51 and analyzed for expression of
the specified genes in the presence or absence of the transcriptional inhibitor actinomycin D. Plots represent the fold expression change
over GAPDH and are the average of triplicate experiments +/-SEM. (A-Insert) Controls for non-targeting siRNA +/- actinomycin D. B.
Expression of the specified proteins and phosphoproteins examined after RADS51 depletion with two different siRNA. C. Immunofluorescence
of MDA-MB-231 cells depleted of RADS1 and stained for morphology. D. Immunofiuorescence of BT549 cells engineered for RADS1

overexpression and stained for morphology (Scale bar =100 um).
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response to ¢/EBPP depletion (Supplementary Figure
S4B). This suggests that in the absence of the RADS1-c/
EBPp complex and active transcription, there is reduced
expression or stability of these transcripts. Despite this
interesting transcriptional regulation of p38-alpha and
p38-beta, it is noteworthy that p38 protein levels after
RADSI1 targeting in vitro/in vivo or depletion with sSiRNA,
were never down regulated (shown in Figure 5B).

Altogether, our transcriptional studies here support
the notion that the increased phosphorylation of p38 is a
bona fide signaling effect after RADS1 depletion, since
p38 mRNA (Figure 5A) and protein (Figure 5B) did not
increase even while transcription was active, or reduced
when transcription was blocked with actinomycin D. Our
initial drug screen supports this conclusion where the
p38 inhibitor, but not MEK1 inhibitors, had an additive
effect with RADS1 depletion, as p38 phosphorylation was
increased as a possible compensatory mechanism due to
the stress DNA repair inhibition.

The targeting of p38 and RADS1 mediates
additional anti-tumor effects via HSP27

The loss of HSP27 phosphorylation after RADS51
depletion (Figure 5B) provides further support to our
conclusion. p38-mediated phosphorylation of HSP27
via MK2 has been demonstrated to regulate alpha-
actin turnover [28]. The dephosphorylated form of
HSP27 caps the barbed ends of actin filaments, while
the phosphorylated form stabilizes long unbranched
actin filaments [28]. This phenomenon was observed
in morphological cell changes in response to
RADS1 expression levels that correlate with HSP27
phosphorylation status, with contracted morphology after
RADSI1 depletion (Figure 5C) and elongated morphology
with RADS51 overexpression (Figure 5D). This observation
supports that p38 signaling plays a strong role during
RADS51 modulation and further explains the benefit from
combining p38 inhibition with RADS5]1 inhibition alone or
when combined with PARP inhibition. The role for HSP27
phosphorylation in association with RADS51 in tumor
progression is part of ongoing investigations.

DISCUSSION

Therapies utilizing synthetic lethality with PARPi
have been plagued by mechanisms of resistance. We
show that by inducing synthetic lethality with PARPi and
RAD511, the addition of targeting p38 induces TNBC
cell death in vitro and in vivo. p38 signaling effects
associated with RADS51-mediated DNA repair is highly
context-dependent, with both DNA-repair dependent and
independent mechanisms reported [19, 29]. In contrast
to our findings, several studies identified a role for p38
in the activation of Chk1 supporting G2 cell cycle arrest
checkpoint assisting ATR signaling and DNA repair [30,

31]. We did not observe a G2 arrest under any single
drug conditions except for the well-documented synthetic
lethality of targeting PARP in MDA-MB-436. Previous
studies also showed the inhibition of p38 activity had no
effect on Chkl1 activation and DNA repair [30], however,
p38 was essential for survival through the expression of
prosurvival apoptotic proteins [30]. This implies DNA
repair-independent p38 survival activity, via changes in
transcription. However, in the cancer setting, p38 can be
essential for survival as a sensor for replicative stress,
with loss of its downstream target MK2 protecting cells
through a DNA-repair dependent activity [32]. Loss of
MK?2 signaling was observed in MDA-MB-231 cells
upon treatment with the p38i/PARPi combination with
concordant induction of RADS1 protein expression levels.
This mechanism is contradicted by the observation that
inhibition of p38 activation enhanced RADS1 protein
instability, sensitizing cells to DNA damage [19]. We
confirm reduced RADS51 expression observed with
high dose p38 inhibitor, however, this was ten times the
concentration required for in vivo therapy response. The
targeting of p38 did result in loss of MK2 signaling, and
the additional targeting RADS1 and PARP1 was able to
overcome potentially enhanced DNA repair signaling.
Therefore the targeting of p38 may protect cells from
DNA damage, but is dependent upon a functional DNA
repair pathway.

Several key proteins identified here likely mediate
the molecular mechanisms of signaling that underlies our
combination therapy. We found that RAD51 depletion and
DNA damage activated the AKT pathway with enhanced
phosphorylation of key proteins including STAT3 and
AKT (Figure 6). The induction of signaling is likely
enhanced by the KRAS mutation in MDA-MB-231 cells
that results in constitutively activated PI3K signaling via
mTOR to STAT3 [33]. As a mechanism of cell survival,
STAT3 can induce transcription of specific target genes.
We have previously established that RADS5I also
contributes to changes in transcription via binding of the
transcription factor ¢/EBPP [12]. Interestingly STAT3 and
¢/EBPp have overlapping consensus sequences in breast
cancer promoters, suggesting competitive regulation [34].
Analysis of transcription after RADS51 depletion revealed
loss of ¢c/EBP transcript stability and p38 (a target gene
of ¢/EBPP). This scenario could result in the loss of ¢/
EBPp occupying promoters allowing STAT3 transcription
and upregulation of kinase expression that result in the
observed enhanced phosphorylation of STAT3.

Activation of DNA repair increases ERKI1/2
phosphorylation [35] and p38 phosphorylation [36]. We
observed significant ERK1 signaling in particularly when
targeting RADS1 in vitro and both in vitro and in vivo
under triple therapy. This might explain the ability of p38
inhibition to potentiate the effect of RADS51 and PARP
inhibition. In the case of ERK1/2 phosphorylation after
the triple combination, the difference in response observed
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between MDA-MB-231 cells (pS3-mutant/BRCA1-wild
type) and MDA-MB-436 cells (p53-low/BRCA 1-mutant)
may relate to BRCA status. A relation between BRCA1
and ERK1/2 during DNA damage response and cell cycle
arrest has been previously described [35]. The different
genetic context, particularly p53 status, of MDA-MB-436
compared to that of MDA-MB-231 could also attribute to
the cell G2 arrest/mitotic catastrophe [36] in the pS3-low
MDA-MB-436 compared to apoptosis in the p53-mutant
MDA-MB-231 cells. A function independent of signaling,
ERKI1 is capable of blocking the translocation of ¢/EBPJ
localization to the nucleus via p38 in astrocytes [37]. In the
absence of p38 signaling we suggest this function does not
occur. Therefore, there may be no ¢/EBPJ transcriptional
activity due to cytoplasmic retention via ERK1 and down
regulation of transcript. This could explain the reduced
transcript stability of ¢/EBPP and p38 observed after
RADS51 depletion and previous published observations

CELL
MEMBRANE

Inhibitor
ranked 4

CYTOPLASM

Inhibitor
ranked 2

NUCLEUS

for RADS1 depletion inhibiting ¢/EBPf transcriptional
activity [12].

In addition to RADS51 depletion enhancing p38
signaling, we observed depletion of phosphorylated-
HSP27. p38 forms a complex with MK2 which can
phosphorylate HSP27 in the presence of DNA damage
[38]. Under the control of p38/MK2, phosphorylated-
HSP27 releases its inhibitory activity on filament capping
of actin polymers. This promotes polymerization and cell
migration [39]. Thus, loss of HSP27 signaling promotes
filament capping. We observed associated changes in cell
morphology and migration after RADS51 depletion, which
could be accounted for by loss of phosphorylated-HSP27
[12]. Depletion of HSP27 in human breast cancer cell
line MDA-MB-231 reduces cell migration and invasion,
and this attenuation of invasion correlates in vivo with a
decreased ability of breast cancer cells to metastasize and
grow in the skeleton [40]. In a comprehensive study it was

Inhibitor

ranked 16 \

Inhibitor
ranked 13/17

Actin
dynamics
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Figure 6: Schematic of p38 pathway signaling. The schematic shows the signaling cascade from a receptor tyrosine kinase to the
nucleus. We have highlighted some of the key proteins that were directly inhibited by small molecules and where they ranked in order
of efficacy with RADS1 depletion. Due to a K-RAS mutation in MDA-MB-231 cells PI3K is highly active, however RADS51 depletion
resulted in ERK1/2 activation. This is why the PKC and MEK were lowly ranked targets compared to S6K and p38 (Ranking obtained from
Table 1). We suggest that the ability of RADS51 to bind ¢/EBPJ can increase expression of key components of the signaling pathway. This
is supported by the observation of RAD51-mediated changes in actin dynamics via p38 signaling to HSP27.
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shown that down-regulation of HSP27 in MDA-MB-436
breast cancer cells induced long-term dormancy in vivo
[41] . Thus, the targeting of RADS1, PARPi and p38 also
may have the ability to prevent metastatic dissemination
of breast cancer cells and this forms part of our ongoing
investigations.

The targeting of RADS51, PARPI and p38
represents a potential effective therapy in TNBC that
is not circumvented by “synthetic lethal resistance”
observed via pressure on the DNA repair pathway. The
unique combination utilizes a “pressure release valve”
by targeting p38, which can drive survival by several
described signaling mechanisms.

MATERIALS AND METHODS

Animal ethics

All animal procedures were conducted in accordance
with Australian National Health and Medical Research
regulations on the use and care of experimental animals,
and approved by the QIMR Berghofer Medical Research
Institute Animal Ethics Committee (approval P1301).

Cell lines

TNBC MDA-MB-231, MDA-MB-436, and
BT549 lines were acquired from ATCC, PMC42ET was
a gift from Robin Anderson (Peter MacCallum Cancer
Centre, Melbourne, Australia). BT549 was engineered
for overexpression of RADS51 using Origene letinviral
construct and empty vector as control (SKU: RG218333).

Sensitivity to single DNA damaging and
signaling inhibitor agents

MDA-MB-231, PMC42-ET and MDA-MB-436
breast cancer cell lines were analyzed for sensitivity to;
PARPi (ABT-888-Veliparib), p38i (LY222882), DNA-
PKi (KU-57788), S6K (PF 4708671), ATMi (KU-55933),
PAKi (IPA3), Ligase IVi (SCR7), CHK1i (AZD7762),
PYK2i (PF-562271), HSP90 (AUY922), GSK3i (CHIR-
98014), DNA-PKi(2) (NU7026), MEKi(2) (AS703026),
EGFRi (W2992-Afatinib), PDKi (GSK2334470), PKCi
(LY317615), MEKi (AZD6244), PLCi (U73122), IGF-
IR (GSK1904529A) and ERKSi (BIX 02189). All drugs
were purchased from Selleck Chem. Each cell line was
targeted with two different RADS1 siRNA or scrambled
control siRNA and 1x10* cells/well plated in the presence
of 0-100 uM inhibitor and incubated for 120 hours. Growth
inhibition was measured by MTS assay (Cell titer 96
AQueous Promega) measured at 500 nm. Data was analyzed
using GraphPad Prism and plotted as nonlinear regression
line of best fit for IC50. IC50 was then compared between
non-targeted and RADS51 depleted cells and expressed as a
ratio difference. The average between the three different cell
lines provided the order of efficacy against TNBC.

Combination therapy dose curves

Each of MDA-MB-231, MDAM-MB-436 or
PMCA42ET cell lines were incubated in the presence of
each drug individually (0-100 pM) plus DMSO controls,
as well as in combination with PARPi (2.5 pM ABT-888)
or p38i (10 uM LY222882) and measured by MTS assay.
The plots were standardized to DMSO untreated cells and
represent line of best-fit non-linear regression +/-SEM.

Kinome array

We performed the Proteome Profiler™ arrays
as per our previous studies [18] and manufacturers’
instructions. In summary, cells were washed with cold
PBS and collected by trypsinization, lysates from breast
cancer cell lines were prepared using the lysis buffer
provided in the kit. Lysates were then hybridized to the
arrays as per manufacturer instructions (R&D Systems,
MN, USA). Phosphorylation levels were detected with
the FujiFilm LAS-3000 Imaging System (Fuji Photo
Film, Tokyo, Japan) using Millipore Immobilon Western
chemiluminescent HRP substrate. Protein band intensity
was determined using the ‘Protein array analyser”
quantitation function of Image J v 1.43.

Flow cytometry analysis

Cultures were trypsinized to single cell suspensions,
washed with phosphate-buffered saline (PBS)/10% FBS,
fixed with 70% cold ethanol and stained with propidium
iodide containing RNAse. Flow cytometry analysis was
performed on 10,000 gated events per sample. Cells were
analysed and gated per subG1, G1, S, G2 and >G2 (Super
G2-polyploid) populations.

Long-term colony assays

After incubation with  appropriate  drug
combinations, 1x10° cells were plated per well in a 6-well
plate and incubated with DMEM supplemented with
10% FBS and antibiotics. After 14 days incubation the
colonies were washed with PBS, fixed with 70% ethanol
and stained with 0.5% crystal violet in PBS for 5 minutes.
Excess stain was removed with running water and plates
scanned and quantitated using Image J software (NIH).
Plots represent the mean and standard error of the mean
(SEM) of 4 independent experiments.

Immunoblotting

Protein lysates were prepared via whole cell lysis in
ice-cold lysis buffer (150 mM NaCl, 10 mM Tris-Cl pH
7.4, 5 mM EDTA, 1% Triton X-100) supplemented with
protease inhibitors (Leupeptin, Pepstatin and PMSF, Sigma
Aldridge) as previously described [42]. Immunoblots were
probed with anti-RADS1 (Santa Cruz Biotech), anti-p38,
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anti-phospho-p38 (Cell Signaling), anti-PARP (BD
Biosciences), anti-MK2 (Cell Signaling), anti-HSP27,
anti-phospho-HSP27 (Cell Signaling), anti-ERK1/2,
anti-phospho-ERK1/2 (Cell Signaling) and anti-3-Actin,
(Sigma) as a loading control. Membranes were developed
using fluorescent-labeled secondary antibodies and
visualized using the Odyssey system. Protein expression
levels were determined by optical density versus actin
loading controls using Image J software (NIH).

Xenograft therapy

Cohorts of 5 week-old female nude NU-Foxn/nu or
Balb/c mice with established 40 mm® luciferase positive
inguinal mammary fat pad tumors from 5x10° cells of MDA-
MB-231 were used. Mice were treated with 50 mg/kg B02
(Sigma), 25 mg/kg LY228820 (Selleck Chem) and 25mg/kg
ABT-888 (Selleck Chem). Mice were treated via intraperitoneal
injection. LY228820 and B02 were administered daily while
ABT-888 was administered every second day. Tumor growth
was monitored by caliper measurement and visualized using
luciferase-mediated live animal imaging with the IVIS100
Xenogen system (Caliper Life Sciences).

Expression analysis

RNA was isolated from RADS51 or ¢/EBPP depleted
MDA-MB-231 cells incubated in the presence or absence
of 0.05mg/ml actinomycin D, using QIAGEN RNAEasy
Mini Kit. cDNA was synthesized using RT? First Strand
Kit (QIAGEN). cDNA was analyzed on Roche Lightcycler
480 with validated primer sets (Supplementary Table S1).
Fold expression change was calculated against actin and
expressed as base-two exponential increase in RNA levels
(2AACt)+/- SEM.

Immunofluorescence

Approximately 5x10* cells were seeded onto 18
mm glass coverslips. At 48 hours later, cells were gamma
irradiated at 6 Gy. Coverslips were washed in (PBS), the
cells were fixed in cold 70% ethanol and permeabilized in
0.5% Triton X-100 solution for 15 min at room temperature.
Cells were blocked with 10% FBS in PBS and incubated
with primary antibody (or alexa phalloidin) for 1 h and with
secondary antibody for 30 min at room temperature. All
antibodies were diluted in 5% FBS—PBS. Cells were then
washed, counterstained with 4',6'-diamidino-2-phenylindole
(DAPI), and mounted. Primary antibody dilutions were as
follows: Rad51, yH2Ax 1:1000 and 1:500 respectively. All
secondary antibodies were used at 1:200.

Statistical analysis

Results are presented as mean +/- SEM of replicate
analyses and are either representative of or inclusive of
at least three independent experiments. All statistical

analyses were performed using two-tailed Student’s 7-tests
in GraphPad PRISM 6 software. In all figures, significant
differences between specified pair of conditions, as
judged by t-test, are indicated using asterisks (*p<0.05;
**p<0.01; ***p<0.005, ****p<0.001). IC50 doses for
were calculated by interpolation of the sigmoidal dose
response curves (Graphpad Prism 6.0 software).

Abbreviations

TNBC triple negative breast cancer, PARPI1
poly(ADP-ribose)polymerase 1, p38 p38 Mitogen-
Activated Protein Kinase.
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