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Abstract: The nuclear enzyme PARP1 plays a central role in sensing DNA damage and facilitating repair. Tumors
with BRCA1/2 mutations are highly dependent on PARP1 as an alternative mechanism for DNA repair, and PARP
inhibitors generate synthetic lethality in tumors with BRCA mutations, resulting in cell cycle arrest and apoptosis.
Zhou et al. recently synthesized an ®F-labeled PARP1 inhibitor ([*®F]FluorThanatrace) for PET, and demonstrated
high specific tracer uptake in a xenograft model of breast cancer [1]. In the current study, we characterize the
level of baseline PARP expression and activity across multiple human breast cancer cell lines, including a BRCA1
mutant line. PARP expression and activity, as measured by levels of PAR and PARP1, is correlated with in vitro [*6F]
FluorThanatrace binding as well as tracer uptake on PET in a xenograft model of breast cancer. Radiotracer uptake
in genetically-engineered mouse fibroblasts indicates [*®F]FluorThanatrace is selective for PARP1 versus other PARP
enzymes. This motivates further studies of [*®F]FluorThanatrace as an in vivo measure of PARP1 expression and
activity in patients who would benefit from PARP inhibitor therapy.
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Introduction More recently, PARPi have demonstrated par-

ticular promise in the treatment of tumors that
Poly (ADP-ribose) polymerase-1 (PARP1) is the are deficient in DNA repair pathway enzymes
most abundant and well-studied member of the and are thus dependent on PARP1 for survival.
PARP family of nuclear enzymes [2]. While In tumors with DNA repair deficiencies, such as
PARP1 has a host of cellular functions, includ- BRCAZ1 or BRCA2 (BRCA1/2) mutation breast or

ing roles in transcription, translation, chromatin
remodeling, and telomere maintenance [3], its
role in sensing DNA damage and initiating base
excision repair of single stranded breaks makes
it an attractive anticancer target. PARP1's DNA
binding domain binds to DNA breaks via two
zinc finger domains, and the C-terminal cata-
lytic domain sequentially transfers ADP-ribosyl
moieties (PAR) from nicotinamide-adenine-
dinucleotide (NAD*) to chromatin-associated

ovarian cancers, PARPi offer potential as a
stand-alone therapy via the induction of syn-
thetic lethality [6, 7]. Functional BRCA1 and
BRCA2 are necessary for the repair of double
stranded DNA breaks (DSBs) via homologous
recombination. Cells with defective BRCA1/2
are unable to localize RAD51 to sites of DNA
damage, resulting in impaired homologous
recombination and an accumulation of genetic

acceptor proteins involved in repair [2, 4]. Given abnormalities, promoting genomic instability
its function in mediating single strand break [8]. PARPI leads to increased single stranded
repair, PARP inhibitors (PARPi) were initially breaks (SSBs), and the multitude of SSBs even-
investigated as potentiators of chemotherapy tually leads to DSBs via replication fork collapse
and radiation therapy for a large array of solid [9]. PARPI induced trapping of PARP enzymes
malignancies, including breast, pancreatic, gli- onto DNA correlates with toxicity of this class of
omas, non-small cell lung, and melanoma [5, agents, indicating additional modes of action

6]. beyond accumulated SSBs the presence
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BRCA1/2 mutations, PARPi induced lesions
can’t be repaired, resulting in chromosomal
aberrations and cell death.

While PARPi offer promise in the treatment of
breast cancer, particularly in tumors with DNA
repair deficiencies, not all tumors benefit from
PARPI therapy. Therefore, a noninvasive imag-
ing procedure that can assess PARP1 levels
and/or activity could be useful in determining
which patients may benefit from PARPI therapy.
Measuring these parameters is of considerable
interest given their established relationship to
responses to clinically approved PARPI [10, 11].
Two 8F-labeled analogs of the PARPI olaparib,
[*8F]FBO and [*®F]PARP-FI, have been reported
and have been used to image tumors in pre-
clinical models of ovarian, pancreatic and glio-
ma [12, 13]. Zhou et al. recently synthesized
a highly potent (IC,, of 6.3 nM) **F-labeled
PARP1 radiotracer, [*|F]FluorThanatrace ([*8F]
FTT) (Figure 1), which was based on the PARPI
AG14699 [1]. Early microPET studies demon-
strated high tracer uptake in a xenograft model
of human breast cancer, and blockade of radio-
tracer uptake following pretreatment with
olaparib confirmed specificity of [*8F]FTT for
PARP [1].

In the current study, we measure the constitu-
tive levels of PARP1 in multiple human breast
cancer cell lines, including BRCA1 mutated,
and correlate in vitro [*8F]FTT uptake with con-
stitutive PARP1 activity across cell lines.
Furthermore, we demonstrate that constitutive
PARP expression and activity is predictive of
PET tracer uptake in breast cancer xenografts.
Finally, cell uptake studies conducted in geneti-
cally engineered fibroblast cells confirm that
[*8F]FTT reflects PARP1 expression and not
other PARP enzymes. These results confirm
that [*8F]FTT offers a noninvasive, in vivo means
of evaluating tumor PARP1 expression and
activity in breast tumors.

Materials and methods
Radiolabeling

Full automation of [*®F]FTT synthesis was
achieved successfully on an AllinOne module
(TRASIS, Belgium) using a modified program
from reported procedures [1]. In brief, 8F/F
was eluted from ion exchange QMA cartridge
with eluent containing 7 mg of cryptand and 2
mg of potassium carbonate and azoetropically
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dried with acetonitrile (1 mL) at 100°C. A solu-
tion of tosylate precursor (0.8-1.0 mg) in DMF
(0.8 mL) was added to the dried [*F]/F and
heated at 105°C for 10 minutes. After cooling,
the reaction was quenched with 3 mL of HPLC
mobile phase (17% acetonitrile in 20 mM
ammonium bicarbonate aqueous solution). The
quenched reaction mixture was passed through
an Alumina N Plus cartridge (Waters, USA) to
HPLC loop for purification using SB-C18 semi-
preparative column (100 x 9.4 mm, Agilent,
USA) with 5 mL/min flow rate. The retention
time of [*®F]FTT was about 20 min and collec-
tion time lasted 2 min. The collected product
was diluted to 21 mL with water and enriched
on C18 plus cartridge (Waters, USA). The car-
tridge was rinsed with water (10 mL), the prod-
uct was eluted out and passed through 0.2 um
sterile nylon filter (Whatman, USA) into final pro-
duction vial with ethanol (1.5 mL) and normal
saline (14 mL). The entire synthesis required 55
min and gave 50-60% yield (decay corrected).
The product radiochemical and chemical purity
was >90% with a specific activity >2200 Ci/
mmol. [*F]FTT was manufactured in accor-
dance with cGMP guidelines for positron-emis-
sion tomography radiopharmaceuticals.

Cell culture

HCC1937 cell line (obtained from ATCC) was
cultured in RPMI1640 (Gibco) supplemented
with 10% FBS and 1% Penicillin Streptomycin.
MDA-MB-231 cell line (ATCC) was cultured in
MEM (Gibco) supplemented with 5% FBS, 1%
L-Glutamine, 1% NEAA, 1% Sodium Pyruvate,
2% MEM vitamins, and 1% Penicillin
Streptomycin. MCF7 (ATCC) cell line was cul-
tured in DMEM (Gibco) with 10% FBS, 1%
Penicillin  Streptomycin, and 0.01 mg/mL
human recombinant insulin.

Mouse embryonic fibroblasts (MEF) were cul-
tured in DMEM with 10% FBS at 37°C. PARP1
or 2 double knockout MEFs originate from the
cross-breeding of PARP1 or PARP2 null hetero-
zygous mice to generate PARP1 or PARP2
homozygous double knockout models.

Western blot analysis

Whole cell extracts were prepared by lysing
cells with RIPA buffer with protease (P8340,
Sigma Life Sciences) and phosphatase inhibi-
tors cocktail 2 and 3 (P5726, P0O044, Sigma
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Figure 1. [*8F]FTT structure.

Life Sciences). Lysates were resolved on a poly-
acrylamide gel, transferred to a PVDF, and incu-
bated with the primary antibodies BRCA1 anti-
mouse (D-9: sc-6954; Santa Cruz Biotechno-
logy), PAR (4335-MC-100-AC; Trevigen), PARP1
(9452; Cell Signaling Technologies) and B-actin
anti-mouse (3700S, Cell Signaling and Tech-
nologies). Signal was detected and visualized
using and LiCor Odyssey CLx Imager (Lincoln,
NE).

PARP activity assay

Constitutive PARP1 activity of cell extracts from
samples plated in quadruplicate was measured
via a validated ELISA chemiluminescent assay
of PAR (Trevigen, HT Chemiluminescent PARP/
Apoptosis Assay, 4685-096-K). In brief, protein
quantified cell lysates were deposited onto his-
tone proteins in a 96-well plate and incubated
with anti-PAR monoclonal antibody and then
goat anti-mouse IgG-HRP conjugate. HRP sub-
strate was used to generate a chemilumines-
cent signal, and light output detected by a
Perkin Elmer Enspire Multimode Plate Reader
(Waltham MA) and translated to relative PARP
activity.

[*8F]FluorThanatrace uptake assay

Each cell line was plated in quadruplicate. After
approximately 24 hours of growth, cells were
incubated with [*®F]FTT diluted in PBS for a
starting input of 150,000 cpm/well, or dual
incubated with [*®F]FTT and 10 uM olaparib, for
various time points from 5 through 120 min-
utes. Activity was measured via a Perkin Elmer
Wizard 2470 gamma counter. Co-incubation
with competitive inhibitor olaparib was per-
formed to determine specific [*8F]FTT binding.
The specific binding ratio was calculated as the
following: (total binding - nonspecific binding)/
nonspecific binding), where tracer uptake in the
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samples dual-incubated with olaparib was
taken to represent non-specific binding.

For the uptake studies in engineered fibro-
blasts, cells were plated at 20,000 cells/well in
96 well format 24 hrs prior to the radioligand
binding studies. Experiments were carried out
in quadruplicate. On the day of experiment [*8F]
FTT was diluted in DMEM with and without 10
UM olaparib. The resulting solutions were
added to the plate and allowed to incubate for
1 hrat 37°C. After 1 hr the solutions were aspi-
rated and wells were washed with 200 L of
PBS three times. Next, radioactivity was
assayed on a Perkin Elmer Wizard automatic
gamma counter.

Xenograft models

Female Nude and SCID mice were purchased
from Charles River Laboratories (Malvern, Pa)
and acclimated for at least four days prior to
tumor cell injection. Approximately 107 cells
were suspended in a 1:1 mixture of FBS-free
media and matrigel, and then subcutaneously
injected into the subscapular region. At least 3
days prior to tumor cell injection, MCF7 mice
were subcutaneously implanted with a 17-B-
estradiol pellet (0.72 mg per pellet) 60-day
release time (Innovative Research of America,
Sarasota, FL). HCC1937 xenograft experiments
were conducted in SCID mice, while MCF7 and
MDA-MB-231 xenograft experiments were con-
ducted in nude mice. Imaging studies were per-
formed 10-14 days post implantation.

For imaging studies, anesthesia of tumor-bear-
ing mice was maintained via a nose cone at
2-3% isoflurane, 1 L/min oxygen and body tem-
perature was maintained by a heating pad
placed under the animal. The mice were inject-
ed with 150-300 pCi of [*®F]FTT and scanned
for 60 minutes on a Philips Mosaic small ani-
mal PET scanner. Regions of interest were
drawn manually over the tumors as well as a
muscle region (background). The tumor to mus-
cle ratio was calculated from the integrated
counts/cc normalized to the injected dose from
40-60 min post intravenous injection of the
radiotracer. For blocking studies, 1.25 mg of
olaparib was dissolved in a 20% DMSO,
Trappsol/PBS solution (0.25 mL) and injected
(IP; 50 mg/kg) 30 min prior to ligand
administration.
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Figure 2. Western blot analysis of BRCA1, PAR, and
PARP. Actin was used as a loading control. HCC1937
showed low expression of BRCA1 and confirmed
the deleterious mutation in the BRCA1 gene. MDA-
MB-231 and MCF-7 showed higher expression of
BRCA1 compared to HCC1937. In addition, HCC1937
showed the highest expression of PAR and PARP
compared with the other two cell lines.

Results
Western blot analysis

The following three biologically contrasting
human breast cancer cell lines were selected
for all experiments: HCC1937, a triple negative
breast cancer (TNBC) with a BRCA”- mutation at
codon 1755 within the BRCA1 C-terminal
(BRCT) repeats that forms a truncated BRCA1
protein; MDA-MB-231, a TNBC with wild type
BRCA1/2; and MCF7, a luminal A line with wild
type BRCA1/2. Western blot for BRCA1 was
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performed and verified the absence of wild type
BRCA1 protein in HCC1937, and confirmed the
presence of BRCA1 in MDA-MB-231 and MCF7.
In addition, HCC1937 showed higher levels of
PAR and PARP1 by western blot analysis. See
Figure 2. PARP1 quantification is presented in
Figure 3A.

PARP activity assay

Quantification of PAR has been verified as a
marker of PARP1 activity [6, 14], although in
actuality it represents a balance between
PARP1 (anabolism of PAR) and Poly-ADP-ribose
glycohydrolase (PARG - catabolism of PAR)
activity. We measured PAR via an established
chemiluminescent ELISA assay across the
three selected breast cancer cell lines. As pre-
dicted, HCC1937 demonstrated the highest
levels of PAR (Figure 3A); this was expected
given that BRCA1/2 deficient cells cannot
undergo HR and are therefore dependent on
PARP1 for DNA repair [6]. Both cell lines with
preserved BRCA demonstrated lower levels of
PAR, with MCF7 demonstrating the lowest level,
and MDA-MB-231 an intermediate level (Figure
3A). It is not surprising that MDA-MB-231 has
higher PARP activity than MCF7, as TNBC
tumors frequently have HR defects in genes
other than BRCA1/2 [15].

In vitro [*8F]JFTT uptake

An in vitro [*8F]FTT cell uptake assay was per-
formed to determine the binding of the tracer in
each of the three cell lines, and to correlate the
ratios with the PARP activity (PAR levels).
Specific binding ratios were compared, rather
than the total tracer binding, to eliminate the
contribution of nonspecific tracer binding to the
overall uptake measurements (see Methods
section for specific binding ratio calculations).
Specific binding ratios for the 120 minute incu-
bation period are shown in Figure 3B. The rela-
tive specific binding ratios parallel the relative
levels of PAR and PARP, implicating that either
or both could be predictive of in vitro [*8F]FTT
uptake and both exhibited a linear correlation
shown in Figure 3C.

Studies in the PARP1 k/o fibroblasts revealed a
complete loss of specific tracer uptake (i.e., to
the level of nonspecific binding). However, the
specific uptake of radiotracer in the PARP2 k/o
cells was identical to the wild type cells, sug-
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Figure 3. A. PAR expression measured via chemiluminescent ELISA assay, and PARP1 measured via western blot
analysis. B. [18"F]FTT specific binding ratio (SBR) radiotracer in vitro binding assay in cancer cell lines. C. Correla-
tion of PAR and PARP vs. [18"F]FTT SBR. D. [18"F]FTT radiotracer in vitro binding assay in cancer cell lines.

gesting that [*®F]FTT is specific for PARP1 ver-
sus PARP2. See Figure 3D.

[*8F]FluorThanatrace-PET imaging in tumor
xenografts

HCC1937, MDA-MB-231, and MCF7 tumor xe-
nografts underwent PET/CT scanning following
injection with [*®F]FTT. PET images, shown in
Figure 4, demonstrated greatest [*®F]FTT avidi-
ty within the HCC1937 tumors, while MCF7
tumors were the least avid. The tumor uptake
ratios were calculated by normalizing tumor
uptake to background muscle uptake. Relative
tumor uptake ratios across the three cell lines
correspond to in vivo tracer uptake. Further-
more, in vivo studies correspond to in vitro
studies validating [*8F]FTT as a marker of PARP
expression and activity. As expected from our
previous studies [1], pretreatment with olaparib
(50 mg/kg, IP) blocked the uptake of [*8F]FTT in
the HCC1937 tumors (Figure 4).

Discussion

For the past three decades, PARP1 has been
actively investigated as a therapeutic target
due to its role in DNA repair [7]. More recently,
the unique selectivity of PARPi against homolo-
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gous recombination deficient tumors has been
exploited to target breast tumors in BRCA1/2
mutation carriers. While clinical trials of PARPI
in BRCA1/2 mutation breast cancer patients
are promising, not all patients benefit from
therapy. Both initial and acquired resistance is
observed in a significant proportion of patients.
Multiple clinical trials of PARP inhibitors as a
single agent in patients with BRCA1/2 muta-
tion tumors demonstrate a substantial propor-
tion of cases without treatment efficacy [6, 15,
16]. For this reason, much work has gone into
identifying biomarkers of PARPi sensitivity and
resistance. Resistant tumors may reflect under-
lying tumor heterogeneity as well as resistance
mechanisms acquired from prior treatment
with conventional chemotherapy, particularly
platinum agents [6, 17, 18]. Research impli-
cates a host of genetic factors that may con-
tribute to insensitivity to PARPI, including rever-
sion of the initial BRCA1/2 truncation [6, 19,
20], loss of p53-binding protein 53BP1 [6, 21,
22] up-regulation of P-glycoprotein efflux
pumps [6, 23, 24], and up-regulation of various
proteins involved in mediating DNA repair, such
as RAD51 [25]. Importantly, loss of PARP1
expression also appears to be a mechanism of
resistance to PARPI [8, 10, 11]. PTEN loss may
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Figure 4. [*®F]FluorThanatrace-PET-CT images of tumor xenografts, with
tumors implanted in the subcutaneous posterior back/shoulder region,
marked by arrows. Coronal slices through the tumor bed for: A. MDA-MB
231; B. MCF7; and C. HCC 1937 xenografts; D. HCC 1937 xenograft pre-
treated 30 min prior to imaging with 50 mg/kg olaparib, IP.

confer selective sensitivity to PARPi [6, 26].
However, many of these proposed sensitivity
and resistance mechanisms have not been
directly confirmed in tumor specimens from
PARPi-treated patients and therefore remain
speculative [6].

PARPi likely offers therapeutic utility beyond
breast and ovarian tumors with BRCA1/2 muta-
tions. Indeed, PARPi has shown efficacy in spo-
radic ovarian cancer, although it is unclear if
these tumors had somatic BRCA mutations
[27]. Many sporadic breast tumors lack
BRCA1/2 mutation but possess defects in
other key HR-related genes and are biologically
similar to BRCA1/2 mutation cancers; such
tumors are said to possess “BRCA-ness” [28].
There is significant overlap in the genetic pro-
files of BRCA1/2 breast cancers and triple neg-
ative (estrogen receptor negative, progester-
one negative, and HER2/neu negative) breast
cancer; 75-80% of breast cancers arising in
BRCA1 carriers and approximately 50% percent
of those in BCRA2 carriers are TNBC [17, 29].
Furthermore, over 90% of BRCA1 mutation-
related breast cancers exhibit molecular and
histologic features similar to TNBC [6, 30, 31].
Genomic instability is characteristic of both
BRCA-mutated and sporadic TNBC, and pro-
vides the basis for interest in TNBC as an addi-
tional target for PARPI [17].
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TNBC accounts for approxi-
mately 15-20% of breast can-
cer diagnoses, and have a high-
er likelihood of recurrence and
death compared to other breast
tumors [17, 32]. Evidence sug-
gests that PARP1 is up-regulat-
ed in TNBCs as compared to
receptor-positive cancers [33],
and PARPI therapy could poten-
tially be extended to TNBCs har-
boring defects in HR other than
hereditary BRCA1/2 mutations.
However, within the TNBC co-
hort, there is extensive biologic
diversity, resulting in variable
clinical outcomes to chemo-
therapy [17, 34, 35]. To date,
the greatest obstacle to identi-
fying sporadic breast cancer
patients who may benefit from
PARPi is the lack of definitive
biomarker for HR deficiency, as
a multitude of genes appear to contribute. Just
as for BRCA1/2 mutation-related breast can-
cers, successful application of PARPi to spo-
radic breast cancers will require a biomarker
assay for HR deficiency.

We have demonstrated higher constitutive
PARP expression and activity in a BRCA1
mutant human breast cancer line compared to
BRCA1/2 preserved lines. The differences in
baseline PARP expression and activity across
the three breast cancer cell lines are predictive
of [*8F]FTT microPET uptake. Thus, [*F]FTT-PET
provides a noninvasive assay of PARP expres-
sion and activity. Further studies are needed to
evaluate [*®F]FTT-PET as a predictive assay of
PARPI response in BRCA1/2 cancer patients as
well as in cohorts likely to have other deficien-
cies in HR, namely TNBC patients. Future clini-
cal trials are warranted to evaluate [*®F]FTT-PET
as a marker of breast cancer PARP activity in
humans, and to assess the tracer as a predic-
tor of PARPi response. [*8F]FTT-PET may bypass
the need for multiple laboratory biomarkers,
some of which have likely not yet even been
identified, and may offer a single direct assess-
ment of sensitivity to PARPI.
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