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The purpose of this study was to evaluate the ability of 21-18F-
fluoro-16a,17a-[(R)-(1'-a-furylmethylidene)dioxy]-19-norpregn-4-ene-
3,20-dione ('8F-FFNP) to measure alterations in progesterone receptor
(PR) protein level and isoform expression in response to 173-estradiol
(E2) challenge. Methods: T47D human breast cancer cells and fe-
male mice bearing T47D tumor xenografts were treated with E2 to
increase PR expression. '8F-FFNP uptake was measured using cell
uptake and tissue biodistribution assays. MDA-MB-231 breast can-
cer clonal cell lines were generated that express the A or B isoform of
human PR. PR protein levels, transcriptional function, and subcellular
localization were determined. In vitro '8F-FFNP binding was mea-
sured via saturation and competitive binding curves. In vivo '8F-FFNP
uptake was measured using tumor xenografts and PET. Statistical
significance was determined using ANOVA and t tests. Results: After
48 and 72 h of E2, '8F-FFNP uptake in T47D cells was maximally
increased compared with both vehicle and 24 h of E2 treatment (P <
0.0001 vs. ethanol; P = 0.02 and P = 0.0002 vs. 24 h for 48 and 72 h,
respectively). T47D tumor xenografts in mice treated with 72 h of E2
had maximal '8F-FFNP uptake compared with ethanol-treated mice
(percentage injected dose per gram: 11.3 + 1.4 vs. 52 + 0.81, P =
0.002). Corresponding tumor-to-muscle uptake ratios were 4.1 + 0.6,
3.9+0.5,and 2.3 + 0.4 for 48 h of E2, 72 h of E2, and ethanol-treated
mice, respectively. There was no significant preferential '8F-FFNP
binding or uptake by PR-A versus PR-B in the PR isoform-specific
cell lines and tumor xenografts. Conclusion: '8F-FFNP is capable of
measuring estrogen-induced shifts in total PR expression in human
breast cancer cells and tumor xenografts, with equivalent isoform
binding.
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Estrogen receptor o (ERou)—positive breast cancer comprises the
largest class of breast cancer and the largest number of breast
cancer deaths each year (/). More than half of recurrences in
patients with ERa-positive breast cancer occur 6 or more years after
initial diagnosis and completion of adjuvant treatment (2,3). Impactful
information on endocrine sensitivity may be revealed by monitoring
changes in estrogen-regulated target genes as a surrogate measure of
upstream ERa inhibition.

A classic ERa target is progesterone receptor (PR), which is
upregulated in the presence of estrogen (4,5). Through separate
promoters, the PGR gene encodes 2 functionally distinct ligand-
activated transcription factors, PR-A and PR-B (6-8). In normal
breast tissue, PR-A and PR-B are present in equimolar amounts;
however, in breast cancer a higher ratio of PR-A to PR-B has been
observed (9,10). Imbalanced PR isoform expression may influence
prognosis and benefit from endocrine therapy (/7,12).

A molecular imaging agent for quantitative assessment of PR
expression in vivo using PET is 21-!8F-fluoro-16a,17a-[(R)-(1'-
a-furylmethylidene)dioxy]-19-norpregn-4-ene-3,20-dione  (13F-FFNP).
This radioligand has high relative binding affinity to PR and low
nonspecific binding (/3,14). The binding specificity of '8F-FFNP
for PR has been demonstrated using tissue biodistribution assays with
blocking treatments (/3,15). One study of 20 patients has been pub-
lished, to date, demonstrating the safety, dosimetry, and ability of '8F-
FFNP PET imaging for identifying PR-positive breast cancer (/6).

Endocrine sensitivity can be investigated by measuring physiologic
responses to short-course, low-dose estrogen treatment (estradiol
challenge) (17,18). This approach is being investigated in a clinical
trial testing whether a change in '8F-FFNP uptake after 1 d of ad-
ministration of low-dose estradiol is predictive of endocrine ther-
apy response in patients with ERa-positive metastatic breast cancer
(NCT02455453, Clinical trials.gov). The purpose of this study was
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to evaluate the ability of '8F-FFNP to measure alterations in PR
protein level and isoform expression in response to estradiol chal-
lenge in breast cancer cells and tumor xenografts.

MATERIALS AND METHODS

Cell Culture

Experiments were performed under a protocol approved by the Office
of Biologic Safety. T47D cells were obtained from the American Type
Culture Collection. MDA-MB-231 cells were obtained from the
Mallinckrodt Institute of Radiology Pre-Clinical PET/CT Imaging
Facility. Cell lines were authenticated using short tandem repeat
analysis and tested negative for murine pathogens and Mycoplasma
contamination (IDEXX BioResearch). MDA-MB-231 and T47D
cells were cultured in Dulbecco modified Eagle medium (Corning)
or in Roswell Park Memorial Institute medium (Corning), respec-
tively, with 10% fetal bovine serum (VWR) and 1% penicillin and
streptomycin (Gibco) at 37°C and 10% or 5% CO,.

Expression plasmids were created containing either human PR-A or
PR-B complementary DNA (6,79). These plasmids were stably trans-
fected into PR-negative MDA-MB-231 cells, resulting in the stable
clonal cell lines 231 PR-A and 231 PR-B. Cells were grown with a
200 pg/mL concentration of hygromycin B (Life Technologies) to
maintain selection.

Transcriptional Reporter Gene Assay

Cells were grown in steroid hormone—depleted medium (10%
charcoal/dextran-stripped fetal bovine serum in phenol red—free me-
dium with 1% penicillin and streptomycin and 2% L-glutamine) for
3 d and then seeded in a 6-well plate (5 x 103 cells per well). The
following day, cells were cotransfected with glucocorticoid/proges-
terone response element luciferase (0.75 pg) and CMV-f3-galactosi-
dase (0.25 pg) reporter plasmids using Lipofectamine 3000 (Life
Technologies). After 5 h, the medium was changed, and cells were
incubated overnight and then treated with ethanol or 100 nM prom-
egestone (R5020; Perkin Elmer) for 24 h. Luciferase activity (Prom-
ega) and B-galactosidase activity (Tropix) were assayed following
manufacturer protocols.

Immunofluorescence

Cells were grown in chamber slides (Sarstedt) and then fixed with
3.7% formaldehyde, permeabilized with 0.5% Triton X-100 (Sigma),
blocked with 10% goat serum for 1 h at 37°C, and incubated with anti-
PR antibody (1:100, AB-52; Santa Cruz) overnight at 4°C. Slides were
then probed with AlexaFluor 488 antimouse antibody (1:100, Life
Technologies) for 1 h at room temperature. The slides were then
mounted with ProLong Gold Antifade with 4’,6-diamidino-2-phenyl-
indole (Life Technologies) and imaged using confocal microscopy
(Leica SP8 STED).

Cell Proliferation Assay

Cells grown in steroid hormone—depleted medium for 3 d were
seeded in 96-well plates (2,500 cells per well) and then treated with 10
nM 17B-estradiol (E2; Sigma) or ethanol for 3, 7, and 12 d. Proliferation
was analyzed by measuring DNA content using CyQUANT (Invitrogen)
and a DNA standard curve (RZ = 0.96-0.99).

Western Blot

Whole-cell lysates were prepared from cell pellets or pulverized
flash-frozen tumors using radioimmunoprecipitation assay buffer
containing 2 mM sodium orthovanadate, protease (1:500), and
phosphatase (1:100) inhibitor cocktails (Sigma). Protein was quan-
tified with a Bradford assay, and equal amounts were run on 7.5%
sodium dodecyl sulfate polyacrylamide gel electrophoresis and
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transferred to a polyvinylidene difluoride membrane (Millipore).
Antibodies were used at saturating concentrations for PR (1:1,000,
NCL-L-PGR-312; Leica Biosystems), B-actin (1:10,000; Sigma),
and horseradish peroxidase-conjugated IgG (1:3,000; GE Health-
care). Blots were incubated with Clarity Western enhanced chemi-
luminescence substrate (Bio-Rad), and chemiluminescence was
imaged using GeneSys GBox:XX6 (Syngene). Bands for PR-B and
PR-A protein were quantified using ImageJ software and normalized
to the B-actin loading control.

Tumor Xenografts

Experiments were performed under an approved protocol from our
Institutional Animal Care and Use Committee. Twelve adult female
NOD-scid-y-mice (Jackson Laboratory) were ovariectomized and sup-
plemented with E2 (10 pwg/mL) in the drinking water. After 1 wk, the
mice were orthotopically injected bilaterally in the third mammary
fat pads with 3.0 x 10% T47D cells at a 1:1 ratio with Matrigel (BD
Biosciences). Four days before the tissue biodistribution assay, E2 was
removed from the drinking water. Ethanol or E2 (20 pg/mouse) di-
luted in sunflower seed oil (100 pL/mouse) was administered sub-
cutaneously daily for 48 or 72 h. Fifteen female athymic nude mice
(Charles River), aged 8 wk, were orthotopically injected with 3.0 x
10° MDA-MB-231, 231 PR-A, or 231 PR-B cells with Matrigel into
the third mammary fat pad. Tumor size was measured by calipers, and
volume was calculated by (length x width?)/2.

Histology

Excised tumors were fixed in 10% formalin and then paraffin-
embedded. Deparaffinization of slides was performed followed by
epitope retrieval in citrate buffer (pH 6.5) for 60 min at 95°C. Immu-
nostaining was performed for PR (1:100 NCL-L-PGR-312, clone 16;
Leica) or Ki-67 (1:100, clone SP6; Biocare Medical) using the Mouse-
on-Mouse Elite Peroxidase Kit or Vectastain ABC HRP Kit (Vector
Laboratories). Staining with hematoxylin and eosin was also per-
formed. Using a whole-slide, bright-field imaging system (Aperio
Image Scope software), slides were scanned at x40 magnification. A
clinical pathologist with subspecialty training in breast histopathology
visually quantified the percentage of cells with nuclear staining.

18F-FFNP Cell Uptake and Tissue Biodistribution Assays

ISF_-FFNP was synthesized by the University of Wisconsin-Madison
Radiopharmaceutical Production Facility using previously described
methods (20). Molar activity at the end of synthesis ranged from 74 to
480 GBg/pmol.

Cell uptake assays were performed using previously described
methods (20). Briefly, cells were grown in 24-well plates containing
steroid hormone—depleted medium and incubated with increasing
doses of R5020 (10~ 12-1077 M) and 0.074 MBq (2 .Ci) of '8F-FFNP
for competitive binding curves or with 2 x 1078 M R5020 with in-
creasing doses of '8F-FFNP (0.004-0.42 MBq; 0.11-11.4 pnCi) for 1 h
at 37°C for saturation binding curves.

For biodistribution assays, tissues (blood, muscle, tumors, and uterus)
were harvested 2 h after tail vein injection of 10 MBq (270 wCi) of 8F-
FFNP in an 80- to 180-uL total volume. Uteri were included as a
positive control given their high expression of PR and '3F-FFNP
uptake, as shown previously (15). Harvested tissues were wet-weighed
and radioactivity measured with a y-counter. Data were background-
corrected and decay-corrected and used to calculate the percentage
injected dose per gram of tissue (%ID/g) by comparison with prepared
standards representing the same injected dose per mouse.

PET/CT Imaging

Nonfasting mice were injected in the tail vein with 10 MBq (270 w.Ci)
of "8F-FFNP. One hour after injection, the mice were anesthetized with
1.5%-2.0% isoflurane and scanned supine in a small-animal PET/CT
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scanner (Inveon; Siemens Preclinical Solutions). CT imaging lasted
12 min (2 bed positions X 6 min) and was followed by PET image
acquisition (40 million counts per mouse; typically <10 min) using 1
PET bed position. PET data were histogrammed into 1 static frame and
reconstructed using ordered-subset expectation maximization of 3 dimen-
sions followed by the maximum a posteriori algorithm (18 iterations, 16
subsets). CT attenuation and scatter correction were applied. PET/CT
images were automatically coregistered and analyzed using Inveon Re-
search Workplace, version 3.0 (Siemens Medical Solutions). Regions of
interest were drawn around the tumor and triceps muscle to determine
mean %ID/g. Tumor-to-muscle uptake was calculated as the ratio of mean
%1D/g of tumor to that of muscle.

Statistics

Unpaired ¢ tests were used to compare the means between ethanol-
and R5020-treated cells for the PR transcriptional reporter gene assay.
One-way ANOVA with Tukey posttesting was used when comparing
3 or more experimental groups (GraphPad Prism, version 6.05). Half-
maximal inhibitory concentration (IC50) was determined using non-
linear-regression dose-response inhibition (log[inhibitor] vs. normalized
response). Dissociation constant (Ky) was determined using nonlinear-
regression binding saturation (total and nonspecific binding). Results
are presented as mean * SE. All tests are 2-sided, with a P value of less
than 0.05 considered significant.

RESULTS

18F_.FFNP Uptake by T47D Cells After Estradiol Challenge

I8F-FFNP uptake increased in T47D cells treated with E2 for
24 h (P < 0.0001), 48 h (P < 0.0001), and 72 h (P < 0.0001),
compared with ethanol (Fig. 1A). Maximal '8F-FFNP uptake was
observed in cells treated with E2 for 48 and 72 h (P = 0.02 and
P = 0.0002, respectively), compared with 24 h. Total PR protein
increased by 1.9 = 0.4-, 2.7 * 0.44-, and 2.3 = 0.6-fold after 24,
48, and 72 h of E2, respectively, compared with ethanol-treated
cells (Fig. 1B). E2 increased both the higher-molecular-weight
PR-B isoform (~120 kDa) and the lower-molecular-weight PR-
A isoform (~94 kDa) (Fig. 1B) and also stimulated cell prolifer-
ation beyond 3 d of treatment (Fig. 1C).

18F-FFNP Uptake by T47D Tumor Xenografts After
Estradiol Challenge

Because maximal cellular '8F-FFNP uptake occurred at 48 and
72 h, we used these time points for testing whether '8F-FFNP is
sensitive for measuring dynamic changes in PR protein expression
in a more complex in vivo environment. 'SF-FFNP uptake was
higher in T47D tumor xenografts than in nonspecific muscle,
and blood was higher in all treatment groups (0, 48, and 72 h)
compared with nonspecific muscle and with blood (Fig. 2A). Mice
treated with 72 h of E2 had maximal tumoral '8F-FFNP uptake,
compared with ethanol-treated mice (11.3 = 1.4 vs. 5.2 = 0.81 %
ID/g, P = 0.002). Corresponding tumor-to-muscle ratios were 4.1
* 0.6,3.9 = 0.5, and 2.3 = 0.4 for 48 h of E2, 72 h of E2, and
ethanol-treated mice, respectively. As expected, strong uterine
I8E_.FFNP uptake was observed (18.7 = 2.2 %ID/g) because the
uterus is a PR-rich target organ.

Tumor xenografts in mice treated with 48 and 72 h of E2 had
91.7% * 1.7% and 96.7% = 1.7% positive nuclear staining for
PR, which was more than the ethanol-treated controls (70.0% =
5.8% positive nuclear staining) (P = 0.01 and 0.005, respectively;
Fig. 2B). There was also a trend toward increased tumor Ki-67
staining in mice treated with 48 or 72 h of E2, compared with
ethanol controls (41.7% = 7.3% and 46.7% *+ 3.3% vs. 31.7% *
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FIGURE 1. '8F-FFNP uptake in T47D cells after E2 challenge. (A) Total

18F-FFNP uptake after 1 h in cells treated with 10 nM E2 for 24, 48, or
72 h or ethanol control (0 h). Values represent mean + SEM background-
and decay-corrected counts per minute (CPM) from 3 independent ex-
periments. *P < 0.05 compared with O h. #P < 0.05 compared with 24 h
E2. (B) Western blot for PR protein after treatment with 10 nM E2 or
ethanol for 24, 48, and 72 h. Images are representative of 3 independent
experiments. (C) Proliferation assay for cells treated with 10 nM E2 or
ethanol for up to 12 d.
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FIGURE 2. '8F-FFNP uptake in T47D tumor xenografts after E2 chal-
lenge. Twelve mice with bilateral T47D tumor xenografts were treated
with ethanol vehicle (0 h) or for 48 or 72 h with 20 pg of E2 39 d after
implantation (n = 8 tumors per treatment). (A) Tissue biodistribution
assay performed 2 h after 10 MBq (270 pCi) 8F-FFNP injection. *P <
0.05 compared with muscle. #P < 0.05 compared with vehicle control.
(B) Representative hematoxylin and eosin (H&E) and immunohistochem-
istry (PR and Ki-67) of excised tumors.

9.3%, respectively); however, this difference was not statistically sig-
nificant (Fig. 2B). There was also no significant difference in tumor
volume in mice treated with 48 or 72 h of E2 and mice treated with
ethanol (50.6 = 9.2 and 57.9 = 7.5 vs. 47.1 = 4.0 mm3).

PR Isoform Expression, Subcellular Localization, and
Functional Activity in Engineered Cells

To investigate the separate role of each isoform on overall '3F-
FFNP binding, PR-negative MDA-MB-231 breast cancer cells
were stably transfected with plasmids containing either PR-A or
PR-B (Fig. 3A). PR transcriptional activity was markedly in-
creased in response to R5020, compared with ethanol treatment,
in 231 PR-A (P = 0.0003) and 231 PR-B cells (P = 0.0063) (Fig.
3B). As expected, PR transcriptional activity was increased in
T47D cells after R5020 treatment, compared with ethanol (P =
0.0128), and there was no induction of PR activity in the parental
MDA-MB-231 cells (P = 0.95). The engineered 231 PR-A and
PR-B cells had nuclear localization of PR isoform protein similar
to that of T47D cells when grown in cell culture medium contain-
ing steroid hormones (Fig. 3C).
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Comparison of 18F-FFNP Uptake in Breast Cancer Cells
Expressing PR-A Versus PR-B

Competitive binding curves were performed to determine
whether '8F-FFNP has preferential binding for either PR-A or
PR-B (Fig. 4). 231 PR-A cells had an IC50 of 10 nM (95%
confidence interval [CI], 6.7-15 nM). 231 PR-B cells had an
IC50 of 5.4 nM (95% CI, 3.8-7.6 nM). T47D cells, which ex-
press both isoforms, had an IC50 of 7.5 nM (95% CI, 5.7-9.9
nM). The IC50 values did not significantly differ across the 3 cell
lines. The parental MDA-MB-231 cells had no specific 'F-FFNP
uptake.

Saturation binding curves were also performed to quantify '8F-
FFNP binding affinity, the equilibrium K, and total receptor den-
sity. 231 PR-A cells had lower receptor density than 231 PR-B and
T47D cells (970 £ 62 vs. 2,621 = 189 and 2,934 = 97 fmol/mg,
respectively; P < 0.0001; Table 1). The K4 was 0.82 nM (95% CI,
0.44-1.20) for 231 PR-A cells and 0.35 nM (95% CI, 0.14-0.56
nM) for 231 PR-B cells (Table 1). The K4 for T47D cells was 0.52
nM (95% CI, 0.39-0.66 nM). The K, values did not significantly
differ across the 3 cell lines.
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FIGURE 3. PR isoform protein expression, subcellular localization, and
functional activity. (A) Western blot for PR protein in MDA-MB-231, 231
PR-A, 231 PR-B, and T47D cell lines (representative of 3 independent
experiments). (B) Steroid hormone-deprived cells treated with either
ethanol (EtOH) or R5020 for 24 h. Luciferase reporter gene activity
was measured and then normalized to (-galactosidase activity. Values
represent mean + SEM of 3 independent experiments. *P < 0.05 com-
pared with ethanol for each cell line. (C) Immunofluorescence of
PR localization and 4',6-diamidino-2-phenylindole (DAPI) nuclear
staining (x100 magnification). Images are representatives of 3 individ-
ual experiments.
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FIGURE 4. '8F-FFNP uptake in cells expressing PR-A or PR-B. MDA-
MB-231, 231 PR-A, 231 PR-B, and T47D cells were steroid hormone-
deprived for 24 h and then treated with increasing amounts of R5020
(1077=10""2 M) and incubated with 0.074 MBq (2 pCi) of "8F-FFNP for 1
h at 37°C. Decay-corrected counts per minute were normalized to
wells containing '8F-FFNP without R5020 to calculate percentage
maximum uptake values. MDA-MB-231 cell values were expressed
relative to T47D. Values represent mean + SEM of 3 independent
experiments.

Comparison of '8F-FFNP Uptake in Tumor Xenografts
Expressing PR-A Versus PR-B

To test whether '8F-FFNP has preferential binding to PR-A or
PR-B in vivo, tumor xenografts were generated using the engi-
neered cell lines and PET imaging was performed (Fig. 5A). 18F-
FFNP uptake (Fig. 5B) was greater in PR-A xenografts (1.64 =
0.14 mean %ID/g, P = 0.0014) and PR-B xenografts (1.60 *
0.10, P = 0.0030) than in MDA-MB-231 tumors (0.86 = 0.11).
However, '8F-FFNP uptake did not significantly differ between the
PR-A and PR-B xenografts (P = 0.99). Corresponding tumor-to-
muscle ratios were 3.3 = 0.6, 3.0 = 0.5, and 1.6 = 0.4 for 231 PR-
A, 231 PR-B, and MDA-MB-231 xenografts, respectively. Western
blot analysis confirmed the appropriate expression of PR isoforms
in the excised tumors (Fig. 5C).

DISCUSSION

The purpose of this study was to evaluate the ability of '3F-
FFNP to measure dynamic changes in PR protein levels and iso-
form expression in response to E2 challenge. We demonstrated
that '8F-FFNP uptake increases in T47D cells after E2 treatment,
with maximal uptake by 48 h, and in T47D tumor xenografts in
mice treated with E2 for 48 and 72 h. In PR-isoform—specific cell
lines and tumor xenografts, there was no significant preferential
ISE_FFNP uptake by PR-A versus PR-B. Detecting early changes
in PR protein expression with '8F-FFNP may be an earlier indi-
cator of endocrine sensitivity than proliferation biomarkers and
can be done noninvasively.

Current practice guidelines use the immunohistochemical pres-
ence (>1%) of ER protein as an indication for endocrine therapy.
ER expression can also be assessed noninvasively using a radio-
labeled estrogen, '®F-fluoroestradiol, and PET imaging to predict
endocrine therapy response. Combined analyses of single-center
studies demonstrated that patients with a maximum SUV below
1.5 showed no clinical benefit from endocrine therapy (negative
predictive value, 88%) (21). However, the positive predictive value
was only 65%, indicating that not all patients with positive
tumoral '8F-fluoroestradiol uptake will benefit (27). Imaging the
expression of PR, a classically regulated downstream ER target
gene, using '8F-FFNP, may therefore be useful as an endogenous
readout of ER functional activity and for early response assess-
ment to endocrine therapy. An advantage of '®F-FFNP over !3F-
fluoroestradiol is that the patient can be taking an ER-blocking
agent, such as tamoxifen, fulvestrant, or other emerging oral se-
lective ER degraders, and still have '8F-FFNP measure PR while
ER is blocked.

One potential factor that could affect '®F-FFNP binding and the
accuracy of PET imaging is the variable expression of PR isoforms
observed in breast cancer, which may influence prognosis and
therapeutic efficacy (/7,12). Current clinical immunohistochemis-
try assays for PR do not distinguish between isoforms. Although
PR-A and PR-B share identical ligand-binding domains in the C
terminus, PR-A lacks the first 164 amino acids in the N terminus
of PR-B, which changes its function as a transcription factor (6,7).
Altered interdomain interactions can occur in the tertiary protein
structure and differ depending on the ligand bound, as shown for
other related steroid hormone receptors (22—-24). Our results
showed equivalent PR isoform binding affinity in cells and tumor
uptake by '8F-FFNP. Although PR-A expression was 2.7-fold
less than PR-B in the engineered cell lines on the basis of total
receptor density values, there was comparable protein isoform
expression in vivo measured with Western blots of the excised

TABLE 1
Quantitative '8F-FFNP Binding Parameters
Cell line Total receptor density (fmol/mg) 95% ClI Kg (nM) 95% ClI R?
MDA-MB-231 NA NA NA NA NA
231 PR-A 970 + 62 847-1092 0.82 £+ 0.19 0.44-1.20 0.87
231 PR-B 2,621 + 189 2,248-2,995 0.35 + 0.11 0.14-0.55 0.86
T47D 2,934 + 97 2,743-3,126 0.52 + 0.07 0.39-0.66 0.94

NA = not applicable.
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FIGURE 5. '8F-FFNP uptake in tumor xenografts expressing PR-A or

PR-B. (A) Representative coronal '8F-FFNP PET/CT images of MDA-
MB-231 (red arrow), 231 PR-A (white arrows), and 231 PR-B (yellow
arrow) tumor xenografts (19 d after implantation) from 12 mice imaged
1 h after injection with 10 MBq (270 pCi) of '8F-FFNP. Physiologic up-
take from hepatobiliary clearance is also visualized. (B) Quantification of
18F-FFNP uptake (mean %ID/g) in muscle and tumor xenografts (231
PR-A, n = 10; 231 PR-B, n = 9; MDA-MB-231, n = 5). Values represent
mean + SEM, *P < 0.05 compared with muscle. (C) Western blot for PR
isoform expression in excised tumors.

tumors—a finding that is congruent with the comparable tumor
uptake of '8F-FFNP measured by imaging. Inherent differences
between the in vitro and the more complex in vivo environment
most likely account for this observation. For example, extracel-
lular signaling through growth factor pathways may influence
relative PR isoform expression in vivo, which may not be present
in cell culture, and may have contributed to the equalization we
observed in the excised tumors (25). On the basis of our results,
we would expect similar diagnostic performance for '8F-FFNP
PET imaging in breast cancer patients with variable PR isoform
expression patterns.

Methods for demonstrating endocrine sensitivity in breast
cancer patients using a short-window treatment continue to be
an active area of interest. For example, changes in PR protein
levels have been seen on repeat biopsy within a few weeks after
initiating tamoxifen therapy in patients with locally advanced or
recurrent breast cancer and have correlated with prolonged time to
progression and improved survival (26). This technique is being

ISE_FFNP UPTAKE WITH ESTRADIOL CHALLENGE ®

used in an ongoing clinical trial testing whether a change in '8F-
FFNP uptake after 1 d of administration of 6 mg of oral estradiol is
predictive of endocrine therapy response in patients with ERa-
positive metastatic breast cancer. The short-term diagnostic use
of low-dose estradiol paired with imaging to demonstrate endo-
crine sensitivity is distinct from the long-term therapeutic use of
high-dose estradiol (30 mg), which may be used clinically after
failure of standard endocrine therapy agents (/7,18). On the basis
of our preclinical results, we would expect to see a similar increase
in tumoral '8F-FFNP uptake after estradiol challenge and that this
response will predict a benefit from endocrine therapy. However,
because we focused on the time points demonstrating maximal
I8F_FFNP uptake in cells (48 h and 72 h) for the xenograft exper-
iments, we do not have a 24-h time-point for direct comparison
with the clinical trial—a limitation of this study. Another approach
measures increased tumor glucose metabolism with '8F-FDG PET
imaging after a brief, low-dose estradiol challenge (17,18).

There are few published studies using '8F-FFNP with which to
compare our results. The first-in-humans study of '8F-FFNP PET
imaging for patients with PR-positive and PR-negative breast can-
cer consisted of a single baseline imaging session (/6). Longitu-
dinal imaging with '8F-FFNP PET before and during endocrine
therapy, published by us previously, demonstrated that decreases
in '8F-FFNP uptake and PR protein expression in response to 2
types of endocrine therapy (ovariectomy or fulvestrant) occurred
in endocrine-sensitive but not in endocrine-resistant STAT1-defi-
cient mouse mammary carcinomas (/5,27). Thus, our results con-
tribute to a growing amount of evidence supporting further
investigation of '8F-FFNP PET imaging as a potential pharmaco-
dynamic biomarker of endocrine sensitivity and a decision-making
tool for tailoring therapy.

CONCLUSION

I8E-FFNP is capable of measuring estrogen-induced shifts in
total PR expression levels in human breast cancer cells and tumor
xenografts, with equivalent isoform binding in vivo.

DISCLOSURE

This work was supported by the University of Wisconsin Insti-
tute of Clinical and Translational Research KL.2 Scholar Award
(KL2TR000428), the Clinical and Translational Science Award
(CTSA) program through the NIH National Center for Advancing
Translational Sciences (NCATS) grant UL1TR002373, the School
of Medicine and Public Health, and the Department of Radiol-
ogy to Amy Fowler. The University of Wisconsin Translational
Research Initiatives in Pathology laboratory is in part supported
by the University of Wisconsin Department of Pathology and
Laboratory Medicine and UWCCC grant P30 CA014520, and
the Experimental Pathology Laboratory is supported by P30
CA014520. No other potential conflict of interest relevant to this
article was reported.

ACKNOWLEDGMENTS

We thank the University of Wisconsin—-Madison Cyclotron Lab-
oratory for '8F production, the Radiopharmaceutical Production
Facility for '8F-FFNP synthesis, and the Small Animal Imaging
Facility for technical support and work space. We also thank the
University of Wisconsin Optical Imaging Core for confocal

Salem et al. 225



microscopy and image collection, and we thank the University of
Wisconsin Translational Research Initiatives in Pathology labora-
tory and the Experimental Pathology Laboratory for use of their
facilities and services. Lastly, we thank Kirsti Walker for technical
assistance and Dr. John Katzenellenbogen for thoughtful discus-
sions and critical reading of the manuscript.

REFERENCES

226

Jatoi I, Chen BE, Anderson WF, Rosenberg PS. Breast cancer mortality trends in
the United States according to estrogen receptor status and age at diagnosis.
J Clin Oncol. 2007;25:1683-1690.

. Lim E, Metzger-Filho O, Winer EP. The natural history of hormone receptor-

positive breast cancer. Oncology (Williston Park). 2012;26:688-694, 696.

. Pan H, Gray R, Braybrooke J, et al. 20-year risks of breast-cancer recurrence

after stopping endocrine therapy at 5 years. N Engl J Med. 2017;377:1836—
1846.

. Nardulli AM, Greene GL, O’Malley BW, Katzenellenbogen BS. Regulation of

progesterone receptor messenger ribonucleic acid and protein levels in MCF-7
cells by estradiol: analysis of estrogen’s effect on progesterone receptor synthesis
and degradation. Endocrinology. 1988;122:935-944.

. Horwitz KB, McGuire WL. Estrogen control of progesterone receptor in human

breast cancer: correlation with nuclear processing of estrogen receptor. J Biol
Chem. 1978;253:2223-2228.

. Kastner P, Krust A, Turcotte B, et al. Two distinct estrogen-regulated promoters

generate transcripts encoding the two functionally different human progesterone
receptor forms A and B. EMBO J. 1990;9:1603-1614.

. Richer JK, Jacobsen BM, Manning NG, Abel MG, Wolf DM, Horwitz KB.

Differential gene regulation by the two progesterone receptor isoforms in human
breast cancer cells. J Biol Chem. 2002;277:5209-5218.

. Jacobsen BM, Schittone SA, Richer JK, Horwitz KB. Progesterone-independent

effects of human progesterone receptors (PRs) in estrogen receptor-positive
breast cancer: PR isoform-specific gene regulation and tumor biology. Mol Endo-
crinol. 2005;19:574-587.

. Kariagina A, Aupperlee MD, Haslam SZ. Progesterone receptor isoform func-

tions in normal breast development and breast cancer. Crit Rev Eukaryot Gene
Expr. 2008;18:11-33.

. Graham JD, Yager ML, Hill HD, Byth K, O’Neill GM, Clarke CL. Altered

progesterone receptor isoform expression remodels progestin responsiveness of
breast cancer cells. Mol Endocrinol. 2005;19:2713-2735.

. Hopp TA, Weiss HL, Hilsenbeck SG, et al. Breast cancer patients with proges-

terone receptor PR-A-rich tumors have poorer disease-free survival rates. Clin
Cancer Res. 2004;10:2751-2760.

. Mote PA, Gompel A, Howe C, et al. Progesterone receptor A predominance is a

discriminator of benefit from endocrine therapy in the ATAC trial. Breast Cancer
Res Treat. 2015;151:309-318.

20.

21.

22.

23.

24.

25.

26.

27.

. Buckman BO, Bonasera TA, Kirschbaum KS, Welch MJ, Katzenellenbogen JA.

Fluorine-18-labeled progestin 16 alpha, 17 alpha-dioxolanes: development of
high-affinity ligands for the progesterone receptor with high in vivo target site
selectivity. J Med Chem. 1995;38:328-337.

. Vijaykumar D, Mao W, Kirschbaum KS, Katzenellenbogen JA. An efficient route

for the preparation of a 21-fluoro progestin-16 alpha,17 alpha-dioxolane, a high-
affinity ligand for PET imaging of the progesterone receptor. J Org Chem.
2002;67:4904-4910.

. Chan SR, Fowler AM, Allen JA, et al. Longitudinal noninvasive imaging of

progesterone receptor as a predictive biomarker of tumor responsiveness to
estrogen deprivation therapy. Clin Cancer Res. 2015;21:1063-1070.

. Dehdashti F, Laforest R, Gao F, et al. Assessment of progesterone receptors in

breast carcinoma by PET with 21-'8F-fluoro-16a,17a-[(R)-(1'-a-furylmethyli-
dene)dioxy]-19-norpregn- 4-ene-3,20-dione. J Nucl Med. 2012;53:363-370.

. Dehdashti F, Mortimer JE, Trinkaus K, et al. PET-based estradiol challenge as a

predictive biomarker of response to endocrine therapy in women with estrogen-
receptor-positive breast cancer. Breast Cancer Res Treat. 2009;113:509-517.

. Ellis MJ, Gao F, Dehdashti F, et al. Lower-dose vs high-dose oral estradiol

therapy of hormone receptor-positive, aromatase inhibitor-resistant advanced
breast cancer: a phase 2 randomized study. JAMA. 2009;302:774-780.

. Van Antwerp DJ, Verma IM. Signal-induced degradation of I(kappa)B(alpha):

association with NF-kappaB and the PEST sequence in I(kappa)B(alpha) are not
required. Mol Cell Biol. 1996;16:6037-6045.

Salem K, Kumar M, Kloepping KC, Michel CJ, Yan Y, Fowler AM. Determi-
nation of binding affinity of molecular imaging agents for steroid hormone
receptors in breast cancer. Am J Nucl Med Mol Imaging. 2018;8:119-126.

van Kruchten M, de Vries EG, Brown M, et al. PET imaging of oestrogen
receptors in patients with breast cancer. Lancet Oncol. 2013;14:e465—e475.
Pippal JB, Yao Y, Rogerson FM, Fuller PJ. Structural and functional character-
ization of the interdomain interaction in the mineralocorticoid receptor. Mol
Endocrinol. 2009;23:1360-1370.

He B, Kemppainen JA, Voegel JJ, Gronemeyer H, Wilson EM. Activation func-
tion 2 in the human androgen receptor ligand binding domain mediates interdo-
main communication with the NH,-terminal domain. J Biol Chem. 1999;274:
37219-37225.

Métivier R, Stark A, Flouriot G, et al. A dynamic structural model for estrogen
receptor-alpha activation by ligands, emphasizing the role of interactions be-
tween distant A and E domains. Mol Cell. 2002;10:1019-1032.

Khan JA, Amazit L, Bellance C, Guiochon-Mantel A, Lombes M, Loosfelt H.
p38 and p42/44 MAPKs differentially regulate progesterone receptor A and B
isoform stabilization. Mol Endocrinol. 2011;25:1710-1724.

Howell A, Harland RN, Barnes DM, et al. Endocrine therapy for advanced
carcinoma of the breast: relationship between the effect of tamoxifen upon
concentrations of progesterone receptor and subsequent response to treatment.
Cancer Res. 1987;47:300-304.

Fowler AM, Chan SR, Sharp TL, et al. Small-animal PET of steroid hormone
receptors predicts tumor response to endocrine therapy using a preclinical model
of breast cancer. J Nucl Med. 2012;53:1119-1126.

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 60 ¢ No. 2 ¢ February 2019



