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ABSTRACT
Advances in oral SERDs development so far have been confined to nonsteroidal
molecules such as those containing a cinnamic acid moiety, which are in earlystage
clinical evaluation. ZB716 was previously reported as an orally bioavailable SERD
structurally analogous to fulvestrant. In this study, we examined the binding details
of ZB716 to the estrogen receptor alpha (ERα) by computer modeling to reveal its
interactions with the ligand binding domain as a steroidal molecule. We also found
that ZB716 modulates ERα-coregulator interactions in nearly identical manner
to fulvestrant. The ability of ZB716 to inhibit cell growth and downregulate ER
expression in endocrine resistant, ERα mutant breast cancer cells was demonstrated.
Moreover, in both the MCF-7 xenograft and a patient derived xenograft model,
orally administered ZB716 showed superior efficacy in blocking tumor growth when
compared to fulvestrant. Importantly, such enhanced efficacy of ZB716 was shown to
be attributable to its markedly higher bioavailability, as evidenced in the final plasma
and tumor tissue concentrations of ZB716 in mice where drug concentrations were
found significantly higher than in the fulvestrant treatment group.

the only FDA approved SERD is fulvestrant, originally
indicated for breast cancer progressing after tamoxifen or
aromatase inhibitor (AI) treatment, but recently approved
for first line endocrine therapy [1–4]. While fulvestrant has
proven clinically effective with manageable adverse side

INTRODUCTION
Selective estrogen receptor downregulators (SERDs)
are a class of endocrine agents that act both as estrogen
receptor (ER) antagonists and ER degraders. Currently
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effects, the drug is well known for its poor bioavailability
[5]. It can only be administered as a monthly intramuscular
injection and is believed to have limited drug exposure
and ER turn-over in patients [6–7]. In the second and
greater line setting, the low bioavailability of fulvestrant
and its slow action may in particular contribute to limited
efficacy because the endocrine-resistant tumor requires an
even higher drug exposure [8–11]. In the first line setting
fulvestrant’s route of i.m. administration and the long time
it takes to reach steady state drug concentration in systemic
circulation may limit its wider clinical application. Orally
bioavailable SERDs, therefore, are highly desirable with
potential to bring substantial clinical benefits to patients
in need of endocrine therapy, especially in the advanced
metastatic setting.
Advances in oral SERDs development so far have
been confined to nonsteroidal molecules among which the
most promising SERDs are those containing a cinnamic
acid moiety, believed to be a critical structural feature
conferring SERD-like properties [12]. Several oral
SERDs have entered clinical trials since 2014, including
GDC-0810 and AZD9496 [13–14]. These compounds
have shown promising preclinical results, including
strong antiestrogenic activity, ER downregulating
efficacy comparable to fulvestrant, and favorable
pharmacokinetic profiles. Their clinical performance,
however, has yet to be proven. Notably, the dose chosen
for phase II trial of GDC-0810 [15], at 600mg per day,
is indicative of its high concentration requirement to
be therapeutically effective and/or relatively modest
bioavailability in patients demonstrated in the phase I trial
[13]. Such high dose requirement may add to its potential
gastrointestinal tolerability challenge in subsequent
clinical development [16].

ZB716 is an orally bioavailable SERD that is
structurally analogous to fulvestrant but modified by
replacing the 3-hydroxyl group with a boronic acid
moiety [17] (Figure 1). The rationale for this chemical
design was based upon previous work [18–20] where
boronic derivatives of phenolic compounds were found
to confer much greater oral bioavailability by avoiding
first-pass metabolism. We showed that ZB716 largely
retained the pharmacological properties of fulvestrant
but with vastly improved oral bioavailability [17].
Indeed, ZB716 afforded over 10 times higher plasma
peak concentrations after single-dose oral gavage than
same-dose fulvestrant administered subcutaneously
in mice. Here, we first examine the binding of ZB716
to ER alpha (ERα) in comparison with fulvestrant to
better understand the remarkable similarity between
the binding affinities of the two molecules as reported
previously. Next, efficacy studies demonstrate that orally
administered ZB716 is effective in blocking the growth
of MCF-7 derived xenograft tumor and patient derived
ER+ breast tumor in mice. Compared to fulvestrant,
ZB716 demonstrates significantly improved tumor tissue
exposure to drug, consistent with enhanced drug levels in
systemic circulation. Pharmacokinetic studies in both mice
and rats confirm high oral bioavailability and sustained
steady-state drug concentration in blood stream. These
remarkable improvements over fulvestrant make ZB716
an excellent steroidal oral SERD with the potential to enter
clinical trials as first of its kind. It is also anticipated that
given its known mode of action and adverse side effects
likely similar to fulvestrant, ZB716 may offer a clearer
path to the clinic than the nonsteroidal SERDs undergoing
clinical trials.

Figure 1: Structures of ZB716 and fulvestrant.
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RESULTS

with the crystal structure of antagonists in complex with
ERα (Figure 2D) showed a similar binding pattern.

The binding of ZB716 to ER as studied by
molecular modeling

Compound-induced modulation of ERαcoregulator interaction

Having found both fulvestrant and its boronic
acid derivate (ZB716) bind ERα with comparable
binding affinities (EC50 3.8 nM vs EC50 4.1 nM)[17],
we compared the binding of fulvestrant and ZB716 to
ERα in the antagonistic conformation using molecular
docking method. Our study shows (Figure 2) that both
fulvestrant and ZB716 can bind to the antagonistic ligand
binding site of ERα with high compatibility. As seen in the
crystal structures of ER in complex with other antagonists
[21–24], the steroidal moiety of the fulvestrant molecule
(Figure 2A) binds exactly in the same region as the main
scaffold of the antagonistic ligands, which is almost
identical to the binding of estradiol to ERα [25]. The
fluropentyl sulphinyl containing long linker chain was
found to protrude through the opening region constituted
by helix 10/11, helix 12 and helix 4/5. Placement of the
linker chains in the opening region of helix 10/11, helix 12
and helix 4/5 of ERα was also seen for other antagonists,
like 4-hydroxytamoxifen (3ert.pdb), [6-hydroxy-2-(4hydroxyphenyl)-1-benzothien-3yl] [4-(2-phrrolidin-1ylethoxy)phenyl]methanonone (2r6y.pdb) and the crystal
ligand used in the present study (2ayr.pdb). At one end of
the binding pocket, the 3-hydroxyl group of the fulvestrant
formed hydrogen bonds with Glu353 and Arg394. These
hydrogen bonds are conserved in many ER-antagonist and
ER-agonist complexes, including 4-hydroxy tamoxifen
and estradiol [21, 23–25]. The hydroxyl group on the
cyclopentane ring of fulvestrant reached out to the other
end of the binding pocket and got solvated by water
molecules. The four hydrocarbon rings of the estradiol
moiety of fulvestrant formed van der Waals contact with
several hydrophobic residues as shown in Figure 2A. The
sulfonyl group of the linker forms a hydrogen bond with
Lys529 and enhances the passing of the linker through the
opening region.
ZB716 (Figure 2B) also binds to ERα in a similar
manner as fulvestrant. Though the hydroxyl group was
replaced with a boronic acid group, the placement of
the estradiol moiety of ZB716 in the binding pocket and
hydrogen bond formation with Glu353 and Arg394 were
observed as in fulvestrant (Figure 2A). This was achieved
because of the smaller size of boron, and it required
only a slight (0.7Å) shifting of the molecule along the
binding pocket as seen in the superimposed structures of
fulvestrant and ZB716 (Figure 2C). The docking scores for
both drugs are comparable at -10.85 and -11.28 kcal/mol
for fulvestrant and ZB716, respectively. Similarly the free
energies of binding obtained by MMGB/SA calculations
are also comparable to each other and they are -181.39 and
-183.41 kcal/mol for fulvestrant and ZB716, respectively.
A comparison of the binding of fulvestrant and ZB716
www.impactjournals.com/oncotarget

Molecular modeling shows highly similar ERαbinding modes of fulvestrant and ZB716. This suggests
that upon binding to the ligand binding pocket both
compounds induce a similar ligand-binding domain (LBD)
conformation and affinity for coregulator proteins. To
test this, we measured binding of ERα LBD to a peptide
microarray containing 154 individual (CoR-) NR-boxes
of a set of 60+ coregulators in absence (apo) or presence
of compound.
Per compound, the effect was assessed by
calculation of the modulation index (MI), i.e. compoundinduced log-fold change of binding, for the interaction of
ERα with each individual coregulator motif. As shown
in the heat map of Figure 3, this results in a modulation
profile (column) per compound of 154 interactions
that are either potentially enhanced (red) or decreased
(blue). To visualize (dis)similarities between compounds
(and coregulator interactions) we applied hierarchical
clustering.
When using the agonist 17-β-estradiol (E2,
bottom row) the majority of affected interactions show
enhancement of ERα binding, as illustrated by the cluster
of motifs at the top half of the heat map. This cluster is
highly enriched for motifs from coactivator proteins, i.e.
enhancers of transcription, as can be expected from receptor
stimulation with an agonist. The lower sub-cluster of E2enhanced interactions largely consists of motifs from the
members of the Nuclear Receptor Coactivator (NCOA)
family. Alternatively, the interaction of ERα with these
same motifs is strongly reduced upon incubation with
antagonists 4-hydroxy-tamoxifen (4-OHT), fulvestrant or
ZB716. The full modulation profiles are clearly differential
between compounds with agonist and antagonist behavior.
Moreover, whereas upon additional comparison of the
antagonists we observe strong overlap in modulation of
receptor-coregulator interactions and fulvestrant and ZB716
are virtually identical, there are clusters of interactions
that are differentially modulated by 4-OHT. To illustrate
the observations as described above, we have selected
ER interactions with some well documented coregulators
in absence (apo) or presence of indicated compound as
bar graphs. On the left, E2 strongly enhances binding,
suggesting strong recruitment of these coregulators to
the locus of target genes. Alternatively, while the SERDs
and SERM appear to do the opposite, the y-axis scale is
largely dominated by E2. We plot the same interactions on
the right of the heat map with the E2 data to enable further
comparison of these compounds. While 4-OHT, fulvestrant
and ZB716 act highly similarly, some of the interactions
display a moderate differential behavior for the SERDs
6926
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ZB716 inhibits cell growth and degrades ER in
MCF-7 and in T47D/Y537S breast cancer cells

vs. the SERM. A similar visualization (with or without
E2) for each individual motif on the array is provided in
Supplementary Materials (Supplementary Figure 1).
These modulation profiles strongly suggest subtle
differences in the ERα conformation as induced upon
binding of 4-OHT and fulvestrant, and more importantly,
confirm that fulvestrant in vitro pharmacology is
completely preserved in ZB716 despite the introduction
of the boronic acid moiety, as was predicted by molecular
modeling.

We have previously reported that ZB716 acted both
as a strong antiestrogen and a potent ER degrader against
T47D breast cancer cells with IC50 values comparable to
fulvestrant [17]. Here we show that its action in MCF7 breast cancer parallels that in T47D in terms of antiproliferative and ER downregulation efficacies. ZB716
exhibited a dose dependent inhibition of MCF-7 cell

Figure 2: Binding postures of Fulvestrant, ZB716 and three crystal ligands in the antagonistic binding site of ERα.

Important amino acids in the binding pockets are shown in stick models, among them the hydrophobic residues are shown in grey, and ERα
is depicted in ribbon model. Both Fulvestrant and ZB716 form hydrogen bond with Glu353, Arg394 and Lys529. Subset of Figure 2 are
(A) Fulvestrant in complex with ERα, (B) ZB716 in complex with ERα, (C) superposition of Fulvestrant (yellow) and ZB716 (green) in
the binding pocket of ERα, and (D) superposition of fulvestrant (yellow), ZB716 (green), 4-hydroxy tamoxifen (cyan), estradiol (magenta)
and the crystal ligand in 2ayr.pdb (purple) in the antagonistic binding pocket of ERα. Surface representation of fulvestrant and the crystal
ligand in 2ayr is shown to outline the shape of the binding pocket.
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Figure 3: Modulation of ERα-coregulator interaction by 17-β-Estradiol (E2), 4-hydroxy-tamoxifen (4-OHT),
fulvestrant, and ZB716. Compound effects are indicated by the modulation index (MI), i.e. compound-induced log-fold change of

ERα-LBD interaction with peptides representing individual coregulator-derived binding motifs. Enhancement of binding are indicated in
red while peptide displacement is indicated in blue. Compound and interaction (dis)similarities are visualized by Hierarchical clustering
(Euclidean distance, Ward’s). Bar graphs display ER binding (mean +/- S.E.M., Arbitrary Units fluorescence) in the absence (apo) or
presence of compound. The bar color represents the MI. Significance of the modulation is indicated (*p<0.05; **p<0.01; ***p<0.001,
Student’s t-Test vs. apo).
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growth with an IC50 measured at 3.2 nM, compared to
fulvestrant at 1.5 nM (Figure 4A). As shown in Figure
4B, when MCF-7 cells were treated with ZB716 or
fulvestrant for 4 hours and analyzed for ER expression
level, downregulation of the hormone receptor occurred
in a dose-dependent manner consistent with our previous
observations with T47D cells [17].
To determine if ZB716 is effective as an antiestrogen
in a clinically relevant breast cancer model that is estrogen
independent and resistant to antiestrogens, we used an
ESR1 mutant cell line, T47D/Y537S that was derived
from a PDX model [26]. Y537S ESR1 mutation has
been found in recurring advanced breast cancer at high
frequency [8, 9, 26, 27]. Cells were treated with ZB716
or fulvestrant at concentrations ranging from 0.1 nM to
1 μM. As shown in Figure 5A, ZB716 demonstrated a
dose-dependent inhibition of growth; the IC50 for ZB716

and fulvestrant was found at 2.44x10-8 M and 3.20x10-8
M, respectively, about 10 times higher than in the T47D
cells with wild type ER [17]. We next evaluated the ability
of ZB716 to downregulate the mutant ER. In Figure 5B,
downregulation of ER by 50% required approximately
10 times higher drug concentration, as reflected in the
IC50 values, which are 24 nM for ZB716 and 11 nM for
fulvestrant.

ZB716 inhibits growth of MCF-7 human breast
cancer xenograft in mice
To test the efficacy of orally administered ZB716 in
vivo, we used an MCF-7 human breast cancer xenograft
model in nude mice. After the tumor formed and became
palpable, the animals were randomized into four groups,
and treated with vehicle, fulvestrant at 200 mg/kg weekly

Figure 4: (A) MCF-7 breast cancer cells were treated with increasing doses of ZB716 or fulvestrant for 5 days. At the end of treatment,
surviving cells were counted and normalized to control cells that were treated with vehicle (DMSO) only. (B) IC50 values were obtained by
deriving logarithmic curves from the %cell survival vs. treatment dose plot.
www.impactjournals.com/oncotarget
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by subcutaneous (s.c.) injection, ZB716 at 10 mg/kg, or
30 mg/kg by oral gavage. Tumor sizes were monitored
and recorded every other day for three weeks of treatment
duration. As shown in Figure 6A, treatment with ZB716
resulted in complete blockage of tumor growth at both 10
mg/kg and 30 mg/kg, indicating that the lower dosage may
have reached full therapeutic efficacy. We next measured
the drug concentrations in the plasma and tumor tissues
collected from mice euthanized at end of study. In the
fulvestrant treatment group, the only active ingredient
measured was fulvestrant, whereas in the ZB716 treatment
groups, both ZB716 and fulvestrant were monitored as

active ingredients. The average fulvestrant level in the
final plasma of the fulvestrant treatment group was found
at 27.92 ng/mL, whereas the average concentration of
ZB716 and fulvestrant in the ZB716 treatment groups
were measured at 181.96 ng/mL and 18.35 ng/mL for 10
mg/kg dose, at 691.88 ng/mL and 144.6 ng/mL for 30
mg/kg (Table 1). As previously noted, fulvestrant is an
active metabolite of ZB716, constituting about 10-20%
of total active ingredients in mice plasma [17]. In the 10
mg/kg treatment group, the final plasma concentration
of ZB716 reached 181.96 ng/mL after continuous oral
administration of the drug, reflective of a steady-state

Figure 5: (A) T47D-Y537S breast cancer cells were treated with increasing doses of ZB716 or fulvestrant for 5 days. At the end of

treatment, surviving cells were counted and normalized to control cells that were treated with vehicle (DMSO) only. IC50 values were
obtained by deriving logarithmic curves from the %cell survival vs. treatment dose plot. (B) Dose-dependent ER downregulation in T47D/
Y537S cells by ZB716 and fulvestrant.
www.impactjournals.com/oncotarget
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Table 1: Drug distribution in plasma and tumor tissues
Treatment

Fulvestrant
(200 mg/kg/wk)

ZB716
(10 mg/kg daily)

ZB716
(30 mg/kg daily)

Fulvestrant

Fulvestrant

ZB716

Fulvestrant

ZB716

Average concentration
in final plasma (ng/mL)

27.92

18.35

181.96

144.6

691.88

SEM

11.48

11.55

71.72

90.24

283.71

Average concentration
in tumor tissue (ng/mL)

159.6

67.87

506.1

118.5

1539.67

SEM

47.6

27.03

34.41

109.13

129.33

level that primarily accounts for the superior efficacy
of ZB716 as compared to fulvestrant treatment. At the
dose of 30 mg/kg ZB716, plasma levels of both ZB716
and fulvestrant were further increased, ensuring maximal
inhibition of tumor growth in mice. We also observed that
in tumor tissues, accumulation of drugs resulted in a 2-3
fold higher concentrations than in plasma, significantly
higher than therapeutically effective levels in breast cancer
cells (Table 1 and Figure 6B). In addition, tumor tissues
were also analyzed for ER expression level. Figure 6C and
6D show the downregulation of ER in tumors from three
treatment groups of mice.

2, for all four doses, ZB716 reached peak concentrations
in rat plasma at 1 hour after dosing, and the Cmax level
increased proportionally with dose levels. Notably, the
peak concentration of ZB716 observed in the 20 mg/kg
dosage reached over 1000 ng/mL in rat plasma, indicating
sustainable high oral bioavailability at elevated doses.

DISCUSSION
Clinical challenges facing the current SERD
regimen for breast cancer therapy include low response
rate, poor bioavailability, and slow action associated with
intramuscular injection-only route of administration as
a 500 mg/10mL oil-based depot. These limitations of
fulvestrant have driven an intensifying race to a clinically
proven, orally bioavailable SERD. At least five nonsteroidal SERD candidates have entered phase I clinical
trials since 2014, yet none has advanced to phase II trials
except Genentech’s GDC-0810, which unfortunately
was recently discontinued from an ongoing phase II
clinical trial due to G.I toxicities. This latest development
highlights the uncertain clinical path for nonsteroidal oral
SERDs. Therefore, in order to achieve clinical benefits
beyond the currently approved fulvestrant, an orally
bioavailable SERD must satisfy clinical criteria including
fast action, more durable treatment outcome by virtue of
high drug exposure, and tolerable adverse side effects.
Design and development of ZB716 represents a unique and
promising approach in that it remains as a steroidal SERD
with minimal structural modifications to vastly improve
its oral bioavailability. After initially demonstrating its
in vitro mode of action as a pure antiestrogen and ER
downregulator in ER+ breast cancer cells and excellent
oral bioavailability in mice [17], we now report further
studies of the compound to compare with fulvestrant in
binding to ER and its efficacy as an oral SERD.
The modeling study of ZB716’s binding mode
to ERα revealed details of the molecular interactions of
ZB716 with the ER ligand binding domain that are nearly
identical to those of fulvestrant. The docking results are

ZB716 inhibits growth of patient-derived
xenograft (PDX) tumor in mice
The efficacy of orally administered ZB716 was next
evaluated in a patient-derived xenograft mouse model in
which the primary tumor donated by a postmenopausal
patient was engrafted in NOD scid gamma (NSG™) mice
(TM00386 PDX model, Jackson Lab). This model has
been immunohistochemically confirmed as ER+/PR+/
HER2- invasive ductal carcinoma. PDX tumor bearing
mice were treated with vehicle, fulvestrant 200 mg/kg
by weekly s.c. injection, ZB716 at 5 mg/kg PO daily, or
ZB716 at 20 mg/kg PO daily. As shown in Figure 7, ZB716
at both doses were effective in blocking tumor growth
in the PDX mice, with the 20 mg/kg treatment group
showing the greatest effect on tumor growth inhibition.
Notably, the lower dose of 5 mg/kg demonstrated in vivo
efficacy in blocking PDX tumor growth as effectively as
fulvestrant treatment.

ZB716 demonstrates a dose-dependent oral
bioavailability
When ZB716 was administered to Sprague Dawley
rats at increasing doses, plasma concentrations of ZB716
and its active metabolite, fulvestrant, were measured at
various time points in plasma samples. As shown in Table
www.impactjournals.com/oncotarget
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helpful in understanding the small differences between
ZB716 and fulvestrant in their in vitro activities against
breast cancer cells observed earlier [17], and provide
further evidence that replacement of the 3-hydroxyl group
with a boronic acid moiety does not change its binding
behavior. As a steroidal SERD structurally analogous to
fulvestrant which has well-established side effect profiles,
ZB716 may face less toxicological uncertainties in clinical
trials than the non-steroidal SERDs currently under
evaluations in patients.
Receptor conformation dictates affinity for and
recruitment of coregulator proteins to the target gene.
These coregulators can alter local chromatin accessibility
for the transcription machinery and eventually determine
target gene expression levels. Therefore, similarity of in
vitro coregulator recruitment profiles between ZB716
and fulvestrant is strongly correlated with similar modes
of action and pharmacology in vivo. PK/PD factors play
additional roles in in vivo drug effectiveness, which will
give ZB716 the competitive edge on top of the effective
pharmacology that is shared with fulvestrant.
The finding that a higher dose of either fulvestrant
or ZB716 is required to inhibit the growth of ER mutant
(Y537S) breast cancer cells underscores the risk of

insufficient drug exposure in the clinical setting where
fulvestrant is used to treat recurring diseases that harbor
ER mutant variants. Consistent with ZB716’s performance
in other ER+ breast cancer cells, the compound was
similarly effective in downregulating ER in both breast
cancer cells with wild type ER and those with mutant
ER (Figure 5) when compared with fulvestrant. These
reproducible characteristics of ZB716 in turn are
anticipated to be translatable to enhanced in vivo efficacy
owing to its high oral bioavailability as seen in mice [17].
Indeed, the first in vivo experiment using an MCF7 mouse xenograft model demonstrated the superior
efficacy of ZB716 in blocking tumor growth (Figure 6).
Compared to fulvestrant, which was given as a standard
200 mg/kg weekly injection, ZB716 was more effective
at both treatment doses of 10 mg/kg and 30 mg/kg orally.
Given that ZB716 has been consistently shown to be
slightly less potent than fulvestrant in cellular assays and
binding assays, its greater in vivo efficacy is most certainly
attributable to the markedly higher bioavailability of
ZB716. This assumption was further confirmed by the
final plasma concentrations of ZB716 in mice from both
dose groups where drug concentrations were found to be
over 6- and 20-fold higher than in the fulvestrant treatment

Figure 6: Nude mice bearing MCF-7 breast cancer xenograft were treated with either fulvestrant by s.c. injection or
ZB716 at two different doses PO. Treatment continued for three weeks before the animals were sacrificed and plasma and tumor

tissues were collected. (A) tumor volumes were plotted vs. days of drug treatment; (B) concentration of ZB716 and fulvestrant in final
plasma and tumor tissue samples at end of study; (C) WES analysis of ER expression in tumors collected at end of study; and (D) average
ER expression in tumor tissues at end of study.
www.impactjournals.com/oncotarget
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Table 2: Dose-dependent pharmacokinetics of ZB716 orally administered to rats
Time (hrs)

Rat plasma concentration (ng/mL) of ZB716 after a single oral dose
1 mg/kg

5 mg/kg

10 mg/kg

20 mg/kg

1

14.85±6.51

46.52±4.81

217.66±27.76

1044.53±153.17

3

9.23±2.33

23.37±2.80

93.58±21.77

670.93±125.16

6

4.70±1.66

15.92±2.03

62.04±14.86

370.93±111.46

8

4.42±2.38

11.42±0.52

60.74±13.93

299.84±118.47

24

1.36±1.42

9.37±1.24

33.09±10.58

98.53±36.11

efficacy of ZB716 was further verified in the second in
vivo experiment using a PDX mouse model hosting an
ER+/PR+/Her2- primary breast tumor (Figure 7) where
both ZB716 dose groups showed regression of tumor
comparable to the fulvestrant group. Importantly, in all
tumor bearing animals treated with different oral doses of
ZB716, no apparent toxicities were observed in the entire
course of treatment, and no significant loss or increase of
animal body weights was recorded.

group. Moreover, when tumor tissues were analyzed
for drug concentrations, we note that ZB716 afforded
a 4-fold higher drug accumulation level for the 10 mg/
kg dose group, and 10-fold higher drug concentration
for the 30 mg/kg dose group, than in the fulvestrant
treated mice. We note that the average downregulation
of ER in tumor tissues did not appear to be fully in line
with efficacy, possibly due to the effect of circulating
estrogen (from implanted E2 pellets) that suppresses ER
expression to various degrees in tumor tissues. The oral

Figure 7: (A) Inhibition of PDX breast tumors by ZB716 orally administered to mice at 5 and 20 mg/kg, and by fulvestrant 200 mg/kg
subcutaneously injected at 200 mg/kg weekly. (B) Downregulation of ERα in tumor tissues treated by fulvestrant, ZB716 5mg/kg, or ZB716
20 mg/kg, respectively.
www.impactjournals.com/oncotarget
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An important question to be answered with regard to
the oral bioavailability of ZB716 is whether its systemic
circulation level is dose-dependent. This is highly relevant
to both first-line and second-line settings in the clinic. In
the former, dose optimization to achieve therapeutically
effective drug levels in patients’ systemic circulation with
manageable adverse side effects is critical for a long-term
first line regimen, and dose-dependent oral bioavailability
enables such optimization. In the latter when ZB716 is
potentially indicated for second- or third-line endocrine
treatment, higher drug exposure may be necessary for
rapid response and maximal clinical benefits in advanced
breast cancer patients. A four-dose pharmacokinetic study
(Table 2) demonstrated a favorable dose-response of
ZB716’s oral bioavailability. The 20 mg/kg dose afforded
a peak plasma concentration of over 1000 ng/mL, or 1.6
μM, a level that far exceeds the therapeutically effective
concentration of a potent SERD with low nanomolar IC50
values in endocrine sensitive breast cancer cells, and a
level that is also significantly higher than its IC50 value in
ER mutant breast cancer cells.

docked representative structure. Finally, the binding free
energies of the complexes were calculated using the MM/
GBSA method with OPLS/AA force field and a GB/SA
continuum solvent model.

Compound-mediated modulation of ERαcoregulator interaction
The modulation of ERα-coregulator interaction
by compound was analyzed using MARCoNI (Micro
Array Assay for Real-time Coregulator Nuclear receptor
Interaction) as described previously [29] using 7 nM GSTtagged ERα LBD (Invitrogen).
In short, a reaction mix with ERα LBD and
fluorescently labeled detection antibody with 10 μM
of the indicated compound or solvent (DMSO, 2%
final concentration) only is incubated on a microarray
containing 154 coregulator-derived NR-binding motifs.
Each condition is measured using 3 technical replicates
(arrays). After incubation, unbound receptor is removed
by washing, and a tiff image of each array is acquired
using a CCD camera and receptor binding to each peptide
on the array is quantified using dedicated software. For
each condition, the three technical replicates are used
to calculate mean and S.E.M. ERα binding as well as
compound-induced log-fold modulation vs. control for
each individual motif. Significance of the modulation is
assessed using Student’s t-Test.

MATERIALS AND METHODS
Molecular modeling
To study interactions of ZB716with ERα,
computational docking and modeling studies were
performed using the Glide program in Schrodinger
Suite 2015-3. The antagonistic ligands induce
conformational changes on ERα and prevent the binding
of coactivator signal transmitting proteins, thus impair
hormone dependent ER transactivation [28]. Since both
fulvestrant and ZB716 act as ER antagonists, the X-ray
crystal structure of ERα in complex with an antagonist
(6-(4-methylsulfonyl-pheynyl)-5-[4-(2-piperidin-1ylethoxy)phenoxy]naphthalene-2-ol) with a resolution of
1.9 Å (PDB entry: 2AYR) was used for binding studies.
The initial 3D coordinates for ERα was prepared by
removing all the crystallographic water molecules beyond
5 Å from the crystal ligand and adding hydrogen atoms
consistent with physiologic pH of 7 using Maestro 10.3.
Then the protein molecule was energy minimized with
an RMSD cutoff value of 0.3 Å for all heavy atoms. The
ligand molecule, fulvestrant, was prepared by optimizing
the initial coordinates obtained from the ZINC database
using Maestro. The structure of ZB716 was prepared
by replacing the 3-hydroxyl group with a boronic acid
group followed by energy minimization. The binding
site for antagonists on the ERα is well characterized by
the crystallographic studies of ERα in complex with
various antagonists [21–24]. Thus the antagonist binding
site-based receptor grid was generated for docking with
the ER. The ER-ligand docking was then performed
with Glide 6.8 using default parameters under the extra
precision (XP) mode allowing the procurement of the best
www.impactjournals.com/oncotarget

T47D Y537S ER mutant cell line
Wild-type ESR1, the Y537S ESR1 mutant were
fused to a FLAG tag at their C-termini and cloned into
the lentiviral vector pFLRu-FH [30]. Y537S mutation was
first introduced into ESR1 using the QuikChange II XL
Site-Directed Mutagenesis Kit (Agilent) with an ESR1encoding plasmid (Accession number NM_000125.1,
GeneCopoeia Inc.) as the template. A FLAG-tag
(DYKDDDDK) was then added to the C terminus of
full-length wild-type and mutant (Y537S) ESR1 by PCR
amplification, followed by shuttling into the designation
lentiviral vector pFLRu-FH. To make lentiviral particles,
pFLRu-FH vector DNAs (encoding ESR1(wt) and
ESR1(Y537S)) were cotransfected with the packaging
plasmids into HEK293T cells using Fugene 6 (Roche).
At 48 hours post transfection, culture media containing
different viruses were added to T47D cells in the presence
of polybrene followed by 3-day puromycin selection for
stable expression. Transgene expression was verified by
western blot analysis for wild-type and mutant ER mutant
proteins.
For growth assays in the presence of ZB716 or
fulvestrant, T47D Y537S ESR1 mutant cells were plated
in six-well plates at a density of 50,000 each well in 5%
FBS DMEM medium. The cells were then treated with
ZB716 or fulvestrant at 5 different doses ranging from
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10-10 M to 10-6 M for 5 days, while equal volumes of
DMSO were used as vehicle controls. Viable cell numbers
were counted with a Z Series Coulter Counter instrument
(Beckman-Coulter) following manufacturer’s instructions.
The ratio of drug treated viable cell numbers to vehicle
treated viable cell numbers was defined as survival ratio
where the control has the survival ratio of 100%. IC50
values were obtained from dose-response curves for all
treatments.

was analyzed using Compass software (ProteinSimple).
The relative amount of each protein, relative to total
protein content, was calculated based on peak area. Total
ERα levels were normalized to actin. IC50 values were
obtained from dose-response curves for all treatments.

Efficacy study in an MCF-7 xenograft tumor
model
Four to six weeks old female ovariectomized Nu/
Nu mice were purchased from Charles River Laboratories
(Wilmington, MA). MCF-7 cells were cultured and
harvested in the exponential growth phase using a PBS/
EDTA solution. The animals were injected bilaterally
in the mammary fat pad (MFP) with 5x106 viable cells
suspended in 50 μL sterile PBS mixed with 100 μL
Matrigel (reduced factor; BD Biosciences, Bed- ford,
MA). 17b-Estradiol pellets (0.72 mg, 60 day release;
Innovative Research of America, Sarasota, FL) were
implanted subcutaneously in the lateral area of the neck
using a precision trochar (10 gages) at the time of cell
injection. Tumors were allowed to form and at day 15 post
cell injection mice. After the tumor formed and became
palpable, the animals were randomized into four groups,
and treated with vehicle, fulvestrant at 200 mg/kg weekly
by subcutaneous injection, ZB716 at 10 mg/kg, or 30
mg/kg by oral gavage. Tumor sizes were monitored and
recorded every other day for three weeks of treatment
duration.

Western blot of ER downregulation
MCF-7 cells were plated at a density of 200,000
cells/60mm dish. Media containing the same drug
concentrations as the growth curve assay were added
on the day following plating (day 0) and allowed to
incubate for 5 days for Western blot. Media with the tested
compound was changed every other day. Cells were lysed.
Lysates were placed on a rotisserie at 4°C for 30 min and
then spun at 4°C at 12,000 rcf for 10 min. Supernatants
were assayed for protein content, snap-frozen, and stored
at -80°C if not run immediately. 50 μg of protein was
subjected to Western blot protocol. Membranes were
blocked and then incubated with 1:200 dilution of ERα
antibody at 4°C overnight followed by 1:10,000 dilution
of secondary antibody for 1 hr at room temperature. They
were then imaged on a LICOR infrared scanner.
Total ERα protein levels in T47D Y537S ER mutant
cells were determined using automated Western blotting
(Wes Simple Western Analysis, ProteinSimple, San Jose,
CA). Simple Western analyses were performed according
to the ProteinSimple user manual. Briefly, T47D Y537S
ER mutant cells were grown in charcoal stripped serum
for 6 days and plated at a density of 250,000 cells per well
in a 12-well plate. Cells were treated with either DMSO,
ZB716, or fulvestrant at the indicated concentrations for
four hours, and protein was extracted from cells using
MPER lysis buffer (Pierce) containing protease and
phosphatase inhibitors (Thermo Scientific). Samples were
mixed with a master mix (ProteinSimple) to give a final
concentration of 0.2 mg/mL total protein, 1×sample buffer,
S61×fluorescent molecular weight markers, and 40 mM
DTT. Samples were heated at 95°C for 5 min followed
by centrifugation. Samples, blocking solution, primary
antibodies, horseradish peroxidase-conjugated secondary
antibodies, chemiluminescent substrate, and separation
and stacking matrices were loaded into designated wells
in a 384 well plate. After plate loading, fully automated
electrophoresis and immunodetection took place in the
capillary system. Proteins were separated by molecular
weight at 375V for 25 min, and primary and secondary
antibodies incubated for 30 minutes. The ERα (Santa
Cruz, cat # sc-543) and actin (Novus, cat #NB600-503)
antibodies were diluted in a proprietary antibody diluent
at a 1:50 dilution ratio. Chemiluminescence was captured
by a charge-coupled device camera, and the digital image
www.impactjournals.com/oncotarget

Efficacy study in a patient derived xenograft
(PDX) tumor model
In a patient-derived xenograft (PDX) mouse model
in which the primary tumor donated by a postmenopausal
patient was engrafted in NOD scid gamma (NSG™)
mice (TM00386 PDX model, Jackson Lab). After the
tumor formed and became palpable, the animals were
randomized into four groups, and treated with vehicle,
fulvestrant at 200 mg/kg weekly by subcutaneous
injection, ZB716 at 5 mg/kg, or 20 mg/kg by oral gavage.
Tumor sizes were monitored and recorded every other day
for three weeks of treatment duration.

Pharmacokinetic study (sampling and analysis)
Female Sprague-Dawley rats, weighing between
350 and 400 g (Charles River Laboratories, Portage, MI)
were used for the pharmacokinetic study on ZB716. Rats
were given oral gavage containing 5% dimethyl sulfoxide
(DMSO), 40% polyethylene glycol 400, 55% salinedissolved ZB716, at doses ranging from 1 mg/kg to 20
mg/kg. After drug administration, blood samples were
collected from the lateral tail vein of the rat at 1, 3, 6, 8,
24 h. Rat blood was collected with a capillary into 1.5 mL
microcentrifuge tubes containing 0.01 mL of 10 % EDTA
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anticoagulant. Plasma was then separated from cell pellets
by centrifugation in a refrigerated centrifuge at 4°C and
transferred to a separate tube. Plasma samples were frozen
at -80°C until analysis.
The plasma samples of 100 μL each were processed
for analysis by a TSQ UPLC-MS/MS system. Aliquots
of 10 μL of 0.5 ng/μl E-Tamoxifen-2C13, N15, 200 μL
methanol, and 400 μl chloroform were added to the
plasma in a 1.5 mL centrifuge tube in sequence. The
sample was vortexed and stored at -20°C for 4 hours,
followed by sonication in a Branson B3510MT Ultrasonic
Cleaners for 30 min and centrifuged at 12000 RPM on
a Heraeus Fresco 21 Refrigerated Micro Centrifuge from
Thermo Fisher Scientific for 10 min. The supernatant
was dried with a nitrogen gas flow and suspended
in 100 μL methanol. Aliquots of 10 μL of the above
processed samples were injected into a TSQ Vantage
mass spectrometer connected with a heated electrospray
ionization probe and a Dionex Ultimat 3000 UHPLC with
a Hypersil gold column (50x2.1 mm). The probe setting
and front mass spectrometer setting were controlled as
follows: spray voltage 3200 voltage, auxiliary gas 10psi,
vaporizer temperature 365°C, capillary temperature
300°C, sheath gas 30psi, S-lens RF amplitude 51 voltage.
The flow gradient was started with initial 30% mobile
phase A of water with 0.05% formic acid to 1 min, to
100% mobile phase B of acetonitrile with 0.05% formic
acid at 8 min, and return to 30% mobile phase A at 13 min.

cancer. Clin Breast Cancer. 2008; 8: 347-51. https://doi.org/
S1526-8209(11)70528-6.
4. Faslodex receives EU approval as first-line therapy for
advanced breast cancer. https://wwwastrazenecacom/
media-centre/press-releases/2017/faslodex-receives-euapproval-as-first-line-therapy-for-advanced-breast-cancer26072017html.
5. Bogliolo S, Cassani C, Dominoni M, Orlandini A, Ferrero
S, Iacobone AD, Viazzo F, Venturini PL, Spinillo A,
Gardella B. The role of fulvestrant in endometrial cancer.
Expert Opin Drug Metab Toxicol. 2017; 13: 537-44. https://
doi.org/10.1080/17425255.2016.1244264.
6. Robertson JF, Lindemann JP, Llombart-Cussac A, Rolski J,
Feltl D, Dewar J, Emerson L, Dean A, Ellis MJ. Fulvestrant
500 mg versus anastrozole 1 mg for the first-line treatment
of advanced breast cancer: follow-up analysis from the
randomized ‘FIRST’ study. Breast Cancer Res Treat. 2012;
136: 503-11. https://doi.org/10.1007/s10549-012-2192-4.
7. Robertson JF, Llombart-Cussac A, Feltl D. Fulvestrant 500
mg versus anastrozole as first-line treatment for advanced
breast cancer: Overall survival from the phase II “first”
study. Presented at 2014 San Antonio Breast Cancer
Symposium, San Antonio, Texas. 2014; December 9-13:
Abstract S6-04.
8. Robinson DR, Wu YM, Vats P, Su F, Lonigro RJ, Cao X,
Kalyana-Sundaram S, Wang R, Ning Y, Hodges L, Gursky
A, Siddiqui J, Tomlins SA, et al. Activating ESR1 mutations
in hormone-resistant metastatic breast cancer. Nat Genet.
2013; 45: 1446-51. https://doi.org/ng.2823.

CONFLICTS OF INTEREST

9. Toy W, Shen Y, Won H, Green B, Sakr RA, Will M, Li Z,
Gala K, Fanning S, King TA, Hudis C, Chen D, Taran T,
et al. ESR1 ligand-binding domain mutations in hormoneresistant breast cancer. Nat Genet. 2013; 45: 1439-45.
https://doi.org/ng.2822.

Guangdi Wang is founder of Zenopharm, LLC
which is engaged in the preclinical development of ZB716.

Funding

10. Jeselsohn R, Yelensky R, Buchwalter G, Frampton
G, Meric-Bernstam F, Gonzalez-Angulo AM, FerrerLozano J, Perez-Fidalgo JA, Cristofanilli M, Gomez H,
Arteaga CL, Giltnane J, Balko JM, et al. Emergence of
constitutively active estrogen receptor-alpha mutations
in pretreated advanced estrogen receptor-positive breast
cancer. Clin Cancer Res. 2014; 20: 1757-67. https://doi.
org/10.1158/1078-0432.CCR-13-2332.

This study was supported by NIH grants
2G12MD007595 from NIMHD, 1R43CA213462 from
NCI, CA200517, and by Louisiana Cancer Research
Consortium.

REFERENCES

11. Spoerke JM, Gendreau S, Walter K, Qiu J, Wilson TR,
Savage H, Aimi J, Derynck MK, Chen M, Chan IT, Amler
LC, Hampton GM, Johnston S, et al. Heterogeneity and
clinical significance of ESR1 mutations in ER-positive
metastatic breast cancer patients receiving fulvestrant. Nat
Commun. 2016; 7: 11579.

1. Bross PF, Cohen MH, Williams GA, Pazdur R. FDA drug
approval summaries: fulvestrant. Oncologist. 2002; 7:
477-80.
2. DeFriend DJ, Howell A, Nicholson RI, Anderson E,
Dowsett M, Mansel RE, Blamey RW, Bundred NJ,
Robertson JF, Saunders C, Baum M, Walton P, Sutcliffe F,
Wakeling AE. Investigation of a new pure antiestrogen (ICI
182780) in women with primary breast cancer. Cancer Res.
1994; 54: 408-14.

12. Kieser KJ, Kim DW, Carlson KE, Katzenellenbogen
BS, Katzenellenbogen JA. Characterization of the
pharmacophore properties of novel selective estrogen
receptor downregulators (SERDs). J Med Chem. 2010; 53:
3320-9. https://doi.org/10.1021/jm100047k.

3. McCormack P, Sapunar F. Pharmacokinetic profile of
the fulvestrant loading dose regimen in postmenopausal
women with hormone receptor-positive advanced breast
www.impactjournals.com/oncotarget

13. NCT01823835. A study of ARN-810 (GDC-0810)
in postmenopausal women with locally advanced or
6936

Oncotarget

metastatic estrogen receptor positive breast cancer. http:/
clinicaltrialsgov. 2016.

23. Dai SY, Chalmers MJ, Bruning J, Bramlett KS, Osborne
HE, Montrose-Rafizadeh C, Barr RJ, Wang Y, Wang M,
Burris TP, Dodge JA, Griffin PR. Prediction of the tissuespecificity of selective estrogen receptor modulators by
using a single biochemical method. Proc Natl Acad Sci U S
A. 2008; 105: 7171-6. https://doi.org/0710802105.

14. NCT02248090. AZD9496 first time in patients ascending
dose study. http:/clinicaltrialsgov. 2016.
15. NCT02569801. A study of GDC-0810 versus fulvestrant in
women with advanced or metastatic breast cancer resistant
to aromatase inhibitor therapy (HydranGea). https://
clinicaltrialsgov/ct2/show/NCT02569801. 2015.

24. Hummel CW, Geiser AG, Bryant HU, Cohen IR, Dally
RD, Fong KC, Frank SA, Hinklin R, Jones SA, Lewis G,
McCann DJ, Rudmann DG, Shepherd TA, et al. A selective
estrogen receptor modulator designed for the treatment of
uterine leiomyoma with unique tissue specificity for uterus
and ovaries in rats. J Med Chem. 2005; 48: 6772-5. https://
doi.org/10.1021/jm050723z.

16. Evaluating an ER degrader for breast cancer. Cancer Discov.
2015; 5: OF15. https://doi.org/2159-8290.CD-NB2015-068.
17. Liu J, Zheng S, Akerstrom VL, Yuan C, Ma Y, Zhong
Q, Zhang C, Zhang Q, Guo S, Ma P, Skripnikova EV,
Bratton MR, Pannuti A, et al. Fulvestrant-3 boronic acid
(ZB716): an orally bioavailable selective estrogen receptor
downregulator (SERD). J Med Chem. 2016; 59: 8134-40.
https://doi.org/10.1021/acs.jmedchem.6b00753.

25. Mocklinghoff S, Rose R, Carraz M, Visser A, Ottmann
C, Brunsveld L. Synthesis and crystal structure of a
phosphorylated estrogen receptor ligand binding domain.
Chembiochem. 2010; 11: 2251-4. https://doi.org/10.1002/
cbic.201000532.

18. Jiang Q, Zhong Q, Zhang Q, Zheng S, Wang G. Boronbased 4-hydroxytamoxifen bioisosteres for treatment of de
novo tamoxifen resistant breast cancer. ACS Med Chem
Lett. 2012; 3: 392-6. https://doi.org/10.1021/ml3000287.

26. Li S, Shen D, Shao J, Crowder R, Liu W, Prat A, He X,
Liu S, Hoog J, Lu C, Ding L, Griffith OL, Miller C, et
al. Endocrine-therapy-resistant ESR1 variants revealed
by genomic characterization of breast-cancer-derived
xenografts. Cell Rep. 2013; 4: 1116-30. https://doi.org/
S2211-1247(13)00463-4.

19. Zhang C, Zhong Q, Zhang Q, Zheng S, Miele L, Wang
G. Boronic prodrug of endoxifen as an effective hormone
therapy for breast cancer. Breast Cancer Res Treat. 2015;
152: 283-91. https://doi.org/10.1007/s10549-015-3461-9.

27. Oesterreich S, Davidson NE. The search for ESR1
mutations in breast cancer. Nat Genet. 2013; 45: 1415-6.
https://doi.org/ng.2831.

20. Zhong Q, Zhang C, Zhang Q, Miele L, Zheng S, Wang G.
Boronic prodrug of 4-hydroxytamoxifen is more efficacious
than tamoxifen with enhanced bioavailability independent
of CYP2D6 status. BMC Cancer. 2015; 15: 625. https://doi.
org/10.1186/s12885-015-1621-2.

28. Brzozowski AM, Pike AC, Dauter Z, Hubbard RE, Bonn
T, Engstrom O, Ohman L, Greene GL, Gustafsson JA,
Carlquist M. Molecular basis of agonism and antagonism
in the oestrogen receptor. Nature. 1997; 389: 753-8. https://
doi.org/10.1038/39645.

21. Shiau AK, Barstad D, Loria PM, Cheng L, Kushner PJ,
Agard DA, Greene GL. The structural basis of estrogen
receptor/coactivator recognition and the antagonism of this
interaction by tamoxifen. Cell. 1998; 95: 927-37. https://
doi.org/10.1016/S0092-8674(00)81717-1.

29. Aarts JM, Wang S, Houtman R, van Beuningen RM,
Westerink WM, Van De Waart BJ, Rietjens IM, Bovee TF.
Robust array-based coregulator binding assay predicting
ERalpha-agonist potency and generating binding profiles
reflecting ligand structure. Chem Res Toxicol. 2013; 26:
336-46. https://doi.org/10.1021/tx300463b.

22. De Savi C, Bradbury RH, Rabow AA, Norman RA, de
Almeida C, Andrews DM, Ballard P, Buttar D, Callis
RJ, Currie GS, Curwen JO, Davies CD, Donald CS, et
al. Optimization of a novel binding motif to (E)-3-(3,5difluoro-4-((1R,3R)-2-(2-fluoro-2-methylpropyl)-3-methyl2,3,4,9-tetra hydro-1H-pyrido[3,4-b]indol-1-yl)phenyl)
acrylic acid (AZD9496), a potent and orally bioavailable
selective estrogen receptor downregulator and antagonist. J
Med Chem. 2015; 58: 8128-40. https://doi.org/10.1021/acs.
jmedchem.5b00984.

www.impactjournals.com/oncotarget

30. Feng F, Nyland J, Banyai M, Tatum A, Silverstone AE,
Gavalchin J. The induction of the lupus phenotype by
estrogen is via an estrogen receptor-alpha-dependent
pathway. Clin Immunol. 2010; 134: 226-36. https://doi.org/
S1521-6616(09)00844-4.

6937

Oncotarget

