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Abstract

MJC13, a novel FKBP52 targeting agent, has potential use for the treatment of castrate-resistant
prostate cancer. The purpose of this work was to develop a solution formulation of MJC13, and
obtain its efficacy profile in a human prostate cancer xenograft mouse model. Preformulation
studies were conducted to evaluate the physicochemical properties. Co-solvent systems were
evaluated for aqueous solubility and tolerance. A human prostate cancer xenograft mouse model
was established by growing 22Rv1 prostate cancer cells in C.B-17 SCID mice. The optimal
formulation was used to study the efficacy of MJC13 in this preclinical model of castrate-resistant
prostate cancer. We found that MJC13 was stable (at least for 1 month), very lipophilic (logP =
6.49), poorly soluble in water (0.28 pg/mL), and highly plasma protein bound (> 98%). The
optimal formulation consisting of PEG 400 and Tween 80 (1:1, v/v) allowed us to achieve a
MJC13 concentration of 7.5 mg/mL, and tolerated an aqueous environment. After twice weekly
intratumoral injection with 10 mg/kg MJC13 in this formulation for 4 consecutive weeks, tumor
volumes were significantly reduced compared to vehicle-treated controls.
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1. Introduction

Prostate cancer is the second leading cause of cancer deaths and the most commonly
diagnosed cancer in American males. Death due to prostate cancer accounts for nearly 11%
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of cancer-related deaths in men (Siegel et al., 2013). Normal prostate growth and
maintenance depend on androgens acting through the androgen receptor (AR). AR
expression and activity is critical for prostate cancer development and progression. In early
stage prostate cancer, which remains localized within the prostate, surgery, radiation
therapy, and cryotherapy are often effective treatments (Goldman and Schafer, 2011;
Thompson et al., 2007). In more advanced stages, when cancer has spread to other parts of
the body, hormone therapy is frequently effective. All such treatment options either block
androgen production or act as classic receptor antagonists by competing with androgens for
binding in the AR hormone binding pocket (Mohler et al., 2009). However, hormone
therapy eventually becomes ineffective due to mutation and/or deregulation of the AR. The
term “castrate-resistant prostate cancer (CRPC)” is used to describe prostate cancer that has
become resistant to hormone therapy (Seruga et al., 2011). CRPC is represents the most
aggressive and lethal form of prostate cancer, and its clinical management remains a
significant challenge. Thus, treatments that target novel surfaces on AR and/or novel AR
regulatory mechanisms are needed to more effectively target AR activity in CRPC.

Recent efforts have focused on the development of molecules directed at alternative sites
including the AR activation function 2 (AF2) (Gunther et al., 2009), AR hormone response
elements (Chenoweth et al., 2009; Nickols and Dervan, 2007), a newly characterized
binding surface on the AR termed binding function 3 (BF3) (Estebanez-Perpina et al., 2007),
and AR inhibitors for which the binding sites are currently unknown (Jones et al., 2009;
Joseph et al., 2009; Norris et al., 2009). This new class of AR inhibitors has been termed
nuclear receptor alternate site modulators (NRAMS) (Moore et al., 2009). In addition to
targeting alternative sites on the receptor, the targeting of regulatory proteins critical for
receptor protein folding in the cytoplasm also represents an attractive therapeutic option.
The folding of AR to a functional conformation that can bind hormone is a highly ordered
process that involves a variety of chaperone and cochaperone proteins (Smith and Toft,
2008). Prior to hormone binding, functionally mature AR exists in the cytoplasm in complex
with heat shock protein 90 (Hsp90), a 23 kDa cochaperone (p23), and the 52 kDa FK506-
binding protein (FKBP52). FKBP52 has been shown to be a positive regulator of AR,
glucocorticoid receptor (GR) and progesterone receptor (PR) in both cellular and whole
animal models (Sivils et al., 2011; Storer et al., 2011). Given that FKBP52 is functionally
specific for a small subset of Hsp90 client proteins (Riggs et al., 2004), targeting FKBP52
regulation of AR activity represents a promising therapeutic approach with the possibility of
fewer side effects.

A series of small molecules that can specifically inhibit FKBP52-mediated potentiation of
AR signaling through the putative targeting of the AR BF3 surface were recently identified
and characterized (De Leon et al., 2011). The lead molecule, MJC13 (N-(2,3-
dichlorophenyl)-cyclohexanecarboxamide, see Fig. 1 for structure), effectively blocks
hormone-induced dissociation of the AR-chaperone complex leading to a loss of AR nuclear
translocation, AR-dependent gene expression, and proliferation in prostate cancer cells at
low micromolar concentrations. More importantly, these effects were observed in both
hormone-dependent and hormone-independent cellular models of prostate cancer. Thus,
MJC13 represents a potentially attractive therapeutic option for the treatment of CRPC.
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In this study, we sought to determine whether MJC13 is also effective in an animal
xenograft model of CRPC. For this purpose, we developed a formulation able to efficiently
deliver MJC13 in vivo. Due to a lack of hydrophilic functional groups, the aqueous
solubility of MJC13 was predicted to be low, making the development of a suitable
formulation challenging. Given the lack of previous formulation data, preformulation studies
were needed to determine the basic physicochemical properties of MJC13 to allow further
formulation development. Therefore, we performed a preformulation evaluation of MJC13;
we developed a solution formulation suitable for in vivo administration; and we evaluated
the formulated MJC13 in a CRPC xenograft mouse model.

2. Materials and methods

2.1. Materials

2.2. Assay

MJC13 was custom synthesized (purity = 99%) by Chembridge (San Diego, CA). Water,
ethanol, propylene glycol, polyethylene glycol 400 (PEG 400), polysorbate 80 (Tween 80),
olive oil, peanut oil, soybean oil, dimethyl sulfoxide (DMSQ), 1-octanol, 0.9% sodium
chloride solution (normal saline), fetal bovine serum (FBS), and 0.25% (w/v)
Trypsin-0.53mM EDTA solution were purchased from Sigma-Aldrich (St. Louis, MO).
Captex® 200 was from ABITEC (Columbus, OH). Labrafac™ Lipophile WL1349 was from
Gattefosse (Lyon, France). All chemicals and reagents were used as received. The 22Rv1
human prostate carcinoma epithelial cell line and its base medium RPMI-1640 were
purchased from ATCC (Manassas, VA). C.B-17 SCID mice (male, 15-20 g) were purchased
from Charles River Laboratories (Wilmington, MA).

The assay used in this work to determine the concentration of MJC13 in various fluids
utilized a published LC-MS/MS method that was developed and validated previously (Liang
etal., 2014).

2.3. Preformulation

2.3.1. Solid-state stability—Dry samples of MJC13 were stored at three different
temperatures (=20 °C, 4 °C and room temperature) and analyzed via LC-MS/MS at various
time intervals for up to 1 month to determine the amount of MJC13 remaining. Experiments
were conducted in triplicate.

2.3.2. Solubility—The solubility of MJC13 in water, ethanol, propylene glycol,
polyethylene glycol 400, Tween 80, olive oil, peanut oil, soybean oil, Captex 200 and
Labrafac Lipophile WL1349 was determined by shake-flask method. Briefly, an excess
amount of MJC13 was added to each capped glass bottle containing selected vehicle and
mixed for 48 h at room temperature using a reciprocating shaker. Samples were centrifuged
at 3000 rpm for 10 min and subsequently filtered through a 0.22 um ultrafiltration unit. The
filtrates were analyzed by LC-MS/MS to determine the concentration of drug dissolved.
Experiments were conducted in triplicate.
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2.3.3. Lipophilicity—The lipophilicity of MJC13 was determined as the logarithm of
partition coefficient (logP) of the solute between water and 1-octanol. Equal volumes of
two-phase solution (water and 1-octanol) was mixed well in a capped glass bottle and then
placed in a shaker for 24 h to make sure that saturation equilibrium had been achieved. 1 mL
of MJC13 dissolved in the two-phase solution was added the bottle. Then, MJC13 was
partitioned between aqueous and 1-octanol for 72 h at room temperature using the shake-
flask method. The mixture from the bottle was centrifuged at 3000 rpm for 10 min and
subsequently filtered through a 0.22 pm ultrafiltration unit, and then moved to a separatory
funnel for phase separation. The aqueous and 1-octanol phases were analyzed by LC-
MS/MS to determine the concentration of drug dissolved. Experiments were conducted in
triplicate. The logP was calculated according to Equation 1:

c()
LogP:loga 1)

where C, and C,, represent the concentrations of MJC13 in 1-octanol and aqueous phase,
respectively.

2.3.4. Plasma protein binding—In vitro rat plasma samples of MJC13 were prepared by
diluting the stock solution with acetonitrile and spiking in rat plasma at five different
concentrations: 100, 500, 1000, 2000 and 5000 ng/mL to approximate the plasma
concentrations of MJC13 in rats after 2 mg/kg intravenous bolus dosing. The plasma was
incubated at 37 °C for 1 h before being transferred to Amicon Ultra-0.5 mL Centrifugal
Filters (EMD Millipore Corporation, Billerica, MA) for ultrafiltration at 3000 rpm for 10
min. Filtrate and nonfiltrate concentrations were determined by LC-MS/MS. The fraction
unbound, f,, was determined as Equation 2:

Cy

fu=— (@

Ct

where C, is the unbound concentration and C; is the total concentration. And the plasma
protein binding was determined by (1 - f,).

2.4. Formulation

2.4.1. Co-solvency—Co-solvent systems with various compositions and ratios of DMSO,
ethanol, PEG 400 and Tween 80 were prepared with a range MJC13 concentrations (5-10
mg/mL). Each system was diluted with normal saline at the ratios of 1:1, 1:3, 1:7 and 1:15
(v/v) to evaluate whether MJC13 precipitation would occur in 4 h. No precipitation
occurring in the diluted formulation after 4 h indicated that the formulation had a good
capacity to dissolve MJC13 in an aqueous environment, and that an intravenous dose of this
formulation will not cause precipitation at the site of administration. A system with high
MJC13 solubility and greatest aqueous tolerance was selected as the optimal co-solvent
formulation for further studies. And the MJC13 concentration of the optimal co-solvent
formulation was confirmed with the LC-MS/MS method.
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2.4.2. Formulation stability—The optimal co-solvent formulation of MJC13 was stored
at three different temperatures (-20 °C, 4 °C and room temperature) and analyzed via LC-
MS/MS at various time intervals for up to 1 month to determine the amount of MJC13
present. Experiments were conducted in triplicate.

2.5. Xenograft model

2.5.1. Preparation of tumor cells—22Rv1 cells were grown in complete medium (10%
v/v FBS in RPMI-1640 medium). When cells were 70-80% confluent, 3—-4 h before
harvesting, medium was replaced with fresh medium to remove dead and detached cells.
Then fresh medium was removed, and cells were washed with PBS. After adding a
minimum amount of trypsin-EDTA, cells were dispersed by adding complete medium (5:1),
and then centrifuged immediately at 1000 rpm for 3 min. After resuspending with PBS, cells
were counted using a hemocytometer.

2.5.2. Tumor inoculation—The work area was prepared by disinfecting all hood surfaces
with 70% ethanol. The inoculation area of each mouse was cleaned and sterilized with an
alcohol pad. A freshly prepared cell suspension was agitated to prevent the cells from
settling, and then mixed with matrigel. One mL of the mixture (containing 1 x 107 cells) was
injected subcutaneously into the lower flank of 10 C.B-17 SCID mice. Tumor diameters
were measured with digital calipers, and the tumor volume was calculated using Equation 3:

w? x L
2

V=

®

where V is the tumor volume, W is the tumor width, and L is the tumor length.

2.6. Preclinical Efficacy

Therapy was started 2 weeks after inoculation, when the tumors reached an average volume
of about 25 mm?3. Mice were randomized into two groups with 5 mice in each group. The
work area was prepared by disinfecting all hood surfaces with 70% ethanol. The tumor site
of each mouse was cleaned and sterilized with an alcohol pad. The test group was
administered 10 mg/kg MJC13 by intratumoral administration in the optimal co-solvent
formulation twice weekly for 4 consecutive weeks. The control group was administered the
equivalent amount of co-solvent vehicle without API intratumorally following the same
schedule. Tumor volumes were recorded prior to each treatment.

2.7. Statistical analysis

All values are expressed as the mean + standard deviation (SD). Tumor volumes were
analyzed using Student's t-test to determine the significance between test and control groups
at each time point. Statistical significance was reported if p-value was <0.05. Statistical tests
were performed with SYSTAT 12 (Systat Software, Chicago, IL).
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3.1. Preformulation

To investigate the effect of storage temperature on compound stability, dry samples of
MJC13 were stored at =20 °C, 4 °C, and room temperature, and then sampled and analyzed
at 3-day, 1-week, 2-week, and 1-month intervals. The results are summarized in Table 1.
After 1 month, the samples stored in three different conditions displayed 97.3 + 2.5%, 99.7
+ 3.5%, and 95.3 £ 2.8% average recoveries, respectively. These data indicate that MJC13
powder was stable at room temperature at least for 1 month.

The solubility of MJC13 in water, ethanol, propylene glycol, PEG 400, Tween 80, olive oil,
peanut oil, soybean oil, Captex 200 and Labrafac Lipophile WL1349 was determined. The
results are summarized in Table 2. According to the classification in The Pharmacopoeia of
the United States of America (USP), MJC13 is poorly soluble in water (3571 parts of water
is needed for 1 part of MJC13).

The experimental logP of MJC13 between water and 1-octanol tested by the shake-flask
method was 6.49 + 0.37.

The plasma protein binding of MJC13 in rat plasma at concentrations of 100, 500, 1000,
2000, and 5000 ng/mL were found to be 98.1 + 1.5%, 97.6 + 2.7%, 99.6 £ 1.7%, 97.2 +
2.8%, and 97.9 + 2.4%, respectively. These data indicate that MJC13 is highly protein
bound, and the binding is concentration independent.

3.2. Formulation

The co-solvent solubility and aqueous tolerance of MJC13 in various compositions and
ratios of solvents are summarized in Table 3. Other 26 formulations without or lower Tween
80 presence have been prepared and evaluated, they all showed MJC13 precipitation even
with 1:1 (v/v) dilution with normal saline (data didn't show). The optimal formulation
consisted of PEG 400 and Tween 80 (1:1, v/v) and yielded a MJC13 concentration of 7.5
mg/mL, which was confirmed with LC-MS/MS analysis.

To investigate the effect of storage temperature on formulation stability, the optimal
formulation of MJC13 was stored at =20 °C, 4 °C, and room temperature, sampled, and
analyzed at 3-day, 1-week, 2-week, and 1-month intervals. The results are summarized in
Table 4. Storage for 1 month in the three different conditions yielded 98.0 £ 6.1%, 97.3 +
1.5%, and 96.7 + 1.5% average recoveries, respectively. These data indicated that the
optimal MJC13 co-solvent formulation was stable at room temperature for, at least, 1 month.

3.3. Preclinical Efficacy

Fig. 2 shows the tumor volume vs. time for control (vehicle-treated) and test (MJC13-
treated) groups. The average tumor volumes for each group at each time point are
summarized in Table 5. Our data showed that 10 mg/kg MJC13 administered twice weekly
via intratumoral injection significantly reduced the rate of tumor growth, but failed to cause
tumor regression.
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4. Discussion

We first evaluated the solid-state stability of MJC13 and we found that MJC13 powder was
quite stable even stored at room temperature at least for 1 month, so stability was not an
issue need to be considered in the formulation development followed. To develop a solution
formulation of MJC13 suitable for in vivo administration, the solubility of MJC13 is the
most significant property needed to be determined. Since there is no ionizable function
group on the molecule, the aqueous solubility of MJC13 was expected to be low and barely
affect by pH. Our studies showed that MJC13 was highly lipophilic (logP = 6.49) and very
poorly soluble in water (only 0.28 pg/mL). Moreover, we found that MJC13 was highly
plasma protein bound, and the binding is concentration-independent. Based on the free drug
hypothesis, only the free unbound fraction of the drug is available for therapeutic activity.
Therefore, whether we can successfully develop an appropriate formulation that can deliver
a sufficient amount of drug to the site of action was critical for preclinical efficacy studies.

The solubility of a non-water-soluble molecule can be increased by the addition of water-
miscible solvent in which the molecule has good solubility. The solvents used in
combination to increase the solubility of the solute are known as co-solvents. Commonly,
water-miscible co-solvents are utilized in intravenous formulations of non-water-soluble
drugs. However, drug precipitation often occurs upon addition of intravenous fluids or blood
to the co-solvent system if the system does not have decent aqueous tolerance. Co-solvent
systems are commonly used in cancer drug formulations. For example, the clinical
formulation of the well-established chemotherapy drug Taxotere consists of ethanol and
Tween 80 (1:1, v/v) to dissolve the lipophilic active pharmaceutical ingredient (Engels et al.,
2007). In this work, co-solvent systems were evaluated to develop the optimal solution
formulation of MJC13. The optimal formulation was selected based on consideration of four
factors: MJC13 solubility, MJC13 precipitation upon aqueous dilution, solvent toxicity, and
formulation stability. Our preformulation studies found that MJC13 had good solubility in
DMSO (greater than 100 mg/mL), but the use of DMSO in co-solvent systems cannot
prevent MJC13 precipitation upon dilution and can often cause undesired toxic effects. We
also found that MJC13 has relatively good solubility in ethanol and PEG 400, but ethanol or
PEG 400 alone without the presence of surfactant cannot prevent MJC13 precipitation upon
dilution, unless Tween 80 is present in the co-solvent systems. Either ethanol or PEG 400
combined with a high percentage of Tween 80 can achieve a relatively satisfactory solubility
of MJC13 and prevent MJC13 precipitation upon dilution. Considering ethanol is a volatile
solvent, which may cause the formulation to be unstable during storage, the formulation of
PEG 400 and Tween 80 was preferred. The final optimal MJC13 co-solvent formulation
consisted of PEG 400 and Tween 80 (1:1, v/v), which yielded an achievable MJC13
concentration of 7.5 mg/mL. This formulation can be diluted with normal saline to the
desired concentration of MJC13 before various routes of administration, such as oral
administration, intravenous (bolus/infusion) injection, intramuscular injection, and
intratumoral injection. Meanwhile, this optimal formulation was stable even at room
temperature for at least 1 month, therefore having great potential in further preclinical and
clinical applications.
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This study was the first to evaluate MJC13 in an animal tumor model. Absent any previous
knowledge on pharmacokinetic profile, therapeutic window and toxicity of the agent, we
chose to deliver the drug by direct intratumoral injection, thus bypassing the major obstacles
to systemic delivery while taking advantage of solid tumor barriers to prevent rapid drug
clearance and promote local drug retention (French et al., 2010; Holback and Yeo, 2011).
According to our previous study, intratumoral injection of therapeutic agents can achieve
higher retention in tumor and lower concentration in other healthy tissues (Xie et al., 2012).
MJC13, as a hydrophobic drug, is predicted to have a poor pharmacokinetic profile
(maintain a low central compartmental level and distribute widely within the body).
Intratumoral administration of MJC13 avoids these problem that insufficient of drug reaches
the site of action. Meanwhile, relatively higher amount of MJC13 could be dosed without
significant systematic side effects, since it would cause more drug localized on the tumor
site and less drug in the system circulation. Our data showed that 10 mg/kg MJC13 twice a
week intratumoral dose of the co-solvent formulation significantly slowed the rate of tumor
growth. Given the aggressive nature and androgen independence of the 22Rv1 tumor model
(He et al., 2013), these findings are encouraging. Our data warrant further preclinical dose
ranging and schedule evaluation studies of MJC13 in CRPC tumor models.

5. Conclusion

We successfully developed and optimized a co-solvent formulation allowing for in vivo
administration of MJC13 that is based on the compound's physicochemical properties. The
optimal co-solvent formulation is composed of PEG 400 and Tween 80 (1:1, v/v) with a
MJC13 concentration of 7.5 mg/mL. It is stable and suitable for further preclinical and
clinical evaluations of safety and efficacy. This formulation was successfully applied in a
preliminary preclinical efficacy study in an androgen-independent (but AR-dependent)
prostate cancer xenograft mouse model and showed significant inhibition of tumor growth,
supporting further preclinical development of MJC13.
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Fig. 1.
Molecular structure of MCJ13.
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Fig. 2.
Tumor volume (Mean £ SD) vs. time curves for (*) control (n = 5) and () test (n = 5) group.

Vehicle or MJC13 was administered by intratumoral injection twice weekly for 4
consecutive weeks. Tumor growth rate between groups over the 4-week period was
significantly different (p < 0.05).
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MJC13 solid-state stability.

Table 1

Storage condition

3-day recovery (%)

1-week recovery (%)

2-week recovery (%)

1-month recovery (%)

-20°C 99.3+£35 97.7+15 97.0+1.0 97.3+25
4°C 99.3+15 99.3+0.6 100.7+15 99.7+35
Room temperature 100.3+3.2 100.0 £ 3.6 101.3+3.8 95.3+238
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Solubility of MJC13 in various solvents.

Solvent Solubility (mg/mL)
Water (2.8+0.2) x 10

DMSO 100~200
Ethanol 35.6+1.8
Propylene glycol 57+0.2
PEG 400 23.0+0.7
Polysorbate 80 28.2+0.7
Olive oil 16.2+0.3
Peanut oil 156+04
Soybean oil 17.3+05
Captex 200 319+1.6
Labrafac Lipophile WL1349 240+1.1
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Table 4

MJC13 optimal co-solvent formulation stability.

Storage condition

3-day recovery (%)

1-week recovery (%)

2-week recovery (%)

1-month recovery (%)

-20°C 101.0+2.0 99.0+1.0 99.0+2.6 98.0+6.1
4°C 97.7+£12 96.3+2.1 100.3+25 97.3+15
Room temperature 98.0+2.0 98.3+21 98.3+35 96.7+15
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Table 5

Tumor volumes (Mean + SD) of control and test group at each time point.

Time(day) | Control tumor volume (mm3, n=5) | Test tumor volume (mm3,n=5) | P-value

0 12.99 + 10.56 39.08 + 30.08 0.127
3 41.56 + 31.83 81.07 +52.87 0.198
7 85.21 +62.00 132.50 + 83.03 0.34

10 186.6 + 132.89 167.23 + 89.89 0.795
14 316.75 + 173.69 199.99 + 92.59 0.232
17 495.37 + 230.41 248.68 + 121.21 0.078
21 776.87 + 287.80 327.16 + 200.27 0.024*
24 1241.04 + 411.48 446.58 + 298.52 0.009"
28 1866.95 + 617.68 646.94 + 552.30 0.011*

*
Statistical significance between control and test group.
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