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Abstract: Paclitaxel is one of the most effective and widely used agents in treating a variety of cancers, including
endometrial cancer. Because of its poor solubility in water, the current intravenous pharmaceutical paclitaxel is
formulated in Cremophor EL and dehydrated in ethanol in equal volumes. Cremophor EL is capable of causing
complement activation, which can trigger an immediate hypersensitivity reaction. SPRO64 is a pro-drug of paclitaxel
which has a much higher solubility as compared to the parent drug; hence, SPRO64 can be conveniently formulated
in non-cremapor based medium, reducing the risk of cremaphor-related hypersensitivity reactions. The pharmacoki-
netics and solubility of SPRO64 were evaluated in rats. The anti-tumorigenic potential of SPRO64 was compared to
paclitaxel in endometrial cancer cell lines and a genetically engineered mouse model (Lkb""p53"f) of endometrial
cancer. Overall, SPRO64 exhibited improved solubility and better exposure to drug in rats when compared to pacli-
taxel. SPR064 and paclitaxel inhibited cell proliferation, induced apoptosis, enhanced cellular stress and caused
cell cycle G1 arrest in endometrial cancer cell lines, with similar potency. Both SPRO64 and paclitaxel reduced tu-
mor weight in the Lkb""p53""mouse model under obese and lean conditions compared to their respective controls.
Immunohistochemical staining demonstrated that SPRO64 and paclitaxel significantly reduced the expression of
Ki-67 and BCLxL in the endometrial tumors of both obese and lean mice. In summary, SPRO64 has anti-tumorigenic
effects that are equivalent to paclitaxel in endometrial cancer cell lines and a genetically engineered mouse model
of endometrial cancer. Thus, SPRO64 may be a promising therapy for endometrial cancer without the significant risk
of hypersensitivity reactions seen with paclitaxel.

Keywords: Paclitaxel, SPRO64, endometrial cancer, cell proliferation, apoptosis

Introduction and have a good prognosis with 5-year overall
survival rates of nearly 90%. However, women
who are diagnosed with stage Ill or IV disease
have a poor prognosis with 5-year overall sur-
vival rates of 60% and 20%, respectively [3].
Thus, it is imperative to develop novel therapies

for advanced stage and recurrent EC [3, 4].

Endometrial cancer (EC) is the fourth most
common malignancy in women and the most
common gynecologic cancer in the US, with
61,880 estimated new cases and 12,160 dea-
ths expected in the United States in 2019 [1].
Multiple risk factors are involved in the carcino-

genesis of EC including obesity, unopposed
estrogen, early menarche, late menopause, ex-
posure to tamoxifen and nulliparity [2]. Most
women are diagnosed with early stage disease

Paclitaxel (PTX), a tubulin stabilizer, is one of
the most effective and extensively used chemo-
therapeutic agents in the treatment of different
types of cancers, including EC [5]. Due to PTX’s
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poor solubility in water, the most common phar-
maceutical formulation of PTX is made by dis-
solving it in 50% Cremophor EL and 50% dehy-
drated ethanol (1:1, v/v). This formulation is
used to enhance the solubility of PTX in water
for systemic, intravenous administration [6, 7].
The disadvantages associated with this formu-
lation have been well-documented, most nota-
bly, hypersensitivity reactions to Cremaphor EL.
Severe hypersensitivity reactions leading to
discontinuation of treatment has been noted in
up to 15% patients receiving PTX, despite pre-
medication with both anti-histamines and a
corticosteroids and slowing of the infusion [8,
9]. Therefore, the development of new alterna-
tive formulations without Cremophor EL may
overcome hypersensitivity reactions or other
side effects caused by this solvent and increase
the number of patients successfully treated
with PTX [7, 10].

SPR0O64 is a modified drug of PTX that has
much improved solubility in saline compared to
its parent compound. The modifying agent of
SPR0O64 is a natural compound imparts pH in-
dependent solubility. SPRO64 does not require
Cremophor® or albumin, thus eliminating issues
associated with Cremophor® or albumin. Given
this, we expect that SPR0O64 will be more cost
effective than liposomal and albumin-based
formulations. In the present study, the pharma-
cokinetics and solubility of SPRO64 in rats was
evaluated. Furthermore, SPRO64’s anti-tumori-
genic potential was investigated and compared
to PTX in EC using cell lines and a genetically
engineered mouse model (Lkb""p53"") of en-
dometrioid EC.

Materials and methods
Cell culture and reagents

Five EC cell lines, ECC-1, Hec-1A, KLE, Ishikawa
and RL-952, were used. The ECC-1 cells were
grown in RPMI 1640 medium supplemented
with 5% bovine. The Hec-1A cells were grown
in McCoy’s 5A supplemented with 10% fetal
bovine serum. The Ishikawa cells were grown
in MEM supplemented with 5% fetal bovine
serum. The KLE and RL-952 cells were grown in
DMEM/F12 with 10% FBS. All medium was sup-
plemented with 100 U/ml of penicillin and 100
ug/ml of streptomycin. The cells were cultured
in humidified 5% CO, at 37°C. SPRO64 was
obtained from Sphaera Pharma. MTT and PTX
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were purchased from Sigma (St. Louis, MO).
The Annexin V FITC kit was purchased from
BioVision (Mountain View, CA). All antibodies
were purchased from Cell Signaling (Beverly,
MA). Enhanced chemiluminescence western
blotting detection reagents were purchased
from Thermo (Rockford, IL). Caspase 3 was pur-
chased from AAT Bioquest (Sunnyvale, CA). All
other chemicals were purchased from Sigma.

Conversion of modified drug of SPR064 to PTX
in rat plasma

SPRO64 was incubated in rat plasma for 3
hours, and the level of PTX and SPR64 was
monitored using high-performance liquid chro-
matography (HPLC). 450 pl Sprague Dawleyrat
plasma with a final concentration of compound
of 200 ug/ml was incubated at 37°C. 50 pl of
reaction mixture was taken out at different time
points (0, 5, 10, 30, 60 and 120 and 180 min),
and the reaction was stopped with 200 ul of
100% Acetonitrile. The solution was vortexed
for 5 mins and then spun for an additional 10
mins. A standard calibration curve was gener-
ated with ACN at a range of concentrations
(200 ug/ml to 6.25 ug/ml). The supernatants
were analyzed by HPLC (Waters, Milford, MA).

Kinetic solubility of SPRO64 and PTX by neph-
elometry

Nephelometry is a light scattering method to
detect particles in liquid samples. The principle
behind nephelometry is to measure forwarded
scattered light when a laser beam passes
through a sample, and the light is deflected by
the particles. A stock solution of SPR064 and
PTX was prepared in DMSO (20X). Serial dilu-
tions (1:1) were prepared in DMSO in a 96 well
plate. 95 yl of MQ was taken from the 96 well
UV star plate (Greiner-catalogue no. 655801).
5 ul of compound dilutions in DMSO from the
stock plate was added to the 96 well templates
(in triplicates) so that the final DMSO concen-
tration was 5%. Plates were kept on a shaker
for 2 hr at room temperature. Samples were
read in BMG NEPHELOSTAR (Cary, NC). The raw
data obtained was averaged. The averaged val-
ues were plotted against concentration of drug.

Pharmacokinetics study of SPRO64 in rats

Pharmacokinetics studies were carried out
to evaluate the plasma exposure of PTX and
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SPR0O64 in rats when dosed intravenously (IV).
The results were compared with exposure to
PTX using the same dosing vehicle. As previ-
ously stated, SPRO64 has improved aqueous
solubility as compared to PTX, leading to easier
IV dosing without using Cremophor. SPRO64
and PTX were dosed at 3 mpk by IV mode of
administration in female SD rat. Blood was col-
lected at different time points in the presence
of heparin as an anti-coagulant. 40 ul of blood
was collected at each time point. Plasma was
collected by centrifugation, and plasma was
stored at -80°C for analysis. PK analysis was
done using ABI 3200 LCMS (Arcade, NY), and
the data analysis was performed using Gra-
phpad Prism (San Diego, CA).

MTT assay

The ECC-1, Hec-1A, KLE, Ishikawa and RL-952
cells were plated and grown in 96-well plates at
a concentration of 4000 cells/well for 24 hours.
The cells were subsequently treated with vary-
ing doses of SPRO64 and PTX for 72 hours.
MTT (5 mg/ml) was added to the 96-well plates
at 5 ul/well, followed by an additional hour of
incubation. The MTT reaction was terminated
through the addition of 100 ul of DMSO. The
results were read by measuring absorption at
575 nm with a microplate reader (Tecan, Mo-
rrisville, NC). The effect of SPR064 and PTX
was calculated as a percentage of control ce-
Il growth obtained from DMSO treated cells
grown in the same 96-well plates. Each experi-
ment was performed in triplicate to assess for
consistency of results.

Colony formation assay

The ECC-1 and Hec-1A cells were seeded in
6-well plates (400 cells/dish and 200 cells/
dish, respectively) in their standard growth
media. Cells were allowed to adhere for 24
hours, and then treated with SPRO64 for 24
hours. The cells were cultured for 14 days with
media changes every third or fourth day. The
plates were stained with 0.5% crystal violet,
and colonies were counted under the micro-
scope. Each experiment was repeated in tripli-
cate to assess for consistency of results.

Cell cycle assay

The ECC-1 and Hec-1A cells were plated in their
appropriate media at 2.5 x 10° cells/well in a
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6-well plate for 24 hrs. The cells were subse-
quently treated with SPRO64 or PTX at varying
concentrations for 48 hrs. Cells were collected,
washed with PBS, fixed in a 90% methanol
solution and then stored at -20°C until flow
cytometric analysis was performed. On the day
of analysis, cells were washed and centrifuged
using cold PBS, suspended in 100 ul PBS and
10 pl of RNase A solution (250 pg/ml) followed
by incubation for 30 min at 37°C. After incuba-
tion, 110 pl of PI stain (100 pg/ml) was added
to each tube and kept at 4°C for at least 30 min
prior to analysis. Flow cytometric analysis was
performed using the CyAn machine (Beckman
Coulter, Miami, FL). Cell cycle analysis was per-
formed by FCS4 express software (De Novo
Software, Los Angeles, CA). All experiments
were performed in triplicate to assess for con-
sistency of response.

Annexin V assay

Apoptosis was detected with the Annexin V FITC
kit on Cellometer (Nexcelom, Lawrence, MA).
Briefly, 3.0 x 10° cells/well were seeded into
6-well plates, incubated overnight and then
treated with SPRO64 or PTX at different doses
for 16 hrs. The cells were then collected,
washed with PBS and resuspended in 100 ul
binding buffer. Subsequently, 1 pl of Annexin
V-FITC (100 pg/ml) and 0.5 pl of propidium
iodide (2 mg/ml) were added in the binding buf-
fer, and the plates placed in the dark for 15
min. The samples were immediately measured
by Cellometer. The results were analyzed by
FCS4 express software. All experiments were
performed in triplicate to assess for consisten-
cy of response.

Caspase 3 activity assay

The ECC-1 and Hec-1A cells were plated in their
appropriate media at 3.0 x 10° cells/well in a
6-well plate for 24 hours and then treated with
SPR064 or PTX at varying concentrations for
16 hrs. Cell lysates were prepared in lysis buf-
fer. Equal amounts of protein were mixed with
cleaved caspase 3 substrate at 37°C. The anal-
ysis was performed by a microplate reader
(Tecan, Morrisville, NC) at an excitation wave-
length of 400 nm and an emission wavelength
of 505 nm. All experiments were performed in
triplicate and repeated twice to assess for con-
sistency of response.
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Reactive oxygen species (ROS) assay

The alteration of total production of reactive
oxygen species caused by SPRO64 or PTX was
measured using a DCFH-DA fluorescent dye.
The ECC-1 and Hec-1A cells (4000 cells/well)
were seeded in black 96-well plates. After 24
hours, the cells were treated with SPR064 and
Paclitaxel for 4 hours to induce ROS genera-
tion. After the cells were incubated with DCFH-
DA (20 uyM) for 30 min, the fluorescence was
monitored at an excitation wavelength of 485
nm and an emission wavelength of 530 nm
using a plate reader (Tecan). All experiments
were performed at least twice to assess for
consistency of results.

Western immunoblotting

The ECC-1 and Hec-1A cells were plated at 3.0
x 10° cells/well in 6-well plates in their corre-
sponding media and then treated with SPRO64
or PTX overnight. Cell lysates were prepared in
RIPA buffer. Equal amounts of protein were sep-
arated by gel electrophoresis and transferred
onto a PVDF membrane. The membrane was
blocked with 5% nonfat dry milk and then incu-
bated with a 1:1500 dilution of primary anti-
body overnight at 4°C. The membrane was then
washed and incubated with a secondary perox-
idase-conjugated antibody for 1 hour after
washing. Antibody binding was detected using
an enhanced chemiluminescence detection sy-
stem on the Alpha Innotech Imaging System
(Protein Simple, Santa Clara, CA). After develop-
ing, the membrane was stripped and re-probed
using antibodies against B-actin to confirm
equal loading. Intensity for each band was
measured and normalized to B-actin as an
internal control. Each experiment was repeated
two times to assess for consistency of results.

Genetically engineered mouse model of endo-
metrioid endometrial cancer

The homozygous Lkb1""p53"" double condi-
tional knockout mice were used [11]. All experi-
mental animals were maintained in accordance
with the Institutional Animal Care and Use
Committee (IACUC) and the NIH guide for the
Care and Use of Laboratory Animals. To maxi-
mize weight gain, mice were provided a high-fat
diet (HFD, obese group) (60% kcal from fat,
Research Diets, New Brunswick, NJ) and con-
trol mice (non-obese group) were provided a
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low-fat diet (LFD) (10% kcal from fat) ad libitum,
beginning at 3 weeks of age after birth. Re-
combinant adenovirus Ad5-CMV-Cre (AdCre)
was purchased from the University of lowa
Transfer Vector Core at a titer of 1011-1012
infectious particles/ml. Ad-Cre injection into
the right uterine horn of Lkb1""p53%" mice was
performed using a syringe with a 30-gauge
needle at 6-8 weeks of age to induce EC. At 8
weeks after AdCre infection, the obese and
lean mice were randomly divided into six groups
(15 mice/per group) including control and PTX
and SPR0O64 treatment groups. PTX was dis-
solved in DMSO and SPR064 was dissolved in
PEG400-40%, 10% ethanol and 50% normal
saline. The obese and lean mice were treated
with PTX (6.25 mg/kg, IP) and SPR0O64 (8.06
mg/kg, IP) every 5 days for 4 weeks, using
molecular weight correction for SPRO64 versus
PTX to determine equivalent dosing of drugs. All
mice were euthanized after 4 weeks of SPRO64
and PTX treatments. Endometrial umor tissue
were collected for immunohistochemical stain-

ing.
Immunohistochemical staining (IHC)

Endometrial tumor tissues from mice were for-
malin-fixed and paraffin-embedded. After rehy-
dration and antigen retrieval, the slides (thick-
ness = 4 uym) were incubated with primary anti-
bodies: anti-Ki-67 (1:300), anti-bcl-x 1(1:1200).
The staining was visualized using DAB (Invitro-
gen, CA). The slides were scanned by Motic and
analyzed by Image Pro (Warrendale, PA).

Statistical analysis

Results for experiments were normalized to the
mean of the control and analyzed using the
Student t-test. Differences were considered
significant if the p value was less than 0.05
(P<0.05) with a confidence interval of 95%.

Results
Characterization of SPRO64

The solubility of SPRO64 and PTX were com-
pared at different concentrations in 5% DM-
SO solution using Nephelometry. As shown in
Figure 1A, the solubility of SPRO64 was compa-
rable to PTX at less than 50 ug/ml. With in-
creasing concentrations, SPRO64 consistently
exhibited lower nephelometric turbidity units
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Figure 1. Comparison of pharmacokinetics pro-
file and solubility between SPR064 and Pacli-
taxel. SPRO64 shows significant improvement
in solubility over parent drug PTX using Neph-
elometry. SPRO64, with increasing concentra-
tions, consistently showed lower nephelometric
turbidity units (NTUs) when compared to PTX
(A). Modified PTX analog SPRO64 shows quan-
titative conversion to PTX at the first time point
in rat plasma, no SPRO64 is observed by HPLC
(B). SPR064 was found to have much better ex-
posure and a more favorable PK profile as com-

» o » o Ppared to the PTX when dosed in saline based
F$¢  formulation in SD rats (C).
Ny

B Conversion of SPR064 to Paclitaxel in plasma Cpparmacokinetics (PK) study in SD rats
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(NTUs) as compared to PTX, suggesting that
SPRO64 has much better solubility than PTX.

Since SPRO64 is the modified drug of PTX, we
next examined the conversion of SPRO64 to
PTX in plasma using HPLC. Incubation SPRO64
in rat plasma for 3 hours showed complete con-
version of SPR0O64 to PTX at different time
points (Figure 1B). We also compared the phar-
macokinetics profile of SPR064 and PTX in SD
rats. Since SPR064 has better aqueous solu-
bility as compared to PTX, SPRO64 was formu-
lated in a saline-based formulation without
using Cremophor. The pharmacokinetic param-
eters of SPRO64 and PTX after intravenous
administration are shown in Figure 1C. SPR0O64
was found to have much better exposure and a
more favorable PK profile compared to PTX
when dosed in a saline-based formulation.

Comparison of SPRO64 with PTX in the inhibi-
tion of cell proliferation in EC cells

The effect of SPRO64 on EC cell proliferation
was assessed by MTT assay. Five EC cell lines,
Hec-1A, ECC-1, Ishikawa, RL-95-2 and KLE,
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SPR064 Paclitaxel
PK Parameters
(3MPK_IV) (3MPK_ IV)
Cmax(nM) 10102 104.3
Tmax(hr) 0 0
AUC (nM.hr) 1023 66.7

were exposed to varying doses of SPRO64 and
PTX for 72 hours. Treatment of five EC cell lines
with various concentrations of SPRO64 and
PTX caused a dose-dependent inhibitory effe-
cts on cell viability, with no significant differ-
ence in potency between SPR0O64 and PTX
(Figure 2A). The mean IC50 value for SPRO64
and PTX in each of the five cell lines is shown in
Figure 2B. Next, we performed colony forma-
tion assays to investigate the long-term effect
of SPR064 on proliferation in the Hec-1A and
ECC-1 cells. As shown in Figure 2C, the colony-
forming ability of both cell lines was reduced
after exposure to SPRO64 for 14 days. These
results indicate that SPRO64 and PTX showed
similar efficacy in the inhibition of EC cell pro-
liferation.

SPR064 induced cell cycle G1 arrest in EC
cells

To determine whether SPRO64 regulates cell
cycle, we used flow cytometry to compare the
effect of SPRO64 and PTX on the cell cycle in
the Hec-1A and ECC-1 cells. Treatment with 25
MM SPRO64 for 48 hours significantly increased
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Figure 2. SPRO64 inhibited the proliferation of EC cells. The ECC-1, Hec-1a, KLE, Ishikawa and RL-952 cells were
cultured for 24 hours and then treated with varying concentrations of SPRO64 and PTX in 96 well plates for 72
hours. Cell proliferation was assessed by MTT assay. SPR0O64 has similar anti-proliferative effects in the five cell
lines compared with PTX (A-E). The IC50 value for SPRO64 and PTX was calculated for each cell line (F). The ECC-1
and HEC-1a cells were treated with SPRO64 for 24 hours and then the cells were cultured for 14 days with medium
changes every third or fourth day. Colonies were visualized by crystal violet staining and counted under the micro-

scope (G).

the number of Hec-1A and ECC-1 cells in the G1
phase from 33.93% to 61.9% and 29.93% to
60.07%, respectively. Cells treated with PTX at
the same dose also arrested the cell cycle at
G1 phase, causing an increase in cells in the
G1 phase from 35.74% to 72.41% in the Hec-1A
cells and 42.25% to 80.07% in the ECC-1 cells,
respectively (Figure 3A). To further determine
the cell cycle inhibitory effects of SPRO64, we
examined the effect of SPR0O64 on cell cycle
checkpoint proteins in both cell lines. Western
blotting results showed that SPRO64 signifi-
cantly reduced the expression of cyclin D1 and
CDK4 after 14 hours of treatment (Figure 3B).
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These results indicate that SPRO64 has similar
effects on the cell cycle in EC cells when com-
pared to PTX treatment.

Comparison of SPRO64 with PTX in induction
of apoptosis in EC cells

Since PTX is known to induce apoptosis in can-
cer cells [12], we further examined the effect of
SPRO64 on apoptosis in EC cells. Treatment of
cell lines with SPR064 or PTX at different con-
centrations for 16 hours resulted in a signifi-
cant induction in apoptosis relative to the con-
trol as determined by Annexin V assay. In a simi-
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Figure 3. SPRO64 induced cell cycle G1 arrest in EC cells. The ECC-1 and Hec-1a cell lines were treated with
SPR0O64 and PTX for 48 hours. Cell cycle progression was analyzed by flow cytometry. SPRO64 and PTX induced
GO/G1 cell cycle arrest and reduced S phase in a dose-dependent manner in both cell lines (A and B). The effect
of SPRO64 on cell cycle-related proteins (cyclin D1 and CDK4) was assessed by Western blotting after 14 hours of
treatment. The results showed that SPRO64 reduced cyclinD1 and CDK4 expression in both cell lines (C).

lar fashion, SPR0O64 and PTX at a dose of 25
nM increased the percentage of apoptotic cells
by 10-17% (Figure 4A). Furthermore, cleaved
caspase 3 activity increased in both cell lines
treated with SPRO64 or PTX for 16 hours in a
dose-dependent manner (Figure 4B). Western
blotting results further confirmed that SPR064
decreased the expression of anti-apoptotic
genes, BCL-1 and MCL-1 in both cells, after 14
hours of treatment (Figure 4C).

SPR064 increased cellular stress in EC cells

As cellular stress can lead to activation of cell
apoptosis, we then investigated the effect of
SPR0O64 and PTX on ROS production in EC cells.
PTX and SPRO64 both induced a statistically
significant dose-dependent increase in ROS
production after 4 hours of treatment. When
the cells were treated with SPR064 or PTX at

4270

the same doses, an equivalent increase in ROS
production was observed in the Hec-1A and
ECC-1 cells (Figure 5A). Furthermore, we exam-
ined the expression of cellular stress proteins
following treatment with SPRO64 using Western
immunoblotting. As expected from our ROS
findings, SPRO64 increased the expression of
the PERK, BIP and calnexin proteins in a dose-
dependent fashion after 8 hours of treatment
(Figure 5B). These results suggested that, si-
milar to PTX, the inhibition of cell proliferation
by SPRO64 also involves induction of cellular
stress in EC cells.

SPRO64 inhibits tumor growth in the Lkb1"
153%™ mouse model of endometrial cancer

The anti-tumorigenic effect of the SPRO64 and
PTX was analyzed in a genetically engineered
mouse model of endometrioid EC (Lkb1""p53%

Am J Transl Res 2020;12(8):4264-4276
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Figure 4. SPR064 induced apoptosis in EC cells. The ECC-1 and Hec-1a cell lines were treated with varying concentrations of SPRO64 and PTX for 16 hours. Apopto-
sis was detected using the Annexin-V FITC assay and cleaved caspase 3 ELISA assay in both cell lines. SPRO64 and PTX increased Annexin V expression and cleaved
caspase 3 activity in a dose dependent manner in the ECC-1 and Hec-1a cells (A and B). Western blotting demonstrated that treatment with SPRO64 for 24 hours
decreased the expression of MCL-1 and BCL-XL in both cell lines (C).
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Figure 5. SPRO64 induced cellular stress in EC cells. The ECC-1 and Hec-
1a cells were treated with SPR0O64 and PTX at the indicated doses for 4
hours, and ROS production was determined using the DCFH-DA assay.
SPR0O64 and paclitaxel increased the ROS levels in a dose-dependent man-
ner in both cell lines (A and B). The expression of the cellular stress proteins
(PERK, Bip, and Calnexin) was detected by Western blotting after treatment
with SPRO64 for 16 hours. SPR064 increased the expression of PERK, Bip

and Calnexin in ECC-1 and Hec-1a cells (C).

™ [11]. Since obesity is linked with EC pathogen-
esis and potentially response to PTX treatment
[13], Lkb1""p53"" mice were fed a LFD or HFD
at 3 weeks of age and were divided into six
treatment groups. These groups included LFD
(non-obese) and HFD (obese) groups treat-
ed with either placebo, PTX (6.25 mg/kg) or
SPR064 (8.06 mg/kg). The mice were treated
with either SPRO64 or PTX approximately 8
weeks after AdCre was injected into the right
uterine horn. During treatment, tumor growth
was monitored by palpation twice a week. Re-
gular twice-weekly measurements yielded no
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tumor growth in both obese
and lean mice (P<0.05).

To further compare the anti-
tumorigenic mechanism of SP-
RO64 in vivo, the expression of
Ki-67 and BCL-XL in the endo-
metrial tumor tissues was eval-
uated by immunohistochemis-
try. As we expected, the ex-
pression of the proliferation
marker Ki-67 was significantly
reduced in the endometrial
tumors following SPR0O64 and
PTX treatment, quantified as a
35.97% and 42.97% decrease
in tumors of obese mice and 28.90% and
30.54% in tumors of lean mice compared to
controls respectively. Similarly, we observed
that SPR0O64 and PTX significantly reduced
BCL-XL expression in endometrial tumors in the
mouse model of EC under obese and lean con-
ditions (Figure 6C).

Discussion
In this study, we investigated the efficacy of

SPRO64 in inhibiting EC tumor growth in vitro
and in vivo compared to PTX. SPR064 is a pro-

Am J Transl Res 2020;12(8):4264-4276
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Figure 6. The effect of SPRO64 and PTX on tumor growth in the Lkb1""p53"" endometrioid EC mouse model. The
mice were fed with either a HFD or LFD starting at 3 weeks of age. The HFD- (obese) and LFD- (non-obese) fed mice
were injected AdCre after 6-8 weeks of birth and treated with PTX (6.25 mg/kg, IP), SPR0O64 (8.06 mg/kg, IP) or
placebo every 5 days for 4 weeks after 8 weeks of injections. Obesity significantly increased tumor weights in HFD
control group as compared to LFD group. SPRO64 and PTX significantly inhibited tumor growth in both obese and
lean mice (A and B). The impact of SPRO64 and PTX treatment on Ki-67 and Bcl-xI were assessed by immunohisto-
chemistry in the endometrial cancer tissues. Treatment with SPRO64 and PTX significantly decreased the expres-
sion of Ki-67 and Bcl-xl in obese and lean mice as compared to control groups (C).

drug of PTX with much improved solubility over The mechanism of induction of hypersensitivity
PTX. Improved solubility provides the advan- reactions in response to PTX treatment has not
tage of dosing without Cremaphor; and hence, yet been fully elucidated. Given that molecules
preventing the risk of associated side effects of present in Cremophor EL are similar in struc-
Cremophor, in particular hypersensitivity reac- ture to certain non-ionic block co-polymers that
tions. Our results indicate that SPR064 is a activate complement proteins, unsolicited com-
potent anti-tumorigenic agent that exhibited plement activation due to Cremophor EL and
the same potency at similar doses in two EC an IgE-mediated reaction are thought to be the
cell lines and a transgenic mouse model of major contributory mechanisms in hypersensi-
endometrioid EC when compared to PTX. Si- tivity reactions from PTX [8, 14]. Developing
milar to PTX-induced inhibition of tumor cell new drug delivery formulations without Cre-
growth, SPR064 has been shown to act on mul- mophor EL, including formation of albumin, na-
tiple targets and pathways in EC cells, including noparticle, emulsion, prodrug, liposome, po-
proliferation, apoptosis, cell cycle arrest and rous particle, polymeric micelle, and ionic liquid
cellular stress. mediated microspheres of PTX, have recently
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been investigated [7, 15-17]. SPRO64 is a mod-
ified drug of PTX that has much improved solu-
bility in saline over the parent compound with-
out Cremophor EL and albumin, eliminating the
issues associated with Cremophor EL and albu-
min. SPR064 shows immediate conversion to
parent drug in blood; hence, there is no system-
ic exposure of the modified drug, suggesting it
may minimize hypersensitivity reactions during
PTX administration. In this study, the concen-
trations of SPRO64 required to induce growth
inhibition are similar to PTX in the treatment of
EC cells in vitro. Similarly, SPRO64 treatment
(8.06 mg/kg) led to profound inhibition of endo-
metrial tumor growth compared to an equal
dose of PTX (6.25 mg/kg) in obese and non-
obese mice. During treatment, SPRO64 did not
seem to cause adverse effects on normal activ-
ities in the mice and did not affect body weight
and blood sugar (Data not shown), indicating
that SPRO64 has a defined safety prolife in
obese and non-obese mice.

The underlying mechanism responsible for PTX-
induced growth inhibition has not been entirely
defined [18]. PTX has been found to induce
cytotoxicity in cancer cells through manipula-
tion of stabilizing microtubules, interfering with
microtubule disassembly and causing mitotic
arrest in cell division, resulting in induction of
apoptosis and arrest cell cycle in GO/G1 and
G2/M phases [18-20]. The apoptosis induced
by PTX is associated with the release of the
apoptogenic factors cytochrome ¢ and caspase
activation, which is in turn controlled by the
pro-apoptotic and anti-apoptotic Bcl-2 family
proteins [21-24]. Although the effect of PTX is
characterized by the accumulation of cancer
cells in the G2/M phase, there is evidence that
PTX also results in G1 phase arrest dependent
on concentrations of PTX and the status of
p53, p21 and p27 [25-28]. Down-regulation of
CDK4 caused by PTX has been closely associ-
ated with cell cycle G1 arrest in gastric cancer
cells [29]. In this study, inhibition of cell prolif-
eration in the Hec-1A and ECC-1 cells at the
death-inducing concentration of SPR0O64 re-
sulted in a similar apoptosis pattern from that
of PTX. Both SPR0O64 and PTX caused the same
cell cycle distribution and G1 phase arrest,
along with down-regulation of CDK4 and cyclin
D1 after treatment of SPRO64 in both cells.
These results suggested that the ability of
SPRO64 to inhibit cell growth through cell cycle
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arrest and apoptosis in vitro is the same as that
of PTX in EC cells.

Substantial evidence indicates that the cell
cycle G2/M and G1 phases arrest and apopto-
sis are not the only mechanisms for PTX-
induced cytotoxicity in cancer cells. Cellular
stress is proposed as another pathway involved
in PTX-induced cell death [30, 31]. PTX induces
oxidative stress, and the activity of PTX is linked
to ROS levels [32-34]. Furthermore, the treat-
ment of breast cancer, lung cancer and leuke-
mia K562 cells with the anti-oxidant agent
N-acetylcysteine led to impaired susceptibility
to PTX [30, 35, 36], suggesting that the in-
crease in ROS production triggered by PTX has
early pro-apoptotic effects [21]. Given this
backdrop, we treated EC cells with SPRO64 and
PTX to compare the effect of both drugs on
ROS production at the same doses. ROS levels
were gradually increased in a dose-dependent
manner in the SPRO64 and PTX-treated cells.
The difference in the ROS levels was not statis-
tically significant between both drugs when
comparing equal drug concentrations. In addi-
tion, SPRO64 increased the expression of cel-
lular stress proteins in the Hec-1A and ECC-1
cells. These results support that SPRO64
induces cellular stress in a similar pattern to
that which was observed in PTX-treated cells.

Taken together, we conclude that the SPRO64,
a modified and highly soluble form of PTX,
exhibits similar efficacy in the inhibition of cell
proliferation, induction of cell cycle arrest and
apoptosis and activation of cellular stress in EC
cell lines and a transgenic mouse model of EC
when compared with commercially available
PTX. Based on the preliminary data generated
by these studies, we believe that SPRO64 holds
promise as a novel, safe and well-tolerated
agent in the treatment of EC.
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