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Abstract: Irinotecan and topotecan are the only camptothecin analogues approved by the FDA for cancer treatment.
However, inherent and/or acquired irinotecan and topotecan resistance is a challenging issue in clinical practice. In
this report, we showed that FL118, a novel camptothecin analogue, effectively obliterated human xenograft tumors
that acquire irinotecan and topotecan resistance. Consistent with this finding, Pharmacokinetics studies indicated
that FL118 rapidly clears from circulation, while effectively accumulating in tumors with a long elimination half-life.
Consistent with our previous studies on irinotecan, FL118 exhibited >25 fold more effectiveness than topotecan
at inhibiting cancer cell growth and colony formation; we further showed that although topotecan can inhibit the
expression of survivin, Mcl-1, XIAP or clAP2, its effectiveness is about 10-100 fold weaker than FL118. Lastly, in
contrast to both SN-38 (active metabolite of irinotecan) and topotecan are substrates of the efflux pump proteins
P-gp/MDR1 and ABCG2/BCRP, FL118 is not a substrate of P-gp and ABCG2. Consistently, sildenafil, a multiple efflux
pump inhibitor, sensitized SN-38 much more than these of the ABCG2-selective inhibitor KO143 in growth inhibition
of SW620 and HCT-8 cells. In contrast, both inhibitors showed no effect on FL118 efficacy. Given that both P-gp
and ABCG2 express in SW620 and HCT-8 cells and FL118 is not a substrate for P-gp and ABCG2, this suggests that
FL118 appears to bypass multiple efflux pump protein-induced resistance, which may contribute to FL118 over-
coming irinotecan and topotecan resistance in vivo. These new findings provide renewed perspectives for further
development of FL118 for clinical applications.
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Introduction can [6, 7] is often observed in clinic practice,
especially in patients who use these drugs for

Camptothecin, a cytotoxic quinoline alkaloid an extended period of time [8, 9].

(Figure 1), was discovered by Drs. Monroe Wall
and Mansukh Wani together with their col-
leagues about fifty years ago in 1966 [1]. Over

In an attempt to overcome resistance, we
recently identified a novel camptothecin ana-

the past five decades, although several thou-
sand camptothecin analogues have been syn-
thesized and tested, most of them are highly
toxic to normal tissues or have other disadvan-
tages making them unsuitable candidates for
cancer treatment. To date, only two camptoth-
ecin analogues (i.e. irinotecan and topotecan,
Figure 1) are approved by the FDA for cancer
treatment in the clinic [2, 3]. However, treat-
ment resistance to irinotecan [4, 5] and topote-

logue (FL118) with exceptional antitumor activ-
ity [10]. Currently the known mechanism of
action for camptothecin compounds is the abil-
ity to inhibit DNA topoisomerase 1 (Topl) activ-
ity, which thereby induces DNA damage and
cancer cell death due to the inability of cells to
complete DNA replication [11-13]. In contrast,
previous studies on FL118 using the in vitro
Topl enzyme inhibition assay indicate that
FL118 has less ability to inhibit Topl-mediated
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Figure 1. Comparison of FL118 chemical structure with camptothecin, irinotecan, SN-38 (active metabolite of iri-
notecan) and topotecan: So far, irinotecan and topotecan are the only camptothecin analogues that have been ap-

proved by the FDA for cancer treatment.

nick of supercoiled DNA than SN-38 at a dose
as high as 1 uM, but FL118 can effectively
inhibit cancer cell growth and induces apopto-
sis at < nM levels [10]. FL118 is capable of
eliminating colon and head-and-neck tumor
xenografts at its maximum tolerated dose
(MTD) [10, 14], and even at sub-MTD levels a
high percentage of human xenograft tumors
can be eliminated [15]. Furthermore, while
mutation of Topl in prostate cancer cells strik-
ingly increases resistance to camptothecin,
SN-38 (active form of irinotecan), and topote-
can, FL118 is much less affected [16], suggest-
ing that inhibition of Topl by FL118 may not
play a major mechanism of action in FL118
function. Additionally, it is known that SN-38
[17, 18] and topotecan [19-21] are substrates
of the drug efflux pump ABCG2. In contrast,
FL118 is a poor substrate of ABCG2, and over-
expression of ABCG2 in cancer cells induces no
resistance to FL118 [22]. FL118 selectively
inhibits the expression of multiple antiapoptot-
ic proteins (survivin, Mcl-1, XIAP and clAP2)
from the inhibitor of apoptosis (IAP) and Bcl-2
families, and effectively inhibits cancer cell
growth regardless of p53 status (wild type,
mutant or null) [10, 23]. Intriguingly, cancer
cells with null or mutated p53 are more sensi-
tive to FL118 treatment than cancer cells with
wild type p53 [23], implying that FL118 may be
more effective in treatment of advanced can-
cers that lose wild type p53.

Although our previous studies indicate that
FL118 is a novel camptothecin analogue with
distinct mechanism of action and shows supe-
rior antitumor activity in comparison with irino-
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tecan and topotecan, it is unclear whether
FL118 could overcome human tumors that
acquire irinotecan and topotecan resistance. In
this report, we showed that FL118 is able to
eliminate human tumors that acquire irinote-
can and topotecan resistance. Consistent with
this finding, intravenous administration of
FL118 into human tumor xenograft models
showed a favorable pharmacokinetic (PK) pro-
file. FL118 was rapidly cleared from the blood
stream and effectively accumulated in xeno-
graft tumors. Furthermore, FL118 was able to
bypass multiple ABC transporter efflux protein-
induced drug resistance. These observations
at least partially explain the favorable PK and
toxicity profile of FL118 in xenograft model
systems.

Materials and methods
Mouse models used in this study

Seven to ten-week-old female severe combined
immunodeficiency (SCID) mice (body weight
20-25 g) were purchased from the Division of
Laboratory Animal Resources (DLAR), Roswell
Park Cancer Institute. Mice were housed at 5
mice per cage with water and food ad libitum.
All animal experiments were performed in
accordance with the Institute Animal Care and
Use Committee (IACUC) approved animal
protocols.

Formulation of the anticancer agent FL118
and its mock control solution (vehicle)

FL118 formulation for intravenous (IV) adminis-
tration: The formulation for IV administration is
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Figure 2. FL118 regresses human tumor that acquired irinotecan resistance: (A) Human head-&-neck FaDu tumors
were subcutaneously inoculated on SCID mice. Treatment was initiated 7 days after the transplanted tumors reached
100-200 mm? (designated day O). Mice with FaDu tumor xenografts were first treated with irinotecan at its MTD (100
mg/kg, IP) weekly for 3-5 times (black arrows) until tumor acquired irinotecan resistance. After tumor acquired irino-
tecan resistance (tumor grows while treating), mice were then treated with FL118 (1.5 mg/kg, IP) with every other
day for five times (g2d x 5) as one cycle. If tumors relapse, mice were treated with FL118 for second or third cycles
(red arrows). Tumor curves are shown as individual tumor profiles after treatment. Of note, 2 FaDu tumors did not
acquire irinotecan-resistance after 5 time irinotecan treatment (data not shown). (B) Mouse models of human colon
SW620 tumors were established same as in (A). Irinotecan treatment (black arrows) as in (A) until resistant tumor
appears (tumor grows while treating), followed by FL118 treatment (red arrows) as in (A). In this experiment, mice
were treated with FL118 for total 4 cycles (red arrows). Tumor curves are shown as individual tumor profiles after
treatment. Tumor mice without drug treatment were sacrificed within two weeks due to tumor size over 1500 mm?.

described in detail in our patent (PCT/ Irinotecan or topotecan resistant human xeno-
US2011/058558) [24]. Briefly, the IV formula- graft tumor generation and treatment

tion for FL118 in the current study used the

basic formulation recipe, which contains FL118 Human colon (SW620) and head-and-neck
(0.1-0.25 mg/ml), DMSO (5%), and hydroxypro- (FaDu) cancer cells were treated with gradually
pyl-B-cyclodextrin (0.05-0.125%, w/v) in saline. increased low SN-38 (1-10 nM) or topotecan
The corresponding vehicle solution in the basic (1-10 nM) for approximately four weeks, respec-
formulation recipe contains DMSO (5%) and tively. Alive cells were collected and amplified
hydroxypropyl-B-cyclodextrin (0.05-0.125%, for in vivo generation of xenograft tumor in
w/V) in saline without FL118. This formulation SCID mice by subcutaneously injecting 2 x 108
was used for either IV or intraperitoneal (IP) cells on each site at the flank area of mice as
administration of FL118. In this study, the we did before [10]. The established xenografts
FL118 PK studies used IV administration of were sub-transplanted to new SCID mice. When
FL118; all other in vivo studies used IP admin- tumors grew to about 1000 mm?3, tumor mass
istration of FL118, which is more technically was isolated and subcutaneously inoculating
convenient and time saving. 30-50 mg tumor mass on each site for estab-

1767 Am J Transl Res 2015;7(10):1765-1781



FL118 effectively overcomes irinotecan/topotecan resistance

A Topotecan-resistant human FaDu tumor ( #topotecan treatment; + FL118 treatment)
= 600 Tumor 1 500 Tumor 2 400 Tumor 3 800 Tumor 4
&< 500 400 700

> 300 600

S 400 300 500

»Zv 300 200 400

200 300

o 200

E 100 100 1 %gg

= oo b R ot tttt S
Days: o 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 8 0 10 20 30 40 50 60 70 80
9§°_ 600 Tumor 5 ggg Tumor 6 ggg Tumeor 7

o 500

N 600 600

= 400 500 500

5 300 400 400

£ 200 300 300

= 100 200 igg
= 100

o 4114 ottt R ENEE
Days: 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 0 10 20 30 20 50 60 70 80

B Topotecan-resistant human SW620 tumor (4 topotecan treatment; + FL118 treatment)

500 600 500 250

T mor 1, 500 Jumor 2 Tumor 3 Tumor 4 Tumor 5 Tumor 6
2 o 400 400 500 200 200
Y 500 400
@ a0 300 300 300 300 150
f
S 300
£ 200 200 200 200 200 100
e 100 100 100 100 100 50
b

o +44 ottt ottt D o 4 44 ot 4
Days: 0 51015202530 0 51015202530 0 51015202530 0 51015202530 0 51015202530 0 51015202530
T S0 Tumor?7 2000 morg 900 mor 9 | 3000 Tegnor 10 | 700 Tufpor 11| 790 Tymor 12
= 400 1600 400 2500 600 600
o 2000 500 500
‘% 300 1200 300 200 200
L 1500
G 200 800 200 300 300
g 100 400 100 o 200 200
2 500 100 100

o 411 ) Y I B e
Days: 0 51015202530 0 51015202530 0 51015202530 0 51015202530 0 51015202530 0 51015202530

Figure 3. FL118 effectively regresses human tumor that acquired topotecan-resistance: (A) Human FaDu tumor
animal model establishment and treatment starting day same as in Figure 2. Tumor mice were first treated with
topotecan at its MTD (4 mg/kg, IP) with daily x 5 schedules for 4 cycles (each black arrow is one cycle). After tumors
acquired topotecan resistance, mice were then treated with FL118 as in Figure 2 (q2d x 5, red arrow). Tumor curves
are shown as individual tumor profiles after drug treatment. Of note, 2 FaDu tumors did not acquire topotecan-resis-
tance after 4-cycle topotecan treatment (data not shown). (B) Mouse models of SW620 tumors were established as
in Figure 2. Topotecan treatment (black arrow) was performed as in (A) until obtaining resistant tumor (tumor grows
while treating), followed by FL118 treatment (g2d x 5, red arrows) at 1 mg/kg (2/3 MTD, top panel) and 0.75 mg/
kg (1/2 MTD, bottom panel). Tumor curves were derived from individual tumor profiles after drug treatment. Tumor
mice without drug treatment were sacrificed within two weeks due to tumor size over 1500 mm?,

lishing experimental tumor models. Seven days FaDu xenograft tumors were initially treated
after inoculating tumor mass on SCID mice, with topotecan at its MTD (4 mg/kg, IP) via daily
mice were randomly divided into required x 5 schedules until the xenograft tumors exhib-
groups (=5 mice per group) for treatment. ited topotecan resistance (defined as tumor

growing during topotecan treatment), similar to
A group of mice with established SW620 (colon) the situation previously reported in the Brcal/
or FaDu (head-&-neck) tumor xenografts were p53-deficient mouse mammary xenograft
initially treated with irinotecan at its MTD (100 tumor models [25]. After xenograft tumors
mg/kg) via IP administration weekly until xeno- showed irinotecan resistance or topotecan
graft tumors showed irinotecan resistance resistance, mice were then treated five times
(defined as tumor growing during irinotecan (92d x 5) with FL118 (0.75 mg/kg, 1 mg/kg, or
treatment). Of note, a weekly schedule is the 1.5 mg/kg in different experiments) via IP with
most clinically compatible schedule for irinote- a schedule of every other day for one or more
can. Another group of mice with SW620 or treatment cycles.
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Experimental human xenograft tumors in ani-
mal models, tumor measurement and analysis

Human tumor xenografts in mouse models
were established from corresponding human
cancer cell lines. Tumor xenografts were initial-
ly established from human cancer cell lines by
subcutaneously injecting 1-3 x 10° cultured
cancer cells in SCID mice as described previ-
ously [10]. Human tumor xenografts used in
this study include human head & neck tumors
established from FaDu cells, and human colon
cancer tumors established from SW620 cell
lines. Human xenograft tumors maintained in
SCID mice were isolated and 30-50 mg tumor
mass was inoculated into SCID mice to grow for
7 days before processing the mouse model
experiments, at which (designated as day 0)
the xenografted tumor sizes were approximate-
ly 100-200 mm? depending on the initial tumor
mass used. During experiments, tumor size
was monitored three times a week for the first
few weeks, and then twice a week thereafter.
Two axes (mm) of a tumor (L, longest axis; W,
shortest axis) were measured with a digital ver-
nier caliper. Tumor volume (mm?) was calculat-
ed using a formula of tumor volume (mm3) = %
(L x W2). If a tumor disappeared, we maintained
the experimental mice for an additional period
after the completion of drug treatment sched-
ules for observation of tumor relapse. Data
analysis and figures were made using Microsoft
Excel. Tumor curve profiles from representative
individual tumors after treatment were pre-
sented.

Specimen preparation for pharmacokinetics
(PK) studies in tumor bearing mice

FL118 PK studies were performed as follows:
SCID mice were first inoculated with human
FaDu and SW620 tumors (of note, for PK data
comparison, both tumors on individual mice at
both left and right flank sites), when tumor size
grew to approximate 800 mm?3, a single injec-
tion of FL118 was given via IV (tail vein) at a
dose of 1.5 mg/kg to six groups of SCID mice (3
mice per group) bearing human FaDu or SW620
tumors. Of note, based on the previous studies
[14], 1.5 mg/kg is roughly the MTD of FL118 for
the schedules of daily for five times (q1d x 5)
and every other day for five times (g2d x 5).
Tumor tissues and blood samples were collect-
ed at a series of time points of 10 minutes, 1
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hour, 4 hours, 12 hours, 24 hours and 48
hours. Each tumor tissue was collected in a
tube and immediately frozen with liquid nitro-
gen; each blood sample was collected in a
Li-Heparin LH/1.3 tube (SARSTEDT), and plas-
ma was recovered by centrifugation (1500 rpm
x 2 minutes). The collected plasma from each
blood sample was transferred into a new tube
and immediately frozen in liquid nitrogen. Liquid
nitrogen-frozen specimens were then trans-
ferred to a -80°C freezer for analysis.

PK assay development and FL118 samples PK
analysis

For PK analysis of FL118 concentration in
tumor tissue and plasma, FL118 was extracted
with acidified methanol. An 800 ul aliquot of
ice-cold acidified methanol was added to 200
pl plasma and vortexed for 15 seconds. In par-
allel, FL118 in human xenograft tumor tissue
was first homogenized in 1x PBS (W/V =1 g
tissue/3 ml 1x PBS) and then extracted with
acidified methanol. An 800yl aliquot of ice-cold
acidified methanol was added to 200 yl homog-
enized tissue and then vortexed for 1 minute.
The samples were then centrifuged at 13,000
rpm for 5 minutes. The supernatant was trans-
ferred to a clean 13 x 100 mm glass tube.
Samples were dried under vacuum and stored
at -20°C until analysis. For analysis, dried sam-
ples were reconstituted in 200 ul of mobile
phase (80% 3% TEA and 20% acetonitrile pH
5.5) and 15 pl was used for injection. Analysis
was carried out using an Acquity UPLC system
with Fluorescence detection interfaced with
Empower software (Waters, Milford, MA). Sepa-
ration was carried out on an Acquity BEH Shield
RP18 1.7 uym, 2.4 mm x 100 mm column
(Waters). Irinotecan (also called CPT-11) was
used as the internal standard (IS); a 10 ul
aliquot of a 1.3 pg/ml solution was added to
each 200 ul sample. The fluorescence detector
was set at Excitation (Ex) 370 nm and Emissions
(Em) 510 nm wavelengths.

The calibration standards were prepared by
spiking plasma with FL118; the calibration
curve range is 5 ng/ml-500 ng/ml. To ensure
quality assurance, quality control samples were
prepared in plasma at 25 and 250 ng/ml and
stored at -20°C. The quality control (QC)'s sam-
ples were injected in duplicate at the beginning
and end of the assay. Assay was validated via

Am J Transl Res 2015;7(10):1765-1781
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at a pH of 7.4. The buffer in
the receiver chamber also
contained 1% bovine serum
albumin. The dosing solution
concentration of FL118 was 1
UM in the assay buffer with or
without 1 uM valspodar, a
P-gp inhibitor. Cells were first
pre-incubated for 30 minutes
with HBSS with or without 1
UM valspodar. Cell monolayers
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Figure 4. FL118 exhibits favorable pharmacokinetics (PK) profiles after IV in-
jection: A. The eluting profile for standard FL118 and internal standard con-
trol irinotecan with the established gradient method are shown. B. FL118
IV PK results: SCID mice were subcutaneously implanted with human FaDu
(head & neck) and SW620 (colon) tumor. After the implanted tumor grew
to 800-1000 mm3, FL118 was IV-injected for one time at 1.5 mg/kg. Then, QP
blood and tumor tissues were collected at 10 min, 1 h, 4 h, 12 h, 24, and 48
h. Three SCID mice at each time point were used. Standard deviation (SD)

was analyzed using Excel software.

running twelve standard curves over the course
of 5 days. QC samples were analyzed with each
curve. The overall precision (%CV = 6.4) and
overall accuracy (101%) of the assay calibrators
was shown to be excellent. QC precision mea-
sured as %CV was equal to 7.5% and overall QC
accuracy was 96%.

FL118 Caco-2 permeability assay and
P-glycoprotein (P-gp)/MDR1 substrate assay

Caco-2 cells (clone C2BBel) were obtained
from American Type Culture Collection (Ma-
nassas, VA). Cell monolayers were grown to
confluence on collagen-coated, microporous,
polycarbonate membranes in 12-well Costar
Transwell® plates. The permeability assay buf-
fer was Hanks’ balanced salt solution (HBSS)
containing 10 mM HEPES and 15 mM glucose

1770

were dosed on the apical side

B 29 (A-to-B) or basolateral side

(B-to-A) and incubated at 37°C
with 5% CO, in a humidified
incubator. Samples  were
taken from the donor and
receiver chambers at 120
minutes. Each determination
was performed in duplicate.
The flux of co-dosed lucifer yel-
low was also measured for
each monolayer to ensure no
damage was inflicted to the
cell monolayers during the flux
period. All samples were
assayed by LC-MS/MS using
electrospray ionization for
FL118. The apparent permea-
bility (Papp) and percent recov-
ery were calculated as follows:
I (dC/dt) x V/(A x C,);
(2) Percent Recovery = 100 x
((Vr X Crfinal) + (Vd X Cdﬁnal))/(vd X
C,)- Where, dC /at is the slope
of the cumulative concentra-
tion in the receiver compartment versus time in
UM s?; V. is the volume of the receiver compart-
ment in cm?; V, is the volume of the donor com-
partment in cm®; A is the area of the insert
(1.13 cm? for 12-well Transwell); C, is the aver-
age of the nominal dosing concentration and
the measured 120 minute donor concentration
in uM; C is the nominal concentration of the
dosing solution in uM; C ™ is the cumulative
receiver concentration in uM at the end of the
incubation period; and C ™ is the concentra-
tion of the donor in uM at the end of the incuba-
tion period. Efflux ratio (ER) is defined as Papp
(B-to-A)/P__ (A-to-B).

app

Drug dilution for in vitro studies

For in vitro studies, all drugs (topotecan, SN-38,
FL118) were first dissolved in DMSO ata 1000x

Am J Transl Res 2015;7(10):1765-1781
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Figure 5. FL118 is ~25x more potent than topotecan in cancer cell growth inhibition and colony formation: (A) Cell
growth: HCT-8 cells were treated with either FL118 or topotecan for 72 hours as shown. Cell growth was measured
with MTT assay and the data were plotted as growth inhibition percentage. (B and C) Colony formation: After seeding
HCT-8 cells in 12-well plates at 100 cells per well overnight, cells were then treated with either FL118 or topotecan
for 2 (B) or 6 (C) hours at a series of concentrations as shown. Drugs were then washed out and cells were allowed
to grow in new complete medium without drugs for 2 weeks. Cell colonies were stained with Crystal violet solution;

images were digitally taken. Triplicate results are shown.

concentration as a stock solution, and then the
corresponding stock solutions were directly
diluted into cell cultural medium, for example, if
the final concentration is 10 nM, we used 10
UM as a stock solution for 1000x dilution
directly with cell cultural medium.

MTT cell viability assay

MTT assay was used to determine cancer cell
growth and viability after drug treatment follow-
ing our previously established procedure [26].
Briefly, MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-di-
phenyltetrazolium bromide) was used as a colo-
rimetric substrate for measuring cell viability
after cancer cells were treated with or without
drugs. After treatment, MTT was added to a
final concentration of 0.5 mg/ml into treated
cells in 96-well plates. Cells were then incubat-
ed in a 5% CO, incubator at 37°C for 4 hours,
followed by thoroughly lysed with lysis buffer
(20% SDS, 50% N, N-dimethylformamide, pH
4.7, 100 ul/well). The absorbance in the
relevant wells was measured at 570 nm using
an Ultra Microplate Reader (Bio-Tek Instru-
ments). Cell viability was calculated as a
percentage.

Cancer cell colony formation assay
HCT-8 colon cancer cells were plated at 200

cells/well in 12-well plates overnight. Cells
were then treated with and without a series of
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concentrations of FL118 and topotecan in par-
allel for 2 and 6 hours, respectively. Drugs were
then washed out with PBS and cells were con-
tinuously cultured in complete medium with
10% serum in an incubator at 37°C, 5% CO,, for
two weeks. Cells were then fixed and stained
with crystal violet solution to present the colony
formation profile.

Immunoblotting/western blotting analysis

Immunoblotting analysis of the expression of
gene products of interest was performed fol-
lowing our previous protocols [27]. Briefly, can-
cer cells with or without treatment (FL118,
topotecan) for a defined time, were washed
with PBS and lysed on ice for 30 minutes in
PBS containing 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% SDS, 10 ug/ml PMSF, and
20 uM leupeptin. After the lysates were cleared
by centrifugation, the total protein concentra-
tion was determined. After denatured in 2 x
SDS sample loading buffer for 5 minutes at
95°C, samples were separated on 10-15%
SDS-PAGE gels, and electrotransferred to the
Pure Nitrocellulose Membrane (Bio-Rad,
Hercules, CA). After blocked with 5% skim milk
in TBS-T for 3 hours at room temperature with
constant shaking, the membranes were incu-
bated in TBS-T containing the relevant primary
antibody (1:500-1000) and 5% BSA overnight
at 4°C. After washing with TBS-T three times,

Am J Transl Res 2015;7(10):1765-1781
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Figure 6. A. FL118 exhibits superior ability to inhibit survivin, Mcl-1, XIAP, or clAP2 than topotecan. Subconfluent
FaDu and SW620 cancer cells were treated with FL118 or topotecan as shown. Cells were then analyzed for FL118
target gene expression using western blots. Actin was used as an internal control for protein loading. B. Expression
of MDR1 and ABCG2 in colon cancer cells. Subconfluent SW620, HCT-8 and HCT-116 cancer cells were lysed and
analyzed for the expression of MDR1 and ABCG2 using western blots. Actin is the internal control. C. Comparison
of the effectiveness of SN-38, topotecan and FL118 in cancer growth inhibition and killing. Subconfluent SW620
cancer cells were treated with SN-38, topotecan and FL118 for 72 hours at 1 uM as shown. Representative cancer

cell images were shown.

the membrane was incubated in 5% skim milk
in TBS-T buffer containing the appropriate sec-
ondary anti-lgG antibody (1:5000) at room tem-
perature for 1 hour with constant shaking. The
protein of interest was detected using ECL plus
(Perkin Elmer, Waltham, MA) and visualized by
exposure on X-ray film for various times (5-60
seconds). For normalization of protein loading,
the same membranes were stripped with strip-
ping buffer and used for Western blots by the
same procedure with actin antibody (1:2000
dilution).

Cytotoxicity assay for acquiring images

SW620 colon cancer cells were seeded at
about 30% confluence overnight in 6-well
plates. Cells were then treated with SN-38,
topotecan and FL118 at 1 yM for 72 hours.
Cancer cell images for each treatment were
taken with a digital camera under a phase-con-
trast microscope.

Data analysis

Data curves shown in Figures 2, 3, 4B, 5A and
7 were plotted using Microsoft Excel. The val-
ues of individual time points presented in the
Figures 4B, 5A and 7 are the mean + standard
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deviation (SD) from at least three independent
assays.

Results

FL118 effectively eliminates human colon and
head-and-neck tumors that acquire irinotecan
or topotecan resistance

Previous studies have demonstrated that
FL118 exhibits better antitumor activity than
irinotecan and topotecan in animal models of
human colon and head-and-neck cancers, and
can eliminate these tumors [10]. However, it is
unclear whether FL118 is able to control colon
and head-and-neck tumors that have acquired
irinotecan or topotecan resistance. To address
this, by following the procedure described in
the Method section, we first treated mice bear-
ing xenograft tumors with either irinotecan or
topotecan until the tumors acquired resistance
(tumor growing during drug treatment). The
tumors acquired irinotecan and topotecan
resistance were then treated with FL118 to
assess its efficacy. Our studies demonstrated
that FL118 effectively eliminated human tumor
xenografts that acquired irinotecan resistance
(Figure 2) or topotecan resistance (Figure 3) in
both head-&-neck FaDu tumor models (Figures
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Figure 7. FL118 appears to bypasses not only ABCG2-induced treatment resistance but also other ABC transport-
ers-induced resistance: Subconfluent SW620 and HCT-8 colon cancer cells were treated with FL118 (A, B) or with
SN-38 (C, D) at a series of concentrations as shown in the presence or absence of sildenafil (50 uM, a multiple ABC
transporter inhibitor) or KO143 (2 uM, an ABCG2-specific inhibitor) for three days. Cell growth/viability was then
analyzed by MTT assays. Each time point in the individual curves is the mean + DS from at least three independent
assays. Of note, pre-experiment for testing sildenafil and KO143 toxicity showed that sildenafil at 50 yM or KO143

at 2 uM exhibit no toxicity to cells.

2A, 3A) and colorectal SW620 tumor models
(Figures 2B, 3B). Equally important, after
FL118 treatment, some regressed irinotecan-
resistant tumors exhibited regrowth; a second
cycle of FL118 treatment was also highly effec-
tive against relapsed tumors (Figure 2A, 2B).
This observation suggests that FL118 is not
only able to eliminate human xenograft tumors
that acquired irinotecan or topotecan resis-
tance but is also effective after multiple cycles
of treatment without the generation of FL118
resistance.

FL118 exhibits favorable pharmacokinet-

ics (PK) profiles: rapidly cleared from blood
stream and effectively accumulated in tumor
tissue with a long retention half-life

Next, we determined FL118 PK profiles to see
whether availability of FL118 in tumors contrib-
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utes to the high efficacy of FL118. A single dose
of FL118 (1.5 mg/kg) was injected IV via the
tail vein of SCID mice bearing human SW620
(colon) and FaDu (head-and-neck) xenograft
tumors. Blood and tumor were collected at 10
min, 1, 4, 12, 24, and 48 hours for PK profile
determination. The established assay descri-
bed in the Method section showed that FL118
and its internal standard (IS) could be resolved
in less than 5 minutes with the following rela-
tive retention rates: FL118 at ~3.8 minutes and
irinotecan at ~2.7 minutes as shown in Figure
4A. Analysis of all collected specimens demon-
strated that FL118 exhibits a highly favorable
PK profile. Specifically, FL118 rapidly accumu-
lated in tumor tissues with a long half-life, but
was quickly cleared from the circulation (Figure
4B, Table 1). For example, 10 minutes after IV
injection, FL118 concentration in tumor tissue
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Table 1. Pharmacokinetics parameters of FL118 in human tumor and mouse plasma following a

single IV administration

sample T1/2 Tmax Cmax (ng/g, AUC AUCwo  AUC% Extrap Vz(g/kg)  Cl (g/hr/kg)
(hr) (hr) ml) (hr*ng/g) (hr*ng/g) (%) (ml/kg) (ml/hr/kg)
FaDu 6.852 0.167 115 413 448 7.74 33052 3343
SW620  12.75 0.167 158 842 897 6.17 30742 1671
Plasma  1.788 0.167 43 82 104 21.7 36849 14287

Table 2. FL118 but not SN-38 can inhibit colon caner

cell growth in a relative low concentration

can and topotecan resistance (Figures
2, 3), FL118 was approximately 25 fold

Determined in SW620 cells

Determined in HCT-8 cells

SN-38 SN-38

SN-38 FL118 FL118/ SN-38  FL118 FL118/

IC25 ND ND NA 0.187 0.047 3.958
IC50 1455 5.867 2.48 4.229 0.529 7.994
IC75 1575 12,53 12.57 95.80 595 16.10
ICO0 17955 27.00 66.50 2172.2 66.80 32.52
ICO5 38115 45.33 84.08 18143.4 346.11 52.42

more effective at inhibiting colon cancer
cell growth in comparison with topote-
can (Figure 5A). Similarly, FL118 was
about 25 fold more effective at inhibit-
ing colon cancer cell colony formation
than topotecan (Figure 5B). Importantly,
while topotecan exhibited poor effec-
tiveness at inhibiting colony formation
after 2 hours of topotecan treatment

was >2.5 fold higher than plasma concentra-
tions (Figure 4B). Similarly, FL118 was cleared
within 12 hours from the plasma but retained
for over 24 hours in tumors following a single IV
injection (Figure 4B). The long time retention of
FL118 in human xenograft tumor tissues ver-
sus in animal blood stream is consistent with
the previous observation of FL118 showing
favorable toxicity profiles and antitumor effects
lasting well beyond the final dosing [10, 14, 15].

FL118 is ~25 fold more potent than topotecan
in terms of in vitro inhibition of cancer cell
growth and colony formation

In order to look for additional in vitro evidence
to support the in vivo observation, we per-
formed FL118 and topotecan comparison stud-
ies on the inhibition of cell growth and clono-
genic potential. Irinotecan is a pro-drug and is
largely inactive for cancer cell-based studies
since it needs to be metabolized into its active
form (SN-38). However, the ability to convert iri-
notecan into SN-38 shows substantial varia-
tions among individuals (animals or humans).
Thus, variable drug activation presents a con-
founded uncertainty when assessing efficacy
and toxicity outcomes in clinical use. Therefore,
we chose to compare topotecan to FL118 in in
vitro assays measuring the inhibition of cancer
cell growth and colony formation. Consistent
with animal model results that demonstrated
FL118 can overcome tumor-acquired irinote-
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compared to its 6 hours of treatment

(Figure 5B and 5C), FL118 was equally
effective at both time points (Figure 5B and
5C). This suggests FL118 has a faster uptake
by the cancer cells than topotecan, which is
consistent with the observation from the in vivo
PK analysis showing that FL118 was rapidly
accumulated and retained in tumor tissue
(Figure 4B). Rapid uptake and retention are
also consistent with our recent findings show-
ing that FL118 is not a substrate of the efflux
pump ABCG2, while both SN-38 (active metab-
olite of irinotecan) and topotecan are sub-
strates of ABCG2 [22].

Multiple mechanisms might be involved in and
contribute to FL118 anticancer efficacy

Previous studies demonstrated that inhibition
of multiple cancer-associated anti-apoptotic
gene products (survivin, Mcl-1, XIAP, and clAP2)
by FL118 play important roles in FL118-
mediated cancer cell growth inhibition and
apoptosis induction [10, 15]. Inhibition of sur-
vivin expression by FL118 is at least 10 fold
greater than the inhibition produced by SN-38
[10]. Following this line of studies, we here pro-
vide new data showing that inhibition of the
expression of survivin, Mcl-1, XIAP, and clAP2
by FL118 was about 10-100 fold more effec-
tive than topotecan (Figure 6A). These obser-
vations are consistent with previous findings: 1)
survivin, Mcl-1, XIAP and clAP2 are involved in
FL118 function [10, 15], while these FL118
downstream targets may only minimally con-
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Table 3. FL118 is highly permeable in Caco-2 permeability assay and not

a P-gp substrate

Consistent with this
notion, sildenafil, a mul-
tiple ABC transporter

P_value
Test Article Direction Recc(J)very (16’% cm/s) Efﬂll‘x inhibitor, can selective-
) Bl ma avg Rato ly reverse ABC trans-
FL118 (1 uM) Ato-B 43 727 667 697 1.2 porter-mediated  drug
B-toA 48 735 886 810 resistance associated
' ' ' with multiple pumps,
+ -LO- . B . . . .
FL118 (1 uM) + Valspodar (1 uM)  A-to-B 46 9.26 748 837 1.0 including ABCB1. (P-gp/
B-to-A 48 8.29 8.65 8.47

*P o Pparent permeability; R1: replicate 1; R2: replicate 2; AVG: average.

El

Table 4. Comparison of IC50 of FL118 to SN-38

with and without ATP-binding cassette transporter

inhibitors

Drugs Cell Types No inhibitor Ko143 Sildenafil

FL118 (nM) SW620 0.54 0.45 0.36
HCT-8 0.67 0.58 0.59

SN-38 (nM) SW620 10.07 3.78 1.25
HCT-8 8.92 3.82 1.15

tribute to the function of irinotecan/SN-38 and
topotecan; and 2) antitumor activity of FL118 is
superior to irinotecan and topotecan [10, 15].

Most recently, our studies revealed that while
both SN-38 (active metabolite of irinotecan)
and topotecan are substrates of the ATP-
binding cassette (ABC) transporter ABCG2 (also
called breast cancer resistance protein-BCRP),
FL118 is not a substrate of ABCG2 and ABCG2
is not a resistance marker for FL118 [22].
However, an unanswered question is whether
FL118 is or is not a substrate of other ABC
transporters. In this regard, we found that both
SW620 and HCT-8 colon cancer cells express
both P-glycoprotein (P-gp, also called MDR1 or
ABCB1) and ABCG2 (BCRP) (Figure 6B).
Accordingly, similar to the topotecan situation
shown in Figure 5, SN-38 needs a very high
concentration to induce cancer cell growth inhi-
bition (Table 2, Figure 6C), suggesting that ABC
transporter efflux pump proteins play a resis-
tance role for these drugs. Alternatively, Caco-2
permeability assay with and without P-gp/
MDRZ1 inhibitor valspodar indicated that FL118
exhibits high permeability to pass through
Caco-2 confluence monolayers and important-
ly, in the presence or absence of P-gp/MDR1
inhibitor valspondar, FL118 exhibits a similar,
very low efflux ratio (1.2 versus 1.0, Table 3),
indicating that FL118 is not a substrate of
P-gp/MDR1.
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MDR1) and ABCG2
(BCRP) [28], ABCC10
(MRP7) [29] and possi-
bly others such as ABCC4 (MRP4) [30] and
ABCC5 (MRP5) [31]. Therefore, we compared
the relative effectiveness of FL118 and
SN-38 to inhibit cell growth in both SW620
and HCT-8 colon cancer cells in the presence
and absence of efflux pump inhibitors. In
these studies, FL118 showed similar anti-
cancer cell growth/viability in the presence or
absence of sildenafil or KO143, an ABCG2-
selective inhibitor (Figure 7A, 7B and Table
4). In contrast, sildenafil sensitized SW620
and HCT-8 colon cancer cells to SN-38 treat-
ment much more than KO142 can do (Figure
7A, 7B and Table 4). Given the fact that silde-
nafil can inhibit multiple efflux pump protein
[28-31], these observations suggest that
FL118 is likely not only able to bypass ABCG2
and P-gp/MDR1 resistance, but also bypass
resistance conferred by other ABC transporter
proteins inhibited by sildenafil.

Discussion

A series of experiments with distinct approach-
es demonstrated that although FL118 is struc-
turally related to irinotecan and topotecan
(Figure 1), FL118 is functionally superior and
mechanistically distinct from those camptoth-
ecin analogues [10, 14, 15, 22, 23]. While we
currently do not know detailed target-directed
processes that account for this different selec-
tivity, we recognize that FL118 possesses a
unigue methylenedioxy (MD) structure attached
to the A ring at positions 10 and 11 of campto-
thecin (Figure 1). In appearance, the two oxy-
gen atoms in the MD structure may substan-
tially alter the status of overall electron distri-
bution, motility and flow within the FL118 mol-
ecule throughout rings A to E, possibly making
ring A more electronegative. However, we found
that adding the MD structure did not increase
electronegativity on the ring A side of FL118,
and thus did not alter polarity of the molecule
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[22]. In contrast, there is a clear electronegativ-
ity and polarity increase at ring A of SN-38 and
topotecan [22]. Furthermore, our studies indi-
cate that the increase of electronegativity and
polarity at the ring A or B site of the molecule
plays a role for the molecule acting as a sub-
strate of the drug efflux pump ABCG2; in turn
ABCG2 expression becomes a resistance fac-
tor for these drugs with higher electronegativity
at the rings A and B end [22]. In the current
study, we showed that ABCG2 and P-gp/MDR1
are both expressed in SW620 and HCT-8 colon
cancer cells (Figure 6B). We further demon-
strated in the Caco-2 permeability assay that
FL118 exhibits high Caco-2 permeability, and
FL118 is not a P-gp/MDR1 substrate (Table 3).
Based on the absorption potential classifica-
tion, P__ (A-to-B) 21.0 x 10° cm/s is consid-
ered as high permeability, FL118 permeability
value is 7-8 times of this number on average
(Table 3). So FL118's Caco-2 permeability is
very high. Consistently, with and without P-gp
inhibitor valspodar, efflux rate of FL118 in
Caco-2 cells is 1 or close to 1 (1.2). This is an
extreme low efflux number, which suggests that
FL118 is absolutely not a P-gp/MDR1 sub-
strate. In consideration of the fact that intes-
tine epithelial cells highly express both ABCG2
and P-gp/MDR1 and given that FL118 is not a
substrate of ABCG2 nor P-gp, FL118 would be a
favorable drug candidate for oral admini-
stration.

Consistent with the findings summarized above,
our study also showed that inhibition of 90% or
95% of SW620 or HCT-8 cell growth needs
much higher SN-38 concentration than FL118
in comparison with the ratio of SN-38/FL118 at
25% or 50% cell inhibition by these drugs (Table
2). This observation suggests that efflux pump
proteins likely play important roles in drug
resistance by pumping SN-38 or topotecan out
of cancer cells during dosing increase, which is
consistent with the previous finding that irinote-
can/SN-38 and topotecan are substrates of
multiple ABC transporters including ABCG2 [17-
21] and P-gp [19, 20, 32-37]. Actually, for many
drugs, inhibition of ABCG2 and/or P-gp is an
effective way to increase drug efficacy [38-42].
Thus, FL118 has inherent advantages over
many other drugs for avoiding ABCG2 and P-gp-
induced resistance. Overcoming ABCG2 and
P-gp/MDR1 resistance by FL118 is further sup-
ported by other observations. First, while inhibi-
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tion of HCT-8 colon cancer cell colony formation
by FL118 treatment for 2 hours versus 6 hours
showed very similar results (Figure 5B versus
5C, left panel), the inhibition of HCT-8 cell colo-
ny formation with 6-hour topotecan treatment
was much more effective than 2-hour topote-
can treatment (Figure 5B versus 5C, right
panel). Second, sildenafil, a multiple ABC trans-
porter inhibitor [28-31], is much more effective
than the ABCG2 inhibitor KO143 for increasing
the potent of SN-38 inhibition on SW620 and
HCT-8 cell growth, while both sildenafil and
K0143 do not significantly alter FL118 inhibi-
tion of SW620 and HCT-8 cell growth (Figure 7,
Table 4). Thus, this provides strong evidence
suggesting that FL118 is likely able to bypass
resistance resulted from other efflux pump pro-
teins in addition to ABCG2 and P-gp/MDR1.
This interpretation is consistent with the fact
that SW620 and HCT-8 cells express both
MDR1 and ABCG2 (Figure 6B) and that the
efflux pump proteins of ABCG2/BCRP, ABCB1/
Pgp/MDR1, ABCC10, ABCC4 and ABCC5 were
demonstrated to be inhibited by sildenafil [28-
31]. Nevertheless, further studies will be
required for confirmation of individual efflux
pump molecules.

Here we want to point out that based on the
fact that FL118 is highly superior to irinotecan/
SN-38 and topotecan in vitro and in vivo, it is
possible that FL118 possesses additional
mechanism of action to overcome or bypass iri-
notecan/SN-38 and topotecan resistance. For
example, it was reported that SN-38 activates
MAPK14/p38alpha, which confers irinotecan
resistance to pb53-defective cells by inducing
survival autophagy [43]. Therefore, it would be
an interesting research area to explore whether
a differential effect of FL118 versus SN-38 and
topotecan on MAPK14/p38alpha and autopha-
gy can be defined and thus, extending addition-
al uniqueness of FL118 over irinotecan and
topotecan. In any case, it is well known that
drug resistance could be through multiple
mechanisms [44]. For example, it was shown
that BRCA1/p53-deficient mammary tumors
initially respond to topotecan, but frequently
acquire resistance by overexpression of the
efflux transporter ABCG2 [25]. However, ABCG2
overexpression could not provide a full explana-
tion, since topotecan can not eradicate ABCG2(-
/-);BRCAL(-/-);p53(-/-) tumors, not even by com-
bination of topotecan-olaparib. Instead, olapa-
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rib substantially increases topotecan toxicity
[25], which is a common issue for combination-
al treatment. Additionally, tumor hosts may also
be a factor for the time needed to produce
tumor resistance to drug treatment. We
observed that the same human xenograft
tumor on different individual SCID mice do not
produce irinotecan or topotecan resistance at
the same time after treatment. Instead, certain
mice may produce resistance much faster than
others, and still others may not produce irinote-
can or topotecan resistance in the defined iri-
notecan and topotecan treatment period (e.g. 4
weeks, not shown). Such observation is actually
consistent with the situation in clinical practice
for cancer treatment. Nevertheless, in consid-
eration of our finding that FL118 is not a sub-
strate of the efflux pump ABCG2 [22], possibly
not a substrate of other efflux pump proteins as
well (e.g. P-gp/MDR1, this study), and that it is
known that P-gp and ABCG2 are major efflux
pump proteins in the gastrointestinal tract epi-
thelial cells, FL118 may exhibit favorable bio-
availability via oral administration, which is an
active research area in our research group.

While a great deal of studies in the literature
have reported the combination of irinotecan/
CPT-11 [28-31] or topotecan [45-53] with other
therapeutic agents as a common strategy for
cancer treatment, there is no easy approach
that could resolve either the inherent or
acquired resistance of human tumors to irino-
tecan, topotecan, or other therapeutic agents.
As mentioned above, the current approach to
overcome irinotecan and topotecan resistance
is to combine one or more different chemother-
apeutic agents. This approach usually results in
three consequences: 1) partially overcome
drug resistance with tolerated toxicity in most
reported cases; 2) well tolerated but no benefit
for patients; 3) over toxicity without benefit to
patients. Therefore, even in the best situation,
the irinotecan/topotecan resistance issue may
not be well resolved [54]. As mentioned above,
toxicity from multiple drug combinations usual-
ly has the toxicity issue during treatment. In this
regard, our previous study showed that the anti-
tumor efficacy of FL118 is highly superior to iri-
notecan and topotecan [10], and our current
studies demonstrated that FL118 overcomes
human xenograft tumors which acquired irino-
tecan and topotecan resistance. Furthermore,
consistent with these findings, the PK data
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obtained in this study at least in part explained
the favorable toxicity and high efficacy of
FL118. However, for the follow-up studies
toward filing an investigational new drug (IND)
at the FDA, we will need to investigate FL118
absorption, distribution, metabolism and excre-
tion (ADME) in animal models in a more com-
prehensive approach. When comparing the
result from Figure 2, with the result from Figure
3 there is an interesting observation, it appears
that FL118 tended to be more effective in elimi-
nating topotecan-resistant tumors than elimi-
nating irinotecan-resistant tumors, although
this trend requires further study to confirm.
Nevertheless, given the challenging issue of iri-
notecan and topotecan resistance in the cur-
rent clinical practice, application of our finding
reported here may result in significant conse-
quences for solving the challenging issue of
acquirement of irinotecan or topotecan resis-
tance during cancer treatment.

In conclusion, irinotecan and topotecan resis-
tance is a challenging issue for cancer treat-
ment, especially for the therapeutics of
advanced cancer. We demonstrated that FL118
effectively overcomes irinotecan and topote-
can resistance without inducing its own drug
resistance in human tumor xenograft models
during its multiple time usage. Mechanistically,
FL118 not only inhibits the expression of sur-
vivin, Mcl-1, XIAP, clAP2 [10] and HdmX/Hdm4
[23], but also at least bypasses ABCG2 [22]
and P-pg/MDR1 resistance (this study) and
possible other efflux pump protein-induced
drug resistance (suggested from the Figure 7
data of this study), which explains the favorable
toxicity and PK profile of FL118; rapidly cleared
in blood circulation while accumulated in xeno-
graft tumors. Together, these findings provide
new perspectives of the significance of FL118
for its further clinical development for treat-
ment of cancer.
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