Small Molecule Therapeutics

Specific RITA Modification Produces
Hyperselective Cytotoxicity While Maintaining

In Vivo Antitumor Efficacy

Molecular
Cancer

Therapeutics

®

Check for
updatas

Brian D. Peyser', Ann Hermone?, Joseph M. Salamoun?®, James C. Burnett"?,
Melinda G. Hollingshead®, Connor F. McGrath?, Rick Gussio', and Peter Wipf*

Abstract

Thepredlinical antitumoragent RITA (2,5-bis| 5-hydroxymethyl-
2-thienyl] furan, NSC 652287), an analog of the natural
product o-terthiophene, failed during the development
phase due to acute pulmonary toxicity in animal models.
A series of synthetic modifications to RITA's heterocyclic
scaffold resulted in activity ranging from broadly cytotoxic
to highly selective. In the NCI 60-cell line screen, these
"hyperselective" agents (e.g., imatinib) are rare. A selectivity
index (SI) was developed to quantify this desirable feature,
which is 20 for imatinib, whereas RITA's SI is only 0.10. One
of the described hyperselective RITA analogs (SI = 7.9)
completely lost activity in the presence of a known SULT1A1
inhibitor. These results, coupled with previous evidence
that RITA is a SULT1A1 substrate, suggest that carbinol mod-
ification by a sulfate leaving group and subsequent formation

Introduction

The screening of compounds related to the natural product
o-terthiophene (1) in the NCI 60-cell-line anticancer drug screen
(NCI-60; ref. 2) resulted in the discovery of heterocyclic triads
with antitumor activity (3-9). Specifically, the heterocyclic triad
2,5-bis(5-hydroxymethyl-2-thienyl) furan—Cancer Chemother-
apy National Service Center number (NSC) 652287 —was shown
to have promising potency against a number of cancer cell lines in
the NCI-60 panel (4). NSC 652287 did not impact all cancer cell
lines equally, showing the greatest activity against the renal
carcinoma line A498. In an effort to explain this differential
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of a reactive carbocation may explain RITA's broad cytotoxic-
ity. Although SULT1A1 expression is required for susceptibil-
ity, hyperselective analogs exhibited reduced association
of activity with SULT1AT mRNA expression compared with
RITA, apparently requiring some additional target(s). In sup-
port of this hypothesis, there is a strong correlation (P < 0.01,
r = 0.95) between quantum mechanically calculated energy
barriers for carbocation formation from sulfonated analogs
and SI, indicating that hyperselective RITA analogs generate
reactive carbocations less readily after sulfate activation.
Importantly, narrowing the cytotoxicity profile of RITA did
not eliminate its analogs' in vivo antitumor activity, as several
new hyperselective agents, NSC 773097 (1), 773392 (2),
and 782846 (6), displayed impressive activity against A498
xenografts in mice.

activity, a research group from the NCI studied the accumulation,
retention, and metabolism of NSC 652287 in 4 renal carcinoma
cell types (4). Lower 50% growth inhibition (Gls,) values for NSC
652287 correlated with higher accumulation, lower retention,
and faster metabolism. The observation that faster metabolism
correlated with higher potency provided an early indication that
NSC 652287 may act as a prodrug.

Several mechanisms of action have been suggested for the
anticancer activity of NSC 652287, including DNA/protein cross-
linking (10) and alteration of HIF1A expression (11). Despite a
lack of conclusive evidence (12), the most widely accepted mech-
anism has been the interaction between NSC 652287 and the
N-terminal domain of TP53 to block TP53-MDM2 complex
formation, inspiring the acronym Reactivation of p53 and Induc-
tion of Tumor cell Apoptosis (RITA; refs. 13, 14). RITA was
subsequently shown to influence other TP53-mediated activities
in the presence of wild-type and mutant TP53 (15-20). Ascribed
activities include the regulation of pro- and antiapoptotic genes,
autophagy induction, the downregulation of MYC, cyclin E, and
-catenin oncogene expression, inhibition of the PI3K/Akt sig-
naling pathway, and inhibition of TXNRD1. However, recent
work indicates that RITA's mechanism is inconsistent with
TP53-MDM2 binding interference, and that it likely induces DNA
damage (21) as originally suggested (4, 10).

Structure-activity relationship studies for RITA analogs indi-
cate the importance of carbinol moieties attached to the terminal
aromatic heterocycles for activity (22). Carbinol-substituted poly-
cyclic aromatic hydrocarbons, such as 1-hydroxymethylpyrene
(HMP), have been shown to be activated through sulfate addition
by SULT1A1 (23-26). This activation is characterized by
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modification of the aromatic carbinol with a sulfate that is
subsequently eliminated, forming a stabilized benzylic carboca-
tion. The carbocation species is likely the reactive group account-
ing for the mutagenetic effects of HMP (24). A similar mechanism
resulting in DNA/protein crosslink formation was suggested for
aminoflavone (NSC 686288). Aminoflavone must undergo
hydroxylation by cytochrome P450 enzymes prior to its proposed
activation by SULTs (27).

The dependence of RITA on TP53 for activity was based on its
differential activity in HCT116 and HCT116 p53~/~ cells (13).
More recently, it was shown that HCT116 p53~/~ cells lose
SULT1A1 protein expression, which explains their insensitivity
to N-benzyl indole carbinols (28). Just as HCT116 p53~/~ cells
become insensitive to N-benzyl indole carbinols due to loss of
SULT1A1 expression, RITA's activity is likely to be dependent on
SULT1A1 rather than TP53, which is consistent with recent
evidence that TP53 expression is not required for RITA activi-
ty (21). Other recent data indicate that the activity of RITA
correlates with SULTIA1 mRNA expression over a large set of the
Cancer Cell Line Encyclopedia (29), as well as protein expression
in a subset of those lines, and that SULT1A1 modifies RITA
in vitro (30). These results suggest that the same mechanism of
prodrugactivation by SULT1A1 observed for HMP, aminoflavone,
and N-benzyl indole carbinols also applies to RITA's anticancer
activity.

Following the discovery of RITA's preclinical antitumor effica-
¢y, a drug development program was initiated by the Develop-
mental Therapeutics Program (DTP) at NCI. However, at levels
similar to efficacious doses observed in mouse xenografts of
human cancer cell lines (4), RITA caused pulmonary edema
during rat, dog, and monkey toxicity studies, and the program
was terminated. Hence, any further development of this chemo-
type necessitates the generation of analogs with significantly
reduced pulmonary toxicity.

At the time of the RITA studies, the accepted paradigm for
prioritizing potential new anticancer agents focused on the iden-
tification of broadly cytotoxic molecules. With the advent of
precision medicine and knowledge that cancer specific therapeu-
tics such as imatinib (Gleevec) can be used in the clinic with fewer
adverse side effects, the concept of selectively targeting more finely
grained cancer types is now widely viewed as a desirable route for
drug development. With respect to RITA, we hypothesize that the
pulmonary edema observed in multiple mammals was due to
nonspecific biological activities of the molecule, such as the
tendency to form DNA/protein crosslinks, and that these adverse
effects can be reduced with a more cell-selective analog. When
considering the cytotoxic activities of compounds in general, this
hypothesis predicts that increased cell specificity in a cancer cell
line screen can be a marker for reduced off-target or general
cytotoxic effects. Correspondingly, if the molecules/metabolites
that cause in vivo toxicity are present in the ex vivo cell line screen,
this specificity may also serve as a marker for toxicity in animals.
Following this logic, for some chemotypes, it may be possible to
maintain efficacy while reducing toxicity by generating more cell-
selective agents.

To gain a better understanding of the structural features of RITA
affecting A498 cell-selectivity, we previously synthesized several
novel analogs (Fig. 1; ref. 5). In this report, using data obtained
from the NCI-60 cell screen, we describe the cell line selectivity
profiles of these compounds. Specifically, we present a selectivity
index (SI) calculation that summarizes cell selectivity in the
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RITA and analogs. Structures featuring variations of the heterocyclic triads.

context of NCI-60 5-dose data, and we examine the tendency of
metabolites of RITA and its analogs to form carbocations using
quantum mechanics— an attribute expected to be associated with
nonspecific DNA/protein crosslinking and broad-scale cytotox-
icity. Finally, the SI helped to identify the most attractive tumor-
specific leads for in vivo examination, and we show that the potent
activity of the RITA chemotype in A498 mouse xenograft models
can be maintained while nonspecific cytotoxicity is reduced.

Materials and Methods

Cell screening

NCI-60 5-dose screening was performed by DTP as described
on the DTP website (31). One-dose assays were also performed as
described on the website, except that doses were chosen as
indicated infra, and compounds were combined at the indicated
concentrations.

Microarray analysis

NCI-60 mRNA expression values were obtained from Affyme-
trix HG-U133 Plus 2 microarrays with NCBI GEO accession
number GSE32474. The data were gcrma-normalized using the
justGCRMA function and the optimize.by = "memory" option in
R/Bioconductor version 3.6 (32, 33), and then each probeset was
summarized using the median log, expression value within each
cell line. Probeset 203615_x_at was chosen to represent transcript
expression from the 3 available SULT1A1 probesets.

Cell line SI

Concentration responses for 5-dose NCI-60 assays were indi-
vidually obtained for each experiment conducted, and SI was
calculated for each substance tested at a given concentration
range. Area under the percent growth curve (AUC) values were
obtained for each cell line in each individual experiment, and
summarized as the median AUC for each cell line among all
experiments performed at that concentration range. Only cell
lines with at least 2 AUC values were retained. The SI was defined
as the statistical metric excess kurtosis of the AUC distribution.
Excess kurtosis is zero for a Gaussian distribution, whereas rare,
extreme values result in a positive excess kurtosis. SI calculations
were performed in R version 3.4.4 (34) using the e1071 package
version 1.6.8 for measurement of excess kurtosis. Kurtosis values
were determined using the textbook estimate (type 1 in e1071),
where it is defined as 3 less than the 4th moment divided by the
squared second moment.
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Statistical analysis

All statistical analyses were performed in R version 3.4.4 (34).
Correlative measures were performed using a 2-sided test of
Pearson's product moment correlation. Regression analyses were
performed with linear models, and the adjusted R? value was used
to estimate the Gl5o variance accounted for by log, SULT1A1
expression. Kaplan-Meier survival analysis was performed in R
using the survival package version 2.41.3 (35).

Quantum mechanics

To calculate barrier heights, as well as the transition states
between reactants and products, a reasonably accurate estimation
of energy for a self-consistent electron disposition of the mole-
cules is required. This necessitates utilization of quantum
mechanics. Among the different levels of quantum mechanics
methods available, density functional theory has been found to
beboth adequate and tractable. This is especially true when a large
trajectory (N = 1,000) of transition states is used. We used the
DMol software in the Materials Studio Software suite for transi-
tion state barrier height calculations (36). For each barrier, the
initial product and reactant structures were built and optimized
using the MM2 force field. The reactant structure was defined as
the ligand with a sulfate group added to one carbinol. The sulfate
was added to the thiophene ring carbinol of compound 3
[i-e., ({5-]5'-(hydroxymethyl)-[2,2'-bifuran]-5-yl]thiophen-2-yl}
methoxy)sulfonic acid], and to the 4-substituted side of com-
pound 6 [i.e., [(5-{5-[5-(hydroxymethyl)furan-2-yl]thiophen-3-
yl} furan-2-yl)methoxy|sulfonic acid]. The products were defined
as the carbocation formed from breaking the carbon-oxygen
bond, and the free sulfate group. The structures were optimized
using the PW91 functional (37) to the fine level (energy difference
0f 0.00001 Ha, a maximum force of 0.002 Ha//o\ and a maximum
displacement of 0.005 A).

The 1,000 frame trajectory connecting the reactant and product
was generated using the "reaction preview" tool in Materials
Studio, and was used to perform transition state searching, which
geometrically interpolates between the reactant and product
structures to generate a trajectory. To locate a transition state, the
complete linear synchronous transit/quadratic synchronous tran-
sit (complete LST/QST) method was used. This method (38) uses
LST to locate a maximum energy structure along the trajectory,
refines this point using constrained minimization, then performs
another LST search to locate another maximum followed by
another minimization. The process is repeated until a transition
state is identified. The transition state searches were performed to
a tolerance of 0.01 Ha/A using the BP functional (39). The
structures of the products and reactants were both optimized to
a tolerance of 0.002 Ha/A. After locating a transition state, the
vibrational frequencies were calculated to ensure that there was
only one imaginary frequency present. This transition state struc-
ture corresponded to the sulfate bond breaking. The transition
state was then optimized using the Newton-Raphson meth-
od (40) to estimate the final barrier height.

Xenograft studies

Subcutaneously implanted xenografts were established as
reported previously (41, 42). Briefly, A498 cells (NCI-DTP
Catalog no. A498, RRID:CVCL_1056) were grown in vitro and
inoculated into a cohort of donor mice. The resulting tumors were
serially passaged in mice and used for the studies reported herein
at in vivo passage six. Tumors were monitored and the mice were
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staged and randomized into treatment groups when average
tumor size was 125 mg. Compounds 1 and 2 were prepared as
solutions in 100% DMSO (Burdick & Jackson). Beginning on day
17 postimplantation, treatment was administered once daily for
5 days, once every second day 3 times, or once every 4th day
3 times, repeated once, by the intraperitoneal route using a dose
volume of 1 uL ofa 200 mg/mL solution per gram of body weight.
Vehicle controls were treated with 1 uL of 100% DMSO/g body
weight once daily on days 17 to 21, 27, 31, and 35 postimplan-
tation. Tumor growth and body weights were monitored 2 to
3 times per week using electronic calipers and balance. Data were
collected electronically via Study Director software (Studylog
Systems, Inc.). Tumor weights were calculated from the caliper
measurements using the formula for a prolate ellipsoid: tumor
weight (mg) = (tumor length (mm) x tumor width (mm)?)/2.
Mice were removed from the treatment protocol when the average
of tumor length and width exceeded 15 mm.

The Frederick National Laboratory for Cancer Research is
accredited by the Association for Assessment and Accreditation
of Laboratory Animal Care (AAALAC) International and follows
the Public Health Service Policy for the Care and Use of Labora-
tory Animals. Animal care was provided in accordance with the
procedures outlined in the "Guide for the Care and Use of
Laboratory Animals" (43). All animal studies were conducted
under an approved Institutional Animal Care and Use Protocol.

Xenograft experiments for compound 6 were performed by
ChemPartner according to an Institutional Animal Care and
Use Committee-approved protocol, following the guidance of
AAALAC International. A498 cells (ATCC Catalog No. HTB-44,
RRID:CVCL_1056, Lot 58033335) were grown ex vivo as a mono-
layer culture in EMEM medium supplemented with 10% FBS,
100 U/mL penicillin, and 100 pg/mL streptomycin, at 37°C in an
atmosphere containing 5% CO, in air. Tumor cells were sub-
cultured twice weekly by trypsin-EDTA treatment. Cells in expo-
nential growth phase were harvested and counted for tumor
inoculation. Female 6 to 7 weeks old, 19 to 21 g BALB/c nude
mice (Lingchang Biotechnology Company Ltd.) were kept in
individual ventilation polycarbonate cages, 4 or 5 per cage, at
2010 26°C, 40% to 70% humidity, with sterile corn cob bedding,
water, and dry granule food. Mice were inoculated subcutane-
ously with 1 x 107 cells, and dosing began after 20 days, when
average tumor weight reached 159 mg.

Mice were randomly assigned to treatment and vehicle control
groups of 8 mice each. The control group was scheduled to receive
1 uL/g body weight of 100% DMSO, and the treated group
schedule was 1 pL/g of a 200 mg/mL transparent solution of 6
in 100% DMSO, intraperitoneally, once daily for 5 days. Tumor
sizes were measured in 2 dimensions using a caliper, and the
weights were expressed in mg using the formula: 0.5 x I x w?,
where ! and w are the longest and shortest diameters (in mm) of
the tumor, respectively. Body weights were also measured. Ani-
mals were routinely monitored for effects on normal behavior,
such as mobility, food and water consumption, body weight gain/
loss, eye/hair matting, and any other abnormal effect. Mice that
exhibited weight loss of 8% to 15% relative to treatment start were
given half of the planned dose, and those exceeding 15% weight
loss were not dosed as scheduled. All treated mice exceeded 8%
body weight loss on the 4th and 5th days of dosing, resulting in
100 mg/kg doses (0.5 uL/g body weight), except for 1 mouse
which exceeded 15% body weight loss on the 5th day. That mouse
received no dose on day 5, and was instead dosed 200 mg/kg on
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day 8. One mouse in the vehicle control group received a half dose
(0.5 uL/g 100% DMSO) on the 4th and 5th days due to body
weight loss exceeding 8%.

Treatments were compared with vehicle control xenografts
using Kaplan-Meier analyses for time to event, based on the
definition reported by Houghton and colleagues (44). Briefly,
events were defined as quadrupling of the tumor size. Time to
event was interpolated using the formula:

tx = [t1 + (t2 — t1)In(Ve/V1)/In(V2/V1)]

where t, is the interpolated day at which tumors at least quadru-
pled, t; the lower observation day that brackets the event, t, the
upper observation day that brackets the event, V; the tumor
volume at t;, V, the tumor volume at t,, and V. is 4 times the
initial tumor volume.

Results

Cell line SI

Although RITA provides a modest degree of selective cytotox-
icity (4), in the age of precision medicine it should be possible to
target restricted subsets of cancer types using "hyperselective"
agents. To measure cell line hyperselectivity, we generated the SI
by calculating excess kurtosis for the distribution of area under the
growth percent versus log concentration curve (AUC) values for
each cell type in 5-dose NCI-60 panels (Fig. 2). SI values were

calculated for 11,524 public domain compounds tested at least
twice in NCI-60 5-dose screens (Supplementary Table S1). The
distribution of SI values has a median of 0.39 with a scaled
median absolute deviation (MAD) of 1.2, and a long right tail
reaching a maximum of 62 (Fig. 2). The Sl is large for compounds
that have much lower AUC for a small number of cell lines
(selective cytotoxicity), or compounds with much higher AUC
for a small number of cell lines (selective resistance). The SI is
close to 0 for compounds with a pattern of cytotoxicity that
approaches a normal distribution. Negative SI values are possible
for extremely flat distributions, with a minimum of negative 2.
Nontargeted chemotherapeutic agents—for example, fluorouracil
(NSC 19893; SI = 0.45), cisplatin (NSC 119875; SI = 1.4),
cladribine (NSC 105014; SI = 1.5), and gemcitabine (NSC
613327; SI = 0.29)—tend to exhibit SI values close to 0 (Sup-
plementary Table S1). In contrast, imatinib, which specifically
targets cells dependent on the BCR-ABL1 translocation, present
among NCI-60 cell lines only in K562, exhibits a very high SI
(Table 1).

When calculating SI for many screened compounds, occasion-
ally a single cell line appears sensitive to a compound, whereas
other cell lines are insensitive. When this result is not repeated in
subsequent screens, it is assumed that the single response is a
result of experimental error or noise. For example, NSC 85262
(ST = 32) was tested twice in the NCI-60 screen, and one test
showed potent cytotoxicity only in the HL-60(TB) cell line,

Area under the curve (AUC)
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Table 1. Growth inhibition of selected cancer cell lines in the NCI-60 assay and associated S|
Glso (pmol/L)*

NSC A498 K562 NCI-H460 CAKI-1 TK-10 RXF 393 786-0 ACHN SN12C Sl
RITA 652287° 0.016 0.60 0.056 0.012 0.029 0.58 52 20 6.8 0.10
1 773097¢ 0.13 31 29 37 3.9 57 >100 39 67 7.9
2 773392° 0.17 38 73 >100 >100 >100 >100 >100 >100 82
3 777196¢ 0.014 6.1 2.0 5.0 0.29 13 98 52 63 3.6
4 777422° 0.016 7.0 13 5.0 >100 21 34 >100 >100 45
5 778301° 0.020 0.62 0.12 12 0.15 0.32 7.2 64 97 0.24
6 782846° 0.018 12 9.7 4 0.64 80 69 44 89 8.8
Imatinib 743414° 22 0.024 16 34 27 15 16 25 33 20

2Glsq values for all cell lines are provided in the Supplementary Information.

PNCI-60 data for NSC 652287 (n = 7) and 743414 (n = 2) are accessible online at https://dtp.cancer.gov.

‘n=2.

whereas in a second test no inhibition of HL-60(TB) occurred
(Supplementary Fig. S1). For hyperselective agents identified in a
single NCI-60 assay, we found that only approximately 5%
displayed hyperselectivity in subsequent screens. Therefore, we
also performed a robust SI calculation, choosing the AUC value
closest to 100% growth for each cell line rather than the median
value (which is identical to the mean value for the overwhelming
majority of compounds that were screened fewer than 3 times).
This robust method indicated that hyperselective agents are even
more rare (median = 0.36; MAD = 1.0; maximum = 52) than the
first calculation suggested (Supplementary Fig. S1; Supplemen-
tary Table S1). This method produced a robust SI of —0.91 for
NSC 85262 by discounting the spurious result. However, even
with the robust technique, data errors can produce inflated SIs.
Among the top 10 public compounds by robust SI, only 3
produced consistent hyperselectivity upon close examination of
their individual NCI-60 dose-response curves. Because experi-
mental data for the described RITA analogs do not exhibit this
type of spurious result, and because choosing the curve closest to
no effect significantly biases the AUC distribution, we used the
nonrobust method here.

NCI-60 screen results

RITA, which features a heterocyclic triad core with 2 terminal
thiophenes and a central furan (Fig. 1), demonstrated a Glsq of
approximately 16 nmol/L against A498, with broad cytotoxicity
across multiple cell lines (Table 1; Supplementary Fig. S2), with
65 of 69 tested cancer cell lines exceeding total growth inhibition.
As with non-target-specific chemotherapeutics, RITA has a low SI
(0.10; Table 1). It is noteworthy that the renal cell line A498 was
among the top 2 most sensitive cell lines (by Gls, value) for all
RITA analogs described here. Placing a thiophene or a seleno-
phene in the center of the triad with 2 terminal furan rings
in compounds 1 and 2, respectively, resulted in approximately
10-fold lower potency against A498 compared with RITA, but
much higher SIs of 7.9 and 8.2 (Table 1). Interestingly, analog 3,
a sequence isomer of 1, with a thiophene ring on one terminus
of the triad and furans as the central and opposite terminus
heterocycles, provided A498 cytotoxicity that was equipotent to
RITA, but with intermediate selectivity (SI = 3.6; Table 1).
Changing the triad geometry by altering the furan substitution
positions to carbons 3 and 4 on the central thiophene in
analogs 4 and 5 resulted in potency and selectivity similar to
3 and RITA, respectively—despite the incorporation of terminal
furans as opposed to thiophenes. Therefore, repositioning the
terminal furans in 4 caused a decrease in SI compared with 1,
and the addition of electron-donating methyl groups on the
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central aromatic thiophene in 5 further reduced the SI (Table 1).
Alternate repositioning of the furans to carbons 2 and 4 of the
central thiophene provided analog 6, which was found to have
A498 cytotoxicity comparable to that of RITA, but a high SI
comparable to 1 and 2. Hence, it is evident from these data
that changes to the heterocyclic triad core of RITA result in
different patterns of tumor cell line cytotoxicity and selectivity,
and that an increase in selectivity can be accomplished without
compromising potency.

SULT1A1 dependence

The activity of RITA exhibits strong association with baseline
SULT1A1 gcrma-normalized log, mRNA expression (Fig. 3), with
62% of variance accounted for in the NCI-60 screen (R* = 0.62;
P<0.01; F=96, 57 degrees of freedom), and RITA was shown to
be a SULT1A1 substrate (30). Therefore, we examined the effect of
a known phenol sulfotransferase inhibitor on the activity of 1 ina
one-dose NCI-60 cell screen. Treatment with 1 pmol/L of com-
pound 1 resulted in a relative A498 growth of —93% (Supple-
mentary Table S2). Cotreatment of NCI-60 cells with 1 umol/L
of compound 1 and 10 pumol/L of the known phenol sulfotrans-
ferase inhibitor 2,6-dichloro-4-nitrophenol (DCNP; ref. 45)
completely abrogated activity (A498 growth +97%; DCNP alone
at 10 umol/L had no effect on growth for any cell lines). Therefore,
the RITA analogs described herein are likely also SULT1A1 sub-
strates, and are activated by sulfonate addition. In this regard, the
activity of 1 is also associated with SULT1A1 expression (Fig. 3),
but with less variance accounted for (R* = 0.31; P<0.01; F = 27,
56 degrees of freedom). Strikingly, the NCI-60 line expressing the
highest levels of SULT1A1 mRNA, NCI-H460, is resistant to 1 and
other hyperselective agents, whereas it is very sensitive to RITA
(Table 1; Fig. 3; Supplementary Fig. S3) and analogs with low SI
(e.g., analog 5). SULT1A2 is tightly coexpressed with SULT1A1
(r=0.97), and DCNP is also an inhibitor of SULT1A2 (46). These
indicate that although phenol sulfotransferase-mediated bio-
transformation is required for activity of the hyperselective ana-
logs, it is not sufficient. Some other susceptibility must be
required in sensitive cell lines/tumors for the activated molecule
to exhibit its cytotoxic effects.

Quantum barrier heights

Dependence on phenol sulfotransferase for the cytotoxicity of
RITA and evidence that it is a substrate for SULT1A1 indicate that
RITA is most likely a prodrug activated by sulfonation, with a
mechanism similar to the carbocation generation observed for
HMP (24). Dependence on phenol sulfotransferase activity for
the cytotoxic effects of 1 suggests that all of the active RITA analogs
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Activity of RITA analogs in NCI-60 screening is associated with high SULTIAT
mMRNA expression. Sensitivity of each NCI-60 cell line is summarized as the
average —log(Glsg) across available experiments, and expression of SULTIAT
mMRNA is summarized as the median log,(expression) value for each cell line
from NCI-60 Affymetrix HG-U133 Plus 2 microarrays (GSE32474). NCI-H460,
the highest-expressing NCI-60 line, is indicated on each plot. A, RITA
sensitivity is strongly associated with expression of SULTIAT. B, NCI-60
sensitivity to 1has less variance accounted for by SULTIAT expression.

discussed herein are also activated by sulfonation. If the differ-
ences in activities of RITA analogs were dependent only on
changes to substrate efficiency in phenol sulfotransferase, it
would be expected that linear models of sensitivity versus
SULT1A1 expression would maintain R values, but change slope.
Instead, hyperselective analogs become less associated with
SULT1A1 expression (Fig. 3), indicating that another factor
impacts susceptibility. Therefore, we examined transition state
energy barriers (Fig. 4A) for formation of a carbocation from
sulfonated versions of the analogs (RITA, 1-6) using quantum
mechanics. SI values for this series are significantly correlated
(P <0.01, t = 6.7, 5 degrees of freedom) with transition state
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energy barriers (Fig. 4B). Specifically, lower barriers are associated
with less selective analogs, whereas higher barriers are associated
with more selective analogs. For compounds with low SIs, met-
abolic activation to the sulfonated molecule may be sufficient for
induction of DNA damage via spontaneous formation of a
reactive carbocation. However, for molecules with high transition
state barriers, a target-specific effect may be indicated—perhaps
with carbocation formation induced by an interaction with a
relevant protein binding site. A requirement among selective
compounds for specific target(s) in addition to metabolic activa-
tion would explain the previously mentioned loss of activity in
NCI- H460 cells despite high expression of SULT1A1.

Hyperselective analogs maintain in vivo efficacy

The development of analogs with cancer cell type hyperselec-
tivity demonstrates that general, non-target-specific cytotoxicity
can be avoided, thereby potentially reducing the pulmonary
toxicity observed with RITA. However, it is important to note
that while NCI-60 ex vivo activity against A498 was maintained
with the hyperselective compounds, the in vivo activity of RITA
may be due to its non-target-specific effects. Therefore, to verify
if cell activity for the hyperselective analogs would translate to
in vivo efficacy, we examined the reported analogs with high
SI (1, 2, and 6) in A498 xenografts.

Treatment of this mouse xenograft model with hyperselective
compound 1 showed impressive inhibition of tumor growth
(Fig. 5) with an optimal percent test over control tumor weight
(%T/C) of 11%, 24 days after treatment delivery was completed
(Supplementary Fig. S4). The average relative mouse body weight
decreased by about 10% over the course of treatment, but recov-
ered once dosing was completed. Body weight increased on
average, relative to the beginning of treatment, within 22 days
of treatment initiation, whereas untreated animals lost weight
over the course of the study due to the effects of A498 tumors.
Notably, there were no drug-related deaths, and one mouse was
found to be tumor free at the end of the study.

Results for selenophene analog 2 were nearly identical to 1
during the treatment schedule (Fig. 5). Optimal %T/C was 16%,
18 days after treatment was completed. Similarly, there were no
drug-related deaths, significant tumor growth suppression was
observed while treatment was administered, and mouse body
weights recovered to pretreatment levels by day 22. However,
tumor growth resumed approximately 20 days after dosing with 2
was completed, compared with over 60 days without significant
tumor growth in mice treated with 1 (Supplementary Fig. S4). The
effect of resumed tumor growth in mice treated with 2 was
accompanied by deterioration in mouse body weight, although
not to the levels observed in untreated mice. For both 1 and 2,
additional treatment schedules produced the same general pat-
tern of antitumor efficacy (Supplementary Fig. S4).

The RITA analog with the highest SI, compound 6, also dis-
played impressive activity, causing tumors to shrink an average of
26% by the 3rd day of treatment. Tumor weight remained low for
the duration of the experiment (Fig. 5). Treated mice experienced
body weight loss, resulting in a reduction in dose to 100 mg/kg on
the 4th and 5th days of treatment. One mouse was not dosed on
the 5th day, instead receiving 200 mg/kg on the 8th day. One
vehicle-treated animal also experienced weight loss significant
enough to result in dose reduction. This difference in treatment
regimen was dictated by differences in Institutional Animal Care
and Use Committee protocols, as indicated in the methods
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Quantum mechanics-calculated barrier heights for carbocation formation are
correlated with SI. A, Model for carbocation formation for which the energy
barrier, AG*, was calculated using quantum mechanics. B, S! for RITA and 1to
6 plotted with the energy barriers.

section (vide supra). No animals died due to treatment, and the
experiment was stopped and all mice were sacrificed prior to
reaching humane endpoints. Similarly to analogs 1 and 2, mouse
body weight recovered within 20 days of treatment initiation.

All compounds and treatment schedules examined resulted in
significant improvement of event-free survival compared with
vehicle-treated controls (Fig. 5; Supplementary Fig. S4, Bonfer-
roni-corrected family-wise error rate <0.01).

Discussion

Motivated by the undesired in vivo pulmonary toxicity associ-
ated with RITA, a series of analogs with sequence order, compo-

www.aacrjournals.org
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sition, and geometry modifications to the parent's heterocyclic
triad were synthesized. Testing of the compounds in the NCI-60
assay indicated that changing the arrangement of RITA's hetero-
cyclic core enabled cell line hyperselectivity, while concomitantly
retaining potent activity against renal cell line A498. Interestingly,
loss of activity against the lung cell-derived line NCI-H460 sug-
gests that these hyperselective analogs may provide the reduction
in pulmonary toxicity required for advancing this chemotype
through development. Furthermore, based on cell line selectivity
profiles from the NCI-60 screen, we developed a new selectivity
index (SI) algorithm that can be used to prioritize anticancer
agents and identify attractive cell-specific lead compounds for
further in vivo studies.

A correlation between selectivity and quantum-mechanics-
calculated carbocation formation barriers for RITA and its ana-
logs, in conjunction with empirical evidence indicating a depen-
dence for activity on phenol sulfotransferase expression, suggests
that nonspecific mechanisms involving the spontaneous forma-
tion of reactive carbocations are responsible for the DNA/protein
crosslinking observed in RITA-sensitive cell lines. Consequently,
the presence of this nonspecific activity is likely to be the cause of
the confusing landscape of potential mechanisms of action
reported for RITA. Additionally, many published comparisons
of RITA's activity in sensitive cell lines versus nontransformed cells
do not account for expression of phenol sulfotransferases, and
therefore may miss the potential cytotoxicity of sulfotransferase-
activated RITA. Interestingly, the observed increase in toxicity of
RITA in higher order mammalian lungs relative to mice may be
explained by the complete lack of phenol sulfotransferase activity
in mouse lung cytosol, whereas mice transgenic for human
SULT1A1/2 have lung tissue capable of HMP biotransforma-
tion (47). Hence, although antitumor efficacy in mice may be
possible with RITA, it is evident that analogs with increased
specificity will be required for treatment of humans.

Further investigation needs to be performed to evaluate the
importance of TP53 and related pathways with respect to the
anticancer effects of RITA and the analogs described herein.
Because RITA appears to act in a nonspecific fashion, seemingly
dependent mainly on metabolic activation by phenol sulfotrans-
ferase, it is likely that previous mechanism of action studies
involving this compound have been hindered by its broad activ-
ities. The generation of hyperselective analogs provides new
opportunities for understanding the central mechanisms result-
ing in the attractive antitumor activity of this chemotype. Knowl-
edge that sulfotransferase activation is required for the activity of
RITA analogs will focus mechanistic studies on cell lines that are
capable of producing the active metabolite, or on in vitro studies
directly utilizing sulfonated derivatives. Based on our quantum
mechanical calculations, it is likely that sulfonated versions of the
hyperselective analogs are more stable than sulfonated RITA.
Future studies will systematically examine the chemical stabilities
of these sulfonated analogs.

Although analogs 1, 2, and 6 displayed high SI, it was not clear if
this property would generally translate into lower in vivo activity.
Therefore, these compounds were examined for efficacy in mouse
xenograft models of A498. In support of our hypothesis that
hyperselective analogs may be used as less toxic, yet effective
alternatives to RITA, all 3 analogs retained activity against A498
xenografts, with 6 causing tumor regression at the maximum
tolerated dose, and 1 producing sustained tumor growth inhibi-
tion. Therefore, while RITA causes non-target-specific effects,
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these hyperselective analogs retained a level of specific activity
that is sufficient to provide significant antitumor efficacy. Future
research will focus on pulmonary toxicity studies with 6 and
selected analogs to further examine the hypothesis that hyperse-
lective cytotoxicity ex vivo can be used as an indicator of reduced
adverse effects in vivo, and potentially provide an enhanced
therapeutic index. Additionally, as the major mechanism(s) of
action are determined for the hyperselective agents, it will be
important to examine these new compounds for the production
of DNA/protein crosslinks in sensitive cell lines, and for other
biological activities ascribed to RITA. Overall, the data generated
in this study will serve to guide future work to both identify the
biological target(s) and assess the therapeutic potential of 6 and
similar heterocyclic triad analogs, with the goal to develop a novel
cancer therapeutic.
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