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NKCC1 is a promising target for
the treatment of brain disorders
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The newly discovered ARN23746
presents selective NKCC1 versus
NKCC2 and KCC2 inhibition
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(] ARN23746 rescues core behaviors
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in DS and ASD mice with no
diuretic effect or toxicity
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Currently, therapeutic options for several neurological disorders are scant or not
highly effective. This is possibly due to the poor understanding of the mechanisms
underlying these conditions. Here, starting from former validation of the new
pharmacological target NKCC1 in brain disorders, we developed a novel, potent,
and safe NKCC1 inhibitor, able to restore core behaviors in Down syndrome and
autistic mouse models. This compound has the potential to become a solid drug
candidate for the treatment of several neurological conditions.

GOODHEALTH

Savardi et al., Chem 6, 2073-2096
AND WELL-BEING

August 6, 2020 © 2020 The Authors. Published
by Elsevier Inc.
https://doi.org/10.1016/j.chempr.2020.06.017

nfe

Gheck for
Updates


mailto:marco.devivo@iit.it
mailto:laura.cancedda@iit.it
https://doi.org/10.1016/j.chempr.2020.06.017
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chempr.2020.06.017&domain=pdf

Chem

¢? CellPress

OPEN ACCESS

Discovery of a Small Molecule Drug Candidate
for Selective NKCC1 Inhibition in Brain Disorders
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SUMMARY

Aberrant expression ratio of Cl™ transporters, NKCC1 and KCC2, is
implicated in several brain conditions. NKCC1 inhibition by the FDA-
approved diuretic drug, bumetanide, rescues core symptoms in ro-
dent models and/or clinical trials with patients. However, bumeta-
nide has a strong diuretic effect due to inhibition of the kidney CI™
transporter NKCC2, creating critical drug compliance issues and
health concerns. Here, we report the discovery of a new chemical
class of selective NKCC1 inhibitors and the lead drug candidate
ARN23746. ARN23746 restores the physiological intracellular CI™
in murine Down syndrome neuronal cultures, has excellent solubility
and metabolic stability, and displays no issues with off-target activ-
ity in vitro. ARN23746 recovers core symptoms in mouse models of
Down syndrome and autism, with no diuretic effect, nor overt
toxicity upon chronic treatment in adulthood. ARN23746 is ready
for advanced preclinical/manufacturing studies toward the first sus-
tainable therapeutics for the neurological conditions characterized
by impaired CI~ homeostasis.

INTRODUCTION

In recent years, a large and growing body of literature has indicated that intracellular
chloride concentration ([CI7]) is defective in diverse neurological conditions,'™
including Down syndrome (DS)* and autism spectrum disorders (ASD).° In neurons,
[CI7]; is mainly regulated by the opposing action of the sodium (Na™)- potassium
(K")-CI™ importer NKCC1 and the K*-Cl~ exporter KCC2. In agreement with aber-
rant CI~ homeostasis, the NKCC1/KCC2 expression ratio is altered in animal models
of DS,° ASD,” and several other brain disorders.’* In mature neurons, this leads to a
depolarizing (versus hyperpolarizing and inhibitory) GABA neurotransmitter action
through Cl™-permeable GABA, receptors. Accordingly, NKCC1 inhibition by the
FDA-approved diuretic, bumetanide, rescues GABA transmission and behavioral
deficits in the animal models characterized by aberrant CI~ homeostasis.”® Notably,
the NKCC1/KCC2 expression ratio is also defective in individuals with DS,® and bu-
metanide reduced some of the diagnostic symptoms of ASD in seven independent
clinical studies,”'” including a phase | and a phase Il clinical trial. Moreover, bume-
tanide treatment has shown positive outcomes in clinical case studies of patients
with other neurological/psychiatric conditions.'®*? However, bumetanide has a
strong diuretic effect due to its inhibition of the kidney CI™ transporter NKCC2.
This creates critical issues with drug compliance and health concerns for chronic
treatment,’' ™" strongly jeopardizing bumetanide from becoming a solid therapy
for patients. Selective NKCC1 inhibition would be devoid of the diuretic effect,
thus solving these problems.
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The Bigger Picture

In the last few decades, drug
development for brain disorders
has struggled to deliver effective
small molecules as novel
breakthrough classes of drugs.
Discovery of effective chemical
compounds for brain disorders
has been greatly hampered by the
fact that the few currently clinically
used drugs were identified by
serendipity, and these drugs’
mechanism of action is often
poorly understood. Here, by
leveraging drug repurposing as a
means to quickly and safely
evaluate the new pharmacological
target NKCC1 and its implications
in brain disorders in animal
models and patients, we report an
integrated strategy for the
rational design and discovery of a
novel, selective, and safe NKCC1
inhibitor, active in vivo. This
compound has the potential to
become a clinical drug candidate
to treat several neurological
conditions in patients. Eventually,
this integrated drug-discovery
strategy has the prospective to
revive the appeal of drug-
discovery programs in the
challenging field of neuroscience.
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Here, we present a new chemical class that selectively inhibits NKCC1 over renal
NKCC2. We designed, synthesized, and tested these new molecular entities
in vitro, and optimized the initial hit compounds into a potent lead inhibitor
(ARN23746). ARN23746 is able to selectively block NKCC1 in a human cell line
and restore the physiological [CI7]; in murine DS neurons in culture. ARN23746
has excellent drug-like properties, with great solubility, metabolic stability, and
target specificity, while also presenting no overt organ toxicity following in vivo
chronic treatment. Moreover, ARN23746 is characterized by an improved in vivo
pharmacokinetic profile when compared with bumetanide. Importantly,
ARN23746 treatment recovers cognitive deficits in a DS mouse model and rescues
behaviors related to ASD core symptoms in an ASD mouse model, with no diuretic
effect. These results show that selective NKCC1 inhibition devoid of diuretic effect is
able to rescue core diagnostic behaviors in DS and ASD mice. Thus, our study re-
ports the discovery of ARN23746 as a solid drug candidate, which can be developed
into a sustainable therapeutic strategy for DS, ASD, and the other brain disorders
characterized by increased [Cl™]; and depolarizing GABAergic transmission.

RESULTS

Design and Synthesis of NKCC1 Novel Inhibitors

To discover and develop selective NKCC1 inhibitors, we first sought to identify and
isolate the structural features of bumetanide that could generate selective inhibition
of NKCC1 over NKCC2. NKCC1 inhibition is responsible for bumetanide’s beneficial
central nervous system (CNS) effect. We wanted to distinguish the structural features
responsible for NKCC1 inhibition from the ones responsible for peripheral NKCC2
inhibition in the kidney, which causes the undesirable diuretic effect. We thus de-
signed, synthesized (Schemes S1 and S2; Supplemental Experimental Procedures),
and tested novel bumetanide analogs with diverse substituents in positions R1,
R3, and R5 in bumetanide’s core structure (Figures 1A and STA).

To test our newly synthesized bumetanide analogs, we developed a functional
NKCC transporter assay (Cl~ influx assay), based on the detection of variations
of [CIT]; by a Cl -sensitive, membrane-tagged vyellow fluorescent protein
(mbYFPQS).”* We performed the CI™ influx assay in human HEK293 kidney cells
transfected with NKCC1, NKCC2 (or the corresponding empty plasmid as control-
mock; (Figure S1B), together with the mbYFPQS plasmid. mbYFPQS fluorescence
is inversely dependent on [CI7];. In this assay, cells are kept in a CI™-free-hypotonic
solution and, upon application of NaCl to the assay well, Cl~ ions enter into cells by
NKCC1 or NKCC2 transport, bind mbYFPQS, and determine a decrease in
fluorescence.

First, we validated the assay by assessing NKCC1 or NKCC2 functionality upon
application of 74 mM NaCl in the well (Figures S1C and S1E). Then, we assessed
the inhibitory activity (upon NaCl application) of two known unselective inhibitors
of both NKCC1 and NKCC2 (i.e., bumetanide and furosemide; Figures S1D and
S1F), which we used as positive controls. Then, on the newly developed CI™ influx
assay, we tested all our 15 synthesized bumetanide analogs. We found that the car-
boxylic acid group, although suboptimal in CNS drug design, in position R1 was
essential for the inhibition of NKCC1 (e.g., ARN21902, Figure S1A). Moreover, small
modifications of the linear (six to eight carbon atoms) alkyl chain in position R3 (e.g.,
ARN21878, ARN22351, and ARN22381, Figure STA) and dimethylation of the sul-
fonamide in R5 (e.g., ARN23837, Figure S1A) decreased activity against NKCC2,
while retaining significant activity against NKCC1 (Figure 1B). Nevertheless, all the
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Figure 1. In Vitro Selection of the Selective NKCC1 Inhibitor ARN23746 as a Lead Compound

(A) Schematic representation of the intervention point in bumetanide’s structure for synthesizing novel bumetanide analogs.

(B) Quantification of the inhibitory activity of bumetanide (Bume) and bumetanide analogs (10, 100 uM) in NKCC1-(left) or NKCC2-(right) transfected
HEK293 cells in the CI™ influx assay. Data are presented as a percentage of the respective control DMSO. Data represent mean =+ standard error of the
mean (SEM) from 3-4 independent experiments (Kruskal-Wallis one way ANOVA on Ranks, NKCC1 10 pM: H = 84.898, DF = 6, p < 0.001; NKCC1 100 uM:
H=186.799, DF=6, p < 0.001; NKCC2 10 pM: H = 40.700, DF = 6, p < 0.001; NKCC2 100 pM: H = 70.569, DF = 6, p < 0.001, Dunn’s post hoctest, *p < 0.05,
**5 < 0.01, ***p < 0.001).

(C) Representation of the ligand-based computational strategy to discover novel molecular scaffolds that inhibit NKCC1. The obtained bumetanide
pharmacophore (1) consists of three H-bond acceptor (HBA) features (red spheres), three H-bond donor (HBD) interactions (blue spheres), one
lipophilic feature (green sphere), and one stacking feature (brown sphere) anchored around the central aromatic core. Ligand disposition was then
implemented by superimposing other known unspecific NKCC1 inhibitors (2), revealing shared features and different dihedral dispositions of
substituent around the central aromatic core. This model was used as a search filter for the virtual screening (3) of our internal chemical collection
(~15,000 compounds). Results generated from in vitro testing of the 165 initial hits (4) were then used to retrain the model (5) and perform a second more
specific screening of our chemical library and commercial chemical libraries (~135,000 compounds). This iterative computational cycle led to hit
compounds (6) ARN22393 and ARN2239%4. (D) Quantification of the inhibitory activity of the indicated compounds (10, 100 pM) in NKCC1-transfected
HEK293 cells (Cl~ influx assay). Data are presented as a percentage of the respective control DMSO. Data represent mean + SEM from 3-4 independent
experiments (Kruskal-Wallis one way ANOVA on Ranks, 10 pM: H = 37.119, DF = 3, p <0.001; 100 pM: H = 33.724, DF = 3, p < 0.001, Dunn’s post hoc test,
*p < 0.05, **p < 0.01, ***p < 0.001).

(E) Chemical structures of NKCC1 inhibitors with novel scaffold. (F) Left, example traces obtained in the CI~ influx assay on NKCC1-transfected HEK293
cells for each compound (100 uM). The arrow indicates the addition of NaCl (74 mM) to initiate the NKCC1-mediated Cl™ influx. Right, quantification of
the NKCC1 inhibitory activity of the indicated compounds (10, 100 pM) in experiments such as those on the right. Data are presented as a percentage of
the respective control DMSO. Data represent mean + SEM from 3-4 independent experiments (10 uM: one way ANOVA, F4 g4y = 33.048, p < 0.001,
Dunnett’s post hoc test, *p < 0.05, ***p < 0.001; 100 uM: Kruskal-Wallis one way ANOVA on Ranks, H = 50.796, DF = 4, p < 0.001, Dunn'’s post hoc test,
***p < 0.001.

(G) Left, example traces obtained in the Ca®* influx assay on 3DIV hippocampal mouse neurons for each tested compound (100 uM). The arrows
indicates the addition of GABA (100 M) and KCI (90 mM). Right, quantification of the effect of the indicated compounds (10, 100 pM) in the Ca®* influx
assay on 3DIV neurons. Data are presented as a percentage of the control DMSO. Data represent mean + SEM from three independent experiments.
10 uM: one-way ANOVA, Fs 161)= 77.184, p < 0.001, Dunnett’s post hoc test **p < 0.01, ***p < 0.001; 100 pM: Kruskal-Wallis One ANOVA on Ranks, H =
134.681, DF = 5, p < 0.001, Dunn’s post hoc test, ***p < 0.001).

(H) Amplitude change average and single cell data points of GABA-evoked currents obtained by voltage-clamp recordings of 12-20 DIV hippocampal
mouse neurons before (gray example recordings in the inset above) and after (black example traces) bath application of the indicated drugs (10 uM).
Data are presented as mean + SEM (Paired t test, *p < 0.05, **p < 0.01). Scale bars: 250 pA, 250 ms. See also Figures STA-S1D; Tables S1 and S2.

modifications that reduced NKCC2 inhibition also led to a significant loss of potency
for NKCC1 inhibition (Figure 1B). Altogether, these data indicated a major difficulty
to develop new and potent bumetanide derivatives with significant selectivity for
NKCC1 over NKCC2. This is in line with the literature on other existing bumetanide
analogs”® and prodrugs.”® We therefore sought for new molecular entities, structur-
ally unrelated to bumetanide, as selective NKCC1 inhibitors.

Because of the importance of the carboxylic group and the contribution to the selec-
tivity of a linear alkyl chain attached to an aromatic core, we applied a ligand-based
computational strategy to build a pharmacophore model based on bumetanide and
other known NKCC1 inhibitors (Figure 1C). We first performed a force field-based
conformational search on bumetanide’s structure. This approach returned the
preferred spatial arrangement of the pharmacophoric features of bumetanide,
such as H-bond donor and acceptor, lipophilic, and aromatic groups (Figure 1C).
We then implemented ligand disposition by superimposing this template pharma-
cophore with other structures of unselective NKCC1 inhibitors (e.g., diuretics furose-
mide, asozemide, piretanide, and chlorothiazide) to identify shared chemicophysical
properties and three-dimensional (3D) localization (Figure 1C). We used this phar-
macophore model as a filter for the virtual screening of our institution’s diverse
and non-redundant internal library of ~20,000 molecules (Figure 1C). In a first round
of experiments, 165 new compounds from the library emerged as initial hits and
were individually tested for their ability to inhibit NKCC1 in the CI™ influx assay
(not shown). Of these compounds, 20% showed NKCC1 inhibition between
5%-10% at 10 pM. The other 80% showed no activity (not shown). Using the struc-
tural data acquired in the first round, we refined the pharmacophore model

2076 Chem 6, 2073-2096, August 6, 2020
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(Figure 1C). We then performed a second and more specific screening of the internal
library and other chemical libraries from commercial vendors for a total of ~135,000
compounds (Figure 1C). In this second round, we selected the best 90 compounds
(structures have been deposited to Mendeley Data: https://doi.org/10.17632/
x9ttg84pzt.2) and tested them in the CI™ influx assay. Two 2-amino-5-nitro-benzene-
sulfonamide derivatives showed significant (although moderate) inhibitory activity
against NKCC1 (ARN22393 29.4 + 2.8% at 100 uM; ARN22394, 17.7 + 3.9% at
10 uM and of 28.6 + 4.3% at 100 puM; Figure 1D). Notably, both compounds had
the sulfonamide moiety and a nitro group (i.e., an isostere of a carboxylic acid),
linked to an aromatic core, although in a different disposition in respect to the other
substituents, as compared with bumetanide.

To improve the potency of the NKCC1 inhibition of the two 2-amino-5-nitro-benze-
nesulfonamide derivatives, we synthesized twelve 2-amino-5-nitro-benzene-sulfon-
amide and thirty-one 4-amino-3-sulfamoyl-benzoic acid new compounds (Scheme
S3; Supplemental Experimental Procedures), which shared the core chemical struc-
ture of the two 2-amino-5-nitro-benzenesulfonamide derivatives. The 2-amino-5-
nitro-benzene-sulfonamides did not exhibit enhanced potency. However, the
4-amino-3-sulfamoyl-benzoic acids showed promising activity against NKCC1 (not
shown). In particular, potent NKCC1 inhibition was displayed by compounds
bearing the carboxylic group in R1, a (methylated) sulfonamide in R3, and an
extended (eight carbon atom) alkyl chain in R4 (i.e., ARN22642 35.4 + 17.3% at
100 pM; ARN22430 70.6 + 9.1% at 100 uM; Figures 1E and 1F). Nevertheless,
ARN22642 and ARN22430 (Figure 1E) showed poor solubility and metabolic
stability (Table S1). To overcome these poor drug-like properties, we manipulated
the most eligible point of metabolism, i.e., the terminal methyl group on the n-octyl
carbon chain. We added a bioisosteric trifluoromethyl group (Schemes S3 and S4;
Supplemental Experimental Procedures), which is often used to improve the drug-
likeness of promising compounds. The resulting trifluoromethylated analog
(ARN23746; Figure 1E) showed not only a substantially improved solubility and
metabolic stability (Table S1), but also an increased potency (NKCC1 inhibition
31.8 + 5.4% at 10 uM, and 95.2 + 7.6% at 100 uM, Figure 1F).

Encouraged by these results, we next investigated the three most promising
compounds (ARN22642, ARN22430, and ARN23746; Figure 1E) for their NKCC1
inhibition in primary hippocampal mouse neurons. First, we used an indirect assay
(the Ca®* influx assay). The Ca®* influx assay takes advantage of the endogenous
high expression of NKCC1 in immature neurons, which causes depolarizing actions
of GABA to activate voltage-gated Ca®* channels.?” In immature neurons, a com-
pound that blocks NKCC1 is, therefore, predicted to inhibit Ca?* responses upon
GABA application. We thus used a fluorescent, Ca®*-sensitive dye (Fluo4) to monitor
intracellular Ca?* variations upon application of GABA (100 uM) in the presence
of ARN22642, ARN22430, ARN2376, bumetanide, furosemide (as positive
controls), or vehicle, in immature neurons (Figure 1G). The tested compounds
significantly reduced the Ca®* influx upon GABA application in comparison to
DMSO-treated controls, without affecting the cell viability (measured as fluores-
cence level upon KCI [90 mM] application and consequent neuronal depolarization)
(Figure 1G, left). Both bumetanide and ARN23746 displayed a level of alleged
NKCC1 inhibition that corresponded to the levels obtained for the Cl™ influx assay.
Conversely, furosemide, ARN22642, and ARN22430 showed higher potency
than in the CI™ influx assay, at 10 and 100 pM (compare Figure 1G, right with Figures
1F, right and S1D, right). As described for furosemide,’® this was possibly due
to direct off-target inhibition of Cl™-permeable GABA, receptors. Indeed,
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voltage-clamp patch-cell recordings in primary hippocampal mouse neurons
showed that, while furosemide, ARN22642, and ARN22430 exhibited variable inhib-
itory activity on GABA, receptors, this was not the case for bumetanide or
ARN23746 (Figure 1H). Based on NKCC1-inhibition potency, metabolic stability,
solubility, and lack of GABA, inhibition, we thus selected ARN23746 as a lead com-
pound for further characterization.

First, to directly measure the effect of ARN23746 on [CI7];, we used primary hippo-
campal cultures obtained from the Ts65Dn mouse model of DS, which is character-
ized by increased [CI 7], due to NKCC1 upregulation.® Chloride imaging with the CI~-
sensitive fluorescent dye MQAE® showed that bumetanide and ARN23746 (10 uM)
both restored aberrant [CI7]; to physiological levels in mature Ts65Dn neurons,®
without significantly affecting the [Cl—]; in wild-type (WT) neurons (Figure 2A).
Next, we used the CI™ influx assay to test ARN23746’s NKCC2 inhibition potency
in HEK cells transfected with NKCC2. Notably, ARN23746 (10 uM) did not show sig-
nificant NKCC2 inhibition (—6.9 + 7.8%, Figure 2B), in contrast to the potent NKCC2
inhibition of bumetanide (82.7 + 20.4%, Figure 2B). Finally, we tested ARN23746's
potency against KCC2 (Figure 2C). To this aim, we used a thallium (Tl) influx assay
based on a Tl-sensitive fluorescent dye®” in HEK293 cells transfected with KCC2
or empty plasmid (as control-mock; Figure S1B, right). Cells maintained in CI™-
free-hypotonic solution were monitored upon sequential application of TISO,4
(2 mM) followed by NaCl (74 mM). Upon activation of KCC2 by CI™ ions, Tl also
enters the cells where it binds a Tl-sensitive dye, thus determining a fluorescence
increase (Figure 2C, left). We validated the assay by assessing KCC2 functionality
(Figure S1G) by application of the known KCC2 inhibitor R-(+)-[(2-n-Butyl-6,7-di-
chloro-2-cyclopentyl-2,3-dihydro-1-oxo-1H-inden-5-yl)oxylacetic ~ acid  (DIOA).
DIOA (10 pM) showed significant KCC2 inhibition (37.6 + 6.7%, Figure 2C). Notably,
ARN23746 (10 uM) did not show KCC2 inhibition (4.6 + 6.9%, Figure 2C).

Efficacy of the Lead Compound ARN23746

Since ARN23746 displayed an optimal absorption-distribution-metabolism-excre-
tion (ADME) profile in vitro (Table S2), no significant off-target activity as agonist
or antagonist for a panel of 47 classical pharmacological targets (Table S3), and
an improved in vivo pharmacokinetic profile in comparison to bumetanide (Figures
2D and 2E), we proceeded to in vivo evaluations of our lead. First, we evaluated the
diuretic effect of ARN23746 and bumetanide (as positive control) in adult (postnatal
day P60-120) Ts65Dn mice and their WT littermates. We measured the urine volume
for 2 h following treatment (0.2 mg kg™ IP®; Figure 3A). As expected, bumetanide
administration significantly increased the urine volume in WT and Ts65Dn mice rela-
tive to vehicle-treated mice. Conversely, ARN23746 treatment had no significant
diuretic effect in WT or Ts65Dn mice (Figure 3B). This is in agreement with the
lack of significant NKCC2 inhibition in vitro. Next, we investigated ARN23746's effi-
cacy in rescuing cognitive impairment in Ts65Dn mice, as previously tested with bu-
metanide.® We evaluated the short-term working memory and the long-term hippo-
campus-dependent explicit memory after chronic (7-28 days) systemic treatment
with ARN23746 (0.2 mg kg™' IP, daily; Figure 3C). ARN23746 administration
completely rescued the poor short-term working memory of Ts65Dn mice,*® which
we assessed in the T-maze task by analyzing the correct choice of the previously un-
explored arm (Figure 3D). Moreover, in the object-location (OL) test, ARN23746
treatment completely rescued the poor spatial memory of Ts65Dn mice to the level
of WT littermates (Figure 3E). Similarly, ARN23746 administration completely
rescued the poor novel-discrimination ability of Ts65Dn mice in the novel-object
recognition (NOR) test (Figure 3F). ARN23746's effect in the OL and NOR tests

2078 Chem 6, 2073-2096, August 6, 2020

Chem



A Mature Neurons

140 *k Hkk

wWT
(% of WT DMSO)
3

MQAE Fluorescence

Ts65Dn

DMSO  Bume 23746 DMSO Bume 23746

High ClI- MQAE Low CI- wT Ts65Dn
HEK293 cells
B NKCC2 transfection c KCC2 transfection
Time (s) 120 12 _ 120 1
NaC
0 40 80 DMSO
T 5 )
2 b
S 80 = 80
Bume O a ok
- -
& 5 <]
[T N o
T 0.2 < P e
< .© 40 o 40
23746 e 3
w M
g [T
<
DMSO
0.4 ol 8!
DMSO Bume 23746 0 DMsSO Bume 23746
D E
5 min
150 ¢ 005 .
G
2
o o 0044
- ©
§ 100 o
2 © 003 |
g vee@---Bume g
—— ARN23746 =
3 T 002 |
=
o 50 1 S
O °
< @ 001
s
o
Y G [
0 30 60 90 120 Bume 23746

Time (min)

Figure 2. ARN23746 Restores [CI"]; in DS Neurons, Does Not Inhibit NKCC2 in HEK Cells and
Shows Improved Brain Penetration In Vivo in Comparison to Bumetanide

(A) Left, representative pseudo-color images (colored scale below) of the [Cl7]; measured with the
MQAE Cl™-sensitive dye, in WT and Ts65Dn hippocampal neurons at 15 DIV, after treatment with
control DMSO (0.1%) and the indicated compounds (10 pM). Scale bar: 70 um. Right, quantification
of the indicated compounds (10 uM) in modulating [CI7]; in experiments such as those on the left.
Data represent mean + SEM from three independent experiments (two-way ANOVA, Fi,ieraction
(2,30)= 3.815, p = 0.033, Tukey's post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001).

(B) Left, example traces obtained in the CI™ influx assay on NKCC2-transfected HEK293 cells for
each compound (10 uM). The arrow indicates the addition of NaCl (74 mM) to initiate the NKCC2-
mediated CI™ influx. Right, quantification of the NKCC2 inhibitory activity in experiments such as
those on the right. Data are presented as a percentage of the respective control DMSO. Data
represent mean + SEM from four independent experiments (Kruskal-Wallis one way ANOVA on
Ranks, H = 16,962, DF = 2, p < 0.001, Dunn’s post hoc test, ***p < 0.001).

(C) Left, example traces obtained in the Tl influx assay on KCC2-transfected HEK293 cells for each
compound (10 uM). The arrows indicate the additions of TISO4 and NaCl. Right, quantification of
the KCC2 inhibitory activity in experiments such as those on the left. Data are presented as a
percentage of the respective control DMSO. Data represent mean + SEM from 4 independent
experiments (one way ANOVA, F (5 51) = 10.676, p < 0.001, Dunnett’s post hoc test ***p < 0.001).
(D) Quantification of the level of bumetanide and ARN23746 in the brain at diverse time points (5,
15, 30, 60, 120 min) after injection in C57BL/6N mice (BioLASCO Taiwan). (Two-way ANOVA,
Fireatrent (1,500 = 6.510, p = 0.014, Tukey’s post hoc test, *p < 0.05.).

(E) Quantification of the ratio between brain and plasma concentration of bumetanide and
ARN2346 5 min after the injection (two-tailed t test, t = 7.915, p < 0.001). See also Figures STE-S1G.
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Figure 3. ARN23746 Rescues Cognitive Impairment in the Ts65Dn Mouse Model of Down
Syndrome with no Diuretic Effect

(A) Schematic cartoon of the experimental protocol for the treatment of adult WT and Ts65Dn mice
to assess the diuretic effect.

(B) Quantification of the mean + SEM and single animal cases of the urine volume collected for
120 min after mice were treated with the indicated drugs (two-way ANOVA, Fireatment (2,69) = 10.516,
p < 0.001,Tukey's post hoc test, *p < 0.05, **p < 0.01).

(C) Schematic cartoon of the experimental protocol for the treatment of adult WT and Tsé5Dn mice
with ARN23746 for in vivo efficacy assessment of improved cognitive impairment in DS mice.

(D) Top, schematic representation of the T-maze test. Bottom, quantification of the mean + SEM
and single animal cases of correct choices in mice treated with the indicated drugs (two-way
ANOVA, Finteraction (1,46) = 5.475, p = 0.024, Tukey's post hoc test, **p < 0.01, ***p < 0.001).

(E) Top, schematic representation of the OL test. Bottom, quantification of the mean + SEM and
single animal cases of discrimination index in mice treated with the indicated drugs (two-way
ANOVA, Finteraction (1,45) = 15.523, p < 0.001, Tukey's post hoc test; ***p < 0.001).
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Figure 3. Continued

(F) Top, schematic representation of the NOR task. Bottom, quantification of the mean + SEM and
single animal cases of the discrimination index in mice treated with the indicated drugs (two-way
ANOVA, Fireatment (1,46)= 7.154, p = 0.010, Tukey’s post hoc test, * p < 0.05, two-way).

(G) Top, schematic representation of the CFC test. Bottom, quantification of the mean + SEM and
single animal cases of the freezing response in mice treated with the indicated drugs (two-way
ANOVA on Ranks, Fireatment (1,45= 4.425, p = 0.041, Tukey's post hoctest, * p < 0.05, **p < 0.01). See
also Figure S2; Table S4.

was not due to object preference (Table S4) or to alterations in total object explora-
tion (Table S4). Finally, ARN23746 treatment fully restored associative memory in
Ts65Dn mice in the contextual fear-conditioning (CFC) test, as demonstrated by
the rescue of the poor freezing response induced after re-exposure to the training
context 24 h after conditioning (Figure 3G). The rescue of the freezing response
was not induced by altered sensitivity to shock or by changes in non-associative
freezing (Table S4). Notably, 4 weeks of daily treatment with ARN23746 did not
affect the general health of the mice, as evaluated by daily eye assessment, body
weight measures (Figure S2A), and locomotor activity measures (Table S4). More-
over, there was no change in the weight of internal organs (kidneys, liver, spleen,
lungs, and brain; Figure S2B) or in the histopathological profile of liver, kidney,
and spleen (Figure S2C). This indicates that the compound was well-tolerated during
chronic administration.

Finally, to further corroborate ARN23746 as a therapeutic for neurological disorders
with impaired CI~ homeostasis and depolarizing GABA transmission, ' we assessed
its efficacy compared with bumetanide in reducing behaviors related to ASD core
symptoms in the valproic acid (VPA) mouse model of ASD.” To the best of our knowl-
edge, the literature contains no preclinical data on the efficacy of bumetanide treat-
ment in postnatal mouse models of ASD, although bumetanide has showed positive
outcomes in seven different clinical trials on children and young adults.”"> As with
the DS mice, we first evaluated the diuretic effect of ARN23746 and bumetanide
(as positive control) in young adult (P40-60) VPA mice and controls (CTR) by
measuring the urine volume for 2 h following treatment (0.2 mg kg ™" IP%; Figure 4A).
Similarly to DS mice, bumetanide significantly increased the urine volume in control
and VPA mice relative to vehicle-treated mice, whereas ARN23746 treatment had no
significant diuretic effect in control or VPA mice (Figure 4B).

Then, we evaluated the social interactions upon exposure to a stranger mouse and
the repetitive behaviors (grooming and marble burying) after a chronic (7-21 day)
systemic treatment with ARN23746 or bumetanide (0.2 mg kg~ IP, daily; Figure 4C;
Figure S3A) in young adult (P40 to P60) VPA mice. ARN23746 completely rescued
the poor social interaction of VPA mice. This occurred for interaction with a never-
met intruder versus an object (expressed as sociability index) and for a novel mouse
versus an already-met mouse (expressed as social novelty index) in the three-cham-
ber test (Figure 4D). Bumetanide also fully rescued the poor social behavior of VPA
mice (Figure S3B). Moreover, ARN23746 rescued poor sociability during male-fe-
male interaction (Figure 4E), as did bumetanide (Figure S3C). Finally, ARN23746
reduced the repetitive behaviors in the marble burying test (Figure 4F) and in the
grooming task (Figure 4G), while bumetanide significantly reduced repetitive behav-
iors in the marble burying test (Figure S3D) but showed only a non-significant trend
toward WT levels in the grooming task (Figure S3E).

Finally, to increase our study’s translational value, we conducted a parallel investiga-
tion of the expression levels of NKCC1 and KCC2 in the cortex of adult VPA versus
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Figure 4. ARN23746 Rescues Social Deficits and Repetitive Behaviors in the Valproic Acid Mouse Model of Autism, with No Diuretic Effect

(A) Schematic cartoon of the experimental protocol for the treatment of control (CTR) and VPA mice with bumetanide or ARN23746 to the assess the
diuretic effect.

(B) Quantification of mean + SEM and single animal cases of the urine volume collection for 120 min after mice were treated with the indicated drugs
(two-way ANOVA on Ranks, Fieatment 2,63y = 11.635, p < 0.001, Tukey's post hoc test, *p < 0.05, **p < 0.01)

(C) Schematic cartoon of the experimental protocol for the treatment of young adult WT and VPA mice with ARN23746 for in vivo efficacy assessment of
improved sociability and repetitive behaviors in ASD mice.

(D) Top, schematic representation of the three-chamber test. Bottom left, quantification of the mean + SEM and single animal cases of sociability index
in mice treated with the indicated drugs (two-way ANOVA, Feondition (1,42) = 9.575, p = 0.003, Tukey's post hoc test, **p < 0.01; ***p < 0.001). Bottom
right, quantification of the mean + SEM and single animal cases of social novelty index in mice treated with the indicated drugs (two-way ANOVA,
Feondition (1,42)= 8.195, p = 0.007, Tukey's post hoc test, *p < 0.05, **p < 0.01).

(E) Top, schematic representation of the male-female interaction test. Bottom quantification of the mean + SEM and single animal cases of the
interaction time in mice treated with the indicated drugs (two-way ANOVA, Fircatment (1,42) = 6.351, p = 0.016, Tukey's post hoc test, **p < 0.01).

(F) Top, schematic representation of the marble burying test. Bottom, quantification of the mean + SEM and single animal cases of the number of
marbles buried by mice treated with the indicated drugs (two-way ANOVA, Fgndition (1,56) = 6.727, p = 0.012, Tukey’s post hoctest, *p < 0.05, **p < 0.01).
(G) Top, schematic representation of the grooming test. Bottom quantification of the mean + SEM and single animal cases of the grooming time for
mice treated with the indicated drugs (two-way ANOVA on Ranks, Finteraction (1,59)= 5.019, p = 0.029, Tukey's post hoc test, *p < 0.05, **p < 0.01).

(H) Top, representative immunoblots for NKCC1 and KCC2 on extracts of membrane-enriched protein fractions from prefrontal cortices of individuals
diagnosed with ASD and controls. Bottom left, quantification of KCC2 in samples from individuals with ASD in comparison to age- and sex-matched
controls (two-tailed t test, t = 2.128, p = 0.0492). Bottom right, quantification of the NKCC1/KCC2 expression ratio in samples from individuals with ASD
in comparison to age- and sex-matched controls (Mann-Whitney rank sum test, p = <0,001). See also Figures S3 and S4 and Tables S4-S6.

control mice and adult ASD individuals versus age/sex-matched controls (Table S5).
In particular, for human samples, we focused on the prefrontal cortex (PFC), a brain
region possibly involved in social and repetitive behaviors.?' Compared to controls,
VPA mice had significantly lower expression of KCC2 protein in the membrane-en-
riched fraction (Figure S3F). This agrees with studies on hippocampi from VPA
rats.” Moreover, we found no significant differences in NKCC1 expression between
VPA and control mice (WT: 100 + 21.87; VPA: 104.8 + 27.44). The NKCC1/KCC2
expression ratio was thus significantly increased in VPA versus control mice (Fig-
ure S3F). In agreement with these mice data, KCC2 expression in the membrane-en-
riched fraction of the PFC was significantly lower in samples from ASD individuals
than from controls (Figure 4H). There were no significant differences in NKCC1
expression between ASD or control samples (control: 100 + 28.97; ASD: 109.6 +
43.39). Again, the NKCC1/KCC2 expression ratio was thus significantly increased
in ASD PFC samples versus controls (Figure 4H).

DISCUSSION

We discovered and developed a first selective NKCC1 inhibitor prompted by recent
reports of the neurological activity of the diuretic bumetanide.” Bumetanide inhibits
NKCC1 and reduces core symptoms in several brain disorders characterized by
aberrant CI~ homeostasis in animal models and in humans.? Nevertheless, bumeta-
nide also inhibits kidney NKCC2, exerting a strong diuretic effect that endangers
drug compliance and may lead to hypokalemia and general ionic imbalance.'?"?
In particular, the chronic administration of bumetanide in autistic subjects during a
phase Il clinical trial (3 months treatment)'? led to a high percentage of subjects pre-
senting several treatment emergent adverse events (TEAEs; e.g., hypokalemia in
30% of the subjects at 0.5 mg bis in die (b.i.d.) bumetanide dosage and in 76% of
the subjects at 2 mg b.i.d. bumetanide dosage). This caused a high percentage of
drop out from the study (33% at the 2 mg b.i.d. dosage). These drawbacks prevent
bumetanide from becoming a viable clinical option compatible with chronic treat-
ment over possibly several years.®'? Moreover, in the younger population, bumeta-
nide can be dangerous because it can lead to dehydration and asthenia, loss of
appetite,'” enuresis,'? encephalopathy in children (due to the general ionic imbal-
ance),*” and potential ototoxicity in neonates (due to the inhibition of both

NKCC1 and NKCC2).2*7%° To overcome bumetanide’s limitations as a neurological
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drug, we report here on the discovery of a new molecular entity, ARN23746, with an
NKCC1/NKCC2 inhibition ratio that is markedly higher than that of bumetanide.
ARN23746 shows no significant NKCC2 inhibition in vitro and diuresis in vivo. It is,
therefore, predicted to avoid the general ionic imbalance and to reduce, at least
in part,®® the dangerous side effects and ototoxicity, possibly decreasing the dan-
gers of early treatment. Given that most brain defects occurring in DS, ASD, and
other neurodevelopmental disorders originate during development, an early thera-
peutic strategy could be indeed even more beneficial than in adults. Although we
found here that cognitive impairment in DS, social and repetitive behavior in ASD
can be rescued by NKCC1 inhibition in adult animals, chronic treatments are
required.® Earlier treatments with ARN23746 during development may result in
ameliorated brain wiring and possibly in the requirement of no (or lower dosage)
treatment in adulthood. Moreover, other disease symptoms, such as increased sus-
ceptibility to seizures and hyperactivity in DS, are not rescued by NKCC1 inhibition in
adult animals.® Earlier NKCC1 inhibition by ARN23746 during development may
thus ameliorate brain wiring and possibly rescue these other symptoms too. Howev-
er, since depolarizing/excitatory GABA-mediated responses are essential during
early physiological brain development,’- it will be imperative to accurately deter-
mine when blockage of NKCC1 becomes detrimental and ensure that normal devel-
opmentis not hindered by premature exposure to ARN23476. In this overall context,
ARN23746 may thus become a sustainable therapeutic for chronic treatment in
adults and possibly also in the younger population.

Another drawback of bumetanide is its suboptimal blood-brain barrier (BBB) pene-
tration. To enhance BBB penetration, some studies have evaluated lipophilic ana-
logs of bumetanide.***” However, these studies have no insights about the analogs’
diuretic effect relative to bumetanide or about the establishment of a potential as-
sociation between their activity and factual targeting of NKCC1.?® This has sug-
gested the possibility that bumetanide may influence brain-related behaviors not
by NKCC1 inhibition but by being a diuretic (i.e., through its well-known osmotic
regulation and/or by altering ionic balance).*® Here, our study shows that core symp-
toms in DS and ASD mice are rescued by selective pharmacological NKCC1 inhibi-
tion with a compound with a better brain/plasma ratio than bumetanide. This further
strengthens the idea that NKCC1 plays a major role in brain-related behaviors.
Moreover, our pharmacological study rules out the possibility that bumetanide’s
brain-related effects are due to osmotic regulation and/or ionic imbalance through
excessive NKCC2-mediated diuresis.

In addition to DS and ASD, bumetanide rescues core symptoms in mouse models of
several other brain disorders. Most importantly, bumetanide has shown positive out-
comes in patients during clinical trials and case studies of neurodevelopmental
(autism, fragile X, Asperger syndrome, schizophrenia), neurodegenerative (Parkin-
son disease), and neurological disorders (epilepsy).” In particular, in seven indepen-
dent clinical studies, including a phase Il clinical trial, bumetanide reduced some of
the diagnostic signs of ASD in children and young adults.”~" Nevertheless, NKCC1
and KCC2 expression had not been investigated in ASD human brain samples. Here,
we found a lower KCC2 expression in prefrontal cortices of adult human donors
diagnosed with non-genetic forms of ASD. Moreover, bumetanide treatment in ro-
dent models of ASD (i.e., rats exposed in utero to VPA and a mouse model of fragile
X) had only been investigated at the end of gestation, which is not indicative of the
current clinical protocols in patients.” Our data show that ARN23746 and bumeta-
nide both rescued the social deficits and repetitive behaviors in young adult animals
of a mouse model of ASD. These findings offer preclinical evidence in support of the
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protocol performed in the several clinical trials with ADS individuals treated with bu-
metanide.” "> We chose the VPA mouse model of ASD with the purpose of trying to
mimic, at least in part, the non-genetic condition of ASD human samples that we had
analyzed with biochemical approaches. In agreement with our findings in humans,
our biochemistry data in VPA mice showed dysregulation of KCC2 not NKCC1.
This indicates that, no matter which of the two transporters is dysregulated, it is
the NKCC1/KCC2 ratio imbalance that must be targeted to restore the physiological
CI™ homeostasis. This highlights the potential of ARN23746 not only to treat pathol-
ogies or disorders characterized by increased NKCC1 expression (e.g., DS,° stroke,
cerebral edema,’? glioma“®®) but also all the neurological disorders characterized by
KCC2 downregulation (e.g., autism,” Rett syndrome,*'** Huntington’s disease””).
In this respect, a combination therapy of ARN23746 with the newly discovered
KCC2 activator CLP257%*” (but see *®) or KCC2 expression-enhancing com-
pounds®? could synergize their beneficial effects in improving the core symptoms
of pathologies or disorders characterized by impaired CI~ homeostasis.

Conclusions

This is a time where neuroscience drug discovery is often dismissed in the pharma
industry. This is due to repeated failures in developing small molecules that typically
act on targets validated in animal models only, since target validation in humans is
extremely challenging. In this context, drug repurposing is often proposed as an
alternative strategy. However, this strategy often results in suboptimal care of the
patient, since the repurposed drug still exerts the effects associated with its initial
clinical indication. Here, we propose a new rational strategy for neuroscience drug
discovery that leverages drug repurposing as a tool to safely validate drug targets
shared between patients and animal models, and links it to the computer-aided
drug design of new molecules based on the structure and mechanism of action of
the repurposed drug. In doing so, we have discovered and developed a new com-
pound ARN23746. ARN23746 is a selective NKCC1 inhibitor devoid of diuretic ef-
fects in vivo, displays no issues with off-target activity, has excellent solubility and
metabolic stability in vitro, and does not induce toxicity following chronic treatment
in vivo. This makes it a solid compound candidate ready for advanced preclinical and
manufacturing studies toward development into a clinically relevant drug for un-
precedented sustainable therapeutics in DS, ASD, and possibly the several other
neurological conditions characterized by impaired ClI~ homeostasis.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the Lead Contact, Laura Cancedda (laura.cancedda@iit.it).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
The original data generated during this study have been deposited to Mendeley
Data (https://doi.org/10.17632/x9ttg84pzt.2).

Pharmacophore Generation and Ligand-Based Virtual Screening (LBVS)

The first pharmacophore model in this study was built starting from bumetanide and
other NKCC1 inhibitors (i.e., furosemide, azosemide, piretanide, bendroflumethia-
zide, benzthiazide, chlorothiazide, metolazone, quinethazone). The nine NKCC1
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inhibitors were designed with Maestro (Schrédinger suite version 2015-4) and pre-
pared with LigPrep to retrieve the most probable protonation and tautomerization
states at physiological pH. Since the active conformation of NKCC1 inhibitors is un-
known, we decided to use the most energetically favored conformation (i.e., the en-
ergetic minimum) computed via MacroModel. This conformation was used for the
subsequent pharmacophore modeling. For each of the nine compounds, phase soft-
ware was used to obtain the pharmacophore features, such as H-bond donor and
acceptor, lipophilic, and aromatic groups. The first pharmacophore model was ob-
tained by removing from bumetanide’s pharmacophore those features that were
shared by the other eight compounds. The ‘generate phase database’ utility in
Phase was used to prepare the internal and commercial molecular libraries for the
LBVS. Subsequently, the libraries were filtered to retain only the molecules that
obey Lipinsky’s rule and that do not bear reactive functional groups. The LBVS
was conducted using Phase’s ‘find matches to hypothesis’ utility. In the first run
(i.e., screening of the internal database), we used default parameters. In the second
run (i.e., screening of the commercial library), we customized our settings by
applying a strict tolerance value (i.e., < 1 A) for the features that strongly impacted
activity toward NKCC1 (e.g., sulfonamide moiety) and by increasing the tolerance
values (i.e., >1 A) for the remaining features. After visually inspecting the resulting
matches, we selected the structures with the best scores for the in vitro tests.

Compound Synthesis
The detailed synthetic procedures of all compounds are available in Supplemental
Information.

Compound Preparation for In Vitro Testing

All the compounds tested in vitro were dissolved in the assay buffer to a final concen-
tration of 10 or 100 pM from a DMSO stock solution of 10 mM. As control, we used
assay buffer supplemented with 0.1% DMSO or 1% DMSO.

HEK Cell Culture and Transfection

HEK293 cells were cultured in Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 10% fetal bovine serum, 1% L-glutamine, 100 U/mL penicillin, and
100 png/mL streptomycin, and maintained at 37°C in a 5% CO, humidified atmo-
sphere. To assess NKCC1 and NKCC2 activity (CI™ influx assay), 3 million HEK cells
were plated in a 10 cm cell-culture dish and transfected with a transfection mixture
comprising 5 mL of DMEM, 4 mL Opti-MEM, 8 png of DNA plasmid coding for NKCC1
(PRK-NKCC1 obtained from Medical Research Council and the University of Dun-
dee), NKCC2 (OriGene plasmid #RC216145) subcloned in PRKS5 plasmid, or mock
control (empty vector), together with 8 pug of a plasmid coding for the Cl™-sensitive
variant of the mbYFPQS (Addgene plasmid #80742),>* and 32 pL of Lipofectamin
2000. To assess KCC2 activity (Tl influx assay), cells were transfected with 16 pg of
KCC2°° subcloned in PRK5 plasmid or mock control (empty vector) and 32 uL of Lip-
ofectamin 2000. After 4 h, the cells were collected and plated in 96-well black-
walled, clear-bottomed plates at a density of 2.5 x 10%. After 48 h, cells were
used for the CI™ or Tl influx assays. All reagents were purchased from Life Technol-
ogies, unless otherwise specified.

CI™ Influx Assay in HEK Cells

Transfected cells were treated with 10 or 100 pM bumetanide and furosemide (as
positive controls), DMSO (see negative control), or with each of our compounds in
100 pL/well of a Cl™-free-hypotonic solution (67.5 mM Na* Gluconate, 2.5mM K*
Gluconate, 15mM HEPES pH 7.4, 50 mM Glucose, TmM Na;HPO,4, 1 mM NaH,POy,,
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1 mM MgSOy, 1 mM CaSOy,). After 30 min of incubation, plates were loaded into a
Victor 3V (Perkin Elmer) multi-plate reader equipped with an automatic liquid
injector system, and fluorescence of Cl™-sensitive mbYFPQS was recorded with exci-
tation at 485 nm and emission at 535 nm. For each well, fluorescence was first re-
corded for 20 s of baseline and for 60 s after delivery of a NaCl concentrated solution
(74 mM final concentration in assay well). Florescence of Cl™-sensitive mbYFPQS is
inversely correlated to the intracellular CI~ concentration,?* therefore, chloride
influx into the cells determined a decrease of mbYFPQS fluorescence. To represent
the fluorescent traces in time, we normalized the fluorescence value for each time
point to the average of the fluorescence value of the first 20 s of baseline (AF/FOQ).
To quantify the average effects as represented by the bar plots, we expressed the
decrease in fluorescence upon NaCl application as the average of the last 10 s of
AF/F0O normalized traces. Moreover, for each experiment, to account for the contri-
bution of CI™ changes that were dependent on transporters/exchangers other than
NKCC1 or NKCC2, we subtracted the value of the last 10 s of AF/FO normalized
traces obtained from mock-transfected cells (either control or treated) from the
respective AF/FO value obtained from the cells transfected with NKCC1 or
NKCC2. We then presented in the figures all the data as a percentage of the fluores-
cence decrease versus the value of the control DMSO.

Tl Influx Assay in HEK Cells

The Tl influx assay (FluxOR Potassium ion channel assay, Life Technologies) was
modified from previously published protocols.”’ In this assay, the amount of TI*
ions (as a substitute for K*) entering the cells by KCC2 transport is detected with a
Tl-sensitive fluorogenic dye that increases fluorescence upon TI* binding. Cell
were loaded with a 1:1,000 dilution of Tl-sensitive fluorogenic dye (Component A)
and 1:100 Probenecid (Component D) in 100 pL/well CI~ free-hypotonic solution
(as above). After 1 h, cells were washed twice with 100 pL/well of hypotonic solution
and treated with DIOA (Sigma, positive control), DMSO (as negative control), and
ARN23746 diluted in 200 ul/well hypotonic solution and in the presence of
100 uM Ouabain to inhibit transport by the Na*/K™-ATPase pump. The plates
were loaded onto a Spark (Tecan) multi-plate reader equipped with a double auto-
matic liquid injector system. Fluorescence of Cl™-sensitive dye was recorded with
excitation at 485 nm and emission at 535 nm. For each well, fluorescence was first
recorded for 20 s of baseline, for another 20 s after TISO4 delivery (2 mM final con-
centration in assay well), and for 60 s after delivery of a NaCl concentrated solution
(74 mM final concentration in assay well). To represent the fluorescent traces in time,
we normalized the fluorescence value for each time point to the average of the fluo-
rescence value of the first 20 s of baseline (AF/F0). To quantify the average effects as
represented by the bar plots, we expressed the increase in fluorescence upon NaCl
application as the average of the last 10 s of AF/FO normalized traces after subtract-
ing the average of the last 10 s of AF/FO normalized traces after TsSOy injection.
Moreover, for each experiment, to account for the contribution of TI* influx that
was dependent on transporters/exchangers other than KCC2, we subtracted the
value of the last 10 s of AF/FO normalized traces obtained from mock-transfected
cells (either control or treated) from the respective AF/FO value obtained from the
cells transfected with KCC2. We then presented in the figures all the data as a per-
centage of the fluorescence increase versus the value of the control DMSO.

Neuron Cultures

To perform the Ca®*

influx assay, primary neuronal cultures of dissociated hippo-
campal neurons were prepared from E18 C57BL/6J mice (Charles River), as previ-

ously described,”’ and plated in 96-well black-walled, clear-bottomed plates coated
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with poly-L-lysine (Sigma; 0.1 mg/mLin 100 mM borate buffer, pH 8.5) at a density of
30,000 cells per well. Neurons were maintained in Neurobasal medium supple-
mented with 2% B-27 supplement, 0.5 mM glutamine, 50 U/mL of penicillin, and
50 pg/mL of streptomycin (all from Gibco). The cells were incubated at 37°C and
5% CO; until DIV 3 for the Ca?" influx assay. To perform the MQAE experiment
and electrophysiology, primary neuronal cultures of dissociated hippocampal neu-
rons were prepared from WT and Ts65Dn pups at postnatal day 2 (P2). Cells were
plated on glass coverslips coated with poly-L-lysine at a density of 250-500 cells/
mm?. Neurons were maintained in a culture medium consisting of Neurobasal-A
supplemented with 2% B-27, 1% GlutaMax, and 5 pg/mL gentamycin (all from
Gibco) at 37 °C in humidified atmosphere (95% air, 5% CO,) until DIV 15 for the
MQAE experiment and electrophysiology.

Ca?"* Influx Assay in Neuronal Cultures

At 3 DIVs, neurons were loaded with 2.5 uM of the calcium-sensitive day Fluo4-AM
(Invitrogen) in extracellular solution (145 mM NaCl, 5 mM KCI, 10 mM HEPES,
5.55 mM Glucose, 1 mM MgCl2, 2 mM CaCl2, pH 7.4). After 15 min, cells were
washed twice with extracellular solutions and treated with bumetanide or furose-
mide (as a positive control), DMSO (as negative control), or each of our compounds
at 10 or 100 uM, in extracellular solution for 15 min. Plates were then loaded into a
Victor 3V (Perkin Elmer) multi-plate reader equipped with an automatic liquid
injector system and Fluo4 fluorescence was recorded with excitation at 485 nm
and emission at 535 nm. For each well, fluorescence was first recorded for 20 s of
baseline and for 20 s after delivery of GABA (100 uM). To evaluate neuronal viability,
fluorescence was recorded for an additional 20 s after delivery of a depolarizing KCI
stimulus (90 mM final concentration in wells). To represent the fluorescent traces in
time, we normalized the fluorescence value for each time point to the average of the
fluorescence value for the first 20 s of baseline (AF/F0). To quantify the average ef-
fects as represented by the bar plots, we measured the maximum peak increase in
AF/FQ fluorescence upon GABA application normalized over the maximum peak in-
crease in AF/FO fluorescence upon KCl application. We then presented in the figures
all the data as a percentage of the fluorescence increase versus the value of the con-
trol DMSO.

Electrophysiological Recordings in Neuronal Cultures

Hippocampal mouse neurons were recorded at DIV12-20 at room temperature
(22°C-24°C) in an extracellular solution containing in mM: 145 NaCl, 5 KCI, 10
HEPES, 5.55 Glucose, 1 MgCl2, 2 CaCl,. Cells were visualized with an upright micro-
scope (Olympus BX51WI) with infrared differential interference contrast optics.
Patch pipettes (3-5 MQ) were filled with an intracellular solution containing in mM:
130 K-Gluconate, 7 KCI, 10 HEPES, 4 MgATP, 0.6 EGTA, 0.3 NaGTP, 10 phospho-
creatine; GABA currents were evoked by keeping the cell’s membrane potential at
—65 mV and puffing 20 pM GABA (10 psi, 20-50 ms) using a Picospritzer Ill (Parker
Instrumentation). Access resistance was monitored during voltage-clamp record-
ings, and cells with more than 25 MQ were excluded. GABA-evoked currents were
obtained by averaging five sweeps for each experimental condition; we discarded
neurons with variations in GABA-current peaks greater than 20% compared with
the first sweep recorded. Signals were sampled at 20 kHz, and low pass filtered at
10 kHz with an Axon Multiclamp 700B (Molecular Devices).

MQAE CI~ Imaging in Neuronal Cultures

Cl~ imaging was performed with the fluorescent Cl -sensitive indicator MQAE
(N-(Ethoxycarbonylmethyl)-6-Methoxyquinolinium-Bromide;  Molecular ~ Probes)
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similarly to what was previously described.® Neurons at 15 DIV were loaded with
5mM MQAE in the presence of bumetanide (as positive control), DMSO (as negative
control), or ARN23746 at 10 uM for 30 min at 37°C. Coverslips were then transferred
to a holding chamber and perfused (2 mL*min~") with extracellular solution (NaCl
145 mM, KCI 5 mM, CaCl; 2 mM, MgCl, 1 mM, Hepes 10 mM, D-glucose 5.5 mM,
pH 7.4) in the presence of the tested compound at 25°C for 5 min before imaging.
Images were acquired with a Nikon A1 scanning confocal microscope equipped with
a 20X air-objective (NA 0.75). MQAE was excited with a 405 nm diode laser, and fluo-
rescence collected with a 525/50 nm band-pass emission filter. All excitation and
acquisition parameters (laser intensity, PMT offset and gain) were kept constant
throughout the experiments. Image analysis was performed with NIS-Elements soft-
ware (Nikon) by measuring the mean fluorescent intensity of regions of interest
(ROIs) centered on the cell body of single neurons from six randomly selected fields
for each coverslip. For each experiment, the average fluorescent intensity of all ROls
from a coverslip was normalized to the average fluorescent intensity of control sam-
ples (WT neurons treated with DMSO) in the same experiment. Pseudo-colorimages
were generated by ImageJ software (http://rsbweb.nih.gov/ij/).

Animals

All animal procedures were approved by IIT licensing in compliance with the Italian
Ministry of Health (D.Lgs 26/2014) and EU guidelines (Directive 2010/63/EU). A
veterinarian was employed to maintain the health and comfort of the animals.
Mice were housed in filtered cages in a temperature-controlled room with a
12:12 h dark/light cycle and with ad libitum access to water and food. All efforts
were made to minimize animal suffering and use the lowest possible number of an-
imals required to produce statistical relevant results, according to the "“3Rs
concept.” In this study, we used Ts65Dn mice maintained in their original genetic
background®? by crossing (more than 40 times) Ts65Dn female to C57BL/6JEi x
C3SnHeSnJ (B6EIC3) F1 males (Jackson Laboratories). Ts65Dn mice were geno-
typed by PCR as previously described.”® We obtained the VPA mouse model of
ASD by treating pregnant C57BL/6J (Charles River) dams at 12.5 days of pregnancy
with 600 mg/kg (i.p.) of VPA dissolved in PBS. VPA-treated dams give birth to
offspring that exhibit behaviors related to core signs of autism.” As control, we
used the offspring of C57BL/6J dams treated at E12.5 with PBS. Offspring aged be-
tween 4 and 16 weeks were used for experiments. For Ts65Dn and VPA mice and
their respective controls, both males (for Ts65Dn and controls n = 48; for VPA and
controls n = 41) and females (for Ts65Dn and controls n = 27; for VPA and controls
n = 28) were used for the analysis of diuresis; only males were used for behavioral
experiments. Both Ts65Dn and VPA mice with their respective controls, were
randomly assigned to vehicle groups (2% DMSO in saline), bumetanide (Sigma,
0.2 mg*Kg~" body weight), or ARN23746 (0.2 mg*Kg~" body weight), and treated
daily for 21-28 days by intraperitoneal injection (i.p.). On the day of behavioral
testing, injection was performed 1 h before the task began.

Compound Preparation for In Vivo Experiments

For the in vivo experiments, bumetanide and ARN23746 were dissolved in DMSO in
a stock solution of 1 mg/mL. On the day of the injection, the stock solution was dis-
solved in PBS at a concentration of 0.02 mg*mL™", and injected in a volume of
10 pL*g™" to have a final concentration of 0.2 mg*kg™".

Pharmacokinetic Analysis
An external contractor performed the study. Additional information on the study
conditions can be obtained from the contractor's website (https://www.
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pharmacologydiscoveryservices.com/). ARN23746 and bumetanide were adminis-
tered i.v. at 2 mg/kg in phosphate-buffered saline (PBS), pH 7.4, with 2% DMSO
to adult C57BL/6N mice (BioLASCO Taiwan). Blood collection was performed by
cardiac puncture at 0, 5, 15, 30, 60, and 120 min. Blood aliquots (300-400 pL)
were collected in tubes coated with lithium heparin, mixed gently, then kept on
ice and centrifuged at 2,500 g for 15 min at 4°C, within 1 h of collection. The plasma
was then harvested and stored frozen at (—70°C) until further processing. Immedi-
ately after the blood sampling, mice were decapitated, and the whole brains were
quickly removed, rinsed with cold saline (0.9% NaCl, g/mL), surface vasculature
ruptured, blotted with dry gauze, weighed, and kept on ice until further processing,
within 1 h of collection. Each brain was homogenized in 1.5 mL cold phosphate-buff-
ered saline (PBS), pH 7.4, for 10 s on ice. The brain homogenate from each brain was
then stored at —70°C until further processing. The plasma and brain samples were
then processed using acetonitrile precipitation and analyzed by LC-MS/MS. Plots
of plasma/brain concentration of the compound over time were constructed. The
fundamental pharmacokinetic parameters of each compound after dosing (AUClast,
AUCinf, T2, Cl, Vz, Vss, Tmax, and C,,.,) were obtained from the non-compart-
mental analysis (NCA) of the plasma/brain data using WinNonlin.

Diuresis Analysis

Diuresis analysis was performed using mouse metabolic cages (Tecni-
plast,3600m021) equipped with a grid over a funnel and a plastic cone for the sepa-
rate collection of urine and feces. Immediately after i.p. treatment with vehicle, bu-
metanide, or ARN23746 at 0.2 mg*kg ™", animals were placed inside the metabolic
cages (one animal per cage), where food and water were available ad libitum. After
2 h, mice were returned to their home cages, and the urine volume was measured.

Behavioral Testing

Ts65Dn male mice (8-16 weeks old) and VPA male mice (6—-8 weeks old) were tested
after 1 week of treatment with vehicle, ARN23746, or bumetanide (0.2 mg*kg ™" i.p.).
The battery of tests was run over a total period of 21-28 days (four behavioral tests
for Ts65Dn and WT littermates in the following order: NOR, T-maze, NOL, CFC; four
behavioral tests for VPA mice and their controls with the order and modalities
described in Table Sé). During the days of behavioral testing, animals were treated
daily with the drug, with tests beginning 1 h after injection. The tasks were video-re-
corded and then analyzed manually by a blind operator. After each trial or experi-
ment, the diverse apparatus and objects were cleaned with 70% ethanol.

T-Maze

The T-maze is a black opaque plastic apparatus with a starting arm and two perpen-
dicular goal arms, each equipped with a sliding door and evenly illuminated by over-
head red lighting (12-14 lux). The T-maze test (spontaneous alteration protocol, 11
trials) evaluates short-term memory by analyzing the correct choice of the unex-
plored arm. The test was performed in similar way to that previously conducted
on Ts65Dn mice.”® In each trial, a mouse was first placed in the starting chamber
for 20 s. Then, the sliding door was removed, and the animal was free to explore
the apparatus. When the mouse entered (with all four limbs) one of the two goal
arms, the opposite arm was closed with the sliding door. When the mouse (free to
explore the remaining part of the apparatus) returned to the starting area, the pre-
viously closed goal arm was opened. The trial was repeated 11 times. Entry into a
goal arm opposite the one previously chosen was considered a correct choice, while
entry into the previously explored arm was considered an incorrect choice.
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Alternation score was calculated as the percentage of correct choices (i.e., left-right
or right-left) over the total number of the ten possible alternations.

Object Location Test (OL)

The test evaluates the spatial memory by measuring the ability of mice to recognize
the new location of a familiar object. The test was performed in a gray acrylic arena
(44 x 44 cm), evenly illuminated by overhead red lighting (12-14 lux). Mice were first
habituated to the chamber for 15 min on day 1. On day 2, during the acquisition
phase, mice were exposed to two identical objects for 15 min. After 24 h, one of
the two objects was moved during the test session to a novel location, and the
mice were tested for 15 min for their ability to recognize the new location of the ob-
ject. The time spent exploring each object was defined as the number of seconds
during which mice showed investigative behavior (i.e., head orientation, sniffing
occurring within < 1.0 cm) or clear contact between the nose and the object. A
discrimination index was calculated as the percentage of time spent investigating
the object in the new location minus the percentage of time spent investigating
the object in the old location [discrimination index = (new object location explora-
tion time/total exploration time x 100) — (old object location exploration time/total
exploration time x 100]. As a control, we monitored object preference during the
acquisition phase and the exploration time in the acquisition phase and trial phase.
Of note, during the trial phase, Ts65Dn mice treated with ARN23746 had signifi-
cantly longer exploration times (Table S4), possibly indicative of greater explorative
interest for the objects. Nevertheless, given that the exploration of the single object
was normalized against the total exploration time for each group, the increased
exploration in Ts65Dn mice treated with ARN23746 did not affect the results of
the discrimination index in the test.

NOR Test

The test evaluates long-term object recognition memory by measuring the ability
of mice to recognize a new object with respect to familiar objects. The test was per-
formed in a gray acrylic arena (44 x 44 cm), evenly illuminated by overhead red
lighting (12-14 lux). On day 1, mice were habituated to the arena by freely
exploring the chamber for 15 min. On day 2, during the acquisition phase, mice
were free to explore three different objects (different in color, size, shape, material)
for 15 min. After 24 h, one object from the acquisition phase was replaced with a
novel object, and the mice were tested for 15 min for their ability to recognize the
new object. The time spent exploring each object was defined as the number of
seconds during which mice showed investigative behavior (i.e., head orientation,
sniffing occurring within < 1.0 cm) or clear contact between the object and the
nose. The time spent exploring each object, expressed as a percentage of the total
exploration time, was measured for each trial. The discrimination index was calcu-
lated as the difference between the percentages of time spent investigating the
novel object and investigating the familiar objects: discrimination index = (novel-
object exploration time/total exploration time X 100) — (familiar object exploration
time/total exploration time X 100). As a control, we monitored object preference
during the acquisition phase and exploration time in the acquisition phase and trial
phase. Of note, both during the acquisition phase and trial phase, Ts65Dn mice
showed a significant increase in exploration time (Table S4), possibly indicative
of their hyperactivity. Nevertheless, given that the exploration of the single object
was normalized on the total exploration time for each group, the increased explo-
ration in Ts65Dn did not affect the results on the discrimination index in the test.
Moreover, although there was a preference of ~10% for object B within the
same group in all four groups, the preference was not significantly different among
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the four groups (Table S4). Moreover, although there was a significant general
preference for object C in WT versus TS65Dn mice, the preference was not signif-
icantly different among the four single groups as assessed with Tukey post hoc test
(Table S4).

CFC Test

The test evaluates the long-term associative memory by measuring the freezing time
of the animals placed in a location where they had received an adverse stimulus
(electric shock) 24 h earlier. The experiments were performed in a fear-conditioning
system (TSE), which is a transparent acrylic conditioning chamber (23 x 23 cm)
equipped with a stainless-steel grid floor. Mice were placed outside the experi-
mental room in their home cages before the test and individually transported to
the TSE apparatus in standard cages. Mice were placed in the conditioning chamber,
and they received one electric shock (2 s, 0.75mA constant electric current) through
the floor grid 3 min later. Mice were removed 15 s after the shock. After 24 h, mice
were placed in the same chamber for 3 min. After 2 h, they were moved to a new
context (black chamber with plastic gray floor and vanilla odor). The time spent
frozen was scored and expressed as percentage of the total time analyzed.

Three-Chamber Test

The test evaluates the social approach of the tested mouse versus a never-met
intruder in comparison to an object (sociability) or versus a novel never-met intruder
in comparison to the already-met intruder (social novelty). It was performed in a
similar way to that previously described for mouse models of ASD.>* The three-cham-
ber apparatus comprises a rectangle, three-chambered box of gray acrylic, evenly
illuminated by overhead red lighting (12-14 lux). The chambers are accessible by
rectangle openings with sliding doors. In the first 10 min (habituation), the tested
mouse was free to explore the apparatus of two inverted stainless-steel wire pencil
cups (one in each of the two side chambers), with a weighted plastic cup on top to
prevent the mouse climbing on the top. Then, the tested mouse was briefly confined
in the center chamber, while a never-met intruder (previously habituated to the
apparatus) was placed in one of the side chambers, under the pencil cup. For the
following 10 min (sociability test), the tested mouse was allowed to explore all three
chambers. Then, the tested mouse was again briefly confined in the center chamber,
while a novel never-met intruder (previously habituated to the apparatus) was placed
in the other side chamber under the pencil cup. For the following 10 min (social nov-
elty test), the tested mouse was allowed to explore all the three chambers. The
time spent exploring the object or the intruder was calculated by measuring the num-
ber of seconds when the mice showed investigative behavior (i.e., head orientation,
sniffing occurring within < 1.0 cm). The sociability index was calculated as the differ-
ence between the time spent investigating the never-met intruder and the time spent
investigating the familiar object divided by the total exploration time: sociability in-
dex = (never-met intruder exploration time — object exploration time) / (never-met
intruder exploration time + object exploration time). The social novelty index was
calculated as the difference between the time spent investigating the never-met
intruder and the time spent investigating the already-met intruder divided by the
total exploration time: social novelty index = (never-met intruder exploration
time — already-met intruder exploration time) / (never-met intruder exploration
time + already-met intruder exploration time).

Male-Female Interaction Test

The test evaluates the social approach of the tested mouse versus a never-met fe-
male mouse. It was performed in a similar way to that previously described for mouse
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models of ASD.>® Briefly, the tested mouse was placed alone in a cage
(26 x 48 x 20 cm). After 5 min of habituation, an unfamiliar C57BL/6J female mouse
was placed in the home cage of the isolated male mouse, and behavior was recorded
for 5 min. The time spent interacting with the female intruder was calculated by
measuring the seconds when the mice showed any of the following interacting
behavior: anogenital sniffing, body sniffing, head sniffing, following, mounting.

Marble Burying Test

The test evaluates the repetitive behavior as the tendency to dig and bury marblesina
novel environment. It was performed as previously described in ASD mice. Briefly,
mice were placed alone in a cage (26 x 48 x 20 cm) filled with 4 cm fresh mouse
bedding material, evenly illuminated by overhead red lighting (12-14 lux). After
30 min habituation, the mouse was briefly removed, and bedding surface was leveled
to place 15 glass marbles equidistantly distributed in a 3 x 5 arrangement. Then, the
mouse was returned to the cage and allowed to explore for 30 min. Buried marbles
were counted as those marbles that were covered by at least two-thirds.

Grooming

The test evaluates repetitive behavior in mouse grooming of all body parts. It was per-
formed as previously described in ASD mice.*® Self-grooming was defined as licking or
scratching the head or body parts with any of the forelimbs. Briefly, mice were placed
individually into a clear Plexiglass cylinder (30 cm high, 10 cm wide). After 10 min habit-
uation, the mouse was scored for 5 min for the time spent self-grooming in all body re-
gions. For behavioral experiments, we adopted the following exclusion criteria inde-
pendent of genotype or treatment (before blind code was broken). In the T-maze
test, we excluded mice that did not conclude the 10 trials within 20 min of the test.
In the CFC test, we excluded mice showing very high non-associative freezing in the
new context. This was defined as more than 30 s freezing during the 3-min test. In
the OL and NOR test, we excluded animals showing very low explorative behavior.
This was defined as less than 10 s of direct object exploration during the 15-min
test. Following these criteria, a total of 5 mice among the NOR, NOL, and T-maze tests
were excluded. Original data used to calculate the discrimination index (for NOR and
OL), sociability index, and social novelty index (for three-chamber test) have been
deposited to Mendeley Data (https://doi.org/10.17632/x9ttg84pzt.2).

Human Brain Samples

PFC samples (Brodmann area 9) from adult humans with ASD and age- and sex-
matched controls were obtained from the NeuroBioBank (NIH). Information on the
samples is reported in Table S5. Samples were cryo-pulverized in dry ice (—78°C)
with a stainless-steel mortar. Aliquots of pulverized tissue were used for protein
extraction.

Biochemistry

Cells were lysated in RIPA buffer (1% NP40, 0.5% Deoxycholic acid, 0.1% SDS,
150 mM NaCl 1 mM EDTA, 50 mM Tris, pH 7.4) containing 1% (v/v) protease and
phosphatase inhibitor cocktails (Sigma). After 30 min incubation in ice, the samples
were clarified by centrifugation at 20,000 X g for 20 min at 4°C. Brain samples from
VPA and WT mice and from ASD people and controls were processed to obtain ex-
tracts of membrane-enriched fractions, as previously described.® Samples were ho-
mogenized in ice-cold homogenization buffer (320 mM sucrose, 1 MM EDTA, 10 mM
Tris, pH 7.4) supplemented with 1 mM PMSF, 10 mM NaF, 2 mM sodium orthovana-
date, and 1% (v/v) protease and phosphatase inhibitor cocktail (Sigma). Homoge-
nates were first centrifuged at 800 g to remove nuclei and debris. The resulting
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supernatant (S1) was further centrifuged at 9,200 g. The resulting pellet (P2), repre-
senting the membrane-enriched fraction, was extracted in RIPA buffer (as above) and
used for western blot. The protein concentration of samples was determined with
BCA kit (Pierce). To perform immunoblot, protein extracts were diluted in lithium-
dodecyl-sulfate (LDS) sample buffer (ThermoFisher Scientific), with the addition of
50 mM DTT. To avoid NKCC1 and KCC2 protein precipitation or aggregation, all
samples were warmed at 40°C for 5 min.® Equivalent amounts of protein (20 pg)
were loaded on the 4%-12% Bis-Tris NuPAGE pre-cast gels (Invitrogen), and elec-
trophoresis were performed with MOPS buffer (Life Technologies). Next, gels
were transferred overnight at 4°C onto nitrocellulose membranes (GE Healthcare)
with Tris-Glycine transfer buffer (25 mM Tris-base, 192 mM glycine, 20% Methanol).
Equal amounts of protein loading was verified by staining with 0.1% Ponceau. Mem-
branes were blocked for 1 h in 5% milk in Tris-buffered saline (10 mM Tris, 150 mM
NaCl, pH 8.0) plus 0.1% Tween-20 and incubated overnight at 4°C with primary an-
tibodies: rabbit anti-actin (Sigma, catalog n°: A2066; 1:10,000), mouse anti-NKCC1
(clone T4c, Developmental Studies Hybridoma Bank; 1:4,000), rabbit anti-KCC2
(Millipore catalog n°: 07-432; 1:4000), sheep anti-NKCC2 (MRC-PPU, 1:2,000),
and mouse anti-Na+/K+-ATPase (clone C464.6, Millipore catalog no. 05-369;
1:2,000). Next, membranes were washed and incubated for 2 h at room temperature
with HRP-conjugated goat secondary antibodies (ThermoFisher Scientific;
1:10,000). Membranes were developed with SuperSignal West Pico chemilumines-
cent substrate (ThermoFisher Scientific). The chemiluminescent signals were ac-
quired on the LAS 4000 Mini imaging system (GE Healthcare). Bands were later
quantified by measuring the mean intensity of the band signal using ImageQuant
software (GE Healthcare). Uncropped blots can be found in Figure S4. For KCC2
analysis, we considered the monomeric form, both in human and in mouse samples.

Statistical Analysis

The results are presented as the means + SEM. The statistical analysis was per-
formed using SigmaPlot 13.0 (Systat) software. Where appropriate, the statistical
significance was assessed using the following parametric test: Student’s t test,
one-way ANOVA followed by Dunnet post hoc test, two-way ANOVA followed by
all pairwise Tukey post hoc test. Where normal distribution or equal variance as-
sumptions were not valid, statistical significance was evaluated using Mann-Whitney
Rank Sum Test, Kruskal-Wallis One Way ANOVA with Dunn’s post hoc test, or two-
way ANOVA on ranks followed by all pairwise Dunn's post hoc test. p values < 0.05
were considered significant. Outliers were excluded only from the final pool of data
by a Grubb’s test run iteratively until no outliers were found.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.chempr.
2020.06.017.
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Figure S1. The CI influx assay in HEK293 cells is a reliable tool to test chloride
transporter inhibition by newly synthetized compounds. (A) Schematic representation
of the point of intervention in the bumetanide structure to synthesize novel bumetanide
analogs. (B) Representative immunoblots for NKCC1 (left), NKCC2 (center) and KCC2

(right) on protein extracts from HEK293 cells transfected with control plasmid (mock), or

with NKCC1, NKCC2 or KCC2, respectively. (C) Left, example traces obtained in the CI

influx assay on mock-transfected or NKCC1-transfected HEK293 cells. The arrow indicates

the addition of NaCl (74 mM) to initiate the NKCC1-mediated CI influx. Right,
quantification of the fluorescence decrease in experiments as on the left. Data represent

mean = SEM from 20 independent experiments (Mann-Whitney Rank Sum Test, ***

p<0.001). (D) Left, example traces obtained in the CI influx assay on NKCC1-transfected
HEK293 cells treated with DMSO as negative control, and the indicated drugs (100 pM).
Right, quantification of the NKCC1 inhibitory activity of the indicated drugs (10, 100 pM)
in experiments as on the left. Data represent mean = SEM from 5 independent
experiments (10 pM: Kruskal-Wallis One-Way ANOVA on Ranks, H= 79.753, DF=2,
P<0.001; 100 pM: Kruskal-Wallis One-Way ANOVA on Ranks, H= 63.740, DF=2, P<0.001;

Dunn’s post hoc test, *** p<0.001). (E) Left, example traces obtained in the CI influx assay

on mock-transfected or NKCC2-transfected HEK293 cells. The arrow indicates the

addition of NaCl (74 mM) to initiate the NKCC2-mediated CI influx. Right, quantification
of the fluorescence decrease in experiments as on the left. Data represent mean = SEM

from 15 independent experiments (Mann-Whitney Rank Sum Test, *** p<0.001). (F) Left,

example traces obtained in the CI influx assay on NKCC2-transfected HEK293 cells
treated with DMSO as negative control, and the indicated drugs (100 pM). Right,
quantification of the NKCC2 inhibitory activity of the indicated drugs (10, 100 pM) in
experiments as on the left. Data represent mean * SEM from 3 independent experiments
(10 puM: Kruskal-Wallis One-Way ANOVA on Ranks, H= 15.464, DF=2, P<0.001; 100 pM:
Kruskal-Wallis One-Way ANOVA on Ranks, H= 29.872, DF=2, P<0.001; Dunn’s post hoc
test, * p<0.05, *** p<0.001). (G) Left, example traces obtained in the Tl influx assay on
mock-transfected or KCC2-transfected HEK293 cells. The arrows indicate the additions of
TISO, 2mM) and NaCl (74 mM). Right, quantification of the fluorescence increase in

experiments as on the left. Data represent mean * SEM from 8 independent experiments
(Two-tailed t-test, t = 7.867, P<0.001).
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Figure S2. ARN23746 does not show overt toxic effect after four weeks of chronic
treatment in mice. (A) Quantification of the body weight of WT and TS65Dn mice across
the four weeks of treatment with vehicle (control) or ARN23746. Chronic treatment with
ARN23746 does not affect body weight either in WT or in Ts65Dn mice. (B) Visceral index
expressed as viscera weight/body weight of 5 different organs collected from WT and
TS65Dn mice after chronic treatment with vehicle (control) and ARN23746. Chronic
treatment with ARN23746 does not affect the visceral index for any of the organs
analyzed. In all graphs, the number in parenthesis indicate the number of animals
analyzed. (C) Representative images of Hematoxylin&Eosin staining to evaluate the
morphology of liver, kidney and spleen in WT and Ts65Dn treated with ARN23746 or
vehicle. For each panel, the boxed areas correspond to the high-magnification images of
the regions indicated with the arrow heads. Scale bar: 100 pm. Chronic treatment with

ARN23746 does not affect the morphology of the analyzed organs.
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Figure S3. Bumetanide rescues sociability and repetitive behaviour in the valproic
acid mouse model of autism (A) Schematic cartoon of the experimental protocol for the
treatment of young adult control (CTR) and valproic acid (VPA) mice with bumetanide for
in vivo efficacy assessment to rescue sociability and repetitive behaviors in autism. In all
the graphs, the vehicle-treated animal data (dotted symbols) were taken from Fig.4 and
shown here for comparison. (B) Top, schematic representation of the three-chamber test.
Bottom left, quantification of the mean + SEM and single animal cases of sociability index
in mice treated with the indicated drugs (two-way ANOVA, F_ . .= 6.058, P = 0.018,

Tukey’s post hoc test, ** P<0.01, ***P < 0.001). Bottom right, quantification of the mean +
SEM and single animal cases of social novelty index in mice treated with the indicated
drugs (two-way ANOVA, F = 5.528, P = 0.024, Tukey's post hoc test, ** P<0.01).

(C) Top, schematic representation of the male-female interaction test. Bottom,
quantification of the mean = SEM and single animal cases of the interaction time in mice
treated with the indicated drugs (two-way ANOVA on Ranks, F_ ... .= 10.490, P =

0.002, Tukey's post hoc test, * P<0.05, ** P<0.01). (D) Top, schematic representation of
the marble burying test. Bottom, quantification of the mean £ SEM and single animal
cases of the number of marble buried by mice treated with the indicated drugs (two-way
ANOVA, F. = 4.134, P = 0.047, Tukey’s post hoc test, * P<0.05, ** P<0.01). (E)

Top, schematic representation of the grooming test. Bottom, quantification of the mean =
SEM and single animal cases of the grooming time for mice treated with the indicated
drugs. (F) Top, representative immunoblots for NKCC1 and KCC2 on extracts of
membrane-enriched protein fractions from cortices of VPA mice and CTR mice. Bottom
left, quantification of KCC2 in cortex samples from VPA mice in comparison to CTR mice
(Two-tailed t-test, t = 2.382, P= 0.0238). Bottom right, quantification of NKCC1/KCC2
expression ratio in samples from cortices of VPA mice in comparison to CTR mice (Mann-
Whitney Rank Sum Test, P = 0.042).
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Figure S4. Uncropped blots images. Full-length blot images corresponding to the
cropped western blot bands (red boxes) presented in the main figure and supplemental

figure of this study.



Supplemental Schemes
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4a: R= n-CgHyq3 (51%) 7 (ARN22351): R= n-CgH,7 (70%)
4b: R= n-CgHy7 (58%) 8 (ARN22381): R= C,H,C(CH;); (69%)
4c: R= C3H4C(CH3)s (81%)
Scheme S1. Synthesis of R3 substituted bumetanide analogs.
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Scheme S2. Synthesis of N,N-dimethylsulfamoyl bumetanide.
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Scheme S3. Synthesis of 4-amino-3-sulfamoyl-benzoic acid derivatives.
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Scheme S4. Synthesis of 8,8,8-trifluorooctan-1-amine.




Supplemental Tables

Kinetic solubility ,t”z liver
ARN PBS pH 7.4 t,, plasma (mouse) microsomes
(mouse)
ARN22642 53 uM > 60 mins 12 mins
ARN22430 52 uM > 120 mins 13 mins
ARNZ23746 > 250 uM > 120 mins > 60 mins
Table S1. In vitro solubility and metabolic stability.
Analysis Species Bumetanide ARN23746
Sineic’BS pH 7.4 (uM) - >250 >250
Sthermodynamic PBS pH 7.4 (uM) - n.a 181
t,,plasma (min) mouse >120 >120
t, , liver microsomal stability (min) mouse >60 >60
Residual liver compound mouse n.a 65%
t, , liver microsomal stability (min) rat n.a 189
t, , liver microsomal stability (min) human n.a 395

Table S2. In vitro ADME properties.




ARN23746 10pM
Gene Symbol Assay Mode % of Response
GPCRs Replicatel Replicate2 Average

ADORAZ2A Agonist 0.0 0.0 0.0
ADORAZA Antagonist 35.6 42.8 39.2
ADRATA Agonist 1.4 0.1 0.7
ADRATA Antagonist 2.8 5.4 4.1
ADRAZA Agonist 13.2 12.3 12.7
ADRAZ2A Antagonist 0.0 0.0 0.0
ADRB1 Agonist 0.0 0.0 0.0
ADRB1 Antagonist 67.2 83.7 /5.4
ADRB2 Agonist 0.0 0.0 0.0
ADRB2 Antagonist 27.0 39.3 33.2
AVPRTA Agonist 4.4 3.2 3.8
AVPR1A Antagonist 4.4 0.0 2.2
CCKAR Agonist 2.5 1.9 2.2
CCKAR Antagonist 0.0 1.5 0.7
CHRM1 Agonist 0.0 0.0 0.0
CHRM1 Antagonist 37.9 23.1 30.5
CHRM2 Agonist 15.0 12.2 13.6
CHRMZ2 Antagonist 0.0 0.0 0.0
CHRM3 Agonist 0.0 0.0 0.0
CHRM3 Antagonist 11.8 14.6 13.2
CNR1 Agonist 66.7 68.9 67.8
CNR1 Antagonist 0.0 0.0 0.0
CNR2 Agonist 6.2 6.4 6.3
CNR2 Antagonist 7.8 9.4 8.6
DRD1 Agonist 0.1 0.0 0.1
DRD1 Antagonist 44.8 48.7 46.8
DRD2S Agonist 24.6 15.0 19.8
DRD2S Antagonist 0.0 0.0 0.0
EDNRA Agonist 4.4 2.0 3.2
EDNRA Antagonist 0.0 0.0 0.0
HRH1 Agonist 1.3 1.6 1.5
HRH1 Antagonist 7.0 11.3 9.2
HRH2 Agonist 0.0 0.0 0.0
HRH2 Antagonist 82.0 83.2 82.6




HTR1A Agonist 22.3 18.2 20.2
HTR1A Antagonist 0.0 0.0 0.0
HTR1B Agonist 21.7 16.8 19.2
HTR1B Antagonist 0.0 0.0 0.0
HTR2A Agonist 5.1 3.6 4.3
HTR2A Antagonist 49.1 52.9 51.0
HTR2B Agonist 2.8 0.9 1.8
HTR2B Antagonist 37.3 47.2 42.2
OPRD1 Agonist 20.6 24.5 22.6
OPRD1 Antagonist 0.0 0.0 0.0
OPRK1 Agonist 48.9 49.9 49.4
OPRK1 Antagonist 0.0 0.7 0.4
OPRM1 Agonist 37.3 47.2 42.3
OPRM1 Antagonist 0.0 0.0 0.0

Nuclear Hormone Receptors Replicate Replicate2 Average
AR Agonist 0.0 0.0 0.0
AR Antagonist 16.1 12.0 141
GR Agonist 0.0 0.0 0.0
GR Antagonist 30.0 16.1 23.1

Transporters Replicate1 Replicate? Average
DAT Blocker 7.4 0.0 3.7
NET Blocker 0.0 1.8 0.9
SERT Blocker 0.0 0.0 0.0

lon Channels Replicate Replicate2 Average
CAV1.2 Blocker 0.0 0.0 0.0
GABAA Opener 0.6 1.4 1.0
GABAA Blocker 10.2 20.0 15.1
hERG Blocker 0.0 0.0 0.0
HTR3A Opener 0.6 0.0 0.3
HTR3A Blocker 10.2 17.1 13.6
KvLQT1/minK Opener 9.5 12.9 11.2
KvLQT1/minK Blocker 0.0 0.0 0.0
nAChR(a4/b2) Opener 0.0 0.0 0.0
nAChR(a4/b2) Blocker 0.0 0.0 0.0
NAV1.5 Blocker 36.1 34.6 354
NMDAR (1A/2B) Opener 0.0 0.0 0.0
NMDAR (1A/2B) Blocker 0.0 0.0 0.0




Non-Kinase Enzymes Replicate1 Replicate? Average
AChE Inhibitor 2.2 1.1 1.7
COX1 Inhibitor 3.8 2.7 3.2
COX2 Inhibitor 3.5 2.7 3.1
MAOA Inhibitor 0.0 0.0 0.0
PDE3A Inhibitor 0.0 0.0 0.0

PDE4D2 Inhibitor 10.0 14.0 12.0
Kinases Replicate Replicate2 Average
INSR Inhibitor 9.4 7.2 8.3

LCK Inhibitor 0.9 0.0 0.5

ROCK1 Inhibitor 14.3 0.0 7.2
VEGFR2 Inhibitor 4.9 54 5.2

Table S3. Off target profile of ARN23746 in Safety47™ Panel (Eurofins).




% Object preference OL

Obiects WT WT Ts65Dn Ts65Dn Eand P
) Vehicle | ARN23746 | Vehicle | ARN23746
A |s14a:20a| 5281 | 5iag.ass | 5161187 WO Way ANOVA on Ranks
‘ S 224 ‘ - ‘ o I:interaction (1,45)= 2278’ P=O138
48.56 47.19 + Two-way ANOVA on Ranks
B o4 o 43.54£4.55 | 4839 £1.87 | ¢~ "0 T 78 0,138
% Object preference NOR
. WT WT Ts65Dn Ts65Dn
Objects | \ohicle | ARN23746 | Vehicle | ARN23746 Fand P
A |2846+2.12|29.25+206|3023+288|34.81 %239 Two-way ANOVA
‘ - ' - ' - ‘ - interaction (1,46) = 0649’ P=O425
B |40.55+190|41.22+243|44.19 =3.18 | 40.51 = 2.59 Two-way ANOVA
’ o ' - ) - ’ - interaction (1,46) = 0724’ P:OBQQ
N . . . Two-way ANOVA
C  |30.99+1.91|29.53 =254 | 2558 +2.78 | 24.68 = 1.96 | ¢ L 741, P=0.035
genotype (1,46)
Total Exploration Time (sec) OL
WT WT Ts65Dn | Ts65Dn Eand P
Vehicle | ARN23746 | Vehicle | ARN23746 a
Acquisition |39.32 + 3.73|33.49 = 3.28|46.23 + 8.37|50.37 = 5.93 | O3y ANOVA on Ranks
cquisition 32+ 3. 49 + 3. 23 = 8. .37 £ 5. _ _
q Finteraction (1,45) - 2585’ P_O1 15
Two-way ANOVA
F oovonpe .45 = 5793, P=0.020
Tuk h
Trial  [51.29 + 4.02|48.85 = 3.34[54.24 + 6.54|71.45 = 7.78|  \yne oo vor oo e
P=0.039
Within ARN23746 WT vs Ts
P=0.005




Total Exploration Time (sec) NOR

WT WT Ts65Dn Ts65Dn F and P
Vehicle ARN23746 Vehicle ARN23746
Two-way ANOVA on Ranks
= 4.768, P=0.034
Acquisition | /790 6173 = 2,85 %102 lonezxanag L g
Within ARN23746 WT vs Ts
P=0.006
Two-way ANOVA on Ranks
Trial  [65.68 = 6.44|7676 = 5.74| 7021 % 87.24 + 6.47 | Faenonpe a9 = 6:459, P=0.014
10.22 Tukey post hoc test
Within Vehicle WT vs Ts P=0.027
Freezing Time (%) CFC
WT WT Ts65Dn Ts65Dn F and P
Vehicle ARN23746 Vehicle ARN23746
Two-way ANOVA on Ranks
Pre Shock |[8.11 £0.89 [ 8.59 +0.97 |10.27 + 1.90| 9.69 = 1.02 interaction (1.4 — 0:0000166,
P=0.997
hock . . . . Two-way ANOVA
Post Shock |59.09 * 3.56|53.38 + 4.25|60.75 £ 7.14|50.61 * 3.64 ooy = 0:213, P=0.647
N Two-way ANOVA on Ranks
ew -
Comte s |432+058| 505+1 |5301.16537=1.14 reraction (1.4 = 00110,
P=0.917
Locomotor activity
WT WT Ts65Dn Ts65Dn F and P
Vehicle ARN23746 Vehicle ARN23746
Two-way ANOVA on Ranks
. = 4.854, P=0.033
5:\}:”:3 36.41+3.27(40.67 + 3.82(42.24 + 5.64|55.74 = 5.98 | "L ) et
Within ARN23746 WT vs Ts
P=0.022

Table S4. Control parameters in the NOL, NOR and CFC tasks of WT and Ts65Dn

mice.




Case Number Disorder Age (years) Gender
1668 CTR 19 M
5889 CTR 27 M
5235 CTR 28 M
5563 CTR 29 M
5825 CTR 41 M
5614 CTR 31 M
6096 CTR 28 M
5643 CTR 17 M
5875 CTR 45 M
6104 ASD 20 M
6146 ASD 22 M
6087 ASD 22 M
5888 ASD 23 M
5406 ASD 34 M
5443 ASD 25 M
5619 ASD 22 M
6167 ASD 19 M
5969 ASD 45 M

Table S5. Human sample information.




Cohort

" Test 1 Test 2 Test 3 Test 4

1 Grooming Marble burying Three-chamber | Male-Female
2 Male-Female Marble burying Three-chamber Grooming
3 Three-chamber Male-Female Grooming k’;{'ﬁ;ﬁig

4 Marble burying Grooming Three-chamber | Male-Female
5 Marble burying Grooming

Table S6. Mice cohorts subjected to behavioral testing.




Supplemental experimental procedures

In vitro mouse plasma stability. Compounds were diluted in preheated (37 °C) mouse
plasma (Rockland Immunochemicals Inc.) with 5% DMSO to favor solubilization. The final
compound concentration was 2.0 pM. At time points (0, 5, 15, 30, 60, 120 min), a 30 pL
aliquot of the incubation solution was diluted in 200 pL of cold acetonitrile spiked with
200 nM Warfarin, as internal standard. After vortexing for 30 s, the solution was
centrifuged at 3500g for 15 min at 4 °C, and the supematant transferred for LC-MS/MS
analysis on a Waters Acquity UPLC/MS TQD system. Compound stability was evaluated
on the basis of the corresponding peak areas plotted vs time. The compounds’ half-lives

were calculated using a one-phase fitting decay of the peak area vs time profiles.

In vitro mouse liver microsomes stability. 10mM DMSO stock solution of test
compound was pre-incubated at 37 °C for 15 min with liver microsomes (Sekisui
Xenotech, LCC), 0.1M Tris-HCl buffer (pH 7.4), and 10% DMSO. The final concentration
was 4.6 pM. After pre-incubation, the cofactors (NADPH, G6P, G6PDH, MgCl. pre-
dissolved in 0.1M Tris-HCI) were added to the incubation mixture and the incubation was
continued at 37 °C for Th. At each time point (0, 5, 15, 30, 60 min), 30uL of incubation
mixture was diluted with 200 pL cold acetonitile spiked with 200 nM of warfarin as internal
standard, followed by centrifugation at 3500 g for 30 min. The supernatant was further
diluted with H2O (1:1) for analysis. An aliquot of 200 pl of the supernatant was removed,
and the concentration of the test compound was quantified by LC-MS/MS. The
percentage of the test compound remaining at each time point relative to t=0 was
calculated. The half-lives (tV2) were determined by a one-phase decay equation using a

non-linear regression of compound concentration vs time.

In vitro rat and human liver microsomes stability. Rat (Gibco) or human (BD Gentest)
hepatocytes were thawed in Hepatocyte Plating Supplement pack (Life Technologies) and
placed in 37 = 1 °C shaking water. Hepatocytes were re-suspended in Williams E medium

containing Cell Maintenance Supplement Pack (Life Technologies), and counted using



Trypan blue solution to a final concentration of 0.25 x 106 cells/mL. Samples of the test
compound at 10 yM were incubated for O, 10, 30, 60, 120, and 240 min at 37 °C. Blank
samples were prepared by incubating 250 pl of cell solution without any compound for
240 min. The incubations were quenched 1:1 with ice-cold acetonitrile spiked with 600
nM labetalol as internal standard. Samples were then centrifuged at 12000 rpm for 5 min
at 4 °C. Aliquots of 200 pl of the supernatant were removed and the concentration of the
test compound was quantified by LC-MS/MS. The percentage of the test compound
remaining at each time point relative to t=0 was calculated. The half-lives (t/2) were
determined by a one-phase decay equation using a non-linear regression of compound

concentration vs time.

In vitro off-target activity profiling. An external contractor performed the study. The
activity of 10 uM ARN23746 as agonist or antagonist for several receptors, ion channels,
enzymes, and transporters was assessed using validated assays under conditions defined

by the contractor (https://www.discoverx.com/services/drug-discovery-development-

services/safetyscan-profiling). A complete list of the off-targets evaluated is provided in

Supplementary Table 3.

Viscera Index and Histological Analysis. Ts65Dn animals were analyzed after 28 days of
treatment with vehicle or ARN23746 at 0.2 mg*kg” concentration. Liver, kidney, spleen,
lung, and brain samples were excised and weighed to calculate the viscera index, which
we used to evaluate hyperplasia, swelling, or atrophy of different organs potentially
induced by ARN23746 treatment. Viscera Index = (Visceral weight (g) / Mouse weight (g))
*100. Then, liver, kidney, and spleen samples were fixed in 10% formalin solution and
embedded in paraffin. Serial sections of 5-um thickness were obtained and stained with
Hematoxylin&Eosin (H&E) to evaluate morphology, and analyzed with a Leica DM5500

optical microscope (n=5 each group). The results were examined blind.


https://www.discoverx.com/services/drug-discovery-development-services/safetyscan-profiling
https://www.discoverx.com/services/drug-discovery-development-services/safetyscan-profiling

Synthetic procedures

All chemicals were purchased from Acros, Aldrich, Merck, Fluorochem, TCl or Alfa Aesar
and used as such unless stated otherwise. All the commercial available reagents and
solvents were used as purchased from vendors without further purification. Dry solvents
were purchased from Sigma-Aldrich. Automated column chromatography purifications
were done using a Teledyne ISCO apparatus (CombiFlash® Rf) with pre-packed silica gel
or basic alumina columns of different sizes (from 4 g up to 120 g) and mixtures of
increasing polarity of cyclohexane and ethyl acetate (EtOAc), cyclohexane or
dicloromethane (DCM) and methanol (MeOH). NMR experiments were run on a Bruker
Avance Il 400 system (400.13 MHz for 'H, and 100.62 MHz for 3C), equipped with a BBI
probe and Z-gradients. Spectra were acquired at 300 K, using deuterated
dimethylsulfoxide (DMSO-d;) or deuterated chloroform (CDCl;) as solvents. For 'TH-NMR,
data are reported as follows: chemical shift, multiplicity (s= singlet, d= doublet, dd=
double of doublets, t= triplet, g= quartet, h= sextet, m= multiplet), coupling constants
(Hz) and integration. UPLC/MS analyses were run on a Waters ACQUITY UPLC/MS system
consisting of a SQD (single quadrupole detector) mass spectrometer equipped with an
electrospray ionization interface and a photodiode array detector. The PDA range was
210-400 nm. Analyses were performed on an ACQUITY UPLC BEH C18 column
(100x2.1mmlID, particle size 1.7 pm) with a VanGuard BEH C18 pre-column (5x2.1 mmiID,
particle size 1.7 pm). Mobile phase was 10 mM NH;OAc in H20 at pH 5 adjusted with
CH:COOH (A) and 10 mM NH;OAc in CH3CN-H:O (95:5) at pH 5.0. Two types of
gradients were applied depending on the analysis, gradient 1 (5 % to 95 % mobile phase
B in 3 min) or gradient 2 (50 % to 100 % mobile phase B in 3 min). Electrospray ionization
in positive and negative mode was applied. Electrospray ionization in positive and
negative mode was applied. ESI was applied in positive and negative mode. All tested

compounds showed > 95% purity by NMR and UPLC/MS analysis.

General reductive amination procedure A for the synthesis of compounds 4a-c, 5, 14
(Scheme S1, S2). To a suspension of ethyl benzoate 3 or 13 (1.0 mmol) in dry
dichloromethane (15 mL) was added the proper aldehyde (4.0 mmol). After 30 min of
stirring sodium triacetoxyborohydride was added (2.0 mmol) and the mixture was stirred

at room temperature for 18 hr. At reaction completion, the crude was portioned between



CH2Cl; (25 ml) and NaHCOs saturated solution (40 ml) and the layers separated. The
organic layer was dried over Na;SOs and concentrated to dryness at low pressure.
Purification by silica gel flash chromatography with cyclohexane/EtOAc finally afforded

the pure titled compounds.

General ester hydrolysis procedure B for the synthesis of compounds 6-8, 15
(Scheme S1, S2). To a suspension of the proper ester (1.0 mmol) in tetrahydrofuran (10
mL) was added a 0.5 LiOH aqueous solution (2.0 mmol) and the mixture was stirred at
room temperature for 16 hr. At reaction completion, the crude was portioned between
EtOAc (25 ml) and a NHJCl saturated solution (25 ml) and the layers separated. The
organic layer was dried over Na;SO4 and concentrated to dryness at low pressure. Finally,

trituration with cyclohexane afforded the pure titled compounds.

General procedure C for the synthesis of sulfonamides 17a-b (scheme S3). 4-Fluoro-
3-chlorosulfonyl-benzoic acid 16 (1 mmol) solved in 1,5 mL of THF was added dropwise
to 8 mL of an ice cold solution of the proper amine (2 mmol) in THF and stirred for 1 hr at
rt. At reaction completion the reaction mixture was evaporated to dryness. The dry
residue was dissolved in water and treated with 2N HCI until it reached pH3. The
precipitated product was filtered and rinsed with water to afford the pure titled

compounds.

General nucleophilic aromatic substitution procedure D for the synthesis of
compounds 18-20 (scheme S3). A suspension of intermediates 17a-b (1 mmol) and the
appropriate amine (2 mmol) in dry 1,4-dioxane (3 ml) was stirred under Argon atmosphere
at 100°C for 6 hours. After reaction completion the mixture was evaporated to dryness at
low pressure and the residue was treated with a saturated NH4Cl aqueous solution (15 ml)
and extracted twice with EtOAc (2x15 ml). The combined organic layers were dried over
Na.SOs and concentrated to dryness at low pressure. Purification by silica gel flash
chromatography with CH,Cl/MeOH followed by trituration with a suitable solvent

(cyclohexane or diethyl ether) afforded finally the pure title compounds.



HO NH,

3-nitro-4-phenoxy-5-sulfamoyl-benzoic acid (2, Scheme S1). To a suspension of
commercial 4-Chloro-3-nitro-5-sulfamoylbenzoic acid (4 g, 14.11 mmol) and NaHCO:;
(4.79 g, 56.45 mmol) in water (31.4 mL) was added phenol (2.82 g, 29.64 mmol) and the
mixture was stirred at 85°C for 24 hours. At reaction completion, the reaction mixture was
cooled in an ice bath and acidified with concentrated HCI until pH 3. The precipitated
solid was filtrated and washed twice with cold water (2 x 8 mL) to afford pure benzoic acid
2 (2.71 g, 57 % yield) as a yellow solid. UPLC/MS: Rt = 1.31 min (gradient 1); MS (ESI) m/z:
337.1 [M-HJ, [M-HJ calculated: 337.02. '"H NMR (400 MHz, DMSO-d¢) 6 8.70 (d, J = 2.1
Hz, 1H), 8.63 (d, J= 2.2 Hz, 1H), 7.87 (s, 2H), 7.42 - 7.24 (m, 2H), 7.14 - 7.03 (m, 1H), 6.92
(d, J=7.7 Hz, 2 H).

Ethyl 3-amino-4-phenoxy-5-sulfamoyl-benzoate (3, Scheme S1) Under argon
atmosphere, to a suspension of benzoic acid 2 (2.71 g, 8.00 mmol) and Pd(OH)./C (541
mg) in anhydrous methanol (159.9 mL) was added ammonium formate (2.61 g, 39.98
mmol) and the reaction crude was stirred at reflux temperature for 30 minutes. At
completion, the reaction crude was filtered through a celite coarse patch and the filtrate
concentrated to dryness at low pressure. This crude material (3.1 g) was solved in
absolute ethanol (40 mL) and the solution degassed with nitrogen. Then, concentrated
sulphuric acid was added (54 pL, 1.0 mmol) and the reaction mixture was stirred at reflux
temperature for 16 hours. At completion, the reaction crude was evaporated to dryness at
low pressure. The dry residue was treated with 30 mL of a saturated NaHCOj3 solution and

extracted twice with CHxCl> (2 x 30 mL). The combined organic layers were dried over



anhydrous Na;SO, filtered and concentrated under reduced pressure to afford pure
benzoate 3 (1.86 g, 69 % yield over two steps) as a white solid. UPLCS/MS: Rt = 1.84 min
(gradient 1); MS (ESI) m/z: 335.1 [M-H], [M-H] calculated: 335.1. '"H NMR (400 MHz,
DMSO-ds) 6 7.69 — 7.61 (m, 2H), 7.32 = 7.24 (m, 4H), 7.01 (t, J = 7.4 Hz, 1H), 6.88 - 6.80
(m, 2H), 5.34 (s, 2H), 4.33 (9, J= 7.1 Hz, 2H), 1.33 (t, J = 7.1 Hz, 3H).

(e}
o\\s//o
o “NH,
(0]
\/\/\/NH
4a

Ethyl 3-(hexylamino)-4-phenoxy-5-sulfamoyl-benzoate (4a, Scheme S1). Compound
4a was synthesized following the general procedure previously described using ethyl
benzoate 3 (100 mg, 0.29 mmol) and hexanal (145 pL, 0.42 mmol). Purification by typical
silica gel flash chromatography (cyclohexane/EtOAc from 100:0 to 80:20) finally afforded
the pure 4a (62.6 mg, 51% yield) as a white solid. UPLCS/MS: Rt = 1.84 min (gradient 2);
MS (ESI) m/z: 421.2 [M+H] *, [M+H] *calculated: 420.2. "H NMR (400 MHz, DMSO-d;) 6
7.66(d, J=20Hz 2H),7.40(d, J=20Hz 1H), 7.27 - 7.21 (m, 2H), 7.00 (t, J = 7.3 Hz,
1H), 6.81 (d, J = 8.1 Hz, 2H), 4.32 (9, J=7.1 Hz, 2H), 3.02 (t, J = 6.7 Hz, 2H), 1.38 — 1.27
(m, 5H), 1.17 = 0.97 (m, 6H), 0.76 (t, J = 6.8 Hz, 3H).

S
-0 NH,

Ethyl 3-(octylamino)-4-phenoxy-5-sulfamoyl-benzoate (4b, Scheme S1). Compound
4b was synthesized following the general procedure previously described using ethyl
benzoate 3 (80 mg, 0.24 mmol) and octanal (147 pL, 0.94 mmol). Purification by typical
silica gel flash chromatography (cyclohexane/EtOAc from 100:0 to 85:15) finally afforded
the pure 4b (62.9 mg, 58% yield) as a white solid. UPLCS/MS: Rt = 2.20 min (gradient 2);
MS (ESI) m/z: 449.5 [M+H]*, [M+H] * calculated: 448.2. "H NMR (400 MHz, DMSO-d,) &



7.69 (d, J=20Hz, 1H), 7.41 (d, J = 2.0 Hz, 1H), 7.34 (s, 2H), 7.30 - 7.21 (m, 2H), 7.05 -
6.97 (m, 1H), 6.87 — 6.81 (m, 2H), 5.08 (t, J = 5.7 Hz, 1H), 4.34 (g, J= 7.1 Hz, 2H), 3.05 (q,
J=6.5Hz, 2H), 1.35 (m, 5H), 1.27 = 1.01 (m, 10H), 0.84 (t, J = 7.1 Hz, 3H).

S
o “NH,
o
XVNH
4c

Ethyl 3-((3,3-dimethylbutyl)amino)-4-phenoxy-5-sulfamoylbenzoate (4c, Scheme S1).
Compound 4c was synthesized following the general procedure previously described
using ethyl benzoate 3 (80 mg, 0.24 mmol) and 3,3-dimethylbutyraldehyde (118 pL, 0.94
mmol). Purification by typical silica gel flash chromatography (cyclohexane/EtOAc from
100:0 to 80:20) finally afforded the pure 4c (82.2 mg, 81% yield) as a white solid.
UPLCS/MS: Rt = 1.70 min (gradient 2); MS (ESI) m/z: 421.5 [M+H] *, [M+H] * calculated:
421.2. '"H NMR (400 MHz, DMSO-d,) 6 7.69 (d, J = 2.0 Hz, 1H), 7.44 (d, J = 2.1 Hz, 1H),
7.33 (s, 2H), 7.28 = 7.23 (m, 2H), 7.05 - 6.96 (m, 1H), 6.86 - 6.78 (m, 2H), 5.16 (t, J = 5.8
Hz, 1H), 4.34 (9, J = 7.1 Hz, 2H), 3.13 = 3.05 (m, 2H), 1.33 (t, J = 7.1 Hz, 3H), 1.31 - 1.25

(m, 2H), 0.86 (s, 2H).
o o\\S//o
o “NH,
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ARN21902
Ethyl 3-(butylamino)-4-phenoxy-5-sulfamoylbenzoate (5, Scheme S1), ARN21902.
Compound 5 was synthesized following the general procedure previously described using
ethyl benzoate 3 (100 mg, 0.29 mmol) and butyraldehyde (106 pL, 1.18 mmol).
Purification by typical silica gel flash chromatography (cyclohexane/EtOAc from 100:0 to
75:25) finally afforded the pure 5 (79.6 mg, 70% yield) as a white solid. UPLCS/MS: Rt =
1.36 min (gradient 2); MS (ESI) m/z: 393.2 [M+H]*, [M+H]* calculated: 393.1. "H NMR (400
MHz, DMSO-d) 6 7.70 (d, J = 1.9 Hz, 1H), 7.42 (d, J = 2.0 Hz, 1H), 7.32 (s, 2H), 7.31 -



7.21 (m, 2H), 7.06 - 6.97 (m, 1H), 6.85 (d, J = 6.5 Hz, 2H), 5.06 (t, J = 5.7 Hz, 1H), 4.35 (q,
J=7.1Hz, 2H), 3.07 (g, J = 6.6 Hz, 2H), 1.41 - 1.31 (m, 5H), 1.11 (h, J = 7.4 Hz, 2H), 0.78
(t, J = 7.3 Hz, 3H). *C NMR (101 MHz, DMSO-dj) & 164.96 (CO), 156.22 (C), 142.49 (C),
139.83 (C), 137.75 (C), 129.07 (C), 127.15 (C), 122.25 (CH), 115.53 (CH), 114.83 (CH),
114.48 (CH), 61.04 (CHy), 41.95 (CHy), 30.07 (CHy), 19.23 (CH>), 14.15 (CHa), 13.52 (CHs).
gNMR: 96.2%.

HO NH,
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ARN21878

3-(hexylamino)-4-phenoxy-5-sulfamoylbenzoic acid (6, Scheme S1), ARN21878.
Compound 6 was synthesized following the general procedure B previously described
using ethyl ester 4a (61 mg, 0.14 mmol). Final trituration in cyclohexane twice (2 x 1 mL)
afforded the pure 6 (40.4 mg, 73% yield) as a white solid. UPLCS/MS: Rt = 0.50 min
(gradient 2); MS (ESI) m/z: 391.2 [M-H], [M-H] - calculated: 392.1. "H NMR (400 MHz,
DMSO-dy) 6 7.69 (d, J= 1.9 Hz, 1H), 7.41 (d, J = 2.0 Hz, 1H), 7.32 (s, 2H), 7.29 - 7.24 (m,
2H), 7.01 (t, J= 7.3 Hz, 2H), 6.84 (d, J = 7.8 Hz, 2H), 3.05 (t, J = 6.8 Hz, 2H), 1.42 - 1.32
(m, 2H), 1.25 - 1.02 (m, 6H), 0.80 (t, J = 6.9 Hz, 3H). *C NMR (101 MHz, DMSO-d;) &
166.55 (CO), 156.30 (C), 142.35 (C), 139.57 (C), 137.65 (C), 129.10 (CH), 128.06 (C),
122.24 (CH), 115.56 (CH), 115.14 (CH), 114.76 (CH), 42.29 (CH,), 30.86 (CH>), 27.96 (CH,),
25.78 (CHy), 22.00 (CH), 13.85 (CHs). gNMR: 97.3%.

HO NH,

ARN22351

3-(octylamino)-4-phenoxy-5-sulfamoylbenzoic acid (7, Scheme S1), ARN22351.

Compound 7 was synthesized following the general procedure B previously described



using ethyl ester 4b (63 mg, 0.14 mmol). Final trituration in cyclohexane twice (2 x 1 mL)
afforded the pure 7 (42.9 mg, 73% yield) as a white solid. UPLCS/MS: Rt = 0.87 min
(gradient 2); MS (ESI) m/z: 419.5 [M-H], [M-H] calculated: 420.2. '"H NMR (400 MHz,
DMSO-dy) 6 7.69 (d, J = 1.9 Hz, 1H), 7.41 (d, J = 1.9 Hz, 1H), 7.34 (s, 2H), 7.26 (t, J= 7.8
Hz, 2H), 7.00 (t, J = 7.3 Hz, 1H), 6.84 (d, J = 8.1 Hz, 2H), 5.04 (t, J = 5.7 Hz, 1H), 3.05 (q, J
= 6.5 Hz, 2H), 1.37 (p, J = 7.0 Hz, 2H), 1.27 - 1.02 (m, 10H), 0.84 (t, J = 7.0 Hz, 3H). °C
NMR (101 MHz, DMSO-d;) & 166.53 (CO), 156.28 (C), 142.31 (C), 139.52 (C), 137.63 (C),
129.06 (CH), 128.10 (C), 122.19 (CH), 115.54 (CH), 115.12 (CH), 114.73 (CH) , 42.25 (CH,),
31.14 (CHy), 28.58 (CHy), 27.98 (CHy), 26.15 (CHy), 26.08 (CH,), 22.05 (CH,), 13.92 (CHs).
gNMR: 94.6%

HO NH,

>KV8NH @

ARN22381

3-((3,3-dimethylbutyl)amino)-4-phenoxy-5-sulfamoylbenzoic acid (8, Scheme S1),
ARN22381. Compound 8 was synthesized following the general procedure B previously
described using ethyl ester 4c (82.2 mg, 0.2 mmol). Final trituration in cyclohexane twice
(2 x 1 mL) afforded the pure 8 (54.9 mg, 69% yield) as a white solid. Characterization:
UPLCS/MS: Rt = 1.84 min (gradient 1); MS (ESI) m/z: 391.5 [M-H], [M-H] calculated:
392.1.'"H NMR (400 MHz, DMSO-ds) 6 7.69 (d, J = 1.9 Hz, 1H), 7.43 (d, J = 2.0 Hz, 1H),
7.33 (s, 2H), 7.26 (t, J = 8.0 Hz, 2H), 7.00 (t, J = 7.3 Hz, 1H), 6.82 (d, J = 8.0 Hz, 2H), 5.06
(t, J = 5.8 Hz, 1H), 3.12 - 3.04 (m, 2H), 1.32 — 1.25 (m, 2H), 0.85 (s, 9H). *C NMR (101
MHz, DMSO-d;) & 166.54 (CO), 156.33 (C), 142.46 (C), 139.52 (C), 137.64 (C), 129.07 (C),
128.16 (CH), 122.15 (CH), 115.50 (CH), 115.18 (CH), 114.78 (CH), 41.64 (CH,), 39.02 (CH,),
29.56 (C), 29.17 (CH3). gNMR: 91.2%
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4-chloro-3-(chlorosulfonyl)-5-nitrobenzoic acid (10, Scheme S2). Under Ar atmosphere,
to an ice cold solution of Nitric Acid (591 pyL 15.52 mmol) and Sulfuric acid (2.53 mL,
46.57 mmol) was added 4-chloro-3-chlorosulfonyl-benzoic acid 9 (1.0 g, 3.88 mmol) and
the reaction mixture was stirred at 90° for 4 hours. At completion, the reaction mixture
was quenched dropwise into 50 mL of ice cold water and extracted twice with EtOAc (2 x
50 ml). The combined organic layers were dried over Na2SO4 filtered, and concentrated
to dryness at low pressure to afford pure nitrobenzoic acid 10 (839.8 mg, 72% yield) as a
yellow solid. UPLCS/MS: Rt = 1.51 min (gradient 1); MS (ESI) m/z: 298.2 [M-H], [M-HJ
calculated: 298.9. '"H NMR (400 MHz, DMSO-d,) 8 8.62 (d, J = 2.1 Hz, 1H), 8.37 (d, J = 2.1
Hz, 1H).

HO

NO,
11

4-chloro-3-(N,N-dimethylsulfamoyl)-5-nitrobenzoic acid (11, Scheme S2). To a an ice
cold mixture of 1N sodium hydroxide (5.54 mL) and aqueous 40% methylamine solution
(0.5 mL, 3.32 mmol) nitro-benzoic acid 10 (839.8 g, 2.77 mmol) was added in portions,
while stirring. Then the resulting solution was left standing until it had reached room
temperature and stirred for additional 5 minutes. Then the reaction mixture was slowly
acidified with 2N hydrochloric acid until pH 3. The resulting precipitate was collected by
suction and recrystallized from aqueous ethanol to afford pure 11 (427.5 mg, 53% yield)
as a brownish solid. UPLCS/MS: Rt = 1.27 min (gradient 1); MS (ESI) m/z: 307.3 [M-H]-, [M-
H]- calculated: 307.9. TH NMR (400 MHz, DMSO-dé) 6 8.71 (d, J = 2.0 Hz, 1H), 8.57 (d, J
= 2.0 Hz, 1H), 2.88 (s, 6H).



HO

3-(N,N-dimethylsulfamoyl)-5-nitro-4-phenoxybenzoic acid (12, Scheme S2). To a
suspension (427.5 mg, 1.37 mmol) and NaHCO; (465.3 mg, 5.48 mmol) in water (7 mL)
was added phenol (237.7 mg, 2.88 mmol) and the mixture was stirred at 90°C for 8 hours
under microwave irradiation (CEM Explorer 48 SP apparatus, power 200 W). At reaction
completion, the reaction mixture was cooled in an ice bath and acidified with
concentrated HCl until pH 3. The resulting precipitate was filtrated and recrystallized from
aqueous ethanol to afford pure intermediate 12 (291.1 mg, 58% yield) as a brownish
solid. UPLCS/MS: Rt = 1.51 min (gradient 1); MS (ESI) m/z: 365.4 [M-HJ, [M-H] calculated:
366.05. "H NMR (400 MHz, DMSO-dk) 8 8.69 (d, J = 2.2 Hz, 1H), 8.65 (d, J = 2.2 Hz, 1H),
7.37 -7.30(m, 2H), 7.14 - 7.08 (m, 1H), 6.96 — 6.90 (m, 2H), 2.79 (s, 6H).

ethyl 3-amino-5-(N,N-dimethylsulfamoyl)-4-phenoxybenzoate (13, Scheme S2). Under
argon atmosphere, to a suspension of benzoic acid 12 (291.1 mg, 0.79 mmol) and
Pd(OH),/C (58.0 mg) in anhydrous methanol (15.9 mL) was added ammonium formate
(258.0 mg, 3.97 mmol) and the reaction crude was stirred at reflux temperature for 30
minutes. At completion, the reaction crude was filtered through a celite coarse patch and
the filtrate concentrated to dryness at low pressure. This crude material (380 mg) was
dissolved in absolute ethanol (2.2 mL) and the solution was cooled at 0°C and degassed
with nitrogen. Then, thionyl chloride was added (110 pL, 1.45 mmol) and the reaction
mixture was stirred at reflux temperature for 4 hours. At completion, the reaction crude
was evaporated to dryness at low pressure. The dry residue was treated with 20 mL of a

saturated NaHCQO; solution and extracted twice with CH,Cl, (2 x 20 mL). The combined



organic layers were dried over anhydrous Na,;SO., filtered and concentrated under
reduced pressure. Purification by typical silica gel flash chromatography
(cyclohexane/EtOAc from 85:15) finally afforded pure benzoate 13 (198.6 mg, 69% yield
over two steps) as a brownish solid. UPLCS/MS: Rt = 2.13 min (gradient 1); MS (ESI) m/z:
365.4 [M+H]*, [M+H] * calculated: 364.1. '"H NMR (400 MHz, DMSO-d;) 6 7.71 (d, J = 2.1
Hz, 1H), 7.61 (d, J = 2.1 Hz, 1H), 7.29 (t, J= 7.9 Hz, 2H), 7.03 (t, J = 7.3 Hz, 1H), 6.77 (d, J
= 8.1 Hz, 2H), 5.45 (s, 2H), 4.34 (g, J= 7.1 Hz, 2H), 2.69 (s, 6H), 1.33 (t, J= 7.1 Hz, 3H).
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Ethyl 3-(butylamino)-5-(N,N-dimethylsulfamoyl)-4-phenoxybenzoate (14, Scheme S2).
Compound 5 was synthesized following the general procedure A previously described
using ethyl benzoate 13 (75 mg, 0.20 mmol) and butyraldehyde (73 pL, 0.81 mmol).
Purification by typical silica gel flash chromatography (cyclohexane/EtOAc from 100:0 to
90:10) finally afforded the pure 15 (78.1 mg, 93% yield) as a white solid. UPLCS/MS: Rt =
1.86 min (gradient 2); MS (ESI) m/z: 419.5 [M-H[, [M-H] - calculated: 420.2. "H NMR (400
MHz, DMSO-ds) 8 7.62 (d, J = 2.0 Hz, 1H), 7.48 (d, J = 2.0 Hz, 1H), 7.31 = 7.24 (m, 2H),
7.06 - 7.00 (m, 1H), 6.79 — 6.74 (m, 2H), 5.21 (t, J = 5.7 Hz, 1H), 4.35 (9, J = 7.1 Hz, 2H),
3.07 (g, J = 6.6 Hz, 2H), 2.69 (s, 6H), 1.42 - 1.31 (m, 5H), 1.14 - 1.05 (m, 2H), 0.77 (t, J =
7.3 Hz, 3H).

HO e}

NN NH
15
ARN23837

3-(butylamino)-5-(N,N-dimethylsulfamoyl)-4-phenoxybenzoic acid (15, Scheme S2),
ARN23837. Compound 15 was synthesized following the general procedure B previously

described using ethyl ester 14 (78.9 mg, 0.14 mmol). Final trituration in cyclohexane twice



(2 x 1 mL) afforded the pure 15 (48.9 mg, 89% yield) as a white solid. UPLCS/MS: Rt =
1.87 min (gradient 1); MS (ESI) m/z: 391.5 [M-H[, [M-H] - calculated: 392.1. "H NMR (400
MHz, DMSO-dk) 8 7.63 (d, J = 1.9 Hz, 1H), 7.49 (d, J = 2.0 Hz, 1H), 7.33 - 7.26 (m, 2H),
7.04 (t, J = 7.4 Hz, 1H), 6.80 - 6.75 (m, 2H), 5.15 (t, J = 5.7 Hz, 1H), 3.07 (g, J = 6.6 Hz,
2H), 2.70 (s, 6H), 1.42 = 1.33 (m, 2H), 1.17 = 1.06 (m, 2H), 0.78 (t, J = 7.3 Hz, 3H). *C NMR
(101 MHz, DMSO-dy) 8 166.41 (CO), 156.14 (C), 142.80 (C), 139.60 (C), 130.92 (C), 129.34
(CH), 122.29 (CH), 117.48 (CH), 115.66 (CH), 115.07 (CH), 42.01 (CH,), 37.12 (CHs), 30.13
(CH2), 19.31 (CH_), 13.58 (CH3). gNMR: 96.2%.

17a
4-fluoro-3-(methylsulfamoyl)benzoic acid (17a, Scheme S3). Compound 17a was
synthesized following the general procedure C previously described using intermediate
16 (500 mg, 2.07 mmol) and a 2M methylamine solution in THF (2.07 ml, 4.15 mmol). The
described workup afforded pure 17a (313.8 mg, 64% yield) as a white solid. UPLC/MS: Rt
= 1.26 min (gradient 1); MS (ESI) m/z: 232.3 [M-H]. [M-H] - calculated: 232.02 '"H NMR
(400 MHz, DMSO-d¢) 6 8.30 (dd, J=7.0, 2.2 Hz, 1H), 8.25-8.19 (m, 1H), 7.89 (g, J = 4.8
Hz, 1H), 7.62 - 7.54 (m, 1H), 2.52 (d, J = 4.8 Hz, 3H).

17b
3-(dimethylsulfamoyl)-4-fluoro-benzoic acid (17b, Scheme S3). Compound 17b was
synthesized following the general procedure C previously described using intermediate
16 (1 g, 4.15 mmol) and a 2M dimethylamine solution in THF (4.15 ml, 8.30 mmol). The
described workup afforded pure 17b (749 mg, 73% yield) as a white solid. UPLC/MS: Rt =
1.11 min (gradient 1); MS (ESI) m/z: 246.3 [M-HJ.. [M-H] - calculated: 246.03. "TH NMR (400
MHz, DMSO-d¢) 8 8.29 — 8.24 (m, 2H), 7.67 — 7.58 (m, 1H), 2.75 (d, J = 1.9 Hz, 6H).
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3-(methylsulfamoyl)-4-(octylamino)benzoic acid (18, Scheme S3), ARN22642.
Compound 18 was synthesized following the general procedure D previously described
using intermediate 17a (50 mg, 0.21 mmol) and octylamine (71 pl, 0.42 mmol) in dry 1,4-
Dioxane (0.7 ml). The compound was obtained pure without silica gel purification.
Trituration with cyclohexane (1 ml) afforded the pure 18 (69.5 mg, 97% yield) as a white
solid. UPLC/MS: Rt = 2.28 min (gradient 1); MS (ESI) m/z: 341.4 [M-H]. [M-H] calculated:
341.2. "H NMR (400 MHz, DMSO-dk) 8 8.15 (d, J = 2.1 Hz, 1H), 7.89 (dd, J = 8.8, 2.1 Hz,
1H), 6.86 (d, J = 8.9 Hz, 1H), 6.44 (t, J = 5.4 Hz, 1H), 3.23 (g, J = 6.6 Hz, 2H), 2.38 (s, 3H),
1.59 (p, J = 7.1 Hz, 2H), 1.40 — 1.20 (m, 10H), 0.89 — 0.82 (m, 3H). *C NMR (101 MHz,
DMSO-d;) & 166.49 (CO), 148.53 (C), 134.88 (CH), 131.99 (CH), 118.64 (C), 116.42 (C),
111.44 (CH), 42.47 (CHy), 31.19 (CH.), 28.66 (CHy), 28.63 (CH.), 28.16 (CHs), 28.11 (CH,),
26.32 (CHy), 22.06 (CHy), 13.93 (CHs). gNMR: 97.2%.

ARN22430

3-(dimethylsulfamoyl)-4-(octylamino)benzoic acid (19, Scheme S3), ARN22430.
Compound 19 was synthesized following the general procedure D previously described
using intermediate 17b (50 mg, 0.20 mmol) and octylamine (67 pl, 0.40 mmol) in dry 1,4-
Dioxane (0.7 ml). The compound was obtained pure without silica gel purification.
Trituration with cyclohexane (1 ml) afforded the pure 19 (59.9 mg, 84% yield). UPLC/MS:
Rt = 2.44 min (gradient 1); MS (ESI) m/z: 355.4 [M-HJ. [M-H] - calculated: 355.2. "H NMR
(400 MHz, DMSO-ds) 8 12.62 (s, 1H), 8.04 (d, J = 2.1 Hz, 1H), 7.93 (dd, J = 8.9, 2.1 Hz,
1H), 6.91 (d, J = 9.0 Hz, 1H), 6.75 (t, J = 5.4 Hz, 1H), 3.23 (g, J = 6.6 Hz, 2H), 2.65 (s, 6H),
1.57 (p, J = 6.9 Hz, 2H), 1.39 - 1.19 (m, 10H), 0.90 — 0.80 (m, 3H). *C NMR (101 MHz,



DMSO-dy) & 166.79 (CO), 149.99 (C), 135.87 (CH), 132.90 (CH), 117.08 (C), 115.63 (C),
112.49 (CH), 42.76 (CHj), 37.76 (CHs;, 2C), 31.64 (CH)), 29.09 (CH)), 29.06 (CH,),
28.55(CH_), 26.80 (CHy), 22.52 (CHy), 14.40 (CH3). gNMR: 93.3%.

HO 20
ARN23746

3-(dimethylsulfamoyl)-4-(8,8,8-trifluorooctylamino)benzoic acid (20, Scheme S3),
ARN23746. Titled compound was synthesized following the general procedure D
previously described using intermediate 17b (50 mg, 0.20 mmol) and amine 23 (89 mg,
0.40 mmol) in dry 1,4-Dioxane (0.7 ml). Purification by silica gel flash chromatography
(CH.Clo/MeOH from 100:0 to 98:02). Trituration with cyclohexane (1 ml) afforded then the
pure compound 20 (44.3 mg, 54% yield). UPLC/MS: Rt = 2.28 min (gradient 1); MS (ESI)
m/z: 409.4 [M-H]. [M-H] calculated: 409.1. "H NMR (400 MHz, DMSO-d,) & 12.62 (s, 1H),
8.05(d, J=2.1Hz 1H),7.93(dd, J= 8.8, 2.1 Hz, 1H), 6.91 (d, J= 9.0 Hz, 1H), 6.75 (t, J =
5.4 Hz, 1H), 3.24 (q, J = 6.6 Hz, 2H), 2.66 (s, 6H), 2.29 - 2.14 (m, 2H), 1.64 — 1.52 (m, 2H),
1.52 — 1.39 (m, 2H), 1.40 — 1.25 (m, 6H). 3C NMR (101 MHz, DMSO-d;) & 166.31 (CO),
149.50 (C), 135.38 (CH), 132.42 (CH), 127.68 (CFs, q, "Jer = 276.6 Hz), 116.62 (C), 115.18
(C), 112.01 (CH), 42.22 (CHz), 37.27 (CH3s, 2C), 32.34 (CHy, q, 2Jcr = 26.9 Hz), 28.11 (CH,),
27.97 (CHy), 27.79 (CHy), 26.06 (CHy), 21.31(CHy).

22

2-(8,8,8-trifluorooctyl)isoindoline-1,3-dione (22, Scheme S4). A suspension of
potassium phthalimide (300 mg, 1.60 mmol) and 8-Bromo-1,1,1-trifluorooctane 21 (400
pL, 2.08 mmol) in dry N,N-dimethylformamide (5.5 mL) was stirred at room temperature

for 16 hours. After reaction completion the mixture portioned between water (35 ml) and



EtOAc (35 ml) and the layers separated. The organic layer was dried over Na;SO4 and
concentrated to dryness at low pressure. Purification by silica gel flash chromatography
(cyclohexane/EtOAc from 100:0 to 85:15) afforded the pure compound 22 (392.63 mg,
75% yield) as a colourless oil. UPLC/MS: Rt = 1.76 min (gradient 2); MS (ESI) m/z: 314.4
[M+H]*. [M+H] * calculated: 314.1. "H NMR (400 MHz, Chloroform-d) & 7.86 — 7.81 (m,
2H), 7.73 = 7.67 (m, 2H), 3.70 — 3.65 (m, 2H), 2.11 - 1.97 (m, 2H), 1.68 (p, J = 7.2 Hz, 2H),
1.58 = 1.47 (m, 2H), 1.39 - 1.30 (m, 6H).

F
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23 F

8,8,8-trifluorooctan-1-amine (23, Scheme S4). Intermediate 22 (393 mg, 1.24 mmol)
was refluxed in absolute ethanol (5.5 mL) with hydrazine hydrate (140 pL, 1.86 mmol) for 4
hours. At reaction completion the reaction mixture was cooled at room temperature and
the resulting precipitated solid was filtered. The solid was rinsed twice with ethanol (2 x
10 mL) and the filtrate concentrated to dryness at low pressure. Purification by basic
alumina flash chromatography (CH.Cl,/MeOH from 100:0 to 95:05) afforded pure amine
23 (136.3 mg, 60% yield) as a yellow oil. UPLC/MS: Rt = 1.59 min (gradient 1); MS (ESI)
m/z: 184.4 [M+H]*. [M+H] * calculated: 184.1. "H NMR (400 MHz, DMSO-d;) 6 2.78 — 2.68
(m, 2H), 2.30-2.15 (m, 2H), 1.61 = 1.41 (m, 4H), 1.38 = 1.21 (m, 6H).
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