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Abstract—Histone lysine methyl transferase 2 (EZH2) inhibitor GSK126 and a novel deuterated
internal standard GSK126-d7 were chemically prepared. We performed in vitro experiments
using the prepared GSK126 to: i) confirm in vitro EZH2 inhibitory activity; ii) conduct SpragueDawley (SD) rat liver microsomal incubations and identified Phase I metabolites; iii) determine
whether or not GSK126 was an Organic Anion Transporter (OAT) substrate; and, iv) determine
oral bioavailability by conducting oral and orbital sinus dosing (OSD) experiments and
determining blood concentration versus time profiles. GSK126 was shown to decrease the
expression of H3K27Me3 protein in medulloblastoma D283 cells and was able to decrease cell
viability in KO99L cells, a novel T cell lymphoma cell line. Three in vitro hepatic Phase I monooxidative metabolites (L-M1, L-M2 and L-M3) were observed and also detected in rat liver and
urine samples from the in vivo studies. GSK126 was found to be an OAT1 and OAT2 substrate,
but not an OAT3 or OAT4 substrate. Our Pharmacokinetic (PK) results indicate: 1) GSK126 has
very poor oral bioavailability (< 2%); 2) co-administration of probenecid, a prototypical OAT
inhibitor, did not significantly alter observed PK; and 3) tissue distribution studies demonstrate
that GSK126 predominately distributes to the liver and kidneys after an OSD.
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1. Introduction
In the United States, cancer death (e.g.
prostate, breast, lung, colon, melanoma,
bladder, non-Hodgkin lymphoma, kidney,
thyroid and endometrial) estimates for 2014
approached nearly six hundred thousand
humans
(
http://seer.cancer.gov/statfacts/html/all.html)
. Cancer tissues/cells are well known to
exhibit accelerated growth rate. In general,
compared to normal cells, cancer cells have
altered metabolism; for example, cancer
cells are known to possess enhanced glucose
metabolism (Warburg, 1956). It is now
established that primary human tumors and
tumor cell lines also highly express L-amino
acid transporter 1 (hLAT1) (Yanagida et al.,
2001). Normal cells – except in specific
organs (e.g. eye) – express hLAT2 whereas
cancer cells predominately express hLAT1.
Thus, tumors and tumor cell lines not only
have altered metabolism, but they also have
altered transporter protein profiles as well.
Another interesting discovery regarding how
cancer cells mediate growth involves histone
lysine methyl-transferase 2 (EZH2). EZH2,
also referred to as ‘Enhancer of Zeste
Homologue 2’, plays a role in tumorigenesis
(Varambally et al., 2002; Kleer et al., 2003;
Varambally et al., 2008; Wagener et al.,
2010; Takawa et al., 2011). A catalytic
subunit of the Polycomb Repressive
Complex 2 (PRC2) (Cardoso et al., 2000),
EZH2 catalyzes trimethylation of lysine 27
residue of histone H3 (H3K27me3) via
methyl group transfer on cofactor S(adenosyl)-L-methionine (SAM). Histone
H3, one of the five main histone proteins,
is a chromatin structural component found
in eukaryotic cells (Bhasin et al., 2006).
Increasing the levels of H3K27me3 may
contribute to the aggressiveness of cancer in
various tumors like brain (Smits et al.,
2010), breast (Zeidler et al., 2006; Kleer,
2009), kidney (Wagener et al., 2008), lung
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(Crea et al., 2011), lymphoma (Be´guelin et
al., 2013; Yan et al., 2013), and prostate
(Takawa et al., 2011). As EZH2 inhibition
may lead to transcriptional repression of the
affected target gene, the development of
potent EZH2 inhibitors has become an
attractive therapeutic strategy.
As summarized in Figure 1, various EZH2
inhibitors have been described in the
literature and include 3-deazaneplanocin A
(DZNep) 1, El1 2, EPZ005687 3, GSK126
4, GSK343 5, GSK926 6 and UNC1999 7.
DZNep was initially reported to selectively
inhibit methylation of lysine 27 on histone
H3 (H3K27me3) and lysine 20 on histone
H4 (H4K20me3) as well as induce cancer
cell apoptosis (Tan et al., 2007); however,
DZNep 1 has been shown to globally inhibit
both repressive and active histone
methylation (Miranda et al., 2009) and
reported to be a PRC2 inhibitor against
prostate cancer cells (Crea et al., 2011).
Another potential small molecule inhibitor
named El1 2 was developed by Qi et al. (Qi
et al., 2012); 2 inhibits EZH2 activity
through competition with the cofactor SAM
and selective against EZH2 over homolog
EZH1. By conducting in vitro studies,
Knutson et al. (Knutson et al., 2012)
discovered EPZ005687 3, a selective and
potent inhibitor of wild-type and mutant
EZH2-containing PRC2 activity (Ki of 24
nM). In addition, McCabe et al. (McCabe et
al., 2012) extensively prepared and
investigated a small molecule library. The
library was screened for inhibitory activity
to illustrate GSK126 4 as a potent (low nM)
EZH2 inhibitor. GSK126 4 inhibits both
wild-type and mutant EZH2, a histonelysine methyltransferase with similar
potency; 4 has a high degree of EZH2
selectivity, including EZH1 which has 96%
consistency to EZH2 within its set domain
and 76% overall sequence similarity. Verma
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et al. (Verma et al., 2012) have also studied
GSK343 5 and GSK926 6, which are
analogs in the same chemical series as 4.
Lastly, Konze et al. (Konze et al., 2013)
described the first orally bioavailable
inhibitor, UNC1999 7. Analog 7 has high in
vitro potency for the wild-type and mutant

Figure 1.
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EZH2 as well as EZH1, and highly selective
for EZH2 and EZH1 over a broad range of
epigenetic and non-epigenetic targets; 7 was
designed to be competitive with the cofactor
SAM and non-competitive with the peptide
substrate.

EZH2 inhibitor examples

In our ongoing efforts to assess potential
synergistic and/or additive effects on cancer
cell survival by exploiting various cancer
therapeutic agents (Rosilio et al. 2015), we
desired to investigate the utility of an EZH2
inhibitor; consequently, we selected
GSK126 4. It has been established that 4 can
inhibit the in vivo growth of EZH2 mutant
DLBCL (diffuse large B-cell lymphoma) in
a dose dependent manner via a rodent
(mouse) xenograft model (McCabe et al.
2012). In the current study, we performed
chemical synthesis to afford the desired drug
and prepared a novel deuterated analog
which was subsequently used as an LC/MS-

MS analytical internal standard (IS). A
liquid chromatography/mass spectrometrymass spectrometry (LC/MS-MS) method
was developed and used to quantitate 4 from
biological samples (i.e. cells, blood, organs).
We utilized in vitro methods (rat liver
microsomes and cell lines expressing drug
transporters) and also performed in vivo
experiments in male Sprague-Dawley (SD)
rats to produce experimental observations
regarding the absorption, distribution,
metabolism, and excretion (ADME) of 4.
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2. Results and Discussions
The selective EZH2 inhibitor known as
GSK126
4
has
recently
become
commercially available from a few vendors;
for example, it may be procured from
Cayman Chemical Company (Ann Arbor,
Michigan). However, our research needs and
financial constraints extended to multiple
research groups; it required multi-gram
quantities of the drug substance and it was
thus more economical to prepare 4 ourselves
than to merely procure it. As there are some
scientific publications which provide various
synthetic procedural information to prepare
molecules such as 2-7 (Brackley et al., 2011;
Knutson et al., 2012; McCabe et al., 2012;
Qia et al., 2012; Verma et al., 2012; Konze
et al., 2013), we prepared 4 (Scheme 1) by
brominating 2-methyl-3-nitro benzoic acid
to give bromo-nitro-benzoic acid 8.
Compound 8 was then subjected to addition
& cyclization reactions to yield bromoindole methyl ester 9. Prepared from the
commercially available chiral alcohol,
selective stereochemistry was incorporated
using two sequential SN2 reactions; first
producing chiral alkyl halide 10 and then
coupled to 9 to give the desired (S)enantiomer 11. Incorporating the 3-methyl
functionality into the indole ring required
two chemical steps; first, the formyl group (CHO) was added to the indole to give 12
which was fully reduced to furnish methyl
ester 13. Methyl ester 13 was hydrolyzed
under basic conditions to produce chiral
carboxylic acid 14. From a strategic point of
view, the incorporation of selective chirality
early into the synthetic scheme equated to a
more expensive chemical synthesis.
Consequently, in an attempt to increase
overall yield and decrease our costs, we
sought to delay the incorporation of the
chiral sec-butyl functionality. We first added
the formyl group into 9 to produce 15 which
was then reduced to
Copyright © 2015, Knowledge Enterprises Incorporated. All rights reserved.

5

Medical Research Archives

Scheme 1.

July 2015

Issue 3

Synthesis of GSK126, Compound 4

3-methyl-indole 16; thereafter, the chirality
was then incorporated to afford 13. While
the reaction conditions are not optimized,
these results clearly illustrate that on a per
gram scale production comparison of 13, the
second route required one-third less chiral
reagent. Hence, this provides some
improvement to the overall synthetic
preparation of compound 4. Next, cyanoacetamide condensation with acetyl acetone
under basic conditions produced carbonitrile
17 which was catalytically reduced to afford
amine 18 and isolated as the hydrochloride

salt. The chiral sec-butyl indole acid 14 and
amine 18 were then coupled to generate
amide 19. Lastly, amide 19 was coupled
with boronic acid 1-(5-(4,4,5,5-tetramethyl1,3,2-dioxaborolan-2-yl)pyridin-2
yl)piperazine to produce the desired EZH2
inhibitor 4. Furthermore, our primary
research goal was to successfully prepare
drug substance and then to generate
pharmacokinetic (PK) and tissue distribution
(PD, pharmaco-dynamic) data to be used to
guide dosing regimen for future tumor
animal models experiments; consequently,

Copyright © 2015, Knowledge Enterprises Incorporated. All rights reserved.
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we conducted various experiments in a
normal (healthy) rat model. As sound
analytics dictate the incorporation of an
internal standard (IS), we sought to prepare
a novel deuterated GSK126 analog. As
presented in synthetic Scheme 2, we
prepared a deuterated analog by complete
hydrogen/deuterium exchange within acetyl
acetone to produce acetyl acetone-d8 20,
which was reacted with cyano-acetamide
under deuterated basic conditions to afford
cyano-d8 21. Following similar conditions
to prepare amine 18, deuterated amine 22 –
Scheme 2.

Issue 3

which now contains seven deuterated atoms
due to deuterium/proton exchange – was
obtained from 21 via reduction and then
coupled with 14 to afford deuterated amide
23. Deuterated 23 was then attached with 1(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan2-yl)pyridin-2-yl)piperazine to produce
GSK126-d7 24. To our knowledge, the
deuterated analog 24 is novel and not
previously reported.

Synthesis of GSK126-d7, Compound 24

Upon the successful preparation of 4, it was
imperative to demonstrate in vitro biological
activity. Consequently, we utilized two
different cell lines. The first was D283, a
medullo-blastoma cell line. We incubated
cells in the absence or presence of GSK126
4 to demonstrate a dose and time
dependency on D283 cell viability, Figure
2A. For example, on days 6 & 8, compared
to control (no 4), GSK126 displayed a
statistically significant cell viability decrease
trend (P < 0.001) at 2.0 and 6.0 M,
respectively; the 0.5 M dose of 4 was not

statistically different than control. In
addition, as depicted in Figure 2B, drug
treated cells displayed a significant and
concentration dependent decrease in
H3K27me3 protein level. These data
illustrate that our synthetically prepared 4
displayed the anticipated in vitro biological
activity by decreasing the expression of
H3K27Me3 protein.

Copyright © 2015, Knowledge Enterprises Incorporated. All rights reserved.
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Figure 2A. D283 cell viability (n = 4-5 ± SD) as a function of GSK126 concentration and time;
● = DMSO control, no GSK126; ■ = 0.5 M GSK126; ▲ = 2.0 M GSK126; and, ▼ = 6.0 M;
*** = P < 0.001. GSK126.
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Figure 2B. D283 cells dosed with GSK126 and Western blot analysis. Top row displays
H3K27me3 protein expression, bottom row is H3 loading control.

As another example, we also utilized
KO99L cells as an in vitro leukemia model.
KO99L is a new cell line derived from a T
cell lymphoma (tPTEN-/-) mouse model
generated after the T-lymphocyte specific
inactivation of the PTEN tumor suppressor
gene (Rosilio et al. 2015). The KO99L cells

possess elevated LAT1 (Rosilio et al.,
2015). From our experience, cancer cell
lines with elevated LAT1 expression appear
more resistant to therapeutic treatment
compared to their lower LAT1 expressing
cells (Rosilio et al., 2015). Consequently,
KO99L cell viability was

Copyright © 2015, Knowledge Enterprises Incorporated. All rights reserved.
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Figure 3. A: tPTEN-/- K099L cell line and GSK126 concentration dependent cell viability; n = 3
± SD, * = P < 0.01. B: tPTEN-/- K099L cell line and GSK126 concentration dependent cell
metabolism; n = 3 ± SD, * = P < 0.01.

compared in the absence and presence of
various concentrations of GSK126 4. As
summarized in Figure 3A and Figure 3B,
cell viability was assessed by monitoring
mitochondrial dehydrogenase activity and
cell death (DAPI staining), respectively. The
average
half
maximal
effective
concentrations (EC50) were 10 M and 11
M for Figure 3A and 3B, respectively.
From these data, 4 required higher drug
concentrations to achieve in vitro biological
activity in this T cell lymphoma mouse cell
model. We presume that the observed in
vitro activity was a function of the
established EZH2 inhibitory properties but
that these cells with higher LAT1 expression
have additional mechanisms (i.e. higher
essential amino acid sequestering potential)
to combat chemical attacks. This is a main
rationale for why multiple therapy
approaches, in our opinion, are needed and
will be far more advantageous compared to
single drug target therapy approaches. These
results help to set the stage for our future ongoing in vivo co-therapy approach
experiments.

experiments, we also probed Phase I in vitro
metabolism of 4 using SD liver microsomes
in the presence of co-factor NADPH; the
cofactor required for CYP catalyzed
biotransformation. As presented in Figure 4,
we observed three liver in vitro
biotransformation metabolites (M + 16 amu)
denoted as L-M1, L-M2 and L-M3. In
accordance with the MS/MS daughter
fragmentation patterns, metabolites L-M1
and L-M3 displayed oxidation in the lower
region of the molecule (i.e. A = (S)-1-secbutyl-3-methyl-6-(6-(piperazin-1-yl)pyridin3-yl)-1H-indole-4-carboxamide
portion;
543.3 391.3 m/z), whereas metabolite LM2 was oxidized on the 4,6-dimethyl-2oxo-1,2-dihydropyridin-3-yl)methyl
functionality (upper region of molecule, B;
543.4 375.2 m/z). The metabolite denoted
as L-M2 had a similar daughter ion as
parent drug GSK126 4 527.4 375.2 m/z
(see supplementary materials section). The
LC/MS-MS standard curves were prepared
from nine standard curve concentrations (n
= 4) representing concentrations between
0.8 – 1314 ng/mL. A standard curve was
prepared for each:

Prior to performing the in vivo PK
Copyright © 2015, Knowledge Enterprises Incorporated. All rights reserved.
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Figure 4. Representative LC/MS-MS chromatogram of rat liver microsomal (2.0 mg/mL)
incubation in the presence of GSK126 (10 M) and NADPH (1.0 mM).

brain, blood, kidney, liver and urine. The
limit of detection (LOD) values were ≤ 0.5
ng/mL (ng/g tissue) while the limit of
quantitation (LOQ) were approximately 1.5
ng/mL (blood) and 1.5 ng/g (tissue
homogenates). All standard curve data were
2
fitted to a 1/x weighted linear regression;
brain, blood, kidney, liver and urine
standard curves had correlation coefficients
2
(R ) of 0.9989, 0.9999, 0.9999, 0.9993, and
0.9989, respectively.

(Pritchard et al., 1993). We probed the in
vitro uptake of 4 in S2-cells (mock and OAT
expressing); these data (Figure 5) suggest
that EHZ2 inhibitor 4 is an hOAT1 and
hOAT2 substrate, but not an hOAT3 or
hOAT4 substrate. The ramification of 4
being an OAT1 substrate equated to a
potential in vivo Drug-Drug Interaction
(DDI) if 4 were to be co-administered with a
prototypical OAT1 substrate/inhibitor, such
as probenecid.

Having a general research interest to further
investigate the interplay of drug transporters
on Pharmacokinetics (PK) (Anzai et al.,
2011), we probed whether or not 4 was a
substrate of organic anion transporters
(OAT). Renal proximal tubular cells possess
various transporter proteins which help to
maintain physiological homeostasis (Chiba
et al., 2013). Numerous organic compounds
(e.g. endogenous compounds, drugs, toxins,
etc.) are secreted into proximal tubular cells
from the blood across the basolateral
membrane followed by extrusion across the
brush-border membrane into tubular fluid
Copyright © 2015, Knowledge Enterprises Incorporated. All rights reserved.
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ng transported / well

Figure 5. GSK126 (1.0 M) time-dependent (1, 5 and 10 min) uptake into S2 and S2-hOAT
expressing cell lines; ■ = S2-mock, ▲ = S2-hOAT1, ▼ = S2-hOAT2,  = S2-hOAT3, and ● =
S2-hOAT4; n = 4 ± SD; * = P < 0.01.
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We next sought to implement a series of rat
PK studies employing tail-vein blood
collections as follows: i) oral capsule dosing
of GSK126 (20% drug loading) followed by
a water bolus (500 L), n = 4; ii) oral
gavage suspension dosing (4; 50 mg/kg
dose, n = 3); iii) Orbital Sinus Dosing
(OSD) of 4 (1.0 mg/kg, n = 4); iv) OSD (1.0
mg/kg) followed by organ harvesting in
order to obtain fundamental tissue
distribution data, n = 4; v) probenecid (i.p.
20 mg/kg) followed by OSD (4; 1.0 mg/kg;
15 min post-dose) to probe potential DDI, n

= 4; and v) OSD of 4 with urine collection
via metabolic cages, n = 4. In the case of the
oral capsule (7.0 mg/kg) dosing, we could
only detect trace amounts of 4 in the
collected blood samples (data not shown). In
contrast, when we administered an oral
gavage
suspension
(i.e.
in
part
circumventing a distinct dissolution issue
via packed capsule experiments), we could
detect parent drug substance in the
circulating blood over time (Figure 6A).
The oral dose (4, 50 mg/kg; n=3) data
produced the

Figure 6A. GSK126 oral gavage dosing (50 mg/kg) to male Sprague-Dawley rats; tail vein
blood samples versus time profile (n = 3 ± SD), 0 – 8 h data (24 h time-point not shown for
representative clarity).
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following PK parameters: an AUC0-∞ =
636.3 ± 82.0 h•ng/mL, Cmax 155.6 ± 42.4
ng/mL, Tmax = 0.25 h, and elimination T1/2
= 10.7 ± 3.2 h. Two sets of OSD
experiments were then conducted (Figure
6B) to i) allow us to determine the observed
oral bioavailability computed via Fa =
AUCoral * OSD (mg/kg) / AUCOSD * oral
dose (mg/kg); and ii) to probe for potential
OAT mediated in vivo DDI which may exist
as per the in vitro OAT results (Figure 5).
The OSD group (4 at 1.0 mg/kg; n = 4)
afforded the following PK values: AUC0-∞
= 1012.4 ± 213.8 h•ng/mL and elimination
T1/2 = 3.2 ± 0.3 h. Whereas the OSD group
(4 at 1.0 mg/kg; n = 3) – which was dosed

Issue 3

15 min after the probenecid dose (20 mg/kg
i.p.) – produced the following PK data:
AUC0-∞ = 1259.6 ± 394.4 h•ng/mL and
elimination T1/2 = 3.6 ± 0.4 h (Figure 6B).
So, while a visual inspection of the plotted
data (Figure 6B) may appear that these two
PK profiles are different, the comparisons
were not statistically significant; P = 0.4312
and P = 0.3727 for AUC and T1/2
comparisons, respectively. Hence, while we
may have observed 4 to be an OAT1 and
OAT2 substrate, the presence of the
prototypical OAT inhibitor probenecid did
not readily alter the observed in vivo blood
versus time profile.

Figure 6B. GSK126 orbital sinus dosing (1.0 mg/kg) and blood versus time (2-240 min)
profile, ■ = GSK126 (n = 4 ± SD), ▲ = GSK126 and probenecid (20 mg/kg i.p.).
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Conclusion
The oral (Figure 6A) and OSD (Figure 6B)
data demonstrate that the oral bioavailability
of 4 via our experiments was < 2%. These
results demonstrate that 4 has poor
solubility/dissolution; factors which may
potentially be improved via formulation (i.e.
solubility enhancers and/or dissolution
control) development, but was not a goal of
the current work. Thereafter, we performed
another set of orbital sinus dosing
experiments with the goal to sacrifice the
animals, collect organs, homogenize,
analyze and produce tissue distribution data.

As summarized in Figure 7, the reported
tissue values were at the time that drug
blood concentrations were between 102.5 ±
25.7 ng/mL (essentially 2.0 h post-OSD in
Figure 6B). These OSD data illustrate that
GSK126 4 can cross the blood-brain barrier
(BBB), brain concentration of 4 ranged
between 70.5 ± 9.9 ng/g. Furthermore, 4 was
shown to predominately distribute to liver
and kidney. Lastly, we conducted a set of
experiments and dosed animals (OSD, 1.0
mg/kg; n = 4) and collected urine (0-8 h
time frame). Consistent with the tissue
distribution data (Figure 7), we were able to
detect 4 and the three Phase I metabolites L-

Copyright © 2015, Knowledge Enterprises Incorporated. All rights reserved.
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M1, L-M2, and L-M3 in rat urine; the
observed concentrations (0 – 8 h) were
1347.3 ± 204.4 ng/mL, 5.6 ± 0.4 ng/mL, 2.8
± 0.1 ng/mL, and 4.6 ± 0.2 ng/mL,
respectively.
These data illustrate that GSK126 4 can
cross the BBB, and Phase I oxidative
metabolites formed via liver are eliminated,
in part, via renal excretion. Consequently,
the PK and tissue distribution data generated
from the current experiments provide us
with important ADME information to guide
dosing (dose and frequency) as we conduct

Issue 3

in vivo tumor model studies; experiments to
be performed in the presence and absence of
potent LAT1 inhibitor(s), and other cancer
drugs (e.g. rapamycin, doxorubicin, etc.)
with the goal to establish, or not, in vitro –
in vivo (IV-IV) synergistic correlations
predicted from our cell based experiments.
The ability to establish when and when not
to use multi-drug therapy treatments to treat
various cancers (i.e. kidney, colon, liver) is
needed and thus future efforts to probe
synergistic, or additive, effects is warranted.

Figure 7. GSK126 and metabolite (L-M1, L-M2, and L-M3) concentrations observed in
tissue (brain, kidney, liver), data represented as ng/g tissue, n = 4 ± SD.
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Acetic acid, acetonitrile (ACN), diethyl
ether, dimethylformamide (DMF), dimethyl
sulfoxide (DMSO), 1,4-dioxane, ethyl
acetate
(EtOAc),
EDTA,
hexanes,
hydrochloric acid (HCl), isopropanol,
methanol (MeOH), magnesium chloride
(MgCl2), methylene chloride (DCM),
petroleum ether, potassium carbonate
(K2CO3), potassium phosphate (tribasic),
sodium acetate, sodium bicarbonate
(NaHCO3), sodium chloride (NaCl), sodium
hydride (NaH), sodium hydroxide (NaOH),
anhydrous sodium sulfate (Na2SO4),
triethyl amine (TEA) and water (H2O) were
purchased
from
Fisher
Scientific
(Pittsburgh, PA). Acetyl acetone, (S)-(+)-2butanol, carboxy-methyl cellulose sodium
(CMC), celite, chloroacetamide, cyanoacetamide, deuterated acetic acid, deuterium
oxide (D2O), deuterated chloroform
(CDCl3), deuterated dimethyl sulfoxide
(DMSO-d6), 1,3-dibromo-5,5 dimethyl -2,4imadazolidinedione,
(N-(3dimethylaminopropyl)-N′-ethylcarbodiimide
(EDC), N,N-dimethylformamide dimethyl
acetal (DMF-DMA), fetal calf serum (FCS),
formic acid, 1-hydroxy-7-azabenzotriazole
(HOAT), N-methylmorpholine, 2-methyl-3nitro benzoic acid, nicotinamide adenine
dinucleotide
phosphate
(NADPH),
palladium on carbon (10%), penicillin,
platinum
oxide,
[1,1′bis(diphenylphosphino)ferrocene]
dichloropalladium (II) complex with
dichloromethane
(PdCl2(dppf)-DCM),
phosphorus
tribromide,
phosphoryl
trichloride, 13C-enriched potassium cyanide,
sodium pyruvate, streptomycin, 1-(5(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2yl)pyridin-2-yl)piperazine, p-tolunesulfonyl
hydrazide,
p-toluene-sulfonic
acid
monohydrate, sulfolane, and sodium cyanoborohydride were obtained from Sigma-

Issue 3

Aldrich Chemical Company (St. Louis,
MO). Nitrogen gas and hydrogen gas were
procured from AirGas® (Denver, CO).
Ethanol was purchased from Decon
Laboratories, Inc. (King of Prussia, PA).
Reactions were monitored via silica gel IB2F thin layer chromatography (TLC) plates
from J.T. Baker (Phillipsburg, NJ). Silica
Gel 60 Å 40-63 m was purchased from
Sorbent Technologies (Norcross, GA). SD
rat microsomes (liver, Lot # 1010122, pool
of 400) were acquired from Xenotech LLC
(Kansas City, KS). RPMI 1640 medium was
procured from Invitrogen (Grand Island,
NY). Control tissues – male rat whole blood
(K2 EDTA), plasma (K2 EDTA), livers,
kidneys, and brains – were procured from
Bioreclamation LLC (Westbury, NY). The
1
H and 13C NMR spectra were recorded
using a 400 MHz Bruker NMR, Avance III
400. The chemical shifts are reported in
ppm. An Applied Biosystems Sciex 4000
(Applied Biosystems; Foster City, CA) was
equipped with a Shimadzu HPLC
(Shimadzu Scientific Instruments, Inc.;
Columbia, MD) and Leap auto-sampler
(LEAP Technologies; Carrboro, NC) was
used to perform the BioAnalytical
PharmacoKinetic (BAPK) analysis and
establish tissue distribution data.
3.2

GSK126 Synthesis (Scheme 1):

3.2.1 5-Bromo-2-methyl-3-nitrobenzoic
acid; 8: 2-Methyl-3-nitro benzoic acid (100
g, 552 mmol) was weighed into a round
bottom flask (RBF) containing a stir-bar and
concentrated sulfuric acid (H2SO4; 500 mL)
was slowly added followed by 1,3-dibromo5,5 dimethyl -2,4-imadazolidinedione (86.8
g, 304 mmol). The reaction mixture was
stirred at room temperature (5.0 h) and then
slowly poured into ice water (2.0 L) to
afford a precipitant. The solid was then
Büchner filtered and washed with ice cold
water (1.2 L) followed by petroleum ether
(1.0 L). The solid was
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dried to afford the brominated benzoic acid
as a white solid (8; 132 g, 92% yield)
and
used without further purification. 1H NMR
(DMSO-d6, 400 MHz): δ ppm 8.30-8.29 (d,
1H), 8.14-8.13 (d, 1H), 6.37 (bs, 1H), 2.44
(s, 3H).
3.2.2 Methyl
6-bromo-1H-indole-4carboxylate; 9: To a stirred solution of 5bromo-2-methyl-3-nitrobenzoic acid (8; 10.0
g, 38.5 mmol) in DMF (40 mL) was added
N,N-dimethylformamide dimethyl acetal
(DMF-DMA) (46.0 mL, 346 mmol) at room
temperature. The reaction mixture was
refluxed (110-120 oC, 18 h), allowed to cool
to
ambient
temperature
and
then
concentrated under reduced pressure. The
residue was dissolved in acetic acid (50 mL)
and then added in portions to a suspension
of iron (23.6 g, 423 mmol) in acetic acid
(100 mL; 50 oC). The reaction mixture was
stirred (80-90 oC; 4 h) and then filtered
through a plug of Celite. The filtrate was
poured onto ice water and extracted with
ethyl acetate. The combined organic layers
were washed with sat. NaHCO3, brine, dried
over anhydrous Na2SO4, filtered, and
concentrated under reduced pressure. The
crude product was purified by silica gel
chromatography using CH2Cl2–MeOH
(10:1) as an eluent to afford indole (9, 5.10
g, 52% yield) as a solid compound. 1H NMR
(DMSO-d6, 400 MHz): δ ppm 11.6 (bs, 1H),
7.86-7.85 (d, 1H), 7.77-7.76 (d, 1H), 7.577.56 (d, 1H), 6.93-6.92 (d, 1H), 3.89 (s, 3H).
3.2.3 (R)-(-)-2-butyl
bromide,
10:
(S)(+)2-Butanol (5.00 g, 67.5 mmol) was
stirred (0 oC) while phosphorus tri-bromide
(6.98 mL, 74.2 mmol) was slowly added and
the contents stirred (24 h). The reaction
mixture was then warmed (~50 oC) and
poured into a mixture of diethyl ether and
saturated aqueous NaHCO3. The aqueous
phase was extracted with diethyl ether, and
the combined organic extracts were dried
over anhydrous Na2SO4, filtered, and
concentrated to afford chiral alkyl halide
(10, 6.0 g, 65% yield) as a liquid. 1H NMR
(CDCl3, 400 MHz): δ ppm 3.75-3.67 (m,
1H), 1.52-1.41 (m, 2H), 1.18-1.16 (d, 3H),
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0.94-0.89 (t, 3H).
3.2.4 (S)-Methyl 6-bromo-1-sec-butyl-3methyl-1H-indole-4-carboxylate, 11: To a
stirred solution of indole (9; 5.00 g, 19.2
mmol) in anhydrous DMF (75.0 mL) was
added NaH (692 mg, 28.9 mmol) at 0 oC.
Next, alkyl halide (10, 5.27 g, 38.5 mmol)
was added to the reaction mixture, stirred
(10 min), allowed to warm to room
temperature and stirred (18 h). The reaction
mixture was then quenched by adding cold
water and the contents extracted with ethyl
acetate, dried over anhydrous Na2SO4,
filtered, and concentrated under reduced
pressure. The crude product was purified by
silica
gel
chromatography
using
hexane:CH2Cl2 (10:1) to give (S)-butyl
indole (11, 2.20 g, 36% yield) as a liquid
compound. 1H NMR (CDCl3, 400 MHz): δ
ppm 7.99-7.98 (d, 1H), 7.71 (s, 1H), 7.317.29 (d, 1H), 7.14-7.12 (d, 1H), 4.40-4.32
(m, 1H), 3.98 (s, 3H), 1.91-1.85 (m, 2H),
1.52-1.50 (d, 3H), 0.85-0.81 (t, 3H).
3.2.5 (S)-Methyl 6-bromo-1-sec-butyl-3formyl-1H-indole-4-carboxylate, 12: To a
solution of DMF (30 mL) was added POCl3
(80.0 L, 8.51 mmol) at 0 oC and stirred (20
min). Next, (11, 2.20 g, 7.09 mmol) in DMF
(20 mL) was added to the reaction mixture
at 0 oC. The reaction mixture was allowed to
warm at room temperature and stirred (3.0
h). The reaction mixture was then diluted
with ice cold water and pH adjusted (~8.0
with 2.0 N NaOH aq.) and extracted with
ethyl acetate. The organic layer was washed
with brine, dried over anhydrous Na2SO4,
filtered, and concentrated under reduced
pressure to give (12, 2.10 g, 88% yield) as a
solid compound. The compound was used
without further purification. 1H NMR
(CDCl3, 400 MHz): δ ppm 10.4 (s, 1H),
8.07 (s, 1H), 7.94-7.93 (d, 1H), 7.75-7.74 (d,
1H), 4.46-4.36 (m, 1H), 3.99 (s, 3H), 1.981.88 (m, 2H), 1.56-1.54 (d, 3H), 0.89-0.85
(t, 3H).
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3.2.6 (S)-Methyl 6-bromo-1-sec-butyl-3methyl-1H-indole-4-carboxylate, 13: To a
stirred solution of (12, 2.00 g, 5.91 mmol) at
room temperature in DMF (20 mL) was
added p-toluene- sulfonic acid monohydrate
(147 mg, 0.77 mmol) and p-tolunesulfonyl
hydrazide (1.43 g, 7.68 mmol). Next,
sulfolane (20 mL) was added and the
reaction mixture stirred (100 oC; 1.0 h). The
contents were allowed to cool to room
temperature and sodium cyano-borohydride
(1.49 g, 23.6 mmol) was added in portions
over 25 min. The reaction mixture was
stirred at 100 oC (2.0 h), cooled to ambient
temperature and stirred (16 h). Next, the
mixture was diluted with water and
extracted with 20% ethyl acetate:hexane.
The organic layer was washed with water,
brine, dried over anhydrous Na2SO4,
filtered, and concentrated under reduced
pressure. The crude material was purified by
silica
gel
chromatography
using
hexane:CH2Cl2 (1:1) as an eluent to give
(13, 1.80 g, 94% yield) as a solid compound.
1
H NMR (CDCl3, 400 MHz): δ ppm 7.687.67 (d, 1H), 7.62-7.61 (d, 1H), 7.04 (s, 1H),
4.33-4.24 (m, 1H), 3.95 (s, 3H), 2.37 (s,
3H), 1.90-1.78 (m, 2H), 1.47-1.45 (d, 3H),
and 0.84-0.80 (t, 3H).
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indole-4-carboxylate, 15: To a solution of
DMF (60 mL; 0 oC) was added POCl3 (2.21
mL, 23.6 mmol) and stirred (20 min). Next,
(9, 5.00 g, 19.7 mmol) in DMF (40 mL; 0
o
C) was added. The contents were allowed
to warm to ambient temperature and stirred
(3.0 h). The reaction mixture was diluted
with ice cold water and the pH was adjusted
to ~8.0 with 2.0 N NaOH and then the
mixture was extracted with ethyl acetate.
The organic layer was washed with brine,
dried over anhydrous Na2SO4, filtered, and
concentrated under reduced pressure to
afford (15, 5.00 g, 92% yield) as a solid
compound.
The
compound
was
subsequently
used
without
further
purification. 1H NMR (DMSO-d6, 400
MHz): δ ppm 12.6 (bs, 1H), 10.1 (s, 1H),
8.35 (s, 1H), 7.92-7.91 (d, 1H), 7.63-7.62 (d,
1H), 3.85 (s, 3H).

3.2.7 (S)-6-bromo-1-sec-butyl-3-methyl1H-indole-4-carboxylic acid, 14: To a
stirred solution of (13, 1.50 g, 4.63 mmol) in
ethanol (40 mL) was added 1.0 N NaOH
(5.0 mL). The reaction mixture was heated
(90 oC; 6.0 h), allowed to cool, and
concentrated under reduced pressure. The
residue was diluted with water, acidified
with 1.0 N HCl, and extracted with ethyl
acetate. The organic layers were combined,
dried over anhydrous Na2SO4, filtered, and
concentrated under reduced pressure to
afford acid 14 as a white solid (1.40 g, 98%
yield). 1H NMR (CDCl3, 400 MHz): δ ppm
11.9 (bs, 1H), 7.90-7.89 (d, 1H), 7.68-7.67
(d, 1H), 7.08 (s, 1H), 4.36-4.27 (m, 1H),
2.46 (s, 3H), 1.92-1.80 (m, 2H), 1.49-1.47
(d, 3H), and 0.86-0.81 (t, 3H).

3.2.9 Methyl
6-bromo-3-methyl-1Hindole-4-carboxylate, 16: To a stirred
solution of (15, 5.00 g, 17.7 mmol) in DMF
(40 mL) was added at room temperature ptolunesulfonic acid monohydrate (438 mg,
2.30 mmol), p-tolunesulfonyl hydrazide
(4.28 g, 23.0 mmol), and sulfolane (40 mL).
The reaction mixture was heated with
stirring (100 oC; 1.0 h). The contents were
allowed to cool to ambient temperature and
then sodium cyano-borohydride (4.45 g,
70.8 mmol) was added in portions over a
period of 25 min. Next, the reaction mixture
was heated and stirred (100 oC; 2.0 h), and
then allowed to cool to ambient temperature
and stirred (16 h). The reaction was diluted
with water and extracted (20% ethyl
acetate:hexane). The organic layers were
combined and washed with water, brine,
dried over anhydrous Na2SO4, filtered and
concentrated under reduced pressure. The
crude material was purified by silica gel
chromatography using hexane:CH2Cl2 (1:1)
as an eluent to afford (16, 3.50 g, 74% yield)
as a yellow solid. 1H NMR (DMSO-d6, 400
MHz): δ ppm 11.3 (bs, 1H), 7.73-7.72 (d,
1H), 7.50-7.49 (d, 1H), 7.31 (s, 1H), 3.85 (s,
3H), 2.56 (s, 3H).

3.2.8 Methyl

3.2.10 (S)-methyl 6-bromo-1-sec-butyl-3-

6-bromo-3-formyl-1H-
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methyl-1H-indole-4-carboxylate, 13: To a
stirred solution of (16, 3.00 g, 11.2 mmol) in
DMF (35 mL) was added sodium hydride
(403 mg, 16.8 mmol) at 0 oC. Next, (10,
3.07 g, 22.4 mmol) was added drop-wise to
the reaction mixture, stirred (10 min), and
the reaction allowed to warm to ambient
temperature and stirred (18 h). The reaction
mixture was quenched with ice cold water
and extracted with ethyl acetate. The organic
phase was dried over anhydrous Na2SO4,
filtered, and concentrated under reduced
pressure. The crude product was purified by
silica
gel
chromatography
using
hexane:CH2Cl2 (10:1) as an eluent to afford
(13, 1.60 g, 44% yield).
3.2.11 (S)-6-bromo-1-sec-butyl-3-methyl1H-indole-4-carboxylic acid, 14: To a
stirred solution of (13, 1.50 g, 4.63 mmol) in
ethanol (40 mL) was added 1.0 N NaOH
(5.0 mL). The reaction mixture was heated
(90 oC; 6.0 h), allowed to cool, and
concentrated under reduced pressure. The
residue was diluted with water, acidified
with 1.0 N HCl, and extracted with ethyl
acetate. The organic layers were combined,
dried over anhydrous Na2SO4, filtered, and
concentrated under reduced pressure to
afford acid 14 as a white solid (1.40 g, 98%
yield). 1H NMR (CDCl3, 400 MHz): δ ppm
11.9 (bs, 1H), 7.90-7.89 (d, 1H), 7.68-7.67
(d, 1H), 7.08 (s, 1H), 4.36-4.27 (m, 1H),
2.46 (s, 3H), 1.92-1.80 (m, 2H), 1.49-1.47
(d, 3H), and 0.86-0.81 (t, 3H).
3.2.12 4,6-Dimethyl-2-oxo-1,2
dihydropyridine-3-carbonitrile, 17: Cyanoacetamide (100 g, 1.19 mol) was dissolved
in absolute ethanol (500 mL) and an
aqueous solution of potassium carbonate
(163 g, 1.19 mol) was then added followed
by acetyl acetone (122 mL, 1.19 mol). The
reaction mixture was stirred at room
temperature (16 h) and then water was
added and the contents extracted with ethyl
acetate. The organic phase was dried over
anhydrous
Na2SO4,
filtered,
and
concentrated
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under reduced pressure to afford nitrile 17 as
a white solid (1411 g, 80% yield) as a white
solid compound. H NMR (DMSO-d6, 400
MHz): δ ppm 6.11 (s, 1H), 5.00 (bs, 1H),
2.28 (s, 3H), 2.21 (s, 3H).
3.2.13 3-(Aminomethyl)-4,6dimethylpyridin-2(1H)-one hydrochloride
salt, 18: Palladium on carbon (10%) (1.08
g) was charged into a 500 mL dry Parr bottle
and a small amount of acetic acid (1.0 mL)
was added. Next, compound (17, 10.0 g,
67.5 mmol), sodium acetate (10.3 g, 125
mmol), platinum oxide (72.6 mg) and acetic
acid (300 mL) were added. The bottle was
capped, placed onto a Parr apparatus and
shaken under H2 (100 psi; 16 h). Next, the
reaction mixture was gravity filtered and the
solvent removed under reduced pressure to
afford a residue which was treated with
concentrated HCl (25 mL) to produce solid
material which was filtered. The yellow
filtrate was then concentrated under reduced
pressure and concentrated HCl (20 mL) and
ethanol (50 mL) were added, cooled to 0 oC,
stirred (cold, 2.0 h) and the solid was
filtered, washed with ice cold ethanol,
diethyl ether and dried to afford (18, 8.30 g
65% yield) as a white solid. 1H NMR
(DMSO-d6, 400 MHz): δ ppm 11.8 (bs, 1H),
8.09 (bs, 3H), 5.94 (s, 1H), 3.76-3.71 (m,
2H), 2.20 (s, 3H), 2.14 (s, 3H).
3.2.14 (S)-6-Bromo-1-sec-butyl-N-((4,6dimethyl-2-oxo-1,2-dihydropyridin-3yl)methyl)-3-methyl-1H-indole-4carboxamide, 19: Added sequentially to a
reaction flask under a nitrogen environment
were: (14, 1.50 g, 4.84 mmol), (18, 1.37 g,
7.26 mmol), 1-hydroxy-7-azabenzotriazole
(HOAT, 0.99 g, 7.26 mmol), and EDC (N(3-dimethylaminopropyl)-N′ethylcarbodiimide; 1.39 g, 7.26 mmol)
followed by DMSO (30 mL via syringe
transfer) and N-methylmorpholine (2.13 mL,
19.4 mmol via syringe transfer). The
contents were stirred at room temperature
(24 h) under nitrogen and the solids
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gradually dissolved. Next, the reaction
mixture was slowly diluted into ice cold
water and stirred (10 min) and then allowed
to stand unstirred (10 min). The contents
were Büchner filtered, the solid washed with
water, and dried to produce a white solid
(19, 1.70 g, 79% yield). 1H NMR (DMSOd6, 400 MHz): δ ppm 11.4 (bs,1H), 8.228.20 (t, 1H), 7.75-7.74 (d, 1H), 7.28 (s, 1H),
6.98-6.97 (d, 1H), 5.84 (s, 1H), 4.51-4.42
(m, 1H), 4.29-4.28 (d, 2H), 2.20 (s, 3H),
2.11 (s, 3H), 2.10 (s, 3H), 1.79-1.71 (m,
2H), 1.36-1.34 (d, 3H), 0.70-0.66 (t, 3H).
3.2.15 (S)-1-sec-butyl-N-((4,6-dimethyl-2oxo-1,2-dihydro-pyridin-3-yl)methyl)-3methyl-6-(6-(piperazin-1-yl)pyridin-3-yl)1H-indole-4-carboxamide (GSK126; 4):
To a sealed-vial containing a stir bar were
added (17, 1.50 g, 3.38 mmol), 1-(5(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2yl)pyridin-2-yl)piperazine (1.27 g, 4.39
mmol), potassium phosphate (tribasic) (2.87
g, 13.5 mmol) followed by 1,4-dioxane (35
mL) and water (7.0 mL). The suspension
was stirred under nitrogen (degassing for 10
min) and then PdCl2(dppf)-DCM (277 mg,
0.338 mmol) was added. The reaction vessel
was sealed, placed into an oil bath (100 oC)
and stirred (1.5 h). Next, the reaction vessel
was removed from heat and allowed to cool
to ambient temperature. Theaqueous layer
was removed from the reaction vial via
pipette transfer. The organic phase was then
concentrated under reduced pressure and the
crude material purified on a silica gel
column using CH2Cl2-(1% triethylamine
MeOH) (10:1) as an eluent to afford
GSK126 (4; 1.50 g, 84% yield) as an off
white solid compound. 1H NMR (DMSOd6, 400 MHz): δ ppm 11.4 (bs, 1H), 8.488.47 (d, 1H), 8.13-8.11 (t, 1H), 7.90-7.87
(dd, 1H), 7.70 (d, 1H), 7.23 (s, 1H), 7.15 (d,
1H), 6.87-6.84 (d, 1H), 5.85 (s, 1H), 4.614.53 (m, 1H), 4.34-4.33 (d, 2H), 3.43-3.40
(m, 4H), 2.79-2.76 (m, 4H), 2.22 (m, 3H),
2.14 (s, 3H), 2.10 (s, 3H), 1.82-1.74 (m,
2H), 1.39-1.44 (d, 3H), 0.73-0.69 (t, 3H).
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C NMR (DMSO-d6, 100 MHz): δ ppm
169.2 (CO), 163.6 (CO), 158.7 (C), 149.8
(C), 146.0(CH), 143.1 (C), 138.2 (C), 136.3
(CH), 131.1 (C), 130.2 (C), 126.5 (C), 124.8
(CH), 123.4 (C), 122.2 (C), 116.5 (CH),
110.2 (C), 108.1 (CH), 107.9 (CH), 107.2
(CH), 52.1 (CH), 46.4 (2 CH2), 45.8 (2
CH2), 35.5 (CH2), 30.0 (CH2), 21.3 (CH3),
19.4 (CH3), 18.6 (CH3), 12.1 (CH3), 11.2
(CH3). These NMR results for 4 are
consistent with previously reported data
(McCabe et al. 2012).
3.3

Internal Standard (IS) GSK126-d7
Synthesis (Scheme 2):

3.3.1 Acetyl acetone-d8, 20: To a D2O
solution (20 mL) containing acetyl acetone
(2.0 g) was added potassium carbonate (0.40
g, 2.9 mmol).
The reaction mixture was
heated (120 oC; 16 h) and then the reaction
mixture was extracted with DCM, dried over
anhydrous
Na2SO4,
filtered,
and
concentrated under reduced pressure to
afford deuterated acetyl acetone which was
determined to be1 ~90% deuterated as
determined via H NMR. To fully
incorporate deuterium, the isolated material
was subjected to a second round of the
above reaction conditions to afford 20 (1.1
g, 51% yield)
which did not exhibit any
protons via 1H NMR analysis (CDCl3, 400
MHz).
3.3.2 4,6-Dimethyl-2-oxo-1,2dihydropyridine-3-carbonitrile-d8,
21:
Cyanoacetamide (389 mg, 4.62 mmol) was
dissolved in ethanol-d (20 mL) and a
solution of potassium carbonate in D2O
(639 mg, 4.62 mmol in 1.0 mL D2O) was
added. Next, (20, 500 mg, 4.62 mmol) was
added and the reaction was stirred (16 h).
Next, D2O was added and the mixture
extracted with ethyl acetate. The organic
was dried over anhydrous Na2SO4, filtered,
and concentrated under reduced pressure to
afford deuterated (21, 250 mg, 35% yield) as
a solid compound.
3.3.3 3-(Aminomethyl)-4,6dimethylpyridin-2(1H)-one-d7
hydrochloride salt, 22: Palladium on
charcoal (10%) (40 mg) was charged into a
250 mL dry Parr bottle and a small amount
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of acetic acid-d (0.5 mL) was added. Next,
deuterated (21, 200 mg, 1.28 mmol), sodium
acetate (200 mg, 2.43 mmol), platinum
oxide (8.0 mg) and acetic acid-d (20 mL)
were added. The bottle was capped, placed
onto the Parr apparatus, and shaken under
hydrogen (100 psi; 16 h). The reaction
mixture was then gravity filtered and the
filtrate removed under reduced pressure to
afford a residue which was treated with
concentrated HCl (20 mL) and the solids
thus formed were filtered; the addition of
HCl effectively produces a deuterium
hydrogen exchange that the resulting
product was now incorporated with seven
deuterium atoms, not eight. The yellow
filtrate was concentrated under reduced
pressure and diluted with concentrated HCl
(10 mL) and ethanol (300 mL). The mixture
was cooled (0 oC; 2.0 h) and the solid thus
formed filtered, washed with ice cold
ethanol, diethyl ether, and dried to produce
22 as a white solid (160 mg; 79% yield). 1HNMR (DMSO-d6, 400 MHz): δ ppm 12.3
(bs, 1H), 8.04 (bs, 3H), 3.75-3.72 (m, 2H).
3.3.4 (S)-6-bromo-1-sec-butyl-N-((4,6dimethyl-2-oxo-1,2-dihydropyridin-3yl)methyl)-3-methyl-1H-indole-4carboxamide-d7 23: To a RBF containing a
stir-bar under N2 was added (14; 527 mg,
1.70 mmol), (22; 500 mg, 2.55 mmol), 1hydroxy-7-azabenzotriazole (HOAT, 347
mg, 2.55 mmol), and EDC (489 mg, 2.55
mmol). Next, DMSO (15 mL) and Nmethylmorpholine (0.75 mL, 6.8 mmol)
were added via syringe transfer. The
contents were stirred at room temperature
(24 h) while the solids gradually dissolved.
The reaction contents were slowly diluted
into ice water, stirred (10 min), and then
allowed to stand unstirred (10 min). The
reaction was filtered and the solid was
washed with water, dried over anhydrous
Na2SO4, filtered, and concentrated under
reduced pressure to afford deuterated (23,
450 mg, 59% yield) as a white solid
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compound. 1H NMR (CDCl3, 400 MHz): δ
ppm 12.3 (bs, 1H), 7.47 (d, 1H), 7.20 (s,
1H), 7.17-7.15 (m, 1H), 6.92 (d, 1H), 4.604.55 (d, 2H), 4.29-4.22 (m, 1H), 2.23 (s,
3H), 1.85-1.78 (m, 2H), 1.44-1.42 (d, 3H),
0.84-0.78 (t, 3H); 13C NMR (CDCl3, 100
MHz): δ ppm 168.3, 165.4, 150.7,142.9,
138.5, 138.1, 131.4, 124.2, 123.3, 121.7,
120.5, 113.8, 113.6, 110.9, 53.0, 40.1, 36.1,
30.0, 20.9, 13.3, 11.6, and 10.9.
3.3.5 (S)-1-sec-butyl-N-((4,6-dimethyl-2oxo-1,2-dihydro pyridin-3-yl)methyl)-3methyl-6-(6-(piperazin-1-yl) pyridin-3-yl)1H-indole-4-carboxamide-d7
(GSK-d7,
24: To a reaction vial were sequentially
added the following: (23, 400 mg, 0.89
mmol),
1-(5-(4,4,5,5-tetramethyl-1,3,2dioxaborolan-2-yl)pyridin-2-yl)piperazine
(289 mg, 1.16 mmol) and potassium
phosphate (tribasic) (756 mg, 3.56 mmol)
followed by 1,4-dioxane (10 mL) and water
(3.0 mL). The suspension was stirred and
degassed under nitrogen (10 min). Next,
PdCl2(dppf)-DCM adduct (72.9 mg, 0.089
mmol) was added, the reaction vessel was
sealed and placed into oil bath (100 oC;
stirred 1.5 h). The contents were allowed to
cool to ambient temperature and the aqueous
layer removed via pipette transfer. The
organic layer was then concentrated under
reduced pressure and the crude material was
purified by silica gel chromatography using
CH2Cl2-(1% triethyl amine in MeOH)
(10:1) as an eluent to produce deuterated
analog (24; GSK-d7, 100 mg, 32% yield) as
an off white solid. 1H NMR (CDCl3, 400
MHz): δ ppm 10.2 (bs, 1H), 8.38 (d, 1H),
7.67-7.64 (dd, 1H), 7.40 (d, 1H), 7.23 (d,
1H), 7.21 (s, 1H), 6.96 (d, 1H), 4.57-4.55 (d,
2H), 4.38-4.32 (m, 1H) 3.66-4.64 (m, 4H),
3.11-3.07 (m, 4H), 2.23 (s, 3H), 1.85-1.78
(m, 2H), 1.45-1.43 (d, 3H), and 0.81-0.77 (t,
3H).
3.4 Verification of in vitro biological activity
3.4.1 D283
cell
viability:
Medulloblastoma cell line (Figure 2A)
known as D283 (purchased from ATCC)
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was used; passage less than 20. The D283
cells were plated (50,000 cells per well) in
Corning Costar 24 well plates (#3524). The
D283 cells were plated in 1.5 mL Gibco
DMEM medium supplemented with 10%
FBS and dilutions of GSK126 suspended in
DMSO were performed; final DMSO
concentration did not exceed 0.2%. At time
of harvest, the cell suspensions were
transferred to 1.5 mL micro-centrifuge tubes
which were pelleted at 1,000 x g (5 min), the
supernatant was aspirated and the cell pellets
resuspended in 0.5 mL of Accutase Cell
Detachment Solution to disaggregate the
cells. The single cell suspensions were then
pelleted at 1000 x g (5 min), the supernatant
was aspirated and then the cells were
resuspended in phosphate buffered saline. A
100 mL aliquot was taken and added to 100
mL of Guava ViaCount reagent and
analyzed on a Guava EasyCyte Plus flow
cytometer to determine the number of total
cells per mL for each treatment as
previously described (Harris et al., 2012).
3.4.2 D283 cells and Western blot
analysis: D283 medulloblastoma cells were
treated with different concentration of 4
(Figure 2B) for 3 days and histones were
acid extracted following modified Abcam’s
histone extraction protocol previously
described (Alimova et al., 2012). The cell
pellet was re-suspended in PBS buffer
containing 0.5% triton X 100 (v/v) and cells
lysed on ice (15 min). This was centrifuged
at maximum speed (10 min; 4°C). The cell
pellet was again resuspended in 50 uL of the
PBS buffer containing Triton X. Centrifuged
and the supernatant was discarded. This cell
pellet was then resuspended in 0.2N HCl
(100 uL for one million cells) and left
overnight at 4°C. Next day, the cell
suspension was centrifuged at maximum
speed and the supernatant containing the
histones was examined for the expression of
histones by western blotting. The standard
procedure was performed with a rabbit antiH3K27Me3 and anti-H3 antibodies (Active
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Motif) (Alimova et al., 2013).
3.4.3 tPTEN-/- cell line KO99L: Ptendeficient mice (tPTEN-/-) were bred by
crossing mice carrying two Pten floxed
alleles with proximal lck promoter-cre
transgenic mice and characterized via PCR
as previously described (Hagenbeek et al.,
2004). Mice and derived tPTEN-/- cell line
KO99L was established as previously
described (Rosilio et al., 2015). The murine
KO99L cell line was grown in RPMI 1640
medium supplemented with 20% Fetal CalfSerum and penicillin (50 units/mL),
streptomycin (50 mg/mL) and sodium
pyruvate (1.0 mM) Cell cultures were
maintained at 37°C under 5% CO2.
3.4.4 Measurement of KO99L cell
metabolism (WST-1) and viability:
KO99L cells (40,000 cells per 100 µL) were
incubated with 4 in a 96-well plate format
for 48 h (37°C). Ten microliters
of WST-1 reagent was added to each well
and the absorbance of the formazan product
was measured (490 nm). Each assay was
performed in quadruplicate. Cells (5.0 x 105
cells per 2.0 mL) were incubated in a 6-well
plate with indicated concentration of 4,
collected, washed twice with PBS and resuspended with a staining solution
containing
DAPI
(4',6'-diamidino-2phenylindole) (0.5 µg/mL) and immediately
analyzed by flow cytometry (MacsQuant
Analyser, Miltenyi Biotech SA, Paris,
France). Hence, cell viability was assessed
using
a
WST-1
assay
(evaluates
mitochondrial dehydrogenase activity),
whereas survival was quantified through
DAPI incorporation.
3.4.5 Rat liver microsomal in vitro
metabolism: To probe the in vitro
metabolism of 4, rat liver microsomal
incubations were conducted following
analogous
procedures
as
previously
described
(Wempe
et
al.,
2012).
Immediately prior to experiments, aqueous
drug solution (37 oC;
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100
M) was prepared. Rat liver
microsomal incubates were performed and
included (final concentration) 2.0 mg/mL
microsomal protein with NADPH (1.0 mM,
cofactor
for
monooxygenases,
e.g.,
cytochrome P450), and (4; 10 M; DMSO
≤ 0.01%, total v/v). Incubations consisted of
phosphate buffer (100 mM; pH 7.4), MgCl2
(5.0 mM), and EDTA (0.1 mM). Incubations
were performed as follows: (i) a mixture of
phosphate buffer, MgCl2, NADPH, and
microsomal protein were pre-incubated at
37.0 ± 0.1 ◦C for 10 min; (ii) incubations
were initiated by test compound (10 M
final; 37.0 ± 0.1 ◦C) addition and mixing.
After incubating (0.5, 5, 10, 15, 30 and 60
min) samples were removed and added to
three volumes of quench solution (cold
acetonitrile). The resulting samples were
mixed and immediately analyzed by
LC/MS-MS to probe for Phase I in vitro
metabolism.
3.4.6 Organic Anion Transporter (OAT)
in vitro studies: From transgenic mice
harboring the simian virus 40 large Tantigen gene, S2-hOAT1, S2-hOAT2, S2hOAT3, and S2-hOAT4 were established
and characterized as previously reported
(Enomoto et al., 2002; Hosoyamada et al.,
1996; Takeda et al., 2002; Kimura et al.,
2002). Briefly, the full-length cDNAs of
hOATs were sub-cloned into pcDNA 3.1
(Invitrogen), a mammalian expression
vector. S2-hOATs were obtained by
transfecting S2 cells with the vectors that
coupled with pSV2neo – a neomycin
resistance gene – using TfX-50 and
according to the manufacturer's instructions.
S2 cells transfected with pcDNA3.1 lacking
an insert and pSV2neo were designated as
S2 pcDNA 3.1 (mock) and used as control.
Cells were grown in a humidified incubator
(33 oC) and under 5% CO2 using Dulbecco's
Modified Eagle's Medium/Nutrient F-12
Ham (DMEM:Ham's F-12; 1:1) containing
5% FBS, transferrin (10 µg/mL), insulin
(0.08 U/mL), recombinant epidermal growth
factor (10 ng/mL), and geneticin (400
µg/mL). The cells were sub-cultured in a
medium containing 0.05% trypsin-EDTA
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solution (containing 137 mM NaCl, 5.4 mM
KCl, 5.5 mM glucose, 4.0 mM NaHCO3,
0.50 mM EDTA, and 5.0 mM HEPES; pH
7.2) and passage numbers 25-27 were used.
Uptake experiments were performed as
previously described (Hosoyamada et al.,
1996; Enomoto et al., 2002; Kimura et al.,
2002; Takeda et al., 2002). The S2-cells
were seeded into 24-well tissue culture
plates at a density of 1.0 × 105 cells/well.
After the cells were cultured (2 days), the
cells were washed three times with
Dulbecco's modified phosphate-buffered
saline solution (containing 137 mM NaCl,
3.0 mM KCl, 8.0 mM NaHPO4, 1.0 mM
KH2PO4, 1.0 mM CaCl2, and 0.50 mM
MgCl2, pH 7.4) supplemented with 5.5 mM
glucose and then pre-incubated (10 min) in
the same solution in a water bath (37 oC). To
evaluate the transport mediated by hOAT1,
hOAT2, hOAT3, and hOAT4, S2-cells were
incubated (37 oC) in the absence or presence
of (4; 1.0 M). Uptake experiments were
stopped (1.0, 5.0 and 10.0 min) by the
addition of ice-cold Dulbecco's modified
phosphate-buffered saline solution, and the
cells were washed three times with the same
solution. The cells in each well were mixed
with organic solvent extraction (1:4;
water:methanol
solution,
500
L),
transferred to eppendorf tubes (1.5 mL),
sonicated (5.0 min), centrifuged (10,000
rpm, 5.0 min) and then samples were
transferred to a 96-well plate and the drug
concentrations were determined via LC/MSMS methods.
3.4.7 LC/MS-MS methods: Liquid
chromatography employed an Agilent
Technologies, Zorbax extended-C18
50 x
4.6 mm (5 micron) at 40 oC with 0.4
mL/min flow rate. Mobile phase A was
HPLC grad water containing 10 mM
(NH4OAc) and 0.1% formic acid; while
solvent B was 50:50 ACN:MeOH. The
chromatography method used was as
follows: 95% A (1.0 min); ramped to 95% B
at 5.5 min, held (2.5 min), and returned to
95% A (9.0 min) and held (1.0 min; 10 min
total run time). GSK126 4, deuterated IS 29,
and metabolites were observed via electrospray ionization positive ion mode (ESI+)
using the following conditions: i) ion-spray
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voltage of 5500 V; ii) temperature, 450 oC;
iii) curtain gas (CUR; set at 10) and
Collisionally Activated Dissociation (CAD;
set at 12) gas were nitrogen; iv) Ion Source
gas one (GS1) and two (GS2) were set at 30;
v) entrance potential was set at 10 V; vi)
quadruple one (Q1) and (Q3) were set on
Unit resolution; vii) dwell time was set at
200 msec; and viii) declustering potential
(DP), collision energy (CE), and collision
cell exit potential (CXP) are voltages (V).
Samples (10 L) were analyzed by LC/MSMS: GSK126 4 527.4 375.2 m/z, DP (91),
CE (35), CXP (10); IS 29 534.4 375.3 m/z,
DP = (86), CE (35), CXP (10); M + O
metabolites 543.4 375.2 m/z and 543.3
391.3 m/z at DP (91), CE (35) and CXP
(10). The supplementary materials section
provides MS/MS and LC/MS-MS examples
of 4 and 29.
3.4.8
Sprague-Dawley
Rat
tissue
distribution
and
Pharmacokinetic
Studies: The in vivo experiments were
conducted at East Tennessee State
University – Quillen College of Medicine –
in an AAALAC accredited facility. All
procedures were reviewed and approved by
the ETSU Committee on Animal Care; the
research procedures adhered to the
‘Principles of Laboratory Animal Care’
(NIH publication #85-23, revised in 1985).
Male SD rats were purchased from Harlan
World Headquarters (Indianapolis, Indiana,
USA) and upon arrival were acclimated to
their new surroundings (one week) and
housed in groups of three (22 ± 1 oC; 55 ±
15% humidity, 12 h dark/light cycles).
Animals had free access to water, but were
fasted 14 ± 2 h prior to dosing. SD rats were
dosed in the morning, approximately 2-3 h
after the begging of a light cycle.
Fasted animals (297 ± 15 g) were then dosed
via: i) ophthalmic venous plexus (orbital
sinus) using a syringe (1.0 mL disposable
employing a 27G needle); ii) capsule dosing
with a Torpac capsule syringe (Torpac,
USA) and followed with a water (HPLC
grade; 500 μL); or iii) a gavage
solution/suspension. Drug and control CMC
formulations were prepared by weighing the
synthesized 4 into a glass vial containing
CMC, four weight equivalents. A stir vane
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was added, capped, and stirred (1.0 h);
afterwards, the mixed blend containing
approximately 20 weight percent 4 was used
to prepare hand-packed capsules using a
filling funnel and encapsulated into hard
shell Torpac Lock ring gel (size 9) capsules
(Torpac, USA).
Ophthalmic venous plexus (orbital sinus
dosing, OSD) doses were prepared
immediately prior to dosing as aqueous
solutions containing 10% DMSO. OSD
dosed SD rats were anaesthetized with
isoflurane and subsequently infused (300 μL
over < 30 s) with corresponding drug
solution via OSD. Utilizing tail-vein
collection (the anterior portion was
transected, 2-3 mm), blood samples (125
µL) were acquired using mini-capillary
blood collection tubes containing EDTA dipotassium salt (SAFE-T-FILL®; RAM
Scientific Inc., Yonkers, NY, USA).
Animals receiving an OSD dose had blood
samples collected at time (min) 2, 5, 10, 15,
30, 45, 60 (1.0 h), 90, 120 (2.0 h), 150, 180
(3.0 h), 210, and 240 (4.0 h) min post-dose.
Animals dosed with capsules, or via gavage
solution, had blood samples taken at 15, 30,
60 min (1.0 h), 90, 120 (2.0 h), 2.5 h, 3.0 h,
3.5 h, 4.0 h, 6.0 h, 8.0 h, and 24 h post-dose.
When urine (0-8 h sample time collected on
ice) was collected, fed animals were dosed
via OSP and housed in metabolic cages with
water, ad libitum free access to water; food
was not returned until after the 8.0 h
experiment. In the case of the tissue
distribution experiments, animals were
euthanized (CO2) and their blood, brains,
kidneys and livers were individually
harvested and immediately frozen and stored
frozen (-80 ± 10
C) until sample
preparation and subsequent LC/MS-MS
analysis. Control SD blood (K2 EDTA) and
tissues (brains, kidneys and livers) were
used to prepare standard curves from the
different biological matrices. Control and
sample tissues were homogenized with 2.0
mL PBS (phosphate buffer saline; pH 7.4)
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for every 1.0 g tissue. Standard curves (SC)
were prepared by addition with thorough
mixing of various aqueous drug solutions
(50 L) into control blood or homogenate
(950 L); these were diluted serially to
produce SC samples and also QC (quality
control) samples. These samples were
immediately frozen and stored (-80 ± 10
C), undergoing one freeze thaw cycle as
per the actual samples, prior to sample
preparation and LC/MS-MS analysis.
When ready to analyze, blood samples
(tissues or urine samples) were removed in
sets from the freezer and allowed to thaw on
the bench-top (15 – 20 min) until signs of
being thawed were obvious upon visual
inspection, but samples were still cold. To
ensure homogeneity, the blood samples were
vortex mixed (5 sec), the caps opened and
extraction solution (250 L) added, recapped, vortex mixed (5 s), sonicated in a
water bath (5 min), vortex mixed (5 s) a
second time, and then centrifuged (10,000
rpm; 10 min) using an Eppendorf mini-spin
centrifuge (Hamburg, Germany). The
extraction solution was freshly prepared by
mixing
water
(100
mL)
with
methanol:acetonitrile (1:1; 300 mL); the
stock DMSO internal standard 24 was then
spiked into the extraction solution and
mixed. The supernatants were transferred
into individual wells of a 96-well plate,
placed into the LEAP auto-sampler coolstack (8.0 ± 1.0 oC) and immediately
analyzed via LC/MS-MS. In the case of the
tissues, homogenates were prepared as per
the standard curves, on a 1.0 g to every 2.0
mL PBS ratio (w/v); complete tissues were
homogenized and samples were collected in
triplicates and extracted in a 1:2
sample:extraction solution format as
previously described. The individual
standard curves (no matrix, blood, brain,
kidney and liver) were separately used to
determine the apparent drug concentrations
from the biological samples.

Issue 3

3.4.9 Software
and
statistics:
Pharmacokinetic (PK) data were computed
using non-compartmental analysis model via
linear trapezoidal rule via software program
WinNonlin® (Phoenix Pharsight v6.3).
Analyst 1.4.2 was used for LC/MS-MS data
acquisition. Prism 4.02TM (GraphPad
Software, Inc.; San Diego, CA) was used to
graph and perform statistical analysis.
Chemical structures were prepared using
ChemBioDraw Ultra 12.0 (CambridgeSoft;
Cambridge, MA). The statistical differences
in Figure 2A were compared using one-way
analysis of variance followed by a Tukey’s
multiple comparison test; ns = P > 0.5; ***
= P < 0.001. Figures 3A, 3B, and 5 were
compared using one-way analysis of
variance followed by a Dunnett's Multiple
Comparison Test at the 95% confidence
level; significance denoted as; ns = P > 0.5,
* = P < 0.01. The AUC and T1/2
comparisons were performed via a paired ttest.
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S-Figure 1

MS-MS of deuterated GSK126

S-Figure 2

MS-MS of deuterated GSK126-d7
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S-Figure 3

LC/MS-MS example of GSK126-d7

S-Figure 4

LC/MS-MS example of GSK126 and GSK126-d7
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