—

Bioorganic & Medicinal
Chemistry Letters

Accepted Manuscript

Structural requirements of cholenamide derivatives as the LXR ligands

Kana Saida-Tamiya, Minoru Tamiya, Genki Sekiya, Kazunori Isobe, Takaaki
Kitazawa, Nobuhisa Isaka, Ayako Matsukawa, Kohichi Kawahara, Akihiko

Komuro, Masaji Ishiguro 7*’5\.&
2 S

PIL: S0960-894X(19)30203-3

DOL: https://doi.org/10.1016/5.bmcl.2019.03.051

Reference: BMCL 26365 s

To appear in: Bioorganic & Medicinal Chemistry Letters

Received Date: 23 January 2019

Revised Date: 15 March 2019

Accepted Date: 30 March 2019

Please cite this article as: Saida—Tamiya, K., Tamiya, M., Sekiya, G., Isobe, K., Kitazawa, T., [saka, N., Matsukawa,
A., Kawahara, K., Komuro, A., Ishiguro, M., Structural requirements of cholenamide derivatives as the LXR ligands,
Bioorganic & Medicinal Chemistry Letters (2019), doi: https://doi.org/10.1016/j.bmcl.2019.03.051

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting proof before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.bmcl.2019.03.051
https://doi.org/10.1016/j.bmcl.2019.03.051

Graphical Abstract
To create your abstract, type over the instructions in the template box below.
Fonts or abstract dimensions should not be changed or altered.

Structural requirements of cholanamide derivatives as Leave this area blank for abstract info.
the LXR ligands

Kana Saida—Tamiya? Minoru Tamiya®*, Genki Sekiya?, Kazunori Isobe?, Takaaki Kitazawa?, Nobuhisa Isaka?,
Ayako MatsukawaP®, Kohichi KawaharaP, Akihiko Komuro® and Masaji Ishiguro®*

R =Et or iPr
N~ showed higher activity

the Fixed Conformation affected EC 5.
HO




Bioorganic & Medicinal Chemistry Letters

journal homepage: www.elsevier.com

Structural requirements of cholenamide derivatives as the LXR ligands

Kana Saida—Tamiya?, Minoru Tamiya®*, Genki Sekiya?, Kazunori Isobe?, Takaaki Kitazawa? Nobuhisa
Isaka?, Ayako Matsukawa®, Kohichi Kawahara®, Akihiko Komuro® and Masaji Ishiguro®*

@ Department of Applied Life Sciences, Niigata University of Pharmacy and Applied Life Sciences, 265-1 Higashijima, Akiha-ku, Niigata 956-8603, Japan.
® Department of Biochemistry, Faculty of Pharmaceutical Sciences, Niigata University of Pharmacy and Applied Life Sciences, 265-1 Higashijima, Akiha-ku,

Niigata 956-8603, Japan.

ARTICLE INFO ABSTRACT

Article history:
Received
Revised
Accepted
Available online

A study of the structural requirements of cholic acid derivatives as liver X receptor (LXR)
ligands was performed. A model of cholenamide derivative 1 complexed with LXR showed that
the C24 carbonyl oxygen forms a hydrogen bond with His435 located close to Trp457. The N,N-
dimethyl group is located in a hydrophobic pocket. Based on these data, we designed
compounds with high affinity for LXRs. Cholenamide derivatives 1-11 were synthesized from

3B-acetyl-AS-cholenic acid 20, and lactams 12-19 were synthesized from alcohol 25. Tertiary
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different activity.

amides 3 and 4 showed higher activity in reporter assays, and compounds with hydrophobic
residues exhibited the highest activity of all derivatives. The stereochemistry at C23 was found
to be_.an important determinant of ECso and gene transactivation, as each isomer exhibited

2009 Elsevier Ltd. All rights reserved.

Liver X receptors (LXR)a (NP1H3) and LXRB (NP1H2) are
members of the nuclear receptor superfamily® that regulate the
expression of genes involved-in lipid, glucose, and cholesterol
metabolism and homeostasis.” Whereas LXRo is primarily
expressed in the/ liver, intestines, adipose tissue, and
macrophages, LXRp is expressed in all tissues and organs.?®
LXRs regulate pathways through interactions with naturally
occurring oxysterols. After forming obligate heterodimers with
the retinoic X receptor (RXR),** LXRs bind to LXR response
elements within the promoters of target genes (e.g., ABCA1, an
ATP binding cassette protein,®*! and SREBP1c, which encodes
sterol regulatory element binding protein 1c).124

Several transcriptional activators of LXRs, such as
endogenous oxysterol 24(S), 25-epoxycholesterol (eCH),*> and
synthetic nonsterol T0901317,%¢ have been shown to increase the
expression of several genes, including ABCAL, which is involved
in lipid metabolism and reverse cholesterol transport (RCT),
resulting in reduced atherosclerosis (Figure 1).1” However, these
transcriptional activators also activate triglyceride (TG) synthesis
in the liver via upregulated expression of the SREBP1c gene and
fatty acid synthase (FAS).!® The utility of these LXR agonists is
limited as drug targets, however. A study has revealed that
selective LXRp activation improves RCT in LXRa-knockout

mice, while LXRao. contributes to lipogenesis in liver.® Thus,
therapeutically useful LXR agonist would be an LXRB-selective
agonist that induces RCT without elevating TG levels in the plasma
and liver. In fact, several investigations have been directed
towards the development of LXRB-selective agonists.?

A recent investigation revealed that the synthetic sterol N,N-
dimethylcholenamide (1), which contains an electronegative
oxygen atom on C24, binds LXRa and LXR with Ki values of
130 and 100 nM, respectively, and is more potent in modulating
the activity of LXRs (Figure 1).2* Compound 1 is also a gene-
selective LXR modulator exhibiting minimal effects on SREBP1c
while mediating potent transcriptional activation of ABCA1 both
in vitro and in vivo in mice.?? More importantly, compound 1
has been described to enhances cholesterol efflux in macrophages
without stimulating lipogenesis circumventing the negative
effects such that the synthetic sterol, T0901317 (T) activates
triglyceride synthesis.?® Therefore, analogues of compound 1
would be interesting candidates for therapeutic modulators
of LXRs. 2

In this study, we modified the amide moiety of compound 1 to
seek novel modulators of LXRB based on the computer-

simulated model of the ligand-receptor complex calculated with
the reported crystal structure (PDB ID: 1P8D).2* We further



tested these compounds for the LXR-dependent transcriptional
activity and calculated EC50 for LXRp.

24(S),25-epoxycholesterol (eCH) T0901317 (T)

N,N-dimethylcholenamide (1)
Figure 1. LXRs Ligands

X-ray crystallographic analysis of the structure of the eCH-
hLXRpB complex revealed that LXRP becomes active upon
formation of a hydrogen bond between the epoxide oxygen atom
and the imidazole Ne2 of His435 (Figure 2a),2® while the A-ring
in eCH is oriented toward helix 1, with the 3-hydroxyl forming a
hydrogen bond with Glu281. Subsequent mutagenesis research
showed that Trp443 in the LXRa (Trp457 in LXRB) AF2 helix is
essential for activation of LXR.?* The imidazole moiety of
His435 holds the indole moiety of Trp457 of the AF2 helix via a
CH-= interaction. With respect to LXR ligands, oxygen atoms on
C24 of several steroidal LXR ligands appear to form a hydrogen
bond with Ne2 of the imidazole moiety of the His residue, which
induces the CH—r interaction between the His and Trp residues
in the AF2 helix. As a result, the LXRs assume .an-active
structure. T091317 was shown to fit into a position-occupied by
the C and D rings of eCH, and the bis-trifluoromethyl carbinol is
involved in a hydrogen bond interaction with  His435.
Interestingly, however, T091317 does not make contact with
Glu281. The first crystal structure of a human LXRa-RXRpB
heterodimer complexed with T091317 was also described.?®

We first constructed a complex model involving N,N-
dimethylcholenamide 1 based.on the crystal structure of eCH—
LXRB (PDB ID: 1P8D, Figure 2b and 2c).® The C24-C27
moieties of eCH in the X-ray crystallographic structure were
replaced with an N;N-dimethylamide moiety. This initial
complex was then solvated in a truncated octahedral water box
with a thickness. of 8 A around the protein under neutral
conditions. The energy of the system was minimized and MD
,molecular 'dymamics, calculations were performed with
AMBER11/SANDER under periodic boundary conditions of 300
K and 1 atm and a non-bonded interaction cut-off distance of 14
A. The complex structure model showed that the carbonyl
oxygen of the amide forms a hydrogen bond with Ne2 of His435,
locating the CH proton of the imidazole moiety of His435 above
the 5-membered ring moiety of Trp457.

The abovementioned conformation suggests that the amide
group is arranged in an appropriate position to form a proper
CH-r interaction between His435 and Trp457. By contrast, the
N,N-dimethyl group is located in a hydrophobic pocket formed
by Leud42, Phe268, Phe271, and Thr272 (Figure 2c), which
suggests that the hydrophobic moieties of the N,N-substituted
groups affect the affinity of ligands for LXRs and/or the
conformation of the amide moiety of the ligands. Furthermore,
we found that the corresponding hydrophobic pocket is located in
the ligand-binding space, also suggesting that the space induces a
restricted conformation.
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Figure 2. (a) LXR ligand binding pokect of eCH. The epoxide oxygen

(red) of eCH (violet) interacts with His435.

The AF-2 helix is highlighted in red. The Co-activator is colored in pink
violet. (b) Binding model of 1 in hLXRp. Compound 1 is colored in yellow
green. (c) A space of the opposite side of the hydrophobic pocket.

Thus, we designed N,N-alkyl groups to investigate the effects
of the hydrophobic moieties of the cyclic and noncyclic N,N-
dialkyl groups (Figure 3). We then introduced a methyl group at
the C23 position to restrict the conformation of the side chain
including the amide carbonyl group and also introduced cyclic
structures connecting the C23 and N-alkyl group restraining the
conformation of the amide (lactam) carbonyl group.

We synthesized compound 2 and N,N-disubstituted
compounds 3-9. Compounds 8 and 9 have cyclized N,N-dialkyl
groups, and compounds 10-19 are lactams cyclized between C23



and the N-alkyl group (Figure 4). These newly designed
cholenamide derivatives were evaluated by measuring
stimulation of LXR transcription using a cell-based reporter
assay.?
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Figure 3. The plan to increase the affinity with LXR.

The cholenamide derivatives were synthesized from 3pB-
acetyl-A®-cholenic acid 20 in 2 steps (Table 1). Condensation of
20 and various secondary amines using HATU gave the
corresponding amides, from which the acetyl group at C3 was
removed using K,COj3 to afford compounds 1-4 and 6-9 (Table
1). Compound 5 was obtained by N-methylation of compound 2
using NaH and Mel (Scheme 1, eq. a). Amides a-methylated at
C23 were derived from 6 via methylation using Mel and LDA
and obtained at 85% yield. The diastereomeric ratio at C23 was
1:1.2, with a slight excess of the more-polar product. The TBDPS
group was removed using TBAF to afford the products at 87 and
85% yield respectively (Scheme 1, eq. b).
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Figure 4. Structure candidates of cholic acid derivatives for LXR{ lingands.

Table 1. Synthesis of cholenamide deriveatives

OH
HATU
ProNEt
amine K2COg
DMF~ MeOH
AcO 1t, time _tt, ime  HO
3B-acetyl-AS-cholenic acid (i) step 1 step 2
- Step 1 Step 2 ]
Amine Time/h  Yield/%  Time/h  Yield/% cpd
Me,NH 2 93 4 74 1
iPrNH, 1 84 2 87 2
Et;NH 4 84 2 69 3
iPr,NH 4 50 2 96 4
EtNHMe 1 78 4 94 6
PrNHMe 1 81 14 98 7
Pyrrolidine 15 88 5 88 8
Piperidine 1 92 2 80 9

[a] compound number.

Several lactams were synthesized from alcohol 25, as
described in Scheme 2 and Table 2. After treatment of 25 with
TsCl, the resulting tosylate was converted to an iodide using Nal.
This iodide was reacted with the enolates derived from several y-
, 0-, and e-lactams using LDA to give a diastereomeric mixture.
In this reaction, a more-polar compound was produced in slight
excess in the case of the y- and &-lactams with an N-methyl
group. For the &-lactam with an N-ethylated compound and -
lactam, a less-polar compound was the major product. The
diastereomers  were easily separated by silica gel
chromatography other than y-lactam derivative.

NaH

RO

TBDPSCI
imidazole
96%

22 :R=TBDPS
5:R=H

2:R=H
21:R=TBDPS

TBAF
98%

THF
-40°C, 3h

85% RO
(dr=1:1.2)

TBAF 23:R=TBDPS
R =TBDPS

87% 10:R=H

TBAF — 24 :R =TBDPS
85% l>11:R=H
Scheme 1. Synthesis of amide derivatives

Although in case of the alkylation of iodine 26 with y-lactam
gave two separable spots (more- and less- polar ones) by normal
SiO-phase tlc (thin layer chromatogram) analysis, each of spots
was realized to be a diastereomer mixture after separation.
Subsequent conversion of the AB-ring using TSOH gave the
desired alcohols at C3. In case of y-lactam derivative, conversion
of less polar mixture gave compound 12 and 13 in 72% and 11%
whereas more polar mixture gave compound 12 and 13 in 31%
and 39% respectively. The configuration at C23 for each
diastereomer was assigned from the CD spectrum and structural
optimization by MD/MM calculation using CHARMmM installed
in Discovery Studio as a force field. Thus, the more polar y-
lactam showed a negative Cotton effect at 216 nm, indicative of



an R-configuration at C23 according to the octant rule of the CD
spectrum.?” By contrast, a positive Cotton effect was observed
for the less-polar compound at 217 nm (Figure 5). Configuration
of other lactams were also determined by the same methods.?’

1) TsCl, py, 0 °C,
2 h, 90%

—_———
2) Nal, DMF,
60 °C, 95%

OMe
alcohol 25

OMe
iodine 26

TsOH

—_———
1,4-dioxane, H,0,
80 °C
step 2
70% — quant. HO

OMe
Scheme 2. Synthesis of lactams

Table 2. Summary of Step 1 and 2 in Scheme 2
step 1

n R eluent less polar product more polar product
of tici rf value yield/% rf value yield/%
1 Me A 0.20 31 0.14 49
2 Me B 0.35 36 0.27 46
2 Et C 0.48 52 0.37 37
3 Me C 0.48 53 0.36 14
step 2
eluent less polar product more polar product
n R . _
of ™ [rfvalue vyield/% cpd™ | rivalue yield/% cpd®
72001 11001
1 Me 0.20 310 12 0.14 390 13
2 Me D 0.25 710 14 022 quantl 15
2 Et 0.42 83 16 0.37 79t 17
3 Me 0.42 700! 18 0.26 82l°l 19

[a] A: hexane/EtOAc = 5/5, B: hexane/EtOAc = 6/4, C: hexane/EtOAc = 7/3,
D: hexane/Et,O/CH;CN = 4/5/1. [b] less polar compound-in step 1 was the

starting material. [c] More polar compound in step 1 was the starting material.

[d] compound number.
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Figure 5. CD spectrum of compound 12 and 13

LXR-dependent transcription stimulated by compounds 2-9
was assessed using 293 FT human embryonic kidney cells
transfected with a reporter vector harboring LXR-responsive
elements fused to luciferase and a rat LXRa or LXRp (rLXRa,;
rLXRp) expression vector. As a reference, stimulation with N,N-
dimethylcholenamide (1) was included in every assay (Figure 6).
Compounds 3 and 4, which possess bulkier alkyl substituents,
showed higher transcription stimulation activity compared with
compound 1, whereas compound 2, with a secondary amide, and
compounds 8 and 9, which possess an amide with cycloalkyl
moiety, were less active, suggesting that the hydrophobic pocket
prefers bulkier substituents. Notably, the transcription
stimulation activity of compound 4 in the LXRo assay was 2-
fold higher than in the LXRP assay. All compounds tested

showed higher activity in the LXRa assay compared with the
LXR[ assay.
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Figure 6. LXRa and LXRpB-dependent transcription activity stimulated
by cholic acid derivatives.
293FT cells were cotransfected with p3XLXRE-Luc (50 ng), Renilla
luciferase vector (10 ng), and empty vector (pIRESNeo3; 150 ng),
pCMXrLXRa (100 ng) or pPCMXrLXRp (100 ng) . After transfection, 5 uM
compounds indicated Figure 4 (1 to 9) or DMSO (D) were added to the
media for 14-18 hours. Cells were harvested for Firefly luciferase assay
normalizing with Renilla luciferase. Data are the mean of 2 independent
experiments + standard error.
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Figure 7. LXRa and LXRpB-dependent transcription activity stimulated
by cholic acid derivatives in RXR-expressed conditions.
293FT cells were cotransfected with p3XLXRE-Luc (50 ng), Renilla
luciferase vector (10 ng), pSG5mMRXR (75 ng), and, pCMXrLXRa (75 ng) or
pCMXratLXRp (75 ng). After transfection, cells were treated with 5 uM
compounds listed in Figure 4 (1 to 10) and assayed as in Figure 5.

RXR



We also expressed RXR along with LXR to confirm the
ligand-binding specificity to LXR but not RXR in the LXR-RXR
heterodimer (Figure 7). Compounds 3-7, which have a tertiary
amide, showed stronger activity compared with compound 1 in
both the LXRa and LXRp assays. Once again, they showed
stronger activity in the LXRa assay than the LXRp assay. The
activity of compounds 5, 6, and 7 under conditions of RXR co-
expression was higher than that of LXRa or LXR} alone.

Next, we calculated ECso by dose-curve using the similar
luciferase assay with cells expressing LXRp. Presumably due to
the differences in the number of expressed receptors, the ECso
values deviated in each time of assay. Therefore, we included
compound 1 in each assay as a control to normalize the deviation
in each assay. T0901317 (T) was also included along with
compound 1 (Table 3).

Table 3. Kinetic analyses of cholic acid derivatives for
LXRpB-dependent transcription stimulating activity

LXRB LXRB
exp.  opd TEC,T  Efficacyie | P Pd TEC,  Efficacy%
(nM) (1M)

1 0423 100 1 0464 100
2 0862 85 5 0623 100
3 0344 211 " 6 0786 108
4 1107 148 7 1024 102
1770141 160 1770206 100
8  0.165 99 d 10 389% 39
9 0127 134 11 1.992 65
1770124 100 170154 100
12 1201 66 f 14 0239 17
13 - 0.54 15 0169
1775383 160 17033 100
17 0643 62 h T 0030 98
18 0462 80

EC50 (uM) are calculated based on the luciferase assay with dose-response
curve. Efficacy (%) is expressed as percentage of maximal activity relative to
1. Compound 1 was included in each set of experiment to normalize
deviation observed in each assay. Each set of experiment (exp.) was
indicated as (a) to (h).

Compound 3, with a diethyl amide, and compound 4, with a
diisopropyl amide; showed higher efficacy. Compound 2, with a
secondary amide, was less active than the tertiary amides. The N-
methyl compounds 5 and 6 have an N-isopropyl or -ethyl group,
respectively, whereas compound 7 has an N-propyl group. These
compounds showed ECsy and efficacy similar to those of
compound 1. Compound 3, which harbors a flexible side chain,
showed 2-fold higher efficacy and lower ECs, values as
compared with compound 1, whereas compound 8, which
harbors a cyclized structure, showed efficacy similar to
compound 1. Compound 9, with a piperidine ring, showed higher
efficacy than compound 1. These results suggest that the size of
the N,N-alkyl substituents is critical for binding to the receptor.
The effect of stereochemistry at C23 was examined by
introducing a methyl group or cyclic structure (compounds 10—
19). The transactivation activity of the more-polar compound 11
was 2-fold higher than that of the less-polar compound 10 (Table
3). Among the lactam compounds examined, only the S-isomer
compound 12 and R-isomer compound 14 exhibited stimulatory
activity. Importantly, compounds 13 and 15 showed no
transactivation activity (Table 3). Although compound 12 was

less potent compared with compound 1 (Table 3), compound 14
was more efficacious than compound 1 (Table 3). By contrast, -
lactam compound 17 and e-lactam compound 18 showed lower
transactivation activity than compound 1. These results indicate
that among the compounds with restrained conformations, only
lactam compound 14 should have a conformation of the amide
oxygen suitable for binding the receptor. Comparison of those
amide (lactam) derivatives led us to determine the receptor-
bound conformation of cholenamide compound 1. This putative
receptor-bound conformation was consistent with that of the
chloenamide complexed in the ligand-binding site of the receptor,
as shown in Figure 3.

In summary, we designed compounds exhibiting good affinity
for LXRs by modeling structures of LLXRs in complex with their
ligands. In luciferase assays, the tertiary amide compounds 3 and
4 exhibited higher activity. In. LXR-RXR assays, compounds
with hydrophobic moieties showed higher activity than
compound 1. The stereochemistry of the C23 of the lactams was
found to be important for determining the ECs, values and
transactivation of the genes, thus providing information
regarding the receptor-bound conformation of the side chain of
the cholenamide derivatives.

Acknowledgments

We thank Dr. Spyridon Theofilopoulos of Karokinska
Institute for providing LXR plasmids and LXRE reporter
plasmid.

Supplementary Material

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/xxxx/xxxx/j.bmclxxx.

References and notes

=

Cell 1999; 97: 161.

2. Annicotte, J. S.; Schoonjans K.; Auwerx J. Anat Rec Part A.
2004; 277A: 312.

3. Lu, T.T.; Repa J. J.; Mangelsdorf, D. J. J. Biol. Chem. 2001; 276:
37735.

4. Mangelsdorf, D. J.; Evans, R. M. Cell 1995; 83: 841.

5. Willy, P. J;; Umesono, K.; Ong, E. S.; Evans, R. M.; Heyman, R.
A.; Mangelsdorf, D. J. Genes Dev. 1995; 9: 1033.

6. Kennedy M. A.; Venkateswaran, A.; Tarr, P. T.; Xenarios, .;
Kudoh, J.; Shimizu, N.; Edwards, P. A. J. Biol. Chem. 2001; 276:
39438.

7. Sabol, S. L.; Brewer, H. B. Jr.; Santamarina-Fojo, S. J. Lipid Res.
2005; 46: 2151.

8. Repa, J. J; Turley, S. D.; Lobaccaro, J. M. A.; Medina, J.; Li. L.;
Lustig, K.; Shan, B.; Heyman, R. A.; Dietschy, J. M,;
Mangelsdorf, D. J. Sicence 2000; 289: 1524.

9.  Schwartz, K.; Lawn, R. M.; Wade, D. P. Biochem. Biophys. Res.
Commun. 2000; 274: 794.

10. Venkateswaran, A.; Laffitte, B. A.; Joseph, S. B.; Mak, P. A;;
Wilpitz, D. C.; Edwards, P. A.; Tontonoz, P. Proc. Natl. Acad.
Sci. USA 2000; 97: 12097.

11. Costet, P.; Luo, Y.; Wang, N.; Tall, A. R. J. Biol. Chem. 2000;
275: 28240.

12. Repa, J. J.; Liang, G.; Ou, J.; Bashmakov, Y.; Lobaccaro, J. M.
A.; Shinomura, I.; Shan, B.; Brown, M. S.; Goldstein, J. L
Mangelsdorf, D. J. Genes Dev. 2000; 14: 2819.

13. Yoshikawa, T.; Shimano, H.; Ameriya-kudo, M.; Yahagi, N.;
Hasty, A. H.; Matsuzaka, T.; Okazaki, H.; Tamura, Y.; lizuka, Y.;
Ohashi, K.; Osuga, J.; Harada, K.; Gotoda, T.; Kimura, S.;
Ishibashi, S.; Yamada, N. Mol Cell Biol. 2001; 21: 2991.

14. Peng, D.; Hiipakka, R. A.; Dai, Q.; Guo, J.; Reardon, C. A.; Getz,
G. S.; Liao, S. J. Pharmacol. Exp. Ther. 2008; 327: 332.

15. Lehmann, J. M.; Kliewer, S. A.; Moore, L. B.; Smith-Oliver, T.

A.; Oliver, B. B.; Su, J.; Sundseth, S. S.; Winegar, D. A;



16.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

217.

Balnchard, D. E.; Spencer, T. A.; Willson, T. M. J. Biol. Chem.
1997; 272: 3137.

Schultz, J. R; Tu, H.; Luk, A.; Repa, J. J.; Julico, C.; Medina, J.
C.; Li, L.; Schwendner, S.; Wang, S.; Thoolen, M.; Mangelsdorf,
D.J.; Lustig, K. D.; Shan, B. Genes Dev. 2000; 14: 2831.

Beyea, M. M.; Heslop, C. L.; Sawyez, C. G.; Edwards, J. Y;
Markle, J. G.; Hegele, R. A.; Huff, M. W. J. Biol. Chem. 2007;
282: 5207.

Joseph, S. B.; Laffitte, B. A.; Patel, P. H.; Watson, M. A;
Matsukuma, K. E.; Walczak, R.; Collins, J. L.; Osborne, T. F. J.
Biol. Chem. 2002; 277: 11019.

a) Bradley, M. N.; Hong, C.; Chen, M.; Joseph, S. B.; Wilpitz, D.
C.; Wang, X.; Lusis, A. J.; Collins, A.; Hseuh, W. A.; Collins, L.
J.; Tangirala, R. K.; Tontonoz, P. J. Clin. Invest. 2007; 117: 2337-
2346. b) Lud, E. G.; Peterson, L. B.; Adams, A. D.; Lam, M. H.
N.; Burton, C. A.; Chin, J.; Guo, Q.; Huang, S.; Latham, M,;
Lopez. J. C.; Menke, J. G.; Milot, D. P.; Mitnaul, L. J.; Rex-Rabe,
S. E.; Rosa, R. L.; Tian, J. Y.; Wright, S. D.; Sparrow, C. P.
Biochem. Pharmacol. 2006; 71: 453.

a) Nomura, S.; Endo-Umeda, K.; Makishima, M.; Hashimoto, Y.;
Ishikawa. M. ChemMedChem 2016; 11: 2347. b) Nomura, S.;
Endo-Umeda, K.; Fujii, S.; Makishima, M.; Hashimoto, Y.;
Ishikawa. M. Bioorg. Med. Chem. Lett. 2018; 26: 796.

Janowski, B. A.; Grogan, M. J.,; Jones, S. A.; Wisely, B. G,;
Kliewer, S. A.; Corey, E. J.; Mangelsdorf. D. J. Proc. Natl Acad
Sci USA 1999; 96: 266.

a) Quinet, E. M.; Savio, D. A.; Halpern, A. R.; Chen, L.; Miller,
C. P.; Nambi, P. J Lipid Res. 2004; 45: 1929. b) Kratzer, A.;
Buchebner, M.; Pfeifer, T.; Becher, T. M.; Uray, G.; Miyazaki,
M.; Miyazaki-Anzai, S.; Ebner, B.; Chandak, P. G.; Kadam, R. S;
Calayir, E.; Rathke, N.; Ahammer, H.; Radovic, B.; Truner, M.;
Hoefler, G.; Kompella, U. B.; Fauler, G.; Levi, M.; Levak-Frank,
S.; Kosther, G. M.; Kratky, D. J. Lipid. Res. 2009; 50:312. c)
Martinez, M. D.; Ghini, A. A.; Dansey, M. V.; Veleiro, A. S.;
Pecci, A.; Alvarez, L. D.; Burton, G. Bioorg. Med. Chem. 2018;
26:1092.

Willams, S.; Bledsoe, R. K.; Collins, J. L.; Boggs, S.; Lambert,
M. H.; Miller, A. B.; Moore, J. McKee, D. D.; Moore, L;
Nichlos, J.; Parks, D.; Watson, M.; Wisely, B.; Willson, T. M. J.
Biol. Chem. 2003; 278: 27138.

Spencer, T. A; Li, D.; Russel, J. S.; Collins, J. L.;'Bledsoe, R. K.;
Consler, T. G.; Moore, L. B.; Galardi, C. M.; McKee, D. D.;
Moore, J. T.; Watson, M. A.; Parks, D. J.; Lambert, M. H,;
Willson, T. M. J. Med. Chem. 2001; 44: 886.

Svensson, S.; Ostberg, T.; Jacobsson, M.; Norstrom, C.;
Stefansson, K.; Hallen, D.; Jehansson, |I. C.; Zachrisson, K.; Ogg,
D.; Jendeberg, L. EMBO J. 2003;22: 4625.

Fujino, T.; Une, M.; Imanaka; T.; Inoue, K.; Nishimaki-Mogami,
T. J Lipid Res. 2004; 45: 132.

For octant rule, see: Snatzke, G., Angew. Chem. Int. Ed. Engl.
1968; 7: 14. See also supporting information.



