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Inhibitors of NF-kB derived from thalidomide

Esperanza J. Carcache de-Blanco, Bulbul Pandit, Zhigen Hu,
Jiandong Shi, Andrew Lewis and Pui-Kai Li*

Division of Medicinal Chemistry and Pharmacognosy, College of Pharmacy, The Ohio State University, Columbus, OH 43210, USA

Received 30 August 2006; revised 16 January 2007; accepted 22 January 2007
Available online 2 February 2007

Abstract—A series of compounds originally derived from thalidomide were synthesized and evaluated. The most potent compounds
in this series, SHPP-33 and compound 20, inhibited NF-«B activation in HeLa cells. Preliminary study indicated that the mechanism
of inhibition of NF-«kB activation is through inhibition of its translocation from the cytoplasm to the nucleus.

© 2007 Elsevier Ltd. All rights reserved.

Nuclear factor kappa B (NF-«B) is a group of transcrip-
tion factors known to regulate immune and inflammatory
responses.! The factors are homo and heterodimers from
the Rel protein family containing five members: NF-xB1
(p50/105), NF-xB2 (p52/100), Rel A (p65), Rel B, and
c-Rel. In its inactive form, the dimers are located in the
cytoplasm and sequestered with the inhibitory proteins
IxBs. Upon activation, the IxBs are phosphorylated by
IxB kinase (IKK) and liberated from the NF-xB dimers.
These dimers will enter the nucleus, where they enhance
the transcription of genes encoding for immune and
inflammatory response.

Recently, constitutive activation of NF-«kB has been
described in a number of tumors.>> The activation
resulted in upregulation of growth factors, cytokines,
cell adhesion molecules, and antiapoptotic proteins
which mediate promotion, angiogenesis, metastasis,
and chemoresistance of tumor. Thus, inhibiting the acti-
vation of NF-«kB is a viable strategy for both chemother-
apy as well as chemoprevention.

Many classes of compounds have been reported to
inhibit NF-kB activation which include natural products
such as genistein,%’ caffeic acid®® and curcumin;!%!!
glucocorticoids'?> and nonsteroidal anti-inflammatory
agents;'31¢ IKK 72! and proteasome inhibitiors.?>>3
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In addition to the many classes of compounds men-
tioned above, thalidomide (Fig. 1) was also reported
to be an inhibitor of NF-xB activation.?*2® Thalido-
mide, a drug discovered in the mid-1950s in a search
for better anti-epileptic agents, was found to possess lit-
tle anti-epileptic effect, but was marketed as a safe, non-
addictive sedative-hypnotic drug with good anti-emetic
activity. The drug was used extensively for morning
sickness during pregnancy until it was found to cause
significant fetal abnormalities.?® In the mid-1960s, tha-
lidomide was found to be very useful in the treatment
of leprosy leading to resurgence in interest in the drug
and its eventual approval in 1998 by the FDA for the
acute treatment of erythema nodosum leprosum? and
recently for multiple myeloma. Today, thalidomide is
in clinical trials for, among other things, HIV ulcers
and wasting®*33 Crohn’s disease,** rheumatoid arthri-
tis,3>3¢ chronic host-versus-graft disease,” Behcet’s vas-
culitis,®® and cancer including AIDS Kaposi’s sarcoma?>’
and other solid tumors.**~*3 Recently, a number of novel
thalidomide analogs have been reported.***’ These ana-
logs can be classified into two groups: the Selective
Cytokine Inhibitory Drugs (SelCIDs), which possess
phosphodiesterase Type 4 (PDE4) inhibitory activities,
and the immunomodulatory drugs (IMiDs). Currently,
two IMiDs are in clinical trials for the treatment of can-
cers. Revlimid (Fig. 1) is now in phase III clinical trials
for multiple myeloma and metastatic melanoma, while
Actimid (Fig. 1) has entered a phase I/II trial for multi-
ple myeloma and a phase II trial for prostate cancer.

Recently, we reported the anti-angiogenic activities of
several putative metabolites of thalidomide.*® Our ongo-
ing search for potent anti-angiogenic thalidomide
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Figure 1. Structures of thalidomide, actimid, revlimid, SHPP-33, and its analogs.

analogs revealed a compound, 5-hydroxy-(2,6-diisopro-
pylphenyl)-1H-isoindole-1,3-dione (SHPP-33, Fig. 1),
with a paclitaxel-like anti-microtubule mode of action.*
In addition, SHPP-33 has been reported to have tumor
necrosis factor-o inhibitory activity in vitro.>*>? In the
evaluation of SHPP-33 described here, we determined
that SHPP-33 inhibits the activation of NF-kB through
inhibition of its translocation to the nucleus. Twenty
SHPP-33 analogs are evaluated. SHPP-33 and one of
its analogs are approximately 4-fold more potent than
thalidomide as inhibitors of NF-kB activation.

Thalidomide,>? actimid*’, and SHPP-33°* were synthe-
sized according to the reported procedures. The synthe-
ses of compounds 1-10 and 13-20 are shown in Figure
2. The syntheses of compounds 1-3 and 5-9 involved
the coupling of various substituted phthalic anhydrides
with substituted anilines. Compounds 4 and 10 were ob-
tained by catalytic hydrogenation of compounds 3 and
9, respectively. Condensation of 4-hydroxyphthalic acid
with substituted anilines yielded compounds 13-20.
Esterification of 5 with MeOH in acidic reflux yielded
compound 6. The syntheses of compounds 11 and 12
are shown in Figure 2. In brief, compound 11 was ob-
tained by sulfamoylation® of SHPP-33. Acetylation of
compound 10 yielded compound 12.
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SHPP-33 and its analogs were assayed for their inhibi-
tory activity toward IL-lo induced NF-xB activation
in HeLa cells, with (E)-3-(tert-butylphenylsulfonyl)-2-
propenenitrile (BAY-11-7085), a potent IKK inhibi-
tor,!”?0 as the positive control. Normally, NF-kB is
present in the cytoplasm as homo or heterodimer with
members of the kB inhibitor family. Upon phosphory-
lation and degradation of IxB, the nuclear localization
sequence becomes accessible and NF-kB translocates
to the nucleus. Thus, translocation from the cytoplasm
to the nucleus is a definitive measure of NF-xB activa-
tion. A quantitative NF-kB nuclear translocation assay
was used to measure the inhibitory activities of the com-
pounds.®® In brief, HeLa cells in a 96-well plate were
stimulated with IL-1a (5 ng/ml, 25 pl/well) with or with-
out inhibitors and the cells were incubated for 30 min.
The cells were fixed and incubated with anti-p65 anti-
body and then stained with Hoechst dye. The plates
were then scanned with fluorescent imaging microscope
(Axiovert 40 CFL, Carl Zeiss Microimaging, Inc.,
Thornwood, NY). The results are shown in Figure 3.
Immunofluorescence staining of p65 in Hela cells
(unstimulated, PBS control) shows that p65 is mainly lo-
cated in cytoplasm with minimal amount in the nucleus.
Upon stimulation with IL-la for 30 min, significant
amount of the p65 is translocated into the nucleus.

(7) R=5-Cl
(8) R=5-CH;

(9) R=5-NO
b (10) Ros5NH,

(17) R2=R3=Et
(18) R%=R3<F
(19) R%=R3=Cl

(16) R2=R3=Me (20) R?=R3=Br

Figure 2. Syntheses of compounds 1-10 and 13-20. Reagents and conditions: (a) AcOH, reflux, 5-7 h, 67-95% yield; (b) H,, 10% Pd/C, acetone,

reflux, 2 h, 88-90% yield; (c) MeOH, dil H,SOy, reflux, 12 h, 84% yield.
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Figure 3. Syntheses of compounds 11 and 12. Reagents and conditions: (a) CISO,NH,/2,6-di-tertbutyl-4-methyl pyridine/DMF/rt/24 h;

(b) CH;COCVEt;N/THF/rt/1 h.

Table 1. Inhibitory activity of thalidomide, actimid, BAY-11-7085, SHPP-33, and its analogs on IL-1 induced nuclear translocation of NF-kB in

HeLa cells
R! 4 O R?
SN
| N
=
0 R?
Compound R! R? R? Inhibition of p50/p65 translocation 1Csq (UM)
Thalidomide — — — 2.04
Actimid — — — 1.27
BAY-11-7085 — — — 0.1
SHPP-33 5-OH i-Pr i-Pr 0.53
1 H i-Pr i-Pr >50
2 4-OH i-Pr i-Pr 4.95
3 4-NO, i-Pr i-Pr >50
4 4-NH, i-Pr i-Pr >50
5 5-CO,H i-Pr i-Pr >50
6 5-CO,CH3; i-Pr i-Pr >50
7 5-Cl i-Pr i-Pr >50
8 5-CH; i-Pr i-Pr >50
9 5-NO, i-Pr i-Pr >50
10 5-NH, i-Pr i-Pr 29.5
11 5-OSO,NH, i-Pr i-Pr >50
12 5-NHCOCH; i-Pr i-Pr >50
13 5-OH H i-Pr >50
14 5-OH H t-Bu >50
15 5-OH H Pr >50
16 5-OH Me Me >50
17 5-OH Et Et >50
18 5-OH F F >50
19 5-OH Cl Cl >50
20 5-OH Br Br 0.43

BAY-11-7085 (an IKK inhibitor), thalidomide, SHPP-
33, and their analogs inhibit the nuclear translocation
of p65 (Fig. 3).

In the IL-1o stimulated cells, the amount of nuclear
fluorescence is increased, while the cytoplasmic fluores-
cence markedly is decreased. The nuclear minus fluores-
cence is high. The inhibitory activities of the compounds
(ICsp) are designated as the concentration of the com-

pounds to reduce 50% of the nuclear minus cytoplasmic
fluorescence in the cells. The inhibitory activities of the
compounds are shown in Table 1.

Thalidomide has been reported to be an inhibitor of
NF-kB activation.?*2® In this study, we demonstrated
that thalidomide inhibited the nuclear translocation of
NF-kB in IL-1a activated HeLa cells with an ICsy of
2.04 uM (Table 1). In addition, we also demonstrated
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Figure 4. IL-1 induced NF-kB nuclear translocation. Representative fields of p65 fluorescence are shown in HeLa cells that are unstimulated (PBS
control), IL-1 stimulated, and IL-1 stimulated in the presence of BAY-11-7085, thalidomide, actimid, SHPP-33, and compounds 2 and 20 (please

refer Table 1 for the structures of compounds 2 and 20).

for the first time that actimid, a thalidomide analog cur-
rently in clinical trial for multiple myeloma,>”->% also
inhibited NF-kB activation with a slightly higher poten-
cy than thalidomide (ICs5o—1.27 uM, Table 1). SHPP-
33, a thalidomide analog reported to have tumor necro-
sis factor-o. (TNF-a) inhibitory activity, in vitro is four
times more potent than thalidomide as an inhibitor of
NF-kB activation (IC55—0.53 uM, Table 1). Thus, we
conducted a detailed structure-activity relationship
study of SHPP-33 in regard to its ability to inhibit
NF-kB activation. Twenty SHPP-33 analogs (com-
pounds 1-20) were synthesized with modifications on
2,6-diisopropyl phenyl ring or on the phthalimide ring
(Table 1). The 2,6-diisopropyl groups in SHPP-33 are
necessary but not essential for activity. Replacing one
of the isopropyl groups with a H (compounds 13-15)
or substituting the 2,6-diisopropyl groups with Me, Et,
F or Cl (compounds 16-19) resulted in elimination of
inhibitory activity. However, 2,6-dibromo analog of
SHPP-33 (compound 20) is as active as SHPP-33
(IC50—0.43 uM, Table 1).

The 5-OH group in SHPP-33 is essential for activity.
Substituting the 5-OH group with H (compound 1),
COOH (compound 5), CO,CH; (compound 6), Cl
(compound 7), CH; (compound 8), NO, (compound
9), OSO,NH, (compound 11), and NHCOCH; (com-
pound 12) all resulted in the elimination of inhibitory
activity. The inhibitory activity is decreased by 500-fold
when the 5-OH is substituted with a 5-NH, group (com-
pound 10). Transferring the OH group of SHPP-33 from
the 5 to the 4 position (compound 2) resulted in 10-fold
reduction in inhibitory activity. Substituting the 4-OH in
compound 2 with NO, or NHj all resulted in the elimi-
nation of the inhibitory activity of NF-xB (Fig. 4).

In conclusion, we have discovered a series of compounds
derived from thalidomide with potent NF-kB inhibitory

activity. Preliminary studies indicated that the active
analogs inhibit NF-xB activation through inhibition of
its translocation from the cytoplasm to the nucleus.
We are currently investigating the molecular target(s)
of the inhibition.
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