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In our efforts to develop effective treatment agents for human
multiple myeloma (MM), a series of hybrid molecules based on
the structures of thalidomide (1) and curcumin (2) were designed,
synthesized, and biologically characterized in human multiple
myeloma MM1S, RPMI18226, U266 cells, and human lung cancer
A549 cells. The biological results showed that two hybrid com-
pounds, 5 and 7, exhibited significantly improved lethal effects
towards all three human MM cell models compared to 1 or 2
alone, as well as the combination of 1 and 2. Furthermore,
mechanistic studies in U266 cells demonstrated that 5 and 7 can
induce the production of reactive oxygen species (ROS) and cause
G1/S arrest, thus leading to apoptosis and cell death. Additionally,
they exhibited inhibitory effects on NFkB activation in A549 cells.
Collectively, the results obtained from these hybrid compounds
strongly encourage their further optimization as new leads to
develop effective treatment agents for human MM.

Multiple myeloma (MM), an incurable plasma cell malignancy,
is characterized by disordered growth of terminally differen-
tiated plasma cells and is the second most common hemato-
poietic cancer."” In the United States, 50000 patients are
currently affected by MM. Approximately 10000 of these
patients die each year.> With the advances in understanding
the molecular mechanisms of MM, novel agents with more
defined molecular targets have been successfully developed
and added to the armamentarium for treatment of MM, such
as immunomodulatory drugs (IMiDs) including thalidomide
(1, Fig. 1) and proteasome inhibitors.*” 1 was first introduced
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to control morning sickness during pregnancy in the 1950s,
but was withdrawn due to severe teratogenicity.”” 1 has been
recently reintroduced as an effective MM treatment either as a
stand-alone therapy or in combination with other chemothera-
peutic agents, due to its activities in modulating the immune
system and disturbing the microenvironment of tumor cell
growth in bone marrow.®™" Although the response rate and
patient survival of MM patients have significantly improved
upon treatment with 1, certain toxicities are associated with it,
such as venous thromboembolism,'* that need to be managed.
Curcumin (2, Fig. 1), a yellow spice and pigment isolated from
the rhizome of Curcuma longa, has been traditionally used as a
food coloring additive.'®> Recently, 2 has attracted extensive
interest as both a preventive and treatment agent in a variety
of disease models, such as arthritis, cancer, and Alzheimer’s
disease (AD)."*'® Notably, 2 has been shown to exhibit cyto-
toxic effects in MM models and to potentiate the effects of
other therapeutic agents, including 1, in MM disease
models."’

Recently, the “hybrid molecule” strategy has drawn
increased attention in drug design and development.'®~>* Con-
ceptually, this strategy incorporates structural features that are
essential to the biological activities of different drug structures
into a single molecule. Compared to the combination of mul-
tiple drugs, hybrid molecules may provide certain advantages:
(1) enhanced potency by self-synergy within one molecule that
may not be achievable by a traditional combination of separ-
ately dosed agents that may miss the ideal timing window; (2)
reduced risk of developing drug resistance; and (3) improved
pharmacokinetic properties and reduced toxic side effects
compared to the administration of multiple agents. Addition-
ally, such hybrid molecules may provide the advantages of
reduced cost and improved patient compliance, which are
sometimes as significant as drug resistance and toxicity.
Herein, we report the design and biological characterization of
a series of hybrid compounds of 1 and 2 as potential treatment
agents for MM.

Since the phenolic oxygen of 2 can be modified without a
significant influence on its biological activity, compound 3
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Fig. 1 Molecular design of curcumin-thalidomide hybrids.

was therefore designed to simply link 1 and 2 into one mole-
cule through an ester linkage (Fig. 1). Hybrid 4 was designed
using the phthalimide moiety of 1 to replace one of the
4-hydroxy-3-methoxy-phenyl rings of 2. Hybrid 5 was con-
structed to incorporate the structural features of 1 and 2
through a benzylidene connection at the methylene position
between the two carbonyls of 2. The results from 4 and 5 will
shed light on optimizing the positions for hybridization, as well
as on whether both of the 4-hydroxy-3-methoxy-phenyl rings of
2 are needed for activity. Compound 6 will further confirm the
importance of the 4-hydroxy-3-methoxy-phenyl rings of 2 on bio-
logical activity. Recently, a mono-ketone analog of 2 has been
designed and shown to be more potent than 2.>* Therefore, 7
was designed to evaluate whether a mono-ketone hybrid will
produce improved biological activities.

The syntheses of the designed compounds were achieved
through the conditions listed in Schemes 1 and 2. Briefly, tha-
lidomide carboxylic acid 9 was prepared from 1,2,4-tribenzene-
carboxylic anhydride 8 by following reported procedures.”

The coupling reaction of 9 with 2 in the presence of EDC in
dichloromethane afforded compound 3 (Scheme 1). The
bromide intermediate 12, prepared by following a reported
method,>* was oxidized by IBX to afford the desired aldehyde
13. To prepare compound 4, intermediate 11 prepared from
vanillin 10 was first reacted with BF;-Et,O to form a complex,
which was condensed with aldehyde 13 under Pabon reaction
conditions to yield 14. Refluxing of 14 in the mixture of MeOH
and DMSO afforded 4. The condensation reaction of aldehyde
13 with 11, catalyzed by acetic acid and morpholine under
microwave irradiation, yielded compound 6 as the major
product. In the presence of piperidine and tributylborate, con-
densation of aldehyde 13 with curcumin 2 afforded 5. Com-
pound 7 was prepared by condensation of aldehyde 13 with
15, which was prepared from vanillin 10 and acetone, in the
presence of BF;-Et,O in dioxane.?®

After synthesis, we initially tested these compounds in
human MM1S, U266, and RPMI8226 cells at a single concen-
tration of 10 pM to confirm their cytotoxic effects. 1 and 2
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Scheme 1 Reagents and conditions: (a) ref. 25; (b) curcumin, EDC, DMAP, DCM, 46%.

Org. Biomol. Chem.

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/c3ob40595h

Published on 11 June 2013. Downloaded by University of Edinburgh on 21/06/2013 15:08:50.

OH O

H;CO cHo H,CcO a s
HO
HO
10

1"

o]
H;CcO CHO g HCO Y h
o
HO HO
10 15

9 o
H,CO. AL o
N {o]
HN
BOARA SoL .
[o e}

View Article Online

e

H,CO

HO

Scheme 2 Reagents and conditions: (a) i. B,Os, acetylacetone, EtOAc, ii. vanillin, (BuO)sB, nBuNH,, iii. 1 M HCl, 60%; (b) IBX, DMSO, 90%; (c) i. BF3-Et,0O, EtOAC,
ii. aldehyde 13, (BuO)3B, nBuNH,, EtOAc, 39%; (d) MeOH, DMSO, 22%; (e) aldehyde 13, B,Os3, AcOH, morpholine, microwave 200 W, 5 min, 25%; (f) curcumin,
(BuO)sB, piperidine, EtOAc, 10%; (g) acetone, NaOH, 87%; (h) compound 15, BF3-Et,0, dioxane, 25%.
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Fig. 2 Antiproliferative activity of hybrid molecules. (A) RPMI8226 cells, (B) MM1S cells, (C) U266 cells were treated with indicated compounds at 10 uM for 48 h
and cell viability was analyzed by MTT (data are expressed as mean percentage viability with vehicle control set at 100% viability. Error bars represent SEM from
three independent experiments and at least each data point was tested in triplicate in each experiment); (D) ICsos (calculated based on the four parameter dose—
response analysis function in Prism to fit five doses of 0.3, 1, 3, 10, 30 pM and corresponding viability) of indicated compounds in RPMI8226, MM1S, and U266 cells.

alone and the combination of 1 and 2 were compared as con-
trols. As shown in Fig. 2A-2C, 2 (10 pM) decreased the cell
growth of MM1S, U266, and RPMI18226 cells by 45.0%, 42.5%,
and 58.6% respectively. However, 1 did not exhibit antiproli-
ferative activity at this concentration by itself. This is

This journal is © The Royal Society of Chemistry 2013

consistent with the literature report that a minimum of 50 pM
concentration is needed for 1 to exhibit significant cytotoxic
effects in MM cells.* The combination of 1 and 2 exhibited
comparable anti-proliferative activity as 2 alone. The ester
analog 3 (10 pM) decreased the cell viability of MM1S, U266,
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and RPMI8226 cells by 32.8%, 21.8%%, and 47.5%, respect-
ively, i.e., is comparable to 2. Compound 4 also showed com-
parable antiproliferative activities against MM1S, RPMI18226,
and U266 cells to 2. This may suggest that replacement of one
of the 4-hydroxy-3-methoxy-phenyl rings of 2 with the phthal-
imide moiety can retain antiproliferative activity. Notably, com-
pound 5 significantly inhibited the cell growth of all three cell
lines by >90% at 10 pM. On the other hand, 6 exhibited no sig-
nificant activity against all three cell lines at this concen-
tration, thus indicating that the 4-hydroxy-3-methoxy-
benzylidene moiety is essential to the antiproliferative activity
of 5. The mono-ketone hybrid 7 also significantly inhibited the
growth of all three cell lines compared to 5. With these results
in hand, we then tested 5 and 7 against MM 1S, RPMI8226, and
U266 cells in dose-response studies to obtain potency infor-
mation. As shown in Fig. 2D, 5 exhibited IC5,s of 6.44 + 0.85,
4.55 + 0.40, and 3.96 + 0.84 pM for MM1S, RPMI8226, and
U266 cells, respectively, and 7 exhibited ICsos of 7.59 + 3.31,
5.62 + 2.92; and 2.33 + 0.63 pM for MM1S, RPMI8226, and
U266 cells, respectively. In general, U266 cells are more sensi-
tive to these hybrid compounds; therefore, U266 cells were
employed for the following mechanistic studies.

Reactive oxygen species (ROS) can be double-edged swords,
depending upon their concentrations and cellular
localizations.””*° Many anticancer agents, including 2, have
been demonstrated to exert their cytotoxic effects through the
generation of ROS.*! Therefore, we decided to investigate
whether 5 and 7 induce the production of ROS that could
potentially lead to the cytotoxic effects observed in U266 cells.
As shown in Fig. 3, 2 dose-dependently increased ROS pro-
duction at 1 h treatment, and the level of ROS is reduced after
longer exposure. Notably, 5 significantly increased the pro-
duction of ROS at 1 h treatment in U266 cells at both 3 and
10 pM concentrations (1.6 and 2.2 fold increase, respectively).
Compound 7 also significantly increased the production of
ROS at 1 h treatment in U266 cells at both 3 and 10 pM con-
centrations. Interestingly, ROS induction by 7 at 3 pM is stron-
ger than that at 10 pM at this time point (1.9 and 1.7 fold

250- .
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increase, respectively). This dose-independent mode of action
in ROS induction is possibly due to the unique mono-ketone
structure of 7 and the antioxidant effects of the phenol group
in this structure at higher concentrations, but further studies
are warranted to better understand such a dose-independent
nature. The ROS level steadily decreased with the increase of
exposure time for both compounds, even to a level that is
lower than the control after 6 h treatment. ROS have also been
demonstrated to induce apoptosis or necrosis in many cancer
cell models.>”*° Since our compounds induced significant oxi-
dative stress in U266 cells, we next investigated whether 5 and
7 can induce apoptosis in U266 cells to investigate the
molecular mechanisms of their cytotoxicity. As demonstrated
in Fig. 3, because the ROS level decreased to normal or even
below control level after 6 h treatment, we decided to analyze
the apoptotic effects of 5 and 7 at 4, 6 and 24 h time points
and to see whether there is any association between ROS pro-
duction and induction of apoptosis if apoptotic effects are
observed. As shown in Fig. 4, 5 and 7 induced mainly early
apoptosis at 10 uM concentrations after 6 h treatment (26.7%
and 10.4% increase, respectively), but apoptosis was only
slightly induced at 3 pM concentrations for this time course.
No apoptotic effects were observed at 4 h treatment (data not
shown). Prolonged treatment (24 h) induced significant
apoptosis by both compounds at both 3 pM and 10 pM
concentrations (14.8% and 79.2% increase for 5; 9.1% and
54.1% increase for 7). Comparing the time course of ROS
production and apoptosis induction, it may suggest that
ROS production triggers the apoptosis of U266 cells
upon treatment with compounds 5 and 7. To further
confirm the association between ROS production and
apoptosis, an N-acetyl-cysteine (NAC, an ROS scavenger agent)
rescue experiment was performed. As shown in Fig. 5,
NAC (8 mM) did not induce apoptosis by itself; however, it
completely blocked the apoptotic effects induced by 5 and 7
at this concentration, thus demonstrating that ROS production
is a direct cause of 5- or 7-mediated apoptotic cell death
of U266 cells.

N
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Fig. 3 ROS production in U266 cells. U266 cells were treated with indicated compounds at indicated concentrations for indicated intervals, then DCFH-DA (10 pM)
was loaded and fluorescence intensity was analyzed by flow cytometry. Data are expressed as mean percentage of ROS production with vehicle control set at 100%
from three independent experiments (at least each data point was tested in triplicate in each experiment). Error bars represent SEM. *p < 0.05, **p < 0.01, ***p <

0.001 vs. vehicle.
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Fig. 4 Apoptotic effects of 5 and 7 on U266 cells. U266 cells were treated with indicated compounds at indicated concentrations for 6 h and 24 h, and then the
cells were stained with Annexin V/Pl and analyzed by flow cytometry. Data are expressed as mean value + SEM from two independent experiments.
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Fig. 5 Protection of U266 cells from 5- and 7-induced apoptosis by NAC. U266
cells were treated with NAC (8 mM) and indicated compounds for 24 h, and
then cells were stained with Annexin V/PI and analyzed by flow cytometry. Data
are expressed as mean value + SEM from two independent experiments.

ROS have also been implicated as having an important role
in the progression from G; to S phase.’> Furthermore, 2 has
been reported to induce a G,/S arrest of cancer cells,**?* and 1
to interfere with the cell cycle of MM cells.>® Therefore, we
determined the effects of 5 and 7 on the cell cycle of U266
cells. As shown in Fig. 6A, treatment with 5 or 7 (3 pM) signifi-
cantly arrested U266 cells at the S phase (21.67% and 23.98%
increase, respectively), an event accompanied by a decrease of
the G,/M population (16.36% and 22.74% decrease, respect-
ively). This may suggest that ROS-induced cell cycle arrest at
the S phase led to the apoptotic cell death of U266 cells upon
treatment with 5 or 7.

NFkB activation has been suggested to play a critical role in
the survival of MM cells and in the progression of MM.**?”
Furthermore, both 1 and 2 have been shown to inhibit NFkB
activation in cancer models.>®**° Our previous research has
demonstrated that the upregulated NFkB signaling pathway
can be blocked by curcumin analogues in lung cancer A549

This journal is © The Royal Society of Chemistry 2013

cells.*” Due to their well-defined cell morphology, we have
employed A549 cells as a model system and developed a highly
quantitative method to monitor the nuclear translocation as a
NF«kB activation readout in an automated imaging-based high
content analysis (HCA) assay. Therefore we initially used this
well-defined quantitative assay in the A549 model system to
evaluate the effect of compounds 5 and 7 on NFkB activation.
Notably, as shown in Fig. 6B, both 5 and 7 inhibited the acti-
vation of NFkB in A549 cells upon stimulation with TNF«
(10 ng mL™") with an ICs, of 5.2 and 5.6 uM, respectively, a
potency comparable to the potency of growth inhibition on
MM cells. Microscopy examination (Fig. 6C) also clearly
demonstrated that 5 dose-dependently inhibited the activation
and translocation of NFkB into the nucleus of A549 cells upon
stimulation with TNFa.

In summary, hybrid compounds of thalidomide (1) and cur-
cumin (2) were successfully designed and synthesized. The bio-
logical tests in human MM cells established that compounds 5
and 7, designed hybrids of 1 and 2, exhibited superior cyto-
toxic effects than 2 alone or the combination of 1 and 2.
Further mechanistic studies in U266 cells demonstrated that
both 5 and 7 can induce significant apoptotic cell death of
U266 cells that could be due to the induction of ROS pro-
duction and cell arrest at the S phase. Furthermore, 5 and 7
both exhibited potent inhibition on NFkB activation in A549
cells. Taken together, the results demonstrated that the hybrid
compounds exhibit all the properties reported for 1 and 2 but
are significantly more potent than both of them, thus
suggesting that the hybrid strategy in drug design could lead
to novel compounds with improved biological activities. Fur-
thermore, the results also strongly encourage further optimiz-
ation of 5 and 7 as new lead compounds to develop more
potent agents as treatment options for human MM.

Acknowledgements

We thank Professor Glen E. Kellogg of the Department of Med-
icinal Chemistry, Virginia Commonwealth University for

Org. Biomol. Chem.


http://dx.doi.org/10.1039/c3ob40595h

Published on 11 June 2013. Downloaded by University of Edinburgh on 21/06/2013 15:08:50.

View Article Online

704 W \Vehicle
60- I 5 (3 M)
. 7 (3 M) Vehicle
50
» 40
3
S
o
L
TNFa
10
0
Compound
+ TNFa
B 5(6.3 pM)
120
2
E 80 0 S5(IC{, =52 puM)
g ® 7(ICs=5.6 M) 5(12.5 pM)
bl
© 40
-3
0 T T
1 10 5(25.0 uM)
Compound concentration (uM)

Fig. 6 Cell cycle arrest and inhibition of NFkB activation by 5 and 7. (A) U266 cells were treated with indicated compounds for 24 h, DNA content was then ana-
lyzed by flow cytometry (data are expressed as mean value from three independent experiments and error bars represent SEM); (B) A549 cells were treated with 5
or 7 at indicated concentrations for 30 min, followed by stimulation with TNFa (10 ng mL~") for 30 min. Cells were fixed, stained, and analyzed by confocal
microscopy; (C) images of samples treated with 5 from B.

valuable discussions and suggestions during the preparation 11 L. Calabrese and A. B. Fleischer, Am. J. Med., 2000, 108,
of this manuscript. 487.
12 A. A. Desai, N. J. Vogelzang, B. I. Rini, R. Ansari, S. Krauss
and W. M. Stadler, Cancer, 2002, 95, 1629-1636.
References 13 V. S. Govindarajan, Crit. Rev. Food Sci. Nutr., 1980, 12, 199-
301.
1 R. A. Kyle and S. V. Rajkumar, N. Engl. J. Med., 2004, 351, 14 A. N. Nurfina, M. S. Reksohadiprodjo, H. Timmerman,

1860-1873. U. A. Jenie, D. Sugiyanto and H. Van der Goot, Eur. J. Med.
2 M. S. Raab, K. Podar, I. Breitkreutz, P. G. Richardson and Chem., 1997, 32, 321-328.

K. C. Anderson, Lancet, 2009, 374, 324-339. 15 P. Anand, A. B. Kunnumakkara, R. A. Newman and
3 R. Siegel, D. Naishadham and A. Jemal, CA Cancer J. Clin., B. B. Aggarwal, Mol. Pharm., 2007, 4, 807-818.

2012, 62, 10-29.

S. Singhal, J. Mehta, R. Desikan, D. Ayers, P. Roberson,

P. Eddlemon, N. Munshi, E. Anaissie, C. Wilson and

M. Dhodapkar, N. Engl. J. Med., 1999, 341, 1565-1571.

5 E. A. Obeng, L. M. Carlson, D. M. Gutman,

W. J. Harrington Jr., K. P. Lee and L. H. Boise, Blood, 2006,

107, 4907-4916.

W. G. McBride, Lancet, 1961, 2, 1.358.

W. Lenz, R. Pfeiffer, W. Kosenow and D. Hayman, Lancet,

1962, 279, 45-46.

8 A. Larocca, F. Cavallo, R. Mina, M. Boccadoro and
A. Palumbo, Future Oncol., 2012, 8, 1223-1238.

9 S. V. Rajkumar, S. Hayman, M. A. Gertz, A. Dispenzieri,
M. Q. Lacy, P. R. Greipp, S. Geyer, N. Iturria, R. Fonseca
and J. A. Lust, J. Clin. Oncol., 2002, 20, 4319-4323.

W~

N O

10 B. Sung, A. B. Kunnumakkara, G. Sethi, P. Anand, S. Guha

and B. B. Aggarwal, Mol. Cancer Ther., 2009, 8, 959-970.

Org. Biomol. Chem.

16

17

18

19

20
21

22

R. K. Maheshwari, A. K. Singh, J. Gaddipati and
R. C. Srimal, Life Sci., 2006, 78, 2081-2087.

R. Motterlini, R. Foresti, R. Bassi and C. J. Green, Free Rad-
icals Biol. Med., 2000, 28, 1303-1312.

P. Manikandan, M. Sumitra, S. Aishwarya, B. M. Manohar,
B. Lokanadam and R. Puvanakrishnan, Int. J. Biochem. Cell
Biol., 2004, 36, 1967-1980.

A. Miller-Schiffmann, J. Mirz-Berberich, A. Andreyeva,
R. Ronicke, D. Bartnik, O. Brener, J. Kutzsche,
A. H. C. Horn, M. Hellmert and J. Polkowska, Angew.
Chem., Int. Ed., 2010, 49, 8743-8746.

M. Decker, Curr. Med. Chem., 2011, 18, 1464-1475.

C. Viegas-Junior, A. Danuello, V. da Silva Bolzani,
E. J. Barreiro and C. A. M. Fraga, Curr. Med. Chem., 2007,
14, 1829-1852.

L. F. Tietze, H. P. Bell and S. Chandrasekhar, Angew. Chem.,
Int. Ed., 2003, 42, 3996-4028.

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/c3ob40595h

Published on 11 June 2013. Downloaded by University of Edinburgh on 21/06/2013 15:08:50.

23

24

25

26

27

28

29

30
31

32

S. Sardjiman, M. Reksohadiprodjo, L. Hakim, H. Van der
Goot and H. Timmerman, Eur. J. Med. Chem., 1997, 32,
625-630.

H. Kawai, T. Furukawa, Y. Nomura, E. Tokunaga and
N. Shibata, Org. Lett., 2011, 13, 3596-3599.

S. Perino, C. Contino-Pepin, R. Satchi-Fainaro, C. Butterfield
and B. Pucci, Bioorg. Med. Chem. Lett., 2004, 14, 421-425.

E. M. Guantai, K. Ncokazi, T. ]J. Egan, J. Gut,
P. J. Rosenthal, P. J. Smith and K. Chibale, Bioorg. Med.
Chem., 2010, 18, 8243-8256.

P. T. Schumacker, Cancer Cell, 2006, 10, 175-176.

V. J. Thannickal and B. L. Fanburg, Am. J. Physiol. Lung
Cell. Mol. Physiol., 2000, 279, 1005-1028.

H. U. Simon, A. Haj-Yehia and F. Levi-Schaffer, Apoptosis,
2000, 5, 415-418.

W. S. Wu, Cancer Metastasis Rev., 2006, 25, 695-705.

Y. Sanchez, G. P. Simén, E. Calviiio, E. de Blas and P. Aller,

J. Pharmacol. Exp. Ther., 2010, 335, 114-123.

E. Owusu-Ansah, A. Yavari, S. Mandal and U. Banerjee, Nat.
Genet., 2008, 40, 356-361.

This journal is © The Royal Society of Chemistry 2013

33

34

35

36

37

38

39

40

View Article Online

R. Sahu, S. Batra and S. Srivastava, Br. J. Cancer, 2009, 100,
1425-1433.

L. Moragoda, R. Jaszewski and A. Majumdar, Anticancer
Res., 2001, 21, 873-878.

T. Hideshima, D. Chauhan, Y. Shima, N. Raje, F. E. Davies,
Y. T. Tai, S. P. Treon, B. Lin, R. L. Schlossman and
P. Richardson, Blood, 2000, 96, 2943-2950.

J. R. Berenson, H. M. Ma and R. Vescio, Semin. Oncol.,
2001, 28, 626-633.

R. Feinman, D. S. Siegel and ]. Berenson, Clin. Adv.
Hematol. Oncol., 2004, 2, 162-166.

A. C. Bharti, N. Donato, S. Singh and B. B. Aggarwal, Blood,
2003, 101, 1053-1062.

J. A. Keifer, D. C. Guttridge, B. P. Ashburner and
A. S. Baldwin Jr., J. Biol. Chem., 2001, 276, 22382-
22387.

A. L. Kasinski, Y. H. Du, S. L. Thomas, ]J. Zhao,
S. Y. Sun, F. R. Khuri, C. Y. Wang, M. Shoji, A. Sun,
J. P. Snyder, D. Liotta and H. Fu, Mol Pharmacol., 2008,
74, 654-661.

Org. Biomol. Chem.


http://dx.doi.org/10.1039/c3ob40595h

