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a b s t r a c t

CREB (cyclic AMP-response element binding protein) is a downstream transcription factor of a multitude
of signaling pathways emanating from receptor tyrosine kinases or G-protein coupled receptors. CREB is
not activated until it is phosphorylated at Ser133 and its subsequent binding to CREB-binding protein
(CBP) through kinase-inducible domain (KID) in CREB and KID-interacting (KIX) domain in CBP. Tumor
tissues from various organs present higher level of expression and activation of CREB. Thus CREB has been
proposed as a promising cancer drug target. We previously described naphthol AS-E (1a) as a small mol-
ecule inhibitor of CREB-mediated gene transcription in living cells. Here we report the structure–activity
relationship (SAR) studies of 1a by modifying the appendant phenyl ring. All the compounds were eval-
uated for in vitro inhibition of KIX–KID interaction, cellular inhibition of CREB-mediated gene transcrip-
tion and inhibition of proliferation of four cancer cell lines (A549, MCF-7, MDA-MB-231 and MDA-MB-
468). SAR indicated that a small and electron-withdrawing group was preferred at the para-position
for KIX–KID interaction inhibition. Compound 1a was selected for further biological characterization
and it was found that 1a down-regulated the expression of endogenous CREB target genes. Expression
of a constitutively active CREB mutant, VP16-CREB in MCF-7 cells rendered the cells resistant to 1a, sug-
gesting that CREB was critical in mediating its anticancer activity. Furthermore, 1a was not toxic to nor-
mal human cells. Collectively, these data support that 1a represents a structural template for further
development into potential cancer therapeutics with a novel mechanism of action.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Cancer is a group of heterogeneous diseases with dysregulation
in a multitude of cell signaling pathways, which ultimately alter
the gene transcription programs in the cells. Various transcription
factors are implicated in these processes and therefore have been
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proposed as promising anticancer drug targets.1 The cyclic-AMP
(cAMP)-response element (CRE)2 binding protein (CREB) is one of
the transcription factors that critically regulate the development
and maintenance of tumor cells.2,3 CREB is a stimulus-induced
transcription factor activated by multiple extracellular signals
through phosphorylation.4 The transcription activity of CREB de-
pends on its phosphorylation at Ser133 by mitogen- and stress-
activated protein serine/threonine kinases, which include protein
kinase A (PKA), protein kinase B (PKB/Akt), mitogen-activated pro-
tein kinase (MAPK) and 90 kD protein ribosomal S6 kinase
(pp90RSK).5 The phosphorylated CREB (p-CREB) can then bind the
mammalian transcription co-activator, CREB-binding protein
(CBP), via the kinase-inducible domain (KID) in CREB and
KID-interacting (KIX) domain in CBP.6 This CREB–CBP complex
then recruits other transcriptional machinery to the gene promoter
to initiate CREB-dependent gene transcription.4

CREB participates in the regulation of immortalization and trans-
formation of normal cells and is overexpressed/overactivated in
many different types of cancers.2,7 In human prostate cancers,
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immunohistochemical analysis of primary and bone metastatic
prostate cancer tissues from patients demonstrated that normal or
benign prostate glands showed no detectable p-CREB.8 On the other
hand, positive p-CREB staining was consistently detected in poorly-
differentiated cancers and bone metastatic tissue specimens.8 This
positive correlation between the level of p-CREB and the extent of tu-
mor differentiation and metastasis suggests that CREB may be in-
volved in tumor progression and metastasis. Overexpression of
CREB was also seen in the cancer tissues from breast cancer pa-
tients,9 non-small-cell lung cancer (NSCLC) patients,10 and the blast
cells from patients with acute myeloid leukemia (AML).11 Con-
versely, the expression of CREB-targeting miR-34b was significantly
down-regulated in the bone marrow samples from AML patients.12

These studies indicate that CREB not only can serve as a potential
diagnostic marker for various cancers,13 but also can be exploited
as a potential cancer therapeutic target.2 Indeed, inhibiting CREB’s
transcription activity using different genetic methods, including
RNA interference (RNAi),11 CRE-decoy oligonucleotides,14 and dom-
inant-negative CREB mutants,15,16 has demonstrated anticancer
activity in different models. To translate these discoveries into po-
tential cancer therapeutics would require identification of appropri-
ate small molecule inhibitors of CREB-mediated gene transcription.

Recently, we described that naphthol AS-E (1a, Chart 1) binds
KIX and is a cell-permeable small molecule inhibitor of KIX–KID
interaction,17 an essential interaction for CREB-dependent gene
transcription activation. As a result, compound 1a is able to inhibit
CREB-mediated gene transcription in living cells.17 However, it re-
mains to be established whether small molecule inhibitors of
CREB-mediated gene transcription like 1a have any utility as anti-
cancer agents. Herein we report the structure–activity relation-
ships of 1a and present data to show that 1a is selectively toxic
to cancer cells and it displays CREB-dependent anticancer activity.

2. Results and discussion

2.1. Chemistry

In order to delineate the structural elements in 1a critical for
inhibition of KIX–KID interaction, 3-hydroxy-2-naphthamides de-
rived from differentially substituted anilines or heteroaromatic
amines were designed. The synthesis of these compounds is pre-
sented in Scheme 1. Most of the anilines 3 could directly couple
with unprotected acyl chloride derived from acid 2 and SOCl2 to
give final products 1.18 Protection of the additional 4-NH2 or
4-OH group in anilines 3g–3h with Boc or TBS was required. In
these cases, the coupling between protected anilines and acid 2
was carried out by BOP/DIPEA instead of SOCl2. The protecting
groups Boc and TBS were then removed by HCl and TBAF, respec-
tively. When a heteroaryl amine such as 5 (Scheme 1) was used
for direct coupling with acyl chloride derived from 2, it was found
that the nucleophilicity of the amine was insufficient to compete
with the free hydroxyl group in 2 and therefore no desired amide
product could be isolated. To circumvent this issue, the MOM ether
4 was prepared by a 4-step sequence involving esterification, MOM
protection and saponification. Coupling between 4 and 5 in the
presence of BOP reagent gave amide 6. However, when compound
N
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Chart 1. Chemical structures of 1a and N-methylated compound 11.
6 was subjected to MOM deprotection under acidic condition (HCl/
MeOH), only methyl ester 8 was obtained, which was presumably
formed through a protonated intermediate 7. The acidic lability of
amide 6 led us to investigate an alternative route via acetonide 9
(Scheme 1), which was prepared from 2 and acetone/Ac2O in the
presence of catalytic amount of H2SO4.19 Nucleophilic ring opening
of 9 with heteroarylamides provided 10a–10c. A strong base like
n-BuLi was necessary for these successful coupling reactions
because weaker bases such as DIPEA or DBU did not generate
desired products.

2.2. Structure–activity relationships

All the synthesized compounds were evaluated for their activity
in inhibiting KIX–KID interaction in vitro using a Renilla luciferase
complementation assay we recently developed.17 The cellular
activity of the compounds in inhibiting CREB-mediated gene tran-
scription was investigated by a CREB Renilla luciferase reporter as-
say in HEK 293T cells.17 As shown in Table 1, the para-chlorine
atom in 1a was important to the inhibition of KIX–KID interaction
because meta- (1b) or ortho-substituted (1c) analogue displayed
decreased inhibition. Because of this requirement of para-substitu-
tion, the remaining compounds were mainly designed to have dif-
ferent substitutions at this position. In the halogen series, a
potency trend of 4-F (1d) > 4-Cl (1a) > 4-Br (1e) > 4-I (1f) was ob-
served in inhibiting KIX–KID interaction in vitro, suggesting that
increased steric bulkiness and/or decreased electron-withdrawing
potential at this position were detrimental to KIX–KID interaction
inhibition. To further dissect if both of these two parameters were
critical for KIX–KID interaction inhibition, electron-donating but
small groups 4-NH2 (1g) and 4-OH (1h) were designed to probe
electronic effect while electron-withdrawing but relatively bulky
4-CF3 (1i) was designed to probe steric effect. The diminished
activity observed for these three compounds (1g–1i) indicated that
small and electron-withdrawing groups were favorable at this po-
sition to preserve KIX–KID interaction inhibition. The complete
loss of inhibition of KIX–KID interaction by 1j (4-OCH3) further



Table 1
Biological activities of 1 and 10

Compd R or heteroaryl IC50 (lM)a GI50 (lM)b

KIX–KID inhibitionc CREB inhibitiond A549 MCF-7 231e 468f Averageg

1a 4-Cl 2.90 ± 0.81 2.29 ± 0.31 2.90 ± 0.33 2.81 ± 0.35 2.35 ± 0.60 1.46 ± 0.30 2.38
1b 3-Cl >50 2.70 ± 1.34 3.68 ± 0.37 2.43 ± 0.62 4.91 ± 0.83 2.58 ± 0.88 3.40
1c 2-Cl 5.43 ± 0.80 5.72 ± 1.80 4.83 ± 0.57 2.27 ± 0.59 17.15 ± 5.69 6.65 7.73
1d 4-F 1.73 ± 0.22 4.86 ± 2.17 6.78 ± 1.32 4.16 ± 3.17 11.42 ± 0.86 2.78 ± 0.90 6.29
1e 4-Br 9.59 ± 1.35 3.45 ± 0.07 3.98 ± 0.65 1.83 ± 0.70 9.93 ± 2.56 6.61 ± 3.62 5.59
1f 4-I 34.5 ± 3.96 4.98 ± 1.73 5.51 ± 0.83 9.76 ± 6.31 7.87 ± 3.03 2.94 ± 0.51 6.52
1g 4-NH2 25.41 ± 13.28 >50 51.56 ± 11.94 27.97 ± 4.63 >100 57.06 ± 8.47 59.15
1h 4-OH 28.23 ± 17.07 40.53 ± 13.40 28.14 9.52 ± 5.99 >100 65.33 ± 38.27 50.75
1i 4-CF3 >50 6.75 ± 4.06 4.15 ± 0.50 3.62 ± 2.56 64.21 ± 50.62 63.32 ± 51.88 33.83
1j 4-OCH3 >50 >50 85.65 ± 8.74 6.55 ± 2.28 75.46 ± 34.70 79.26 ± 29.34 61.73
1k 3,4-F 2.39 ± 0.81 3.73 ± 0.86 3.57 ± 0.23 2.09 ± 0.82 11.55 ± 12.93 4.19 ± 3.65 5.35
1l 3-Cl-4-F 5.13 ± 3.30 2.29 ± 0.22 3.65 ± 0.36 6.86 ± 5.65 2.20 ± 0.46 0.85 ± 0.047 3.39
10a 2-Pyridine 1.69 ± 0.071 >50 75.84 ± 23.14 6.25 ± 5.89 44.17 ± 3.88 5.69 ± 4.04 32.99
10b 4-Pyridine 16.32 ± 9.58 20.72 ± 6.05 25.03 ± 10.69 15.76 ± 5.29 35.54 ± 6.28 63.44 ± 51.71 34.94
10c Pyridazine 20.34 ± 7.19 >50 33.24 ± 2.88 17.92 ± 13.77 >100 37.63 ± 3.29 47.20

a The IC50 is presented as mean ± SD of at least two independent experiments or >50 in the cases where IC50 did not reach at the highest tested concentration (50 lM).
b GI50 is the concentration required to inhibit the cancer cell growth by 50% as evaluated by the MTT assay. The compounds were incubated with cells for 72 h. The GI50 is

presented as mean ± SD of at least two independent experiments or >100 in the cases where GI50 did not reach at the highest tested concentration (100 lM). When SD was not
presented, only one experiment was performed in duplicates.

c KIX–KID interaction inhibition was evaluated by an in vitro Renilla luciferase complementation assay.
d CREB inhibition refers to inhibition of CREB-mediated gene transcription in HEK 293T cells using a CREB reporter assay.
e MDA-MB-231 cell line.
f MDA-MB-468 cell line.
g Average of the mean GI50 of A549, MCF-7, MDA-MB-231 and MDA-MB-468.

Figure 1. Correlation between inhibition of CREB-mediated gene transcription in
HEK 293T cells and average growth inhibition of cancer cells including A549, MCF-
7, MDA-MB-231 and MDA-MB-468 by compounds 1 and 10.
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supported this conclusion. Introducing additional substitution at
the 3-position of the most potent compound (1d) resulted in 1k
and 1l, both of which displayed slightly reduced activity compared
to 1d. Three heteroaryl amides (10a–10c) were also designed to
further interrogate the electronic effect. While 2-pyridine-substit-
ued analogue 10a exhibited good activity, the 4-pyridine-(10b) and
pyridazine-(10c) substituted analogues presented significantly re-
duced activity. Overall, these results suggest the binding site in KIX
for the 4-chlorophenyl ring in 1a is relatively small and of moder-
ate hydrophobicity.

In a cell-based CREB Renilla luciferase reporter assay, com-
pound 1a inhibited CREB-mediated gene transcription with an
IC50 of 2.29 lM (Table 1).17 Consistent with its decreased in vitro
potency in inhibiting KIX–KID interaction, the ortho-substituted
1c also showed diminished activity in inhibiting CREB’s activity
in HEK 293T cells. In the case of 1b, which did not inhibit KIX–
KID interaction in vitro, it still presented good cellular CREB tran-
scription inhibition activity. A similar difference was also observed
with 1i. This apparent discrepancy would suggest that the cellular
activity seen with 1b and 1i was independent of KIX–KID interac-
tion. In the halogen series (1a, 1d–1f), the potency trend was not as
clear as their in vitro KIX–KID interaction potency. For example, 1d
was most potent in inhibiting KIX–KID interaction in vitro, but it
was not the most potent compound in cellular inhibition of CREB’s
activity. Analogues with electron-donating groups (1g, 1h, 1j) at
the para-position generally displayed poor cellular activity, which
is consistent with their weak in vitro potency. The heteroaryl
amides 10a–10c were also poor inhibitors of CREB-mediated gene
transcription in HEK 293T cells even though 10a was a potent KIX–
KID interaction inhibitor. This might be resulting from altered cell
permeability20 of the substituted pyridine, whose relative cell per-
meability is very sensitive to substitution.21

Given the potentially important role of CREB signaling in the
maintenance of cancer phenotype,2 the synthesized compounds
were evaluated for their potential in inhibiting cancer cell growth
using an MTT assay.22 A small panel of cancer cell lines including
A549 (non-small cell lung cancer), MCF-7 (breast cancer, positive
for estrogen receptor (ER+)), triple negative breast cancer cell lines
MDA-MB-231 and MDA-MB-468, which do not express ER, PR
(progesterone receptor) or HER2 (human epidermal growth factor
receptor 2), was used (Table 1). The lead compound 1a exhibited
low lM activity in inhibiting the proliferation of all these cancer
cells, which is consistent with its cellular CREB inhibition potency.
In fact, this compound inhibited the growth of most of the cancer
cells in the NCI-60 cancer cell panel (Fig. S1). In general, there
was a good correlation between the cellular inhibition of CREB’s
activity and growth inhibition of cancer cells (Table 1). When the
average GI50 value, which is the average of the mean GI50 of
A549, MCF-7, MDA-MB-231 and MDA-MB-468, was plotted against
the cellular IC50 of CREB inhibition, there was an excellent correla-
tion (r2 = 0.817, P < 0.0001, Fig. 1). Compounds 1g, 1h, 1j and 10a
did not show appreciable inhibition of CREB-mediated gene tran-
scription, however, they all had moderate growth inhibitory activ-
ity in MCF-7 cells, but not in other cancer cell lines tested. These
results suggest that these compounds may inhibit the growth of
MCF-7 cells through a non-CREB-related mechanism. Among the
analogues prepared in Table 1, compound 1a represented a good
profile of inhibition of KIX–KID interaction in vitro, cellular
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inhibition of CREB-mediated gene transcription and inhibition of
cancer cell growth. Therefore, 1a was selected for further biological
characterization as a lead for novel anti-cancer agents.

2.3. Biology

2.3.1. 1a down-regulated CREB target gene expression
CREB is a transcription factor and its biological functions are

primarily mediated by transcription activation of its target genes.
Although the exact mechanisms by which CREB contributes to
the cancer development are not well understood,2 it is hypothe-
sized that some of the CREB target genes critical for anti-apoptosis
and/or proliferation are up-regulated in cancer cells.2 Therefore,
we investigated whether 1a could down-regulate CREB target
genes in A549 cells. Among the many possible cellular CREB tar-
gets,23 we first examined the expression of anti-apoptotic protein
Bcl-2,24,25 which is often overexpressed in cancer cells and associ-
ated with resistance to cancer chemotherapies.26,27 As presented in
Figure 2A, the expression level of Bcl-2 protein was decreased with
increasing concentrations of 1a in A549 cells. The expression of
vascular endothelial growth factor (VEGF), another CREB target,8

was also down-regulated in 1a-treated cells (Fig. 2D). On the other
hand, the expression of p21, whose expression is primarily
regulated by p5328 and not by CREB,29 was unchanged in all the
concentrations tested. Consistent with this result, we found that
p53-mediated gene transcription was not inhibited by 1a using a
transcription reporter assay (Fig. S2). These results demonstrated
that 1a did not inhibit cellular gene expression non-specifically.
Figure 2. Compound 1a inhibited CREB targets Bcl-2 and VEGF expression. (A) Exponentia
cells were then harvested and lysed in Nonidet P-40 lysis buffer. Then the proteins wer
corresponding antibodies after being transferred to a PVDF membrane. GAPDH was use
ANOVA), but not p21 (C, P = 0.34), was decreased in A549 cells upon treatment with 1a. A
RNA was isolated from the treated cells and converted into cDNA using random hexamers
Green and normalized to HPRT. (D) A549 cells in a 96-well plate were treated with indicat
media was determined by a VEGF ELISA assay. The concentration of VEGF was normaliz
To probe whether the reduction of Bcl-2 and VEGF expression
was due to a decrease of their respective mRNA level upon treat-
ment with 1a as would be expected given its mechanism of action,
quantitative reverse transcriptase polymerase chain reaction (qRT-
PCR) was employed to investigate the relative level of transcripts.
Upon treatment of A549 cells with 1a for 4 h, the transcript levels
of bcl-2 and VEGF were decreased (Fig. 2B and S3). Consistent with
the Western blot results (Fig. 2A), the transcript level of p21 was
essentially unchanged upon treatment with 1a (Fig. 2C), further
arguing that the reduction of bcl-2 and VEGF was not non-specific.

2.3.2. 1a induced apoptosis in A549 cells
Because 1a down-regulated the expression of anti-apoptotic

protein Bcl-2, we investigated if programmed cell death or apopto-
sis was induced upon treatment with 1a in A549 cells. Fluores-
cence-activated cell sorting (FACS) analysis was employed to
analyze 1a-treated A549 cells after being stained with annexin-V
and propidium iodide (PI) (Fig. 3). In this two-dye binding assay,
annexin-V would bind phosphatidylserine exposed on the dying
apoptotic cell surface while PI would only stain dead cells whose
plasma-membrane integrity was compromised.30,31 There was a
dose-dependent increase in the population of annexin+/PI� cells,
indicative of cells undergoing apoptosis. Up to 19.4% of the cells
treated with 10 lM of 1a were undergoing apoptosis, compared
to only 3.9% of the vehicle-treated cells (Fig. 3). Consistent with
the conclusion of activation of apoptosis, cleavage of poly (ADP-ri-
bose) polymerase (PARP),32 another marker of apoptosis, was
observed in A549 cells treated with 1a (Fig. 2A). Collectively, these
lly growing A549 cells were treated with different concentrations of 1a for 48 h. The
e separated on a 10% SDS-PAGE gel. The indicated proteins were detected by their
d as a loading control. (B and C) The mRNA level of bcl-2 (B, ⁄P < 0.05 by one-way
549 cells were treated with 1a at indicated concentrations in duplicate for 4 h. Total
as primers. The relative amount of the transcript was analyzed by qPCR with SYBR�

ed concentrations of 1a in duplicate for 24 h. Then VEGF concentration in the culture
ed to the protein concentration in the culture media. ⁄P < 0.05 by one-way ANOVA.



Figure 3. Compound 1a induced apoptosis in A549 cells. Exponentially growing A549 cells were treated with 1a at different concentrations for 48 h. The cells were harvested,
washed with cold PBS, and then stained with fluorescein-labeled annexin V (annexin-V-FITC) and propidium iodide (PI). The cells were then analyzed by flow cytometry with
FACS Calibur. The data were analyzed by Weasel v2.5 (the numbers in each quadrant showed the percentage of cells in the corresponding quadrants).
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data demonstrated that 1a activated an apoptotic cell death pro-
gram in A549 cells.

2.3.3. 1a-mediated cancer cell growth inhibition was dependent
on CREB

Cancer cells can undergo growth inhibition and/or apoptosis
through a myriad of mechanisms. And a major challenge for any gi-
ven targeted cancer therapeutic is to verify that the observed can-
cer cell growth inhibition is a result of on-target effect. To
investigate if inhibition of CREB’s activity by 1a was the mecha-
nism through which it inhibited proliferation of cancer cells, a con-
stitutively active CREB mutant, VP16-CREB17 was ectopically
expressed in the cells. Unlike endogenous wild-type CREB whose
activity is dependent on phosphorylation, the transcription activity
of VP16-CREB is determined by the potent activation domain VP16
and is independent of phosphorylation.33 We previously showed
that 1a did not inhibit VP16-CREB-mediated gene transcription.17

It was hypothesized that cells with VP16-CREB would be more
resistant to 1a if CREB–mediated gene transcription were critical
to its activities in cancer cells. Therefore, VP16-CREB was stably ex-
pressed in breast cancer MCF-7 cells (Fig. 4A). Compared to paren-
tal MCF-7 cells, the cells expressing VP16-CREB were more
resistant to the treatment of 1a (Fig. 4B). However, these cells were
not completely resistant to 1a, which was very likely due to the
low expression level of VP16-CREB. As a consequence, the endoge-
nous wild-type CREB still played a role in regulating proliferation
of these cells. In fact, the expression level of VP16-CREB was less
than 1% of endogenous CREB (Fig. S4). Higher expression clones
could not be identified presumably because these clones died dur-
ing the selection process. This phenomenon is similar to other
oncogenes such as c-Myc, which also induces apoptosis when
highly expressed.34 However, the minute amount of VP16-CREB
in the cells was required for this partial resistance because the sen-
sitivity to 1a was restored if the expression of VP16-CREB was lost
from the cells after they were passaged in non-selecting media
(data not shown). In any case, the N-methylated compound 11
(Chart 1), which did not inhibit CREB’s activity or KIX–KID interac-
tion,17 was equally effective in both of these cells (Fig. 4C). Collec-
tively, the differential sensitivity seen with compound 1a, but not
compound 11, indicated the antiproliferative activity of 1a in MCF-
7 cells was at least partially through its inhibition of KIX–KID inter-
action and CREB-mediated gene transcription.

2.3.4. 1a was not toxic to normal human cells
CREB is a pleiotropic factor involved in many different cellular

processes.4,35 Perhaps due to the concerns of potential toxicity ef-
fect in normal cells, CREB has not been pharmacologically targeted
to develop cancer therapeutics.2 Previous genetic studies with
hypomorphic CREB mutant showed, however, that mice tolerated
well with reduced CREB protein.36 With 1a as a pharmacological
tool, we then asked if pharmacological inhibition of CREB-medi-
ated gene transcription would result in massive undesired side ef-
fects in normal cells. To this end, proliferating normal human
mammary epithelial cells (HMEC) were treated with increasing
concentrations of 1a. Then the number of live cells was counted
after 48-h incubation. In contrast to the cancer cells (Table 1),
the results shown in Figure 4D demonstrated that 1a presented lit-
tle or no toxicity to these normal cells under the concentrations
tested (10 lM and lower). Although a minor decrease of the num-
ber of viable cells was observed at higher concentrations, they



Figure 4. Compound 1a inhibited MCF-7 cell proliferation through a CREB-dependent mechanism. (A) The cell lysates from MCF-7 cells or MCF-7 cells stably expressing
VP16-CREB were separated on a 4–20% SDS-PAGE gel and transferred to a PVDF membrane. The membrane was probed with anti-FLAG (M2) followed by anti-GAPDH. (B and
C) Compared to parental MCF-7 cells, MCF-7 cells expressing VP16-CREB were more resistant to 1a (B), but not control compound 11 (C). The cells were treated with
compounds at indicated concentration in triplicate for 48 h. Then the number of live cells was quantitified by MTT reagent. ⁄P < 0.05 by student’s t-test. 1a displayed little or
no toxicity to normal HMEC (D) or HFF (E) cells. Cells were treated with increasing concentrations of 1a in triplicate for 48 h. Then the number of live cells was counted by
trypan blue exclusion assay. The differences in HMEC were statistically insignificant (P = 0.28 by one-way ANNOVA).
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were not statistically significant (one–way ANOVA analysis,
P = 0.28). Using human foreskin fibroblast (HFF) cells as another
normal cell type, we did not observe significant toxicity either
(Fig. 4E). These results suggest that normal cells are not heavily
dependent on CREB for their survival and proliferation. Alterna-
tively, these results could be explained that the residual CREB
activity after 1a treatment was sufficient for the normal cells to
maintain their homeostasis, but detrimental to the cancer cells.2

This selective toxicity suggests that the transformed cancer cells
may be addicted to CREB-mediated gene transcription for survival.
This notion is also supported from CREB expression studies in clin-
ical patient samples with acute lymphoid leukemia (ALL), where
CREB expression is elevated at diagnosis and decreased to an unde-
tectable level at remission, but then regained at relapse.13

3. Conclusion

A series of analogues of 1a with different substitutions at the
appendant phenyl ring was designed and synthesized to
interrogate the structural requirements for its activity in inhibit-
ing KIX–KID interaction and CREB-mediated gene transcription.
Structure–activity relationship studies indicated that small and
electron-withdrawing substituents at the para-position were pre-
ferred for inhibiting KIX–KID interaction. Given the critical roles
played by CREB in cancer cells, these compounds were also eval-
uated for their activity in inhibiting cancer cell growth. The over-
all cancer cell growth inhibitory activity was in good correlation
with cellular inhibition of CREB-mediated gene transcription in
HEK 293T cells. Detailed biological studies with 1a showed that
it induced apoptosis and down-regulated the expression of
endogenous CREB target genes. The growth inhibition of cancer
cells induced by 1a was dependent on CREB’s activity. Further-
more, we showed that 1a was not toxic to normal human cells.
The selective cytotoxicity suggests that CREB is a viable cancer
drug target and 1a represents a structure for further development
into potential cancer therapeutics with a novel mechanism of
action.
4. Experimental section

4.1. Chemistry

General information: The solvents used for each reaction were
purified from the Glass Contout solvent purification system. Melt-
ing points were determined in capillary tubes using Mel-Temp and
were uncorrected. All 1H and 13C NMR spectra were obtained in
Bruker Avance 400 MHz spectrometer using either CDCl3 or
DMSO-d6 or a mixture of these as solvent and the chemical shifts
of the residual CHCl3 (d 7.24) or DMSO (d 2.50) were taken as ref-
erence. The following abbreviations were used to describe the
splitting pattern of individual peaks if applicable: s = singlet, br
s = broad singlet, d = doublet, t = triplet, q = quartet, m = multiplet.
The coupling constants (J) were reported in Hertz (Hz). Silica gel
flash chromatography was performed using 230–400 mesh silica
gel (EMD, Philadelphia, PA). The mass spectra were obtained from
an LTQ Orbitrap Discovery mass spectrometer (Thermo Scientific,
West Palm Beach, FL) with electrospray operated either in positive
or negative mode. All final compounds for biological evaluations
were confirmed to be of >95% purity based on HPLC (Waters,
Milford, MA) analysis using an XBridge C18 column
(4.6 � 150 mm) and detected at 254 nm. The mobile phases for
HPLC are water and acetonitrile, both of which contained 0.1% TFA.

General procedure A for synthesis of naphthamides by SOCl2: Thio-
nyl chloride (0.5 mL) was added to acid 2 (188 mg, 1 mmol) at
room temperature. The resulting mixture was then heated under
reflux for 1 h. Excess thionyl chloride was removed under reduced
pressure and the residue was dissolved with THF (3 mL). An aniline
(1.5 mmol) was then added to this solution and the mixture was
heated under reflux for another hour. The reaction mixture was
cooled to room temperature and the solvent was removed in va-
cuo. The residue was resuspended in CH2Cl2 (3 mL) and the solid
was collected by filtration. The resulting solid was treated with
1 N HCl (3 mL) and stirred at room temperature for 30 min. The
product was collected by filtration and washed with H2O (3 mL)
and dichloromethane (3 mL) to yield desired naphthamides.
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General procedure B for synthesis of naphthamides through 9.
n-BuLi (2.5 M in hexanes, 0.2 mmol) was slowly added to a stirred
solution of a heteroaryl amine (0.2 mmol) in THF (1 mL) at 0 �C.
The reaction mixture was stirred at 0 �C for 30 min, when a solu-
tion of 9 (0.1 mmol) in THF (1 mL) was slowly added. The reaction
mixture was allowed to warm up to room temperature and stirred
at room temperature for 1 h. Saturated aqueous NH4Cl solution
(10 mL) was added to quench the reaction. CH2Cl2 (50 mL) was
then added to dilute the reaction mixture. The organic layer was
separated and washed with H2O (2 � 5 mL) and brine (2 � 5 mL).
The organic solution was dried over Na2SO4, filtered and the
solvent was removed in vacuo. The residue was triturated with
hexanes (3 mL) and the solid was collected by filtration, which
was then washed with CH2Cl2 (1 mL) to give desired amide.

4.1.1. N-(3-Chlorophenyl)-3-hydroxy-2-naphthamide (1b)
Amide 1b was obtained using general procedure A as a light

brown solid in 52% yield: mp 242–244 �C (Lit.18 258–261 �C). 1H
NMR (400 MHz, DMSO-d6) d 11.15 (s, 1H), 10.69 (s, 1H), 8.43 (s,
1H), 8.00 (t, J = 2.0 Hz, 1H), 7.93 (d, J = 8.0 Hz, 1H), 7.77 (d,
J = 8.0 Hz, 1H), 7.66 (dd, J = 8.0, 1.0 Hz, 1H), 7.51 (td, J = 6.8,
1.2 Hz), 7.41 (t, J = 8.0 Hz, 1H), 7.36 (td, J = 7.2, 1.2 Hz, 1H), 7.33
(s, 1H), 7.20 (dd, J = 8.0, 2.0 Hz, 1H); 13C NMR (100 MHz, DMSO-
d6) d 165.8, 153.4, 140.1, 135.7, 133.1, 130.5, 128.7, 128.1, 126.9,
125.8, 123.8, 123.6, 122.4, 119.7, 118.7, 110.5; HRESI-MS for
[C17H12ClNO2�H]�, Calcd 296.0484. Found 296.0480.

4.1.2. N-(2-Chlorophenyl)-3-hydroxy-2-naphthamide (1c)
Amide 1c was obtained using general procedure A as a light

brown solid in 16% yield: mp 214–216 �C (Lit.37 225 �C). 1H NMR
(400 MHz, DMSO-d6) d 11.98 (s, 1H), 11.27 (s, 1H), 8.73 (s, 1H),
8.52 (dd, J = 8.0, 1.2 Hz, 1H), 8.00 (d, J = 8.0 Hz, 1H), 7.79 (d,
J = 8.4 Hz, 1H), 7.58 (dd, J = 8.0, 1.6 Hz, 1H), 7.54 (t, J = 7.2 Hz,
1H), 7.42 (t, J = 8.4 Hz, 1H), 7.38 (s, 1H), 7.38 (t, J = 9.2 Hz, 1H),
7.20 (t, J = 8.0, Hz, 1H); 13C NMR (100 MHz, DMSO-d6) d 163.5,
152.7, 136.0, 135.4, 132.7, 129.4, 129.1, 128.5, 127.9, 127.2,
125.7, 125.2, 124.0, 123.3, 122.6, 120.5, 110.8; HRESI-MS for
[C17H12ClNO2�H]�, Calcd 296.0484. Found 296.0481.

4.1.3. N-(4-Fluorophenyl)-3-hydroxy-2-naphthamide (1d)
Amide 1d was obtained using general procedure A as an off-

white solid in 69% yield: mp 256–258 �C. 1H NMR (400 MHz,
DMSO-d6/CDCl3 (1:1)) d 11.45 (s, 1H), 10.62 (s, 1H), 8.58 (s, 1H),
7.84 (d, J = 8.0 Hz, 1H), 7.73–7.77 (m, 2H), 7.67 (d, J = 8.4 Hz, 1H),
7.46 (t, J = 7.2 Hz, 1H), 7.31 (t, J = 7.2 Hz, 1H), 7.27 (s, 1H), 7.07–
7.12 (m, 2H); 13C NMR (100 MHz, DMSO-d6/CDCl3 (1:1)) d 165.9,
158.5 (d, 1JCF = 240 Hz), 154.3, 135.9, 134.3, 130.3, 128.5, 127.9,
126.6, 125.5, 123.4, 122.4 (d, 3JCF = 8 Hz), 119.7, 114.9 (d,
2JCF = 22 Hz), 110.6; HRESI-MS for [C17H12FNO2�H]�, Calcd
280.0779. Found 280.0776.

4.1.4. N-(4-Bromophenyl)-3-hydroxy-2-naphthamide (1e)
Amide 1e was obtained using general procedure A as a light

brown solid in 29.3% yield: mp 248–250 �C (Lit.37 248–249 �C).
1H NMR (400 MHz, DMSO-d6) d 11.21 (br s, 1H), 10.67 (s, 1H),
8.45 (s, 1H), 7.93 (d, J = 8.0 Hz, 1H), 7.75–7.77 (m, 3H), 7.57 (dd,
J = 7.6, 1.6 Hz, 2H), 7.51 (td, J = 8.0, 1.2 Hz, 1H), 7.36 (t, J = 8.0 Hz,
1H), 7.33 (s, 1H); 13C NMR (100 MHz, DMSO-d6) d 165.7, 153.5,
138.0, 135.7, 132.0, 131.6, 130.5, 128.7, 128.1, 126.9, 125.8,
123.8, 122.3, 115.7, 110.5; HRESI-MS for [C17H12BrNO2�H]�, Calcd
399.9979. Found 399.9975.

4.1.5. 3-Hydroxy-N-(4-iodophenyl)-2-naphthamide (1f)
Amide 1f was obtained using general procedure A as an off-

white solid in 74% yield: mp > 190 �C (dec). 1H NMR (400 MHz,
DMSO-d6) d 11.20 (s, 1H), 10.62 (s, 1H), 8.44 (s, 1H), 7.92 (d,
J = 8.0 Hz, 1H), 7.75 (d, J = 8.0 Hz, 1H), 7.72 (d, J = 8.8 Hz, 2H),
7.61 (d, J = 8.8 Hz, 2H), 7.50 (td, J = 8.0, 1.2 Hz, 1H), 7.35 (td,
J = 8.0, 1.2 Hz, 1H), 7.31 (s, 1H); 13C NMR (100 MHz, DMSO-d6) d
165.6, 153.5, 138.4, 137.4, 135.7, 130.5, 128.7, 128.1, 126.8,
125.8, 123.8, 122.5, 122.2, 110.5, 87.7; HRESI-MS for
[C17H12INO2�H]�, Calcd 387.9840. Found 387.9835.

4.1.6. N-(4-Aminophenyl)-3-hydroxy-2-naphthamide (1g)
DIPEA (92 lL, 0.53 mmol) was added to a stirred solution of acid 2

(100 mg, 0.53 mmol) in CH2Cl2 (2 mL) at room temperature. Then
BOP (234 mg, 0.53 mmol) was added. After 5 min, commercially
available tert-butyl(4-aminophenyl)carbamate (132 mg, 0.64 mmol)
and another portion of DIPEA (111 lL, 0.64 mmol) were sequentially
added to the reaction mixture. The reaction mixture was stirred at
room temperature for overnight. CH2Cl2 (100 mL) was added to di-
lute the reaction mixture, which was then washed with 1 N HCl
(2 � 10 mL), a saturated aqueous solution of NaHCO3 (2 � 10 mL)
and brine (20 mL). The organic solution was then dried over anhy-
drous Na2SO4 overnight, filtered and concentrated yielding a residue
that was subjected to silica gel flash chromatography, eluting with
hexanes/EtOAc (4:1) to give a light brown solid (126 mg, 63%): mp
208–210 �C. 1H NMR (400 MHz, DMSO-d6) d 11.41 (s, 1H), 10.53 (s,
1H), 9.38 (br s, 1H), 8.52 (s, 1H), 7.92 (d, J = 8.0 Hz, 1H), 7.76 (d,
J = 8.4 Hz, 1H), 7.63 (d, J = 8.8 Hz, 2H), 7.51 (t, J = 7.6 Hz, 1H), 7.46
(d, J = 8.8 Hz, 2H), 7.36 (t, J = 7.6 Hz, 1H), 7.32 (s, 1H), 1.48 (s, 9 H);
13C NMR (100 MHz, DMSO-d6) d 165.6, 159.6, 154.1, 152.8, 135.9,
132.7, 130.3, 128.8, 128.2, 126.8, 125.8, 123.8, 121.2, 118.4, 110.6,
79.0, 28.2. An aqueous solution of HCl (4 N, 2 mL, 8 mmol) was
added to a stirred solution of Boc-protected amide (38 mg,
0.1 mmol) obtained above in THF (2 mL) at room temperature. The
resulting mixture was stirred at room temperature for overnight.
THF was removed in vacuo and H2O was azeotropically removed
with benzene. The residue was treated with Et2O (3 mL) and the pre-
cipitate was collected by filtration to give an off-white solid (25 mg,
92%): mp > 260 �C (dec). 1H NMR (400 MHz, DMSO-d6) d 11.31 (br s,
1H), 10.73 (s, 1H), 10.00 (br s, 2H), 8.49 (s, 1H), 7.93 (d, J = 8.0 Hz, 1H),
7.86 (d, J = 8.4 Hz, 2H), 7.76 (d, J = 8.4 Hz, 1H), 7.51 (t, J = 6.8, 1H),
7.33–7.41 (m, 4H); 13C NMR (100 MHz, DMSO-d6) d 165.7, 153.6,
137.8, 135.7, 130.5, 128.7, 128.1, 126.8, 125.8, 123.8, 123.1, 122.0,
121.4, 110.5; HRESI-MS for [C17H14N2O2+H]+, Calcd 279.1128. Found
279.1128.

4.1.7. 3-Hydroxy-N-(4-hydroxyphenyl)-2-naphthamide (1h)
DIPEA (85 lL, 0.49 mmol) was added to a stirred solution of acid

2 (92.1 mg, 0.49 mmol) in CH2Cl2 (1.6 mL) at room temperature.
Then BOP (217 mg, 0.49 mmol) was added. After 5 min, TBS-
protected 4-aminophenol38 (121.5 mg, 0.54 mmol) and another
portion of DIPEA (94 lL, 0.54 mmol) were sequentially added to
the reaction mixture, which was stirred at room temperature for
1 h. The resulting mixture was diluted with CH2Cl2 (70 mL) and
washed with 1 N HCl (2 � 10 mL), a saturated aqueous solution
of NaHCO3 (2 � 10 mL) and brine (20 mL). The organic solution
was then dried over anhydrous Na2SO4 overnight, filtered and con-
centrated yielding a brown oily liquid. The resulting residue was
subjected to silica gel flash chromatography, eluting with hex-
anes/EtOAc (10:1) to give a brown solid that was further triturated
with diethyl ether (2 mL) to yield a light brown solid (12.5 mg,
6.5%): mp 218–220 �C. 1H NMR (400 MHz, DMSO-d6) d 11.39 (s,
1H), 10.51 (s, 1H), 8.50 (s, 1H), 7.92 (d, J = 9.2 Hz, 1H), 7.76 (d,
J = 8.0 Hz, 1H), 7.63 (d, J = 8.8 Hz, 2H), 7.51 (t, J = 7.6 Hz, 1H), 7.36
(t, J = 7.6 Hz, 1H), 7.32 (s, 1H), 6.88 (d, J = 8.4 Hz, 2H), 0.97 (s, 9
H), 0.20 (s, 6H); 13C NMR (100 MHz, DMSO-d6) d 165.6, 154.0,
151.5, 135.8, 132.2, 130.2, 128.7, 128.1, 126.8, 125.8, 123.7,
122.2, 121.4, 119.9, 110.55, 25.6, 18.0, �4.5. TBAF (1.0 M in THF,
70 lL) was added to a stirred solution of N-(4-tert-butyldimethyl-
silyloxyphenyl)-3-hydroxy-2-naphthamide (14.6 mg, 0.037 mmol)
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in THF (1 mL) at room temperature under argon. The reaction mix-
ture was stirred at room temperature under argon for 4 h. CH2Cl2

(80 mL) was added to dilute the resulting mixture, which was then
washed with water (2 � 10 mL) and brine (2 � 10 mL). The organic
solution was dried over Na2SO4 overnight, filtered, and concen-
trated. The resulting solid was triturated with CH2Cl2 (1 mL) and
the solid was collected by filtration and washed with water
(1 mL) and CH2Cl2 (0.5 mL), yielding a light brown solid (3.8 mg,
36.8%): mp > 240 �C. 1H NMR (400 MHz, DMSO-d6) d 11.53 (s,
1H), 10.47 (s, 1H), 9.36 (s, 1H), 8.52 (s, 1H), 8.40 (d, J = 7.2 Hz,
1H), 7.75 (d, J = 7.6 Hz, 1H), 7.49–7.53 (m, 3H), 7.36 (t, J = 6.8 Hz,
1H), 7.30 (s, 1H), 6.78 (dd, J = 8.8, 2.0 Hz, 2H); 13C NMR
(100 MHz, DMSO-d6) d 165.6, 154.4, 154.2, 135.8, 130.1, 129.8,
128.7, 128.2, 126.9, 125.8, 123.8, 122.6, 120.9, 115.2, 110.6; HRES-
I-MS for [C17H12NO3�H]�, Calcd 278.0823. Found 278.0819.
4.1.8. 3-Hydroxy-N-(4-trifluoromethylphenyl)-2-naphthamide
(1i)

Amide 1i was obtained using general procedure A as a light
brown solid in 71% yield: mp 276–278 �C. 1H NMR (400 MHz,
DMSO-d6) d 11.14 (br s, 1H), 10.85 (s, 1H), 8.42 (s, 1H), 8.00 (d,
J = 8.4 Hz, 2H), 7.94 (d, J = 8.4 Hz, 1H), 7.77 (d, J = 7.6 Hz, 1H),
7.75 (d, J = 8.0 Hz, 2H), 7.51 (t, J = 8.0 Hz, 1H), 7.36 (t, J = 7.2 Hz,
1H), 7.34 (s, 1H); 13C NMR (100 MHz, DMSO-d6) d 165.9, 153.2,
142.3, 135.7, 130.6, 128.7, 128.2, 127.1 (q, 1JCF = 222 Hz), 126.9,
126.0–126.2 (m, two overlapping carbons), 125.8, 123.8, 122.6,
120.1, 110.5; HRESI-MS for [C18H12F3NO2�H]�, Calcd 330.0747.
Found 330.0743.
4.1.9. 3-Hydroxy-N-(4-methoxyphenyl)-2-naphthamide (1j)
Amide 1j was obtained using general procedure A as a light

green solid in 45% yield: mp 218–220 �C (Lit.39 229.5–230.5 �C).
1H NMR (400 MHz, DMSO-d6) d 11.49 (s, 1H), 10.51 (s, 1H), 8.52
(s, 1H), 7.91 (d, J = 7.6 Hz, 1H), 7.76 (d, J = 8.0 Hz, 1H), 7.66 (d,
J = 8.8 Hz, 2H), 7.51 (t, J = 7.6 Hz, 1H), 7.36 (t, J = 8.0 Hz, 1H), 7.32
(s, 1H), 6.96 (d, J = 8.8 Hz, 2H), 3.76 (s, 3H); 13C NMR (100 MHz,
DMSO-d6) d 165.6, 155.9, 154.1, 135.8, 131.3, 130.2, 128.7, 128.1,
126.8, 125.8, 123.7, 122.3, 121.1, 113.9, 110.6, 55.2; HRESI-MS
for [C18H15NO3�H]�, Calcd 292.0979. Found 292.0977.
4.1.10. N-(3,4-Difluorophenyl)-3-hydroxy-2-naphthamide (1k)
Amide 1k was obtained using general procedure A as an off-

white solid in 90% yield: mp 254–256 �C. 1H NMR (400 MHz,
DMSO-d6) d 11.15 (s, 1H), 10.72 (s, 1H), 8.42 (s, 1H),
7.91–8.00 (m, 2H), 7.76 (d, J = 8.4 Hz, 1H), 7.42–7.52 (m, 3H),
7.33–7.38 (m, 2H); 13C NMR (100 MHz, DMSO-d6) d 165.7,
153.3, 148.9 (dd, J = 242, 13 Hz), 145.7 (dd, J = 240, 12 Hz),
135.7–135.6 (m, 1 C), 130.4, 128.7, 128.1, 126.8, 125.8, 123.8,
122.3, 117.5 (d, J = 18 Hz), 116.7 (d, J = 6 Hz), 110.5, 109.4 (d,
J = 22 Hz); HRESI-MS for [C17H11F2NO2�H]�, Calcd 298.0685.
Found 298.0680.
4.1.11. N-(3-Chloro-4-fluorophenyl)-3-hydroxy-2-naphthamide
(1l)

Amide 1l was obtained using general procedure A as a beige so-
lid in 73% yield: mp 250–252 �C. 1H NMR (400 MHz, DMSO-d6) d
11.11 (s, 1H), 10.70 (s, 1H), 8.42 (s, 1H), 8.10 (dd, J = 6.8, 2.4 Hz,
1H), 7.93 (d, J = 8.0 Hz, 1H), 7.77 (d, J = 8.0 Hz, 1H), 7.68–7.72 (m,
1H), 7.51 (t, J = 7.2 Hz, 1H), 7.45 (t, J = 9.2 Hz, 1H), 7.36 (t,
J = 7.2 Hz, 1H), 7.33 (s, 1H); 13C NMR (100 MHz, DMSO-d6) d
165.7, 153.4, 152.3, 135.9, 135.7, 130.4, 128.7, 128.2, 126.8,
125.8, 123.8, 122.3, 121.8, 120.7 (d, J = 7 Hz), 119.2 (d, J = 18 Hz),
117.0 (d, J = 21 Hz), 110.5; HRESI-MS for [C17H11ClFNO2�H]�, Calcd
314.0390. Found 314.0389.
4.1.12. 2,2-Dimethyl-4H-naphtho[2,3-d][1,3]dioxin-4-one (9)
Ac2O (1 mL) and acetone (5 mL) were sequentially added to

acid 2 (1.88 g, 10 mmol) at room temperature. The resulting
mixture was then cooled to -80 �C and then concentrated
H2SO4 (0.1 mL) was added. The reaction mixture was allowed
to warm up to room temperature and stirred at room tempera-
ture for 12 h. The solvents were removed under reduced pres-
sure. Hexanes (30 mL) were added and then removed under
reduced pressure. This was repeated three times to remove
residual solvents from the brown solid, which was then purified
by column chromatography eluting with hexanes/EtOAc (20:1) to
yield a light yellow powder (215 mg, 9.4%): mp 104–106 �C. 1H
NMR (400 MHz, DMSO-d6) d 8.58 (s, 1H), 7.89 (d, J = 8.4 Hz,
1H), 7.44 (d, J = 8.0 Hz, 1H), 7.55 (td, J = 8.0, 1.2 Hz, 1H), 7.42
(td, J = 8.0, 1.2 Hz, 1H), 7.32 (s, 1H), 1.74 (s, 6H); 13C NMR
(100 MHz, DMSO-d6) d 161.5, 151.2, 137.7, 132.2, 129.7, 129.6,
129.1, 126.9, 125.4, 114.2, 112.8, 106.3, 26.2.

4.1.13. 3-Hydroxy-N-(pyridin-2-yl)-2-naphthamide (10a) 40

Amide 10a was obtained using general procedure B as an off-
white solid in 87% yield: mp 254–256 �C (dec). 1H NMR
(400 MHz, DMSO-d6) d 11.71 (br s, 1H), 11.13 (s, 1H), 8.69 (s,
1H), 8.38 (dt, J = 4.8, 0.8 Hz, 1H), 8.33 (d, J = 8.4 Hz, 1H), 7.99 (d,
J = 8.4 Hz, 1H), 7.88 (td, J = 8.4, 2.0 Hz, 1H), 7.79 (d, J = 8.4 Hz,
1H), 7.53 (t, J = 8.0 Hz, 1H), 7.36–7.39 (m, 2H), 7.18 (td, J = 6.0,
0.8 Hz, 1H); 13C NMR (100 MHz, DMSO-d6) d 163.8, 152.7, 151.6,
148.3, 138.5, 136.0, 132.6, 129.1, 128.5, 127.2, 125.7, 124.0,
120.9, 120.0, 114.0, 110.9; HRESI-MS for [C16H12N2O2+H]+, Calcd
265.0972. Found 265.0974.

4.1.14. 3-Hydroxy-N-(pyridin-4-yl)-2-naphthamide (10b)
Amide 10b was obtained using slightly modified general proce-

dure B as a yellow solid in 87% yield. Briefly, after the reaction was
complete (2 h), the solvent was removed under reduced pressure
to give a yellow residue that was subjected to column chromatog-
raphy eluting with CH2Cl2-MeOH (20:1) to give 10b: mp > 262 �C
(dec). 1H NMR (400 MHz, DMSO-d6) d 11.08 (br s, 1H), 10.84 (br
s, 1H), 8.50 (d, J = 6.4 Hz, 2H), 8.40 (s, 1H), 7.94 (d, J = 8.4 Hz, 1H),
7.75–7.78 (m, 3H), 7.51 (td, J = 8.4, 1.2 Hz, 1H), 7.36 (td, J = 8.0,
1.2 Hz, 1H), 7.33 (s, 1H); 13C NMR (100 MHz, DMSO-d6) d 166.2,
153.0, 150.4, 145.4, 135.7, 130.7, 128.7, 128.2, 126.9, 125.8,
123.8, 122.9, 114.0, 110.4; HRESI-MS for [C16H12N2O2+H]+, Calcd
265.0972. Found 265.0975.

4.1.15. 3-Hydroxy-N-(pyrazin-2-yl)-2-naphthamide (10c)
Amide 10c was obtained using general procedure B as an off-

white solid in 76% yield: mp > 228 �C. 1H NMR (400 MHz, DMSO-
d6) d 11.75 (br s, 1H), 11.29 (br s, 1H), 9.58 (s, 1H), 8.67 (s, 1H),
8.45–8.48 (m, 2H), 7.99 (d, J = 8.4 Hz, 1H), 7.79 (d, J = 8.4 Hz, 1H),
7.54 (t, J = 7.6 Hz, 1H), 7.36–7.39 (m, 2H); 13C NMR (100 MHz,
DMSO-d6) d 164.0, 152.7, 148.4, 142.9, 140.3, 136.6, 136.2, 132.6,
129.1, 128.6, 127.1, 125.8, 124.0, 120.6, 110.9; HRESI-MS for
[C15H11N3O2�H]�, Calcd 264.0779. Found 264.0773.

4.2. Biology

4.2.1. General information
pCRE-RLuc and pVP16-CREB were described previously.17 A549

and human foreskin fibroblast (HFF) were obtained from American
Tissue Culture Collection (ATCC, Manassas, VA). MCF-7, MDA-MB-
231 and MDA-MB-468 cells were obtained from Development
Therapeutics Program at the National Cancer Institute. The cells
were maintained in Dulbecco’s modified Eagle medium (DMEM,
Invitrogen, Carlsbad, CA) supplemented with 10% (v/v) fetal bovine
serum (FBS), 10 lg/mL penicillin and 10 lg/mL streptomycin
(Invitrogen, Carlsbad, CA) at 37 �C under 5% CO2. The primary
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antibodies used were obtained from commercial sources: anti-poly
(ADP-ribose) polymerase (PARP), anti-CREB, anti-Bcl-2, anti-p21
were from Cell Signaling Technology (Danvers, MA); anti-glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) and M2 (anti-FLAG)
were from Sigma (St. Louis, MO); horseradish peroxidase (HRP)-
conjugated secondary antibodies were from Bio-Rad (Hercules,
CA). VEGF ELISA assay kit was from R&D Systems (Minneapolis,
MN).

4.2.2. Western blot
Exponentially growing A549 cells were treated with 1a at dif-

ferent concentrations for 48 h. The cells were then harvested and
washed twice with cold PBS (pH 7.4). The cell pellets were then
lysed in Nonidet P-40 lysis buffer (50 mM TrisHCl, pH 8.0, 5 mM
EDTA, 150 mM NaCl, 1 mM DTT, 0.5% Nonidet P-40) containing
8 M urea. Then equal amount of proteins was loaded and separated
on a 10% or 4–20% SDS-PAGE gel. The proteins were then trans-
ferred to a PVDF membrane (Bio-Rad, Hercules, CA) and blotted
with various antibodies.

4.2.3. Flow cytometry
Exponentially growing A549 cells were treated with different

concentrations of 1a for 48 h. The cells were then harvested and
washed twice with cold PBS (pH 7.4). Flow cytometric analysis
was carried out with Annexin V-FITC Apoptosis Detection Kit I
(BD Biosciences, Franklin Lakes, NJ) and BD FACS Calibur following
manufacturer’s instructions.
4.2.4. Inhibition of CREB-mediated gene transcription
HEK 293T cells in a 10-cm plate were transfected with pCRE-

RLuc (6.0 lg) using Lipofectamine™ 2000 (Invitrogen, Carlsbad,
CA) according to manufacturer’s protocol. After 3 h, the transfected
cells were collected and replated into 96-well plates (1–2 � 104

cells/well). The cells were allowed to attach to the bottom of the
wells for overnight, when compounds of different concentrations
were added to the cells. Forskolin (final concentration of 10 lM,
LC Laboratories, Woburn, MA) was added 30 min after the addition
of the compounds. The cells were then incubated at 37 �C for 5 h.
The media in the wells were removed and the cells were then lysed
in 30 lL of 1X Renilla luciferase lysis buffer (Promega, Madison,
WI). To measure Renilla luciferase activity, 5 lL of the lysate was
combined with 30 lL of benzyl-coelenterazine (Nanolight, Pinetop,
AZ) solution in PBS (pH 7.4, 10 lg/mL). The sample protein concen-
tration was determined by Dye Reagent Concentrate (Bio-Rad, Her-
cules, CA). The Renilla luciferase activity was normalized to protein
content in each well and expressed as relative luciferase unit/lg
protein (RLU/lg protein). The IC50 was derived from non-linear
regression analysis of the RLU/lg protein-concentration curve in
Prism 5.0 (La Jolla, CA).
4.2.5. Quantitative RT-PCR
Exponentially growing A549 cells were treated with compound

1a for 4 h and then total RNA was extracted using RNeasy (QIAGEN,
Valencia, CA). Total RNA was then treated with TURBO DNA-free™
(Ambion, Austin, TX) at 37 �C for 30 min to remove genomic DNA
contamination. The cDNA was synthesized using SuperScript III
First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad,
CA) and random primers according to the manufacturer’s instruc-
tions. Quantitative PCR was performed with ABI 7500 Fast System
using SYBR� Advantage� qPCR Pre-mix (Clontech, Mountain View,
CA). Hypoxanthine phosphoribosyltransferase (HPRT) was em-
ployed as the reference gene to normalize input amounts and to
perform relative quantifications by the 2�DDCt method.41,42 Primer
sequences are available upon request.
4.2.6. In vitro KIX–KID Renilla luciferase complementation
assay

RLucC-KIX (20 ng/reaction) and KID-RLucN-containing cell
lysates (1.0 lg/reaction), both of which were prepared as described
before,17 were mixed together in 1X Renilla luciferase lysis buffer
in the presence of different concentrations of different compounds.
The final volume of the incubation mixture was 40 lL. The mixture
was incubated at 4 �C for 20–24 h. Then residual Renilla luciferase
activity was measured by combining 5 lL of the incubation mix-
ture with 30 lL of benzyl-coelenterazine solution in PBS (pH 7.4,
10 lg/mL) and expressed as RLU. The IC50 was derived from non-
linear regression analysis of the RLU-concentration curve in Prism
5.0.

4.2.7. Establishment of MCF-7 cells expressing VP16-CREB and
MTT Assay

MCF-7 cells were transfected with a plasmid encoding Flag-
tagged VP16-CREB17 by Lipofectamine™ 2000 according to manu-
facturer’s protocol. Two days after transfection, the media were
changed to selection media containing 2 mg/mL of G418 (Invitro-
gen, Carlsbad, CA) until a stable colony was formed. The growth
inhibition was assessed by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphe-
nyl-2H-tetrazolium bromide (MTT reagent, Sigma, St. Louis, MO)
assay as described.22,43 Percent of growth is defined as
100% � (Atreated � Ainitial)/(Acontrol � Ainitial), where Atreated repre-
sents absorbance at 570 nm in wells treated with a compound,
Ainitial represents the absorbance at time 0 and Acontrol denotes med-
ia-treated cells. The GI50 was derived from non-linear regression
analysis of the percent of growth-concentration curve in Prism 5.0.

4.2.8. HMEC and HFF growth inhibition
Human mammary epithelial cells (HMEC, Lonza, Walkersville,

MA) were routinely cultured in MEGM complete media (Lonza)
supplemented with 10 lg/mL penicillin and 10 lg/mL streptomy-
cin (Invitrogen, Carlsbad, CA) at 37 �C under 5% CO2. On the day
of treatment with compound 1a in 6-well plates, the media were
changed to DMEM supplemented with 10% FBS, 10 lg/mL penicil-
lin and 10 lg/mL streptomycin. Then various concentrations of
compound 1a were added and the cells were incubated with the
compound for 48 h. The number of live cells was then determined
by trypan blue exclusion assay.

4.2.9. Statistical analysis
The data are expressed as mean ± SD. One-way analysis of var-

iance (ANOVA, Prism) or paired two-tailed t-test (Microsoft Excel)
was used to assess the statistical differences. A P value of less than
0.05 was considered significant.
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