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Abstract
We have previously shown that the antiallergic drug cromolyn blocks S100P interaction with its receptor

receptor for advanced glycation end product (RAGE) and improves gemcitabine effectiveness in pancreatic

ductal adenocarcinoma (PDAC). However, the concentration required to achieve its effectiveness was high

(100mmol/L). In this study,wedesignedand synthesized analogs of cromolyn andanalyzed their effectiveness

compared with the parent molecule. An ELISA was used to confirm the binding of S100P with RAGE and to

test the effectiveness of thedifferent analogs.Analog 5-methyl cromolyn (C5OH)blockedS100Pbinding aswell

as the increases inNF-kB activity, cell growth, and apoptosis normally caused by S100P. In vivoC5OHsystemic

delivery reducedNF-kB activity to a greater extent than cromolyn and at 10 times lesser dose (50mg vs. 5mg).

Treatment ofmice-bearing syngeneic PDAC tumors showed that C5OH treatment reduced both tumor growth

and metastasis. C5OH treatment of nude mice bearing orthotopic highly aggressive pancreatic Mpanc96 cells

increased the overall animal survival. Therefore, the cromolyn analog, C5OH, was found to be more efficient

and potent than cromolyn as a therapeutic for PDAC. Mol Cancer Ther; 12(5); 654–62. �2013 AACR.

Introduction
Pancreatic ductal adenocarcinoma (PDAC) is the

fourth leading cause of cancer death in the United States
and leads to an estimated 227,000 deaths per year
worldwide (1, 2). There is no effective therapy for
pancreatic cancer other than early resection (3). How-
ever, only 15% to 20% of patients are surgical candidates
at the time of diagnosis (3). Gemcitabine has been the
mainstay of systemic treatment for more than a decade
but with a meager therapeutic benefit (4). Multiple
chemotherapeutic and targeted agents have also been
combined with gemcitabine without significant thera-
peutic benefit over gemcitabine alone (3, 4). However,
recently many molecular abnormalities underlying pan-
creatic carcinogenesis and progression have been iden-
tified (5). This has stimulated the search for novel
therapeutic approaches for this aggressive disease.

S100P is a 95–amino acid member of the S100 family of
proteins that was first purified from placenta (6) and can

act as both intracellular and extracellular signaling mol-
ecule (7). There is an increasing evidence suggesting that
S100P has a significant role in cancer (7). This gene has
been found to be expressed in several forms of the disease,
including pancreas, breast, colon, prostate, and lung, and
has been shown to be associated with poor clinical out-
comes (8–12). S100P is secreted from cancer cells and acts
extracellularly through the receptor for advanced glyca-
tion end products (RAGE; ref. 13). RAGE is a member of
the immunoglobulin superfamily of cell surface mole-
cules that is activated by multiple ligands (14). Acting
through RAGE, S100P was shown to activate MAPkinase
andNF-kBpathways in pancreatic cancer cell lines (7, 13).
These 2 pathways are constitutively active in most pan-
creatic cancer cell lines, and influence tumor growth and
chemotherapeutic drug resistance (15, 16). Apart from
cancer cells, several cells in the tumor microenvironment
such as endothelial, smooth muscle, fibroblast, and leu-
kocytes including macrophages express RAGE (14).
Recently it was shown that genetic deletion of RAGE
inhibits the development and progression of PDAC and
prolongs survival in a mouse model (12). Taken together,
the evidence supports that blockingRAGEactivitymaybe
beneficial to patient outcome (14).

Wepreviouslydescribed for thefirst time that cromolyn
could block the binding of S100P with its receptor RAGE
and thereby reduce the growth and invasion of pancreatic
cancer in a mouse model (17). Others reported that cro-
molyn-induced blood clotting and increased hypoxia in a
murine model of breast cancer (18) suppressed carcino-
gen-induced tumors in rats (19) and suppressed the
growth of thyroid carcinoma (20) and pancreatic islet
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tumors (21) reportedly by blocking mast cell function.
Therefore, it seems that cromolynhas at least 2 actions that
are anticancer, one to inhibitmast cell secretion and one to
block RAGE activation. However, despite these beneficial
characteristics, cromolyn is a weak inhibitor of human
mast-cell secretion and is poorly absorbed orally. For
these reasons, cromolyn has never been tested clinically
to determine whether it would be beneficial as a cancer
therapy.
Our purpose was to design and synthesize a more

potent cromolyn analog. To this end we tested several
analogs. We examined the ability of analogs to affect
S100Pbindingwith its receptorRAGEandalso to interfere
with S100P stimulated functions in vitro and in vivo. We
found that 5-methyl cromolyn (C5OH) was superior to
cromolyn in each regard. These data support further
development of this molecule as an anticancer agent.

Materials and Methods
Cell lines and reagents
Pancreatic cancer cell lines were obtained from Amer-

ican Type Tissue Collection. Cell lines were authenticated
by using DNA fingerprinting (Powerplex16 System; Pro-
mega). Cells were routinely cultured in Dulbecco’s Mod-
ified Eagle’s Medium containing 10% FBS. Gemcitabine
(Gemzar-Eli Lilly and Co.), 5-fluorouracil, taxol, and cis-
platin (Sigma) were used for apoptosis study.

Synthesis of cromolyn analogs
All chemicals and solvents were obtained from Sigma-

Aldrich of Fisher Scientific and used without further
purification. Melting points were measured in open cap-
illary tubes on a BuchiMelting Point B-545 apparatus and
are uncorrected.1H-NMR and 13C-NMR spectra were
recorded on an IBM-Bruker Avance 600 (600 MHz for
1H-NMR and 150.90 MHz for 13C-NMR) spectrometers.
Chemical shifts (d) are determined relative to DMSO-d6

[referenced to 2.49 ppm (d) for 1H-NMR and 39.5 ppm for
13C-NMR]. Proton–proton coupling constants (J) are given
in Hertz and spectral splitting patterns are designated as
singlet (s), doublet (d), triplet (t), quadruplet (q),multiplet
or overlapped (m), and broad (br). High-resolution mass
spectra (electrospray) were acquired on an Agilent 6200
TOF system. Flash chromatographywas done usingMerk
silica gel 60 (mesh size 230-400 ASTM) or using an Isco
combiFlash Rf system with RediSep columns (normal
phase silica gel (mesh size 230-400ASTM) and Fisher
Optima TM grade solvents. Thin-layer chromatography
(TLC) was done on E.Merk silica gel F-254 aluminum-
backed plates with visualization under UV (254 nm) and
by stainingwith potassiumpermanganate or ceric ammo-
nium molybdate.
We have been synthesized cromolyn and its analogues

on the basis of the known procedure described early (22)
and described in the Supplementary Material. The linker
1,5-dichloropentan-3-ol was first synthesized via bub-
bling ethylene gas into the 3-chloropropanoyl chloride
solution and the obtained ketone was further reduced to

the alcohol using sodium borohydride, the synthesis of
C5OH was accomplished by the condensation reaction
between 2,6-dihydroxyacetophenone and 1,5-dichloro-
pentan-3-ol using Bu4NI, in acetone formed bis(o-hydro-
xyacetophenone) that was further condensed with an
excess of diethyl oxalate and the resultant bis(2,4-dioxo-
butyric acid)esters were cyclized under acid condition.
Then sodium salts were made by saponification of those
esters with 1M NaOH solution from the corresponding
disodium salt (Fig. 1B). Reagents and conditions (i) anhds.
AlCl3, CH2Cl2, 0

�C, add acid chloride in 30 min, bubble
ethylene gas, 5�C, 3hours; (ii)NaBH4,MeOH0�C, 2hours;
(iii) Bu4NI, acetone reflux, 3 days; (iv) NaOEt, EtOH,
(COOEt)2, 16 hours; and (vi) 1.0N NaOH, EtOH, 30
minutes.

1, 5-Dichloropentane-3-one (2): A suspension of anhy-
drous aluminum chloride (36.7 g, 0.275 mol) in DCM 150
mL was cooled to 0�C under argon. 3-Chloropropionyl
chloride (1; 31.75 g, 0.25 mol, 24 mL, d¼ 1.322) was added
dropwise with stirring for about 30 minutes. Gaseous
ethylene was bubbled through the turbid suspension for
about 3 hours, whereas the temperature was kept below
5�C. The clear mixture was poured into a precooled
solution of concentrated hydrochloride acid (35 mL) and
water (140mL), whilemaintaining the temperature below
10�C throughout the process. The 2-phase mixture was
stirred for about 30 minutes and the organic phase was
washed with water (70 mL). After removal of the solvent,
the crude product was purified by silica gel (hexane/
ethylacetate 10:1) to obtain 28.9 g of 1,5-dichloropentane-
3-one (75%) as a light yellow oil, which became dark red
on standing in the air (storage under argon protection and
in freezer was necessary).

1HNMR (CDCl3): d, 3.75 (dt, J¼ 2.1, 6.3Hz, 4H), 2.91 (dt,
J ¼ 6.6, 11.7 Hz, 4H).

1,5-dichloropentane-3-ol (3): An ice cold suspension of
NaBH4 (1.2 g) inMeOH (15mL)was added dropwise to a
stirred ice cooled solution of 1,5-dichloro-3-pentaneone
(2; 9.8 g) in 60 mL of MeOH, while the temperature was
kept at 0�C. The reaction mixture was stirred at this
temperature for 2 hours. A total of 120 g ice was added
and themixturewas extractedwith dichloromethane (3�
100 mL). The solvent was removed and the brown oily
residue was dissolved in 100 mL of ether and dried over
molecular sieve (4A). Removal of the solvent gave 9.9 g of
light yellow oil (100%), which was used for the next step
without further purification.

1H NMR (CDCl3): d, 4.11 (br, 1H), 3.64 (m, 4H), 1.89 (m,
4H).

1,5-Bis(2-acetyl-3-hydroxyphenoxy)pentane-3-ol (5): A
mixture of 2,6-dihdroxyacetophenone (4; 3.66 g, 24mmol),
1,5-dichloropentane-3-ol (3; 1.89 g, 12 mmol), Na2CO3

(2.55 g, 24 mmol FW ¼ 106), and tetrabutylammonium
iodide (2.22 g, 6 mmol FW ¼ 369) in acetone (40 mL)
was heated at reflux for 3 days. The reaction mixture was
checked by TLC (silica gel—hexanes/ethyl acetate ¼ 1:1)
to show 2 spot at Rf ¼ 0.75 (2, 6-dihydroxyacetophenone)
and 0.60 (product). After cooling down to room

C5OH Inhibits Pancreatic Tumor Growth and Metastasis

www.aacrjournals.org Mol Cancer Ther; 12(5) May 2013 655

on January 17, 2022. © 2013 American Association for Cancer Research. mct.aacrjournals.org Downloaded from 

Published OnlineFirst January 9, 2013; DOI: 10.1158/1535-7163.MCT-12-0771 

http://mct.aacrjournals.org/


A

0

1

2

3

S
1

0
0

P
 b

in
d

in
g

 w
it

h
 s

R
A

G
E

 

O
D

 u
n

it
s

C

Cromolyn

O

O OMe

NaO2C

Cromolyn monomer

O O

OO

O O

NaO2C CO2Na

Cl

O O

OO

HOOC COOH

OH

OCH2CHCH2O

Four-methyl 

cromolyn

O O

OO

O O

NaO2C CO2Na

Five-methyl 

cromolyn

O O

OO

O O

NaO2C CO2Na

Six-methyl cromolyn

*
*

*

*
*

S10
0P

 0

0.
05

 µ
m

ol/L

0.
1 

µm
ol/L

0.
2 

µm
ol/L

0.
5 

µm
ol/L

1.
0 

µm
ol/L

0.0

0.1

0.2

0.3

0.4

0.5

0.6

S
1

0
0

P
 b

in
d

in
g

 w
it

h
 s

R
A

G
E

 

O
D

 u
n

it
s

0.0

0.1

0.2

0.3

0.4

0.5

0.6

S
1

0
0

P
 b

in
d

in
g

 w
it

h
 s

R
A

G
E

 

O
D

 u
n

it
s

*

*

*

ED

* *

*

B
la

nk

S10
0P

 0
.1

 µ
m

ol/L

S10
0P

+A
G
E 2

 µ
m

ol/L

S10
0P

+S
10

0B
 2

 µ
m

ol/L

S10
0P

+a
m

phote
rin

 2
 µ

m
ol/L

S10
0P

+C
ont. 

Pep
t. 

2 
µm

ol/L

S10
0P

C
ro

m
oly

n 1
0 

µm
ol/L

C
ro

. m
onom

er

C
4O

H
 1

0 
µm

ol/L

C
5O

H
 1

0 
µm

ol/L

C
6O

H
 1

0 
µm

ol/L

Cl Cl

O

Cl

O

Cl

O
OH

OH

O

EtO OEt

O
1

2

4

i ii
Cl

OH

Cl

3

iii

O

OH

OHO OH

O O

5

iv O

OH

OO O

O O CO2EtEtO2C

v

O

OH

OO O

O O CO2NaNaO2C

7

vi

B

Figure 1. Cromolyn and its analogs block S100P binding with its receptor RAGE. A, chemical structure of cromolyn and its various analogs; B, synthesis
of C5OH. C, S100P binds with sRAGE in ELISA-based assay, showing the specific binding between these 2 molecules (�, P < 0.05; n ¼ 3). D, RAGE
ligands (AGEs, S100B, and amphoterin), but not control peptide interfereS100PbindingwithRAGEbycompetitive binding ( �,P <0.05; n¼3). E, cromolyn and
its analogs blocks S100P binding with its receptor RAGE in ELISA-based assay (�, P < 0.05; n ¼ 3).
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temperature, 10 g silica gel was added and the residue,
after removing the solvent, was purified by column chro-
matography to obtain 1.67 g (34%) of pure 1,5-bis(2-acetyl-
3-hydroxyphenoxy)pentane-3-ol as a light yellow solid
along with 0.5 g (14.0%) 2,6-dihdroxyacetophenone and
1.9 g (29.0%) 1-chloro-5-(2cetyl-3-hydroxyphenoxy)pen-
tane-3-ol with impurities.
Melting point: 157–158�C.
UV-Vis: lmax ¼ 343, 279 nm.
TLC: Rf¼ 0.60 (silica gel, hexanes/ethyl acetate¼ 1/1).
HPLC: tr ¼ 24.3 min (4.1� 250 mmC18 column 10%!

80% MeCN in H2O at 1.5 mL/min over 30 minutes.
1HNMR (DMSO-d6): d 12.1(s, 1H, 7.32 (t, J¼ 8.1Hz, 2H),

6.57 (d, J¼ 8.4Hz, 2H), 6.48 (d, J¼ 8.1 Hz, 2H), 4.85 (d, J¼
5.7 Hz, 1H), 4.01 (m, 4H), 3.89 (br, 1H), 1.97 (m, 2H), 1.81
(m, 2H).

13C NMR (DMSO-d6): d 204.4, 161.0, 159.7, 135.1, 113.9,
103.8, 103.3, 66.2, 64.2, 37.1, 33.6.
Diethyl ester of 1,5-bis(2-carboxychromon-5-yloxy))

pentane-3-ol (6): 0.54 g Na (23 mmol) in 15 mL of ethanol
was heated until all of Na was digested. To this solution,
1.8 mL (12.8 mmol) of diethyl oxalate, 1.51 g (3.9 mmol) of
1, 5-bis(2-acetyl-3-hydroxyphenoxy)propane-3-ol (5), and
19 mL of toluene were added at 0�C. This light yellow
solution heated gently at 79�C under argon (solution
became brown gradually) for 16 hours. The reaction
mixture was neutralized with conc. HCl to pH 5.5 and
filtered. The filtrate was vacuumed to dryness and 5 drop
of conc. HCl in 5 mL of was added. The orange solution
washeated toboil for about 3minutes. Theprecipitatewas
formed, upon cooling down, which was collected by
filtration to obtain 1.60 g of white solid (74%).
Melting point: 185–186�C.
UV-Vis: lmax ¼ 325, 268 nm.
TLC: Rf¼ 0.45 (silica gel, hexanes/ethyl acetate¼ 1/1).
HPLC: tr ¼ 8.25 min (4.1 � 50 mm C18 column 0% !

95% MeCN in H2O at 0.5 mL/min over 7.5 minutes.
1HNMR(DSMO-d6): d 7.74 (t, J¼ 8.5Hz, 2H), 7.20 (d, J¼

8.5 Hz, 2H), 7.07 (d, J ¼ 8.5 Hz, 2H), 6.73 (s, 2H), 5.04 (b,
1H), 4.39 (q, J¼ 7Hz, 4H), 2.52 (dt J¼ 20.0, 7.0Hz, 4H), 4.20
(b, 1H), 2.02 (dm, J ¼ 40Hz, 4H), 1.35 (t, J ¼ 7.0Hz, 6H).

13C NMR (DSMO-d6): d 177.0, 160.5, 159.0, 157.7,
150.7, 135.9, 115.8, 114.8, 110.5, 108.9, 67.3, 66.0, 73.1,
37.4, 14.4.
Disodium salt of 1,5-bis(2-carboxychromon-5-yloxy)

pentane-3-ol (7): To the mixture of 1,5-bis(2-carboxy-
chromon-5-yloxy)pentane-3-ol (6; 2.21 g, 4 mmol) in 10
mL of ethanol was added 8 mL of 1 N NaOH at room
temperature with vigorous shaking (the resultant mix-
ture thickened and then became thinner with the addi-
tion). After the addition was complete, 10 mL of ethanol
was added and the mixture was stirred for 30 minutes.
The solid was filtered, washed with 10 mL of ethanol,
and air-dried to obtain 1.58 g (74%) of pure disodium
salt of 1,5-bis(2-carboxychromon-5-yloxy)pentane-3-ol
as a white solid.
Melting point: >235�C.
UV-Vis: lmax ¼ 325, 268 nm.

TLC:Rf¼ 0.50 (silica gel, dichloromethane/methanol¼
1/1).

HPLC: tr ¼ 4.52 min (4.1 � 50 mm C18 column 0% !
95%MeCN (0.1% TFA) in H2O (0.1% TFA) at 0.5 mL/min
over 7.5 min.

1H NMR (D2O): d 7.34 (t, J¼ 8.5 Hz, 2H), 6.77 (d, J¼ 8.5
Hz, 2H), 6.65 (d, J¼ 8.5 Hz, 2H), 6.40 (s, 2H), 4.06 (m, 5H),
2.05 (m, J¼ 20.0, 7.0 Hz, 4H), 4.20 (b, 1H), 2.02 (dm, J¼ 40
Hz, 4H).

13C NMR (D2O): d 181.2, 167.8, 157.4, 157.3, 156.4, 135.5,
113.1, 112.4, 110.4, 107.8, 68.1, 66.7, 35.1.

S100P binding study
Recombinant S100P protein (13), S100P monoclonal

antibody (Cat. No: 610306; R&D), and ELISA kit (KPL)
were used for ELISA-based assay to determine the
S100P binding affinity with its receptor RAGE. Briefly,
sRAGE (5 mg/mL) was coated onto ELISA plate by
using antigen-coating solution for 1 hour at room tem-
perature, nonspecific binding sites was blocked by
incubating 1% BSA solution. S100P different concentra-
tions (0–1 mmol/L) with and without cromolyn and its
various analogs were incubated in sRAGE-coated wells
for 1 hour and unbound molecules were removed
by wash solution. Bound S100P was detected with
horseradish peroxidase–labeled anti-S100P secondary
antibody and TMB (3,30,5,50-tetramethylbenzidene) sub-
strate. Color development was blocked with 1 M phos-
phoric acid and read at 450 nm.

MTS assay
Cells were plated and allowed to adhere for 24 hours.

The cells were treated with cromolyn, C5OH, and gemci-
tabine in different concentrations. Twenty microliters of
MTS (Promega) was then added to the well and used to
detect viable cells. Absorbance at 490 nm was then mea-
sured with a Micro-plate reader (MRX; Danatech
Laboratory).

PI-FACS analysis
Standard propidium iodide (PI) staining by the hypo-

tonic lysis method was used for apoptosis studies. Apo-
ptosis was induced in 1.0 � 106 cells by treatment with
gemcitabine alone or in combination with cromolyn and
C5OH. After 72 hours, the cells were detached from
culture dishes by incubation in 0.05% trypsin–EDTA,
washed oncewith cold PBS, then incubated for 30minutes
in 500 mL of hypotonic solution (0.1% sodium citrate, 0.1%
Triton X-100, 100 mg/mL RNase, and 50 mg/mL PI), and
analyzed by flow cytometry (EPICS XL; Beckman Coulter
Inc.). Cells undergoing apoptosis that had lost part of their
DNA were identified as the population of cells with sub-
G1 DNA content.

Luciferase assay for NF-kB activity
BxPC-3 cells stably expressing an Lenti-NF-kB-luc

reporter construct were treated with S100P, cromolyn,
and C5OH, or the combination for 5 hours. D-Luciferin
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(150mg/mL)was added to the cells, and luciferase activity
was measured using an IVIS bioluminescence system
(Caliper).

To measure NF-kB promoter activity in vivo, BxPC-3
cells (50,000/50 mL) stably expressing an NF-kB-luc
reporter were injected orthotopically into the pancreas
of 4-week-old male nude mice. After 2 weeks, mice
were injected with D-luciferin [150 mg/kg body weight,
intraperitoneal (i.p.) injection], and basal NF-kB activity
was determined using the IVIS system. Subsequently,
mice were injected with cromolyn (50 mg/kg body
weight, i.p.) and C5OH (5 mg/kg body weight, i.p.),
and NF-kB luciferase activity was reanalyzed after 5
hours.

Tumor growth study in syngeneic model and survival
study in athymicmodel. All animalsweremaintained in
a sterile environment. Cages, bedding, food, and water
were all autoclaved. All animals were maintained on a
daily 12-hour light/12-hour dark cycle according to the
institutional animal welfare guidelines.

Syngeneic model: tumor growth and metastasis
study. The antitumorigenic capability of the C5OH was
assessed in 4-week-old male C57bl/6J mice by using
mouse pancreatic cancer cell lines isolated from k-ras-
p53�/� transgenic mouse tumor. Cancer cells 1 � 105/50
mL were injected into the pancreas and vehicle PBS and
C5OH 5mg/daily/i.p. were injected for another 5 weeks,
at the end of the experiment tumor growth andmetastasis
to peritoneal cavity, spleen, and liver were analyzed by
bioluminescence imaging.

Athymic model: survival study. The antitumorigenic
capability and impact on survival of C5OHwas studied in
4-week-old male athymic nude mice by using luciferase
gene stably expressing highly aggressive MPanc96 cells.
Luciferase-labeled Mpanc96 cells 2 � 105/50 mL were
injected into the pancreas. Bioluminescent imaging was
used to estimate tumor volume after 1 week and animals
were divided into 4 groups of 10 animals per group, such
that the mean tumor size was equal between groups. For
the next 5 weeks, group I animals were treated with
vehicle PBS, group II were treated with C5OH (5 mg/
daily/i.p.), group III animals were treated with gemcita-
bine (100 mg/kg�b.w./once weekly/i.p.), and group IV
were treated with combination of gemcitabine and C5OH
and tumor growth was monitored. Survival was moni-
tored for 10 weeks.

Statistical analysis
Data are presented as mean � SE of the mean. Statis-

tically significant differences were determined by
unpaired t test. When more than 2 groups were analyzed
ANOVA was used to analyze the data and further New-
man–Keuls multiple comparison test was used to check
the posttest significance. Statistical significance was
defined as P < 0.05. Survival study was assessed overtime
by observing when animals either died or became mori-
bound to the extent that they had to be sacrificed for
humane reasons. The log-rank test was used to compare

survival distributions between groups. Results were com-
pared using GraphPad Prism 4 software.

Results
C5OH is the most potent cromolyn analog for
inhibition of S100P binding with RAGE

We synthesized several analogs for cromolyn (Fig. 1A
and B). Our previous studies showed that S100P binds
with RAGE (13, 17, 23). Therefore, in this study we
designed an ELISA to assess S100P binding with RAGE.
Incubation of S100P in different concentrations in sRAGE-
coated wells led to dose-dependent increase in S100P
binding, reflected by increased binding O.D. (Fig. 1C). To
further confirm the specificity of S100P binding with
sRAGE, we introduced other RAGE ligands AGE (2
mmol/L), S100B (2 mmol/L), and amphoterin (2 mmol/L)
with S100P (0.1 mmol/L). Each of these known RAGE
ligands led to reduced binding of S100P with sRAGE,
confirming the specificity of ligand–receptor interaction
in this ELISA (Fig. 1D).

Next, we introduced 10 mmol/L concentrations of cro-
molyn, or cromolyn monomer, cromolyn 4 methyl (C4),
cromolyn 5 methyl (C5), and cromolyn 6 methyl (C6)
compounds along with S100P (0.1 mmol/L; Fig. 1E). As
expected, cromolyn blocked the binding of S100P with
sRAGE and reduced binding capacity to 40%. In contrast,
cromolyn monomer and C4 compounds did not affect
S100P binding with sRAGE. However, C5OH and C6OH
both blocked the binding of S100P with RAGE. In com-
parison, C5OH blocked S100P binding to a greater extent
than did cromolyn (40% vs. 65%) whereas C6OH did not
inhibit significantly greater than cromolyn (P < 0.05).

To assess the potency of C5OH, we determined the
concentration at which it was as effective at inhibiting
S100P binding to RAGE as compare with cromolyn. For
this purpose we incubated different concentrations of
cromolyn or C5OH along S100P (0.1 mmol/L) in
sRAGE-coated plates. Cromolyn caused a dose-depen-
dent inhibition of S100P binding and amaximal dose of 10
mmol/L blocked 40%of total binding. C5OHalso caused a
dose-dependent inhibition if S100P binding. However,
this inhibition occurred lower concentrations and at a
dose of 1 mmol/L C5OH inhibited 65% of S100P binding
(Fig. 2A). Inhibition by C5OH at 100 nmol/L inhibited to
the same extent as cromolyn at 10 mmol/L. Thus, C5OH is
roughly 100 times as potent as its parent molecule, cro-
molyn, on inhibiting S100P binding with its receptor
RAGE.

C5OH was more effective at inhibiting RAGE-
mediated NF-kB activity, cell growth, and apoptosis
than other cromolyn analogs

In our previous study we showed that extracellular
addition of S100P activates NF-kB in PDAC cells (17). In
this study we used this assay to analyze the relative
efficiency of C5OH. Therefore, we added 0.1 mmol/L
concentration of S100P with and without cromolyn or
C5OH to NF-kB reporter cells (Fig. 2B). As was observed
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in the binding study, C5OH inhibited S100P-induced NF-
kB activity to a greater extent and at a 10-time lower
concentration than cromolyn (Fig. 2B).
One of the most clinically relevant effects of cromolyn

that we reported previously was its ability to increase the
effectiveness of gemcitabine to kill PDACcells (17). There-
fore, we also examined whether C5OH could perform as
well or better than cromolyn in this assay. For this inves-
tigation we examined the effects of including either
10 mmol/L concentration of cromolyn or 1 mmol/L con-
centration of C5OH in combination with gemcitabine
(1 mmol/L) on the PDAC cell line BxPC-3. We found that
C5OHwas as effective at 1/10th the concentration as was
cromolyn at increasing the reduction of cell numbers

induced by gemcitabine (Fig. 2C) Similarly, C5OH
increased the percentage of gemcitabine induced apopto-
tic cells to an extent at least as great as did cromolyn but at
1/10th the concentration (Fig. 2D).

C5OH enhanced gemcitabine-induced apoptosis in the
BxPc-3 cell line, which is a relatively sensitive cell for
chemotherapeutic drugs. To examine the effectiveness of
C5OH in a more resistant PDAC cell line, we selected
Mpanc96 cells, which are highly resistant to gemcitabine
and also to other chemotherapeutic drugs. The combina-
tion of C5OH along with the common cytotoxic drugs
gemcitabine, cisplatin, and 5-fluouracil enhanced the
induction of apoptosis (Fig. 2E). In contrast, C5OH did
not improve the effectiveness of taxol, which employs a

Figure 2. C5OH blocks S100P-
mediated functions better than
cromolyn. A, analog of cromolyn,
C5OH (100 nmol/L) blocks binding of
S100P with its receptor RAGE in 100
times lesser concentration than
parent molecule cromolyn
(10 mmol/L), showing the better
potency (�, P < 0.05; n¼ 3). B, C5OH
blocks S100P-induced NF-kB
activity in 10 times lesser
concentration than parent molecule
cromolyn, showing better potency.
C–D, C5OH improved gemcitabine
efficiency by reducing cell growth
and increasing apoptosis in 10 times
lesser concentration than parent
molecule cromolyn, showing better
potency (�, P < 0.05; n ¼ 3).
E, C5OH sensitized drug-resistant
pancreatic cancer cells to various
chemotherapeutic drugs, showing
the better clinical use (�, P < 0.05;
n ¼ 3). F, in vivo C5OH treatment
reduced NF-kB activity better than
cromolyn at a 10 times lesser
concentration, showing better
efficacy in vivo (�, P < 0.05).
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different mechanism of action. Because some PDAC cells
undergo autophagy rather than apoptosis, we repeated
the same study by quantifying viable cells using MTS
reagent and we observed the same trend of result. This
further confirms C5OH enhance cisplatin, 5FU, and gem-
citabine effect but not Taxol (data not shown). The same
trend of result was observed in another drug-resistant cell
line MiaPaCa-2 (data not shown).

To determine if C5OH would also be superior to
cromolyn at inhibiting RAGE activation in vivo, we
monitored the level of NF-kB activity in PDAC reporter
cells using the IVIS bioluminescence system, as we
have reported previously (17). Nude mice-bearing tu-
mors formed from NF-kB reporter cells were injected
with either cromolyn (50 mg/kg�b.w./i.p.) or C5OH
(5 mg/kg�b.w./i.p.) and NF-kB–generated luciferease
activity was measured after 5 hours. We observed that
a 10 times lesser concentration of C5OH compound
inhibited NF-kB activity to a greater extent than did its
parent compound cromolyn (Fig. 2F).

C5OH inhibits pancreatic cancer growth, metastasis,
and prolongs survival to a greater extent than
cromolyn in preclinical mouse models

After we confirmed that C5OH was effective in vivo on
NF-kB activity, we analyzed its effects on tumor growth
and metastasis. Apart from effects of cromolyn on S100P-
mediated functions, it is also potent mast cell blocker. To
test the effects of inhibiting both mast cells and RAGE
activation, we analyzed the effects of C5OH on tumor
growth andmetastasis in immune system intact syngenic
model. Mouse PDAC cells lines isolated fromK-ras trans-
genic animals were injected into genetically identical C57
animals and after tumor growth was established we
injected C5OH (5 mg/kg�b.w./i.p.). Treatment with
C5OH drastically reduced primary tumor growth and
metastasis (Fig. 3A–C). Treatment with C5OH did not
alter the body weight of the animals, proving the lack of
toxicity.

Next, we developed an aggressive PDAC xenograft
model by injecting Mpanc96 PDAC cells orthotopically
into the pancreas of nude animals. These animals were
separated into 4 groups: first group received PBS-vehicle
treatment, second group was treated with C5OH (5 mg/
kg�b.w./i.p.) alone, third group was treated with gemci-
tabine (100 mg/kg�b.w./week/i.p.) alone, and the fourth
group received both C5OH and gemcitabine. We
observed that C5OH significantly reduced tumor growth
and increased animal survival (Fig. 4A and B). Gemcita-
bine either alone or in combination with C5OH was
ineffective in this model.

Discussion
Many earlier studies have suggested that both genetic

and epigenetic alterations lead to the aggressive nature of
PDAC (5, 24–26). S100P is one of the oncogenic molecules
whose expression has been described both in PDAC and

many different cancers, and that is associated with drug
resistance, metastasis, and poor clinical outcome (7–9).
S100P is secreted from the cancer cells and acts by binding
and activating RAGE leading to key signaling events such
as activation of MAPkinase and NF-kB (13). Blocking
S100P function in preclinical models reduced tumor
growth (7, 17, 27, 28) and metastasis (17, 23) and also
reversed drug resistance (17). Taken together, these data
suggest that S100P is a promising therapeutic target. Our
study clearly showed that C5OHblocked the S100P-medi-
ated growth and antiapoptotic effect in PDAC and
improved the animal survival.

We previously described that the small molecule cro-
molyn, which is widely used to treat allergic symptoms,
bound S100P and prevented its activation of RAGE (17).
We observed that cromolyn inhibited pancreatic cancer
cell function in vitro and that this was mediated by inter-
ference with S100P and RAGE. However, the effects of
cromolyn in vivo on pancreatic tumor growth and metas-
tasis was even greater than expected from the in vitro data
(17, 29). The likely explanation is that in vivo cromolyn is
also affecting tumors through second mechanisms. Cro-
molyn is known as an inhibitor of mast cell secretion (30).
Mast cells are important inflammatory cells that partici-
pate in immune responses during allergic reactions (30).
Furthermore, recent studies suggest that these cells also
participates cancers (31–38). We found that in the
spontaneous mouse model of PDAC [K-ras (G12V)],
there was an early influx of mast cells to the tumor
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microenvironment (31). Furthermore, PDAC tumor
growth was suppressed in mast cell–deficient Kit(w-
sh/w-sh) mice, but aggressive PDAC growth was
restored when PDAC cells were injected into mast cell–
deficient mice reconstituted with wild-type bone mar-
row–derived mast cells. We also found that mast cell
infiltration into the tumor microenvironment was predic-
tive of poor prognosis in patients with PDAC (33). There-
fore, mast cells are likely second mechanisms whereby
cromolyn reduces tumor aggressiveness.
Cromolyn or its analog may be extremely beneficial

in cancer. Epidemiological studies have revealed that
prolonged use of nonsteroidal antiinflammatory drugs
(NSAIDs) reduces the risk of cancer as well as tumor

growth in animal models. However, an experimental
study showed that upregulation of S100P expression by
NSAIDs negatively affects the antitumorigenic activity of
NSAIDs through inhibition of apoptosis, stimulation of
cancer cell growth, and invasion. This explains the recent
observation in gastric cancer cells, that either silencing of
S100P or cromolyn treatment improved the effect of cel-
ecoxib (38). Taken together, the evidence is strong that
cromolyn or its analogs would have many beneficial
effects. Compare with cromolyn our novel compound
C5OH strongly inhibited the S100P functions. An analog
with a similar structure was also found to be superior to
cromolyn for inhibition of mast cell secretion (22).

In summary, cromolyn is a useful therapeutic against
cancer as it can block both the tumorigenic ability of
S100P interaction with RAGE and the cancer promoting
influences of mast cell functions. Our novel cromolyn
analog C5OH is more potent and efficacious than
cromolyn. This molecule should find multiple uses in
clinical practice.
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