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Acyloxylalkyl esters of retinoic acid and small carboxylic acids (C3—5) were evaluated for
anticancer activity. The derivative of butyric acid (BA) and all-trans-retinoic acid (ATRA) —
retinoyloxymethyl butyrate (RN1) — acting as a mutual prodrug was a more potent inducer of
cancer cell differentiation and inhibitor of proliferation than the parent acids. EDso of RN1 for
differentiation induction in HL-60 was over 40-fold lower than that of ATRA. The differentiating
activity of ATRA compared to that of the acyloxylalkyl esters derived from butyric (RN1),
propionic (RN2), isobutyric (RN3), and pivalic (RN4) acids was found to be: RN1 > RN2 >
RN3 > ATRA ~ RNA4. This observation implies that the activity of the prodrugs depends on
the specific acyl fragment attached to the retinoyl moiety, and the butyroyl fragment conferred
the highest potency. The ICs, values for inhibition of Lewis lung (3LLD122) and pancreatic
(PaCa,) carcinoma cell line colony formation elicited by RN1 were significantly higher than
those of ATRA. In addition to its superiority over ATRA or BA as growth inhibitors of the
above cell lines, RN1 was also able to overcome the resistance to ATRA in 3LLD122 cells.

Introduction

Differentiation induction of malignant cells is defined
by the ability of an agent to induce a more normal or
benign phenotype in these cells. Butyric acid (BA) and
all-trans-retinoic acid (ATRA) are among the better-
known differentiation-inducing agents and offer a po-
tential alternative to conventional cytotoxic cancer
treatment.1=> ATRA belongs to the family of retinoids
that includes active metabolites of vitamin A as well as
a diverse spectrum of synthetic derivatives. The endog-
enous retinoids play a pivotal role in normal develop-
ment of endo-, meso-, and ecto-dermally derived tissues.
Retinoids bind to a cytoplasmic binding protein, whose
role in mediating the signals is unclear. In the nucleus,
they bind to the RAR and RXR receptors, and the
ligand—receptor complex interaction with the retinoid-
responsive DNA sequence leads to the activation of
target genes’ transcription.5~8 Retinoids have been
reported to induce differentiation and arrest prolifera-
tion in a wide spectrum of cancer cells: e.g. the human
myeliod leukemia cell line HL-60 in which expression
of cellular and molecular characteristics of granulocytes
was induced.! Retinoids are currently used for treat-
ment of promyelocytic leukemia and are in clinical
studies as potential anticancer agents against other
cancer types such as neuroblastoma.®

BA is present in the digestive system in millimolar
concentrations as a byproduct of bacterial fermenta-
tion.1° It has shown antineoplastic activity in a wide
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spectrum of cells in vitro; however, in vivo it displays
low potency due to rapid metabolism.!! Studies of
primary myeloid leukemic cells have shown that BA is
a more effective inhibitor of cell proliferation and
inducer of cytodifferentiation than RA, Ara-C, or 1-o,-
25-dihydroxy-vitamin D3.12 BA is known to specifically
inhibit histone deacetylase (HDAC), and many of its
biological effects could be attributed to this activity.#1314
The inhibition of HDAC leads to histones hyperacet-
ylation and relaxation of the chromatin structure. The
chromatin conformational change allows the access of
transcription factors and upregulation of gene expres-
sion.1516 Recent studies have established a link between
oncogene-mediated suppression of transcription and
recruitment of HDAC into a nuclear complex.17-20 BA,
4-phenylbutyric acid, and trichostatin A reverse this
suppression by specific inhibition of HDAC activity,
leading to histone hyperacetylation, chromatin relax-
ation, and enhanced transcription.21~-24 Several labora-
tories have reported that the translocation-generated
fusion oncogenes (PML-RAR and PLZF-RAR) in acute
promyelocytic leukemia (APL) suppress transcription as
a result of sequestering HDAC.2526 Resistance to ATRA
of human APL cell lines could be overcome by addition
of HDAC inhibitors.24~26 Of particular importance is the
observation that an APL patient, who failed multiple
therapies and was highly resistant to ATRA, responded
to the combination treatment of ATRA and phenylbu-
tyric acid.?* Synergy between BA and ATRA in an APL
cell line was observed.?”

Previously, we have reported on a family of BA
prodrugs, where pivaloyloxymethyl butyrate (AN9) is
the representative best-studied.?82° AN9 induces tran-
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sient hyperacetylation of histones; this activity is likely
to be an important mechanism by which these prodrugs
affect gene modulation.3%31 AN9 was shown to act upon
cells at about 10-fold lower concentration and at least
100-fold faster rate than does BA. Moreover, it induces
apoptosis in cancer cells in vitro and exhibits in vivo
anticancer activity.?°=32 AN9 belongs to a well-estab-
lished family of acyloxyalkyl ester prodrugs of carboxylic
acids whose expected intracellular hydrolytic degrada-
tion products are BA, pivalic acid, and formaldehyde.33
Whereas pivalic acid is known not to contribute to the
activity elicited by the prodrug, the role of the released
formaldehyde remains unclear. The pivaloyloxymethyl
derivatives of propionic, valeric, and pivalic acids,
analogues of AN9 that lack a BA fragment, were found
to have little or no antitumor activity on cancer cells.?°
This suggests that the biological activity of AN9 stems
from the released BA moiety. AN9, formulated in lipid
emulsion, labeled PIVANEX, displayed low toxicity and
was reported to have an estimated MTD of 2.69 g/m?/
day in a phase I clinical study, with advanced solid
tumor patients.3* It is presently in phase Il clinical
studies with non-small-cell lung carcinoma.

The present study describes the synthesis and activi-
ties of a novel mutual prodrug of BA and ATRA which
possesses enhanced differentiating and anticancer ac-
tivities compared to the parent compounds or their
combination.

Chemistry

Compounds RN1—RN4 were prepared form ATRA
and the chloromethyl esters of the C3—5 aliphatic acids
(Scheme 1). At —20 °C the neat compounds were stable
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in the dark for at least 1 month. In AcOEt, EtOH, and
DMSO solutions at room temperature, they exhibited
instability. Prior to biological evaluation, the compounds
were purified by preparative TLC, and the samples used
were estimated to be at least 95% pure.

Biological Results

The activity of RN1, the mutual prodrug of ATRA and
BA, was tested in vitro against three cancer cell lines.
Differentiation induction activity was determined in the
human myeloid leukemic cell line HL-60, which provides
a useful model system for studying differentiation of
leukemic cells.! HL-60 cells were grown for 2—4 days
in the absence or presence of tested differentiating
agents. Cell differentiation evaluated by NBT reduction
activity correlated well with the appearance of mature
cell functions and phenotype. The concentration that
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Table 1. Effect of BA, ATRA, and Their Mutual Prodrug,
RN1, on Differentiation of HL-60 Cells

compd differentiation induction, EDsg (uM)?2
BA 285 + 114

ATRA 1.25 +0.05

RN1 0.031 + 0.008

a2 The EDsp for NBT reduction activity after 4 days of treatment
was determined by linear regression, and the average values from
three independent experiments were measured.
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Figure 1. Effect of the compounds on viability (A) and 2-day
differentiation (B) of the myeloid leukemic cell line HL-60.
induced one-half of the maximum NBT reduction activ-
ity (EDso) after 4 days of treatment was determined by
linear regression, and the average values from inde-
pendent experiments were determined (Table 1). The
EDso of RN1 for differentiation induction in HL-60 was
0.031 uM, 40-fold lower than that of ATRA and over
9000-fold lower than BA. In an unpaired t-test, the
activity of RN1 was shown to be significantly greater
than that of the parent drugs (p < 0.05).

The increased cytodifferentiation was associated with
diminished proliferation. Figure 1 shows a representa-
tive experiment examining the effect of BA, ATRA,
RN1, and AN9 on the viability (A) and differentiation
induction (B) of HL-60 cells after 2 days of treatment.
In both cases, the same order of potency, RN1 > ATRA
> AN9 > BA, was observed. Furthermore, the dif-
ferentiation activity elicited by RN1 was greater than
that of the combined parent acids (Figure 2). Treatment
with a mixture of 0.5 uM ATRA and 50 uM BA resulted
in more than additive differentiation activity, yet the
effect was significantly lower than that obtained with
0.5 uM RN1. It might be unexpected that the coupling
of BA to ATRA would cause such a large increase in
activity, considering the low potency of BA. The results
may be explained by a combination of two factors: (1)
the ATRA fragment of the RN1 imparts lipophilicity
and facilitates the penetration of BA to the cellular
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Figure 2. Effect of the compounds on 2-day differentiation
of HL-60 cells.

Table 2. SAR Study of the Effect of the Carboxylic Acid
Fragment of the Retinoyl Prodrug on Differentiation Activity®

expt RN1 RN2 RN3 ATRA RN4
A 72 60 48 21 13
B 74 56 54 30 21
C 78 57 49 22 17

average 74.6+22 57.6+15 503+24 243+38 17+£27

a HL-60 cells were grown for 2 days in the absence or presence
of ATRA, RN1, RN2, RN3, and RN4 (0.25 uM). Differentiation
was evaluated by NBT reduction activity in three independent
experiments, and values are expressed as % of NBT positive cells,
as described in the Experimental Section.

Table 3. Effect of BA, AN9, ATRA, and RN1 on Colony
Formation Activity of Lung Carcinoma (3LLD122) and
Pancreatic (PACA) Human Cell Lines

colony formation inhibition, 1Cso (M)

compd 3LLD1222 PACAP
BA >1000,n =4 250 +£169,n=3
AN9 35+6,n=3 30£9,n=3
ATRA 33+10,n=3 95+24,n=3
RN1 45+1,n=3 40+15n=3

a Cultures as examined by scoring clones 10 days after seeding
in semisolid agar; 100% = 86 + 6 clones in untreated agar cultures.
b Colonies were scored 7—12 days following seeding; 100% = 82 +
8.

target site, similar to the outcome of derivatization of
BA with pivalic acid in AN9;3% and (2) the intracellularly
released ATRA and BA affect the cells synergistically.

The differentiation activity of the esters RN1—RN4
in comparison with that of ATRA was determined by
evaluation of NBT reduction activity of HL-60 cells after
2 days of exposure to the prodrugs (Table 2). The
following order of potency: RN1 > RN2 > RN3 >
ATRA ~ RN4 was obtained. The significant differences
in the relative activities of the prodrugs demonstrate
that their activity depends on the specific acyl fragment
attached, where the butyryl moiety was found to con-
tribute the maximum level of activity.

The effect of RN1 on growth of mouse lung and
human pancreatic cancer cell lines was examined by
colony formation assay (CFA). The comparative ICs
values for RN1, ATRA, BA, and AN9 are given in Table
3. RNL1 is clearly superior to ATRA or BA in inhibiting
growth of these cell lines. Moreover, it overcame the
resistance of 3LLD122 cells to ATRA as is evident by
the 7-fold decrease in 1Cso of RN1 compared to that of
ATRA (Table 3). The combination of ATRA and HDAC
inhibitors was reported to overcome resistance of cells
to ATRA in APL cells and in an APL patient.24-26
Abrogating the HDAC repressive effect is not necessar-
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ily limited to the translocation-generated fusion onco-
genes PML-RAR and PLZF-RAR. It is possible that in
3LLD122 cells resistant to ATRA different and yet-
unidentified oncogenes repress transcription by recruit-
ing HDAC and the BA fragment of the RNL1 relieves
the repression. This supports the concept that elimina-
tion of transcription repression by HDAC inhibitors may
provide a means of overcoming resistance in neoplastic
diseases.?*

Conclusions

The mechanism by which the BA prodrugs elicit their
action may be mediated via inhibition of HDAC, leading
to modulation in gene transcription and cellular dif-
ferentiation. However, since BA as a pleotropic agent
is known to elicit multiple effects,3~5 other mechanisms
of action may be involved.®® The uniqueness of the
mutual prodrug RN1 as a potential anticancer agent
stems from the combination of two moieties, BA and
ATRA, each affecting a distinctive cellular target and
when released simultaneously probably acting syner-
gistically. As single agents BA and ATRA are known to
possess low toxicity; therefore, their mutual prodrug is
expected to exhibit low systemic toxicity.

Experimental Section

Chemistry. 'H and 8C NMR spectra were obtained on
Bruker AM-300 and AC-200 spectrometers. Chemical shifts
are expressed in ppm downfield from Me,Si used as internal
standard. Multiplicities in the 3C NMR spectra were deter-
mined by off-resonance decoupling. Mass spectra (MS and
HRMS) were obtained on a Finnigan 4021 spectrometer
operating in Cl (chemical ionization) mode. Progress of the
reactions was monitored by TLC on Merck silica gel 60, 0.040—
0.063 mm, eluted with hexanes—EtOAc mixtures. Preparative
TLC was carried out on C18 reverse-phase Analtech HPTLC
plates eluted with MeCN—water mixtures. Melting points were
determined on a Fisher-Johns apparatus.

General Procedure. To a solution of ATRA (1.1 g, 3.67
mmol) and a chloromethyl ester (1.2 equiv) in dry DMF (2 mL)
was added Et;N (0.69 g, 6.8 mmol) dropwise. The product was
detected by TLC (EtOAc:hexane, 1:4) as a deep yellow spot,
Rt ~ 0.7. The solution was stirred at 70 °C for 3 h. At this
point only a negligible amount of ATRA could be detected. The
mixture was dissolved in ether (20 mL) and washed with brine
(4 x 30 mL) and 5% NaHCOs3 (3 x 10 mL). The ether solution
was dried (MgSO,) and evaporated. The oily residue was
separated on a silica gel column (ether:hexane, 1:3).

all-trans-Retinoyloxymethyl Butyrate, RN1. Obtained
from chloromethyl butyrate as a yellow oil (4.5 g, 68%): 'H
NMR (CDCl3) ¢ 6.99 (dd, J = 15, 11 Hz, vinylic H, 1H), 6.30
(d, 3 = 11 Hz, vinylic H, 1H), 6.28 (d, J = 15 Hz, vinylic H,
1H), 6.17 (s, vinylic H, 1H), 6.11 (d, J = 5.2 Hz, vinylic H,
1H), 5.81 (s, OCH,0, 2H), 5.79 (d, J = 5.7 Hz, vinylic H, 1H),
2.38 (d, J = 1 Hz, Me, 3H), 2.35 (t, CH,CO, 2H), 2.02 (m, CH,,
2H), 2.01 (t, Me, 3H), 1.71 (s, Me, 3H), 1.65 (m, CH,CH,CO,
2H), 1.45 (m, CHy, 2H), 1.03 (s, 2 Me, 6H), 0.95 (t, Me, 3H);
13C NMR (CDCI3) 6 172.6, 165.4, 155.7, 140.5, 137.6, 137.2,
134.6, 132.1, 130.0, 129.3, 129.0, 116.7, 78.7, 39.6, 35.9, 34.3,
33.1,29.0, 21.1, 19.2, 18.1, 14.1, 13.5, 12.9; MS (CI-CH,) 401
(MH), 283 (MH* — MeCH,CH,COOCH,0H); HRMS (CI-CHy,)
400.246009 (MH+), calcd 400240231, C25H3504. Anal. (C25H3504'
H,0) C, H.

all-trans-Retinoyloxymethyl Propionate, RN2. Ob-
tained from chloromethyl propionate as a yellow oil (1.18 g,
87%): 'H NMR (CDCls) 6 7.05 (dd, J = 15, 6.5 Hz, vinylic H,
1H), 6.30 (d, J = 16 Hz, vinylic H, 1H), 6.29 (d, J = 15 Hz,
vinylic H, 1H), 6.15 (d, J = 6.5 Hz, vinylic H, 1H), 6.14 (d, J
=15 Hz, vinylic H, 1H), 5.81 (s, OCH,0, 2H), 5.79 (bs, vinylic
H, 1H), 2.40 (g, J = 7.5 Hz, CH,CO, 2H), 2.38 (d, J = 1 Hz,
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Me, 3H), 2.03 (bt, J = 6.5 Hz, CH, 2H), 2.01 (s, Me, 3H), 1.71
(s, Me, 3H), 1.62, 1.47 (2 m, 2 CH_, 4H), 1.16 (t, J = 7.5 Hz,
3H), 1.03 (s, 2 Me, 6H); **C NMR (CDCls3) 6 173.3, 165.4, 155.7,
140.5, 137.6, 137.2, 134.6, 132.1, 129.3, 129.2, 129.0, 116.6,
78.9,39.6,34.2,33.1, 28.9, 27.3,21.7,19.2,14.1, 12.9, 8.7; MS
(CI-NHs) 387 (MH™), 283; HRMS (CI-CH.) 386.248876 (MH™),
calcd 386245710, Cz4H3404. Anal. (C24H3404'0.5H20) C, H.

all-trans-Retinoyloxymethyl Isobutyrate, RN3. Ob-
tained from chloromethyl isobutyrate as a yellow oil (1.44 g,
94% yield) upon evaporation of the ether solution and used
without further purification. After standing in the freezer for
some time, the oil partially solidified: *H NMR (CDClz) 6 7.05
(dd, 3 =15, 11.5 Hz, vinylic H, 1H), 6.30 (d, J = 15 Hz, vinylic
H, 1H), 6.29 (d, J = 15 Hz, vinylic H, 1H), 6.15 (d, J = 11.5
Hz, vinylic H, 1H), 6.14 (d, J = 15 Hz, vinylic H, 1H), 5.81 (s,
OCH;0, 2H), 5.78 (bs, vinylic H, 1H), 2.60 (septet, J = 7 Hz,
Me,CH, 1H), 2.38 (d, J = 1 Hz, Me, 3H), 2.03 (wt, J = 6.5 Hz,
CHy, 2H), 2.01 (s, Me, 3H), 1.71 (s, Me, 3H), 1.66, 1.47 (2 m, 2
CHy, 4H), 1.20, 1.17 (2 s, 2 Me, 6H), 1.03 (s, 2 Me, 6H); 13C
NMR (CDCls) 6 176.0, 165.4, 155.5, 140.4, 137.1, 134.6, 132.0,
130.2, 129.9, 129.3, 129.1, 116.7, 78.9, 39.6, 33.8, 34.2, 33.1,
28.9,21.7,19.2, 18.6, 14.1, 12.9; MS (CI-NHjz) 401 (MH™), 283
(MH* — Me,CHCOOCH,0H); HRMS (CI-CH,) 400.261414
(MH+), calcd 400261360, C25H3504. Anal. (C25H3604'1.5H20)
C, H.

all-trans-Retinoyloxymethyl Pivalate, RN4. Obtained
from chloromethyl pivalate as a yellow oil that crystallized
upon cooling in the freezer: mp 35—37 °C (1.35 g, 98% yield);
IH NMR (CDCl3) 6 7.04 (dd, J = 15, 11 Hz, vinylic H, 1H),
6.30 (d, J = 16 Hz, vinylic H, 1H), 6.29 (d, J = 15 Hz, vinylic
H, 1H), 6.15 (d, J = 11 Hz, vinylic H, 1H), 6.14 (d, J = 16 Hz,
vinylic H, 1H), 5.81 (s, OCH,0, 2H), 5.78 (bs, vinylic H, 1H),
2.37 (d, J = 1 Hz, Me, 3H), 2.03 (bt, J = 6.5 Hz, CH,, 2H),
2.01 (s Me, 3H), 1.71 (s, Me, 3H), 1.62, 1.47 (2 m, 2 CH,, 4H),
1.22 (s, t-Bu, 9H), 1.03 (s, 2 Me, 6H); 13C NMR (CDCls) 6 177.4,
165.3, 155.4, 140.3, 137.7, 137.2, 134.6, 131.9, 130.2, 129.3,
129.1, 116.8, 79.2, 39.6, 38.8, 34.2, 33.1, 28.9, 26.9, 21.7, 19.2,
14.1, 12.9; MS (CI-NHj3) 415 (MH™), 299, 283; HRMS (CI-CH,)
428.252872 (MH™), calcd 428.256275, CosH3304. Anal. (CosH3s04¢
1.5H,0) C, H.

Biology. 1. Cells Lines. 3LLD122, the highly metastatic
subclone of 3LL, was obtained from L. Eisenbach (The Weiz-
mann Institute of Science, Israel). The other cell lines were
from ATCC (Rockville, MD). Cells were grown in RPM1 and
10% FCS, supplemented with 2 mM glutamine. Viability was
determined by Trypan blue exclusion. Mycoplasma free cells
were incubated at 37 °C in a humidified 5% CO, incubator.

2. Induction of Differentiation. Cancer cell differentia-
tion was evaluated with the human leukemic cell lines HL-60
by nitro blue tetrazolium (NBT) reduction activity.%*? Cell
cultures containing 0.1% NBT were stimulated with 0.4 uM
12-O-tetradecanoylphorbol 13-acetate (PMA) then incubated
for 30 min at 37 °C and examined microscopically by scoring
at least 200 cells. The % of NBT positive cells was calculated
from the ratio the stained cells to the total cells scored and
the % of positive cells in untreated culture was subtracted.

3. Inhibition of Cancer Cell Growth. (a) Formation of
3LLD122 colonies in semisolid agar bilayer: The method
was based on the previously described procedure with the
described modifications.?82° The test compounds at the indi-
cated concentrations were added to the upper layer of agar.
Aggregates of >20 cells that developed on the semisolid agar
bilayer after 7 days were scored as colonies using an inverted
microscope.

(b) CFA: Single-cell suspensions were plated into 60-mm
tissue culture dishes at 400 PaCa; cells/dish. Following 24 h
after plating the cells, drug exposure was initiated. The
cultures were incubated for 7—12 days to allow the formation
of colonies. Colonies were fixed with MeOH, stained with
Giemsa, counted and compared to the control. All assays were
performed in triplicate.

(c) Cell viability: Viability was determined by scoring
under a microscope trypan blue (0.1%) excluding cells.

4. Drug Treatment. With the exception of BA which was
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dissolved in PBS, the drugs were dissolved in DMSO and were
added to the culture at a 1:1000 dilution to give a final DMSO
concentration of <0.1%
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