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Mickaël Thomas,a Freddy Rivault,a Isabelle Tranoy-Opalinski,a Joëlle Roche,b
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Abstract—The b-O-glucuronide and b-O-galactoside of SAHA have been prepared and evaluated as prodrugs for selective cancer
chemotherapy (ADEPT, PMT). These new compounds are stable under physiological conditions and do not exhibit any antipro-
liferative activity compared to the parent drug after a 48-h treatment of H661 cells. The glucuronide derivative did not lead to
the release of the drug in the presence of either Escherichia coli or bovine liver b-glucuronidase. On the other hand, under enzymatic
cleavage of galactoside prodrug by the corresponding enzyme, a rapid release of SAHA was observed demonstrating that the b-O-
galactoside of SAHA is a promising candidate for in vivo investigations.
� 2006 Elsevier Ltd. All rights reserved.
Although considerable effort has been invested in the
discovery of selective anticancer drugs, most pharmaco-
logical approaches for the treatment of solid tumours
suffer from poor selectivity. The development of more
selective therapeutic agents has consequently become a
major goal of current anticancer research. Within this
framework, the use of non-toxic prodrugs designed to
deliver the corresponding anticancer agent by specific
enzymatic activation in cancerous tissues is currently
being investigated.1 In this approach, the active enzyme
may be naturally present in high concentration in the
vicinity of the tumour (PMT strategy)2 or previously
targeted to the tumour site using various strategies such
as ADEPT,3 GDEPT,4 or LEAPT.5

Over the past 20 years, glycoside prodrugs, including
b-glucuronide and b-galactoside ones, have been exten-
sively studied and some of them have led to very prom-
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ising in vivo profiles. For example, HMR 1826, a
glucuronide prodrug of doxorubicin, has shown superi-
or efficacy in the treatment of various human tumour
xenografts in mice compared to standard chemotherapy,
both in ADEPT6 and PMT2b strategies. Very recently,
Sun and co-workers have reported the evaluation of a
b-galactoside prodrug of geldanamycin in combination
with a humanized monoclonal antibody chemically con-
jugated to b-galactosidase (ADEPT strategy).7 In this
study, the authors demonstrated the high potential of
b-galactoside prodrugs since the monoclonal antibody
they used was found to be an ideal candidate for tumour
targeting in the course of a pilot clinical trial.8 Thus, in
the light of these results, the extension of the range of
prodrugs that could be activated by either b-glucuroni-
dase and b-galactosidase seems to be warranted.

Histone deacetylase inhibitors (HDACi) have recently
emerged as new potential drug targets. Several classes
of small-molecule HDACi have been discovered so far,
among which hydroxamic acid derivatives have received
the most attention.9–11 Suberoylanilide hydroxamic
acid (SAHA) 1 is a member of the hydroxamate class
of HDAC inhibitors (Scheme 1).12–14 SAHA has
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demonstrated antitumour activity in several in vivo
models of cancer, including a xenograft of human pros-
tate tumour implanted in mice,15 a transgenic mouse
model of leukaemia and a carcinogen-induced tumour
model in rodents.16 Phase I clinical trials have estab-
lished that SAHA displayed antitumour activity in pa-
tients with solid tumours and haematological
malignancies.17 SAHA is currently progressing through
phase III clinical trials.18

Although it appeared to be a promising chemotherapeu-
tic agent, SAHA, like other hydroxamate-based inhibi-
tors, exhibits poor pharmacodynamic properties
mainly due to instability and rapid elimination (half-life
ranged from 21 to 58 min).17 As a consequence, SAHA
needs daily administration to sustain its in vivo drug le-
vel. Moreover, adverse events such as anorexia, anaemia
and thrombocytopenia have been reported in the course
of phase I clinical trials.17

Thus, with the aim to enhance the therapeutic index of
this promising new anticancer agent, we have undertak-
en the synthesis and preliminary evaluations of the two
glycosyl prodrugs of SAHA 2 and 3 depicted in Scheme
1. We hypothesised that the glycosyl derivatization of
the hydroxamate moiety may prevent the rapid in vivo
degradation of SAHA. We also anticipated that these
compounds would be less toxic than the corresponding
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drug since crystallographic studies demonstrated that
SAHA acted by binding the zinc ion in the active site
of HDAC in a bidentate fashion, through its CO and
OH groups.19–21 Furthermore, we expected that such
prodrugs would be readily activated by either b-glucu-
ronidase or b-galactosidase to release the corresponding
active drug under physiological conditions.

Despite the renewal of interest for hydroxamic acids
over the past decade, the development of synthetic
methods leading to the corresponding O-glycosides has
received little attention. To the best of our knowledge
only one method has been reported in the literature.22

In this study, the authors have prepared the glucuronide
adduct of TrocadeTM, a selective inhibitor of MMP colla-
genase, by coupling the protected O-glucuronsylhydr-
oxylamine 6a with the corresponding carboxylic acid
followed by suitable deprotection (Scheme 2). Recently,
a similar strategy has been used with success by Hosok-
awa and co-workers for the first synthesis of Trichosta-
tin D, the a-DD-glucopyranoside of Trichostatin A.23

Thus, in the light of these results the preparations of
the requested prodrugs 2 and 3 were achieved employing
the strategy depicted in Scheme 2.

The two O-glycosylhydroxylamines 6a and 6b were syn-
thesised in two steps from the corresponding activated
bromo-glycosides 4a and 4b. First, stereoselective gly-
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cosidations were carried out in the presence of N-
hydroxyphthalimide (HONFt) and tetrabutylammoni-
um hydrogenosulfate (TBAHS) to afford 5a22 and 5b
exclusively as the b-anomers in 60% and 55% yields,
respectively. Second, treatment of 5a and 5b with hydra-
zine in methanol gave O-glycosylhydroxylamines 6a22

and 6b, both in quantitative yields. Condensations of
6a and 6b with the well-known carboxylic acid 724 were
next undertaken by using 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide hydrochloride (EDC), 1-hydrox-
ybenzotriazole (HOBt) and triethylamine to yield the
corresponding protected b-glycosides of SAHA (8a:
73%, 8b: 62%). The b-galactoside 8b was deprotected
in the presence of 10 equiv of MeONa in MeOH at
0 �C to give prodrug 3 in quantitative yield.25 Deprotec-
tion of the glucuronide 8a was achieved using a two-step
procedure. Thus, the acetyl groups were first cleaved by
treatment with 1 equivalent of MeONa in MeOH and
the methyl ester was subsequently saponified at
�20 �C (acetone/NaOH (1 N) 5 equiv) to afford prodrug
2 (67% over 2 steps).25

Stability and enzymatic hydrolysis of prodrugs 2 and 3
were carried out in 0.02 M phosphate buffer (pH 7) at
37 �C and monitored by HPLC.26 As expected, no
decomposition of these two compounds was detected
after 72 h under these conditions.

Enzymatic hydrolysis of 2 and 3 was conducted in the
presence of an excess of the corresponding enzyme.26

First, prodrug 2 (100 lg mL�1) was incubated with
Escherichia coli b-glucuronidase (100 U mL�1). Aliquots
were taken at 7 and 30 min. The release of SAHA was
a

b

c
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Figure 1. HPLC analysis (for HPLC conditions, see Ref. 26). (a)

prodrug 3; (b) prodrug 3 + E. coli b-galactosidase; (c) SAHA.
not observed under these conditions. Thus, further
experiments were undertaken using higher concentra-
tions of the enzyme. However, in these cases 2 was
found to be perfectly stable even at a b-glucuronidase
concentration of 700 U mL�1. Further enzymatic assays
were then carried out with prodrug 2 (100 lg mL�1) in
the presence of various concentrations of bovine liver
b-glucuronidase (from 200 to 1000 U mL�1). In the
course of these experiments, 2 was again found to be sta-
ble and release of SAHA was not detected.

Prodrug 3 (430 lg mL�1) was incubated for 7 min in the
presence of E. coli b-galactosidase (40 U mL�1) and the
mixture was then analysed by HPLC. Total disappear-
ance of 3 was observed together with the release of
SAHA (Fig. 1).

The antiproliferative activities of prodrugs 2 and 3 were
evaluated after a 48-h treatment of non-small cell lung
cancer H661 cells and compared to SAHA
(IC50 = 1 lM). In the course of these experiments, both
compounds 2 and 3 did not present any detectable anti-
proliferative activities when tested from 1 to 25 lM.

The two b-glycoside prodrugs of SAHA 2 and 3 were
stable under physiological conditions and exhibited a re-
duced cytotoxicity compared to the parent drug against
H661 cells. The prodrug 2 did not lead to the release of
SAHA in the presence of a large excess of either E. coli
or bovine liver b-glucuronidase. This result was surpris-
ing taking into account that b-glucuronidase is known
to lack structural specificity for the aglycone moiety
and the results obtained by Mitchell et al. who have
shown that the TrocadeTM glucuronide is a substrate
for this enzyme.22 Nevertheless, our result clearly dem-
onstrated that such a glucuronide is not useful as a pro-
drug for b-glucuronidase-mediated PMT or ADEPT
strategies. On the other hand, the b-galactoside 3 was
totally and rapidly converted to SAHA in the presence
of an excess of the corresponding enzyme (which is al-
ways the case in the course of an ADEPT protocol).

In summary, we have prepared the non-toxic b-glucuro-
nide 2 and b-galactoside 3 of SAHA. The compound 2
was found to be inappropriate for both ADEPT and
PMT strategies. However, it should be mentioned that
this derivative may be of biological interest since
SAHA-glucuronide was recently found to be one of
the drug metabolites.27 Under enzymatic cleavage of
the galactosyl moiety by E. coli b-galactosidase, a rapid
and efficient release of the drug was observed. Thus, as
these data are compatible for an ADEPT strategy, the
b-galactoside prodrug of SAHA 3 seems to be a good
candidate for further in vivo investigations.
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nical help during antiproliferative assays.



986 M. Thomas et al. / Bioorg. Med. Chem. Lett. 17 (2007) 983–986
References and notes

1. Rooseboom, M.; Commandeur, J. N. M.; Vermeulen, N.
P. E. Pharmacol. Rev. 2004, 56, 53.

2. P.M.T.: Prodrug Mono-Therapy (a) Bosslet, K.; Czech, J.;
Hoffman, D. Tumor Target. 1995, 1, 45; (b) Bosslet, K.;
Straub, R.; Blumrich, M.; Czech, J.; Gerken, M.; Sperker,
B.; Kroemer, H. K.; Gesson, J.-P.; Koch, M.; Monneret,
C. Cancer Res. 1998, 58, 1195; (c) deGroot, F. M. H.;
Damen, E. W. P.; Scheeren, H. W. Curr. Med. Chem.
2001, 8, 1093.

3. A.D.E.P.T.: Antibody-Directed Enzyme Prodrug Therapy
(a) Niculescu-Duvaz, I.; Springer, C. J. Adv. Drug Deliv.
Rev. 1997, 26, 151; (b) Bagshawe, K. D.; Sharma, S. K.;
Begent, R. H. Expert Opin. Biol. Ther. 2004, 4, 1777.

4. G.D.E.P.T.: Gene-Directed Enzyme Prodrug Therapy (a)
Springer, C. J.; Niculescu-Duvaz, I. Adv. Drug Deliv. Rev.
1996, 22, 351; (b) Niculescu-Duvaz, I.; Springer, C. J. Mol.
Biotechnol. 2005, 30, 71.

5. L.E.A.P.T.: Lectin-Directed Enzyme-Activated Prodrug
Therapy Robinson, M. A.; Charlton, S. T.; Garnier, P.;
Wang, X.; Davis, S. S.; Perkins, A. C.; Frier, M.; Duncan,
R.; Savage, T. J.; Wyatt, D. A.; Watson, S. A.; Davis, B.
G. Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 14527.

6. Bosslet, K.; Czech, J.; Hoffman, D. . Cancer Res. 1994, 54,
2151.

7. Fang, L.; Battisti, R. F.; Cheng, H.; Reigan, P.; Xin, Y.;
Shen, J.; Ross, D.; Chan, K. K.; Martin, E., Jr.; Wang, P.
G.; Sun, D. J. Med. Chem. 2006, 49, 6290.

8. Xiao, J.; Horst, S.; Hinkle, G.; Cao, X.; Kocak, E.; Fanq,
J.; Young, D.; Khazaeli, M.; Agnese, D.; Sun, D.; Martin,
E., Jr. Cancer Biother. Radiopharm. 2005, 20, 16.

9. Monneret, C. Eur. J. Med. Chem. 2005, 40, 1.
10. Miller, T. A.; Witter, D. J.; Belvedere, S. J. Med. Chem.

2003, 46, 5097.
11. McLaughlin, F.; La Thangue, N. B. Biochem. Pharmacol.

2004, 68, 1139.
12. Richon, V. M.; Webb, Y.; Merger, R.; Sheppard, T.;

Jursic, B.; Ngo, L.; Civoli, F.; Breslow, R.; Rifkind, R. A.;
Marks, P. A. Proc. Natl. Acad. Sci. U.S.A. 1996, 93, 5705.

13. Richon, V. M.; Emiliani, S.; Verdin, E.; Webb, Y.;
Breslow, R.; Rifkind, R. A.; Marks, P. A. Proc. Natl.
Acad. Sci. U.S.A. 1998, 95, 3003.

14. Breslow, R.; Belvedere, S.; Gershell, L. Helv. Chim. Acta
2000, 83, 1685.

15. Butler, L. M.; Agus, D. B.; Scher, H. I.; Higgins, B.; Rose,
A.; Cordon-Cardo, C.; Thaler, H. T.; Rifkind, R. A.;
Marks, P. A.; Richon, V. M. Cancer Res. 2000, 60, 5165.

16. Cohen, L. A.; Amin, S.; Marks, P. A.; Rifkind, R. A.;
Desai, D.; Richon, V. M. Anticancer Res. 1999, 19, 4999.

17. Kelly, W. K.; Richon, V. M.; O’Connor, O.; Curley, T.;
MacGregor-Curtelli, B.; Tong, W.; Klang, M.; Schwartz,
L.; Richardson, S.; Rosa, E.; Drobnjak, M.; Cordon-
Cordo, C.; Chiao, J. H.; Rifkind, R.; Marks, P. A.; Scher,
H. Clin. Cancer Res. 2003, 9, 3578.

18. Krug, L. M.; Curley, T.; Schwartz, L.; Richardson, S.;
Marks, P.; Chiao, J.; Kelly, W. K. Clin. Lung Cancer 2006,
7, 257.

19. Finnin, M. S.; Donigian, J. R.; Cohen, A.; Richon, V. M.;
Rifkind, R. A.; Marks, P. A.; Breslow, R.; Pavletich, N. P.
Nature 1999, 401, 188.

20. Vannini, A.; Volpari, C.; Filocamo, G.; Casavola, E. C.;
Brunetti, M.; Renzoni, D.; Chakravarty, P.; Paolini, C.;
De Francesco, R.; Gallinari, P.; Steinkühler, C.; Di
Marco, S. Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 15064.

21. Somoza, J. R.; Skene, R. J.; Katz, B. A.; Mol, C.; Ho, J.
D.; Jennings, A. J.; Luong, C.; Arvai, A.; Buggy, J. J.; Chi,
E.; Tang, J.; Sang, B.-C.; Verner, E.; Wynands, R.; Leahy,
E. M.; Dougan, D. R.; Snell, G.; Navre, M.; Knuth, M.
W.; Swanson, R. V.; McRee, D. E.; Tari, L. W. Structure
2004, 12, 1325.

22. Mitchell, M. B.; Whitcombe, I. W. A. Tetrahedron Lett.
2000, 41, 8829.

23. Hosokawa, S.; Ogura, T.; Togashi, H.; Tatsuta, K.
Tetrahedron Lett. 2005, 46, 333.

24. Suzuki, T.; Matsuura, A.; Kouketsu, A.; Hisakawa, S.;
Nakagawa, H.; Miyata, N. Bioorg. Med. Chem. 2005, 13,
4332.

25. Compound 2: 1H NMR (D2O) d (ppm): 1.25–1.35 (m,
4H), 1.50–1.70 (m, 4H), 2.16 (t, 2H, J = 7.1 Hz), 2.38 (t,
2H, J = 7.3 Hz), 3.40–3.60 (m, 3H), 3.70 (d, 1H,
J = 9.3 Hz), 4.65 (d, 1H, J = 7.8 Hz), 7.23 (dd, 1H,
J = 8.7 and 3.8 Hz), 7.35–7.40 (m, 4H); 13C NMR (D2O)
d (ppm): 25.0, 25.5, 28.0, 28.1, 32.7, 36.7, 71.6, 71.8, 75.7,
75.9, 105.0, 122.6, 126.0, 129.6, 137.1, 173.7, 175.9, 176.4.
Compound 3: 1H NMR (CD3OD) d (ppm): 1.30–1.40 (m,
4H), 1.60–1.70 (m, 4H), 2.12 (m, 2H), 2.33 (t, 2H,
J = 7.3 Hz), 3.40–3.80 (m, 6H), 4.42 (d, 1H, J = 7.8 Hz),
7.03 (t, 1H, J = 8.4 Hz), 7.25 (t, 2H, J = 8.4 Hz), 7.51 (d,
2H, J = 8.4 Hz); 13C NMR (CD3OD) d (ppm): 25.2, 25.6,
28.6, 28.7, 32.4, 36.7, 61.4, 68.9, 69.3, 73.4, 76.1, 107.0,
120.1, 124.0, 128.6, 138.7, 172.2, 173.5.

26. HPLC conditions: Analytical HPLC was carried out using
a WatersTM HPLC system with UV detection at 254 nm.
The separation was performed on a reversed phase column
chromatography (Discovery� RP amide 16, 150 · 4.6 mm,
5 lm) using isocratic conditions (1 mL/min), eluent
CH3CN/H2O/TFA 3:7:0.028. Retention times for com-
pounds 2, 3 and SAHA, respectively, were 3.40, 3.31 and
4.15 min. E. coli b-glucuronidase, bovine liver b-glucu-
ronidase and b-galactosidase were purchased from Sigma–
Aldrich (reference Sigma: G2513-1KU, G0501-100KU
and G7896-2KU, respectively).

27. Du, L.; Musson, D. G.; Wang, A. Q. Abstracts of papers,
229th ACS National Meeting, San Diego, CA, United
States, March 13–17, 2005.


	Synthesis and biological evaluation of the suberoylanilide hydroxamic acid (SAHA)  beta -glucuronide and  beta -galactoside for application in selective prodrug chemotherapy
	Acknowledgments
	References and notes


