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Abstract

Malignant tumor cells have been found to have Hmglels of reactive oxygen
species such as hydrogen peroxidedhl, supporting the hypothesis that a prodrug
could be activated by intracellular,®; and lead to a potential antitumor therapy. In
this study, the 7-ethyl-10-boronic acid camptothdBil) was synthesized for the first
time as prodrug of SN-38, by linking a cleavablgl ararbon-boron bond to the
SN-38. ProdrudB1 selectively activated by >, converted rapidly to the active form
SN-38 under favorable oxidative conditions in cancells with elevated levels of
H,O,. The cell survival assay showed that prodBigwas equally or more effective
in inhibiting the growth of six different cancer lise as compared to SN-38.
Unexpectedly, prodrug1l displayed even more potent Topo | inhibitory atyithan
SN-38, suggesting that it was not only a prodru@hit38 but also a typical Topo |
inhibitor. ProdrugB1 also demonstrated a significant antitumor actiity2.0 mg/kg

in a xenograft model using human brain star glistolana cell lines U87MG.
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1. Introduction

Natural products have been the source of most ef dttive ingredients of
medicines. This is widely accepted to be true whpplied to drug discovery in
‘olden times’ before the advent of high-throughgateening and the post-genomic
era: more than 80% of drug substances were ngitwdlicts or inspired by a natural
compound [1]. In the area of cancer, over the tirame from around the 1940’s to
2007, of the 155 small molecules, 73% are othen ghathetic, with 47% actually
being either natural products or directly derivedréfrom [2]. What is noteworthy is
that lots of natural products and its derivativestain the phenol hydroxyl as the key
pharmacophore, such as combretastatin A-4 (CA-#ig. 1), etoposideZ( Fig. 1)
and SN-38 (the active metabolite of irinotecarfig. 1).
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Figure 1. Representative natural products which contairptienol hydroxyl.

Boron is an essential trace element for plants thaturs naturally in the
environment. There is increasing evidence thattbonay be important for animals
and humans, as it is in plants [3]. Boron has a&wahge of applications in chemistry,
material science, energy research, and electromécgiell as in life science. The drug
bortezomib (Velcad®, a drug in clinical use with boron as an actilement, was
approved in 2003 as a proteasome inhibitor fotrd@ment of multiple myeloma and
non-Hodgkins lymphoma [4].

It is well established that alkyl- or aryl bororacid and their esters can be easily
oxidated by HO, [5]. Moreover, cancer cells are known to exhilbdvated intrinsic
oxidative stress [6-8]. The increased amounts aftree oxygen species (ROS) can
be a therapeutic advantage, because it is an exelteature of cancer cells [9-10].
Therefore, it would be advantageous to develop Inavicancer prodrugs that can be

activated by the high level of ROS in cancer céllse most common ROS include



hydrogen peroxide (¥D.), superoxide anions ¢, and hydroxyl radical. Among
these, HO, has a pivotal role because it is a stable ROSyandrated from nearly all
sources of oxygen radicals [11]. These factors ntak@, an ideal candidate as a
target to develop new ROS-inducible prodrugs witihlselectivity to cancer cells. In
addition, the cell surface is coated with a demsest of polysaccharides known as
the glycocalyx [12]. Boronic acids readily form baoate esters with the 1, 2- and 1,
3-diols of saccharides [13], including those in giycocalyx [14-19]. Boronates have
attributes that enhance drug selectivity towarddugells [20]. Meanwhile, Boronic
acids and esters do not appear to have intringicitp issues, and the end product,
boric acid, is considered nontoxic to humans [21].

Recently, various boron-based derivatives of 4-bygiamoxifen 4-6, Fig. 2) were
studied for the treatment of tamoxifen-resistamgalst cancer. These prodrugs share
common boron-aryl carbon bonds and are convertdd ihme active form
4-hydroxytamoxifen under favorable oxidative cormmlis in breast cancer. These
bioisosteres were found to inhibit the growth obtiareast cancer cell lines, MCF-7
and T47D, to a comparable or greater extent thaat thchieved by
4-hydroxytamoxifen [22]. Moreover, Peng’s group lagéso shown that the prodrug of
nitrogen mustard coupled with an arylboronateaid8, Fig. 2) can be triggered by

H,0O; to release active drugs that can kill cancer ¢2Bs24].
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Figure 2. Structures of representative boron-based compounds



Camptothecin (CPT) is a highly effective anti-tunaord antibiotic alkaloid that
was first isolated by Wall and Wani in 1966 [28§ antitumor activity is induced by
directly binding to topoisomerase | (Topo I), whigksults in interference with the
catalytic cycle of DNA-Topo | and stabilization tife DNA-Topo | binary complex
[26-27]. According to the previous studies of CP@&ridatives, the SAR had
summarized that hydroxyl substitution 10-positiath@&nce their antitumor activity,
such as topotecan, 10-hydroxy-CPT and SN-38 (thigeametabolite of irinotecan,
which gained FDA approval in 1994) [28]. Althoughnamber of camptothecin
derivatives were synthesized, but boronic acid tswibsd analogs have not been
reported [29-42]. Kim et al. developed a new thestic prodrug 9, Fig. 2), which
contains a KO»-induced cleavable boronate ester for activatirilyi@escent moiety
(coumarin) and releasing a potent anticancer d8iNt38 [43]. This prodrug reacted
with physiological levels of kD, resulting in dissociation of the conjugates and
delivery of chemotherapeutic agent, providing a @dw new tool for cancer therapy.

In this study, we report 7-ethyl-10-boronic aciangaothecin B1, Scheme 1) for
the first time, it is anticipated that upon entgricancer cells, the prodrugl will

undergo facile oxidization reaction to release SN\t can kill cancer cells.

—\\:OHO
Scheme 1. Design of prodru@1 and HO,-promoted release of SN-38.
2. Resultsand discussion
2.1. Chemistry

Detailed synthetic strategy to 7-ethyl-10-boronicidacamptothecinB1 was
illustrated in Scheme 2. According to published cedures, SN-38 was first
converted into triflate0 in high yield (95%) [44], then triflat&0 was borylated using
palladium catalyzed Miyaura chemistry [45]. Finalyronate estell was oxidated

to give boronic aci®B1 in a 50% vyield [46].
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Scheme 2. Reagents and conditions: (a) N,N-bis(trifluoromdéghifonyl)aniline, TEA, DMF, rt,
98%; (b) Pd(dppf)Gl KOAc, bis(pinacolato)diboron, 1,4-dioxane, 80®8D%,; and (c) Nal@
NH4OAcCc, acetone : water =1 : 1, rt, 50%.

2.2. H,0, and ROS selectivity test

With the prodrugB1l available, firstly,B1 was investigated its ability to release
SN-38 by treating different concentration ot@4 in phosphate buffer (pH=7.4).
SN-38’s transformation was analyzed via high penfamce liquid chromatography. In
the presence of #,, SN-38 was observed at a concentration gdtHas low as 0.5
mM (22%), in a concentration-dependent manner. €leiarly shows that the prodrug
B1 can be activated by, to form SN-38 (Fig. 3a). As #D; is not the only ROS in
biological system, we also studied the induciblévayg of B1 toward other ROS,
such agert-butylhydroperoxide (TBHP), hypochlorite (O%lhydroxyl radical and
tert-butoxy radical. The results shown tHat was highly selective for ¥0, over
other ROS. In the presence of®4, compound®1 displayed efficient SN-38 release

(100%), while less than 8% release of SN-38 wesenked with other ROS (Fig. 3b).
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Figure 3. (a) Concentration dependence of compouBitigl mM) for SN-38 release upon,®,
activation (0.5, 1.0, 2.0, 4.0, 8.0 and 10 mM, eetipely); (b) Release of SN-38 inducedy (1
mM) upon treatment with various ROS at 10 mM.

2.3. Relative drug release by MCF-7 cells
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To determine if the prodru@l undergo oxidative cleavage by intracellular

hydrogen peroxide present at elevated concentrdd¢iogls in the cancer cells, we



analyzed the cell culture media for concentratioihnthe prodrug and the active form,
SN-38. Using HPLC, we were able to separate, itleraind quantify the prodrugs
and its active product. As shown in Figure 4, tlegohic acid prodrugBl was
observed at 12.87 min, while the desired activey doum, SN-38, eluted at 8.85 min.
The relative peak areas were measured at 59% (mdsit) and 41% (SN-38),
respectively, indicating that nearly half of th@grmg has been converted to SN-38 in

the media after incubation with MCF-7 cells forl4.8
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Figure 4. Relative concentrations of prodrug and its oxigaproduct, SN-38, as determined by
HPLC after incubation with MCF-7 cells.

2.4. Cytotoxicity studies

Following, prodrugBl was assesseih vitro antitumor activities against human
colon cancer cell lines HCT-15 and HT-29, humarasteancer cell lines MCF-7 and
MDA-MB-231, human brain star glioblastoma cell sn&/87MG and U251, with
SN-38 as the reference compound. As shown in TapbleompoundB1 exhibited
significant in vitro cytotoxic activities against these six tested turoell lines,
displayed a comparable (MCF-7, U251) or greater29)cytotoxic activity than that
of SN-38, indicating that the 10-boric acid grogighe SN-38 might influence the

cytotoxic activities of the new derivative.

Table 1. Cytotoxicity assay against HCT-15, HT-29, MCF-7DKMMB-231, U87MG and U251
cell lines.

ICs0 (UM)
compounds
HCT-15 HT-29 MDA-MB-231 MCF-7 U87MG U251
B1 0.018 0.047 4.284 0.628 0.047 0.036

SN-38 0.008 0.054 1.970 0.515 0.030 0.021




2.5. Topo | inhibition studies

As shown in Figure 5, prodrugjl was also tested for its inhibitory effects on Topo
I, using CPT and SN-38 as the reference drug. CamgB1 significantly inhibited
Topo | at 10QuM, even more potent inhibitory activity than SN-3$he above result
suggested that this novel boric acid substitutadvative was also a typical Topo |

inhibitor.

DNA std

No Drug
1% DMSO
100uM CPT
100uM B1
100uM SN38

Figure 5. Topo-I-mediated supercoiled pBR322 DNA relaxatias inhibited byB1 compared to
the reference compound CPT and SN-38 at, 0

In general, anticancer drugs increase ROS anddserexidative stress in cancer
cells to kill the cancer cells. Herein, as prodafgSN-38, compound1 displayed
significant in vitro cytotoxic activity and Topo | inhibitory activityOne possible
explanation was that compouBd. itself might kill cancer cells to increase ROS and
oxidative stress. Meanwhile, the increasing RO¥aietdB1 to release SN-38 in turn,
to enhance anticancer activity.

2.6. Antitumor activity of B1in vivo

Finally, the effect of prodruddl on inhibiting tumor growth was evaluated in
xenograft model. The xenograft model antitumor yssas performed using human
brain star glioblastoma cell lines US7MG, with otecan (CPT-11) being used as the
reference drug (Table 2). ProdrBd was administered intraperitoneally (i.p.) at 0.5
and 2.0 mg/kg doses three times a week to the @da/{4). Only at doses of 2.0
mg/kg, it exhibited a weakly relative tumor incremeate (T/C) against that achieved
with CPT-11 at a dose of 15 mg/kg (28 8.39), at doses of 0.5 mg/kg, it lost of
inhibiting tumor proliferation activity. On the basof Student’s t-test evaluatioB,1
at 2.0 mg/kg (P < 0.01) exhibited a significantitaimhor activity n vivo without overt

signs of symptoms or an anaphylactic reaction.



Table 2. Assessment of antitumor efficacy of compo@idin vivo.
Group Dose (mg/kg) Lethatoxicty BWC (% RTV (meantSD) T/C (%)

control - 0/12 23.12 16.69+7.52 -
CPT-11 15 0/6 15.88 1.40+0.32** 8.39
B1 2.0 0/6 2.11 4.69+1.92* 28.10
0.5 0/6 12.69 17.69+11.39* 105.99

#Number of dead mice/total number of mice.

bPercen’[age of mouse body-weight change (BWC) afteg tteatment: BWC%=(mean B}, qay BWfist day* 100)
—100.

°*P<0.01, *P< 0.001.

3. Conclusion

In conclusion, to our best knowledge, the 7-ettBAbbronic acid camptothecBil
was synthesized for the first time, as a prodrug linking a cleavable aryl
carbon—-boron bond to the SN-38. The utility of thi@drug was based on the fact
that it can be converted rapidly to the active foumder favorable oxidative
conditions in cancer cells with elevated levelfiydrogen peroxide. The cell survival
assay showed that the prodrug was equally or nfteetige in inhibiting the growth
of six different cancer cells, as compared to SN-B8expectedly, prodrudl
displayed even more potent Topo | inhibitory at¢githan SN-38, suggesting that it
was not only a prodrug of SN-38 but also a typikgbo | inhibitor. Prodrud1 also
demonstrated a significant antitumor activity & ég/kg in a xenograft model using
human brain star glioblastoma cell lines U87MG.ta basis of these positive results,
our study demonstrated the feasibility of usingamochemistry as a prodrug strategy
for SN-38, and this strategy would be applied te tbsearch and development of
natural products.
4. Experimental Section
4.1. Chemistry

All reagents and solvents were purchased from tipplgers and purified/dried if
anhydrous one was necessary. THAIMR spectra was recorded on Bruker-400 (400
MHz) using TMS as internal standarti chemical shifts were reported &{ppm)

and spin-spin coupling constants as J (Hz) valié® mass spectra (MS) were



recorded on a Finnigan MAT-95 mass spectrometeftiddepoints were taken on a
Fisher-Johns melting point apparatus, uncorrected &eported in degrees
Centigrade. HPLC analyses were performed on anP &eries LC system.

4.2. General procedure for the synthesis of compound B1

4.2.1. 7-ethyl-10-(trifluor omethyl sulfonyl oxy)camptothecin (10)

To a solution of SN-38 (1.0 g, 2.5 mmol) and N, iNfifluoromethylsulfonyl)aniline
(2.3 g, 3.6 mmol) in anhydrous dimethyl formami@enfL) was added triethylamine
(1.0 mL, 7.5 mmol) and the reaction mixture wagati under argon at 6T for 3 h.
The reaction mixture was cooled and concentratetureduced pressure to remove
the solvents. The crude product was purified byhlachromatography to give
compound10 (1.27 g, 95%). White solid, m.p. 242-3¢4 '*H NMR (400 MHz,
CDCl) & 8.34 (d, J = 9.3 Hz, 1H), 7.97 (d, J = 2.2 Hz, ,IHJ2 (s, 1H), 7.65 (dd, J =
9.3, 2.2 Hz, 1H), 5.72 (d, J = 16.4 Hz, 1H), 5.4809 (m, 3H), 4.27 (s, 1H), 3.19 (q,
J = 7.5 Hz, 2H), 2.00 — 1.80 (m, 2H), 1.42 (t, 3.6 Hz, 3H), 1.01 (t, J = 7.3 Hz, 3H).
¥%C NMR (101 MHz, CDGJ) 6 173.77, 157.62, 153.52, 150.27, 148.27, 148.01,
146.27, 146.16, 133.57, 128.27, 127.38, 123.74,5120119.54, 117.32, 115.74,
98.79, 72.93, 66.34, 49.48, 31.81, 23.37, 14.194.7.

4.2.2. 7-ethyl-10-(4,4,5,5-tetramethyl-1,3,2-di oxabor olan-2-yl )camptothecin (11)

The compoundlO (550 mg, 1.0 mmol), powdered KOAc (300 mg, 3.0 )mand
bis(pinacolato)diboron (320 mg, 1.1 mmol) were ablttea sealed tube that had been
purged with argon. A solution of Pd(dppf}C{80 mg, 0.1 mmol) in degassed
anhydrous dioxane (10 mL) was added, and the oeaatixture was stirred under
argon at 8GC for 12 h. The reaction mixture was cooled anterfédd through a short
celite pad. The filtrate was concentrated undemuced pressure to remove the
solvents. The crude product was purified by flastomatography to give compound
11 (0.4 g, 80%). Faint yellow solid, m.p. 263—-265"H NMR (400 MHz, CDC}) &
8.59 (s, 1H), 8.22 — 8.13 (m, 2H), 7.67 (s, 1H}55(d,J = 16.3 Hz, 1H), 5.35 — 5.23
(m, 3H), 3.81 (s, 1H), 3.27 (d,= 7.7 Hz, 2H), 1.96 — 1.82 (m, 2H), 1.49 — 1.37 (m
15H), 1.03 (tJ = 7.4 Hz, 3H)*C NMR (101 MHz, CDGJ) § 174.11, 157.83, 152.81,
151.11, 150.31, 147.22, 146.69, 135.12, 131.38,7829126.95, 126.41, 118.73,

9



98.34, 84.51, 72.91, 66.52, 49.59, 31.76, 25.095234.53, 7.97.

4.2.3. 7-ethyl-10- boronocamptothecin (B1)

To a solution of compouniil (400 mg, 0.8 mmol) in acetone:water = 1:1 (10 mL)
was added NEDAc (125 mg, 1.6 mmol) and Naj@500 mg, 2.4 mmol), then the
reaction mixture was stirred at room tempereture2fbh. The reaction mixture was
concentrated under reduced pressure to remove nagetbe aqueous phase was
extracted with chloroform: isopropanol=3: 1 and @amtrated to afford crude produce,
which was further purified by column chromatograpgygive pureB1 (200 mg,
50%). Faint yellow solid, m.p.>300; *H NMR (400 MHz, DMSO)$ 8.76 (s, 1H),
8.45 (s, 2H), 8.17 (d] = 8.5 Hz, 1H), 8.10 (d] = 8.5 Hz, 1H), 7.34 (s, 1H), 6.53 (s,
1H), 5.44 (s, 2H), 5.34 (s, 2H), 3.26 (o5 7.6 Hz, 2H), 1.94 — 1.80 (m, 2H), 1.35 (t,
J = 7.6 Hz, 3H), 0.88 (tJ = 7.3 Hz, 3H).23C NMR (101 MHz, DMSO) 172.52,
156.87, 152.27, 150.04, 149.46, 146.29, 146.02,6834130.70, 128.46, 127.95,
125.89, 119.05, 96.85, 72.42, 65.32, 49.53, 32626, 14.14, 7.78; HRMS (ESI)
m/z calcd for GoH2BN2Og [M+H]™: 421.1571; found: 421.1574.

4.3. H,0, and ROS sel ectivity test

ROS induced drug release was assessed at pH afsihng HPLC assays. Prodrug
stock solutions were prepared in DMSO at concentratof 10 mM. Aliquots of 10
uL of DMSO prodrug stocks was mixed with 50 mM@4 (1ul, 2 pL, 4ul, 8ul,
16ul and 2QuL, respectively)and appropriate amount of phosphate buffer (pH=7.4)
to give a final volume of 10QL. The reaction was incubated at 37 °C for 8 h and
guenched by an equal volume of Sodium thiosulfalation (50 mM), then subjected
to HPLC analysis. Reactive oxygen species were m@dtared to reaction tube as
follows. HO,, tert-butylhydroperoxide (TBHP), and hypochlorite (Na@GVere
delivered from 30%, 70%, and 14.5% aqueous solsitispectively. Hydroxyl
radical (*OH) andert-butoxy radical (*OBu) were generated by reactibhiroM Fe&*
with H,O, or TBHP, respectively.

4.4, Relative drug release by MCF-7 cells

For measurement of drug release by breast cantier MECF-7 cells were incubated
with B1 at 10° M. After 2 days, the cell culture media were cotéel, centrifuged to

10



remove cells, and diluted to a fixed volume foratige quantitation by HPLC.
Chromatographic peak areas corresponding to therggd1 and SN-38 were used
as concentrations in the media.

4.5. Cytotoxicity assays

Cytotoxicity assays of prodrugl was performed on human colon cancer cell lines
HCT-15 and HT-29, human breast cancer cell linesFMCand MDA-MB-231,
human brain star glioblastoma cell lines U87MG &2b1, which were obtained
from the American Type Culture Collection (Manasdés). Cells (6,000-10,000) in
10QuL culture medium per well were seeded into 96-weitrotest plates (Falcon,
CA). Cells were treated in triplicate with gradiesdncentrations of test drugs and
incubated at 37 °C for 72 h. The growth inhibit@ffects on the cell lines were
measured with a sulforhodamine B (SRB; Sigma, $uid, MO) assay. The drug
concentration required for 50% growth inhibitionC4d) of tumor cells was
determined from dose—response curves.

4.6. Assay of enzyme activity inhibiting Topo |

The Topo | we used was purchased from Amershanckioses. One unit is defined
as the amount of enzyme that completely relaxedn@ ®f supercoiled pBR322 DNA
in 20 uL of the reaction mixture for 30 min at 37 °C. Tieaction buffer contained 35
mM Tris-HCI (pH 8.0), 72 mM KCI, 5 mM MgG] 5 mM spermidine, 0.01% bovine
serum albumin, 0.2hg supercoiled pBR322, and 2 units of Topo | in @altgolume
of 20 uL. Relaxation was induced at 37 °C for 30 min agwninated by the addition
of 1/10 volume of 10% SDS. The mixture was themtgd with proteinase K at a
final concentration of 5Qg/mL and incubated at 37 °C for 30 min. An equdlnte
of chloroform:isoamyl alcohol (24:1) was used toragt the reaction mixture, and the
supernatant was then removed onto 1% agarose mgahébysis. Electrophoresis was
carried out in 1 x TAE at 4 V/cm for 2 h, and thet gtained with ethidium bromide
(0.5ug/mL), and photographed through a gel documenesysChemiGenius 2.

4.7. Antitumor activity of B1 in vivo

A xenograft model antitumor assay was performedngushuman brain star
glioblastoma cell lines U87MG. When the tumor graflume reached about 130

11



mm®, mice were randomly separated into four groups {2 for control and n = 6 for
treatment). ProdruBl1 was administered intraperitoneally (i.p.) threeds a week to

the end. These results were statistically signifi¢® < 0.001, Student’s t-test).
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Table 1. Cytotoxicity assay against HCT-15, HT-29, MCF-DRM-MB-231, US7TMG
and U251 cell lines.

Table 2. Assessment of antitumor efficacy of compo@idin vivo.

Figure 1. Representative natural products which contairmptienol hydroxyl.

Figure 2. Structures of representative boron-based compounds

Figure 3. (a) Concentration dependence of compouBitigl mM) for SN-38 release
upon HO, activation (0.5, 1.0, 2.0, 4.0, 8.0 and 10 mMpessively); (b) Release of
SN-38 induced b1 (1 mM) upon treatment with various ROS at 10 mM.

Figure 4. Relative concentrations of prodrug and its oxigatproduct, SN-38, as
determined by HPLC after incubation with MCF-7 sell

Figure 5. Topo-I-mediated supercoiled pBR322 DNA relaxatreas inhibited byB1
compared to the reference compound CPT and SN-B30atM.

Scheme 1. Design of prodrudd1 and HO,-promoted release of SN-38.

Scheme 2. Reagents and conditions: (a) N,N-bis(trifluorométhifonyl)aniline, TEA,
DMF, rt, 98%; (b) Pd(dppf)G] KOAc, bis(pinacolato)diboron, 1,4-dioxane, 80°C,
80%:; and (c) NalgQ NH,OAc, acetone : water =1 : 1, rt, 50%.
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Highlights

® A boronic acid substituted camptothecin (B1) was synthesized for the first time.

® Compound B1 selectively activated by cancer cells with elevated levels of H,Oo,
converted rapidly to the hydroxy form and displayed potent antitumor activity.

® This strategy would be applied to the research and development of natural

products.



