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ABSTRACT: Despite promising therapeutic utilities for treatment of hematological malignancies, histone deacetylase inhibitor 

(HDACi) drugs have not proven as effective in the treatment of solid tumors. To expand the clinical indications of HDACi drugs, 

we developed novel boron-containing prodrugs of belinostat (2), one of which efficiently releases active 2 through a cascade of 

reactions in cell culture and demonstrates activities comparable to 2 against a panel of cancer cell lines. Importantly, prodrug 7 is 

more efficacious than belinostat in vivo, not only inhibiting the growth of tumor but also reducing tumor volumes in an MCF-7 

xenograft tumor model owing to its superior biocompatibility, which suggests its clinical potential in the treatment of solid tumors. 

Histone deacetylases (HDACs) play a major role in the epi-

genetic regulation of gene expression through their effects on 

the compact chromatin structure. The aberrant epigenetic 

states (alterations in acetylation levels and overexpression) of 

HDACs are associated with a variety of pathologies, most 

notably cancer.
1-4

 Thus, HDACs have become one of the most 

promising therapeutic targets and histone deacetylase inhibi-

tors (HDACi) have been developed as epigenetic therapeutic 

agents for cancer treatment.
5-8

 HDACi can be subdivided into 

several structural classes including hydroxamic acids, cyclic 

peptides, aliphatic acids, and benzamides.
6, 9

 Three of the four 

FDA-approved HDAC inhibitors belong to hydroxamate-

based molecules, including vorinostat (SAHA, 1), belinostat 

(2) and panobinostat (3) (Figure 1) that are indicated for cuta-

neous T-cell lymphoma (CTCL), relapsed/refractory peripher-

al T-cell lymphoma, and multiple myeloma, respectively.  

 
Figure 1. Structures of hydroxamate-based HDAC inhibitors and 

their prodrugs.  

Despite promising outcome from treatment of hematologi-

cal malignancies with these hydroxamate–based HDACi 

agents, so far clinical trials have not shown that HDACi drugs 

are as effective in treating solid tumors. The exact reasons are 

not well understood, but some evidence suggests that the lack 

of activity may be due to their chemical instability and rapid 

metabolic elimination. It was suggested that the hydroxamate 

group of HDACi may have been hydrolyzed to the corre-

sponding carboxylic acid or subjected to glucuronidation and 

sulfation to generate the inactive metabolites before they could 

reach solid tumor sites.
10-14

 Developing acyl derivatives of 1 

and other hydroxamate-based HDACi enhances cell permea-

bility and hydrolytic stability, which suggests that the alkyla-

tion of hydroxamate of an HDACi is an effective strategy in 

improving their pharmacokinetic (PK) properties.
15

 In another 

strategy, a similar carbamate prodrug (4, Figure 1) of the hy-

droxamates improves drug-like properties, especially cellular 

permeability.
16

 However, both of these strategies rely on hy-

drolysis of prodrugs in vivo to release the active drug and do 

not improve drug–target specificity for selected disease states 

or sites of disease. Recently, a new prodrug of 1 (SAHA-TAP, 

5, Figure 1) was developed by appending a promoiety, sensi-

tive to thiol, to the hydroxamic acid.
17

 The authors envision 

that SAHA-TAP can become activated in the presence of thi-

ols such as glutathione in its reduced form (GSH), which is 

frequently more abundant at tumor sites. Furthermore, a 

biorthogonal precursor (6, Figure 1) of vorinostat (1) was re-

ported to be triggered to release 1 by palladium functionalized 

resins which could be designed as nanodevices with cell tar-

geting capabilities.18 

It has long been observed that cancer cells often have ele-

vated levels of hydrogen peroxide compared to noncancerous 

cells
19-22

 and the boronate and boronic acid molecules can be 

efficiently oxidized into the phenols by hydrogen peroxide.
23-25

 

Thus, a strategy was employed to design drug conjugates with 

a para-boronate benzyl moiety which can undergo a selective 

H2O2-triggered self-immolation release and the formation of 

byproduct quinone methide,
26-30

 which was shown to be a cy-

totoxic agent in its own right.
31-33

 Our previous studies also 

found that the introduction of boron significantly enhanced the 
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bioavailability of drugs.
34-38

 More importantly, we found that 

oxidative cleavage of the boron-carbon bond occurred meta-

bolically without requiring elevated level of H2O2.
34-38

 The 

unique biocompatibility of boronic acid was further illustrated 

in a report by Chang et al where a small–molecule imaging 

agent attached to an aryl boronic acid moiety was able to trav-

el throughout the body of living mice to reach deep tumor 

tissues.
39

 Therefore, to address the challenge that HDACi 

drugs have not proven to be efficacious against solid tumors in 

clinical trials even with high dosages reaching 1000 mg/m
2
/d 

as monotherapy
40, 41

 or combination agent
42

, we introduced 

boronic acid or their ester moiety to the scaffold of hydrox-

amate-based HDACi. For this prodrug strategy to work, the 

benzyl boronate moiety needs to be sufficiently labile under 

physiological conditions to allow conversion to belinostat 

once in vivo. We envision that this can be achieved by either 

metabolic oxidation or exposure to potentially higher level of 

H2O2 in tumor tissues, or both. Thus, as illustrated in Figure 2, 

new conjugates 7 and 8 were developed by connecting a ben-

zyl group with boronate to the hydroxyl of 2 to be potent 

HDAC inhibitors with better pharmacokinetic properties.  

 

Figure 2. Design of boron-containing prodrugs (7 and 8) of 

belinostat.  

As shown in Scheme 1, following the hydrolysis of methyl 

(E)-3-(3-(N-phenylsulfamoyl)phenyl)acrylate, the designed 

boron-containing prodrugs 7 and 8 were prepared by N,N'-

dicyclohexylcarbodiimide (DCC)-induced condensation of 

(E)-3-(3-(N-phenylsulfamoyl)phenyl)acrylic acid with  O-(4-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)hydroxyl 

amine or O-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) 

benzyl) hydroxylamine  which was obtained  from N-

hydroxyphthalimide in two steps following the procedure of 

reference 43. Prodrug 9 was obtained as a minor product dur-

ing the purification of 8 by flash chromatography. It was noted 

that 8 tends to be more easily converted to its free boronic acid 

form 9 than 7 to 10 (Scheme 2). 

 
Scheme 1. Synthesis of boron-containing prodrugs 7, 8 and 9.  

We first evaluated the antiproliferative activity of prodrugs 

7, 8 and 9 against human breast adenocarcinoma MDA-MB-

231, human lung carcinoma A549 and human cervical cancer 

HeLa cell lines. The results in Table 1 show that prodrug 7 

with IC50 values of 0.303 µM, 0.453 µM, and 0.273 µM is 3 ~ 

6 times less potent than 2 against these three cell lines, respec-

tively. Interestingly, prodrug 8 appears to be significantly 

weaker than 7 (7~30 fold), with IC50 values ranging from 2.03 

to 8.32 µM in inhibiting the same cancer cell lines. The bo-

ronic ester prodrug 8 and its free boronic acid 9 have compa-

rable antiproliferation activities in the same cytotoxicity as-

says. Further in vitro assays reveal that 7 and vorinostat (1) 

also have similar activities against human melanoma SK-

MEL-28, human lung carcinoma NCI-H460, and MDA-MB-

231 cells. The activity (IC50 of 1.46 µM) of 7 against human 

breast adenocarcinoma MCF-7 is 15 times less potent than that 

of 2 with an IC50 of 0.096 µM. Both prodrug 7 and 2 have low 

toxicity toward normal mammary epithelial cells (MCF-10A) 

at 10 µM (Figure S1).  

Table 1. Antiproliferation activities of boron-containing pro-

drugs 7, 8 and 9 against various human cancer cell lines 

Compds 

IC50 (µM) 

MDA-

MB-231 
A549 HeLa 

 

MCF-7 

SK-

MEL-28 

NCI-

H460 

1 
0.201± 

0.116 
n.d. n.d 

n.d 0.482 

± 0.064 

0.425 

± 0.033 

2 
0.062± 

0.006 

0.077± 

0.002 

0.087 

±0.009 

0.096 

±0.016 
n.d. n.d 

7 
0.303± 

0.024 

0.453 ± 

0.020 

0.273± 

0.043 

1.46 

± 0.68 

0.678 

± 0.039 

0.430 

± 0.088 

8 
2.03± 

0.54 

3.60± 

0.84 

8.32± 

2.27 

n.d. 
n.d. n.d. 

9 
2.20± 

1.39 

6.58± 

1.44 

12.90 ± 

2.20 

n.d. 
n.d. n.d. 

n.d.: not determined; ±: standard deviation (SD) of triplicate ex-

periments 

The marked differences in cytotoxicity between prodrug 7 

and prodrugs 8 or 9 could be understood in light of the trans-

formations depicted in Scheme 2. Prodrug 7 which possesses a 

para-substituted aryl boronic ester connected to the hydroxyl 

position of 2 releases active 2 upon oxidation either by P450 

enzymes or by hydrogen peroxide. However, the release of 2 

from prodrugs 8 and 9 was blocked in step 2. 

Scheme 2. Proposed oxidative release of active belinostat from 

boron-containing prodrug 7  

To confirm if the prodrugs undergo release of belinostat 2, 

we analyzed the cell culture media for concentrations of the 

prodrugs and the active form 2 in MDA-MB-231 and HeLa 

cells. The results show that pinacol ester prodrugs 7 and 8 

rapidly hydrolyzed to their boronic acid forms 10 and 9 

(Scheme 2). Using HPLC coupled to an Orbitrap mass spec-
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trometer, we were able to separate, identify, and quantify 10, 9 

and the active form 2. As shown in Table 2, the concentrations 

of 2 and 10 were measured at 30.7 and 331.8 ng/mL, respec-

tively, in the culture media after 1 day incubation of prodrug 7 

with MDA-MB-231 cells, indicating that 7 has been complete-

ly converted to 10 and partially to 2. From day 1 to day 6, the 

concentration of 10 decreased gradually from 331.8 to 130.9 

ng/mL, while the concentration of 2 remained nearly constant. 

Similar results were observed in HeLa cells where the concen-

trations of 2 and 10 were measured at 8.4 and 282.7 ng/mL in 

the media after 1 day incubation, 3.8 and 49.6 ng/mL on day 6, 

respectively. Incubation of prodrug 8 with MDA-MB-231 

cells did not yield detectable 2 while the concentrations of 9 

were measured at 359.1 and 155.8 ng/mL after 1 day and 6 

days of incubation with MDA-MB-231 cells, respectively. 

Similar results were observed when HeLa cells were treated 

with prodrug 8, where 303.2 and 66.6 ng/mL of 9 were recov-

ered after 1 day and 6 days separately without the peak of 2. 

These results confirmed that prodrug 7 could be partially 

transformed to active 2, but prodrug 8 could not release 2 

(Scheme 2), that may be the reason why prodrugs 7, 8 and 9 

displayed significant differences in their cytotoxicity against 

cancer cell lines when compared with 2 (Table 1). Thus the 

relative in vitro cytotoxic potency is observed to follow the 

order:  belinostat 2 > prodrug 7 >> prodrug 8 ~ prodrug 9. 

Table 2. Concentration (ng/mL) of 2, 9 and 10 in the culture 

media after incubation of 7 and 8 with cancer cell lines 

Day 

Prodrug 7 Prodrug 8 

MDA-MB-

231 
HeLa 

MDA-

MB-231 
HeLa 

2 10 2 10 2 9 2 9 

1 
30.7 

±0.4 

331.8 

±4.5 

8.4 

±0.1 

282.7 

±14.2 
NF 

359.1 

±13.7 
NF 

303.2 

±24.1 

2 
27.7 

±1.3 

268.5 

±2.2 

6.6 

±0.1 

147.4 

±3.3 
NF 

262.9 

±10.9 
NF 

188.6 

±3.9 

3 
20.3 

±0.5 

246.9 

±11.2 

13.4 

±0.5 

144.9 

±0.8 
NF 

199.0 

±16.1 
NF 

147.9 

±8.3 

4 
19.8 

±0.9 

171.8 

±3.8 

7.8 

±0.1 

107.0 

±0.7 
NF 

198.8 

±13.5 
NF 

134.7 

±3.1 

5 
28.5 

±1.0 

145.8 

±3.2 

3.7  

±0.2 

82.7 

±3.6 
NF 

168.5 

±3.8 
NF 

97.2 

±3.8 

6 
27.8 

±0.5 

130.9 

±5.4 

3.8 

±0.2 

49.6 

±0.9 
NF 

155.8 

±6.5 
NF 

66.6 

±1.3 

NF: no belinostat found. ±: standard error (SEM) of triplicate 

experiments 

Table 3. HDAC inhibitory activity of prodrug 7 

Compds EC50 (µM) 

1 (vorinostat) 0.18 

2 (belinostat) 0.03 

7 0.35 

To elucidate the anticancer mechanism of prodrug 7, we in-

vestigated the histone deacetylase (HDAC) inhibitory activity 

of 7 with the histone deacetylase activity assay kit (Fluoromet-

ric) ab156064 (Abcam, Cambridge, UK). As shown in Table 

3, prodrug 7 displays an EC50 value of 0.35 µM after 20 min 

incubation following the protocol for the assay kit, which is 

higher than the EC50 values and of vorinostat 1 (0.18 µM) and 

belinostat 2 (0.031µM). The difference in EC50 values among 

prodrug 7, 1, and 2 is consistent with their difference in IC50 

values against cancer cell lines (Table 1), which suggests that 

the cytotoxicity of prodrug 7 may also be related to its HDAC 

inhibitory activity. These results are expected by design in that 

release of the active drug 2 from the prodrug 7 is only partial 

in in vitro systems, hence the reduced potency of 7. The inhib-

itory activities of prodrug 7 against HDAC isoforms 1-11 were 

also determined, where 7 inhibited HDAC6 and HDAC8 with 

EC50 of 20.2 µM and 341 µM, respectively (Table S1).   

We next investigated the in vivo efficacy of prodrug 7 in 

mice. A head-to-head comparative study with a dosage of 10 

mg/kg/day of 7 and belinostat 2 by subcutaneous injection in 

an MCF-7 xenograft model in mice was designed to test the 

tumor inhibitory efficacy of the two compounds. Figure 3A 

indicates that both 2 and 7 have potent inhibition activity 

against the growth of tumor compared with rapid increase in 

tumor volume in the vehicle group. In the enlarged view of 

tumor growth curves displayed in Figure 3B, the difference in 

tumor growth between the treatment groups of 7 and 2 be-

comes clear after two weeks’ dosing at 10 mg/kg. Prodrug 7 

treatment not only inhibited the growth of tumor but also re-

sulted in tumor remission in this MCF-7 xenograft model. In 

the belinostat treatment group, average tumor volume contin-

ued its slow increase from 167 mm
3
 on Day 12 to 194 mm

3
 on 

Day 22, whereas tumor volume in mice treated with 7 de-

creased from 153 mm
3
 to 127 mm

3
 in the same period of time. 

Moreover, due to its heavier molecular weight, the molar con-

centration of 7 is lower than 2 given at the same dosage in 

mg/kg, which adds to the observed efficacy of 7. Taken to-

gether, prodrug 7 afforded a significantly greater efficacy than 

2 in the in vivo assay, with 85.4% and 77.7% inhibition of 

tumor growth (TGI), 14.6% and 22.3 % tumor volume ratio 

(T/C), respectively.  Importantly, in all of the in vitro assays, 

prodrug 7 demonstrated a consistently lower potency than 2 

against a panel of cancer cell lines. This is dramatically re-

versed once the prodrug enters an in vivo system where it 

showed a greater efficacy than 2.  Statistical analysis by T-test 

shows that the tumor weights of the 7-treated group are signif-

icantly different from those of the 2-treated group with p-value 

of 0.0045 (<0.01) (Table S2). However, compared with the 

vehicle group, the body weights of both 7-treated and 2-treated 

mice were unaffected.    

 
Figure 3. Inhibition of tumor growth in an MCF-7 tumor xeno-

graft model in mice. (A) Tumor volumes of the vehicle, belino-

stat, or prodrug 7-treated groups by subcutaneous injection. (B) 

The enlarged section of tumor volumes of belinostat and prodrug 

7-treated groups  

To better understand the in vivo efficacy demonstrated by 

prodrug 7, we sought to measure the drug concentrations in 

tumor tissues after 22 days of treatment with 2 or 7. Mice were 
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sacrificed and tumors were surgically removed, homogenized, 

and extracted for HPLC-MS/MS analysis for 2 and 10 (the 

corresponding free boronic acid of 7). As shown in Table 4, in 

the 2-treated group, the mean concentration of 2 in tumor tis-

sues was 23.4 ng/g, while in 7-treated group, 2 was present at 

the concentration of 57.0 ng/g, a level over two-fold higher 

than that in belinostat treated tumors. Moreover, the metabolic 

product of 7, the free boronic acid form (10) was found at the 

concentration of 51.0 ng/g in tumor tissue. As a precursor of 2, 

the boronic acid 10 may act as a reservoir for release of addi-

tional active ingredient (2) in a prolonged time-course, thereby 

further increase the drug exposure to the target tumor tissues. 

In addition, it should be noted that, at equal weight dosage (10 

mg/kg), prodrug 7 was administered at about half of the molar 

dosage compared to 2, yet the 7-treated group has a higher 

concentration of 2 in tumor tissues than the belinostat treated 

group. These results confirmed that prodrug 7 has better bioa-

vailability than belinostat 2 in an MCF-7 tumor xenograft 

mode, as demonstrated by its higher exposure to the target 

tumor tissues than achieved by belinostat. Therefore, the dra-

matic reversal in the in vivo efficacy of 7 could be attributed to 

its superior biocompatibility with the active target site.  

Table 4. Average terminal tumor volume, weight, and tissue 

concentration of drugs after 22days treatment 

Groups 

Average 

tumor 

volume 

(mm3) 

Average 

tumor 

weight 

(mg) 

T/C 

(%) 

TGI 

(%) 

Concentration in 

tumor tissue (ng/g) 

2 10 

Vehicle 869 ± 173 743 ± 142 NA NA NA NA 

2 194 ± 30 167 ± 24 22.3 77.7 23.4 ± 1.6 NA 

7 127 ± 15 109 ± 12 14.6 85.4 57.0 ±15.2 51.0±42.0 

Tumor size (mm3) of each mouse on last day of measurement 

Mice 1 2 3 4 

2 138.6 110.6 140.8 116.6 

7 222.2 216.3 171.9 164.3 

NA: not available ±: standard deviation (SD) of 4 mice 

  In summary, two boron-containing prodrugs 7 and 8 of 

belinostat were designed and synthesized for the purpose of 

enhancing the therapeutic efficacy of the HDAC inhibitor 

against solid tumors such as metastatic breast cancer. A large 

difference in the antiproliferative activities of 7 and 8 which 

may be attributed to the blockage of the transformation of 8 to 

the active form, belinostat (2). Prodrug 7 demonstrates a 

slightly lower potency than 2 against a panel of cancer cell 

lines. However, when administered to tumor-bearing mice, 

prodrug 7 showed significantly greater efficacy than 2 in the 

MCF-7 xenograft model where 7 not only inhibited tumor 

growth but also reduced tumor volumes after three weeks of 

treatment. This marked difference between in vitro and in vivo 

activities of the prodrug 7 is consistent with the observation 

that the conversion of 7 to its active form of belinostat is in-

complete in cell models. However, once in vivo, the superior 

bioavailability of prodrug 7 enabled the release of a signifi-

cantly higher systemic level of belinostat than could be 

achieved by the direct administration of belinostat, thereby 

exerting a greater in vivo efficacy. Data of drug distribution in 

tumor tissues support this rationale. Taken together, our study 

suggests that prodrug 7 of belinostat may have promising clin-

ical potential in the treatment of solid tumors. 
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