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A B S T R A C T

Multitarget inhibitors design has generated great interest in cancer treatment. Based on the synergistic effects of
topoisomerase and histone deacetylase inhibitors, we designed and synthesized a new series of acridine hy-
droxamic acid derivatives as potential novel dual Topo and HDAC inhibitors. MTT assays indicated that all the
hybrid compounds displayed good antiproliferative activities with IC50 values in low micromolar range, among
which compound 8c displayed potent activity against U937 (IC50= 0.90 μM). In addition, compound 8c also
displayed the best HDAC inhibitory activity, which was several times more potent than HDAC inhibitor SAHA.
Subsequent studies indicated that all the compounds displayed Topo II inhibition activity at 50 μM. Moreover,
compound 8c could interact with DNA and induce U937 apoptosis. This study provides a suite of compounds for
further exploration of dual Topo and HDAC inhibitors, and compound 8c can be a new dual Topo and HDAC
inhibitory anticancer agent.

1. Introduction

Despite the exploitation of many new cancer treatments, such as
gene and immunotherapy, chemotherapy is still the most effective
strategy in clinical practice for most cancer patients. However, single-
target chemotherapy strategies are often hindered by limited efficacy,
toxic side effects and resistance. To solve these problems, multitarget
ligand design has been a recent surge of research. Previous studies have
revealed that multitarget ligands can modulate different targets si-
multaneously for cancer treatment and possess a greater therapeutic
advantage than single-target drugs.1,2

The histone deacetylase (HDAC) is an attractive epigenetic target for
cancer therapy. HDAC, together with histone acetyltransferase (HAT),
determines the acetylation state of histone proteins. Overexpression of
HDAC catalyzes deacetylation of lysine in histones, leading to chro-
matin condensation and tumor suppressor genes (TSGs) silencing in
tumorigenesis.3 HDAC inhibitors (HDACi) have been identified to re-
verse this process by binding HDAC, which can induce the expression of

TSGs. To date, five HDAC inhibitors (i.e., Vorinostat, Depsipeptide,
Belinostat, Panobinostat, and Chidamide) have come into the market.
Most of them possess a well-admitted pharmacophore model composed
of three groups: a zinc binding group (ZBG), a cap group, and a linker
(Fig. 1).4 HDACi have been demonstrated to successfully synergize with
other targeted antitumor agents.5–11

Topoisomerases (Topo) are universal nuclear enzymes that mod-
ulate DNA supercoiling during DNA replication, transcription, and
chromatin assembly by forming a reversible covalent Topo-DNA com-
plex.12,13 Topo I and Topo II are two types of DNA topoisomerases,
which cleave single or double DNA strands, leading to transient DNA
single-strand breaks or double-strand breaks, respectively. The me-
chanism of Topo inhibitors is to stabilize the DNA-enzyme cleavable
complex through intercalation between DNA base pairs.14 Acridine and
acridone derivatives are one of the most potent inhibitors targeting
Topo enzymes. Recently, many acridine analogues have been entered
clinical or preclinical studies, such as m-AMSA, DACA, PZA, BRACO-19
and AS1410 (Fig. 2). Our group have also put efforts in synthesizing
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several series of acridines with good antitumor activity.15–20

HDACi, which increase the accessibility of DNA by inducing DNA
relaxation, can facilitate Topo inhibitors binding with chromatin and
thus potentiate the antitumor sensitivity of Topo inhibitors.21–23 Some
Topo and HDAC inhibitors have been combined to treat cancer and
displayed synergistic anticancer effects.24–32 Besides, several hybrid
compounds targeting both Topo and HDAC have been successfully
synthesized with enhanced cytotoxicity.33–40 These researches indicate
that simultaneous inhibition of both Topo and HDAC could be a feasible
approach on cancer therapy.

Considering the promising results, based on the structure of acridine
drugs (Topo inhibitors, m-AMSA for example) and pharmacophore of
HDACi (SAHA for example), a series of acridine hydroxamic acid de-
rivatives were rationally designed and synthesized as potential dual
Topo and HDAC inhibitors (Fig. 3).

2. Results and discussion

2.1. Chemistry

The synthetic routes of final compounds 8a–8f and 12a–12b were
carried out as shown in Scheme 1. The acridine derivatives 1a–1b were
accomplished according to the reported procedures.17,41 In the presence
of phenol, compounds 3a–3d were obtained by the reaction of com-
mercially available ethynyl anilines 2a–2b and 1a–1b. Intermediates
6a–6b were synthesized via NH2OTHP and 5a–5b produced by azide
reaction of 4a–4b. Compounds 3a–3d reacted with 6a–6b under

nitrogen atmosphere giving compounds 7a–7f. As shown in
Scheme 1(a), target molecules 8a–8f were produced by deprotection of
7a–7f.

Amino acids 9 were heated with 9-chloroacridine derivatives 1a–1b
to give respective products 10a–10b, which were then esterified to
yield compounds 11a–11b in methanol. The esters 11a–11b were
subjected to excessive amounts of hydroxylamine aqueous solution and
sodium methylate to provide final products 12a–12b, respectively
(Scheme 1(b)).

2.2. In vitro enzymatic inhibitory assay

The inhibitory activities against HDAC1/6 and Topo I/II enzymes of
the designed compounds were tested, and SAHA, camptothecin and m-
AMSA were used as reference compounds.

The results (Table 1) apparently showed that all the compounds
displayed outstanding inhibitory activities against HDAC1/6 with IC50

values in nanomolar ranges and that the activities against HDAC6 of
almost all of the compounds were better than HDAC1. We were also
pleased to find that 8a, 8b, 8c and 8d showed stronger inhibitory ac-
tivities than HDAC inhibitor SAHA, among which compound 8c dis-
played the best activity. After introducing the methoxy and chlorine
groups to the acridine, the inhibitory activities against both HDAC1/6
resulted in a great reduction (8a vs 8e, 8b vs 8f). When acridine was
unsubstituted, the activities against HDAC6 of 5-carbon alkyl chain
compounds were more potent than that of 6-carbon compounds (8a vs
8c, 8b vs 8d). However, the activities against HDAC1 of 5-carbon alkyl
chain compounds were less potent than 6-carbon compounds (8a vs 8c,
8b vs 8d). Besides, the activities against both HDAC1/6 of para-position
substitution on the benzyl ring compounds displayed better potencies
than that of meta-position (8a vs 8b, 8c vs 8d). As for substituted ac-
ridines, their inhibitory activities against HDAC6 were more potent
than HDAC1, indicating that they may had selective tendencies on
HDAC6 inhibition. In addition, 12a possessed greatly decreased
HDAC1/6 inhibitory activities in comparison with 8a and 8c, indicating
that too short chain is not helpful for binding HDAC.

As we expected, our compounds could inhibit HDAC and Topo si-
multaneously. As shown in Fig. 4A, compound 12a expressed strong
Topo I inhibition potency at 100 μM which was more potent than the
positive Topo I drug camptothecin. Excitingly, all the compounds dis-
played comparable Topo II inhibitory activities to the positive Topo II
drug m-AMSA at 100 μM (Fig. 4B). Further research showed that all the
compounds also presented good Top II inhibitory activity at 50 μM.
These data suggest that all the compounds could potently inhibit Topo
II. Furthermore, 12a was dual Topo I/II inhibitors.

Fig. 1. Three approved HDAC inhibitors possessing a hydroxamic acid group.

Fig. 2. The representative acridine derivatives in clinical or preclinical stages.
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2.3. Cell proliferation inhibitory assays

Lymphoma U937 cells were used in MTT assays to evaluate the
antitumor activities of our synthesized compounds, with SAHA and m-
AMSA used as the positive controls.

The results (Table 2) showed that all the final products displayed
potent antiproliferative activity against U937 cells with IC50 values<
4 μM. Especially, compounds 8c and 12a displayed nanomolar IC50

values against U937, which were comparable with SAHA and m-AMSA.
Compounds 8c and 8d exhibited more potent cytotoxic activities than
8a and 8b in U937, respectively. It can be obtained that when the ac-
ridine group was unsubstituted, the cytotoxic activities of 6-carbon
alkyl chain compounds were generally better than that of 5-carbon
compounds.

Furthermore, the antiproliferative activities were also related to the
substitution pattern on the benzyl ring. When the acridine group was
unsubstituted, 8a and 8c displayed better inhibitory activities than 8b
and 8d, respectively, indicating that para-position is preferred than
meta-position for cell proliferation inhibition. To our surprise, the in-
troduction of methoxy and chlorine group led to obvious decrease of
activities than the corresponding unsubstituted acridine derivatives (8a
vs 8e, 8b vs 8f, 12a vs 12b).41

As shown in Table 2, compound 8c (IC50= 0.90 μM) displayed
improved antiproliferative activities against U937 than that of parent
compound 7c (IC50= 21.39 μM). Similarly, compound 12a also
showed better cell proliferation inhibitory activities than 11a, demon-
strating that dual Topo and HDAC inhibitors 8c and 12a exhibited more
potent antitumor potency than corresponding single target inhibitors of
Topo.

As compounds 8c and 12a exhibited the best antiproliferative ac-
tivity against U937 cells, they were chosen to test broad-spectrum an-
titumor activity. Results in Table 3 indicated that both 8c and 12a
showed good antiproliferative activities against the human colon cancer
cell line HCT-116. Compound 8c also displayed more favorable in-
hibitory activities than Topo inhibitor m-AMSA against the human
breast cancer cell line MDA-MB-231. The results also showed that they
were more sensitive to U937.

2.4. DNA interaction studies

As compound 8c displayed significant antiproliferative activity
against cancer cell lines U937, MDA-MB-231, and HCT-116, it is ne-
cessary to study whether the interaction with DNA contributed to its
cytotoxicity.

UV–visible spectral absorbance is a kind of widely used measure to
detect the interaction between drugs and DNA. Fig. 5A displayed that
the maximal absorption of compound 8c was around 430 nm while
DNA did not absorb light in this region. With the concentration of DNA
increased, a significant decline in the absorption spectrum was ob-
served. Besides, a slight bathochromic shift was shown, indicating that

compound 8c could intercalate into DNA.
The Formula (1) was used to calculate the DNA binding constant Kb,

where DNA stands for the DNA concentration, meanwhile εa, εf re-
present the extinction coefficient of the complex free in solution, and εb
is the extinction coefficient of the complex when fully bound to DNA
respectively. As shown in Fig. 5B, the Kb of compound 8c was
1.67×105M−1, which suggested that it had a good DNA binding
capability comparable to that of m-AMSA (Kb=1.36×105M−1).

− = − + −DNA/(ε ε ) DNA/(ε ε ) 1/K (ε ε )a f b f b b f (1)

The fluorescence emission spectra was also performed to further
study the DNA binding ability. Fig. 5C showed that compound 8c had
the emission peak at around 420 nm and 440 nm with an excitation
wavelength at 360 nm. The fluorescence of 8c was gradually quenched
with increasing concentrations of DNA demonstrating the interaction
between compound 8c and DNA. The quenching constant Kq was cal-
culated according to the classical Stern-Volmer Eq. (2). The quenching
constant Kq of compound 8c was 1.56× 105M−1, indicating that 8c
could intercalate into DNA.

= +F / F 1 K Q0 q (2)

2.5. Binding models of compound 8c with HDAC and Topo

To explore the binding models of compound 8c with the respective
enzymes, 8c was docked into the active sites of HDAC2 (PDB code:
4LXZ), and Topo II-DNA complex (PDB code: 4G0U) using the SYBYL-X
1.3 protocol. Since the structure of HDAC2 (not HDAC1) crystallized
with vorinostat has been solved, in this study, we chose HDAC2 which
have identical active sites around the entrance of the channel with
HDAC1 for molecular docking simulation study.42

As depicted in Fig. 6A, the 4-aminoacridine group occupies the
surface outside the HDAC2 active pocket while the triazole-linked five
carbons chain length extends to a proper distance thus leading the
hydroxamic acid group to the active site and chelating with zinc. The
hydroxamic acid group forms six hydrogen bonds with Tyr308, Asp181,
His145, and His146. Fig. 6B suggests that the 9-amino acridine group
was parallel to DG13 and forms a hydrogen bond with DNA. C-6 tria-
zole-linked long alkyl chains of hydroxamic acid extends towards the
hydrophilic region and forms four hydrogen bonds with Glu522,
Ala521, and Arg503. The above docking results may further demon-
strate the antiproliferative activity of 8c was due to its inhibition
against HDAC1/6 and Topo II.

2.6. Apoptosis induced by compound 8c

Compound 8c could both inhibit the activity of HDAC 1/6 and Topo
II. To further dissect the growth-inhibitory effects of our compounds,
we evaluated the ability of 8c to induce apoptosis in U937 cancer cells.

Apoptosis can be triggered by two key molecular signaling

Fig. 3. Design of dual Topo and HDAC inhibitors.
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pathways: intrinsic pathway (mitochondrial pathway), extrinsic
pathway (death-receptor-mediated pathway).43 In order to validate
which way that 8c induced apoptosis, we monitored the expressions of
regulatory proteins related to apoptotic pathway such as cleaved cas-
pase-3, cleaved caspase-7, cleaved caspase-8 and cleaved caspase-9 in
U937 cells by immunoblotting. Cleaved caspase-9 is involved in the
intrinsic pathway, and cleaved caspase-8 is an initiator in extrinsic
pathway. Activated caspase-9 and caspase-8 will further cleave down-
stream caspases including caspase-3 and caspase-7. As shown in Fig. 7,
8c induced significant activation of cleaved caspase-9, caspase-8, cas-
pase-3 and caspase-7 at 0 μM, 0.1 μM, 0.5 μM, 1 μM and 2.5 μM for 36 h,
suggesting that both mitochondrial and death receptor pathways were
involved in the 8c-induced apoptosis.

3. Conclusion

In this study, a new series of acridine hydroxamic acid derivatives
targeting both Topo and HDAC were designed and synthesized. All
these compounds displayed potent antiproliferative activities against
U937 cells in vitro. Among these compounds, compound 8c showed not
only nanomolar IC50 values against U937 but also the best HDAC1/6
inhibition activity, which was several times more potent than HDAC
reference drug SAHA. What’s more, 8c displayed better Topo II in-
hibition activity at 50 μM and could interact with DNA and induce
U937 apoptosis through both endogenous and exogenous pathway. Our
studies suggested that compound 8c targeting Topo and HDAC con-
currently can be a new multitargeted inhibitory agent for cancer
therapy.

Scheme 1. Synthetic routes of final compounds 8a–8f and 12a–12b. Reagents and conditions: (a) (i) Phenol (solvent), 120 °C, 2 h; (ii) DMF, NaN3, 80 °C, 2 days; (iii)
EDCI, DMAP, CHCl3, rt, NH2OTHP; (iv) CuSO4·5H2O, sodium ascorbate, H2O: C(CH3)3OH=1: 1, 60 °C, 4 h; (v) CH3OH, 3M HCl, 2 h. (b) (i) Phenol (solvent), 120 °C,
2 h; (ii) SOCl2, MeOH, 2 h; (iii) NH2OH, CH3ONa, CH3OH: CH2Cl2= 1: 1.
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4. Experimental section

4.1. Chemistry

The general preparation of compound (3a–3d, 6a–6b, 11a–11b)
can be seen in Supporting Information.

4.1.1. General procedure for compound 8a–8f
A mixture of 3 (1.0 equiv), 6 (2.0 equiv), CuSO4·5H2O (0.1 equiv),

sodium ascorbate (1.0 equiv) were stirred in water/TBA (v/v=1/1) for
4 h at 60 °C under nitrogen atmosphere. Then the mixture was poured
into water to give viscous solid. The viscous solid was dissolved in TEA
and extracted with DCM. The organic layer was purified by column
chromatography using petroleum ethyl acetate, methanol and TEA
(40:1:1 v/v/v) to give pure 7a–7f. A few drops of hydrochloric acid
(3M) were added dropwise to the methanol solution of 7. The reaction
mixture was stirred at room temperature for 2 h. Concentration in

vacuo gave crude product. Then the crude product was dissolved in
water/methanol and extracted with DCM. The water layer was con-
centrated in vacuo to give solid 8a–8f.

4.1.1.1. 6-(4-(4-(Acridin-9-ylamino)phenyl)-1H-1,2,3-triazol-1-yl)-N-
hydroxyhexanamide (8a). Yield 48%; mp: 247–249 °C; 1H NMR
(400MHz, DMSO‑d6) δ 10.38 (s, 1H), 8.68 (s, 2H), 8.29 (d,
J=8.6 Hz, 2H), 8.08 (s, 1H), 8.06 (s, 1H), 8.02–7.94 (m, 4H),
7.52–7.42 (m, 4H), 4.42 (t, J=6.9 Hz, 2H), 1.96 (t, J=7.3 Hz, 2H),
1.92–1.84 (m, 2H), 1.59–1.51 (m, 2H), 1.29–1.22 (m, 2H). 13C NMR
(101MHz, DMSO‑d6) δ 168.83, 154.74, 145.48, 140.12, 135.06,
126.34, 125.73, 124.45, 123.64, 121.46, 119.18, 114.07, 49.38,
31.95, 29.95, 25.36, 24.39. HRMS (ESI): m/z calcd for C27H27N6O2
(M+H+): 467.2195, found: 467.2196.

4.1.1.2. 6-(4-(3-(Acridin-9-ylamino)phenyl)-1H-1,2,3-triazol-1-yl)-N-
hydroxyhexanamide (8b). Yield 48%; mp: 180–182 °C; 1H NMR
(400MHz, DMSO‑d6) δ 10.36 (s, 1H), 8.68 (s, 1H), 8.63 (s, 1H), 8.25
(s, 2H), 8.10–7.91 (m, 4H), 7.86 (d, J=17.8 Hz, 2H), 7.56 (s, 1H), 7.41
(s, 2H), 7.30 (s, 1H), 4.38 (s, 2H), 2.11–1.71 (m, 4H), 1.63–1.42 (m,
2H), 1.34–1.12 (m, 2H). 13C NMR (101MHz, CD3OD) δ 170.65, 145.71,
142.23, 140.58, 134.27, 132.03, 129.92, 124.89, 123.25, 122.48,
120.85, 119.70, 118.90, 114.19, 49.32, 31.45, 28.86, 24.89, 23.99.
HRMS (ESI): m/z calcd for C27H27N6O2 (M+H+): 467.2195, found:
467.2192.

4.1.1.3. 7-(4-(4-(Acridin-9-ylamino)phenyl)-1H-1,2,3-triazol-1-yl)-N-
hydroxyheptanamide (8c). Yield 48%; mp: 210–212 °C; 1H NMR
(400MHz, DMSO‑d6) δ 10.37 (s, 1H), 8.69 (s, 2H), 8.31 (d,
J=8.7 Hz, 2H), 8.11 (s, 1H), 8.09 (s, 1H), 8.04–7.96 (m, 4H),
7.54–7.45 (m, 4H), 4.41 (t, J=6.9 Hz, 2H), 1.95 (t, J=7.3 Hz, 2H),
1.91–1.84 (m, 2H), 1.53–1.46 (m, 2H), 1.32–1.26 (m, 4H). 13C NMR
(100MHz, DMSO‑d6) δ 168.94, 154.96, 145.44, 140.06, 135.22,
126.34, 125.69, 124.72, 123.78, 121.50, 119.21, 113.89, 49.47,
32.07, 29.40, 27.88, 25.49, 24.82. HRMS (ESI): m/z calcd for
C28H29N6O2 (M+H+): 481.2352, found: 481.2341.

4.1.1.4. 7-(4-(3-(Acridin-9-ylamino)phenyl)-1H-1,2,3-triazol-1-yl)-N-

Table 1
Enzymatic inhibitory activities of designed compounds against HDAC1 and HDAC6.

Compound R1 R2 n IC50 (nM)a

HDAC1 HDAC6

8a H H 1 8.2 2.6
8b H H 1 14.1 3.4
8c H H 2 3.9 2.9
8d H H 2 5.1 5.0
8e OCH3 Cl 1 306.2 29.0
8f OCH3 Cl 1 224.3 13.3
12a H H 133.8 99.3
12b OCH3 Cl 66.2 80.8
SAHA 14.3 6.9

a Data are expressed as mean values of at least duplicate determinations with SD values< 10% of the mean values.

Fig. 4. Topo I and Topo II inhibitory activities. (A) Topo I: lane B, Topo
I+ pBR322 DNA; lane D, pBR322 DNA; lane C, camptothecin+ Topo
I+ pBR322DNA; the others, tested compounds+ Topo I+ pBR322 DNA; R,
relaxed; S, supercoiled. (B) Topo II: lane B, Topo II+ pBR322 DNA; lane D,
pBR322 DNA; lane A, m-AMSA+Topo II+ pBR322 DNA; the others, tested
compounds+Topo II+ pBR322 DNA; R, relaxed; S, supercoiled.
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hydroxyheptanamide (8d). Yield 41%; mp: 185–187 °C; 1H NMR
(400MHz, DMSO‑d6) δ 10.37 (s, 1H), 8.67 (s, 1H), 8.62 (s, 1H), 8.20
(s, 2H), 8.03–7.82 (m, 4H), 7.78 (s, 2H), 7.52 (s, 1H), 7.34 (s, 2H), 7.20
(s, 1H), 4.37 (s, 2H), 2.18 (s, 1H), 1.88 (d, J=36.3 Hz, 3H), 1.46 (s,
2H), 1.25 (s, 4H). 13C NMR (101MHz, CD3OD) δ 174.26, 168.98,
153.58, 145.57, 143.84, 140.47, 134.13, 132.40, 130.33, 125.97,
122.95, 122.19, 121.59, 119.09, 115.04, 113.97, 49.45, 33.45, 32.06,
29.33, 25.45, 24.16. HRMS (ESI): m/z calcd for C28H29N6O2 (M
+H+): 481.2352, found: 481.2345.

4.1.1.5. 6-(4-(4-((6-Chloro-2-methoxyacridin-9-yl)amino)phenyl)-1H-
1,2,3-triazol-1-yl)-N-hydroxyhexanamide (8e). Yield 47%; mp:
265–267 °C; 1H NMR (400MHz, DMSO‑d6) δ 11.54 (s, 1H), 10.39 (s,
1H), 8.68 (s, 1H), 8.18 (s, 1H), 8.10 (t, J=10.0 Hz, 2H), 7.98 (d,
J=8.2 Hz, 2H), 7.86 (s, 1H), 7.77 (d, J=9.3 Hz, 1H), 7.52 (d,
J=8.3 Hz, 2H), 7.46 (d, J=9.4 Hz, 1H), 4.41 (t, J=6.6 Hz, 2H),
3.77 (s, 3H), 1.96 (t, J=7.1 Hz, 2H), 1.92–1.83 (m, 2H), 1.60–1.50 (m,
2H), 1.31–1.22 (m, 2H). 13C NMR (100MHz, DMSO‑d6) δ168.81,
155.86, 153.16, 145.40, 140.28, 139.74, 138.87, 135.78, 129.49,
128.51, 127.87, 126.29, 124.73, 124.15, 121.51, 121.03, 117.93,
115.62, 112.06, 103.51, 55.81, 49.39, 31.94, 29.24, 25.37, 24.39.
HRMS (ESI): m/z calcd for C28H28ClN6O3 (M+H+): 531.1911, found:
531.1922.

4.1.1.6. 6-(4-(3-((6-Chloro-2-methoxyacridin-9-yl)amino)phenyl)-1H-
1,2,3-triazol-1-yl)-N-hydroxyhexanamide (8f). Yield 41%; mp:
189–191 °C; 1H NMR (400MHz, DMSO-d6) δ 10.38 (s, 1H), 8.64
(s,1H), 8.19–8.18 (s, 1H) 8.13–8.09 (m, 2H), 7.96 (s, 1H), 7.86–7.81
(m, 2H,), 7.76–7.73 (m, 1H), 7.60–7.56 (m, 1H), 7.44–7.41 (m, 1H),
7.37–7.36 (m, 1H), 4.40–4.37 (t, 2H, J=6.0 Hz), 3.74 (s,1H),
1.96–1.93 (m, 2H), 1.87–1.83 (m, 2H), 1.53–1.51 (m, 2H), 1.25–1.20
(m, 2H); 13C NMR (101MHz, DMSO‑d6) δ 168.81, 155.82, 153.07,
145.27, 141.61, 139.76, 138.82, 135.90, 132.52, 130.37, 128.49,
127.82, 124.16, 121.74, 121.10, 120.63, 118.00, 115.55, 112.09,
103.44, 55.75, 49.38, 33.34, 29.20, 25.32, 23.77. HRMS (ESI): m/z
calcd for C28H28ClN6O3 (M+H+): 531.1911, found: 531.1880.

4.1.2. General procedure for compound 12a–12b
Compounds 11a–11b was dissolved in methanol/DCM (v/v=1/1).

Then hydroxylamine aqueous (10.0 equiv) and sodium methylate (5.0
equiv) were added under ice bath. After 0.5 h, the reaction mixture was
moved to the room temperature for 1 h. Then the reaction solution was
adjusted to pH 7–8 with HCl (1M) to get a amount of precipitation.
After filtration, the precipitation was washed with ether overnight to
obtain pure product 12a–12b.

4.1.2.1. 3-(4-(Acridin-9-ylamino)phenyl)-N-hydroxypropanamide
(12a). Yield 48%; mp: 195–197 °C; 1H NMR (400MHz, DMSO‑d6) δ
10.44 (s, 1H), 8.77 (s, 1H), 8.03 (s, 2H), 7.76 (s, 4H), 7.23 (s, 4H), 7.04
(s, 2H), 2.92–2.79 (m, 2H), 2.39–2.20 (m, 2H). 13C NMR (101MHz,
DMSO‑d6) δ 168.08, 152.29, 140.91, 133.04, 129.46, 126.13, 122.15,
121.15, 119.07, 115.84, 33.95, 30.33. HRMS (ESI): m/z calcd for
C22H20N3O2 (M+H+): 358.1556, found: 358.1564.

4.1.2.2. 3-(4-((6-Chloro-2-methoxyacridin-9-yl)amino)phenyl)-N-
hydroxypropanamide (12b). Yield 48%; mp: 205–207 °C; 1H NMR
(400MHz, DMSO‑d6) δ 10.39 (s, 1H), 9.11 (s, 1H), 8.75 (s, 1H),
8.12–7.95 (m, 2H), 7.53–7.35 (m, 2H), 7.29–7.02 (m, 3H), 6.77 (s, 2H),
3.74 (s, 3H), 2.85–2.67 (m, 2H), 2.35–2.11 (m, 2H). 13C NMR
(101MHz, DMSO‑d6) δ 168.19, 155.70, 147.78, 146.91, 143.24,
133.50, 133.41, 131.07, 128.77, 127.56, 126.37, 125.09, 124.57,

Table 2
Inhibitory activities of compounds against U937 cells.

Compound R1 R2 n IC50 (μM)a

8a H H 1 1.34 ± 0.02
8b H H 1 2.67 ± 0.21
8c H H 2 0.90 ± 0.01
8d H H 2 1.24 ± 0.12
8e OCH3 Cl 1 3.55 ± 0.09
8f OCH3 Cl 1 2.94 ± 0.12
12a H H 0.75 ± 0.13
12b OCH3 Cl 1.12 ± 0.06
m-AMSA 0.61 ± 0.03
SAHA 0.72 ± 0.17
7c 21.39 ± 1.23
11a 3.87 ± 0.14

a Data are expressed as the mean ± SD from the dose response curves of at least three independent experiments.

Table 3
Antiproliferative activities of compounds 8c, 12a against MDA-MB-231 and
HCT-116 cell lines.

Compound IC50 (μM)a

MDA-MB-231 HCT-116

8c 7.09 ± 0.47 2.11 ± 0.20
12a 29.08 ± 2.34 1.88 ± 0.09
m-AMSA 10.05 ± 0.89 < 1
SAHA 4.93 ± 0.28 < 1

a Data are expressed as the mean ± SD from the dose response curves of at
least three independent experiments.
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120.34, 118.08, 117.62, 100.66, 55.22, 34.01, 30.13. HRMS (ESI): m/z
calcd for C23H21ClN3O3 (M+H+): 422.1271, found: 422.1252.

4.2. Cell proliferation inhibitory assays

Cell proliferation inhibitory assays were assessed by the MTT assay.
Cells were seeded in 96-well plates at a density of 5–10×103 cells per

well with incubation for 12 h at 37 °C. Then various concentrations of
the synthesized compounds or blank control DMSO were added to each
well and incubated continuously for 48 h. After adding 10mL per well
of MTT (5mg/mL) solution for 4 h, the formazan crystals were dis-
solved in 100mL DMSO per well. The absorbance of each well was
measured at 490 nm using an automatic ELISA reader system (TECAN,
CHE).

Fig. 5. UV–visible absorption spectra and fluorescence emission spectra of 8c-ctDNA. (A) UV–visible absorption spectra 8c (10 μM) with various concentrations of
ctDNA in Tris-HCl buffer (pH 7.4). The arrow indicates the absorbance changes upon increasing DNA concentrations. (B) The plot of absorption data, [DNA], DNA
concentration. (C) Fluorescence emission spectra of 8c (10 μM) with various concentrations of ctDNA in Tris-HCl buffer (pH 7.4) after excitation at λex= 360 nm.
The arrow indicates the fluorescence emission changes upon increasing DNA concentrations. (D) The plots of the fluorescence titration, [Q], DNA concentration.

Fig. 6. Molecular docking of compounds 8c with HDAC2 and Topo II-DNA complex. (A) Proposed binding mode of compounds 8c with HDAC2 (4LXZ), (B) Proposed
binding mode of compounds 8c with Topo II (4G0U) (N and O atoms in blue and red, respectively). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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4.3. HDAC inhibition assay

The procedures of HDAC inhibition assay were as follows: the syn-
thesized compounds were transferred to assay plate by echo with 3-fold
dilution in 100% DMSO. Substrate solution was produced by preparing
enzyme solution in 1× assay buffer (modified Tris Buffer) and adding
trypsin and Ac-peptide substrate in 1× assay buffer. Enzyme solution
were transferred to assay plate and incubated at room temperature for
15min. Substrate solution was then added to each well to start reaction.
SAHA was used as the positive controls and the negative controls
contained neither enzyme nor inhibitor. The plates were incubated for
1 h at room temperature to allow the fluorescence signal to develop.
The fluorescence generated was monitored at λex= 355 nm and
λem= 460 nm using a Synergy MX plate reader (PerkinElmer Life
Sciences, Boston, MA, USA).

4.4. Topo I and Topo II inhibition assay

The way to define the Topo I and Topo II inhibition of the synthe-
sized compounds was to dissect the relaxation of supercoiled pBR322
plasmid DNA. The assay was carried out in a final volume of 20 μL
reaction volume containing 500 ng of supercoiled DNA (Takara
Biotechnology, Japan) and 1 unit of human Topo I (Takara
Biotechnology, Japan) or Topo II (USB Corp, USA) with our compounds
or reference compounds in the reaction buffer. The reaction mixtures
were incubated at 37 °C for 10–15min and terminated by adding 4 μL of
DNA loading buffer. Electrophoresis was performed on a 1% agarose gel
at 80 V for 0.5 h in TAE buffer. Then gels were stained for 10min with
ethidium bromide (2.5 mg/mL) and destained in water for 5min. DNA
bands were visualized with UV light. Topo I inhibitor camptothecin
(Sigma, USA) and Topo II inhibitor m-AMSA (Sigma, USA) were used as
reference compounds.

4.5. Western blot analysis

U937 cells were treated with compound 8c at the concentrations of
0 μM, 0.1 μM, 0.5 μM, 1 μM and 2.5 μM for 36 h. Then U937 cells were
harvested and handled with lysis buffer at 0 °C for 0.5 h, followed by
centrifugation at 13,000g for 10min. The supernatants were heated
with loading buffer to 100 °C for 10min after their protein

concentrations were determined with BCA Protein Assay Kit (Tiangen).
Protein samples were subjected to 12% sodium dodecylsulfate
(SDS)–polyacrylamide gel electrophoresis (PAGE), and then transferred
to menthol treated PVDF membranes (amc Biobind NT-200). The
membranes should be blocked in 5% milk for 1 h before they were in-
cubated with certain primary antibody at 4 °C overnight. The primary
antibody dilution was 1:1000. The membrane was finally incubated
with a HRP-conjugated anti-mouse or anti-rabbit second antibodies for
2 h before it was visualized with BeyoECL Plus (Beyotime) using the
BIO-RAD Gel Doc XR. Each time when the incubation solutions were
switched, the membranes should be washed with TBST for 3× 5min.

4.6. Molecular docking

The molecular modeling of compounds were performed with the
molecular modeling package SYBYL-X 1.3 (Tripos associate Inc., St.
Louis, MO, USA). Three dimensional structures of HDAC2 (PDB code:
4LXZ) and Topo II-DNA complex (PDB code: 4G0U) were downloaded
from Protein Data Bank (PDB). Hydrogen atoms were added. The
general procedure is as followed: (a) ligands and enzymes preparation;
(b) protocol generation; (c) docking and scoring; and (d) results ana-
lyzing.
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