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Abstract: In an effort to develop anticancer agents thay m@ercome drug resistance, the
number one reason in caner death, we have devetopedes of novel hybrids ffcarboline and
N-hydroxycinnamamide as histone deacetylase (HDiG)itors. Most of the hybrid4d3a-p
showed strong antiproliferative effects with lowemgimolar IG, values against four human
cancer cells. The most potent compound of the s&8p exhibited high HDAC1/6 inhibitory
effects, and alsmcreased the acetylation levels of histone H3aHda-tubulin. Importantly13p
demonstrated high anticancer potency against dengitive HepG2 and Bel7402 cells and
drug-resistant Bel7402/5FU cells. HybritBp triggered significant apoptosis by regulating
apoptotic relative proteins expression in these7882/5FU cells. Finally,13p induced a
substantial amount of autophagic flux activity hg taccretion of the expression of LC3-Il and the
degeneration of expression of p62 and LC3-1 in BeP/5FU cells. Overall13p is a novel
B-carbolineN-hydroxycinnamamide hybrid with significant anticen potency that warrants
further evaluation for the treatment of drug-resisthepatocellular carcinoma.

Keywords: Histone deacetylase inhibitors; HybriddsHydroxycinnamamidef3-Carbolines; Drug
resistance.

1. Introduction

Cancer represents a major health threat in botteldped and under developed countries.
According to the report of World Health Organizatian estimated 9 million patients died of
malignant tumor in the whole world in 2015 [1]. Tomresistance has severely limited the
effectiveness of many current chemotherapeutic tageBespite the great advances in
chemotherapy, particularly molecularly targetedrdpeutics, many types of cancers that are
initially susceptible to chemotherapy can develagsistance over time through various
mechanisms. Currently 90% of failures in chemotpgm@ccur during the invasion and metastasis
of cancers related to drug resistance and mosermatihave to succumb to the recurrent
drug-resistant disease [2]. There is a pressingl rieedevelop novel therapeutic agents to
overcome the limitations of currently available rdgges, particularly the development of drug
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resistance [3-6].

The majority of anticancer agents can trace thagiral or underlying synthetic design principles
to natural products [7], including many widely useditumor drugs such as paclitaxel, teniposide,
camptothecin and vincristine [8p-Carbolines are a family of alkaloids found in parand
animals, and are an important class of natural ymsdwidely distributed in nature. Many
B-carbolines, including harmine and its analogs ladima and harmalol, have been traditionally
used for the prevention and treatment of multidecers or malaria [9-11]. Whilg-carbolines
generally show weak anti-cancer effects [12], $tnadly modified derivatives have been shown
to have improved antitumor activities [13]. Studmsour group and others showed that hybrid
molecules bearing #-carboline and another antitumor entity such asistome deacetylase
(HDAC) inhibitor may result in synergistic effecend increased anticancer efficacy [14,15].
Interestingly, harmine was also found to reduceist@sce to anticancer drugs such as
camptothecin and mitoxantrone, which were mediaielreast cancer resistance protein (BCRP)
[16].

Hybrid drug molecules, designed to simultaneouslgdatate multiple oncogenic signaling
pathways with a single molecule, offer a promisifitgrnate strategy that may overcome some of
the many disadvantages of single cancer drugsasiaulti-drug resistance. HDACs have been a
promising candidate for hybrid agent developmeidl,[&ince they are clinically validated cancer
targets and HDAC inhibitors demonstrated prominantitumor efficacy on broad spectrum
neoplasms in preclinical and clinical studies [88,1For example, HDAC inhibitor belinostat
(PXD101) and cisplatin, when used together, hawn feund to exert synergistic cytotoxic effect
against cisplatin-resistant lung cancer cell liregygesting HDAC inhibitors as novel agents for
drug resistance reversal in combination chemotleertip regimens [20]. Therefore, introduction
of HDAC inhibitor structural moieties p-carbolines may not only increase the potencyalad
reverse drug resistance, the number one reas@naecdeath.
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Fig. 1. Structures of representative N-hydroxyarylamide based HDAC inhibitors and
B-carbolineN-hydroxycinnamamide hybridk3a-p.

A number of HDAC inhibitors have been either apga\by the FDA or currently in clinical
stages, many of which have Brhydroxycinnamamide as an important active fragniEigiure 1).
These include belinostat, panobinostat (LBH589) mratinostat (SB939), all of which are FDA



approved drugs for the treatment of peripheral Tigmphoma or multiple myeloma [21], and
dacinostat (LAQ824), which entered clinical trig®2] (Fig. 1). HDACIi's have been known to
induce autophagy and apoptosis, two forms of progrhcell death that are responsible for the
turnover/degradation of organelles and proteindiwitells and of cells within organisms [23].
HDACI's commonly induce apoptosis through either #xtrinsic (death receptor on cell surface)
pathway, involving ligands such as Fas or TNF-esladpoptosis-inducing ligand (TRAIL) and
proteins such as FAS-associated death domain (FABBJ caspase-8, or the intrinsic
(mitochondria) pathway, involving proteins such tag Bcl-2 superfamily. Similarly, several
signaling pathways have been suggested to play riamoroles in regulating HDAC-induced
autophagy, including mTOR, AlF, ROS, CDKs, and HOA&E[24—26]. In additionf-carbolines
have also been reported to show antitumor activitia inducing both apoptosis and autophagy
[27-29]. Therefore, incorporation of the HDAC intiibg N-hydroxycinnamamide moiety into the
B-carboline may lead to hybrid molecules with inses anticancer potency/efficacy. Since these
HDAC inhibitors all bear an aromatic ring-contaigigroup on thé-hydroxycinnamamide group,
we reasoned that replacement of this aromatic gvatipan aromati@-carboline may retain the
HDAC activity. In addition, the introduction of thcarboline group with anti-tumor activities
may also render synergistic effects to these hgb&ihce the aromatic ring-containing group is at
either the meta or para position of thdrydroxycinnamamide in these HDAC inhibitors, wel wi
investigate both of these substitution patterns wiep-carbolines. We herein report our progress
on the synthesis and discoverypeéarbolineN-Hydroxycinnamamide hybridk3a-p.

2. Resaults and discussion
2.1 Chemistry
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6-11a R=H; 12,13a (p), R=H; 12,13i (p), R = p-MeO-Ph;
6-11b R = Me; 12,43b (m), R=H; 12,13j (m), R = p-MeO-Ph;
6-11c R = p-Me-Ph; 12,13c (p), R = Me; 12,13k (p), R = p-NO,-Ph;
6-11d R = m-MeO-Ph; 12,43d (m), R = Me; 12,131 (m), R = p-NO,-Ph.
6-11e R = p-MeO-Ph; 12,13e (p), R = p-Me-Ph; 12,13m (p), R = 3,4-di-MeO-Ph;
6-11f R = p-NO,-Ph. 12,13f (m), R = p-Me-Ph; 12,13n (m), R = 3,4-di-MeO-Ph;

6-11g R = 3,4-di-MeO-Ph; 12,139 (p), R = m-MeO-Ph; 12,130 (p), R = 3,4,5-tri-MeO-Ph;
6-11h R = 3,4 5-tri-MeO-Ph; 12,13h (m), R = m-MeO-Ph; 12,13p (m), R = 3,4,5-tri-MeO-Ph;

Scheme 1. Preparation of compound8a-p: (a) malonic acid, DMF, piperidine, reflux, 4 H)-87%;
(b) sulfoxide chloride, methanol, 0, 1 h, and 657 4 h, 87-91%; (c) NBS, AIBN, CGlrt, 2 h,
65-72%; (d) H or OH, R-CHO, reflux, 2-4 h, 71-86%; (e) sulfoxide clitter, methanol, 07, 1 h, and
65 [I1x 4-6 h, 82-90%; (fpotassium permanganate,N-dimethylformamide, rt, 2-6 h, 61-76%; (g)
hydrazine monohydrate, methanol{10 1 h, 84-95%; (h) NaN©Q HCI, H,0, 01, 6 h; (i) HAc, HO,
reflux, 6h, 56-71%; (j@a,b, K,COs;, CH,CN, 50 ], 3-5h, 65-78%; (k) NEDK, methanol, rt, 8-12h,
47-58%.

The preparation route of target compout@a-p is presented in Scheme 1. The key intermediates
4a,b were synthesized in three steps. The startingn8- &methyl benzaldehydesa,b were
converted to cinnamic acida,b in a Knoevenagel condensation reaction with thattnent of
malonic acid. Cinnamic acida,b were converted to the corresponding es?ajis under standard
esterification conditions using MeOH and S@®romination of3a,b via a free radical reaction
using N-bromosuccinimide (NBS) awmdtalyzed by azodiisobutyronitrile (AIBN) afforddtle
benzyl bromidesla,b. Next, L-tryptopharb underwent a Pictet-Spengler condensation reaction
with different aldehydedo generateba-h, wihch were then converted to methyl estéash.
Treatment of ester§a-h with potassium permanganate in N,N-dimethylform@dmproduced
intermediatesa-h, which were then converted facarboline hydrazideSa-h when treated with
hydrazine monohydrate. Treatment @d-h with NaNGQ, accomplished the conversion of the
hydrazide group to an acyl azide group to afforterimediateslOa-h. The acyl azide in
compoundslOa-h was converted to an amino group in the presendd/Aaf in H,O via Curtis
rearrangement to afford compound&la-h. Reaction betweenlla-h and methyl



bromomethyl-cinnamatda,b in the presence of IXOsin CH;CN produced key intermediates
12a-p. Finally, the target compoundS8a-p were prepared by the reaction of intermediassp
with NH,OK in MeOH. The structure of all final compoundsraveonfirmed using MSH NMR,
¥C NMR and HRMS. All target compounds had puritpd#5% as determined using HPLC.

3. Results and discussion
3.1. HDAC1 inhibitory activity

It was our hypothesis that replacement of the atiemang on N-hydroxycinnamamide of
HDAC inhibitors such as belinostat, panobinostad @nacinostat with g-carboline subunit
would retain their activity. To confirm this wasdieed the case, all target compout8a-p were
first screened for their HDACL1 inhibitory effectDAC1 is a key HDAC subtype and has been
indicated in cancer cell proliferation, differenims, and tissue malignant proliferation. As seen i
Table 1, theB-carboline, harmine, showed little HDAC1 inhibitoagtivity (ICso > 1000 nM),
consistent with previous reports. However, all ompoundsl3a-p exhibited significant HDAC
inhibitory effects with nanomolar kgvalues.

The structure-activity relationship of compounti3a-p clearly revealed that the HDAC1
inhibitory activities of the series are clearly dagent on the substituents at the C1 position.
Compounds13c,d with a methyl group or3ab with a hydrogen displayed weak HDAC1
inhibition. However, the potencies were enhance@mnwaryl groups were introduced at the C1
position. In particular, compounds with a phenybupy bearing electron-donating substituents
such as a methoxyl groud3g-j) or two or more methoxyl grougd3m-p) displayed greater
HDAC1 inhibitory potencies than the rest compoun@smpound13p was the most potent
compound of the series and itssd®@alue (1.3 nM against HDAC1) was >100-fold lowean the
FDA approved HDAC inhibitor SAHA.

3.2. Antiproliferative activities of target compounds

Given the apparent HDAC inhibitory activities ofeie compounds, some of which are even
more potent than SAHA, these target compounds wpuakbkess potent antitumor activities, as
expected with HDAC inhibitors. To examine their ilvitory activitiy on cancer cell growth, all
target compound&3a-p were first screened in the MTT assay against huosdon cancer cells
(HCT116), human hepatocellular carcinoma cells (G2@nd SMMC-7721), and human lung
cancer cells (H1299). Their égvalues are summarized in Table 1. Harmine and Sadée also
tested for comparison.

Table1l. ICsyvalues of hybridd3a-p against four human cancer cell lines and HDAC1

HDAC1 In vitro antiproliferative activity (1Gy°, uM)
Compd R morp
IC5 (NM)  SUMM-7721 Hep G2 HCT116 H1299
SAHA / / 142 +18 5.23+0.48 5.94+0.73 4.97%®. 7.02 £0.65
Harmine / / >1000 476+5.12 53.6+550 43.8853. ND
13a H p 197 + 18 >12.5 >12.5 >12.5 >12.5
13b H m 161 +£15 >12.5 >12.5 >12.5 >12.5
13c Me p 122 £ 14 10.6 £0.92 >12.5 11.3+£1.07 >12.5
13d Me m 93+9 735+0.80 8.81+1.02 9.12+0.76 38%D.61
13e 4-Me-Ph p 6519 299+041 3.46+0.48 3.31#90.2.95+0.36



13n 3,4-(MeO}-Ph 9.3+2 410+056 3.41+047 4.33+0.521160.53
130 3,4,5-(MeO)-Ph 5.6+0.7 159+0.14 155+0.18 1.23+0.14 0k®.22
13p 3,4,5-(MeO)-Ph  m 13+0.2 1.01+0.10 0.41+0.06 0.87+0.11 9&®.10

13f 4-Me-Ph m  81+10 5.19+0.70 6.17+0.52 4.99580. 6.32+0.71
13g 3-MeO-Ph p 18%03 1.01+0.14 072+010 13618 1.25+0.21
13h 3-MeO-Ph m  52%09 242+031 123+017 19630 1.39+0.24
13i 4-MeO-Ph p 26+4  3.23+0.39 2.80+0.33 4.29460. 2.78 +0.32
13] 4-MeO-Ph m 9.7+1  251+0.30 1.96+0.24 2.47280 3.03 +0.42
13k 4-NO,-Ph p 20+3  218+021 1.62+0.15 2.95+0.324620.30
13l 4-NO,-Ph m 13+2  1.75+015 1.27+0.16 1.68+0.20222 0.26
13m 3,4-(MeO)-Ph  p 24+4  546+049 3.85+043 4.91+0.6106% 0.58

m

p

2Related data appeared as the means + SD of thrasspassay8ND: not detected.

As shown in Table 1, most hybrids showed good emitiprative potencies in all 4 cells, with
ICs0's in the low micromolar range. Among them, compaaiti3e, 13g-I, and 130,p (ICsq =
0.41-4.29uM) demonstrated better antiproliferative potencies tBAHA (1Cso = 4.97-7.02uM).
Consistent with literature reports, harmine dispthywveak anti-cancer potency. These results
indicate that the designed structural hybridizatiesulted in molecules with good to excellent
antiproliferative properties. Furthermore, the tiga spatial arrangement of the substituted
B-carboline moiety andN-hydroxycinnamamide had little impact on the potemnith the meta
analogs generally exerting a slightly stronger dioimhibitory activity than those with the para
position substitutions (e.43m vs. 13n, and13o vs. 13p).

In comparing the enzymatic activities with cell hilities, it is apparent that the relative
HDAC1 potencies of these hybrids matched well viithir cell based antiproliferation. These
results suggest that the antiproliferative propsrtf this series of hybrids result largely froraith
HDAC inhibitory activities. Given the strong inhibry activity of 13p against tumor cells in vitro,
we further examined its inhibitory effects on thewth of normal liver cells LO2. It was found
that13p had weak inhibitory effect on non-tumor LO2 cellgh an 1G, value of 2.83.M, which
was nearly seven-fold weaker than the HepG2 délls € 0.41uM).

3.3. 13p displays antiproliferative effects against 5-FU drug sensitive and resistance cells

Drug resistance is a leading cause for the faitdirenany anticancer chemotherapeutic agents
[30,31]. To investigate whether these hybrids withtent antiproliferative activities against 4
cancer cells also affect drug resistance, the pmisint compound$3g,h, 13k,l, and13o,p were
further assayed for their activity against drugsé#re hepatocellular carcinoma (HCC) Bel7402
and the 5-fluorouracil-resistant HCC Bel7402/5-Félicin the MTT assay. These Bel7402/5-FU
cells have been shown to display multi-drug resistawith cross-resistance to many drugs
including adriamycin, vincristine, and oxaliplaf®2]. As shown in Table 2, all these compounds
displayed significant antiproliferative effectshinth cells, with 1G, values in the low micromolar
levels and lower than both SAHA and 5-FU. Notabh8p demonstrated the greatest
anti-proliferative effects with I6 values of 0.85 and 2.08M against the drug-sensitive Bel7402
and drug-resistant Bel7402/5-FU cell lines. Theakigs were nearly five- to six-fold better than
SAHA (ICgo = 4.72-9.83uM) and eighteen- to thirty-fold more potent thaRk8-(1C5o = 15.6-61.7
uM). In comparison, compount?p, an intermediate of3p, exhibited weaker antiproliferative



activity than13p in both cells, confirming the importance of the foxhmic acid.

5-FU is one of the most widely used antitumor dragainst colon, liver, and lung cancers.
While the mechanisms of 5-FU resistance have namn billy understood, a number of
mechanisms have been proposed such as overexpre$sarget enzyme thymidylate synthetase
(TS), high metabolism of 5-FU through the overegpien of dihydropyrimidine dehydrogenase
(DPD), and increase of the efflux of 5-FU from cancells through ATP-binding cassette (ABC)
transporters [33—-35]. While further studies aradieneeded, the significant potency displayed by
these hybrids in drug-sensitive and drug-resistatls probably resulted from the synergistic
effects between the HDAC inhibitor and thearboline component. In fact, a number of studies
have demonstrated that HDACi's enhance or potent&FU cytotoxicity, via mechanisms
including down-regulation of thymidylate synthase Human cancer cells, or upregulation of
major histocompatibility complex class Il and p2dngs and activates caspase-3/7 [33-35]. In
addition, CUDC-907, a dual HDAC and PI3K inhibitemhanced the efficacy of 5-FU when used
in combination in colorectal cancer cells [36], &mto our results described here.

Table 2. ICsq values of compoundB3g,h, 13k,I, and13o,p against drug-sensitive HCC Bel7402 and drug-resistant
HCC Bel7402/5-FU celld

ICsq”, uM
Compd.

Bel7402 Bel7402/5-FU

SAHA 4.72 +0.61 9.83£0.89
5-FU 15.6 £2.03 61.7 £8.45
13g 1.03+£0.12 2.17 £0.26
13h 2.15+0.23 2.90£0.35
13k 3.24 £ 0.35 4.38 + 0.56
13| 2.71+£0.40 3.06 £0.29
130 1.97 £0.26 3.66 +0.48
13p 0.85+0.13 2.09£0.30
12p 12.7£1.53 16.2+1.95

®These data are from three independent experimamdsare presented as the mean + SD.

3.4. HDAC subtype selectivity

In addition to HDAC1, several other members of HI2AC family have been indicated in
cancer, including HDAC3, HDACG6, and HDACS. In faitthas been suggested that the potential
side effects of HDAC inhibitors depend largely e subtype selectivity of the compounds [37].
Therefore, the compounds that showed the bestpfenHDAC1 inhibition, includingl3g, 13h,
130, and 13p, were further evaluated for their inhibitory adirs against HDAC3/6/8 (Table 3).
This was accomplished by measuring the fluorescasd enzyme activity of human
recombinant HDAC3/6/8 enzymes. These four compouymaissessed high inhibitory effects
against HDAC6 with 1G, values of 2.8-7.3 nM, which were significantly lewthan SAHA.
However, these compounds showed moderate HDACD®itidn and weak HDACS inhibition.
Notably, the most potent compound of the setis exhibited high HDAC1/6 inhibitory effects.
This selectivity ofLl3p for HDAC1/6 may result from its active fragmehydroxycinnamamide,
which not only can form bi-chelation with the aetiZrf* binding site with its hydroxamic acid
group, but also can possibly form sandwich-liker interactions by inserting its vinyl benzene



group into the two parallel phenylalanine resido&€$iDAC1/6, as previously reported [38]. In
addition, the cap grougB{carboline) may also contribute to the observed @R/ selectivity.
Due to the flexibility of loops in the cap regiofi HDAC1 and HDAC6, manyN-containing
polyaromatics as cap groups, such as quinazoliné$-aarbolines, can comfortably occupy the
surface groove and interact with the amino acidltes present at the surface of the HDACs [39].

Table3. |Csqvalues of hybrid43g, 13h, 130, and13p against HDAC1, HDAC3, HDAC6, and HDAES

ICs0 (NM)?
Compd.
HDAC1 HDAC3 HDAC6 HDACS8
SAHA 142 + 18 153+17 657 425 £51
139 1.8+0.3 76 £9 2.8+0.3 617 £ 55
13h 52+09 839 45+0.6 >1000
130 56+0.7 185+21 7.3+£09 >1000
13p 1.3+0.2 146 + 18 3.1+£05 >1000

& These data are from three independent experimamisare expressed as the mean * SD.

3.5. Acetylated histone H3/4 and a-tubulin induced by 13p.

To confirm that these hybrids induce acetylatiohisfones at the cellular level, the most potent
compound of the seried3p, was analyzed in western blotting assays for ffsce on the
expression level of the Ac-H3, Ac-H4, and Adubulin. B-Actin was used as a control (Fig. 2).
Drug resistant HCC Bel7402/5-FU cells were incubbdite 72h with the vehicle, SAHA (5,uM),
or 13p (0.8, 2.0, and 5.QM). The levels of Ac-H3/4, and Ag-tubulin relative top-actin were
tested by densimetric scanning.

It is well known thatbi-tubulin is the target of HDAC6 and histones H3 &l#dare the targets of
HDAC1 and HDAC2. Compoundk3p significantly enhanced the levels of Ac-H3 and A¢; in
agreement with its HDAC1 activity in the enzymadissay. In addition]3p also increased the
expression of Aa-tubulin, consistent with the observed high 6 aiés. These results also
suggest that3p was cell permeable. Consistent with the above HOgu@rm fluorimetric assay
results, most of th&3p treated groups (2.0 and 5uM) showed higher levels of Ac-H3, Ac-H4,
and Ace-tubulin, than the 5.0 uM SAHA treated group.

A 13p SAHA B4
Control 0.8 2.0 5.0 5.0 (uM) £ {» {*' ® Control
1} . B 13p 0.8 uM
Ac-H3 T e e — N — S 10 B 13p 2.0 M
“? * . . . O013p 5.0 yM.
= 08 B SAHA 5.0 M
Ac-H4 — — — T — AN
206 *
D) *
ACTUDULN o e — — — = 04
£
s 02
B-Aclin - —— — — 00 || L

Ac-H3 Ac-H4 Ac-tubulin

Fig. 2. Treatment withl3p enhanced histone H3/4 andubulin acetylation in vitro. (A) Western blottirapalysis
in Bel7402/5-FU cells treated wittBp and SAHA.(B) Quantitative analysis. These data are from tisegmarate

experiments, and are presented as means D001 vs control.

3.6. Tumor cell apoptosisinduction of 13p



Since it displayed selective HDAC1/6 inhibitory edffs and remarkable HCC cell
antiproliferative activities, we next investigatethether 13p leads to enhanced cancer cell
apoptosis, a common mechanism for antiproliferatitius, Bel7402/5-FU cells were incubated
for 72h with of13p (2.0 or 5.0uM), SAHA, or harmine, respectively, and then scezkmith
FITC-Annexin V/PI staining and flow cytometry toawsize the percentages of apoptotic cells. In
Fig. 3, the percentages of apoptotic Bel7402/5-Ells 53.42% for 2.QuM and 71.05% for 5.0
uM) increased with the increasing concentrationd 3y, suggested increased apoptosis. These

values were higher than both the SAHA (30.78% for M) and harmine (23.36% for 2M)
groups, agreeing with above results.

A Control SAHA 5.0 uM Harmine20 M B
*1227% 1.01%| “15.82% 16.05%| ~12.68% 6.24% 80 1 *
%] 2] =701
NS
e J
Tl N Fo T 60 *
: : u —— 25 ]
21 T2 g @ B
e R AT 2 40 ”
FL4-H FLAH FL&H s i
13p 2.0 yYM. 13p 5.0 yM 320
*15.95% 27.75%| “T8.08% 39.81% 10
o % 0 -
27 21 \
.. . Co‘\“oP\S N \)}‘\6 ’LQ \)}I\ 10 \)}J\ 5 [\ \)}J\
2= @ S P»\X \Xé‘@“ 397 A

10!

« |40.63% 25.67%| - [19.97% = 31.24%
2 T =3 4y

T10° 10! 102 103 104 T 100 10! 10
FLaH FL&H

Fig. 3. Compound13p induces Bel7402/5-FU cell apoptosia vitro. (A) Flow cytometry analysis of
Bel7402/5-FU cells treated3p, SAHA, or harmine, respectively, and stained wWRITC-Annexin V/Pl. (B)

Quantitative analysis of percentages of apoptalis.cRelated data appeared as the means + SDeef separated
assays. P< 0.01 vs control.

We next determined the expression of several keptafic proteins, including Bax and Bcl-2,
and the cleavage states of caspase-3 and PARPtdajsomarkers), upoi3p treatment (Fig. 4).
Thus, Western blotting assay was performed usibganfluent Bel7402/5-FU HCC cells treated
with or without 13p, SAHA, or harmine for 72h. The levels of proteixpeession were then
detected using specific antibodies. As depicteHign 4, treatment witli3p markedlyincreased
the expression of pro-apoptotic Bax while reducihg expression of the antiapoptotic Bcl-2
protein. Importantly,13p led to cleavage of PARP and caspase-3 to a grdatgee than the
control group, and also greeater than the SAHA grdwgether, these results indicate thap
could significantly promote cancer cell apoptosisliug-resistant Bel7402/5-FU cells.
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Fig. 4. (A) The levels of Bax, Bcl-2, cleaved Caspase 3, PARIB-actin in Bel7402/5-FU cells treated wit3p,
SAHA, or harmine in Western blotting assay. (B) Qitative analysis of the relative levels of eacbtpm (Bax,
Bcl-2, cleaved-caspase 3, and cleaved-PARP) compargactin. Related data appeared as the means + SD of

three separated assayB.< 0.01 vs control.

3.7. Compound 13p induces DNA damage

B-Carbolines have been reported to bind and indu¢a 8amage, thanks to the planar skeleton
[40]. We therefore investigated DNA damage indulbgd3p in Bel7402/5-FU cells, which may
contribute to the anti-cancer potency of thdsearboline/N-hydroxycinnamamide hybrids.
Histone H2AX phosphorylation was used as the DNalge marker. Thus, Bel7402/5-FU cells
were treated with vehicle dB8p for 72 h and their lysates were analyzed usingipentibodies.
H2AX (S139ph) levels were determined using westdoiting analysis. Harmine and SAHA
were also tested in parallel. As shown in Figl3p dose-dependently enhanced the levels of
phosphorylated H2AX in Bel7402/5-FU cells, which swvaignificantly better than both the
harmine and SAHA group. Therefore, these resudtartt support that the hybrids are involved in
DNA damage.
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Fig. 5. DNA damage in western blotting assay. (A) H2AXdksy relative t@-Actin, in Bel7402/5-FU cells treated
with 13p, SAHA, or harmine. (B) Quantitative analysis. Tdega of three separate experiments are presented as



means + SD from. *P < 0.01 vs control.

3.8. Compound 13p induces autophagy in Bel7402/5-FU cells

Autophagy is an intracellular catabolic procesd thegets damaged and superfluous cellular
proteins, organelles, and other cytoplasmic compisn® maintain metabolism and homeostasis
[41]. The role of autophagy in cancer is contextetelent, but studies in genetically engineered
mouse models suggest that autophagy can constramr tinitiation by regulating DNA damage
and oxidative stress [42-44]. Autophagy can be @eduby numerous cytotoxic compounds. To
examine whethefl3p affects autophagy in Bel7402/5-FU cells, we useddae orange (AO)
staining to detect autophagic formation using #saence microscopy. As shown in Fig. 6, green
fluorescence was primarily emitted in control celith weak red fluorescence, highlighting a low
autophagic induction. By contrast, cells treatethWBp displayed a dose-dependent rise in red
fluorescence, whild3p sharply decreased the green fluorescence intefi$igse results indicate
a substantial amount of the autophagosome accuongéah 13p—treated groups in Bel7402/5-FU
cells, which was more than the harmine- and SAHatEd groups.

Control Harmine (20 uM) SAHA (5.0 uM)
13p (2.0 uM) 13p (5.0 uM)

Fig. 6. Detection of autophagic vacuoles in Bel7402/5-EUscafter various treatments for 24 h; (a) contells;
(b) harmine for 2QuM, (c) SAHA for 5.0uM and (d)13p-treated cells (2.0 and 5iM). The level of acridine
orange staining was determined by fluorescenceostopy. Representative mages were captured froee thr

independent experiments under 400 x magnification.

The induction of autophagy was further studied bgseasing the levels of key
autophagy-associated proteins. The transformati&w®8-1 into LC3-1l is a key step in autophagy
and the number of autophagosomes correlates tmuhwer of LC3-Il puncta. We therefore
examined the expression of autophagy-associatedipso_C3-I, LC3-Il and p62, in response to
13p treatment (Fig. 7). Thus, Bel7402/5-FU cells wereubated with, or without3p, harmine,
and SAHA at the indicated doses for 72h and thelsewf protein were analyzed using specific
antibodies. Western blotting assay showed iBptmarkedly enhanced the expression of LC3-II
in a dose-dependent manner, which were better tthetnin harmine- and SAHA-treated groups
(Fig. 7B), while expression of p62 decreased dfeatment with different concentrations 1#p
for 72h.
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4. Conclusions

In summary, we have designed and prepared a s#Erigsvel hybrids based dkcarboline
and N-hydroxycinnamamiddl3a-p, and evaluated their in vitro anticancer actigitiand
anticancer mechanisms in a battery of assays. bMdstese compounds had enhanced inhibitory
potency against HDAC1 and also exerted selectivA@&® inhibition. They also displayed low
micromolar antiproliferative potencies against 4fedent human cancer cells, includirigp
which exhibited strong and selective antiprolifamatactivities against both drug-sensitive HepG2,
Bel7402 and drug-resistant Bel7402/5FU cells. Farth3p caused accumulation of acetylated
histones and acetylatedtubulin, confirming their HDAC inhibitory activiéis. In addition,13p
also displayed greater potency in inducing Bel78BR cell apoptosis than SAHA and harmine
by enhancing the expression of cleaved caspasé-BARP proteins. In additiod3p induced a
substantial amount of autophagic flux activity ielB402/5FU cells by up-regulation of LC3-II
proteins and down-regulation of p62 and LC3-I, meignificant than both the harmine- and
SAHA-treated groups. In  summary, these results @sigg that the novel
B-carboline/N-hydroxycinnamamide hybrids describedlehmay be potential candidates for the
development of novel antitumor agents in the treatnof human cancer, especially those with
multi-drug resistance.

5. Experimental protocols
5.1. Chemical analysis

All compounds were synthesized and purified by ewilchromatography containing silica gel
(300-400 mesh) or by recrystallization. TLC anaysias performed by silica gel &l plates



(250 mm; Qingdao O. C. C., ChindHd NMR and**C NMR spectra were collected on a Bruker
AV 400M spectrometer in CDgbr DMSO+ds and TMS was used as the internal standard. Mass
Spectra was recorded on a Mariner Mass Spectrunl). (B&h resolution mass spectrometry
(HRMS) were recorded with Agilent technologies LGBI TOF. Compoundd were prepared
according to the procedures described in literatyrb]. Compoundss-11 were prepared
following the procedures in literature [14,46].

5.2. General preparation of 12a-p.

To a solution of compound (4.5 mmol) in 50 ml acetonitrile, was add#&tl (8.2 mmol),
K>CO3 (6.0 mmol), and KI (0.7 mmol) at 50 for 8h. After the reaction completed, the reaction
mixture was concentrated, and the residue was gathlerough extraction and concentration, and
further purified through quick column chromatogrgpb yield compound&2a-p.

Compound12a: Yield 71%, MS (ESIm/z = 358.2 [M+H]. Analytical data for12a: Yellow
solid;'*H NMR (d-DMSO, 400 MHz)s 7.91 (t, 1H, Ar-H), 7.66 (d) = 7.4 Hz, 4H, Ar-H), 7.61
(dd,J = 16.0Hz,1H, CH=CH), 7.47 - 7.38 (m, 1H, Ar-H)3%.(d,J = 8.2 Hz, 1H, Ar-H), 7.10 —
6.99 (m, 2H, Ar-H), 6.59 (d] = 16.0 Hz, 1H, CH=CH), 4.88 (s, 2H, @H3.71 (s, 3H, -OCHj,
2.66 (m, 3H, CH).

Compoundl2b: Yield 68%, MS (ESIyWz = 358.2 [M+H]. *H NMR (d-DMSO, 400 MHz)d
10.95 (s, 1H, NH), 7.90 (t, 1H, Ar-H), 7.64 @= 7.4 Hz, 4H, Ar-H), 7.61 (dd] = 15.2Hz,1H,
CH=CH), 7.47 — 7.38 (m, 1H, Ar-H), 7.35 (@~ 8.2 Hz, 1H, Ar-H), 7.18 — 6.96 (m, 2H, Ar-H),
6.59 (d,J = 15.2Hz, 1H, CH=CH), 4.86 (s, 2H, GK3.69 (s, 3H, -OCH}, 2.68 (m, 3H, CHh).

Compoundl2c: Yield 65%, MS (ESIywz = 372.2 [M+H]. *H NMR (ds-DMSO, 400 MHz)3:
10.97 (s, 1H, NH), 7.93-7.95 (d, 1Bl 8 Hz, Ar-H), 7.61-7.67 (m, 4H, NH, Ar-H), 7.34-B.4m,
3H, CH=, Ar-H), 7.05-7.06 (m, 2H, Ar-H), 6.57-6.6d, 1H,J = 16.0 Hz, CH=), 4.88 (s, 2H, GH{
3.71 (s, 3H, OCH), 2.63 (s, 3H, Ch).

CompoundL2d: Yield 68%, MS (ESIyWz = 372.2 [M+H]. 'H NMR (dg-DMSO, 400 MHz)3:
10.97 (s, 1H, NH), 7.94-7.96 (d, 1H,= 8.0 Hz, Ar-H), 7.35-7.64 (m, 7H, CH=, NH, Ar-H),
7.02-7.06 (m, 2H, Ar-H), 6.52-6.56 (d, 1B = 16.0 Hz, CH=), 4.90 (s, 2H, GH 3.70 (s, 3H,
OCHg), 2.65 (s, 3H, Ch).

CompoundL2e: Yield 60%, MS (ESIywWz = 448.2 [M+HT. *H NMR (d-DMSO, 400 MHz):
10.77 (s, 1H, NH), 8.03 (d, 1H,= 8.0 Hz, Ar-H), 7.85-7.87 (m, 2H, Ar-H), 7.60-7.68, 3H,
NH, Ar-H), 7.34-7.49 (m, 6H, CH=, Ar-H), 7.09-7.1fn, 2H, Ar-H), 6.60 (d, 1H] = 16.0 Hz,
CH=), 4.59-4.61 (d, 2H] = 8.0 Hz, CH), 3.70 (s, 3H, OCH), 2.40 (s, 3H, Ch).

CompoundL2f: Yield 61%, MS (ESImz= 448.2 [M+H]". *H NMR (d-DMSO, 400 MHz)5:
10.89 (s, 1H, NH), 8.01-8.03 (d, 1Bi= 8 Hz, Ar-H), 7.86-7.89 (m, 2H, Ar-H), 7.56-7.70 (&H,
NH, Ar-H), 7.32-7.48 (m, 8H, CH=, Ar-H), 7.09-7.1th, 1H, Ar-H), 6.51-6.55 (d, 1H] = 16.0
Hz, CH=), 4.98 (s, 2H, CH), 3.70 (s, 3H, OCH), 2.40 (s, 3H, Ch).

Compoundl2g; Yield 65%, MS (ESIWz = 464.2 [M+H]. *H NMR (dg-DMSO, 400 MHz)5:
10.93 (s, 1H, NH), 8.03 (d, 1H,= 8.0 Hz, Ar-H), 7.61-7.68 (m, 5H, NH, Ar-H), 7.355B (m,



6H, CH=, Ar-H), 6.99-7.10 (m, 2H, Ar-H), 6.56-6.6M, 1H, CH=), 4.97 (s, 2H, Cjf{ 3.70-3.73
(m, 6H, 2 x OCH).

CompoundL2h: Yield 64%. MS (ESIyWz = 464.2 [M+H]. 'H NMR (dg-DMSO, 400 MHz)3:
10.93 (s, 1H, NH), 8.03 (d, 1Hd,= 8 Hz, Ar-H), 7.55-8.05 (m, 6H, NH, Ar-H), 7.34-0.%5m, 5H,
CH=, Ar-H), 6.99-7.09 (m, 2H, Ar-H), 6.51-6.55 (i1, J = 16.0 Hz, CH=), 4.97 (s, 2H, GH{
3.70-3.73 (m, 6H, 2 x OCHl

Compoundl2i: Yield 68%. MS (ESIm/z = 464.2 [M+H]. *H NMR (ds-DMSO, 400 MHz)3:
10.81 (s, 1H, NH), 8.04 (d, 1H,= 8.0 Hz, Ar-H), 7.61-7.67 (m, 3H, NH, Ar-H), 7.4256 (m,
7H, CH=, Ar-H), 6.99-7.17 (m, 3H, Ar-H), 6.73 (miH1Ar-H), 6.58 (d, 1HJ = 16.0 Hz, CH=),
4.61 (d, 2HJ = 4.0 Hz, CH), 3.71-3.81 (m, 6H, 2 x OG}

CompoundL?j: Yield 65%. MS (ESIyWz = 464.2 [M+H]". *H NMR (ds-DMSO, 400 MHz)3:
10.94 (s, 1H, NH), 8.04 (d, 1Hd,= 8 Hz, Ar-H), 7.57-7.70 (m, 5H, NH, Ar-H), 7.34-1.%m, 6H,
CH=, Ar-H), 7.00-7.09 (m, 2H, Ar-H), 6.51-6.55 (i, CH=), 4.99 (s, 2H, C}), 3.70-3.75 (m,
6H, 2 x OCH).

CompoundL2k: Yield 59%. MS (ESIwz = 479.2 [M+H]. *H NMR (de-DMSO, 400 MHz)5:
11.16 (s, 1H, NH), 8.07-8.39 (m, 5H, Ar-H), 7.6B9.(m, 4H, NH, Ar-H), 7.30-7.51 (m, 5H,
CH=, Ar-H), 7.11-7.15 (m, 1H, Ar-H), 6.56-6.61 (tH, CH=), 4.99 (s, 2H, C}), 3.70-3.76 (m,
3H, OCH).

CompoundL2!: Yield 65%. MS (ESIyWz = 479.2 [M+H]". *H NMR (ds-DMSO, 400 MHz)3:
11.16 (s, 1H, NH), 8.08-8.39 (m, 4H, Ar-H), 7.3B& (m, 9H, CH=, NH, Ar-H), 7.11-7.15 (m, 1H,
Ar-H), 6.49-6.53 (d, 1HJ = 16.0 Hz, CH=), 5.01 (s, 2H, GH 3.70-3.72 (s, 3H, OCH}

CompoundL2m: Yield 63%. MS (ESI)n/'z= 494.2 [M+H]. 'H NMR (d-DMSO, 400 MHz)3:
10.90 (s, 1H, NH), 8.02 (d, 1Hd,= 4 Hz, Ar-H), 7.49-7.73 (m, 5H, NH, Ar-H), 7.38-B.4m, 4H,
CH=, Ar-H), 7.29 (s, 1H, Ar-H), 7.06-7.10 (m, 2Hr-A), 6.56-6.60 (d, 1HJ = 16.0 Hz, CH=),
4.97 (s, 2H, Ch), 3.66-3.83 (m, 9H, 3 x OGJ

CompoundL2n: Yield 65%. MS (ESIyz = 494.2 [M+H]. *H NMR (dg-DMSO, 400 MHz)5:
10.91 (s, 1H, NH), 8.03 (d, 1H,= 4 Hz, Ar-H), 7.57-7.70 (m, 4H, NH, Ar-H), 7.31-B.4m, 6H,
CH=, Ar-H), 7.09-7.12 (m, 2H, Ar-H), 6.51-6.55 (&, J = 16.0 Hz, CH=), 5.00 (s, 2H, GH
3.68-3.86 (M, 9H, 3 x OCH

CompoundL20: Yield 62%. MS (ESIyWz = 524.2 [M+H]. 'H NMR (dg-DMSO, 400 MHz)3:
10.95 (s, 1H, NH), 8.03-8.05 (d, 1Bz 8 Hz, Ar-H), 7.58-7.69 (m, 4H, NH, Ar-H), 7.35-D.%m,
5H, CH=, Ar-H), 7.07-7.11 (m, 2H, Ar-H), 6.57-6.€4, 1H,J = 16.0 Hz, CH=), 4.98 (s, 2H, GH{
3.71-3.76 (m, 12H, OCHl

CompoundL2p: Yield 67%. MS (ESIyz= 524.2 [M+H]. *H NMR (dg-DMSO, 400 MHz)5:
10.95 (s, 1H, NH), 8.05-8.07 (d, 1Bi= 8 Hz, Ar-H), 7.57-7.70 (m, 4H, NH, Ar-H), 7.35-D.5m,



5H, CH=, Ar-H), 7.08-7.13 (m, 2H, Ar-H), 6.51-6.58, 1H,J = 16.0 Hz, CH=), 5.00 (s, 2H, GH
3.70-3.83 (m, 12H, OCH).

5.3. General preparation of 13a-p.

A solution of NHOK (0.25 g, 10 mmol) in 6 mL of anhydrous metham@s added to a
solution of12 (1 mmol) in 3 mL of anhydrous methanol. The mixtwas stirred for 12 h at room
temperature. Upon completion, the mixture was cogeé under vacuum, and the residue was
neutralized with 2 N HCI to pH = 7, and then cortcated. The residue was purified by column
chromatography to afford target compoutda-p.

Compoundl3a: Yield 51%, a pale yellow solid. Purity: 97.9% (bB\PLC). MS (ESI)m/z =
359.2 [M+H]; 'H NMR (ds-DMSO, 400 MHz)3: 10.90 (s, 1H, NH), 10.33 (s, 1H, NH), 8.86 (s,
1H, Ar-H), 8.59 (s, 1H, Ar-H), 7.94 (d, 1H,= 8.0 Hz, Ar-H), 7.69-7.73 (m, 4H, NH, Ar-H),
7.45-7.51 (m, 4H, CH=, Ar-H), 7.06 (m, 1H, Ar-H),56 (d, 1H,J = 16.0 Hz, CH=), 4.87 (d, 2H,

J = 8.0 Hz, CH). ®C NMR (d¢-DMSO, 100 MHz)8: 167.2, 151.6, 144.8, 143.2, 139.4, 133.9,
132.9, 131.4, 129.3, 128.9, 128.3, 127.9, 126.2,112121.5, 118.5, 117.6, 112.0, 45.5. HRMS
(ESI): m/z calcd for gH;gN4O,: 359.1508; found: 359.1522.

Compoundl3b: Yield 47%, a pale yellow solid. Purity: 98.3% (B\PLC). MS (ESI)m/z =
359.2 [M+H]; '"H NMR (de-DMSO, 400 MHz)5: 11.78 (s, 1H, NH), 10.36 (s, 1H, NH), 8.75 (s,
1H, Ar-H), 8.50 (s, 1H, Ar-H), 7.93 (d, 1H,= 8.0 Hz, Ar-H), 7.63-7.70 (m, 3H, NH, Ar-H),
7.34-7.49 (m, 5H, CH=, Ar-H), 7.05-7.08 (m, 1H, WAJ; 6.58 (d, 1HJ = 16.0 Hz, CH=), 4.88 (m,
2H, CH,). °C NMR (ds-DMSO, 100 MHz)s: 166.7, 151.6, 145.0, 141.2, 139.2, 134.4, 133.2,
131.4, 130.0, 129.3, 129.2, 128.1, 127.8, 127.2,02120.7, 118.4, 118.1, 114.4, 112.0, 45.6.
HRMS (ESI): m/z calcd for £H1oN4O,: 359.1508; found: 359.1499.

Compound13c: Yield 55%, a pale yellow solid. Purity: 98.5% (bB}PLC). MS (ESI)m/z =
373.2 [M+H]: 'H NMR (ds-DMSO, 400 MHz)3: 10.97 (s, 1H, NH), 7.94 (d, 1H,= 8.0 Hz,
Ar-H), 7.61-7.67 (m, 4H, NH, Ar-H), 7.34-7.43 (mH3CH=, Ar-H), 7.05-7.06 (m, 2H, Ar-H),
6.59 (d, 1H,J = 16.0 Hz, CH=), 4.88 (m, 2H, GH 3.71 (s, 3H, OCH}, 2.63 (s, 3H, Ch). *°C
NMR (de-DMSO, 100 MHz)&: 167.2, 151.6, 144.8, 143.2, 142.1, 139.3, 13831,.4, 129.3,
128.9, 128.3, 128.1, 125.5, 122.2, 121.6, 118.8,611112.1, 45.8, 40.7, 40.5, 40.3, 40.0, 39.8,
39.6, 39.4, 21.0. HRMS (ESI): m/z calcd for8,,N,O,: 373.1665; found: 373.1673.

Compoundl3d: Yield 50%, a pale yellow solid. Purity: 95.4% (BYLC). MS (ESI)m/z= 373.2
[M+H]*; "H NMR (ds-DMSO, 400 MHz)&: 10.96 (s, 1H, NH), 7.94 (d, 1H,= 8 Hz, Ar-H),
7.61-7.66 (m, 4H, NH, Ar-H), 7.34-7.42 (m, 4H, NBH=, Ar-H), 7.04 (m, 2H, Ar-H), 6.58 (d,
1H,J = 16.0 Hz, CH=), 4.88 (m, 2H, GH 2.63 (s, 3H, CH). **C NMR (de-DMSO, 100 MHz)3:
167.0, 151.6, 145.0, 142.2, 141.2, 139.3, 134.4,4131.30.0, 129.4, 129.3, 128.1, 127.8, 127.2,
122.1,121.6, 118.5, 118.2, 114.4, 112.0, 45.9,,4M.5, 40.3, 40.0, 39.8, 39.6, 39.4, 21.0. HRMS
(ESI): m/z calcd for gH»1N4O,: 373.1665; found: 373.1677.

Compoundl3e: Yield 49%, a pale yellow solid. Purity: 99.1% (ByPLC). MS (ESI)m/z= 449.2
[M+H]*; 'H NMR (ds-DMSO, 400 MHz)5: 10.81 (s, 1H, NH), 8.04 (d, 1H,= 8.0 Hz, Ar-H),



7.61-7.68 (m, 4H, NH, Ar-H), 7.35-7.55 (m, 7H, NBH=, Ar-H), 7.09-7.17 (m, 2H, Ar-H),
6.72-6.75 (m, 1H, Ar-H), 6.58 (d, 1H,= 16.0 Hz, CH=), 4.61 (m, 2H, GH 2.40 (s, 3H, CH).

%C NMR (ds-DMSO, 100 MHz)5: 167.2, 151.7, 144.9, 143.3, 143.0, 138.7, 13836,3, 133.9,
133.0, 129.6, 129.0, 128.7, 128.5, 128.2, 127.2,012121.3, 118.9, 117.6, 117.4, 112.5, 45.9,
40.6, 40.4, 40.2, 40.0, 39.8, 39.6, 39.4, 21.4. HRMESI): m/z calcd for §H,sN,O,: 449.1978;
found: 449.1991.

CompoundL3f: Yield 53%, a pale yellow solid. Purity: 96.2% (BYPLC). MS (ESI)nVz = 449.2
[M+H]*; 'H NMR (de-DMSO, 400 MHz)3: 11.40 (s, 1H, NH), 10.33 (s, 1H, NH), 8.86 (s,, 1H
Ar-H), 8.29 (d, 1HJ = 8.0 Hz, Ar-H), 7.57-7.72 (m, 10H, NH, Ar-H), 7-&147 (m, 2H, CH=,
Ar-H), 6.52 (d, 1H,J = 16.0 Hz, CH=), 4.98 (m, 2H, GH 2.39 (s, 3H, Ch. *C NMR
(dg-DMSO, 100 MHz)3: 167.0, 151.7, 145.1, 143.0, 141.4, 138.7, 13838B.4, 134.5, 133.8,
130.0, 129.6, 129.5, 129.4, 128.5, 127.8, 127.3,001221.3, 118.8, 118.1, 112.5, 46.0, 40.6, 40.4,
40.2, 40.0, 39.8, 39.6, 39.4, 21.4. HRMS (ESI): métcd for GgHosN4O,: 449.1978; found:
449.1969.

Compoundl3g: Yield 58%, a pale yellow solid. Purity: 95.3% (BYPLC). MS (ESI)m/z = 465.2
[M+H]*; 'H NMR (ds-DMSO, 400 MHz)3: 10.94 (s, 1H, NH), 8.03 (d, 1H,= 8.0 Hz, Ar-H),
7.34-7.68 (m, 11H, NH, CH=, Ar-H), 6.99-7.16 (m, 2At-H), 6.60 (d, 1H,J = 16.0 Hz, CH=),
4.97 (m, 2H, CH), 3.70-3.73 (m, 3H, OCHl. **C NMR (d-DMSO, 100 MHz)3: 167.2, 159.8,
152.4, 145.3, 143.0, 140.6, 138.3, 133.7, 132.6,(01,3.28.8, 128.5, 128.2, 128.0, 121.8, 121.1,
120.9, 117.2, 114.6, 113.6, 112.5, 56.0, 45.8,,4M64, 40.2, 40.0, 39.8, 39.6, 39.4. HRMS (ESI):
m/z calcd for GgH»sN4O3: 465.1927; found: 465.1941.

CompoundL3h: Yield 52%, a pale yellow solid. Purity: 96.6% (BYLC). MS (ESI)m/z= 465.2
[M+H]*; 'H NMR (de-DMSO, 400 MHz)5: 10.82 (s, 1H, NH), 8.05 (d, 1H,= 8 Hz, Ar-H),
7.34-7.70 (m, 9H, NH, CH=, Ar-H), 7.00-7.19 (m, 3Ar-H), 6.71 (m, 1H, Ar-H), 6.58-6.62 (d,
1H,J = 16.0 Hz, CH=), 5.00 (s, 2H, GH 3.71 (s, 3H, OCH. **C NMR (ds-DMSO, 100 MHZz)5:
167.1, 159.8, 152.4, 143.0, 141.4, 140.6, 138.3,531.34.2, 133.7, 130.1, 129.3, 128.5, 128.1,
127.8, 127.6, 127.3,127.1, 121.1, 120.9, 119.0,411814.5, 114.1, 113.8, 112.5, 55.6, 45.9.
HRMS (ESI): m/z calcd for £&H.eN4O3: 465.1927; found: 465.1938.

Compound13i: Yield 55%, a yellow solid. Purity: 99.4% (by HPLQMS (ESI)m/z = 465.2
[M+H]*; 'H NMR (de-DMSO, 400 MHz)8: 10.73 (s, 1H, NH), 9.01 (s, 1H, Ar-H), 8.39-8.&ll
1H, J = 8.0 Hz, Ar-H), 8.15-8.17 (m, 2H, NH, Ar-H), 7.4052 (m, 8H, NH, CH=, Ar-H),
7.18-7.20 (m, 3H, Ar-H), 6.67 (m, 1H, Ar-H), 6.4048 (d, 1HJ = 16.0 Hz, CH=), 4.62 (d, 2H,

= 4.0 Hz, CH), 3.89 (s, 3H, OCH. *C NMR (de-DMSO, 100 MHz)8: 167.2, 152.5, 151.6,
145.2, 143.3, 143.0, 138.6, 133.51, 130.0, 1298,3] 127.7, 121.2, 114.5, 114.2, 112.5, 55.9,
45.9, 40.6, 40.4, 40.2, 40.0, 39.8, 39.6, 39.4. HRMESI): m/z calcd for §H»sN,Os: 465.1927;
found: 465.1919.

CompoundL3j: Yield 50%, a pale yellow solid. Purity: 96.5% (B§PLC). MS (ESI)nVz = 465.2
[M+H]*; 'H NMR (ds-DMSO, 400 MHz)3: 11.36 (s, 1H, NH), 8.05 (s, 1H, Ar-H), 7.89-7.04,
3H, NH, Ar-H), 7.34-7.67 (m, 7H, NH, CH=, Ar-H),00-7.26 (m, 4H, Ar-H), 6.35-6.39 (d, 14,



= 16.0 Hz, CH=), 4.96 (s, 2H, GH 3.78 (s, 3H, OCH. *C NMR (d-DMSO, 100 MHz)3:
167.1, 152.5, 151.7, 145.2, 143.0, 141.4, 138.8,413134.2, 133.5, 131.8, 130.2, 130.0, 129.7,
128.4, 127.7, 127.2, 121.8, 121.2, 118.9, 118.3,511114.2, 112.5, 55.9, 46.0, 40.6, 40.4, 40.2,
40.0, 39.8, 39.6, 39.4. HRMS (ESI): m/z calcd festGsN4Os: 465.1927; found: 465.1914.

CompoundL3k: Yield 56%, a pale yellow solid. Purity: 95.6% (BYLC). MS (ESI)m/z= 480.2
[M+H]*; 'H NMR (ds-DMSO, 400 MHz)3: 11.05 (s, 1H, NH), 8.75 (s, 1H, Ar-H), 8.07-8.38,

5H, NH, Ar-H), 7.61-7.68 (m, 4H, NH, Ar-H), 7.3150 (m, 5H, CH=, Ar-H), 7.13-7.15 (m, 1H,
Ar-H), 6.56-6.60 (d, 1HJ = 16.0 Hz, CH=), 4.98 (m, 2H, GH *C NMR (ds-DMSO, 100 MHz)

6: 167.2, 152.7, 147.2, 147.1, 145.0, 144.8, 141%13,1, 134.6, 133.0, 130.3, 129.5, 129.0, 128.8,
128.2, 125.8, 124.1, 122.1, 119.3, 117.7, 112.53,4%0.7, 40.5, 40.3, 40.1, 39.9, 39.6, 39.4.
HRMS (ESI): m/z calcd for £H,iNsO4: 480.1672; found: 480.1680.

Compoundl3l: Yield 53%, a pale yellow solid. Purity: 96.3% (BYPLC). MS (ESnv/z = 480.2
[M+H]*; 'H NMR (ds-DMSO, 400 MHz)3: 11.14 (s, 1H, NH), 8.74 (s, 1H, Ar-H), 8.27-849,

4H, NH, Ar-H), 8.09 (d, 1HJ = 8.0 Hz, Ar-H), 7.35-7.84 (m, 9H, NH, CH=, Ar-H),18 (m, 1H,
Ar-H), 6.51 (d, 1H,J = 16.0 Hz, CH=), 5.02 (s, 2H, GH "*C NMR (d¢-DMSO, 100 MHz)3:
167.0, 151.9, 147.2, 145.4, 145.2, 145.0, 143.3,814141.2, 135.5, 134.8, 134.5, 130.0, 129.5,
129.0, 128.6, 127.8, 127.4, 125.7, 124.2, 121.9,311118.2, 112.5, 45.9, 40.7, 40.5, 40.3, 40.0,
39.9, 39.6, 39.4. HRMS (ESI): m/z calcd for8,,NsO4: 480.1672; found: 480.1688.

Compoundl3m: Yield 51%, a yellow solid. Purity: 95.5% (by HPLQMS (ESI)nm/z = 495.3
[M+H]*; 'H NMR (de-DMSO, 400 MHz)3: 10.93 (s, 1H, NH), 8.03 (d, 1H,= 8 Hz, Ar-H),
7.56-7.69 (m, 4H, NH, Ar-H), 7.30-7.56 (m, 7H, NBH=, Ar-H), 7.09-7.11 (m, 2H, Ar-H),
6.58-6.62 (d, 1HJ = 16.0 Hz, CH=), 4.98 (m, 2H, G} 3.66-3.83 (m, 6H, 2 x OGj **C NMR
(d-DMSO, 100 MHz)s: 167.2, 151.6, 149.6, 149.3, 144.8, 143.4, 14838.7, 133.8, 132.9,
131.9, 130.3, 128.9, 128.4, 128.0, 127.6, 125.8,912121.4, 121.0, 118.8, 117.6, 112.6, 112.2,
112.1, 56.2, 55.7, 42.9, 40.7, 40.5, 40.3, 40.09,399.7, 39.4. HRMS (ESI): m/z calcd for
CyoH27N404:495.3032; found: 495.3045.

CompoundL3n: Yield 47%, a pale yellow solid. Purity: 99.4% (BWLC). MS (ESI)m/z= 495.3
[M+H]*; 'H NMR (de-DMSO, 400 MHz)5: 10.91 (s, 1H, NH), 8.02 (d, 1H,= 8 Hz, Ar-H),
7.56-7.69 (m, 5H, NH, Ar-H), 7.39-7.54 (m, 5H, NBH=, Ar-H), 7.29-7.31 (m, 1H, Ar-H),
7.07-7.11 (m, 2H, Ar-H), 6.57-6.61 (d, 1Bi= 16.0 Hz, CH=), 4.98 (s, 2H, GH 3.66-3.83 (m,
6H, 2 x OCH). *C NMR (d-DMSO, 100 MHz)3: 167.0, 151.7, 149.6, 149.3, 145.0, 143.0,
141.5, 138.7, 134.5, 133.8, 131.9, 129.8, 129.8,412127.6, 127.2, 125.8, 122.0, 121.4, 121.0,
118.8, 118.2, 112.6, 112.2, 56.2, 55.7, 42.8, 407, 40.3, 40.0, 39.9, 39.7, 39.4. HRMS (ESI):
m/z calcd for GgH»7N4O4: 495.3032; found: 495.3049.

Compoundl3o: Yield 54%, a pale yellow solid. Purity: 98.1% (BYPLC). MS (ESI)m/z= 525.2
[M+H]*; 'H NMR (d-DMSO, 400 MHz)5: 10.93 (s, 1H, NH), 8.04 (d, 1H,= 8.0 Hz, Ar-H),
7.61-7.68 (m, 4H, NH, Ar-H), 7.34-7.49 (m, 4H, NEH=, Ar-H), 7.09-7.15 (m, 3H, Ar-H), 6.59
(d, 1H,J = 16.0 Hz, CH=), 4.98 (s, 2H, GH 3.71-3.76 (m, 9H, 3 x OGH *C NMR (ds-DMSO,
100 MHz) &: 167.2, 159.7, 153.4, 144.9, 143.5, 141.5, 13834,6, 132.9, 130.8, 129.2, 128.5,



127.8,127.3,121.8, 121.2, 118.9, 117.6, 112.6,00%6.2, 55.7, 45.9, 40.7, 40.5, 40.3, 40.0,,39.9
39.7, 39.4. HRMS (ESI): m/z calcd fogdEl,0N4Os: 525.2183; found: 525.2191.

CompoundL3p: Yield 47%, a pale yellow solid. Purity: 95.9% (BWLC). MS (ESI)m/z= 525.2
[M+H]*; 'H NMR (ds-DMSO, 400 MHz)5: 10.95 (s, 1H, NH), 8.05 (d, 1H,= 8.0 Hz, Ar-H),
7.57-7.69 (m, 4H, NH, Ar-H), 7.36-7.47 (m, 5H, NBH=, Ar-H), 7.13 (m, 2H, Ar-H), 6.52 (d,
1H, J = 16.0 Hz, CH=), 5.00 (s, 2H, GH 3.70-3.77 (m, 9H, 3 x OG} *C NMR (ds-DMSO,
100 MHz) &: 167.1, 159.7, 152.5, 145.2, 143.0, 141.4, 138.8,213133.5, 131.8, 130.2, 129.8,
129.5, 129.2, 128.4, 127.8, 127.2, 121.9, 121.2,81118.2, 118.0, 114.4, 112.5, 56.2, 55.7, 46.0,
40.6, 40.4, 40.2, 40.0, 39.8, 39.6, 39.4. HRMS JESIz calcd for GoH,oN4Os: 525.2183; found:
525.2195.

5.4. MTT assay

Human cancer cell lines HepG2, SMMC-7721, HCT116299, Bel7402, and drug-resistant
Bel7402/5-FU were purchased from Shanghai InstifteCell Biology (China). Thdn vitro
antiproliferative effects were assessed on relatatater cell lines by the MTT method according
to previous reports [46]. The producing MTT-formazzarystals were melt in DMSO (150.).
Then the plates were read through an ELISA plaagleeat 570 nm. The inhibitory effect was
expressed as percentage. Correspondigguv&@ues were then calculated through GraphPadPrism
(4.03).

5.5. HDAC assay.

According to the instructions of the HDAC fluorimietassay kit (Enzo Life Sciences Inc.),
the test compounds at different concentrations wespectively incubated with each HDAC
enzyme (HDAC1/3/6/8) in the presence of HDAC sudist{Boc-Lys (Ac)-AMC) at 37 °C for 60
min. The reaction was stopped with the additionthe lysine developer. After 30 min, the
fluorimetric emission was recorded in a fluoreseeptate reader with excitation (355 nm) and
emission (460 nm). The HDAC activity was the petage of activity relative to the control group.
The 1G, was calculated using GraphPad Prism (4.03).

5.6. Céll apoptosis analysis by flow cytometry assay

After overnight culture of Bel7402/5-FU cell§3p (2.0 and 5.0uM), SAHA (5.0 uM),
harmine (20uM), or vehicle were incubated with the cells foh7Zhe cells were harvested and
then stained with APC-Annexin V and 7-AAD at 37 f@ 15 min. Flow cytometry analysis
(Calibur, BD, USA) was used to determine the peamm of apoptotic cells, using APC signal
(FL4) (excitation = 633 nm; emission = 660 nm) aRAAD staining signal (FL3) (excitation =
488 nm; emission = 647 nm). The data were analys@tty WinList 3D (7.1) and the histogram
was plotted using Excel 2016.

5.7. Acridine orange staining

AO was always used to detect them acidic celluammartment, which emits bright red
fluorescence in acidic autophagic vacuole vesidbes, green fluoresces in the cytoplasm and
nucleus. After overnight culture of Bel7402/5-FUlgedifferent concentrations df3p (2.0 and
5.0 uM), SAHA (5.0 uM), harmine (2QuM), or vehicle were treated with Bel7402/5-FU cdtis



72h. After treatment, cells were incubated with @/mi. AO for 15 min. Then, the AO was
removed and observed using a fluorescence micrgscop

5.8. estern blotting assay

Western blotting assay was employed to determieeatttivity of HDAC, apoptosis-related
proteins, and autophagy proteins. Briefly, Bel780RU cells at 1.5x10mL were plated in 6 cm
dishes to incubate for one day. Then the cells Wwesdted with or without SAHA, harmine, t8p
at different concentrations for 72h. After harvessad lyzed, the cell lysates (p@/lane) were
separated by SDS-PAGE (12% gel) and transferred pittocellulose membranes. When 5%
fat-free milk was used to block reaction, the thgeteins were probed with anti-Ac-histone H3,
anti-Ac-histone H4, anti-Ae-tubulin, anti-Bax, anti-Bcl2, anti-H2AX (S139phganti-LC3,
anti-p62, and anft-actin antibodies (Cell Signaling Technology, MASA)), respectively. The
bound antibodies were investigated using peroxidasgugated secondary antibodies for 1 h, and
then conceived by improved chemiluminescent reagent
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Highlights

1. Novel B-carboline/N-hydroxycinnamamide hybrids 13a-p were designed and synthesized.

2. 13p demonstrated the highest anticancer potency against drug-sensitive and drug-resistant
cells.

3. 13p displayed HDAC1/6 selective inhibition and increased the Ac-H3, Ac-H4 and
Ac-a-tubulin.

4. 13p triggered more potent apoptosis than SAHA by regulating apoptotic proteins expression.

5. 13p induced significant autophagy by up-regulation of LC3-Il and down-regulation of LC3-I
and p62.



