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Abstract Four 5,6-dimethylxanthone-4-acetic aci®) (and pyranoxanthoneP)
hybrids O-P-n) were design-synthesized based on multi-targetemded strategy.
D-P-4 was confirmed as the most active agent against Fep@l line growth with
an 1G; of 0.21&0.031 uM. Apoptosis analysis indicated different contribns of
early/late apoptosis/necrosis to cell death fohbubnomers, the combinatioD<{P

in 1:1 mol ratio) andD-P-4. They all arrested more cells on S phase. Wef6&mn
implied that D-P-4 regulated p53/MDM2 to a better healthy state. Mwoes, it
improved Bax/Bcl-2 signaling pathway to increaseaea cell apoptosis. In all cases
studied, D-P-4 showed the best activity and synergistic effedl. the evidences

support thaD-P-4 is a better anti-cancer therapy with multi-tarfgeictions.

Keywords. xanthones; anti-cancer; multi-targets-addresgghdl; synergistic effect;

p53/MDM2; Bax/Bcl-2



1. Introduction

The multi-target approach has been suggestedrasutexly suitable to struggle
the heterogenity and the multifactorial nature aricer [1]. This strategy involves the
concept of a single chemical entity with desiradodéivity at more than one biological
target. The designed multiple ligands (DMLs), whictay also be described as
multiple-target directed ligands, heterodimers,npiszuous drugs and pan-agonists,
are drugs which act at multiple biomolecular tasgetlo double, the successful
treatment of these ligands often depends on phaumiaeal intervention at multiple
pathways, with a combination of different drugome single entity [2-5].

Many DMLs have been successfully applied to imprthes anticancer efficacy.
For example, CS2164Fi(g. 1), named as N-(2-aminophenyl)-6-6-[(7-methoxy-4-
quinolinyl)oxy]-1-naphthale-necarboxamide, was gesd and evaluated as a novel
orally active multi-target inhibitor that simultamgsly inhibits the angiogenesis-
related kinases (VEGFR2, VEGFR1, VEGFR3, PDGFRa@Hit), mitosis-related
kinase Aurora B and chronic inflammation-relatedadse CSF-1R in a high potency
manner with the 165 value at a single-digit nanomolar range [6]. Yaat, designed
and synthesised a series of benzoselenazole-dillgbrids by combining the
pharmacophores of resveratrol and ebselen, andeshtivat compounée (Fig. 1)
had the optimal activity against four human cetlel. It induces G2/M cell cycle
arrest and apoptosis of the human liver carcinomarB02 cell line and exhibits the
best thioredoxin reductase (TrxR) inhibitory adgiviamongst all the tested
compounds [7]. The oxime anal@g (Fig. 1) was indicated as inhibitors of tubulin
polymerization, BRAF\°® FAK and EGFR-TK; and it also exihibted multipleids
resistant (MDR) reversal activity [4].

Intriguing by the interesting scaffolds and pharaoiagical importance of
xanthonesKig. 1), our group have been pursuing the search forInamhones by
either isolation from nature or synthesis desigrlQ8 It is of notice that many
xanthone compounds are reported with anticancevitgcf11]. Among them, two
xanthones, 5,6-dimethylxanthone-4-acetic acid (DM¥Aand 3,4-dihydro-12-
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hydroxy-2,2-dimethyl-B,6H-pyrano[3,2-b]xanthen-6-one (pyranoxanthone)g( 1)

[12,13] caught our eyes. As reported, DMXAA is tliest small-molecule
vascular-disrupting agent to enter phase Il chhidrial stage [14]; and
pyranoxanthone is a novel small-molecule inhibabp53-MDM2 interaction with a
xanthone scaffold, in which p53 is a tumor supessid MDM2 (murine double

minute 2) is the main endogenous negative regudsgainst p53.
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Fig. 1. Chemical structures of some DMLs and xanthones.

However, DMXAA is not a particularly potent drugjtiwdose levels of up to 4.9
g/m’ reported in human trial [15]. Moreover, the siffeets of paropsia, uracratia and
dysphoria limit its use in clinic [16]. How to impre the anti-cancer efficacy of
DMXAA is what we are concerning about. Recently, digclosed that DMXAA can
regulate p53/MDM2 to a better healthy state, algothe activity is weaker than that
of its combination [10]. Therefore, it is reasormabfor us to suggest that
pyranoxanthone, which also has the same abilitadjoist p53/MDM2 interaction,
may probably synergize with DMXAA to improve theti@ancer efficacy by DML
design or in the form of combination.

Hence, here in the current study, a series of DMXBAand pyranoxanthond)
hybrids were design-synthesized. The screeninghef ibhibition activity against
human cancer cell lines of these hybrids and tHe d&@mbination were carried on.
Furthermore, the mechanism of how the candidaterithyinduces the death of

HepG-2 liver cancer cells will be also discloseerdafter.



2. Chemistry

As outlined inScheme 1, the syntheses of DMXAA/pyranoxanthone hybrids
(D-P-n, n = 1, 2, 3, 4) firsty began with the synthesals DMXAA and
pyranoxanthone. DMXAA was prepared based in a p®aarly described [17].
While pyranoxanthone was made using salicyclic ad pyrogallol as starting
materials. In step a, condensation of salicyclicl aath 1,2,3-trihydroxybenzene to
3,4-dihydroxyxanthone was succeffully carried on dpplying a modified method
early described [10], in which anhydrous zinc cider(ZnC}h) and phosphorus
oxychloride (POG) was used as both catalyst and solvent under ghistance of
microwave radiation. The yield was 79.5%. The cowcsion of
2,2-dimethyl-H,6H-pyrano[3,2b] moiety was completed using montmorillonite K10
as catalyst assisted by microwave radiation, lgpthrpyranoxanthone with a yield of
38.5%. 4-Hydroxyalkylation of pyranoxanthone waalid under a mild conditions,
in which potassium carbonate fBO;) was applied as a base, resulted in a series of
4-hydroxyalkyl pyranoxanthond?{n, n = 1, 2, 3, 4). Yields lied between 80-90%.
DMXAA condensated withP-n applied dicyclohexydiimide (DCC) as coupling
reagent to offeD-P-n hybrids in a yield of 48%-53%. The coupling reant were
benefited from the addition of M;N-dimethylaminopyridine (DMAP). All the four
hybrids were characterized by NMR and MS. And ttmirities were analyzed by
RP-HPLC method.
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Scheme 1. Syntheses of DMXAA/pyranoxanthone hybrids. Coondé and Agents: (a)

ZnClL/POCE, microwave (MW), 40 min; (b) BrC¥CHC(CHs),, MW/600 W, montmorillonite



K10 (20 equiv.), CHGl 40 min; (c) Br(CH),,OH (m = 3, 4, 5, 6) (dropwise, 30 min) @0,

DMF, r. t., 24 h; (d) DCC/DMAP,

3. Resultsand discussion
3.1. Growth inhibitory effects of D-P hybrids and the combination against human
cancer cell lines

It's the common sense that breast cancer, liagrcer, chronic myelogenous
leukemia, and colorectal adenocarcinoma are vepulpo cancer types, this is the
reason why Michigan Cancer Foundation-7 (MCF-7)nano breast MDA-MB-231,
human liver Hep-G2, and chronic myelogenous leukdfti62 cancer cell lines were
chosen as materials in the current study. MTT assayhich 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide was usedaadye, was applied to determine
the effects oD/P hybrids andD/P combination on the cellular growth inhibition. As
shown inTable 1, compared with DMXAA and Pyranoxanthone mononief?
combination, which is the mixture of 1:1 molar oatiof D andP, was showed greater
anti-proliferation activity against all the testedncer cell lines. However, more
excitingly, the D-P-4 hybrid exhibited significant inhibitory activity enhancente
against all the tested cancer cell lines, partitpylMICF-7 and HepG-2. Compared
with DMXAA, the inhibition activity of D-P-4 against MCF-7 was increased by 100
times with 1G value of 0.534 + 0.048M; and against HepG-2 by 460 times with
ICs0 value of 0.216 + 0.031M.

Generally speaking, all the hybrids were confirmedh enhancing effect
depending on the chain length of the spacer. Thgdothe carbon chain, the better
the inhibition activity. When the carbon is morearth5 QO-P-3 and D-P-4), the
inhibition activity of the hybrid against all thested cancer cell lines is better that that
of D/P combination (in 1:1 molar ratio). This synergistifect might be ascribed to
the conformation changes brought about by the sp&¢ken the spacer is a short
carbon chain (< 5), the hybrid is in a more comgaatonformation and can only fit
into one pocket of the target protein; However, wttee spacer is a long carbon chain
(> 5), the hybrid is in a flexible, strectched cmmhation, and may probably bind to
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more than one poket of the target protein, or hmdwo targets. Whether the six

carbon chain spacer is the optimal needs furthesitigations.

Table 1. Cell growth inhibition of synthesizdd/P hybrids and combination

Compound 1Ceo (M)

MDA-MB-231 MCF-7 HepG2 K562
DMXAA ( D)b 48.44 +7.41 54.41 +6.43 100.2 £11.24 57.44 6.1
PyranoxanthoneR) 59.32 +6.82 101.5+£11.72 40.31 £5.12 27.8283.2
P-4 97.31 £9.97 138.7 £15.85 99.07 £ 10.08 109.51 +11.41
D+P(1:1) 12.12 £1.63 11.89+£1.23 21.25+£2.73 19.14 £ 2.53
D-P-1 32.21+3.31 51.74 £ 6.74 32.72 +3.42 32.31+4.11
D-P-2 19.63£2.14 33.22£3.72 1192 +1.52 20.63 £ 2.27
D-P-3 11.24 £1.37 8.723+£1.10 1.529 £ 0.23 15.03+£1.84
D-P-4 1.129 £0.13 0.534 +0.043 0.216 +0.031 9.1341.3

& |Cx values are shown as meatandard error of the mean (SD), from at leas€timdependent experiments.

P DMXAA was used as a positive control.

Since the existence of ester bondD#P-n, they are expected to be hydrolyzed
easily by enzymén vivo. Therefore, investigation on the stability of tingrid was a
must. As the most active compound, the stabilitipd?-4 in cell culture medium and
mouse serum was studied. It was found that thelifi@lfime (t,2) of D-P-4 in cell
culture medium and mouse serum was 24.8 h, andh4.2spectively Kig. 2).
Obviously, D-P-4 has a certain degree of stability in either celtwe medium or

mouse serum. It is more stable in cell culture medihan that in mouse serum.
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Fig. 2. Stability of D-P-4.in (A) in cell culture medium; andj mouse serum. 1 ml solution of 10
MM/L D-P-4 was suspended with 4 ml of mouse serum, and ti@rbated at 3. 10l of the
mixed solution was taken at the time point &) Q, 0.25, 0.5, 1, 2, 4, 8, 12, 20, 28, 36, 48 h,
repsectively; orB) 0, 0.5, 1, 2, 4, 8, 12 h, repsectively. Thesepasnwere pretreated with



methanol and 20% perchloric acid, centrifuged &000r/min for 5 minutes. Then the supernatant
was submitted to HPLC for content analysis. Eagiearments was repeated 4 times.

After hydolysis of D-P-4, the resulted products ai®®MXAA and P-4. The
inhibition activity of P-4 against four cancer cell lines was also determitteaias
shown that the introduction of 6-hydroxyhexyl groap 120 position caused the
decreased of inhibition activity. This may exclutthee possibility that the activity
enhancement dd-P-4 is depended on the releasdPed.

The current evidence support that -4 is probably a promising anticancer
therapy. Therefore, the cytotoxicity against noreell line from healthy tissues must
be evaluated. Here, the inhibition against the g¢gnowf normal cell line was
determined. The testing method is the same asapiied to cancer cell line. It was
found that the cytotoxicities dMXAA against human liver cell line HL-7702 and
mouse embryo fibroblast cell line NIH/3T3 are altnasthe same level compared to
that against cancer cell lines, in which theolZalues are 101+2.6 uM to HL-7702,
and 67.&1.3 uM to NIH/3T3. However, the cytotoxicities &@-P-4 against normal
cells are far less than that against cancer cedkli The IG value is 452.29 + 41.20
MM (for 24 h), and 351.98 = 31.26M (for 48 h) against HL-7702 cell line,
respectively; while the 1§ value is 378.03 + 37.2@M (for 24 h), and 293.22 +
25.34uM (for 48 h) against HL-7702 cell line, respectiweCompared the 1§ values
at the same incubation time (24 h), the cytotoxieigainst HL-7702 cells is 2092
times less than that against HepG-2 cancer celidinitely, D-P-4 significantly

showed attenuated cytotoxicity effect against nowcels.

3.2. Céll death induced by pyranoxanthone, DM XAA, D/P combination and D-P-4
Since D-P-4 was indicated with the greatest enhancing effgetirst HepG-2
(Table 1), together with the fact that Hepatocellular canona (HCC) is one of the
most common malignancies around the world, accogritr over 80% of all liver
cancers with extremely poor prognosis [18], the eflgyment for of novel and

effective therapies for this devastating diseasargently needed. This is the reason



why we chose HepG-2 cell line to explore the medms involved in how these
agents prevent the cancer cell growth.

Flow cytometry using propidium iodide (PI) and ArimeV as dyes to label
viable and dead cells is one of the common tecleniqistudy cell apoptosis/necrosis,
therefore it was applied here. As shownHiy. 3, at the same dose of OV,
pyranoxanthone caused less than 10% total apofitesissis rate; While DMXAA
(D) showed better inhibition activity than pyranoxasme P), in which about 20%
total apoptosis/necrosis rate (with 13% for earhd ar% for late) was found.
Interestingly, the combinatiorDP in 1:1 mol ratio) was found inducing 61% total
apoptosis/necrosis rate (with 15% for early and 46€tate). More excitinglyp-P-4
hybrid was indicated with the greatest inhibitiartivty, in which it led to 80% total
apoptosis/necrosis rate (with 38% for early and 4@%late). It was shown that
D-P-4 induced almost the same late apoptosis/necrodes lat greater early

apoptosis/ necrosis rate than the combinatibP).
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Fig. 3. DM XAA (D), pyranoxanthoneR), the combination§+P) andD-P-4 induced apoptosis in
HepG-2 cells. Representative scatter diagrams. Hep@ls were pre-treated without the addition
of any samples, the contra@) (1); with a dose of 0.2M D (1), P (111), D+P (1:1 mol ratio) (V),
andD-P-4 (V), respectively for 24 h. Cells were stained withn&xin-V and PI. The apoptosis of
HepG-2 cells was detected by flow cytometry. Thalwation of apoptosis is via Annexin V: FITC



Apoptosis Detection Kit per manufacture’s protoddie quantitative results were shown¥i) In
each scatter diagrams, the abscissa represeffitsdiescence intensity of the cells dyed by Annexin
V; and the ordinate represents the fluorescen@mnsity of the cells dyed by PIl. The lower left
guadrant shows the viable cells, the upper leftvshoecrotic cells, the lower right shows the early
apoptotic cells; while the upper right shows lgiegotic cells.

As we know, necrosis is a form of traumatic celattiethat results from acute
cellular injury; while apoptosis is a highly regidd and controlled process that
confers advantages during an organism's lifecytlalike necrosis, apoptosis
produces cell fragments called apoptotic bodieg ghagocytic cells are able to
engulf and quickly remove before the contents of tell can spill out onto
surrounding cells and cause damage to the neigitbaells. An early marker of
apoptosis is the exposition of phosphatidylserinettte cell surface, whereas it is
normally concentrated in the luminal layer of thygoplasmic membrane [19D-P-4
hybrid promoted greater early apoptosis/necrosen thhoth monomers and the

combination, implying different anti-cancer mectsamnicompared with them.

3.3. Cdll cycle analysis of DM XAA, pyranoxanthone, the combination, and D-P-4

To establish whethddM XAA (D), pyranoxanthoneR), the combinationd+P in
1:1 mol ratio), andD-P-4 inhibited cell growth by interrupting the cell ¢gqrogress,
cellular DNA was analyzed and stained with propuditodide (Pl). The cells were
analyzed using flow cytometry. The profiles wereowsh in Fig. 4. Obviously,
compared with the control group, an increase inShgopulation was observed in
HepG-2 cells after the treatment with P, D+P, andD-P-4 at the dose of 0.2M,
respectivelyD-P-4 showed the most capability to arrest cells atagesit increased S
population by 90% compared to the control.

This fact suggests that the cell cycle arrest is ofithe primary mechanisms
responsible for the anticancer activitiespfP, D+P, andD-P-4. The D-P-4 hybrid
alters the manner of cell cycle arrest to S stagatgr than both monomers and the
combination. This may possibly be one reason foe tnti-cancer activity

enhancement of the hybrid.
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Fig. 4. Cell cycle analysis of HepG-2 cekxposed tdDMXAA (D), pyranoxanthonePR), the
combination P+P in 1:1 mol ratio), andD-P-4, respectively. HepG-2 cells were pre-treated with
D, P, D+P, andD-P-4 at a dose of 0.gM, respectively for 24 hC was the control group, without
addition of any tested compounds. Cells were cttcfixed in 70% ethanol, and stained with

propidium iodide solution. GO/G1: quiescent stateigh phase; S: initiation of DNA replication;
G2/M: biosynthesis/mitosis phases.

Usually, the ensuing S phase starts when DNA sgigheommences; when this
phase is complete, all of the chromosomes have hegpticated, i.e., each
chromosome has two (sister) chromatids. If DNA gahbe replicated, cell cycle will
be stopped at this stage. Based on the currerit,résmas suggested th&t-P-4 may

inhibit the DNA replication and make the cell cyslep in S phase.

3.4. Influence on the expression levels of proteins related to cell death by
pyranoxanthone (P), the combination and D-P-4 hybrid

Cell death includes apoptosis and necrosis. In rortte disclose how
pyranoxanthone (P), the combinationd+P in 1:1 mol ratio) andD-P-4 induced cell
apoptosis, we examined the expression levels opasa&s3, cleaved caspase-3,
caspase-9, cleaved caspase-9, and cleaved poly-(dD$t) polymerase (PARP) by
Western Blotting. We found th& D+P, andD-P-4 decreased the levels of caspase-3,

and caspase-9, respectively; while in the mean timceeased the expression of
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cleaved caspase-3 and cleaved PARRy.(5 I-11). Of notice, D+P and D-P-4
increased the ratios of cleaved caspase-3(9)/cas3{8% and the expression level of
cleaved PARP greater th&monomer. It was found th@t-P-4 had the greatest effect.
As we know, caspase-3 is involved in the apopfaticess, where it is responsible for
chromatin condensation and DNA fragmentation [20hspase-9 is an initiator
caspase [21]. The initiated caspase-9 will go onckeave procaspase-3 and
procaspase-7. In other hand, PARP is a family ofgims involved in a number
of cellular processes involving mainly DNA repairdaprogrammed cell death [22]
When PARP is cleaved by enzymes such as caspaseattmpsins, typically the
function of PARP is inactivated. Therefore, theatadsupport tha®, D+P, andD-P-4
induce cell apoptosis via the adjustment of cas@asmspase 9, and PARP, which
closely participate in programmed cell deairP-4 hybrid has better effect than

pyranoxanthone monomer or the combination.
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Fig. 5. Effect of pyranoxanthone (P), the combination{+P) andD-P-4 on proteins related to
cell death. HepG-2 cells were treated wthD+P (in 1:1 mol ratio), andD-P-4 at a dose of 0.2
uM, respectively for 24 hC was the control group, without addition of anytéescompounds.
The proteins expression levels were measured Wegjern Blot. The density of each lane was
presented as mean * standard deviation (SD) fleaat three individual experiments. Blots were
guantified using Image J software.
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We noticed the fact that pyranoxanthone was rtedo as a putative
small-molecule inhibitor of p53/MDM2 interaction 3R in which p53 is a tumor
suppressor which plays many roles including théitglio induce cell cycle arrest,
DNA repair, senescence, and apoptosis [24,25]ewMDM2 (murine double
minute 2) is the main endogenous negative regul@itos oncoprotein MDM2 binds
p53 and negatively regulates p53 activity by diietibition of p53 transcriptional
activity and enhancement of p53 degradation viauthiguitin-proteasome pathway
[26-28]. By inhibiting the p53/MDM2 interaction testore p53 activity represents an
appealing therapeutic strategy for many wild-tyf@S pumors with over expressed
MDM2. Therefore, we are interested in whether tbenlginationD+P and D-P-4
hybrid can regulate the p53/MDM2 interaction.

To our expect, it was found thBf D+P, andD-P-4 up-regulated p53 expression,
respectively; while in the other hand, they dowgualated MDM2 expression,
respectively Fig. 5 I11-1V). Obviously, the combination anB-P-4 showed the
greater activity on the regulation of p53/MDM2 thdre P monomer, which make
these two proteins in a better healthy state. AaB-4 had the greatest effect, it
changed the p53/MDM2 ratio from 0.083 (control grpto 0.81; while the ratio was
0.67 and 0.19 fob+P andP group, respectively. This positive effect mighttbe key
mechanism of hod+P andD-P-4 induce cancer cell death. It might conclude based
on this evidence that the regulation of p53/MDMatbetter healthy state is probably
the main reason for the synergetic effect in themfaf combination or hybrid

between pyranoxanthone aDM XAA.

3.5. Pyranoxanthone, the combination, and D-P-4 influence Bcl-2 signaling pathway
The mitochondrial pathway plays a significant noléhe apoptotic modulation as
a major signaling pathways [29]. The mitochondneddiated apoptotic pathway can
be triggered by several factors, including the egpion of B-cell lymphoma 2 (Bcl-2)
family members such as Bcl-2, Bcl-2 associatedgmoX (Bax), B-cell lymphoma

-extra large (Bcl-xL) and BHS3 interacting-domainatte agonist (Bid), which BH

13



means Bcl-2 homology. There are four BH domains ethiBH1, BH2, BH3, and

BH4. This proteins family can affect the permeaypitif the mitochondrial membrane
and trigger the opening of the mitochondrial peroilég transition pore in the inner
mitochondrial membrane, resulting in the releaseybdchrome ¢ and mitochondrial
dysfunction [30].

In the current study, the down-regulation of amtjgtotic protein Bcl-2 and
Bcl-xL, and up-regulation of the pro-apoptotic @iot Bax and Bid were observed
after the treatment of 0[2M of pyranoxanthoneR), the combinatioD+P andD-P-4
hybrid in Fig. 6. Usually, the greater of Bax/Bcl-2 ratio, the mpercentage of cell
apoptosis is involvedD-P-4 hybrid showed the greatest activity in regulatthg
Bax/Bcl-2 ratio, in which it changed the ratio frad®23 (the control group) to 0.87;
while the ratios were 0.58D¢P group) and 0.36 R group), respectively. This
evidence indicated that treatmentR)fD+P, andD-P-4, respectively against HepG2
cells induce increased apoptosis via the mitochahdrediated apoptotic pathway.

D+P andD-P-4 showed better activity than P monomer, and theitiyilad the best

activity.
. . 2.0
- PED mmm S p) ] T Belad
z 3 Bel-2
- W g Bl £ =N Bid
; ,g 27 Bax
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- — G — -E!.— Bid ‘5
-
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Fig. 6. Effect of pyranoxanthone (P), the combination+P) andD-P-4 on proteins related to
Bcl-2 signaling pathway. HepG-2 cells were treatétth P, D+P (in 1:1 mol ratio), and-P-4 at a
dose of 0.2uM, respectively for 24 hC was the control group, without addition of anytees
compounds. The proteins expression levels were ume@dsusing Western Blot. The density of
each lane was presented as mean = standard devigid) for at least three individual
experiments. Blots were quantified using Imageftisoe.

Moreover, the increased expressions of Bid andedsed expressions of Bcl-xL
can also lead to the same conclusion as Bax/Bcl-2.
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Generally, cancer can be seen as a disturbanbe imimeostatic balance between
cell growth and cell death. It is of notice thansitaneous over-expression of Bcl-2
and the proto-oncogene myc may produce aggressivelBnalignancies including
lymphoma [31].In follicular lymphoma, a chromosomal translocatioommonly
occurs between the fourteenth and the eighteemtdmasomes-t (14 and 18), which
places the Bcl-2 gene from chromosome 18 next@éanimunoglobulin heavy chain
locus on chromosome 14. This fusion gene is deagepll leading to the transcription
of excessively high levels of Bcl-2 [32], and dexges the propensity of these cells
for apoptosis. Therefore, targeted or selectivabitdd against Bcl-2 can be an
effective strategy to treat cancer. Several drugduding G3139, ABT-199, and
ABT-263 have been in clinical trial [34-35]. Fromig viewpoint,D-P-4 is certainly

an promising anti-cancer agent.

4. Conclusions

In a word, four DMXAA D) and pyranoxanthond®) hybrids D-P-n, n = 1-4)
were design-synthesized based on multi-target-addce ligand strategy. Their
anticancer activities against four human cells, MCAMDA-MB-231, Hep-G2, and
K562 cell lines were evaluated. All the hybrids ahd combination+P in 1:1 mol
ratio) exhibited greater inhibitory activities agst the four tested cancer cell lines
growth with 1G; values between 0.2 and p®1. TheD-P-4 hybrid demonstrated the
most potent inhibitory activity against MCF-7 aneépg®-2 cell lines with 163 values
of 0.534 + 0.043, and 0.216% 0.0, respectively.

The study of structure-activity relationship inded that the length of carbon
chain betweerD and P is very important for the inhibitory activity, wth in the
current study, the optimal carbon chain is 6. Itswaund thatP enhanced the
inhibitory activity of D. The combination oD and P in 1:1 mol ratio mixture
increased 3-5 times the activity against the teiiadcell lines growth thab itself.

At the same dose of 0j2M, D, P, the combination¥+P in 1:1 mol ratio) and
D-P-4 hybrid induced HepG-2 cells apoptosis. The coaotrdn of early apoptosis,
necrosis, and late apoptosis were different aman lonomers, the combination
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and the hybridD-P-4 showed the highest total apoptosis/necrosis aate caused far
more early apoptosis/necrosis rate than the otlmigcycle analysis indicated thag
P, D+P andD-P-4 all arrested more cells on S phase, in which theith showed the
greatest effect. Results in Western Blot indicateat P, D+P, andD-P-4 decreased
the expression levels of caspase 3, caspase dviBR; while in the mean time
increased the expression levels of cleaved-caspas#eaved-caspase-9, cleaved-
PARP, and p53. The hybrid showed the best regulatfop53/MDM2 to a better
healthy state, in which the p53/MDMZ2 ratio was Oc®inpared 0.083 for the control.
P, D+P, andD-P-4, respectively showed another activity to decreBsle2 and
Bcl-xL expression levels, while in the mean timerease the expression levels of
Bax and Bid, indicating the ability to improve canccell apoptosis through Bcl-2
signaling pathwayD-P-4 again had the best activity to adjust the Bcl-@gn family,
in which the Bax/Bcl-2 ratio was 0.87 compared 028 the control. Better
improvement on p53/MDM2 and Bax/Bcl-2 might be thessible reasons for the
synergistic effect in the form of hybrid beweBPnandP. All the evidences support

thatD-P-4 hybrid is a better anticancer therapy with multg&t function.

5. Experimental section
5.1. Materials

All chemicals salicylic acids and phenolics werergmased from Aldrich or
Adamas without further purification. Silica gel faolumn chromatography was
purchased from Qingdao Marine Chemicals Inc, Chi@aromatographic grade
methanol was bought from Shandong YuWang Reagemip@oy (China).

The human CML cell line MDA-MB-231 and MCF-7, He2Gand K562 were
obtained from the Cell Bank of the Chinese Acad@i$ciences (Shanghai, China).
MDA-MB-231 and MCF-7 cells were cultured in RPMI 406 medium (Life
Technologies, Grand Island, NY, USA). HL-7702 andH/8T3 cells were grown in
DMEM medium (Life Technologies, Grand Island, NYSA).

The reagents Pl and JC-1 were purchased from S@jramical Co. (St. Louis, MO,
USA). PierceTM BCA Protein Assay Kit was obtaineahi Thermo Fisher Scientific
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(Rockford, IL, USA). MTT, TUNEL Apoptosis DetectioKit, dithiothreitol (DTT),
Nuclear and Cytoplasmic Extraction Kit, RIPA buftexd RNase were purchased from
Beyotime (Shanghai, China). Phosphatase inhibitmrkt@il tablets and protease
inhibitor cocktail tablets were supplied by RoctMagnheim, Germany). All other
chemicals and solvents were of reagent or HPLCegrad

p-Actin, GADPH, caspase 3, caspase 9, cleaved-caspasleaved-caspase 9,
cleaved PARP, Bax, Bid, Bcl-2, Bcl-xL, anti-mousad anti-rabbit horseradish
peroxidase-conjugated secondary antibodies werehpsed from Cell Signaling

Technology (CST, Beverly, MA, USA).

5.2. Synthetic process

5.2.1. General chemical experimental procedures

Nuclear Magnetic Resonance (NMR) spectra were decbion either a Bruker
AV-300 or a Bruker AV-400, or a Bruker AV-500 (Breikk Biospin, Swiss).
Tetramethylsilicane (TMS) was used as an intertealdard. ESI-MS were recorded
on a Finnigan LCQ Advantage MAX mass spectromé4®l.C was performed on
either a LC-100 liquid chromatograph equipped vattunable LC-100 UV detector
(Shanghai Wufeng Inc., China) or an Agilent 1200iese liquid chromatograph
equipped with an Agilent 1200 Series UV detectogil@nt Technologies, USA).
Columns used were Cosmosil 8C(Nacalai Tesque Inc., Japan) for general
purification. Pre-coated thin-layer chromatogragii,C) plates (Institute of Yantai
Chemical Industry, China) were used for TLC. SpmwitsTLC plates were detected by
either a ZF-7A portable UV detector or sprayingrBigh potassium iodide solution
followed subsequent heating. Ethanol was refluxest &resh magnesium ribbon for

5 hours and redistilled.

5.2.2. Synthesis of 5,6-dimethylxanthone-4-acetic acid (DM XAA)
The synthesis was carried on referred to a proeedascribed in literature [17].

Firstly, 3,4-dimethylbenzoic acid was turned int®-8ibromo-3,4-dimethylbenzoic
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acid, which was named as compouhdCompoundl was then converted into its
potassium salt and dried thoroughly. This salt tezhevith the anhydrous disodium
salt of 2-hydroxyphenylacetic acid under the inteom of tris[2-(2-methoxyethoxy)
ethyllamine (TDA-1) and copper () to give 7-brora@-dimethyl-9-oxo-8i-
xanthen-4-yl acetic acid2). Hydrogenation of compoun? gave DM XAA in an
overall yield of 51% in four steps. Purity 98.54% NMR (DMSO-ds, 300 MHz)
5:12.62 (s, 1H), 8.10 (dd} = 8.0, 1.6 Hz, 1H, H-1), 7.93 (d,= 8.4 Hz, 1H, H-8),
7.79 (dd,Jd = 7.2, 1.6 Hz, 1H, H-3), 7.42 (dd,= 7.6, 1.6 Hz, 1H, H-7), 7.31 (d,=
8.0 Hz, 1H, H-2), 3.99 (s, 2H), 2.44 (s, 3H), 2(423H);°*C NMR (DMSO4s, 75
MHz) 6: 176.1 (-COOH), 171.7 (C-9), 153.7 (C-4a), 15X24p), 144.6 (C-6), 136.5
(C-3), 125.9 (C-4), 125.2 (C-5), 125.1 (C-7), 124361), 123.6 (C-2), 122.5 (C-8),
120.5 (C-8b), 118.7 (C-8a), 35.4 (C-9), 20.1 §5H1.0 (CH); MS-ESIm/z: 283.2
[M+H] "

5.2.3. Synthesis of 12-O-(n-hydroxyal kyl)pyranoxanthones
5.2.3.1. Synthesis of 3,4-dihydroxy-9H-xanthen-9-one

To a 50-ml flask, 8 ml phosphorus oxychloride (P§GInd anhydrous zinc
chloride (6.8 g, 0.05 mol) were added. The suspensias stirred at 7€ until ZnChb
was completely dissolved into phosphorus oxych&rithe mixture was then cooled
down to room temperature (r.t.). Afterwards, sdiecycid (0.138 g, 1.0 mmol) and
pyrogallol (0.151 g, 1.2 mmol) were added. Then thixture was heated with
microwave reactor with a programmed procedure 6€7ar 30 min. Afterwards, the
mixture was cooled down to r.t. and pulled into water stirring for 20 min. The
mixed solution was filtered, washed with cold wat&he solid residues were
collected and purified by flash column liquid chratography led to yellow powder
0.176 g, yield 77.1%. M.p. 220~22@; *H NMR (DMSO-ds, 300 MHz)s: 7.38 (td,J
=8.1, 0.9 Hz, 1H, H-8), 7.29 (dd= 8.1, 0.9 Hz, 1H, H-6), 6.91-6.95 (m, 2H, H-5, 7),
6.89 (d,J = 8.4 Hz, 1H, H-1), 6.36 (d} = 8.4 Hz, 1H, H-2)}*C NMR (DMSO46, 75
MHz) §: 202.62 (C-9), 157.41 (C-4b), 153.61 (C-3), 153(244a), 133.64 (C-6),
133.54 (C-4), 131.06 (C-8), 127.04 (C-7), 126.188((, 120.03 (C-1), 117.66 (C-5),
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115.24 (C-8b), 108.41 (C-2); MS-EBIz 228.2 [M+HT.

5.2.3.2. Synthesis of pyranoxanthone

To a 50-ml flask, 20 ml chloroform, 3,4-dihydro@i#-xanthen-9-one (0.228 g,
1.0 mmol), and montmorillonoid K10 (4.5 g, 20 eg¢rer added. The mixture was
radiated with a microwave reactor at 600 W underirsg for 40 min. After the end of
reaction, montmorillonoid K10 was filtered and wedh All the filtration was
combined. Removal of solvent was carried on byryo&vaporation under reduced
pressure. The solid residues were collected andigzurby flash column liquid
chromatography led to slight yellow powder 0.13/ig]d 38.5%, Purity 97.6%. M.p.
176~178'C; *H NMR (400 MHz, CDC}J) J: 8.33 (1H, dd,J = 8.0 and 1.6 Hz, H-7),
7.70 (1H, ddd) = 7.7, 8.0, 1.6 Hz, H-9), 7.70 (1H, s, H-5), 7(381, dd,J = 8.0, 1.0
Hz, H-8), 7.35 (1H, ddd] = 7.3, 7.3, 1.0 Hz, H-10), 5.74 (1H, br s, OHR2(2H, t,
J = 6.7 Hz, H-4), 1.92 (2H, 1] = 6.7 Hz, H-3), 1.43 (6H, s, 2 -G} *C-NMR (75
MHz, CDCk) §: 176.72 (C-6), 156.21 (C-10a), 146.33 (C-12a),.243(C-11a),
134.30 (C-9), 132.42 (C-12), 126.60 (C-7), 123.628}, 121.53 (C-6a), 118.22
(C-10), 117.93 (C-5), 117.04 (C-4a), 115.41 (C-5#)54 (C-2), 32.66 (C-3), 27.02
(C-4), 21.74 (C-1'); ESI-MSn{/2): 297.2[M+HT".

52.3.3. 9Yynthesis of 3,4-dihydro-12-O-(3 ~hydroxypropyl)-2,2-dimethyl-2H,6H
-pyrano[ 3,2-b] xanthen-6-one (P-1)

To a 50-ml flask, pyranoxanthone (0.296 g, 1.0 Mymaad NaOH (44 mg, 1.1
mmol) in 15 ml of dried DMF. 3-Bromopropanol (0.2681.5 mmol) in 5 ml dried
DMF was then added dropwise with stirring. The tieacwas lasted at r. t. for 24 h.
After the finish of reaction, the mixture was pdli@to 50 ml ice-water with violently
stirring for 20 min. The precipitates were collectey filtrate, and were purified by
flash column liquid chromatography led to slighlige powder 0.318 g, yield 89.6 %.
M.p.: 161-1631; 'H-NMR (CDCk, 400 MHz)s: 8.35 (1H, ddJ = 8.0 and 1.6 Hz,
H-8), 7.73 (1H, dddJ = 7.6, 8.0, 1.6 Hz, H-6), 7.71 (1H, s, H-1), 7@®, dd,J =
8.0 and 1.0 Hz, H-5), 7.37 (1H, ddi= 7.6, 7.6, and 1.0 Hz, H-4), 5.76 (1H, s, OH),
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4.21 (2H, tJ = 2.6 Hz, H-1"), 3.57 (2H, t] = 2.6 Hz, H-3"), 2.95 (4H, m, H-2', 2",
1.97 (2H, tJ = 2.6 Hz, H-1), 1.43 (6H, s, H-4', 5fC-NMR (CDCk, 100 MHz)s:
177.19 (C-9), 157.31 (C-4b), 147.32 (C-3), 144Q76), 135.37 (C-4), 133.47 (C-6),
127.62 (C-8), 124.65 (C-7), 122.57 (C-1), 119.253¢7, 118.95 (C-2), 118.05 (C-5),
116.44 (C-8b), 75.59 (C-3), 62.45 (C-1"), 57.113Q, 32.75 (C-2'), 31.24 (C-2"),
26.44 (C-4"), 26.44 (C-5'), 22.62 (C-1'). MS-E8F: 355.16 [M+H].

5234. 9Yynthess of 3,4-dihydro-12-O-(4 ~hydroxybutyl)-2,2-dimethyl-2H,6H
-pyrano[ 3,2-b] xanthen-6-one (P-2)

Followed the same procedure described in 5.2138. to light yellow powder
0.37 g, yield 83.4%. M.p.: 159-161 *H-NMR (CDClk, 400 MHz)J: 8.31 (1H, dd)
= 8.0 and 1.6 Hz, H-8), 7.70 (1H, ddHz= 7.6, 8.0, 1.6 Hz, H-6), 7.63 (1H, s, H-1),
7.52 (1H, ddJ = 8.0 and 1.0 Hz, H-5), 7.31 (1H, ddts 7.6, 7.6, and 1.0 Hz, H-4),
5.70 (1H, s, OH), 4.15 (2H, 4,= 2.6 Hz, H-1"), 3.43 (2H, t] = 2.6 Hz, H-4"), 2.91
(6H, m, H-2', 2", 3"), 2.02 (2H, t] = 2.6 Hz, H-1'), 1.40 (6H, s, H-4', 5'fC-NMR
(CDCl;, 100 MHz) 5: 178.11 (C-9), 158.38 (C-4b), 148.35 (C-3), 145(€B4a),
136.40 (C-4), 134.39 (C-6), 128.72 (C-8), 125.767[C123.87 (C-1), 120.15 (C-8a),
119.44 (C-2), 119.15 (C-5), 117.43 (C-8b), 76.883(C 63.49 (C-1"), 58.13 (C-4"),
33.87 (C-2"), 32.75 (C-2"), 31.64 (C-3"), 27.43 40~ 27.43 (C-5'), 23.65 (C-1)).
MS-ESIm/z: 369.18 [M+H] .

5235, Synthesis of 3,4-dihydro-12-O-(5~hydroxypentyl)-2,2-dimethyl-2H,6H
-pyrano[ 3,2-b] xanthen-6-one (P-3)

Followed the same procedure described in 5.2138 to light yellow powder
0.327 g, vield 85.6%. M.p.: 155-1%7 H-NMR (CDCl, 400 MHz)s: 8.37 (1H, dd,
J=8.0 and 1.6 Hz, H-8), 7.76 (1H, ddb= 7.6, 8.0, 1.6 Hz, H-6), 7.69 (1H, s, H-1),
7.57 (1H, dd,J = 8.0 and 1.0 Hz, H-5), 7.38 (1H, ddts 7.6, 7.6, and 1.0 Hz, H-4),
5.76 (1H, s, OH), 4.19 (2H, 4,= 2.6 Hz, H-1"), 3.48 (2H, t] = 2.6 Hz, H-5"), 2.96
(8H, m, H-2', 2", 3", 4"), 2.07 (2H, t) = 2.6 Hz, H-1'), 1.45 (6H, s, H-4', 5;
¥C-NMR (CDCE, 100 MHz)§: 178.34 (C-9), 158.57 (C-4b), 148.65 (C-3), 145.59
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(C-4a), 136.67 (C-4), 134.58 (C-6), 128.89 (C-85.85 (C-7), 123.92 (C-1), 120.34
(C-8a), 119.68 (C-2), 119.63 (C-5), 117.51 (C-81§.96 (C-3), 63.67 (C-1"), 58.45
(C-5"), 33.99 (C-2), 32.94 (C-2"), 31.86 (C-3")9.86 (C-4"), 27.66 (C-4"), 27.66
(C-5), 23.59 (C-1); MS-EStz: 383.21 [M+H] .

5236. 9Yynthesis of 3,4-dihydro-12-O-(6-hydroxyhexyl)-2,2-dimethyl-2H,6H
-pyrano[ 3,2-b] xanthen-6-one (P-4)

Followed the same procedure described in 5.2138 to light yellow powder
0.329 g, yield 83.1%. M.p.: 153-155*H-NMR (CDCl;, 400 MHz)J: 8.31 (1H, dd,
J=8.0 and 1.6 Hz, H-8), 7.72 (1H, ddb= 7.6, 8.0, 1.6 Hz, H-6), 7.48 (1H, s, H-1),
7.46 (1H, dd) = 8.0 and 1.0 Hz, H-5), 7.54 (1H, ddts 7.6, 7.6, and 1.0 Hz, H-4),
5.56 (1H, s, OH), 4.26 (2H, 4,= 2.6 Hz, H-1"), 3.57 (2H, t] = 2.6 Hz, H-6"), 2.92
(10H, m, H-2', 2", 3", 4", 5"), 2.11 (2H, §, = 2.6 Hz, H-1"), 1.41 (6H, s, H-4', 5;
¥C-NMR (CDCE, 100 MHz)§: 179.02 (C-9), 158.90 (C-4b), 149.25 (C-3), 145.93
(C-4a), 137.33 (C-4), 135.08 (C-6), 129.31 (C-@6.22 (C-7), 124.38 (C-1), 120.80
(C-8a), 119.95 (C-2), 119.97 (C-5), 117.96 (C-811),89 (C-3'), 64.32 (C-1"), 58.96
(C-6"), 34.62 (C-2'), 32.41 (C-2"), 31.49 (C-3"9.87 (C-4"), 28.48 (C-4"), 27.53
(C-4"), 27.53 (C-5'), 22.97 (C-1'); MS-ESIz 397.23 [M+HT.

5.2.4. Synthesis of DMXAA-pyranoxanthone hybrids
5.2.4.1. Synthesis of 3,4-dihydro-2,2-dimethyl-2H,6H-pyrano[ 3,2-b] xanthen-6-one
-12-O-propyl 5,6-dimethylxanthone-4-acetate (D-P-1)

To a 100-ml flask, DMXAA (0.339 g, 1.2 mmol), DQG.248 g, 1.2 mmol) and
DMAP (15 mg, 0.12 mmol) were dissolved in 30 mledriDMF. Compound P-1
(0.354 g, 1.0 mmol) in 10 ml dried DMF was then edidiropwise with stirring. The
reaction was lasted at r. t. for 24 h. After thedih of reaction, the mixture was pulled
into 50 ml ice-water with violently stirring for 2@in. The precipitates were collected
by filtrate, and were purified by flash column liquchromatography led to white
powder 0.324 g, yield 52.4%, purity 97.4%. Mp: 2085C; 'H NMR (DMSO-ds,
500 MHz)¢: 8.01-8.04 (m, 3H, H-1,'79), 6.85-6.87 (m, 3H, H-3, 8, 06.73-6.75
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(m, 2H, H-B, 8), 6.28-6.31 (m, 1H, H-2), 6.21-6.24 (m, 1H, H-Z))0-4.03 (m, 2H,
H-5"), 3.98 (m, 2H, H-3), 3.71 (s, 2H, H-1), 3.34-3.36 (m, 2H, H'4, 2.76-2.79 (m,
2H, H-4), 2.62-2.64 (m, 2H, H'} 1.78-1.81 (s, 6H, 5,6-Gj 1.41-1.44 (s, 6H,
2'-CHs); °C NMR (DMSOds, 125 MHz) 5: 181.36 (C-9), 179.08 (C¥% 176.54
(C-2"), 166.76 (C-113, 164.13 (C-4b), 161.70 (C-10a158.32 (C-3), 156.63 (C-4a),
151.97 (C-9, 136.51 (C-4), 135.63 (C-6), 134.17 (C-12429.89 (C-12, 128.48
(C-8), 127.48 (C-10, 126.45 (C-8, 125.63 (C-9, 125.45 (C-7), 124.63 (C-%a
124.19 (C-5, 123.39 (C-7, 122.09 (C-53, 121.23 (C-8a), 118.20 (C-2), 104.48
(C-6d), 98.03 (C-5), 93.83 (C-8b), 79.88 (0;268.93 (C-5), 64.24 (C-3), 34.07
(C-1"), 33.98 (C-3, 32.85 (C-4), 28.32 (C-4), 25.17 (%2'-CHs), 18.65 (6-CH)),
16.43 (5-CH); MS-ESImVz 619.23 [M+HT]; HRMS (2): calc. for [GgH340g+H]"
619.2332, found 619.2338.

5.24.2. Synthesis of 3,4-dihydro-2,2-dimethyl-2H,6H-pyrano[ 3,2-b] xanthen-6-one
-12-O-butyl 5,6-dimethylxanthone-4-acetate (D-P-2)

Followed the same procedure described in 5.2.4etl. tb 0.324 g, yield 51.3%,
purity 98.4%. M. p.: 209-21C; *H NMR (DMSO-ds, 500 MHz)s: 8.13-8.16 (m, 3H,
H-1,7, 9), 6.96-6.99 (m, 3H, H-3, 8, 106.81-6.87 (m, 2H, H:58), 6.40-6.44 (m,
1H, H-2), 6.31-6.36 (m, 1H, H-7), 4.13 (m, 2H, F}64.10 (m, 2H, H-3), 3.74 (s,
2H, H-1"), 3.49-3.429 (m, 2H, H9, 3.03-3.08 (m, 2H, H4, 2.81-2.86 (m, 4H,
H-3, 4), 1.90-1.95 (s, 6H, 5,6-Gj{f 1.51-1.56 (s, 6H,'ZHs); °C NMR (DMSO-ds,
125 MHz) 5: 182.23 (C-9), 179.95 (C¥% 177.41 (C-2), 167.63 (C-113, 165.00
(C-4b), 162.57 (C-10p 159.19 (C-3), 157.50 (C-4a), 152.84 (§-437.38 (C-4),
136.50 (C-6), 135.04 (C-12a130.76 (C-13, 129.35 (C-8), 128.35 (C-10127.33
(C-8), 126.50 (C-9, 126.32 (C-7), 125.50 (C-9a 124.26 (C-5, 122.96 (C-1),
122.68 (C-59, 122.10 (C-8a), 119.08 (C-2), 105.35 (C}p®8.91 (C-5), 94.70
(C-8b), 80.75 (C-3, 69.80 (C-8), 65.11 (C-3), 34.94 (C-1), 34.85 (C-3, 33.72
(C-5"), 33.37 (C-4), 26.23 (2-CHs), 26.04 (2-CHs), 16.88 (6-CH), 14.69 (5-CH);
MS-ESIm/z 633.22 [M+H]; HRMS (W2): calc. for [GoH3¢0g+H]" 633.2488, found
633.2492.
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5.24.3. Synthesis of 3,4-dihydro-2,2-dimethyl-2H,6H-pyrano[ 3,2-b] xanthen-6-one
-12-O-pentyl 5,6-dimethylxanthone-4-acetate (D-P-3)

Followed the same procedure described in 5.2.4et. tb white powder 0.32 g,
yield 49.6%, purity 99.2%. M. p.: 211-213 H NMR (DMSO-ds, 500 MHz) 5:
8.15-8.11 (m, 3H, H-1,'79), 6.97-6.94 (m, 3H, H-3, 8, 106.86-6.81 (M, 2H, H5
8"), 6.45-6.41 (m, 1H, H-2), 6.36-6.32 (m, 1H, H-Z)10 (m, 2H, H-7), 4.07 (m, 2H,
H-3"), 3.72 (s, 2H, H-1), 3.46-3.41 (m, 2H, H:§, 2.99-2.95 (m, 4H, H:34"),
2.87-2.92 (m, 4H, H%45"), 1.90-1.95 (s, 6H, 5,6-G§}f 1.50-1.54 (s, 6H, ZHa);
3C NMR (DMSOds, 125 MHz) d: 182.95 (C-9), 180.67 (C¥% 178.14 (C-2),
168.35 (C-113, 165.72 (C-4b), 163.30 (C-10a159.92 (C-3), 158.22 (C-4a), 153.56
(C-9), 138.10 (C-4), 137.23 (C-6), 135.76 (C-92431.48 (C-12, 130.08 (C-8),
129.07 (C-10, 128.05 (C-§, 127.22 (C-9, 127.04 (C-7), 126.23 (C-)a125.79
(C-5), 124.99 (C-7), 123.68 (C-53, 122.83 (C-8a), 119.80 (C-2), 106.08 (C)pa
99.63 (C-5), 9542 (C-8b), 81.47 (C)270.52 (C-7), 65.83 (C-3), 35.66 (C-1),
35.57 (C-3), 34.44 (C-8, 29.92 (C-6), 26.95 (C-4), 26.76 (C-B), 26.76
(2x2'-CHg), 17.61 (6-CH)), 15.42 (5-CH); MS-ESI m/z. 647.28 [M+H]; HRMS
(mV2): calc. for [GoH3g0s+H]" 647.2645, found 647.2642.

5.24.4. Synthesis of 3,4-dihydro-2,2-dimethyl-2H,6H-pyrano[ 3,2-b] xanthen-6-one
-12-O-hexyl 5,6-dimethylxanthone-4-acetate (D-P-4)

Followed the same procedure described in 5.2.4edl.tbh white powder 0.319 g,
yield 48.3%, purity 98.8%. M.p.: 215-2T7 'H NMR (DMSO-ds, 500 MHz) 6:
8.14-8.10 (m, 3H, H-1,'79), 6.96-6.92 (m, 3H, H-3, 8, 106.85-6.80 (M, 2H, H5
8"), 6.38-6.33 (M, 1H, H-2), 6.35-6.30 (M, 1H, H-Z)10 (m, 2H, H-8), 4.07 (m, 2H,
H-3"), 3.76 (s, 2H, H-1), 3.46-3.44 (m, 4H, H:37"), 2.99-2.95 (m, 4H, H46"),
2.92-2.86 (m, 4H, H%45"), 1.92-1.88 (s, 6H, 5,6-G}}f 1.48-1.53 (s, 6H, ZHa);
3%C NMR (DMSOds, 125 MHz) §:183.25 (C-9), 180.98 (C% 178.44 (C-2),
168.65 (C-113, 166.02 (C-4b), 163.60 (C-10a160.22 (C-3), 158.52 (C-4a), 153.86
(C-9), 138.40 (C-4), 137.53 (C-6), 136.07 (C-92431.79 (C-12, 130.38 (C-8),
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129.38 (C-10, 128.35 (C-§, 127.52 (C-9, 127.35 (C-7), 126.53 (C-)a126.09
(C-5), 125.29 (C-7), 123.98 (C-53, 123.13 (C-8a), 120.10 (C-2), 106.38 (C)pa
99.93 (C-5), 95.73 (C-8b), 81.78 (C}270.82 (C-6), 66.14 (C-3), 35.96 (C-1),
35.88 (C-3), 34.74 (C-8), 34.40 (C-4), 29.33 (C-7), 26.95 (C-8), 27.25 (C-B),
26.06 (%2-CHg), 17.91 (6-CH), 15.72 (5-CH); MS-ESI m'z. 661.31 [M+H;
HRMS (2): calc. for [G1H400s+H]" 662.2801, found 661.2805.

5. 3. Biological section

5.3.1. Cdl culture

All the cell lines were grown in specific media plgmented with 10% fetal bovine
serum (FBS, Gibco), 100 U/ml penicillin and 100 mbktreptomycin (Invitrogen,
Carlsbad, CA, USA). The cells were grown in a 5%,®0midified atmosphere in

incubators maintained at &,

5.3.2. Cell proliferation assay

3-(4,5-cimethylthiazol-2-yl)-2,5-diphenyl tetrazatn bromide (MTT) assay was
used to detect inhibition of cellular proliferatiarediated by the drugs. This assay was
applied to all cell lines. The process was deschblw: Cells in suspension were
plated in 96-well plates at a density ofl®® cells/well and cultured for 24 h. Then the
medium was replaced with the respective medium adoimg drugs at different
concentrations and incubated for 24 h. The final SIM concentration in all
experiments was less than 0.1% in medium. The ctraten range of tested samples
was 0-200uM and two-fold serial dilutions were applied. Afterds, 10uL MTT
solution (5 mg/ml) was added to each well, and plede was incubated for an
additional 4 h. The absorbance of the convertedinly®ing cells was measured at a
wavelength of 570 nm using a microplate reader-(Baal; Hercules, CA, USA) after
100 uL of DMSO added. Ig values were determined by the nonlinear multipsepo

curve fitting program GraphPad Prism. All of thetsewere repeated at least 3 times.
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5.3.3. Apoptosis and necrosis assay

HepG-2 cells (210° cells/ml) were plated in 6-well plates and thezated with
either vehicle or 0.21M of DM XAA (D), pyranoxanthoneR), D+P in 1.1 mol ratio,
andD-P-4. The cells were incubated at 37, 5% CQ for 24 h. Then the cells were
collected by centrifugation at r.t. and washed éwgth ice-cold PBS. Afterwards, the
cells were suspended in 100 pL annexin V bindinfeb@nd 5 puL each of annexin V
and Pl were added to these samples. Next, thegdesamere incubated for 30 min at
room temperature and then assayed by flow cytomatralysis (FACScan, Bection

Dickinson, San Jose, CA). All of the tests wereeggpd at least 3 times.

5.3.4. \estern Blot

HepG-2 cells were collected and washed with PBE&r dfte treatment with 0.2
UM of P, D+P (1:1 mol ratio),D-P-4, respectively. Then, the cells were lysed with
RIPA buffer for 45 min on ice and then centrifugegdl2000g at £C for 15 min. Then
the total cellular protein were collected and thelear proteins were extracted using a
nuclear and cytoplasmic extraction kit. The prot@ncentration was measured using a
BCA protein assay kit. Equal amounts of protein (2f) were separated via 10-15%
gradient SDS-PAGE and transferred to PVDF membrgiMilipore, USA). The
membranes were blocked with 5% BSA at room tempegdor 1 h, incubated with
primary antibodies for at least 16 h aC4and then washed and incubated with
HRP-conjugated secondary antibodies at room teryeréor 1 h. Protein bands were
visualized using enhanced chemiluminescence detecdagents (Bio-Rad, USA).

The resulting images were scanned using a scaipsoX V330 Photo, Japan).

5.3.5. Cédll cycle assay
HepG-2 cells (2x10cells/ml) were seeded into 6-well plates and teatéth

vehicle orD, P, D+P (1:1 mol ratio), and>-P-4 at a dose of 0.AM, respectively for
28 h. Then the cells were collected and washecdetwith PBS and fixed in cold 70%
ethanol (-20C) for 12 h. The ethanol were carefully removeaéntrifugation and the

cells were suspended in 1 ml staining reagent (A@RNase+50 mg PI/ml) and kept
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in darkness for 40 min at r.t. Cell cycle analysas tested via a flow cytometry (BD

FACS Calibur, Franklin Lakes, CA, USA) with a exatibn wavelength at 605 nm.

5.3.6. Sability of D-P-4

D-P-4 was dissolve in PBS to be a stock solution wittbacentration of 1QM/I.
Then | mID-P-4 solution and 4 ml serum (Kunming mice from thenaali research
center at medical laboratory animal center of Gdang Province in China) were
suspended together for 1 min, and the suspensisrpuiainto the incubator at 7.
At the set time point, 1Ql sample was taken out, respectively, and pretoeatéh
methanol and perchloric acid 20% to eliminate thetgns. The mixture was
centrifuged at 10000 r/min for 5 minutes. Then Hupernate was submitted for
RP-HPLC analysis. The instrument used was Agil@tt01(Agilent Co., Germany).
Column: COSMOSIL 5C18-MS-II, 4250 mm; Flow rate: 1.0 ml/min; Wavelength:
254 nm; Eluant: methanol ;B = 55 : 45 (isocratic).

The content percentage DFP-4 was set 100% at O h time point. The content
percentage at any time point was calculated asvimtlg: A/Ax100%, where Aand
Ao are the peak area at t time point and 0 h timetpmspectively. Each experiments

was repeated 4 times.

5.3.6. Satistical analysis

All data are expressed as the mean + standardtaev{&D) of three independent
experiments. Statistical significance was assesgsihg Student'st-test (for
comparisons of two treatment groups) or one-way AN@or comparisons of three or

more groups)P-values< 0.05 were considered statistically significant.
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D-P-4 hybrid increased the activity against the growth of HepG-2 cancer cells
by 460 times compared to DMXAA.

D-P-4 regulated p53/MDM?2 to a better healthy state than both monomers and
the combination.

D-P-4 showed better activity in regulating Bax/Bcl-2 to increase HepG-2 cell
apoptosis.

D-P-4 arrested more cells on S phase compared with any one of the two
monomers or the combination.



