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Abstract

The estrogen receptors have played important rirlebreast cancer development and
progression. Selective estrogen receptor modulagush as Tamoxifen, have showed great
benefits in the treatment and prevention of breaster. But the disadvantages of induction of
endometrial cancer and drug resistance have lintteit use. Multiple ligand which act at
multiple biomolecular targets may exert favorabiivantages of improved efficacy with lower
incidence of side effects. In this work, we desedilihe synthesis and evaluation of a series of
6-aryl-indenoisoquinolone derivatives as dualoEdd VEGFR-2 inhibitors. These compounds
presented good ERbinding affinity and ElR antagonistic activity, as well as potent VEGFR-2
inhibitory potency. They also possessed excellenit-paoliferative activities against MCF-7,
MDA-MB-231, Ishikawa and HUVEC cell lines. Furthiewvestigation of selective compougdc
showed that it was able to inhibit the activatidnV&EGFR-2 and the signaling transduction of
Raf-1/MAPK/ERK pathway in MCF-7 cells.
Keywords: Estrogen receptor; VEGFR-2; Dual inhibitor; Bregastcer.

1. Introduction

Breast cancer (BC) is the most frequent cancer gmwomen worldwide. It had been
estimated that 1.67million new cases of BC wergriiged in 2012 over the world according to
WHO report [1]. The estrogen receptorsoEéd ER which are ligand regulated transcription
factors that mediate estrogen activity in many irtgott physiological processes play vital roles in
breast cancer development and progression [2,3te Mlman 70% breast cancers are estrogen
receptor alpha (E& positive and estrogen dependent [4]. Endocrieeaiby which aims to block
the ER transcription effect is regarded as an gfkedreatment. Thus ERhas provided an ideal
pharmaceutical target and a lot of &ERyands have been developed as antagonists adeRast
positive breast cancer [5]. Selective estrogenptecenodulators (SERMs) are a special group of
ligands which act as antagonists in breast tissue dgonists in other tissues such as
cardiovascular system and bone [6,7]. Due to tepicial action mode, SERMs remain as
important anti-breast cancer agents with bendfitsardiovascular system and maintaining bone
density compared with aromatase inhibitors and puteestrogens [8,9]. Tamoxifen is the first
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SERM and is currently widely used in the treatmamd prevention of breast cancer with solid
efficacy documented in several randomized clinitaghls [10,11]. Tamoxifen (Figure 1)
structurally contains a triphenylethylene scaffaldd a basic side chain. Since then, a lot of
SERMs with various scaffolds mimicking Tamoxifen revedeveloped for the treatment or
prevention of breast cancer [12,13]. Many altexmasicaffolds for ER modulators have also been
reported, e.g., the heterocyclic propylpyrazolétrio (PPT),
exo-5,6-bis(4-hydroxyphenyl)-7-oxabicyclo[2.2.1]heptBe-2-sulfonic acid phenyl ester (OBHS)
andm-carborane-containing compound (Figure 1) [14-16].

Figure 1. Estrogen receptor ligands: (1) Tamoxifen; (2) Rédéme; (3) PPT; (4) OBHS; (5)
m-carborane SERM.

Although SERMs have shown great benefits in trgaliRo positive BC, they still remain
disadvantages. For example, long-term treatmenTarhoxifen increases the occurrence of
endometrial cancer [17]. And another common deficyethat limits the use of SERMs is intrinsic
and acquired drug resistangewhich breast tumors become refractory to endectierapies and
relapse [18,19]. Therefore, the project to develoBERM with increased activity and less side
effects still draws much attention. Multiple ligansl a single chemical entity which acts at
multiple biomolecular targets. Designed multiplgalhds may exert favorable advantages of
improved efficacy and lower incidence of side effd@0]. It has been an attractive way to design
multiple ligands in the development of anti-canagents [21]. Several studies have shown their
multiple ligands toward ER and another target (sasharomatase, HDAC and tubulin) in the
discovery of novel anti-breast cancer agents (Ei@){22-24].
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Figure 2. Multiple ligands targeting ER.
We have previously reported a series of 2, 3-diaytuinolinone derivatives as multiple
ligands of ER and vascular endothelial growth factor receptv'2GFR-2) as anti-breast cancer
agents which showed inhibition on the both targ2®. VEGFR-2 is a member of the receptor
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tyrosine kinase (RTK) family and the predominanteeor of VEGF/VEGFR signaling in
promoting angiogenesis [26]. VEGFR-2 inhibitors gveeported in the treatment of breast cancer
but are not sufficient as single therapy [27]. Hoare the combination of Tamoxifen with
Brivanib, a VEGFR-2 inhibitor, was reported notytd maximize therapeutic efficacy but also to
retard SERM resistant tumour growth [28]. The plmosplation of VEGFR-2 will activate the
Raf-1/MAPK/ERK signaling which is very important rfccell proliferation. Moreover, the
Raf-1/MAPK/ERK interplayes with ER in regulatingtegyen-dependent gene expression and is
reported to be involved in the resistance of eridectherapy [29-31]. It is supposed that a
multiple ligand of ER and VEGFR-2 may exhibite ipition on both ER and MAPK pathways,
thus possessing enhanced activity against BC with dlisadvantages.

As our ongoing interest to explore different sclffstructures as multiple ligands of ER and
VEGFR-2, we designed a series of 6-aryl-indenoisamiane derivatives with basic side chain
(Table 1). Herein, the synthesis and biologicall@ation of the designed compounds were
described. They were evaluated for ERnding affinity, cancer cell anti-proliferativectivity,
VEGFR-2 inhibition and anti-angiogenesis activibgsides, a selective compound was further
investigated for its action mechanism and the mdéganodeling was also performed to explore
the potential binding mode.

Table 1. Structures of designed compounds

Compound R R. n Rs
19a OCH; OCH, 2 z{r’v\
19b OCH; OCH, 2 %{N(V
19¢ OCH; OCH, 2 ’(D
19d OCH; OCH, 2 ’{O
19e OCH, OCH, 2 ?{NJ’
19f OCH; OCH; 2 A :
20a OCH; OCH, 3 i{h'l\
20b OCH; OCH, 3 E/N(V



20c OCH; OCH; 3 E/D

20d OCH OCH, 3 7{@
20e OCH; OCH; 3 A
20f OCH, OCH, 3 L{NJ /
21a OH OH 2 A
21b OH OH 2 S
21c OH OH 2 A
21d OH OH 2 %{O
ole OH OH 2 wj
21f OH OoH 2 A :

2. Resultsand discussion
2.1.Chemistry.

The intermediate, 4-methoxyhomophthalic aci@ was prepared from commercially
available 3-methoxybenzoic acid according to li@m procedure in high yields [32]. The
synthesis of indenoisoquinolone is usually achievidttough a key intermediate of
tetrahydroisoquinolone. The cyclodehydrationl@fin toluene and acetic anhydride gah& At
the same time, anisaldehyilé and p-aminophendl5 were condensed in ethanol to afford imine
16. Anhydride 13 and imine 16 were then condensed in acetonitrile catalyzed by
KAI(SOy),- 12H0 to give tetrahydroisoquinoline-4-carboxylic adid using reported conditions
[33]. Compound 18 was then prepared fronl7 by chloridization-dehydrogenation and
intramolecular Friedel-Crafts reactions (Scheme@)mbination of different side chains with
compoundl18 afforded the target compoundSa-f and 20a-f. Compound®1a-f were prepared
from their corresponding 3,9-dimethoxy compoudfa-f by demethylation with BB{Scheme

3).
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Scheme 1. Synthesis of compourt®. Reagents and conditions: (a) Chloral hydratec cbisSOy,
rt, 12h, 83.6 %; (b) Zn, HOAC, rt, 30min; 93.6% @)nc. BSOy, rt, 30min, 90%.



Scheme 2. Synthesis o18. Reagents and conditions: (d) acetic anhydridegtayreflux, 4h,
100%; (e) ethanol, reflux, 10h, 96.9%; (f) KAI(9L12H0, acetonitrile, rt, 8h, 45.9%; (g) 1)
SOCIL, toluene, reflux, 2h; 2) AlG] CHCI,, rt, 10h, 86.7%.

20a-20f
19a, 20a, 21a: R=N(CHj), 19d, 20d, 21d: R=N(CH,)s
19b, 20b, 21b: R=N(CH,CHy),  19€, 20e, 21e: R=N(CH,CHy),0
19¢, 20c, 21c: R=N(CH,), 19f, 20f, 21f; R=N(CH,CH,),NCHj

Scheme 3. Synthesis ofl9a-f, 20a-f and 21a-f. Reagents and conditions: (h) R&HH,CI or
RCH,CH,CH,CI, 20% sodium hydroxide, TBAB, THF, reflux, 4h,-32%; (i) BBr, CH,Cl,, rt,
3h, 49-63%.

2.2.Biological evaluation.

2.2.1. ERo binding affinity assay.

The ERy binding affinities of synthesized compounds werigdlly assessed by following a
fluorescence polarization procedure. Tamoxifen wasd as the positive control. Results are
shown in Table 2. The data can be analyzed in twapgings, compoundEa-f and20a-f, which
bearing two methoxyl group with variations in theske side chain and compourtts-f with two
hydroxyl group. It's obviously to note that compdsi2la-f possess better binding affinity than
the other two series. As is known that the hydrdgeamds formed between the two hydroxyl group
of estradiol and Glu353, Arg394 and His524 conteba lot to keep the conformation stable
when estradiol binds to ER34]. The ability to form hydrogen bonds with thatree key amino
acids is widely accepted to identify ERgands. The dihydroxyl compoun@4&a-f showed about
3 fold greater binding affinity than the correspmgddimethoxyl compound$9a-f. It could be
inferred that compound&la-f containing two hydroxyl groups to mimic estradistre able to
form more hydrogen bonds with ERhan methoxyl substituted compouri®a-f, thus presenting

5



better binding affinities. The length of the baside chain was taken into consideration to explore
the influence on binding affinity. In the antagdnisnding mode, the terminal amino group
pointed toward and formed hydrogen bond with Aspt@bdtabilize the conformation. Compounds
19a-f with two carbon atoms showed slightly better attithan20a-f with three carbon atoms in
the side chain, which was consistent with the okmawn SERMSs. Different amino substituents
were also investigated, among the more potent cangs®la-f, it seemed that the bulkier group
(morpholinyl, N-methyl piperazinyl) were inferiorotthe others. Morpholinyl side chain
containing compoun@le showed the lowest binding affinity of 19u84, it was unexpected that
compoundl9e and20e which possessed two methoxyl group but containphaimyl exerted no
binding activity. Piperidyl, diethylamine and pyidinyl were more preferable in the side chain.
21d with piperidyl as the basic group was the mosepbtompound with an Kgof 3.4uM which

is very close to Tamoxifen (kg=1.0uM).

Table 2 Binding affinity of synthesized compounds ford&R

compound 1Go(1M) compound 1Go(uM)
19a 24.4 20d 38.3
19b 18.7 20e >100
19c 17.7 20f 35.2
19d 24.9 2la 7.6
19e >100 21b 6.7
19f 23.3 21c 7.2
20a 39.4 21d 3.4
20b 39.8 2le 19.8
20c 40.3 21f 10.6

Tamoxifen 1.0

2.2.2. Cancer cells anti-proliferative activity.

To evaluate the anticancer activity, all synthesizempounds were screened against human
breast cancer cell line MCF-7 (ER+), MDA-MB-231 (BRind human endometrial cancer cell
line Ishikawa. It is known that Tamoxifen will stifate endometrial cell growth and induce
endometrial cancer after long term treatment, ibfioncern to evaluate the influence of new
compounds targeting ER on endometrial cells. Result summarized in Table 3. Tamoxifen was
used as the positive control in breast cancer cells

As a global observation, most of the synthesizednpmunds presented significant
antiproliferative activity on these three cancell dmes. Moreover, the active compounds
demonstrated better activity in breast cancer thaendometrial cancer cells, and most of them
were more active than Tamoxifen in the two breaster cells. As for ER+ and ER- breast cancer
cells, the compounds could inhibit their growth thhe same degree which indicated that the
antiproliferative activity wascquired not only through EBRout a multi-target effect. Compounds
with morpholinyl group in the side chain which shemvno binding affinity in ER assay were
also not active in this test because they l@alues of compound9, 20e and 21le were not
determined up to the highest concentrations testdtich indicated an Edr pathway on the
antiproliferative activity. The N-methyl piperazingompound20f with three carbon atoms in the
side chain also showed no activity while compod@fiwhich has two carbon atoms in the side
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chain showed no activity only on MDA-MB-231, altigfucompound.9f and21f showed activity
but yet were less potent in their group. The bullbasic group were still unfavourable in
suppressing cancer cell growth.

The most potent compound against MCF-7 d8d with an 1Gyof 0.3uM, about 18 fold
more potent than Tamoxifen (pg), but only showed moderate activity compared vdther
compounds against MDA-MB-231 and Ishikawa with i@, valued at 2.8M and 9.6M
respectively. It was interesting to find that dihetyl compounds1®a, 19b, 19c, 19d and 19f)
which were less potent in ERbinding assay manifested slightly greater potetian the
corresponding dihydroxyl compound®14, 21b, 21c, 21d and 21f) against MCF-7 which also
confirmed that the obtained antiproliferative aityiwas not only through ER However, this
preference was inversed in Ishikawa cells, thedtibwyl group showed the best activity and the
most active compounglb gave an Ig,of 4.0uM. Similar to Ishikawa, the dihydroxyl group also
present better activity against MDA-MB-231 exc&ph which showed a decrease compared with
19a and 20a. The most potent compound wasc with an 1G, of 0.5uM, exhibiting 27 fold
greater potency than Tamoxifen (1;3\).

Investigation on the length of the side chain ré&agan unfavorite in longer side chain in
MCF-7 and a decrease in activity was obsen@®a s 19a, 20b vs 19b, 20c vs 19c and20d vs
19d). Similar trend was seen in MDA-MB-2320b vs 19b, 20c vs 19c and20d vs 19d) but no
such conclusion can be summarized based on thefstzkawa.

Analysis of the influence of different basic groop antiproliferative activity suggested a
preference for three medium size basic group, diethine, pyrrolidinyl and piperidyl1@b, 19c,
19d, 21b, 21c and 21d). For example19d, the most potent compound against MCF-7, was
piperidyl substituted, an@lc against MDA-MB-231 was pyrrolidinyl substituted ieh 21b
against Ishikawa was diethylamine substituted. @i;ecompounds with shorter side chain and
the above three basic groups displayed the beasitaetgainst all of the three cancer cell lines.

Table 3 Cancer cells antiproliferative activity (46, 1M)

compound MCF-7 MDA-MB-231 Ishikawa

19a 1.1 11 10.6
19b 0.7 1.3 6.7
19c 0.7 0.7 8.7
19d 0.3 2.8 9.6
19e >100 >100 >100
19f 11 >100 10.9
20a 14 0.6 9.6
20b 2.3 15 4.1
20c 3.2 3.0 12.8
20d 7.8 21.7 45
20e >100 >100 >100
20f >100 >100 >100
2la 3.8 3.3 5.1
21b 0.8 1.0 4.0
21c 1.2 0.5 8.2
21d 11 0.8 4.3




2le >100 >100 >100
21f 25 4.1 6.1
Tamoxifen 5.3 13.9 6.0

2.2.3. Antiangiogenic activity evaluation.

This evaluation was carried out by assessing VEGHRRibitory activity and HUVEC
anti-proliferative activity. Results are summarizedrable 4 and Figure 1. As shown in Table 4,
six compounds manifested inhibition on VEGFR-P9g, 19b, 2la, 21b, 21c, 21d). The
dihydroxyl group compounds were also preferable V\@GFR-2 inhibition. The most potent
compound®1b and21c were equipotent to the positive control Sunitifiibe IG, values of21b
and21c were 0.12M and 0.099M respectively while Sunitinib possessed agtff 0.14:M in
our test. These six compounds presented signifaatiproliferative activity against HUVEC as
well. Compound2lc which showed best activity on VEGFR-2 was also ithast potent one
against HUVEC with the 16 0f 0.8.M, same with that of Sunitinib. When the dimethogybup
was changed into dihydroxyl groufoé vs 21a, 19b vs 21b), an increase on VEGFR-2 inhibition
by roughly ten fold was observed. It was found tim&idium size basic groups were superior to
others because when it changed from dimethylanairdiethylamine, the inhibition on VEGFR-2
was increased by about 3 fol#9 vs 19b, 21a vs 21b), this is especially true fa2lc which
showed the greatest potency possesses an five-membepyrrolidinyl. As the direct effect of
VEGFR-2 inhibition, similar changes on activity agda HUVEC proliferation were observed.
However, other five compound$9f, 20a, 20b, 20c, 21f) which were inactive in VEGFR-2 assay
also showed noteworthy inhibition on HUVEC proldéon indicating another mechanism for
their acquired activity.

The inhibitory effect of the most potent compoid on VEGFR-2 was further determined
by assessing the phosphorylation level of VEGFRrHUVEC cells using western blot. As
shown in Figure 321c was able to block the phosphorylation of VEGFRyZidose dependent
manner. Sunitinib was used as the positive cont#lthe concentration of \MM, 21c was
equipotent to Sunitinib and showed no statisticsilfyificant difference (P > 0.05).

Based on the above resulflc showed excellent activities on the both targetd amas
chosen as dual inhibitor candidate for further gtigation.

Table 4 Antiangiogenic activity on VEGFR-2 and HUVEC

compound VEGFR-2 HUVEC

19a 3.9 35.6
19b 1.03 11.4
19c NA >100
19d NA >100
19e NA >100
19f NA 12.0

20a NA 25.0
20b NA 16.0
20c NA 5.1

20d NA >100
20e NA >100
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20f NA >100
21a 0.33 4.6
21b 0.12 1.8
21c 0.099 0.8
21d 0.25 1.3
2le NA >100
21f NA 11
Sunitinib 0.14 0.8
NA = not active.
A B HUVEC
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Figure 3. 21c inhibits the phosphorylation of VEGFR-2 in HUVE@Ils. Expression of
p-VEGFR-2 and VEGFR-2 in HUVEC cells were examingd western blots. Densitometric
analysis was performed to determine the phosphawglaate of VEGFR-2. Values are mean +SD
(n=3). *P < 0.05, *P < 0.01, *** P < 0.001 vs. Control group.
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2.2.4. Effect of 21c on the expression of progestroneptremicroRNA in MCF-7 cells.

To assess the pharmacological properties of thed@spound on estrogen responsive genes,
we used real-time polymerase chain reaction (RT)HERe ER positive MCF-7 cells to evaluate
the modulation of progesterone receptor (PgR). Tinegesterone receptor expression is
commonly used to assess estrogenic or antiestiogetivity. As shown in Figure 4, presence of
10 nM estradiol (E2) was able to remarkably eletadgemRNA expression of PgR gene compared
to the vehicle control. The mMRNA expression leviePgR with 10nM E2 was regard as 100%.
Tamoxifen was used as the positive control at threcentration of @M in combination with
10nM E2 and could reduce the expression of PgR mRNAbout seventy percent. Compound
21c exhibited stronger antagonism against the expressi PR mRNA than Tamoxifen at the
concentration of AM in the presence of 10nM E2 and showed stati$ficadnificant difference
compared to Tamoxifen, indicating ti2dic presented significantly antiestrogenic property.
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Figure 4. The increased mRNA expression of PgR induced bywBR reversed bglc in
MCF-7 cells. The mRNA expression of PgR was exathiog Real-time PCR. Values are mean
+SD (n=5). *P < 0.05, ** P < 0.01, *** P < 0.001 vs. E2 groupP < 0.05," P < 0.01" P <
0.001.

2.2.5. 21c inhibits the MAPK signaling cascade as the ltesu VEGFR-2 phosphorylation
blockade in MCF-7 cells.

The Raf-1/MAPK/ERK pathway is an important cell redjng pathways and controls
multiple cellular processes, such as cell proliferaand differentiation [35]. Increased activitfy o
the Ras/Raf-1/MAPK pathway plays an important inl¢he development and progression and is
one of the hallmarks of more aggressive cancersr @stivation of Raf-1/MAPK pathway is also
involved in the endocrine resistance [31]. The hitlin of Raf-1/MAPK/ERK pathway is
supposed to enhance the effect of anti-hormonatafiye and retard endocrine resistance.
Compound?1c has shown its inhibition on VEGFR-2 in the antiaginesis evaluation, we made
further investigation of21c on inhibiting VEGFR-2 activation and the Raf-1/MK/ERK
pathway transduction in MCF-7 cells to exploredtsl-target effect. As shown in Figure 5 and
Figure 6,21c was able to inhibit the activation of VEGFR-2 inCH-7 cells as like in HUVEC.
We then investigated ho@ic affected the Raf-1/MAPK/ERK pathway, two effectoRaf-1 and
ERK were examined. As expected, result showed laibition on this pathway as their activation
was suppressed in the presence2bd or Sunitinib. And there is no statistically sigo#nt
difference betweer2lc and Sunitinib at the concentration giM (P > 0.05). This synergetic
inhibitory effect of21c on ERy and VEGFR-2 suggested it as an promising duaétaagent
against breast cancer.
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Figure 5. 21c inhibits the phosphorylation of VEGFR-2 in MCF-&lls. (A) Expression of
p-VEGFR-2 and VEGFR-2 in MCF-7 cells were examitgdwestern blots. (B) Densitometric
analysis was performed to determine the phosph@wglaate of VEGFR-2. Values are mean +SD
(n=3). *P < 0.05, *P < 0.01, *** P < 0.001 vs. Control group.
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Figure 6. 21c inhibits the activity of the Raf-1/ERK pathwayMiCF-7 cells. (A) Expression
of p-Raf-1, Raf-1, p-ERK1/2, and ERK1/2 were exalitby western blots in MCF-7 cells. (B)
Densitometric analysis was performed to determine phosphorylation rate of Raf-1 and
ERK1/2 . Values are mean +SD (n=3P% 0.05, **P < 0.01, *** P < 0.001 vs. Control group;
P < 0.05,P < 0.01"*P < 0.001 vs. Control group.

2.3.Molecular modeling.

We performed docking studies to explore the paakritinding mode of the dual targeting
compound?1c in ERo and VEGFR-2. Results are shown in Figur@It was favorably docked
into the binding site of E®R The 9-OH of21c interacted with Glu353 and Arg394 which mimic
the A-ring phenol of estradiol while the 3-OH irgeted with His524 which mimic the 17-OH of
estradiol. The basic side chain 8ic pointed toward Asp351 to generate an antagonistic
conformation as that of 4-OHT. The binding orieiotatof 21c within the ligand binding domain
of VEGFR-2 showed a binding mode which was difféneith Sunitinib but similar to that of
diaryl urea VEGFR-2 inhibitors. The skeleton oceubithe ATP region while 9-OH formed
hydrogen bonds with two amino acid residues inHhhge region, Glu915 and Cys917 which
played important roles in the interaction of VEGERand its ligands. The side chain 2ifc

pointed toward a hydrophobic region which was comimoccupied by the diaryl urea fragment.
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Figure 7. (A) Predicted binding mode ¢flc within the LBD of ERy (PDB ID: 3ERT). (B)
Binding mode of 4-OH-Tamoxifen within the LBD of BRPDB ID: 3ERT). (C) Predicted
binding mode oR1c within the LBD of VEGFR-2 (PDB ID: 1YWN).

3. Conclusion

To explore different scaffold structures as dughtids of ER and VEGFR-2, we have
designed and synthesized a series of 6-aryl-indeqainolone derivatives with basic side chain.
Most of them presented good inhibitory activitiesvard ERy with excellent anti-proliferative
activities against three cancer cell lines, somineifn showed potent VEGFR-2 inhibitory activity.
Compound?1c was found to be the most potential inhibitor oa ioth targets, further evaluation
revealed thaPlc was able to inhibit the activation of VEGFR-2 ahd signaling transduction of
Raf-1/MAPK/ERK pathway in MCF-7 cells2lc was therefore a promising dual targeting
candidate for the development of anti-breast caagents. These results also suggested a new and
potential route in the discovery of drugs agaimsabt cancer.

4. Experimental section
4.1.Chemistry
4.1.1. General.

Most chemicals and solvents were of analytical gracd, when necessary, were purified and
dried by standard methods. Reactions were monitoyettiin-layer chromatography (TLC) using
precoated silica gel plates (silica gel GF/UV 25#)d spots were visualized under UV light (254
nm). Melting points (uncorrected) were determinedaoMel-TEMP Il melting point apparatus
and are uncorrected. Infrared (IR) spectra (KBr)reveecorded on a Nicolet Impact 410
instrument (KBr pellet)*H NMR and**C NMR spectra were recorded with a Bruker Avand@ 30
MHz spectrometer at 300 K, using TMS as an intesteahdard. MS spectra were recorded on a
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Shimadzu GC-MS 2050 (ESI) or an Agilent 1946A-M3ESl) Mass Spectrum, or a LC/MSD
TOF HR-MS Spectrum. Column chromatography was pewéd with silica gel (100-200 mesh).
Chemical shifts (d) are expressed in parts peranilielative to tetramethylsilane, which was used
as an internal standard, coupling constants (Jinahnertz (Hz), and the signals are designated as
follows: s, singlet; d, doublet; t, triplet; m, ntiplet; brs, broad singlet.

4.1.2. General method |: S\2 reaction.

A suspension of compound 18 (0.4g, 1mmol), alkybities (2.5mmol), TBAB (0.1mmol)
in THF (5mL) was stirred at room temperature. Auioh of NaOH (0.2g, 5mmol) in water (1mL)
was added. The mixture was heated to reflux foudder nitrogen. The reaction mixture was
poured into ice water (25mL). The precipitated picidwas collected by filtration, and further
purified by silica gel column chromatography tooadf the final product.

4.1.3. General method I1: demethylation of 6-arylindenoisoquinolone derivatives.

A solution of 6-arylindenoisoquinolone derivativés4mmol) in dry CHCI, (10mL) was
cooled to -36C by cryotrap. A solution of BBr(2.4mmol) in dry CHCl, (2.4mL) was added
dropwise under nitrogen. The mixture was gentlynaed to room temperature and stirred for 3h.
The reaction mixture was quenched witfOH50mL), then saturated sodium bicarbonate saiutio
was added to pH=8. The precipitate was collectefiltogition, and further purified by silica gel
column chromatography to afford the demethylatiosdpct.

4.1.4. 3-Trichloromethyl-6-methoxy-1(3H)-isobenzofuranone (10). 3-Methoxylbenzonic acid (5g,
32.9mmol) was dissolved in concentrated sulfuriedd a@0mL) and chloral hydrate (6.5g,
39.5mmol) was added. After reacting for 12h at rdemperature, the mixture was poured onto
ice (100g), and the precipitated product was ctdtky filtration, washed with saturated sodium
bicarbonate solution and water to pH=7, air-driedjive crude product (9.1g) which was stirred
in ethanol (36.4ml) for 4 h, filtrated and air-dfiéo give pure compountd (7.7g, 83.6%); mp
128-130C (ref: 132-134C); MS (ESI, m/z): 282 [M+H]

4.1.5. 2-(B, p-Dichloroethenyl)-5-methoxybenzoic acid (11). Compound10 (1g, 3.55mmol) was
firstly added in glacial acetic acid (5mL) and zidast (0.46g, 7.1mmol) was added in small
portions. The reaction mixture was stirred for 3@utes at room temperature, and then heated to
reflux for 5minutes. The hot solution was immediafdtered and cooled to room temperature to
give white needle-shaped crystals. The crystalewetlected by filtration and the filtrate was
poured into ice water (25mL). The precipitate wa#lected, air-dried and recrystallized with
acetic acid. Two parts of crystals were combinedyitee compoundll (0.82g, 93.6%); mp
163-165C (ref: 166-168C); MS (ESI, m/z): 246 [M-H]

4.1.6. (2-Carboxy-4-methoxy)-phenyl acetic acid (12). Compound 11l (0.6g, 2.3mmol) was
dissolved in concentrated sulfuric acid (1.8mL)eThixture was stirred for 30 minutes at room
temperature and poured onto ice (5g). The pretimit@roduct was filtered, washed with cold
water and purified by recrystallization from a mixacetone/bD solution ( acetone#®; 3:1) to
yield compound.2 as white solid (0.4g, 90%); mp 187-£89 MS (ESI, m/z): 209 [M-H]

4.1.7. 7-Methoxyisochroman-1,3-dione (13). An mixture of compound2 (2.0g, 11.1mmol), acetic
anhydride (2.1mL, 22.2mmol) and toluene (20mL) weftuxed at 120C for 4 h. The solvent
was reduced in vacuo to give compouddas light yellow solid (1.82g, 100.0%); mp 136-88
MS (ESI, m/z): 193 [M+H].

4.1.8. 4-((4-Methoxybenzylidene)-amino)-phenol (16). A mixture of 4-aminophenol (5g,
45.4mmol), 4-methoxybenzaldehyde (5.6ml, 45.4mriokthanol (50ml) was refluxed at 8G
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for 2 h under an inert atmosphere. The reactiorturéxwas cooled to room temperature, and
precipitated product was collected by filtrationyield compoundL6 as light yellow solid (10g,
96.9%); mp 182-184C; MS (ESI, m/z): 228 [M+H]

4.1.9.

(3S4R)-2-(4-Hydr oxyphenyl)-7-methoxy-3-(4-methoxyphenyl)- 1-oxo- 1,2,3,4-tetrahydr oi soquinoli
ne-4-carboxylic acid (17). Compoundl3 (4.5g, 23.4mmol) was dissolved in acetonitrileQihl),
then compound6 (5.3g, 23.4mmol) and KAI(S,- 12H0 (5.54g, 11.7mmol) were added to the
solution. The mixture was stirred at room tempeatior 8 h. Half of the acetonitrile was
evaporated in vacuo. The crude product was colebie filtration, washed successively with
acetonitrile and chloroform. The yellow product wasred in water until it became a uniform
suspension, filtrated to afford light yellow solithe pure compounti7 was prepared by stirring
in methanol to give a white solid (4.5g, 45.9%); b8-160°C; '"H NMR (300MHz, DMSO#g) 5
9.47 (s, 1H), 6.65-7.56 (m, 11H, Ar-H), 5.25 Jd5.7Hz, 1H), 4.83 (dJ=5.4Hz, 1H), 3.83 (s, 3H),
3.65 (s, 3H); MS (ESI, m/z): 418 [M-H]

4.1.10. 3,9-Dimethoxy-6-(4-hydroxyphenyl)-5H-indeno[ 1,2-c] isoquinoline-5,11(6H)-dione (18).
Compoundl? (4.5g, 10.7mmol) was suspended in toluene (45 and, thionyl chloride (15.6ml,
214mmol) was added dropwise. Then the mixture vessdd to reflux for 2h. The solvent was
removed in vacuo and the remaining was dissolvedryndichloromethane (45ml). Aluminum
chloride (2.87g, 21.4mmol) was added into the smiuafter cooled to 8C by an external ice bath.
After reacting for 10 h at room temperature, thection mixture was poured into a solution of ice
water (200mL) and concentrated hydrochloric acidl(® The oil layer was separated and stirred
with ethanol (100mL). CompouriB was given by filtration as red solid (3.7g, 86.7%)p >300
°C; '"H NMR (300MHz, DMSO#€) 5 5.40-8.45 (m, 10H, Ar-H), 3.86 (s, 3H), 3.74 (8{)3MS
(ESI, m/z): 400 [M+H].

4.1.11.

3,9-Dimethoxy-6-(4-(2-(dimethylamino)ethoxy) phenyl)-5H-indeno[ 1,2-c] isoquinoline-5,11(6H)-di

one (19a). Compound 19a was prepared froml8 and 2-chloro-N,N-dimethylethanamine
hydrochloride as red solid according to generahoet (0.32g, 68.6%); mp 190-19B; IR (KBr)
3069, 2951, 2755, 1668, 1510, 1255, 1059, 788, &@6 'H NMR (300MHz, DMSOds) &
5.32-8.40 (m, 10H, Ar-H), 4.19 @=5.5 Hz, 2H), 3.83 (s, 3H), 3.71 (s, 3H), 2.7&H), 2.32 (s,
6H). °C NMR (75MHz, DMSOdg) & 189.17, 162.43, 161.52, 159.12, 154.02, 136.88,083
129.77, 128.28, 126.37, 124.22, 124.10, 123.69,182315.35, 115.12, 110.40, 108.81, 106.29,
65.78, 57.38, 55.75, 55.38, 45.26; MS (ESI, m/Z}t f;M+H]"; Anal. Calcd for GgH26N20s: C,
71.47; H, 5.57; N, 5.95. Found: C, 71.09; H, 5N45.64.

4.1.12.

3,9-Dimethoxy-6-(4-(2-(diethylamino)ethoxy) phenyl)-5H-indenol 1,2-c] isoquinoline-5,11(6H)-dio

ne (19b). Compound 190 was prepared froml8 and 2-chloro-N,N-diethylethanamine
hydrochloride as red solid according to generahmgt (0.34g, 68.3%); mp 169-172; IR (KBr)
3445, 2929, 1666, 1508, 1248, 1058, 1026,790; ¢kt NMR (300MHz, CDCY) § 5.44-8.51 (m,
10H, Ar-H), 4.17 (t,J=6.0 Hz, 2H), 3.88 (s, 3H), 3.76 (s, 3H), 2.96J&6.0 Hz, 2H), 2.71 (q,
J=7.1 Hz, 4H), 1.13 (t)=7.1 Hz, 6H)."*C NMR (75MHz, CDC}) & 189.52, 163.09, 161.26,
159.26, 157.93, 154.23, 136.84, 129.61, 128.98,362826.51, 124.37, 124.10, 123.71, 122.86,
115.19, 114.62, 109.93, 108.23, 107.23, 66.67,%%53.00, 51.20, 47.52, 11.35; MS (ESI, m/z):
499 [M+H]"; Anal. Calcd for GgH3oN-Os-0.5H0: C, 70.98; H, 6.16; N, 5.52. Found: C, 70.53; H,
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6.14; N, 5.36.

4.1.13.

3,9-Dimethoxy-6-(4-(2-(pyrrolidin-1-yl)ethoxy) phenyl)-5H-indeno[ 1,2-c] isoquinoline-5,11(6H)-di

one (19c). Compoundl19c was prepared frori8 and 1-(2-chloroethyl)pyrrolidine hydrochloride
as red solid according to general method | (0.3@96%); mp 171-174C; IR (KBr) 3432, 2926,
1663, 1509, 1246, 1057, 790, 600¢rtH NMR (300MHz, CDC})) § 5.42-8.50 (m, 10H, Ar-H),
4.24 (t,J=5.6 Hz, 2H), 3.87 (s, 3H), 3.75 (s, 3H), 3.00J¢5.6 Hz, 2H), 2.70 (t, 4H), 1.86 (m,
4H).*C NMR (75MHz, CDC}) 5 189.53, 163.08 161.25, 159.22, 157.90, 154.20,8136.29.68,
129.00, 128.37, 126.48, 124.35, 124.07, 123.69,882215.24, 114.56, 109.96, 108.20, 107.21,
67.04, 55.15, 54.99, 54.59, 54.40, 23.02; MS (ES8lz): 497 [M+H]; Anal. Calcd for
CsoH2gN20s- 0.4H,0: C, 71.53; H, 5.76; N, 5.56. Found: C, 71.365t,7; N, 5.53.

4.1.14.

3,9-Dimethoxy-6-(4-(2-(piperidin-1-yl)ethoxy) phenyl)-5H-indeno[ 1,2-c] isoquinoline-5,11(6H)-dio

ne (19d). Compoundl9d was prepared frorh8 and 1-(2-chloroethyl)piperidine hydrochloride as
red solid according to general method | (0.33g7%9); mp 98-100C; IR (KBr) 3437, 2943, 1663,
1509, 1246, 1057, 790, 600 ¢ntH NMR (300MHz,CDC}) § 5.43-8.49 (m, 10H, Ar-H), 4.23 (t,
J=5.9 Hz, 2H), 3.87 (s, 3H), 3.75 (s, 3H), 2.86J45.9 Hz, 2H), 2.57 (brs, 4H), 1.65 (m, 4H),
1.49 (m, 2H).”*C NMR (75MHz, CDC}) & 189.50, 163.07 161.25, 159.21, 157.91, 154.19,
136.82, 129.67, 129.01, 128.34, 126.48, 124.35,0824.23.67, 122.81, 115.25, 114.56, 109.93,
108.23, 107.29, 65.98, 57.43, 55.13, 54.98, 5426142, 23.66; MS (ESI, m/z): 511 [M+H]
Anal. Calcd for G;H3gN,Os-0.8H0: C, 70.92; H, 6.07; N, 5.34. Found: C, 70.47;6:05; N,
5.34.

4.1.15.

3,9-Dimethoxy-6-(4-(2-mor pholinoethoxy) phenyl)-5H-indeno[ 1,2-c] isoquinoline-5,11(6H)-dione
(19¢). Compound19e was prepared from8 and 4-(2-chloroethyl)morpholine hydrochloride as
red solid according to general method | (0.28g7%); mp 97-100C; IR (KBr) 3457, 2959, 1666,
1510, 1248, 1116, 1025, 572 ¢nH NMR (300MHz,CDCY) § 5.46-8.57 (m, 10H, Ar-H), 4.25 (t,
J=5.6Hz, 2H), 3.90 (s, 3H), 3.78-3.81 (m, 7H), 2(8W=5.6Hz, 2H), 2.66 (t}=4.3Hz, 4H).°C
NMR (75MHz, CDC}) § 189.59, 163.13 161.33, 159.09, 158.01, 154.17.9036.29.82, 129.05,
128.35, 126.54, 124.44, 124.14, 123.81, 122.78,2519.14.65, 110.04, 108.27, 107.55, 66.43,
65.77, 57.14, 55.20, 55.05, 53.71; MS (ESI, m/48 M+H]"; HRMS (ESI) for GoH,gN,Og+H
calcd 513.2020, found 513.2015.

4.1.16.

3,9-Dimethoxy-6-(4-(2-(4-methyl pi perazin-1-yl)ethoxy) phenyl )-5H-indeno[ 1,2-c] isoquinoline-5,1
1(6H)-dione (29f). Compound  19f was prepared from 18 and
1-(2-chloroethyl)-4-methylpiperazine hydrochlorids red solid according to general method |
(0.31g, 59.0%); mp 204-20€; IR (KBr) 3477, 2934, 2791, 1664, 1509, 1305,5,24058, 789,
606 cm'; '"H NMR (300MHz,CDC}) & 5.41-8.46 (m, 10H, Ar-H), 4.23 (#=5.6Hz, 2H), 3.86 (s,
3H), 3.73 (s, 3H), 2.91 (tI=5.6Hz, 2H), 2.69 (brs, 4H), 2.53 (brs, 4H), 2.323H).°C NMR
(75MHz, CDC}) & 189.48, 163.06 161.23, 159.11, 157.88, 154.14,7836129.75, 129.04,
128.30, 126.45, 124.32, 124.04, 123.67, 122.78,21158.14.52, 109.93, 108.18, 107.28, 65.85,
56.62, 55.13, 54.97, 54.51, 53.15, 45.54; MS (ER);n626 [M+H]’; Anal. Calcd for G;H3;N30s:

C, 70.84; H, 5.94; N, 7.99. Found: C, 70.40; H95M, 7.70.

4.1.17. 39 Dimethoxy
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-6-(4-(3-(dimethylamino)propoxy) phenyl)-5H-indeno[ 1,2-c] isoquinoline-5,11(6H)-dione  (20a).
Compound20a was prepared from8 and 3-chloro-N,N-dimethylpropan-1-amine hydrocider
as red solid according to general method | (0.2834%); mp 178-186C; IR (KBr) 3415, 2934,
1665, 1407, 1247, 1057, 790, 605 ¢mH NMR (300MHz, DMSO€g) & 5.34-8.42 (m, 10H,
Ar-H), 4.12 (t,J=6.3Hz, 2H), 3.84 (s, 3H), 3.72 (s, 3H), 2.463&6.3Hz, 2H), 2.19 (s, 6H), 1.92
(m, 2H).**C NMR (75MHz, DMSO#d) & 189.62, 162.43 161.54, 159.37, 157.90, 155.04,8436
129.87, 129.75, 128.30, 126.39, 124.53, 124.12,692323.195, 115.29, 115.11, 110.44, 108.84,
106.04, 66.21, 55.76, 55.57, 55.40, 45.08, 26.73; (@S|, m/z): 485 [M+H], Anal. Calcd for
CogH2eN20s: C, 71.88; H, 5.82; N, 5.78. Found: C, 71.57; 36N, 5.54.

4.1.18. 3,9- Dimethoxy
-6-(4-(3-(diethylamino)propoxy) phenyl)-5H-indenq[ 1,2-c] isoquinoline-5,11(6H)-dione (20b).
Compound?20b was prepared frori8 and 3-chloro-N,N-diethylpropan-1-amine hydroctderias
red solid according to general method | (0.19g1%#; mp 144-146C; IR (KBr) 3412, 2934,
1667, 1510, 1249, 1058, 790, 604 ¢rtH NMR (300MHz,CDC}) § 5.42-8.51 (m, 10H, Ar-H),
4.17 (t, 2H), 3.87 (s, 3H), 3.74 (s, 3H), 2.89-2(89 6H), 2.19 (m, 2H), 1.26 @=6.5Hz, 6H)°C
NMR (75MHz, CDC}) 6 189.56, 163.11, 161.28, 159.12, 157.93, 154.28,783 129.82, 129.10,
128.27, 126.50, 124.38, 124.06, 123.74, 122.79,1115814.48, 110.13, 108.20, 107.21, 65.54,
55.19, 55.01, 48.57, 46.14, 24.77, 9.65; MS (ESt)n513 [M+H]; HRMS for GH3,N,Os+H
calcd 513.2384, found 513.2380.

4.1.19. 3,9- Dimethoxy
-6-(4-(3-(pyrrolidin-1-yl) propoxy) phenyl)-5H-indenq[ 1,2-c] isoquinoline-5,11(6H)-dione  (20c).
Compound20c was prepared froni8 and 1-(3-chloropropyl)pyrrolidine hydrochloride eexd
solid according to general method | (0.21g, 41.2%);200-204C; IR (KBr) 3428, 2925, 1663,
1509, 1247, 1057, 790, 604 ¢mH NMR (300MHz,CDC}) § 5.43-8.47 (m, 10H, Ar-H), 4.15 (t,
J=6.2Hz, 2H), 3.86 (s, 3H), 3.73 (s, 3H), 2.60-2( 6H), 2.11 (m, 2H), 1.84 (m, 4HYC NMR
(75MHz, CDC}) & 189.51, 163.08, 161.21, 159.37, 157.86, 154.28,783 129.50, 129.10,
128.32, 126.46, 124.32, 124.04, 123.67, 122.89,1515814.49, 109.93, 108.15, 107.25, 66.26,
55.13, 54.98, 53.81, 52.63, 28.24, 22.96; MS (E8)m511[M+H]; Anal. Calcd for
Caz1H3oN20s-0.4H0: C, 71.91; H, 5.99; N, 5.41. Found: C, 71.455H1; N, 5.35.

4.1.20. 3,9- Dimethoxy
-6-(4-(3-(piperidin-1-yl)propoxy)phenyl)-5H-indeno[ 1,2-c] isoquinoline-5,11(6H)-dione (20d).
Compound?20d was prepared frorbi8 and 1-(3-chloropropyl)piperidine hydrochloriderad solid
according to general method | (0.21g, 40%); mp 208°C; IR (KBr) 3415, 2938, 1163, 15009,
1246, 1058, 790, 604 ¢m'H NMR (300MHz,CDC}) & 5.45-8.51 (m, 10H, Ar-H), 4.14 (t,
J=6.2Hz, 2H), 3.88 (s, 3H), 3.75 (s, 3H), 2.47-2(89 6H), 2.09 (m, 2H), 1.64 (m, 4H), 1.45 (m,
2H).**C NMR (75MHz, CDC})) § 189.55, 163.11, 161.26, 159.41, 157.92, 154.2@,843 129.50,
129.09, 128.98, 126.50, 124.37, 124.10, 123.71,88215.11, 114.54, 110.00, 108.22, 107.21,
66.43, 55.43, 55.16, 55.01, 54.18, 26.23, 25.4B7R23MS (ESI, m/z): 525 [M+H] HRMS for
C3oH3.N,05+H caled 525.2384, found 525.2381.

4.1.21. 3,9- Dimethoxy
-6-(4-(3-morpholinopropoxy) phenyl)-5H-indeno[ 1,2-c] isoquinoline-5,11(6H)-dione  (20€)
Compound20e was prepared from8 and 4-(3-chloropropyl)morpholine hydrochloride rasl
solid according to general method | (0.2g, 38.084); 224-226°C; IR (KBr) 3049, 2943, 1662,
1508, 1246, 1056, 790, 603 ¢ntH NMR (300MHz,CDC}) § 5.45-8.50 (m, 10H, Ar-H) , 4.16 (t,
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J=6.2Hz, 2H), 3.88 (s, 3H), 3.75-3.78 (m, 7H,), 2583 (m, 6H), 2.07 (m, 2H)*C NMR
(75MHz, CDC}) & 189.52, 163.10, 161.26, 159.35, 157.93, 154.18,813 129.58, 129.02,
128.37, 126.49, 124.37, 124.09, 123.71, 122.79,17158.14.57, 109.94, 108.22, 107.22, 66.49,
66.05, 55.15, 55.00, 54.91, 53.28, 25.90; MS (E8Iz): 527 [M+H[; Anal. Calcd for
Cs1H30N206- 1.2H0: C, 67.92; H, 5.95; N, 5.11. Found: C, 67.4652; N, 4.80.

4.1.22. 3,9- Dimethoxy
-6-(4-(3-(4-methyl pi per azin-1-yl ) propoxy) phenyl)-5H-indeno[ 1,2-c] isoquinoline-5,11(6H)-dione

(20f). Compound 20f was prepared froml8 and 1-(3-chloropropyl)-4-methylpiperazine
hydrochloride as red solid according to generahmgt (0.21g, 39.0%); mp 179-182; IR (KBr)
2959, 2800, 1666, 1510, 1252, 1056, 791, 605;cik NMR (300MHz,CDC}) § 5.41-8.44 (m,
10H, Ar-H) , 4.13 (tJ=6.2Hz, 2H), 3.86 (s, 3H), 3.71 (s, 3H), 2.56-2(68 10H), 2.32 (s, 3H),
2.06 (m, 2H)."*C NMR (75MHz, CDC}) & 189.42, 163.03, 161.19, 159.34, 157.83, 154.14,
136.77, 129.54, 129.01, 128.30, 126.42, 124.28,002423.60, 122.77, 115.14, 114.46, 109.86,
108.15, 107.21, 66.15, 55.10, 54.95, 54.54, 5245346, 26.20; MS (ESI, m/z): 540 [M+H]
HRMS for G,H33N:0s5+H calcd 540.2493 , found 540.2505.

4.1.23.

3,9-Dihydroxy-6-(4-(2-(dimethylamino)ethoxy) phenyl)-5H-indeno[ 1,2-c] isoquinoline-5,11(6H)-di

one (21a). Compound2la was prepared frori9a as red solid according to general method Il
(0.1g, 56.4%); mp 186-19C; IR (KBr) 3073, 2922, 1650, 1509, 1246, 1056, 860; 'H NMR
(300MHz, DMSOdg) 6 10.25 (brs, 1H), 10.05 (s, 1H), 5.23-8.35 (m, 18HH), 4.15 (t,J=5.3Hz,
2H), 2.67 (tJ=5.3Hz, 2H), 2.24 (s, 6H}’C NMR (75MHz, DMSO#d,) 5 189.66, 162.47, 160.00,
159.10, 156.14, 155.03, 137.04, 130.01, 129.76,8R26.25.12, 124.27, 124.09, 123.77, 123.26,
116.64, 115.27, 111.71, 111.15, 106.04, 66.11,%725.55; MS (ESI, m/z): 443[M+F]HRMS

for CyeH2oN-Os+H caled 443.1601, found 443.1597.

4.1.24.

3,9-Dihydroxy-6-(4-(2-(diethylamino)ethoxy) phenyl )-5H-indenq[ 1,2-c] isoquinoline-5,11(6H)-dio

ne (21b). Compound21b was prepared from9b as red solid according to general method Il
(0.12g, 63.7%); mp 186-19%C; IR (KBr) 3070, 2918, 1650, 1507, 1241, 1050, 793" ‘H
NMR (300MHz, DMSOeg) & 10.09 (s, 1H), 5.24-8.36 (m, 10H, Ar-H), 4.262), 3.11 (t, 2H),
2.83 (q,J=7.1Hz, 4H), 1.1 (tJ=7.1Hz, 6H)."*C NMR (75MHz, DMSOds) & 189.65, 162.46,
160.00, 158.77, 156.15, 154.95, 137.02, 130.26,8P29.26.80, 125.10, 124.25, 124.11, 123.76,
123.21, 116.58, 115.36, 111.69, 111.17, 106.0426%0.75, 47.07, 10.64; MS (ESI, m/z): 471
[M+H]"; HRMS for GgH»6N,Os+H calcd 471.1914 , found 471.1917.

4.1.25.

3,9-Dihydroxy-6-(4-(2-(pyrrolidin-1-yl)ethoxy) phenyl)-5H-indeno[ 1,2-c] isoquinoline-5,11(6H)-di

one (21c). Compound2lc was prepared from9c as red solid according to general method |l
(0.13g, 64.0%); mp 186-19%C; IR (KBr) 3070, 2920, 1645, 1502, 1241, 1051, 798" ‘H
NMR (300MHz, DMSOdg) & 10.23 (brs, 2H), 5.25-8.37 (m, 10H, Ar-H), 4.19J45.4Hz, 2H),
2.86 (t,J=5.4Hz, 2H), 2.57 (brs, 4H), 1.71 (brs, 4HC NMR (75MHz, DMSOd,) 5 189.69,
162.47, 160.15, 159.08, 156.19, 155.02, 137.04,013029.76, 126.82, 125.10, 124.25, 124.07,
123.77, 123.25, 116.64, 115.24, 111.70, 111.19,990%7.04, 54.21, 54.02, 23.11; MS (ESI,
m/z): 469 [M+H]; HRMS for GgH»eN,Os+H calcd 469.2122, found 469.2117.

4.1.26.

3,9-Dihydroxy-6-(4-(2-(piperidin-1-yl) ethoxy) phenyl)-5H-indeno[ 1,2-c] isoquinoline-5,11(6H)-dio
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ne (21d). Compound21d was prepared from9d as red solid according to general method I
(95mg, 49.2%); mp 186-19%C; IR (KBr) 3075, 2925, 1650, 1507, 1248, 1053, 801’ *H
NMR (300MHz, DMSO#€) 8 10.09 (brs, 1H), 5.26-8.36 (m, 10H, Ar-H), 4.20J&5.4Hz, 2H),
2.74 (t,J=5.4Hz, 2H), 1.35-1.53 (m, 6H)’C NMR (75MHz, DMSOds) § 189.63, 162.46, 160.00,
159.09, 156.14, 154.94, 137.02, 130.03, 129.75,8026.25.12, 124.24, 124.08, 123.72, 123.22,
116.60, 115.31, 111.70, 111.14, 106.05, 65.84,06/52.36, 25.43, 23.79; MS (ESI, m/z): 483
[M+H]"; HRMS for GgH,»6N,Os+H calcd 483.1914 , found 483.1917.

4.1.27.

3,9-Dihydroxy-6-(4-(2-mor pholinoethoxy) phenyl)-5H-indenol 1,2-c] isoquinoline-5,11(6H)-dione

(21e). Compound2le was prepared frori9e as red solid according to general method Il (0,11g
58.1%); mp 186-196C; '"H NMR (300MHz, DMSOsdg) 5 10.29 (s, 1H), 10.06 (s, 1H), 5.26-8.37
(m, 10H, Ar-H), 4.22 (tJ=5.7Hz, 2H), 3.61 (tJ=4.5Hz, 2H), 2.76 (tJ=5.7Hz, 2H), 2.53 (brs,
4H).*C NMR (75MHz, DMSO#ds) & 189.65, 162.47, 159.98, 159.07, 156.14, 154.98,083
130.05, 129.76, 126.82, 125.12, 124.26, 124.09,742323.24, 116.62, 115.31, 111.70, 111.15,
106.03, 66.14, 65.66, 56.94, 53.63; MS (ESI, m#8p [M+H]"; HRMS for GgH»/N3Os+H calcd
485.1912, found 485.1916.

4.1.28.

3,9-Dihydroxy-6-(4-(2-(4-methyl pi per azin- 1-yl )ethoxy) phenyl)-5H-indeno[ 1,2-c] isoquinoline-5,11
(6H)-dione (21f). Compound21f was prepared frorh9f as red solid according to general method
Il (0.12g, 60.2%); mp 186-19%C; '"H NMR (300MHz, DMSO€) 5 5.24-8.36 (m, 10H, Ar-H),
4.19 (t,J=5.4Hz, 2H), 2.74 (t}=5.4Hz, 2H), 2.39-2.50 (brs, 8H), 2.19 (s, 38¢ NMR (75MHz,
DMSO-ds) & 189.66, 162.47, 160.02, 159.07, 156.14, 154.98,008 130.03, 129.75, 126.80,
125.11, 124.24, 124.09, 123.75, 123.24, 116.63,3015111.68, 111.16, 106.02, 65.85, 56.45,
54.52, 52.82, 45.50; MS (ESI, m/z): 498 [MF¥HHRMS for GgH,7N;Os+H calcd 498.2023,
found 498.2034.

4.2. Biological evaluation.

4.2.1. ER Binding Affinity Assay.

The recombinant ER (New Durg Screening Center, China Pharmaceuticaiveysity,
Nanjing, China) and the fluorescent estrogen ligafseélf-made) were removed from the °80
freezer and thawed on ice for 1h prior to use. flil@rescent estrogen ligand was added to the
ERa and screening buffer (ES2 Screening Buffer, logén, USA) was added to make the final
concentration 9nM for fluorescent estrogen and 3@oMERw. Test compounds were accurately
weighed and dissolved in DMSO, screening buffer added to dilute to required concentration.
Test compound (i) was added to 48 screening buffer in each well (384-well micropglat
Corning, USA). To this 5L of the fluorescent estrogen/ER complex was addeahake up a
final volume of 10QL. A positive control contained pQ estradiol buffer (1nM) and 5Q
fluorescent estrogen/ER complex. A negative cortaoitained 50L screening buffer and piQ
fluorescent estrogen/ER complex. The negative obmtas used to determine the polarization
value when no competitor was present (theoretiaimum polarization). The microplate was
incubated in the dark at room temperature for 2dh shaken on a plate shaker. The polarization
values were read on a Safire microplate readeuaead to calculate the dgvalues.

4.2.2. MTT Assay for Anti-proliferative Activities.

Cells were cultured in RPMI1640 medium (containi@bo (v/v) FBS, 100U/mL Penicillin

and 10Qg/mL Streptomycin) in a 5% C&humidified atmosphere at 8C. Cells were trypsinized
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and seeded at a density of 1%L into a 96-well plate (1Q0/well) and incubated at 3¢, 5%
CO, atmosphere for 24 h. After this time they werated with 10QL/well medium containing
test compounds which had been pre-prepared todedite concentration range of 1<hbl/L,
1x10°mol/L, 1x10°mol/L and 1x10mol/L, and re-incubated for a further 48h. Contnadlls
were added the equivalent volume of medium contgidi% (v/iv) DMSO. 2(L MTT (5mg/mL)
was added and cells continued to incubate in dagkae 37C for 4h. The culture medium was
then removed carefully and 1d0 DMSO was added. The cells were maintained at room
temperature in darkness for 20 min to ensure thlgirocolor diffusion before reading the
absorbance. The absorbance values were read an460determination of Igg values.

4.2.3. VEGFR-2 Kinase Inhibitory Assay.

VEGFR-2 kinase assay was conducted using homogentme resolved fluorescence
(HTRF) assay. The general procedures were as fiolipWWEGFR-2 kinase (Invitrogen, USA),
substrates, ATP and test compounds were mixed reoubated in a final buffer with the total
volume of 1@L in 384-well microplate. Wells containing the strage and the kinase without
compound were used as total reaction control. Esayaplate was incubated af@an the dark
for 1 h. Detection was performed with HTRF moduteBeckman Coulter detection platform to
get the fluorescence values which were further tsedlculate the 165 values.

4.2.4. Western Blots.

Cells with different treatments for 24h were washeide with PBS, then collected and lysed
in lysis buffer (100 mM of Tris—Cl, pH 6.8, 4% (M/8DS, 20% (v/v) glycerol, 200 mM of
B-mercaptoethanol, 1mM of PMSF, 0.1 mM NaF and DfoF)1 h on the ice. The lysates were
then subjected to centrifugation (13,000 rpm) &C4Afor 20 min. Protein concentration in the
supernatants was detected by BCA protein assayrfichéValtham, MA). Then equal amount of
protein was separated with 12% SDS-PAGE and trenesféo polyvinylidene difluoride (PVDF)
membranes (Millipore, Bedford, MA) using a semi-drgnsfer system (Bio-rad, Hercules, CA).
Proteins were detected using specific antibodiesroght at 4 °C followed by HRP-conjugated
secondary antibodies for 1 h at 37 °C. All of tiitzodies were diluted in PBST containing 1%
BSA. Enhanced chemiluminescent reagents (Beyotlliamgsu, China) were used to detect the
HRP on the immunoblots, and the visualized bandee veaptured by film. The bands were
guantified by Quantity One software (Vision 4.6294ad, Hercules, CA), and the relative protein
level were normalized tp-actin.

4.2.5. Real-Time Polymerase Chain Reaction (RT-PCR)

RNA samples were reverse transcribed to cDNA ardRER reactions were performed
using TaKaRa SYBR Green Master Mix (Code. no. 6833@arried out in StepOnePfifs
Real-Time PCR instrument (4376600, Life Technolsgid@he program for amplification was 1
cycle of 95°C for 2 min followed by 40 cycles of°@for 10 s, 60°C for 30 s, and 95°C for 10 s.
The PCR results were normalized to GAPDH expressiod were quantified by thAACT
method.
4.3.Molecular Modeling.

The molecular modeling was performed with Discove®tudio.2.5/CDOCK protocol
(Accelrys Software Inc.). The crystal structures of BERcomplexed with 4-hydroxytamoxifen
(PDB code: 3ERT) and VEGFR-2 (PDB code: 1YWN) waog/nloaded from Protein Data Bank.
Compound2lc was drown and optimized using Hyperchem v7.0. Timep and ligand were
optimized and charged with CHARMmMm force field torfpem docking. Up to 30 conformations
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were retained, and binding modes presented grdpha® representative of the highest-scored
conformations.

Supporting Information

'H NMR and"**C NMR spectrum for compound$a-21f.
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Captionsfor figures, schemesand tables:
Captionsfor figures:
Figure 1. Estrogen receptor ligands: (1) Tamoxifen; (2) Rééme; (3) PPT; (4) OBHS; (5)
m-carborane SERM.

Figure 2. Multiple ligands targeting ER.

Figure 3. 21c inhibits the phosphorylation of VEGFR-2 in HUVEQlls. Expression of
p-VEGFR-2 and VEGFR-2 in HUVEC cells were examingd western blots. Densitometric
analysis was performed to determine the phosph@wglaate of VEGFR-2. Values are mean +SD
(n=3). *P < 0.05, *P < 0.01, *** P < 0.001 vs. Control group.

Figure 4. The increased mRNA expression of PgR induced bw&2reversed b¥lc in MCF-7
cells. The mRNA expression of PgR was examined bglftme PCR. Values are mean +SD
(n=5). *P < 0.05, *P < 0.01, *** P < 0.001 vs. E2 groupP < 0.05," P < 0.01"*P < 0.001.

Figure 5. 21c inhibits the phosphorylation of VEGFR-2 in MCF-glls. (A) Expression of
p-VEGFR-2 and VEGFR-2 in MCF-7 cells were examitgdwestern blots. (B) Densitometric
analysis was performed to determine the phosph@wglaate of VEGFR-2. Values are mean £SD
(n=3). *P < 0.05, *P < 0.01, *** P < 0.001 vs. Control group.

Figure 6. 21c inhibits the activity of the Raf-1/ERK pathway MCF-7 cells. (A) Expression of

p-Raf-1, Raf-1, p-ERK1/2, and ERK1/2 were examifgdwestern blots in MCF-7 cells. (B)

Densitometric analysis was performed to determine phosphorylation rate of Raf-1 and
ERK1/2 . Values are mean +SD (n=3P% 0.05, **P < 0.01, *** P < 0.001 vs. Control group;

P < 0.05,P < 0.01"*P < 0.001 vs. Control group.

Figure 7. (A) Predicted binding mode ¢flc within the LBD of ERy (PDB ID: 3ERT). (B)
Binding mode of 4-OH-Tamoxifen within the LBD of BRPDB ID: 3ERT). (C) Predicted
binding mode oR1c within the LBD of VEGFR-2 (PDB ID: 1YWN).

Captionsfor schemes:
Scheme 1. Synthesis of compourt®. Reagents and conditions: (a) Chloral hydratec cbigSOy,
rt, 12h, 83.6 %; (b) Zn, HOAC, rt, 30min; 93.6% @)nc. BSOy, rt, 30min, 90%.

Scheme 2. Synthesis 0fl8. Reagents and conditions: (d) acetic anhydride ety reflux, 4h,
100%; (e) ethanol, reflux, 10h, 96.9%:; (f) KAI(9©12H0, acetonitrile, rt, 8h, 45.9%; (g) 1)
SOCIL, toluene, reflux, 2h; 2) AlG] CHCI,, rt, 10h, 86.7%.

Scheme 3. Synthesis ofl9a-f, 20a-f and 21a-f. Reagents and conditions: (h) R&HH,CI or
RCH,CH,CH,CI, 20% sodium hydroxide, TBAB, THF, reflux, 4h,-32%; (i) BBr, CH,Cl,, rt,
3h, 49-63%.
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Captionsfor tables:
Table 1. Structures of designed compounds

Table 2 Binding affinity of synthesized compounds for &R
Table 3 Cancer cells antiproliferative activity ({6 uM)

Table 4 Antiangiogenic activity on VEGFR-2 and HUVEC
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Research Highlights

e Designed multiple ligands may exert improved efficacy with lower incidence of side

effects.
e A series of 6-aryl-indenoisoquinolone derivatives were described as dual ERo and
VEGFR-2 inhibitors.

e Compound 21c turned out to be a promising dud targeting candidate for breast cancer.





