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ARTICLE INFO ABSTRACT
Article history Inflammatory breast cancer (IBC) is a highly mettist lethal form of breast naer that lack
Received targeted therapeutic strategies. Inspired by tlwnjming cytotoxicity of gambogic acid &
Revised related caged xanthones in spher$id$™ anin vitro preclinical IBC model, we constructe
Accepted library of synthetic analogs and performed strustactivity relationship studies. Tistudie:
Available online revealed that functionalizing the ag of the caged xanthone framework can signifiig:
affect potency. Specifically, introduction of hgeyl or fluorine groups at discrete position:
Keywords the A-ring leads tanhanced cytotoxicity at submicromolar concentretiorhese compoun
Keyword_1 spheroids induce complete dissolution of spherdit8™ with subsequent apoptosis of both
Keyword_2 natural product peripherally- and centrally-located cells, proliftve and quiescemirone (e.g. hypoxic
Keyword_3 synthetic methods respectively. These results highlight the structural flexibilipd pharmacological potential
Keyword_4 apoptosis the caged xanthone motif for the design of IBC-etirgy therapeutics.
Keyword_5 breast cancer 2019 Elsevier Ltd. All rights reserved

1. Introduction

Tropical trees of the genus Garcinia (Clusiaceaedwn
mostly in Southeast Asia, India, Africa and Brazile avidely
known not only for their high value as sources addut also
for their role in ethnomedicinf&® For instance, gamboge, the
dried resin from Garcinia hanburyi, has been usetladitional
Eastern medicine for its anti-infective and antigsdic
propertied*® Efforts to isolate the bioactive constituents of
gamboge led to the identification of gambogic a(@BA, 1)

(Figure 1), a caged xanthonoid that displays pogemicancer Figure 1. Chemical structures of representative caged xaegion

activities both in vitro and in viv6™? and presents a promising : :
Jo L e b dGBA), cl LV), MAD28 andM AD44
therapeutic window for clinical applicatiof&2¥ In fact, GBA  Jamoogdicad ©BA), cluvenone L V) an

has entered clinical trials in China for the treatnof non-small specific oxidations and functionalizations of tfilamework
cell lung, colon and renal cancérs'” contribute to the structural diversity of this féni The
pharmacological promise @&Xs has inspired several structure-
function studie€>>" These efforts unveiled that cluvenor (
CLV) represents the minimum pharmacophore of @
family®*? and suggested that A-ring functionalization could
lead to analogs with improved bioactivit§>® Along these lines,
MAD28 (3), the C6-hydroxylated cluvenone, was found to be
approximately 3 times more active th&hAD44 (4), the C18-

2: cluvenone (CLV); Ry, Ro=H
3: MAD28; R;= OH, R,= H
1: gambogic acid (GBA) 4: MAD44; R;=H, R,=0OH

By virtue of its unusual chemical architectuBA has
become the archetype of a family of bioactive reltproducts
that are commonly referred to as caged xantho@iaes)*®#!
Several members of this family exhibit potent atfivagainst
leukemia, glioblastoma, lung cancer and colorectaicer cell
lines???% Central to their structure is a xanthone framewnrk
which the C ring has been converted into a caged.n@tant-



hydroxylated cluvenone (Figure 1), in inhibitingogith in a T-
cell acute lymphoblastic leukemia (CEM) cell lif&. More

recently, MAD28 (1.25 uM) was shown to exhibit selective then gave rise tM AD69 (13)."

cytotoxicity against human epithelial breast canmadls (MDA-
MB-231 or MCF7) with no apparent detrimental effechormal
breast cells (MCF10A}”

The promising activity oM AD28 against breast cancer led us

to evaluate its cytotoxicity in spherolf§"* a 3-dimensional
multicellular system formed from a patient-derivezhograft of
inflammatory breast cancer (IBEY IBC is a highly aggressive
and often lethal subtype of breast cancer accogitinabout 3-
10% of diagnosed breast carcinorftaé® Its high mortality rate
is due to its metastatic nature and triple negasigmature that
renders IBC resistant to chemotherapeutic regifiéfi.
Additionally, IBC lacks molecular markers making gli@sis and
design of targeted therapeutic approaches veryectuahg. It is
accepted that the lymphovascular embolus is a madkeancer
aggressiveness, recurrence, metastatic progressand
therapeutic failure in many tumor type%>¥ The spheroid4""™
maintain the 3-dimensional and pathophysiologiestidres of
the lymphovascular embolifé. As such, they provide a relevant
model to test efficacy of therapeutics to IBC aneétastatic
disease in general. We found that bGBA andM AD28 induce
spheroid dissolution and cell death in the sphetbfi™assay
with ICs, values of 0.42 and 0.66 pM, respectivély.
Importantly, this activity was 20-fold greater thdrat observed
with taxol (IG&= 7.8 uM) while other FDA-approved drugs
failed to induce any respon$8.

In this study, we synthesized and evaluated a kbo&icaged
xanthones in which the A-ring has been chemicallyified and
found that such functionalizations substantially dulate the
observed cytotoxicity in the spherold§"* assay. Notably,
attachment of electron withdrawing groups at therfgras well
as introducing a free hydroxyl group at C6 enharmggstoxicity
and results in complete dissolution with subseqapoptosis of
the spheroid¥™™* at submicromolar  concentrations.
Spatial/temporal analysis of the multicellular IBgpheroid
showed pyknotic nuclei throughout as well as actratf PARP
(i.e. cleaved PARP) at 3 hours, an indication oéversible
apoptosis. Fluorescent overlay analysis of cPARRB #re
proliferation marker Ki67 indicated that these compds induce
apoptosis irrespective of proliferation status. eSjically, they
target both the peripherally-located proliferatoedls as well as
the centrally-located quiescent-prone (e.g. hypogalls of the
multicellular spheroid. The latter represents dfien resistant
and chemo-refractory cell population of this digeabhus, the
caged xanthone motif represents a promising platfiar future
preclinical development of IBC-targeted therapeutic

2. Resultsand Discussion
2.1. Synthesisof A-ring modified caged xanthones

The synthesis of the C6,C18-dihydroxylated cagettha@nes

12 and13 is shown in Scheme 1. Condensation of phloroglucino

(5) with 2,3,4-trihydroxybenzoic acid6)l under ZnC{/POCk

condition$® produced a tetrahydroxylated xanthone that was

subsequently protected with diphenyldichloromethémeform
compound? (42% vield over two stepSf! Selective protection
of the more reactive C18-phenol with MOMCI/DIPEA folled

produce caged xanthon& AD67 (12) (69% yield over two
stepsY>” Acid-catalyzed deprotection of the C18-MOM group

L1 Ho (a) POCl5,
znCl,  HO
HO n + HO R
(b) Ph,CCl,
OH HO  OH  (42%)
o_ O
5 6 7
Ph” “Ph
(c) MOMCI
(d) Hy, Pdic |(100%)
OH (e) 10% Pd(PPh3),

O
\XOJ\OX RO

13 12 89
e e Qe

10: R= MOM
l(f) DMF, 120 °C

(69%)

© |;12: MADG67; R= MOM
13: MAD69; R=H

| 11: R= MOM

Scheme 1. Reagents and condition&) 27 equiv. POGJ 10
equiv. ZnC}, 4.5 h, 65 °C, 62%; (b) 3 equiv. fICl,
acetonitrile, MW, 12 min, 150 °C, 67%; (c) 2 equWOMCI, 3
equiv. DIPEA, CHCl,, 1 h, 25 °C, 100%; (d) 1 10% Pd/C,
THF/MeOH (3:1), 18 h, 25 °C, 100%; (e) 10 equittbutyl 2-
methylbut-3-en-2-yl carbonat®)( 10 mol% Pd(PPjy, THF, 2
h, 0 °C, 89%; (f) DMF, 4 h, 120 °C, 69%; (g) 15% Hé&detone,
24 h, 25 °C, 32%.

Treatment of13 with tri(ethylene glycol) monomethyl ether
tosylate resulted in the formation of compouridsand 15 in
variable yields (Scheme 2! Monoalkylated compound4 was
isolated as the only product when the reaction waopeed at
room temperature, likely due to the higher reattiaf the C18
phenol. On the other hand, at 80 °C the reactiore gise to
dialkylated productl5 in 55% yield. Under similar conditions,
caged xanthone® and4®¥ were converted to derivativdé and
17, respectively.

14: CR170A; Ry= OH, R,= O(CH,CH,0);Me

15: CR170B; R, R,= O(CH,CH,0)sMe

16: CR136; R;= O(CH,CH,0)sMe, Rp= H
17: CR140; R;= H, R,= O(CH,CH,0)sMe

Scheme 2. Reagents and condition$4: 1 equiv.13, 2 equiv.
K,CO;, 2 equiv. TSO(CKCH,0);Me, DMF, 8 h, 25 °C, 75%5:

by deprotection of the diphenyl ketal (HPd/C) gave rise to equiv.13, 3 equiv. KCO,, 3 equiv. TSO(CKCH,0);Me, DMF,

xanthone8 (100% vyield over two steps).
prenylation of8 with carbonate9® produced10 in 89% vyield.

Pd-catalyzed revers

80 h, 80 °C, 55%16: 1 equiv.3, 2 equiv. KCO; 3 equiv.

TsO(CHCH,0);Me, DMF, 8 h, 25 °C, 68%17: 1 equiv.4, 2

Heating of 10 in DMF at 120 °C resulted in a site-selective equiv. KCO,, 2 equiv. TSO(CKCH,O):Me, DMF, 8 h, 80 °C

Claisen rearrangement of the C12-allyl ether tanfortermediate
11 that underwent an intramolecular Diels-Alder cycl@atto

86%.



The synthesis of the caged xantho88sand 25 is shown in
Scheme 3. Treatment of commercially availableudifb-1,4-
dimethoxybenzenel8) with n-BuLi and methyl chloroformate
afforded, after ester deprotection, the correspundiarboxylic
acid 19 (96% combined yieldf” A two-step condensation @
with pyrogallol @0) produced xanthon@l in 30% combined
yield. This compound was subsequently allylated Wittinder
Pd(0) catalysis and the resulting add@2twas rearranged to
caged xanthon@3 via a Claisen/Diels-Alder reaction cascade.
Various conditions, e.g. PhI(OCO@} or cerium ammonium
nitrate, were evaluated for the in situ oxidativenééhylation of
23 to 25 but they proved to be unsucces$flil.To overcome this
issue, we sought to accomplish this conversion in diginct
steps®*®? Along these lines, we convertéi to 25 via: (a)
boron tribromide induced demethylation of the C&hykether;
(b) Pd(0) mediated allylation of the resulting xsorte with9; (c)
Claisen/Diels-Alder rearrangement; and (d) PhI(OCQEF
mediated oxidation of the resulting caged xanth@de(19%
combined yield).

(c) POCl3, ZnCl,

(d) DIPEA
(30%
MeO
18: R=H
(a, b) o1 HO OH
19: R= CO,H 20

(€) 10% Pd(PPhy),

W
RN
Q

weo o~ )
aliad

22
(f) DMF, 120 °C ¢ (88%)

OMe§7

o/

=/~ o
-)/

77%,

| o hi
(28%)

’

MeO (©]

23: P67 25: CR240C

Scheme 3. Reagents and conditiong&) 1.2 equiv. 1.6 M-
BuLi, THF, 1 h, =78 °C; then 1.2 equiv. CIgCH;, THF, 4 h, —
78 °C, 96%; (b) 5 equiv. LiOH, MeOH/® (3:1), 1.5 h, 70 °C,
100%; (c) 1 equiv. pyrogallol20), 27 equiv. POG| 10 equiv.
ZnCl,, 2.5 h, 65 °C, 40%; (d) 5 equiv. DIPEA, ACN, MW, 22
min, 180 °C, 74%; (e) 10 equit-butyl 2-methylbut-3-en-2-yl
carbonate ), 10 mol% Pd(PPjy, THF, 24 h, 0 °C, 77%; (f)
DMF, 4 h, 120 °C, 88%; (g) 1 equiv. BBf1 M in CHCl,),
CH,Cl,, 2 h, 0 °C to 25 °C, 62%; (h) 10 equivbutyl 2-
methylbut-3-en-2-yl carbonat8)( 10 mol% Pd(PPjy, THF, 18
h, 0 °C, 63%; (i) DMF, 4 h, 120 °C, 72%; (j) 1.2 equ
PhI(OCOCE),, CHCI,, 1 h, =78 °C to —30 °C, 68%.

The synthesis of A-ring fluorinated caged xanthories
described in Scheme 4. Xantho2® containing fluorine at C6
and C18 was prepared via: (a) conversion of 2 4fG6dro
benzoic acid Z6) to its acyl chloride27; (b) Friedel-Crafts
acylation of 27 with pyrogallol @0); and (c) intramolecular
nucleophilic aromatic substitution of the resultingnzophenone
28 (39% combined yield, Scheme 4). Pd(0)-catalyzebnse

prenylation of29 with carbonate30 gave xanthonel. In the
final step, heat-induced Claisen/Diels-Alder reacticaiscade
produced the regular caged xantho®@ in 64% yield
accompanied by a small amount of the neo cage iS8&E%
yield).

Ra S S WN

26: X=0OH 20
o
27: X=ClI

(b) AICly

(81%)

28 HO

l(c) Na,CO3

48%
(d) 10% Pd(PPhs), (48%)

AN Q

(30)
(100%)

(e) DMF
120 °C

32: RA25 (64%)

33: RA25N (3%)

Scheme 4. Reagents and condition&) 2 equiv. (COC)) DMF
(cat.), CHCI,, 3 h, 0 °C to 25 °C, 100%; (b) 1 equa, 3 equiv.
AICI3, CHCL/CH,CI, (1:2.5), 18 h, 25 °C; then 24 h, 60 °C, 81%;
(c) 1 equiv. NgCOs, DMF, 3 h, 90 °C, 48%; (d) 10 equiv. bis(2-
methylbut-3-en-2-yl) carbonat&(d), 10 mol% Pd(PPjy, THF,
40 min, 5 °C, 100%; (e) DMF, 1 h, 120 °C, 64% 32 3% for
33.

2.2. Screening  of xanthones using the
MARY-X

spheroids assay

caged

The activity of the synthetic caged xanthones wasrdened
using the spheroif8®"* assay. This system allows quick
assessment of the drug response via brightfieldastopy and
ImageJ circularity analysis (see Fig. S1, Suppldaien
Information), where spheroid dissolution is displhyas a
deviation from the well-circumscribed spheroid edghich
correlates with induction of apoptosis (i.e. drugpensef*-®
Briefly, 30-50 spheroid$®"*were seeded in a multi-well plate
and treated with increasing doses of each compour@dMSO
(vehicle) for 24 hours. All the compounds were tesaédive
different concentrations, ranging from 0.5 pM t& M. CX
analogs that showed no response (NR), low responsg gh&
moderate response (MR) at the highest concentrdfidh uM)
are presented in Figure BAD69 and CR240C showed no
response (NR) as there was no deviation of the well-
circumscribed edge of the spherdlt8™ comparable to the
vehicle only (DMSO, control) treated spherditd™ (Fig. S1).
Analogs MAD44 and P67 showed low response (LR) while
CR140, CR170B showed low to moderate response (LR-MR);
both pairs of drugs resulted in only minor deviatidrom the
well-circumscribed spheroid edge. In contrast, ékient of the
deviation was increased for spherdftf§ *treated withCR170A
andCR136 leading to a moderate response (MR).



‘ RESPONSE Out of the thirteen caged xanthones tested, fiveibérd
No (NR) ‘-‘_ complete response (CR) as evidenced by a totadldigsn of the

\ & W 220 spheroid¥*™*after 24 hours treatment at 2.5 pM. Specifically,
MAD28, MAD67, CLV, RA25 and RA25N induced complete
response (CR) leading to a single cell suspendidhecformerly
intact, well-circumscribed spherolf§* These analogs were
subjected to a separate, more detailed screeningng to
quantify their effect on spheroff&"*and determine their g
values. During this second screening, nine conciuria from
0.25 pM to 2.25 uM at 0.25 uM dose intervals ofree@mpound
. . . - . were generated by serial dilutions and were usedemt the
Figure 2. Screening of A-ring modified caged xanthones 'nspheroidgARY'Xfor 24 hours. The effect of these compounds in
spheroid"*"™% Brightfﬁeld images of spheroi'&%wngter 24 four representative concentrations (0.5, 0.75,ah@ 2.0uM) is
hours of treatment W'th 2'5 HM show a gradation afigdr shown in Figure 3 (the entire 9-concentration pasmehown in
re.:sponse.from no dgwanon (black. arrowhe_ads) f.ron1l-we Supplemental Information; Fig. S2). The brightlieimages
circumscribed spheroid edge to an increase In tewigblue acquired from this screening were further analyzsdgilmageJ
arrowheads) and loss of well-circumscribed spheraidegas  ¢ofward® in order to quantify the circularity/response bt
follows: MADE9, CR240C: no response (NRMADA44, P67:  goher6id¥4RYXand construct a dose-response graph that allows
low response (LR)CR140, CR170B: low response to moderate ¢,. ~aiculation of IG, values (Figure 4).
response (LR-MR); an€CR170A, CR136: moderate response
(MR).

Figure 3. Dose-dependent response of sphetbfiis‘upon treatment witM AD28, CLV, MAD67, RA25 andRA25N. Representative
brightfield images of spherois""*24 hours post drug treatment at 0.5, 0.75, 1.02abgiM concentrations (bar 1Qén).



IC,, (M)
MAD28 0.51 £ 0.04
MADG7 0.38 £ 0.06
CLV 063 +0.03
RA25 1.12+0.07
RA25N 0.89 +0.05

751

50+

254

Corrected circularity index (%)

o

1.0 15 2.0
Drug concentration (uM)

Figure 4. Dose-response curves andg®alues ofCX analogs
inducing complete response. Circularity values iole via
ImageJ analysis were used to calculate theg, Malues for
MAD28, MAD67, CLV, RA25 andRA25N. The non-linear fit
curves and calculation of ig value for each analog were
performed using GraphPad Prism.

2.3. Structure-activity relationship study

Comparison ofCLV (ICs= 0.63 uM) and MAD28 (ICs=
0.51 uM) indicates enhancement of cytotoxicity when thisra
free OH group at the C6 center of the A-ring of @ scaffold
(Table 1). Alkylation of this group decreases th®toxicity as
shown withCR136 (MR) and also withP67 (LR). These results
may be due to an intramolecular hydrogen bondirtgdsen the
C6-OH and the near carbonyl group that, in turn,eases the
electrophilicity of the C10 enone. On the otherdanstallation
of a free OH group at C18 substantially reduces ttetaxicity
as shown in bothMAD44 and MAD69 (LR and NR,
respectively). In the latter structure, even thespnce of an OH
group at C6 is not sufficient to induce cytotoxicilkylating
the free C18 phenol group partially enhances thetayicity as
shown by comparindgCR170B (LR-MR) to MAD69 (NR) as
well asMAD44 (LR-MR) to CR140 (LR). Moreover, when the
C18 phenol is alkylated, the presence of a free Gt the
C6 center improves activity as shown by compa@igl70A
(MR) to CR170B (LR-MR). In fact, MADG67 that contains a
MOM-protected C18 phenol and a free C6 hydroxyl grou
induces complete response (CR; i.e. leads to alesiogll
suspension of the formerly intact, well-circumsedb
spheroid¥""") and has the highest cytotoxicity (& 0.38

UM).

Conversion of the A-ring phenol to a quinone leads
complete loss of activity as shown witiR240C (NR) indicating
that the A-ring should maintain its aromatic ch&ac On the
other hand, replacement of hydrogens with fluoretethe A-ring
maintains the CR phenotype but leads to a sligbtedese of the
cytotoxicity as shown by comparing the difluorinatadalogs
RA25 (ICs= 1.12pM) and RA25N (ICs= 0.89 uM) to CLV
(ICs= 0.63uM). The finding that botfiRA25 andRA25N induce
complete response (CR) and have similar cytotox{¢ffs= 1.12
UM and 0.89 uM, respectively) indicates that both isomeric
forms of the caged motif have comparable activit@imilar
observations have been reported when comparing de
xanthones that contain regular versus neo cagectistes®>

Table 1

CX analogs
Ry 4 0/ o| R, R, Respon 1Cso
se (HM)
CLV H H CR 0.63
MAD28 OH H CR 0.51
MAD44 H OH LR
MADG67 OH OMOM CR 0.38
MAD69 OH OH NR
CR170A OH O(CHCH,O):Me MR
CR170B O(CH.CH,0)sMe O(CHCH,O);Me LR-MR
CR136 O(CH.CH,0)sMe H MR
CR140 H O(CHCH,0):Me LR-MR
P67 OMe omé LR
CR240C Cc=0 c=¢ NR
RA25 F F CR 1.12
RA25N® F F CR 0.89

% R, is located at the C17 center
® RA25N contains a neo caged motif

24. Evaluation of the spatial and temporal induction of
apoptosisin spheroids™®"* by selected caged xanthones

The spheroid§""is a spontaneously-forming 3-dimensional
model system that accurately recapitulates the tirolehavior
and microenvironment of solid tumdfs’? To investigate
whether the lead compounds can target any cell & th
multicellular spheroid or are restricted to tamegta specific cell
subpopulation, we evaluated the status of prolif@matand
apoptosis within the spheroids using immunofluorasee For
this experiment, the spherotf§"™* were suspended in an
extracellular matrix (ECM) plug, which provides afold that
prevents dispersion of the cells during drug trestinThe ECM
plugs containing spheroit® *were then exposed to 2.8/ of
MAD28, MAD67 andRA25, or DMSO (control) and monitored
using brightfield microscopy for loss of the weltaimscribed
spheroid edge. Treatment was terminated after 3shouhnen
deviations from the well-circumscribed spheroid edgeall
compound-treated spheroids were detected (Figukeidghtfield
column, white arrowheads). The ECM plugs of vehioidy
(DMSO) and compound-treated samples were then fixedl a
stained with the nuclear stain, 4’,6-diamidine-2epklindole
dihydrochloride (DAPI), and immunostained with the aijotic
marker, cleaved fragment of poly (ADP-ribose) polyase
(cPARP) and the proliferative marker Ki67 (Figure Spheroids
treated with vehicle only (DMSO) were found to hawméact
nuclei (i.e. viable cells) as shown with DAPI stainingsections
corresponding to the middle of the spheroids. Howeveatment
for 3 hours with 2.5 pM oM AD28, MAD67, andRA25 was
sufficient to induce apoptosis, as shown by the apee of
pyknotic nuclei (Figure 5; DAPI column, white arrowhspad
These pyknotic nuclei correlate to the loss of wettumscribed
edges in all three compound-treated samples (Figbre
brightfield column, white arrowhead). Pyknotic nuclheiere



detected both in cells on the periphery and theeceof the
spheroid.  This indicates that not only can the moomds
effectively target the peripherally-located pralidgve cells but
also the centrally-located, quiescent-prone cdlithe spheroids.
Detection of cPARP after treatment with all three comqs,
suggests that three hours of treatment at 2.5 phtiéxjuate to
activate caspases and irreversible initiation ofopapsis
throughout the spheroid (Figure 5; cPARP columnjirfiig
with Ki-67, a commonly used proliferation marker, dan
fluorescent overlay analysis (i.e. induction of piosis vs.
proliferation status) shows th# AD28, MAD67 and RA25
target all cells of the multicellular spheroid andus are
efficacious irrespective of proliferation statusg{ie 5; Ki67
column).  This impartial cancer cell targeting idearly
advantageous over the effect

anticancer drugs that mainly target proliferatietjsd*®** "4

3. Conclusions

We report here the synthesis of a library of cagadthones
and their in vitro evaluation in sphero¥§'” a preclinical
model of inflammatory breast cancer. The synthstiategy
starts with acid-induced condensation of two appetely
functionalized aromatic rings to form the centrahthone motif
that is then converted to the caged structure usiegClaisen

Brightfield

Diels-Alder reaction cascade. The overall strataggeeds in 5-
6 steps and delivers A-ring modified analogs in dyggelds.
Structure-activity relationship studies reveal tthe cytotoxicity
in the spheroid§®"™ assay can be regulated by selective
functionalization of the A-ring. Notably, introdimth of a free
hydroxyl group at the C6 position leads to compacuridat
exhibit complete response in the spheroid assayloat
micromolar concentrations. Specifically)AD28 and MAD67
were found to induce complete dissolution of theespidls with
ICs, values of 0.51 and 0.38 uM, respectively. Convgyse
introduction of a free hydroxyl group at C18 as wal further
oxidation of the A-ring leads to a decrease in KiTity as
evidenced with MAD44, MADG69, CR240C and related
structures. Exchange of hydrogen atoms with fluariaethe A-

of various FDA-approveding leads to compound®A25 and RA25N that maintain the

complete response phenotype albeit at a slighease of the
effective concentration (kg values 1.12 and 0.89 uM,
respectively). Additional studies in ECM-immobilizegheroids
showed thaM AD28, MAD67 andRA25 effectively target both
proliferative (peripherally located) and quiescprine (centrally
located) cells of the multicellular spheroid. Téfere, these
compounds hold promise for the treatment of resistand
chemo-refractory quiescent cancer cEfls. Overall, these
findings can be used to accelerate and streamline t
development of IBC-based therapeutics based oncdged
xanthone pharmacophore.

cPARP Merge

Figure 5. Analysis of induction of apoptosis in spherditiy ™ after 3 hours of treatment with AD28, MAD67 andRA25 at 2.5
UM. Brightfield microscopy panels show the loss of wéltemscribed spheroid edge upon treatment in coisgarto the control
(DMSO). The immunofluorescence microscopy panelsvsbptical slices from the middle of the spher8fdS™and present DAPI
stained nuclei (pyknotic nuclei indicated by arroati®), localization of c-PARP, Ki-67 and the mergitupes. (bar 20 pm)



4.

General information for chemical purification and
compounds characterization. Reactions were monitored by
thin-layer chromatography (TLC) carried out on O0.2Bn E.
Merck silica gel plates (60F-254) and visualizedlemUV light
and/or by treatment with a solution of CAM or KMpGtain
followed by heating. Preparative thin-layer chrongasphy
separations were carried out on 0.25 or 0.50 mm &chksilica
gel plates (60F-254). Flash column chromatographgs w
performed on silica gel (Merck Kieselgel 60, 23@4Mesh)
using hexane/ethyl acetate or hexane/ethyl ethestasdard

Experimental section

Et,0—hexane)'H NMR (400 MHz, CDCY) 5 7.87 (d, J = 9.1 Hz,
1H), 7.13 (d, J = 9.0 Hz, 1H), 6.97 (d, JH,F = 9.1 H%),5.78
(t, JH,F = 10.9 Hz, 1H), 6.27 — 6.13 (m, 2H), 5.23 165(m,
3H), 5.04 (d, J = 10.8 Hz, 1H), 1.57 (s, 6H), 1.566(d); **C
NMR (100 MHz, CDC)) & 174.3, 166.8 (d, JC,F = 15.4 Hz),
164.3 (dd, JC,F = 15.0, 8.1 Hz), 161.7 (d, JC,F £ ), 158.0
(d, JC,F = 15.9 Hz), 157.4, 151.8, 143.7, 143.5,.4,3521.3,
117.2, 114.5, 113.4, 101.1 (d, JC,F = 25.1 Hz),AQ4.JC,F =
24.2 Hz), 84.0, 82.6, 27.4, 27.2; HRMS calc. fesHz.F,0,Na
(M + Na)+ 423.1378, found 423.1377.

General procedure for Claisen/Diels-Alder reaction. A

eluents. "H NMR and™C NMR spectra were recorded on a 400solution of allylated compound (1 equiv) in DMF wasated at

or 500 MHz Varian or a 500 JEOL instrument. Chematafts
(8) are quoted in parts per million (ppm) referendedthe
appropriate residual undeuterated solvent peak, wifip
abbreviations s, bs, d, t, g, dd, m, denoting sindiroad singlet,
doublet, triplet, quartet, doublet of doublets, tiplet,
respectively. J is a coupling constant given in Hékz). High
resolution mass spectra (HRMS) were recorded on a V@187
mass spectrometer under chemical ionization (Qfiditmns, on
a VG ZAB-ZSE mass spectrometer under fast
bombardment (FAB) conditions, or on a Bruker micré-T@ass
spectrometer under electrospray ionization (ESIhd@gons.
Specific information on the synthetic/analyticabjarcols as well
as copies of the spectroscopic data for all comgswame shown
in the Supporting Information.

General procedure for  Pd(0)-catalyzed reverse
prenylation. A solution of starting xanthone (1 equiv) in
anhydrous THF (approximate 0.2 mM) was degassedrdpgna
and was placed in an ice bath. To this homogenedusan was
added tert-butyl 2-methylbut-3-en-2-yl carbona®® ¢r bis(2-
methylbut-3-en-2-yl) carbonate3d) (10 equiv) via syringe,
followed by 10% mol Pd(PRh. The mixture was stirred under
argon at 0 to 5 °C and the reaction progress wasgtaned by
TLC. Upon completion the reaction mixture was quealctvith
water and extracted with EtOAc. The combined orgaayeis
were dried over MgSg filtered and concentrated by rotary
evaporation. The crude material was purified throdgish
column chromatography (silica, EtOAc in hexane) teldyidi-
allylated product.

1-hydr oxy-3-(methoxymethoxy)-5,6-bis((2-methylbut-3-en-

2-yl)oxy)-9H-xanthen-9-one (10): 89%, a colorless oil. R=
0.57 (25% EtOAc—hexane)d NMR (400 MHz, CDCJ) & 7.82
(d, 3 = 9.0 Hz, 1H), 7.11 (d, J = 9.0 Hz, 1H), 6.56)(¢, 2.2 Hz,
1H), 6.46 (d, J = 2.2 Hz, 1H), 6.29 — 6.14 (m, 2H)55£ 2H),
5.21 — 5.15 (m, 3H), 5.03 (d, J = 10.9 Hz, 1H), 3§13H), 1.57
(s, 9H), 1.57 (s, 3H)**C NMR (100 MHz, CDGJ)) & 180.9,
164.0, 163.5, 157.5, 152.5, 143.7, 143.5, 120.4.8,1114.4,
113.4, 98.8, 94.9, 94.4, 83.9, 82.5, 56.7, 27.41;2HARMS calc.
for C,sH,007 (M + H)+ 441.1988, found 441.1907.

1,4-dimethoxy-5,6-bis((2-methylbut-3-en-2-yl)oxy)-9H-
xanthen-9-one (22): 77%, a colorless oil. R= 0.43 (50%
EtOAc-hexane)!H NMR (400 MHz, CDC})) & 7.87 (d, J = 9.1
Hz, 1H), 7.15 (d, J = 8.9 Hz, 1H), 7.08 (d, J = 9.0 H3), 6.69
(d, J=9.0 Hz, 1H), 6.41 (dd, J = 10.7, 17.6 Hz, B9 (dd, J =
10.8, 17.6 Hz, 1H), 5.21 — 5.13 (m, 3H), 4.97 (d, 109 Hz,
1H), 3.96 (s, 3H), 3.95 (s, 3H), 1.61 (s, 6H), 1.556(d); °C
NMR (100 MHz, CDC)) & 176.4, 156.2, 153.6, 151.2, 148.0,
143.8, 143.7, 142.6, 135.8, 120.8, 117.2, 116.3.9,1113.0,
104.2, 83.9, 82.0, 56.7, 56.5, 27.1, 26.7; HRMS .cér
CysH,os06Na (M + Na)+, 447.1778 found 447.1777.

1,3-difluor 0-5,6-bis((2-methylbut-3-en-2-yl)oxy)-9H-
xanthen-9-one (31): 100%, a colorless oil. jR= 0.56 (33 %

atom

120 °C. The onset of a yellow color indicated tbenfation of
the caged xanthone. The reaction progress was meditoy
TLC. Upon completion, the yellow reaction mixture veamled
to room temperature and the solvent was removedrwaaeum
by rotary evaporation. The crude material was padifby flash
column chromatography (silica, EtOAc or,Btin hexane) to
yield the caged xanthone.

8-hydroxy-10-(methoxymethoxy)-2,2-dimethyl-3a-(3-
methylbut-2-en-1-yl)-1,2-dihydro-1,5-methanofur o[ 2,3-
d]xanthene-4,7(3aH,5H)-dione (12): 69%, yellow solid. R=
0.24 (25% EtOAc—hexane'i NMR (400 MHz, CDCJ) & 12.38
(s, 1H), 7.43 (d, J = 7.1 Hz, 1H), 6.20 (d, J = 2.1 H#), 6.17
(d, J=2.1Hz, 1H), 5.19 (s, 2H), 4.45 - 4.41 (m, BH1 — 3.48
(m, 1H), 3.47 (s, 3H), 2.61 (d, J = 8.8 Hz, 2H), 2.d3) = 9.6
Hz, 1H), 2.33 (dd, J = 13.6, 4.7 Hz, 1H), 1.68 (s, 3H}8 (s,
3H), 1.32 — 1.31 (m, 1H), 1.29 (s, 3H), 1.09 (s, 38 NMR
(100 MHz, CDC}) & 203.2, 179.7, 166.1, 164.9, 161.1, 135.4,
134.2, 133.9, 118.5, 101.8, 97.2, 95.7, 94.1, 9846, 83.7,
56.7, 49.0, 47.0, 30.6, 29.9, 29.3, 25.8, 25.30;1MRMS calc.
for C;sH,607Na (M + Na)+ 463.1727, found 463.1729.

8,11-dimethoxy-2,2-dimethyl-3a-(3-methylbut-2-en-1-yl)-
1,2-dihydr o-1,5-methanofur o[ 2,3-d]xanthene-4,7(3aH,5H)-
dione (23): 88%, yellow solid. R= 0.40 (50% EtOAc—hexane);
'H NMR (400 MHz, CDCJ) 5 7.31 (d, J = 6.9 Hz, 1H), 7.04 (d, J
= 9.0 Hz, 1H), 6.47 (d, J = 9.0 Hz, 1H), 4.52 (t, J.&¢Hz, 1H),
3.88 (s, 3H), 3.85 (s, 3H), 3.44 (dd, J =7.0, 4.2lHy, 2.61 (d, J
= 9.0 Hz, 2H), 2.40 (d, J = 9.6 Hz, 1H), 2.32 (dd, 135, 4.6
Hz, 1H), 1.78 (s, 3H), 1.39 (s, 3H), 1.30 (s, 3H), :=3D27 (m,
1H), 1.09 (s, 3H)**C NMR (100 MHz, CDGJ) 5 203.3, 176.1,
154.3, 151.2, 143.0, 136.4, 132.5, 118.7, 118.9.911102.8,
90.0, 84.5, 83.6, 57.0, 56.4, 48.5, 46.7, 29.51,229.0, 25.6,
25.4, 16.9; HRMS calc. for gH,s0¢Na (M + Na)+, 447.1778
found 447.1776.

8-hydroxy-11-methoxy-2,2-dimethyl-3a-(3-methylbut-2-en-

1-y)-1,2-dihydr 0-1,5-methanofur o[ 2,3-d]xanthene-
4,7(3aH,5H)-dione (24): 72%, yellow solid. R= 0.50 (50%
EtOAc-hexane)'H NMR (400 MHz, CDCJ) & 11.55 (s, 1H),
7.49 (d, J = 7.0 Hz, 1H), 7.12 (dd, J = 8.9, 1.8 H4#), .47 (dd,
J =8.9, 1.8 Hz, 1H), 4.43 — 4.39 (m, 1H), 3.84 (s,,3H5 -
3.52 (m, 1H), 2.64 (d, J = 9.5 Hz, 2H), 2.47 (d, J.&19z, 1H),
2.36 (dd, J = 13.6, 4.2 Hz, 1H), 1.78 (s, 3H), 1.38kH, 1.31 (s,
4H), 1.00 (s, 3H)*C NMR (100 MHz, CDG)) 5 202.8, 181.6,
156.2, 149.5, 140.7, 135.4, 135.0, 134.0, 124.8.01,1107.6,
106.5, 90.4, 84.7, 84.0, 57.9, 49.0, 47.1, 29.84,299.3, 25.7,
24.9, 16.8; HRMS calcd for [gH,¢0sNa]+ (M + Na)+ 433.1622,
found 433.1623.

8,10-difluor 0-2,2-dimethyl-3a-(3-methylbut-2-en-1-yl)-1,2-
dihydro-1,5-methanofuro[2,3-d]xanthene-4,7(3aH,5H)-dione
(32): 64% yellow solid; R= 0.38 (50% ED-hexane);H NMR
(400 MHz, CDC}) 6 7.42 (d, J = 6.9 Hz, 1H), 6.60 (d, JH,F=9.5
Hz, 1H), 6.53 (t, JH,F = 10.9 Hz, 1H), 4.46 (t, J = @A 1H),



3.52 — 3.49 (m, 1H), 2.60 (d, J = 8.3 Hz, 2H), 2.44)(& 10.0
Hz, 1H), 2.34 (dd, J = 13.6, 4.6 Hz, 1H), 1.67 (s, 30 (s,
3H), 1.35 — 1.31 (m, 1H), 1.30 (s, 3H), 1.09 (s, 38 NMR

(100 MHz, CDCJ) & 202.7, 173.5, 168.2 (d, JC,F = 16.0 Hz),

165.3 (dd, JC,F = 77.3, 15.9 Hz), 162.2 (d, JC,F6:0 Hz),
161.8 (dd, JC,F = 15.6, 5.5 Hz), 135.2, 134.7, 1,3418.9, 101.5
(dd, JC,F = 24.6, 4.4 Hz), 99.4 (t, JC,F = 25.5 194)4, 84.6,
83.7, 49.0, 47.0, 29.9, 29.3, 29.2, 25.7, 25.52;1AMRMS calc.
for C,3H.F,0,Na (M + Na)+ 423.1378, found 423.1373.

6,8-difluor o-2,2-dimethyl-11a-(3-methylbut-2-en-1-yl)-
2,3,3a,11a-tetr ahydro-3,10a-methanofur o[ 3,2-b] xanthene-
5,11-dione (33): 3%, yellow solid; R = 0.48 (50% EO-
hexane);H NMR (400 MHz, CDCJ) & 7.22 (d, J = 7.0 Hz, 1H),
6.74 (d, JH,F = 9.6 Hz, 1H), 6.52 (t, JH,F = 11.0 Hz,, B)1 (t,
J = 6.9 Hz, 1H), 3.76 (dd, J = 6.9, 4.7 Hz,1H), 2.50.46 (m,
2H), 2.19 (dd, J = 9.9, 4.5 Hz, 1H), 2.12 — 2.04 (ht), .87 (dd,
J = 13.2, 10.0 Hz, 1H), 1.72 (s, 3H), 1.60 (s, 3H)81S 3H),
1.35 (s, 3H);*C NMR (100 MHz, CDG)) 5 199.6, 172.8, 168.5
(d, JC,F = 15.8 Hz), 165.9 (d, JC,F = 16.1 Hz), 1Yy, 162.2
(m), 136.7, 135.6, 131.8, 117.4, 102.0 (dd, JCH:9, 4.2 Hz),
99.7 (t, JC,F = 20.0 Hz), 85.0, 84.1, 79.2, 44.95422.9, 30.3,
29.8, 26.9, 26.1, 18.4; HRMS calc. fos:8,,F,0,Na (M + Na)+
423.1378, found 423.1379.

Culture of spheroids"®™*.  The spheroid4""™ were

cultured in Minimal Essential Medium (MEM) supplemed
with 10% heat-inactivated fetal bovine serum andbaotics
(100 U/ml penicillin and 10@ug/ml streptomycin) at 37°C in an
air -5% CO2 atmosphere at constant humidity.

Compound screening and drug response using the
spheroids™®"™* assay. Spheroid¥*®*ranging in size from 40-
100 pm were seeded at a density of 30 — 50 sphésaiiisn a
multi-well plate and treated in replicates with diéfet drug
concentrations or vehicle only (DMSO) as a contBrlghtfield
images were acquired 24 hours post treatment anceiponse to
the drugs was evaluated based on deviations froroitbelarity
of intact, well-circumscribed spherotf§"*.  Circularity
measurements for compounds that led to complesldigon,
turning the spheroid8™™ to single cell suspension were
obtained using ImageJ. The parameters of the iraaghysis are
set so that ‘1’ indicates a perfect circle (i.eaét spheroid; no
response) and numbers approaching ‘0’ indicate lo$s
circularity (i.e. dissolute spheroid; response)sgtemse to drug
treatment is ranked as no response, low responsdgeraie
response or complete response, based on the defgdesiation
from a well-circumscribed spheroid edge. The cingtya
measurements were then transferred into GraphPau Rrig.04
in order to construct a dose-response curve amdles the G,
values of each drug.

Immunofluorescence in extracellular matrix plugs.
Extracellular matrix (Matrigel; Corning LifeScierse cat.#
356237) was thawed at 4°C overnight and kept ontied imes
during use. A mixture of matrigel with spherd{d®*in media
at a 2:1 ratio was prepared and added on top dodiss gloverslip
into each well of a plate. The plate with the matriglegs was
allowed to solidify for 30 minutes at 37°C, befoddang media
with appropriate drug concentrations in the wellseA8 hours
of treatment, the drug containing media was remaaed the
wells were topped off with 4% paraformaldehyde (PHAFA
fixation proceeded for 30 min at room temperatiwdowed by
PBS washes and 15 min permeabilization of the eells 2%
Triton X-100 in PBS. After washing twice with 1x PB8etcells
were blocked with 3% normal goat serum in 1x PBS3fdmin
at room temperature. The treated cells inside tlagriyel plug
were then incubated at 4°C for 24 hours with AlexaoFI488

conjugated anti-Ki67 (BD Pharmingen, #558616) an@RP
(Promega, #G7341) at 1:10 and 1:100, respectivautation
with Cy5 conjugated goat anti-rabbit (Invitrogen, AZ23)

secondary at 4 pg/ml followed at 4°C for 24 hourdeAthree
washes in 1x PBS, a drop of Vectashield mountingiumedvith

DAPI (Vector Laboratories, H-1200) was applied on téghe

Matrigel plugs with the treated cells and then theecslips were
flipped and sealed on slides. The slides were \imedland
subjected to z-stacking using a Zeiss AxioObserverwdth

ApoTome2 inverted microscope.
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Supplementary Material

The Supplementary Material contains detailed expental
procedures, spectroscopic and analytical data dsawebpies of
'H and*C NMR of all synthetic compounds. It also contains
information on the drug response measurementshiersjps"~"

* (Fig. S1) and a complete panel of dose responslysimaf
spheroid¥**"*(Fig. S2).



. Inflammatory breast cancer (IBC) is a highly metastatic and lethal subtype of breast
cancer with no known pharmacological treatment.

. A synthetic library of caged xanthones allows structure-activity studies in an IBC model.
. A-ring modified caged xanthones are potent against spheroids™*"™* an in vitro model of
IBC.

. Synthetic caged xanthones induce complete dissolution of spheroids™**"™ and cell
apoptosis.

. The caged xanthone motif represents a potent drug lead for the design of IBC-targeting

therapeutics.



