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ABSTRACT

Polycyclic aromatic hydrocarbons are widespreadature with a toxicity range from non-
toxic to extremely toxic. A series of pyrenyl dexilves has been synthesized following a four-
step strategy where the pyrene nucleus is attaalitbda basic heterocyclic moiety through a
carbon linker. Virtual screening of the physicocleahproperties and druggability have been
carried out. The cytotoxicity of the compounds-§) have been evaluated vitro against a
small panel of human cancer cell lines which inekitivo liver cancer (HepG2 and Hepa 1-6),
two colon cancer ( HT-29 and Caco-2) and one eacledrvical (HeLa) and breast (MCF-7)
cancer cell lines. The Kgdata indicate that compousdand8 are the most effective cytotoxic
agents in the present set of pyrenyl derivativeggssting that having a 4-carbon linker is more
effective than a 5-carbon linker and the preseri@de carbonyl groups in the linker severely
reduces the efficacy of the compound. The composhdg/ed selectivity toward cancer cells at

lower doses (< M) when compared with the normal hepatocytes. Tleehanism of action



supports the cell death through apoptosis in aasesmdependent manner without cleavage of
poly (ADP-ribose) polymerase (PARP), even though ¢bmpounds cause plasma membrane
morphological changes. The compounds, whether yigytiotoxic or mildly cytotoxic, localize

to the membrane of cells. The compounds with eithgriperidine ring € or an N-methyl
piperazine §) in the side chain were both capable of circumwenthe drug resistance in
SKOV3-MDR1-M6/6 ovarian cancer cells overexpresdhglycoprotein. Qualitative structure-

activity relationship has also been studied.
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1. Introduction

According to NASA’s announcement on February 2114 more than 20% percent of the
carbon in the universe is confined in polycyclioraatic hydrocarbons (PAHSs) [1], some of
which are considered potent atmospheric pollut@2jtsThese PAHs are widely distributed in
nature. For example, significant amounts of PAHs fmund in natural crude oil and coal
deposits, and they are also found in processed! flogds, tar and various edible oils [3].
Nevertheless, some PAHs have been identified asno@ienic, mutagenic or teratogenic [4].
PAHSs are soluble in lipid, can be metabolized btochrome P450 enzymes, and can interact
with cellular components like protein and nuclectda Because of this metabolic activation of
PAHSs, they are considered as indirect acting caggns [5]. The toxicity of polycyclic aromatic
hydrocarbons (PAHSs) is structure-dependent. Fomei@ different PAHs with the same
formula and number of rings can vary from beingtogit to extremely toxic [6]. A key factor
in PAH toxicity is the formation of reactive metdibes, and not all PAHs are of the same
toxicity because of differences in structure thiégc metabolism.

Alternatively, certain PAHs have been identifiedamtitumoral. For example, the antitumoral
anthracyclines (daunorubicin and doxorubicin) arfte tsynthetic anthracene-9,10-dione
(mitoxantrone) are potent agents in clinical us#ayowith broad application in the treatment of
several leukemias, lymphomas and solid tumors, a@é as in combination chemotherapy of
solid tumors [7,8]. Additionally, some PAHs haveshdadentified as DNA intercalating agents,
an important class of antitumoral DNA binders theg¢ characterized by the insertion of their
planar aromatic or heteroaromatic rings between Dfd8e pairs. For example, anthracyclines,
acridines, and ellipticines are DNA intercalatingeats [9,10] that are thought to poison
topoisomerases | and Il [11].

Cancer is a leading cause of death worldwide acdumted for 8.2 million deaths in 2012
among which 70% occur in low- and middle-incomertaes. According to the World Health
Organization the annual cancer cases will rise fi@dnmillion in 2012 to 22 within the next two
decades [12,13]. Therefore, a better understarafihgw PAHSs induce or inhibit carcinogenesis
could lower tumor incidence or help fight this dise. Cancer cells often adapt to develop
resistance to chemotherapeutic agents, in parughroncreased expression of protein efflux
pumps, which translocate drugs out of the cell [T4jerefore, it is also important to develop



novel chemotherapeutic agents, including PAHs, lwhare more potent tumor-selective
cytotoxic agents and can circumvent drug resistanter cells.

We reported the novel synthesis of chrysenyl aepyl compounds coupled to side chains
using bismuth nitrate pentahydrate and microwanagliation [15], an emerging field of research
in synthetic organic chemistry. In fact, we havendastrated the synthetic uses of trivalent
bismuth nitrate pentahydrate in a number of exampilesulting in various methods which
includes but are not limited to, nitration of ardimasystems [16,17], Paal-Knorr synthesis of
pyrroles [18-21], electrophilic substitution of wids [22], synthesis ai-aminophosphonates
[23], Hantzsch synthesis of 1,4-dihydropyridined][2anticancer quinoxalines [25], bioactive
benzimidazoles [26] etc. Microwave-induced synthesli bioactive molecules has also been
reported from our laboratory [27-30]. The previaeported pyrenyl compounds exhibited
autofluorescent properties and were moderatelytayto against selected cancer cell lines
(Table 3; Compound and ref 15). However, the cellular and moleculdect(s) of these
molecules was not examined in our previous studgreld, we have used organo-bismuth
chemistry to synthesize even more effective antiearpyrenyl-coupled compounds, and we
have examined the molecular and cellular mechanibgpnsvhich these compounds cause
cytotoxicity. Importantly, we have shown these rigwgrenyl compounds to selectively target
cancer cell lines and are capable of circumvenitizR-1-mediated drug resistance in cancer
cells. A few analogous compounds derived from atmgswere reported previously [31-33]. The
rationale of synthesizing the pyrenyl derivativeparted in this paper is to introduce more
effective (against cancer cells) and less toxi@ifa} normal cells) anticancer agents following
the U.S. Environmental Protection Agency (EPA) elites of polycyclic aromatic
hydrocarbons, since chrysene belongs to the ligprabable human carcinogens” while pyrene

belongs to “not classifiable as to human carcinagsfi list [34].

2. Results and Discussion
2.1. Chemistry

The first step of the present synthesis involvissnbth nitrate induced nitration of pyrene
under microwave irradiation. The product 1-nitragpye was successfully reduced to the
corresponding amine with excellent yield. Varioukérs were introduced following a coupling

reaction between 1-aminopyrene and corresponding Ichain acid. In the final step, the



carbonyl group (both in amide and ester) was retlimyerefluxing with borane in anhydrous
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Here it is important to be mentioned that in arieamvestigation [32 it was found that the
anticancer activity of 3-carbon linker PAH derivas was less than 5-carbon linker analogs. It
was reported that 5-carbon linker PAH derivativesravmore active anticancer agents than 3-
carbon linker analogs but less active than 4-calinder analogs. Taken together, the activity of
3-, 4-, and 5-carbon linker PAH derivatives were &garbon linker > 5-carbon linker > 3-
carbon linker. Based on this background informatibe synthesis and anticancer screening of

the corresponding 3-carbon linker pyrene analoge wrcluded in the present investigation.

2.2. Biology
2.2.1. Virtual screening for druggability

The computed molecular properties of Ni@yrenyl derivativeg1-8) are presented in Table
1. The lipophilicity (fat-liking, miLogP), total gar surface area (TPSA), number of hydrogen
bond acceptor, number of hydrogen bond donor, numebeotatable bonds and molecular
volume have been calculated using Molinspiratiotinenproperty calculation toolkit (version
2013.09) [35] to validate the druggability [36—38] the pyrenyl derivativesl¢8). The drug-
likeness model score (a collective property of ochemical parameters, pharmacokinetics
and pharmacodynamics of a compound is represegtadnnmerical value) has been calculated
by MolSoft software [39]. The predicted bioactiedi such as the ability of the pyrenyl
compounds 1-8) to act as G protein-coupled receptor (GPCR) ligaon channel modulator,
kinase inhibitor, nuclear receptor ligand, proteadebitor and overall enzyme inhibitor have
also been calculated using the same toolkit (verad@l1.06) [35]. The results are summarized in
Table 2.

2.2.2. Analysis of spectral emission

A previous study from our lab showed that eithatysényl- or pyrenyl-coupled derivatives,
including compound4 and2, exhibited autofluorescent properties whereby aolidiof an alkyl
side chain to pyrene caused a red-shift in thetsgdeemission properties [15]. Therefore, to
determine whether the novel pyrenyl derivativescdbed in Scheme 1 also exhibited
autofluorescent properties, compounds were analpgefiuorescence spectroscopy. Similar to
compoundl and 2, compounds$-8 exhibited peak fluorescent wavelengths ranging &80

nm to greater than 450 nm, whereas the peak floeneg of compound3-5 exhibited a peak



fluorescent wavelength of approximately 400 nm,f(Eg Figure 1 and Supplemental Figure 1
of this article). These data indicate that eachthef novel pyrenyl derivatives with either
piperidine orN-methyl piperazineexhibited autofluorescent properties, with the @ddiof the
various long chains to pyrene causing a red-shiffpectral emission when compared to pyrene,
since previous reports have identified that thekpmaission wavelength of pyrene is less than

400 nm, with a shoulder for that emission peakpgtra@ximately 420 nm [40,41].

2.2.3. In vitro cytotoxicity evaluation

To determine whether the novel pyrenyl-coupled \@ives with side chains containing
piperidine orN-methyl piperazine rings were cytotoxic, a smalhglaof cancer cell lines,
including liver cells (HepG2 and Hepal-6), colomaar cells (HT-29 and Caco-2), a cervical
cancer cell line (HeLa) and a breast cancer aa#l (MCF-7) were treated with the eight novel
compounds X-8) described in Scheme 1. While two of the compouBdsnd 4, were not very
cytotoxic, the other compounds exhibited cytotayi@gainst each of the cell lines tested (Table 1).
Furthermore, compound® and 8 exhibited potent cytotoxicity against the celleitested witHCsg
values of less than M (Table 3). These data indicate that compo6rahd 8 are the most
effective cytotoxic molecules of this set of pyredgrivatives, suggesting that having a 4-carbon
linker is more effective than a 5-carbon linkerrgzare compoun@ with compound?) and that
a more polar side chain is more effective than m@viydrophilic groups such as ketones
(compare compound® and8 with compounds3 and5, respectively) present in the side chain.
We also investigated the time at which the morepitompounds; and8, caused cytotoxicity
in cancer cells. Both compoun@sand 8 caused cytotoxicity at a similar time-point in HepG
cells when cells were treated with a dose that twastimes greater than the §¢value for the

indicated cell type, causing toxicity between sid d2 hours of treatment (Figure 2).

2.2.4. In vitro evaluation of selective cytotoxicit

Upon identifying the cytotoxic pyrenyl derivativesontaining piperidine orN-methyl
piperazine rings, we sought to determine whetheséhcompounds were selectively cytotoxic
against a mouse cancer cell line (Hepa ir6)itro when compared with normal hepatocytes. At
very high doses (5@tM), compound6 and compound killed both the cancer cells and the

normal hepatocytes (Figure 2); however, at lowesedqless than |3M) the pyrenyl compounds



killed the cancer cell line much more effectiveljpem compared with the normal hepatocytes
(Figure 2). These data suggest that pyrenyl deviestcontaining a four carbon linker with either

a piperidine or alN-methyl piperazine ring are capable of selectivalyng certain cell types.

2.2.5. Apoptosis through caspase-independent manner

To determine the mechanism by which compoudsand 8 caused cytotoxicity, the
morphology of HelLa cells was examined for the pmeseof membrane blebbing, an indicator of
cellular apoptosis. Membrane blebbing was deteiciéteLa cells that were treated for 12 hours
with either compoun® or compound (Figure 3A, white arrows), and similar morphologgsv
detected when cells were treated for either 8 hour$5 hours (data not shown). These data
suggest that the cytotoxic pyrenyl-coupled denxegti containing a piperidine or émethyl
piperazine ring cause cytotoxicity by apoptosiswideer, there were also some cells with a
rounded and swollen morphology in the presence itbfele compound6 or compound8,
suggesting that these cells were undergoing nex(bgjure 3A, black arrows).

To further determine whether compouBdor 8 was inducing apoptosis, we examined
cleavage of poly (ADP-ribose) polymerase (PARP)kn@wn proteolytic target of caspase
proteins during progression of apoptosis [42]. 8ampgly, neither compoun@ nor 8 induced
cleavage of PARP in cells that were treated witbages less than @M for 8 to 18 hours
(Figure 3B and data not shown). Only when cellsentezated with higher doses of compounds
(10 puM) could a minimal level of cleaved PARP be detddfégure 3B). These data suggest that
most of the cytotoxicity induced by compoudidr compound occurs in a caspase-independent

manner, even though the compounds are causing @laembrane morphological changes.

2.2.6. Localization to plasma membrane

Our group has previously shown that compo@ndhich is not as cytotoxic as compourls
or 8 (see Table 3)s localized outside the cell nucleus in a puncpattern, when examined by
epifluorescent microscopy [15]. To determine whethe cytotoxic pyrenyl-coupled derivatives
containing a four carbon linker with either a pidere or anN-methyl piperazine ring were
capable of penetrating the cell and localizinghe hucleus, we compared the localization of
these compounds by epifluorescent microscopy. 8imo our previous study, compouid
exhibited a punctate pattern that was not localimedhe nucleus (Figure 4A). Similarly,



compounds$ and8 exhibited a punctate pattern that appeared to daited to the cytoplasmic
membrane (Figure 4A). However, some diffuse stairdauld also be detected throughout the
cell (Figure 4A), suggesting that some compound getting into the nucleus. Therefore, we
next analyzed the localization of compounds alorith VBODIPY TR-conjugated ceramide
analogs, which localize to membrane fractions, @yfacal microscopy. Each compouriz] 6,
and8) was detected in a punctate pattern that was prie@dmtly co-localized with BODIPY TR-
conjugated ceramide analogs, and the nucleus dmukkeen as an unstained component of the
labeled cells (Figure 4B). Taken together, thesm dadicate that novel pyrenyl derivatives,
whether highly cytotoxic or mildly cytotoxic, aredalized to the membrane of cells.

Cells that were labeled with the fluorescent pyt@ompounds and BODIPY TR-conjugated
ceramide analogs were also subjected to biocherfraetionation using an OptiPrépdensity
gradient. Both ceramide analogs and the pyrenylpoamds were predominantly detected in the
less dense fractions (fractions 2—-4), although sofrtee ceramide could be detected in heavier
fractions (predominantly fractions-8) as well (Figure 5). Fractions were also analybgd
western blotting for two proteins that have pregigubeen shown to localize to lipid rafts, Lyn
and Thy-1 [43], as well as Glyceraldehyde Phospbeieydrogenase (GAPDH). Interestingly,
Thy-1, which is a glycosylphosphatidylinositol (GRihchored protein that binds to the outer
membrane leaflet of cells [44], was detected irctfoms that contained much of the pyrenyl
compound as well as ceramide; however, both Lyn @APDH were detected in the denser
fractions (Figure 5). These data suggest that thesel pyrenyl compounds are localized to the

plasma membrane and are most likely located intiwlesch regions within the membrane.

2.2.7. Circumvention of P-glycoprotein-mediatedglresistance

Because the cytotoxic pyrenyl derivatives contajr piperidine or ail-methyl piperazine
ring (compounds and 8, respectively) were localized to the cytoplasmiemnmbrane and not to
the cytoplasm, we hypothesized that these compounidgt circumventP-glycoprotein-
mediated drug resistance in tumor cells. Therefoel viability of SKOV3 cells or a retrovirally
transduced and subcloned SKOV3 cell line overexmgd-Glycoprotien-1, SKOV3-MDR1-
M6/6 [45,46] was assessed after treatment withdoges (0-4:M) or high doses (0-25M) of
Paclitaxel, 0-25uM compound6, or 0-25uM compound3 for 48 hours. These SKOV3-MDR1-

M6/6 cells have previously been shown to be resista cytotoxicity induced by anticancer



drugs, including Daunorubicin and Paclitaxel, wieampared with SKOV3 cells [45,46]. As
expected, SKOV3 cells were extremely susceptibl®dolitaxel-induced cell death, with and
ICs0 value of less than 1 nM (Figure 6A, left paneh).cbntrast, SKOV3-MDR1-6/6 displayed a
clear resistance to Paclitaxel, which killed onl@% of cells, even at the highest dosage
administered (Figure 6A and 6B, right panels). lontcast, the novel cytotoxic pyrenyl
derivatives, compoun@ and 8, killed SKOV3 and SKOV3-MDR1-6/6 cells similarlizaving
both a comparable I value and maximum cell death percentage in ealtlype (Figure 6C

and 6D). This comparative cytotoxicity data indesathat these novel pyrenyl derivatives with
either a piperidine or am-methyl piperazine ring in their side chain bypasdbe P-
glycoprotein-mediated resistance of SKOV3-MDR1-Méédis.

2.2.8. Qualitative structure-activity relationship

Our group has previously shown that coupling @fatéd PAHS, including nitrated pyrene,
with isobutyl chloroformate results in compoundstttare autofluorescent and moderately
cytotoxic against certain cancer cell lines [1%5].an effort to improve the cytotoxic potency of
pyrenyl-coupled compounds, we have coupled sidensha nitrated pyrene that contain either
piperidine orN-methyl piperazine in this study. We found thaheitpiperidine (compoun@) or
N-methyl piperazine (compound) coupled to nitrated pyrene through a four cartioker
lacking keto groups were most potent at causingtoyicity in cancer cells. We have also
shown that these compounds can selectively ‘kalihaer cells when compared with primary
cells and circumvent P-glycoprotein-mediated dregjstance in cancer ceils vitro, possibly
because the mechanism of action for these moleadesrs through their interaction with the
cellular membrane.

Other anticancer agents that contain either arigiipe or anN-methyl piperazine ring include
Raloxifene (a selective estrogen receptor modylakoratinib (a tyrosine kinase inhibitor), and
Bosutinib (a Src kinase inhibitor) [47—-49]. In fattte piperidine ring of Raloxifene is critical for
its antagonistic effect on Estrogen Receptor agtifs0]. The piperidine ring of Raloxifene is
coupled to its adjacent benzene ring through aer éxind along with a 2-carbon linker [48],
while theN-methyl piperazine of Imatinib or Bosutinib is liedk through a 1-carbon or an ester
along with a 3-carbon linker, respectively [47,4Qur data indicate the a four carbon linker

connecting piperidine to the pyrenyl backbone igenpotent when compared to compounds



with a five carbon linker (Table 3; compare compb@rwith 7) and that the presence of amide
carbonyl groups in the linker severely reducesetfieacy of the compound (Table 3; compare
compound3 with 6 or compound5 with 8). These highly cytotoxic compounds were also
selectively cytotoxic, killing rapidly growing caeclines at much lower doses than non-dividing
primary cells (Figure 2). Perhaps reducing the remdf carbons in the linker between the
piperidine orN-methyl piperazine ring and the pyrenyl backbonenduether will render future
compounds even more potent or selective.

Cytotoxicity can be caused through multiple prgess including apoptosis, apoptosis-like
programmed cell death (e.g., autophagy, mitotiastabphe, and paraptosis), necrosis, or
necrosis-like programmed cell death [51]. A majdfedence between apoptosis and other types
of cell death is that caspase proteins are activdtging progression of apoptosis [51]. Both
Raloxifene, which contains a piperidine moiety, dnuhtinib, which contains am-methyl
piperazine moiety, have been shown to induce caspetvation in various cancer cell types,
including HeLa cells [52-58]. In addition, a prewgostudy has shown that pyrenyl coupled with
a maleimide moiety causes cell death through caspasvation in T-cell leukemia-derived
Jurkat cells [59]. However, the most potent cytataompounds examined in this studyand
8) caused cellular membrane blebbing, which is indieabf apoptosis, but did not induce
caspase activation in HelLa cells (Figure 3). Thedm@a suggest that pyrenyl-coupled cytotoxic
agents may Kkill different cell types through difat mechanisms or that the moiety that is
coupled to the pyrenyl may change the cytotoxic masm of the compound. Furthermore,
these data suggest that pyrenyl coupled with a didén with either a piperidine d-methyl
piperazine ring causes caspase-independent cel,dehich has been shown to occur when
certain cancer cell types were treated with otigpes of cytotoxic agents including Cladribine,
Paclitaxel, or Vitamin D [51]. Thus, it is possiblkat the novel cytotoxic pyrenyl-coupled
compounds described here induce apoptosis-like ranoged cell death, cellular necrosis,
necrosis-like programmed cell death, or a combomatif these cell death mechanisms. This is a
plausible scenario, since Imatinib has previouggrbshown to induce cell death in leukemic
cells through two separate mechanisms: (i) apoptasd (i) a caspase-independent, necrosis-
like manner that was blocked by a serine protedséitor [60].

In addition to killing several different types ofrwcer cell lines, the novel pyrenyl-coupled

compounds with either a piperidine rir§) or anN-methyl piperazine§) in the side chain were



both capable of circumventing the drug resistancBKOV3-MDR1-M6/6 ovarian cancer cells
overexpressing P-glycoprotein (Figure 6). Thests aedre previously shown to exhibit a robust
resistance to Paclitaxel (Figure 6 and ref [46{lyoprotein is one of nine Multidrug Resistant
Proteins (MRPs), and MRPs are expressed in varimssies of the body and capable of
transporting numerous physiological substratesmicancer drugs out of cells [61]. Thus, it
would be interesting to assess whether the pyremybled compounds described here or
additional pyrenyl-coupled compounds circumvented tultidrug resistance mediated by
MDR1 and other MDR proteins vitro andin vivo.

One possibility for the mechanism by which the elgeyrenyl-coupled compounds described
here kill cancer cells potently and selectivelyywadl as circumvent the P-glycoprotein-mediated
drug resistance, is that these compounds localizket plasma membrane of target cells and do
not enter the cytoplasm or intracellular organeltdsthe cell to cause cytotoxicity. Both
compoundé and8 co-localized with a BODIPY-labeled sphingolipid@inctate regions on the
cell surface when examined by microscopy (Figurard) in similar subcellular fractions when
examined by biochemical fractionation of cells. 3&@&ODIPY-labeled sphingolipids have been
reported to localize along the endocytic pathwag|uding the plasma membrane, endosomes,
lysosomes, and the Golgi apparatus [62]. Howewer|ipid is primarily integrated in the plasma
membrane when incubated at cold temperatures,sasiloled here [62].

3. Conclusion

The cytotoxic pyrenyl-coupled compounds were prilmadetected in cellular fractions
containing the Thy-1 protein (CD90), a GPIl-anchopedtein found on the outer leaflet of the
lipid bilayer [44], but not with GAPDH, an intradelar protein that has been shown to interact
with phosphatidylserine [63]. Thus, our data suggésmt the cytotoxic pyrenyl-coupled
compounds are localized to the outer leaflet ofglasma membrane of target cells. However,
the presence of pyrenyl-coupled cytotoxic compoummdendosomes or lysosomes cannot be
ruled out by these results, since Thy-1 has besgargbd to localize at the plasma membrane and
within endolysosomes [64]. Nonetheless, if theseehpyrenyl-coupled compounds potently and
selectively kill cancer cells and circumvent dregistance by binding to the plasma membrane
or lysosome and causing a caspase-independentaprogrd cell death event, then they could

become chemotherapeutic drugs with clinical usefssn



4. Experimental
4.1. Chemistry
4.1.1. General

Unless otherwise stated, all materials were obthirom commercially available sources and
were used without purificatiofRyrene, bismuth nitrate pentahydrate, montmorileoHiSF clay,
indium, ammonium chloride, isobutyl chloroformate0 M borane in tetrahydrofuran, and
dimethylsulfoxide (DMSO) were purchased from (SighAddrich Corporation, St. Louis, MO)
while other solutions like phosphate-buffered sali(PBS), Dulbecco’s Modified Eagle’s
Medium (DMEM), Fetal Bovine Serum (FBS), and McCoynedia were purchased from
Invitrogen (Carlsbad, CA). All other chemicals weragrchased from Sigma-Aldrich Corporation
(analytical grade). Throughout the project solvemtsre purchased from Fisher-Scientific
(Pittsburgh, PA). Deionized water was used forgheparation of all aqueous solutions.

Melting points were determined in a Fisher Scfenglectrochemical Mel-Temp* manual
melting point apparatus (Model 1001) equipped witBO0O°C thermometer. FT-IR spectra were
registered on a Thermo Nicolet NEXUS 470 FT-IR B.%! spectrophotometer as KBr discs.
'"H-NMR (600 MHz) and"*C-NMR (150 MHz) spectra were obtained at room temijpee with
Bruker superconducting UltrashiétiPlus 600 MHz NMR spectrometer with central fieldQi%
Tesla, coil inductance 89.1 Henry and magnetic @ndrl27.2 kJ using CDglas solvent.
Elemental analyses (C, H, N) were conducted udiegRerkin-Elmer 2400 series Il elemental
analyzer, their results were found to be in gooccagent (£ 0.2%) with the calculated values
for C, H, N.

4.1.2. Synthesis of the compoutds
4.1.2.1. Nitration of pyrene

Pyrene (1 mmol) and montmorillonite KSF clay (5@ty, Aldrich) were added to a
suspension of bismuth nitrate pentahydrate (1 epguivanhydrous dichloromethane (10 mL).
The solvent was then evaporated under reducedusesand the reaction mixture was irradiated
using microwave irradiation for 6 min (2x3 min).5M0 mL glass beaker full with ice was used

as heat sink. Every after 2 min the reaction wasitated by TLC. After completion of the



reaction the reaction mixture was washed with dicrhethane (3x 5mL) and the solvent was
evaporated by reduced pressure distillation. The puoduct (1-nitropyrene) was isolated by

crystallization from dichloromethane/hexanes migtur excellent yield (~ 80%).

4.1.2.2. Reduction of 1-nitropyrene to the 1-amymepe

1-Nitropyrene (1 mmol) and indium (570 mg), 2.5 rathanol and 2.5 mL 20% aqueous
ammonium chloride solution was refluxed vigorousty 24 hrs (monitored by TLC). After
completion of the reaction it was filtered througtichner funnel and the filtrate was extracted
with dichloromethane (2x 3 mL). The dichloromethdager was washed with brine and water
successively and dried over anhydrous sodium sulfahe pure amine was isolated by

crystallization from dichloromethane/hexanes migtur excellent yield (86%).

4.1.2.3. Synthesis of the acidic chains

The anhydride (n=1, succinic anhydride and n=2tagic anhydride) and piperidine (1:1
molar ratio) were dissolved in anhydrous dichlortmee (10 mL) and the mixture was refluxed
for 4—6 hrs; cooled down at room temperature. The crystadre filtered through vacuum,

washed successively with diethyl ether and hexanddried in desiccator.

4.1.2.4. Coupling of 1-aminopyrene with the acidicains in the presence of isobutyl
chloroformate

1-Aminopyrene (1 mmol) was stirred with dry trigilimine (3 mmol) in anhydrous
dichloromethane (5 mL) at a temperature -5 to i@ iaobutyl chloroformate (1.8 mmol in 2
mL anhydrous dichloromethane) was added drop wissngl an hour. After the addition was
over, the mixture was stirred for 24 hours at raemperature. After completion of the reaction
(monitored by TLC), the mixture was washed withusatied solution of sodium bicarbonate,
brine and water successively. The pure productis@ated after column chromatography over

silica gel (>70% vyield).

4.1.2.5. Reduction of the diamid&s<5) to diamines4—6)
1 mmol of the diamide was refluxed with 6 mL o® M borane/tetrahydrofuran solution for

36 hours and then 5 mL of 4% aqueous hydrochland solution was added and the mixture



was again refluxed for another 24 hrs. After coripteof the reaction (monitored by TLC), the
pH of the solution was changed to ~7.0 by 10% agsiesodium hydroxide solution and the
mixture was extracted with ethyl acetate for thieees (3x3 mL). The combined organic layer
was washed with brine and water successively. Ture piamine was isolated after column

chromatography (10% methanolic ethyl acetate) siliea gel (~70% vyield).

4.1.2.6. Reduction ol) to (2):

Compound 1) was formed as a byproduct during diamide synthdllowing the previous
protocol of diamide reduction it was reduced to poond @) and finally purified by column
chromatography (15% ethyl acetate in hexanes) siliea gel (~60% vyield).

4.1.2.7. Spectroscopic data for characterizatiothef compounds

The spectral and analytical data of the compounalsd2 are already reported [15] from our
laboratory. The data for the compoun@sq) are as follows:
4.1.2.7.1. 4-Oxo0-4-(piperidin-1-yl)-N-(pyren-4-yilanamide (3): Brown crystalline solid
(74%); mp  163-164 °C; IR (KBr) 3265, 2926, 167624, 1508, 838, 711 ¢cm'H NMR (600
MHz, CDCk) 8 1.46 (m, 6H), 2.75 (] = 6.36 Hz, 2H), 2.89 (1] = 5.70 Hz, 2H), 3.32 (m, 2H),
3.56 (t,J = 5.40 Hz, 2H), 7.98 (m, 7H), 8.14 @= 9.18 Hz, 1H), 8.44 (d] = 8.28 Hz, 1H),
9.59 (s, 1H);"*C NMR (150 MHz, CDGJ) 26.41, 25.60, 26.29, 29.70, 33.08, 43.22, 46.51,
120.92, 121.41, 122.88, 124.69, 124.81, 125.09,(2€%.16, 125.97, 126.39, 127.36, 127.52,
128.49, 130.91 (2C), 131.39, 170.50, 171.99. ABalcd for GsH24N20.: C, 78.10; H, 6.29; N,
7.29. Found: C, 78.01; H, 6.23; N, 7.20.
4.1.2.7.2. 5-Ox0-5-(piperidin-1-yl)-N-(pyren-4-y®manamide (4): White amorphous solid
(71%); mp 102-104 °C; IR (KBr) 3232, 2933, 168647, 1555, 1521, 1437, 1266, 843, 710
cm?; 'H NMR (600 MHz, CDCY) § 1.53 (m, 8H), 2.07 (q] = 6.84, 13.62 Hz, 2H), 2.59 @,=
6.96 Hz, 2H), 3.40 (t) = 7.02 Hz, 2H), 3.52 (t] = 5.34 Hz, 2H), 7.87 (t, J = 7.56 Hz, 2H), 7.91
(d,J = 10.56 Hz, 1H), 8.02 (m, 4H), 8.12 (= 9.12 Hz, 1H), 8.32 (d] = 8.22 Hz, 1H), 9.06 (s,
1H); *C NMR (150 MHz, CDG)) 21.85, 24.49, 25.65, 26.59, 32.12, 36.68, 424882,
120.87, 121.99, 123.37, 124.75, 124.80, 125.11,(2€%.17, 126.00, 126.56, 127.32, 127.65,
128.78, 130.88, 131.06, 131.35, 171.02, 172.211.ABalcd for GgH26NO,: C, 78.36; H, 6.58;
N, 7.03. Found: C, 78.17; H, 6.41; N, 7.09.



4.1.2.7.3. 4-(4-Methylpiperazin-1-yl)-4-oxo-N-(pyré-yl)butanamide (5): Brownish white
amorphous solid (68%); mp 160-161 °C; IR (KBr) 328929, 1646, 1555, 1526, 1429, 1287,
1007, 831, 705 cih *H NMR (600 MHz, CDCY) & 1.91 (broad s, 1H), 2.27 (s, 3H), 2.37 (m,
3H), 2.86 (m, 2H), 3.00 (m, 2H), 3.50 (broad s, 2Bly3 (broad s, 2H), 7.99 (m, 3H), 8.06 {d,
=9.00 Hz, 1H), 8.15 (m, 3H), 8.21 @@= 9.06 Hz, 1H), 8.50 (d] = 7.92 Hz, 1H), 9.48 (s, 1H);
3¢ NMR (150 MHz, CDGJ) 29.49, 32.84, 41.98, 45.30, 45.95, 54.61, 54128.83, 121.60,
123.05, 124.77, 125.15 (2C), 126.02, 126.50, 12712%7.60, 128.63, 130.87, 131.18, 131.37,
170.73, 171.76. Anal. Calcd for,&,5N30,: C, 75.16; H, 6.31; N, 10.52. Found: C, 75.01; H,
6.40; N, 10.37.

4.1.2.7.4. N-(4-(piperidin-1-yl)butyl)pyren-4-arein6): Yellowish green crystalline solid
(69%); mp 184-185 °C; IR (KBr) 3339, 2933, 16012851283, 839, 724 c¢f'H NMR (600
MHz, ds-DMS0) 8 1.34 (m, 1H), 1.80 (m, 8H), 3.01 (m, 3H), 3.2Q)( 7.56 Hz, 1H), 3.26 (dd,

J = 6.48 Hz, 1H), 3.41 (m, 4H), 6.85 (= 5.40 Hz, 1H), 7.05 (d] = 8.70 Hz, 1H), 7.32 (m,
1H), 7.44 (m, 1H), 7.64 (m, 1H), 7.88 (m, 1H), 8(@d, 1H), 8.05 (dJ = 8.46 Hz, 1H), 8.46 (d,

J = 9.30 Hz, 1H), 10.63 (s, 1H}*C NMR (150 MHz, ¢-DMSO) 20.89, 21.44, 22.21, 25.57,
27.50, 42.40, 51.74, 51.77, 55.48, 108.20, 1151224,.10, 121.64, 121.95, 122.51, 122.97,
124.40, 125.08, 125.54, 125.95, 126.75, 127.74,5P31132.08, 143.51. Anal. Calcd for
CasHagN2: C, 84.23; H, 7.92; N, 7.86. Found: C, 84.04; 67N, 7.77.

4.1.2.7.5. N-(5-(piperidin-1-yl)pentyl)pyren-4-ami(v): Brown solid (67%); mp 65-67 °C;
IR (KBr) 3347, 2928, 1620, 1525, 1461, 1266, 10759 cm®; *H NMR (600 MHz, ¢-DMSO)

8 1.40 (m, 12H), 1.63 (m, 1H), 2.20 (m, 4H), 2.98& 8.16 Hz, 1H), 3.20 (m, 2H), 7.03 @=
8.64 Hz, 1H), 7.28 (d) = 8.46 Hz, 1H), 7.32 (d] = 7.02 Hz, 1H), 7.39 (d] = 8.76 Hz, 1H),
7.44 (t,J = 7.26 Hz, 1H), 7.58 (d] = 8.76 Hz, 1H), 7.67 (m, 1H), 7.87 (m, 1H), 7.98 (Hl),
8.39 (d,J =9.30, 1H);13C NMR (150 MHz, ¢-DMSO) 23.23, 24.20, 24.81, 26.31, 27.52, 28.86,
29.78, 43.26, 54.10, 58.66, 108.14, 112.00, 1141@1,.81, 122.12, 122.40, 126.08, 126.32,
126.65, 126.74, 126.86, 127.74, 128.10, 128.62,3B34143.79. Anal. Calcd forsHsoN2: C,
84.28; H, 8.16; N, 7.56. Found: C, 84.13; H, 81947.39.

4.1.2.7.6. N-(4-(4-methylpiperazin-1-yl)butyl)py+ramine (8): Dark green solid (64%);
mp 72-73 °C; IR (KBr) 3403, 2925, 2783, 1593, 151841, 1277, 1162, 1131, 1001, 820, 756,
732 cm*; *H NMR (600 MHz, ¢-DMSO) § 1.53 (m, 2H), 1.64 (m, 2H), 2.28 (s, 3H), 2.30 (m,
7H), 2.98 (tJ = 7.80 Hz, 2H), 3.38 (m, 3H), 7.06 (@@= 8.52 Hz, 1H), 7.32 (m, 1H), 7.39 @@=



8.70 Hz, 1H), 7.44 (1) = 7.32 Hz, 1H), 7.59 (d] = 8.64 Hz, 1H), 7.64 (dd] = 10.74, 3.84 Hz
2H), 7.88 (m, 1H), 8.00 (m, 1H), 8.39 @= 9.30, 1H):®*C NMR (150 MHz, ¢-DMSO) 21.36,
23.96, 26.76, 27.52, 43.14, 45.77, 52.70, 54.8(06%57112.08, 114.68, 121.06, 122.12, 123.89,
125.20, 126.09, 126.31, 126.65, 126.87, 128.10,0831134.35, 143.78 . Anal. Calcd for
CasHaoN3: C, 80.82; H, 7.87; N, 11.31. Found: C, 80.707H1; N, 11.27.

4.2. Biology
4.2.1. Mammalian cell culture and viability assays

HepG2, Hepal-6, HeLa, and MCF-7 cells were culturedulbecco’s Modified Eagle’s
Medium (DMEM) (Invitrogen, Carlsbad, CA) containintp% Fetal Bovine Serum (FBS,
Invitrogen); Caco-2 cells were cultured in DMEM taining 20% FBS, and HT-29 cells were
cultured in McCoy’'s media (Invitrogen) containin% FBS.SKOV3, and SKOV3-MDR1-M6/6
cells were grown in Basal Medium Eagle (BME) mediantaining 10% FBS. All cell lines were
purchased from American Type Culture Collection X0, Manassas, VA) except for MCF-7, which
were provided by Dr. R.K. Dearth (UTPA), as well 8 §0OV3 and SKOV3-MDR1-M6/6 cells, which
were provided by Dr. Susan Mooberry (UTHSCSA). @dlls wereincubated at 3T with 5% CQ.
Cell viability assays were performed as describevipusly [15], and 1@ doxorubicin was

used as a positive control for cytotoxicity.

4.2.2. Spectral analysis of the compourids-8)

The autofluorescent properties of compoun2i8)(were analyzed as described previously
[15]. Briefly, each compound was excited with light a wavelength of 350 nm, and the
subsequent light emission was analyzed betweenwtiheelengths of 350-700 nm using a

SpextraMaxM5 plate reader (Molecular Devices, Suafg; CA).

4.2.3. Apoptosis assays

To detect membrane blebbing, HelLa cells were plated 6-well dishes at a density of 1.5-
2.0 x 10 cells/well. Cells were then treated with the compb@ or 8 at the indicated dosages
and visualized after 12 hrs using an Olympus CKXB8idture microscope (Olympus Corp.,
Tokyo, Japan). Images were captured using a Nikoalgx E995 eyepiece camera (Nikon,

Japan).



For PARP cleavage, HelLa cells were treated wighirldicated dosages of compou®dr 8
for 12-hrs, and cells were lysed using 0.5% SDS4d siffer (50mM Tris - pH 8.0, 0.5% SDS,
1mM DTT, 2.5mM sodium pyrophosphate, 1nfiglycerophosphate, 1mM MO, and 1X
Roche Complete Protease Inhibitors) . Lysates w&eatyzed by western blotting using an anti-
PARP antibody (Cell Signaling Technology, Danvev®)), and Staurosporine was used as a

positive control for PARP cleavage.

4.2.4. Subcellular localization

For localization of compounds, HepG2 cells weratgd onto 6-well dishes (250,000
cells/well) containing 12-mm glass cover slips amclibated overnight at 3. The following
day, experimental groups were treated with compdu(®buM) for 4 hrs, or with compouné
or 8 (30uM) for 3 hours. Treated cells were then fixed amli&lized as described previously
[15]. Briefly, treated cells were visualized usirg Zeiss Axiolmager.Z1 epifluorescent
microscope (Carl Zeiss Microimaging, LLC, Thornwoddl') with EGFP (Excitation — 470/40;
Emission — 525/50) and DAPI filters, and imagesaevacquired using AxioVision Rel. 4.6
software (Zeiss).

For co-localization of compounds with ceramidd|sc€00,000 cells/well) were plated onto
12-well dishes (Costar) containing 12-mm glass celips and incubated overnight at’@7 The
following day, experimental groups were treatedhwabmpound? (50 uM) for 4 hrs or with
compound6 or 8 for 3 hours. After treatment, cells were rinsed esal times with PBS
containing powdered Bovine Serum Albumin (BSA) &Or8g/mL) and then stained with B4
BODIPY TR-labeled sphingolipids (Molecular Probés) 30 minutes at %C. Cells were then
fixed with PBS containing 4% paraformaldehyde f& @inutes at room temperature and
permeabilized using PBS containing 0.2% Triton-)>31f0r 5 minutes at room temperature.
Coverslips were then mounted onto glass slidesgudroLong Gold Antifade mounting media
(Invitrogen) and visualized using an Olympus FleeviFV1000 Confocal microscope (Olympus
America Inc. Center Valley, PA, USA) with Cyaniné JExcitation — 543; Emission - 592) and
AlexaFluor405 (Excitation — 405; Emission - 415/¢bhannels engaged. Z-stacked composites
were generated across a it field at um increments under 60x oil immersed objective
magnification and 4.0 digital zoom.



4.2.5. Biochemical fractionation

HepG2 cells were plated onto 10-cm dishes (ix#ls/plate) and incubated overnight at 37°
C. The following day, cells were treated with cauapd2 (5uM) for 4 hrs, or cells were treated
with compounds or 8 (3uM) for 2 hrs. After treatment, plates were washeith\wWBS containing
defatted BSA and stained withyd4 BODIPY TR-labeled sphingolipids (Molecular Propésr
30 min at 4C. After exposure to modified sphingolipids, cellsre scraped from plates in PBS
containing 1X Protease Inhibitors (Roche) and pedldoy centrifugation for 5 min at 3,000 x g.
After thorough washing, cells were lysed with PB&htaining 0.5% Brij-96 and protease
inhibitors for one hour. Protein lysates were thyeantified by Bicinchoninic Acid Assay (BCA)
and normalized. Equal mass of protein lysate (@00for each treatment was then loaded onto a
density gradient composed of 600- step-wise gradients (2.5%, 10%, 20%, and 30 %) of
OptiPrep (Sigma), and then separated by ultrai¢egation at 125,000 g for 12 hrs with no
braking. Equal volume fractions (3QQ) were then collected from the density gradiemnig a
portion of each fraction was analyzed by spectrablysis using a SpectraMax M5
Spectrophotometer (Molecular Devices) to detech matmpounds (Ex. 350 nm /Em. 450 nm)
and BODIPY TR-labeled sphingolipids (Ex. 589 nm;.EBf7 nm) in each fraction. In addition,
a portion of each fraction collected was used festern blotting analysis using an antibody for
Lyn or Thy-1 (Cell Signaling Technology), or aniantly for GAPDH (Santa Cruz Biotech.).
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Table 1. In silico physicochemical properties and drug-likeness efNkpyrenyl derivatives

(1-8)'
Compound miLogP* TPSA** Mol. No. of H- No. of No. of Molecular Drug-
No. (A? wt. bond H- rotatable Volume likeness
acceptor bond bond (A3 Model
donor Score
1 5.857 38.33: 317.38¢ 3 1 4 295.72: -0.14
2 5.75¢ 21.26. 303.40¢ 2 1 5 293.54. -0.6¢
3 4.78¢ 49.40, 384.47¢ 4 1 4 358.52¢ 0.4(C
4 5.28¢ 49.40; 398.50t 4 1 5 375.32¢ 0.2¢
5 3.76¢ 52.64%  399.49: 5 1 4 371.06! 0.9¢
6 6.14 15.26¢ 356.51. 2 1 6 354.16: 0.3
7 6.64¢ 15.26¢ 370.5¢ 2 1 7 370.96! 0.3¢
8 5.12¢ 18.50:  371.52¢ 3 1 6 366.70t 0.52
TCalculated by Molinspiration property engine v2@83.
*lipophilicity
**total polar surface area
Table 2.In silico predicted bioactivity of th&l-pyrenyl derivativesi-8)*
Compound GPCR lon channel Kinase Nuclear Protease @ Enzyme
No. ligand modulator inhibitor receptor inhibitor inhibitor
ligand
1 0.16 0.20 0.09 0.12 0.25 0.11
2 0.02 0.01 0.03 -0.07 0.04 -0.06
3 0.10 0.01 0.01 -0.16 0.09 0.00
4 0.09 0.01 0.01 -0.15 0.08 0.00
5 0.10 0.03 0.06 -0.20 0.06 -0.01
6 0.20 0.18 0.19 -0.00 0.11 0.11
7 0.19 0.17 0.18 -0.00 0.10 0.11
8 0.24 0.21 0.26 -0.05 0.10 0.11

*Calculated by Molinspiration bioactivity score v2006



Table 3. ICsovalues (M) of pyrenyl derivatives against a panel of caraadr lines

Compoun Cells HepG2 Hepal-6 HT-29 HelLa MCF7  Caco-2
1 30.445.0 5.9+2.5 20.7+3.8 16.2+3.8 ND 36.3+3.6
2 39.6+7.1 9.9+5.7 14.04¢5.7 9.8+#1.03 ND >50
3 >30 >30 ND >30 ND ND
4 ND >30 >30 >30 >30 ND
5 16.9+3.6 14.8* 19.3+5.5 16.8* 14.1* ND
6 1.4+0.2 2.5+1.4 2.98* 2.6£1.2 1.1+0.0ND
7 18.8+2.9 18.3+1.4 19.8* 18.2+1.4 14.1+0.8D
8 2.4+1.5 1.1+0.2 4.840.1 4.1+12 2.6+0.6 7.2266*

T See reference [15]
* Based on single dose curve
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Figure 1. Spectral emission analysis of novel pyrenyl demest @, 6, and §.
The fluorescence emission spectra of the indicatedpound (5QuM) between
the wavelengths of 350-650 nm, as measured invelfitiorescent units (RFUs),

was determined upon excitation at 350 nm.
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Figure 2. Selective cytotoxicity of novel pyrenyl compoundehe cell viability of primary
mouse hepatocytes or Hepa 1-6 cancer cells wayzaohklfter cells were treated with the
indicated doses of compousdA) or compound3 (B) for 48 hrs. For each cell type, viability
was normalized to DMSO-treated cells.
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Figure 3. Cytotoxic pyrenyl derivatives cause membrane bledpbiithout inducing PARP
cleavage. (A) Hela cells, which were treated whté indicated dose of either compougdr 8,
were analyzed microscopically for changes in membranorphology. Cells exhibiting cell
shrinkage along with membrane blebbing are indicatgth white arrows, whereas cells
exhibiting an enlargednd rounded appearance are indicated with darkvarr@) Lysates from
HelLa cells that were treated with the indicatededafseither compoun@ or 8 were analyzed by
western blotting for PARP as well as cleaved PABRwrosporine (J1M) was used as a

positive control for PARP cleavage.
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Figure 4. Novel pyrenyl derivatives co-localize with ceramiatecell membrane.
(A) HepG2 cells, which were treated with the indechcompound, were analyzed
by epifluorescent microscopy. Cells were also latbelvith DAPI for nuclear
staining. Punctate pattern for each compound in d¢bBkular membrane is
indicated with white arrows. (B) HepG2 cells wereated with the indicated
compound along with BODIPY-TR-conjugated ceramidalags and examined
by confocal epifluorescent microscopy. Co-localmatbf the pyrenyl compounds
with ceramide is indicated by white arrows and appeas yellow punctate
structures in the merged image (bottom panels).ldluavhich lack either
compound or ceramide, are labeled with ‘N’.
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Figure 5. Pyrenyl derivatives partially overlap with lipopisil molecules in
biochemical fractionation of HepG2 cells. Lysatesnt HepG2 cells that were
treated with compoun@ (A), compound6 (B), compound8 (C), or vehicle
control (D) along with BODIPY TR-labeled ceramideaéogs were fractionated
on a step-wise OptiPr&) density gradient. Fractions were then analyzedter
fluorescence emission of pyrenyl compounds (blais;deft y-axis) or ceramide
(gray bars; right y-axis), each of which was meedun relative fluorescence
units (RFUs). Fractions were also analyzed fopttesence of the Lyn kinase (top
panels), Thy-1 (middle panels), or GAPDH (bottomeda) by western blotting.
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Figure 6. Cytotoxic pyrenyl derivatives circumvent MDR1-meeid drug
resistancen vitro. SKOV3 cells (left panels) or SKOV3-MDR1-M6/6 celright
panels) were treated with increasing concentratainBaclitaxel at low (A) and
high dosages (B), compouied(C), or compound (D) for 48 hrs. Cell viability
was then analyzed using a SRB assay, and the doge for each compound in
each cell line was plotted. The calculatedypl®@alue for each compound is
indicated in the top right corner of each graphrefiresentative experiment is
shown (> 2).



Table 1.1n silico physicochemical properties and drug-likeness efHpyrenyl derivativesi-8)"

Compound miLogP* TPSA** Mol. No. of H- No. of No. of Molecular Drug-
No. (A? wt. bond H- rotatable Volume likeness
acceptor bond bond (A3 Model
donor Score
1 5.857 38.33: 317.38( 3 1 4 295.72: -0.1<
2 5.75¢ 21.26:  303.40! 2 1 5 293.54; -0.6¢
3 4.78:¢ 49.407 384.47¢ 4 1 4 358.52¢ 0.4C
4 5.28¢ 49.407 398.50¢ 4 1 5 375.32¢ 0.2¢€
5 3.76¢ 52.64f 399.49: 5 1 4 371.06¢ 0.9¢
6 6.14 15.26¢  356.51! 2 1 6 354.16: 0.34
7 6.64¢€ 15.26¢ 370.5¢ 2 1 7 370.96! 0.34
8 5.12¢ 18.50: 371.52¢ 3 1 6 366.70¢ 0.52

TCalculated by Molinspiration property engine v2@EB.

*lipophilicity

**total polar surface area



Table 2. Insilico predicted bioactivity of thdl-pyrenyl derivativesi-8)

Compounc  GPCR lon channe Kinase Nuclear Proteast Enzyme
No. ligand modulator inhibitor receptor ligand inhibitor inhibitor
1 0.1¢ 0.2( 0.0¢ 0.12 0.2t 0.11
2 0.0z 0.01 0.0z -0.07 0.04 -0.0¢€
3 0.1¢ 0.01 0.01 -0.1¢€ 0.0¢ 0.0C
4 0.0¢ 0.01 0.01 -0.1¢ 0.0¢ 0.0C
5 0.1¢ 0.0z 0.0¢ -0.2C 0.0¢ -0.01
6 0.2( 0.1¢ 0.1¢ -0.0C 0.11 0.11
7 0.1¢ 0.17 0.1¢ -0.0C 0.1C 0.11
8 0.24 0.21 0.2¢ -0.0¢ 0.1C 0.11

+H

Calculated by Molinspiration bioactivity score va006



Table 3. ICsovalues (M) of pyrenyl derivatives against a panel of careadt lines

Compounds~Cells HepG2 Hepal-6 HT-29 Hela MCF7  Caco-2
1 30.445.( 5.9+2.F 20.7+3.¢  16.2#3.§ ND 36.3+3.¢
2 39.6+7.7 9.9+5. 14.0+5.7 9.8+1.07 ND >5C"
3 >3C >3C ND >3C ND ND
4 ND >3C >3C >3C >3C ND
5 16.9+3.¢ 14.8* 19.3+5.! 16.8* 14.1* ND
6 1.4%0.: 2.5+1.c 2.98* 2.6+1.c 1.1+0.0. ND
7 18.8+2.¢ 18.3+1.c 19.8* 18.2+1.« 14.1+0.¢ ND
8 2.4+1F 1.1+0.: 4.8+0.7 4.1+1.2 2.6+0.¢ 7.2266’

T See reference [15]

* Based on single dose curve
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Figure 1. Spectral emission analysis of novel pyrenyl derivatives (3, 6, and 8).
The fluorescence emission spectra of the indicated compound (50 [1M) between
the wave engths of 350-650 nm, as measured in relative fluorescent units (RFUS),

was determined upon excitation at 350 nm.
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Figure 2. Sdlective cytotoxicity of novel pyrenyl compounds. The cell viability of primary
mouse hepatocytes or Hepa 1-6 cancer cells was analyzed after cells were treated with the
indicated doses of compound 6 (A) or compound 8 (B) for 48 hrs. For each cell type, viability
was normalized to DM SO-treated cells.



ACCEPTED MANUSCRIPT

A Control groups Compound 6

Vehicle
Staurosporine (1 uM)
Compound 6 (5 uM)
Compound 8 (2 uM)

—PARP
— Cleaved PARP

[ S T |
4+ 1o

_ + - - - - - Vehicle

- - 1 - - - - Staurosporine (1 pM)
_ - - 10 5 25 1.25 Compound 6 (uM)
—PARP

—Cleaved PARP

_ + - - - - - Vehicle

- - + - - - - Staurosporine (1 pM)
- - - 10 5 25 1.25 Compound 8 (uM)
—PARP

—Cleaved PARP

Figure 3. Cytotoxic pyrenyl derivatives cause membrane blebbing without inducing PARP
cleavage. (A) HeLa cells, which were treated with the indicated dose of either compound 6 or 8,
were analyzed microscopicaly for changes in membrane morphology. Cells exhibiting cell
shrinkage along with membrane blebbing are indicated with white arrows, whereas cells
exhibiting an enlarged and rounded appearance are indicated with dark arrows. (B) Lysates from
Hel a cells that were treated with the indicated dose of either compound 6 or 8 were analyzed by
western blotting for PARP as well as cleaved PARP. Staurosporine (1 [’M) was used as a
positive control for PARP cleavage.
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Figure 4. Novel pyrenyl derivatives co-localize with ceramiaecell membrane.
(A) HepG2 cells, which were treated with the indechcompound, were analyzed
by epifluorescent microscopy. Cells were also latbelvith DAPI for nuclear
staining. Punctate pattern for each compound in d¢bBkular membrane is
indicated with white arrows. (B) HepG2 cells wereated with the indicated
compound along with BODIPY-TR-conjugated ceramidalags and examined
by confocal epifluorescent microscopy. Co-localmatbf the pyrenyl compounds
with ceramide is indicated by white arrows and appeas yellow punctate
structures in the merged image (bottom panels).ldluavhich lack either
compound or ceramide, are labeled with ‘N’.
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Figure 5. Pyrenyl derivatives partialy overlap with lipophilic molecules in
biochemical fractionation of HepG2 cells. Lysates from HepG2 cells that were
treated with compound 2 (A), compound 6 (B), compound 8 (C), or vehicle
control (D) along with BODIPY TR-labeled ceramide analogs were fractionated
on a step-wise OptiPrep™ density gradient. Fractions were then analyzed for the
fluorescence emission of pyrenyl compounds (black bars; |eft y-axis) or ceramide
(gray bars; right y-axis), each of which was measured in relative fluorescence
units (RFUs). Fractions were also analyzed for the presence of the Lyn kinase (top
panels), Thy-1 (middle panels), or GAPDH (bottom panels) by western blotting.
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Figure 6. Cytotoxic pyrenyl derivatives circumvent MDR1-mediated drug
resistance in vitro. SKOV 3 cells (left panels) or SKOV3-MDR1-M6/6 cells (right
panels) were treated with increasing concentrations of Paclitaxel at low (A) and
high dosages (B), compound 6 (C), or compound 8 (D) for 48 hrs. Cell viability
was then analyzed using a SRB assay, and the dose curve for each compound in
each cedl line was plotted. The calculated ICsy value for each compound is
indicated in the top right corner of each graph. A representative experiment is
shown (n> 2).
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Resear ch highlights (EJM ECH-D-14-01470)

Design, synthesis and biological evaluation of novel pyrenyl derivatives as anticancer agents

Debasish Bandyopadhyay, Jorge L. Sanchez, Adrialisderrero, Fang-Mei Chang, Jose C. Granados, John D
Short, and Bimal K. Banik

A series of pyrene derivatives have been synthédawing multi-step process.
Virtual screening for druggability of tHe-pyrenyl derivatived-8 is reported.
Four-carbon linker diamines are selectively cytatdar a series of cancer cells.

The cytotoxicity occurs in a caspase-independemnga

Compounds$ & 8 circumvented P-gp mediated drug resistance in amarancer cells.
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Supporting Information
for

Design, synthesis and biological evaluation of novel pyrenyl derivatives as

anticancer agents

Debasish Bandyopadhyay®, Jorge L. Sanchez"? Adrian M. Guerrero®, Fang-Mei Chang?,
Jose C. Granados’, John D. Short***, andBimal K. Banik™*

!Department of Chemistry, The University of TexasRanerican, 1201 West University Drive,
Edinburg, Texas 78539, USA

“University of Texas Health Science Center at Sato#in-Regional Academic Health Center,
Medical Research Division, 1214 West Schunior $ttegdinburg, TX 78541, USA

3Department of Pharmacology, University of Texas|tie&cience Center at San Antonio,

7703 Floyd Curl Drive, San Antonio, TX 78229, USA

*Corresponding  authors, Ph: +1(956)6658741, Fax: (954)3845006, E-mails:
bandyopad@utpa.edu or shortj@uthscsa.edu

The following information can be found online: (Ihe fluorescence emission spectra of three
compounds4, 5, and7), (2) the time-course for compounfisand 8) causing cytotoxicity of
HepG2 cells, and (3) the infrared (IR), proton metgnresonance (PMR) and carbon magnetic

resonance (CMR) spectra of compouB¢d8 can be found as in the sequel.
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Supplemental Figure 1. Spectral emission analysis of novel pyrenyl dsiixes @, 5,
and7). The fluorescence emission spectra of the indecabmpound (5QM) between
the wavelengths of 350-650 nm, as measured inivelftiorescent units (RFUs), was

determined upon excitation at 350 nm.
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Supplemental Figure 2: Time-course for compound@sand8 against HepG2 cells.
Each data point represents the mean + standardtaevialue, and a representative experiment

is shown. These data indicate thatnd8, when used at pM, cause cell death between 6 and 12
hrs of cellular exposure, reducing cell viabilityegter than 70%.
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Current Data Parameters
NAME Junl8-2012-Dr. Deb
EXPNO 20
PROCNO 1
F2 - Acquisition Parameters
Date_ 20120618
Time 02.20
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG zgpg30
TD 65536
SOLVENT DMSO
NS 1024
DS 4
SWH 36057.691 Hz
FIDRES 0.550197 Hz
AQ 0.9088159 sec
RG 203
DW 13.867 usec
DE 6.50 usec
TE 299.5 K
HN\/\/\/N\ D1 2.00000000 sec
D11 0,03000000 sec
(7) CHANNEL f1 =
13C
10.00 usec
97.49900055 W
150.8852063 MHz
= CHANNEL f2 =
waltzl6
1H
70.00 usec
26.97699928 W
0.66618001 W
0.32642999 W
600.0024000 MHz
F2 - Processing parameters
L (1N I oL 4
y . SF 150.8701954 MHz
wDw EM
SSB 0
T T T T T T T T T T 2 g 100, 41z
200 180 160 140 120 100 80 60 40 20 ppm ec 1.40
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Current Data Parameters

NAME
EXPNO
PROCNO

Junl8-2012-Dr. Deb
30
1

F2 - Acquisition Parameters

l Date
L i T].Il\e
i 1'\ ! ’ i INSTRUM

PROBHD
PULPROG

TD
SOLVENT

20120618
03.01
spect

5 mm PABBO BB-

jmod

65536

DMSO

256

4
36057.691 Hz
0.550197 Hz

0.9088159 sec
203

13.867 usec
6.50 usec
300.5 K
145.0000000
1.0000000
2.00000000 sec
0.00689655 sec

CHANNEL f1 =
E3C
10.00 usec
20.00 usec
97.49900055 W
150.8852070 MHz

CPDPRG2
Nuc2
PCPD2
PLW2
PLW12
SFO2

ST
_SF
WDW
SSB
LB
GB
T T T T 1 T T T T T T @

200 180 160 140 120 100 80 60 40 20 0 ppm

13C-NMR-Attached Proton Test (APT) Spectruni7of

S13

CHANNEL £2
waltzl6é
1H

70.00 usec
26.97699928
0.66618001
600.0024000 MHz

==

F2 - Processing parameters
32768

150.8701954 MHz

EM
0
1.00 Hz
0
1.40
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Instrument type and / or accessory

DBTX-310

C:\OPUS_7.0.129\DBTX-310\DBTX-310.0
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Current Data Parameters
06072014-Dr.

EXPNO
PROCNO

NAME

21.52
spect

20140706
5 mm PABBO BB-

F2 - Acquisition Parameters
Time
© INSTRUM

PROBHD

PULPROG

TD

Date

6.50 use
29701k

64
40.533 use
1.00000000 sec

12335.526 Hz
0.188225 Hz
2.6564426 sec

SOLVENT

26.97699928 W
600.0037052 MH:

F2 - Processing parameters

65536
600.0000000 MH:

EM
0.30 Hz
0
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CCEPTED MANUSCRIP

DBTX-310 (C13CPD)
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Current Data Parameters
NAME 06072014-Dr. Deb
EXPNO 60
PROCNO 1
F2 - Acquisition Parameters
Date 20140706
Time 2254
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG zgpg30
TD 65536
SOLVENT DMSO
S @ 3 S58m888 88 8 3 NS 1024
. AR Sy St o 4 < o :
s g a 8948488 8§ = g SWH 36057.691 Hz
T i ' e o FIDRES 0.550197 Hz
T W/ ] L
RG 203
DW 13.867 use:
DE 6.50 use
TE 299.5 K
D1 2.00000000 sec
D1l 0.03000000 sec
CHANNEL f1l =
l L J 13C
s 10.00 use«
T T T T T T 97.49900055 W
150.8852063 MHz
140 135 130 125 120 115 ppm
== CHANNEL £2 = =
CPDPRG2 waltzl6
NUC2 1H
PCPD2 70.00 use:
PLW2 26.97699928 W
PLW12 0.66618001 W
PLW13 0.32642999 W
U\l SFO2 600.0024000 MHz
(8) \CH3 F2 - Processing parameters
BT 327
SF 150.8701954 MHz
WDW EM
M SSB 0
1B 1.00 Hz
GB 0
PC 1.40
T T T T T T T T T T 1
200 180 160 140 120 100 80 60 40 20 ppm
13
C-NMR Spectrum 08
DBTX-310 (C13APT)
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Current Data Parameters
N

AME 06072014-Dr. Deb
EXPNO 70
PROCNO L
F2 - Acquisition Parameters
Date_ 20140706
Time 23.186
INSTRUM spect
PROBHD 5 mm PABBO BB-
PULPROG jmod
TD 65536
SOLVENT DMSO
Ll i NS 256
M T . :
SWH 36057.691 Hz
FIDRES 0.550197 Hz
AQ 0.9088159 sec
RG 203
bW 13.867 usec
DE 6.50 usec
TE 300.6 K
® 2 g 288733308 g 2 GusTz 1450000000
< 3 A &3I3R8T]R My D1 2.00000000 sec
b i s i g b o b= R D20 0.00689655 sec
NN/ | I —G———
NUC1 13C
P 10.00 usec
P2 20.00 usec
PLW1 97.49900055 W
SFO1 150.8852070 MHz
| = == CHANNEL f2 =
; - LB v A CPDPRG2 waltz16
l ( [ Nuc2 10
PCPD2 70.00 usec
PLW2 26.97699928 W
PLW12 0.66618001 W
[ - ; - - -~ ; ‘ s NH\/\/\N/\ SFO2 600.0024000 MHz
140 135 130 125 120 115 ppm LN e e P
(8) “CH; SI 32768
SF 150.8701954 MHz
. WDW EM
SSB 0
LB 1.00 Hz
T T T T T T T T T T T gg : 1.40
200 180 160 140 120 100 80 60 40 20 0 ppm

3C-NMR-Attached Proton Test (APT) SpectrunBof
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