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A novel monofunctional platinum-based RNA polymerase | selective inhibitor, P1-B1,

displays significant nucleolar accumulation, selectively inhibits Pol | transcription,

and induces p53 activation as well as nucleolar stress.
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Abstract

Aberrant ribosome biogenesis and enlarged nuclealie long been used by
pathologists as a marker of aggressive tumors. f@gpjon of RNA polymerase | (Pol
) transcription machinery within the nucleolus bbe a direct way to trigger the
nucleolar stress and to inhibit the rapid prolifena of cancer cells. Here we modified
cisplatin with an analogue of the RNA polymerasselective inhibitor BMH-21 to
develop a novel platinum-based Pol | selectivehinbi. We show that this novel
monofunctional platinum-based ageR1-B1, had enhanced antitumor activity of up
to 17-fold greater than the clinical drug cisplatincisplatin-resistant non-small cell
lung cancer cellsP1-B1 also had significantly lower cytotoxicity comparéaan
cisplatin as well as the Pol | selective inhibi®MH-21 in MRC-5 normal lung
fibroblast cells, and the selectivity index (Sl)egtly increases. Mechanistic
investigations revealed th@1-B1 displayed significant nucleolar accumulation,
selectively inhibited Pol | transcription, and imeéd nucleolar stress, leading to
S-phase arrest and apoptosis. Our results sughastthie effects ofP1-B1 are
mechanistically distinct from those of conventiopitinum agents and the recently
described non-classical platinum compounds andftimetionalizing platinum-based
agents with directly Pol | transcription inhibitioproperties may represent an

improved modality for cancer treatment.

Keywords. Platinum-based anticancer agent; RNA polymeraserahstription

machinery; Nucleolar stress; Apoptosis.



1. Introduction

Systemic toxicity and drug resistance are the méjoitations for cancer
treatment. Platinum-based drugs, for example, Hsen widely used alone or in
combination for nearly 50% of all cancers. Howeuge clinical use of platinum
drugs and other DNA-targeted cytotoxics is compsmdiby the above shortcomings
[1, 2]. On the other hand, cancer cells are higlagptive and heterogeneous, and the
development of robust cell survival circuitries atige inactivation of cell death
signaling pathways often lead to chemoresistange TBus, targeting alternative
cellular machineries that are required for proéfemn of cancer cells and tumor
growth may overcome the drawbacks of conventionatancer drugs and provide an
opportunity for cancer-cell-specific therapy [4].

In mammalian cells, the RNA polymerase | (Pol Bncription machinery is
involved in more than 60% of the total cellulamsariptional activity [5-7]. Cancer
cells show increased metabolic activity and a lighhand for ribosome biogenesis to
support uncontrolled cell proliferation and to mgeathe stress burden during
malignant transformation. Inactivation of tumor prgssors, activation of oncogenes,
and up-regulation of protein kinases in cancerscedin promote Pol | transcription
and drive cell proliferation [6, 8, 9Thus the Pol | transcriptional machinery is the
key convergence point for cellular signaling cagsadnd ribosome production [5].
Indeed, hyperactivated rDNA transcription is cotesifly elevated in cancer cells.
Enlarged nucleoli (hypertrophy), which reflect ieased Pol | transcription and
ribosome biogenesis, have long been used by pafistdoas a marker of aggressive
tumors [5]. It appears cancer cells are “addictedaccelerated ribosome biogenesis
and therefore selectively vulnerable to Pol | tcaimional inhibition [2, 7].

Given that aberrant ribosome biogenesis is a hallmé cancer, disruption of
Pol | transcription machinery within nucleolus che considered a direct way of
reactivating the nucleolar stress response anditiig the rapid proliferation of
cancer cells. Some new inhibitors have been regpddetheir ability to selectively

inhibit rDNA transcription and kill tumor cells []10such as CX-54618, 11, 12],
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CX-3543 [13] and BMH-21 (Scheme 1) [14-16]. Thegudial of Pol I inhibition has
already been realized and resulted in clinicalgriaut there is much room for the

development of novel Pol | inhibitors.
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Inspired by the success of current Pol I-selectimbibitors in clinical
applications for cancer treatment, we propose thhibition of Pol I-mediated
transcription might be a strategy to overcome thawbacks of platinum-based
therapies. Nucleoli for Pol | transcription are saembrane-bound sub-nuclear
structures with extremely high anionic density, @ationic compounds and cationic
metal complexes are therefore able to concentrateucleoli, due to electrostatic
forces and coordination effects [17-21]. Strikinglye tandem repeats of rDNA genes
are GC rich and nucleosome-free, which renders funis of DNA susceptible to
damage by electrophilic agents such as platinumtagend alkylators [2]. A number
of studies have shown that rDNA is considered aligigragile genomic entity,
however, the DNA repair machinery, such as trapson-coupled nucleotide
excision repair (TC-NER), is not active in rDNA Io§22]. Indeed, multiple
platinum-based agents have been reported to axtghrinhibition of rRNA synthesis
[23-25], but none of them are known to selectividyget the Pol | transcription
machinery. Therefore, construction of platinum-llbagents that directly disrupt Pol |
transcription is a conceptually attractive strategy

Until now, no examples of a platinum agent diredidygeting RNA Pol |
machinery have been reported. Given the aforemeedialistinctions between cancer

cells and normal tissue, and taking advantage efpibtential synergy between Pt
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drugs and Pol | selective inhibitors, we employée ol | inhibitor BMH-21
analogue B1, Scheme 2) to modify platinum agent, affording anefunctional
platinum Pol | selective inhibitorPQ-B1, Scheme 1), with the ability to enhance
cytotoxicity in ciplatin-resistant cancer cells aretluce toxicity in MRC-5 normal
lung fibroblast cells. Mechanistic studies suggtsit the novel monofunctional
platinum-based Pol I inhibitor displays significanicleolar accumulation, selectively
inhibits Pol | transcription, which is mechanistigadistinct from the effects of

classical platinum agents and the recently dedtrilm®n-classical platinum

compounds.
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Scheme 2. Synthetic routes foP1-B1. Reagents and conditiona: HCI, EtOH;b.
tert-butyl (3-aminopropyl)carbamate, TBTU, DMF, r.t4 B; c. DCM/TFA, 4 h;d.
CHsCN, HCI (pH 4), 70 °C, 2 hke. AgNGs;, DMF; f. B1, DMF, -10 °C, 5 d.

2. Results and discussion

To retain the key structural elements of BMH-21 R | inhibition [26], minor



structural modifications were carried out, affoglithe BMH-21 analogueBl
containing secondary amino group for next amidoratiaddition (Scheme 2).
Monofunctional platinum-based Pol | inhibitBd-B1 was subsequently obtained by
amidination reaction oB1 with platinum precursor derived from cisplatin.eTfinal
compound was purified and then characterized-bgnd**C NMR spectroscopy, and
ESI-MS (Fig. S1S11).

The cytotoxicity of the compounds at 72 h was sqbeatly evaluated by the
MTT assay. Human cancer cell lines including A549ng), NCI-H460 (lung),
MCF-7 (breast), normal human lung fibroblast MRCa§,well as cisplatin-resistant
cells A549cisR and NCI-H460cisR, were selectedvalueate then vitro anticancer
activity of the compounds (Table 1). BMH-21 showémlv micromolar or
submicromolar toxicity against various human canmgts, whileB1 and cisplatin
displayed micromolar toxicity. However, all thesargpounds were also very toxic to
normal lung fibroblast MRC-5 cells. In differentpigs of cisplatin-sensitive cancer
cells, the monofunctional platinum agdpi-B1 showed up to 9.27-fold increased
cytotoxicity compared with cisplatin. More intrigngly, P1-B1 displayed significant
activity in cisplatin-resistant A549cisR and NCI-60tisR cells, with up to 17.8-fold
increase compared with cisplatin. For example,|l@w values of cisplatin in A549
and A549cisR cells are 7.49 and 29,82, respectively, whereas those Bf-B1 in
the same cell lines are 5.42 and 1,68, respectively. The resistance factor (RF),
defined as the ratio of the 4¢ value in cisplatin-resistant cells to that in
cisplatin-sensitive cells, is 3.94 for cisplatimdathe RF dramatically decreased to
0.31 forP1-B1. The significantly increased cytotoxicity and d=saged RF were also
observed in NCI-H460 and NCI-H460cisR cells, intiog that amidination of Pol |
selective inhibitor moiety with the platinum pharoghore could effectively
overcome the platinum drug resistance. Unexpect@dhB1 has significantly lower
cytotoxicity than cisplatinB1, and BMH-21 in MRC-5 normal lung fibroblast cells,
and the selectivity index (SI) greatly increasesb{@ 1). This emphasizes the

important contribution of Pol selective inhibitawards the selectivity of platinum



agents.

Table 1. Summary of cytotoxicity data for RNA polymerasenhibitors and Pt

compounds (1€ valuesy.

Cell line CDDP BMH-21 Bl P1-B1
A549 749+0.70 1.02+0.12 4.34+0.17 5.42 480.4
A549cisR 29.52+1.33 N.Db. N.D. 1.66 + 0.20
RF 3.94 N.D. N.D. 0.31
NCI-H460 475+1.10 0.20+0.03 1.65+0.09 1.83.30
NCI-H460cisR  14.02+0.21 N.D. N.D. 3.22 +1.37
RF 2.95 N.D. N.D. 1.75
MCF-7 8.63+1.39 0.34+0.01 1.41+0.09 0.93300.
MRC-5 239+0.30 0.86+0.26 2.42+0.13 16.46 201
SI* (MRC-5/

0.32 0.84 0.56 3.04
A549)
S| (MRC-5/

0.28 2.53 1.72 17.70
MCF-7)

%Csp values + SD (M) were extracted from dose-response curves foreweriments performed
in triplicate for each concentration. Cells wereubated for 72 ht.’N.D., not determined’RF
(resistant factor) is defined assidn A549cisR/IGy in A549 or IGg in NCI-H460cisR/IG, in
NCI-H460. 9| (selectivity index) is defined as 4£in MRC-5/IG, in A549 or IGo in

MRC-5/ICs0 in MCF-7.

Mechanistic investigations were carried out to gttlte possible reasons why
P1-B1 expresses increased cytotoxicity compared witplais. The Pol | inhibition
activity of BMH-21 has been considered as a resulis selective DNA intercalation.
The ehthidium bromide (EB) fluorescence displacanassay by using calf-thymus
DNA (CT-DNA) was carried out to clarify the mode DINA interaction with the
synthesized compounds (see supporting informatidie emission spectra of
EB-DNA system in the absence and presence of ttmpoonds are shown in Fig. S12.

The apparent binding constants,{) at room temperature were calculated to & 10
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magnitude (Table S1), which were less than ethidiwomide (10), indicating that
the interactions of the three tetracyclic compoumdih DNA are in a moderate
intercalative mode. BMH-21 with the strongest,, value has been reported to
intercalate with acidic DNA complemented with adxhigl electrostatic interactions
[14, 16]. TheN, N’-dimethylamino group in BMH-21 plays an importaoter for its
potential interaction with the phosphate of DNA lKamne [14, 16].The BMH-21
analogueB1 containing three-carbon link to the carboxamiden aand a basic
secondary amino group showed less affinity to CTADMhich might attribute to
increased linker length and reduced basic chardge By contrast,P1-B1 showed
higher DNA affinity compared with its precursBi. as well as the mixture &1 and
cisplatin. A plausible explanation for this incredDNA affinity would be thaP1-B1,
like other reported monofunctional platinum hybaigents, such as the acridine- and
benzf]acridine-based Pt agents, can interact with DNArodgh a
covalent-intercalative mode and produce hybrid D&tlucts [27-31]. The cationic
charge and the covalent binding to adjacent nuelsedproduced B1-B1 mayplay
key roles for its increases of DNA affinity, whicére distinct from the DNA
interaction mode of the parent compound BMH-21 sTimique DNA binding mode
led us to hypothesize that equip platinum agenth Wbl I-selective moieties may
allow nucleolus-directed DNA binding and induce r®Namaging [2].

We then tested if the cytotoxic responses produmeél1-B1 and cisplatin in
MCF-7 cells correlate with the intracellular platm content. Cellular accumulation
studies were carried out to determine the distiaoubf platinum species in whole
cells as well as in the nucleoli. A well-definedmier of MCF-7 cells were incubated
with 10 uM P1-B1 or cisplatin for 6 h, and the whole-cell samplesrevlyophilized
for platinum content determination. The platinurels in whole-cell samples were
measured by quadrupole inductively-coupled plasnaasrspectrometry (ICP-MS).
P1-B1 showed approximately 8.3-fold greater cellularusmealation than cisplatin
(Fig. 1). These data demonstrated that the conpmgalif pyridoquinazoline moiety

with platinum agent resulted in an increased cafluptake, which may also account



for its higher cytotoxicity in MCF-7 cells comparesith cisplatin. By contrast,
cisplatin accumulates in MCF-7 cells at a slowde thanP1-B1, which leads to
significantly lower levels of intracellular platimu content. This can be expected
based on the charge status of the two agents. dfiis@s well as other classical
platinum agents are electroneutral compounds, asdiye diffusion is a major cell
uptake pathway for cisplatin-type compounds [32-Zgarly, P1-B1 is a cationic
monofunctional platinum compound, in which accurtiala of positive charge
facilitate cellular uptake [34].

To further investigate the intracellular distritorti of the pyridoquinazoline
compounds as well a1-B1, we used confocal fluorescence microscopy by takin
advantage of the intrinsic green fluorescence efyridoquinazoline moiety. MCF-7
cells were dosed with BMH-2B1, andP1-B1 at 10uM for 4 hours. Treated cells
were then fixed by 4% paraformaldehyde in PBS ahdenved under confocal
fluorescence microscopy (see the supporting infdona The nuclei and nucleoli of
MCEF-7 cells could be readily identified in the medgand bright field images without
nuclear staining. The fluorescence spectra of liheet pyridoquinazoline compounds
in PBS (10uM, Aex = 450 nm) showed that the fluorescent intensit3bfH-21 was
weaker than the other two compounds in the sameitoom (Fig. S13). However, the
intracellular fluorescence intensity in green crerobserved for BMH-21 in MCF-7
cells showed significantly higher than 8L andP1-B1, suggesting a higher cellular
uptake and a better cytotoxicity of BMH-21 in varsocancer cells (Fig. S14).
BMH-21 produced significant green fluorescence lre thuclei but less green
fluorescence in the cytosol, which is consisterthwiis DNA intercalating property
and high cytotoxicity [14, 16]. By contrast, theidtescence intensities observed for
B1 andP1-B1 were lower than for BMH-21 in the nucleus, but bBthandP1-B1
showed a high degree of distribution within nualsplsuggesting major differences in
subcellular levels of these three structurallytexlaheteroaromatic compoun@s-B1
showed weaker intracellular fluorescence intensitypared witlB1, which suggests

that increasing molecule weight might slightly pelt the cell entry process of the



tetracyclic compounds and lead to decrease in welbhke as well as toxicity.
Nevertheless, the results imply that functionaptainum-based agents with directly
Pol | transcription inhibitor may increase platinunucleolar accumulation and
produce rDNA damage as well as selective celliglli

We also studied the Pt levels in nucleoli of MCFEélls. The nucleoli were
extracted and identified according to well-estdid$ protocol and the platinum
content was determined by ICP-MS (Fig. 1). Nuclenitracted from well-defined
number of MCF-7 cells dosed witR1-B1 displayed significantly high levels of
platinum (17 ng Pt/10cells, approximately 5.3% of that detected for lehmell
samples). Using a combination of electron microgaopd X-ray probe microanalysis,
Khan and Sadler have observed Pt accumulationeémtitleolus and on the inner
edge of nuclear membrane after 4 hour treatmenh ®@0 uM cisplatin [35].
However, under the specific conditions of this expent, the nucleolar platinum
levels in cisplatin treated cells were below tmeits of detection. Again, as a cationic
platinum compoundP1-B1 has a high intrinsic affinity for the negativelharged
biopolymer and the subcellular compartments wittreerely high anionic density,
such as nucleoli. Unlike cisplatiR1-B1 does not require aquation steps to produce a
cationic form to promote electrostatic associatiang the cationic nature &1-B1
can be considered one driving force that enharieesucleolar targeting of this agent
[24, 34]. On the other hand, preferential bindifgpgridoquinazoline moiety to
GC-rich sequences [16, 26], especially to highly-@&G rDNA, can play a decisive
role for the nucleolar accumulation &fl-B1. Given that rDNA is highly fragile
gemomic entity and lack effective transcription-glaal nucleotide excision DNA
repair machinery [22], the rapid and selective eoler platinum accumulation can
consequently lead to selective Pol | inhibition aimdjger nucleolar stress and

apoptosis.
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Fig. 1. Cellular and nucleolar (NOR) platinum content €M7 cells treated with 10
uM cisplatin or P1-B1 for 6 h. The data are presented as the mean tlasthn
deviation of three independent experiments. Resarésexpressed as the mean *

standard deviation (S.D.) (n = 3P % 0.05; ***P < 0.001 compared with the control
group.

To assess wheth&1-B1 affects Pol | transcription machinery, we firsabized
de novoRNA synthesis using 5-ethynyluridine (EU) incorgioon. MCF-7 cells were
treated with different compounds (L®1) for 4 h, and newly synthesized RNA was
labeled by Alexa Fluor 647 azide using orthogon@akceaction (Fig. 2, Fig. S15).
Using confocal microscopy, we observed that AlekeoF647 (red) fluorescence is
confined to the nucleus of untreated MCF-7 celld shows the highest intensity in
the nucleolus, consistent with the high rate of ARNynthesis for ribosomal
biogenesis. By contrast, cells exposed to composhds/ed significantly decreased
EU incorporation. Strikingly, unlike higher red éirescence in the nucleolar region
with cisplatin incubationP1-B1 results in a dramatic decrease within the nucteola
region (Fig. 2). This observation supports that iaeleolar accumulation d?1-B1

has a major effect on Pol | mediated rRNA synthelidas been proposed that
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perturbing Pol 1l by Pt-DNA adducts plays an impott role for traditional
bifunctional crosslinking platinum agents [25, 30herefore, inhibition of Pol I
transcription machinery in the nucleoplasm was>@eeted outcome for cisplatin. In
addition, the selective loss of EU incorporatiomircleolus observed after treatment
with P1-B1 suggests a potential mechanism would involve actation of platinum
into the nucleoli and inhibition of the Pol | tramgtion machinery by adducts

generated in rDNA.

Control CDDP BMH-21 P1-B1

EU

Merge

Fig. 2. Representative images of EU incorporation (1 hM@F-7 cells after 4 h
treatment with 1QuM cisplatin, BMH-21 orP1-B1. Cells were co-stained with DAPI
nuclear dye. The white arrows highlight nucleokegions before and after treatment.
Scale bars represent a length of k. (For additional views of EU incorporation

images, see the electronic supplementary matdgalSa5)
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(A) 47S pre-rRNA

18S rRNA 5.85 rRNA 28S rRNA
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Merge

(B)

Fig. 3. Fluorescentin situ hybridization (FISH) to observe the disruption &S
pre-rRNA. (A) Cy5-labeled probe for 5-ETS (red)dafy3-labled probe for ITS2
(green). (B) MCF-7 cells, untreated or treated3dr with 10uM cisplatin, BMH-21,

or P1-B1, were washed, fixed, and analyzed by FISH using-@ieled probe for
5-ETS (red) and Cy3-labled probe for ITS2 (gre€gllular nuclei were stained with
DAPI (blue). The white arrows highlight nucleolagrions. Scale bars represent a
length of 10 um. (For additional views of FISH images, see thectebnic

supplementary material Fig. S16)
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Fig. 4. 45S pre-rRNA expression levels in MCF-7, A549 &4AcisR cells after 3 h
treatment with 1QuM cisplatin, BMH-21 oP1-B1. MCF-7, A549 and A549cisR cells,
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untreated or treated with 10 uM cisplatin, BMH-B1, or P1-B1 for 3 h, and the total
RNA was harvested for quantitative real-time polyase chain reaction (QRT-PCR).
Results are expressed as the mean * standardidevi&D.) (n = 3). P < 0.05;

*** P < 0.001; ns, non-significant difference compareith whe control group.

To further confirm the Pol | inhibition effects, weext analyzed the impact of
P1-B1 on Pol | transcription by fluorescemt situ hybridization (FISH) for the 47S
rDNA repeats, using probes that hybridize to exknnanscribed spacer 5-ETS
(labeled by Cy5, red) or internal transcribed spdd&2 (labeled by Cy3, green).
Confocal images were taken of untreated cells amdpound-treated cells after
hybridization. Three-hour treatment of MCF-7 cellsth 10 uM P1-B1 was
accompanied by a dramatic condensation of the B-HINA within the nucleoli to
punctate foci and a marked decrease in red CySeffeence relative to untreated
cells or cisplatin-treated cells, which is charastee of a reduced Pol | transcription
rate. Interestingly, just like BMH-21, a completeptetion of green Cy3 fluorescence
for ITS2 rDNA is observed in cells that were trebteith 10uM P1-B1, consistent
with dramatic loss of 5-ETS fluorescence intensiyig. 3, Fig. S16). This
observation suggests that BMH-21 aRfd-B1 share qualitatively similar Pol |
selective inhibition patterns. To strengthen thaet@, we measured the amount of 45S
pre-rRNA as a readout for rDNA transcription by gRCR. MCF-7, A549, and
A549cisR cells were treated witl-B1 (10 uM), and the total RNA was harvested
after 3 h for quantitative real-time polymeraseighaaction (QRT-PCR) analysis of
45S pre-rRNA expression (Fig. 4). The results shioat 45S pre-rRNA expression
levels dramatically decreased by up to 13.7-foldtree to untreated cells. On the
contrary, weak decreases of 45S pre-rRNA expressimre observed in
cisplatin-treated cells. Significant inhibition a@kllular 45S pre-rRNA expression
further supported its unique ability to interrupetPol | transcription machinery,

thereby inducing the nucleolar stress pathway.
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(B) BMH-21 P1-B1 Control CDDP Control
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Fig. 5. (A) Representative images Bfi-B1 induced segregation and nucleoplasmic
translocation of nucleolar proteins. MCF-7 cellg@ventreated or treated with i/
cisplatin, BMH-21, oP1-B1 for 4 h and stained for RPA194, NCL, FBL, and UBF1
The white arrows indicate nucleolar caps. Scals bggresent a length of 1on. (B)
Western blot analysis of RPA194, NCL, and UBF1 i@RA7 cells. MCF-7 cells were
untreated or treated with 1OM cisplatin, BMH-21, orP1-B1 for 12 h. Relative
expression levels of RPA194, NCL, and UBF1 are gmt=d as the mean + standard
deviation of relative grayscale values from two epdndent experiments. (For
additional views of segregation and nucleoplasmanglocation of nucleolar proteins
and comparisons of nucleolar protein expressioa,tke electronic supplementary

material Fig. S17, S18)
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Disruption of the nucleolar structure and altenmagioin nucleolar protein
localization and dynamics are a hallmark of Poahscription stress [5, 22]. To assess
whetherP1-B1 affect the integrity of the nucleolus, we treatd@F-7 cells with
P1-B1 at 10uM concentration for 4 hours after which the cellrevfixed and stained
for Pol | catalytic subunit RPA 194, fibrillar cemtproteins upstream binding factor
(UBF) and fibrillarin (FBL), and granular componenbtein nucleolin (NCL) (Table
S2). We observed th&l-B1 was capable of inducing segregation of UBF, RPA194
and FBL into nucleolar caps, as did BMH-21 (FigFly. S17, S18). Concomitantly, a
prominent translocation of NCL from the nucleolosnucleoplasm was observed in
P1-B1 treated MCF-7 cells. By contrast, cisplatin did nause disintegration of the
nucleolus after 4 h treatment. The unique segregati the nucleolus and dislocation
of nucleolar protein uporP1-B1 treatment further indicates th&l-B1 has a
mechanism of action that is distinct from cisplaind more similar to that of
BMH-21. We then analyzed the effectsRif-B1 on expressions of Pol | transcription
machinery proteins, including UBF, RPA194 and N@s determined by Western
blotting, the expression levels of UBF decreasddlynupon treatment with cisplatin,
showing that cisplatin indeed perturbed UBF, whigs likely from its crosslinking
effect. This is consistent with the previously repd evidence that the crosslinking
agent cisplatin affect Pol | transcription by dasting UBF from binding the rDNA
and promoting Pol | transcription [36, 37]. In &taontrast, 12 h incubation &f-B1
remarkably decreased expressions of RPA194 and iN@Ldose-dependent manner,
and to a lesser extent, that of UBF. Collectiviiigse results suggest that inhibition of
rRNA transcription is an imminent response to treait of P1-B1, followed by
segregation of the nucleolus, dislocation of nuelegrotein and loss of Pol |

catalytic subunit RPA194.
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Fig. 6. Effects of platinum compounds on the cell cyclegpession in MCF-7 cells.
MCF-7 cells, untreated or treated with 0.1, 1 pMptatin orP1-B1 for 48 h, were

stained with propidium iodide (PI), and cell cydistribution was analyzed by flow

CytO met ry.
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Fig. 7. Apoptosis induced by1-B1. MCF-7 cells, untreated or treated with 1 pM
cisplatin, BMH-21 orP1-B1 for 24 h, then processed for Annexin V/PI double
staining and analyzed by flow cytometry. Anneximpdsitive/Pl-negative cells are in

the early stages of apoptosis and double positils are in late apoptosis.

Pol | transcriptional inhibition has been demortstilato lead to nucleolar stress
that causes p53 stabilization and apoptosis. Weefibre scrutinized whether the
P1-B1 killed cancer cells by activating p53 [38]. Aft&ih of incubation, we observed
increased p53 green fluorescence in BMH-21 BhxdB1, but not in cisplatin-treated

cells (Fig. S14). This observation leads us todvelithat selective Pol | inhibition and

17



nucleolar stress produced W1-B1 can indeed initiate a rapid increase in p53
stabilization. We then performed flow cytometry lgses to determine the effect of
P1-B1 exposure on cell cycle progression. As shown & dhll cycle distribution,
cisplatin arrested the cell cycle at the S phasdlsQreated with 1uM P1-Bl
displayed larger S-phase populations after 48 hpewed with cisplatin, indicative of
a strong S-phase arrest (Fig. 6). We also carngdh@ Annexin V/propidium iodide
(P1) dual staining assay to quantify apoptosis aedliby P1-B1 in MCF-7 breast
cancer cells. After cells were exposedRb-B1 (1 uM) for 24 h, 33% of the cell
population displayed characteristics associateth wérly apoptosis (Fig. 7). These
results also implies that the nucleolar stress yredyP1-B1 is a fast and decisive
process for its cell killing, which might be indepukent of DNA repair machinery and

directly trigger cell cycle arrest and apoptosis.

3. Conclusions

In summary, we present a monofunctional platinuseda Pol | selective
inhibitor P1-B1 that preferentially targets the RNA polymeraserdnscription
machinery to provoke nucleolar stred?1-B1 displayed significantly increased
cytotoxicity in cisplatin-resistant cells, and tbempound was less toxic to normal
cells, showing higher efficacy and superior thewdijgeandex compared with cisplatin.
Profound mechanism studies revealed tRA&aB1 effectively entered cancer cells,
markedly accumulated into nucleoli, and selectivehibited Pol | transcription. Our
cellular data provide evidence for induction of leotar stress, which leads to
S-phase arrest and apoptosis. We cannot excludeassbility thatP1-B1 might
have other targets than Pol | transcription magckingowever, the unique pattern of
loss nucleolar integrity, together with p53 staation and apoptosis, clearly
indicated that the selective Pol | inhibition plagskey role in the cytotoxicity of
P1-B1. Although several organic small molecules [10Ltsas ellipticines, CX-5461,
CX-3543 and BMH-21, have shown selective Pol | lition, this would be an

unprecedented mechanism of a platinum-based aggmificantly, we observed that
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none of the known platinum agents induced loss &A4, suggesting that
inhibition of Pol | produced by1-B1 is mechanistically distinct from the effects of
conventional platinum agents [36, 37, 39] and theently described non-classical
platinum compounds [23-25]. Nevertheless, this wthighlights the importance of
functionalizing platinum-based agents with direcByl | transcription machinery
inhibition as a cancer-specific strategy for depelg novel platinum-based agents.
Future work will also address if the chemical mmaifion can used to deliver a
dissociable platinum agent to the nucleolus. Adddi in vivo evaluations oP1-B1

and further mechanistic studies are currently undegr

4. Experimental section

4.1 Materials and physical measurements

Except where otherwise noted, all the reagentssaheents were bought from
commercial suppliers and used as received withatidr drying or purification. All
the reactions were carried out under normal atmerspltonditions with protection
from light. Nuclear magnetic resonance (NMR) spgedstiere measured on Bruker
AVANCE 11l 400 MHz NMR spectrometer. Chemical skifp) are given in parts per
million (ppm) relative to internal standard tetrahysilane (TMS).*H NMR data is
reported in the conventional form including cherhsfaft (5, ppm), multiplicity (s =
singlet, d = doublet, t = triplet, g = quartet, mnwltiplet, br = broad), coupling
constants (Hz), and signal integrations. The NMRcg@a were processed and
analyzed using the MestReNova software packagectrBfpray ionization mass
spectra (ESI-MS) were obtained on an Agilent APBEX MS system. Analytical
reversed-phase high-performance liquid chromatdyrddPLC) was conducted on a
Shimadzu Prominence HPLC system using a Venusil EB® column (5um, 150 A,
250 x 4.60 mm, 1 mL-min flow). Elemental analyses for C, H and N were itatd

on a Perkin-Elmer analyzer model 240. Confocal asicopic images were scanned
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by Laser Confocal Scanning Biological Microscopgr@pus FVV1000.

4.2 Synthesis and Characterization.

4.2.1 12-Ox0-12H-benzo[g]pyrido[2,1-b]quinazolinezdrboxylic acid (3)

A  mixture of 3-amino-2-naphthoic acid1)( (4.00 g, 21.36 mmol),
2-chloronicotinic acid?) (3.36 g, 21.36 mmol), and hydrochloric acid (B, 60.00
mmol) in ethanol (150 mL) was stirred at 80 °C f@2 h. After cooling, the
reddish-orange suspension was filtered, washedetfithnol, and air-dried to affo
as a yellow-orange solid [26]. Yield: 2.12 g, 50.4%6 NMR (400 MHz, DMSOe) &
ppm 9.15 (s, 1H), 9.00 (dd= 7.3, 1.4 Hz, 1H), 8.60 (dd,= 6.9, 1.3 Hz, 1H), 8.48 (s,
1H), 8.33 (dJ = 8.4 Hz, 1H), 8.18 (d] = 8.4 Hz, 1H), 7.79-7.72 (m, 1H), 7.67-7.60
(m, 1H), 7.16 (tJ = 7.1 Hz, 1H).

4.2.2
Tert-butylmethyl(3-(12-ox0-12H-benzo[g]pyrido[2,]ghinazoline-4-carboxamido)p
ropyl)carbamate (4)

A mixture of 3 (200 mg, 0.68 mmol), TBTU (332 mg, 1.04 mmol), deEA
(360 uL, 2.08 mmol) in DMF (5 mL) was stirred at room teenature for 20 min.
Then tert-butyl (3-aminopropyl)carbamate (181.2 mg, 1.04 )meas added and
stirring continued for 24 h. The reaction mixturasnadded to 100 mL of cold water
with stirring. The solid was collected by filtrati@and dried under vacuum to affotd

as a yellow solidYield: 221 mg, 70.6%.

4.2.3
N-(3-(methylamino)propyl)-12-oxo-12H-benzo[g]pyri#d-b]quinazoline-4-carboxa
mide@B1)

To a solution o4 (221 mg, 0.48 mmol) in dichloromethane (4 mL) wdslexd
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TFA to a final concentration of 10% (v/v). The mix¢ was stirred at room
temperature for 4 h and then was washed with atisolwf saturated sodium
bicarbonate. The layers were separated and theiortgyer was dried over sodium
sulfate, filtered, concentrated and dried undemuat to afford crude product. The
solids were purified by chromatography using DCMOMEBN (20 : 1 : 0.1) as an
eluent. The solvent was then evaporated under wadouafford yellow solidB1.
Yield: 130 mg, 75.2%'H NMR (400 MHz, DMSOds) & 10.89 (t,J = 5.5 Hz, 1H),
8.85 (s, 1H), 8.74 (dd} = 7.3, 1.6 Hz, 1H), 8.41 (dd,= 6.9, 1.6 Hz, 1H), 8.14-8.06
(m, 2H), 7.96 (dJ) = 8.4 Hz, 1H), 7.66—7.57 (m, 1H), 7.52—7.44 (m), 16494 (t,J =
7.1 Hz, 1H), 3.53-3.43 (m, 2H), 2.67Jt= 6.9 Hz, 2H), 2.37 (s, 3H), 1.80 (b= 6.8
Hz, 2H).}*C NMR (101 MHz, DMSOdg) § 161.90, 158.75, 145.20, 140.78, 139.45,
136.64, 130.05, 129.68, 129.26, 128.92, 128.50,2027125.76, 125.37, 122.78,
115.30, 110.85, 49.34, 37.35, 36.24, 29.04. Eleaheanalysis (%): calc. for
C21H20N402: C, 69.98; H, 5.59; N, 15.55. Found: C, 69.895t5; N, 15.48.

4.2.4 Pt(NH)»(CNCH)Cl, (P1)

Pt(NHs)Cl, (60 mg, 0.2 mmol) was heated under reflux in 4 ehldilute HCI
(pH 4) with acetonitrile (1.0 mL, 19.2 mmol) urntile yellow suspension turned into a
colorless solution (about 2 h). Solvent was evapdraunder vacuum, and the
pale-yellow residue was redissolved in 2 mL of altbys MeOH. A small amount of
insoluble yellow solid was removed by membranediibn and the colorless filtrate
was added directly into 40 mL of vigorously stirréiy diethyl ether, affordin@l as
an off-white microcrystalline precipitate. Yield05ng, 73.3%'H NMR (400 MHz,
D,0) 6 ppm 2.55 (s, 3H).

4.2.5P1-B1
P1 (50 mg, 0.15 mmol) was converted to its nitraté sareaction with AQNQ
(25 mg, 0.15 mmol) in 2 mL of anhydrous DMF. AgCasvremoved by syringe

filtration, and the filtrate was cooled to —10 €1 (60 mg, 0.17 mmol) was added to
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the solution, and the solution was stirred at -C0fér 5 days [29]. The mixture was
added into 40 mL of diethyl ether. The yellow sjuwas stirred for 24 h, and the
precipitate was recovered by membrane filtratiod dried in a vacuum overnight.
The product was further purified by recrystallipatifrom hot methanol to afford
P1-B1 as a microcrystalline yellow-orange solid. Yieldd ™g, 64.1%. HPLC
analytical purity: 97.5%'H NMR (400 MHz, DMSOsdg) 8 ppm 10.99-10.89 (m, 1H),
9.05 (s, 1H), 8.88 (dl = 7.0 Hz, 1H), 8.48 (d] = 6.4 Hz, 1H), 8.39 (s, 1H), 8.26 I,
= 8.0 Hz, 1H), 8.13 (dJ = 8.1 Hz, 1H), 7.70 () = 7.1 Hz, 1H), 7.58 (t} = 7.1 Hz,
1H), 7.03 (t,J = 6.7 Hz, 1H), 5.80 (s, 1H), 4.87—4.50 (m, 1HL(s, 2H), 3.91 (s,
2H), 3.57-3.44 (m, 4H), 3.01 (s, 3H), 2.54 (s, 3M4P1-1.87 (M, 2H)*C NMR (101
MHz, DMSO-ds) & ppm 165.49, 162.51, 158.90, 145.30, 140.98, 13918B,79,
130.19, 129.85, 129.35, 129.01, 128.59, 127.34,8825125.63, 123.18, 115.46,
110.93, 40.43, 36.74, 36.57, 22.3MS (ESI, positive-ion mode): calcd for
C23H30CIN;O,Pt ([M+H]"), 666.1797; found: 666.1693. Elemental analysik (%ic.
for Ca3H29CINgOsPt: C, 37.94; H, 4.01; N, 15.39. Found: C, 37.8441H9; N, 15.30.

4.3 Biological studies

4.3.1 Sample preparation

Stock solutions of BMH-21B1 and P1-B1 were prepared in DMF and
concentrations were determined spectrophotomdiridsl exss = 47230 M- cm’.
Cisplatin (CDDP) was purchased from Boyuan Pharmotézad (Shandong, China).
Stock solution of cisplatin was prepared in phospiaffered saline (PBS) and the
concentration was determined &y, = 132 M*-cm* [40]. For cytotoxicity evaluation,
culture media were used to prepare the workingtienlsl of the compounds by 2-fold
serial dilution, in which the final percentagesoofianic solvent DMF were less than
0.5%. For other biological experiments, the DMF @antrations were also much

lower than 0.1%.
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4.3.2 Cell culture

The human lung carcinoma A549, NCI-H460, breasihadarcinoma MCF-7
and cervical adenocarcinoma Hela cells were ohdairean American Type Culture
Collection (Rockville, MD, USA). The human lung ceroma A549cisR,
NCI-H460cisR and human lung fibroblast MRC-5 web#ained from Peking Union
Medical College (National Infrastructure of Cellnei Resource, China). A549,
MCF-7 and Hela cells were maintained in DMEM supgdmwith 10 % fetal bovine
serum (FBS) and 100 U-mipenicillin/streptomycin. NCI-H460 and NCI-H460cisR
cells were maintained in RPMI 1640 medium suppometh 10% FBS, 2 mM
L-glutamine, and 100 U-mtL penicillin/streptomycin. A549cisR were maintairied
McCoy’s 5A medium supported with 10% FBS. MRC-5 avaraintained in minimum
essential medium (MEM) supported with 10% FBS. #a culturing of A549cisR
and NCI-H460cisR cells, 20-40M cisplatin was added to the culture medium every
two passages. After induction periods of 72 hsoelre rinsed by PBS and incubated
in fresh medium for one week. All the cells wereubated in a humidified incubator

at 37°C with 5% C@

4.3.3 Cell viability assay

The viability of cancer cells exposed to the commsuwas measured by an
MTT assay. Cells were seeded in 96-wellplates d¢resity of 2000 cells/well, after
overnight incubation, cells were treated with vagyiconcentrations of testing
compound for 72 h at 37 °C in an atmosphere of 94 @fter incubation periods of
72 h, 10uL of MTT solution was added to each well and indeldaat 37 °C for 4 h.
The medium was removed and DMSO (100 was added to each well to dissolve
the formed purple formazan. The absorbance of feamavas measured at 570 nm

using an Infinite 200 Pro NanoQuant Microplate Regdecan, Swiss).

4.3.4 Cellular accumulation of platinum

To determine the intracellular Pt content, expoiadigtgrowing MCF-7 cells (1
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x 10° per well) were seeded in six-well plates with 2 oflmedia and were allowed
to attach overnight. Cells were incubated in thespnce of 1uM compounds at

37 °C for 6 h. Incubations were performed in tgpted for each compound. Cells
were washed three times with 2 mL of ice-cold PBSjuench the incubations. The
cells were then collected by trypsinization and ptately removed from the dishes
by additional washings with cold PBS. Cell suspensiwere centrifuged at 1500 rpm
for 5 min. Whole-cell samples were lyophilized ysia freeze dry system. The
platinum concentration in the lyophilized sampleaswdetermined by quadrupole
inductively-coupled plasma mass spectrometry (ICE:MPrior analysis, lyophilized

samples were digested in the presence of 0.2 mih-fugity nitric acid for 4 h at

room temperature. Samples were diluted by adding.2eionized water and were
centrifuged at 5000 rpm for 15 min. After centriftign, an aliquot (0.2 mL) of each
digested sample was transferred to an ICP-MS aumalsa tube for platinum content
determination. The Thermo iICAP Q ICP-MS was cati#dlawith Pt-containing acid

matrix. The platinum contents expressed as ngriition cells.

4.3.5 Nucleolar isolation

To determine the nucleolar Pt content, exponegtgibwing MCF-7 cells (1 x
10° per well) were seeded in six-well plates with 2 oflmedia and were allowed to
attach overnight. Cells were incubated in the presef 10uM platinum compounds
at 37 °C for 6 h. Incubations were performed iplitated for each compound. Just
before nucleolar isolation, the culture medium wasanted from the dishes, and a
cold Solution | (0.5 M sucrose with 3 mM Mgl 1% phenylmethanesulfonyl
fluoride (PMSF) was added to quench all metabotitvdies. All of the solutions
were pre-cooled at —20 °C, the high percentageuofose in the solutions prevents
them from freezing at this temperature. The sotuti@s quickly decanted, followed
by 3 rapid rinses with the same volume of SolutioAfter the removal of the last
wash, the cells were quickly scraped from the phatéce into a 1.5 mL tube. Solution

| was added into the collected cells to make uplame of 0.5 mL. To break down
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the cells and release the nucleoli, the cells wergecated on ice at 100 W, 10 seconds
on, 10 seconds off, for 5 times. The sonicatedsaedire checked under a microscope,
in order to ensure that more than 90% of the eedlee broken. Then, the cell lysate
was underlaid with 0.7 mL of Solution 1l (1.0 M sase, 3 mM MgCJ). The tube was
centrifuged at 1800 x g for 5 min at 4 °C. The ha&sg pellet contained isolated
nucleoli [41]. The supernatant was carefully renth\ao that the sucrose layers were
not disturbed. The pellet was transferred to a ndve and lyophilized using a freeze
dry system. The platinum concentration in the Iybpdd nucleolar samples was

determined by ICP-MS.

4.3.6 Global transcription evaluation

For global transcription evaluation experimentspanentially-growing MCF-7
cells (2 x 18 per well) were seeded in 15 mm glass bottom e#iure dishes with 2
mL of media and were allowed to attach overnightllCwere incubated in the
presence of 1@M compounds at 37 °C for 4 h. Cells were washeddwiith PBS,
incubated 60 min in warmed 1 mM 5-ethynyluridindJjEmedium without FBS at
37 °C, washed twice with PBS and then fixed fom3@ with 4% paraformaldehyde
in PBS. After being washed with PBS, cells werargsabilized for 15 min in 0.5%
Triton X-100, washed twice with PBS, washed twicéhwB% BSA. Click reaction
was performed in the dark for 30 min in a buffentaaning 50 mM Tris-HCI, 1 mM
CuSQ, 10 mM ascorbic acid, Qub1 Alexa Fluor 647-azide (Invitrogen). Cells were
washed with PBS, washed twice with 3% BSA, mountéd fluoroshield mounting

buffer containing DAPI for nuclei staining (SolasbiChina).

4.3.7 Fluorescence in situ hybridization (FISH)

For  fluorescence in situ  hybridization (FISH) experiments,
exponentially-growing MCF-7 cells (2 x 1@er well) were seeded in 15 mm glass
bottom cell culture dishes with 2 mL of media anerevallowed to attach overnight.

Cells were incubated in the presence ofuMd compounds at 37 °C for 3 h. Cells
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were washed twice with PBS and then fixed for 30 with 4% paraformaldehyde in
PBS. After being washed with PBS, cells were pebitiead for 18 h in 70% ethanol
at 4 °C. After two washes with 2 x SSC containif@yclformamide, hybridization
was performed in the dark at 37 °C for 5 h in ddrutontaining 10% formamide, 2 x
SSC, 0.5 mg/mL tRNA, 10% dextran sulfate, 250 mg/BISA, 10 mM
ribonucleoside vanadyl complexes and 0.5 ng/mLawtheprobe. Precursors to the
18S rRNA were localized with the 5-ETS probe
(5’-agacgacaacgcctgacacgcacggcac-3’) conjugate€y® (localized between the
5-end of the ETS1 and the 01/A cleavage site),woth the 5.8S-ITS2 probe
(5’-gcgattgatcggcaagcgacgctc-3’) conjugated to GyProbe complementary to the
3’-end of the 5.8S rRNA and the 5’-end of the IT$E3, 42]. After two washes at
37 °C with 2 x SSC containing 10% formamide, andumed with fluoroshield

mounting buffer containing DAPI for nuclei staini(§olarbio, China).

4.3.8 Quantitative real-time reverse transcriptiB€R (qRT-PCR)

MCF-7, A549 and A549cisR cells were plated in 6hyédtes at a density of 1 x
10° cells/well, respectively, after overnight incubation, the cellsre untreated or
treated with 10 uM compounds for 3 h. Total RNA wsaslated by RNAiso Plus
reagent (Takara). RNA was reverse transcribed usied’rimeScript RT reagent Kit
(Takara). Quantitative real-time PCR was performedmeasure 45S pre-rDNA
transcript level using the SYBR Premix Ex Téqll Kit (Takara) in CFX96
Real-Time system. The human Actin B RNA was amgddifin parallel as the internal
control for normalization purpose. The specificnpers used are as follows: 45S
pre-rRNA (forward) 5-GCCTTCTCTAGCGATCTGAGAG-3’ (vrse)
5'-CCATAACGGAGGCAGAGACA-3, Actin B (forward) 5'-
CCTGGCACCCAGCACAAT-3' (reverse) 5- GGGCCGGACTCGTTAC-3.

Relative cDNA amounts were estimated using the €&hod [12].

4.3.9 Immunofluorescence (IF)
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For immunofluorescence (IF) experiments, exponéygrowing MCF-7 cells
(2 x 10 per well) were seeded in 15 mm glass bottom ediire dishes with 2 mL of
media and were allowed to attach overnight. Cetisewncubated in the presence of
10 uM compounds at 37 °C for 4 h. Cells were washedawiith PBS and then fixed
for 30 min with 4% paraformaldehyde in PBS. Aftairg washed with PBS, cells
were permeabilized for 15 min in 0.5% Triton X-100ashed twice with PBS,
blocked for 60 min with 1% BSA in PBS, and inculsa?0 min with 1:50-1:200
dilution of antibody in 3% BSA. Then cells washédee times for 5 min with PBS;
incubated for 30 min with 1:200 dilution of Alexdubr 488 labeled secondary
antibody (green); washed three times for 5 min WiBS; and mounted with

fluoroshield mounting buffer containing DAPI for alai staining (Solarbio, China).

4.3.10 Protein extraction, quantification, SDS PA&tfl Western Blotting

MCF-7 cells were plated in 6-well plates at a dgnsf 1 x 16 cells/well. After
overnight incubation, the cells were treated witlifecent concentrations of
compounds and further incubated for 12 h. Aftet,ttiae cells were collected by
trypsinization, washed with cold PBS. Proteins wexe&racted from the treated cells
or the control dish with 100L of RIPA buffer containing 1% PMSF, and centrifdge
at 12,000 rpm at 4 °C for 2 min. The supernatarngsewcollected as whole cell
extracts and stored at —20 °C. Protein concentratias determined by BCA protein
assay kit (Solarbio, China). 40y of total proteins and color-mixed protein marker
(11-180 kD) (Solarbio, China) were separated on 1G%dium dodecyl
sulfate-containing polyacrylamide gel and followelly transferring onto
polyvinylidene fluoride (PVDF) membranes (EMD, Njibre, USA). The membranes
were blocked in TBST (Tris buffered saline with %.ITween-20) containing 5%
nonfat milk, and probed with primary antibodies 4t°C overnight. After the
incubation, the membranes were washed with TBSihduincubated with secondary
antibody conjugated with horseradish peroxidase,extensively washed. Finally the
results were recorded by Tannon-5200 Multi Imagalgaer (Tannon, China).
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4.3.11 Cell cycle arrest assay

MCF-7 cells were plated in 6-well plates at a dgnef 1 x 10 cells/well, after
overnight incubation, the cells were treated witlifecent concentrations of
compounds and further incubated for 48 h. Aftent,ttiae cells were collected by
trypsinization, washed with cold PBS, and fixedhwit0% ethanol overnight at 4 °C.
Before flowcytometric measurements, cells were spended and stained by a
propidium iodide (PI) staining solution (5@/mL PI, 100pg/mL RNase A) for 15
min at room temperature. Cell cycle distributionswanalyzed by a BD Accuri C6
flow cytometer with excitation at 488 nm and enossat 632/15 nm. The data were

analyzed by Modifit 3.1 software.

4.3.12 Apoptosis measurements

MCF-7 cells were plated in 6-well plates at a dgnef 2 x 10 cells/well, after
overnight incubation, the cells were treated wittifecent concentrations of
compounds and further incubated for 24 h. Aftent,tiae cells were collected by
trypsinization (without EDTA), washed with cold PB&nnexin V binding solution
(250 puL) was added, then, Annexin V (& of stock solution) and PI solution (2uh
of stock solution) were added to the cell suspendmr staining according to
manufacturer’s instructions. After 15 min incubatet room temperature, the samples
were analyzed by a BD FACSVerse flow cytometer. Oa¢a were analyzed by

FlowJo 7.6 software.

4.3.13 Statistical analysis

Unless otherwise stated, all data were expressetieas = standard deviation.
Statistical significanceR < 0.05) was performed by one-way ANOVA followed day

assessment of differences using SPSS 16.0 software.
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Highlights

A novel monofunctional platinum Pol |-selective inhibitor P1-B1 has
been reported.

P1-B1 displays significant nucleolar accumulation.

P1-B1 selectively inhibits Pol | transcription machinery.

P1-B1 induces nucleolar stress, cell cycle arrest and apoptosis.

P1-B1 is mechanistically distinct from the effects of conventiona

platinum agents.



