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Abstract

Dimeric p-carbolines are cytotoxic against multiple NSCLC cell lines, and we report herein our
preliminary studies on the mechanism of action of these dimeric structures. Dimeric p-carboline 1,
which is more potent than the corresponding monomer in NSCLC cell lines, is a lysomotropic
agent that inhibits autophagy and mediates cell death by apoptosis, upregulating the proapoptotic
BH3-only protein PUMA (p53 upregulated modulator of apoptosis) in a dose dependent manner
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According to the World Health Organization (WHO), lung cancer is one of the most 5
common types of cancer in both men and women and the leading cause of cancer death
worldwide.! Lung cancer is traditionally categorized into two major types; small cell
(SCLC) and non-small cell (NSCLC) lung cancer. Most lung cancers are NSCLC (85%) and
challenging to treat due to acquired resistance. With currently available drugs for the
treatment of NSCLC, the 5-year survival rate is less than 15%. The development of novel
and more effective chemotherapeutic agents is therefore an important goal.!
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PUMA (p53 upregulated modulator of apoptosis), a proapoptotic BH3-only protein,
mediates apoptosis by releasing proapoptotic proteins, Bax and/or Bak, from the anti-
apoptotic Bcl-2 family members, or by directly activating Bax and/or Bak to cause
mitochondrial dysfunction and induce apoptosis.2 PUMA activity is controlled by different
transcription factors (e.g. p53, p73, c-Myc and E2F1), depending on cell type and stimuli.2
Loss of PUMA leads to impaired apoptosis, which can promote carcinogenesis.3 In addition
to apoptosis, PUMA has also been reported to regulate autophagy through the autophagy
regulator, Beclin-1,% and to selectively induce mitochondrial autophagy, mitophagy, viaa
Bax-dependent mechanism.® The upregulation of PUMA is therefore an attractive strategy
for the development of new NSCLC chemotherapies.

Recently, Thorburn et.al. reported that autophagy modulates apoptosis by selective
regulation of constitutive PUMA expression.® Autophagy inhibition increases PUMA levels,
leading to accelerated mitochondrial outer membrane permeabilization (MOMP) and
apoptosis. Lysosomes, which have emerged as important targets for the development of
cancer therapeutics,’ are key components in the autophagy pathway.8 The acidic
environment of the lysosome is typically maintained by a vacuolar ATPase.? Lysosomal
dysfunction due to vacuolar ATPase inhibition leads to interior pH elevation, and thereby
impairs autophagy and consequently activates apoptosis.10

Many lysosomotropic agents, for example, chloroquinel?:12 and Lys05,13 have been reported
as lysosome-targeting anticancer agents. Due to their weakly basic property, they are
protonated and trapped in the acidic interior of lysosomes.12 The weak base accumulation
enhances the interior pH, leading to inhibition of hydrolase activities and consequently to
autophagy inhibition. In addition, the accumulation of the charged molecules in the
lysosome can cause lysosomal leakage and/or lysis, mediating cell death due to the increase
of an osmotic pressure across the lysosomal membrane.1# B-carbolines exhibit broad
biological activity and exhibit antimalarial, anticancer, antiviral and anti-inflammatory
properties. 516 We have recently reported that dimeric p-carbolines!’ exhibit significantly
enhanced cytotoxicity relative to their monomeric counterparts against multiple cancer cell
lines, including NSCLC, prompting us to study the mechanism of action of the cytotoxicity
of these dimeric p-carbolines. We describe herein the preparation of a novel lysosomotropic
agent, dimeric p-carboline 1 (Figure 1), its evaluation against six NSCLC cell lines, and
preliminary results on the mechanism of action of 1.

To determine the cytotoxicity of dimeric f-carboline 1 against NSCLC, we examined the
biological activity of dimeric p-carboline 1, monomeric B-carboline 2, and the naturally
occurring p-carboline alkaloid manzamine A 3, against six NSCLC cell lines (H1299, A549,
H441, H1373, H1993 and H2009). The results are summarized in Table 1. Dimeric B-
carboline 1 exhibited comparable potency to manzamine A 3 and significantly greater
cytotoxicity than the corresponding monomer 2 in each of the NSCLC cell lines.1” The
relative cytotoxicity of 1 was consistently greater than that of monomer 2 in NSCLC cells
compared to IMR90 (human lung fibroblast) cells. These results support the importance of
the dimeric structure of 1, and suggest that these dimeric structures could represent lead
compounds for the development of new NSCLC therapeutics.
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We initiated our study of the mechanism of action of 1 by first determining the site(s) of its
subcellular localization. Taking advantage of the inherent fluorescence of the p-carboline
moiety (Ex/Em: 358/461 nm), we treated H1299 cells with compounds 1-3 for 1 hr before
staining mitochondria with MitoTracker® Green FM (Invitrogen) and lysosomes with
LysoTracker® Red DND-99. Live confocal microscopy established that each of these
compounds localized in lysosomes (Figure 2a). These observations are similar to the
findings seen previously for manzamine A 3, which targets vacuolar ATPases in lysosomes
and inhibits autophagy by preventing autophagosome turnover in pancreatic cancer cells.10
To determine whether dimer 1 or monomer 2 show similar effect to 3, we performed western
blot analysis for autophagy markers, LC3 and p62/SQSTM1 (Figure 2b).18

H1299 cells treated with dimeric B-carboline 1 showed an increase in autophagy adaptor
protein, p62/SQSTML, and a dose-dependent increase in LC3I1 levels, compared to the
control DMSO. Since the LC3lI signal, which is known to be less sensitive to detection by
western blot analysis than LC311,18 was not observed in this assay, we performed
immunofluorescence staining of LC3II puncta in H1299 cells transfected with GFP-LC3 to
confirm these results (Figure 2c; see also Supplementary Figure 1 (S1)). Consistent with the
western blot analysis, the transfected cells treated with p-carbolines 1 and 2 and manzamine
A 3 showed an increase in LC3II. These results suggest that dimeric -carboline 1 functions
similarly to manzamine A to inhibit autophagosome clearance and consequently inhibit
autophagy.

Apoptosis and autophagy are mutually cross-regulatory,*>1° and autophagy inhibition has
been reported to induce apoptotic cell death.6:20-21 We therefore examined whether 1, by
inhibiting autophagy, induces cell death in H1299 cells through apoptosis. We examined
Annexin V positive cells using the Guava Nexin reagent and Guava Personal Cell Analysis.
H1299 cells were treated with either 1 or 2 for 48 hrs before staining with Annexin V-PE
(Annexin V- phycoerythrin) and 7-AAD (7-Aminoactinomycin D). Flow cytometric analysis
(Figure 3a) revealed that treatment with 1 (3 M) led to a significant increase in apoptotic
cell death (bottom right panel) relative to treatment with the monomer 2 at 5x concentration
(15 uM). Similarly, treatment of H1299 cells with 1 induced a significant increase in cleaved
caspase 3 expression in a dose-dependent manner as seen by western blot analysis (Figure
3b) and immunofluorescence (Figure 3c). Interestingly, other apoptotic markers, such as
cleaved lamin A and cleaved PARP levels, were also increased following treatment with 1
relative to 2 (Figure 3b; For quantification, see Supplementary Figure 2 (S2)). These
combined results indicate that 1 induces cell death through caspase-dependent apoptosis,
and that it does so more efficiently than the corresponding monomer 2.

We have established that 1 accumulates in lysosomes (Figure 2a), inhibits autophagy (Figure
2b and 2c¢) and mediates caspase-dependent apoptotic cell death (Figure 3). We next
explored the connection between lysosomal dysfunction and caspase-mediated cell death.
Several BH3-only proteins are known to play a dual role in regulating apoptosis and
autophagy.>1® PUMA, in particular, mediates caspase cleavage by either activation of
Bax/Bak or inhibition of anti-apoptotic Bcl-2 family proteins.? Autophagy inhibition has
been shown to cause upregulation of PUMA expression.8 Consistent with this premise,
Western blot analysis of H1299 cells treated with different concentrations of dimer 1 show a
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dose-dependent increase in PUMA levels (Figure 4a). To determine whether 1 induces
PUMA expression at the transcription level, we performed gRT-PCR analysis and found that
the PUMA mRNA levels in H1299 cells treated with 1 increase in both a dose- and time-
dependent manner, which correlates with the observed increase in PUMA protein levels
(Figure 4b). Depending on stimuli and cell type, the expression of PUMA can be regulated
by several different transcription factors (p53, p73 and E2F1).2 H1299 cells do not express
p5322, Western blot analysis showed no alteration of p73 and E2F1, compared to the DMSO
control (see Supplementary Figure 3 (S3), although this does not rule out the possibility that
these proteins may still be involved. Our data suggest that 1, possibly by accumulation in
lysosomes, inhibits autophagy and causes PUMA upregulation in a p53-independent
manner, and that this consequently leads to caspase-dependent apoptosis.

The cytotoxicity of dimeric p-carboline 1 against various NSCLC cell lines prompted us to
further study its mechanism of action. Our studies indicate that dimeric p-carboline 1
induces apoptosis in H1299 cells significantly more efficiently than the corresponding
monomer 2, accompanied by an increase in caspase-dependent apoptosis markers and in the
expression of the proapoptotic protein, PUMA. These data support our proposal that dimeric
B-carboline 1 induces cell death through caspase-dependent apoptosis mediated by PUMA
(Figure 5).

The subcellular co-localization analysis demonstrate that both dimeric p-carboline 1 and
monomeric 2 predominantly localize in the lysosome, in analogy to other weakly basic
agents such as chloroquine, Lys05! and manzamine A0, which were all reported to cause
lysosomal dysfunction and consequently autophagy inhibition. H1299 cells treated with 1
showed a dose-dependent increase in LC3II levels, indicating increased autophagosome
accumulation. Many studies have shown that autophagy and apoptosis regulate each

other.> 19. 23 |n particular, autophagy has been reported to regulate apoptosis via modulation
of constitutive PUMA expression, which controls the rate of mitochondrial outer membrane
permeabilization (MOMP).6 These findings support the hypothesis that dimeric B-carboline
1 accumulates in lysosomes and inhibits autophagy, thereby inducing PUMA expression and
caspase-dependent apoptosis.

In conclusion, we have demonstrated that the dimeric p-carboline 1 targets lysosomes in
H1299 NSCLC cells and mediates caspase-dependent apoptosis, in part through PUMA
induction.

These data suggest that these simple dimeric structures can serve as leads for the
development of new NSCLC therapeutic strategies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Synthetic dimeric p-carboline 1, monomer 2 and naturally occurring p-carboline manzamine

A3.
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Figure 2.
a) H1299 cells were treated with compounds 1-3 for 1 hr before staining mitochondria with

MitoTracker® Green FM (Invitrogen) and lysosomes with LysoTracker® Red DND-99
(Invitrogen). Confocal analysis showed localization of the B-carbolines in lysosomes. b)
Western blot analysis for LC3 and p62/SQSTM1 in H1299 cells incubated with DMSO,
monomer 2 (20 pM), dimer 1 (3, 5 and 10 puM) or manzamine A 3(10 uM) for 24 hrs. c)
GFP-LC3 transfected H1299 cells were treated with DMSO, monomer 2 (20 pM), dimer 1
(3, 5 and 10 uM) or manzamine A 3 (10 uM) for 24 hrs. The GFP-LC3 puncta were
analyzed by confocal microscope. The number of GFP-LC3 puncta/cell was scored using
ImageJ software (n=30; error bars, s.d.).
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Figure 3.
a) H1299 cells were incubated with DMSO (control experiment), monomer 2 (15 uM) or

dimer 1 (3 uM) for 48 hrs. After incubation, cells were stained with Guava Nexin Reagent,
and data were acquired on the PCA-96 System. The results demonstrated 4%, 11% and 97%
apoptotic cells, respectively (7=3; error bars, s.d.). b) Western blot analysis of apoptotic
proteins in H1299 cells treated with DMSO, monomer 2 (20 uM) or dimer 1 (3, 5 and 10
uM) for 24 hrs incubation. ¢) Confocal immunofluorescent analysis for active caspase 3 in
H1299 cells treated with DMSO, monomer 2 (20 uM) or dimer 1 (5 uM) for 24 hrs.
Apoptotic cells were quantified from the ratio of number of cell expressing active caspase to
total cell number (/7=3; error bars, s.d.).
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Figure 4.

a) Western blot analysis of PUMA in H1299 cells treated with DMSO, monomer 2 (20 uM)
or dimer 1 (3, 5 and 10 uM) for 24 hrs. b) RNA was harvested 8 and 24 hrs, respectively,
after treatment with DMSO, monomer 2 (20 uM), or dimer 1 (3 and 10 uM). PUMA
expression was analyzed by gRT-PCR. Expression was normalized to 18S levels and is
reported as x-fold increase over untreated control.
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Figure 5.
Proposed mechanism of action of dimeric -carbolines.
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