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Abstract

Twelve benzylisoquinoline alkaloids, including pavine and phenanthroindolizidine types, were
isolated from a MeOH/CH,Cl;, extract of Cryptocarya laevigata (stem bark) through bioactivity-
guided fractionation for antitumor effects. Selected compounds were evaluated for antiproliferative
activity against five human tumor cell lines, including a multidrug-resistant subline. Since more
common 2,3,8,9-tetrasubstituted pavine alkaloids, such as crychine (3), exhibit very mild or no
cytotoxicity, this compound type has not been well investigated for antitumor activity. Thus, this
report is the first discovery of a 7-hydroxylated pavine alkaloid, (-)-neocaryachine (1), to
demonstrate strong antiproliferative activity, with 1Cgq values of 0.06 to 0.41 uM against five
tested tumor cell lines, including an MDR subline. Further mechanism of action studies revealed
that 1 impacts the cellular S-phase by inducing DNA double-strand breaks.
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Rainforests are great treasure houses of biodiversity.1'2 Although they cover only about 6%
of the earth’s land surface, almost half of all plant species live in rainforest areas.3 The
diversity in plants should also support a large variety of bioactive natural products. It is
known that plants were among the first sources of drugs, and they still serve as an important
source of modern medicines.* Plant-derived natural products have contributed immensely to
the area of cancer chemotherapeutics, e.g., paclitaxel, vinca alkaloids (vinblastine and
vincristine), podophylltoxin analogues (etoposide and teniposide), and topotecan derived
from camptothecin. According to a recent report,> 83% of new chemical entities for
anticancer agents have been derived from natural products per se, during the time frame of
1981 to 2014.

In the course of our research focused on the discovery of antitumor natural products from
rainforest plants, a CH3OH/CH,Cl, (1:1) extract (NCI extract ID: N025183) from the
rainforest plant Cryptocarya laevigata (stem bark) showed potent antiproliferative activity
against several human tumor cell lines (Table S1, Supporting Information). The genus
Cryptocaryabelongs to the family Lauraceae and produces multiple secondary metabolites,
such as lactones, a-pyrones, flavonoids, chalcones, and alkaloids.5=2° These chemical
components show diverse bioactivities, including nitric oxide inhibitory activity,” glucose
transport inhibitory effects,8 cytotoxicity,8-11 antimicrobial activity,1! and dengue virus NS5
polymerase inhibitory properties,12 as well as anti-inflammatory, 13 antioxidant,
antiplasmodial, 2> and cholinesterase inhibitory activities.28 Among over 350 species in the
genus Cryptocarya, phytochemical research on C. /aevigata has not been reported, except for
one article published in 1978.27

The crude extract of N025183 (9.8 g), provided by the NCI, was partitioned between EtOAc
and water. The EtOAc extract was separated by silica gel column chromatography and
preparative TLC techniques to give six known pavine alkaloids, (-)-neocaryachine (1),28
(-)-isocaryachine (2),29 (-)-crychine (3),30 (-)-eschscholtzine- A-oxide (4),31:32 (-)-
norargemonine (5),33:34 and (-)-bisnorargemonine (6),33:3 as well as a
phenanthroindolizidine alkaloid and (-)-13aa.-antofine36 together with their biosynthetic
intermediates, (+)-A-demethylphyllocaryptine,37 (+)-cinnamolaurine, 3840 (+)-At
methylcoculaurine,*! and (-)-reticuline.3%40 The structures of all isolated compounds were
identified based on various NMR spectroscopic and HRMS data analyses, and their
spectroscopic data agreed with published values. We evaluated five (1-5) of the six pavine
alkaloids isolated from C. /aevigata for antiproliferative activity against five human tumor
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cell lines, A549 (lung carcinoma), MDA-MB-231 (triple-negative breast cancer), MCF-7
(breast cancer), KB (originally isolated from epidermoid carcinoma of the nasopharynx),
and vincristine-resistant KB-subline KB-VIN showing multidrug resistance (MDR)
phenotype with overexpression of P-glycoprotein (Pgp) (Table 1).

It is generally believed that pavine alkaloids are noncytotoxic at a micromolar concentration;
thus, little attention has been given to the antiproliferative activity of such alkaloids from the
family Lauraceae. Instead, in this same family, phenanthroindolizidine-type alkaloids, which
were isolated together with pavine alkaloids, demonstrated significant cytotoxicity with
submicromolar ICsq values.*2 Surprisingly, among the five pavine alkaloids tested in this
study, (-)-neocaryachine (1) exhibited remarkable antiproliferative activity with ICsq values
of less than 0.5 pM against all tested tumor cell lines, even the MDR phenotype. (-)-
Isocaryachine (2) also potently inhibited the tumor cell growth, although its activity was
lower than that of 1. The results indicated that a hydroxyl group at the C-7 position is a
crucial factor for the antiproliferative activity. On the basis of a comparison of compounds 3
and 4, an N-oxide resulted in the loss of activity. Because no antiproliferative activity was
observed for compound 5, a methylenedioxy moiety in ring A might be important for an
antiproliferative effect. Interestingly, all compounds tested in this study were not substrates
of P-gp, because the compounds suppressed chemosensitive (KB) and MDR (KB-VIN) cell
growth at the same concentrations. However, many alkaloids, such as paclitaxel (PXL) and
vincristine (VIN), are substrates of the ABC transporters expressed in MDR cancer cells,
resulting in poor outcomes in cancer chemotherapy.

To understand the mechanism of action for the antiproliferative activity of these potent
pavine alkaloids, the effects of compounds 1 and 3 on cell cycle progression in KB-VIN
cells were initially examined using flow cytometry. As shown in Figure 1, at 0.3 uM, (-)-
neocaryachine (1) had no effect after 24 h, while some cells accumulated in the sub-G1
phase after 48 h, suggesting apoptotic induction. In contrast, cells accumulated in the S
phase in response to treatment with 3 or 10 uM 1, demonstrating that compound 1 impacted
S phase progression, such as induction of DNA damage or inhibition of DNA duplication.
Compound 3 showed no effects on the S phase, although sub-G1 was increased after 48 h of
treatment at 20 uM. 5-Fluorouracil (5-FU) and combretastatin A-4 (CA-4) were used as
controls for induction of cell cycle arrest in the S and G2/M phases, respectively.

To further confirm the effects of 1 on the S phase, 1-treated KB-VIN cells were labeled with
antibodies to a-tubulin together with y-H2AX, a biomarker for DNA double-strand breaks
(DSBs), and 4”,6-diamidino-2-phenylindole (DAPI) for labeling DNA (Figure 2). The -
H2AX-positive nuclei were detectable in the cells treated with 0.3 pM 1, while they were
unclear in the control cells (DMSO). The intensity of y-H2AX signals and numbers of y-
H2AX-positive nuclei were dramatically increased when cells were treated with 1 (3 uM),
suggesting that DSBs were induced by 1 in a concentration-dependent manner. Nuclear
fragmentation was also observed in the compound-treated cells, suggesting apoptotic
induction. In addition, abnormal morphology of microtubules was observed when cells were
treated with 1 at 3 uM. No obvious y-H2AX signal or defects in microtubule morphology
were observed in the cells treated with 3. These immunostaining results were consistent with
the results of the cell cycle analysis showing an impact on the S phase.
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In summary, we have shown for the first time that the antiproliferative pavine alkaloid 1
impacts the cell cycle in the S phase by inducing DSBs and resulting in the induction of
apoptosis.

EXPERIMENTAL SECTION

General Experimental Procedures

Optical rotations were measured on a JASCO P-2200 digital polarimeter. NMR spectra were
recorded on JEOL JMN-ECS400 and JMN-ECA600 spectrometers with tetramethylsilane as
an internal standard. Chemical shifts are expressed as 6 values. HRMS data were obtained
on a JMS-SX102A (FAB) or JIMS-T100TD (DART) mass spectrometer. Analytical and
preparative TLC were carried out on precoated silica gel 60F;54 and RP-18F 54 plates (0.25
or 1.0 mm thickness; Merck).

Plant Material

The stem bark of Crypitocarya laevigata was collected in the Philippines by D. D. Soejarto,
E. Reynoso, E. Sagcal, and R. Edrada in March 1990 and identified by D. D. Soejarto. A
voucher specimen (#U44Z-7141) was deposited at the Smithsonian Institution (Washington
DC, USA), and voucher extracts (N025183) are stored at the NCI (Frederick, MD, USA)
and Kanazawa University (Kanazawa, Japan).

Extraction and Isolation

A CH30H/CH,Cl, (1:1) extract of the bark of Cryptocarya laevigata (9.8 g) was partitioned
with EtOAc and H,O to yield an EtOAc-soluble (2.1 g) and H,O-soluble fractions. The
EtOAc-soluble fraction was subjected to CombiFlash Rf MPLC (HPsil 120 g) eluted with an
n-hexane/EtOAc gradient system [5:1/1:1/1:5/0:1], then EtOAc/MeOH [9:1/4:1/0:1], to yield
six fractions A- F.

Fraction E (1.2 g) was subjected to silica gel column chromatography eluted with CH,Cl,/
MeOH [50:1/30:1/10:1/5:1/1:1/0:1] to yield six fractions, E1-E6. Fraction E2 (175.2 mg)
was purified by preparative TLC eluted with CH,Cl,/acetone (1:3) to yield six fractions, E2a
—E2f. Fraction E2c (87.3 mg) was subjected to silica gel column chromatography eluted
with CH,Cl,/MeOH [1:0/100:1/75:1/50:1/10:1/0:1] to yield (=)-crychine (3, 29.7 mg).
Fraction E2d (44.8 mg) was purified by preparative TLC eluted with CH,Cl,/MeOH (5:1) to
yield (=)-neocaryachine (1, 0.8 mg). Fraction E3 (100.4 mg) was subjected to silica gel
column chromatography eluted with CH,CIl,/MeOH [1:0/50:1/40:1/30:1/20:1/10:1/1:1/0:1],
then purified by preparative TLC eluted with 7-hexane/acetone (1:3) to yield (-)-13aa.-
antofine (0.6 mg).

Fraction F (87.2 mg) was purified by preparative TLC eluted with CH,Cl,/MeOH (50:1) to
yield six fractions, F1-F6. Fraction F2 (46.8 mg) was purified by preparative TLC eluted
with CHCIl3/MeOH (10:1) to obtain nine fractions, F2a—F2i. Fraction F2d (5.0 mg) was then
purified by preparative TLC eluted with CHCI3/EtOH (5:1) to yield (-)-isocaryachine (2, 3.4
mg). Fraction F2f (2.4 mg) was purified by preparative TLC eluted with CHCl3/MeOH
(5:1), then n-hexane/EtOAc (1:1), to yield (-)-norargemonine (5, 0.2 mg). Fraction F3 (9.5
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mg) was subjected to silica gel column chromatography eluted with CH,Cl,/MeOH
[40:1/30:1/20:1/5:1/2:1/1:2/1:5/0:1] to yield seven fractions, F3a—F3g. Fraction F3c was (-)-
N-demethylphyllocaryptine (0.6 mg). Fraction F3d (2.5 mg) was purified by preparative
TLC eluted with CH,Cl,/MeOH (5:1) followed by CHCI3/EtOH (5:1) to yield (+)-
cinnamolaurine (0.5 mg) and (-)-bisnorargemonine (6, 1.6 mg). Fraction F3e (1.0 mg) was
purified by preparative TLC eluted with CHCI3/MeOH (4:1) to yield four fractions,
F3el-F3e4. Fraction F3f (1.7 mg) was subjected to silica gel column chromatography eluted
with EtOAc/MeOH [2:1/1:2/1:0] to yield five fractions, F3f1-F3f5. Fraction F3e2 and F3f4
were combined and purified by preparative TLC eluted with CHCl3/MeOH (4:1) to yield
(-)-eschscholtzine A-oxide (4, 1.4 mg). Fraction F4 (11.5 mg) was purified by preparative
TLC eluted twice with CHCI3/EtOH (50:1 then 2:1) followed by CH,Cl,/MeOH (4:1) to
yield (-)-reticuline (0.8 mg) and (+)-A~methylcoculaurine (1.0 mg).

Antiproliferative Activity Assay

The antiproliferative activity assay using sulforhodamine B (SRB) was performed as
described previously.*3 In brief, cells were seeded in 96-well microtiter plates at densities of
4000-12 000 cells per well (based on the doubling time of the cell line) with compounds
solubilized in DMSO. The highest concentration of DMSO in the cultures (0.1% v/v) had no
effect on cell growth. After 72 h treatment with test compounds, attached cells were fixed
with 10% trichloroacetic acid followed by staining with 0.04% SRB. After solubilization of
protein-bound SRB with 10 mM Tris base, absorbance was measured at 515 nm using a
microplate reader (ELx800, BioTek) with Gen5 software (BioTek). The mean ICsg is the
average from at least three independent experiments with duplicate samples. The following
human tumor cell lines were used in the assay: A549 (lung carcinoma), KB (originally
isolated from epidermoid carcinoma of the nasopharynx), KB-VIN (VIN-resistant KB
subline showing MDR phenotype by overexpressing P-gp), MCF-7 (estrogen receptor-
positive, HER2-negative breast cancer), MDA-MB-231 (estrogen receptor-negative,
progesterone receptor-negative, HER2-negative breast cancer). All cell lines were obtained
from the Lineberger Comprehensive Cancer Center (UNC-CH) or from ATCC (Manassas,
VA, USA), except KB-VIN, which was a generous gift of Professor Y.-C. Cheng (Yale
University). KB-VIN cells were maintained in the presence of 100 nM VIN.

Cell Cycle Analysis

Cell cycle distribution was analyzed by measurement of cellular DNA content with
propidium iodide (BD Biosciences) as described previously.*3 Briefly, cells were seeded in a
12-well culture plate 24 h prior to treatment with compounds. KB-VIN cells were treated for
24 h with 0.3 and 3.0 uM 1, 20 pM 3, 10 nM CA-4, or vehicle (0.1% DMSO) as a control.
Stained cells were analyzed by flow cytometry (BD FACSCalibur, BD Biosciences).
Experiments were repeated a minimum of three times.

Immunofluorescence Staining

Immunostaining of KB-VIN was performed as described previously.*3 Briefly, KB-VIN
cells were seeded on an eight-well chamber slide (Lab-Tech) for 24 h prior to treatment with
compounds. Cells were treated with compound for 24 h. Concentrations of reagents were
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used based on their 1C5q used for cell cycle analysis as follows: 0.3 and 3.0 UM of 1, 20 uM
3, and 0.1% DMSO as a control. Cells were fixed in ice-cold 4% paraformaldehyde in
phosphate-buffered saline (PBS) followed by permeabilization with 0.5% Triton X-100 in
PBS. Fixed cells were labeled with mouse monoclonal antibody to a-tubulin (B5-1-2,
Sigma) and rabbit polyclonal antibody to y-H2AX (BETHYL Lab.) followed by FITC-
conjugated antibody to mouse 1gG (Sigma) and Alexa Fluor 546-conjugated antibody to
rabbit 1gG (Life Technologies). Nuclei were labeled with DAPI (Sigma). Fluorescence-
labeled cells were observed using a confocal microscope (Zeiss, LSM700) controlled by
ZEN software (Zeiss). Parameters (laser, beam splitter, band-pass filter) for confocal
fluorescence imaging were used as follows: track 1 for DAPI (405 nm, 420 nm, 420-1000
nm), track 2 for FITC (488 nm, 544 nm, 490-555 nm), and track 3 for Alexa Fluor 546 (555
nm, 559 nm, 505-600 nm). Confocal images were reconstructed by stacking using ZEN
(black edition) software (Zeiss). Final images were prepared by Photoshop CS6 (Adobe).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Effects of (-)-neocaryachine (1) and crychine (3) on cell cycle progression in MDR cells.
KBKB-VIN cells were treated with (-)-neocaryachine (1), crychine (3), or 5-FU for 24 or
48 h or CA-4 for 24 h at the indicated concentrations. DMSO was used as a vehicle control.
Cell cycle distributions of treated cells were analyzed by flow cytometry after staining with
propidium iodide (PI).
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Figure 2.
Induction of y-H2AX, a marker of DNA double-strand breaks, by (-)-neocaryachine (1) in

MDR cells. KB-VIN cells were treated with (-)-neocaryachine (1) or crychine (3) for 24 h
at the indicated concentrations. Cells were triple-stained with antibodies to a-tubulin
(green), y-H2AX (red), and DAPI (blue) for DNA. Stained cells were observed by confocal
fluorescence microscopy, and all confocal images were stacked. Nuclear fragmentations are
indicated by arrows. Bar: 25 um.
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Chart 1. Structures of Pavine Alkaloids Isolated from C. laevigata
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