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Abstract 

Multiple myeloma (MM) is largely incurable and drug-resistant. Novel therapeutic approaches such as 
inhibiting autophagy or rational drug combinations are aimed to overcome this issue. In this study, we 
found that lycorine exhibits a promising anti-proliferative activity against MM in vitro and in vivo by 
inhibiting autophagy. We identified High mobility group box 1 (HMGB1), an important regulator of 
autophagy, as the most aberrantly expressed protein after lycorine treatment and as a critical mediator 
of lycorine activity. Gene expression profiling (GEP) analysis showed that higher expression of HMGB1 
is linked with the poor prognosis of MM. This correlation was further confirmed in human bone marrow 
CD138+ primary myeloma cells and MM cell lines. Mechanistically, proteasomal degradation of HMGB1 
by lycorine inhibits the activation of MEK-ERK thereby decreases phosphorylation of Bcl-2 resulting in 
constitutive association of Bcl-2 with Beclin-1. In addition, we observed higher HMGB1 expression in 
bortezomib resistant cells and the combination of bortezomib plus lycorine was highly efficient in vitro 
and in vivo myeloma models as well as in re-sensitizing resistant cells to bortezomib. These observations 
indicate lycorine as an effective autophagy inhibitor and reveal that lycorine alone or in combination 
with bortezomib is a potential therapeutic strategy. 
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Introduction 
Multiple myeloma (MM) is the second most 

prevalent hematologic malignancy, characterized by 
the infiltration of malignant plasma cells into bone 
marrow. In spite of current efficient therapeutic 
regimens for MM patients, such as the proteasome 
inhibitor bortezomib, which has marked efficacy 
against MM, the major features inevitably present in 
this disease are the intrinsic and acquired resistance to 
bortezomib [1, 2]. There is an urgent need in clinic for 
understanding the genetic makeup of these 

drug-resistant myeloma cells so that novel agents can 
be developed to treat MM patients [3, 4]. 

Autophagy removes defective cellular 
organelles, protein aggregates, and intracellular 
microbes and is associated with cell survival, thereby 
beneficial for tumor maintenance [5, 6]. Studies 
demonstrated that inhibition of autophagy enhances 
sensitivity of a number of anticancer agents and 
induces cell death in MM [7-11]. Currently, clinically 
relevant autophagic inhibitors being used for cancer 
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therapy are chloroquine, hydroxychloroquine and 
lucanthone and novel inhibitors with a lower toxicity 
and a better therapeutic index are in demand [12]. 
High-mobility group box-1 (HMGB1) protein is an 
important autophagy modulator. In the regulation of 
autophagy HMGB1 plays subcellular 
localization-dependent roles [13-15]. Since the 
identification in 1973, HMGB1 has been implicated in 
several disease states including cancer [16, 17]. 
Although the link between HMGB1 and MM has not 
been clarified previously, the importance of HMGB1 
for induction of autophagy and tumor development 
has made this protein as a novel target for cancer 
therapy [15, 18-20]. 

Owing to their availability in nature and 
therapeutic compatibility, many natural compounds 
have been investigated for their anti-cancer properties 
over decades and several of these compounds have 
been increasingly integrated into modern medicine 
[21, 22]. Vinca alkaloids, vinblastine (VLB) and 
vincristine (VCR) were the first approved natural 
anti-cancer drugs, and currently over 60% of 
commercially available anticancer drugs are of 
natural origin [23, 24]. Therefore, exploring the 
biological activity and identifying the efficient 
interacting molecules of these natural anti-cancer 
compounds has become an indispensible element for 
novel drug discovery. 

Lycorine is a natural compound obtained from 
the Amaryllidaceae plant family. In 2004, our group 
found the first evidence that lycorine exhibits 
activities against leukemia [25, 26]. Later observations 
demonstrated the anti-proliferative effects of lycorine 
in other hematological malignancies and several other 
solid tumors [27-31]. Although previous studies 
mainly showed lycorine as a potential apoptosis 
inducer, a recent study, based on the chemical 
structure, stated that apoptosis is not the primary 
mechanism for anti-proliferative activity of this 
compound [32]. This led the interest to investigate the 
role of lycorine on other cell maintenance systems, 
such as autophagy. In addition, single-agent efficacy 
of lycorine or in combination with other anti-MM 
agents has not been evaluated in vivo MM models. 

In this study, we explored the effect of lycorine 
on MM cells, in MM xenograft mouse and on primary 
myeloma patient samples, and the role of this natural 
agent on regulation of autophagy in vitro and in vivo. 
Furthermore, lycorine treatment was combined with 
bortezomib (BTZ), with or without bone marrow 
stromal cells (BMSCs) and MM xenograft mouse 
model, to investigate potential clinical application of 
lycorine in treating MM. 

Materials and methods 
Chemicals and antibodies 

Lycorine (Sigma, MO, USA) was dissolved in 
dimethylsulfoxide (DMSO) (Sigma) and stored at 
-20°C. 3-MA and MG-132 was obtained from 
Selleckchem (TX, USA). Cell Counting Kit-8 (CCK8) 
was obtained from Vazyme Biotech Co., (Nanjing, 
China). Antibodies used were LC3B, Beclin-1, 
Ubiquitin, MEK (Cell Signaling Technology, MA, 
USA), HMGB1 (Abcam, MA, USA), Bcl-2, p-Bcl-2, 
MEK, p-MEK, ERK1/2, p-ERK1/2, RCC1, α-Tubulin 
and GAPDH (Santa Cruz Biotechnology, TX, USA). 

Cell culture and treatment 
ARP-1 and ANBL6 cell lines were obtained from 

Institute of Hematology & Blood Diseases Hospital, 
Chinese Academy of Medical Science & Peking Union 
Medical College, Tianjin, China. ARH-77, MM.1S, and 
NCI-H929 (H929) cell lines were obtained from the 
American Type Culture Collection (ATCC, USA). 
Human peripheral B lymphocytes (B-cells) were 
obtained from the State Key Laboratory of Medical 
Genetics. All cell lines were cultured in RPMI 1640 
medium (Gibco, MA, USA) supplemented with 10% 
fetal bovine serum (FBS) (Gibco), 100 U/ml penicillin 
and 100 µg/ml streptomycin (Thermo Fisher 
Scientific, MA, USA) in 5% CO2 at 37°C. For B-cells 
and primary human CD138+ cells, 15% FBS was used 
with complete growth medium. Cells were treated for 
24 h with lycorine or/and Bortezomib (BTZ) diluted 
to various concentrations in serum-free medium. 
Amino acid starvation condition was induced by 
Hank’s balanced salt solution (HBSS) supplemented 
with glucose. 

Patient samples and primary human CD138+ 
cell isolation 

The study involving human patient samples and 
animal models were performed in accordance with 
the ethical standards of the Central South University 
Institutional Review Board Committee on human 
experimentation and animal care and used committee 
approved procedures.  

Bone marrow aspirates were obtained from 
patients with myeloma and subjects who underwent 
bone marrow aspirate procedure for other disease 
were found to have normal plasma cells. Primary 
human CD138+ cells were isolated from the bone 
marrow aspirates of these subjects by human CD138 
enrichment kit (CD138+ Plasma Cell Iso. Kit, Miltenyi 
Biotech, Bergisch Gladbach, Germany). 
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Cell viability, cell proliferation and cell 
apoptosis assay 

Cell viability was measured using a Cell 
Counting Assay Kit (CCK)-8 according to 
manufacturer’s protocol. Absorbance was measured 
at 450 nM using a microplate reader (Randox 
Toxicology, Crumlin, UK). Cell proliferation was 
counted manually using the trypan blue exclusion 
assay. Apoptotic cells were quantified using a 
FACSCalibur (BD Biosciences) flow cytometer after 
staining with Annexin V-FITC/PI staining kit (BD 
Biosciences, NJ, USA). 

2-DE and MALDI-TOF/TOF-MS 
Approximately 1000 μg of each protein sample 

from the whole-cell lysate was rehydrated with 
DeStreak Rehydration Solution (GE Healthcare, 
Amersham, UK) according to the manufacturer’s 
instructions and applied to immobilized pH gradient 
(IPG) strips (GE Healthcare). The IPGphor system was 
programmed according to standard procedure. Each 
sample was run on 2-D gels at 16 mA for 15 min and 
then at 32 mA for approximately 5 h. After 2-DE, 
Coomassie brilliant blue G-250 (Bio-Rad, CA, USA) 
was used to visualize the protein spots in the 2-D gels. 
The gels were scanned using a UMAX PowerLook III 
scanner (UMAX) and analyzed using ImageMaster 2D 
Platinum software (GE healthcare). Proteins with at 
least a 2-fold differential expression were identified 
by MALDI-TOF/TOF-MS. Both the MS and MS/MS 
data were analyzed using GPS Explorer software-V3.6 
(Applied Biosystems, MA, USA). The resulting peak 
list files were submitted to 
http://www.matrixscience.com using the Mascot 
search engine to identify the proteins in the MS/MS 
ion search pattern. The following parameters were 
considered: SwissProt 2015_11 (549832 sequences), 
Homo sapiens (human) taxonomy (20194 sequences), 
digestion enzyme trypsin, one missed cleavage site, 
fixed carbamidomethylated cysteine modification and 
partial oxidized methionine modification. The MS 
tolerance was set to 100 ppm, and the MS/MS 
tolerance was set to 0.3 Da. Known contaminant ions 
(keratin) were excluded. A Mascot MS/MS total ion 
score of greater than 56 was considered statistically 
significant (p<0.05). 

Plasmid construction, shRNA and transient 
transfection 

Human HMGB1 coding sequence was amplified 
from human cDNA by PCR using Platinum Taq DNA 
polymerase high fidelity (Thermo Fisher Scientific) 
and cloned into pCMV-tag2B vectors by the 
ClonExpress II One Step Cloning Kit (Vazyme Biotech 
Co.). The primer pairs for the pCMV-tag2B vector: 

5´-TCCCCCGGGCTGCAGGAATTCATGGGCAAAG
GAGATCCTAAG and 5´-GTCGACGGTATCGATAA
GCTTTTATTCATCATCATCATCTTCTTC (Sangon 
Biotech, Shanghai, China). pcDNA3.1-green 
fluorescent protein-light-chain 3 (LC3-GFP) plasmids 
were purchased from Yingrun Biological Technology 
Co., China. Validated shRNA for HMGB1 was 
purchased from (Sigma). LC3-GFP and control 
plasmids, Control pCMV, HMGB1-pCMV, shHMGB1 
and scramble shRNA were transfected using LipoMax 
reagent (Sudgen Biotechnology Inc, Ltd. WA, USA) 
according to manufacturer’s protocol. 

Transmission electron microscopy (TEM) 
Cells were fixed with 2.5% glutaraldehyde for 24 

h, post-fixed with 2% OsO4 for 2 h, followed by 
dehydration. Thin sections (50 nm) were cut on an 
Ultramicrotome (LKB-3 microtome, Sweden) and 
stained with uranyl acetate and lead citrate. Images 
were visualized by transmission electron microscope 
(HT7700, Japan). 

Protein extraction and Western blotting 
Whole cell lysates were prepared using RIPA 

buffer (Thermo Fisher Scientific) in the presence of a 
protease inhibitor and PhosStop (Roche, Basel, 
Switzerland). Cytoplasmic and nuclear proteins were 
isolated using a ProteoJET Cytoplasmic and Nuclear 
Protein Extraction Kit (Thermo Fisher Scientific). 
Protein from cultured medium was isolated by 
evaporating the medium. The protein concentration 
was quantified using a Pierce Bicinchoninic Acid 
(BCA) Protein Assay Kit (Thermo Fisher Scientific). 
Equal amounts of protein were blotted, and the blots 
were incubated with a primary antibody, followed by 
HRP conjugated to a suitable secondary antibody. 
Blots were developed using the SuperSignal West 
Pico Substrate (Thermo Fisher Scientific) 
chemiluminescence kit and Gene Genius Bio-imaging 
System (Bio-Rad). 

Quantitative RT-PCR. 
RNA was extracted by TRIzol reagent (Life 

technologies, CA, USA) using standard procedure. 
Primers used for RT-PCR were for HMGB1 (forward 
5´ GGGCAAAGGAGATCCTAAGAAG 3´; reverse 
5´GTTGACTGAAGCATCTGGGT3´) and GAPDH 
(forward 5´CATGAGAAGTATGACAACAGCCT3´; 
reverse 5´AGTCCTTCCACGATACCAAAGT3´) 
(Sangon Biotech.). 

Cycloheximide (CHX) pulse-chase assay for 
protein stability 

Cells treated with or without lycorine were 
chased in the presence of CHX (Solarbio, Beijing, 
China) for the indicated time periods. Cells harvested 
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at each time point were then processed for 
immunoblotting. 

Co-IP reactions 
Whole cell lysates were prepared for 

immunoprecipitation using IP lysis buffer (Beyotime, 
Wuhan, China). For each experiment, 500 μg of 
protein was incubated with 2 μg of primary antibody. 
After overnight incubation at 4°C, 20 μl of Dynabeads 
Protein G (Life Technologies) was added, and 
incubation was continued at 4 °C for 4 h. The beads 
were then washed with IP lysis buffer plus 0.1% 
Tween 20 (Life Technologies). Bound proteins were 
then eluted from the beads with 2× Laemmli sample 
buffer (BioRad) and analyzed by immunoblotting. 

BMSCs and MM co-culture experiment 
Bone marrow stromal cell (BMSC) line HS5 was 

obtained from ATCC and cultured in Dulbecco’s 
Modified Eagle Medium (DMEM) (Gibco) 
supplemented with 10% fetal bovine serum, 100 
units/ml penicillin, and 100 mg/ml streptomycin 
(Thermo Scientific) at 37°C and 5% CO2. For 
co-culture, HS5 cells were seeded in 96-well plates 
and allowed to adhere. The next day, new medium 
containing suspended MM cells was added to the 
wells. Viability was measured using a CCK-8 assay 
after the treatment. 

Gene Expression Profile (GEP) accession 
numbers 

GEP database accession number for the 
microarrays performed on 44 subjects with MGUS, 12 
subjects with SMM, and 559 newly diagnosed MM 
samples reported in this manuscript to analyze the 
expression of HMGB1 are GSE 5900 and GSE 2658. 

Multiple myeloma xenograft mouse model 
Non-obese diabetic/severe combined 

immunodeficiency (NOD/SCID) mice were irradiated 
with 200 cGy of γ radiation and, twenty-four hours 
later, the mice were subcutaneously inoculated in the 
flank with 5×106 MM.1S cells in 100 µl of 
phosphate-buffered saline (PBS). Mice were 
randomized into four groups when the tumors were 
measurable. The treatments included the 
intraperitonial injection of vehicle (control group), 
lycorine (5 mg/kg), BTZ (1 mg/kg) or lycorine plus 
BTZ (0.25mg/kg plus 1mg/kg). Mice were treated as 
presented in Supplementary Table S1. Tumor volume 
and body weight were checked every 4 days. Mice 
were euthanized after three consecutive treatment 
procedures. Tumors were processed for protein 
extraction or fixed with 10% formaldehyde and 
embedded in paraffin. Hematoxylin/eosin (HE) and 
TUNEL staining were performed according to 

standard protocols. Images were taken using an 
Olympus photomicroscope (Olympus, Japan) after 
mounting the stained slides.  

Statistical analysis 
Data are presented as the mean ± SD from at 

least three independent experiments. Differences 
were determined using a t-test and were considered 
statistically significant at p<0.05. For comparison 
among the different groups from GEP dataset, one 
way analysis of variance and Fisher's least significant 
difference test by SPSS 17.0 was used and the 
differences were considered statistically significant at 
p<0.05. Overall survival was measured using the 
Kaplan-Meier method, and the log-rank test was used 
for group comparison. Drug Synergy was quantified 
according to the Chou-Talalay Method for 
non-constant drug combination using the CalcuSyn 
software program (ComboSyn Inc., USA) [33]. A 
combination index (CI) <1.0 indicated synergistic 
effect, a CI=1 indicated additive effect, and a CI>1 
indicated antagonistic effect. 

Results 
Lycorine decreases MM cell proliferation by 
inhibiting autophagy 

To investigate the effect of lycorine on MM cell 
viability in vitro, 5 myeloma cell lines with different 
genetic backgrounds (ANBL6, ARP-1, ARH-77, H929, 
and MM.1S) and human immortal B lymphocytes 
(B-cells) were treated with increasing concentrations 
of lycorine for 24 h and the cell viability was analyzed. 
Lycorine significantly reduced the viability of MM 
cells (p<0.01) but did not significantly affect B-cells at 
the same concentrations (p=0.837, 0.061 and 0.141 for 
2.5, 5, and 10 μM lycorine, respectively) (Figure 1A). 
Lycorine also induced apoptosis in MM cell 
regardless of genetic variation (Supplementary Figure 
S1). To check whether autophagy contributes to MM 
cell growth and whether autophagy inhibition 
contributes to lycorine anti-MM function, the 
autophagy inhibitor 3-Methyladenine (3-MA) was 
applied [34]. 3-MA treatment led to a significant 
decreased viability of both cell lines (p<0.01). This 
result confirmed previous finding that autophagy is 
beneficial for MM cell growth [35]. Surprisingly, 
combining 3-MA with lycorine did not obviously 
enhance the effect of lycorine when compared with 
lycorine single treatment (Figure 1B) suggesting the 
anti-proliferative mechanism of lycorine is associated 
with its effect of autophagy inhibition by sharing 
similar signaling pathway with that of 
phosphoinositide 3-kinase (PI3K) inhibitor 3-MA. 
Then the effect of lycorine on autophagy was 
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identified. The most important indicators of 
autophagy, LC3B and Beclin-1, were dramatically 
down regulated after lycorine treatment in different 
MM cell lines (Figure 1C). Transmission electron 
microscopy (TEM) showed significantly decreased 
(p<0.01) inhomogeneous vesicles in the cytoplasm of 
the ANBL6 and ARH-77 cell lines after treatment with 
lycorine compared with the control group (Figure 
1D). Autophagy inhibition by lycorine was further 
confirmed under amino acid starvation condition. 
Starvation increased expression of LC3B and Beclin-1, 
and formation of punctuated aggregations of 
GFP-LC3 fluorescence in the cytoplasm. We found 
that lycorine inhibited starvation-induced LC3B level 
(Figure 1E) and the number of LC3 puncta in ANBL6 
cells (Figure 1F). In comparison, treatment with 
autophagy inhibitor 3MA also showed decreased 
LC3B expression and LC3 puncta formation (Figure 
1E and F). Together these finding suggested that 
lycorine inhibits autophagy as an anti-proliferative 
mechanism in MM.  

HMGB1 acts as the key mediator of Lycorine 
induced autophagy inhibition  

Autophagy is a fine tuned but complex cellular 
process. We next aimed to screen the protein(s) that 
are modulated by lycorine to inhibit autophagy. To 
this end 2-dimentional gel electrophoresis (2-DE) 
followed by matrix-assisted laser desorption 
ionization-time of flight mass spectrometry 
(MALDI-TOF/TOF-MS) was used after ARH-77 cells 
were treated for 24 h in presence or absence of 
lycorine. Among the protein characterized, HMGB1 
was identified as the protein decreased to the highest 
extent after lycorine treatment (Figure 2A). HMGB1 
was found to be decreased by lycorine treatment in a 
dose-dependent manner in ARH-77, ANBL6, ARP-1 
and MM1.S cells, which confirmed the 2-DE results 
(Figure 2B). Given that HMGB1 is an important 
regulator of autophagy [13], we next evaluated the 
regulatory role of lycorine on HMGB1 and HMGB1 
mediated autophagy. We performed gain-of- and 
loss-of-function analysis of HMGB1 by using 
pCMV-HMGB1 recombinant plasmid overexpression 
and HMGB1 shRNA mediated silencing system. 
Overexpression of HMGB1 in ARP-1 cells abrogated 
the anti-proliferative effect of lycorine (Figure 2C). In 
addition, we determined autophagy status in the 
absence or presence of lycorine in these cells. As 
anticipated, HMGB1 overexpression abolished 
lycorine-induced autophagy inhibition (Figure 2D). 
Contrary, specific reduction of HMGB1 expression 
upon transfection with shRNA ameliorated 
lycorine-induced cell viability in ARP-1 cells (Figure 
2E). Knockdown of HMGB1 inhibited autophagy in 

absence of lycorine and the effect was significantly 
enhanced with lycorine treatment (Figure 2F). 
Together these data indicated that HMGB1 is required 
for autophagy induction and anti-myeloma action of 
lycorine is mediated via HMGB1 downregulation and 
subsequent repression of autophagy. 

HMGB1 is overexpressed in MM and 
contributes to MM cell survival  

To evaluate whether the expression of HMGB1 is 
linked with the prognosis of MM and the 
compatibility of targeting HMGB1 for MM treatment, 
we used the publicly available myeloma gene 
expression profiling (GEP) datasets GSE 5900 and 
GSE 2658. The result showed that the expression of 
HMGB1 was higher in 44 subjects with Monoclonal 
gammopathy of undetermined significance (MGUS), 
12 subjects with Smoldering multiple myeloma 
(SMM), and 559 patients with newly diagnosed MM, 
in comparison to expression in 22 healthy subjects 
(Figure 3A). A Kaplan-Meier survival analysis was 
performed on the Total Therapy 2 and 3 (TT2 and 3) 
cohort from the GEP dataset to investigate the 
correlation between HMGB1 gene expression and 
overall survival (OS). Kaplan-Meier plot suggested 
natural cut-value between high and low-HMGB1 was 
determined by optimizing the correlation with 
survival. The optimal cut-value was determined at the 
median 12100 with hazard ratio, HR=1.736 including 
95% confidence intervals. The correlation was 
significant at the investigated cut-off points with the 
top 50% of MM patients with highest HMGB1 
expression showed a significantly lower OS (log-rank 
p=0.006) in the TT2 and TT3 treatment groups (Figure 
3B). According to correlation analyses of clinical 
characteristics, HMGB1 gene expression represented 
an independent factor associated with poor prognosis 
in the TT2 and TT3 treatments. We also determined 
HMGB1 expression in primary human CD138+ 
plasma cells isolated from the bone marrow aspirates 
of 9 healthy donors and 19 primary MM patients. 
Interestingly, HMGB1expression was increased in the 
CD138+ cells in 27% (5 of 19) MM patients compared 
with healthy donors (p=0.040) (Figure 3C). 
Furthermore, we measured the expression level of 
HMGB1 protein in B-cell and 5 MM cell lines using 
Western blotting. HMGB1 expression was higher in 
almost all myeloma cell lines than that in the B-cell 
(Figure 3D). Moreover, we determined the role of 
HMGB1 in myeloma cell survival by silencing and 
overexpressing HMGB1 measuring cell viability and 
proliferation for different time period. Knockdown of 
HMGB1 induced efficiently greater inhibition of cell 
viability compared to control group (Figure 3E). We 
then investigated the effect of HMGB1 knockdown on 
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cell proliferation by using manual cell counting. We 
found that HMGB1 knockdown led to a decrease in 
cell proliferation (Figure 3F). In contrast, compared to 
mock-transfected group, HMGB1-transfected cells 
improved their viability with time (Figure 3G) and 
exhibited a faster cell growth trend compare to the 

control (Figure 3H). These data suggested that 
HMGB1 plays an important role in growth and 
proliferation of myeloma cells and provides a 
therapeutic rationale for targeting HMGB1 to treat 
MM. 

 
Figure 1. Lycorine decreases MM cell proliferation by inhibiting autophagy. (A) Effect of lycorine on cell viability. Different MM cell lines and a B-cell line were treated 
with the indicated concentrations of lycorine for 24 h. Cell survival rates were determined using a CCK-8 assay. The survival rate of 0 μM lycorine-treated cells was set to 100%. 
(B) Cells were treated with lycorine or/and the autophagy inhibitor 3-MA. Cell survival rates were analyzed using a CCK-8 assay. Data are representative of three independent 
experiments with mean±SD (**p<0.01). (C) Expression of autophagy markers after lycorine treatment. Total protein was extracted and subjected to Western blotting using 
antibodies against the autophagy marker LC3B and Beclin-1. GAPDH was used as a loading control. (D) The morphological changes of lycorine treated ANBL6 and ARH-77 cells 
were detected by TEM. The number of autophagic vesicles per cells were counted from 35 randomly chosen cells and plotted on a graph (n=2, **p<0.01). (E) Lycorine blocks 
starvation-induced autophagy. ANBL6 cells were treated with starvation for 4 h with or without lycorine (10 µM) or 3-MA (10 µM) or both after a 20 h pre-treatment with or 
without lycorine. Cell extract was prepared and protein expression levels were assessed as indicated by Western blotting. (F) GFP-LC3B expression plasmid was transfected 
into ANBL6 cells. Transfected cells were treated as the conditions indicated in E and then were stained with Hoechst 33342. Autophagy was assayed by detecting the presence 
of GFP-LC3 punctae from three independent experiments using a fluorescence microscope (100×). 
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Figure 2. HMGB1 acts as the key mediator of lycorine induced autophagy inhibition. (A) Samples were prepared and separated by 2D gel electrophoresis to identify 
differentially expressed protein after lycorine treatment (5µM). The gel was stained with Coomassie blue and photographed. Section of the photograph is shown (top). The spot 
indicated by the red arrow in the top right panel corresponding to the most differentially expressed protein comparing the control (top left panel). HMGB1 was identified by the 
MASCOT search engine (bottom panel). The MASCOT search engine was used to assess the data from LC-MS/MS to identify the proteins from the UniProt protein database. 
HMGB1 had the highest hit score (549) among all possible hits contained in the database that matched the peptides from the sample. (B) ARH-77, ANBL6, ARP-1 and MM.1S 
cells were treated with indicated concentration of lycorine for 24 h and the expression of HMGB1 was analyzed in the cell extract by Western blotting. GAPDH was used as a 
loading control. The intensity of HMGB1 was determined by densitometry using ImageJ software and normalized with loading control (HMGB1/GAPDH). (C) ARP-1 cells were 
transfected with blank pCMV (Mock) or HMGB1-pCMV (ovHMGB1) vectors and cultured with or without lycorine for 24 h followed by cell viability analysis using a CCK-8 kit. 
Data are presented from three independent experiments. (D) ARP-1 cells transfected with blank or HMGB1 vectors were treated with or without lycorine and Western blotting 
was used to investigate the change in autophagy. GAPDH was used as a loading control. (E) ARP-1 cells were transfected with HMGB1 shRNA or scramble shRNA and cultured 
in the presence or absence of lycorine for 24 h and cell viability was measure using a CCK-8 kit. Data presented are mean±SD from three independent experiments. (F) Scramble 
or HMGB1 shRNA transfected ARP-1 cells were cultured for 24 h in the presence or absence of lycorine, the whole cell lysate was prepared and subjected to immunoblotting 
to detect autophagy. GAPDH was used as an internal control.  
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Figure 3. HMGB1 is overexpressed in MM and contributes to MM cell survival. (A) The expression of HMGB1 from microarray analysis of samples obtained from 
healthy donors and from MGUS, SMM and MM patients. Data presented as the mean±SD. (B) Kaplan-Meier analyses of overall survival (OS). Publicly available microarray data 
sets GSE 5900 and GSE 2658 were downloaded and data were reproduced to estimate the OS. (C) Expression of HMGB1 mRNA in primary human BM CD138+ cell. Primary 
human CD138+ cells were isolated from the BM aspirates of normal subjects (n=9) and patient with myeloma (n=19). GAPDH normalized HMGB1 mRNA level was analyzed by 
quantitative RT-PCR. (D) HMGB1 expression in myeloma cell lines and B-cell was measured by Western blotting. GAPDH was used as a loading control. Densitometry analysis 
of HMGB1 intensity was performed using ImageJ software, normalized with loading control (HMGB1/GAPDH) and plotted on a bar diagram. (E) A CCK-8 assay was used to 
check cell viability after ARP-1 cells were transiently transfected with HMGB1 shRNA or scramble shRNA for various times. Data are presented as the mean±SD (n=3, **p<0.01). 
(F) The growth curve of ARP-1 cells transfected with shHMGB1. ARP-1 cells were transiently transfected with scramble or HMGB1 specific shRNA and cultured with a density 
of 1×105 cells/ml. Total number of Trypan Blue negative cells were manually counted at the indicated time points and plotted (**p<0.01). (G) ARP-1 cells were transiently 
transfected with a vector encoding HMGB1 (ovHMGB1) or a blank (Mock) vector for different time and subjected to a CCK-8 assay. Data are presented from three independent 
experiments as the mean±SD (*p<0.05). (H) ARP-1 cells were transiently transfected with Mock or ovHMGB1 vector, cultured and counted as indicated in F and growth curve 
was generated (*p<0.05). 
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Lycorine mediated proteasomal degradation 
of HMGB1 inhibits the dissociation of Bcl-2 
from Beclin-1 

We further explored the mechanisms leading to 
the down-regulation of HMGB1 protein upon lycorine 
treatment. Both intracellular and extracellular 
HMGB1 are critical in regulating autophagy [20]. No 
release of HMGB1 was detected outside of the cells 
after lycorine treatment in both ANBL6 and ARP-1 
cells (Figure 4A). We then examined whether lycorine 
has effects on HMGB1 location by immunoflourescent 
staining and Western blotting analysis of the 
cytoplasmic and nuclear fractions from the control 
and lycorine-treated ANBL6 and ARP-1 cells. 
Lycorine treatment resulted in a remarkable decrease 
of HMGB1 protein both in the cytoplasm and in the 
nucleus (Figure 4B and C). These results indicated 
that lycorine affects HMGB1 pool inside the cell. 
Quantitative RT-PCR showed that HMGB1 mRNA 
level was not decreased in cells after lycorine 
treatment (Figure 4D). However, a reduction of the 
HMGB1 protein levels was observed by Western 
blotting (Figure 2B). This suggested that lycorine 
downregulated HMGB1 expression at the 
post-translational level. The effect of lycorine on 
HMGB1 protein stability was then analyzed using 
Cycloheximide (CHX) chase. Lycorine treatment 
caused an accelerated degradation of HMGB1 protein 
compared to control group treated with CHX alone 
(Figure 4E). Furthermore, the proteasome inhibitor 
MG-132 was applied to investigate whether HMGB1 
undergoes degradation via a proteasome pathway. 
Lycorine-mediated decrease in HMGB1 protein levels 
in ANBL6 cells were nearly completely prevented in 
the presence of MG-132 (Figure 4F). Quantitative 
Co-IP accomplished that ubiquitinated HMGB1 
accumulated upon lycorine treatment (Figure 4G) 
confirming lycorine enhanced the degradation of 
HMGB1 by the ubiquitin-proteasome pathway. We 
investigated the mechanism of lycorine mediated 
HMGB1 degradation and autophagy inhibition. It was 
shown that HMGB1 promotes autophagy initiation 
through the transcriptional activation of MEK-ERK 
and subsequent dissociation of Bcl-2 as p-Bcl-2 from 
Beclin-1 [13, 36, 37]. Lycorine markedly diminished 
the phosphorylation of MEK, ERK1/2 and Bcl-2 
(Figure 4H). Furthermore, increased amount of Bcl-2 
was co-immunoprecipitated with Beclin-1 confirming 
the inhibition of Bcl-2 dissociation from Beclin-1 
(Figure 4I). These findings indicated that, proteasomal 
degradation of HMGB1 by lycorine inactivates 
MEK-ERK pathway. This results in inhibition of Bcl-2 
dissociation from Beclin-1, consequently autophagy 
inhibition.  

Lycorine enhances the effect of BTZ by 
inhibiting autophagy  

Bortezomib (BTZ) is commonly used in the 
systematic treatment of MM. To examine whether 
lycorine enhances the inhibitory effect of BTZ, MM 
cells were cultured for 24 h with 15 nM BTZ in the 
presence or absence of 10 µM lycorine. A CCK-8 assay 
indicated that lycorine enhances the growth inhibition 
mediated by BTZ (Figure 5A). Furthermore, 
combination of additional concentrations of lycorine 
and BTZ were tested and calculations of combination 
index (CI) values using CompuSyn software indicated 
synergistic effects between lycorine and BTZ in vitro 
(Figure 5B). Recent studies suggested that BTZ 
induced autophagy is responsible for acquired 
resistance against this drug [38-41]. Next, we aimed to 
investigate the effect of lycorine-BTZ combination on 
autophagy. Interestingly, treatment with lycorine not 
only enhanced the efficacy of BTZ but also 
significantly decreased BTZ-induced autophagy, as 
confirmed by analyzing LC3B and Beclin-1 expression 
in both MM cell lines (Figure 5C). In a time based 
experiment we found that the simultaneous exposure 
of lycorine and BTZ from 0 to 18 h cannot induce 
HMGB1 down regulation as well as autophagy 
inhibition. Albeit, prolong period of simultaneous 
incubation from 21 to 24 h caused decrease of HMGB1 
level with a concomitant inhibition of autophagy 
(Supplementary Figure S2). Concerning the 
importance of bone marrow microenvironment in 
MM progression [42, 43], the effect of lycorine on MM 
cell growth in the presence of BMSCs was examined. 
The results showed that lycorine had no effect on the 
BMSC cell line HS5 (Supplementary Figure S3). 
However, ANBL6 and ARP-1 cells co-cultured with 
HS5 cells and treated with lycorine, BTZ or a 
combination of both exhibited a significant decrease 
in cell viability, and the combined effect of lycorine 
plus BTZ was higher than individual treatments with 
either compound (Figure 5D). For all combinations of 
treatments in the BM microenvironment, lycorine was 
found to enhance the activity of BTZ (Supplementary 
Figure S4). Importantly, lycorine also significantly 
decreased the viability and enhanced BTZ activity 
against CD138+ primary MM cells from patients. It is 
worth noting that lycorine at a concentration that 
inhibits patient primary cell viability does not 
significantly affect the viability of primary CD138+ 
cells from normal healthy donor (Figure 5E). HMGB1 
promotes drug resistance in different tumors. We 
therefore examined whether HMGB1 expression 
reflects a pro-survival effect in bortezomib resistance 
ANBL6.BR cells. We observed higher level of HMGB1 
expression in ANBL6.BR cells compared to 
bortezomib naïve ANBL6.WT cells (Figure 5F).  
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Figure 4. Lycorine mediated proteasomal degradation of HMGB1 inhibits the dissociation of Bcl-2 from Beclin-1. (A) Release of HMGB1 upon lycorine 
treatment was analyzed. The amount of HMGB1 was checked in the culture medium of ANBL6 and ARP-1 cells after incubation with or without lycorine for 12 and 24 h by 
Western blotting. (B) Subcellular localization of HMGB1 was observed under confocal microscope. ANBL6 and ARP-1 cells were treated with or without lycorine for 24 h and 
then immunostained with HMGB1-specific antibody/Cy3 secondary antibody (shown in red). Nuclei were stained with DAPI (blue). Images were acquired digitally by FV1000-X81 
confocal microscope (Olympus, Japan) with 60× magnification. (C) Subcellular localization of HMGB1 was checked by Western blotting. Cytoplasmic and nuclear extracts of the 
harvested ANBL6 and ARP-1 cells after 24 h treatment with increasing doses of lycorine were prepared and subjected to Western blotting for the detection of HMGB1. 
Antibodies against α-tubulin and RCC1 were used to determine the purity of the cytoplasmic and nuclear fractions, respectively. (D) Total RNA was prepared from ANBL6 and 
ARP-1 cells 24 h after lycorine treatment and the level of HMGB1 mRNA was measured by quantitative RT-PCR. (E) Western blotting analysis of total cell lysate prepared from 
cells treated with 200 μg/ml CHX in the presence or absence of lycorine for the indicated time. The signal intensity from HMGB1 blot was normalized to GAPDH and plotted 
against the CHX incubation time. (F) Cells were incubated for 18 h with or without lycorine, followed by 6 h with 10 or 15 µM MG-132, and the lysate was used to detect 
HMGB1. GAPDH was used as a loading control. Densitometry analysis of HMGB1 intensity was performed using ImageJ software and normalized with loading control 
(HMGB1/GAPDH). (G) Quantitative Co-IP was adopted to investigate the interaction of HMGB1 with ubiquitin. Co-IP was performed using an anti-HMGB1 antibody in lysate 
from cells treated with or without lycorine and subjected for Western blotting. The blot was then probed with an anti-ubiquitin antibody. (H) Effect of different concentration 
of lycorine on MEK-ERK pathway. Total protein lysates were analyzed by immunoblotting using the indicated antibodies. Levels of total MEK, ERK 1/2 and Bcl2 were normalized 
for equal loading to detect their activated phosphorylation state. (I) Association of Bcl-2 with Beclin-1 was analyzed by Quantitative Co-IP. After immunoprecipitation using 
Beclin-1 antibody, sample was blotted and probed with Bcl-2 antibody. 
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Figure 5. Lycorine enhances the effect of bortezomib by inhibiting autophagy. (A) ANBL6 and ARP-1 cells were grown and treated with lycorine, BTZ or lycorine 
plus BTZ, then cell viability was obtained using a CCK-8 assay. Data are presented as the mean±SD (n=3, **p<0.01). (B) Combination index of lycorine and BTZ. ANBL6 and 
ARP-1 cells were treated 24 h across a range of concentrations of lycorine, BTZ or lycorine plus BTZ, and assessed for cell viability using CCK-8 assay. Combination index (CI) 
values corresponding to the specified data points on the table were obtained using CompuSyn software program for non-constant drug ratio and plotted on the graph against 
fraction effect (Fa) to detect lycorine-BTZ synergy. A CI<1 indicates synergism (C) After ANBL6 and ARP-1 cells were treated with lycorine, BTZ or lycorine plus BTZ, the 
expression of HMGB1 and the autophagy-related proteins Beclin-1 and LC3B was analyzed by Western blotting. GAPDH was used as a loading control. (D) Activity of lycorine 
against ANBL6 and ARP-1 cells in the presence of bone marrow stromal cells (BMSC) was analyzed by cell viability assay using a CCK-8 kit. Data presented are mean±SD (n=3, 
**p<0.01). (E) Effect of lycorine on primary bone marrow cells. Human primary BM CD138+ cells were treated with lycorine, BTZ and lycorine plus BTZ for 24 h and cell viability 
was measured by CCK-8 assay. Data presented are mean±SD from triplicate samples (**p<0.01). (F) Western blotting analysis of basal HMGB1 expression in bortezomib-naïve 
and bortezomib-resistance ANBL6 cells. (G) Effect of lycorine, BTZ and combination on BTZ resistance ANBL6.BR cells was analyzed by cell viability assay. Data were generated 
from three independent experiments (**p<0.01).  
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We further investigated the functional effect of 
combined lycorine and BTZ in ANBL6.BR cells. 
Lycorine treatment alone can reduced cell viability in 
ANBL6.BR and combined with BTZ exposure, the 
effect was enhanced significantly (Figure 5G). 

Lycorine attenuates tumor growth in vivo in 
MM xenograft mouse model by inhibiting 
autophagy  

Having shown the potential anti-myeloma effect 
in vitro, we next examined the therapeutic effects of 
lycorine and BTZ combination treatment in vivo using 
a MM xenograft NOD/SCID mouse model. BTZ and 
Lycorine were given by intraperitoneal injection at the 
time the tumor could be palpated under the skin (at 
day14 after MM cells injection). Tumor growth 
patterns in mice showed that lycorine treatment 
efficiently inhibit tumor growth from day 18 to day 26 
(Figure 6A). Tumor size was significantly decreased 

after treatment with lycorine (1756±728 mm3) or BTZ 
(1981±402 mm3) compared with control (3381±468 
mm3) (Figure 6B) at day 26. Notably, the volumes of 
tumors were much lower in the group treated with 
BTZ in combination with lycorine (895±643 mm3) 
(Figure 6A and B) at day 26. During the treatment 
period, no significant change in body weight was 
observed (Figure 6C), indicating no evidence of 
toxicity caused by the applied doses of lycorine and 
combination. HE staining revealed a relatively low 
density of tumor cells and a much higher density of 
necrotic cells in lycorine-treated xenograft tumor 
sections compared to the densities in the control 
group. Increased numbers of apoptotic tumor cells 
were also detected by TdT-mediated dUTP nick-end 
labeling (TUNEL) assay in mice treated with lycorine 
compared with that of untreated group (Figure 6D). 

 
Figure 6. Anti-MM activity of lycorine in MM xenograft mouse models. (A) Changes in tumor volume. Caliper measurement of the tumor diameters were performed 
very 4 days to estimate the tumor volume using the following formula (a×b2)/2, where ‘a’ and ‘b’ respectively are the longest and shortest perpendicular diameters of tumor. Data 
are presented as the mean±SD from five mice. (B) Representative tumor bearing mouse from each treatment group before dissection (top). The mice were euthanized at the 
treatment end point, tumors were removed and photographed (bottom). (C) During the treatment period, mouse body weight was measured every 4 days. Data are shown as 
mean±SD. (D) Histochemical examinations of mouse tissue section. Tissue sections from the tumor were fixed and stained with HE and TUNEL to examine the tumor cell 
morphology. The magnifications are 40×. (E) Western blotting analysis of the expression of HMGB1, Beclin-1 and LC3B in lysate extracted from tumor tissues. GAPDH was used 
as a loading control.  
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Figure 7. A schematic illustration of proposed mechanism for anti-myeloma activity of lycorine. HMGB1 acts as an important mediator of autophagy. It can directly bind with 
Beclin-1 or activate MEK-ERK to free Beclin-1 from Bcl-2 and initiate autophagy which facilitates cell survival and confers resistance. Lycorine is suggested to mediate HMGB1 
degradation through proteasome pathway, inhibits MEK-ERK activation and thereby increase Bcl-2-Beclin-1 interaction. As a result causes inhibition of pro-survival autophagy 
and leads to cell death. 

 
Moreover, Western blotting analysis of proteins 

extracted from the xenograft showed that the 
expression of LC3B, Beclin-1 and HMGB1 had been 
downregulated in the lycorine-treated group (Figure 
6E), but the mRNA level of HMGB1 did not 
significantly change (Supplementary Figure S5). 
These results demonstrated the efficacy of lycorine in 
inhibiting in vivo tumor growth by decreasing 
HMGB1 protein and thereby inhibiting autophagy 
and enhancing BTZ effect. 

Discussion 
In the present study, we explored the function 

and underlying mechanisms of anti-MM effects of 
lycorine. We demonstrated that by activating the 
proteasomal degradation of HMGB1, lycorine induces 
a rapid turnover of HMGB1. This led to decreased 
Bcl-2 phosphorylation by MEK-ERK pathway and 
increased association of Bcl-2 with Beclin-1 resulting 
in autophagy inhibition and growth attenuation 
(Figure 7). This is the first report demonstrating a 
model to show the critical role of HMGB1 in MM cell 
survival and bortezomib (BTZ) resistance which could 
be overcome by lycorine.  

In the era of new and most effective therapies for 
MM, the proteasome inhibitor BTZ and the 
immunomodulatory drugs thalidomide and 
lenalidomide, in particular, have rapidly improved 

MM therapy and patient outcomes [44]. However, the 
current clinical issues are drug resistance and relapse 
because of the heterogeneous genetic/epigenetic basis 
of the disease as well as noncoding regulatory RNA 
such as microRNA (miRNAs) and the bone marrow 
microenvironment components [45-47]. Ongoing 
studies aim to develop personalized therapies, 
immune-based therapies, next-generation targeted 
agents, and rationally based combinations of targeted 
therapies [4, 47]. Considering the anti-proliferative 
activity, lycorine can be a lead compound for new 
drug design to treat cancer. In this study, lycorine 
showed selective inhibitory effects against MM cell 
lines regardless of genetic background and in vivo 
myeloma xenograft model.  

Autophagy, a process for recycling cellular 
constituents, is associated with cell survival and 
tumor maintenance [48, 49]. Plasma cells heavily rely 
on autophagy during the differentiation of B-cells and 
maintenance of antibody secretion [35, 50, 51]. Hence, 
inhibiting autophagy may be beneficial against MM 
cells. We have previously found that the anti-MM 
effect of lycorine is associated with cell cycle arrest in 
G1 phase, increased reactive oxygen species (ROS) 
generation and DNA damage resulted from 
accumulation of dysfunctional mitochondria [29]. 
Mitochondria are the key targets for autophagy [52, 
53]. Furthermore, autophagy acts as a driving force 
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for cell cycle entry via the upregulation of cyclin D, an 
essential regulator of the progression through G1 in 
response to mitogenic signals [54]. Autophagy also 
permits DNA replication, and thereby promotes cell 
cycle progression and cell proliferation [55]. In our 
present study, the natural compound lycorine was 
shown to inhibit autophagy in MM. Combined with 
our previous study imply that the main effect of 
lycorine may through the inhibition of autophagy. 
Combining 3-MA with lycorine did not enhance the 
growth inhibition efficiency of lycorine, suggesting 
that the molecular target of lycorine may converge 
upon the same pathway with that of 3-MA and also 
indicates autophagy inhibition as an important 
contributor of lycorine induced anti-MM activity.  

HMGB1 is an important mediator of autophagy 
and HMGB1-mediated autophagy is responsible for 
the inhibition of apoptosis and the induction of drug 
resistance [56, 57]. Our results indicated HMGB1 as a 
key mediator of lycorine-induced autophagy 
inhibition and thereby proliferation attenuation. The 
association of HMGB1 with the development of 
cancer is evident [20]. HMGB1 expression regulates 
chemotherapeutic responses and resistance by 
interfering with autophagy and the apoptotic 
pathway. These traits make HMGB1 a novel target for 
anti-cancer therapy [58]. NEK2, a chromosomal 
instability (CIN) gene has been defined previously to 
be highly correlated with drug resistance, rapid 
relapse, and poor outcomes in MM, was immensely 
related to HMGB1 in the GEP analysis [59]. GEP 
analysis of the public accession database in our study, 
for the first time indicated that higher expression of 
HMGB1 is linked with the poor prognosis of MM. 
This observation was further confirmed by the finding 
of higher HMGB1 expression in myeloma cell lines 
and in patient primary CD138+ cells. Furthermore, our 
result showed that, HMGB1 overexpression and 
knockdown could enhance or decline cell growth and 
proliferation respectively in vitro, indicating HMGB1 
is involved in the pathogenesis of MM and can be a 
potential therapeutic target for the treatment of MM. 

Searching for the mechanisms underlying the 
role of lycorine in downregulating HMGB1, we found 
that lycorine decrease HMGB1 pool inside the cell. 
Downregulation of HMGB1 by lycorine occurs at 
post-translational level and mediated through the 
ubiquitin proteasome pathway. Although it has been 
clarified that HMGB1 can be degraded by 
ubiquitin-proteasome pathway after lycorine 
treatment, the E3 ligases for HMGB1 are so far unclear 
and need further exploration. Interaction of Beclin-1 
with several cofactors holds a central role for 
regulating autophagy [60, 61]. Release of Bcl-2 as 
phosphorylated Bcl-2, from Beclin-1 results in the 

formation of Beclin-1-PI3K autophagosome 
nucleation complex. HMGB1 mediated activation of 
MEK-ERK1/2 regulates the phosphorylation of Bcl-2 
and autophagy [62, 63]. Our observations that 
degradation of HMGB1 by lycorine inhibits the 
phosphorylation of MEK-ERK1/2 and inhibits the 
dissociation of Bcl-2 from Beclin-1 also supported 
these findings. This is why PI3K inhibitor 3-MA has 
no additive effect on lycorine-induced cell death 
related to autophagy. Endogenous HMGB1 can 
interfere the interaction between Beclin-1 and Bcl-2 to 
regulate autophagy [63]. We found lycorine can 
diminish the protein level of HMGB1 and blocks the 
dissociation of Bcl-2 from Beclin-1 to inhibit 
autophagy. 

To improve response rates and prolong response 
duration, new therapeutics combinations with BTZ 
and other anti-MM agents has been frequently used in 
preclinical studies [64, 65]. In the present study, we 
determined that the combination of lycorine and BTZ 
was more effective in vitro, primary patient CD138+ 
cells and in vivo than either agent alone. Moreover, 
recent studies demonstrated that, BTZ induced 
autophagy results in drug resistance [39-41]. 
Interestingly, in our study, the combination of 
lycorine and BTZ significantly reduced BTZ-induced 
autophagy. We found that the proteasome inhibitor 
BTZ prevents HMGB1 degradation and autophagy 
inhibition in a 0 to 18 h frame of combine treatment. 
However, 21 to 24 h combine treatment increases 
HMGB1 degradation and autophagy inhibition 
presumably because at that time point lycorine 
dominates over BTZ activity. Therefore, it is 
suggestive that the combine effect of lycorine and BTZ 
is related to timing and synchronizing the doses of 
these two drugs can be synergistic to induce myeloma 
cell death. Yet the detail mechanism demands further 
investigation. By utilizing an in vitro model of BTZ 
resistant MM, we found a higher basal level of 
HMGB1 protein in bortezomib-resistant MM cell line 
and a failure of these cells to respond to bortezomib. 
Lycorine treatment restored a measurable cytotoxic 
response to BTZ in BTZ resistant MM cell, reflecting 
the potential of lycorine to overcome BTZ resistance. 

In conclusion, our results elucidated that 
lycorine, as a single agent, is active against MM. This 
study provides proof-of-principle for further 
exploring the role of HMGB1 and the potential clinical 
application of lycorine in MM treatment. At the same 
time it suggests a preclinical framework for 
combining lycorine and BTZ in clinical settings. 
Considering the high capability of lycorine combating 
cancers, our present study including other previously 
reported studies offers synthetic organic chemists 
some rational to investigate the chemistry associated 
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with this alkaloid, its active moiety such as phenolic 
and alcoholic groups, the insaturation pattern, and the 
presence of amine group to make this compound 
more therapeutically achievable and lower toxic. 
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