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Abstract. Multiple myeloma (MM) is an aggressive B cell 
malignancy. Substantial progress has been made in the 
therapeutic context for patients with MM, however it still 
represents an incurable disease due to drug resistance and 
recurrence. Development of more effective or synergistic 
therapeutic approaches undoubtedly represents an unmet 
clinical need. Tomentosin is a bioactive natural sesquiterpene 
lactone extracted by various plants with therapeutic proper‑
ties, including anti‑neoplastic effects. In the present study, 
the potential antitumor activity of tomentosin was evaluated 
on the human RPMI‑8226 cell line, treated with increasing 
tomentosin concentration for cytotoxicity screening. The data 
suggested that both cell cycle arrest and cell apoptosis could 
explain the antiproliferative effects of tomentosin and may 
result in the inhibition of RPMI‑8226 cell viability. To assess 
differentially expressed genes contributing to tomentosin 
activity and identify its mechanism of action, a microarray 
gene expression profile was performed, identifying 126 genes 

deregulated by tomentosin. To address the systems biology 
and identify how tomentosin deregulates gene expression in 
MM from a systems perspective, all deregulated genes were 
submitted to enrichment and molecular network analysis. 
The Protein‑Protein Interaction (PPI) network analysis 
showed that tomentosin in human MM induced the down‑
regulation of genes involved in several pathways known to lead 
immune‑system processes, such as cytokine‑cytokine receptor 
interaction, chemokine or NF‑κB signaling pathway, as well as 
genes involved in pathways playing a central role in cellular 
neoplastic processes, such as growth, proliferation, migration, 
invasion and apoptosis. Tomentosin also induced endoplasmic 
reticulum stress via upregulation of cyclic AMP‑dependent 
transcription factor ATF‑4 and DNA damage‑inducible 
transcript 3 protein genes, suggesting that in the presence of 
tomentosin the protective unfolded protein response signaling 
may induce cell apoptosis. The functional connections analysis 
executed using the Connectivity Map tool, suggested that the 
effects of tomentosin on RPMI‑8226 cells might be similar to 
those exerted by heat shock proteins inhibitors. Taken together, 
these data suggested that tomentosin may be a potential drug 
candidate for the treatment of MM.

Introduction

Multiple myeloma (MM) is a B cell malignancy of transformed 
plasma cells derived from mature post‑follicular B cells that 
occurs in older individuals with a median age at diagnosis of 
69 years and a median overall survival (OS) of 6‑7 years (1,2). 
The disease is the second most common hematological malig‑
nancy in high‑income countries and its development usually 
starts with a monoclonal gammopathy of undetermined signif‑
icance (MGUS), followed by smoldering MM and finally the 
full MM disease emerges (3). Progression affects a succession 
of genetic events and bone marrow (BM) microenvironment 
modifications, such as induction of angiogenesis, suppression 
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of cell‑mediated immunity and development of paracrine 
signaling loops (such as IL6 and VEGF) (4). Myeloma cells 
release cytokines that induce osteoclast activity and bone 
resorption. The increased bone resorption in turn causes the 
release of growth factors that stimulate myeloma cells, thus 
establishing a vicious cycle (5,6). A marked increase in osteo‑
clast activity leading to bone destruction characterizes MM (5). 
Patients with symptomatic MM usually show an increase of 
calcium, renal insufficiency, anemia or bone lesions defined as 
CRAB criteria (7).

Although MM is still an incurable blood cancer, prognosis 
today has considerably improved compared with in past years, 
and in the last two decades overall response rates  (ORR), 
progression‑free survival (PFS) and OS have improved (1). 
Between 2011 and 2014, the risk of death in patients with a 
new diagnosis of MM was 35% lower than between 2006 and 
2010 (8). Novel agents and combination therapies, including 
proteasome inhibitors  (PIs), immunomodulators  (IMiDs), 
anti‑human CD38 (daratumumab) (9,10), autologous stem cell 
transplantation (ASCT) (11) and maintenance therapy (12) 
have improved OS rates compared with historical approaches 
based on steroids and chemotherapy (13).

Recently, novel agents such as chimeric antigen receptor 
T cell and Bi‑specific antibodies associated with old and new 
drugs have led to a further improvement in the survival of these 
patients (14). In this scenario of combined therapies, the risk of 
adverse events is increased, thus making it even more critical 
to carefully monitor patients regarding possible side effects to 
avoid early complications that may compromise therapeutic 
outcome (15). Enhancements in OS are not uniform across 
patients with MM, especially considering ethnic minori‑
ties (16) and patients diagnosed at an older age of onset (17). 
Moreover, MM continues to represent an incurable disease due 
to the frequent development of drug resistance and its intrinsic 
tendency to relapse (18). All these considerations explain why 
the development of more effective or synergistic therapeutic 
approaches undoubtedly represents an unmet clinical need.

Traditional herbal medicines are a useful reserve of 
biologically active natural products with therapeutic effects 
that could be used in the treatment of several diseases, 
including cancer. Our previous work demonstrated that 
Inula viscosa extract has a potent anti‑lymphoma activity 
through inhibition of cell proliferation and induction of cell 
apoptosis, suggesting potential molecular mechanisms that 
include the downregulation of genes involved in the control 
of growth and survival pathways, known to be deregulated in 
Burkitt Lymphoma cells (19). Tomentosin and inuviscolide 
are sesquiterpene lactones isolated from I. viscosa (L.) Aiton, 
which has been applied for a long time in traditional medicine 
for its anti‑inflammatory (20), anthelmintic, antipyretic, anti‑
septic and antiphlogistic activities (21,22) and in the treatment 
of diabetes (23) and lung disorders (24).

Messaoudi et al (25) performed a chemical composition 
analysis of different I. viscosa extracts from three different 
regions of Morocco, revealing the presence of sesquiter‑
pene lactones, as well as tomentosin and inuviscolide, as 
major representative compounds, with tomentosin ranging 
from 22 to 64% and inuviscolide ranging from 0 to 58% (25). 
Recently, different studies have reported the potential anti‑
cancer effects of sesquiterpene lactones, and shown that 

tomentosin and inuviscolide exert antiproliferative effects on 
human cancer cell lines (26‑29). However, so far, the effects of 
singular compounds in MM have not been investigated. Based 
on our previous results showing antitumoral activity of natural 
extract from I. viscosa on Raji cells, the anti‑neoplastic effects 
of synthetized sesquiterpene lactones, such as inuviscolide and 
tomentosin, in human MM cell lines were evaluated, with the 
aim to isolate specific bioactive natural products that could be 
applied in the treatment of human MM. Moreover, in order to 
investigate the mechanisms underlying the activity of tomen‑
tosin in this specific context, an array‑based gene expression 
analysis was performed.

Materials and methods

Cell culture. MM.1S and RPMI‑8226 were obtained from Dr 
Marina Ferrarini from San Raffaele Telethon Institute for Gene 
Therapy (SR‑Tiget), San Raffaele Scientific Institute (Milan, 
Italy). MRC5 cells were obtained from IRCCS University 
Hospital San Martino‑IST National Institute for Cancer 
Research (Genova, Italy). MM.1S and RPMI‑8226 cells were 
cultured in RPMI‑1640 (Euroclone SpA) supplemented with 
10% FBS (Euroclone SpA), 2 mM L‑Glutamine (Merck KGaA) 
and Antibiotic/Antimycotic Solution (Merck KGaA). MRC5 
cells were cultured in DMEM high‑glucose (Euroclone SpA) 
supplemented with 10% FBS, 2 mM L‑Glutamine, non‑essen‑
tial amino acids, 1  mM sodium pyruvate (Merck  KGaA) 
and Antibiotic/Antimycotic Solution. Cells were maintained 
at 37˚C in a 95% humidified atmosphere and 5% CO2 in T25 
filtered‑flasks.

Cytotoxicity assay. MM.1S, RPMI‑8226 and MRC5 cells 
were seeded in a 384‑multiwell microplate at a concentra‑
tion of 10,000 (MM.1S) or 1,600 (RPMI‑8226, MRC5) cells 
in 25  µl per well. Cells were chosen based on a prelimi‑
nary proliferation setting assay. The day after, cells were 
treated with inuviscolide (cat. no. P‑25946716; Mcule, Inc.), 
tomentosin (cat. no. P‑25953579; Mcule, Inc.) and cisplatin 
(cat.  no. C 2210000; Merck  KGaA) at concentrations of 
50, 25, 12.5, 6.25, 3.125, 1.56 and 0.75 µM, or with vehicle 
solution (DMSO 0.5%) for 24 h at 37˚C. Subsequently, cell 
viability was assessed using CellTox™ Green Cytotoxicity 
(cat.  no.  G8731; Promega Corporation) and CellTiter‑Glo 
(cat. no. G7571; Promega Corporation) assays using sequential 
multiplex protocol. CellTox Green Dye was added to samples 
at the same time of treatment at manufacturer's indicated 
concentrations. Plating of cells, preparation of serial dilutions 
and addition of compounds to cells were performed using an 
automated liquid handling platform (Gilson Pipetmax; Gilson). 
After 48 h from treatment, GFI was quantified with Cytation 5 
(BioTek Instruments, Inc.). For each sample, four images were 
taken to cover the entire area of the well. Immediately after, 
CellTiter‑Glo luminescent cell viability assay was performed 
according to the manufacturer's instructions. Relative lumi‑
nescence units (RLU) were quantified with GloMax Discover 
(Promega Corporation). All experiments were performed in 
triplicate. The half maximal inhibitory concentration values 
were calculated using R software version 3.2.2 (loess/approx 
functions)  (30), given  100 to RLU observed in samples 
treated with vehicle solution and 0 to samples without cells 
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(absolute IC50). Moreover, the IC50 calculation was performed 
by using drug concentrations adjusted on compound purity, 
compound concentrations were multiplied for 0.7x or 0.93x for 
the inuviscolide and tomentosin, respectively, and a corrected 
analysis was performed.

Apoptotic assay. MM.1S, RPMI‑8226 and MRC5 were seeded 
in a 384‑multiwell microplate at the concentration of 20,000 
(MM.1S) or 10,000 (RPMI‑8226, MRC5) cells in 25 µl per 
well. The day after, cells were treated with Tomentosin at 
concentrations of 50, 25, 12.5 µM, or vehicle solution (DMSO 
0.1%). After 24 h of treatment, Caspase‑Glo 3/7 (cat. no. G8090; 
Promega Corporation), Caspase‑Glo 8 (cat. no. G8200; Promega 
Corporation), or Caspase‑Glo  9 (cat.  no.  G8210; Promega 
Corporation) assays were performed according to the manufac‑
turer's instructions. Luminescence reading was carried out with 
GloMax Discover Microplate Reader (Promega Corporation). 
All experiments were performed in triplicate.

Cell cycle analysis. Cell cycle analysis was performed by 
seeding 1x106 RPMI‑8226 cells in 5 ml in T25 flask. After 
24 h, cells were treated with tomentosin 25 µM or vehicle 
solution (DMSO 0.05%). Samples were collected after 6, 8, 12, 
18 and 24 h of treatment. Samples were washed in PBS, fixed 
with 70% ice‑cold ethanol and incubated at ‑20˚C overnight. 
Fixed cells were washed in PBS and stained with 7‑aminoacti‑
nomycin (7‑AAD; BD Biosciences). DNA content of at least 
10,000 cells for sample was evaluated with BD FACSCanto II 
(BD Biosciences), and values are presented as mean ± standard 
deviation (SD) of the percentage of three independent experi‑
ments. Data were analyzed with R‑Bioc Manager software 
(flowCore/flowViz package) version 1.56.0 (31).

Gene expression analysis. To perform gene expression anal‑
ysis 3x106 RPMI‑8226 cells were seeded in 15 ml in T75 flask. 
After 24 h, cells were treated with 25 µM tomentosin or with 
vehicle solution (DMSO 0.05%). Samples were collected 
after 8 h of treatment, before the onset of cell cycle perturba‑
tion, considering that the number of cells in the G2/M phase 
increases at 12 h after treatment. Then, the gene expression 
profile of cells treated with tomentosin before the cell cycle 
arrest and apoptosis start was investigated. Three biological 
replicates were performed. Expression of 2,559 cancer‑related 
genes was assessed by high‑throughput mRNA quantitation 
(HTG EdgeSeq Oncology Biomarker Panel, HTG Molecular 
Diagnostics; PMID.  30327311). Counts were normalized 
and analyzed using the R‑Bioc Manager software (DESeq2 
package) version 3.0 (32). Genes with a maximum count value 
among all samples <84, corresponding to 10% quantile, were 
considered as low expressed and removed from analysis. 
Genes with fold‑change >1.5 or <0.66 in treated samples and 
false discovery rate (FDR) <0.05 were considered as differ‑
entially expressed genes (DEGs). For Gene Set Enrichment 
Analysis (GSEA)  (33), normalized counts were uploaded 
into the GSEA‑Broad Institute website (PMID. 16199517). 
The maximum and minimum sizes for gene sets were 500 
and 15, respectively. A total of 2,257  gene sets from the 
Gene Ontology (GO) (34,35) Biological Processes database 
(c5.bp.v7.1.symbols.gmt) were used as a library for analysis 
(PMID.  21546393). The statistical significance (nominal 

P‑value) of the normalized enrichment score  (NES) was 
estimated by running 1,000 gene set permutations.

Functional classification and pathway analysis of DEGs. The 
Search Tool for the Retrieval of Interacting Genes (STRING) 
database (http://www.string‑db.org/) was used to investigate 
the potential function of the 126 DEGs identified in tomen‑
tosin‑treated MM cells, executing GO enrichment analysis 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway analysis (36), and to understand how DEGs interact 
with each other a genetic interaction network was constructed. 
Terms with FDR‑corrected enrichment P<0.05 were consid‑
ered. KEGG pathway results were displayed using Cytoscape 
software version 3.8.2 (http://www.cytoscape.org).

The 126 DEGs were submitted to the Connectivity Map 
online web tool (https://www.broadinstitute.org/connectivity-
map‑cmap), which supplies a data‑driven and systematic 
approach for discovering associations among genes, chemicals 
and diseases.

Statistical data analysis. All data are presented as mean ± SD 
from experiments in triplicate, and statistical significance 
between cell lines treated and untreated cells was set at P<0.05. 
Data analysis was performed by one‑way analysis of variance 
(ANOVA) followed by Tukey's post hoc test for the statistical 
analysis of cell viability and caspase activity, two‑way ANOVA 
and Tukey's post hoc test were applied for the statistical 
analysis of cell cycle, using R software, version 3.2.2 (30).

Results

Cytotoxicity of sesquiterpene lactones on MM cell lines. 
The first objective was to characterize the effects of various 
concentrations of synthetized sesquiterpene lactones on the 
proliferation of two MM and normal fibroblast cell lines 
(MMS1, RPMI‑8226 and MRC5). All cell lines were treated 
with increasing concentrations of inuviscolide, tomentosin and 
cisplatin (50, 25, 12.5, 6.25, 3.125, 1.56, 0.75 µM) for 48 h and 
cell viability was determined. For each cell line the IC50 values 
of all the three drugs are shown in Table I.

Table I. IC50 values of inuviscolide, tomentosin and cisplatin 
after 48 h of treatment.

			   95% confidence
Treatment	C ell line	 IC50, mM	 interval, mM

Inuviscolide	 RPMI‑8226	 42.53 	 39.99‑45.60
	 MM.1S	 >50.00	 ND
	 MRC5	 >50.00	 ND
Tomentosin	 RPMI‑8226	 26.14	 22.82‑29.90 
	 MM.1S	 26.34 	 24.94‑27.73
	 MRC5	 >50.00	 ND
Cispaltin	 RPMI‑8226	 17.05	 15.14‑18.92
	 MM.1S	 8.89	 8.39‑9.42
	 MRC5	 14.75	 13.09‑16.47

ND, not detectable.
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Fig. 1 shows the impact of dose‑dependent cytotoxicity of 
the drugs on cell viability at 48 h after treatments (blue lines). 
Specifically, cell viability assay showed that inuviscolide and 
tomentosin treatments did not induce changes in cell viability 
at low concentrations (in the range from 0.75 to 10.0 µM). 
Whereas, cell viability notably decreased during treatment, 
inducing cytotoxic effects starting from the concentration of 
25.0 µM, and increasing proportionally the damage with the 
highest concentration. Specifically, at 50.0 µM MM.1S cells 
showed higher sensitivity to tomentosin than other cell lines, 

and both MM cell lines at 25.0 µM showed higher sensitivity 
than MRC5. Inuviscolide showed toxicity on MRC5 fibro‑
blasts comparable to or higher than tumor cell lines. These 
results indicated that tomentosin exerted preferential antipro‑
liferative activity towards both MM cell lines compared with 
a non‑tumor cell line.

In order to assess the amount of cell death caused by drug 
treatments, selected morphological features were used to label 
a cell as dead or alive. A primary feature is the disruption 
of the cell membrane, allowing CellTox Green dye to enter 

Figure 1. Cell viability is reduced after inuviscolide and tomentosin treatment. Cell viability scatterplots were generated after 48 h of treatment with inuvis‑
colide, tomentosin or cisplatin at 50, 25, 12.5, 6.25, 3.12, 1.56 or 0.8 µM. RLU obtained by the addition of CellTiter‑Glo reagent and representative of the 
number of living cells were normalized to samples treated with vehicle solution (left y‑axis, blue lines and dots). Total obtained by addition of CellTox green 
dye and representative of the number of dead cells, was divided by 108 (right y‑axis, red lines and dots). Mean ± SD values are shown. One‑way ANOVA was 
applied. ***P<0.001. RLU, relative luminescence units.
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into the cells and bind to DNA. The observed increase in cell 
death was in accordance with the proportional decrease in cell 
viability following the rise of drug concentrations, as shown 
by a red line in Fig. 1.

Tomentosin effect on apoptotic cellular processes in MM cell 
lines. The induction of the apoptotic cascade is one of the 
main mechanisms of therapy‑induced tumor‑cell death (37). 
To determine whether the effects of sesquiterpene lactones 
depends on its ability to activate the apoptotic cascade, 
myeloma cell lines were treated with tomentosin at concentra‑
tions of 50, 25, 12.5 µM for 24 h. Due to the strong cytotoxicity 
of inuviscolide on MRC5 fibroblasts, comparable to or higher 
than the one observed in tumor cell lines, our experiments 
focused on tomentosin treatment.

The activation of enzymatic activities of the main effector 
caspases, caspase‑3/7 and initiator caspase‑8 and  ‑9 was 
measured using Caspase‑Glo 3/7, 8 and 9 assays. The RLU 
showed that tomentosin treatment increases caspase activity 
(P<0.05), as shown in Fig. 2, and more specifically the effector 
caspase‑3/7 activity was significantly increased in RPMI‑8226 
cells. Furthermore, the activities of caspase‑8 and ‑9, which are 
representative initiator caspases in the death receptor‑medi‑
ated and mitochondrial apoptotic pathways, respectively, were 
also measured, showing a significant increase in RPMI‑8226 
cells (Fig. 2). Overall, these results suggested that tomentosin 
promoted apoptosis‑induced death on RPMI‑8226 cells, 
mediated by both the death receptor and the mitochondrial 
pathways. Conversely, non‑significant activation of enzymatic 
activities of caspases were identified in the MM.1S cell line.

Figure 2. Caspase activities are increased following tomentosin treatment. Histograms showing caspases 3/7, 8 or 9 cell‑based enzymatic activity after 24 h 
of treatment with tomentosin at indicated concentrations. Caspase activity in cells treated with vehicle solution is indicated as concentration zero. Mean ± SD 
values are shown. One‑way ANOVA was applied. **P<0.01 and ***P<0.001, tomentosin‑treated vs. control. RLU, relative luminescence units.
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Tomentosin effect on cell cycle in MM cell lines. To address 
whether the antiproliferative effect of tomentosin on MM 
cells was associated with cell cycle regulation, DNA cell cycle 
analysis by flow cytometry was performed in RPMI‑8226 cells 
treated with tomentosin or vehicle (Fig. 3A). Incubation with 
tomentosin (25 µM) for 6, 8, 12, 18 and 24 h showed a progres‑
sive decrease of cell number in S‑phase at 18 and 24 h (at 24 h, 
5.23 vs. 17.68% in control, P<0.05) and an increase of cell number 
in G2/M‑phase that started at 12 h (at 24 h, 72.62 vs. 38.86% in 
control, P<0.05), accompanied by a corresponding decrease in 
the proportion of cells in G0/G1 (at 24 h, 19.67 vs. 42.34% in 
control, P<0.05) (Fig. 3B). These results revealed that MM cells 
treated with tomentosin were blocked in the G2/M phase. These 
data suggested that both cell cycle arrest and cell apoptosis could 
explain the antiproliferative effects of tomentosin and may result 
in the inhibition of RPMI‑8226 cell viability.

Tomentosin effects on gene expression profiling in MM cell 
lines. To assess DEGs contributing to tomentosin effects on 
RPMI‑8226 cells and identify its possible mechanisms of 
action, the HTG EdgeSeq Oncology Biomarker Panel was 
used to analyze the expression of 2,559 cancer‑related genes 
by high‑throughput mRNA quantitation analysis. Comparing 
global gene expression between RPMI‑8226 cells treated 
with 25 µM tomentosin or untreated (vehicle), 126 genes 
were shown to be differentially expressed. Specifically, 
71 genes were upregulated and 53 genes were downregulated 
(Table SI).

An unsupervised hierarchical clustering analysis of 
126 DEGs allowed to clearly separate tomentosin‑treated 
RPMI‑8226 cells vs. untreated cells (Fig. 4A). To investigate 
the biological role of the 126 DEGs deregulated by tomentosin 
in RPMI‑8226 cells, a functional enrichment analysis was 

Figure 3. Effects of tomentosin on cell cycle progression in RPMI‑8226 cells. (A) Histograms show cell cycle profiles of tomentosin‑treated RPMI‑8226 
cells. x‑axis and y‑axis correspond to DNA content and fraction of events, respectively. (B) The multiple myeloma cells treated with tomentosin 25 µM or 
vehicle solution (DMSO 0.05%) for 6, 8, 12, 18 and 24 h were blocked in the G2/M phase. Two‑way ANOVA and Tukey's post hoc test were applied for 
the statistical analysis of the cell cycle. The bars represent the mean ± SD of the percentage of three independent experiments (with a P<0.05). *P≤0.0338; 
**P≤0.0037, ***P≤0.0001.
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performed. DEGs identified in tomentosin‑treated RPMI‑8226 
were significantly involved in biological processes, such 
as ‘response to topologically incorrect protein’, ‘protein 
folding’, ‘regulation of response to endoplasmic reticulum 
stress’, ‘response to heat’ and ‘response to oxidative stress’ 
(Fig. 4B‑D).

Table SII shows the list of DEGs involved in each biolog‑
ical process. Furthermore, the significant identified DEGs 
were enriched in proteins that have key roles in cellular path‑
ways, such MAPK, p53, PI3K‑Akt, Hedgehog, Hippo, WNT, 
Apelin and cell cycle, apoptosis, ferroptosis, immune‑system, 
DNA damage response, protein processing in endoplasmic 
reticulum (ER), angiogenesis, osteoclast differentiation and 
signaling pathways regulating pluripotency of stem cells 
(Table SIII).

To address the systems biology and identify how tomen‑
tosin deregulates DEGs in MM from a systems perspective, 

all DEGs were analyzed using the STRING bioinformatics 
platform. Fig. 5 shows the interaction network of involved 
tomentosin‑deregulated DEGs, represented by 125 nodes and 
429 edges, an average node degree of 6.86. Besides, network 
analysis also showed that the clustering coefficient and PPI 
enrichment P‑values were 0.534 and <0.0001, respectively, 
thus underlining the reliable robustness of the network.

To discover the functional connections between drugs, 
genes and diseases through the transitory features of common 
gene‑expression changes, the 126 DEGs were submitted to the 
Connectivity Map online web tool. The results suggested that 
the mechanisms of tomentosin activity on RPMI‑8226 cells 
may be similar to those exerted by heat shock protein (HSP) 
inhibitors (Fig. 6), considering that Tomentosin deregulates 
the expression of the same genes (ATF4, DDIT3, HSPA4L, 
HSPB1, HSPA1A, HSPA8, DNAJB1, DNAJB2, DNAJA1, 
SERPINH1, HSPH1, HSPA1B) affected by HSP inhibitors.

Figure 4. Changes in the expression of cancer‑related genes in response to tomentosin treatment in RPMI‑8226 cells. (A) Heatmap showing the 126 differen‑
tially expressed genes after tomentosin treatment. Upper color bar represents sample classes; black represents treated sample group (8 h treatment, 25 µM); 
grey represents untreated sample group (cells treated with vehicle solution). (B) Gene sets enriched by tomentosin treatment (false discovery rate <0.05). 
Positive NES indicates upregulated gene sets; negative NES indicates downregulated gene sets. (C and D) Gene Set Enrichment Analysis plots showing 
upregulation of ‘Response to Topologically Incorrect Protein’ pathway and ‘Protein Folding’ pathway. NES, normalized enrichment score.
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Figure 5. Genetic interaction network associated with tomentosin treatment in multiple myeloma based on Search Tool for the Retrieval of Interacting Genes 
platform.

Figure 6. CMap analysis using differentially expressed genes after tomentosin treatment. CMap signatures with median connectivity (tau) score across nine 
cell lines >95 are shown. Connectivity score for each cell line is indicated in the heatmap on the left. Type of perturbagen is indicated in orange for compounds 
or dark blue for perturbational classes. CMap, Connectivity Map; HSP, heat shock protein.
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Discussion

Improvements in survival for patients with MM with recent 
diagnosis have been well‑described according to randomized 
clinical trials (38‑40) and assumed as a result of the higher use 
of autologous hematopoietic stem cell transplantation, as well 
as of the introduction of novel agents, specifically proteasome 
inhibitors and immunomodulatory agents (41‑43). A previous 
population‑based study in MM revealed that OS is increasing 
also among racial/ethnic minorities, although OS improve‑
ments are consistently limited to younger patients <70 years of 
age (38). Substantially, MM continues to represent an incurable 
disease due to the frequent development of drug resistance and 
to its intrinsic tendency to recur over time. Accordingly, the 
identification of further effective and potentially synergistic 
therapeutic agents that may overcome the strong collateral 
effects of drugs currently utilized in MM and their substantial 
inefficacy in elderly patients, still represents a landmark for 
patient outcomes.

Tomentosin and inuviscolide are natural potent bioactive 
compounds extracted from I. viscosa, identified as worth‑
while therapeutic agents against various types of cancer. Our 
previous study demonstrated that I. viscosa extract exhibited 
powerful antiproliferative and cytotoxic activities on Raji 
cell line, showing a dose‑ and time‑dependent decrease in 
cell viability, obtained by cell cycle arrest in the G2/M phase 
and an increase in cell apoptosis. The molecular mechanisms 
underlying such an antineoplastic activity are based on 
targeting and on downregulation of genes involved in cell 
cycle and apoptosis (19).

So far, the anti‑neoplastic effects of sesquiterpene 
lactones on MM have not been studied. Thus, the present 
study aimed to investigate if sesquiterpene lactones may be 
responsible for the bioactivity of I. viscosa plants. This study 
showed that tomentosin exerts antiproliferative and cytotoxic 
activity against MM.1S and RPMI‑8226 cell lines. In fact, 
the treatment of these cell lines with increasing concentra‑
tions of tomentosin showed a dose‑dependent decrease in cell 
viability, paralleled by a reduction in cell proliferation due to 
an induction of cell cycle arrest in the G2/M phase. Moreover, 
a dose‑dependent increase in cell apoptosis was observed. 
As demonstrated in the present study, tomentosin promoted 
apoptosis‑induced death mediated by both the death receptor 
and the mitochondrial pathways on RPMI‑8226 cells. 
These findings suggested that both cell cycle arrest and cell 
apoptosis could be the primary mechanisms underlying the 
antiproliferative effects of tomentosin, resulting in the inhibi‑
tion of RPMI‑8226 cell viability. Tomentosin did not promote 
apoptosis‑induced death mediated by both the death receptor 
and the mitochondrial pathways in MM.1S cell lines. The 
differences identified between the two MM cell lines should 
be dependent on wide heterogeneity that characterized the 
various MM cell lines produced. Specifically, RPMI‑8226 
cells are considered as well‑molecularly characterized MM 
cells and represent MM at diagnosis, conversely MM.1S cells 
are less well‑characterized and represent terminal tumor (44). 
Considering these differences, the results should be related 
to this heterogeneity, and it should be hypothesized that 
tomentosin is more efficient on tumors at the initial stages of 
development.

The current results are supported by previous studies, in 
which several anticancer properties have been attributed to 
tomentosin. Rozenblat et al (26) showed strong pro‑apoptotic 
effects of both sesquiterpene in human aggressive melanoma 
cell lines, suggesting their potential pharmacological value. 
Moreover, tomentosin exerts anticancer effects mainly by 
inducing apoptotic death through different mechanisms in 
gastric cancer, cervical cancer and osteosarcoma  (27‑29). 
Recently, Yang et al (45) demonstrated that tomentosin induces 
apoptosis in human leukemia cells via the caspase‑facilitated 
pro‑apoptotic pathway, and inhibition of the NF‑κB‑stimulated 
Bcl‑2. Of note, a recent in vivo study showed the antitumor 
effects of I. viscosa extract on skin carcinogenesis induced in 
mice by the inhibition of proteasome activity (46). The inges‑
tion of I. viscosa extract in mice delayed the formation of skin 
papilloma and reduced their size and numbers (46).

In order to analyze the molecular mechanisms involved 
in the anti‑cancer activity of tomentosin, a high‑throughput 
mRNA quantitation analysis on 2,559 cancer‑related genes 
was performed in the present study. A total of 126 DEGs 
showing different activities in human MM cell lines treated 
with tomentosin or untreated were identified.

Deregulation of various biological pathways is a hallmark 
in tumor pathogenesis. The current data showed that a number 
of DEGs and pivotal pathways involved in MM biology 
were deregulated by tomentosin treatment. The PPI network 
analysis demonsrtated that tomentosin treatment in human 
MM cell lines induced a downregulation of genes involved 
in pathways known to lead immune‑system processes, 
such as cytokine‑cytokine receptor interaction, chemokine 
signaling pathway, NF‑κB signaling pathway, inflammatory 
mediator regulation of TRP channels, Toll‑like receptor (TLR) 
signaling pathway and TNF signaling pathway. Of note, 
CCR1, CXCR1‑3, CXCL10‑12 and MAP2K6 were down‑
regulated in human MM by tomentosin treatment. Recently, 
Zeissig  et al  (47) showed within in  vivo experiments that 
CCR1 overexpression is a key driver of MM plasma cells 
escaping from the BM to circulation during MM progression. 
In addition, inhibition of CCR1 via therapeutic targeting or 
knockout reduces MM OPM2 or RPMI‑8226 dissemination 
in intratibial xenograft models (47). Based on the mechanis‑
tical role of CCR1 in human MM, we could hypothesize that 
CCR1 downregulation induced by tomentosin treatment could 
potentially prevent MM progression and metastasization, thus 
blocking the development severe of osteolytic lesions (48). 
CXCR3 overexpression on tumor cells and regulatory immune 
cell populations has been associated with poor survival in 
patients affected by several subtypes of tumors (49‑51). During 
the development of hematological tumors in BM, CXCR3 acti‑
vation could induce natural killer (NK) cell mobilization from 
BM into peripheral blood, blocking their approach towards 
tumor micro‑environment. In MM the upregulation of CXCR3 
ligands is associated with the severity of the disease and with 
poor survival (51,52). Bonanni et al (53) demonstrated that 
the inhibition of CXCR3/CXCL10 axis induces a powerful 
long‑lasting antitumor effect of NK cell‑based adoptive 
immunotherapy due to an increased accumulation in BM (53). 
These observations support the present results, which showed 
that tomentosin treatment inhibited the CXCR3/CXCL10 
axis in MM, thus it may potentially be able to overcome the 
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impairment of NK cell tumor infiltration and improve their 
effects within anti‑cancer immunity.

TLRs are sensors for the innate immunity and initiators of 
adaptive immunity and are required for normal B lymphocyte 
activation (54). Previous studies have identified the role of 
TLR systems on malignant B cell proliferation, differentiation 
and apoptotic processes (55). Xu et al (56) showed that TLR4 
and TLR9 overexpression can induce the NF‑κB pathway, 
which produces the upregulation of IL6, thus promoting MM 
cell proliferation and survival. Phosphorylated MAP2K6, in 
response to inflammatory cytokines or environmental stress, 
i.e. after stimulation of the TLRs by pathogen‑associated 
molecular pattern, activates p38‑MAP‑kinase, JNK and ERK 
pathways controlling cell cycle arrest, transcription activation 
and apoptosis (57). The TLR4 and MAP2K6 downregulation 
identified after tomentosin treatment in MM could be also 
concordant with a reduction of signaling pathways involved in 
the inflammatory process. Besides, MAP2K6 is also identified 
as a poor prognostic factor in MM (58).

IL10RA is a receptor with potent anti‑inflammatory 
activity, which also improves survival of progenitor myeloid 
cells through the activation of major survival pathways, 
consisting of IRS‑2 and PI3K/AKT pathways  (59,60). The 
IL10RA downregulation induced by tomentosin treatment in 
MM could be considered as likely responsible for decreasing 
cell survival.

The PPI network analysis demonstrated the downregula‑
tion of genes involved in pathways known to be implicated 
in cellular neoplastic processes, such as growth, proliferation, 
migration and invasion. However, the involvement of tomen‑
tosin in MM progression was based exclusively on gene 
expression profiling and enrichment analysis, representing 
a limitation of the present study. Importantly, these data 
showed the downregulation of CCND1 and CCND2 genes 
in MM cells treated with tomentosin, which may explain the 
anti‑proliferative effects of tomentosin resulting in the inhibi‑
tion of RPMI‑8226 cell viability. The critical role of D‑type 
cyclins in governing cell cycle entry and progression and their 
almost universal dysregulation in MM propose their central 
role in disease pathogenesis and biology (61).

Zhang et al (62) showed that RUNX2 was highly expressed 
in non‑Hodgkin's lymphoma and MM cell lines promoting 
the proliferation and cell adhesion‑mediated drug resistance 
(CAM‑DR). The induction of RUNX2 downregulation 
reverses CAM‑DR. Based on the current data, tomentosin 
could be considered as a RUNX2 inhibitor, thus representing a 
possible option to overcome drug resistance (62).

MCM7 is one of the most important subunits of the 
miniature chromosome maintenance (MCM) complex that 
participates in the cell cycle regulation from G1 to S phase (63) 
in mRNA transcription and regulation of DNA damage (64,65). 
Notably, Tian et al (66) silencing MCM7 in leukemia cells 
in vitro and in vivo experiments led to a significant decrease 
in proliferation, inhibition of cell cycle progression and 
enhancing apoptosis. Tomentosin could be proposed as a 
MCM7 inhibitor, therefore representing a suitable strategy for 
growth inhibition and apoptosis induction in MM.

The indirect mechanism to reduce or damage p53 activity 
is mediated by the overexpression of negative regulators. The 
interaction of MDM2 with p53 favors the translocation of p53 

from the nucleus to the cytoplasm and its quick degradation 
by the proteasome (67). Consequently, p53 activation can be 
obtained by inhibiting the association of the protein with their 
negative regulators in tumors overexpressing them. The first 
molecule identified as a potent inhibitor of the p53‑MDM2 
interaction was nutlin (68). Nutlin‑3 has a potent antitumor 
effect through the induction of apoptosis in different hemato‑
logical tumor cells lines, including MM (69‑71). The present 
results suggested that tomentosin promoted apoptosis‑induced 
death on RPMI‑8226 cells mediated by both the death receptor 
and the mitochondrial pathways. Besides, it could be possible 
that another mechanism of apoptosis‑induced death and growth 
inhibition induced by Tomentosin is via deregulation of the 
MDM2 gene. Of note, the tomentosin‑induced downregulation 
of SMAD7 and SMAD3 should strengthen the growth inhibi‑
tion and apoptosis induction regulated by the TGF‑b family 
pathway in neoplastic cells (72).

MM cells treated with tomentosin also show deregulation 
of CDK9, which belongs to the CDK‑transcriptional regulator 
sub‑group. CDK9 is responsible for the synthesis of Mcl‑1 and 
XIAP antiapoptotic proteins, and maintaining the conditions 
for cancer cell survival  (73). Recently, novel 2,4‑disubsti‑
tuted pyrimidine derivatives showing CDK9 inhibitory and 
antiproliferative effects on RPMI‑8226 were synthesized (74).

Gene expression profiling analysis of MM cell lines treated 
with tomentosin in the present study showed the upregulation 
of DnaJ family of proteins and HSP‑70, which support protein 
folding and misfolded proteins degradation, intracellular 
trafficking, modulating signaling pathways and regulating 
immune responses  (75,76). Considering that cytoplasmic 
HSP‑70s, inducible Hsp72 and constitutively expressed Hsc70 
are regularly upregulated in myeloma, and Hsp70 inhibition is 
also successful in influencing myeloma cell death (77‑79), the 
current data suggested that tomentosin did not directly affect 
their expression in our experimental conditions.

Notably, the current study demonstrated that tomentosin 
induces the upregulation of ATF4 and DDIT3 genes in 
MM cells, whose proteins are enriched in protein processing 
in the ER pathway and protein folding process. Accumulation 
of misfolded proteins, typical of MM cells, in the ER lumen 
causes ER stress and activation of the unfolded protein 
response signaling pathway, which triggers downstream 
pathways to inhibit protein translation and increases protein 
folding activity expanding chaperone expression levels (80). 
The chronic activation of the ER stress response can trigger 
apoptotic signals, leading to the expression of downstream 
signaling, which damage the target cells (81).

The increased ATF4 and DDIT3 expression induced by 
tomentosin in MM may be responsible for the activation of 
the unfolded protein response PERK/eIF2a/ATF4/DDIT3 
pathway. The activation of the transcription factor ATF4, 
which further activates the proapoptotic CHOP (DDIT3), 
suggests that in the presence of tomentosin the protective 
cell mechanisms activated by the unfolded protein response 
signaling is not sufficient to restore normal ER function 
and apoptois is induced. This hypothesis was supported by 
the results obtained from functional connections analysis 
executed using the Connectivity Map tool, which suggested 
that the mechanism of tomentosin in RPMI‑8226 cells may be 
similar to those exerted by HSP inhibitors.
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Our future investigations will include in vivo experiments 
to analyze the molecular mechanisms by which tomentosin 
induces pharmacological effects in human MM, supported by 
the gene expression profile and enrichment analyses obtained 
by tomentosin treatment on MM cell lines.

To sum up, the present study demonstrated that tomentosin 
has a potent antitumor activity on MM cells through inhibition of 
cell proliferation and induction of cell apoptosis. Furthermore, 
through the execution of a gene expression profiling analysis 
and the construction of a genetic interaction network, the 
molecular mechanisms responsible for the effects of tomen‑
tosin on MM were explored. Specifically, tomentosin induces 
the downregulation of genes enriched in immune‑system 
pathways, as well as pathways that favor proliferation, growth, 
migration and invasion processes. Of note, tomentosin may 
inhibit the growth of MM through the induction of apoptosis 
by upregulation of the PERK/eIF2a/ATF4/DDIT3 pathway. 
These results suggested that tomentosin could be considered 
a potential natural drug with limited toxicity and relevant 
antitumor activity in the therapeutic armamentarium available 
for patients with MM.
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