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Abstract

Purpose
Glioblastoma multiforme (GBM) is a highly malignant brain tumor with poor prognosis after conventional
treatment. Therefore, novel therapeutic targets and potential treatment strategies have gained increased
attention. Vanilla planifolia is an original source for vanilla flavoring due to its high vanillin content.
Several studies have proven the antitumor activity of vanillin in colon cancer.

Methods
In this study, three GBM cell lines, patient-derived temozolomide (TMZ)-resistant GBM P#5 TMZ-R cells,
T98G cells, and U-87 MG cells, were used to evaluate the antitumor activity of extracts from vanilla
planifolia.

Results
Our data showed that ethanol extract of vanilla planifolia stem (VAS) at 200 ng/µl significantly reduced
cell viability and colony formation of GBM cells. Moreover, VAS induced MAP1LC3 cleavage, a marker of
autophagy. Further RNA-seq analysis and MA plot showed 1972 upregulated differentially expressed
genes (DEGs) and 2276 downregulated DEGs in 200 ng/µl VAS-treated P#5 TMZ-R cells compared to the
control. Protein-protein interaction between fold change of DEGs less than − 3 and over 5 were further
analyzed, and we found that 16 and 9 hub DEGs, respectively, were correlated with other DEGs. Further
qPCR experiments showed that the mRNA expression of DHRS9, HOPX, AQP5, PCP4, RGS8, GNAT2,
RLBP1, FA2H, TNMD, SKAP1, MATN1, IGFBP1, ELFN2, and C2CD4C was significantly downregulated.
Moreover, the expression of IL36RN, CCL20, CCL5, CXCL10, HMOX1, MX2, RSAD2, IFI44L, and EGR1 was
significantly upregulated.

Conclusion
These findings demonstrated that VAS reduced cell viability and colony formation, induced autophagy,
and pinpointed some hub DEGs as potential therapeutic targets for GBM treatment.

Introduction
Glioblastoma multiforme (GBM) is the most common and malignant brain tumor in adults [1, 2].
According to the classification of the World Health Organization (WHO), GBM is defined as grade IV
astrocytoma, which has the highest malignancy and aggressiveness [3]. Although the incidence rate of
GBM is relatively low, the poor overall survival and high mortality after conventional surgery,
chemotherapy, and radiotherapy have attracted researchers’ attention [4, 5]. According to The Cancer
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Genome Atlas (TCGA) database, GBM is characterized by aberrant amplification or mutation of EGFR,
PDGFRA, CDK4, NF1, HER2, TP53, PIK3R1, and TERT [6, 7]. These findings attracted scientists’ attention
to evaluate several inhibitors against EGFR or PDGFRA in vitro and in vivo for GBM treatment.
Unfortunately, these clinical trials of EGFR inhibitors or PDGFRA inhibitors in GBM patients failed [8–12].
Several potential targets, such as HSP90 and HDAC, and their specific inhibitors have been proven to
have antitumor activities in GBM cells [13, 14]. It is still urgent to explore a potential treatment for GBM.

Vanilla planifolia, a type of vanilla orchid, is a major source of vanilla flavoring due to its high vanillin
content [15]. Vanillin is widely used as a crucial flavor and aromatic component in global cuisine.
Numerous studies have explored its various functions, including its potential as an antitumor agent. Ho et
al. and Ramadoss et al. have shown that vanillin can induce apoptosis and halt the cell cycle in colon
cancer [16, 17]. Other studies revealed that vanillin interacts with calcium/calmodulin-dependent protein
kinase IV and microtubule affinity-regulated kinase 4, leading to mitochondrial damage, reactive oxygen
species production, and apoptosis [18, 19]. Vanillin could modulate signaling pathways of PI3K, NFKB,
and STAT3/HIF1A, and inhibits cell invasion and metastasis [20–23]. Furthermore, vanillin has been
found to synergistically enhance the anticancer effects of cisplatin and doxorubicin [24, 25]. Despite
recognizing the anticancer potential of vanillin, the detailed molecular mechanism underlying its tumor-
suppressive effects remains to be fully elucidated.

In this study, we aimed to evaluate the antitumor activity of vanilla planifolia on GBM cells. The leaves,
stems, and pods of vanilla planifolia were extracted by ethanol or water. Three GBM cell lines, patient-
derived temozolomide (TMZ)-resistant GBM P#5 TMZ-R cells, T98G cells, and U-87 MG cells, were used
to evaluate the antitumor activity of the ethanol extract of vanilla planifolia stem (VAS). Then, RNA-seq
was performed to explore the differentially expressed genes (DEGs) between control and VAS-treated
cells. Further qPCR was used to validate the findings of RNA-seq. Our data showed that VAS reduced cell
viability and colony formation in GBM cells. Moreover, VAS induced MAP1LC3 cleavage and altered the
expression of genes involved in the cell cycle, apoptosis, and autophagy. Further RNA-seq experiments
pinpoint that these DEGs may play important roles in VAS-induced cell death and are potential
therapeutic targets for GBM treatment.

Materials and Methods

Extraction of Vanilla planifolia
Vanilla planifolia was planted and provided by Shing-Kuan Wu (Chang Jung Christian University). The
leaves, stems, and pods of vanilla planifolia were harvested and extracted by ethanol or water. The
extracts were filtrated and evaporated using a rotary evaporator. The crude extracts underwent a freeze-
drying process to ensure that the sample was free of water. The crude extracts of ethanol and water were
resolved in DMSO and ddH2O, respectively.

Cell Culture, chemicals, and antibodies
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The U-87 MG and T98G GBM cell lines were purchased from BCRC (#60360, Taiwan) and JCRB
(JCRB9041, Japan), respectively. P#5 TMZ-R, a patient-derived GBM cell line with temozolomide
resistance, were kindly provided by Dr. Jian Ying Chuang (Taipei Medical University, Taiwan). In
accordance with a previous study, cells were cultured in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% fetal bovine serum (FBS, HyClone, USA), 100 U/ml penicillin, and 0.1 mg/ml
streptomycin (GeneDirex, Taiwan), and maintained in a humidified incubator at 37°C with 5% CO2 [13].
Specific antibodies against MAP1LC3 (Cell Signaling Technology, Danvers, MA) and GAPDH (Santa Cruz
Biotechnology, Dallas, TX) were used.

Cell viability assay
This assay was performed following previous study [26]. Cells in a 24-well plates were exposed to ethanol
or water extracts of vanilla planifolia at the specified doses. After five days, cells were stained with
methylene blue dye. The dye was dissolved and measured at a wavelength of 595 nm by a SpectraMax
iD3 Microplate Reader (Molecular Devices). Cell viability was assessed by measuring the absorbance and
normalizing it to the DMSO-only control group. Each experimental data point was obtained from triplicate
wells within each plate and replicated in a minimum of three plates. The data are presented as the mean 
± standard error of the mean (SEM).

Colony formation assay
This assay was performed following previous study [26]. After seeding cells in 6-well plates, they were
treated with extracts for 24 hours. The medium was refreshed with growth medium without extracts, and
the cells were incubated for two weeks. Colonies were visualized by staining with 0.5% methylene blue,
and the number of colonies was determined and normalized to the control group.

Immunoblotting
This assay was performed following previous study [26]. Cells were lysed with CelLyticTM M cell lysis
buffer, which contained protease inhibitors and phosphatase inhibitors. The protein concentration was
determined using the Bio-Rad® protein assay dye reagent concentrate (Cat. #500-0006). Equal amounts
of total protein were denatured, separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and transferred to PVDF membranes. The specific proteins on the PVDF membrane were
identified by primary antibodies and HRP-conjugated secondary antibodies, and were visualized using
enhanced chemiluminescence (ECL) reagents (PerkinElmer) and captured using an iBright imaging
system (Thermo Fisher Scientific®). The band density was analyzed using ImageJ software.

RNA extraction
The procedure followed the standard protocol of the Quick-RNA™ Miniprep Kit (ZYMO RESEARCH®).
Briefly, TRIzol Reagent was used to lyse VAS-treated cells. Total RNA was then purified using Zymo-Spin™
columns and quantified using NanoDrop™ spectrophotometers (Thermo Fisher Scientific®).
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RNA sequencing and bioinformatic analysis
RNA sequencing was performed by Genomics Inc. (Taiwan) using Illumina NovaSeq platforms following
previous study [14]. The quality of the RNA was assessed by calculating RNA integrity number (RIN)
scores using an Agilent 2100 Bioanalyzer. The sequenced RNA was aligned to the human genome
(hg19). Gene expression levels were quantified using RSEM software. Differentially expressed genes
(DEGs) were identified using EBSeq at a target false discovery rate (FDR) of 0.05. Gene Ontology (GO)
enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were
conducted. Additionally, the protein-protein interaction (PPI) network of DEGs was visualized using the
STRING website (https://string-db.org/cgi/input?
sessionId=bBRBaHkRJB8j&input_page_show_search=on) to gain insights into the involvement of these
genes.

Quantitative analysis of mRNA
One µg of total RNA and the ReverTra Ace Set (PURIGO, Taiwan) were used to synthesis cDNA. For mRNA
expression quantification, real-time PCR (qPCR) was performed using THUNDERBIRD® SYBR® qPCR Mix
(TOYOBO, Japan) and analyzed by StepOnePlus™ Real-Time PCR System (Thermo Fisher Scientific®).
The primers used for qPCR can be found in Table S1. Each experiment was conducted in triplicate, and
the data are presented as the mean ± standard error of the mean (SEM).

Statistical analyses
The data were analyzed using the Statistical Package for the Social Sciences (SPSS, Inc.), version 16 for
Windows. All data are presented as the mean ± standard error of the mean (SEM). A one-way analysis of
variance (ANOVA) was conducted to compare the means among different groups, followed by a
Bonferroni post hoc test. Statistical significance was determined at the *p < 0.05 level.

Results
Vanilla planifolia stems extracted by ethanol reduces viability and colony formation and induces
autophagy in GBM cells.

In this study, three GBM cell lines were used to evaluate the antitumor activities of ethanol extract and
water extract from vanilla planifolia, including patient-derived temozolomide (TMZ)-resistant GBM P#5
TMZ-R cells, T98G cells, and U-87 MG cells. First, P#5 TMZ-R cells were treated with the pods, leaves, and
stems of vanilla planifolia crude extracts of ethanol and water at 50 and 100 ng/µl. Figure 1A shows that
the ethanol extract and water extract of vanilla planifolia pods and leaves only had slightly inhibitory
effects. Interestingly, ethanol extract of vanilla planifolia stem (VAS) significantly reduced the cell viability
of P#5 TMZ-R at 50 and 100 ng/µl, but the water extract of vanilla planifolia stems did not inhibit the cell
viability. Then, to explore the IC50, the cells were further treated with VAS at 50, 100, 150, and 200 ng/µl.
Figure 1B shows that VAS effectively inhibited the viability of P#5 TMZ-R cells (IC50: 137 ng/µl), T98G
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cells (IC50: 150 ng/µl), and U-87 MG cells (IC50: 168 ng/µl). Furthermore, 200 ng/µl VAS significantly
inhibited colony formation in P#5 TMZ-R, T98G, and U-87 MG cells (Fig. 1C and D). To further examine
the cell death pathway after 200 ng/µl VAS treatment for 72 h, our data showed that MAP1LC3-II
conversion was a more robust readout than the control in P#5 TMZ-R, T98G, and U-87 MG cells (Fig. 2A
and B). Taken together, these data indicate that VAS treatment induced autophagy and reduced the
viability and colony formation of GBM cells.

VAS led to 4248 differentially expressed genes in GBM cells.

Next, to verify which VAS-mediated genes led to cell death, RNA-seq was used to measure mRNA
expression after VAS treatment. Based on our findings, the cells were treated with 200 ng/µl VAS and
analyzed by RNA-seq. The transcripts were compared between 200 ng/µl VAS and the vehicle control. The
volcano plot and MA plot of DEGs between the two groups are shown in Fig. 3A and B. Compared with
the vehicle control, 1972 DEGs were upregulated (p < 0.05, log2-fold change > 1), and 2276 DEGs were
downregulated (p < 0.05, log2-fold change < -1). Then, we used KEGG enrichment and GO to determine the
functional annotation of these genes to investigate the involvement of expressed DEGs after VAS
treatment in biological process (BP), molecular function (MF), and cellular component (CC). KEGG
analysis showed that the cell cycle, apoptosis, cellular senescence, autophagy, and lysosome were the
top five enriched terms (Fig. 3C). GO analysis showed that in BP enrichment analysis, spindle
organization, DNA replication, and macroautophagy were the top three enriched terms (Fig. 3D). In the MF
category of GO analysis, small GTPase binding, GTPase binding, ubiquitin-like or ubiquitin protein ligase
binding, and cadherin were the top enriched terms (Fig. 3E). The terms associated with CC may be linked
with chromosomal region, nuclear envelope, and spindle (Fig. 3F). Taken together, these enrichment
analysis results implied that VAS affected critical functions and pathways for survival and proliferation in
GBM cells.

To further explore the most important DEG clustering of GBM survival after VAS treatment, we
constructed a protein‒protein interaction (PPI) network. Eight-nine downregulated DEGs with log2-fold
change < -3 were analyzed by the STRING database, and 16 hub DEGs were correlated, including TNMD,
MATN1, RLBP1, IGFBP1, PCP4, DHRS9, GNAT2, C2CD4C, ELFN2, GDA, AQP5, SKAP1, HOPX, PLCB2, FA2H,
and RGS8 (Fig. 4A). The fold changes in these hub DEGs determined by RNA-seq are shown in Fig. 4B.
Similarly, nine upregulated DEGs in twenty-three DEGs with log2-fold change > 5 showed correlation using
STRING analysis, including CXCL10, IL36RN, MX2, EGR1, RSAD2, CCL5, IFI44L, CCL20, and HMOX1
(Fig. 4C). The fold changes in these upregulated DEGs determined by RNA-seq are shown in Fig. 4D.

VAS significantly downregulated 14 DEGs and upregulated 9 DEGs by qPCR in GBM cells.

To further validate the expression of these hub DEGs, a qPCR experiment was performed in P#5 TMZ-R
cells and U-87 MG cells. Figure 5A shows that the mRNA expression levels of TNMD, MATN1, RLBP1,
IGFBP1, PCP4, DHRS9, GNAT2, C2CD4C, ELFN2, AQP5, SKAP1, HOPX, FA2H, and RGS8 were significantly
reduced after VAS treatment in both P#5 TMZ-R cells and U-87 MG cells. Moreover, VAS also significantly
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induced the mRNA expression of CXCL10, IL36RN, MX2, EGR1, RSAD2, CCL5, IFI44L, CCL20, and HMOX1
in both P#5 TMZ-R cells and U-87 MG cells. (Fig. 5B). Taken together, these findings implied that VAS
could influence the expression of numerous genes and mediate cell death in GBM cells.

Discussion
In the present study, we found that ethanol extract and water extract of vanilla planifolia pods and leaves
did not show obvious inhibitory effects. The water extract of the vanilla planifolia stems had little
inhibitory effect on cell viability. Interestingly, VAS significantly reduced the viability and colony formation
of GBM cells. VAS also induced MAP1LC3B cleavage, suggesting that VAS-induced cell death might occur
via autophagy activation. Further RNA-seq analysis after VAS treatment showed that the levels of 1972
DEGs were upregulated and those of 2276 DEGs were downregulated. KEGG and GO analyses pinpointed
that these DEGs were involved in the cell cycle, apoptosis, autophagy, spindle organization, and DNA
replication. Further analysis of protein‒protein interactions with fold changes of DEGs less than − 3 and
over 5 showed 16 and 9 hub DEGs, respectively. Further qPCR experiments showed that 14 hub DEGs
were significantly downregulated and 9 hub DEGs were significantly upregulated.

These 14 downregulated hub DEGs after VAS treatment included TNMD, MATN1, RLBP1, IGFBP1, PCP4,
DHRS9, GNAT2, C2CD4C, ELFN2, AQP5, SKAP1, HOPX, FA2H, and RGS8. Some literature has shown the
correlation of these hub genes with cancers. Rakha et al. showed that the expression level of
retinaldehyde binding protein 1 (RLBP1) was associated with tumor grade in invasive breast cancer [27].
High insulin-like growth factor binding protein 1 (IGFBP1) expression was significantly associated with
poorer survival and relapse-free survival in patients with gastric cancer [28]. Purkinje cell protein 4 (PCP4),
also called PEP19, has been demonstrated to promote migration, invasion and adhesion in human breast
cancer MCF-7 and T47D cells [29]. Dehydrogenase/reductase 9 (DHRS9) overexpression was correlated
with poor response to concurrent chemoradiotherapy and poor prognosis in rectal cancer patients [30].
Extracellular leucine rich repeat and fibronectin type III domain containing 2 (ELFN2) was highly
expressed in astrocytoma patients and significantly correlated with their overall survival [31]. The
expression level of aquaporin 5 (AQP5) in breast cancer was associated with lymph node metastasis and
poor prognosis [32]. In a transcriptome-wide association study, low src kinase-associated phosphoprotein
1 (SKAP1) expression in blood increased endometrial cancer risk [33]. Homeodomain-only protein
homeobox (HOPX) downregulation by epigenetic regulation leads to cancer aggressiveness in breast
cancer [34]. Dai et al. found that fatty acid 2-hydroxylase (FA2H) was underexpressed in triple-negative
breast cancers both in vitro and in the clinic [35]. They also further demonstrated that FA2H suppressed
cancer stemness in breast cancers by inhibiting the STAT3/IL6 axis and NFkB signaling. The mRNA and
protein expression levels of regulator of G protein signaling 8 (RGS8) in normal tissues were higher than
those in thyroid carcinoma tissues [36]. Bai et al. also showed that higher expression of RGS8 in patients
with thyroid carcinoma was associated with better survival outcomes.

In addition to downregulated hub DEGs, VAS also induced 9 hub DEGs, including CXCL10, IL36RN, MX2,
EGR1, RSAD2, CCL5, IFI44L, CCL20, and HMOX1. The CXCL9, -10, -11/CXCR3 axis has been demonstrated
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to regulate immune cell migration, differentiation, and activation, leading to tumor suppression [37].
Interleukin 36 receptor antagonist (IL36RN) can inhibit the activity of interleukin-36 by binding to its
receptor IL1RL2 and mediating inflammation. The expression of IL-36 family member mRNA and protein
is significantly increased in colorectal cancer tissue compared to adjacent nontumor tissues [38]. MX2
was obviously downregulated in both GBM patients and GBM cell lines [39]. Moreover, MX2
overexpression markedly reduced the proliferation, migration, and invasion of glioma cells. Early growth
response-1 (EGR1) downregulation in prostate cancer cells reduced both the number and size of
metastases but did not affect tumor growth, implying that EGR1 regulates angiogenic factors and
promotes metastasis [40]. TCGA gene expression profile and Kaplan‒Meier analysis showed that high
expression of radical s-adenosyl methionine domain containing 2 (RSAD2) in patients with oral cancer
was associated with a better prognosis [41]. Melese et al. found that targeting CCL5 or CCL5 receptors on
immunosuppressive cells to alter the immune microenvironment promoted lung cancer progression and
immunotherapy insensitivity [42]. In the clinic, the expression level of interferon-induced protein 44-like
(IFI44L) is significantly reduced in HCC tumor tissues [43]. Low expression of IFI44L levels also correlated
with larger tumor size, disease relapse, advanced stages, and poor clinical survival in HCC patients. The
CCL20-CCR6 axis promotes cancer progression directly by enhancing the migration and proliferation of
cancer cells and indirectly by remodeling the tumor microenvironment through immune cell control [44].
HMOX1 is highly expressed in a variety of cancers, including lung, breast, colorectal, and glioblastoma
[45, 46]. Taken together, these hub DEGs deserve further exploration of their roles as biomarkers or
therapeutic targets in GBM cells.

Conclusion
In conclusion, we found that the ethanol extract of vanilla planifolia stems significantly reduced the
viability and colony formation of P#5 TMZ-R, T98G, and U-87 MG cells. The increase in MAP1LC3
cleavage indicates that VAS treatment induces autophagy in all three GBM cell lines. According to the
RNA-seq data and bioinformatics analysis, such as KEGG and GO, we found that VAS affected critical
functions and pathways for survival and proliferation in GBM cells. Protein‒protein interaction analysis
highlighted 16 downregulated hub DEGs and 9 upregulated hub DEGs. Further validation of these hub
DEGs by qPCR showed that DHRS9, HOPX, AQP5, PCP4, RGS8, GNAT2, RLBP1, FA2H, TNMD, SKAP1,
MATN1, IGFBP1, ELFN2, and C2CD4C were significantly downregulated. Furthermore, the mRNA
expression of IL36RN, CCL20, CCL5, CXCL10, HMOX1, MX2, RSAD2, IFI44L, and EGR1 was significantly
upregulated. Taken together, VAS shows antitumor activity in GBM cells. Moreover, these VAS-mediated
hub DEGs may be potential therapeutic targets for GBM treatment.

Abbreviations
GBM: Glioblastoma multiforme; TMZ: Temozolomide; VAS: Ethanol extract of vanilla planifolia stem;
DEGs: Differentially expressed genes; GO: Gene ontology; KEGG: Kyoto Encyclopedia of Genes and
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Genomes; PPI: Protein–protein interaction; BP: Biological process; MF: Molecular function; CC: Cellular
component. 
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Figure 1

The antitumor effect of crude extract from vanilla planifolia on GBM cells. Cells were incubated with
water extract and ethanol extract of vanilla planifolia pods, leaves, and stems at the indicated doses and
then analyzed by cell viability assays (A, B) and clonogenic assays (C). The IC50 values were determined
by plotting the growth relative to that of the vehicle controls. The quantification of colonies was
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performed manually and compared to the vehicle control (D). All experiments were repeated at least three
times. The data are expressed as the means ± SEM of three or more independent experiments. *p< 0.05.

Figure 2

The effect of VAS on autophagy in GBM cells. Cells were incubated with 200 ng/ml VAS for the indicated
times. The cells were analyzed by immunoblotting against specific antibodies (A). GAPDH was used as
an internal control. The quantification of each band was shown in B. All experiments were repeated at
least three times. The data are expressed as the means ± SEM of three or more independent experiments.
*p< 0.05.
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Figure 3

RNA-seq and DEG research after VAS treatment in terms of GO and KEGG. Volcano plot (A) and MA plot
(B) of DEGs in P#5 TMZ-R cells treated with 200 ng/ml VAS for 72 hr. DEGs with p values below 0.05
were further analyzed by KEGG and GO. (C) The top 20 KEGG pathway analysis results of DEGs. (D) The
top 20 biological process (BP) terms in the enrichment analysis. (E) The top 20 molecular function (MF)
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terms in the enrichment analysis. (F) The top 20 cellular component (CC) terms in the enrichment
analysis.

Figure 4

Protein‒protein interaction network of DEGs in GBM after VAS treatment. (A) Eight-nine DEGs were
selected by the criteria of log2PostFC < -3 and p<0.05, and 16 DEGs were further selected by screening
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their linkage to each other in the STRING database. (C) Twenty-three DEGs were selected by the criteria of
log2PostFC > 5 and p<0.05, and 9 DEGs were selected by screening their linkage to each other in the
STRING database. The fold change (log2) from RNA-seq of these hub DEGs is shown in B and D.

Figure 5
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The mRNA expression of these hub DEGs in VAS-treated GBM cells. Cells were treated with VAS at 200
ng/ml for 72 hr, and then mRNA was harvested. The downregulated and upregulated mRNA expression
levels of the hub DEGs mentioned above were confirmed in P#5 TMZ-R cells (A) and U-87 MG cells (B) by
qPCR. GAPDH was used as an internal control for qPCR. The data are expressed as the means ± SEM of
three or more independent experiments. *p< 0.05.
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