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ABSTRACT 

The antimetastatic effect of IGFBP-3 and the development of natural 

HSP90 inhibitor targeting cancer stemness 

Thuy Huong Le 

College of pharmacy 

The graduate school 

Seoul National University 

 

Aerodigestive tract cancer, including non-small cell lung cancer (NSCLC) and head and 

neck squamous cell carcinoma (HNSCC), is the leading cause of cancer-related death 

worldwide. The poor prognosis in patients with NSCLC and HNSCC is frequently 

associated with migration and metastasis. However, there is no available therapeutic option 

to cure invasive and metastasis tumors due to the complexity of metastasis's biology.  

Chapter 1 of this study investigates the antimetastatic effect of insulin-like growth factor 

binding protein-3 (IGFBP-3) in HNSCC and NSCLC. Depletion of IGFBP-3 enhances the 

migratory and invasive capacities of HNSCC and NSCLC cells in vitro, whereas 

overexpression of IGFBP-3 reverses these invasive phenotypes. Additionally, silencing of 

IGFBP-3 significantly promotes metastatic potential of HNSCC and NSCLC cells, 

demonstrated in serial animal experiments. Strikingly, IGFBP-3 regulates the expression 

of an EMT marker-vimentin in an IGF-independent manner. IGFBP-3 directly binds to 

vimentin and decreases its protein stability through the ubiquitin-dependent proteasome 

pathway by recruiting the E3 ligase FBXL14. Moreover, this chapter demonstrates that the 

C-terminal of IGFBP-3 and the head domain of vimentin are critical for their interaction. 

Together, chapter 1 highlights IGFBP-3 as a novel strategy for HNSCC and NSCLC 

metastasis. 
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Although chemoradiation therapy is the cornerstone of NSCLC treatment, patients often 

develop drug resistance, tumor relapse after long-term treatment. Cancer stem cells (CSC), 

a subpopulation of tumor cells, contribute to anticancer drug resistance and tumor relapse 

in various cancer, including NSCLC. Thus targeting CSC appears to be an effective 

strategy for anticancer treatment. Chapter 2 of this study demonstrates the inhibitory effects 

of panaxynol, a natural compound isolated from the non-saponin fraction from Panax 

ginseng (P. ginseng), on cancer-stem and non-stem cells in NSCLC. Panaxynol inhibits 

the viability by inducing apoptosis in both cancer stem and non-stem populations while 

exhibits minimal toxicity to normal cells. Panaxynol suppresses tumor growth and the 

tumor-initiating ability in NSCLC xenograft and Kras-driven spontaneous lung tumor 

models. Together, chapter 2 highlights panaxynol, a natural HSP90 inhibitor, effectively 

targets both CSC and non-CSC populations in NSCLC. 

In summary, the study provides promising therapeutic strategies for aerodigestive tract 

cancer metastasis by utilizing IGFBP-3 and the cancer stemness by panaxynol- a natural 

HSP90 inhibitor in NSCLC. 

Keywords: Insulin-like growth factor binding protein-3, vimentin, metastasis, heat shock 

protein 90, panaxynol, cancer stem cells. 

Student number: 2013-22582 
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I. CHAPTER 1 

Insulin-like growth factor binding protein-3 exerts the antimetastatic 

effect in aerodigestive tract cancer by disrupting the protein stability of 

vimentin 
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1. INTRODUCTION  
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Aerodigestive tract cancer  

Aerodigestive tract cancer, including non-small cell lung cancer (NSCLC) and head and 

neck squamous cell carcinoma (HNSCC), is the leading cause of cancer-related death 

worldwide [1, 2]. While HNSCC is the upper digestive tract cancer derived from the 

malignant mucosa epithelium in the oral cavity, pharynx, and larynx that arise in the head 

and neck, NSCLC is lower digestive tract cancer that accounts for more than 85% of lung 

cancer. NSCLC comprises three main subtypes, including squamous cell carcinoma, 

adenocarcinoma, and large cell carcinoma [1]. Chemotherapy and radiation therapy is the 

cornerstone of these cancers treatment. Generally, the treatment methods are surgery, 

followed by chemoradiation or target therapies for late-stage patients with tumor 

recurrence and metastatic disease [3]. However, patients often acquire anticancer drug 

resistance, tumor relapse, and metastasis after long-term treatment. Ongoing efforts aim to 

elucidate the most effective therapeutic intervention for patients with HNSCC and NSCLC. 
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Cancer metastasis 

Metastasis, the leading cause of cancer-related death worldwide, is related to poor 

prognosis and low survival rate in patients with NSCLC and HNSCC [4-7]. In 

aerodigestive tract cancer, most patients developed metastasis with advanced stages at the 

time of initial diagnosis. Approximately 15% of HNSCC and 20-40% of NSCLC patients 

develop metastasis after the initial treatment [3, 8].   

Metastasis is the primary tumor cells' movement from the original sites to the secondary 

organs following several steps [9]: (1) The epithelial cells lose their cell-cell contact, cell 

adhesion and disassociate others. (2) Consequently, cancer cells acquire more invasive 

mesenchymal phenotypes, evade the surrounding tissues, and enter the circulation system. 

(3) The circulating tumor cells (CTCs) travel through the blood system until they reach 

distant sites. (4) CTCs exit the circulation system and colonize distant tissues. (5) The 

invaded cells adapt to the microenvironment, proliferate to form micro or macro-

metastasis. 

However, we still lack knowledge explaining the mechanism of cancer cell migration and 

invasion, how cancer cells metastasize to specific organs, the dormancy of cancer cells, 

and the impact of the tumor environment at the secondary sites. Therefore, increased 

understanding of the metastasis complexity can help develop effective antimetastasis 

strategies in HNSCC and NSCLC.  
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Figure 1-1: The metastatic cascades 

The metastatic cascade's two primary phases are the physical translocation of cancer cells 

from the primary site and the colonization of circulating tumor cells in the distant organs. 

(A) At the primary site, the epithelial cancer cells undergo EMT to acquire invasive 

phenotypes. (B) The local invasive cells break through the surrounding tissues and enter 

the blood circulation. (C) The circulating cancer cells (CTCs) travel in the circulation 

system. (D) when reaching the distant organs, CTCs exit the circulation and colonize 

foreign tissues. (E) Cancer cells evade the innate immune surveillance for their survival at 

distant tissues. (F) Cancer cells adapt to the tumor microenvironment, proliferate, and 

develop micro and macro-metastasis. 

Reference: Chaffer, Christine & Weinberg, Robert. (2011). A Perspective on Cancer Cell 

Metastasis. Science (New York, N.Y.). 331. 1559-64. 10.1126/science.1203543. 
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Epithelial-mesenchymal transition (EMT). 

The epithelial-mesenchymal transition (EMT) and its reverse event mesenchymal-

epithelial transition (MET) play an essential role during embryonic development and 

cancer metastasis [10]. EMT is the transition of cancer cells from the epithelial to 

mesenchymal phenotypes. By acquiring the mesenchymal phenotypes, primary cancer 

cells lose their cell contact and increase motility, favoring their dissemination and invasion. 

Thus, EMT has been considered as the initial steps of cancer metastasis. On the other hand, 

the reverse process MET, the transition of mesenchymal cells to the epithelial state, has 

been the essential step for metastasis after cell dissemination at the distant sites. 

EMT induces the downregulation of epithelial markers such as E-cadherin, Occludin, and 

upregulation of mesenchymal markers such as N-cadherin, vimentin, and fibronectin. The 

EMT program is regulated by EMT transcription factors, including the ZEB family, Snail, 

Slug, and Twist. Snail and ZEB1 repress E-cadherin's expression and upregulate vimentin 

and N-cadherin's expression through modulation of these genes promoter activation. Snail 

and ZEB1 can also upregulate matrix metalloproteinases (MMPs) expression, which 

induces the basement membrane's degradation and promotes cell invasion [11]. 

Accumulating evidence revealed EMT is induced by signaling pathways such as Wnt, 

Notch, and TGFβ or growth factors secreted from the tumor environment's components 

[11]. Several studies reveal the link between EMT and cancer stemness. Activation of EMT 

by overexpression EMT-TF or TGFβ increases populations with CSC properties [12, 13], 

whereas CSC from several carcinomas displays the EMT phenotypes [14]. EMT has been 

proposed to contribute to tumor progression, therapeutic drug resistance, invasion, and 

metastasis; therefore, targeting EMT appears to be an effective option to cure and prevent 

metastasis.     
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Figure 1-2. The EMT program 

The EMT (epithelial-mesenchymal transition) and the reverse process MET is essential for 

cell migration and metastasis. Cell interactions are maintained by tight, adherent, basal-

apical, and desmosomes junctions. Cancer cells undergoing EMT lose their cell-cell 

contact and acquire mesenchymal phenotypes, promoting migration and cancer metastasis. 

During EMT, mesenchymal markers such as N-cadherin, vimentin, and fibronectin were 

upregulated, while epithelial markers (E-cadherin, occludin, claudin…) were 

downregulated. Transcription factors such as Twist, Slug, Snail, ZEB regulate the EMT 

process by inhibiting or activating the EMT-related genes. 

Reference: Dongre, A., Weinberg, R.A. New insights into the mechanisms of epithelial–

mesenchymal transition and implications for cancer. Nat Rev Mol Cell Biol 20, 69–84 

(2019).  
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Vimentin  

Vimentin is the intermediate filament that plays a crucial role in maintaining cytoskeleton 

structure and cell integrity [15]. Vimentin is highly expressed in mesenchymal cells and is 

considered a canonical marker of EMT. Overexpression of vimentin has been observed in 

various tumor types, including NSCLC and HNSCC, correlates with tumor aggressiveness 

and poor patient outcomes [16-19].  

During the EMT, vimentin is sufficient to induce morphological changes to more 

mesenchymal-like states, enhance motility and cell-adhesion [20]. The silencing of 

vimentin suppresses the migratory and invasive capacities of NSCLC and oral squamous 

carcinoma cells [21, 22]. Additionally, vimentin implicates in the signaling pathways 

associated with EMT and migration. Vimentin is crucial for Erk-Slug mediating cancer cell 

migration and invasion [23]. Induction of vimentin by TGFβ or Snail potentiates cancer 

cell migration [15, 24].  

The role of vimentin on HNSCC and NSCLC metastasis has been described previously. 

High vimentin expression has been observed in metastatic oral squamous carcinoma cell 

lines and correlated with lymph node metastases [18]. Among the 5 EMT markers, 

vimentin has been considered the most potential prognostic factor for tongue squamous 

cell carcinoma [19]. High vimentin expression is correlated with poor survival rate, 

advanced TNM stages, and lymph node metastasis in patients with HNSCC and NSCLC 

[17, 19, 22].  Recently, vimentin promotes metastasis by modulation of the tumor 

microenvironment. Loss of vimentin did not affect primary tumors but suppress lymph 

node metastasis in lung adenocarcinoma [25]. Strikingly, vimentin is not present in the 

invading cancer cells but in the tumor-associated fibroblast surrounding the invasive pack 

[25]. Based on the accumulating evidence demonstrating the role of vimentin on EMT, 

invasion, and metastasis, vimentin could be a potential target for metastasis treatment. 
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Insulin-like growth factor binding protein-3 (IGFBP-3) 

The insulin-like growth factor (IGF) axis plays an essential role in the proliferation and 

survival of normal and malignant tissues [26]. The IGF axis comprises the two ligands 

insulin-like growth factors (IGF-1 and IGF-2), the two IGF receptors (IGF-1R and IGF-

2R), and insulin-like growth factor-binding proteins. The ligand IGFs primarily form the 

complexes with the (IGF-1R), leading to the activation of intrinsic oncogenic pathways 

PI3K/ AKT and RAS/MAPK. 

The (IGFBPs) family composes of 6 members (IGFBP-1 to IGFBP-6). IGFBPs could bind 

to IGFs with high affinity than the IGF1, form ternary complexes with IGFs, increase the 

half-life of IGFs in the circulation, and sequester IGFs from the IGF-1R receptor. 

Therefore, by regulating the IGFs bioavailability, IGFBPs suppress the downstream 

signaling of the IGF axis. IGFBPs have been considered tumor suppressors [27], and the 

proposed growth inhibitory mechanism of IGFBPs was demonstrated in Figure 1-3. 

Among IGFBPs, IGFBP-3  is the predominant form found in the circulation. IGFBP-3 

comprises three domains: the N-, M- and C-terminal domains that contain several 

functional motifs essential for IGFBP-3 modifications.  Both the N- and C-terminal domain 

of IGFBP-3 contains the binding site for IGFs. The N-terminal domain contains motifs 

responsible for the binding with nuclear proteins and IGFBP-3 transactivation; the M-

terminal domain contains motifs essential for the modifications of IGFBP-3; the C-terminal 

domain contains the nuclear localization sequence (NSL), ECM, and cell surface binding 

motifs. IGFBP-3 is a secreted protein and functions extracellularly but can be internalized 

into the cells and transported in the nucleus. IGFBP-3 binds to other non-IGF components 

in the extracellular matrix (ECM), cellular membrane (LRP-1, transferrin, transferrin 

receptor…), and nucleus (RARα, RXRα, Nur77….) [28, 29] to exert its IGF-independent 

functions [27]. The interaction with low-density lipoprotein receptor-related protein 1 
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(LRP-1) is essential for the IGFBP-3 uptake, leading to growth inhibition [30]. IGFBP-3 

possesses the nuclear localization sequences and can translocate into the nucleus through 

importin β [31]. Intracellular IGFBP-3 interacts with nuclear receptors RARα, RXRα and 

mediates their signaling in the nucleus. IGFBP-3  induces intrinsic apoptosis in prostate 

cancer cells through binding with the orphan nuclear receptor Nurr77 [32]. 

IGFBP-3 functions as a tumor suppressor and is downregulated in several carcinomas. The 

low IGFBP-3 expression is frequently associated with poor prognosis. Previous prognostic 

studies revealed that the low expression of IGFBP-3 correlates with low disease-specific 

and overall survival, poor prognosis, and metastasis in patients with early-stage of NSCLC 

and esophageal cancer [33-35]. IGFBP-3 induces apoptotic events in prostate and lung 

cancer cells without modulating the IGF1R activation [36, 37]. IGFBP-3 has also been 

reported to possess antiangiogenic, antitumor, antimetastatic activities in several cancer 

types [38-42]. IGFBP-3 regulates Erg1-mediated transcriptional activities [43] and 

suppress cell adhesion through integrin signaling downregulation [39]. Although IGFBP-

3 has been considered the metastasis suppressor in the prostate, lung, and endometrioid 

ovarian carcinoma [40, 44, 45], the effects of IGFBP-3 on HNSCC and NSCLC metastasis 

and its underlying mechanism remains unknown. 
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Figure 1-3. The proposed antitumor mechanism of IGFBPs 

IGFBPs mediates cellular functions via multiple mechanisms. 1). IGFBPs bind to IGF-1 

and IGF-2 to sequester them from IGF-1R results in the suppression of the IGF-axis's 

downstream signalings. The binding capacity of IGFBPs with IGFs can be decreased by 

IGFBPs proteolysis. 2). The interaction with cell-surface proteins such as LRP-1, caveolin 

can promote IGFBPs internalization. Intracellular IGFBPs interact with their 

corresponding receptors and trigger the proapoptotic events. 3). IGFBPs bind to TGFβ 

receptors, resulting in Smad4, Smad2, Smad3 complex activation, eventually trigger the 

inhibitory TGFβ signaling. 4). IGFBPs transport into the nucleus by importin β, interact 

with nuclear proteins (RARα, RXRα), and regulate the nuclear-dependent transcriptional 

activity. 

Reference: Baxter, R. IGF binding proteins in cancer: mechanistic and clinical insights. Nat 

Rev Cancer 14, 329–341 (2014). https://doi.org/10.1038/nrc3720  
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Figure 1-4. The structure and cellular distribution of IGFBP-3 

The structure of IGFBP-3 contains three regions: the N-, M- and C- terminal domains. The 

N-terminal domain of IGFBP-3 contains motifs responsible for IGF binding, RXRα-RARα 

interaction, and the transactivation of IGFBP-3. The M-terminal domain contains several 

sites for post-translational modifications. The C-terminal domain contains sequences 

responsible for the IGF-binding, nuclear translocation, Heparin-binding site, and the 

interaction with ECM components of IGFBP-3. 1) IGFBP-3 binds to IGFs by both N- and 

C- terminal domains, resulting in IGF sequestration. 2) IGFBP-3 endocytosis is mediated 

through its interaction with caveolin-1, transferrin, and transferrin receptor. IGFBP-3 can 

be internalized via interaction with cell surface protein LRP-1. 3) Intracellular IGFBP-3 

interacts with its specific receptor and other cellular partners to mediate intracellular 

signalings. 4) IGFBP-3 interacts with importin β and translocates into nuclear wherein it 

binds to nuclear receptors (RARα, RXRα…) and regulates the nuclear-dependent 

transcription. 5) C-terminal domain of IGFBP-3 attaches to the extracellular matrix (ECM) 

components  (fibrin, latent transforming growth factor binding protein-1…).  

Reference: Yamada, Paulette & Lee, Kuk-Wha. (2009). Perspectives in Mammalian 

IGFBP-3 Biology: Local vs. Systemic Action. American journal of physiology. Cell 

physiology. 296. C954-76. 10.1152/ajpcell.00598.2008. 
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Metastasis, the leading cause of death in aerodigestive tract cancer, is associated with poor 

prognosis and patient outcomes. In metastatic cascades, cancer cells initially acquire EMT 

phenotypes, increase cell motility to break through the surrounding tissue, and then 

experience several steps to translocate from the primary to the favorable secondary sites. 

The circulating tumor cells colonize distant organs, develop micro and macro metastasis. 

However, there is still a lack of available antimetastasis treatments due to the complexity 

of metastasis biology. Therefore, understanding the mechanism of metastasis progression 

and developing a novel strategy is urgently needed. 

Although the antimetastatic effect of IGFBP-3 has been supposed in several human 

malignancies, the role of IGFBP-3 on EMT and metastasis in aerodigestive tract cancers 

remains unknown. 

Thus,  this study investigates the antimetastatic role of IGFBP-3 in HNSCC and NSCLC 

and the underlying mechanism of these events.  
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Reagents 

Antibodies against E-cadherin, N-cadherin, Fibronectin were purchased from BD 

Bioscience (San Jose, CA, USA). Antibodies against IGFBP-3 and vimentin, Ubiquitin, 

GST, HA, and actin were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). 

Antibodies against IGF1-R, tubulin were purchased from Cell Signalling Technology 

(Danvers, MA, USA). The horseradish peroxidase (HRP-) conjugated secondary 

antibodies were purchased from GeneTex (Irvine, CA, USA). Fluorochrome Alexa Fluor 

488, Alexa Fluor 546, and Alexa Fluor 594 were purchased from Thermo Fisher Scientific 

(Waltham, MA, USA). 

Recombinant IGFBP-3 was purchased from R&D Systems (Minneapolis, USA). G418 was 

purchased from Enzo Life Science. Puromycine and MG132 were purchased from Sigma 

Aldrich (St. Louis, MO, USA). 

Cell culture 

Human HNSCC cell lines (UMSCC38, UMSCC1, UMSCC14A, UMSCC4, and OSC19-

Luc) were kindly provided by Dr. Jeffrey N. Myers (MD Anderson Cancer Center, 

Houston, TX, USA). The human NSCLC cell line H226B was kindly provided by Dr. John 

V. Heymach (MD Anderson Cancer Center, Houston, TX, USA). The human HNSCC cell 

line Fadu, the human NSCLC cell line H1299, and the human embryonic kidney 293T cell 

line (HEK293T) were purchased from the American Type Culture Collection (ATCC, 

USA). UMSCC1, UMSCC14A, UMSCC4, OSC19-Luc, Fadu cells were cultured in 

Dulbecco's modified Eagle's medium (DMEM). UMSCC38 cells were cultured in the 

Dulbecco's modified Eagle's medium nutrient mixture F-12 (DMEM-F/12), and H1299, 

H226B cells were cultured in RPMI-1640 medium with 10% fetal bovine serum (FBS) and 

1% antibiotic (WelGENE, Kyeongsan-si, Korea). All cells were maintained in the 

humidified incubator with 5% CO2 at 37oC.  
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Plasmid and siRNA, shRNA 

The expression plasmids of full-length IGFBP-3 (pCMV6 IGFBP-3), full-length vimentin 

(pCMV-Tag2B-vimentin) were previously generated in our laboratory. The expression 

plasmids of the N-, M-, and C-terminal domains of IGFBP-3 were generated by cloning 

the IGFBP-3 domains sequence into the pCDNA 3.1 vector.  

The bacterial plasmids of His-tagged full-length (FL) IGFBP-3 and its domains were 

generated by cloning FL-IGFBP-3, N-IGFBP-3, M-IGFBP-3, C-IGFBP-3 into the pET32a 

vector. The pEGFP-C1 vimentin was kindly provided by Dr. Dale D. Tang (Albany 

Medical Colledge, Albany, NY, USA). The bacterial plasmid for GST-tagged vimentin 

was generated by subcloning pEGFP-C1 vimentin into the pGEX-4T2 vector (GE 

Healthcare Life Science, Chicago, IL, USA). The bacterial plasmids of the head (1-101), 

coiled-coil (102-410), tail domain (411-467), and domain-deletion mutants of vimentin 

(∆head, ∆coiled-coil, ∆-tail) were generated in our laboratory by cloning their sequence 

into the pGEX-4T2 vector. The mCherry-Cyclin F (FBXO1) was a present from Michele 

Pagano (Addgene plasmid #32975) (Addgene, Watertown, MA, USA). shRNAs for 

silencing IGFBP-3, IGF-1R, and pLKO.1 puro empty vectors were purchased from Open 

Biosystems (Thermo Fisher Scientific) and Sigma Aldrich. The siRNAs for silencing E3 

ligases ( FBXO1, FBX04, FBX09, FBX15, FBX32, FBX41, FBXL6, FBXL12, FBXL14, 

FBXW7, FBXW8) were kindly provided by Dr. Su Jae Lee (Hanyang University, Korea). 

Transfections 

For the transient transfection, we used the transfection reagents JetPRIME (Polyplus 

transfection, Illkirch, France), Fugene 6 (Promega, Madison, WI, USA), and 

Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacture's 

instructions.  
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To generate the stable knockdown of IGFBP-3 and IGF-1R cell lines, we first generated 

the lentivirus supernatants by transfecting the empty vector (PLKO.1 shEV), shIGF-1R, 

shIGFBP-3, lentiviral packaging (pHR8.2deltaR), and envelope plasmids (pCMV-VSV-

G) into the HEK293T cells using Fugenge 6. After 24-48 hours of transfection, the 

lentiviral supernatants were collected and filtered using the 0.22 µm syringe. Next,  the 

shEV, shIGFBP-3 lentiviral supernatants were transduced into the UMSCC38, UMSCC1, 

H226B cells, or shIGF-1R lentiviral supernatant was transduced into UMSCC38, H1299 

cells in the medium containing 8 µg/ml polybrene for 24 hours. The cells were then selected 

with 1-2 µg/ ml puromycine for 2-3 weeks. 

To generate cell lines with IGFBP-3 overexpression, we transfected the IGFBP-3 

expressing vector (pCMV6 EV and pCMV6 IGFBP-3) to H1299, OSC19-Luc cells using 

the transfection reagent- JetPRIME. The cells were then maintained and selected by G418.  

Cell proliferation assay 

The indicating cells (5 x104/ well) were seeded in 24-well plates. The cell's number in each 

well at different time points was calculated using the hemocytometer. 

Scratch assay 

Cells were seed into 6-well plates until reaching the confluence. We used the 200 µl sterile 

plastic tips to create the scratches. Subsequently, cells were washed with PBS to remove 

the floating cells. The scratches' images were photographed at the start point and different 

indicated time points using the EVOS FL Cell Imaging System (Thermo Fisher Scientific) 

until the cells completely cover the scratch areas. The scratch distances were measured 

using ImageJ software (National Institutes of Health, Bethesda, MD, USA). 

Migration and invasion assay 

For the migration assay, the transwell's outer membrane (8µm, Corning Inc, NY, USA) 

was coated with 15 µl of 0.05% gelatin. 2 x104 cells were seed into the transwell insert in 



20 

 

free serum medium. The mixture of 10% serum medium with NIH3T3 supernatant (ratio 

1:1) was added to the lower chamber. Cells were incubated for about 12-24 hours in the 

humidified incubator, and the incubation time depends on cell types. The cells were then 

fixed with methanol at room temperature (RT) for 10 minutes, stained with hematoxylin 

for 8 minutes, eventually washed with PBS and distilled water several times. Cells on the 

inner surface were removed using the cotton swab. The membranes were cut and dipped 

into the xylene solution and subsequently mounted onto a microscope slide. The migrated 

cells were visualized using a microscope (Nikon Eclipse 80i, Nikon Instrument Inc, Toky, 

Japan).  

For the invasion assay, the outer membrane was coated with 0.015% gelatin, and the inner 

membrane was coated with Matrigel (BD Bioscience). The following steps were similar to 

the migration assay except that cells were incubated for 18-36 hours at 37oC.  

Immunofluorescence staining 

Cells were cultured on the glass coverslips in the 24 well-plate and then fixed with 

methanol for 10 minutes in RT. Cells were then incubated with 0.3% Triton X-100 for 10 

minutes for permeabilization and then washed with TBS containing 0.025% Triton X-100 

(TBST).  Subsequently, cells were blocked with 10% normal serum diluted in 3% BSA 

and then incubated with anti-IGFBP-3, anti-vimentin, anti-N-cadherin, anti-E-cadherin 

antibodies (1:400 dilution) at 4oC overnight. After washed with TBST, cells were incubated 

with fluorochrome-conjugated secondary antibodies (Alexa Fluor 488, Alexa Fluor 546, 

Alexa Fluor 594) (1:1000 dilution) for 1 hour in RT. Eventually, cells were washed, stained 

with 4’,6-diamino-2-phenylidole (DAPI) solution, and mounted onto the glass slides using 

the fluorescence mounting solution. The fluorescence images were visualized using the 

fluorescent microscope (Zeiss Axio Observer Z1, Carl Zeiss AG, Oberkochen, Germany). 
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Aldehyde dehydrogenase assay 

The ALDH activity of cancer cells was determined using the AldeRed assay kit (Merck 

KgaA, Darmstadt, Germany). Each group contains the test sample (without DEAB)  and 

the DEAB sample. In both samples, cells were resuspended into AldeRed buffer and 

stained with the fluorescent dye AldeRed A-588. The DEAB samples are used as a negative 

control, in which we added the ALDH inhibitor- N, N-diethylaminobenzadehyde (DEAB). 

All the samples were incubated at 370C for 40 minutes. Cells were washed and resuspended 

in AldRed buffer. The ALDHhigh population was determined by flow cytometry (BD 

Bioscience). The fluorescence baseline in each group was set based on the corresponding 

DEAD sample using Flowing Software (Turku Bioscience Center). 

Sphere forming assay 

Cells were seeded in the low-attachment 96-well plate (Corning Inc) and cultured in the 

sphere medium containing DMEM-F/12, B27 supplements (Thermo Fisher Science), basic 

fibroblast growth factor (bFGF), epidermal growth factor (EGF), and 1% antibody.  Cells 

were incubated at 37oC and 5% CO2 until the spheres' size is above 150 µm3. 

Western blot analysis 

After washed with cold PBS, the cells were lysed in RIPA buffer containing 50mM Tris-

HCl (pH 8.0), 150 nM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 1 

mM EDTA, and protease and phosphatase inhibitor cocktail (Roche, Manheim, Germany). 

Cell lysates were collected by centrifugation at 13000 rpm, and protein concentration was 

determined using the BCA assay kit (Thermo Fisher Scientific). The proteins were 

segregated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

and transferred onto the polyvinylidene difluoride (PVDF) membranes. The membranes 

were blocked with a blocking solution (3% BSA in TBST)  for 1 hour at RT, followed by 

primary antibody incubation (1:1000 dilution) in 3% BSA at 4oC overnight. After three 
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times washed with TBST, membranes were incubated with HRP-conjugated secondary 

antibodies diluted (1:5000) in the blocking solution (3%BSA in TBST) for 1 hour RT. The 

membrane was then washed three times with TBST, and the protein signal was visualized 

with SuperSignal West Femto chemiluminescent substrates (Thermo Fisher Scientific) 

using the ImageQuant LAS4000 system (GE healthcare). 

Immunoprecipitation 

After washed with cold PBS, the cells were lysed in EBC lysis buffer containing 50mM 

Tris-HCl (pH 8.0), 120 nM NaCl, 0.5% NP-40, 1 mM EDTA, and protease and 

phosphatase inhibitor cocktail (Roche, Manheim, Germany). The cell lysates were 

collected by centrifuging, and the protein concentration was determined using the BCA 

assay kit (Thermo Fisher Scientific). 0.7-1mg of cell lysates were incubated with 1ug of 

primary antibodies in 1.5ml microtubes followed by overnight rotation at 4oC. The total 

volume of IP reaction is 1ml. Subsequently, 20 µl Protein A agarose (Merck KgaA, 

Darmstadt, Germany) was added to each microtube, and the IP reaction was gently rotated 

for 2 hours. The immunoprecipitants were washed three times with EBC buffer, boiled in 

5X sample buffer, and eventually subjected to western blot analysis. 

Pull-down assay 

The glutathione-S-transferase (GST) - tagged vimentin protein bound to the glutathione 

beads or the hexahistidine (6His, His)- tagged IGFBP-3 protein bound to the Ni-NTA beads 

were incubated with 1mg of cell lysates in the microtubes overnight at 4oC. The pull-down 

complexes were collected by centrifuging at 13000 rpm for 30 seconds, washed three times 

with cold EBC lysis buffer, boiled in 5X sample buffer, and subjected to western blot 

analysis.  
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In vitro binding assay 

The glutathione-S-transferase (GST) - tagged vimentin protein bound to the glutathione 

beads or the hexahistidine (6His, His)- tagged IGFBP-3 protein bound to the Ni-NTA beads 

were incubated with the recombinant IGFBP-3 or recombinant vimentin proteins 

respectively in TNE buffer containing 50 nM Tris-HCl (pH 8.0), 120 nM NaCl, 0.1M 

EDTA) in 1.5 ml microtubes for 2 hours at 4oC. The binding complexes were pulled down, 

washed three times with cold TNE buffer, and then subjected to SDS-PAGE and western 

blot analysis. 

Real-time polymerase chain reaction 

The total RNA was extracted using the Transcripts first-strand cDNA synthesis kit 

(Transgen Biotech, Beijing, China) with the oligo(dT)18 primer. For RT-PCR, the PCR 

reaction included 2x MyTaq Red Mix (Bioline, London, UK), the forward and reverse 

primers of IGFBP-3 and actin. The applied PCR conditions were as follows: the initial 

denaturation step at 94oC for 5 min, 20-30 cycles at 94oC for 30 sec, 55-60oC for 30 sec, 

72oC for 30 sec, and the final elongation step at 72oC for 5-7 min. The PCR products are 

subjected to 2% agarose gel electrophoresis and visualized by Gel Doc EZ System (Bio-

Rad Laboratories, Hercules, CA, USA). 

For real-time PCR, the PCR reaction included the SYBER green reagents (Enzynomics, 

Daejon, Korea), forward and reverse primers of vimentin, actin. The real-time PCR was 

performed using Applied Biosystems 7300 real-time PCR system ( Applied Biosystems, 

Thermo Fisher Scientific, USA). The applied real-time PCR conditions were as follows: 

the pre-incubation step at 95oC for 15 min; 40 cycles at 95oC for 10 min; 60oC for 20 sec, 

72oC for 30 sec, and the melting curve analysis to determined reaction specificity. The 

relative quantification of mRNA levels was performed using the comparative CT method. 
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Animal experiments 

All the animal procedures were performed under the control of the Seoul National 

University Institutional Animal Care and Use Committee's approved protocols. Mice were 

housed in the standard temperature and humidity-controlled facility with 12 hours of light/ 

dark cycle. 

For the spontaneous HNSCC tumorigenesis model, the 8-week-old wild-type (WT) (Igfbp3 

+/+) and Igfbp3 KO mice (Igfbp3 -/-) were administered with drinking water contained 100 

µg/ml of 4-NQO for four months. At the endpoint, mice were euthanized. The primary 

tumors and lung tissues were collected, fixed with 4% formalin, embedded in paraffin, and 

sectioned. Metastatic tumor formation was determined by hematoxylin and eosin (H&E) 

staining, followed by microscopic evaluation. 

For HNSCC orthotopic xenograft models, the stable knockdown UMSCC38-shEV and 

UMSCC38-shBP3 cells were injected into the tongue of 8 week-old non-obese 

diabetic/serve combined immunodeficiency (NOD/SCID) mice. After five weeks, the mice 

were tail vein injected with the MMPSense 680 probe. The bioluminescence imaging was 

determined by IVIS SpectrumCT In Vivo Imaging System (PerkinElmer, Waltham, MA, 

USA). The mice were then sacrificed, and the lymph node and primary tumor tissues were 

harvested. The local lymph node metastasis was determined by H&E staining, followed by 

microscopic evaluation. 

For the NSCLC xenograft model, the stable knockdown H226B-shEV and H226B-shBP3 

cells were subcutaneously injected into the right flank of 8 week-old NOD/SCID mice. 

H226B-shBP3 tumors grown slower than the H226B-shEV tumors; therefore, primary 

tumor weight and lung metastasis were assessed when H226B-shBP3 tumors reach the 

same size as H226B-shEV tumors. Mice were sacrificed, and the primary tumor and lung 

tissues were collected. The tissues were fixed in 4% paraffin, embedded, and sectioned at 
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4 µm. The metastatic pulmonary nodules were detected by H&E staining. The tumor 

number and tumor volume were calculated following the formula: V (mm3)= (long 

diameter x short diameter2)/2, and tumor burden was calculated by the mean tumor number 

(N) multiplicated to mean tumor volume (V). The tumor number and volume were 

calculated in 5 section intervals throughout the tissues. 

Immunohistochemistry staining 

The paraffin-embedded (FFPE) tumor tissues were deparaffinized at 65oC overnight. The 

tissues were rehydrated with xylene and sequential percentages of ethanol solution, treated 

with 0.3% hydrogen peroxide for 20 min, washed with TBST and incubated with 0.3% 

Triton X-100 for 10 min. Subsequently, tissues were autoclaved with the antigen retrieval 

buffer and cooled at RT. The tissues were blocked with 10% normal serum in blocking 

solution (1% BSA in TBST) for 1 hour at RT. The slides were drained for a few seconds; 

applied diluted primary antibodies (1:1000), and incubated overnight at 4oC. After rinsed 

with TBST, tissues were incubated with biotinylated secondary antibodies diluted in 

blocking solution (1:1000 dilution) for 1 hour at RT. The tissues were washed three times 

with TBST and treated with avidin-biotin complexes (Vectastain Elite ABC Kit, Vector 

Laboratories, Burlingame, CA, USA), and the signaling was visualized using a 

diaminobenzidine (DAB) detection reagent (Enzo Life Science). Finally, the tissues were 

mounted with an IHC mounting solution (Vector Laboratories, Burlingame, CA, USA), 

and the IHC images were obtained using a microscope (Nikon Eclipse 80i, Nikon 

Instrument Inc, Toky, Japan). 

Statistics 

Data are presented as the mean ± SD. All the in vitro were independently repeated at least 

twice, and the representative results are demonstrated. The representative values in each 

graph were multiple replicated, and statistical significance was determined by a two-tailed 
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student's t-test or one analysis of variance (ANOVA) using GraphPad Prism (version 8, 

GraphPad Software, San Diego, CA, USA). The Shapiro-Wilk-test was performed to 

determine whether the in vivo data follows a Gaussian distribution. In the analysis, P<0.05 

was considered significant.  
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Table 1. List of plasmids 

Insert Vector Length (bp) 

Flag-IGFBP-3 pCMV6 891 

Flag-IGFBP-3 GGG pCMV7 891 

Flag-Vimentin  pCMV Tag2B 1398 

HA-FBXL14 pCMV6 4183 

Flag-FBX01 pCDNA 2358 

pET32 FL- IGFBP-3  pET32a 891 

pET32 N- IGFBP-3  pET32a 180 

pET32 M- IGFBP-3  pET32a 288 

pET32 C-  IGFBP-3  pET32a 327 

Myc- N- IGFBP-3  pCDNA3.1 Myc  180 

Myc-M- IGFBP-3  pCDNA3.1 Myc  288 

Myc C-  IGFBP-3  pCDNA3.1 Myc  327 

GST-FL Vim pGEX4T2 1398 

GST-head Vim pGEX4T2 222 

GST-coil Vim pGEX4T2 927 

GST-tail Vim pGEX4T2 171 

GST- head-deletion Vim pGEX4T2 1098 

GST- coil-deletion Vim pGEX4T2 393 

GST- tail-deletion Vim pGEX4T2 1098 
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Table 2. List of primers for real-time PCR  

Targets Forward Reverse 

Vimentin CTTCGCCAACTACATCGACA GCTTCAACGGCAAAGTTCTC 

IGFBP-3 GCCAGCTCCAGGAAATGCTA  TGAATGGAGGGGGTGGAACT  
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4. RESULTS  
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IGFBP-3 inhibits the migratory and invasive potential of HNSCC and NSCLC cells 

by suppressing EMT phenotypes. 

Base on the evidence that IGFBP-3 suppresses cell- adhesion, angiogenic and metastatic 

activities in NSCLC and HNSCC [40-42, 46], I investigated the effect of IGFBP-3 on the 

proliferative, migratory, and invasive capacities of HNSCC and NSCLC cells. I first 

determined the mRNA and protein expression of IGFBP-3 in several HNSCC cell lines 

(Figure 1-5A). Among cell lines, I selected those with high (UMSCC38, UMSCC1) and 

low (OSC19-Luc) levels of IGFBP-3 to perform the gain and loss of IGFBP-3 experiments. 

I  generated UMSCC38 and UMSCC1 cells in which IGFBP-3 was silenced by shRNAs 

(UMSCC38-shBP3 and UMSCC1-shBP3) or the OSC19-Luc cells with IGFBP-3 

overexpression (OSC19-BP3) (Figure 1-5B). Moreover, the NSCLC cell lines with high 

(H226B) and low (H1299) IGFBP-3 expression [47] were included in this study, and the 

H226B-shBP3 and H1299-BP3 cell lines were established by stable transfection of shRNA 

IGFBP-3 or IGFBP-3 expression vector (Figure 1-5B). Subsequently, the effects of 

IGFBP-3 on the proliferation, migration, and invasion of HNSCC and NSCLC cells with  

IGFBP-3 manipulation were investigated. The manipulation of IGFBP-3 expression 

negligibly affected cell proliferation (Figure 1-6A) but induced remarkable changes in the 

migratory and invasive capacity of HNSCC and NSCLC cells (Figure 1-6B-C). The 

UMSCC38-shBP3, UMSCC1-shBP3, and H226B-shBP3 cells exhibited faster-wound 

closure than the corresponding control cells as determined by scratch assay. In contrast, 

force overexpression of IGFBP-3 significantly delayed wound closure in OSC19-Luc and 

H1299 cells (Figure 1-6B). The consistent results were observed in the transwell assays. 

Silencing of IGFBP-3 showed a significant increase in migratory and invasive capacities 

of UMSCC38, UMSCC1, H226B cells, whereas overexpression of IGFBP-3 remarkedly 

suppressed the migration and invasion of OSC19 and H1299 cells (Figure 1-6C, D).  These 
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results indicate that IGFBP-3 suppresses the migratory and invasive potential of HNSCC 

and NSCLC cells. 

Given that EMT is the initial step for cancer cell migration and metastasis [10], I next 

investigated whether IGFBP-3 could suppress the EMT phenotypes. The common 

characterization of EMT is the downregulation of epithelial markers and upregulation of 

mesenchymal markers; thus, I examined the effect of IGFBP-3 on the E-cadherin, N-

cadherin in HNSCC cells with the manipulation of IGFBP-3 expression. Silencing of 

IGFBP-3 induced E-cadherin's downregulation and N-cadherin's upregulation, whereas 

overexpression of IGFBP-3 decreased N-cadherin expression and increased E-cadherin 

expression, as demonstrated in western blot (Figure 1-7A) and immunofluorescence 

(Figure 1-7B) analysis. The role of IGFBP-3 on TGFβ-induced EMT was further 

investigated. Treatment with TGFβ- a well-known EMT inducer [48] significantly 

increased migration in UMSCC38-shBP3 cells compared to UMSCC38-shEV cells 

(Figure 1-8B). However, the TGFβ-enhanced migration effect was markedly ablated by 

treatment with recombinant IGFBP-3 protein (Figure 1-8B). TGF-β induced 

morphological changes to a more mesenchymal-like state in UMSCC38-shBP3 cells but 

not in the corresponding control cells (Figure 1-8A). The inhibitory effect of IGFBP-3 on 

EMT in vivo was confirmed by immunohistochemistry (IHC) analysis of N-cadherin and 

fibronectin expression in xenograft tumors derived from mice inoculated with H226B-

shEV and H226B-shBP3 cells. Tumor tissues from mice bearing H226B-shBP-3 cells 

exhibited a significantly increased N-cadherin and fibronectin expression compared to the 

tumor tissues from mice bearing H226B-shEV cells (Figure 1-9). 

Accumulating evidence shows the interplay between EMT cancer stem cells (CSC) 

properties [49]. Cancer cells undergoing EMT exist in the CSC population leading to 

anticancer drug resistance, tumor recurrence, metastasis, and malignant tumors [50]. Thus, 
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I next investigated whether IGFBP-3 could inhibit CSC phenotypes. The HNSCC and 

NSCLC cells in which IGFBP-3 was silenced increased sphere-forming ability, whereas 

cells with IGFBP-3 overexpression significantly decreased sphere formation (Figure 1-

10A). Treatment with recombinant IGFBP-3 protein markedly suppressed the OSC19 and 

H1299 sphere formation (Figure 1-10B). Aldehyde dehydrogenase (ALDH) has been 

considered the marker for CSC in various cancer types [51]; therefore, I investigated the 

impact of IGFBP-3 on the ALDHhigh population in NSCLC and HNSCC cells using the 

AldRed 588-A assay. As shown in Figure 1-10C, the depletion of IGFBP-3 expression 

increased the ALDHhigh population in UMSCC38, UMSCC1 cells. Contrastingly, ectopic 

expression IGFBP-3 decreased the OSC19 and H1299 ALDHhigh populations. Altogether, 

these results indicate that IGFBP-3 suppresses EMT phenotypes in HNSCC and NSCLC 

cells. 
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Figure 1-5.  The IGFBP-3 expression in  HNSCC cell lines. 

(A) The protein and mRNA expression of IGFBP-3 in the indicated HNSCC cells were 

determined by western blot (upper panels) and RT-PCR (lower panels) analysis. (B) Cells 

with high IGFBP-3 levels (UMSCC38, UMSCC1, H226B) were stably transfected with 

the empty control shRNAs (shEV) and IGFBP-3 shRNA (left), whereas cells with low 

IGFBP-3 expression (OSC19-Luc, H1299) were forced to express IGFBP-3 (right). The 

protein expression of IGFBP-3 in the indicated cells were determined by western blot 

analysis. UM38: UMSCC38; UM1: UMSCC1; UM14A: UMSCC14A; OSC19: OSC19-

Luc.   
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Figure 1-6. The effect of IGFBP-3 on the proliferative, migratory and invasive 

potential of  NSCLC and HNSCC cells. 

(A) The cell proliferation abilities of indicated cells were determined by cell counting 

assay. The migratory and invasive capacity of HNSCC and NSCLC cells wherein IGFBP-

3 levels were manipulated are determined by scratch assay (B),  migration (C), and invasion 

(D) assays. Data represent the mean  ± SD. **P<0.01, ***P<0.001 were determined by the 

two-tailed Student's t-test compared with the corresponding control cells.  
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Figure 1-7. IGFBP-3 regulates EMT markers expression in HNSCC cells. 

The protein expression of EMT markers (E-cadherin, N-cadherin) of indicated cells was 

determined by western blot analysis (A) and Immunofluorescence analysis (B). Scale bar: 

50 μm. The quantification of the E-cadherin intensity was analyzed using ImageJ software. 

The bar represents the mean of intensity relative unit (RU) ± SD. *P<0.05, ***P<0.001 

were determined by the two-tailed Student's t-test compared with the corresponding control 

cells.   
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Figure 1-8. The effect of IGFBP-3 on TGF-β- induced migratory phenotypes in 

HNSCC and NSCLC cells. 

(A) H226B-shEV and H226B-shBP3 cells were treated with TGF-β (10ng/ml) for 48 

hours. The representative images of control and TGF-β treated cells were determined by 

microscope. Scale bar: 40 µm. (B) UMSCC38-shEV and UMSCC38-shBP3 cells were 

stimulated with or without TGF-β (10ng/ml) in the absence or presence of recombinant 

IGFBP-3 (10 µg/ml) for 48 hours and then subjected to migration assay. The bar represents 

the mean migration relative unit (RU) ± SD. **P<0.01, and  ***P<0.001 were determined 

by the two-tailed Student's t-test compared with the corresponding control cells. 
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Figure 1-9. The expression of EMT markers in H226B-shEV and H226B-shBP3 

xenograft tumors 

(A) The expression of IGFBP-3, N-cadherin, and fibronectin in H226-shEV and H226B-

shBP3 xenograft tumors was determined by IHC staining, scale bar: 0.5 mm. (B) The  IHC 

quantification was examined using ImageJ software. The bar represents the mean ± SD. 

*P<0.5, **P<0.01, and  ***P<0.001 were determined by the two-tailed Student's t-test.  
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Figure 1-10. IGFBP-3 inhibits CSC properties in HNSCC and NSCLC cells. 

The sphere-forming ability of stable knockdown IGFBP-3 cells (UMSCC38, UMSCC1) 

and cells with IGFBP-3- overexpression (OSC19, H1299) (A) or recombinant IGFBP-3 

treatment (B) were determined by sphere formation assay. (C) The ALDH activity of the 

indicated cells was determined by the ALDH assay.  An aliquot of each cell sample was 

treated with AldeRed 588-A with or without DEAB, followed by flow cytometry. The 

DEAB sample is the negative control used for the fluorescent baseline setting. The shift of 

fluorescence in the gating area representing the ALDHhigh population. Data represent the 

mean ± SD. *P<0.05, **P<0.01, and ***P<0.001 were determined by the two-tailed 

Student's t-test compared with the corresponding control cells. 
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IGFBP-3 suppresses HNSCC and NSCLC metastasis in vivo. 

We further examined the antimetastasis effect of IGFBP-3 on HNSCC and NSCLC cells 

using in vivo animal experiments.  We induced the oral carcinogenesis in the systemic 

Igfbp3 knockout (KO) mice on FVB/N background [52] by exposure to 4-nitroquinoline-

1-oxide (4-NQO), a carcinogen agent that has been described previously to generate 

squamous tumor in mouse oral cavity [53-55]. After three months of 4-NQO 

administration, both wild-type (WT) and Igfbp3 KO mice developed squamous tongue 

lesions (Figure 1-11A, B). The high susceptibility of FVB/N background to chemical-

induced carcinogenesis [56, 57] might explain the formation of the metastatic nodule in 

WT mice (Figure 1-11C), which is inverse with the previous reports.  However, 4-NQO-

administered Igfbp3 KO mice displayed significantly increased number, volume, and 

burden of metastatic lung tumors compared to WT mice (Figure 1-11D). Few carcinogen 

agents such as methylcarbamate and N-nitroso-tris-chloroethylureas [58] induce squamous 

cell carcinoma in murine lungs. Previous studies have been indicated that lung tumors 

induced by 4-NQO were papillary adenomas [59]. Thus, we assessed the expression of 

SOX2- a squamous cell carcinoma marker [60]  in metastatic lung nodules by 

immunohistochemistry analysis  (Figure 1-11E). The presence of SOX2 in lung nodules 

indicated the metastasis of HNSCC tumors.  

The antimetastatic activities of IGFBP-3 were further demonstrated in the orthotopic 

tongue tumor model of HNSCC cells. UMSCC38-shEV and UMSCC38-shBP3 cells were 

injected into the tongue of non-obese diabetic severe combined immunodeficiency 

(NOD/SCID) mice (Figure 1-12A). After five weeks, all mice developed squamous tongue 

tumors, and the local metastatic tumor formation was assessed by IVIS imaging using the 

MMP 680 probe (Figure 1-12B), followed by the histological evaluation of cervical lymph 

node lesions. Histological analysis revealed that mice bearing the UMSCC38-shBP3 
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tumors display significantly more local lymph node metastasis than mice bearing the 

UMSCC38-shEV tumors (Figure 1-12C). 

Furthermore, the effect of IGFBP-3 on the metastatic potential of NSCLC cells was further 

investigated in the xenograft model.  The H226B-shEV and H226B-shBP3 cells were 

subcutaneously inoculated into the right flank of NOD/SCID mice. After 1.5 months, the 

primary and metastatic tumors were analyzed (Figure 1-13A). We observed a negligible 

difference in tumor weights in each group (Figure 1-13B). However, mice bearing H226B-

shBP3 tumors displayed increased metastatic tumor number, tumor volume, and tumor 

burden than those bearing H226B-shEV tumors (Figure 1-13C, D). Accumulatively, these 

results indicate that IGFBP-3 suppresses the metastatic potential of  HNSCC and NSCLC 

cells in vivo.  
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Figure 1-11. The antimetastatic activity of IGFBP-3 in the spontaneous HNSCC 

tumorigenesis model. 

(A) Schematic diagram illustrating the protocol using the 4-NQO- to induce HNSCC oral 

tumorigenesis model in systemic Igfbp3 KO mice: the WT and Igfbp3 KO mice (Igfbp3+/+ 

con: n=6; Igfbp3+/+ 4-NQO: n=7; Igfbp3-/- con: n=6; Igfbp3-/- 4-NQO: n=9) were exposed 

to 4-NQO for three months. The primary tumors (B) and the metastatic lung tumors (C) 

formation were determined by H&E staining. (D) The numbers, volume, and burdens of 

metastatic tumors were assessed using microscopic analysis. (E) The expression of 

squamous cell marker SOX-2 in metastatic nodules was determined by 

Immunohistochemistry (IHC) analysis. Scale bar: 25 µm. The bar represents the mean ± 

SD. *P<0.05, ***P<0.001 were determined by the Mann-Whitney test compared with the 

corresponding control mice.  
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Figure 1-12. The antimetastatic activity of IGFBP-3  in the HNSCC orthotopic mouse 

model.  

(A) The schematic diagram illustrating the HNSCC orthotopic mouse model: UMSCC38-

shEV and UMSCC38-shBP3 cells were injected into the tongue of NOD/SCID mice (n=5). 

After five weeks, the primary tumor formation and local lymph node metastasis were 

analyzed. (B) Representative bioluminescent images demonstrated the local lymph node 

metastasis in mice bearing UMSCC38-shEV and UMSCC38-shBP3 tumors were 

determined by IVIS imaging analysis. (C) The incidence of metastatic tumors was 

determined by histological evaluation.  
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Figure 1-13. The antimetastatic activity of IGFBP-3 in the NSCLC xenograft mouse 

model. 

(A) The schematic diagram illustrating the NSCLC xenograft mouse model: H226B-shEV 

and H226B-shBP3 cells were subcutaneously injected into NOD/SCID mice's right flank. 

After 1.5 months, the tumor weight (B) and metastatic lung tumor formation (C) were 

analyzed. No changes in the tumor weight mice in each group (B). The representative 

images demonstrated the metastatic lung nodules in mice bearing H226B-shEV, and 

H226B-shBP3 tumors were determined by H&E staining (C), scale bar: 1 mm. (D) The 

numbers, volume, and burden of metastatic lung tumors in each group were determined by 

microscopic analysis. The bar represents the mean ± SD. *P<0.05, **P<0.01, and 

***P<0.001 as determined by the Mann-Whitney test (D middle and right) and the two-

tailed Student's t-test (D, left) compared with the corresponding control mice. 
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IGFBP-3 downregulates vimentin protein expression in an IGF-independent manner. 

Vimentin is a cytoskeleton component that plays an essential role in cell integrity 

maintenance. Vimentin increases the motility, adhesion, and migration of cancer cells 

during the EMT. Based on the crucial impact of vimentin on EMT, migration, and 

metastasis [15], I assessed whether vimentin involves the antimetastatic mechanism of 

IGFBP-3 in aerodigestive tract cancer cells. The effect of IGFBP-3 on vimentin-induced 

OSC19-Luc migration was illustrated in Figure 1-14A. Overexpression of vimentin 

enhanced the migratory and invasive capacities of OSC19-Luc. However, the increased 

migration and invasion induced by vimentin were remarkably ablated by the dose-

dependent expression of IGFBP-3. The effect of IGFBP-3 downregulated vimentin 

expression was determined by western blot (Figure 1-14C) and immunofluorescence 

(Figure 1-14D) analysis. Vimentin expression was significantly elevated in stable IGFBP-

3 knockdown cells while was suppressed in cells with IGFBP-3 overexpression (Figure 1-

14C, D). Moreover, IGFBP-3 decreased-vimentin protein expression in a dose-dependent 

manner (Figure 1-14B). Consistently, immunofluorescence analysis revealed the inverse 

correlation between IGFBP-3 and vimentin expression (Figure 1-15) in the H226B-shEV 

xenograft tumor. 

Given that IGFBP-3 exerts cellular functions through both IGF-dependent and independent 

actions [39, 40], I further examined whether the IGF axis is involved in vimentin regulation 

by IGFBP-3. Treatment with recombinant IGFBP-3 induced vimentin downregulation in 

cells with shRNA-mediated IGF1-R silencing (Figure 1-16A). The decreased vimentin 

expression was also observed in UMSCC38 cells transfected with the construct encoding 

IGFBP-3 GGG (I56, L80G, L81G), a mutant IGFBP-3 with reduced IGF-binding affinity 

[61] (Figure 1-16B). Additionally, IGFBP-3 regulates vimentin expression in an IGF-

independent manner was confirmed by immunofluorescence analysis. As shown in Figure 
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1-16C, both WT IGFBP-3 and IGFBP-3 GGG suppressed vimentin expression in 

UMSCC38-shBP3 and H1299 cells. Vimentin expression also was elevated in primary 

H226B-shBP3 tumors compared to H226B-shEV tumors  (Figure 1-16D). Generally, these 

results indicate that IGFBP-3 downregulates vimentin in an IGF-independent manner, and 

vimentin is the downstream target for the antimetastatic effect of IGFBP-3.  
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Figure 1-14.  IGFBP-3 downregulates vimentin expression. 

(A) The migratory and invasive activities of OSC19-Luc cells in which pEGFP-vimentin 

was transiently transfected alone or combined with the increasing amounts of IGFBP-3 

plasmid were determined by migration and invasion assays. The expression of vimentin 

and IGFBP-3 were determined by western blot analysis (B). The vimentin expression in 

indicated cells was determined by western blot analysis and immunofluorescence staining 

(D). Scale bar: 50 µm.  
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Figure 1-15.  The reverse correlation between IGFBP-3 and vimentin expression in 

H226B-shEV xenograft tumor. 

The reverse correlation between IGFBP-3 and vimentin in H226B-shEV xenograft tumors 

was determined by immunofluorescence analysis. Scale bar: 10 µm (left), 20 µm (right).  
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 Figure 1-16. IGFBP-3 regulates vimentin expression in an IGF-independent manner  

(A) The stable control or IGF-1R knockdown UMSCC38 (left panels) and H1299 (right 

panels) cells were treated with recombinant IGFBP-3 protein (10 µm/ml) for 48 hours. The 

expressions of IGFBP-3, IGF-1R, and vimentin were determined by western blot analysis. 

UMSCC38-shEV and UMSCC38-shIGF1R cells were transiently transfected with empty 

vector or pCMV6-IGFBP-3-GGG (BP3-GGG) for 48 hours. The expressions of indicated 

proteins were determined by western blot analysis (B) and immunofluorescence staining 

(C). Scale bar: 50 µm (left) and 20 µm (right). (D) The vimentin expression in the 226B-

shEV and H226B-shBP3 xenograft tumors were determined by immunofluorescence 

staining using anti-vimentin,  anti-IGFBP-3 antibodies, scale bar: 50 µm  
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IGFBP-3 regulates the stabilization of vimentin protein. 

Given that IGFBP-3 downregulates vimentin protein expression in HNSCC and NSCLC 

cells, I further investigated the effect of IGFBP-3 on the vimentin mRNA expression. As 

shown in Figure 1-17A, manipulation of IGFBP-3 expression did not alter vimentin 

mRNA levels in HNSCC and NSCLC cells, suggesting that IGFBP-3 regulates vimentin 

expression post-transcriptionally. I next examined the effect of IGFBP-3 on vimentin 

stability in UMSCC38-shEV and UMSCC38-shBP-3 cells in the presence of 

cycloheximide (CHX) [62] to block the protein synthesis. Interestingly, silencing of 

IGFBP-3 expression significantly enhanced the vimentin half-life, whereas overexpression 

of IGFBP-3 in UMSCC38-shBP3 cells remarkedly diminished the vimentin stabilization 

(Figure 1-17B, C). This result indicates that IGFBP-3 regulates the protein stability of 

vimentin. 

The ubiquitin-dependent proteasome pathway is critical for controlling cell functions by 

regulating various cellular proteins' stability [63]. The proteasome mediates the 

degradation of vimentin, which has been suggested previously [64]. Thus, I investigated 

whether IGFBP-3 regulates vimentin stability via the ubiquitin-dependent proteasome 

pathway. As shown in Figure 1-17D, vimentin's ubiquitylation was diminished in 

UMSCC38-shBP3 cells, whereas overexpression of IGFBP-3 remarkedly enhanced 

ubiquitination of vimentin (Figure 1-17E). These results suggest that IGFBP-3 induces 

vimentin degradation through the ubiquitin-dependent proteasome pathway. To elucidate 

whether IGFBP-3 could interact with vimentin, I performed the immunoprecipitation assay 

using MG132-treated UMSCC38-shEV cells. I detected the endogenous vimentin in 

IGFBP-3 immunoprecipitates and endogenous IGFBP-3 in vimentin immunoprecipitates 

(Figure 1-18A). There is undetectable IGFBP-3 – vimentin association in cells with low 

IGFBP-3 basal level. However, ectopic expression of IGFBP-3 enhanced the interaction 
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between IGFBP-3 and vimentin in these cells (Figure 1-18B). I next generated the bacterial 

recombinant His-tagged IGFBP-3 and GST-tagged vimentin proteins. The IGFBP-3 and 

vimentin interaction was further investigated using a pull-down assay with bacterial 

recombinant IGFBP-3 or GST-tagged vimentin and UMSCC38 cell lysate. Figure 1-18C 

showed the apparent association between IGFBP-3 and vimentin. I further investigated 

whether IGFBP-3 directly binds to vimentin. By performing the in vitro binding assay 

using bacterial recombinant His-tagged IGFBP-3 and GST-tagged vimentin proteins, I 

detected the direct interaction between IGFBP-3 and vimentin (Figure 1-18D). 

Immunofluorescence analysis of vimentin and IGFBP-3 expression in MG132-treated 

UMSCC38 cells demonstrated their co-localization in the cytoplasm (Figure 1-18E). 

Altogether, these results suggest that IGFBP-3 interacts with vimentin and mediates 

vimentin degradation through the ubiquitin-dependent proteasome pathway.  
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Figure 1-17. IGFBP-3 regulates vimentin stability through the ubiquitin-dependent 

proteasome pathway.  

(A) The VIM mRNA expression in HNSCC and NSCLC cells with the manipulation of 

IGFBP-3 expression was determined by real-time PCR analysis. (B) UMSCC38-shEV 

cells (B, left)  and UMSCC38-shBP3 cells  are transfected with empty vector pCMV6 (EV) 

(B, middle) or pCMV6-IGFBP3 (BP3) vector (B, right) and treated with cycloheximide 

(CHX; 100 µg/ml). The vimentin expression at indicated time points was determined by 

western blot analysis. (C) The relative vimentin level was determined by densitometric 

analysis of vimentin expression normalized with the actin level at each time point using 

ImageJ software. UMSCC38-shEV, UMSCC38-shBP3 cells (D), and OSC19-EV, OSC19-

BP3 cells (E) were treated with MG132 (10 µM,6 hours), followed by immunoprecipitation 

with anti-vimentin antibody and western blot analysis with anti-ubiquitin antibody. The 

whole-cell lysate (WCL) protein expression was determined by western blot analysis. BP3: 

IGFBP-3; WCL: whole cell lysates, Ub: ubiquitin. Each bar represents the mean ± SD. 

*P<0.05, **P<0.01 were determined by the one-way ANOVA followed by Dunnett's post-

hoc test. 
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Figure 1-18. IGFBP-3 interacts with vimentin in HNSCC cells. 

(A) The IGFBP-3 and vimentin interaction was determined by immunoprecipitation with 

anti-vimentin or anti-IGFBP-3 antibodies, followed by western blot analysis. (B) 

UMSCC38-shBP-3 and OSC19 cells were transfected with an empty vector (EV)  or 

pCMV6-IGFBP3 (BP3). The cell lysates were subjected to immunoprecipitation with the 

anti-vimentin antibody, followed by western blot analysis. (C) Ni-NTA agarose bound 

recombinant His-tagged IGFBP-3 (upper) or glutathione (GSH) agarose bound 

recombinant GST-tagged vimentin proteins were incubated with UMSCC38 cell lysates. 

The interaction between agarose-bound proteins and endogenous proteins was determined 

by immunoblotting with anti-IGFBP-3 or anti-vimentin antibodies. Ni-NTA agarose and 

GSH agarose bound GST binding acts as the negative control binding to ensure specific 

interaction. (D) The direct interaction between vimentin and IGFBP-3: the bead-bound 

proteins and the purified recombinant proteins of IGFBP-3 and vimentin were incubated 

in TNE buffer. The complexes were pulled down. The direct interaction of two proteins 

was determined by western blot using anti-IGFBP-3, anti-vimentin, anti-GST, anti-His 

antibodies. (E) The co-localization of vimentin and IGFBP-3: UMSCC38-shBP3 cells 

were transiently transfected with empty vector pCMV6 (EV) or pCMV6-IGFBP3 (BP3) 

for 48 hours, followed by MG132 treatment (10 µM, 6 hours). The co-localization of 

IGFBP-3 and vimentin was determined by immunofluorescence. Scale bar: 20 µm. Vim: 

BP3: IGFBP-3; WCL: whole cell lysates; or  UM38-shEV: UMSCC38-shEV; UM38-

shBP3: UMSCC38-shBP3; OSC19: OSC19-Luc. NS: the nonspecific band.   
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The C-terminal domain of IGFBP3 and the head domain of vimentin are critical for 

their interaction. 

To determine which domain of IGFBP-3 is crucial for its interaction with vimentin, I first 

generated the plasmids encoding for Myc-tagged N- (N), middle-(M), and C- terminal (C) 

domains of IGFBP-3 [65] (Figure 1-19A) and then transfected them into the HEK293T 

cells. The interaction of IGFBP-3 domains with vimentin was determined by 

immunoprecipitation assay using the anti-vimentin antibody. Figure 1-19B exhibits the 

apparent interaction between the C-terminal domain of IGFBP-3 with vimentin. I next 

generated the bacterial plasmids containing the N-, M-, C- terminal residues of IGFBP-3 

and produced the respective recombinant proteins. The pull-down assay showed the 

interaction between the C-terminal domain of IGFBP-3 and endogenous vimentin protein 

(Figure 1-19C). The direct association between recombinant C-terminal residues of 

IGFBP-3 and recombinant GST-tagged vimentin proteins was confirmed by in vitro 

binding assay (Figure 1-19D). 

The human full-length vimentin composes the central α-helical-α coiled-coil domain 

capped on each side by the non-α helical amino- (head)  and the carboxy- (tail) terminal 

domains [66, 67]. To determine the vimentin domain, which is critical for binding with 

IGFBP-3, I generated the recombinant GST-tagged head, coiled-coil, and tail domains of 

vimentin proteins (Figure 1-20A). The interaction of vimentin domains with IGFBP-3 was 

determined by in vitro binding assay. The head domain of vimentin directly binds to 

IGFBP-3, as shown in Figure 1-20B. I further confirmed the specific binding of IGFBP-3 

and vimentin head domain using the recombinant vimentin domain-deletion mutants. 

Deleting the tail and coiled-coil domains of vimentin did not affect its interaction with 

IGFBP-3, whereas deleting the vimentin head domain significantly eliminated the IGFBP-
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3 and vimentin interaction (Figure 1-20C). Together,  these results indicate that the C-

terminal domain of IGFBP-3 and the head domain of vimentin are critical for their binding. 
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Figure 1-19. The C-terminal domain of IGFBP-3 is critical for the interaction with 

vimentin. 

(A) The schematic diagram illustrates the structure of full-length and domains of IGFBP-

3. (B) The binding of IGFBP-3 domains with vimentin was determined using 

immunoprecipitation: HEK293T cells were transfected with Myc-tagged N-, M- and C-

terminal domains of IGFBP-3 plasmids for 48 hours. The cell lysates were 

immunoprecipitated with anti-vimentin antibody, followed by western blot analysis. (C) 

The interaction between N-, M- and C-terminal domains of IGFBP-3 with endogenous 

vimentin was determined by pull-down assay: The Ni-NTA agarose bound recombinant 

His-tagged N-, M-, C- terminal domains of IGFBP-3 were incubated with UMSCC38 cell 

lysates. (D) Direct interaction between domains of IGFBP-3 with vimentin was examined 

by in-vitro binding assay: The GSH beads-bound recombinant vimentin was incubated with 

the recombinant N-, M-, C- terminal domain of IGFBP-3 proteins in the TNE buffer. The 

protein interaction was determined by immunoblotting using anti-Histidine, anti-GST 

antibodies. 
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Figure 1-20. The head domain of vimentin is critical for the binding with IGFBP-3 

(A) The schematic diagram illustrates the full-length and domain constructs of vimentin. 

(B) The in-vitro binding assay determined the binding of vimentin domains and IGFBP-3: 

the bead-bound recombinant vimentin's domain (head, coil-coiled, tail) proteins (B) or the 

bead-bound recombinant domain-deletion mutant of vimentin (C) were incubated with the 

recombinant IGFBP-3 protein in TNE buffer. The binding complexes were pulled down, 

and the protein interaction was determined by immunoblotting. The GSH-bound GST 

binding acts as a negative binding control sample. Head: head domain; CC: coiled-coil 

domain; Tail: tail domain; ∆H: head domain deletion mutant; ∆CC:  coiled-coil domain 

deletion mutant; ∆T: tail domain deletion mutant. 
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IGFBP-3 induces vimentin protein destabilization through the ubiquitin-dependent-

proteasome pathway by mediating the complex between vimentin and the F-box E3 

ubiquitin ligase FBXL14. 

Since IGFBP-3 induces vimentin ubiquitination, I assessed the E3 ligases implicates in the 

polyubiquitination of vimentin. The SKP-Cullin1-F box (SCF) comprises the S phase 

kinase adapter protein, scaffold protein Cullin1, and F-box protein is the largest family of 

the ubiquitin ligase complexes [68]. In SCF complexes, the F-box protein ligases recognize 

various biological and oncogenic substrates for ubiquitination and protein degradation. A 

siRNA library was screened to determine the potential ubiquitin ligases that mediate 

vimentin degradation by IGFBP-3, including siRNA targeting 11 F-box E3 ligases: 

FBXO1, FBX04, FBX09, FBX15, FBX32, FBXL6, FBXL12, FBXL14, FBXW7, and 

FBXW8. Silencing of FBXO1, FBX04, FBXL14 by siRNAs remarkedly suppressed 

vimentin expression (Figure 1-21), which is consistent with previous studies that reported 

these F-box ligases' impact on the expression of several mesenchymal markers, including 

vimentin [69-72]. Next, I investigated whether these candidate proteins could mediate the 

vimentin ubiquitination in UMSCC38 cells. As shown in Figure 1-22A, siRNA mediated 

FBXO1 or FBXL14 silencing significantly abolished the polyubiquitination of vimentin in 

UMSCC38 cells. To further elucidate which E3 ligases are involved in the IGFBP-3-

induced vimentin degradation process, I performed immunoprecipitation of vimentin 

expression in the HEK293T cells cotransfected with  IGFBP-3 and FBXL14, or FBXO1, 

followed by MG132 treatment. Figure 1-22B showed the interaction of IGFBP-3 and 

vimentin with FBXL14 but not with FBXO1. Consistently, FBXL14 interacted with 

IGFBP-3 and vimentin determined by immunoprecipitation using the anti-HA antibody 

(Figure 1-22C). Moreover, FBXL14 - vimentin interaction was apparent in cells with high 

IGFBP-3 expression (UMSCC38-shEV and OSC19-BP3 cells) but undetectable in cells 
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loss IGFBP-3 expression  (UMSCC38-shBP3 and OSC19-EV cells) (Figure 1-22D). Co-

expression of IGFBP-3 and FBXL14 in HEK293T cells markedly suppressed vimentin 

expression in HEK293T cells, whereas overexpression of IGFBP-3 or FBXL14 alone 

failed to do that (Figure 1-22E). Altogether, these findings suggest that IGFBP-3 induced 

proteasome-mediated vimentin degradation by recruiting the E3 ligase FBXL14. 

  



64 

 

 

 

 

 

 

 

 

 

Figure 1-21. Vimentin expression in cells with siRNAs mediated-F-Box proteins 

silencing. 

UMSCC38 cells were transiently transfected with control siRNA and various siRNAs 

targeting F-box proteins for 48 hours. The expression of vimentin was determined by 

western blot analysis.   
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Figure 1-22. IGFBP-3 induces ubiquitin-mediated vimentin degradation by 

recruitment of the E3 ligase FBXL14. 

(A) UMSCC38 cells were transiently transfected with siRNAs targeting FBXO1, FBX04, 

and FBXL14 for 48 hours and then treated with MG132 (10 µM, 6 hours). The 

polyubiquitylation of vimentin was determined by immunoprecipitation with the anti-

vimentin antibody, followed by immunoblotting. HEK293T cells were transiently 

transfected with Flag-tagged FBXO1 (B) or HA-tagged FBXL14 (B, C) vectors, followed 

by MG132 treatment (10 µM, 6 hours). The interaction of these E3 ligases with endogenous 

vimentin was determined by immunoprecipitation using the anti-vimentin antibody (B) or 

anti-HA (C).  (D) IGFBP-3 expression enhances the interaction of vimentin and FBXL14. 

UMSCC38-shEV, UMSCC38-shBP3 (left) or OSC19-EV, OSC19-BP3 (right) cells were 

transiently transfected with HA-FBXL14 and IGFBP-3 expressing vectors and then treated 

with MG132 (10 µM, 6 hours). The cell lysate was subjected to immunoprecipitation using 

the anti-vimentin antibody, followed by immunoblotting. (E) HEK293T cells were 

transiently transfected with empty vector, pCMV6-IGFBP-3, HA-FBXL14 vectors alone, 

or the combination of FBXL14 and IGFBP-3. The vimentin expression was determined by 

western blot analysis. BP3: IGFBP-3; Ub: ubiquitin; WCL: whole cell lysate. 
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5. DISCUSSION  
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Metastasis, the cancer cells' movement from the primary tumors to the local or distant sites, 

is the leading cause of cancer-related death [73-75]. Metastasis biology is a complicated 

process. Until now, there is still a lack of knowledge about cancer cell migration and 

invasion processes, the heterogeneity of metastasis, the organotropism, and the implication 

of the microenvironment at the distant sites. Thus, well-understanding metastasis biology 

helps us prevent or develop appropriate therapeutic strategies to overcome cancer 

metastasis. Here, this study highlights the antimetastatic role of IGFBP-3 in aerodigestive 

tract cancers. IGFBP-3 suppresses EMT phenotypes, cancer migration, and metastatic 

potential of HNSCC and NSCLC cells. Moreover, IGFBP-3 directly associates with 

vimentin and mediates vimentin degradation through the ubiquitin-dependent proteasome 

pathway by recruiting the E3 ligase FBXL14. The C-terminal domain of IGFBP-3 and the 

head domain of vimentin is crucial for their binding. Altogether, these findings suggest the 

role of IGFBP-3 as the metastasis suppressor in aerodigestive tract cancers. 

IGFBP-3 has been shown as a tumor suppressor based on its antitumor, antiangiogenic 

activities, and cell-adhesion suppression in various cancers [38-40]. The antimetastatic 

activities of IGFBP-3 have been suggested in several carcinomas [40-42]. However, the 

functional role of IGFBP-3 on HNSCC and NSCLC metastasis and the downstream target 

involved in its antimetastatic mechanism remains unknown. Therefore, I hypothesized that 

IGFBP-3 could exert the antimetastatic effects in HNSCC and NSCLC. In this study, serial 

in vitro and in vivo experiments were performed, and these results support my hypothesis: 

(1) Silencing IGFBP-3 expression increased the migratory and invasive capacity, whereas 

overexpression of IGFBP-3 suppressed these invasive phenotypes in HNSCC and NSCLC 

cells. (2) IGFBP-3 regulated the migratory and invasive capacity of HNSCC and NSCLC 

cells by suppressing the EMT phenotypes. (3) The metastatic potential of HNSCC was 

enhanced in 4-NQO administered Igfbp3 KO mice. (4) The silencing of IGFBP-3 promotes 
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local lymph node metastasis in the HNSCC orthotopic mouse model. (5) Depletion of 

IGFBP-3 enhances the metastatic potential of NSCLC cells in the xenograft mouse model. 

Given that IGFBP-3 is a metastasis suppressor in HNSCC and NSCLC, I further 

determined its downstream target protein and the underlying mechanism. It has been 

known that IGFBP-3 could exert cellular actions in both IGF-dependent and independent 

manners. The IGF-independent actions of IGFBP-3 are mediated by the interaction of 

IGFBP-3 with non-IGFs proteins in ECM, cell surface, nucleus, or intracellular locations. 

IGFBP-3 suppresses tumor growth, angiogenesis, and cell adhesion in HNSCC and 

NSCLC by regulating Egr1 transcriptional activity and integrin signaling. EMT is the 

initial step for cancer metastasis. By undergoing EMT, epithelial cancer cells acquire 

mesenchymal phenotypes, favoring their local or distant invasion [10, 76]. However, the 

effect of IGFBP-3 on EMT remains unknown. This study revealed that IGFBP-3 

suppressed EMT phenotypes demonstrated in the following results (1) IGFBP-3 

downregulates mesenchymal markers (N-cadherin and vimentin) and upregulates epithelial 

marker (E-cadherin) expression in HNSCC and NSCLC cells. (2) Silencing IGFBP-3 

expression promotes the TGF-β-induced mesenchymal phenotypes in HNSCC cells. (3) 

Mice bearing H226B-shBP-3 tumors displayed increased mesenchymal marker expression 

(N-cad and Fibronectin) compared to those bearing H226B-shEV tumors. Strikingly, this 

study shows that IGFBP-3 suppresses vimentin expression in an IGF-independent manner. 

Previous studies have shown that vimentin sufficiently induces morphological changes in 

epithelial cancer cells to a mesenchymal-like shape [15]. Vimentin expression promotes 

cell adhesion, motility by affecting microtubules, restricting actin flow, regulating traction 

stress, supporting lateral cell-cell contacts, and upregulating contact-dependent cell 

stiffening [20]. Vimentin regulates signaling pathways associated with cell adhesion, EMT, 

and invasion by forming a complex with VAV-FAK [77],  protecting Erk from inactivation 
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and promoting Erk-Slug mediated invasion [23], protecting Scribble from proteasomal 

degradation [78]. By maintaining heterotypic tumor cells during the collective invasion, 

vimentin is essential for lung adenocarcinoma metastasis. Vimentin was found in the 

tumor-associated fibroblasts at the invasive pack edges but not in the invading tumor cells 

[25]. Moreover, vimentin has been considered a valuable prognostic factor for tongue 

squamous cell carcinoma and NSCLC. High vimentin expression is correlated with 

tumorigenesis, advanced TNM stage, metastasis, and lower survival in TSCC and NSCLC 

patients [16, 18, 19]. These findings suggest that vimentin involves cancer metastasis 

through multiple aspects, and targeting vimentin is a promising strategy for antimetastasis. 

My results illustrated that IGFBP-3 downregulates vimentin expression in HNSCC and 

NSCLC cells. Overexpression of IGFBP-3 abolished vimentin-induced migration and 

invasion in HNSCC cells, indicating that IGFBP-3 suppresses migratory and invasive 

activities through its regulation on vimentin expression. I further elucidated the underlying 

mechanism of how IGFBP-3 negatively regulated vimentin and revealed that IGFBP-3 

directly binds to and inhibits vimentin's protein stability through the ubiquitin-dependent 

proteasome pathway. Overexpression of IGFBP-3 induced vimentin polyubiquitination, 

while IGFBP-3 depletion suppressed the polyubiquitination of vimentin. The degradation 

of vimentin through the proteasomal pathway has been described previously. A small 

inhibitor, FiVe1, induces ubiquitylation, and degradation of vimentin, leading to vimentin 

disorganization and mitotic disruption in mesenchymal cancers [79]. Thus, vimentin 

depletion via proteasomal degradation pathway results in the disruption of its architecture 

and morphological changes to more epithelial-like states in cancer cells, explaining why 

IGFBP-3 regulates vimentin could inhibit cancer cell migration and invasion.  

My study also revealed that the C-terminal domain of IGFBP-3 and the head domain of 

vimentin are crucial for their interaction. Previous studies showed that the IGFBP-3 C-
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terminal domain has been crucial for its cellular internalization. Additionally, the C-

terminal domain also contains multiple functional motifs such as the nuclear localization 

sequence (NLS), the binding sites for Heparin, acid-labile subunit (ALS), IGFs [27]. On 

the other hand, the head domain of vimentin contained several phosphorylation sites 

essential for its assembly [80]. Previously, Akt1 has been shown to phosphorylate the Ser39 

[74] residue on the head domain of vimentin, enhancing vimentin-induced cancer cell 

motility and invasion. Therefore, I suggest that IGFBP-3 regulates cancer cell migration 

and invasion by preventing Akt-induced phosphorylation in vimentin's head domain.  

This study further demonstrated that IGFBP-3 promotes the interaction between vimentin 

and the E3 ligase FBXL14, leading to ubiquitin-mediated vimentin degradation. In breast 

cancer, FBXL14 suppresses EMT markers expression, including vimentin [69]. FBXL14 

mediates Twist and Snail proteasomal degradation, thereby regulates their protein 

stabilities [71, 72, 81]. Ppa, a homolog of FBXL14 in X. laevis embryos, has also mediated 

another EMT transcription factor's degradation- Slug [81]. The antimetastatic role of 

FBXL14 has been reported in previous studies [69]. Thus, targeting FBXL14 could control 

the EMT-induced metastasis in cancer cells. However, further experiments are required to 

elucidate the mechanism by which FBXL14 mediates the proteasomal degradation of 

vimentin. Here, IGFBP-3 appears as an enhancer for vimentin-FBXL14 interaction results 

in the destabilization and disassembly of vimentin.  
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6. CONCLUSION  



72 

 

In conclusion, chapter 1 demonstrated the inhibitory effect of IGFBP-3 on migration and 

invasion of aerodigestive tract cancer cells by suppressing EMT phenotypes. IGFBP-3 

suppresses vimentin-induced migration and invasion in HNSCC cells and negatively 

regulates vimentin protein expression in an IGF-independent manner. This study reveals 

the first time vimentin is the downstream target of IGFBP-3. IGFBP-3 directly binds 

vimentin and regulates vimentin protein stability through the ubiquitin-dependent 

proteasome pathway in cooperation with the E3 ligase FBXL14. These findings highlight 

the antimetastatic effect of IGFBP-3, and targeting vimentin by utilizing IGFBP-3 could 

be a promising strategy to treat EMT-induced metastasis. Further studies should be 

designed to evaluate the potential of IGFBP-3 and its C-terminal domain on the metastasis 

progression in aerodigestive tract cancers.  
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Figure 1-23. The schematic model of the antimetastasis mechanism of IGFBP-3 

In the absence of IGFBP-3, vimentin protein composed of the central α-helix coiled-coil 

(CC) domain capped on each side by amino (head; H) and carboxyl (tail; T) domains. 

Vimentin assembly mediated by coiled-coil dimerization stimulating EMT program and 

results in cancer metastasis (left). In the presence of IGFBP-3, IGFBP-3 mediates the 

ubiquitin-mediated degradation of vimentin via the recruitment of E3 ligase FBXL14, 

resulting in decreased vimentin assembly suppressing the EMT program and cancer 

metastasis (right).  
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II. CHAPTER 2 

The development of a natural HSP90 inhibitor targeting both cancer 

stem and non-stem populations in non-small cell lung cancer 
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1. INTRODUCTION  
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Cancer stem cells (CSCs) 

The solid malignant tumors consist of cancer stem cells (CSC) and the bulk tumor (non-

CSC) populations. Cancer stem cells are the subpopulation of tumor cells that can self-

renew and differentiate to generate various cancer subtypes [82]. The conventional 

anticancer therapies only effectively eradiate the non-CSC but not CSCs populations, 

contributing to tumor relapse after treatment. Previous clinical studies revealed the intrinsic 

resistance of the CSC population to chemotherapy and radiation therapy in several 

malignancies [83, 84]. Moreover, drug treatment or microenvironment can induce the 

switch of differentiated cancer cells to CSC [85, 86], making tumor elimination more 

difficult. The CSC subpopulation exhibits a mesenchymal phenotype and increases 

migration and invasion capacities in several cancers. CSC's existence contributes to tumor 

development, progression, and anticancer drug resistance [87]; thus, targeting CSC is 

urgent.  

CSCs have been supposed to originate from the normal stem cells or progenitor cells [87]. 

The accumulating studies revealed that CSCs are distinct from the bulk tumor cells and 

distinguished by specific cell surface proteins called CSC markers. Cells with stem-like 

properties have been shown to express CD44, CD133, epithelial cell adhesion molecule 

(EpCAM) on the cell surface, or exhibit the high enzymatic activity of aldehyde 

dehydrogenase (ALDH) in various cancers [88-91]. Moreover, inhibition of signalings 

essential for stemness maintenance such as Wnt, Notch, Hedgehog, Hippo has been 

considered anti-CSC strategy [87]. Although some progress has been made recently,  the 

determination of specific agents targeting CSC remains challenging.   
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Figure 2-1. The markers of Cancer stem cells  

CSCs are the subpopulation that possesses the self-renewal and differentiation capacity to 

generate the tumor's whole bulk. Tumor cells acquire stem-like properties by EMT or CSCs 

inducers such as TGF-β, WNT, and Notch. CSCs can be isolated by distinct CSCs markers 

such as CD24, CD133, EpCAM, and aldehyde dehydrogenase (ALDH). 

Reference: Singh, Anurag & Settleman, Jeff. (2010). EMT, cancer stem cells and drug 

resistance: An emerging axis of evil in the war on cancer. Oncogene. 29. 4741-51. 

10.1038/onc.2010.215.   
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Heat shock protein 90 (HSP90) 

Heat shock protein 90 is a major molecular chaperone that plays an essential role in 

maintaining cellular homeostasis, especially under stressful conditions such as sudden 

increased temperature, which explains the term “heat shock.” HSP90 interacts with cellular 

proteins called substrates or HSP90’s clients to regulate their proper folding [92, 93].  The 

HSP90 monomer consists of three highly conserved domains, including the amino-terminal 

domain (N), the middle terminal domain (M), and the carboxy-terminal domain (C). It has 

been proposed that the N-terminal domain is responsible for the binding with ATP, the M-

terminal domain is essential for the ATP-hydrolysis, and substrates binding; on the other 

hand, the C-terminal domain is responsible for the HSP90 dimerization, which is essential 

for HSP90 function [94]. 

The conformational changes of HSP90 dimer can be regulated by HSP90 co-chaperones, 

which control the ATP-hydrolysis, maintain the stable conformation, or recruit the client 

proteins to the HSPs machinery. In the unbound ATP-state, HSP90 is in the open 

conformation (V-shape) that allow for the recruitment and interaction with HSP90 

substrates. However, upon ATP binding, HSP90 adopts the ATP-bound state. Next, the 

“lid region” on the N-terminal domain closes over the ATP-bound state, and the clients' 

protein was kept inside the chaperon complex. The N-terminal domains start to dimerize 

and form the closed state, crucial for the ATP hydrolysis process.  After ATP-hydrolysis, 

two N-terminal domains disassociate to release ADP and the active form of client protein. 

Eventually, HSP90 returns to the open state. 

The diverse HSP90 clients are protein kinases, transcription factors, steroid hormones, and 

E3 ubiquitin ligases. Thus by regulating these substrates' maturation, HSP90 involves 

many cellular pathways [94].  Overexpression of HSP90 has been reported in human 

cancers. High HSP90 expression frequently correlates with poor prognosis [95]. Recent 
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studies demonstrated the agents disrupt HSP90 function by targeting the ATP-binding 

pockets on the N- or C-terminal domain of HSP90. Currently, the effects of several 

promising inhibitors are evaluated in clinical trials [96, 97]. Thus, targeting HSP90 can be 

considered an effective strategy for anticancer therapy.  



80 

 

 

 

Figure 2-2. The structure and conformational changes of HSP90 

The HSP90 mediates protein's proper folding and activation, assembly of protein 

complexes, or ligands' binding to its receptors. HSP90 structure composes of the N-

terminal domain (NTD) containing the lid region, the middle domain (MD), and the C-

terminal domain (CTD) containing a flexible MEEVD motif. The conformational changes 

of HSP90: when binding to ATP, HSP90 changes from the open ATP-bound to the 

intermediate state after the lid's closure. The interaction and twist of the two NTDs result 

in the conformational changes to the closed state 1 and 2 of HSP90.  During the HSP90 

cycles, various  HSP90 co-chaperones associated with specific HSP90 states, including 

HOP, CDC37, AHA1, p23, and HSP70. After the ATP hydrolysis,  the NCTs disassociate 

and release the ADP and inorganic phosphate Pi, and eventually, the HSP90 returns to the 

open conformation. 

Reference: Schopf, F., Biebl, M. & Buchner, J. The HSP90 chaperone machinery. Nat Rev 

Mol Cell Biol 18, 345–360 (2017). https://doi.org/10.1038/nrm.2017.20  
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Panax ginseng 

Panax ginseng (P.ginseng) is a well-known traditional herb used worldwide and especially 

in Korea. Ginseng is commonly used as a dietary supplement to enhance life quality, 

especially in cancer patients who received conventional treatments [98]. Gingseng has been 

considered an adjuvant for cancer treatment when combined with other chemotherapy 

agents [99, 100] to reduce cancer-related symptoms or improve clinical outcomes. The 

ginseng compounds exert antitumor activities through cell cycle arrest, apoptosis 

induction, and angiogenesis suppression [98, 101, 102]. Additionally, Panax ginseng has 

been reported to exert another biological effect on cardiovascular, endocrines, and immune 

systems. The antioxidation and anti-inflammation effects of ginseng have been reported in 

previous studies [102-105]. 

Ginseng contains various active compounds, including saponin, polysaccharides, vitamins, 

flavonoids, fatty acids, etc. [100]. Many studies support the pharmacological effects of  P. 

ginseng are attributed to the key ingredients- ginsenosides [101-105]. Even the research on 

non-saponin fractions of P.ginseng is low; few studies suppose the anticancer effects of 

these components [100, 106]. Based on the effectiveness and safety profile of P.ginseng 

on cancer treatment, identifying a new potent anticancer compound from P.ginseng might 

be a promising strategy for anticancer therapy.  
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2. PURPOSE OF THE STUDY  
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The heat shock protein 90 (HSP90), a well-known chaperone, physiologically regulates the 

cellular proteostasis in normal and stress conditions. By controlling the proper folding of 

diverse proteins, HSP90 involves in many signaling pathways. Previous studies 

demonstrated that HSP90 facilitates many oncogenic substrates' activation leading to the 

HSP90 addiction of cancer cells. Moreover, HSP90 has been shown to contribute to cancer 

stem cells' development and maintenance (CSC) [107]. The increased HSP90 related-genes 

in cells with stem-like properties [107] led us to hypothesize that targeting HSP90 might 

be a promising strategy for anti-CSC therapy. Panax ginseng (P. ginseng), well-known 

Korean herbal medicine, has been used worldwide for thousands of years due to its multi-

biological effects. Previous studies have revealed the anticancer activity of P. ginseng, and 

the combination of ginseng extract with other anticancer drugs improves the efficacy and 

reduces the cytotoxicity of these chemotherapy agents. Therefore, our study's goal in 

chapter 2 is to identify a natural HSP90 inhibitor isolated from P. ginseng that effectively 

targets both NSCLC non-CSC and CSC with minimal toxicity.  
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3. MATERIALS AND METHODS  
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Reagents 

All cell culture reagents were purchased from Welgene (Daegu, Republic of Korea). The 

pIGF1R (Y1135/6), IGF1R, pEGFR (Y1063), EGFR, pAkt (S473), Akt, Sox2, pMEK1/2 

(S217/221), MEK1/2, pmTOR (S2448), mTOR, GAPDH, pSrc (Y416), Src, caspase3, 

PARP, and cleaved caspase3 antibodies were purchased from Cell Signaling Technology 

(Danvers, MA, USA). The cleaved poly (ADP-ribose) polymerase (PARP), HIF1α 

antibodies, and Matrigel were purchased from BD Biosciences (San Jose, CA, USA). 

Primary antibodies against IGF-1R, VEGF, bFGF, and actin and the horseradish 

peroxidase (HRP)-conjugated secondary antibodies were purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA, USA). Anti-HSP90 antibody was purchased from Enzo 

Life Science (Farmingdale, NY, USA). Anti-PDGF antibody was purchased from Merck 

Millipore (Billerica, MA, USA). Antibodies against Oct4 and Nanog were purchased from 

Abcam (Cambridge, UK). The Ni-NTA agarose was purchased from Invitrogen (Carlsbad, 

CA, USA). ATP-agarose was purchased from Innova Biosciences (Cambridge, UK). The 

first-strand cDNA synthesis kit was purchased from Takara Bio Inc. (Shiga, Japan).The  3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), propidium iodide 

(PI), and other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Cell culture. 

The human NSCLC cell line H226B was kindly provided by Dr. John V. Heymach (MD 

Anderson Cancer Center, Houston, TX, USA). The human NSCLC cell line H1299, A549, 

H460, H292, BEAS-2B cells were purchased from the American Type Culture Collection 

(ATCC, USA).  The human umbilical endothelial cells (HUVECs) were purchased from 

Invitrogen (Carlsbad, CA, USA). H460/R and H226B/R cells were previously generated 

in our laboratory by continuously exposing cells to the increasing paclitaxel doses for six 

months. Dr. Jeong Hun Kim (Colledge of Medicine, Seoul National University, Seoul, 
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Korea) kindly provided the human retinal pigment epithelial cells (RPE). HT-22 cells were 

kindly provided by Dr. Dong Kyu Jo (Colledge of Pharmacy, Sungkyunkwan University, 

Suwon, Korea). The  NSCLC cells were maintained in RPMI-1640 medium with 10% fetal 

bovine serum (FBS) and 1% antibiotic (WelGENE, Kyeongsan-si, Korea). The BEAS-2B, 

HBE cells were cultured in Keratinocytes-SFM (KSFM) (Thermo Fisher, MA, USA) 

medium supplemented with epithelial growth factor (EGF) and bovine pituitary extract. 

HT-22 and RPE cells were maintained in DMEM completed medium (WelGENE, Korea). 

The HUVECs cells were maintained in the vasculife basal medium supplemented with 

vasculife VEGF life factors (Lifeline cell technology, Frederick, MD, USA). All cells were 

maintained in the humidified incubator with 5% CO2 at 37oC. 

MTT assay 

Cells (1-2 x 103 cells/well) were seeded into 96-well multiwell plates for 24 hours. Cells 

were treated with vehicle or various saponin, non-saponin fractions, and panaxynol 

concentrations in the completed medium. After 48 hours, cells were treated with the 

10μl/well MTT solution (4mg/ml stock) and incubated for 2-4 h at 37°C. The formazan 

products were dissolved in 100 µl DMSO, and the 570 nm absorbance was measured. Data 

are presented as the percentage absorbance values compared to the control group. 

Sphere formation assay 

Cells (1000 cells/ well) were seeded on ultra-low attachment 96-well plates (Corning, 

Corning, NY, USA), were cultured in the spheroid medium ( DMEM-F12 media 

supplemented with B27 (Thermo Fisher Scientific, Waltham, MA, USA), EGF, bFGF, and 

1% antibiotics) containing vehicle or drugs. In sphere-forming experiments using vehicle 

or panaxynol- pretreated monolayer, cells were grown in sphere-forming conditions for 

two weeks or until spheres formed and reached sizes above. 
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Aldehyde dehydrogenase (ALDH) assay 

The high ALDH enzymatic activity was determined using the AldeRed ALADH assay kit 

(Merck Millipore, Billerica, MA, USA). Each group contains a test sample (AldeRed A588 

alone) and a control sample (AldeRed A588 plus DEAB). H1299 cells (1 x 106 cells) were 

suspended in AldeRed buffer and then incubated with AldeRed A588 at 37°C for 40 min. 

Cells were resuspended in fresh AldeRed buffer and subjected to flow cytometric analysis 

(BD, Bioscience). The fluorescence baseline and ALDHhigh population were assessed using 

Flowing Software (Turku Bioscience Center). 

Anchorage-dependent colony-formation assay 

Cells (300 cells/well) were seeded into 6-well plates and cultured in a medium containing 

vehicle or various concentrations of panaxynol for two weeks. The drug-containing 

medium was changed every three days. After two weeks of incubation, the plates were 

washed with PBS. Colonies were fixed with 100% methanol in RT for 10 min, stained with 

0.002% crystal violet solution for 15 min, and washed several times with distilled water. 

The colony number was counted using ImageJ software (National Institutes of Health, 

Bethesda, MA, USA). 

Soft agar colony formation assay 

Cells (1000 cells/well)  were suspended with 1% agar solution to get the final concentration 

of 0.4% and seeded onto 1% bottom agar in the 24-well plates. The agar was solidified at 

RT and covered with 500µl complete medium with or without panaxynol. Cells were 

maintained at 37°C with 5% CO2, and the drug-containing medium was changed every 

three days. After two weeks, colonies were stained with MTT solution. Colony number 

was counted using ImageJ software (National Institutes of Health, Bethesda, MA, USA). 
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Cell cycle analysis 

Cells were treated with vehicle or panaxynol for 48 hours.  Cells were washed with PBS 

two times. The adherent and floating cells were harvested. After being fixed with 100% 

methanol, cells were stained with a 50 μg/ml Propidium iodide (PI) solution containing 

RNase A (50 μg/ml) for 30 min at RT. Cells were washed, resuspended in PBS, and 

subjected to flow cytometry using a FACSCalibur® flow cytometer (BD Biosciences). The 

cell cycle analysis was performed using CellQuest software (BD Biosciences).  

Tube formation assay 

H1299 cells were treated with panaxynol for one day and further incubated under normoxic 

or hypoxic conditions for four hours. After incubation, the drug-containing medium was 

removed, and cells were incubated with a fresh serum-free medium. After 24 hours, the 

conditioned medium (CM) was collected. The HUVECs cells were seeded onto CellBIND 

surface 96-well plates (Corning) and treated with vehicle or panaxynol CM for the tube 

formation assay. The HUVEC tube formation was imaged and scored by ImageJ software 

(National Institutes of Health, Bethesda, MA, USA). 

Western blot analysis 

Cells were treated with vehicle or panaxynol for 48 hours. Cells were lysed in RIPA buffer 

contains 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 0.25% sodium 

deoxycholate, 1% Triton X-100, protease and phosphatase inhibitor cocktail (Roche 

Applied Science, Indianapolis, IN, USA). The protein concentration was quantified by the 

BCA assay kit (Thermo Fisher Scientific). Proteins were subjected to SDS-PAGE and 

transferred onto polyvinylidene difluoride (PVDF) membranes (Bio-Rad Laboratories, 

Hercules, CA, USA). After blocking with blocking buffer (3% BSA in TBST) for 1 hour 

at RT, membranes were incubated with diluted primary antibodies (1:1000) overnight at 

4°C. Membranes were washed with TBST and incubated with secondary antibodies (1: 
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5,000 dilution) for 1 hour at RT. Membranes were washed several times with TBST, and 

the protein expression was visualized by SuperSignal West Femto chemiluminescent 

subtract (Thermo Fisher Scientific) using the ImageQuantLAS 4000 imaging system (GE 

Healthcare). 

RT-PCR 

Total RNA was extracted using the easy-BLUE total RNA extraction kit (Intron 

Biotechnology, Sungnam-si, Kyunggi-do, Republic of Korea) according to the 

manufacturer's instruction. RT-PCR conditions are applied as follows: the initial 

denaturation step at 94oC for 5 min, 20-30 cycles at 94oC for 30 sec, 55-60oC for 30 sec, 

72oC for 30 sec, the final elongation step at 72oC for 5-7 min. The PCR products were 

subjected to agarose gel electrophoresis and visualized using a Gel Doc EZ  

Reporter gene assay 

The reporter gene assay was performed to determine the effect of panaxynol on the HRE 

activity. H1299 and H460 cells were transiently cotransfected with the pSV40promoter-

EpoHRE-Luc reporter, pCMV-β-gal with JetPrime transfection reagent (Polyplus-

Transfection SA, Illkirch, France). The cells were maintained in hypoxic conditions. The 

luciferase assay was performed using the Beetle-Juice luciferase assay kit (Takara), 

following the manufacture's instructions. The β-galactosidase activity was used to 

normalize transfection efficiency. 

Transfection 

H1299 cells were transfected with an empty vector (EV) or HSP90 expressing vector using 

the JetPrime transfection reagent (Polyplus-Transfection SA). The lentiviral particles of 

shEV or shHSP90 were generated, followed by the previously described methods. H1299 

cells were seeded on the 6-well plate and transduced with lentiviral particles containing 



90 

 

control (shEV; pLKO.1) or HSP90 shRNAs (Sigma-Aldrich) in medium plus polybrene (8 

µg/ml). The cells were then selected with 1-2 µg/ ml puromycine for 2-3 weeks. 

Immunoprecipitation and pull-down assay 

For immunoprecipitation assay, cells were washed with cold PBS and lysed in EBC lysis 

buffer containing 50mM Tris-HCl (pH 8.0), 120 nM NaCl, 0.5% NP-40, 1 mM EDTA, and 

protease inhibitor cocktail (Roche, Manheim, Germany). The cell lysates were collected 

by centrifuging, and the protein concentration was determined using the BCA assay kit 

(Thermo Fisher Scientific). 1mg of cell lysates were incubated with 1ug of primary 

antibodies in 1.5ml microtubes. The total volume of IP reaction is 1ml. The IP reaction was 

rotated overnight at 4oC. Subsequently, 20 µl Protein A agarose (Merck KgaA, Darmstadt, 

Germany) was added to the reaction following by 2 hours rotation. The immunoprecipitants 

were washed three times with EBC buffer, boiled in 5X sample buffer, and subject to SDS-

PAGE and immunoblotting analysis. 

Animal experiments 

All the animal procedures were performed under the control of the Seoul National 

University Institutional Animal Care and Use Committee's approved protocols. Mice were 

housed in the standard temperature and humidity-controlled facility with 12 hours of light/ 

dark cycle.  

For the NSCLC xenograft model, H1299 cells were subcutaneously inoculated into the 

right flank of 6-week-old NOD/SCID mice. When tumor volume reached 150 mm3, the 

mice were randomly divided into the vehicle (DMSO) or panaxynol groups.  Mice were 

orally treated with corn oil containing vehicle or panaxynol (50 or 100 mg/kg) six times 

per week for three weeks. Tumor volume was determined by measuring the tumor’s short 

and long diameter using a caliper. The mouse body weight was measured twice per week 



91 

 

to monitor toxicity. The tumor volume was calculated using the following formula: tumor 

volume (mm3) = (small diameter)2 × (large diameter) × 0.5.  

For the in vivo serial dilution assay using ALDHhigh cells, first, ALDHhigh cell populations 

of vehicle- or panaxynol (1 μM)-treated H1299 cells were obtained using AldeRed A588-

kit and FACSAria II flow cytometer (BD Biosciences). A serial number of ALDHhigh cells 

was inoculated into the right flanks of NOD/SCID mice, and the tumor incidences were 

observed at the endpoint of experiments. 

In experiments using KrasG12D/+ transgenic mice, three-month-old KrasG12D/+ mice were 

randomly grouped and orally treated with vehicle or panaxynol (50 mg/kg) for 8 weeks. 

Mice were tail-vein injected with  MMPSense 680 probe (PerkinElmer; 2 nmol/150 μl in 

PBS, and bioluminescence images were obtained using the IVIS-Spectrum microCT and 

Living Image (ver. 4.2) software (PerkinElmer, Alameda, CA, USA) using an). The mice 

were euthanized. Lung tissues were harvested, paraffin-embedded, and sectioned. The 

tumor formation was evaluated by H&E staining. The tumor number (N) and volume (V) 

were measured in a blinded fashion by microscopic evaluation of H&E staining images. 

The tumor volume was calculated as described above. The number and size of tumors were 

calculated in five sections uniformly distributed throughout each lung tissue. 

In vivo serial dilution tumor-propagating assay 

At the end of the treatment, the single cells derived from xenograft tumors of m vehicle- 

or panaxynol-treated mice were obtained using the tumor dissociation kit (Miltenyi 

Biotech). The trypan blue exclusion assay was performed to determined cell viability. Next, 

5 x 102 – 5 x 104 viable cells were subcutaneously inoculated into NOD/SCID mice's right 

flank. The incidence of tumor formation was determined. 
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Immunofluorescence  staining 

The expression of CD34, HIF1α, cleaved caspase3 and Oct4 in tumor tissues was evaluated 

using immunofluorescence staining. The paraffin-embedded (FFPE) tumor sections were 

deparaffinized in the incubator at 65oC overnight. The tissues were rehydrated with xylene 

and sequential percentages of ethanol solution.  The tissues were washed with TBST and 

incubated with 0.3% Triton X-100 for 10 min. Subsequently, tissues were autoclaved with 

the antigen retrieval buffer and cooled at RT. The tissues were blocked with a blocking 

solution (1% BSA in TBST) containing 10% normal serum at RT for 1 hour. The slides 

were drained for a few seconds; applied diluted primary antibodies (1:1000), and incubated 

overnight at 4oC. After rinsed with TBST, tissues were incubated with secondary 

antibodies diluted in blocking solution (1:1000 dilution) for 1 hour at RT. The tissues were 

washed three times with TBST and incubated with fluorochrome-conjugated secondary 

antibodies (Alexa Fluor 488, Alexa Fluor 546, Alexa Fluor 594) (1:1000 dilution) for 1 

hour in RT. Cells were washed, stained with 4’,6-diamino-2-phenylidole (DAPI) solution, 

and mounted onto the glass slides using the fluorescence mounting solution. The 

fluorescence images were visualized using the fluorescent microscope (Zeiss Axio 

Observer Z1, Carl Zeiss AG. 

Statistics 

Data are presented as the mean ± SD. All the in vitro were independently repeated at least 

twice, and the representative results are demonstrated. The representative values in each 

graph were multiple replicated, and statistical significance was determined by a two-tailed 

student's t-test or one analysis of variance (ANOVA) using GraphPad Prism.  
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Table 3. List of primers for RT-PCR  

Targets Forward Reverse 

VEGF TCTCCCAGATCGGTGACAGT GGGCAGAGCTGAGTGTTAGC 

ACTB ACTACCTCATGAAGATC GATCCACATCTGCTGGAA 
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4. RESULTS  
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Panaxynol is the active compound isolated from the non-saponin fraction of P. 

ginseng that suppresses the viability and sphere-forming ability of NSCLC cells. 

Given that overexpression of HSP90 and its cochaperones in several cancer cells has been 

described previously [108] and the HSP90 plays a crucial role in the survival and 

maintenance of CSCs [107]; thus, this study attempted to identify the potential anticancer 

drugs that could effectively disrupt HSP90 functions with limited toxicities. Previous 

studies have reported several natural compounds that exhibit antitumor activity with 

minimal toxicities [109]. Among them, I focused on Panax ginseng, based on its multi-

biological effects, including anticancer activities with minimal toxicities [110]. I first 

examined the effects of saponin and non-saponin fractions extracted from P.ginseng 

(Figure 2-3A, B) on the HSP90 function. Given that HSP90 interacts and control the 

proper folding of various cellular oncogenic proteins, including the transcription factor 

hypoxia-inducible factor-1alpha (HIF1α). Hence, I investigated whether fractions isolated 

from P.ginseng could affect HSP90 and HIF1α interaction. Strikingly, treatment with the 

non-saponin fraction but not saponin fraction remarkedly disrupted the interaction between 

HIF1α and HSP90 (Figure 2-3B) and inhibited HIF1α protein expression in both normoxia 

(20% O2) and hypoxia condition (1% O2) (Figure 2-3C) in H1299 cells. I further 

investigated the effects of saponin and non-saponin fraction on the cell viability and sphere-

forming ability of H1299 cells by MTT and sphere-forming assay. Figures 2-3D, E  

showed that the non-saponin fraction displayed significantly decreased H1299 cell viability 

and sphere-forming ability compared to the saponin fraction. These results suggest that the 

non-saponin fraction of P. ginseng exhibits inhibitory effects on both NSCLC non-CSC 

and CSCs populations.  

I further investigated the non-saponin fraction's effect on lung tumor formation using the 

KrasG12D/+ -driven-spontaneous lung tumor mouse model [111]. KrasG12D/+ mice were orally 
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administered with vehicle or non-saponin fraction for eight weeks, and the 

bioluminescence images were examined by IVIS analysis. As shown in Figure 2-4A, non-

saponin-treated mice markedly exhibited decreased lung tumor formation compared to the 

vehicle-treated mice. Microscopic evaluation of lung tumor formation showed significantly 

decreased tumor number, tumor volume, and tumor burden in mice treated with the non-

saponin fraction compared to vehicle-treated mice (Figure 2-4B). These findings indicated 

the potential antitumor activity of P. ginseng non-saponin fraction.  

To identify the active compound in the non-saponin fraction that effectively suppresses 

NSCLC non-CSCs and CSCs, we separated the non-saponin fraction into six sub-fractions 

(F1 to F6) (Figure 2-5A) and tested their effects on the NSCLC cell viability and sphere-

forming ability. Figures 2-5B, C showed that F2 was the most effective fraction to 

suppresses non-CSC viability and sphere-forming activity. The chromatographic and 

instrumental analysis revealed the major component of F2 is panaxynol [112]. 
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Figure 2-3. The non-saponin fraction of P. Ginseng disrupts the HSP90 function and 

viability of both non-CSC and CSCs. 

The total extraction from P. ginseng was separated into non-saponin and saponin fractions, 

as shown in the schematic diagram (A). (B) The effects of saponin and non-saponin 

fractions on HSP90 and HIF1α interaction was determined by immunoprecipitation using 

anti-Hif1α antibody. (C) H1229 cells were treated with saponin or non-saponin fraction 

(50µg/ml) for 6 hours under normoxia (20% O2) and hypoxia (1% O2) conditions. The 

protein expressions were determined by western bot analysis. (D) H1299 cells were treated 

with saponin and non-saponin fraction at various concentrations for 48 hours, and cell 

viability was determined by MTT assay.  (E) H1299 cells were seeded onto the low-

attached 96-well and cultures in spheroid medium containing various saponin or non-

saponin fraction concentrations until forming spheres. Con: control; S: Saponin fraction; 

N: non-saponin fraction. The bar represented mean ± SD, *P<0.05, **P<0.01, ***P<0.001 

as determined by the two-tailed Student's t-test compared with the vehicle-treated cells. 
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Figure 2-4. The effects of the P.ginseng non-saponin fraction on lung tumorigenesis. 

(A) The antitumor activity of non-saponin fraction in KrasG12D/+ -driven-spontaneous lung 

tumorigenesis model. KrasG12D/+  mice were orally treated with vehicle or non-saponin 

fraction every day. After eight weeks, the representative bioluminescence images of Kras 

mice were assessed by IVIS Imaging analysis (top). The lung tumor nodules in the vehicle 

and non-saponin fraction-treated mice were accessed by H&E staining (bottom). Scale bar: 

20 µm. (B) The evaluation of lung tumor formation of non-saponin fraction-treated mice. 

The bar represented mean ± SD, *P<0.05, **P<0.01, ***P<0.001 as determined by the 

two-tailed Student's t-test compared with the vehicle-treated cells.   
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Figure 2-5. The inhibitory effect of six non-saponin sub-fractions on H1299's cell 

viability. 

(A) The schematic diagram illustrates the separation of six non-saponin fraction sub-

fractions. (B, C) The effects of the six subfractions on H1299 cell viability and sphere-

forming ability. H1299 cells were treated with vehicle or six non-saponin subfractions (F1-

F6) for 48 hours, and cell viability was determined by MTT assay (B). H1299 cells were 

seeded on low-attached 96-well plates and cultured in a sphere medium containing various 

concentrations of six non-saponin sub-fractions (F1-F6) until forming spheres (C). The 

number of spheres was analyzed using ImageJ software. The bar represented mean ± SD, 

*P<0.05, **P<0.01, ***P<0.001 as determined by the two-tailed Student's t-test compared 

with the vehicle-treated cells. 
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Panaxynol suppresses the function of HSP90 in NSCLC cells. 

I next investigated whether panaxynol suppresses HSP90 function in NSCLC cells. As 

shown in Figure 2-6A, dose-dependent treatment with panaxynol suppressed the total and 

phosphorylated expression of various oncogenic proteins regulated by HSP90 function [93, 

113]  in NSCLC cells. Additionally, I observed the decreased expression of angiogenic 

factors regulated by the IGF-axis (bFGF, PDGF) [38] in NSCLC cells treated with 

panaxynol. Consistent results were observed in the panaxynol-treated CSC population. 

Western blot analysis revealed the decreased expression of phosphorylated IGF-1R, EGFR, 

and Akt in H1299 spheres (Figure 2-6B). I further investigated the effect of panaxynol on 

HSP90-HIF1α interaction. As expected, panaxynol markedly disrupted the interaction of 

HSP90 and HIF1α (Figure 2-6C). Moreover, dose-dependent treatment of panaxynol 

suppressed HIF1α level, results in decreased protein and mRNA expression of VEGF- a 

well-known target gene regulated by HIF1α (Figure 2-6D). Consistently, the modulation 

HRE (HIF1α response element) activity of NSCLC cells by panaxynol treatment was 

confirmed by HRE reporter assay (Figure 2-7A). Given that panaxynol treatment 

decreased the expression of angiogenic factors such as bFGF, PDGF, and VEGF, I next 

investigated the effect of panaxynol on the angiogenetic activity of NSCLC cells. HUVEC 

cells were incubated with conditioned media (CM) collected from panaxynol-treated 

H1299 cells experienced significantly decreased tube formation compared to those 

incubated with CM collected from vehicle-treated cells (Figure 2-7B). These results 

suggested the anti-angiogenic activity and the suppressive HSP90 function ability of 

panaxynol in NSCLC. Interestingly, panaxynol treatment did not affect the expression of 

HSP90 and HSP70 in monolayer cultured NSCLC cells (Figure 2-8). To assess whether 

panaxynol exerts the antitumor activities through inhibition of HSP90 function. I 

established the H1299 cells silenced HSP90 expression by stable transfection of HSP90 
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shRNAs. The silencing of HSP90 markedly decreased the sphere-forming and colony-

forming abilities of H1299 cells. However, panaxynol treatment showed no effects on 

H1299 shHSP90 cells (Figure 2-9A, B). Panaxynol suppressed Akt expression in H1299 

shEV cells but not in shHSP90 cells (Figure 2-9C). These results suggest that panaxynol 

exerts the antitumor effect through the disruption of HSP90 function.                          
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Figure 2-6. Panaxynol suppresses HSP90 function in NSCLC cells. 

(A) The decreased expression of HSP90 clients in panaxynol-treated H1299 and H460 

cells. The cells were dose-dependently treated with panaxynol for 48 hours, and the 

expression of HSP90 client proteins was determined by western blot analysis. (B) The 

decreased expression of total and phosphorylated forms of IGF1R, EGFR, Akt, Src, Mek 

in the H1299 spheres was determined by western blot analysis. (C) Panaxynol disrupts the 

interaction between HSP90 and HIF1α was determined by immunoprecipitation assay. 

H1299 cells were treated with vehicle or panaxynol for 6 hours under hypoxia condition. 

The cell lysates were prepared and subjected to immunoprecipitation using an anti-HIF1α 

antibody, followed by western blot analysis. (D) The decreased expression of HIF1α and 

its target gene VEGF by panaxynol was determined by western blot (upper) and RT-PCR 

(lower) analysis. 
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Figure 2-7. Panaxynol suppresses HRE activity and tube formation of HUVEC cells. 

(A) Panaxynol suppresses HRE activity under hypoxic conditions. H1299 and H460 cells 

were transiently transfected with pSV40 promoter-EpoHRE-Luc for 48 hours and 

maintained in a medium containing vehicle or panaxynol (10 µM) under hypoxia condition. 

The HRE activity was determined by Luciferase assay. (B) HUVEC cells were treated with 

media and CM derived from the vehicle or panaxynol-treated H1299 cells. In the tube 

formation assay, three branch-point was determined as one tube. The bar represented the 

mean ± SD,*P<0.05, ***P<0.01, were determined by the two-tailed Student's t-test 

compared with the media or vehicle-treated cells.  
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Figure 2-8. Panaxynol treatment does not alter HSP70 expression. 

Panaxynol treatment did not change HSP90, HSP70 expression in NSCLC cells. H1299 

and H460 cells were cultured in the medium containing the vehicle or panaxynol for 48 

hours. The cell lysates were prepared, and the protein expression of HSP90 and HSP70 

were determined by western blot analysis.   
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Figure 2-9. The effect of panaxynol on the sphere-forming ability and anchorage-

dependent-colony formation in H12999shEV and shHSP90 cells. 

H1299/shEV and H1299/shHSP90 cells were subjected to sphere-forming (A) and 

anchorage-dependent colony-forming assay (B) in the media containing vehicle or 

panaxynol. (C) H1299/shEV and H1299/shHSP90 cells were treated with vehicle or 

panaxynol in monolayer conditions. The cell lysates were prepared. The expression of 

HSP90 and Akt were determined by western blot analysis. The bar represented mean ± SD, 

**P<0.01, ***P<0.001, as determined by the two-tailed Student's t-test compared with the 

corresponding vehicle-treated cells. 
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Panaxynol inhibits both the CSC and non-CSC population of NSCLC by inducing 

apoptosis. 

I further investigated the selective inhibitory effects of panaxynol on CSC. Panaxynol dose-

dependently reduced expression of CSC markers (Oct4, Sox2) in monolayer-cultured 

H1299 cells (Figure 2-10A). Additionally, panaxynol-treated cells displayed significantly 

decreased sphere-forming ability than the vehicle-treated cells (Figure 2-10B). Serial 

numbers of panaxynol-treated cells exhibit decreased sphere-forming ability, as shown in 

the in vitro serial dilution assay (Figure 2-10C). Given that chemoresistance is the 

characteristic of cancer stemness [114], I examined the effect of panaxynol on NSCLC 

cells acquired chemoresistance. The experiments were performed using the two NSCLC 

cell lines (H226B, H460) and their corresponding sublines (designated “R/”) that acquired 

resistance to paclitaxel (H226B/R and H460/R) [115]. Figure 2-11A showed that 

nanomolar concentrations of panaxynol suppressed the sphere-forming ability of both 

naïve and chemoresistant cells. Aldehyde dehydrogenase (ALDH) has been considered the 

universal marker for CSC; I next examined the anti-CSC activity of panaxynol by assessing 

the ALDHhight population. As shown in Figure 2-11B,  ALDHhigh H1299 population was 

also decreased by panaxynol treatment. Moreover, the panaxynol-treated CSC 

subpopulation underwent apoptosis, as evidenced by inducing caspase3 and its substrate 

poly-(ADP-ribose) polymerase (PARP) cleavages (Figure 2-12A). Consistently, the 

Hoechst staining results showed significantly increased apoptosis-related chromatin 

condensation in panaxynol-treated H1299 spheres than vehicle-treated spheres (Figure 2-

12B). Co-treatment with caspase3 inhibitor (Z-DEVD-FMK) significantly abrogated 

panaxynol-induced apoptotic events, including caspase3 cleavage (Figure 2-12C), 

apoptosis-related chromatin condensation (Figure 2-12B), and sphere-forming ability 
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(Figure 2-12D). These results indicate that panaxynol treatment suppresses CSC by 

inducing CSC apoptosis.  

I next assessed the effect of panaxynol on the ability of CSCs to form tumors in vivo. The 

serial numbers of the ALDHhigh population isolated from the vehicle and panaxynol-treated 

cells were inoculated into NOD/SCID mice's flank. Mice inoculated with the ALDHhigh 

population from panaxynol-treated cells displayed significantly decreased tumor formation 

than those carrying the ALDHhigh population of vehicle-treated cells (Figure 2-12E). I 

further investigated the effect of panaxynol on the non-CSC populations of NSCLC cells. 

KRAS mutation and TP53's loss function implicated in the self-renewal ability of CSCs 

[116, 117] and NSCLC development [118] have been described previously. Thus, I 

assessed the effect of panaxynol on derivatives of HBE cell lines (HBEs) carrying mutant 

KRAS (HBE/KRASG12V), siRNA mediated loss of TP53 (HBE/TP53i), or 

both(HBE/KRASG12V; TP53i) [119] and observed the inhibitory effect of panaxynol on the 

viability of these cells (Figure 2-13). Panaxynol inhibited various NSCLC cells with IC50 

of 5 µM/L, which is significantly higher than IC50 in the sphere-forming assay (Figure 2-

14), suggesting that low doses of panaxynol effectively eradicate CSC than the non-CSC 

population. Moreover, panaxynol treatment did not affect the viability of several normal 

cells that originated from various organs (Figure 2-15). Panaxynol also suppressed 

anchorage-dependent and anchorage-independent colony-forming abilities of NSCLC cells 

(Figure 2-16). Panaxynol induced the non-CSC apoptosis, as illustrated in Figure 2-17A 

with the increased sub G0/G1 population. Western blot analysis showed that treatment with 

panaxynol induced caspase3 and PARP cleavages (Figure 2-17B). Moreover, the effects 

of panaxynol on colony-forming ability and caspase3 cleavages were ablated by the 

presence of DEVD- a caspase3 inhibitor (Figure 2-17C, D). Altogether, these findings 
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indicate that panaxynol selectively eliminates CSC at nanomolar concentrations and the 

bulk non-CSC at micromolar concentrations without inducing toxicity in normal cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



110 

 

         

    

 

 

Figure 2-10. Panaxynol inhibits NSCLC CSC populations. 

(A) Decreased expression of CSC markers in H1299 cells by panaxynol treatment. 

Monolayer cultured H1299 cells were treated with increasing doses of panaxynol for 48 

hours. The expression of CSC markers was determined by western blot analysis. (B) 

Panaxynol inhibits CSC populations. H1299 and H460 cells cultured in monolayer 

conditions were pretreated with panaxynol and then seeded on low-attached 96-well plates 

(left) in a sphere medium until forming spheres. The serial numbers of cells were subjected 

to sphere formation assay (C). The bar represented mean ± SD, *P<0.05, **P<0.01, 

***P<0.001, as determined by the two-tailed Student's t-test compared with the vehicle-

treated cells.  
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Figure 2-11. Panaxynol inhibits NSCLC cells in sphere culture conditions and ALDH 

activity of H1299 cells. 

(A) The effect of panaxynol on the sphere-forming ability of NSCLC cells. The NSCLC 

cells (naïve and acquired chemoresistance) were seeded on low-attached 96-well plates in 

a sphere medium containing vehicle or nanomolar concentrations of panaxynol until 

forming spheres. (B) Panaxynol decreased the ALDHhigh populations in H1299 cells. 

H1299 cells were treated with nanomolar concentrations of panaxynol. An aliquot of each 

cell sample was treated with AldeRed 588-A in the presence or absence of an ALDH 

inhibitor (DEAB),  followed by FACS analysis. The DEAB sample is a negative control. 

The shift of fluorescence is defined in the gating area, presenting the ALDHhigh population. 

The bar represented mean ± SD, *P<0.05, **P<0.01, ***P<0.001, as determined by the 

two-tailed Student's t-test compared with the vehicle-treated cells.  
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Figure 2-12. Panaxynol induces apoptosis in H1299 cells grown in sphere-forming 

conditions. 

(A-D) Panaxynol induces apoptosis in H1299 cells grown in sphere condition. (A) H1299 

cells were then seeded on low-attached 96-well plates in a sphere medium containing 

nanomolar concentrations of panaxynol until forming spheres. The expression of total and 

cleaved forms of PARP and caspase3 were determined by western blot analysis. The 

apoptotic-related chromatin condensation was determined by the Hoechst staining (B), and 

the cleaved caspase3 expression was determined by western blot analysis (C). (D) H1299 

cells grown in sphere-forming conditions were treated with nanomolar concentrations of 

panaxynol in the presence and absence of caspase3 inhibitor-DEVD. The sphere number 

was determined by ImageJ software. (E) Panaxynol suppresses the tumor formation 

potential of the CSC population. Serial dilution tumor propagation assay using the 

ALDHhigh population of the vehicle or panaxynol-treated H1299 cells. The serial numbers 

of cells were injected into the flank of NOD/SCID mice, and the tumor incidence was 

observed. The bar represented mean ± SD, *P<0.05, *P<0.01, *P<0.001 were determined 

by the two-tailed Student's t-test compared with the vehicle-treated cells.  



115 

 

 

 

 

 

 

    

 

Figure 2-13. The effect of panaxynol on the viability of HBE cells with KRAS mutant 

or p53 loss function.  

The effect of panaxynol on the viability of HBE cells carrying, loss function of  p53 or 

both was determined by MTT assay. The bar represented mean ± SD, ***P<0.001, as 

determined by the two-tailed Student's t-test compared with the vehicle-treated cells. 
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Figure 2-14. The effect of panaxynol on the viability of naïve or acquired anticancer 

drug resistance NSCLC cells 

The viability of vehicle and panaxynol-treated NSCLC cells (naïve and chemoresistant 

cells) was determined by MTT assay. The bar represented mean ± SD, *P<0.05, **P<0.01, 

***P<0.001, as determined by the two-tailed Student's t-test compared with the vehicle-

treated cells. 
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Figure 2-15. The effect of panaxynol on the viability of normal cells. 

The viability of vehicle or panaxynol-treated normal cells was determined by MTT assay. 

The bar represented mean ± SD, *P<0.05, **P<0.01, ***P<0.001, as determined by the 

two-tailed Student's t-test compared with the vehicle-treated cells.  
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Figure 2-16. Panaxynol suppresses the anchorage-dependent colony-forming ability 

of NSCLC cells. 

The colony-forming ability of the vehicle and panaxynol-treated NSCLC cells was 

determined by anchorage-dependent colony formation assay. The bar represented mean ± 

SD, ***P<0.001, as determined by the two-tailed Student's t-test compared with the 

vehicle-treated cells. 
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Figure 2-17. Panaxynol induces apoptosis in NSCLC cells grown in monolayer 

conditions. 

H1299 and H460 cells were treated with panaxynol for 48 hours and subjected to cell cycle 

analysis (A) or western blot analysis (B). (C) H1299 cells were treated with panaxynol in 

the presence or absence of DEVD. The expression of cleaved caspase3 was determined by 

western blot analysis (C), and the colony-forming ability was determined by anchorage-

dependent colony formation assay (D). The colony formation was accessed by ImageJ 

analysis. The bar represented mean ± SD, ***P<0.001, as determined by the two-tailed 

Student's t-test compared with the vehicle-treated cells. 
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Panaxynol suppresses NSCLC tumor growth in vivo. 

To examine the effect of panaxynol on lung tumor formation, I tested the antitumor activity 

of panaxynol in the KrasG12D/+ -driven-spontaneous lung tumor mouse model [115], in 

which KrasG12D/+ mice were treated with the vehicle and panaxynol for eight weeks. The 

panaxynol-treated mice exhibited lung tumor formation significantly compared to the 

vehicle-treated mice (Figure 2-18A). The microscopic evaluation of lung tumor formation 

revealed the remarkedly decreased tumor number, volume, and burden in panaxynol-

treated mice compared with the corresponding control mice (Figure 2-18B). Moreover, I 

detected the increased cleaved caspase3 expression and decreased CD34, HIF1α, and Oct4 

expressions in tumors derived from panaxynol-treated mice compared to those derived 

from control mice (Figure 2-18C). The self-renewal ability contributing to the cancer cells' 

growth and survival is a hallmark of CSC [120]. To further examine whether panaxynol 

can suppress NSCLC tumor growth of CSC in vivo, I performed the H1299 xenograft 

model in which NOD/SCID mice were orally treated with either vehicle or panaxynol (50 

and 100mg/kg). Figure 2-19A, B showed that panaxynol treatment remarkedly suppressed 

the volume and weight of H1299 xenograft tumors. The proapoptotic and antiangiogenic 

activities of panaxynol were confirmed by immunofluorescence staining of cleavages 

caspase3, CD34, and HIF1α in xenograft tumor tissues (Figure 2-19C). To confirm the 

anti-CSC activity of panaxynol in vivo, I performed the serial dilution tumor propagation 

assay. Serial numbers of tumor cells derived from the vehicle or panaxynol-treated mice 

were inoculated into the right flank of NOD/SCID mice. As shown in Figure 2-19D, tumor 

cells derived from panaxynol-treated mice exhibited decreased tumor formation compared 

to those derived from control mice. 4/6 mice injected with 50000 tumor cells from control 

mice developed tumors, whereas only 1/6 mice injected with tumor cells derived from 

panaxynol-treated mice displayed tumor formation. Moreover, treatment of panaxynol did 
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not affect the body weight or induce any inflammation signs in H1299 xenograft or 

KrasG12D/+ mice (data not shown), suggesting the minimal toxicity of panaxynol. 

Altogether, these results suggest that panaxynol suppresses CSC and NSCLC tumor 

formation in vivo.   
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Figure 2-18. The antitumor activities of panaxynol on KrasG12D/+ -driven-spontaneous 

lung tumor formation. 

KrasG12D/+ mice were treated with the vehicle or panaxynol for 8 weeks. Representative 

images of bioluminescence imaging (top) and gross observation (right, top, scale bar: 

5mm) was determined by IVIS analysis, and tumor formation was demonstrated by H&E 

staining of lung tissues (right, bottom, scale bar 20 µm) from KrasG12D/+ mice treated with 

vehicle or panaxynol (A). The quantification of tumor multiplicity, volume, and burden in 

lung tissues of vehicle or panaxynol treated mice was determined by histological and 

microscopic evaluation (B). (C) The expression of cleaved caspase3, HIF1α, CD34, and 

Oct4 in lung tumor-derived from the vehicle or panaxynol-treated mice was determined by 

immunofluorescence staining. The quantification was assessed using ImageJ software. The 

bar represented mean ± SD, *P<0.05, ***P<0.01, as determined by the two-tailed Student's 

t-test compared with the vehicle-treated mice.  
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Figure 2-19. The antitumor effect of panaxynol in the H1299 xenograft model 

H1299 cells were injected into the flank of NOD/SCID mice until the tumors reach the 

volume of  150mm3. Mice were then administered with vehicle or panaxynol, and the tumor 

volume was measured every two days by the caliper. Panaxynol treatment reduces H1299 

xenograft tumor volume (A) and tumor weight (B). Scale bar: 5 mm. (C) The expression 

of cleaved caspase3, CD34, and HIF1α in tumor tissues derived from the vehicle or 

panaxynol-treated mice was determined by immunofluorescence staining. (D) Serial 

numbers of tumor cells isolated from the vehicle or panaxynol-treated mice were injected 

into the NOD/SCID mice, and tumor incidence was observed. The number of tumor-

bearing mice over the number of total recipient mice (n=6) in each group was shown. The 

bar represented mean ± SD, *P<0.05, ***P<0.001 were determined by the two-tailed 

Student's t-test compared with the vehicle-treated mice.  
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For the first time, this study demonstrates panaxynol, a polyacetylene compound isolated 

from the non-saponin fraction of P.ginseng, suppressed the non-CSC population at 

micromolar concentrations and CSC population at nanomolar concentrations in NSCLC by 

inducing apoptosis. Treatment with panaxynol did not induce the elevation of HSP70 and 

toxicity in normal cells. Furthermore, panaxynol exerts the antitumor effect by disrupting 

HSP90 function. Our in vivo results revealed the antitumor activity of panaxynol in 

KrasG12D/+ -driven-spontaneous lung tumor formation and NSCLC xenograft mouse 

models. Panaxynol treatment inhibits the tumor formation of the CSC population by using 

in vivo serial dilution assay. These findings provide a potent strategy utilizing the natural 

compound targeting HSP90 for anti-cancer therapy in NSCLC.  

CSC is the subpopulations within tumor cells with the self-renewal and differentiated 

capacity to give rise to various tumor cell types. Chemotherapies virtually eliminate the 

bulk of tumor cells while leaving behind the CSCs, results in tumor relapse from the 

survival CSCs after a long time of treatment. Accumulating studies show that CSCs 

contribute to tumor growth, relapse, metastasis, and anticancer drug resistance in several 

cancers, including NSCLC [121]. Therefore, targeting CSC could be an effective 

anticancer strategy. Given that CSC can survive in hostile conditions and promote 

tumorigenesis [122], identifying key molecules responsible for the self-renewal capacity 

and tumorigenicity is vital for developing CSC-treatment approaches. Previous studies 

demonstrate the crucial role of HSP90 in CSC homeostasis maintenance under stress 

environments [107] and increased expression of oncogenic HSP90 client proteins in the 

CSC population [107]; thus, I hypothesized that HSP90 inhibitor might be a novel strategy 

for anti-CSC therapy [95, 107]. HSP90 controls various cellular proteins' proper folding 

and the numerous HSP90 client proteins associated with cancer cell proliferation, survival, 

metastasis, and drug-resistance. High HSP90 expression correlates with the poor outcomes 
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in NSCLCS [123]. Thus, targeting HSP90  has been considered a promising strategy for 

anti-CSC in lung cancer. Several clinical trials have been conducted to identify the 

effective HSP90 inhibitors, especially those that suppress its N-terminal ATP binding 

pocket [95]. The N-terminal HSP90 inhibitors' significant concerns are its toxicity and 

HSP70-mediated cancer recurrence [97, 124]. Thus, identifying safety agents targeting 

HSP90 without inducing the elevation of HSP70 is urgently needed. Here, I examined the 

antitumor efficacy of panaxynol, a polyacetylene compound isolated from P. ginseng that 

suppresses HSP90 function. Panaxynol eradicates both NSCLC CSCs and the bulk non-

CSCs populations while exhibits minimal toxicity to normal cells.  

Previous studies have shown the antimicrobial, anti-inflammation, and antitumor activities 

of panaxynol [125]. Panaxynol inhibits cancer cell proliferation through the 

downregulation of  E cyclin mRNA levels [126]. Treatment with panaxynol decreased 

breast cancer resistance protein (BCRP/ABCG2) [127]. Activation of the ATP-binding 

cassette  (ABC) transporter protein, a marker for cancer stemness, is the cancer cells' 

mechanism to acquire multi-drug resistance. Moreover, the HSP90 impacts various 

oncogenic proteins related to anticancer drug resistance. In line with these findings, this 

study provides evidence as follows: 1) panaxynol suppresses viability, self-renewal, 

colony-forming ability in various NSCLC, and the acquired chemoresistant cells without 

HSP70 induction; 2) panaxynol suppresses various NSCLC cells' viability and the acquired 

chemoresistant subtypes while exhibiting no toxicity in normal cells; 3) no detectable 

changes in body weight and inflammatory signs in panaxynol-treated mice after several 

months of treatment indicating the safety profile of panaxynol; 4) panaxynol induces CSC 

and non-CSCs apoptosis, which evident by cleaved caspase3 and PARP upregulation. The 

apoptotic and antiangiogenic activity of panaxynol were confirmed by in vitro and in vivo 

experiments; 5) panaxynol suppresses lung tumor formation and the tumor initiation 
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capacity of NSCLC cells in vivo. All these above findings suggest that panaxynol is the 

effective natural HSP90 inhibitor that suppresses angiogenesis, tumor development and 

tumor resistance in NSCLCs. 
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6. CONCLUSION 

In summary, chapter 2 highlights panaxynol as the novel natural HSP90 inhibitor that 

effectively suppresses both the CSCs and non-CSCs population without mediating the 

upregulation of HSP70. Panaxynol exhibits antitumor effects on various NSCLC cells and 

the acquired chemoresistant cells without inducing cytotoxicity in normal cells. Moreover, 

panaxynol treatment inhibits lung tumor progression and tumor formation capacity of 

NSCLC cells in vivo. Therefore, it is promising to consider panaxynol as a novel anticancer 

compound providing a practical approach to target both non-CSC and CSCs in NSCLCs. 
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III. SUMMARY  
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IGFBP-3 has been known as a tumor suppressor with antitumor, antiangiogenic, anti-cell-

adhesion capacities in NSCLC and HNSCC. In chapter 1 of this study, I demonstrated the 

antimetastatic function of IGFBP-3 in NSCLC and HNSCC by mediating the ubiquitin-

mediated proteasome degradation of vimentin expression through the cooperation with the 

E3 ligase FBXL14. This finding highlight the potential function of IGFBP-3 as a novel 

strategy to control metastasis progression in aerodigestive tract cancers. 

Given that the raising of the CSC population contributing to tumor relapse and drug 

resistance and HSP90 is critical for the maintenance homeostasis of CSC under 

environmental stress, we identified the active compound from P. ginseng disrupts HSP90 

function and effectively suppresses CSC viability. Chapter 2 of this study demonstrated 

the capacity of panaxynol as a natural HSP90 inhibitor, which suppresses both the non-

CSC and CSC population in NSCLC while exhibits minimal toxicity in the normal cells. 

The findings open new windows for future drug development, especially utilizing natural 

compounds for patients with NSCLC.  

Altogether, this study has provided promising strategies utilizing IGFBP-3 to suppress 

invasion and metastatic tumors in NSCLC and HNSCC; and panaxynol as a natural HSP90 

inhibitor effectively suppresses both cancer stem and non-stem cells in NSCLC. 
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