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Programmed cell death is a critical and active process and it involves complex molecular 

factors and signaling pathways, thereby maintaining tissue homeostasis and controlling 

potentially harmful cells. Currently, cell death is fundamentally divided into accidental cell 

death (ACD) or regulated cell death (RCD) based on functional aspects1. ACD is a biologically 

uncontrolled process that is triggered by unexpected attack and injury, whereas RCD is 

executed by a set of precise signaling cascades and therefore can be predicted and manipulated. 

Due to the comprehension of various molecular mechanisms leading to RCD, it can be 

classified into multiple subroutines including apoptosis, lysosomal cell death, pyroptosis, 

NETosis, immunogenic cell death, necroptosis, entosis, pathanatos, ferroptosis, autosis, 

oxeiptosis and alkaliptosis2. Apoptosis was the first process to be described3. Morphological 

characterizations of apoptosis include cell shrinkage, membrane blebbing, apoptotic body 

formation, DNA fragmentation and chromatin condensation. There are two apoptotic pathways: 

the extrinsic and the intrinsic. Extrinsic pathways (also called death receptor pathways) are 

triggered by ligands that interact with cell surface receptors. For example, the binding of TRAIL 

(TNF-related apoptosis-inducing ligand) to death receptors (DRs) stimulates apoptosis4. DRs 

refer to the members with death domains in the TNFR superfamily, which includes TNF 

receptor 1 (TNFR1), Fas (also called CD95 or Apo-1), death receptor 3 (DR3), death receptor 

4 (DR4, also called TRAILR1), death receptor 5 (DR5, also called TRAILR2). The intrinsic 

pathways (also called mitochondrial apoptotic pathways) are usually initiated in an autonomous 

manner, for instance DNA damage or endoplasmic reticulum stress, and these result in leakage 

of cytochrome C from the mitochondrion.  

The basic molecular mechanism of apoptosis has been well studied nowadays. In extrinsic 

pathways, the critical step is the activation of apoptotic initiators. Caspase-8 and -9 exist as 

inactive procaspase monomers that are activated by dimerization and this dimerization process 

is generalized as an “induced proximity model”5. It is functional in facilitating autocatalytic 

cleavage between large and small subunits to create a stable active dimer. Executioner caspases 

including caspase-3 or -7 exist as inactive dimers, which are activated by cleavage of initiator 

caspases. Once a single executioner caspase is activated, it cleaves and actives other executioner 

caspases leading to acceleration of caspase activation6. In contrast, in the intrinsic pathways, 

the formation of the apoptosome is the essential step. In this multiprotein complex cytochrome 

C, apoptotic protease-activating factor 1 (APAF1) and caspase-9 are assembled. Normally, 

cytochrome C exists in the inner membrane of mitochondria. It can be released in the early 

stage of apoptosis through a process called mitochondrial outer membrane permeabilization 

(MOMP), which is induced by proapoptotic proteins from the Bcl-2 family, such as Bax and 
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Bak. In the cytosol, the binding of cytochrome C to APAF1 triggers oligomerization of APAF1, 

leading to the recruitment and activation of caspase-9. Finally, executioner caspases are 

activated and they cleave downstream proteins7.  

TRAIL is widely considered as a potent anti-tumor therapeutic due to its selective 

apoptosis-inducing character. TRAIL binding to DR4 or DR5 triggers recruitment of Fas-

associated death domain (FADD) and procaspase-8, forming a death-inducing signal complex 

(DISC) and leading to stimulation of caspase-dependent apoptosis8,9. Initially, TRAIL was 

recognized as an apoptosis-inducing ligand only via extrinsic pathways. However, more recent 

studies showed that Bid can be cleaved by active caspase-8 in the Fas-induced apoptosis 

pathway, thereby acting as a mediator between extrinsic and intrinsic pathways10. Later on, the 

same fate of Bid was also discovered in TRAIL-induced apoptosis pathway11. In type I cells, 

active caspase-8 efficiently induces sufficient executioner caspases to induce apoptosis. In 

contrast, in type II cells not enough executioner caspases are being activated and these cells 

require the additional involvement of mitochondrial activation to induce apoptosis via the 

intrinsic pathway. Therefore, cleavage of Bid by caspase-8 is required to stimulate intrinsic 

apoptosis pathway in type II cells12.  

Dulanermin, a recombinant human soluble protein corresponding to 114–281 amino acids 

of TRAIL, has been developed as a clinical anti-cancer drug. An early clinical Phase I study 

showed that Dulanermin was safe in patients with advanced cancer. However, only 2 patients 

(3%) with chondrosarcoma had partial treatment responses longer than 6 months13. This may 

be related to TRAIL-resistance phenomena, which were observed in many cancer cell lines, 

such as colorectal cancer cells14, lung cancer cells15 and hepatocellular cancer cells 16.  

Here in this thesis, we aim to investigate the underlying molecular mechanism related to 

TRAIL-resistance phenomena using two specific variants, DR4-specific variant 4C7 and DR5-

specific variant DHER. 4C7 contains mutations of G131R, R149I, S159R, N199R, K201H and 

S215D, while DHER contains mutations of D269H and E195R. Besides an enhanced affinity 

to either DR4 or DR5, 4C7 or DHER show a high apoptosis-inducing activity against cancer 

cell lines, such as COLO 205, DLD-1 and A278017,18. We also aim to overcome TRAIL-

resistance using combination strategies in different tumor cancer cells. 

Colorectal neoplasia causes around 880,000 death worldwide every year19. It is estimated 

to be the third leading cancer types for new death in 2019 in United States20. One case 

presentation of a patient with BRAF mutant colon carcinoma enrolled in a phase 1b open-label 

clinical study showed the promising result that the disease remained stable during the treatment 

with FOLFIRI plus Dulanermin 21. This implies that TRAIL shows anti-tumor effects on 



10 

 

colorectal cancer cells. Fucosylation is one of the important types of post-translational 

modification in colon cancer22. A positive correlation between TRAIL sensitivity and mRNA 

levels of fucosyltransferase enzymes FUT3 and FUT6 in a panel of colon adenocarcinoma cells 

was reported23. Taken together, this indicates that FUT3 and FUT6-induced fucosylation may 

be related to TRAIL-mediated apoptosis. Therefore, in Chapter 2 we aimed to investigate a 

more precise role of fucosylation on DR4 and DR5-mediated apoptosis respectively, using 

TRAIL receptor-specific variants 4C7 and DHER18,24. We have found that low FUT3 or FUT6-

expressing cells are insensitive to DR5 but not DR4-mediated apoptosis, while high FUT3 or 

FUT6-expressing cells are sensitive to TRAIL via both death receptors. This insensitivity to 

DR5 can be restored by upregulation of FUT3 or FUT6 as shown in FUT3 and FUT6 transfected 

cells. Moreover, increased association of death receptors was observed on FUT3 or FUT6 

overexpression cells, which leads to more DISC formation and enhanced activation of caspase-

8. Interestingly, we showed an improved sensitivity to TRAIL by external administration of L-

fucose to colon cancer cells.  

Many studies including our Chapter 2 focus on the factors directly involved in the 

TRAIL-induced apoptosis signaling axis to elucidate TRAIL-resistance phenomena, such as 

dysregulation of TRAIL receptors, formation of DISC, activation of caspase-8, inhibition of 

anti-apoptotic protein c-FLIP or XIAP. It is also noteworthy to pay attention to communications 

between cells via extracellular signals. Nowadays, increasing evidence shows that extracellular 

vesicles (EVs) secreted by cancer cells influence tumor microenvironment and determine the 

therapeutic responses25. In Chapter 3, we for the first time showed that DR5, but not DR4, is 

expressed on the surface of EVs, leading to decreased sensitivity to TRAIL. Moreover, both 

long and short isoforms of DR5 are indicated to be displayed on EVs and they contribute to 

TRAIL sensitivity.  

Taken together, above studies demonstrate two potential explanations to understand 

TRAIL-resistance phenomenon. Next, we move our attention to improve TRAIL-induced 

apoptosis by combination treatment. Epigenetic studies focus on the alterations of chromatin 

changes independent of DNA sequence and regulation of epigenetics is increasingly being 

investigated in cancers26. In Chapter 4, we focus on the inhibition of histone modifying 

enzymes and we discuss the aberrant regulation of histones in cancer. We highlight the current 

understanding of epigenetic mechanisms that drive the resistance to TRAIL-induced apoptosis. 

We also touched upon the improvement of TRAIL-induced apoptosis by selective histone 

inhibitors. At last, we suggest novel drug targets and using combination treatment to overcome 

TRAIL-resistance phenomenon. 
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The previous chapter demonstrates the importance of epigenetic regulation in TRAIL-

induced apoptosis signaling and indicates combination treatment as an effective therapy for 

improving TRAIL sensitivity. In Chapter 5, we combined histone deacetylase (HDAC) 

inhibitors with TRAIL variants, DR4-specific TRAIL 4C7 and DR5-specific TRAIL DHER, to 

overcome TRAIL-resistance. We show that TRAIL-mediated apoptosis is largely improved in 

the colon cancer cell line WiDr by pretreatment of Entinostat, a HDAC 1, 2, 3-specific inhibitor. 

We also found that HDAC3-specific inhibitor RGFP966 and HDAC-8 specific inhibitor 

PCI34051 improve TRAIL sensitivity on a DLD-1 cell line. To confirm our observations, we 

silenced HDAC 1, 2 and 3 respectively using siRNA and followed by the treatment of TRAIL. 

In concert with our previous results, the data show an increased number of apoptotic cells. 

Furthermore, we established a 3D spheroid model to investigate the apoptosis-inducing effect 

of the combination treatment and we found improvement of apoptosis by detecting caspase 3/7 

activity.  

Since we showed that HDAC inhibitors enhance TRAIL-sensitivity, we are also interested 

in the role of histone acetyltransferase (HAT) inhibitors in apoptosis signaling. In Chapter 6, 

we used a novel p300 and CBP-selective inhibitor, A485, which was shown to be more potent 

than other inhibitors27 and studied non-small-cell lung cancer cells. Firstly, we silenced EP300 

and CREBBP, respectively, followed by the treatment with TRAIL. We found that TRAIL-

induced apoptosis is largely increased in EP300 and CREBBP downregulated cells. This result 

implies that p300 and CBP are potential targets for improving sensitivity to TRAIL. Next, we 

showed that A485 on its own does not induce apoptosis and this may due to the upregulation 

of both pro- and anti-apoptotic proteins at the mRNA level. However, combining A485 and 

TRAIL significantly increased apoptosis of cells via the caspase cascade. This result indicates 

that A485 augments TRAIL-induced apoptosis. Furthermore, we showed a synergistic effect 

for the combination of A485 and TRAIL on cell proliferation in short and long-term. More 

importantly, we generated EGFR-TKI-resistant cell lines to explore the application of A485-

TRAIL combination for this clinically relevant genotype. Interestingly, this combination also 

synergistically increased cell death in short and long-term. The volume of 3D spheroids 

generated from EGFR-TKI-resistant cells obviously decreased more by the combination 

treatment compared to single treatment.  

The studies presented in this thesis are summarized and discussed in Chapter 7.   
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Abstract 

The remarkable pro-apoptotic properties of tumour necrosis factor (TNF)-related 

apoptosis-inducing ligand (TRAIL) have raised considerable interest as an anticancer 

therapeutic. However, in several cancer cells TRAIL was found to be largely ineffective in 

inducing apoptosis. In colon adenocarcinomas, post-translational modifications including O- 

and N- glycosylation of death receptors were found to correlate with TRAIL-induced apoptosis. 

Additionally, mRNA levels of fucosylation enzymes FUT3 and FUT6 were found to be high in 

TRAIL-sensitive COLO 205. Now we have used agonistic receptor-specific TRAIL variants to 

dissect the contribution of FUT3 and FUT6-mediated fucosylation to the apoptosis induction 

of TRAIL via its two death receptors (DR4 and DR5). Triggering of apoptosis by TRAIL 

revealed that the low FUT3/6 expressing DLD-1 and HCT 116 are insensitive to DR5 but not 

to DR4-mediated apoptosis. In contrast, efficient apoptosis is mediated via both receptors in 

high FUT3/6 expressing COLO 205. Reconstitution of FUT3/6 expression in DR5-resistant 

cells completely restored TRAIL sensitivity via this receptor, while only marginally enhancing 

apoptosis via DR4 at lower TRAIL concentrations. Interestingly, we observed that induction of 

the salvage pathway by simple external administration of L-fucose restores DR5-mediated 

apoptosis in both DLD-1 and HCT 116. Finally, we show that the fucosylation influences the 

ligand-independent receptor association leading to increased DISC formation and caspase-8 

activation. Taken together, these results provide evidence for a differential impact of 

fucosylation on the signalling via DR4 or DR5. These findings provide novel opportunities to 

enhance TRAIL sensitivity in colon adenocarcinoma cells that are highly resistant to DR5-

mediated apoptosis.  
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Introduction 

Colorectal cancer is the third most commonly diagnosed cancer in males and the second 

in females as estimated by the International Agency for Research on Cancer in 201828. Although 

early detection methods, increased awareness and improved treatment modalities have led to a 

reduction of both incidence and cancer death rates in several western countries, colorectal 

neoplasias are still one of the most deadly cancers, causing around 880,000 deaths worldwide 

every year28. The 5-year survival rate of colorectal cancer patients for localized-stage is 90%, 

but decreases to 71% and 14% for regional and distant stage respectively29. Although some 

relatively new strategies are developed to predict surgical resection more accurately such as 

“watch and wait” strategy and Narrow-band Imaging International Colorectal Endoscopic 

Classification (NICE)30,31. Thus, novel therapies are required to improve the prognosis of 

colorectal cancer patients. 

The TNF superfamily member TRAIL has gathered considerable attention as a potential 

cancer therapeutic, as it is able to induce apoptosis selectively in tumour cells while leaving 

normal cells unharmed32–34. TRAIL is capable of signalling via two apoptosis-inducing 

transmembrane death receptors (DRs), named DR4 (TRAIL-R1) and DR5 (TRAIL-R2). 

TRAIL also binds to three decoy receptors: DcR1 (TRAIL-R3), DcR2 (TRAIL-R4) and the 

soluble decoy receptor osteoprotegerin (OPG)35,36. Decoy receptors are unable to transduce 

death-inducing signals as they lack a functional intracellular death domain (DD)36–39, and they 

can diminish apoptosis activation by competing with TRAIL-DR interactions37,40 or by forming 

non-signalling heterotrimeric complexes41.  

Binding of trimeric recombinant human TRAIL (rhTRAIL) to death receptors triggers the 

intracellular formation of the so-called death inducing signalling complex (DISC), consisting 

of Fas-associated death domain (FADD), which further recruits and activates pro-caspase-8 

and/or pro-caspase-1042–45. Activation of initiator caspases leads to direct cleavage and 

activation of executioner caspases-3 and -7 and subsequent apoptosis induction through the 

extrinsic apoptotic pathway46–49. Activated caspases also lead to the cleavage of Bid (tBid), 

resulting in the release of mitochondrial factors, cleavage of caspase-9 and activation of effector 

caspases leading to apoptosis via the intrinsic pathway50. Despite its reported tumour selective 

properties, several studies showed that approximately 50% of the colorectal cancer cell lines 

are resistant to rhTRAIL51,52. Untagged soluble human TRAIL Dulanermin developed for 

clinical use was shown to have a half-life of only 23 to 31 min in non-human primates in 

preclinical tests, which was attributed to its low mass53. In order to improve half-life some 

TRAIL-R1/R2 agonist antibodies have been developed, which have a higher mass and therefore 
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a prolonged half-life. However, Mapatumumab (HGS-ETR1), TRAIL-R1 agonistic antibody, 

in Phase II clinical trial did not show satisfactory activity with refractory colorectal cancer 

patients54. This was shown due to the resistance of colorectal cancer cell lines to TRAIL51,52,55. 

The current focus is to use combination strategies to overcome TRAIL resistance. One case 

presentation from a Phase Ib open-labeled clinical study (NCT00671372) reported that the 

combination of Dulanermin and FOLFIRI stabilized the disease progress 56. The TRAIL-R2 

agonistic antibody, Conatumumab (AMG655) has been shown to be well-tolerated 

(NCT00819169) in various cancers including advanced colorectal cancer57. This clinical study 

is now continued to Phase II in combination with chemotherapeutic agents (NCT01327612).  

Fucosylation is an important type of post-translational modification in colon cancer58, in 

which fucose residues are terminally attached to N- or O-linked glycans or glycolipids59,60. This 

modification on the cell-surface is essential in numerous biological processes, such as ontogeny, 

cellular differentiation and signalling events59,61. All fucosyltransferases  require the donor 

substrate GDP-fucose, which can be synthesized from GDP-mannose by the dominant de novo 

pathway or from free L-fucose by the salvage pathway58,60,61. In the past years, several reports 

have described the importance of fucosylation in TRAIL-induced apoptosis in colon cancer. 

Wagner et al. firstly described the positive correlation between TRAIL sensitivity and mRNA 

levels of fucosyltransferase enzymes FUT3 and FUT6 in a panel of colon adenocarcinoma 

cells51. Furthermore, mutation of the GDP-mannose-4,6-dehydratase (GMDS) gene leads to the 

inactivation of the de novo GDP-fucose pathway and decreased TRAIL sensitivity, resulting in 

accelerated tumour growth in vivo, due to a lack of NK cell-mediated tumour surveillance50. 

GMDS also plays an important role in the formation of the FADD-dependent complex II, which 

comprises FADD, caspase-8 and c-FLIP. GMDS deficiency inhibited both DR4- and DR5-

mediated apoptosis by inhibiting the formation of the complex II, while it did not affect 

formation of the DISC or recruitment to and activation of caspase-862. The same group showed 

that fucosylation could be regulated through DNA methylation. Treatment with the novel 

methyltransferase inhibitor Zebularine was found to increase fucosylation levels, leading to 

enhanced TRAIL-induced apoptosis without increasing TRAIL receptor and/or caspase-8 

levels63. However, it is still unclear whether the fucosylation of DR4 and DR5 equally 

contributes to TRAIL-mediated apoptosis. Recently receptor specific agonists developed by us 

in the past have been used to unravel the respective contribution of DR4 and DR5 N-

glycosylation on TRAIL signalling18,64. 

Here we investigated the more precise role of fucosylation on DR4- and DR5-mediated 

apoptosis in colon adenocarcinomas, using TRAIL receptor-specific apoptosis-inducing 
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variants that bind selectively and with high affinity to either DR4 or DR518,24,65–67. We show 

that fucosylation of DR4 and DR5, either via the salvage or via the de novo synthesis pathway, 

enhances TRAIL signalling in colon adenocarcinoma cells. We were able to increase DR5-

mediated apoptosis in DR5 resistant colon cancer cell lines by improving the fucosylation status 

of the death receptor.  
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Results 

Variation in sensitivity to DR4- and DR5-mediated apoptosis among different colon 

adenocarcinomas 

To identify the sensitivity of colon adenocarcinoma cells to TRAIL via either DR4 or DR5, 

we investigated three cell lines: COLO 205, DLD-1 and HCT 116. By detecting the Annexin V 

levels induced by WT TRAIL, the DR4-specific TRAIL variant 4C7 and the DR5-specific 

TRAIL variant DHER, we found that COLO 205 was highly sensitive to TRAIL-mediated cell 

death via both death receptors (Fig. 1A). Cell death induction in DLD-1 and HCT 116 cells is 

primarily mediated by DR4 and not by DR5 as evidenced by the high Annexin V levels seen 

upon incubation with 4C7 but not DHER (Fig. 1B, C). We next used flow cytometry to 

determine if differences in surface expression of death receptors can explain the differential 

TRAIL sensitivity observed. We found that all three cell lines express DR5 to a similar extend 

(Fig. 1D). These results reinforce the notion that death receptor expression alone is not 

predictive of TRAIL susceptibility.  

 

Inhibition of O-glycosylation leads to loss of fucosylation resulting in a decrease of TRAIL 

sensitivity 

A role for fucosylation in TRAIL-induced apoptosis of colon adenocarcinomas has been 

previously implicated51,62,63,68. Wagner et al. tested a panel of 36 colorectal adenocarcinoma 

cell lines and found that the sensitivity to TRAIL correlated with increased mRNA levels of the 

O-glycosylation initiating enzyme GALNT3, as well as the O-glycan processing 

fucosyltransferase enzymes FUT3 and FUT651. However, they did not report the effect of 

inhibiting of glycosylation on the different death receptors (DR4 or DR5). Here we show that 

cell death induction via both DR4 and DR5 is hampered in COLO 205 upon pre-treatment with 

the pan O-glycosylation enzyme inhibitor benzyl 2-acetamido-2-deoxy- α-D-galactopyranoside 

(bGalNAc) (Fig. 2A). In DR4-sensitive HCT 116 cells, cell death induced by 4C7 was also 

significantly decreased after bGalNAc treatment (Fig. 2B). We have not detected changes in 

the level of cell death in the DR4/5-resistant human fibroblasts or in HCT 116 cells induced 

with DR5-specific rhTRAIL DHER (Fig. 2C). These results substantiate for both death 

receptors the importance of O-glycosylation and successive fucosylation for becoming sensitive 

to TRAIL-induced cell death.  

 

Inhibition of fucosylation by adding 2F-peracetyl-fucose decreases sensitivity to DR5 

specific TRAIL 
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In order to investigate further the effect of fucosylation on TRAIL-induced apoptosis, we 

chose a fucosylation inhibitor to probe this effect in a cellular setting. Although most inhibitors 

only work in vitro[69, Rillahan et al. showed that 2F-peracetyl-fucose (2FF) is cell permeable 

and can be used in vivo70. We firstly examined the fucosylated oligosaccharides from DLD-1 

cells by blotting with recombinant biotinylated Aleuria aurantia lectin (AAL) which 

specifically binds to fucose71,72. Fig. 3A shows that the fucosylation level in DLD-1 cells 

reduced only after treatment with the high concentration of 2FF, which is in line with the 

observations from Rillahan et al.70.  Subsequently, we performed viability assays to explore 

alterations in the sensitivity of DLD-1 cells to rhTRAIL WT and DHER after adding 2FF. DLD-

1 cells were firstly treated with 2FF for 3 or 5 days, followed by 24h incubation with rhTRAIL 

WT or DHER. It can be seen from Fig. 3B that cell survival increased after incubating with the 

fucosylation inhibitor indicating that downregulation of fucosylation renders the receptor less 

sensitive for rhTRAIL WT and DHER. This decreased cell death induced by rhTRAIL DHER 

was further confirmed by flow cytometric analysis detecting apoptosis. Fig. 3C shows that 

frequency of early apoptotic cells decreased after pre-treatment with 500μM of 2FF, which 

means that low fucosylation levels lead to a reduction of rhTRAIL DHER-induced apoptosis. 

 

Triggering the fucosylation salvage pathway by L-fucose improves TRAIL sensitivity 

Fucosylation is an important type of post-translational modification in colon cancer58 and 

fucosyltransferase enzyme levels are important determinants. However, the presence of the 

donor substrate GDP-fucose is equally important. Therefore, we reasoned that targeting the de 

novo pathway or inducing the salvage pathway by increasing the level of GDP-fucose donor 

might enhance fucosylation and subsequently trigger TRAIL-mediated apoptosis. Recently, 

Moriwaki et al. showed that HCT 116 cells are less able to synthesize GDP-fucose, due to 

mutations in the GMDS gene that plays a critical role in the de novo GDP-fucose pathway62. 

We therefore investigated whether the salvage pathway can be activated by the addition of L-

fucose, and thereby potentially sensitize these cells to TRAIL-induced cell death. To do this, 

COLO 205, DLD-1, HCT 116, SW948 and WiDr cells were pre-incubated with L-fucose and 

after 24h further treated with rhTRAIL WT, 4C7 or DHER for 16h (0.05-500 ng/mL). The 

results show that the induction of DR5-mediated cell death is clearly enhanced upon pre-

treatment with L-fucose in DR5 resistant cell lines DLD-1, HCT 116, SW948 and WiDr (Fig. 

4B-E), with rhTRAIL DHER activities going up between 5 and 10 times in the presence of L-

fucose. In contrast to DHER sensitive COLO 205 cells, we only detected a slight enhancement 

of TRAIL-induced cell death using rhTRAIL DHER at low concentration (0.05 ng/mL) after 
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L-fucose pre-treatment (Fig. 4A). Since COLO 205, DLD-1 and HCT 116 are already quite 

sensitivity to 4C7, it is conceivable that it is difficult to increase the cell death at relative high 

concentration (50 or 500ng/mL). However, enhanced cell death was observed in COLO 205 

cells after treatment with low concentration 4C7 (Fig. 4A). The response to rhTRAIL WT was 

increased to an intermediate level in the presence of L-fucose reflecting its signalling via both 

DR4 and DR5. Enhanced cell death was not due to changed expression levels of DR4 and/or 

DR5 receptors (Fig. 5A), neither due to treatment by L-fucose alone (Fig. 5B).  

Taken together, these results indicate that L-fucose sensitizes DLD-1, HCT 116, SW948 

and WiDr to cell death through the activation of mainly DR5. 

 

Stable and transient overexpression of FUT3 and FUT6 enhances TRAIL sensitivity via 

both death receptors 

Our previous data show that upregulation of fucosylation by the salvage pathway indeed 

improves the sensitivity to TRAIL. Next, we focused on the two specific fucosyltransferase 

enzymes FUT3 and FUT6, which associate to TRAIL-sensitivity in colon cancer cells as 

reported by Wagner et al.. Quantitative PCR analysis confirmed the low mRNA levels of FUT3 

and FUT6 in our DR5-insensitive DLD-1 and HCT 116 cells (Fig. 6A), which correlates with 

previous observations51. We generated stable cell lines expressing either FUT3 or FUT6 in both 

DLD-1 and HCT 116. Cells were transduced either with an empty lentiviral vector (CTRL) or 

a vector expressing FUT3 or FUT6 with a  GFP gene, allowing for the selection of transduced 

cells. Using qRT-PCR a clear increase in relative FUT3 or FUT6 mRNA levels was observed 

compared to control with DLD-1 cells expressing higher levels of FUT3 and FUT6 compared 

to HCT 116 (Fig. 6A). Additional Western blot analysis of FUT3 expression, showed a 

significant increase in FUT3 protein levels in both DLD-1:FUT3 and HCT 116:FUT3 cells, 

when compared to control and FUT6 overexpressing cells (Fig. 6B). FUT6 protein levels could 

not be analyse with Western blot due to the lack of suitable antibodies. Flow cytometry analysis 

of transduced DLD-1 and HCT 116 cells showed that overexpression of FUT3 and FUT6 did 

slightly change the expression of DR4 and DR5, but not to a level that explains the change in 

sensitivity (Fig. 6C). 

To evaluate the impact of FUT3 or FUT6 stable overexpression on TRAIL-mediated 

apoptosis via either DR4 or DR5, the transduced cells were treated with 50 ng/mL of the 4C7 

or DHER, respectively. Overexpression of either FUT3 or FUT6 dramatically enhanced 

TRAIL-induced cell death via DR5 in both DLD-1 and HCT 116 cells (Fig. 6D). The sensitivity 

to rhTRAIL 4C7 in FUT3 or FUT6 overexpressing DLD-1 cells only slightly improved, 
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whereas cell death remained largely unaltered in overexpressing HCT 116 cells (Fig. 6D). This 

is mainly due to the already high cell death in control cells using 50 ng/mL rhTRAIL 4C7. 

Interestingly at low concentrations (5 ng/mL), where control DLD-1 cells show ~10 % of killing 

with rhTRAIL 4C7, transduced cells show an increase in killing cells, indicating that only at 

lower concentrations DR4-mediated cell death is slightly improved by the overexpression of 

fucosyltransferases (Fig. 6E). Moreover, to rule out the possibility that random integration of 

the gene into the genome itself could cause the differential TRAIL sensitivity we repeated the 

sensitivities assays with transient FUT3 and FUT6 overexpressing DLD-1 cells.  

Overexpressing FUT3 show a similar increase of TRAIL-induced cell death, which indicates 

that the observations are robust (Fig. 7A). Transient overexpression of FUT6 in both DLD-1 

and HCT 116 cells also enhanced the DR5 mediated cell death as seen by Annexin V-APC 

staining (Fig. 7B). In conclusion, FUT3 and FUT6 have a role in the regulation of TRAIL 

sensitivity via both death receptors and are most important for DR5. 

 

FUT3 and FUT6 overexpression leads to pre-clustering of DR4 and DR5  

Caspase-8 is very important in apoptotic signal transduction via ligand-dependent receptor 

activation. For TRAIL-mediated apoptosis, the signal is transmitted into the pathway by the 

formation of the DISC, which further recruits and activates caspase-873. To investigate whether 

the observed higher levels of apoptosis in FUT3 overexpressing cells were mirrored in the DISC 

formation, we co-immunoprecipitated the DISC proteins using FLAG-rhTRAIL WT (FLAG-

WT) and FLAG-DHER respectively. Caspase-8 activation was shown to be more pronounced 

in the DISC in control and FUT3 overexpression cells when immunoprecipitated with FLAG-

WT and less by FLAG-DHER (Fig. 8A). This is in line with the binding properties of FLAG-

WT, which can trigger the DISC formation via both DR4 and DR5, while FLAG-DHER can 

do this only via DR5. Notably, more DISC-associated caspase-8 was found in the S and T clonal 

populations of the FUT3 overexpressing cells as compared to the control cells, indicating that 

the level of apoptotic signaling activation in the FUT3 overexpressing cells is higher. We also 

show that DR5 participating in the DISC formation is more noticeable in the 

immunoprecipitates of FUT3 overexpressing cells, reinforcing the crucial response of DR5 to 

fucosylation (Fig. 8A). In a screen across a panel of breast cancer cell lines, TRAIL-sensitive 

cells showed more caspase-8 activity than TRAIL resistant cells74. This has also been found in 

a subset of colorectal cancer cell lines51. In order to examine caspase-8 and the downstream 

signal in more detail, we analyzed the pro-caspase-8, cleaved caspase-8 and downstream PARP-

1 activation. Western blot analysis demonstrated that activation and cleavage of caspase-8 and 
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PARP-1 was more pronounced in FUT3 and FUT6 overexpressing cells compared to control, 

which confirms that the effect of fucosylation is transmitted downstream in the apoptosis 

pathway (Fig. 8B). Moreover, the amount of cleaved caspase-8 and PARP-1 increased after the 

treatment with 4C7 and DHER, which indicated that this upregulation of fucosylation improved 

the DISC formation via both death receptors. We therefore investigated whether fucosylation 

enhanced TRAIL sensitivity by pre-clustering of DR4 and DR5 on the cell surface using 

immunofluorescent staining. Indeed, FUT3 and/or FUT6 overexpressing cells showed more 

pre-clustering of DR4 and DR5 compared to control cells (Fig. 8C). These results confirm that 

fucosylation by FUT3 and FUT6 overexpression enhances TRAIL-induced apoptosis through 

DISC formation by triggering the pre-clustering of DR4 and DR5. 

 

Discussion 

Recent results have shown that glycosylation of death receptors plays an important role in 

TRAIL-mediated apoptosis. In particular, it was shown that O-glycosylation increased TRAIL 

sensitivity by inducing efficient DISC formation and caspase-8 activation through the clustering 

of death receptors51. Moreover, the N-glycosylation of  human DR4 and mouse death receptor 

also regulates TRAIL-induced cell death by the enhancing DISC formation64. The death 

receptors can undergo successive post-translational modifications, such as fucosylation and 

sialylation that can occur after glycosylation. This fact , implies that there might be a connection 

and an additive effect in relation to TRAIL sensitivity60,75. Specifically, FUT3 and FUT6 

expression was shown to correlate with TRAIL sensitivity in a large panel of colorectal 

adenocarcinoma cell lines51. Moreover, GMDS deficiency leading to a loss of de novo 

fucosylation was found to increase tumour growth and metastasis in vivo62, due to a reduced 

FADD-dependent complex II formation68. Here, we provide for the first time evidence that 

signalling via DR5 is for the major part responsible for this L-fucose dependent apoptosis 

induction.  

In this study, we observed that DLD-1 and HCT 116 cells are highly insensitive to DR5-

mediated apoptosis in contrast to the colon adenocarcinoma COLO 205 cell line that shows a 

high sensitivity to both DR4- and DR5-mediated apoptosis. Here we further show that this 

insensitivity is not related to a lack of surface expression levels of DR5, but to a specific lack 

of fucosylation. This finding is in line with earlier observations that TRAIL-sensitive colon 

adenocarcinoma cell lines show relatively high mRNA levels of FUT3 and FUT6, while the 

TRAIL-resistant cell lines, such as DLD-1 and HCT 116, show low expression of FUT3 and 

FUT651,64.  Reduction of the number of fucosyl attachment sites by pre-treatment with the O-
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glycosylation inhibitor bGalNAc led to decreased TRAIL sensitivity via DR5 in all three cell 

lines mentioned, as determined by us using TRAIL-death receptor specific variants. The 

bGalNAc treatment also had an effect on the DR4 sensitivity in HCT 116, although there is a 

considerable residual activity. This may be due to the fact that DR4, in contrast to DR5, has N-

glycosylation sites, which are not affected by bGalNAc ensuing outstanding attachment sites 

for fucose. This observed reduction in DR4 signalling is slightly different from the data reported 

by Dufour et al., in which they reported that DR4-induced apoptosis in another bone 

osteosarcoma cell line was not at all affected by the bGalNAc treatment. This may due to the 

usage of a different cell line  and/or the use of a different DR4-specific variant64. Direct 

inhibition of fucosylation turned out to be complicated as most reported inhibitors do not 

penetrate into the cell and can be used only in vitro. By exploiting promiscuous monosaccharide 

salvage pathways the inhibitor 2FF can be partly imported and metabolized in cells70 and we 

indeed could show inhibition of fucosylation in DLD-1 colon cancer cells using high 

concentrations. The observation that the sensitivity to rhTRAIL DHER in these cells is lowered, 

forms an additional indication for the important role of fucosylation in activating death receptor. 

Without doubt, the most spectacular finding of our study is the observation that the simple 

addition of L-fucose re-sensitizes DLD-1 and HCT 116 cells to DR5-mediated apoptosis and 

enhances the DHER sensitivity from 5 to 40%. Interestingly, oral administration of L-fucose 

was found to successfully increase fucosylation in patient with leukocyte adhesion deficiency 

type II (LAD II), a rare inherited disorder of fucose metabolism76–78. Moreover, tumor growth, 

mitotic activity and metastases were greatly suppressed by daily intraperitoneal injection of L-

fucose in the Ehrlich carcinoma mice78. Our results further suggest that the sensitivity to TRAIL 

can be simulated after elevated expression of FUT3 or FUT6 in tumor cells, which is mainly 

mediated via DR5 as evidenced by the enhanced sensitivity to DHER of these cells.  

Further studies show that in FUT3/6 overexpressing cells compared to control cells, the 

pre-clustering of DR4 and/or DR5 is enhanced without any increase in the level of receptor 

expression. Moreover this clustering directly stimulates more DISC formation and caspase-8 

activation. In agreement with the regulation by O- or N-glycosylated death receptors, the 

upregulation of fucosylation changes the distribution of death receptors and enhances their 

clustering leading to enhanced apoptotic signal transduction after the stimulation by TRAIL24,51. 

There is some evidence showing that a pre-ligand assembly domain association (PLAD) 

consisting of death receptors, especially DR5, and decoy receptors lacking a death domain 

attenuates TRAIL-induced apoptosis41,79. In concert with this PLAD model, it can be conceived 

that if most death receptors are involved in the pre-clustering activity due to the upregulation 
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of fucosylation, the possibility for them to bind to the decoy receptors greatly decreases. By 

this mechanism, TRAIL induced apoptosis might become significantly improved upon 

fucosylation.       

Many examples have already shown the diagnostic applications related to fucosylation. 

The most representative type of cancer biomarker is fucosylated alpha-fetoprotein (AFP) in 

hepatocellular carcinoma (HCC). AFP with core fucosylation is very specific in the early stage 

of HCC and widely used as diagnostic marker80,81. Kyselova et al. measured the glycan profile 

in serum and proposed 8 potential sialylated and fucosylated N-glycan structures to stage the 

progression of breast cancer82. Moreover, in the serum from patients with advanced pancreatic 

cancer, haptoglobin fucosylation patterns were found that  differ from those at early stage83. 

Our results suggest that the status of fucosylation indicates the sensitivity to DHER in colon 

carcinoma and provides a potential biomarker for TRAIL therapy. Taken together, our findings 

give a new insight into the effect of post-translational modification on TRAIL-sensitivity and 

imply promising novel approaches for restoring TRAIL response in resistant cancer cells.    
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Materials and methods 

Cell lines and reagents 

Human colorectal cancer cell lines COLO 205, DLD-1,  HCT 116, SW948 and WiDr were 

cultured in RPMI1640 medium supplemented with 10% foetal calf serum (FCS), 100 units/mL 

Penicillin and 100 µg/mL Streptomycin in a humidified incubator at 37 °C containing 5% CO2. 

Human foreskin fibroblasts (Cell Stock, University of Groningen) were cultured in Ham’s F-

10 medium supplemented with 10% foetal calf serum (FCS), 100 units/mL Penicillin and 100 

µg/mL Streptomycin. All materials mentioned above were obtained from Thermofisher 

Scientific (Landsmeer, the Netherlands). rhTRAIL wild type (WT), the DR4-specific TRAIL 

variant 4C7 and the DR5-specific TRAIL variant DHER (amino acids 114-281) were 

constructed and produced as previously described18,64. L-(-)-Fucose (L-fucose), benzyl 2-

acetamido-2-deoxy-α-D-galactopyranoside (bGalNAc) and 2F-peracetyl-fucose (2FF) were 

purchased from Merck (Darmstadt, Germany).  

 

MTS assay 

Cell viability and proliferation assays were conducted using MTS assays. Cells were 

seeded in triplicate in 96-well plates at a cell density of 10,000 cells/well in 0.1 mL medium. 

After 24h, cells were treated with concentrations ranging from 0 to 500 ng/mL of rhTRAIL WT, 

4C7 or DHER for 16h, to a final volume of 0.15 mL. In the case of only L-fucose treatment, 

cells were incubated with different concentrations of L-fucose (0-100 mM) for 48h to a final 

volume of 0.2 mL. For the combination of L-fucose and rhTRAIL, cells were pre-incubated 

with 0 or 50 mM of L-fucose in a final volume of 0.15 mL. After 24h, cells were treated with 

concentrations ranging from 0 to 500 ng/mL of rhTRAIL WT, 4C7 or DHER for 16h to a final 

volume of 0.2 mL. Stock solutions of L-fucose were serially diluted in serum-free RPMI 

medium and TRAIL ligands in complete medium. Cells were incubated with MTS reagent 

according to manufacturer’s instructions (Promega, Leiden, the Netherlands). Cell viability was 

determined by measuring the absorption at 492 nm using a microplate reader (Thermo 

Labsystems). For inhibition of O-glycosylation, cells were pre-treated with 2 mM bGalNAc in 

a final volume of 0.15 mL. After 24h, cells were treated with rhTRAIL concentrations, ranging 

from 0 to 1000 ng/mL of rhTRAIL 4C7 or DHER for 16h, to a final volume of 0.2 mL. For 

inhibition of fucosylation, cells were seeded at the density of 1000 cells/well or 100 cells/well 

in 0.1 mL medium and incubated with 2FF at indicated concentration for 3 days and 5 days 

respectively. Next, cells were treated with rhTRAIL WT or DHER at indicated concentration 

for 24h. 
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Apoptotic assay 

Apoptosis induction was measured using Annexin V-APC (IQP Products, Groningen, the 

Netherlands) staining and quantified by flow cytometry. Cells were seeded in 6-well plates 24h 

prior to treatment. The next day, cells were incubated with 0-500 ng/mL rhTRAIL WT, 4C7 or 

DHER for 16h. After treatment, cells were harvested and washed with calcium buffer (10.9 µM 

HEPES, 140 µM NaCl, 2.5 µM CaCl2) (Merck, Darmstadt, Germany). Cell pellets were 

resuspended in 60 µL calcium buffer complemented with 5 µL Annexin V-APC and incubated 

for 20 min on ice. Cells were washed and analysed using a FACS Calibur flow cytometer (BD 

Biosciences). For cells treated by 2FF, 3E5 cells were firstly seeded in one well of 6-wells plate. 

50 µM or 500 µM 2FF was added at the following day and incubated for 3 days. Three days 

later, 100 ng/ml rhTRAIL WT or DHER was added for 24h. After treatment, cells were 

harvested in PBS and apoptotic cells were measured and analysed by LSR-II (BD Biosciences) 

using dead cell apoptotic kit (Thermofisher Scientific, Landsmeer, the Netherlands). 

 

TRAIL receptor membrane expression analysis 

Cells were harvested and washed with FACS buffer (PBS with 1% BSA). Cell surface 

expression of TRAIL receptors was determined using 10 μg/mL TRAIL-R1, TRAIL-R2, 

TRAIL-R3, TRAIL-R4 (Alexis Biochemicals, Enzo Life Sciences, Bruxelles, Belgium) or 

negative control mouse IgG1 (Agilent, Santa Clara, USA). Cells were incubated with primary 

antibodies for 1h on ice. Subsequently, the cells were washed and incubated for 1h with R-

phycoerythrin (PE) conjugated goat anti-mouse antibody (Southern Biotech, Birmingham, USA) 

or Alexa Fluor 488 conjugated goat anti-mouse antibody (Thermofisher Scientific, Landsmeer, 

the Netherlands). Receptor cell surface expression was analysed using a FACS Calibur flow 

cytometer (BD Biosciences). 

 

Transient overexpression of FUT6-GFP and lentiviral overexpression of FUT3 and FUT6 

For transient overexpression of FUT6-GFP, DLD-1 and HCT 116 cells were seeded in 6-

wells plates at a density of 150,000 cells/well. The next day, the subconfluent cultures were 

transfected with plasmid containing GFP-conjugated α-1,3-fucosyltransferase 6, fuc-T6-GFP 

(FUT6-GFP) (a kind gift from prof. Jack Rohrer) using the FuGENE HD Transfection Reagent 

(Promega, Leiden, the Netherlands) according to manufacturer’s instructions. Cells were 

seeded 48h after transfection and treated with 50 ng/mL rhTRAIL WT, 4C7 or DHER for 16h. 

Cell death induction was measured using Annexin V-APC staining. 
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For lentiviral overexpression of FUT3 and FUT6, pLenti-GIII-CMV-GFP-2A-Puro 

plasmids encoding FUT3 or FUT6 and the control plasmid were purchased from Applied 

Biological Materials Inc. (Heidelberg, Germany). For the packaging of the lentiviral particles, 

2*106 HEK293 cells were plated in 94 mm cell culture dishes. The following day, cells were 

transfected with either pLenti-CMV-GFP vector expressing FUT3, FUT6 or the control vector, 

using CaCl2. After 48h, the medium containing virus particles was harvested, filtered, mixed 

with Polybrene (Merck, Darmstadt, Germany) and added to DLD-1 and HCT 116 cells, which 

were plated the day before at a density of 0.25*106 cells in a 6-wells plate; the final 

concentration of Polybrene was 10 µg/mL. The following day, the previous steps were repeated, 

therefore cells were exposed to the viral particles for 48h in total. Mixed populations of control-, 

FUT3- or FUT6-overexpressing cells were cultured in RPMI 1640 medium supplemented with 

10% foetal calf serum, 100 units/mL Penicillin, 100 µg/mL Streptomycin and 2 µg/mL 

Puromycin (Merck, Darmstadt, Germany) in a humidified incubator at 37 °C containing 5% 

CO2. Single clones that expressed GFP were subcloned. 

 

qRT-PCR 

RNA was isolated from DLD-1 and HCT 116 cells transduced with control, FUT3 or 

FUT6 lentiviral plasmids using the RNeasy Mini Kit (QIAGEN, Venlo, the Netherlands) 

according to manufacturer’s instructions. cDNA was synthesized from 4 µg total RNA using 

oligo dT primers and M-MLV Reverse Transcriptase (Thermofisher Scientific, Landsmeer, the 

Netherlands ) in a total volume of 80 µL. Quantitative real-time (qRT)-PCR was performed to 

determine the mRNA expression levels of FUT3 (5’- GGACATGGCCTTTCCACATC-3’ and 

5’-TCCAGGTGCTGGCAGTTAGG-3’), FUT6 (5’-CGCTTCCCAGACAGCACAGG-3’ and 

5’-TCCGTCCATGGCTTTCAGCTGCCA-3’) and the housekeeping gene RPL27 (5’-

TCCGGACGCAAAGCTGTCATCG-3’ and 5’-TCTTGCCCATGGCAGCTGTCAC-3’) 

using SsoAdvanced Universal SYBR Green Supermix (BioRad, Veenendaal, the Netherlands) 

on the CFX Connect Real-Time PCR Detection System (Bio-Rad). The protocol was as follows: 

initial denaturation at 98 °C for 3 min, followed by 45 cycles of amplification (5 sec at 98 °C 

and 20 sec at 65 °C). Finally, a melting curve analysis was performed to ensure that only a 

single PCR amplicon was produced. 

 

Western blotting 

Cells were harvested and lysed by using the Mammalian Protein Extraction Reagent 

(Thermofisher Scientific, Landsmeer, the Netherlands) with additional Protease Inhibitor 
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Cocktail, EDTA-Free (Roche, Basel, Switzerland). Protein concentrations were determined 

using a Bradford assay (Bio-Rad, Veenendaal, the Netherlands). Equal amounts of protein (20 

µg) for each sample were loaded per lane on pre-cast 4-12% SDS-PAGE gels (Thermofisher 

Scientific, Landsmeer, the Netherlands) and transferred onto Immobilon-FL PVDF 0.45 µm 

membranes (Merck, Darmstadt, Germany). Subsequently, the membranes were blocked for 1h 

at room temperature in blocking buffer (Rockland, Limerick, USA). Western blot membranes 

were probed overnight at 4 °C. The following primary antibodies were used: Caspase-8 (Cell 

Signalling Technologies, Leiden, the Netherlands), FUT3 (Abcam, Cambridge, UK) and 

PARP-1 (Cell Signalling Technologies, Leiden, the Netherlands). Goat-α-mouse-IRDye 680 

(LI-COR Biosciences, Nebraska, USA) or goat-α-rabbit-IRDye 800CW (LI-COR Biosciences, 

Nebraska, USA) secondary antibodies were used for detection using a LI-COR Odyssey 

Infrared Imaging System (Westburg). Membranes were probed with anti-γ-tubulin (Merck, 

Darmstadt, Germany) to confirm equal loading. For AAL blot, after proteins were transferred 

onto nitrocellulose membrane (Merck, Darmstadt, Germany), this membrane was blocked 

overnight in 3% BSA at 4 °C. Afterwards, membrane was incubated with 0.5 µg/ml of 

recombinant biotinylated AAL (Vector lab, Peterborough, UK) for 30 min at room temperature. 

Streptavidin conjugated with HRP (Thermofisher Scientific, Landsmeer, the Netherlands) used 

as secondary antibody was added for 30 min at room temperature. At last, membrane was 

detected using Pierce ECL kit (Thermofisher Scientific, Landsmeer, the Netherlands). Anti-β-

actin (Cell signalling technology, Leiden, the Netherlands) was probed as relative loading 

control. 

 

Co-immunoprecipitation of TRAIL-DISC complex 

M-270 Epoxy beads (Thermofisher Scientific, Landsmeer, the Netherlands ) were 

covalently coupled with anti-FLAG antibody (Merck, Darmstadt, Germany) according to the 

manufacture’s instruction (5-7 µg per mg beads) at 37°C for 20h. The next day beads were 

washed and stored following the protocol from the company. 3-4x107cells were harvested and 

incubated with 1 µg/mL FLAG-rhTRAIL or FLAG-DHER in the complete medium at 4°C to 

prevent ligand receptor complex internalization. After washing with PBS the cell pellet was 

weighted and nine volumes of the extracting buffer A (Thermofisher Scientific, Landsmeer, the 

Netherlands) supplemented with 50mM NaCl and protease inhibitor cocktail, were added and 

incubated on ice for 15min. Cell lysate was cleared by centrifugation at 2600xg for 5min at 4°C, 

then the DISC was co-immunoprecipitated overnight with the prepared beads at 4°C. Beads 

were washed three times with the extraction buffer A and one time with 1xLWB supplied with 
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the kit; then the protein complex was eluted using SDS loading buffer (50mM Tris-HCl, pH 

6.8, 2% SDS, 6% glycerol). 

 

Immunostaining of surface DR4 and DR5 

DLD-1:CTRL, DLD-1:FUT3 and DLD-1:FUT6 cells were seeded at a density of 150,000 

cells on Poly-L-lysine (Merck, Darmstadt, Germany) coated coverslips. Cells were fixed using 

4% formaldehyde solution (Merck, Darmstadt, Germany) for 15 min at room temperature. The 

cells were then stained for 1h with 1:50 in PBS diluted TRAIL-R1 (Alexis Biochemicals, Enzo 

Life Sciences, Bruxelles, Belgium), DR5-01-1 (Exbio, Praha, Czech republic) or IgG1 negative 

control (Agilent, Santa Clara, USA). After washing with PBS three times, cells were incubated 

with secondary antibody donkey anti-mouse IgG (H+L) Alexa Fluor 647 (Jackson 

ImmunoResearch, Cambridge, UK) at a concentration of 1:100 for 1h. Nuclei were 

counterstained with 0.2 µg/mL DAPI (Thermofisher Scientific, Landsmeer, the Netherlands) 

for 10 min. The coverslips were mounted with CitiFluor (Agar Scientific, Stansted, UK). Slides 

were photographed using a Leica DMI 6000 inverted microscope. 

 

Statistical analysis 

Data were presented as mean ± standard deviation (SD) from three independent 

experiments. Comparisons between groups were analysed by one-way ANOVA with GraphPad 

Prism version 5.00 (GraphPad Software, San Diego California, USA). Results were considered 

statistically significant at 5% level. P value was analysed by one-way ANOVA in Turkey’s 

multiple comparison with GraphPad Prism version 5.00.* p< 0.05, ** p < 0.005 and *** p< 

0.0005  
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Figure 1. Different colon adenocarcinoma cell lines exhibit differential sensitivities via 

DR4 and DR5. Apoptosis inducing potential of rhTRAIL WT, 4C7 and DHER (0.05-500 

ng/mL) in COLO 205 (A), DLD-1 (B) and HCT 116 (C) was determined after 16h treatment 

using Annexin V-APC by flow cytometry. (D) Cell surface expression of TRAIL receptors was 

determined in COLO 205, DLD-1 and HCT 116 cells using flow cytometry analysis and 

depicted as the Mean Fluorescence Intensity (MFI) ratio (left graph) and as FACS histograms 

(right graph) compared to the binding of isotype antibody. The values shown are mean ± SD of 

3 independent experiments. 
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Figure 2. Inhibition of O-glycosylation decreases TRAIL sensitivity. COLO 205 (A), HCT 

116 (B) and fibroblasts (C) were pre-treated with 2 mM bGalNAc for 24h, after which cells 

were stimulated with 1-1000 ng/mL rhTRAIL 4C7 or DHER for 16h. Cell death levels were 

determined by MTS assay. The values shown are means mean ± SD of 3 independent 

experiments.  
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Figure 3. Inhibition of fucosylaiton by adding 2F-peracetyl-fucose decreases sensitivity to 

DR5 specific TRAIL. (A) Proteins were blotted by recombinant biotinylated AAL and probed 

again by β-actin as loading control. (B) Cell survival was measured and analysed by MTS assay. 

The values shown are means mean ± SD of 3 independent experiments. (C) Cells were 

incubated with 2FF for 3 days and followed by adding 100 ng/mL rhTRAIL DHER for 24h. 

Apoptotic cells were stained by dead cell apoptotic kit and measured by LSR-II. 
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Figure 4. L-fucose treatment augments TRAIL-induced apoptosis predominantly via the 

activation of DR5. COLO 205 (A), DLD-1 (B), HCT 116 (C), SW948 (D) and WiDr (E)  cells 

were pre-treated with 0 or 50 mM L-fucose for 24h and subsequently incubated with 0.05-500 

ng/mL rhTRAIL WT, DHER or 4C7 for another 16h. Cell death was assessed using MTS assay. 

Blue columns represent cells without adding L-fucose and red columns represent cells pre-

treatment with 50 mM L-fucose. The values shown are ± SD of 3 independent experiments.  
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Figure 5. DR4 and DR5 receptor expression and L-fucose tolerance. (A) Cell surface 

expression of TRAIL receptors was determined in DLD-1 and HCT 116 cells treated with 0 or 

50 mM L-fucose using flow cytometry analysis and expressed as the Mean Fluorescence 

Intensity (MFI) ratio compared to the binding of isotype antibody. (B) HCT 116 cells were 

treated with 0, 50 or 100 mM L-fucose and cell death was measured by FACS using Annexin 

V-APC staining. The values shown are means ± SD of 3 independent experiments. 
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Figure 6. FUT3 and FUT6 overexpression enhances TRAIL sensitivity of DLD-1 and HCT 

116 cells via both death receptors. Overexpression of FUT3 and FUT6 was analysed by qRT-

PCR of DLD-1 and HCT 116 cells transduced with control, FUT3 or FUT6 overexpressing 

plasmid. (A) The amount of FUT3 or FUT6 amplicon was relative to the endogenous reference 

RPL27 and normalized to the control cells. (B) Western blot analysis of control or FUT3/6 

transduced DLD-1 and HCT 116 cells. Lysates were examined for FUT3/6 expression levels; 

γ-tubulin served as a loading control. (C) The expression of DR4, DR5, DcR1 and DcR2 in 

Control, FUT3 and FUT6 overexpressing DLD-1 and HCT 116 cells. Cell death of transduced 

DLD-1 and HCT 116 cells overexpressing FUT3/6 was assessed after treatment with 50 ng/ml 

rhTRAIL 4C7 (D) or DHER (E) for 16h as measured by MTS assay. The values shown are 

means ± SD of 3 independent experiments.    
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Figure 7. TRAIL sensitivity of transient FUT3 or FUT6 transfected DLD-1 and HCT 116 

cells.  Transient FUT3 overexpressing DLD-1 cells were treated with 5-500 ng/ml rhTRAIL 

WT, 4C7 or DHER and cell death was measured by MTS assay (A). (B) Transient FUT6 

overexpressing cells lines DLD-1 and HCT 116 cells were treated with 50 ng/ml rhTRAIL WT, 

4C7 and DHER. Apoptosis induction was assessed after 16 h using Annexin C-APC staining 

measured by flow cytometry. The values shown are means ± SD of 3 independent experiments.  
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Figure 8. FUT3 and FUT6 overexpression leads to pre-clustering of DR4 and DR5. (A) Co-

immunoprecipitation of the TRAIL DISC. Two population of FUT3 overexpression cells (S 

and T) and control cells were stimulated by 1µg/mL FLAG-TRAIL WT or FLAG-DHER 

respectively for 0 or 30min. Then the DISC was immunoprecipitated with FLAG antibody. 

DR5 or cleaved caspase-8 from the DISC were detected by immunoblot. (B) Western blot 

analysis of FUT3 or FUT6 transduced DLD-1 cells treated with 500 ng/ml rhTRAIL WT, 4C7 

or DHER for 1h. Caspase-8 and PARP-1 activation was examined and analysed using 

densitometry (values depicted as % of total protein); γ-tubulin served as a loading control. The 

data are presented as mean values of 3 independent experiments. (C) Immunostaining of DLD-

1 cells transduced with control, FUT3 or FUT6 plasmids, containing the GFP gene. Cells were 

seeded on poly-L-lysine coated coverslips and stained with primary antibodies against DR4 or 

DR5, and secondary antibody conjugated with Alexa Fluor 647. Nuclei were counterstained 

with DAPI. The right graphs depict the quantification of the mean fluorescence intensity of 20 

single confocal pictures of each cell lines. 
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Abstract 

TRAIL is considered to be a promising anti-tumor drug due to its selective pro-apoptotic 

properties on tumor cells. However, the clinical application of TRAIL is till now limited due to 

the resistance of several cancer cells, which can occur at various levels in the TRAIL signaling 

pathway. The role of decoy receptors that can sidetrack TRAIL, thereby preventing the 

formation of an activated death receptor, has been extensively studied. In this study we have 

focused on extracellular vesicles (EVs) that are known to play a role in cell-to-cell 

communication and that can be released by donor cells into the medium transferring their 

components to recipient cells. TRAIL-induced apoptotic signaling is triggered upon the binding 

of two death receptors, DR4 and DR5. Here, we found that DR5 but not DR4 is present in the 

conditioned medium (CM)-derived from various cancer cells. Moreover, we observed that DR5 

was exposed on EVs and can act as “decoy receptor” for binding to TRAIL. This results in a 

strongly reduced number of apoptotic cells upon treatment with DR5-specific TRAIL variant 

DHER in CM.  This reduction happened with EVs containing either the long or short isoform 

of DR5. Taken together, we demonstrated that colon rectal tumor cells can secrete DR5-coated 

EVs and this can cause TRAIL resistance. This is to our knowledge a novel finding and provides 

new insights into understanding TRAIL sensitivity.   
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Introduction 

The secretion of extracellular vesicles (EVs) is an evolutionally conserved process 

spanning from bacteria to humans and plants84–86. The significance of EVs relates to their 

capacity to eliminate unwanted components from the cell. EVs also play an important role in 

extracellular communications by exchanging components -from DNA to protein- and thereby 

influencing the signal transduction pathways of target cells87,88. These EVs are highly 

heterogeneous and can be broadly divided into two main categories based on their biogenesis 

and characterizations84,88. The term exosomes (30-100nm) was firstly used to describe the EVs 

released by reticulocytes during differentiation89. It originates from inward budding of 

endosome membrane creating the so called cargo-containing intra luminal vesicle (ILV) inside 

the early endosome. These early endosomes can either be directed to the lysosomes or fused 

together and mature to the late multivesicular endosomes (MVEs). MVEs when fused with cell 

membrane can release their cargo-containing ILV in the extracellular space and these small 

vesicles are called exosomes90. The other group of EVs are named microvesicles (50-1000nm, 

up to 10µm), which are directly formed after outward budding or fission of plasma membrane 

in response to diverse stimulati. Owing to their varied compositions, increasing evidence shows 

that EVs act as signaling vesicles not only in normal cell homeostasis but also in many 

pathological conditions91.  

Cancer is a diverse group of diseases caused by proliferating cells traditionally treated with 

chemotherapy and/or radiotherapy. However, these therapies also give harmful side-effects to 

healthy cells. Therefore, novel therapeutics targeting cancer cells are being developed  and 

treatment with TNF-related apoptosis inducing ligand (TRAIL) is considered to be promising 

due to its naturally pro-apoptotic properties specifically directed to cancer cells92. Binding of 

TRAIL to two death receptors (DR4 and DR5) triggers the recruitment of death-inducing 

signaling complex (DISC), including Fas-associated death domain (FADD) and pro-caspase-8. 

This complex  initiates downstream caspase-dependent apoptotic signaling and eventually leads 

to cell death93. Although cancer cells are more prone to TRAIL induced cell death than normal 

cells, apoptotic signaling pathway mediated by TRAIL can be interrupted by many other factors 

that lead to resistance in several cancer cells. For instance, TRAIL can also bind to three decoy 

receptors (DcR1, DcR2 and OPG) and thereby decrease the availability of free TRAIL for the 

binding to the death receptors, leading to inhibition of apoptosis94. Despite the importance of 

this classical ligand-receptor binding to induce apoptosis, ligand-induced receptor 

internalization and/or intercellular receptor trafficking are also important for adequate 

transduction of the apoptosis signaling. Likewise, nuclear localization of DR5 by importin β1 
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decreases TRAIL induced cell death in human tumor cells95. The presence of death receptors 

in autophagosomes rather than plasma prevents TRAIL induced apoptosis in breast cancer 

cells96. In addition, the surface levels of DR4 are controlled by MARCH-8-mediated 

ubiquitination, which results in differential endosomal trafficking  of surface DR4 and DR5 and 

thereby regulates the resistance to TRAIL97. Given the evidences that degradation and secretion 

of death receptors are important for the extent of the apoptosis signaling, we want to know if 

death receptors are secreted and expressed on the surface of EVs.  

In this study, we demonstrate that DR5 molecules are on the surface of EVs and these can 

compete with the DR5 on target cells for TRAIL binding, leading to a decrease of the apoptosis 

signaling. These findings provide a new insight into mechanisms of TRAIL-resistance.     
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Results 

Conditioned medium inhibits DR5 mediated cell death in cancer cells 

EVs are released by most cancer cells and the mode of action of these organelles depends 

or their protein cargo 98–100. We hypothesize that secreted death receptors displayed via the EVs 

can act as decoy receptors and therefore reduce the apoptosis signaling. We examined cell 

viability of COLO 205 and BJAB cells after treatment with DR5 selective TRAIL variant 

(DHER) in the presence of fresh medium (FM) or conditioned medium derived either from 

COLO 205 (CMc) or BJAB (CMb) cells. We also used conditioned medium derived from 

BJAB DR5s- (CMb DR5s-) or BJAB DR5s+ (CMb DR5s+) cells, in which DR5 short isoform 

was downregulated or upregulated. We observed that the percentages of living cell incubated 

in fresh medium were considerably lower than in conditioned medium (fig. 1A). This protection 

effect from conditioned medium was shown in a dose-dependent manner. The most prominent 

effect occurred at 10 ng/ml DHER in COLO 205 cells (fig. 1A upper) and at 50 ng/ml in BJAB 

cells (fig. 1A lower). This result indicates that the conditioned medium contains factors which 

are able to inhibit DR5 mediated cell death signaling. Interestingly, western blot analysis of the 

conditioned medium from 3 different colon carcinoma cells (COLO 205, HCT116 and DLD-1) 

and Burkitt’s lymphoma cells (BJAB WT, BJAB DR5s- and BJAB DR5s+) revealed that only 

DR5 was secreted in significant levels and DR4 was almost negligible (fig. 1B). The absence 

of H2A in the supernatant confirms the purity of the sample and absence of cellular nucleosome 

proteins in the conditioned medium.  

 

Both long and short isoforms of DR5 in conditioned medium contributes to TRAIL 

resistance  

We have concluded that conditioned medium can prevent DR5 mediated cell death. To 

explore which isoforms of DR5 contribute to this phenomenon, we used CHO cells expressing 

either the long or the short isoform of human DR5. Overexpression of DR5 was firstly 

confirmed by western blot analysis in total cell lysate (CHO-TV1 and CHO-TV2). Figure 2A 

also showed that both isoforms were secreted into the conditioned medium. Treatment of COLO 

205 cells with TRAIL DHER in conditioned medium derived from COLO 205, CHO-TV1 or 

CHO-TV2 cells resulted in significant inhibition of apoptosis compared to the cells in fresh 

medium or conditioned medium derived from CHO wildtype cells (CHO-WT CM), which lack 

both DR5 isoforms. This protective effect was specifically related to DR5, as no protection was 

observed upon the treatment of DR4-specific variant TRAIL 4C7 (fig. 2B). In addition, the 

apoptosis effect from CHO-TV1 versus CHO-WT-derived conditioned medium was at the same 
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magnitude as COLO 205-derived conditioned medium versus fresh medium. Taken together, 

we concluded that both long and short isoform of DR5 contribute to inhibition of TRAIL 

DHER-mediated apoptosis.  

 

DR5 is expressed on the surface of extracellular vesicles  

To investigate whether DR5 was secreted as soluble receptors or packed into vesicles, we 

fractionated the conditioned medium by differential centrifugation strategy. The smallest 

vesicles ranging from 30 to 300 nm were sedimented by ultracentrifuge at 100,000 x g, while 

bigger particles were removed at lower speeds to avoid artificial small vesicles formation101. 

Next, we analyzed the particles using transmission electron microscope. We observed various 

donut-like vesicles with different size and shape by negative staining (fig. 3, upper picture). We 

also incubated these EVs with gold labeled DR5 antibody and observed dark spots on the 

surface of EVs, indicating that DR5 is coated on the surface of the EVs (fig. 3, lower pictures).   

 

Depletion of EVs in conditioned medium restores the TRAIL DHER sensitivity of COLO 

205 cells. 

To confirm that the DR5 coated on EVs is related to inhibition of TRAIL-mediated 

apoptosis, we removed EVs from conditioned medium and treated cells with TRAIL DHER. 

Figure 4A showed that percentage of apoptotic cells is significantly higher in conditioned 

medium without EVs than containing EVs. Moreover, figure 4B showed decreased cell death 

in the presence of EVs in conditioned medium treated with TRAIL DHER or TRAIL wild type, 

indicating that the presence of DR5 on EVs inhibits TRAIL-mediated apoptotic signaling. 

CD63 was used as positive control for the isolation of EVs (fig. 4C).  

 

Discussion 

In the present study, we showed that EVs coated with DR5 reduce the TRAIL-mediated 

apoptosis in cancer cells. This inhibition of the EVs was specific when apoptosis is triggered 

by DR5. Both long and short isoforms of DR5 contribute to the inhibition of TRAIL-mediated 

apoptosis. This is the first report demonstrating the display of DR5 on the surface of EVs and 

providing a new insight into the TRAIL-resistance phenomenon. 

The endocytosis of TRAIL-DR complex on triggering the apoptotic signaling has been 

studied extensively. However there are conflicting reports as to whether internalization of 

TRAIL-DR complex results in inhibiting or enhancing the apoptotic signals102–104. One study 

showed that DR-mediated caspase activation rapidly disrupts clathrin-mediated endocytosis 
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(CME), which in turn enhanced the downstream apoptotic signaling 102. Recently, another study 

unraveled the molecular mechanism of CME-dependent endocytosis of death receptors. The 

study showed that endocytosis of TRAIL-DR complex requires dynamin-1 protein, which is 

activated by ryanodine receptor-mediated Ca2+ release in response to caspase-8 activation. 

However this selective regulation of TRAIL-DR endocytosis suppresses TRAIL-mediated 

apoptosis104.  

Internalized receptor complexes in the endocytic pathway can undergo different routes: 

receptors can be processed and recycled back to the surface or enter the degradation machinery. 

Ubiquitination of ligand-receptor complex plays an important role in the endosomal sorting 

mechanism into MVE to direct the cargo towards the degradation machinery and determine the 

fate of the protein. A study reported that the membrane-associated RING-CH ubiquitin ligase 

8 (MARCH-8) regulates the cell surface expression of DR4 and targets DR4 to the lysosomal 

degradation machinery97. An interesting aspect in their study was that MARCH-8 had 

noticeable less preference for targeting DR5. Lys-273 at the cytoplasmic tail of DR4 is an 

important ubiquitin acceptor sites for MARCH-8 and DR5 has no Lys-273 residue or 

homologue at membrane-proximal locations. Therefore inefficient targeting of DR5 to 

lysosomes may be the reason that DR5 is preferentially displayed at EVs. Apart from 

internalization of receptors, receptors can also be released in the medium by exocytosis. This 

involves the release of small vesicle-like structure, which carry biomolecules such as plasma 

membrane receptors and other proteins into the extracellular space. The effect of the secreted 

DR-coated EVs on the apoptosis signaling has hardly been studied and may explain the 

variation in TRAIL response of cancer cells. Proteomic database search in Vesiclepedia 

(http://microvesicles.org) revealed that DR5 are present in exosomes of several cancer cells 

from brain, colorectal, kidney, glioblastoma, ovarian, prostate, lung, leukemia and melanoma 

cancer. However, no functional biological data exist on the influence of DRs displayed on EVs 

on TRAIL sensitivity. Despite the interesting findings of differential endocytosis and 

ubiquitination of DRs, more researches should be done to understand the trafficking mechanism 

of intracellular receptors. Together with our findings in this study, TRAIL treatment in 

combination with inhibitors preventing secretion of EVs could be a promising combination 

strategy to treat TRAIL resistant cancer cells.   

In summary, we have shown the important role of DR5 coated on EVs in the TRAIL-

resistance phenomenon. TRAIL-mediated apoptosis is inhibited by the secreting of EVs in 

colon cancer cells. More importantly, this protective effect is specific for DR5 due to the 

absence of DR4.  
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Materials and Methods 

Cell lines and culture conditions 

Human colorectal carcinoma cell lines (COLO 205, HCT 116, and DLD-1), human Burkitt 

lymphoma B cell line (BJAB), and the Chinese hamster ovary cell line (CHO) were cultured in 

RPMI1640 medium supplemented with 10% foetal bovine serum (FBS), 100 units/ml penicillin 

and 100 μg/ml streptomycin in a humidified incubator at 37℃ with 5% CO2. All materials 

mentioned above were purchased from Thermo Fisher Scientific (Waltham, USA). BJAB cell 

lines, the wild type cells BJAB (BJAB WT), BJAB overexpressing DR5 (BJAB DR5) and a 

deficient DR5 short isoform (BJAB DR5s DEF) were kindly provided by Dr. Andrew 

Thornburn (University of Colorado Health Sciences Centre, Aurora). CHO cell lines, the wild 

type cells (CHO WT), a mutant overexpressing DR5 long isoform (CHO TV1) and a mutant 

overexpressing DR5 short isoform (CHO TV2) cells were provided by Organon (Oss)  

 

Reagents 

Soluble (aa 114-281) wild type TRAIL ( TRAIL WT), DR4-specific TRAIL variant (4C7) 

and DR5-specific TRAIL variant (DHER) were constructed and produced as previously 

described. 

 

Collecting CM and isolation of EVs 

Cells were cultured at the concentration of 150,000 cells/ml in exosomes-free medium for 

48 hours in humified incubator at 37℃ with 5% carbon dioxide. Medium was collected and 

spin down at 250g for 10 minutes to discard the floating cells. This supernatant is from now on 

called Conditioned Medium (CM). EVs were isolated by differential centrifugation strategy; 

first sedimentation of CM at 3000g for 15 minutes, second sedimentation of the supernatant at 

17,000g for 20 minutes and finally with ultra-centrifuged at 30,000g for 3 h. From the last run, 

the pellet was used as EVs and resuspended in PBS and stored at -80 ℃.  

 

Cell viability assay 

Cell viability assays were conducted using MTS assay. Cells were seeded in triplicate in 

96-well plates at the density of 10,000 cells/ml in medium and incubated in a humidified 

incubator at 37℃ with 5% CO2. The following day, cells were treated with TRAIL WT or 

variants for 24 hours and assayed for viability with MTS reagent according to the manufacture’s 

instruction (Promega, Madison, USA). The cell viability was determined by measuring the 

absorbance at 490 nm using a microplate reader (Thermo Labsystems).  
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Western Blot 

Cells were harvested and lysed with RIPA buffer supplemented with EDTA-free 

proteinase inhibitor cocktail (Roche, Basel, Switzerland). Samples were loaded on pre-cast 4-

12 % SDS-PAGE gels (Thermofisher Scientific, Waltham, USA) and transferred onto 0.45 µm 

nitrocellulose membrane. Next, the membranes were blocked for 1 hours at room temperature 

in 5% non-fat milk and probed overnight at 4 ℃. The following primary antibodies were used: 

DR5 (Sigma, Netherland), DR4 (Imgenix), histone H2A (Abcam, Cambridge, United 

Kingdom), CD63 (Pharmingen). After incubating with secondary antibodies, membranes were 

detected using Pierce ECL kit (Thermofisher Scientific, Waltham, USA).  

 

Apoptotic assay 

Apoptosis induction was measured using Annexin V-FITC staining and quantified by flow 

cytometry. Cell were seeded in 6-well plates overnight prior to the treatment. The next day, 

cells were treated with TRAIL variant for 24 hours. After treatment, cells were collected, 

washed with PBS twice and incubated for 20 minutes with Annexin V-FITC solution on ice. 

The cells were analyzed using a FACS Calibur flow cytometer (BD Bioscience, Franklin Lakes, 

USA).   

 

Detection of DRs on EVs by Electron microscopy 

The isolated EVs suspension was incubated with DR5 antibody (Alexis) and placed as a 

drop gently on formvar/carbon-coated nickel grid for 60 minutes. The grids were washed three 

times with 0.1 % exosome free bovine serum albumin PBS solution and incubated for 10 

minutes in 2 % paraformaldehyde. The grids were washed three times with PBS and incubated 

for 40 minutes with secondary antibody conjugated with 10nm-gold particles. The grids were 

washed three times with PBS and post fixated with 2.5% glutaraldehyde for 10 mins and 2% 

uranyl acetate for 15 mins. The excess liquid was gently removed from the grids and dried 

before analyzing under transmission electron microscope (TEM). 

 

Data analysis 

Data were presented as mean ± SD from triplicates in one experiments and experiments 

were repeated three times. P values were analyzed by two-way ANOVA in Turkey’s multiple 

comparison with Graphpad Prism version 7.0 (San Diego, USA). **p≤0.01 *** p≤0.001, 

****p≤0.0001. Data from apoptosis assays were analyzed by FlowJo V10 (BD Bioscience, 

Franklin Lakes, USA).   
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Figures 

 

Figure 1. Conditioned medium inhibit DR5-mediated apoptosis in COLO 205 cells. COLO 

205 (A, upper panel) and BJAB  cells (A, lower panel) were treated with TRAIL DHER variant 

for 24 hours in the presence of fresh medium  (FM, red) or conditioned medium derived from 

either COLO 205 (CMc, blue), BJAB DR5s+ (CMb DR5s+, green) or BJAB DR5s– (CMb 

DR5s-, yellow) cells. Conditioned medium were collected after cultivation of cells at a density 

of 150,000 cells/ml for 48 hours. Cell death was measured by MTS assay. Data expressed as 

the mean ± SD of triplicate samples. Similar results were obtain in three independent 

experiments.  (B) Total cell lysate and supernatant were analyze for DR4, DR5 and H2A 

expression using Western blot. The absence of H2A in CM indicates no contamination of 

cellular nucleosome proteins. 
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Figure 2. Long and short isoforms of DR5 in conditioned medium protect against DR5-

mediated apoptosis.  (A) Western blot analysis of the expression of DR5 long and short 

isoforms of CHO wildtype (WT), CHOTV1  and CHO TV2 mutants in total cell lysate or in 

conditioned medium (CM). (B) COLO 205 cells were treated with 10 ng/ml TRAIL DHER 

(black) or TRAIL 4C7 (grey) for 24 hours in the presence of fresh medium or conditioned 

medium derivated from either COLO 205, CHO TV1 or CHO TV2 cells. Apoptosis was 

measured by Annexin V staining. Data expressed as the mean ± SD of triplicate samples. 

Similar results were obtained in three independent experiment. 
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Figure 3. COLO 205 conditioned medium contain DR5 coated extracellular vesicles 

Negative staining of EVs isolated from conditioned medium (upper picture). Lower pictures 

are the zoom pictures of single EV stained with gold labeled DR5 antibody (white arrows) and 

detected by transmission electron microscope. Scale bar is 500 nm. The experiment was 

repeated three times and several EVs were analyzed. 

 

 

 

 



52 

 

 

Figure 4. DR5 coated EVs inhibit TRAIL induced apoptosis. (A) COLO 205 cells treated 

with TRAIL DHER in fresh medium (FM), conditioned medium (CM), or conditioned medium 

after ultracentrifuging (UC) and apoptotic cells were determined by Annexin V-staining. (B) 

COLO 205 cells were cultured in CM with or without EVs and followed by the treatment with 

TRAIL DHER or TRAIL WT. Cell death was measured by MTS assay. (C) Western blot of 

CD63.  Data expressed as the mean ± SD of triplicate samples. Similar results were obtain in 

three independent experiments. 
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Abstract 

Epigenetic regulation refers to alterations to the chromatin template that collectively 

establish differential patterns of gene transcription. Posttranslational modifications of the 

histones play a key role in epigenetic regulation of gene transcription. In this review, we provide 

an overview of recent studies on the role of histone modifications in tumorigenesis. Since 

tumor-selective ligands such as TRAIL are well-considered as promising anti-tumor 

therapeutics, we summarized strategies for improving TRAIL sensitivity by inhibiting aberrant 

histone modifications in cancers.  In this perspective we also discuss new epigenetic drug 

targets for enhancing TRAIL-mediated apoptosis.  
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1. Introduction 

In humans, the genetic information (DNA) is contained in 23 chromosome pairs. These 

chromosomes are composed of DNA and histone proteins that form highly condensed 

chromatin. In parallel to genetics, the term “epigenetics” was originally defined to describe 

heritable changes that are not encoded in the DNA. Currently, epigenetics is used as a common 

term to describe chromatin modifications that regulate DNA-based processes including 

heritable and inheritable changes105. Main players in epigenetic regulations are DNA 

modifications, histone modifications and non-coding RNAs. Histone modifications regulate, 

among others, chromatin remodeling, which is closely related to regulation of gene transcription. 

For instance, heterochromatin is usually tightly packed and prohibits gene transcription, while 

euchromatin is usually loosely packed and enables gene transcription106. Since epigenetics 

plays a crucial role in DNA-based processes, histone modifications are very important in cell 

growth in normal and disease conditions, such as tumorigenesis.  

Among various strategies to treat cancers, selective induction of cellular apoptosis in 

cancer cells is considered as a promising therapeutic strategy. A well-known ligand to induce 

apoptosis is TNF-related apoptosis-inducing ligand (TRAIL). TRAIL is well-tolerated by 

patients the clinic13, however, TRAIL-resistance is a common phenomenon in various cancer 

cells. Among others, TRAIL-resistance can be attributed to impaired TRAIL-binding to death 

receptors, modified levels of apoptosis-related proteins and reduced caspase functions107.  

In this review, we provide an overview of posttranslational modifications of histones and 

the enzymes involved in addition or removal of these modifications. We discuss small 

molecules targeting these enzymes and their anti-tumor effects. We connect this to targets 

involved in apoptosis as potential approach in cancer therapy. Finally, we summarize the 

current understanding of epigenetic mechanisms involved in sensitivity to TRAIL-induced 

apoptosis. 

2. Histone modifications 

Histones are the central components of nucleosomes, in which a DNA string wraps an 

octamer containing two copies of four core histones (H3, H4, H2A and H2B). These 

nucleosomes organized like “beads” on DNA strings are connected by histone protein H1 and 

further compacted to 30nm-chromatin fibers, which are eventually condensed to chromosome. 

Therefore, histones provide structural support to chromosomes for packing the genome to fit 

inside the nucleus.  Unstructured histone tails are exclude from nucleosome cores and these 

tails are rich in lysine and arginine residues. Lysine residues are positively charged and provide 

charge-charge interactions with the negatively charged DNA, thus compacting the chromatin 
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structure. Post-translational modifications occur mostly on the N-terminal tails of histones. 

These modifications play versatile roles in regulation of the structure and accessibility of the 

chromatin for transcription factors (Table 1).   

2.1 Modifications of Arginine 

2.1.1 Arginine methylation 

Biologically, arginine methylation refers to a reaction in which a methyl group is 

transferred from S-adenosyl-L-methionine (SAM) to one or both omega nitrogens of an 

arginine amino acid residue. This transfer leads to formation of monomethylarginine (MMA), 

asymmetric dimethylarginine (ADMA) and/or symmetric dimethylarginine (SDMA). This 

methylation reaction is catalyzed by N-arginine methyltransferases (PRMTs). All of the 

PRMTs can catalyze monomethylation of arginine to provide MMA. Type I PRMTs, including 

PRMT1, 2, 3, 4, 6 and 8, methylate MMA further to provide ADMA. Type II PRMTs, including 

PRMT5 and 9, methylate MMA further to provide SDMA. PRMT7 is classified as a type III 

enzyme that catalyzes methylation of various substrates. Histone arginine methylation is 

directly associated with gene transcription. For instance, methylation at H3R2 blocks the ability 

to methylate H3K4, which is responsible for recruiting chromatin-remodeling enzymes to 

maintain a transcriptionally active state108. H4R3 is identified as a binder of DNA 

methyltransferase DNMT3A109. 

In contrast to arginine methylation, it is less clear which enzymes catalyze arginine 

demethylation. JMJD6 was initially reported to demethylate H3R2 and H4R3110, however later 

studies questioned this111–113. Recently, a new study reported that JMJD1B, a lysine 

demethylase, also demethylates arginine at H4R3114.  

2.1.2 Arginine Citrullination 

A recently identified arginine posttranslational modification is citrullination. This 

posttranslational modification was already found in dozens of proteins, such as proteases, 

metabolic enzymes and histones. The citrullination of histones is well-known involved in the 

formation of neutrophil extracellular traps (NETs), which is connected to innate immunity. In 

the process of clearing bacteria, the neutrophils secrete DNA, histones and intracellular proteins 

to the extracellular space where they form NETs115. In comparison to the involvement of histone 

citrullination in immune response, the exact biological significance of histone citrullination in 

tumorigenesis is largely unclear116.  

2.2 Modifications of Lysine 

2.2.1 Lysine Methylation 
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Lysine methylation is tightly regulated by “writers” (KMTs, methyltransferases) and 

“erasers” (KDMs, demethylases). Similar to PRMTs, KMTs also employ SAM as co-factor to 

transfer one, two or three methyl groups to specific histone lysine residues. More than 50 human 

KMTs and 30 KDMs have been identified117. Instead of global regulation of gene expression 

across different types of cells, KMTs may be involved in regulation of genes with specific roles 

in normal or cancer cells. For instance, there are 6 homologues of H3K4 methyltransferases, 

denoted KMT2A to KMT2E, that are involved in methylation at this position. Moreover, one 

recent study shows that KMT2A and KMT2B controls different genomic regions in brain cells 

to regulate memory function117. Therefore, KMTs may serve as potential biomarkers on patients 

for individual treatment. Depending on lysine position, methylation state and amino acids 

environment, histone lysine methylation can activate or repress gene transcription. Generally, 

methylation on H3K4, H3K36 and H3K79 are considered to activate gene transcription. While 

methylation on H3K9, H3K27 and H4K20 are thought to repress gene transcription118. 

Different from KMTs, one KDM can catalyze demethylation on several lysines. For instance, 

LSD1 (also called KDM1A) is specific to H3K4 and H3K9 residues119.  

2.2.2 Short-chain Lysine Acylation 

A classically studied lysine modification is acetylation of histone lysine residues. In a 

lysine acetylation reaction, an acetyl group from acetylated coenzyme A is transferred to the Ɛ-

amino from a lysine residue, which results in neutralization of the positive charge and thus 

weakening of the electrostatic interaction with the DNA. This change leads to a more open 

chromatin structure, which allows access of DNA binding proteins. In general, acetylation is 

related to increased gene transcription while deacetylation is connected to repression of gene 

transcription (Figure 1). This dynamic process is catalyzed by three groups of enzymes: 1) 

Histone acetyltransferases (HATs), also known as ‘writers’, are responsible to transfer acetyl 

groups to targeted lysine residues. 2) Histone deacetylases (HDACs), known as ‘erasers’, are 

found to remove acetyl groups. 3) Bromodomain proteins, known as ‘readers’, specifically 

recognize acetylated lysine residues.  

Besides histone lysine acetylation, recent studies show that other short-chain CoAs, such 

as propionyl-CoA, butyryl-CoA120, 2-hydroxyisobutyryl-CoA121, crotonyl-CoA122, malonyl-

CoA and succinyl-CoA123, can be used as substrates to acylate histone lysine residues.  

2.3 Others 

Besides mentioned methylation and acetylation, other types of post-translational 

modifications are identified on histones, such as lysine ubiquitinylation, sumoylation and ADP-

ribosylation. These modifications are mostly reported to relate to DNA damage and repair. 
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Moreover, phosphorylation of histone serine and threonine residues is a globally found 

modification and plays important role in diverse nuclear processes. Details for these 

modifications are discussed in recent reviews124–126.    

3. Aberrant histone modifications in cancers and development of small-molecule 

inhibitors 

3.1 Inhibitors to target arginine modifications 

Overexpression of PRMTs has been observed in various types of human cancers127. For 

instance, the overexpression of PRMT5 has been observed in non-Hodgkin lymphoma128,129. 

Additionally, recent studies show that PRMT5 promotes survival of lymphoma cells via WNT 

and AKT-mediated proliferation signaling130,131. Interfering with PRMT5 activity prevents the 

maintenance of malignant phenotypes132. Therefore, PRMT5 is a rational target for treating 

lymphoma. Small-molecule inhibitors specifically targeting PRMT5 have been developed and 

two inhibitors, JNJ-64619178 and GSK3326595, were patented and are now under clinical 

investigation (Table 2). Besides the development of PRMT5 inhibitors, type I PRMT inhibitors 

also gained interest due to  the high expression of type I PRMTs in various types of cancers133–

136. Moreover, PRMT1 is identified as an essential component of mixed lineage leukemia (MLL) 

and specific knockdown of PRMT1 suppresses MLL-mediated transformation137. Interestingly, 

a recent study shows that GSK3368715, a type I PRMT inhibitor, synergizes with the anti-

tumor effect of PRMT5 inhibition 138.  

3.2 Inhibitors to target lysine modifications 

Numerous studies have shown that mutation, dysregulation or overexpression of lysine 

modifying enzymes such as KMTs, KDMs, HATs, or HDACs are associated with cancers and 

other diseases. Therefore, these enzymes were recognized as potential drug targets for cancer 

treatment139,140.  

As listed in table 2, several inhibitors targeting lysine methylation have been described. 

EZH2 (enhancer of zeste) homolog is becoming a potential target for treating lymphoma. EZH2 

is a catalytic components of polycomb repressive complexes 2 (PRC2), which methylate 

H3K27141. Gain-of-function mutations of EZH2 are mainly detected in diffuse large B cell 

lymphoma (DLBCL) and follicular lymphoma (FL) among all categories of lymphomas and 

lymphoid leukemias142. Moreover, a mutation at Y641 within the catalytic domain of EZH2 

proved to increase methylation of H3K27, because the mutant EZH2 shows higher catalytic 

efficiency compared to wide type EZH2. This increased methylation contributes to the 

pathogenesis of germinal center B-cell lymphomas143. Another EZH2 mutation, A677G, also 

increases methylation of H3K27me3144. These insights triggered the development of EZH2 
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inhibitors for therapeutic use. For instance, tazemetostat is a promising inhibitor that is under 

investigation in phase II clinical trials.   

Previously, the FDA approved several pan-HDAC inhibitors for treatment of cancers. For 

instance, Vorinostat (SAHA) is approved for the treatment of cutaneous manifestations of 

cutaneous T-cell lymphoma (CTCL)145. Belinostat (Beleodaq) is granted for the treatment of 

patients with relapsed or refractory peripheral T-cell lymphoma (PTCL)146 and Panobinostat 

(Farydak) is approved for the patients with Relapsed Multiple Myeloma (MM)147. Besides these 

pan-HDAC inhibitors, a class I specific HDAC inhibitor Romidepsin (Isodax) is approved for 

the treatment of PTCL. Further developments aim at applications of more isoenzyme selective 

HDAC inhibitors. In table 3 several specific inhibitors are shown that were developed in recent 

10 years for cancer treatment. Among these inhibitors, HDAC6-selective inhibitors show a 

promising anti-tumor effect to various cancers. For instance, Ricolinostat (ACY-1215) shows 

strong potentials at treating MM alone or with other drugs148–150. Moreover, several clinical 

trials using Ricolinostat for patients with MM are under investigation (NCT01323751, 

NCT02189343, NCT01997840, and NCT01583283).  

In comparison to HDAC inhibitors, the development of potent and specific HAT inhibitors 

is lagging behind. C646 was firstly considered as a p300 and CBP selective inhibitor151. 

However, a recent study shows that C646 binds off-target to other kinases152. A novel p300 and 

CBP specific inhibitor A485 was synthesized and it shows inhibition of proliferation in 

myeloma cells153,154. This new inhibitors holds promise for further exploration in myeloma.  

4. Improved TRAIL-induced apoptosis by targeting enzymes involved in histone 

modifications 

4.1 TRAIL-induced apoptosis pathways 

TRAIL is a member of the TNF superfamily and it binds to five receptors, including death 

receptor 4 (DR4), death receptor 5 (DR5), decoy receptor 1 (DcR1), decoy receptor 2 (DcR2), 

and osteoprotegerin (OPG). DR4 and DR5 both contain an intracellular death domain (DD), 

which initiates apoptotic signaling transduction. Whereas DcR1 and DcR2 does not induce 

apoptosis due to the truncated DD in DcR1 and the absent DD in DcR2. The mechanisms of 

TRAIL-induced apoptosis have been intensively investigated and pathways identified are 

shown Figure 2 155–157. Extrinsic apoptotic signaling is initiated upon binding of a TRAIL trimer 

to DR4 or DR5, which initiates formation of a death-inducing signaling complex (DISC). In 

this DISC, FAS-associated protein with death domain (FADD) is connected with DR4 or DR5 

via DDs. Initiator caspases, like pro-caspase-8 or 10, are recruited to FADD via the interaction 

between death effector domains (DEDs). This recruitment also actives self-dimerization of pro-
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caspase-8 or 10, leading to an auto-proteolytic processing at consensus cleavage sites. 

Executioner caspases, like caspase-3 or 7, are cleaved by initiator caspases to create a mature 

functional protease, which coordinates to the degradation phase of apoptosis, including DNA 

fragmentation, membrane blebbing and cell shrinkage. Single active executioner caspase can 

cleave and activate other caspases, resulting in activation of the caspase cascade. In addition, 

caspase-8 or 10 engages the intrinsic apoptosis pathway through cleavage of the BH3-

interacting domain death agonist (Bid) to facilitate the release of cytochrome C from 

mitochondria. In fact, the truncated Bid (tBid) translocates from the cytoplasm to mitochondria 

and stimulates oligomerization of Bax or Bak. At the same time, Bax and Bak are 

permeabilizing the membrane of the mitochondrion, also called mitochondrial outer membrane 

permeabilization (MOMP). Following MOMP, the mitochondrial inner membrane releases 

cytochrome C or second mitochondria-derived activator of caspase/direct inhibitor of 

apoptosis-binding protein with low pI (Smac/DIABLO) into the cytosol. With the binding of 

cytochrome C to adaptor protein apoptotic protease-activating factor-1 (Apaf-1), dATP and 

initiator caspase caspase-9 are recruited to form the apoptosome. At last, active caspase-9 

directly cleaves executioner caspases caspase-3 or 7.  

Anti-apoptotic proteins are also involved in this apoptotic signaling pathways. For instance, 

cellular-FLIP (c-FLIP) and cellular inhibitors of apoptotic proteins (cIAP1 and cIAP2) disturb 

the formation of DISC. X-linked IAP (XIAP) and Survivin, on the other hand, block 

executioner caspases and apoptosome.  Moreover, anti-apoptotic Bcl-2 family members, like 

Bcl-2, Bcl-XL, Mcl-1, Bfl-1 are able to prevent MOMP.  

4.2 Improving TRAIL-induced apoptosis 

Although, TRAIL has promising tumor-cell selective apoptosis inducing properties, 

various tumor cells are resistant to TRAIL treatment. Therefore, it is important to improve 

TRAIL-sensitivity. Here, we discuss the strategies to improve TRAIL-sensitivity by targeting 

histone modifying enzymes that are involved in methylation and acetylation. Examples of the 

use of selective inhibitors as TRAIL sensitizer to overcome TRAIL-resistance are shown in 

Table 4. 

4.2.1 Histone methylation 

The enzyme EHMT2 catalyzes the dimethylation of H3K9me2, which is associated with 

silencing of tumor suppressor genes. The PRC2 complex plays an important role in H3K27me3, 

which is also related to transcriptional repression of tumor suppressor genes. When combined 

with TRAIL, inhibitors of either EHMT2 or PRC2 increase the number of apoptotic cells 
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through upregulation of DR5158,159. These results indicate that the expression of DR5 may be 

related to reduced methylation of histones. 

Additionally, a recent study shows that silencing KDM2B, a H3K36-specific histone 

demethylase, can cause a de-repression of a pro-apoptotic gene Harakiri (HRK) in glioblastoma 

multiforme cells. This study also shows that silencing of KDM2B cooperates with TRAIL to 

reduce cell viability160. 

As discussed above, EZH2 is a promising therapeutic target for lymphoma. Therefore, 

EZH2 specific inhibitors may enhance the sensitivity of lymphoma cells to TRAIL. 

Additionally, another methyltransferase PRMT5 has been identified as a novel TRAIL receptor 

binding protein at the plasma membrane, which is involved in the early stage of signal initiation 

for induction of the NF-κB signaling pathways161. Therefore, targeting PRMT5 by specific 

inhibitors may improve sensitivity to TRAIL.  

4.2.2 Histone Acetylation 

Previously, studies showed that combination of pan-HDAC inhibitors, such as 

Panobinostat, with TRAIL downregulates anti-apoptotic proteins, c-FLIP and XIAP, thereby 

improving sensitivity to TRAIL162,163. Interestingly, a combination of bromodomain inhibitor 

JQ1 and HDAC inhibitor Vorinostat increases apoptosis via the extrinsic pathway in CTLC 

cells164. This study indicates a close relationship of histone acetylation and the TRAIL signaling 

pathways. 

Moreover, highly acetylated Ku70, a DNA repair protein, disrupts the formation of Ku70-

FLIP complex and triggers the degradation of FLIP by polyubiquitination. Therefore, using 

HDAC inhibitor Vorinostat increases apoptosis through the stabilization of the Ku70-FLIP 

complex in colon cancer models in vivo. Interestingly, this study also shows that HDAC6-

specific inhibitor Tubacin increases apoptosis165. With the increasing development of HDAC-

specific inhibitors, combination of HDAC specific inhibitors with TRAIL may be an interesting 

choice (Table 4). 

5. Conclusion  

Due to intensive research efforts over the past decades the knowledge of epigenetic 

regulations in tumorigenesis is booming. This knowledge provides new insights into the role of 

histone modifications in oncogenic gene transcription. Consequently, histone modifying 

enzymes have been recognized as drug targets. In this review, we summarize recent discoveries 

on histone modifications and the enzymes involved. We focus on small-molecules targeting 

these enzymes involved and we highlight their effects on TRAIL-induced apoptosis. Finally, 

we indicate new targets for enhancing TRAIL sensitivity.   
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Figures 

 

Figure 1. Acetylation or deacetylation of histone lysine residues is catalyzed by HATs and 

HDACs, respectively. Lysine acetylation is connected to loosening of the chromatin structure. 

This change enables DNA binding and eventually leads to activation of gene transcription. In 

contrast, deacetylation closes the chromatin structure and represses gene transcription. 
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Figure 2. TRAIL-induced apoptotic pathways. After trimerization, TRAIL binds to death 

receptors, which triggers the formation of the DISC and activates caspase-8/10. Subsequently, 

activated caspase-8/10 induces cleavage of caspase-3/7, which leads to apoptosis. On the other 

hand, cleaved caspase-8/10 can also recruit Bid to trigger apoptosis via the intrinsic pathways. 

The intrinsic pathway is usually activated by DNA damage followed by p53 activation, whereas 

TRAIL-induced intrinsic apoptotic pathway is independent of p53.  Anti-apoptotic proteins , 

including c-FLIP, c-IAP1/2, Bcl-2, Bfl-1, Mcl-1, Bcl-XL, XIAP and survivin, are shown in 

blue circles. 
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Table 1 Histone modifications 

Amino 

Acids 

Modifications Positions Nomenclature ref 

Arginine  Methylation *H3R2/R8/R17/R26, H4R3, H2AR3 R-me1, R-me2s, R-

me2a 

273,274 

Citullination *H3R2/R8/R17/R26/R42, H4R3, H2A, and H1 R-citrulline 116 

Lysine Methylation *H3K9/K4/K36/K79/K27, H4K5/K20 K-me1, K-me2, K-

me3 

118 

Acetylation *H3K9/K14/K56, H4K5/K12/K16 K-acetyl 275,276 

Propionylation *H3K14 K-propionyl 277 

Butyrylation *H3K14, H4K5/K8 K-butyryl 277,278 

2-hydroxyisobutyrylation H2AK5/9/36/74/75/95/118, 

H2BK5/12/20/23/24/34/43/46/57/85/108/116/120, 

H3K4/9/14/18/23/27/36/56/64/79/122 

H4K5/8/12/16/31/44/59/77/79/91 

K-2-

hydroxyisobutyryl 

121 

Malonylation *H2AK119 K-malonyl 279 

Succinylation *H3K79 K-succinyl 280 

Crotonylation H2AK36/118/119/125, H2BK5/11/12/15/16/20/23/34 

H3K4/9/18/23/27/56, H4K5/8/12/16 

K-crotonyl 122 

*Specific positions which were identified to have certain effects in nuclear processes 
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Table 2 Inhibitors of histone methylation in clinical studies 

Name Type of histone 

modification 

Target 

 

Clinical 

Phase 

Condition or Disease in clinic Disease in Preclinical 

studies 

Pinometostat 

(EPZ-5676) 

Lysine methylation DOT1L 1 advanced acute leukemia, 

particularly MLL-r 281 

rearranged mixed lineage 

leukemia (MLL-r)282–284 

CPI-1205 EZH2 1 B‑Cell Lymphomas285 B‑Cell Lymphomas286 

Tazemetostat 

(EPZ-6438) 

2 elapsed or refractory B-cell 

non-Hodgkin lymphoma and 

advanced solid tumours287 

non-Hodgkin 

lymphoma288,289 rhabdoid 

tumor models 290 

GSK2879552 LSD1 1 relapsed or refractory SCLC291 small cell lung 

carcinoma292 

JNJ-64619178 Arginine 

methylation 

PRMT5 1 relapsed/refractory B cell non-

Hodgkin lymphoma (NHL) or 

advanced solid tumors 

human NSCLC and 

SCLC cancer mouse 

xenograft models286 

GSK3326595 

(EPZ015938) 

PRMT5 1 Advanced or metastatic solid 

tumors and non-Hodgkin's 

lymphoma293,294 

hematologic and solid 

tumor cells lines295 

GSK3368715 

(EPZ019997) 

Type I 

PRMTs 

1 Solid Tumors and Diffuse 

Large B-cell Lymphoma 

Lymphoma and AML 

cell lines138 
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Table 3 Specific HAT and HDAC inhibitors developed over the last 10-years (2009-2019) 

and their applications in cancer in vitro. 

 

Name Target Links to cancer 

BG45 Class I 

HDAC 

multiple myeloma166–168 

TMP-195 Class IIa 

HDAC 

Breast tumor169 

LMK235 HDAC4,5 Chemoresistant cancer cells170 multiple myeloma171 

pancreatic neuroendocrine tumors172 

Tubastatin A HDAC6 

 

cholangiocarcinoma173 melanoma174 

Ricolinostat  (ACY-

1215) 

multiple myeloma148–150 

SKLB-23bb solid and hematologic tumor175 

Cay 10603 Burkitt's lymphoma176 lung carcinoma177 

Nexturastat A myeloma178–180 

PCI-34051 HDAC8 neuroblastoma181 T-cell lymphomas182 malignant 

peripheral nerve sheath tumors183 

A485 P300/CBP myeloma154,184 
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Table 4 Improved TRAIL-induced apoptosis pathway using inhibitors targeting enzymes 

in histone modifications 

 

Target Small molecule Regulation mechanisms Cancer type Ref 

Euchromatic 

histone-lysine N-

methyltransferase 2 

(EHMT2, G9a) 

BIX-01294 Downregulation of 

Survivin and Upregulation 

of DR5 

Renal 

carcinoma 

158 

Upregulation of DR5 Breast 

cancer 

159 

 PRC2 Retinoic acid (RA) 

or  

3-deazaneplanocin 

A (DZNep) 

Increased DR5 transcript 

level 

Colon 

cancer 

185 

Class I HDAC Entinostat  

(MS-275) 

Restore expression of 

Coxsackie Adenovirus 

Receptor 

Prostate 

cancer 

186 

Upregulation of 

DR4,DR5,Bax,Bak 

Breast 

cancer 

187 

Decrease degradation of 

endogenous TRAIL 

Anaplastic 

thyroid 

carcinoma 

188 

Expression of endogenous 

TRAIL  

Acute 

myeloid 

leukemia 

189 

HDAC3 RGFP966 Upregulation of DR4 Colon 

cancer 

190 

HDAC8 PCI34051 
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Chapter 5 

 

 

Histone deacetylase inhibitors sensitize TRAIL-

induced apoptosis in colon cancer cells 

 

 

 

Zhang, B.; Liu, B.; Chen, D.; Setroikromo, R.; Haisma, H.J.; Quax, W.J. 

Cancers (Basel). 2019, 11, 1–15. 
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Abstract  

Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is considered as a 

promising anti-cancer therapeutic. However, many cancers have been found to be or to become 

inherently resistant to TRAIL. A combination of epigenetic modifiers, such as histone 

deacetylase inhibitors (HDACi’s), with TRAIL was effective to overcome TRAIL resistance in 

some cancers. Broad spectrum HDACi’s, however, show considerable toxicity constraining 

clinical use. Since overexpression of class I histone deacetylase (HDAC) has been found in 

colon tumors relative to normal mucosa, we have focused on small spectrum HDACi’s. We 

have now tested agonistic receptor-specific TRAIL variants rhTRAIL 4C7 and DHER in 

combination with several class I specific HDACi’s on TRAIL-resistant colon cancer cells DLD-

1 and WiDr. Our data show that TRAIL-mediated apoptosis is largely improved in WiDr cells 

by pre-incubation with Entinostat -a HDAC1, 2 and 3 inhibitor- and in DLD-1 cells by 

RGFP966 -a HDAC3-specific inhibitor- or PCI34051 -a HDAC8-specific inhibitor. We are the 

first to report that using RGFP966 or PCI34051 in combination with rhTRAIL 4C7 or DHER 

represents an effective cancer therapy. The intricate relation of HDAC’s and TRAIL induced 

apoptosis was confirmed in cells by knockdown of HDAC1, 2, or 3 gene expression, which 

showed more early apoptotic cells upon adding rhTRAIL 4C7 or DHER. We observed that 

RGFP966 and PCI34051 increased DR4 expression after incubation on DLD-1 cells, while 

RGFP966 induced more DR5 expression on WiDr cells, indicating a different role for DR4 or 

DR5 in these combinations. At last, we show that combined treatment of RGFP966 with TRAIL 

variants (rhTRAIL 4C7/DHER) increases apoptosis on 3D tumor spheroid models.   
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Introduction 

Cancer occurs when cells divide in an uncontrolled fashion and escape the strict 

mechanisms of cell death. A promising anti-cancer treatment is to induce apoptosis to prevent 

malignant cells from proliferating. Tumor necrosis factor-related apoptosis inducing ligand 

(TRAIL) is considered as a remarkable anti-cancer therapeutic as it has the ability to selectively 

kill tumor cells, but not normal cells33. Trimeric recombinant human TRAIL can bind to two 

death receptors, DR4 (TRAIL-R1) and DR5 (TRAIL-R2) for initiating apoptosis signaling35,36. 

Intracellular death domains in death receptors interact with Fas-associated death domain 

(FADD) and pro-caspase 8 or 10 together forming the death inducing signaling complex 

(DISC)42,44. This assembly promotes the activation of caspase 8, which then cleaves the effector 

caspases, caspase 3 and 7, which ultimately induces DNA fragmentation and executes apoptosis 

via the extrinsic pathway48,49. Activated caspase-8 can also cleave Bid thereby generating 

truncated Bid (tBid), which interacts with Bax and Bak on the mitochondria and promotes the 

release of cytochrome C. This enzyme together with Apaf-1 and caspase 9 forms a functional 

apoptosome and results in apoptosis via the intrinsic pathway191,192.  

A recombinant human soluble protein corresponding to 114-281 amino acids of TRAIL 

has been developed as a clinical anti-cancer drug Dulanermin. Early clinical Phase I study 

showed that Dulanermin was safe in patients with advanced cancer. In addition, peak 

concentration in serum in dose-escalation study was equivalent to those associated with 

preclinical antitumor efficacy. However, only 2 patients (3%) with chondrosarcoma had partial 

treatment responses longer than 6 months193. This may be related to resistance to TRAIL, but 

the resistance mechanism is quite complex and may involve multiple epigenetic alterations.  

With the development of Chromatin Immunoprecipitation Sequencing (ChIP-Seq) it has 

now been widely accepted that changes of epigenetic modifications can attribute to tumor 

progression, drug resistance or immune tolerance194–196. These changes are independent of 

DNA sequence alterations and include at least four modifications of DNA and sixteen classes 

of histone modifications197. One of the important histone modifications is the histone 

acetylation, which influences a broad range of gene activities, such as chromatin condensation, 

transcription, DNA repair and DNA replication. This dynamic process is catalyzed by three 

groups of enzymes: 1) Histone acetyltransferases (HATs), also known as ‘writers’, are 

responsible to transfer acetyl groups to targeted lysine residues in the amino-terminal tails of 

core histone proteins 2) Histone deacetylases (HDAC’s), known as ‘erasers’, are found to 

remove acetyl groups thereby leading to advanced folding of nucleosome to condensed 

structures 3) Bromodomain proteins, known as ‘readers’, specifically recognize acetylated 
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lysine residues. Aberrant HATs or HDAC’s activities have been linked to numerous tumors, 

such as breast, lung, colorectal and ovarian cancer. For example,  high expression of Class I 

HDAC’s, has been found to induce cell proliferation in colon tumors, including HT-29, HCT 

116 and SW480 cells198–200. Mutations in the HAT genes CREBBP and EP300 were linked to 

ovarian, breast, colorectal and lung tumor types201,202. Therefore, inhibition of deacetylation by 

using HDACi’s seems an attractive strategy for developing anticancer drugs.  

Human HDAC’s are classified into four  classes based on their sequence homology to the 

yeast original enzymes: (i) Class I (HDAC1-3 and HDAC8), (ii) Class II (HDAC4-7, HDAC9 

and HDAC10) and (iii) Class IV (HDAC11), which are all Zn2+ dependent and (iv) Class III 

(SIRT1-7), which are all NAD+ dependent 203,204. US Food and Drug Administration has 

already approved several broad spectrum HDACi’s, including Belinostat (PXD101), 

Romidepsin (FK228) and Vorinostat (SAHA) for treating T-cell lymphoma205–207. Panobinostat 

(Farydak) is the first approved HDACi for patients with multiple myeloma147. However, the 

European Medicines Agency only approved Farydak as other inhibitors showed  rare life-

threatening side effects 208. For example, Panobinostat was found to cause limited hematologic 

adverse effects in combination with Lenalidomide/Bortezomib/Dexamethasone  in Phase I/II 

trials209. But SAHA was reported to induce pulmonary embolism, deep vein thrombosis and 

hyper glycaemia. PXD101 and FK228 cause infections and tumor lysis syndrome210. These 

safety concerns led to great efforts from researchers aiming at development of specific 

HDACi’s. Currently, a number of HDAC-selective inhibitors are under investigation for use in 

oncology, including 1) RGFP966, a HDAC3-specific inhibitor, decreases the growth of prostate 

cancer models211 2) PCI34051, a HDAC8-specific inhibitor, induces apoptosis of T-cell 

malignancies212 3) Tubacin, a HDAC6-specific inhibitor, suppresses proliferation of acute 

lymphoblastic leukemia cells213. The mentioned selective HDACi’s are supposed to give lower 

toxicity than pan-HDACi’s. Therefore they seem appropriate to be used in combination 

therapies aimed at improving antitumor effects synergistically. Hence, we chose RGFP966 or 

PCI34051 to be used in combination with apoptosis inducing ligands in colon cancer. Both 

rhTRAIL 4C7 and DHER have shown superior apoptosis inducing effects in colon tumor cells 

compared to rhTRAIL, but a number of cell lines to a lesser (DLD-1) or higher (WiDr) extend 

show resistance18,24.  

Here we investigated the role of individual HDAC 1, 2 and 3 in colon cancer cells DLD-1 

and WiDr using different HDACi’s with partially overlapping specificities. Additionally, we 

combined these inhibitors with two TRAIL variants, DR4-specific  rhTRAIL 4C7 and DR5-

specific rhTRAIL DHER to further unravel the antitumor effects. Our results show that 
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RGFP966 improves TRAIL-induced apoptosis via both DR4 and DR5 receptors and its 

antitumor effect in combination with rhTRAIL 4C7 or DHER is close to the effect by SAHA 

combined with TRAIL variants. PCI34051 also enhances cell death in combination with 

rhTRAIL variants. Moreover, the same trend can be found on HDAC 1, 2, 3 or 8 knocked down 

cell lines. Finally, we measured the antitumor effect in 3D spheroid culture mimicking in vivo 

models. In trying to understand mechanism, we monitored the surface expression of DR4 and 

DR5 and we analyzed cell cycle changes in HDACi’s-treated cells.   
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Results 

HDACi’s enhance cell death in combination with receptor-specific TRAIL variants 

rhTRAIL 4C7 and DHER  

It has been found that HDAC1, 2, 3 and 8 are overexpressed in colon tumor cells. But the 

function of individual HDAC in cancer metabolism is still unclear. To study the role of the 

respective HDAC’s we performed cell viability assays testing the sensitivities of DLD-1 and 

WiDr cells to various HDACi’s. Additionally, we used DR4-specific TRAIL variant 4C7 and 

DR5-specific TRAIL variant DHER to study apoptosis via DR4 and DR5 separately. Here, we 

observed that single treatment of SAHA already induces a relatively high cell death (Figure 1A 

and B). To focus on Class I HDAC’s we chose (i) Entinostat, a HDAC 1, 2, 3 selective inhibitor; 

(ii) RGFP966, a HDAC 3-specific inhibitor and (iii) PCI34051, a HDAC 8-specific inhibitor. 

Fig. 1A shows that at 10μM Entinostat on its own induces around 70% cell death whereas 

RGFP966 or PCI34051 does not cause cell death. However, RGFP966 significantly increases 

cell death in the presence of either rhTRAIL 4C7 or DHER in DLD-1 cells indicating that 

HDAC3 may play an important role in stimulating TRAIL-induced cell death. Additionally, we 

detected additive cell death caused by PCI34051+ rhTRAIL 4C7 or DHER in DLD-1 cells, 

which indicates that PCI34051 may trigger cell death dependent of TRAIL-induced pathways. 

Since DLD-1 cells are sensitive to rhTRAIL 4C7, the absolute increase in dead cells caused by 

rhTRAIL 4C7+RGFP966/PCI34051 is less pronounced than by rhTRAIL 

DHER+RGFP966/PCI34051 (Fig. 1A). Interestingly, in WiDr cells rhTRAIL 

DHER+RGFP966 induces more cell death than rhTRAIL 4C7+RGFP966 (Fig. 1B). This 

implies that DR5 may be more active than DR4 in TRAIL-mediated apoptotic signaling treated 

by the combination. A relative higher increase of cell death was detected at a low concentration 

(5µM) of HDACi’s (Fig. S1). Notably, we are the first to show that RGFP966/PCI34051 

enhances TRAIL sensitivity in colon cancer cells. The DLD-1 cell death caused by 

RGFP966+rhTRAIL 4C7 is quite comparable to the one caused by SAHA/Entinostat+rhTRAIL 

4C7 treatment, which implies a crucial role for HDAC3 in enhancing TRAIL-mediated cell 

death.  

 

RGFP966 and PCI34051 improve TRAIL-induced apoptosis 

In order to further investigate the mode of action of the combination treatment of HDACi 

and rhTRAIL variants on colon cancer cells, we examined apoptotic cells using the Violet 

Ratiometric Membrane Asymmetry Probe. Fig. 2A shows that incubation by 5µM SAHA or 

Entinostat on DLD-1 already induced early and late apoptosis whereas a combination treatment 
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with rhTRAIL 4C7 or DHER further increased apoptosis. This additional effect was less 

pronounced using rhTRAIL 4C7 than DHER, which is due to the already high sensitivity of 

DLD-1 cells to rhTRAIL 4C7. Different from DLD-1 cells, WiDr cells are resistant to both 

rhTRAIL 4C7 and DHER (Fig. 2B). Entinostat in combination with any of the TRAIL variants 

significantly enhances cell apoptosis in WiDr cells. In line with the cell viability study, 

RGFP966 or PCI34051 in combination with rhTRAIL 4C7 or DHER largely increases 

apoptosis in DLD-1 and WiDr cells.  Additionally, microscopic examination of DLD-1 cells 

(Fig. 2C) or WiDr cells (Fig. S2A), reveals that cells detach, lose confluent growth, and start 

floating in the medium, which is triggered by the combination treatment. Furthermore, caspase-

3/7 activity was found to be increased by combination treatment on DLD-1 cells indicating that 

caspase-dependent apoptosis is transmitted downstream pathways (Fig. 2D and E). In 

conclusion, these results confirm that RGFP966 and PCI34051 sensitize TRAIL-induced 

apoptosis via DR4 and DR5 on DLD-1 cells, while this increased apoptosis is less pronounced 

on TRAIL-resistant WiDr cells. However, Entinostat significantly increased DR4 and DR5-

mediated apoptosis on WiDr cells indicating that HDAC1 and HDAC2 may be crucial for 

sensitizing TRAIL-resistant cells to TRAIL.   

 

Knockdown of HDAC 1, 2, 3, 8 enhances TRAIL sensitivity  

Above results indicate that inhibition of HDAC 1, 2, 3 and 8 increases the sensitivity to 

TRAIL-induced apoptosis. Therefore, we next focus on silencing HDAC 1, 2, 3 and 8 

individually and investigating the alterations of colon cancer cells (DLD-1 and WiDr) in 

response to DR4 and DR5-induced apoptosis. Cells were transduced either with scrambled 

siRNAs or a pool of HDAC 1, 2, 3 or 8 siRNAs. qRT-PCR shows a clear decrease in expression 

of HDAC1, 2, 3 and 8 at mRNA level with knockdown levels in DLD-1 being better than in 

WiDr (Fig. 3A and B). Apoptotic cells induced by knockdown of HDAC genes alone or in 

combination with rhTRAIL 4C7 or DHER treatment were investigated. It can be seen that 

downregulating the expression of HDAC1, 2 or 3 on DLD-1 (Fig. 3C) induces early and late 

apoptosis, while HDAC 8 does not. This implies that HDAC1, 2 and 3 are connected with cell 

apoptosis and therefore may crosstalk with TRAIL-mediated apoptosis pathway. Interestingly, 

early apoptotic cells increased after adding rhTRAIL 4C7 or DHER on HDAC knockdown cells 

in comparison with scramble control as shown in Fig. 3D and E, which indicates both DR4 and 

DR5 are involved in the signaling pathway. Notably, the amount of apoptotic cells induced by 

rhTRAIL variants in HDAC3 or 8 knockdown DLD-1 cells are almost the same as in HDAC1 

or 2 knockdown cells. In WiDr cells, downregulation of HDAC1 or 2 induces apoptosis, while 
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HDAC3 or 8 not, which is in line with the observed low toxicity of HDAC3 and 8 specific 

inhibitors (Fig. 3E and Fig. S3). Moreover, percentages of apoptotic cells induced by rhTRAIL 

variants in HDAC3 or 8 knockdown WiDr cells are lower than that in HDAC1 or 2 knockdown 

cells, implying an important role of HDAC1 or 2 in connection to TRAIL-mediated apoptosis.  

 

RGFP966 or PCI34051 improve TRAIL-induced apoptosis in 3D spheroid model  

As we concluded above, RGFP966 and PCI34051 are promising drugs in combination 

with rhTRAIL 4C7 or DHER to improve apoptosis in colon cancer cells. To mimic the actual 

tumor microenvironment and further demonstrate feasibility of our study, we investigated this 

combination on 3D spheroids, which are considered as more valid models to recapitulate 

features of tumor micro metastases as they have a specific architecture that 2D monolayer 

culture cannot produce. We firstly established 3D spheroids by culturing DLD-1 and WiDr cells 

in ultra-low attachment plates (Fig. 4A). Spheroids were subsequently treated with RGFP966 

or PCI34051+rhTRAIL 4C7 or DHER followed by caspase 3/7 activity assay. Active caspase-

3/7 largely increased after adding rhTRAIL 4C7 or DHER in comparison with only RGFP966 

incubation. Additionally, activity of caspase-3/7 also improved after incubating with rhTRAIL 

4C7 and PCI34051, while no obvious activity increase was detected after incubating with 

rhTRAIL DHER and PCI34051. No obvious changes of activity of caspase-3/7 were detected 

in 3D WiDr spheroids after incubation of RGFP966 or PCI34051 together with rhTRAIL 4C7 

or DHER (data not shown).  

 

Expressions of death receptors and cell cycle alter upon HDACi’s treatment 

It has been discovered that SAHA induces overexpression of DR5 on the hepatocellular 

carcinoma cell membrane leading to improvement of TRAIL sensitivity214. However, whether 

this mechanism happens in colon cancer cells is still unclear. To further study the mechanism, 

we investigated the expression of both DR4 and DR5 after incubation for 48h with different 

concentration of RGFP966 or PCI34051 in a 2D culture. Surprisingly, we detected a 1.5-folds 

increase of DR4 but not DR5 after incubating with RGFP966 for 48h and a 2-folds increase of 

DR4 after incubating with PCI34051 on DLD-1 cells (Fig. 5A and Fig. S4A). Interestingly, 

DR5 expression increased after incubating with RGFP966 on WiDr cells for 48h (Fig. 5B and 

Fig. S4B). These changes of death receptor expression may lead to a different sensitivity to 

TRAIL-mediated apoptosis. In addition, we also studied alterations of the cell cycle with 

treatment of HDACi’s as apoptosis is related to cell cycle arrest215. Fig. 6A and C showed that 

PCI34051 arrests G0/G1 phase after incubating 24h, while RGFP966 does not change the cell 
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cycle in DLD-1 cell line. Either RGFP966 or PCI34051 changes the cell cycle in WiDr cell line 

(Fig. 6B and D). It has been reported that SAHA and Entinostat induced cell cycle arrest. We 

also observed G2 phase arrest after incubating with SAHA for 24h and G0/G1 phase arrest after 

incubating with Entinostat for 24h in DLD-1 and WiDr cells (Fig. S5). Alterations of the cell 

cycle may contribute to the mechanism of increasing TRAIL sensitivity as well.    

 

Discussion 

Administration of TRAIL has been considered as a promising antitumor therapy for a long 

time due to its tumor selective properties. However, studies have shown that approximately 50% 

of the colorectal cancer cells are resistant to TRAIL51,216 seemingly due to various genetic and 

epigenetic modifications in the signaling pathway. Combination therapies aimed at relieving 

this resistance have recently been investigated. In clinical studies, combinations of Dulanermin 

with FOLFIRI regimen (with or without Bevacizumab)/Cetuximab/Irinotecan have already 

been tested but without the desired result (NCT00671372, NCT00873756) implying there is 

still a need for a good combination drug for Dulanermin. Here, we demonstrate, for the first 

time, that combining RGFP966 or PCI34051 with our mutants rhTRAIL 4C7 or DHER 

significantly improves apoptosis induction 18,24.  

Many studies have discussed the complexity of the mechanisms that regulate TRAIL 

resistance. One of the regulatory mechanisms  is epigenetic regulation such as histone 

acetylation217,218. In previous studies TRAIL has been combined with SAHA in hepatocellular 

carcinoma, non-small cell lung cancer or breast cancer and this showed a large improvement in 

apoptosis indicating the  potential role of epigenetic modifications214,219,220. Since SAHA, as a 

broad-spectrum inhibitor, has many side effects for clinical use, we tested different HDAC 

inhibitors with improved isoenzyme selectivity for their potential to enhance TRAIL mediated 

apoptosis in two colon cancer cells DLD-1 and WiDr.  Notably, our MTS results show that 

HDAC3-specific inhibitor RGFP966 and HDAC8-specific inhibitor PCI34051 both increase 

cell death of DLD-1 and WiDr after treatment with rhTRAIL 4C7 or DHER. Further 

investigations of cell apoptosis suggest that inhibition of HDAC3 or 8 facilitate rhTRAIL 4C7 

or DHER induced apoptosis. 

We next generated HDAC1, 2, 3 and 8 knockdown cells for a more precise mechanistic 

study. Studies have shown roles of HDAC3 or HDAC8 in colon cancer cells. Spurling et al. 

reported that HDAC3 is overexpressed in SW480 cells resulting in proliferation and 

differentiation199. Kang et al. recently found that HDAC8 is associated to activator of 

transcription 3 (STAT3)/specificity transcription 3 (Sp3) exchange and induces Bmf-dependent 
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apoptosis24. DLD-1 and WiDr cells response differently on the administration of HDAC 

inhibition, which may be related to the differences in epigenetic and genetic background of 

these two cell lines. It has been reported that DLD-1 cells contain a KRAS mutation while WiDr 

does not221,222. This mutation may be connected to hyperactivation of DNA methylation in these 

colon cancer cells since upregulation of DNA methylation was discovered  after transformation 

of fibroblasts by the ras oncogene199. Increasing DNA methylation may lead to recruitment of 

HDACs explaining a more pronounced effect of HDACi’s in DLD-1 cells223. 3D spheroid 

models have been developed to mimic the actual tumor microenvironment in the body. Here, 

we generated 3D spheroids and showed increased apoptosis induced by RGFP966 in 

combination with rhTRAIL 4C7 or DHER. Some studies show that TRAIL-induced apoptosis 

is regulated by post-translational modifications of death receptors224. O-glycosylation of DR4 

and DR5 was proved to control the sensitivity of many cancer cells to TRAIL51. Subsequently, 

Dufour et al. reported that N-glycosylated DR4 promotes TRAIL signaling 64. Moreover, we 

previously found that DR5 is activated by fucosylation for TRAIL-induced apoptosis using our 

TRAIL variants225. Interestingly, recently a relation between HDAC inhibition and 

glycosylation patterns was reported, which can hint at an explanation for increasing sensitivity 

of TRAIL receptors in the presence of HDAC inhibitors226. In our current study, we investigated 

the expression of DR4 and DR5 on the cell membrane and our results show significant DR4 but 

not DR5 expression enhancement on DLD-1 cells, while DR5 but not DR4 expression is 

increased on WiDr cells. It is of interest to further explore precise mechanisms of alterations of 

DR4 and DR5 expression induced by HDACi’s using ChIP-Seq. Interestingly, a study showed 

that G1 cell cycle arrest in melanoma cells is strongly correlated with enhanced TRAIL-

mediated apoptosis215. We observed G0/G1 arrest upon the treatment of PCI34051 indicating 

that a similar mechanism occurs in colon cancer cells. Taken together, our findings give a new 

insight into the effect of HDAC’s on TRAIL-mediated apoptosis and they imply a promising 

novel antitumor therapy using TRAIL variants with HDAC3-specific inhibitor RGFP966 or 

HDAC8-specific inhibitor PCI34051. 
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Materials and Methods 

Cell Lines and Culture Conditions 

Human colon cancer cells of DLD-1 and WiDr were obtained from American Type 

Culture Collection (ATCC, Wesel, Germany) and cultured in RPMI1640 medium 

supplemented with 10% fetal bovine serum (FBS), 100 units/ml Penicillin and 100μg/ml 

Streptomycin in a humidified incubator at 37 ℃ with 5% carbon dioxide. Basal medium 

RPMI1640, FBS, Penicillin and Streptomycin were purchased from Thermo Fisher Scientific 

(Waltham, USA).  

 

Cell viability Assay  

DR4-specific TRAIL variant rhTRAIL 4C7 and DR5-specific TRAIL variant rhTRAIL 

DHER (amino acids 114-281) were constructed and produced as previously described18,24. Cells 

were seeded in triplicate in 96-well plates at a concentration of 30,000 cells/ml in 100μl 

complete medium and maintained overnight prior to the treatment. Cells were treated with 5μM 

or 10μM HDACi’s including SAHA, Entinostat, RGFP966 and PCI34051 overnight and 0-

50ng/ml rhTRAIL 4C7 or DHER were added at the following day. After overnight incubation, 

cells were incubated with 20μl/well MTS reagent (Promega, Madison, USA) for 1.5h according 

to manufacturer’s instruction. Cell viability was determined by measuring the absorbance at 

490 nm using a microplate reader (BMG LABTECH, De Meern, the Netherlands). All 

HDACi’s were purchased from Selleckchem (Munich, Germany). 

 

Apoptotic Assay 

2×105 cells were seeded in 3ml complete medium in 6-well plates 24h prior to the 

treatment. The next day, cells were treated with 10μM HDACi’s at a final volume of 1ml 

overnight. 25 ng/ml rhTRAIL 4C7 or DHER were added at the following day and incubated 

overnight. After treatment, cells were collected and washed with PBS twice. Cell pellets were 

resuspended in 200μl PBS containing reagent A and B from cell apoptotic kit (Violet 

Ratiometric Membrane Asymmetry Probe/Dead cell Apoptotic Kit) bought from Thermofisher 

Scientific (Waltham, USA). Cells were measured and analyzed by LSR-II (BD Bioscience, 

Franklin Lakes, USA). Imagines were taken under the microscope after treatment at different 

time points. For HDAC knockdown cells, rhTRAIL 4C7 or DHER were added after 72h 

transfection.  
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Caspase 3/7 Activity Assay 

Cells were seeded in triplicate in a 96-well plate with white walls at a density of 30,000 

cells/ml overnight before the treatment. Cells were pre-incubated for 24h with 10μM HDACi’s 

and followed by the treatment with 25 ng/ml rhTRAIL 4C7 or DHER. The next day 100μl 

reagent was added according to the manufacturer’s protocol and incubated for 2h at room 

temperature (Promega, Madison, USA). Luminescence was measured with a Synergy™ H1 

plate reader (BioTek, Winooski, USA). For 3D spheroid, every spheroid was transferred to 96-

well plate with white walls before adding reagent. Reagent were incubated for 2h at room 

temperature with spheroid and the same measurement as monolayer cells was conducted. 

 

HDAC1, 2, 3 and 8 knockdown using siRNA  

Cells were seeded at 2×105 per well in 6-well plates and incubated for 24h. The next day 

cells were transfected with predesigned pool of small interfering RNA (siRNA) 

oligonucleotides at a final concentration of 600ng/ml (HDAC1 and 2) or 5nmol/L (HDAC3 and 

8) with Lipofectamine 2000 Reagent (Thermo Fisher Scientific, Waltham, USA). After 72h 

incubation, cells were collected for qRT-PCR. siRNA of HDAC1 (MISSION, esiRNA HDAC1) 

and 2 (MISSION, esiRNA HDAC2) were purchased from Millipore Sigma (Burlington, 

Massachusetts, USA). siRNA of HDAC3 (M-003496-02-0005, siGENOME Human HDAC3 

(8841) siRNA-SMART pool) and 8 (M-003500-02-0005, siGENOME Human HDAC8 

(55869)-SMART pool) were purchased from GE Healthcare Dharmacon (Lafayette, USA). 

 

3D Spheroid construction 

1000 cells per well were seeded in ultra-low attachment plates with 96-wells (Corning 

Incorporated, Kennebunk, USA). Plates were centrifuged at 1000rpm for 5mins to initiate the 

formation of 3D spheroid. After 3 day incubation, spheroids were generated and ready for 

performing experiments.  

 

RNA isolation and Quantitative Reverse Transcriptase PCR (qRT-PCR) 

Cells were washed by PBS and harvested by trypsin. RNA was isolated using Maxwell 

LEV simply RNA Cells/Tissue Kit (Promega, Madison, USA) and then concentrations of RNA 

was measured by NanoDrop (Thermo Fisher Scientific, Waltham, USA). cDNA was 

synthesized from 200ng RNA using a Reverse Transcription Kit (Promega, Madison, USA) 

according to instruction of manufacturer. 20ng cDNA and SensiMix SYBRkit (Bioline, 

Taunton, MA, USA) were used to perform qRT-PCR in an ABI Prism 7900HT Sequence 
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Detection System (Thermo Fisher Scientific, Waltham, USA). Primers sets are listed in Table 

S1. Data was analyzed by SDS v.2.3 software (Applied Biosystems, Foster City, USA). mRNA 

level of α-tublin was measured and used as a reference for data normalization.  

 

Death receptor expression analysis 

Cells were seed at 2×105 per well in a 6-well plate overnight. The next day 5μM or 10μM 

HDACi’s were added and incubated for 24h or 48h. After incubation, cells were collected and 

washed with FACS buffer (PBS with 1% FBS). Then cells were incubated with primary 

antibodies for DR4 (abcam, Cambridge, UK ) or DR5 (EXBIO Praha, Nad Safinou, Czech 

Republic) on ice for 1h. Subsequently, cells were washed and incubated with R-Rhycoerythrin 

(PE) conjugated goat anti-rabbit antibody (Southern Biotech, Birmingham, USA) or 

Fluorescein (FITC) conjugated donkey anti-mouse antibody (Jackson ImmunoResearch Europe, 

Cambridge, UK) on ice for 1h. DR4 and DR5 expression was detected using a FACS Calibur 

flow cytometer (BD Bioscience, Franklin Lakes, USA).  

 

Cell cycle analysis 

Cells were seeded at 2×105 per well in 6-well plate overnight. The following day cells 

were treated with 5μM HDACi’s for 24h or 48h. After incubation cells were harvested by PBS 

and trypsin. Cell pellets were washed and cells were fixed using cold 70% ethanol overnight at 

4 degree. At last, cells were harvested and DNA was stained with 20ug/ml propidium iodide 

(Thermo Fisher Scientific, Waltham, USA). Cell cycle were detected using a FACS Calibur 

flow cytometer (BD Bioscience, Franklin Lakes, USA).  

 

Data analysis 

Data were presented as mean ± SD from one of three experiments performed in triplicates. 

P values were analyzed by one-way ANOVA in Turkey’s multiple comparison with Graphpad 

Prism version 7.0. ** 0.001≤P≤0.0105, *** 0.0001≤P≤0.00105, **** P≤0.0001. Cell apoptosis 

and death receptor expression were analyzed by FlowJo V10. Cell cycle was analyzed by 

ModFit LT.  
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Figures 

 

Figure 1. Alterations of cell viability after treatment with HDAC inhibitors and rhTRAIL 

variants 4C7 or DHER. DLD-1 cells (A) or WiDr cells (B) were firstly treated with 10μM 

HDAC inhibitors including SAHA, Entinostat, RGFP966 or PCI34051 respectively for 24h and 

the day after cells were incubated with rhTRAIL 4C7 or DHER overnight. Cell viability was 

determined by MTS assay. The values shown are mean ± SD from one of three experiments 

performed in triplicate.  
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Figure 2. HDAC3-specific inhibitor RGFP966 or HDAC8-specific inhibitor PCI34051 

increases TRAIL-mediated apoptosis. DLD-1 (A) or WiDr (B) cells were pre-treated with 

5μM HDAC inhibitors for 24h and then incubated with 25ng/ml rhTRAIL 4C7 or DHER for 

overnight. Early or late apoptotic cells were detected using the Violet Ratiometric Membrane 

Asymmetry Probe. NC represents the cells without treatment with HDAC inhibitors or 

rhTRAIL variants. Statistics: Entinostat vs. Entinostat+TRAIL variants, 0.0001≤p≤0.001; 

TRAIL variants vs. Entinostat+TRAIL variants, 0.0001≤p≤0.001 (C) Morphological changes 

of DLD-1 cells treated with HDAC inhibitors and rhTRAIL 4C7 or DHER observed under an 

inverted light microscope with 20X magnification. DLD-1 (D) or WiDr (E) cells were pre-

treated by 10μM RGFP966 or PCI34051 for 24h and stimulated with 25ng/ml rhTRAIL 4C7 

or DHER overnight. Caspase 3/7 activity was measured after 2h incubation. The values shown 

are mean ± SD from one of three experiments performed in triplicate.  
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Figure 3. Knockdown of HDAC 1, 2, 3 or 8 enhances TRAIL sensitivity. DLD-1 (A) or 

WiDr (B) cells were transfected with siRNAs of scramble or HDAC1, 2, 3 and 8 respectively 

for 72h using Lipofectamine 2000. Relative mRNA levels were normalized by α-tublin. The 

values shown are mean ± SD from one of three experiments performed in triplicate. (C) After 

72h transfection, DLD-1  or WiDr cells were treated with 25ng/ml rhTRAIL 4C7 or DHER and 

apoptotic cells were detected using the Violet Ratiometric Membrane Asymmetry Probe. Lower 

right group represents living cells, lower left group represents early apoptotic cells and upper 

left group represents late apoptotic or dead cells. Statistical analysis of DLD-1 (D) or WiDr (E) 

cells was shown. . 
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Figure 4. RGFP966 or PCI34051 enhances TRAIL sensitivity on 3D spheroid model. (A) 

3D spheroids were constructed on DLD-1 or WiDr cells after 72h culturing in ultra-low 

attachment round bottom plates. Morphology changes were observed under an inverted light 

microscope with 40X magnification. (B) The DLD-13D spheroids were generated and 

transferred to a 96-well white wall plate and caspase3/7 activity was detected after adding 

5ng/ml rhTRAIL 4C7 or DHER overnight. Luminescence were measured after 2h incubation 

with caspase3/7 reagent.  
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Figure 5. RGFP966 and PCI34051 changes expression of DR4 or DR5. DLD-1 (A) or WiDr 

(B) cells were incubated by RGFP966 or PCI34051 for 24h or 48h and DR4 and DR5 

expression were measured after incubation. Left panel shows the fluorescence shift and right 

panel shows the geometric mean changes relative to untreated cells (dash line). On the left 

panel, red open lines show background signal of PE or FITC by adding only secondary 

antibodies to the cells. Blue open lines represent cells without HDAC inhibitor treatment, 

orange lines represent cells treated with 5μM RGFP966 and green open lines represent cells 

treated with 5μM PCI34051.  
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Figure 6. PCI34051 arrest in the G0/G1 phase in DLD-1 cells after 24h incubation. DLD-

1 (A,C) or WiDr (B,D) cells were incubated with 5μM RGFP966 or PCI34051 for 24h or 48h 

and then cell cycles were measured after incubation.  Statistical analysis in (C) or (D) are 

according to (A) or (B). The values shown are mean ± SD from one of three experiments 

performed in triplicate.  
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Supplementary Materials 

 

Figure S1. 5μM of HDAC inhibitors RGFP966 or PCI34051 increase the sensitivity of DLD-

1 (A) or WiDr (B) cells to rhTRAIL 4C7 or DHER. The values shown are mean ± SD from one 

of three experiments performed in triplicate.  
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Figure S2. HDAC inhibitors increase TRAIL-mediated apoptosis. (A) Morphological 

changes of  WiDr cells treated with 5μM HDAC inhibitors and 25ng/ml rhTRAIL 4C7 or 

DHER observed under an inverted light microscope with 20X magnification. (B) DLD-1 or 

WiDr cells were pre-treated by 10μM HDAC inhibitors for 24h and then incubate with 25ng/ml 

rhTRAIL 4C7 or DHER for overnight. Apoptotic cells were detected using the Violet 

Ratiometric Membrane Asymmetry Probe. The values shown are mean ± SD from one of three 

experiments performed in triplicate. 
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Figure S3. After 72h transfection with siRNA, WiDr cells were treated with 25ng/ml rhTRAIL 

4C7 or DHER and apoptotic cells were detected using the Violet Ratiometric Membrane 

Asymmetry Probe. 
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Figure S4. Alterations of death receptor expression after incubating with 10μM RGFP966 or 

PCI34051 for 24h or 48h on DLD-1 (A) or WiDr (B) cells. 
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Figure S5. SAHA or Entinostat changes cell cycle after incubating for 24h on DLD-1 (A) or 

WiDr (B) cells. Red peaks represent G0/G1 and G2 phase. Purple areas represent dead cells or 

debris. Statistical analysis on the right panel is according to the data on the left. 
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A Novel Histone Acetyltransferase Inhibitor A485 
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Abstract 

Transcriptional coactivators p300 and CBP catalyze the acetylation of lysine residues in 

histone proteins. Upregulation of p300 and CBP has been associated with lung, colorectal and 

hepatocellular cancer, indicating an important role of p300 and CBP in tumorigenesis. Recently, 

the novel p300 and CBP-selective inhibitor A485 became available, which was shown to inhibit 

proliferation of 124 different cancer cell lines. Here, we found that downregulation of EP300 

or CREBBP enhances apoptosis upon TRAIL stimulation in non-small-cell lung cancer 

(NSCLC) cells. A485 upregulates pro- and anti- apoptotic genes at the mRNA level, implying 

an apoptosis-modulating effect in NSCLC cells. However, A485 does not induce apoptosis 

alone. Interestingly, we observed that the number of apoptotic cells increases upon combined 

treatment with A485 and TRAIL. Therefore, A485, as a TRAIL-sensitizer, was used in 

combination with TRAIL in wild type of NSCLC cell lines (HCC827and H1650) and cells with 

acquired erlotinib resistance (HCC827-ER and H1650-ER). Our results show that the 

combination of A485 and TRAIL synergistically increases cell death and inhibits long-term cell 

proliferation. Furthermore, this combination inhibits the growth of 3D spheroids of EGFR-TKI-

resistant cells. Taken together, we demonstrate a successful combination of A485 and TRAIL 

in EGFR-TKI-sensitive and resistant NSCLC cells. 
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Introduction 

Epigenetic regulation of gene transcription by post-translational modifications of the 

histones rapidly gained attention in recent years. Many physiological and pathological functions 

were described for the dynamic acetylation of lysine residues in histones after its discovery 

more than 50 years ago227. Lysine acetylation involves the transfer of acetyl groups from acetyl 

coenzyme A (acetyl-CoA) to lysine residues, which causes neutralization of the positively 

charged unmodified lysine residues. Generally, this process weakens the electrostatic 

interactions between histones and DNA, which results in unfolding of chromatin and increasing 

accessibility of DNA for gene transcription228. Later on, studies have shown that lysine 

acetylation also plays a role in modulating non-histone proteins such as transcriptional factors 

c-Myc (cellular myelocytomatosis oncogene) and NF-κB (Nuclear Factor kappa-light-chain-

enhancer of activated B cells)229–231. The enzymes catalyzing the addition of acetyl groups to 

lysine residues are called lysine acetyltransferases (KATs), which are also referred to as histone 

acetyltransferases (HATs). KATs are divided into two main groups based on their locations in 

the cells: nuclear enzymes (type A KAT) and cytoplasmic enzymes (type B KAT). Most 

enzymes are in nucleus and they are further divided into different families 232.  

We focus on p300/CBP family including p300 and CREB-binding protein (CBP). They 

were firstly discovered as coactivators for a number of transcription factors 233,234. In addition, 

the surfaces of p300 and CBP function as a scaffolds for assembling multi-protein complexes 

involved in gene transcription235,236. Later their ability to catalyze acetylation of lysine residues 

was discovered. p300 and CBP are highly homologous proteins that share around 86% amino 

acid sequence identity in the HAT domain237. In comparison to other KATs, p300 and CBP 

have a relatively broad substrate scope238.  

Studies indicate that dysregulation of p300 and CBP is connected to pathological 

conditions including cancer. For instance, the overexpression of p300 strongly correlates with 

the aggressiveness of hepatocellular carcinoma and colorectal cancer239,240. In lung 

adenocarcinomas, patients with high expression of CBP are predicted to have a poor 

prognosis241. Taken together, these evidences imply a close relation between upregulation of 

p300 and CBP and tumorigenesis, thus indicating potential utility of p300 and CBP as targets.  

Development of inhibitors of p300 and CBP starts 20 years ago with the identification of 

the bisubstrate inhibitor Lys-CoA inhibiting p300242. The p300 and CBP HAT activity can be 

inhibited by natural products, such as curcumin isolated from dietary spice, epigallocatechin-3-

gallate (EGCG) from green tea and garcinol from kokum fruit243–245. In addition, synthetic 

compounds were identified and one of the most potent inhibitors is C646. C646 is a competitive 
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p300 inhibitor with a Ki of 400nM 246. However, the off-target to histone deacetylase (HDAC) 

or other kinases makes C646 less useful247,248. Recently, a novel p300 and CBP-specific 

molecule A485 was developed with a very low IC50 to p300 (9.8nM) and CBP (2.6nM) 

compared to C646 (1600nM) at the same experimental settings. Additionally, A485 inhibits 

proliferation in 124 different lineage-specific tumor cells including NSCLC cells154,246.  

NSCLC accounts for approximately 85% lung cancers and EGFR-tyrosine kinase 

inhibitors (EGFR-TKIs) are often used to target NSCLC249,250. Studies show a significantly 

improved response rate and progression-free survival when treated by EGFR-TKIs in 

comparison to chemotherapy251,252. However, most patients treated with first generation of 

EGFR-TKIs including gefitinib and erlotinib inevitably develop resistance within 9-14 

months253,254. Therefore, it is necessary to find novel approaches to treat EGFR-TKI-resistant 

cells. 

Among a variety of strategies in oncology, activation of apoptosis-inducing pathways 

using selective ligands is very promising. TRAIL (TNF-related apoptosis-inducing ligand) is a 

well-known selective ligand to trigger apoptosis via binding to DR4 (death receptor 4) or DR5 

(death receptor 5)156. Binding of TRAIL to DR4 or DR5 recruits FADD and pro-caspase-8, 

which leads to activation of caspase cascade via both extrinsic and intrinsic pathways resulting 

in cell death. A network of proteins, such as pro-apoptotic proteins Bim, Bax, SMAC and anti-

apoptotic proteins c-FLIP, XIAP, tightly regulates TRAIL-mediated apoptotic pathways92.  

Here we aim to investigate the regulation of apoptosis-related proteins by HAT inhibitor 

A485 and use a combination of A485 and TRAIL to induce apoptosis in EGFR-TKI-sensitive 

and resistant cells. As a first step, we showed that A485 does not induce apoptosis, neither on 

EGFR-TKI-sensitive nor resistant NSCLC cells. Next, we investigated the effect of A485 on 

regulation of pro- and anti- apoptotic genes to estimate its potential to modulate expression of 

proteins involved in TRAIL-mediated apoptosis. Subsequently, we combined TRAIL with 

A485 on EGFR-TKI-sensitive and resistant NSCLC cells and showed that this combination 

synergistically improves cell death. In addition, we tested the long-term inhibition of cell 

proliferation by treatment of this combination. Furthermore, we showed a noticeable decrease 

of the volume of 3D spheroids under constant treatment of A485-TRAIL combination. Taken 

together, this study indicates that A485 in combination with TRAIL is a potent therapy for 

EGFR-TKI-sensitive and resistant NSCLC cells.   
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Results 

Silencing EP300 or CREBBP upregulates caspase proteins and enhances TRAIL-

mediated apoptosis 

Recent studies show that downregulation of EP300 or CREBBP by siRNAs in lung cancer 

cells leads to inhibition of cell proliferation and migration, implying an important role of p300 

and CBP in tumorigenesis241,255. We therefore silence EP300 or CREBBP by siRNAs to 

investigate their effects on NSCLC cell lines H1650 and HCC827256,257. NSCLC cells have 

been proven to easily acquire resistance to the first generation of EGFR-TKIs, gefitinib and 

erlotinib, mainly due to induction of a secondary mutation in the receptor258,259. In order to 

investigate apoptosis in EGFR-TKI-resistant cell lines, we established H1650-ER and 

HCC827-ER as models of EGFR-TKI-resistant cells. As previously described, we treated 

H1650 and HCC827 cells in the presence of erlotinib over 3 months, thereby selecting for 

resistant cells260. First, we tested the mRNA level of EP300 and CREBBP using quantitative 

RT-PCR and results show a 70-80% decrease of gene expression. Additionally, the mRNA 

level of caspase coding genes are obviously increased compared to scramble control (Figure 

2A). Furthermore, we performed apoptosis assays to investigate the influence of EP300 and 

CREBBP downregulation on TRAIL-induced apoptosis. We observed that TRAIL indeed 

decreased the number of living cells in H1650 cell line after silencing EP300 or CREBBP 

(Figure 2B, upper panel). Moreover, increased numbers of apoptotic cells were also shown on 

EGFR-TKI-resistant cell line H1650-ER (Figure 2B, lower panel). Only a slight increase of 

apoptotic cells was observed in HCC827 and HCC827-ER cells (Figure 2C). Taken together, 

we proved that downregulation of EP300 and CREBBP enhances expression of caspase genes 

including CASP3, 7, 8 and 9 at the mRNA level. Moreover, downregulation of EP300 and 

CREBBP using siRNAs improves TRAIL-mediated apoptosis, suggesting that p300 and CBP 

are interesting targets for enhancing TRAIL sensitivity. 

 

A485 upregulates the mRNA level of coding genes of pro and anti-apoptotic proteins  

After showing that siRNA-mediated downregulation of EP300 and CREBBP upregulates 

coding genes of pro-apoptotic proteins at the mRNA level, we moved on with a p300 and CBP 

selective inhibitor A485 to investigate the alterations of gene expressions. As expected, we 

found that caspase genes, such as CASP3, 7, 8 and 9, are upregulated at the mRNA level 

analyzed by quantitative RT-PCR. Other pro-apoptotic genes, such as BAK1 and APAF1 are 

also upregulated. However, a number of anti-apoptotic genes, such as XIAP and TNFRSF10D 

are also upregulated (Figure 3A). We then examined the apoptotic effect of A485 and found 
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that A485 does not induce any apoptosis even if the concentration is up to 20 µM (Figure 3B). 

Taken together, we showed that A485 does not induce apoptosis on wild type or EGFR-TKI-

resistant NSCLC cells. Interestingly, A485 has a pronounced effect on the expression of both 

pro- and anti- apoptotic genes thus indicating that activation of apoptosis-inducing pathways 

may provide different responses in A485 treated cells. 

 

A485 augments TRAIL-induced apoptosis  

The observation that downregulation of EP300 and CREBBP improved TRAIL-mediated 

apoptosis indicates that A485 may augment the effect of TRAIL. In line with this observation, 

combination of A485 and TRAIL provided a significant increase in the total number of 

apoptotic cells in H1650 and H1650-ER cells compared to treatment with TRAIL alone (Figure 

4A, lower panel). Additionally, increased apoptosis was detected on HCC827 and HCC827-ER 

cells (Figure 4A, upper panel). Studies have shown that caspase-3/7 activity is a promising 

biomarker of apoptosis261. Therefore, we analyzed the caspase-3/7 activity. The caspase-3/7 is 

significantly more active with the treatment of A485 and TRAIL than TRAIL alone (Figure 

4B). Furthermore, we performed cell viability assays using three selective caspase inhibitors, 

including two initiator caspases (caspase-8 and 9) specific inhibitors and one executioner 

caspase (caspase-3/7) specific inhibitor to investigate whether cell viability increases by 

inhibiting activity of caspase. Indeed figure 4C shows that cell viability significantly increases 

upon the treatment with any of the caspase inhibitor. Interestingly, caspase-8 inhibitor 

significantly increases the numbers of living cells more than other caspase inhibitors in H1650 

and H1650-ER cell lines. This result implies a more important role for caspase-8 upon A485 

induction. Taken together, our results show that A485 augments apoptosis induced by TRAIL, 

suggesting that the combination of A485 and TRAIL could act as a potential anti-tumor therapy. 

 

A485 in combination with TRAIL synergistically improves cell death 

Our data indicate that p300 and CBP are interesting targets for sensitizing NSCLC cells to 

TRAIL-induced apoptosis. Targeting these proteins with A485 upregulates caspase proteins, 

which suggests that combination of A485 with TRAIL is a promising strategy to increase 

apoptosis in NSCLC cells. We investigated this observation further by performing MTS assays 

to examine cell viability upon the treatment with A485, TRAIL or A485-TRAIL combination. 

As expected, combination treatment significantly increased cell death (Figure 5A and C). The 

scientific term CI quantitatively depicts the synergism (CI<1), additive effect (CI=1) and 

antagonism (CI>1)262,263. Figure 5E shows that A485 synergistically increases TRAIL-induced 
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cell death. More importantly, A485-TRAIL combination treatment significantly increases cell 

death in the EGFR-TKI resistant cell lines, H1650-ER and HCC827-ER, as evidenced by Figure 

5B and 5D. 

 

Combination treatment of A485 and TRAIL leads to long-term inhibition of cell 

proliferation 

We have shown that combined treatment of EGFR-TKI-sensitive and resistant NSCLC 

cells with A485 and TRAIL for 48h significantly decreases cell viability. Next, longer-term 

treatment was investigated in proliferation assays over 7 days. Figure 6A shows that the number 

of living cells decreased with the increasing concentration of A485. H1650 and H1650-ER cells 

showed a decrease in the number of living cells in a TRAIL concentration-dependent manner, 

while this is not observed in HCC827 and HCC827-ER cells. These results are in line with the 

observations for 48h treatment. Moreover, a synergism of combined treatment with A485 and 

TRAIL is shown, suggesting a promising anti-tumor effect (Figure 6B).  

As a next step, a model with EGFR-TKI-resistant cells H1650-ER in 3D spheroids culture 

was established in order to mimic the physiological environment. Figure 6C shows that the 

volume of the untreated spheroids increases with time, while the volume of spheroids treated 

with A485 only slightly increase. This result is in line with the previous data that A485 inhibits 

cell proliferation. Additionally, apoptosis occurs in the surroundings of the core upon the 

treatment with TRAIL and the structure of the spheroids is disassembled. Moreover, the 

treatment with A485-TRAIL combination decreases the volume of spheroids more and caused 

more disassembly of the spheroid compared to single treatment with either A485 or TRAIL. 

Taken together, our results show promising effects for combined treatment with A485 and 

TRAIL in NSCLC, especially in EGFR-TKI-resistant NSCLC.  

 

Discussion 

In the present study, we firstly demonstrated that A485 upregulates gene expression of 

pro- and anti-apoptotic proteins at the mRNA level but does not induce apoptosis on NSCLC 

cell lines. Secondly, we showed that A485 augments TRAIL-induced apoptosis via activation 

of the caspase cascade. Thirdly, combination of A485 and TRAIL synergistically induces cell 

death upon short-time treatment in EGFR-TKI-sensitive and resistant cells. Finally, we 

demonstrated that combined treatment with A485 and TRAIL for long-term also inhibited cell 

proliferation and clearly reduced the growth and integrity of spheroids of EGFR-TKI-resistant 
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cells. This is the first report showing that combined treatment with A485 and TRAIL is a novel 

promising potential therapeutic strategy for EGFR-TKI-resistant NSCLC cells.  

A connection between HAT inhibitors and inhibition of cell proliferation was already 

made previously for HAT inhibitor C646 that it showed inhibition of cell growth on melanoma 

and lung cancer cells246. Recently, a novel HAT inhibitor A485 which is under investigation 

here, showed effective growth inhibition effects across 124 cancer cell lines encompassing 

diverse lineages154. Interestingly, a recent study showed that A485 inhibits cell proliferation 

without inducing apoptosis on melanoma cells153. In concert with those findings, we showed 

that A485 inhibits cell growth on NSCLC cells. Moreover, we for the first time demonstrated 

that A485 interferes with the regulation of both pro- and anti- apoptotic proteins at the mRNA 

level. 

We have tested gene expression in a panel of pro-and anti-apoptotic genes and we found 

upregulation and downregulation of various pro- and anti-apoptotic genes upon treatment with 

A485. We note that 12 out of 16 pro-apoptotic genes are upregulated, whereas only 3 out of 11 

anti-apoptotic genes are upregulated. These results indicates that A485 has potential to induce 

apoptosis. One of the highest increases of gene expression upon the treatment with A485 in 

EGFR-TKI-sensitive and resistant cells was observed for CASP8. This result is in line with the 

alterations of CASP8 in EP300 or CREBBP silenced cells. These results imply an important 

role of caspase-8 in cells treated with A485. In concert with this assumption, we showed that 

selective caspase-8 inhibition increases the number of surviving cells more than other caspase 

inhibitors after treated with the A485-TRAIL combination. Moreover, these apoptosis related 

genes are connected to both the extrinsic and intrinsic apoptotic pathways. For instance, pro-

apoptotic genes TNFRSF10A, TNFRSF10B, CASP8  and anti-apoptotic genes TNFRSF10C, 

TNFRSF10D, CFLAR are related to the extrinsic pathway4. The three pro-apoptotic genes are 

all upregulated, whereas only one anti-apoptotic gene, TNFRSF10D, is upregulated. 

Additionally, downregulated pro-apoptotic genes TP53, BBC3, BCL2L11 and BID are all 

involved in the intrinsic pathway. These results suggest that A485 is more likely to augment 

apoptosis via the extrinsic-pathway.  

Although A485 itself does not trigger apoptosis, we propose that its ability to interfere 

with the expression of caspases may augment the apoptosis-inducing potential of TRAIL. This 

idea is supported by previous studies that combine inhibitors of epigenetic enzymes with 

TRAIL treatment. For example, a previous study showed that histone-lysine methyltransferase 

inhibitor BIX-01294 induced apoptosis by activation of caspase-8 and caspase-3 on 

neuroblastoma cells264. Combination of the DNA methyltransferase decitabine and HDAC 
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inhibitor valproic acid upregulates the expression of caspase-8 in small cell lung carcinomas 

(SCLCs) cells and improves sensitivity to TRAIL265. These studies indicate that upregulation 

of caspase proteins by small inhibitors enhances TRAIL sensitivity. In our study, we observed 

upregulation of caspase proteins at the mRNA level and this observation may play an important 

role in augmenting sensitivity to TRAIL induced apoptosis.  

The results for EP300 and CREBBP downregulation are consistent with A485 inhibition. 

As we expected, caspase coding genes are upregulated after treatment of cells with A485. 

Additionally, significant increased apoptosis is observed in H1650 and H1650-ER cells upon 

treatment with the A485-TRAIL combination. The increased number of early apoptotic cells 

by treatment with the A485-TRAIL combination or by downregulation of EP300 or CREBBP 

gene expression proves that cell death occurs via induction of apoptotic pathways. Later on, we 

confirmed that the mechanism run via apoptosis by showing increased activity of caspase-3/7 

after the treatment of the A485-TRAIL combination and increased cell viability upon treatment 

with selective caspase inhibitors. 

Gefitinib, erlotinib, afatinib and osimertinib have been approved by U.S. Food and Drug 

Administration (FDA) and European Medicines Agency (EMA) as a first-line treatment for 

lung cancer patients harboring EGFR mutations266. Recently, a study described that the 

incidence of the EGFR T790M mutation in erlotinib or gefitinib-treated patients is higher than 

in afatinib-treated patients, which indicates the importance of finding a second-line treatments 

for erlotinib and gefitinib267. TRAIL is considered as a promising anti-tumor therapeutics for 

some time, because of its ability to specifically induce apoptosis in tumor cells. However, 

TRAIL-resistance is also well known. Combination therapy is a frequently applied strategy to 

overcome this problem. For instance, we used HDAC inhibitor RGFP966 with TRAIL to 

improve apoptosis on colon cancer cells in a previous study268.  

Here, we introduce a novel combination treatment of A485 and TRAIL to enhance 

apoptosis in EGFR-TKI-resistant NSCLC cells. We constructed two cell lines with acquired 

EGFR-TKI-resistance to mimic the physiological response of patients that acquired resistance 

to erlotinib treatment. Next, we showed a synergistic effect of combined A485-TRAIL 

treatment on inhibition of cell viability for a shorter and longer treatment times. We provide 

evidence that reduced viabilities originates from TRAIL-induced apoptotic pathways. A485 

augments this apoptotic effect by upregulating pro-apoptotic genes especially caspases. Finally, 

we established a 3D spheroids model of EGFR-TKI-resistant cells to test the effect of the A485-

TRAIL combination and proved that this combination largely reduces the volume and integrity 
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of the spheroids. Taken together, we propose combination of A485 with TRAIL as a novel 

treatment to EGFR-TKI- resistant NSCLC cells.   
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Materials and Methods 

Cell lines and Culture Conditions 

H1650 and HCC827 cell lines were kindly provided by Dr. Klaas Kok (Department of 

Genetics, University Medical Center Groningen) and Dr. Martin Pool (Department of Medical 

Oncology, University Medical Center Groningen), respectively. Both cell lines were cultured 

in RPMI1640 medium supplemented with 10% fetal bovine serum (FBS), 100 units/ml 

penicillin and 100 μg/ml streptomycin in a humidified incubator at 37℃ with 5% carbon 

dioxide. All materials mentioned above were purchased from Thermo Fisher Scientific 

(Waltham, USA). Establishment of EGFR-TKI-resistant cell lines (HCC827-ER and H1650-

ER) was described before260.  

 

Reagents 

Erlotinib and caspase-8 specific inhibitor Z-IETD-FMK were purchased from 

Selleckchem (Munich, Germany). A485 was bought from Tocris (Abingdon, United Kingdom) 

and dissolved in DMSO (Merck, Zwijndrecht, the Netherlands). Caspase-9 specific inhibitor Z-

LEHD-FMK was obtained from BD Biosciences (Vianen, the Netherlands). Caspase-3/7 

inhibitor Ac-DEVD-CHO was ordered from Enzo Life Sciences (Bruxelles, Belgium). 

Recombinant human TRAIL (amino acids 114-281) was constructed and purified as previously 

described269. 

 

Cell Viability Assay 

Cell viability assays were conducted using MTS assay. Cells were seeded in triplicate in 

96-well plates at the density of 10,000 cells/ml in 100 μl medium. After 24 h, cells were treated 

with A485 or DMSO overnight and TRAIL was added the following day. For inhibition of 

caspase activities, each caspase inhibitor was used at 20 μM as a final concentration and added 

to cells together with A485 (final concentration is 25 μM). Cells treated with DMSO were used 

as the negative control. After overnight incubation by TRAIL, cells were added with 20 μl/well 

MTS reagent and incubated for 1-2 h according to the manufacture’s instruction (Promega, 

Madison, USA). At last, cell viability was determined by measuring the absorbance at 490 nm 

using a Synergy H1 plate reader (BioTek, Winooski, USA). 

 

Apoptotic Assay 

1-2 × 105 cells were seeded in 6-well plates overnight prior to the treatment. The next day, 

cells were treated with A485 at a final concentration of 20 μM in 2ml fresh medium overnight. 
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For testing the apoptosis-induction by A485 alone, cells were incubated with A485 or DMSO 

for 72h. In the cases of testing the apoptosis-induction by A485 and TRAIL, TRAIL was added 

the following day and incubated overnight. After treatment, cells were collected and washed 

with PBS twice. At last, cell pellets were suspended in PBS with reagent A and B from a 

apoptotic kit (Violet Ratiometric Membrane Asymmetry Probe/Dead Cell Apoptotic kit, 

Thermo Fisher Scientific, Waltham, USA) and fluorescent signals were measured by LSR-II 

(BD Biosciences, Franklin Lakes, USA). For EP300 and CREBBP knockdown cells, no A485 

was added and 50 ng/ml TRAIL was added after 72 h transfection.  

 

RNA Isolation and Quantitative Reverse Transcriptase PCR (qRT-PCR) 

1-2 × 105 cells were seeded in 6-well plates overnight prior to the treatment. The following 

day, cells were treated with A485 at a final concentration of 20 μM for 24 h. Cells treated with 

DMSO were used as the negative control. Then, cells were washed with PBS and harvested by 

trypsin. For EP300 and CREBBP knockdown cells, instead of adding A485, cells were 

harvested after transfection for 72 h.RNA was isolated using Maxwell LEV simply RNA 

Cells/Tissue Kit (Promega, Madison, USA) and the concentrations of RNA was determined by 

NanoDrop (Thermo Fisher Scientific, Waltham, USA). Complementary DNA (cDNA) was 

synthesized from 200 ng RNA using Reverse Transcription Kit (Promega, Madison, USA) 

according to manufacturer’s instruction. The 20 ng cDNA and SensiMix SYBR kit (Bioline, 

Taunton, USA) were used to perform qRT-PCR in an ABI Prism 7900HT Sequence Detection 

System (Thermo Fisher Scientific, Waltham, USA). mRNA level of GAPDH was measured 

and used to normalize data. Data was analyzed by SDS v2.3 software (Applied Biosystems, 

Foster City, USA). Primers sets are listed in Table 1.   

 

EP300 or CBP knockdown using siRNA 

Cells were seeded at 105 per well in 6-well plates overnight before treatment. The next day 

cells were transfected with predesigned pool of small interfering RNA (siRNA) 

oligonucleotides with Lipofectamine 2000 Reagent (Thermo Fisher Scientific, Waltham, USA) 

for 72 h. HCC827 and H1650 cells were treated with siRNAs at the final concentrations of 10 

nM (EP300) or 5 nM (CREBBP). While HCC827-ER and H1650-ER cells were treated with 

siRNAs at the final concentrations of 100 nM (EP300) or 50 nM (CREBBP). siRNA of EP300 

was ordered from Thermo Fisher Scientific (Waltham, USA). siRNA of CREBBP (M-00347-

02-0005) and scramble  (D-001210-01-05) was purchased from Dharmacon (Lafayette, USA). 
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Caspase 3/7 Activity Assay 

Cells were seeded in triplicate in 96-well plates with white walls at a density of 20,000 

cells in 150 μl medium overnight before treatment. Next, cells were pre-treated with A485 or 

DMSO overnight and followed by the treatment of TRAIL overnight. At last, Caspase-3/7 Glo 

reagent was added and incubated at room temperature for 2 h according to the manufacture’s 

instruction (Promega, Madison, USA). Luminescent signals were measured with a Synergy H1 

plate reader (BioTek, Winooski, USA). 

 

Cell Proliferation Assay 

The 105 cells were seeded in 6-well plates overnight before treatment. The next day, A485 

or DMSO were pre-treated overnight and followed by the treatment of TRAIL for 6 days. Then, 

cells were washed with PBS and fixed with 4% paraformaldehyde (Merck, Zwijndrecht, The 

Netherlands). Later, fixed cells were stained by 0.5% crystal violet (Merck, Zwijndrecht, The 

Netherlands). Crystal violet was extracted by 10% acetic acid (Merck, Zwijndrecht, The 

Netherlands) and signals were measured at 590nM with a Synergy H1 plate reader (BioTek, 

Winooski, USA). 

 

3D Spheroid Assay 

To construct 3D spheroids, 1000 H1650-ER cells were seeded per well in ultra-low 

attachment plates with 96-well (Corning Incorporated, Kennebunk, USA). Plates were 

centrifuged at 1000 rpm for 5min to initiate the formation of spheroids. After 3 days incubation, 

spheroids were generated and ready for following treatment. Spheroids were pre-treated with 

A485 or DMSO at Day1 overnight and followed by the treatment of TRAIL at Day2 for 3 days. 

Spheroid were treated with fresh A485 (or DMSO) and TRAIL as described above again and 

photos were taken at Day10. This process was repeat 5 times in total. Photos were taken for 

every 5 days.  

 

Western Blot 

Inhibition of acetylation at position H3K27 induced by A485 was analyzed by western 

blot and shown in Figure 1. Briefly, cells were seeded in 6-well plates overnight before 

treatment. The next day, A485 were treated overnight as a final concentration of 20μM. Cells 

treated with DMSO were used as the negative control.  Cells were washed with PBS and 

collected. Then cells were lysed by RIPA buffer with additional Protease Inhibitor Cocktail, 

EDTA-free (Roche, Basel, Switzerland). Protein concentrations were determined by a bradford 
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assay (Bio-Rad, Temse, Belgium). Equal amount of proteins for every sample were loaded on 

pre-cast 10% SDS-PAGE gels (Thermofisher Scientific, Bleiswijk, The Netherlands) and 

blotted on a nitrocellulose membrane (Merck, Zwijndrecht, the Netherlands). Subsequently, the 

membranes were blocked for 1h at room temperature in 5% non-fat milk (Merck, Zwijndrecht, 

The Netherlands). H3K27Ac antibody (Cell signaling technology, Leiden, The Netherlands) as 

primary antibody were incubated with the membranes overnight at 4 ℃. After incubating with 

secondary antibody for 1h at room temperature, membranes were detected using Pierse ECL 

kit (Thermofisher Scientific, Bleiswijk, The Netherlands). Anti-β-actin was probed as a loading 

control. 

 

Data analysis 

Data were presented as mean ± SD from triplicates in one experiments and experiments 

were repeated three times. P values were analyzed by two-way ANOVA in Turkey’s multiple 

comparison with Graphpad Prism version 7.0 (San Diego, USA).**p≤0.01 *** p≤0.001, 

****p≤0.0001. Data from apoptosis assays were analyzed by FlowJo V10 (BD Bioscience, 

Franklin Lakes, USA). Data from 3D spheroids were analyzed by MATLAB version 2017b 

(Eindhoven, the Netherlands) following the instruction by Chen et.al.270 
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Figures 

 

Figure 1. A485 inhibits acetylation of H3K27. Western blot analysis of acetylated H3K27 in 

HCC827, HCC827-ER, H1650 and H1650-ER cell lines treated by 20μM A485 for overnight. 

Cells treated with DMSO were used as the negative control. β-actin serves as a loading control. 

Two independent experiments are shown. 
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Figure 2. Apoptosis-mediated by TRAIL is enhanced in EP300 or CREBBP 

downregulation cells. (A) Cells were transfected with siRNA of EP300, CREBBP or scramble 

siRNA for 72 h using Lipofectamine 2000. mRNA was isolated and cDNA was synthesized. 

Then, quantitative RT-PCR was performed to analyze the mRNA level of different gene. Gene 

expression was normalized by GAPDH and compared with scramble control indicated by 

number 1 in heat map. Gradient blue colors represent downregulation of genes and gradient red 

and orange colors represent upregulation of genes. Data shown on heat map are mean from two 

independent experiments. H1650 (B), H1650-ER (B), HCC827 (C) and HCC827-ER (C) cells 

were treated with TRAIL at a final concentration of 50 ng/ml overnight after 72h transfection. 

Apoptotic cells were measured by LSR-II using Violet Ratiometric Membrane Asymmetry 

Probe/Dead Cell Apoptotic kit. Q1 represents dead or late apoptotic cells. Q3 represents living 

cells and Q4 represents early apoptotic cells. Numbers in every phase mean percentage of the 

cells.   
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Figure 3. A485 does not induce apoptosis likely due to upregulation of gene expression of 

both pro- and anti-apoptosis proteins at the mRNA level. (A) HCC827, HCC827-ER, 

H1650 and H1650-ER cells were incubated with 20 μM A485 for 24 h. Cells treated with 

DMSO were used as the negative control. Cells were collected and total RNA was isolated from 

all samples. After synthesizing cDNA, quantitative RT-PCR was performed using a panel of 

primers. Gene expression at the mRNA level was normalized by GAPDH and compared to the 

untreated cells indicated by the number 1 in heat map. Gradient blue colors mean 

downregulation of the gene and gradient red and orange colors mean upregulation of the gene. 
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(B) HCC827, HCC827-ER, H1650 and H1650-ER cells were incubated with 20 μM A485 for 

72 h. Cells treated with DMSO were used as negative control. Apoptotic cells were measured 

by LSR-II using Violet Ratiometric Membrane Asymmetry Probe/Dead Cell Apoptotic kit. Q1 

represents dead or late apoptotic cells. Q3 represents living cells and Q4 represents early 

apoptotic cells. Numbers in every phase mean percentage of the cells. 
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Figure 4. A485 enhances TRAIL-induced apoptosis. Cells treated with DMSO were used as 

negative control. (A) Cells were pretreated by A485 overnight before adding TRAIL. After 

overnight incubation, apoptotic cells were measured by LSR-II using Violet Ratiometric 

Membrane Asymmetry Probe/Dead Cell Apoptotic kit. Red bars represent early apoptotic cells 

and the black bars represent late apoptotic and dead cells. (B) Cells were pre-treated by A485 

overnight and followed with the treatment of TRAIL. After overnight incubation, caspase-3/7 

activities were measured by Caspase-3/7 Glo kit. (C) Cells were pretreated with caspase 

inhibitors and A485 at final concentration of 20 μM and 25 μM respectively overnight. The 

next day, TRAIL at a final concentration of 200 ng/ml was added. Cell viability was measured 

by MTS assay. 
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Figure 5. Combination treatment of A485 and TRAIL improves cell death on wild type 

and EGFR-TKI-resistant cells. HCC827 (A), HCC827-ER (B), H1650 (C) and H1650-ER 

(D) cells were pretreated with different concentrations of A485 overnight and followed by the 

treatment of TRAIL. Cells treated with DMSO were used as negative control. After overnight 

incubation, cell viability was determined by MTS assay. (E) The effect of combination 

treatment is evaluated by Fa-CI plot. When CI=1, the combination effect is additive; when 

CI>1, the combination effect is antagonistic; when CI<1, the combination effect is synergistic. 

Values in Fa-CI plot are calculated by CalcuSync Software based on Chou-Talalay equation. 

The increase of Fa is corresponding to the increase of concentrations of A485-TRAIL 

combination indicated in (A-D). 
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Figure 6. A485 in combination with TRAIL inhibits cell proliferation and growth of 3D 

spheroids. (A) HCC827, HCC827-ER, H1650 and H1650-ER cells were pretreated with A485 

overnight and followed by the treatment of TRAIL for 7 days in total. Cells treated with DMSO 

were used as negative control. Living cells were stained by 0.5% crystal violet and quantified 

by measuring the absorbance at 590 nM. (B) Synergism effect of the combination treatment is 

evaluated by Fa-CI plot. When CI=1, the combination effect is additive; when CI>1, the 

combination effect is antagonistic; when CI<1, the combination effect is synergistic. Values in 

Fa-CI plot are calculated by CalcuSync Software based on Chou-Talalay equation. The increase 

of Fa is corresponding to the increase of concentrations of A485-TRAIL combination indicated 

in (A). (C) After 3D spheroids of H1650-ER cells were generated, they were pretreated by A485 

or DMSO (as negative control) overnight and then followed the treatment of TRAIL for 3 days. 

The same procedure has been repeated for another 5 times. Photos were taken every 5 days. 

Red circles in photos represent the volume of spheroids. Left panel shows photo examples of 

the alterations of spheroids and right panel shows the quantitative analysis of the volume of 

spheroids. 
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Table 1. List of primers sets used in quantitative RT-PCR 

Name Strand Sequence 
Product size 

(bp) 

TNFRSF10A 
F 5'-CTGAGCAACGCAGACTCGCTGTCCAC- 3' 506 

R 5'-TCAAAGGACACGGCAGAGCCTGTGCCA-3' 

TNFRSF10B 
F 5'-GGGAGCCGCTCATGAGGAAGTTGG-3' 182 

R 5'-GGCAAGTCTCTCTCCCAGCGTCTC-3' 

CASP3 
F 5’-GGTATTGAGACAGACAGTGG-3’ 281 

R 5’-CATGGGATCTGTTTCTTTGC-3’  

CASP7 
F 5’-AAGTGAGGAAGAGTTTATGGCAAA-3’ 52 

R 5’-CCATCTTGAAAACAAAGTGCCAAA-3’  

CASP8 
F 5'-CCTGGGTGCGTCCACTTT-3' 78 

R 5'-CAAGGTTCAAGTGACCAACTCAAG-3'  

CASP9 
F 5’-TCCTGAGTGGTGCCAAACAAAA-3’ 84 

R 5’-AGTGGTTGTCAGGCGAGGAAAG-3’  

TP53 
F 5’-AAG GAA ATT TGC GTG TGG AGT-3’ 218 

R 5’-AAA GCT GTT CCG TCC CAG TA- 3’  

BBC3 
F 5′-ATGGCGGACGACCTCAAC-3′ 104 

R 5′-AGTCCCATGAAGAGATTGTACATGAC-3′  

BAK1 
F 5'-GAACAGGAGGCTGAAGGGGT-3' 307 

R 5'-TCAGGCCATGCTGGTAGACG-3'  

BCL2L11 
F 5′-GGCCCCTACCTCCCTACA-3′ 78 

R 5′-GGGGTTTGTGTTGATTTGTCA-3′  

BAX 
F 5′-GGTTGTCGCCCTTTTCTA-3′ 108 

R 5′-CGGAGGAAGTCCAATGTC-3′  

BID 
F 5′-ACTGGTGTTTGGCTTCCTCC-3′ 159 

R 5′-ATTCTTCCCAAGCGGGAGTG-3′  

APAF1 
F 5′-CTGGCAACGGGAGATGACAATGG-3′ 80 

R 5′-AGCGGAGCACACAAATGAAGAAGC-3′  

CYCS 
F 5‘-CAACTTTTCACAAAGATGGTGAGTG-3’ 171 

R 5’-GAGGCAAATGAACATGAA CACAA-3’  

DIABLO 
F 5′‐GAGGAAGATGAAGTGTGGCAGG‐3′ 51 

R 5′‐GCTTACCTCAGCTCTGGCTCC‐3′  
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MDM2 
F 5’-GGGTTCGCACCATTCTCCTG-3’ 59 

R 5’-GGCAGATGACTGTAGGCCAAGC-3’  

TNFRSF10C 
F 5'-CCCAAAGACCCTAAAGTTCGTC-3' 244 

R 5'-GCAAGAAGGTTCATTGTTGGA-3'  

TNFRSF10D 
F 5'-ACCCCAAGATCCTTAAGTTCG-3' 244 

R 5'-CAAGAAGGCAAATTGTTGGAA-3'  

XIAP 
F 5′-GACAGTATGCAAGATGAGTCAAGTCA-3′ 93 

R 5′-GCAAAGCTTCTCCTCTTGCAG-3′  

BIRC2 
F 5′-TGAGCATGCAGACACATGC-3′ 250 

R 5′-TGACGGATGAACTCCTGTCC-3′  

BIRC3 
F 5′-CAGAATTGGCAAGAGCTGG-3′ 273 

R 5′-CACTTGCAAGCTGCTCAGG-3′  

BIRC5 
F 5'-GCACCACTTCCAGGGTTTATTC-3' 76 

R 5'-TCTCCTTTCCTAAGACATTGCTAAGG-3'  

BCL2L1 
F 5'-AACAATGCAGCAGCCGAGAGC-3' 88 

R 5'-GCAGAACCACACCAGCCACAG-3'  

BCL2A1 
F 5'-CGGCATCATTAACTGGGGAAG-3' 345 

R 5'- TGGTCAACAGTATTGCTTCAGGA-3'  

MCL1 
F 5'-AAAGAGGCTGGGATGGGTTT-3' 81 

R 5'-CAAAAGCCAGCAGCACATTC-3'  

BCL2 
F 5′-GATGTGATGCCTCTGCGAAG-3′ 92 

R 5′-CATGCTGATGTCTCTGGAATCT-3′  

CFLAR 
F 5'-CCTAGGAATCTGCCTGATAATCGA-3' 123 

R 5'-TGGGATATACCATGCATACTGAGATG-3'  

EP300 
F 5'-GGCTGTATCAGAGCGTATTGTC-3' 98 

R 5'-CCTCGAAATAAGGCAATTCC-3'  

CREBBP 
F 5'-GTCCAGTTGCCACAAGCAC-3' 114 

R 5'- CATTCGGGAAGGAGAAATGG-3'  

GAPDH 
F 5'-TGCACCACCAACTGCTTAGC-3' 87 

R 5'-GGCATGGACTGTGGTCATGAG-3'  
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Summary 

TNF-related apoptosis-inducing ligand (TRAIL) has been shown to target tumor cells but 

not healthy cells in vitro. In addition, clinical studies have revealed that recombinant human 

TRAIL (Dulanermin) is well tolerated in patients. Taken together, the safety of treatment and 

targeted apoptosis in human bodies render TRAIL a promising anti-tumor therapeutic.  

TRAIL is a member of the TNF superfamily and it is the only cytokine, which binds to 

two different death receptors, DR4 and DR5. Binding of TRAIL triggers the formation of DISC, 

which leads to caspase-dependent apoptosis. Besides inducing this apoptotic signaling pathway, 

TRAIL can activate non-canonical kinase pathways through the same death receptors. For 

instance, death receptors recruit other proteins to form a secondary complex instead of DISC 

upon the binding to TRAIL. This multiprotein complex initiates survival or proliferation 

signaling pathways. The ability of TRAIL to induce survival or proliferation is one of the 

reasons why tumor cells can become resistant to TRAIL271. In addition, the presence of death 

receptors on the plasma membrane is essential for initiating apoptosis. For instance, death 

receptors in autophagosomes act as decoy receptors binding to TRAIL for inducing autophagy 

in breast cancer cells272.  

In this thesis, we unraveled molecular mechanisms controlling TRAIL sensitivity in tumor 

cells using DR4- and DR5- specific TRAIL variants (Chapter 2 and 3). Moreover, we used 

combined treatment with epigenetic drugs to overcome TRAIL-resistance in tumor cells 

(Chapter 5 and 6).  

Post-translational modifications, such as glycosylation, were found to correlate with 

sensitivity to TRAIL. In Chapter 2, we used agonistic receptor-specific TRAIL variants to 

dissect the contribution of FUT3 and FUT6-mediated fucosylation to TRAIL-induced apoptosis 

via its two death receptors, DR4 and DR5. We found that COLO 205 cells, which have a high-

level of FUT3 or FUT6, are sensitive to both DR4 and DR5-mediated apoptosis. However, 

DLD-1 and HCT 116 cells, which show a relative low-level of FUT3 or FUT6, are only 

sensitive to DR4-mediated apoptosis. Therefore, we generated FUT3 or FUT6 overexpressed 

cell lines to investigate their sensitivities to TRAIL. Our data show that DR5-sensitivity is 

completely restored in FUT3 or FUT6 overexpressed cells. Furthermore, we revealed that 

fucosylation influences the formation of DISC and activation of caspase-8. Interestingly, we 

also observed that DR5-mediated apoptosis is improved by external administration of L-fucose.  

Extracellular vesicles (EVs) are important in intercellular communication. EVs carry the 

messages including DNAs and proteins, from donor cells and deliver the contents to recipient 

cells. In Chapter 3, we firstly showed that conditioned medium (CM) derived from cancer cells 
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inhibits TRAIL-mediated cell death. In addition, we observed only DR5 but not DR4 in CM. 

Subsequently, we generated cell lines overexpressing long or short isoform of DR5 and proved 

that both isoforms contribute to the decreased number of apoptotic cells induced by TRAIL. 

Furthermore, we detected DR5 but not DR4 at the surface of EVs. Finally, we showed that 

TRAIL sensitivity is enhanced after depleting EVs from the medium. 

Above two chapters provide new insights into understanding of TRAIL-resistant 

phenomena. Next, we focus on improving TRAIL sensitivity using combination strategies. 

Histones are the central components of nucleosomes, we therefore provide an overview of 

recent studies on the role of post-translational modifications of histones in Chapter 4. We also 

summarized strategies for combination therapy to improve TRAIL sensitivity by interfering 

with aberrant histone modifications using inhibitors.  

Histone acetylation is one of the important modifications. This dynamic process is 

regulated by histone acetyltransferases (HATs), histone deacetylases (HDACs) and 

bromodomain proteins. In Chapter 5, we firstly used different HDAC inhibitors to investigate 

the alterations of TRAIL sensitivity on colon cancer cells. We found that RGFP966, a HDAC3-

specific inhibitor, or PCI34051, a HDAC8-specific inhibitor, largely improve TRAIL 

sensitivity in combination with agonistic receptor-specific TRAIL variants. Furthermore, more 

apoptotic cells were observed upon the treatment with TRAIL variants in HDAC1, 2, or 3 

downregulation cells. Finally, we proved that RGFP966 and PCI34051 improve TRAIL-

induced apoptosis in 3D spheroid models.  

Non-small-cell lung carcinoma (NSCLC) accounts for approximately 85% of cases of lung 

cancer. Clinical studies prove that EGFR-TKIs (EGFR-tyrosine kinase inhibitors) are more 

efficient therapeutics than chemotherapy. However, patients treated with the first generation of 

EGFR-TKI, such as erlotinib, can easily develop resistance. In Chapter 6, we combined a novel 

p300 and CBP-selective inhibitor A485 and TRAIL to overcome this problem. We showed that 

the A485-TRAIL combination synergistically increases cell death and decreases the volume of 

3D spheroids of EGFR-TKI resistant cells. Furthermore, we proved that A485 augments 

TRAIL-induced apoptosis via the caspase cascade. This enhanced apoptosis is due to 

upregulation of gene expression of caspases, such as CASP3, 7, 8 and 9. Taken together, we 

demonstrate a successful combination of A485 and TRAIL in EGFR-TKI-sensitive and 

resistant NSCLC cells. 

Future perspectives 

The regulatory mechanisms for the TRAIL-induced apoptosis pathway are very 

complicated. However, binding of TRAIL to death receptors is the first step to initiate this 
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apoptotic signaling. Therefore, it is crucial to understand the molecular mechanisms on the 

regulations of this binding.  

Firstly, the presence of death receptors on the plasma membrane is the basic requirement 

to bind to TRAIL. This binding to death receptors can be impaired by decoy receptors. We 

showed in Chapter 6 that DR5 displayed on EVs can act similar to a decoy receptor in 

preventing TRAIL to generate a signaling complex. However, it is still unclear  on which type 

of vesicles DR5 is present. Two main groups of EVs are exosomes and microvesicles. The main 

differences between exosomes and microvesicles are their origins. In fact, exosomes are 

released intra luminal vesicles, which are generated from inward budding of late endosomes. 

While microvesicles are directly generated from outward budding of the plasma membrane. To 

investigate the presence of DR5 on vesicles, it is important to identify the markers during the 

processes of vesicle production. By unraveling the molecular mechanisms of secreting DR5 

into extracellular space, future work should contribute to the understanding of DR5 trafficking. 

In addition, post-translational modifications of death receptors are influencing TRAIL 

sensitivity. In Chapter 2, we showed that a lack of fucosylation contributes to the resistance to 

DR5-mediated apoptosis. Previous studies proved that N-glycosylation and O-glycosylation are 

also related to TRAIL sensitivity. However, the relationship of TRAIL sensitivity to other DR5 

post-translational modifications, such as lipidation and ubiquitination, is still unclear. Moreover, 

the effect of the cross-talk between different modifications of death receptors on TRAIL 

sensitivity is not well understood.  

At last, in Chapter 4 we provide potential targets for improving apoptosis-induction by 

TRAIL, such as PRMT5. It is interesting to test in future whether TRAIL sensitivity can be 

enhanced by inhibiting PRMT5 activity using small molecule inhibitors, such as JNJ-64619178 

and GSK3326595. 
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Nederlandse Samenvatting 

TNF-gerelateerd apoptose-inducerend ligand (TRAIL) is in staat om in vitro tumorcellen 

te doden en gezonde cellen te sparen. Bovendien laten klinische studies zien dat patiënten het 

recombinant menselijke TRAIL (Dulanermin) goed kunnen verdragen. Al met al, maken de 

veiligheid van de behandeling en de gerichte apoptose van tumorcellen het oplosbare TRAIL-

eiwit tot een veelbelovend geneesmiddel. 

TRAIL behoort tot de TNF superfamilie en is het enige cytokine, dat bindt aan twee 

verschillende celdood receptoren, DR4 en DR5. Binding van TRAIL activeert de vorming van 

DISC, wat leidt tot caspase-afhankelijke apoptose. Naast het induceren van deze apoptotische 

signaleringsroute, kan TRAIL de ook de niet-gangbare, interne, kinase route activeren via 

dezelfde celdood receptoren. Zo kunnen, als voorbeeld, celdood receptoren na binding van 

TRAIL andere eiwitten aantrekken, om een secundair complex te vormen in plaats van de DISC. 

Dit multi-eiwitcomplex initieert overlevings- of proliferatie signaleringsroutes. Het vermogen 

van TRAIL om ook overleving of proliferatie te induceren is een van de redenen waarom 

tumorcellen resistent kunnen worden tegen TRAIL. Bovendien is de aanwezigheid van celdood 

receptoren op het plasmamembraan essentieel voor het initiëren van apoptose. Bijvoorbeeld, 

celdood receptoren in autophagosomen kunnen zich gedragen als lokreceptoren, die binden aan 

TRAIL om vervolgens autophagie te induceren in borstkankercellen.  

In dit proefschrift ontrafelden we moleculaire mechanismen, die de TRAIL-gevoeligheid 

in tumorcellen controleren, met behulp van DR4- en DR5-specifieke TRAIL-varianten 

(hoofdstuk 2 en 3). Bovendien gebruikten we gecombineerde behandelingen met epigenetische 

geneesmiddelen om TRAIL-resistentie in tumorcellen te overwinnen (hoofdstuk 5 en 6). 

Post-translationele modificaties, zoals glycosylering, bleken te correleren met  

gevoeligheid voor TRAIL. In hoofdstuk 2 gebruikten we agonistische receptor-specifieke 

TRAIL-varianten om de individuele bijdrage van elke celdood receptor afzonderlijk, DR4 en 

DR5, te ontleden. Daartoe is gekeken naar het effect van door FUT3 en FUT6-gemedieerde 

fucosylering op de activiteit van de afzonderlijke receptoren. We ontdekten dat COLO 205 

cellen, die een hoog expressie niveau van FUT3 en FUT6 hebben, gevoelig zijn voor zowel 

DR4- als DR5-gemedieerde apoptose. DLD-1- en HCT 116 cellen, die een relatief laag 

expressie level van FUT3 of FUT6 vertonen, zijn echter alleen gevoelig voor DR4-gemedieerde 

apoptose. Daarom hebben we FUT3-, respectievelijk FUT6-overexpresserende cellijnen 

gegenereerd en hun gevoeligheid voor de TRAIL-varianten onderzocht. Uit onze gegevens 

blijkt dat de DR5-gevoeligheid volledig is hersteld in FUT3- of FUT6-overexpresserende cellen. 
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Verder hebben we onthuld dat fucosylering de vorming van DISC en activering van caspase-8 

beïnvloedt. Interessant is ook dat DR5-gemedieerde apoptose wordt verhoogd door extern 

toevoegen van L-fucose. 

Extracellulaire blaasjes (EV's) zijn belangrijk bij intercellulaire communicatie. EV's 

dragen de boodschappen, waaronder DNA's en eiwitten, van donorcellen en leveren de inhoud 

af aan de ontvangende cellen. In hoofdstuk 3 hebben we eerst aangetoond dat geconditioneerd 

medium (CM) afkomstig van kankercellen, TRAIL-gemedieerde celdood remt. Bovendien 

hebben we alleen DR5, maar niet DR4 in CM waargenomen. Vervolgens genereerden we 

cellijnen, die lange of korte varianten van DR5 tot overexpressie brengen en bewezen dat beide 

varianten bijdragen aan het verminderde aantal apoptotische cellen veroorzaakt door TRAIL. 

Verder detecteerden we DR5, maar niet DR4 aan het oppervlak van EV's. Tot slot hebben we 

laten zien dat TRAIL gevoeligheid wordt verbeterd na het weg halen van EV's uit het medium. 

Hier boven genoemde twee hoofdstukken bieden nieuwe inzichten in het begrijpen van 

TRAIL-resistentie fenomenen. Vervolgens richten we ons op het verbeteren van TRAIL-

gevoeligheid met combinatie strategieën. Histonen zijn de centrale componenten van 

nucleosomen. Daarom geven we een overzicht van recente studies over de rol van post-

translationele modificaties van histonen in hoofdstuk 4. We hebben ook strategieën 

samengevat voor combinatietherapie om TRAIL gevoeligheid te verbeteren door te interfereren 

met afwijkende histon modificaties met behulp van remmers. 

Histon acetylering is een van de belangrijke modificaties. Dit dynamische proces wordt 

gereguleerd door histonacetyltransferases (HATs), histondeacetylases (HDACs) en 

bromodomein eiwitten. In hoofdstuk 5 gebruikten we eerst verschillende HDAC-remmers om 

de veranderingen van TRAIL-gevoeligheid op darmkankercellen te onderzoeken. We 

ontdekten dat RGFP966, een HDAC3-specifieke remmer, of PCI34051, een HDAC8-

specifieke remmer, de TRAIL-gevoeligheid grotendeels verbetert in combinatie met 

agonistische receptor specifieke TRAIL-varianten. Bovendien werden meer apoptotische cellen 

waargenomen na de behandeling met TRAIL-varianten in HDAC1, 2 of 3 down gereguleerde 

cellen. Tot slot hebben we bewezen dat RGFP966 en PCI34051 TRAIL-geïnduceerde apoptose 

ook in 3D-spheroïd modellen verbeteren. 

Niet-kleincellig longcarcinoma (NSCLC) is goed voor ongeveer 85% van de gevallen van 

longkanker. Klinische studies tonen aan dat EGFR-TKIs (EGFR-tyrosine kinase-remmers)  

efficiënter therapieën zijn dan chemotherapie. Patiënten die behandeld worden met de eerste 

generatie EGFR-TKI, zoals erlotinib, kunnen echter gemakkelijk resistentie ontwikkelen. In 

hoofdstuk 6 hebben we een nieuwe p300 en CBP-selectieve remmer, A485, en TRAIL 
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gecombineerd om dit probleem op te lossen. We toonden aan dat de A485-TRAIL combinatie 

synergistisch celdood verhoogt en het volume van 3D-spheroïden van EGFR-TKI resistente 

cellen vermindert. Verder hebben we bewezen dat A485 TRAIL-geïnduceerde apoptose 

vergroot via de caspase cascade. Deze verbeterde apoptose is te danken aan het verhogen van 

genexpressie van caspases, zoals CASP3, 7, 8 en 9. Samengevat, tonen we een succesvolle 

combinatie van A485 en TRAIL in EGFR-TKI-gevoelige en resistente NSCLC cellen. 
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