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The TRAIL-receptors 1 (DR4) and 2 (DR5)
contribute differently to TRAIL-mediated
apoptosis

Abstract:

Cancer is a major disease which had 12.7 million cases worldwide in 2008 of which 82.000
were in The Netherlands. Because of this high incidence it is important to develop new
therapies. The TNF-related apoptosis inducing ligand (TRAIL) is a promising new drug
that induces cell death or apoptosis in tumor cells. Important advantages of TRAIL are that
is does not affect healthy cells and that it can be used in many different cell types making it
a wide-range drug. TRAIL can induce apoptosis through two receptors: TRAIL-R1 (DR4)
and TRAIL-R2 (DR5). In this review we analysed whether TRAIL-R1 and TRAIL-R2
contribute differently to TRAIL-mediated apoptosis and what the underlying mechanisms
are. This review showed that there are different contributions of TRAIL-R1 and TRAIL-R2
to TRAIL-mediated apoptosis which might be cell type specific. TRAIL-R1 induced apoptosis
predominantly in leukemic cancer cells, melanoma cancer cells and pancreatic cancer cells,
whereas TRAIL-RZ2 induced apoptosis predominantly in colon cancer cells, breast cancer
cells and glioblastoma cancer cells. The underlying mechanisms are not well understood
and it is important that they are identified. That way it might be possible to determine
whether a tumor is a TRAIL-R1 type or a TRAIL-RZ2 type. Treatment with specific TRAIL
receptor variants will be useful, because it maximizes the success of the therapy due to the

higher affinity.
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1. Introduction
1.1 Cancer

In 2008 there were 12.7 million cases of cancer worldwide. It is expected that in
2030 the number of cases will reach up to 21 million worldwide (1). For men the most
common cancers are lung cancer, prostate cancer and colorectal cancer, whereas women
suffer the most of breast cancer, colorectal cancer and cervical cancer. In The
Netherlands, 82.000 cases of cancer were observed in 2008, which covers over 25 types
of cancer (1). Because of the high incidence of cancer, worldwide as well as in The
Netherlands, it is important to develop new drugs to treat this disease.

Because there are many different types of cancer, this often leads to the
development of cancer-specific drugs. These drugs focus on characteristics which are
specific for a certain type of cancer, therefore it can only be used in that type of cancer.
Although these specific drugs are often successful, it is disadvantageous that it can only
be used in a small percentage of all cancers. Another problem with treatments like
chemotherapy and radiation is that they often have many side effects. Not only cancer
cells are affected by these treatments, but also cells of healthy tissue are affected.
Therefore it should be useful to develop drugs that only affect cancer cells and can be
applied in multiple forms of cancer.

To develop drugs that only affect cancer cells, the drugs should be based on the
properties that cancer cells have and by which they are distinguished of normal cells.
Characteristic for cancer cells are the high proliferation, production of angiogenic
factors, invasiveness and apoptosis inhibition, which all contribute to the carcinogenesis

(2)-
1.2 TRAIL

A promising new therapeutic drug is the homotrimeric protein TRAIL (TNF-
related apoptosis inducing ligand), also known as apoptosis-inducing ligand2, which is
able to induce apoptosis in cancer cells. TRAIL is a promising drug because it does not
induce apoptosis in healthy cells. Another advantage of TRAIL is that it can be used in
many types of cancer, because most cancers express the receptors to which TRAIL can
bind. TRAIL is a member of the TNF family which are cytokines. It is able to bind to five
different receptors (3). TRAIL can induce apoptosis by binding to TRAIL receptor 1
(Death Receptor 4) (35) and TRAIL receptor 2 (Death Receptor 5) (29) which are
membrane bound receptors. TRAIL can also bind to Decoy Receptor 1 (DcR1 or TRAIL-
R3) and Decoy Receptor 2 (DcR2 or TRAIL-R4) which are also expressed on the cell
surface. Because these two receptors do not have a functional intracellular death
domain, they do not induce apoptosis. The last receptor to which TRAIL can bind is
osteoprotegerin (OPG) which is a soluble receptor (3).

Although TRAIL seems to be a promising drug, it also faces some problems. First
of all there are cancer cells which showed to be resistant towards TRAIL treatment,
whereby apoptosis is not induced (8, 9, 10, 11). This resistance can be developed in
multiple ways. Another problem is the observed dual activity of TRAIL; many
experiments showed the apoptosis-inducing properties of TRAIL, but there are also
experiments that showed TRAIL to contribute to cell survival and cell proliferation (5,
16). The resistance and dual activity of TRAIL will be discussed further below.

The presence of two TRAIL receptors that can mediate signalling following ligand



binding have raised questions whether they elicit similar or perhaps different responses
and with possible different functional outcomes. New observations showed that TRAIL
might induce apoptosis predominantly by only one of the two death receptors. Even
though there is not very much known about this mechanism, there have been different
studies showing TRAIL-induced apoptosis by TRAIL-R1 activation (17, 18, 19, 20).
However, there have also been studies that showed TRAIL-induced apoptosis by TRAIL-
R2 activation (21, 22, 23). It is important to know which receptor contributes mostly to
TRAIL-mediated apoptosis to develop receptor-specific therapies. Which receptor
induces apoptosis could differ between cancer cells types.

In this review, a short overview will be given about mechanisms of TRAIL
signalling and functional consequences in tumor cells. However, the main question
addressed in this review will be whether TRAIL-R1 and TRAIL-R2 contribute differently
to the induction of apoptosis and what the possible underlying mechanisms are.



2. TRAIL
2.1 Apoptotic pathways

As mentioned before, TRAIL is able to induce apoptosis by binding to TRAIL-R1
or TRAIL-R2 (3). This activates the extrinsic pathway of apoptosis (4). Binding of TRAIL
to TRAIL-R1 or TRAIL-R2 leads to receptor trimerization. The receptor is activated by a
conformational change in the death domain of the receptor which is located
intracellular. Next is the binding of an adapter molecule: Fas-associated protein with
death domain (FADD) to the receptor. The death effector domain (DED) of FADD binds
to the DED of pro-caspase-8, which leads to the auto-activation of this caspase. The
complex of the death receptor, FADD and caspase-8 is named DISC; death inducing
signalling complex. Caspase-8 activates other caspases which eventually leads to
apoptosis (3, 4, 5).

Besides the activation of the extrinsic apoptotic pathway via caspase-8, caspase-8
can also activate the intrinsic apoptotic pathway. Therefore caspase-8 cleaves the pro-
apoptotic protein Bid. Bid activates two proteins; Bax and Bak. These proteins lead to
the formation of pores in the mitochondrial membrane. By these pores, cytochrome c is
released into the cytosol which activates caspase-9 and eventually leads to apoptosis (3,
4). In Figure 1, the intrinsic and extrinsic pathways are described.

Tumor cells can be distinguished by the apoptotic pathway they use. Cancer cells
that only need the extrinsic pathway to induce apoptosis are Type-I cells. Cancer cells
that need the extrinsic and intrinsic pathway to induce apoptosis are Type-II cells (5, 6)
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Figure 1: The TRAIL-induced apoptosis extrinsic and intrinsic pathway. Caspase-8
plays arole in both pathways. It either activates other caspases which eventually
leads to the induction of ap optosis [extrinsic) or it activates Bid leading to

cytochrome-c release which eventually leads to apoptosis [intrinsic). (Reth W, Read
JC. 2002, Apoprosis and Cancery When BAY is TRAILing away, Nature Medicine, 8t 2 16-218)




2.2 TRAIL resistance

Although TRAIL-treatment seems to be a promising therapy, one of the problems
that TRAIL therapy faces is the development of resistance by tumor cells. Many studies
showed different tumor cell types to be TRAIL-resistant. This led to the identification of
apoptosis inhibiting pathways or proteins.

Resistance can arise at different sites in the apoptotic pathway. High expression
of the decoy receptors DcR1 and DcR2 leads to competition for TRAIL-binding by TRAIL-
R1, TRAIL-R2, DcR1 and DcR2 (3, 7). Although DcR1 and DcR2 have a lower affinity for
TRAIL than TRAIL-R1 and TRAIL-R2 (34), they are able to bind TRAIL. Thereby, TRAIL
binds less TRAIL-R1 and TRAIL-R2, which decreases the TRAIL-induced apoptosis.
Resistance could also be induced by high expression of cFLIP (cellular FLICE inhibitory
protein) which regulates apoptosis. A study by Geserick et al (8) showed an increase in
TRAIL-sensitivity when cFLIP is downregulated. cFLIP competes with caspase-8,
whereby less caspase-8 is activated and less apoptosis is induced (8). Another way of
TRAIL resistance is the high expression of IAP (inhibitor of apoptosis) which is often
activated in cancers and inhibits apoptosis (9) Another experiment showed that cells
were resistant for TRAIL-treatment when NFkB or PKC was upregulated (10).

It is also possible that due to mutations, deletions or epigenetic silencing the
expression of certain proteins, which are involved in apoptosis, is changed. This was
shown for caspase-8 which was not or low expressed in some TRAIL-resistant cells (11).

It is clear that this TRAIL resistance can be caused by many different proteins,
which makes TRAIL-treatment less favourable. Fortunately, by combining TRAIL-
treatment with sensitizing agents, we can often overcome this resistance. These agents
are able to inhibit the anti-apoptotic proteins, like cFLIP and IAP, or increase the
expression of TRAIL-R1 and TRAIL-R2, making cells more sensitive for TRAIL-treatment
(8,9,10,11).

2.3 Dual activity

As mentioned in section 2.1, TRAIL can activate TRAIL-R1 and TRAIL-R2 which
eventually leads to apoptosis by an extrinsic (and intrinsic) pathway. But research
showed that activation of the death receptors could also lead to non-apoptotic signals,
known as the non-canonical pathway. Different studies showed that TRAIL promoted
migration (12, 13), invasiveness (12), proliferation (13, 14, 15) and survival (14, 15) in
different TRAIL-resistant cancer cells. These anti-apoptotic effects indicate that TRAIL
might have dual activity, which could explain the observed TRAIL-resistance.

This dual activity is mostly induced by the formation of a secondary complex,
next to the formation of the DISC complex. This secondary complex exists of RIP1,
TRAF2, NEMO, caspase-8 and FADD which leads to the activation of specific pathways
(16), see Figure 2. It was shown that RIP1 could induce the activation of p38 and NFkB
and that inhibition of RIP1 increased TRAIL-mediated apoptosis (16). RIP1 is able to
phosphorylate IkB leading to the activation of NFkB. NFkB can travel to the nucleus
where it functions as a transcription factor for non-apoptotic genes (5). RIP1 also
phosphorylates p38 which eventually leads to an increase in Mcl-1, an oncogene which
also promotes the carcinogenesis (5). TRAF2 was able to activate JNK which also
showed to have non-apoptotic effects (5, 16). Besides non-apoptotic effects caused by
the formation of this secondary complex, other pathways, like ERK can also be involved
in causing these effects (5, 13, 15)



It was shown that NFkB, p38 and JNK can also have apoptotic effects, suggesting
that the observed dual effect of TRAIL might be caused by the dual effect of these
proteins (5, 16). The observed apoptotic effects in TRAIL-resistant cancer cells induced
by TRAIL can be due to a shift in balance between apoptotic and non-apoptotic signals.
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Figure Z: TRAIL leads to the activation of non-apoptotic pathways like JNK, p38
and NFkB. The gene transcription can either support or inhibit apoptosis. (tewsom-
Davis T, Prieske 5, Walezak H, 2009, s TRAIL the haly grail of cancer cherapy? Apoptosis, 14! 607-5625]

2.4 TRAIL receptors 1 and 2

As mentioned before, TRAIL is able to bind five different receptors of which two
are able to induce apoptosis. Although these apoptosis-inducing receptors, TRAIL-R1
and TRAIL-R2, are homologous, they are only identical for 58% (29). The differences
between TRAIL-R1 and TRAIL-R2 are due to differences in their amino acid sequence,
which are shown in Figure 3. Figure 3 also shows the amino acid sequence of TRAIL-R3.
Itis clear that TRAIL-R1 and TRAIL-R2 show more similarity compared to TRAIL-R3.
The transmembrane segment (TM) is indicated within the figure. The death domain
(DD) which is in the intracellular part, is also indicated in the figure. It is shown that
there is not much difference between TRAIL-R1 and TRAIL-R2 in the transmembrane
region, but that there are many differences in amino acid sequence in the death domain
region. This might influence the function of both receptors causing differences in
function between them. The two cysteine domains are also indicated, these are
important for ligand binding.

Research showed that only TRAIL-R2 contained sequences adjacent to the
transmembrane region. Another difference was the presence of N-linked glycosylation
sites in TRAIL-R1 which TRAIL-R2 did not have (29). This glycosylation is a
posttranslational process which occurs in the endoplasmic reticulum. It was shown that
TRAIL-R1 can also function without the glycosylation (32).
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3. TRAIL receptor specific apoptosis activation

Although many studies showed TRAIL-induced apoptosis by activation of TRAIL-
R1 and TRAIL-R2, it was not clear whether these receptors had a different contribution
to this apoptosis induction (8, 9, 10, 11). It was shown that in cells that express both
receptors, TRAIL-R2 has a higher affinity for TRAIL than the other receptors at 37 °C
which resulted in more TRAIL-TRAIL-R2 interactions (27). Therefore, it was thought
that TRAIL-R2 contributes more to apoptosis when both receptors are expressed. This
was confirmed by multiple studies that showed TRAIL-mediated apoptosis was mainly
induced by TRAIL-R2 activation in different cell types. But lately there have also been
studies that showed that TRAIL-mediated apoptosis was mainly induced by TRAIL-R1
activation which is contradictory with the suggestion that TRAIL-R2 predominantly
induces apoptosis when both receptors are expressed. Table 1 shows the receptor-
dependent apoptosis in different cell types. Next, an overview will be given about the
different contributions of TRAIL-R1 and TRAIL-R2 to TRAIL-mediated apoptosis in
multiple cancer cell types and the possible underlying mechanisms will be discussed.

TRAIL-mediated apoptosis by: Tumor cell type References
DR4 (TRAIL-R1) AML 28

DR5 (TRAIL-R2) Breast 21

DR4 (TRAIL-R1) CLL 17,18

DR5 (TRAIL-R2) Colon 21

DR5 (TRAIL-R2) Glioblastoma 22

DR5 (TRAIL-R2) Hepatocarcinoma 23

DR4 (TRAIL-R1) MCL 17,18

DR4 (TRAIL-R1) Melanoma 19

DR4 (TRAIL-R1) Pancreas 20

Table 1: Overview of TRAIL-mediated apoptosis in different cell types by either TRAIL-R1 or

TRAIL-R2.

3.1 Apoptosis by TRAIL-R1

There are studies that showed that TRAIL-mediated apoptosis predominantly is
induced by TRAIL-R1 activation. This was shown in leukemic cells (17, 18, 28),

melanoma cells (19) and pancreatic adenocarcinoma cells (20).

The studies by MacFarlane et al (17, 18) were performed with chronic
lymphocytic leukemia (CLL) cells and with mantle cell lymphoma (MCL) cells. They used
TRAIL mutants that were developed to specifically bind to either TRAIL-R1 or TRAIL-R2.
For TRAIL-R1, HGS-ETR1 was used, also known as mapatumumab. For TRAIL-R2, HGS-
ETR2 was used, also known as lexatumumab. These mutants are currently in Phase I and
Il studies. In the study by MacFarlane et al, DISC formation was analysed as
measurement for apoptosis. For both CLL and MCL cells it was shown that, after
sensitizing the cells for TRAIL-treatment, the TRAIL-R1 specific TRAIL mutant induced
more apoptosis compared to the TRAIL-R2 specific TRAIL mutant. This confirmed their
hypothesis that apoptosis in CLL cells was mainly induced by activation of the TRAIL-R1
receptor.

Another study performed by Kurbanov et al (19) tested TRAIL-R1 and TRAIL-R2
for inducing apoptosis in seven melanoma cell lines. All cell lines showed TRAIL-R2



expression, only two (A-375 and SK-Mel-13) showed TRAIL-R1 expression. When cell
lines were treated with TRAIL, TRAIL-R1-positive cells were more sensitive for TRAIL-
mediated apoptosis. TRAIL-R1-negative (but TRAIL-R2-positive) cells showed a lower
response to apoptosis induced by TRAIL. Whereas MacFarlane et al studied the effects of
agonistic TRAIL-receptor specific antibodies, this study examined the effects of TRAIL-
R1- and TRAIL-R2-specific antagonistic antibodies on the TRAIL-R1-positive cell lines. It
was shown that TRAIL-R1-specific antibodies blocked apoptosis for 70% (A-375) and
83% (SK-Mel-13), while TRAIL-R2-specific antibodies could only block apoptosis for
23% (A-375) and 44% (SK-Mel-13). Although not all melanomas show TRAIL-R1
expression, the melanomas that do express TRAIL-R1 show a greater contribution of
TRAIL-R1 to TRAIL-mediated apoptosis than TRAIL-R2 (19).

The effects of TRAIL-R1 and TRAIL-R2 on pancreatic ductal adenocarcinoma
(PDAC) was examined by Lemke et al (20). For their experiments they used receptor
specific agonistic antibodies; mapatumumab which is TRAIL-R1-specific and
lexatumumab which is TRAIL-R2-specific. These are the same antibodies there were
used in the study by MacFarlane et al (17, 18). The used cell lines, Colo357, Panc89 an
PT45, all expressed both TRAIL-R1 and TRAIL-R2. Although it was shown that both
receptors were able of inducing TRAIL-mediated apoptosis, Lemke et al showed that
apoptosis in PDAC cells was mostly induced by TRAIL-R1. An interesting observation
they made was the ‘reactivation’ of apoptosis induced by TRAIL-R2 by treating cells with
Goe6983, a PKC inhibitor.

The study by Szegezdi et al (28) analysed TRAIL-mediated apoptosis in acute
myelogenous leukaemia (AML) by testing four AML cell lines (HL-60, ML-1, MOLM-13,
OCI-AML3) which all expressed both TRAIL-R1 and TRAIL-R2. This study showed that
apoptosis is predominantly induced by TRAIL-R1. For the development of a specific
TRAIL-R1 mutant, three substitutions were made; glycine to arginine at position 131,
asparagine to arginine at position 199 and lysine to histidine at position 201. This
mutant, rhTRAIL-C3, showed to have a threefold increase in affinity for TRAIL-R1.
Testing rhTRAIL-C3 in the cell lines showed an increase in apoptosis compared to
normal TRAIL in three cell lines (OCI-AML3 showed to be completely resistant for
TRAIL-treatment). And TRAIL-R1 activation and apoptosis were faster induced
compared to normal TRAIL. Treating the cell lines with a TRAIL-R2 selective TRAIL led
to a weak apoptotic response. Therefore, this research showed apoptosis is
predominantly induced by TRAIL-R1 in AML (28). Together with the results of
MacFarlane et al (17, 18) it might be that TRAIL-R1 mediated apoptosis is specific for
leukemic cell lines.

Altogether, these data suggest that TRAIL receptor 1 predominantly induces
apoptosis when cells are treated with TRAIL. This was shown for leukemic cells,
melanoma cell lines and pancreatic adenocarcinomas.

3.2 Apoptosis by TRAIL-R2

Besides apoptosis that is predominantly induced by TRAIL-R1, there is also
evidence that TRAIL-R2 induces apoptosis predominantly. This was shown in colon
carcinomas and breast carcinomas (21), glioblastomas (22) and hepatocarcinomas (23).

Kelley et al (21) showed that TRAIL-R1 and TRAIL-R2 induce apoptosis
independently of each other. They selected ligand variants that selectively bound to
either TRAIL-R1 or TRAIL-R2. For TRAIL-R1 FLAG-Apo2L.DR4-8 was used and for
TRAIL-R2 they used FLAG-Apo2L.DR5-8. The response of the cells towards these
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variants was analysed in two colon carcinoma cell lines, Colo205 and Colo320, and in a
breast cancer cell line, MDA-MB-231. The TRAIL-R2-specific variant showed higher
levels of apoptosis compared to the TRAIL-R1-specific variant in all cell lines. Some cells
even showed reduced apoptosis by the TRAIL-R1-specific variant. Therefore they
suggested that TRAIL-R2 contributes more to apoptosis in breast and colon cancer cells
than TRAIL-R1.

The study by Bellail et al (22) analysed the apoptotic pathway in glioblastoma
cells. They showed that most of these cell lines did not or very low expressed TRAIL-R1
and that TRAIL-R1 could not interact with TRAIL. Knock-down of TRAIL-R2 inhibited
TRAIL-mediated apoptosis, whereas TRAIL-R1 knock-down had no effect. This study
showed that TRAIL-mediated apoptosis is induced by TRAIL-R2 in glioblastoma cells.

Charette et al (23) performed an experiment with hepatocarcinoma cell lines
which are TRAIL resistant. Therefore, cells were treated with salirasib or YM155 which
sensitized cells for TRAIL treatment. TRAIL-R1 was expressed in two cell lines (HepG2
and Hep3B) and TRAIL-R2 expression was observed in three cell lines (HepG2, Hep3B
and Huh7). They showed that TRAIL-R1 inhibition partially inhibited the apoptotic
effects of TRAIL, whereas TRAIL-R2 inhibition almost completely inhibited the effects of
TRAIL. This was confirmed by treating these cells with a TRAIL-R2 agonistic antibody
(and salirasib) which induced apoptosis. Thus, apoptosis is predominantly induced by
TRAIL-R2 in hepatocarcinomas (23).

Besides the differences in apoptosis induction by TRAIL-R1 and TRAIL-RZ2, the
earlier described dual activity (section 2.3) might also be influenced by the apoptosis
inducing TRAIL receptors in different ways, meaning that non-apoptotic signals can also
be predominantly induced by either TRAIL-R1 or TRAIL-R2. Although there is not many
evidence for this hypothesis, a study by Azijli et al (24) showed the induction of non-
apoptotic signals by TRAIL-R2. They used selective TRAIL-R1 and TRAIL-R2 TRAIL-
variants, respectively 4CT and DHER, which they tested in three cell lines of non-small
cell lung cancer (NSCLC). Their results showed that DHER led to an increase in migration
and invasiveness in one of the cell lines (A549). Because TRAIL-R1 activation by 4CT did
not show these effects it is suggested that this is mediated by TRAIL-R2 activation.
Another study by Belyanskaya et al (15) showed TRAIL-R2-mediated proliferation in
small cell lung cancer cell lines. Four of six tested cell lines showed increased
proliferation (up to 40%) after TRAIL-treatment. This was mediated by TRAIL-R2 which
led to activation of the ERK-pathway. Their results showed almost no expression of
TRAIL-R1 on all tested cell lines, therefore it might be that TRAIL-R1 has the same
effects when it is expressed.

It is possible that these non-apoptotic effects are specific for lung cancer cells.
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4. Underlying mechanisms

In the previous part different studies showed TRAIL-mediated apoptosis
being induced by either TRAIL-R1 or TRAIL-R2. These studies confirmed the hypothesis
that TRAIL-R1 and TRAIL-R2 differ in their contribution to TRAIL-mediated apoptosis.
But it is unclear how these differences are regulated. The TRAIL-mediated apoptotic
pathway can be affected at multiple levels leading to these differences.

First of all, the TRAIL receptors, decoy receptors as well as apoptosis-inducing
receptors, could be involved in the differences of apoptosis induction. Because TRAIL-R1
and TRAIL-R2 are only identical for 58%, they could differ in function. As mentioned
before, only TRAIL-R2 contains a sequence adjacent to the transmembrane region. It
was suggested that this region possibly had a regulatory function (29), which could be
an explanation for the differences between TRAIL-R1 and TRAIL-R2. Also decoy
receptor 2 (TRAIL-R4) could influence the TRAIL-mediated apoptosis. Different studies
(33, 34) showed that high expression of the decoy receptors led to the inhibition of
apoptosis and low expression of the decoy receptors sensitized cells for TRAIL-mediated
apoptosis. The apoptosis inhibition by decoy receptor 1 was mostly induced by the
earlier mentioned competition. The apoptosis inhibition by decoy receptor 2 is obtained
by the formation of heterotrimeric complexes which exist of TRAIL-R2 and TRAIL-R4.
Because of the presence of TRAIL-R4, the formation of the DISC complex is disrupted
and there is no apoptosis induction. It was also shown that TRAIL-R4 was able to
interact with TRAIL-R1, but this interaction was much weaker (33). Therefore, it might
be possible that cells that highly express TRAIL-R4, are not able to induce apoptosis by
TRAIL-R2 and thereby TRAIL-mediated apoptosis is predominantly induced by TRAIL-
R1 in these cells.

A second explanation for the differences in TRAIL-mediated apoptosis could be
the gene expression of TRAIL-R1 and TRAIL-R2. It is possible that due to mutations or
epigenetic silencing the expression of one of the receptors is lost. Although loss of gene
expression of one of the TRAIL receptors leads to apoptosis induction by the other
receptor, most studies showed that both receptors are expressed but one predominantly
induces apoptosis. Therefore the differences in apoptosis could not be a result of gene
silencing or mutations in either one of the receptors, because in that case there would be
no expression of that gene.

Third, it might be that there are a few mutations in the TRAIL-R1 or TRAIL-R2
encoding gene, whereby there is still a TRAIL-receptor protein, but with a slightly
different conformation. This might influence TRAIL binding, receptor trimerization or
DISC formation which might lead to a less active receptor.

Another possibility which might cause differences between the receptors are
posttranslational modifications. These modifications include O-linked glycosylations and
the earlier mentioned N-linked glycosylations. O-linked glycosylation is important for
protein function and this is often deregulated in cancer. Wagner et al (39) studied the
effects of GALNT14, a O-glycosylation initiating enzyme, in different cancer cell lines. It
was shown that GALNT14 mRNA expression was significantly higher in TRAIL-sensitive
cells compared to TRAIL-resistant cells. Conversely, when GALNT14 was knocked down
with the use of siRNA, TRAIL-sensitivity decreased. It was also shown that both TRAIL-
R1 and TRAIL-R2 contain O-glycosylation sites. Altogether, it was shown that O-
glycosylation of TRAIL-R1 and TRAIL-R2 led to an increased sensitivity for TRAIL which
was promoted by receptor clustering and the activation of caspase-8 (39). It might be
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that there are differences in glycosylation between TRAIL-R1 and TRAIL-R2, thereby
altering their function.

The most important explanation for the differences in apoptosis by TRAIL-R1 and
TRAIL-R2 is that they activate different apoptotic pathways. When one of the pathways
or receptors is affected, TRAIL can still induce apoptosis via the other receptor and
pathway. This leads to TRAIL-mediated apoptosis predominantly via one receptor
although both receptors are expressed. The explanation that TRAIL-R1 and TRAIL-R2
are able to activate different pathways is supported by a study that analysed these
differences in receptors towards TRAIL-mediated apoptosis (25).

In this study by Ren et al (25) specific TRAIL-R1 and TRAIL-R2 antibodies were
used and the effect of many siRNAs (small interfering RNA) on TRAIL-R1- and TRAIL-
R2-induced apoptosis was analysed. They found that treatment with certain siRNAs led
to an increase or decrease in apoptosis. They focussed on the siRNA that silenced SRP72,
a component of the SRP (signal recognition particle) complex. The SRP complex is a
ribonucleoprotein that transports specific proteins from the ribosome towards the
endoplasmic reticulum (26). Silencing SRP72 with siRNA led to the inhibition of
apoptosis by TRAIL-R1. It did not affect TRAIL-R2-mediated apoptosis. The next step
was to examine whether this effect was caused by silencing SRP72 or the whole SRP
complex. They showed that silencing the SRP complex led to a decrease in TRAIL-R1-
mediated apoptosis, suggesting this effect is due to silencing the SRP complex and not
SRP72. It was shown that the SRP complex is necessary for TRAIL-R1 cell surface
localization but not for TRAIL-R2. Silencing SRP decreased the TRAIL-R1 cell surface
localization, but TRAIL-R1 expression was not affected (25). The results of this study
contribute to the hypothesis that underlying pathways differ between TRAIL-R1 and
TRAIL-R2.

There are also other studies that provided evidence that the underlying pathways
differ between TRAIL-R1 and TRAIL-R2. It was shown that both TRAIL-R1 and TRAIL-R2
used caspases to activate their death pathway and that TRAIL-R2 used FADD in this
pathway (29). Pan et al (35) and Yeh et al (36) showed that TRAIL-R1 was able to induce
apoptosis, but that TRAIL-R1 did not use FADD suggesting that TRAIL-R1 used other
mechanisms to induce apoptosis. This might be necroptosis, whereby apoptosis is
induced via receptor -interacting protein RIP1 or RIP3 (5). Although these studies
showed that FADD is involved in TRAIL-R2 mediated apoptosis and not in TRAIL-R1
mediated apoptosis, there also have been studies that showed that both TRAIL-R1 and
TRAIL-R2 use FADD in their apoptotic signalling pathway (37, 38).
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5. Discussion:

This review showed that TRAIL is a promising drug but that the use of it is
not as easy as it seems. It was shown that tumor cells show resistance towards TRAIL
and that TRAIL has pro-survival effects. With the use of combination therapy, whereby a
sensitizing agents together with TRAIL is used, we can overcome this resistance and
dual activity. In this review we focussed on the question whether TRAIL-R1 and TRAIL-
R2 contribute differently to the induction of apoptosis and what the possible underlying
mechanisms are. It was shown that the TRAIL-receptors indeed differ in their
contribution to apoptosis induction, which might be cell type specific. TRAIL-R1
predominantly induces apoptosis in leukemic cancer cells, pancreatic cancer cells and
melanoma cancer cells, whereas TRAIL-R2 induces apoptosis predominantly in colon
cancer cells, breast cancer cells, glioblastoma cancer cells and hepatocarcinoma cells.

Besides the differences in apoptosis induction between the receptors that we
have showed, we have tried to identify underlying mechanisms. It was suggested that
the apoptotic pathway can be affected at multiple levels and that a promising method to
identify the different apoptotic pathways is with the use of siRNAs. As the study by Ren
et al (25) already showed, treatment with siRNAs can show which proteins are
important for both TRAIL receptors. Therefore it is important that the effects of other
siRNAs on TRAIL-R1 and TRAIL-R2 are analysed. This might results in the identification
of other proteins that are involved in the TRAIL-R1- or TRAIL-R2-mediated apoptosis.

The study by Ren et al also showed the importance of the SRP complex for TRAIL-
R1-mediated apoptosis. Therefore it might be useful to analyse cells that induce
apoptosis predominantly by TRAIL-R2 for mutations in the SRP complex or pathway.

[t was also shown that decoy receptor 2 might play a role in the different
contributions of TRAIL-R1 and TRAIL-R2 to apoptosis. To confirm or reject the
hypothesis that high decoy receptor 2 expression inhibits TRAIL-R2 mediated apoptosis
whereby apoptosis is mostly induced by TRAIL-R1, it is important that the effects of
decoy receptor 2 will be studied in detail.

It was also discussed whether TRAIL-R1 uses FADD to induce apoptosis or that it
induces apoptosis by a necroptotic pathway. Because studies are contrary about this, it
is important that this will be studied.

Because there is not much evidence about the way TRAIL-R1 and TRAIL-R2
contribute differently to TRAIL-mediated apoptosis, it will be necessary to identify the
TRAIL-R1 and TRAIL-R2 pathways to see where they exactly differ. That way it might be
possible to predict which TRAIL receptor will induce apoptosis by analysing which
pathway is affected. When we can identify proteins that are involved in TRAIL-receptor
mediated-apoptosis, these proteins could possibly work as biomarkers to predict which
receptor induces apoptosis.

Besides studying the different pathways of TRAIL-R1 and TRAIL-R2 it is also
important to determine whether this receptor-dependent apoptosis is cell type specific.
As the results of TRAIL-R1 dependent apoptosis showed (section 3.1), it is possible that
leukemic cells predominantly induce apoptosis by activating TRAIL-R1. Whether this is
the same in all leukemic cell types should be analysed. Also of other cell types it should
be analysed whether apoptosis is being induced by one TRAIL receptor and whether this
is consistent in cells. Besides determining the active TRAIL receptor in cell types it is
important to understand why TRAIL-R1 is most active in one cell type whether TRAIL-
R2 is most active in the other cell type. This might be due to mutations, which inhibit one
of the underlying pathways, but no evidence is found yet to support this hypothesis.
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To determine which receptor induces apoptosis predominantly, new techniques
should be developed. They should not measure expression, but functionality of both
receptors. The technique should be able to quantify how much each receptor contributes
to the TRAIL-mediated apoptosis. A possible way is with an assay in which certain tumor
cells are treated with either specific TRAIL-R1 or TRAIL-R2 variants. That way, it can be
determined which patient must be treated with which specific TRAIL-receptor variant.

We have seen in the discussed studies that many TRAIL-receptor specific variants
were used. To develop these variants, small changes in the amino acid sequence are
being made. Therefore it is important that the new variant is still functional and that it
has an increased affinity for one of the TRAIL receptors. These specific TRAIL-R1 and
TRAIL-R2 TRAIL mutants are developed by changing a few amino acids. By changing the
protein it can have a slightly different conformation, making it more specific for one of
both receptors. In a study by van der Sloot et al (30), a TRAIL-R2 specific variant was
developed. They showed that the amino acid at position 269 is very important for
TRAIL-R2 selective binding. In normal TRAIL, there is a aspartic acid at this position. But
substituting this amino acid for a histidine and substituting threonine for a arginine at
position 214 results in a TRAIL-R2 specific variant. The aspartic acid of normal TRAIL
interacts with a lysine at position 120 of the receptor. But TRAIL-R2 does not have a
lysine at that position, but an aspartic acid. By using the TRAIL-R2 variant, the histidine
does not interact with the lysine making the affinity for the other receptors lower, but
the histidine does interact with the aspartic acid leading to a higher affinity for TRAIL-
R2 (30). They showed that only two mutations are already enough to develop a specific
TRAIL-R2 variant.

Because there are differences in the apoptosis-inducing capacity of the receptors,
itis clear that it is necessary to develop TRAIL-R1 and TRAIL-R2 specific TRAIL mutants,
which only activate one of both receptors. These TRAIL-R1 and TRAIL-R2 specific
variants are important for research were they are used to determine which receptor is
most active. Furthermore, they are important as therapy which will probably optimize
TRAIL-treatment and will replace the normal TRAIL protein. Currently, there are many
TRAIL-receptor variants being developed (3).

TRAIL-receptor specific variants will be very useful as therapy when it is possible
to determine which receptor contributes most to TRAIL-mediated apoptosis. Patients
will then only be treated with the specific TRAIL variant instead of the normal TRAIL.
Due to the high affinity of the specific TRAIL variant, success of a treatment can be
maximized. This will lead to person-specific treatments.

It will still be necessary to use a combination therapy and treat patients also with
a sensitizing agent to decrease TRAIL resistance and the dual activity.

Most of the discussed studies examined the apoptotic effect of the death
receptors in cell lines (19, 20, 23). It might be that tumor cells from patients show other
results. Therefore it is important that these experiment are repeated with humane
tumor cells. This might also provide more information about whether the differences of
TRAIL-R1 and TRAIL-R2 are cell type specific.

Besides the advantages that TRAIL does not affect healthy cells and that it is a
wide-range drug, another advantage of TRAIL therapy is the possibility to induce
apoptosis in a different way than the often used p53 pathway. P53 is a tumor suppressor
gene which is often mutated in cancer cells. Therefore, apoptosis cannot be induced by
p53. By treating these p53-deficient cells with TRAIL, apoptosis might be induced again.
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Altogether, this review showed that there are different contributions of TRAIL-R1 and
TRAIL-R2 to TRAIL-mediated apoptosis which might be cell type specific. Although the
underlying mechanisms are not well understood, the discussed studies show an
important role for TRAIL-treatment in cancer cells, although TRAIL will probably be
replaced for receptor-specific TRAIL mutants whereby only the active receptor will be
affected. It was shown that receptor-specific TRAIL mutants can be used in many
different tumor cell types, which makes TRAIL a wide-range drug.

16



6. References:

10.

11.

12.

13.

14.

15.

Globocan 2008. http://globocan.iarc.fr/ (visited on 13/6/2013)

Hanahan D, Weinberg RA. 2011. Hallmarks of Cancer: The Next Generation. Cell.
144(5): 646-74.

Mahalingam D, Szegezdi E, Keane M, de Jong S. Samali A. 2009. TRAIL receptor
signalling and modulation: Are we on the right TRAIL? Cancer treatment reviews.
35: 280-288.

Ashkenazi A. 2008. Directing cancer cells to self-destruct with pro-apoptotic
receptor agonists. Nature Reviews Drug Discovery. 7 (12): 1001-12.

Azijli K, Weyhenmeyer B, Peters GJ, de Jong S, Kruyt FAE. 2013. Non-canonical
kinase signaling by the death ligand TRAIL in cancer cells: discord in the death
receptor family. Cell Death and Differentiation. 20: 858-868.

Ozéren N, El-Deiry WS. 2002. Defining Characteristics of Types I and Il Apoptotic
Cells in Response to TRAIL. Neoplasia. 4 (6): 551-557.

Newsom-Davis T, Prieske S, Walczak H. 2009. Is TRAIL the holy grail of cancer
therapy? Apoptosis. 14: 607-623.

Geserick P, Drewniok C, Hupe M, Haas TL, Diessenbacher P, Sprick MR, Schén MP,
Henkler F, Gollnick H, Walczak H, Leverkus M. 2008. Suppression of cFLIP is
sufficient to sensitize human melanoma cells to TRAIL-and CD95L-mediated
apoptosis. Oncogene. 27: 3211-3220.

Premkumar DR, Jane EP, Foster KA, Pollack IF. 2013. Survivin Inhibitor YM-155
sensitizes TRAIL-resistant glioma cells to apoptosis through Mcl-1 Down-regulation
and by engaging the mitochondrial death pathway. The Journal of Pharmacology
and Experimental Therapeutics.

Trauzold A, Wermann H, Arlt A, Schiitze S, Schafer H, Oestern S, Roder C,
Ungefroren H, Lampe E, Heinrich M, Walczak H, Kaltho H. 2001. CD95 and TRAIL
receptor-mediated activation of protein kinase C and NF-xB contributes to
apoptosis resistance in ductal pancreatic adenocarcinoma cells. Oncogene. 20:
4258-4269.

Grotzer MA, Eggert A, Zuzak TJ, Janss A], Marwaha S, Wiewrodt BR, Ikegak,I N
Brodeur GM, Phillips PC. 2000. Resistance to TRAIL-induced apoptosis in primitive
neuroectodermal brain tumor cells correlates with loss of caspase-8 expression.
Oncogene. 19: 4604-4610.

[shimura N, Isomoto H, Bronk SF, Gores GJ. 2006. TRAIL induces cell migration
and invasion in apoptosis-resistant cholangiocarcinoma cells. American Journal of
Physiology. 290 (1): 129-36.

Secchiero P, Zerbinati C, Rimondi E, Corallini F, Milani D, Grill V, Forti G, Capitani
S, Zauli G. 2004. TRAIL promotes the survival, migration and proliferation of
vascular smooth muscle cells. Cellular Molecular Life Sciences. 61: 1965-1974.
Ehrhardt H, Fulda S, Schmid I, Hiscott ], Debatin K-M, Jeremias 1. 2003. TRAIL
induced survival and proliferation in cancer cells resistant towards TRAIL-induced
apoptosis mediated by NF-kB. Oncogene. 22: 3842-3852.

Belyanskaya LL, Ziogas A, Hopkins-Donaldson S, Kurtz S, Simon H-U, Stahel R,
Zangemeister-Wittke U. 2008. TRAIL-induced survival and proliferation of SCLC
cells is mediated by ERK and dependent on TRAIL-R2/DR5 expression in the
absence of caspase-8. Lung Cancer. 60: 355-365.

17


http://globocan.iarc.fr/

16. Varfolomeev E, Maecker H, Sharp D, Lawrence D, Renz M, Vucic D, Ashkenazi A.
2005. Molecular determinants of kinase pathway activation by ApoZ2ligand/tumor
necrosis factor-related apoptosis-inducing ligand. The Journal of Biological
Chemistry. 280 (49): 40599-608.

17. MacFarlane M, Kohlhaas SL, Sutcliffe M], Dyer M]S, Cohen GM. 2005. TRAIL
receptor-selective mutants signal to apoptosis via TRAIL-R1 in primary lymphoid
malignancies. Cancer Research. 65: 11265-11270.

18. MacFarlane M, Inoue S, Kohlhaas SL, Majid A, Harper N, Kennedy DB]J, Dyer MJS,
Cohen GM. 2005. Chronic lymphocytic leukemic cells exhibit apoptotic signalling
via TRAIL-R1. Cell Death and Differentiation. 12: 773-782

19. Kurbanov BM, Geilen CC, Fecker LF, Orfanos CE, Eberle J. 2005. Efficient TRAIL-
R1/DR4-Mediated Apoptosis in Melanoma Cells by Tumor Necrosis Factor-Related
Apoptosis-Inducing Ligand (TRAIL). Journal of Investigative Dermatology. 125:
1010-10109.

20. Lemke ], Noack A, Adam D, Tchikov V, Bertsch U, Roder C, Schiitze S, Wajant H,
Kalthoff H, Trauzold A. 2010. TRAIL signalling is mediated by DR4 in pancreatic
tumor cells despite the expression of functional DR5. Journal of Molecular
Medicine. 88: 729-740.

21.Kelley RF, Totpal K, Lindstrom SH, Mathieu M, Billeci K, DeForge L, Pai R,
Hymowitz SG, Ashkenazi A. 2005. Receptor-selective Mutants of Apoptosis-
inducing Ligand 2/Tumor Necrosis Factor-related Apoptosis-inducing Ligand
Reveal a Greater Contribution of Death Receptor (DR) 5 than DR4 to Apoptosis
Signaling. The Journal of Biological Chemistry. 280: 2205-2212.

22.Bellail AC, Tse MCL, Song JH, Phuphanich S, Olson JJ, Sun SY, Hao C. 2010. DR5-
mediated DISC controls caspase-8 cleavage and initiation of apoptosis in human
glioblastomas. Journal of Celullar and Molecular Medicine. 14 (6): 1303-1317.

23. Charette N, de Saeger C, Horsmans Y, Leclercq I, Starkel P. 2013. Salirasib
sensitizes hepatocarcinoma cells to TRAIL-induced apoptosis through DR5 and
survivin-dependent mechanisms. Cell Death and Disease. 4 (1).

24. Azijli K, Yuvaraj S, Peppelenbosch MP, Wiirdinger T, Dekker H, Joore ], van Dijk E,
Quax W], Peters GJ, de Jong S, Kruyt FAE. 2012. Kinome profiling of non-canonical
TRAIL signaling reveals RIP1-Src-STAT3-dependent invasion in resistant non-small
cell lung cancer cells. Journal of Cell Science. 125: 4651-4661.

25.Ren Y-G, Wagner KW, Knee DA, Aza-Blanc P, Nasoff M, Deveraux QL. 2004.
Differential Regulation of the TRAIL Death Receptors DR4 and DR5 by the Signal
Recognition Particle. Molecular Biology of the Cell. 15: 5064-5074.

26. Nagai K, Oubridge C, Kuglstatter A, Menichelli E, Isel C, Jovine L. 2003. Structure,
function and evolution of the signal recognition particle. The EMBO Journal. 22
(14): 3479-3485.

27.Truneh A, Sharma S, Silverman C, Khandekar S, Reddy MP, Deen KC, McLaughlin
MM, Srinivasula SM, Livi GP, Marshall LA, Alnemri ES, Williams WV, Doyle ML.
2000. Temperature-sensitive differential affinity of TRAIL for its receptors. DR5 is
the highest affinity receptor. The Journal of Biological Chemistry. 275 (30):
23319-25.

28.Szegezdi E, Reis CR, van der Sloot AM, Natoni A, O’'Reilly A, Reeve ], Cool RH,
O’Dwyer M, Knapper S, Serrano L, Quax W], Samali A. 2011. Targeting AML
through DR4 with a novel variant of rhTRAIL. Journal of Cellular and Molecular
Medicine. 15 (10): 2216-2231.

18



29. Walczak H, Degli-Esposti MA, Johnson RS, Smolak PJ, Waugh ]JY, Boiani N, Timour
MS, Gerhart M], Schooley KA, Smith CA, Goodwin RG, Rauch CT. 1997. TRAIL-R2:
a novel apoptosis-mediating receptor for TRAIL. The EMBO Journal. 16 (17): 5386-
5397.

30. Van der Sloot AM, Tur V, Szegezdi E, Mullally MM, Cool RH, Samali A, Serrano L,
Quax WJ. 2006. Designed tumor necrosis factor-related apoptosis-inducing ligand
variants initiating apoptosis exclusively via the DR5 receptor. Proceedings of the
National Academy of Sciences. 103 (23): 8634-9.

31.Schneider P, Bodmer J-L, Thome M, Hofmann K, Holle rN, Tschopp J. 1997.
Characterization of two receptors for TRAIL. FEBS Letters. 416: 329-334.

32.Yoshida T, Shiraishi T, Horinaka M, Wakada M, Sakai T. 2007. Glycosylation
modulated TRAIL-R1/death receptor 4 protein: Different regulations of two pro-
apoptotic receptors for TRAIL by tunicamycin. Oncology Reports. 18: 1239-1242.

33. Clancy L, Mruk K, Archer K, Woelfel M, Mongkolsapaya ], Screaton G, Lenardo M],
Chan FK. 2005. Preligand assembly domain-mediated ligand-independent
association between TRAIL receptor 4 (TR4) and TRZ regulates TRAIL-induced
apoptosis. Proceedings of the National Academy of Sciences. 102 (50): 18099-
104.

34. Mérino D, Lalaoui N, Morizot A, Schneider P, Solary E, Micheau 0. 2006.
Differential inhibition of TRAIL-mediated DR5-DISC formation by decoy receptors 1
and 2. Molecular and Cellular Biology. 26 (19): 7046-7055.

35.Pan G, O’Rourke K, Chinnaiyan AM, Gentz R, Ebner R, Ni ], Dixit VM. 1997. The
receptor for the cytotoxic ligand TRAIL. Science. 276 (5309): 111-3.

36.Yeh W(C, Pompa JL, McCurrach ME, Shu HB, Elia A], Shahinian A, Ng M, Wakeham
A, Khoo W, Mitchell K, El-Deiry WS, Lowe SW, Goeddel DV, Mak TW. 1998. FADD:
essential for embryo development and signaling from some, but not all, inducers of
apoptosis. Science. 279 (5358): 1954-8.

37. Schneider P, Thome M, Burns K, Bodmer ]JL, Hofmann K, Kataoka T, Holler N,
Tschopp J. 1997. TRAIL receptors 1 (DR4) and 2 (DR5) signal FADD=dependent
apoptosis and activate NF-kappaB. Immunity. 7 (6): 831-836.

38. Chaudhary PM, Eby M, Jasmin A, Bookwalter A, Murray ], Hood L. 1997. Death
receptor 5, a new member of the TNFR family, and DR4 induce FADD-dependent
apoptosis and activate the NF-kappaB pathway. Immunity. 7 (6): 821-830.

39. Wagner KW, Punnoose EA, Januario T, Lawrence DA, Pitti RM, Lancaster K, Lee D,
von Goetz M, Yee SF, Totpal K, Huw L, Katta V, Cavet G, Hymowitz SG, Amler L,
Ashkenazi A. 2007. Death-receptor O-glycosylation controls tumor-cell sensitivity
to the pro-apoptotic ligand Apo2L/TRAIL. Nature Medicine. 13 (9): 1070-7.

19


http://www.ncbi.nlm.nih.gov/pubmed?term=Yeh%20WC%5BAuthor%5D&cauthor=true&cauthor_uid=9506948
http://www.ncbi.nlm.nih.gov/pubmed?term=Pompa%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=9506948
http://www.ncbi.nlm.nih.gov/pubmed?term=McCurrach%20ME%5BAuthor%5D&cauthor=true&cauthor_uid=9506948
http://www.ncbi.nlm.nih.gov/pubmed?term=Shu%20HB%5BAuthor%5D&cauthor=true&cauthor_uid=9506948
http://www.ncbi.nlm.nih.gov/pubmed?term=Elia%20AJ%5BAuthor%5D&cauthor=true&cauthor_uid=9506948
http://www.ncbi.nlm.nih.gov/pubmed?term=Shahinian%20A%5BAuthor%5D&cauthor=true&cauthor_uid=9506948
http://www.ncbi.nlm.nih.gov/pubmed?term=Ng%20M%5BAuthor%5D&cauthor=true&cauthor_uid=9506948
http://www.ncbi.nlm.nih.gov/pubmed?term=Wakeham%20A%5BAuthor%5D&cauthor=true&cauthor_uid=9506948
http://www.ncbi.nlm.nih.gov/pubmed?term=Wakeham%20A%5BAuthor%5D&cauthor=true&cauthor_uid=9506948
http://www.ncbi.nlm.nih.gov/pubmed?term=Khoo%20W%5BAuthor%5D&cauthor=true&cauthor_uid=9506948
http://www.ncbi.nlm.nih.gov/pubmed?term=Mitchell%20K%5BAuthor%5D&cauthor=true&cauthor_uid=9506948
http://www.ncbi.nlm.nih.gov/pubmed?term=El-Deiry%20WS%5BAuthor%5D&cauthor=true&cauthor_uid=9506948
http://www.ncbi.nlm.nih.gov/pubmed?term=Lowe%20SW%5BAuthor%5D&cauthor=true&cauthor_uid=9506948
http://www.ncbi.nlm.nih.gov/pubmed?term=Goeddel%20DV%5BAuthor%5D&cauthor=true&cauthor_uid=9506948
http://www.ncbi.nlm.nih.gov/pubmed?term=Mak%20TW%5BAuthor%5D&cauthor=true&cauthor_uid=9506948
http://www.ncbi.nlm.nih.gov/pubmed?term=Schneider%20P%5BAuthor%5D&cauthor=true&cauthor_uid=9430228
http://www.ncbi.nlm.nih.gov/pubmed?term=Thome%20M%5BAuthor%5D&cauthor=true&cauthor_uid=9430228
http://www.ncbi.nlm.nih.gov/pubmed?term=Burns%20K%5BAuthor%5D&cauthor=true&cauthor_uid=9430228
http://www.ncbi.nlm.nih.gov/pubmed?term=Bodmer%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=9430228
http://www.ncbi.nlm.nih.gov/pubmed?term=Hofmann%20K%5BAuthor%5D&cauthor=true&cauthor_uid=9430228
http://www.ncbi.nlm.nih.gov/pubmed?term=Kataoka%20T%5BAuthor%5D&cauthor=true&cauthor_uid=9430228
http://www.ncbi.nlm.nih.gov/pubmed?term=Holler%20N%5BAuthor%5D&cauthor=true&cauthor_uid=9430228
http://www.ncbi.nlm.nih.gov/pubmed?term=Tschopp%20J%5BAuthor%5D&cauthor=true&cauthor_uid=9430228
http://www.ncbi.nlm.nih.gov/pubmed?term=Chaudhary%20PM%5BAuthor%5D&cauthor=true&cauthor_uid=9430227
http://www.ncbi.nlm.nih.gov/pubmed?term=Eby%20M%5BAuthor%5D&cauthor=true&cauthor_uid=9430227
http://www.ncbi.nlm.nih.gov/pubmed?term=Jasmin%20A%5BAuthor%5D&cauthor=true&cauthor_uid=9430227
http://www.ncbi.nlm.nih.gov/pubmed?term=Bookwalter%20A%5BAuthor%5D&cauthor=true&cauthor_uid=9430227
http://www.ncbi.nlm.nih.gov/pubmed?term=Murray%20J%5BAuthor%5D&cauthor=true&cauthor_uid=9430227
http://www.ncbi.nlm.nih.gov/pubmed?term=Hood%20L%5BAuthor%5D&cauthor=true&cauthor_uid=9430227
http://www.ncbi.nlm.nih.gov/pubmed?term=Wagner%20KW%5BAuthor%5D&cauthor=true&cauthor_uid=17767167
http://www.ncbi.nlm.nih.gov/pubmed?term=Punnoose%20EA%5BAuthor%5D&cauthor=true&cauthor_uid=17767167
http://www.ncbi.nlm.nih.gov/pubmed?term=Januario%20T%5BAuthor%5D&cauthor=true&cauthor_uid=17767167
http://www.ncbi.nlm.nih.gov/pubmed?term=Lawrence%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=17767167
http://www.ncbi.nlm.nih.gov/pubmed?term=Pitti%20RM%5BAuthor%5D&cauthor=true&cauthor_uid=17767167
http://www.ncbi.nlm.nih.gov/pubmed?term=Lancaster%20K%5BAuthor%5D&cauthor=true&cauthor_uid=17767167
http://www.ncbi.nlm.nih.gov/pubmed?term=Lee%20D%5BAuthor%5D&cauthor=true&cauthor_uid=17767167
http://www.ncbi.nlm.nih.gov/pubmed?term=von%20Goetz%20M%5BAuthor%5D&cauthor=true&cauthor_uid=17767167
http://www.ncbi.nlm.nih.gov/pubmed?term=Yee%20SF%5BAuthor%5D&cauthor=true&cauthor_uid=17767167
http://www.ncbi.nlm.nih.gov/pubmed?term=Totpal%20K%5BAuthor%5D&cauthor=true&cauthor_uid=17767167
http://www.ncbi.nlm.nih.gov/pubmed?term=Huw%20L%5BAuthor%5D&cauthor=true&cauthor_uid=17767167
http://www.ncbi.nlm.nih.gov/pubmed?term=Katta%20V%5BAuthor%5D&cauthor=true&cauthor_uid=17767167
http://www.ncbi.nlm.nih.gov/pubmed?term=Cavet%20G%5BAuthor%5D&cauthor=true&cauthor_uid=17767167
http://www.ncbi.nlm.nih.gov/pubmed?term=Hymowitz%20SG%5BAuthor%5D&cauthor=true&cauthor_uid=17767167
http://www.ncbi.nlm.nih.gov/pubmed?term=Amler%20L%5BAuthor%5D&cauthor=true&cauthor_uid=17767167
http://www.ncbi.nlm.nih.gov/pubmed?term=Ashkenazi%20A%5BAuthor%5D&cauthor=true&cauthor_uid=17767167

