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TRAIL is a promising anticancer agent due to its ability to selectively induce apoptosis in established tumor cell
lines but not nontransformed cells. Herein, we demonstrate a role for the apoptosis-inducing TRAIL receptor
(TRAIL-R) as a metastasis suppressor. Although mouse models employing tumor transplantation have shown
that TRAIL can reduce tumor growth, autochthonous tumor models have generated conflicting results with
respect to the physiological role of the TRAIL system during tumorigenesis. We used a multistage model of
squamous cell carcinoma to examine the role of TRAIL-R throughout all steps of tumor development. DMBA/
TPA-treated TRAIL-R-deficient mice showed neither an increase in number or growth rate of benign papil-
lomas nor an increase in the rate of progression to squamous cell carcinoma. However, metastasis to lymph
nodes was significantly enhanced, indicating a role for TRAIL-R specifically in the suppression of metastasis.
We also found that adherent TRAIL-R-expressing skin carcinoma cells were TRAIL resistant in vitro but were
sensitized to TRAIL upon detachment by inactivation of the ERK signaling pathway. As detachment from the
primary tumor is an obligatory step in metastasis, this provides a possible mechanism by which TRAIL-R
could inhibit metastasis. Hence, treatment of cancer patients with agonists of the apoptosis-inducing receptors

for TRAIL may prove useful in reducing the incidence of metastasis.

Introduction

Along with CD9S ligand (CD9SL/FasL) and TNF, TNF-related
apoptosis-inducing ligand (TRAIL) belongs to a subset of the TNF
superfamily of cytokines known as “death ligands.” The members
of this subfamily are capable of triggering the extrinsic apoptosis
pathway by binding to their respective death domain-contain-
ing receptors. The intracellular death domain can recruit the
adaptor molecule Fas-associated death domain protein (FADD),
which upon ligand binding and activation of death-induc-
ing signaling complex (DISC) binds to and activates caspases-8
and -10 and subsequently induces apoptosis (1). In human cells,
TRAIL can induce apoptosis via 2 similar but distinct type I trans-
membrane receptors, TRAIL receptor 1 (TRAIL-R1/DR4) and
TRAIL-R2 (KILLER/DRS/TRICK) (1). By contrast, there is only 1
apoptosis-inducing receptor for TRAIL in mice, TRAIL-R, which is
equally related to human TRAIL-R1 and TRAIL-R2 (2). Due to their
ability to selectively induce apoptosis in established tumor cell lines
but not in normal cells in vitro and in vivo (3, 4), TRAIL and agonis-
ticantibodies against the 2 apoptosis-inducing TRAIL receptors are
promising anticancer therapeutics (5). Moreover, many studies have
shown that TRAIL can have synergistic antitumor effects in com-
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bination with conventional DNA-damaging chemotherapeutics.
These drugs usually activate the intrinsic mitochondrial apoptosis
pathway, while TRAIL induces the extrinsic apoptosis pathway (6).

Tumor transplantation models in mice suggested that endoge-
nous TRAIL expressed by NK cells plays an important role in tumor
immune surveillance, as it can suppress tumor growth and experi-
mental liver metastasis (7-11). However, in these studies TRAIL-
sensitive cell lines were used, and it has now become clear that many
primary tumor cells are TRAIL resistant (12-14). Furthermore,
autochthonous tumor models using TRAIL- or TRAIL-R-deficient
mice showed no increased susceptibility to epithelial tumorigenesis
(15,16),such as Her2/neu-initiated mammary tumors (16) or APC™in-
induced intestinal tumors (15). In contrast, in nonepithelial
tumors TRAIL can serve as a tumor suppressor, as TRAIL-deficient
mice exhibit accelerated hematological malignancies when aged
or in combination with p53 deficiency (16) and are more suscep-
tible to methylcholanthrene-induced fibrosarcomas (9, 17). This
difference might be due to genetic background, tumor-induction
protocol, or a tissue-specific effect of the TRAIL/TRAIL-R pathway
in tumor suppression. Of note, studies examining the role of the
TRAIL system in epithelial tumorigenesis (15, 16) focused on early
tumor stages but did not address later tumor stages or metastasis.
Therefore, the physiological role of TRAIL and TRAIL-R in multi-
stage tumorigenesis, particularly in the development of epithelial
tumors, remains unclear. This is especially important because 90%
of human cancers are of epithelial origin (18).

To examine the effect of TRAIL-R expression throughout the
entire course of epithelial tcumorigenesis, we applied a multi-
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Figure 1

Generation of Trail-r-- mice. (A) Strategy to target exon 2 of the Trail-r gene. (i) Functional protein domains of TRAIL-R encoded by the Trail-r WT
allele (ii). SP, signal peptide; CRD, cysteine-rich domain; TM, transmembrane domain; DD, death domain. Locations of the external (ext) 3’ and 5’
and the internal (int) probes and of genotyping primers mTR-a (a), mTR-b (b), and mTR-d (d) are indicated. (iii) Targeting construct. Open triangle,
FRT sites; gray triangles, loxP sites; tkneo, selection cassette; DTA, diphtheria-toxin A-cassette. (iv) Null allele. (B) Southern blot analysis of targeted
G418-selected ES cell clone after correct homologous recombination. (C) Constitutive deletion of exon 2 of Trail-r in different tissues. PCR analysis
of genomic DNA of tail, lymph node, kidney, lung, heart, and brain of Trail-r--, Trail-r+-, and Trail-r+'+ mice using primers a, b, and d is shown. The
primers a and b amplified a 300-bp fragment of the Trail-r WT allele, and primers a and d amplified a 235-bp fragment of the Trail-r—null allele.

stage model of skin cancer using TRAIL-R-deficient mice. The
7,12-dimethyl-benz-anthracene/12-O-tetradecanoylphorbol-
13-acetate-induced (DMBA/TPA-induced) squamous cell carci-
noma (SCC) model is a very well-characterized mouse model of
epithelial neoplasia and mimics the multistage nature of human
epithelial cancer development (19). The 2-stage chemical pro-
tocol involves treatment of mice with the carcinogen DMBA,
followed by multiple applications of the tumor promoter TPA.
This treatment induces benign squamous cell papillomas, nearly
100% of which have sustained a mutation in codon 61 of the
Harvey ras oncogene (Ha-ras) (20), resulting in constitutive acti-
vation of Ras and of a number of signaling pathways (21). In
most strains of mice, progression of benign papillomas to malig-
nant SCCs is a rare and late event. These tumors break through
the basement membrane and progressively invade the underly-
ing dermis and subcutaneous tissues, infrequently metastasiz-
ing to regional and distant sites.

A unique advantage of this skin tumor model is that the differ-
ent tumor stages — initiation of benign papilloma, tumor growth,
progression to malignant carcinoma, and metastasis formation —
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can be readily assessed and quantified by visual inspection and
histological analysis. Hence this carcinogen-induced tumor
model is well suited to analyze the role of the TRAIL system in
multistage tumorigenesis.

Results
Generation of TRAIL-R—deficient mice. We initially generated mice
conditionally deficient for the Trail-r gene by flanking exon 2
with loxP sites so that, upon expression of the Cre recombinase, a
frame shift and an early stop codon was introduced (Figure 1A),
resulting in a transcript devoid of TRAIL-binding cysteine-rich
domains and an apoptosis-inducing death domain. Homologous
recombination of the targeting construct in ES cells was tested by
Southern blot analysis (Figure 1B). In order to generate consti-
tutive TRAIL-R-deficient mice, conditional Trail-#"¥* mice were
crossed to mice expressing Cre recombinase in the germline. Con-
stitutive germline deletion of exon 2 in offspring of these mice was
verified by genomic PCR analysis of multiple tissues (Figure 1C).
The absence of cell surface-expressed TRAIL-R was confirmed by
staining of tumor cells derived from Trail-r/- and Trail-r*/* mice
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TRAIL-R does not influence primary skin tumorigenesis. (A) Papilloma incidence rates. (B) Tumor initiation rates, as reflected in the average number
of papillomas over time. (C) Tumor growth rates, represented by combined average papilloma area over time. (D) Carcinoma incidence rates. Verti-
cal bars indicate deaths of mice with carcinomas. (E) Papilloma-to-carcinoma conversion rate per week of papilloma exposure. The 95% confidence
intervals are displayed. (F) Cell surface—expressed TRAIL-R was examined using a TRAIL-R-specific antibody (MD5-1) on WT immortalized kerati-
nocytes (cell line C-50), papilloma cells (cell line 308), and carcinoma cells (cell lines DT02 and DT12). Histological analysis (G—J) of tumor sections
did not reveal any differences between the different Trail-r genotypes. Representative tissue sections (H&E staining and brown keratin staining) from
Trail-r-- mice are shown. (G) Keratin-positive papilloma. Among all genotypes, primary malignant tumors were (H) SCC, (I) spindle cell variant of SCC
(SVSCC), or (J) fibrosarcomas, which is shown with keratin-positive hair follicles (HF). (K) Tissue sections of malignant carcinomas (fibrosarcoma or
SCC) were stained with antibodies against active caspase-3 or Ki-67. Representative fields are shown (original magnification, x400).

with an antibody specific for TRAIL-R and by flow cytometry
analysis (Figure 2F). Constitutive Trail-r/- mice were viable and
did not show any reproductive or developmental defects (data not
shown), consistent with previous reports of independently gener-
ated TRAIL-R-deficient mice (22, 23).

TRAIL-R deficiency does not enbance initiation, promotion, or malignant
conversion of primary skin tumors. To assess the role of TRAIL-R in
multistage tumorigenesis, skin tumors were initiated in Trail-r/",
Trail-r*/~, and Trail-r*/* littermates by treatment with DMBA and
TPA. We found that the number and rate of appearance (tumor
incidence and initiation rate) of benign papillomas were nearly
identical across the genotypes (Figure 2, A and B). Tumor growth
rate also did not vary significantly (Figure 2C). Thus we conclud-
ed that TRAIL-R affects neither skin tumor initiation nor benign
tumor growth. The next step in skin tumor development is conver-
sion from benign papilloma to malignant carcinoma. The rates
of appearance of carcinoma (Figure 2D) and papilloma-to-carci-
noma conversion frequency were similar between the Trail-r geno-
types (Figure 2E), indicating that TRAIL-R does not play a role in
malignant invasion of DMBA/TPA-induced skin tumors. As deter-
mined by H&E analysis and keratin-specific staining, malignant
tumors of all genotypes were either keratin-positive SCCs, spindle
cell variants of SCCs, or keratin-negative fibrosarcomas (Figure 2,
H-J). No apparent differences in morphology of the tumors were
detected between the genotypes (data not shown). To determine
whether TRAIL-R deficiency influenced apoptosis or prolifera-
tion of malignant carcinomas, tissue sections were stained with
an antibody for active caspase-3 or Ki-67, respectively. However,
no differences in apoptosis or proliferation were detected between
primary carcinomas of Trail-r*/* and Trail-r/- mice (Figure 2K). To
determine whether TRAIL-R expression was maintained through-
out tumor development, we obtained immortalized keratinocytes
and papilloma cell lines and established cell lines from skin car-
cinomas. While TRAIL-R was undetectable in Trail-r/- cell lines,
all Trail-r'/* cell lines examined expressed TRAIL-R on the surface
(Figure 2F and Supplemental Figure 1C; supplemental mate-
rial available online with this article; doi:10.1172/JCI33061DS1).
Thus although TRAIL-R is expressed in keratinocytes, benign
papillomas, and malignant carcinomas, it does not appear to play
a significant role in primary tumor development. Our finding is
consistent with earlier studies in mice showing no role for TRAIL
(16) or for TRAIL-R (15) in initiation of other epithelial tumors.
This suggests that the TRAIL/TRAIL-R apoptosis system does not
have a tumor suppressor function during early stages of primary
tumorigenesis of many, if not all, epithelial tumors.

Increased lymph node metastasis in TRAIL-R—deficient mice. To inves-
tigate whether TRAIL-R expression influenced metastasis forma-
tion, tissue sections of enlarged inguinal and axial lymph nodes of
carcinoma-bearing mice were stained with H&E and with a kera-
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tin-specific antibody (Figure 3, B-E). When TRAIL-R was absent,
we detected metastasis formation earlier (Figure 3A) and at a sig-
nificantly higher frequency: 32% of Trail-r/- mice, in contrast to
only 9% of Trail-r*/* and 8% of Trail-r*/- mice, had developed lymph
node metastases. This indicates that TRAIL-R plays a specific role
in the suppression of metastasis without influencing the forma-
tion of primary tumors.

Skin carcinoma cell lines are TRAIL-resistant but can be sensitized by
proteasome inhibition. To study the cellular mechanism of TRAIL-R-
mediated metastasis suppression, we first compared the cell lines we
had established from DMBA/TPA-induced skin carcinomas from
Trail-r*/* and Trail-r/- mice. These cell lines displayed similar mor-
phologies (Supplemental Figure 1A) and proliferated at similar rates
in vitro (Supplemental Figure 1B), all Trail-r*/* cell lines expressed
comparable levels of TRAIL-R on the surface (Supplemental Figure
1C), and all tested cell lines (DT02, DT04, DT11, and DT12) con-
tained the activating Ha-7as mutation in codon 61 (data not shown).
To examine whether TRAIL-R expression results in increased migra-
tion, which could explain accelerated metastasis formation of skin
carcinomas, we subjected Trail-r*/*, Trail-r/-, and a WT cell line
transfected with an siRNA knockdown construct for TRAIL-R in a
wound-healing scratch assay. However, TRAIL-R expression did not
impact cell migration (Supplemental Figure 1D).

We next examined sensitivity of skin carcinoma cells to TRAIL-
induced cell death and found that all carcinoma cell lines were
resistant to TRAIL-induced apoptosis when treated with 1 pug/ml
TRAIL for 24 hours regardless of their Trail-r genotype (Figure
4A and Supplemental Figure 2A). This result is in line with the
previously mentioned resistance of most early passage cells of pri-
mary tumors to TRAIL-induced apoptosis (12-14). As there was
no difference in primary skin tumorigenesis between Trail-r*/* and
Trail-r/- mice (Figure 2), a potential selection for TRAIL-resistant
tumor cells was excluded. This indicated that TRAIL resistance
of skin carcinoma cell lines was genuine. Recently, we and others
have shown that the proteasome inhibitor bortezomib can sensi-
tize tumor cells to TRAIL (12, 24, 25). Pretreatment with bortezo-
mib sensitized most Tril-r*/* carcinoma cells to TRAIL, while the
Trail-r/- cell lines remained resistant (Figure 4A and Supplemen-
tal Figure 2A). Thus although WT carcinoma cells were initially
TRAIL resistant, the TRAIL-R apoptosis pathway was still func-
tional in most of these cell lines.

Detachment-induced sensitization of carcinoma cells. TRAIL is known
to be expressed on activated cells of the immune system, and
T cell- and NK cell-derived TRAIL can play an important role in
tumor immune surveillance (7, 8, 17, 26). For such TRAIL-induced
tumor surveillance to be operative, there are 2 prerequisites: apart
from expression of TRAIL on immune cells (27), tumor cells need
to be TRAIL sensitive. Based on the increased susceptibility of
Trail-r/- mice to metastasis formation in our skin tumor model
Volume 118 103
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(Figure 3A), we hypothesized that TRAIL-resistant cells from the
primary tumor may become TRAIL sensitive at some point dur-
ing the metastatic process. An early obligatory step in metastasis
formation is detachment from the primary tumor (28). As a con-
sequence of detachment from the extracellular matrix, epithelial
cells can undergo a form of cell death known as “anoikis” (28). In
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Figure 3

TRAIL-R suppresses lymph node metastases of skin carcinomas. (A)
Time course of detection of metastatic lymph nodes per total mice
in study analyzed (left panel). Significantly higher incidence of lymph
node metastases in TRAIL-R—deficient mice compared with TRAIL-R—
expressing mice was detected upon necropsy (right panel), as deter-
mined by Pearson 2 test. (B—E) Tissue sections were stained with
H&E and a keratin-specific antibody. Lymph nodes of Trail-r-- mice
with keratin-positive metastatic lesions with SCC morphology (B, D,
and E) or keratin-negative metastatic lesions (met) with fibrosarco-
ma (FSA) morphology (C). All stainings shown were from specimens
obtained from tumors of Trail-r-- mice.

vitro, attachment of adherent cells to the cell culture dish can be
prevented by coating cell culture dishes with poly[2-hydroxyethyl
methacrylate] (poly-HEMA). To study whether detachment result-
ed in TRAIL-R-dependent apoptosis, we cultured Trail-r"/* and
Trail-r/- carcinoma cells on poly-HEMA-coated plates. Irrespective
of their Trail-r genotype, a similar percentage of cells of the different
cell lines underwent anoikis (Figure 4B). This data indicates that
TRAIL-R expression is not required for anoikis of skin carcinoma
cells. Interestingly however, exogenous addition of TRAIL result-
ed in a dose-dependent increase in death of most of the detached
Trail-r*/* carcinoma cell lines tested, while detached Trail-r/-
cells remained TRAIL resistant (Figure 4, B, C, and E). Of note, the
WT cell line DT06, which was not sensitized to TRAIL by bort-
ezomib, also remained TRAIL resistant upon detachment. Thus
loss of attachment resulted in sensitization to TRAIL/TRAIL-R-
mediated apoptosis of most, but not all, previously TRAIL-resis-
tant Trail-r”* skin carcinoma cell lines.

In order to examine whether detachment is a specific event to
sensitize skin carcinoma cells to TRAIL-induced death, we sub-
jected Trail-r*/* skin carcinoma cells to various cellular stresses
(Figure 4D). However, treatment of cells with heat shock, endo-
plasmic reticulum stress induced by thapsigargin, ionizing irradia-
tion, and the DNA crosslinker oxaliplatin were unable to sensitize
skin carcinoma cell lines to TRAIL. Only the well-known TRAIL-
sensitizing translation-inhibiting agent cycloheximide, which we
used as a control, sensitized the cells to TRAIL. This indicates that
detachment is a specific event that renders these cells sensitive to
TRAIL-induced apoptosis.

We next asked whether detachment-induced sensitization of
skin carcinoma cells is specific to TRAIL or whether it can also
sensitize these cells to other external death stimuli. We therefore
treated the cells with CD9SL or with the DNA-damaging agents
S-fluorouracil (5-FU) and etoposide, which activate the intrinsic
apoptosis pathway. Interestingly, detached skin carcinoma cells
were also sensitized to CD9SL, including the TRAIL-R-deficient
cell line DT11 (Figure 4, E and F), in a dose-dependent man-
ner (Supplemental Figure 2B). In contrast, detachment did not
increase or only marginally increased sensitivity to 5-FU and eto-
poside as compared with TRAIL or CD9SL (Figure 4F). This result
indicates that detachment sensitizes most skin carcinoma cell lines
to inducers of the extrinsic but not intrinsic apoptosis pathway.

Detachment-induced inactivation of ERK sensitizes skin carcinoma
cells to TRAIL-induced apoptosis. We next investigated the molecular
mechanism of detachment-induced TRAIL sensitization. To deter-
mine whether increased TRAIL and CD9SL sensitivity was due
to upregulation of the respective receptors, we compared death
receptor expression of detached skin carcinoma cells with that of
Volume 118
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absence or presence of TRAIL (B; 1 ug/ml) or at the indicated concentrations (C). (D) Subconfluent cells (DT02) were treated with or without
1 uM thapsigargin (Tgg), 30 ug/ml oxaliplatin (Oxp), 5 ug/ml cycloheximide (Chx), or 43°C heat shock (HS) or irradiated with 15 Gy (IR) and were
incubated in the absence or presence of TRAIL (1 ug/ml) for 24 hours. (E) Attached (att) or detached (det) cells were incubated in the absence
or presence of TRAIL (1 ug/ml) or CD95L (100 ng/ml) for 24 hours. Each data point represents one of the cell lines DT01-DT06 or DT11. The

mean percentage of dead WT cells is indicated by a horizontal line. (F)

Attached or detached cells were incubated in the absence or presence

of TRAIL (1 ug/ml), CD95L (100 ng/ml), 5-FU (200 ug/ml), or etoposide (10 uM) for 24 hours. Standard deviation for duplicates or triplicates is
shown. Results are representative of at least 2 independent experiments.

attached skin carcinoma cells (Figure SA). Cell surface expression
of TRAIL-R and CD9S remained unchanged upon detachment,
suggesting that intracellular signaling events are responsible for
detachment-induced sensitization to death ligands.

In many cells sensitivity to death ligands is regulated by the anti-
apoptotic caspase-8 modulator cellular FLICE-inhibitory protein
(c-FLIP), which is expressed as a long (c-FLIP;) and a short (c-FLIPs)
isoform. Therefore, we examined whether detachment could down-
regulate c-FLIP, which may explain the sensitization to TRAIL and
CDO9SL (1). Whereas c-FLIPs was undetectable in the cells, c-FLIP,,
was increased when the cells were detached compared with attached
TRAIL-resistant cells (Figure 5B). This indicates that c-FLIP cannot
be responsible for detachment-induced sensitization to TRAIL.
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We hypothesized that detachment of skin carcinoma cells could
lead to inactivation of survival signaling pathways, thereby con-
tributing to death ligand-mediated apoptosis. The molecular sig-
nature event in DMBA/TPA-induced skin tumors is constitutive
activation of Ha-Ras, leading to activation of the Raf/MEK/ERK
and the PI3K/AKT survival pathways in late papillomas and car-
cinomas, resulting in high ERK and AKT kinase activity (29). In
epithelial cells, activation of the ERK and AKT survival path-
ways is often induced by attachment to the extracellular matrix
via integrins, while upon detachment these kinases can become
inactivated (30). To test whether inactivation of the ERK or AKT
survival pathways could be responsible for detachment-induced
sensitization to TRAIL in skin carcinoma cells, we examined phos-
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January 2008 105



research article

A DTO2 Trail-r ** DTO04 Trail-r** DT11 Trail-r- DT02 Trail-r ** B
DTO2 (Trail-r ++)
B TRAIL-R = » n
S control ol < R =R R R <
o n o = © n ey = Ioe)
= % o < 0~ o o~ < i
«© ﬂ e .
5 o attached detached antibody
< 9 . e ] CF| P
2 — .}
8
g WP s = o e e wew we | Actin
TRAIL-R —p - CD9% -
(o] DTO1 (Trail-r ++) DTO2 (Trail-r ++) D
EEcgEc e EE s Ec =g control uo0126
O oA N T AN w ™ N T AN 80
- P
o attached  detached S attached  detached  antibody 7 B TRAIL
X
. 60 —e—CD95L
e — e - | P-AKT S473 £ 50
3 40
G DU | | g - - - 3 %
e ———— = - P-ERK 20
10
—a
N e e — ERK 0 ‘
. _ 0 1000‘3.6‘11‘33‘100
Actin )
Death ligand [ng/ml]

Figure 5

Detachment-induced inactivation of ERK sensitizes to TRAIL- and CD95L-induced apoptosis. (A) Cells were incubated attached or detached for
12 hours. Cell surface—expressed TRAIL-R and CD95 were detected on the indicated skin carcinoma cell lines. Representative flow cytometry
profiles of at least 2 independent experiments are shown. (B) DT02 cells and (C) DTO1 cells were trypsinized (0 h) and incubated either detached
or attached for the indicated times. Western blots were incubated with the indicated antibodies. In B, note that c-FLIP,, but not c-FLIPs, was
detected. (D) DTO2 cells were trypsinized and seeded into noncoated 24-well plates either with or without U0126 (40 uM) and TRAIL or CD95L
at the indicated concentrations for 24 hours. Cell death was determined as described in Figure 4. Standard deviation for duplicates is shown.

Results are representative of 3 independent experiments.

phorylation of AKT and ERK in attached versus detached skin
carcinoma cell lines, which reflects their activation status. Inter-
estingly, phosphorylation of ERK was substantially decreased
in detached DTO01, DT02, and DT11 cells as compared with the
respective attached cells (Figure SC and data not shown). In con-
trast, AKT phosphorylation was even slightly increased in detached
cells. These data show that inactivation of the ERK pathway but
not the AKT pathway correlates with detachment-induced death
ligand sensitization. To test whether specific inactivation of ERK
is sufficient for sensitization of attached skin carcinoma cells
to TRAIL- and CD95L-induced apoptosis, we treated skin carci-
noma cells with the MEK1/2 inhibitor U0126. U0126 treatment
resulted in complete ERK dephosphorylation but had no effect
on the AKT phosphorylation status (Supplemental Figure 3A and
data not shown), indicating specificity of U0126 for ERK in skin
carcinoma cells. Treatment of attached cells with U0126 resulted
in substantial sensitization to both TRAIL- and CD95L-induced
cell death dependent on the dose of death ligand (Figure SD) and
U0126 (Supplemental Figure 3C). In contrast, inactivation of the
AKT pathway with the PI3K inhibitor LY294002 did not sensitize
skin carcinoma cells to TRAIL (Supplemental Figure 3, B and C).
Together with the observed downregulation of ERK activity in
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detached cells, our data suggest that inactivation of the ERK sur-
vival pathway is responsible for detachment-induced sensitization
of skin carcinoma cells to TRAIL and CD9SL.

Discussion
TRAIL is an attractive candidate for tumor therapy due to its abil-
ity to selectively induce apoptosis in tumor cells but not in normal
cells. However, the physiological role of the apoptosis-inducing
TRAIL system in multistage tumorigenesis has not clearly been
defined yet. Here we provide the first demonstration that TRAIL-R
can selectively suppress metastasis of epithelial cancers without
affecting growth of primary tumors.

Metastasis is infrequently observed in autochthonous mouse
tumor models, which might be a reason why the role of the TRAIL
system during metastasis formation of primary tumors has not
yet been reported. Metastasis is often modeled by transplantation
of tumor cells and is termed “experimental metastasis.” However,
experimental metastasis models do not recapitulate several early
steps necessary for metastasis formation, such as invasion, detach-
ment from the primary tumor, and migration (31). Using TRAIL-
sensitive cell lines, earlier studies had revealed that endogenous
TRAIL could suppress the formation of multiple tumor foci in
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the liver (7-10), suggesting that TRAIL can suppress such experi-
mental liver metastasis. However, upon local subcutaneous or
intramammary fat pad injection of the same TRAIL-sensitive
tumor cell lines, TRAIL was also shown to act as a tumor suppres-
sor (9, 11). Hence these transplantation models were not able to
differentiate between a tumor suppressor and a metastasis-specific
suppressor function of the TRAIL system.

Here, using the autochthonous DMBA/TPA-induced skin car-
cinoma model, we monitored and analyzed all steps of primary
tumor development up to metastasis formation. We detected that
TRAIL-R deficiency leads to increased lymph node metastasis (Fig-
ure 3A), which had derived from primary epithelial skin tumors
whose previous development in the very same mice had not been
affected by absence of TRAIL-R (Figure 2). Primary tumor forma-
tion and metastasis are clearly distinct processes; genes that specif-
ically regulate metastasis without affecting primary tumorigenesis
are termed “metastasis suppressors” (32). Therefore, we provide
here what we believe to be the first demonstration that Trail-ris a
metastasis suppressor gere.

Itis tempting to speculate that the TRAIL/TRAIL-R pathway may
also specifically regulate metastasis formation in human tumors.
If this proves to be the case, the presence of 2 death receptors for
TRAIL in humans as compared with only 1 in mice might serve as
an additional fail-safe mechanism to prevent metastasis. Indeed,
there is evidence for selection pressure on inactivating apoptosis-
inducing TRAIL receptors and increased TRAIL resistance specifi-
cally in established metastases of human epithelial tumors; for
example, compared with primary tumors, increased mutation fre-
quencies in TRAIL-R1- and TRAIL-R2-encoding genes and lower
expression levels of TRAIL-R1 and TRAIL-R2 have been identi-
fied in metastases of mammary tumors (33) and melanomas (34),
respectively. Furthermore, tumor cell lines derived from metastatic
lymph nodes displayed a greater TRAIL resistance than cell lines
derived from the respective primary oral tumors (35).

Previous studies have shown that not all tumors are TRAIL sen-
sitive. About 50% of all examined human tumor cell lines were
TRAIL resistant (4), as well as the majority of early passage tumor
cells obtained from human neoplasias (12-14). We consistently
found that cells isolated from benign papillomas as well as malig-
nant carcinomas were also TRAIL resistant (Figure 4A and data
not shown). How could the apoptosis-inducing TRAIL-R inhibit
metastasis formation when no effect of TRAIL-R deficiency was
seen on the primary tumors these metastases were derived from?
We discovered that detachment of skin carcinoma cells from a
solid surface sensitized them to TRAIL in a TRAIL-R-dependent
manner (Figure 4, B and C). This is in line with a study in the
human TRAIL-sensitive MCF-7 mammary carcinoma cell line,
in which detachment resulted in further sensitization to TRAIL-
induced apoptosis (36). TRAIL is known to be expressed on acti-
vated immune cells and to mediate tumor immune surveillance
on TRAIL-sensitive tumor cells (7, 8, 17, 26). Detachment-induced
TRAIL sensitization explains how TRAIL-mediated immune sur-
veillance can specifically suppress metastases even if the primary
tumors are TRAIL resistant.

Our finding that detachment also sensitized skin carcinoma cells
to CDISL (Figure 4E) but not to stimuli of the intrinsic apoptosis
pathway (Figure 4F) reveals a specific regulatory effect of loss of
adhesion on the extrinsic apoptosis pathway. These data suggest
that death receptor-mediated apoptosis may play a role in inhibit-
ing metastases. In fact, besides TRAIL, CD9SL can also be expressed
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on activated immune cells (37). In a mouse model of subcutane-
ously injected melanoma cells, CD95L was shown to specifically
suppress spontaneous lung metastases without affecting tumor
growth at the primary injection site (38). It will be interesting to
test whether mice deficient for both TRAIL- and CD95L-induced
apoptosis may present with a more striking phenotype with respect
to metastasis formation in autochthonous tumor models. In this
regard it isimportant to note that caspase-8,a common component
of TRAIL-R and CD95 apoptosis pathways, is frequently deleted
or inactivated in malignant disseminated childhood neuroblas-
toma (39-41). Moreover, caspase-8 has recently been identified asa
metastasis suppressor in an experimental neuroblastoma metasta-
sis model (42). It is possible that the metastasis suppressor function
of caspase-8 is at least in part due to its function as a downstream
mediator of death receptor-mediated apoptosis.

While detachment-induced TRAIL sensitization of early metas-
tasizing skin carcinoma cells is a plausible cellular mechanism for
inhibition of lymph node metastases in WT mice, it is also possible
that other factors contribute to increased lymph node metastases
in TRAIL-R-deficient mice. For example, disseminated tumor cells
could be sensitized to TRAIL at the lymph node by certain cytokines
(43). One might also speculate that the lack of TRAIL-R in nontu-
mor tissue, for example in immune cells or endothelial cells, might
contribute to increased lymph node metastasis, although we did
not observe obvious differences in vascularization, inflammation,
or macrophage distribution or unusual patterns of lymphocyte
activation between the genotypes in the primary carcinomas or
lymph nodes (data not shown). At this point, we also cannot for-
mally rule out that absence of TRAIL-R could increase metastasis
by altering homing properties of metastatic cancer cells indepen-
dent of the apoptosis-inducing potential of TRAIL-R.

It will also be interesting to test which cells contribute to elimina-
tion of TRAIL-sensitized metastasizing tumor cells. Tumor models
using mice conditionally deficient for TRAIL in certain immune
cell populations such as NK cells, macrophages, or T and B lym-
phocytes could help to solve this question. However, TRAIL is a
rather promiscuous ligand, which besides binding to TRAIL-R also
binds to 3 other, non-apoptosis-inducing receptors in mice, name-
ly the soluble osteoprotegerin (mOPG), or the membrane-bound
receptors mTNFRH1 and -2 (44). The physiological relevance of
their interactions with TRAIL is largely unknown, and deletion of
TRAIL mightlead to disruption of more pathways than disruption
of TRAIL-R, for which TRAIL is the only known ligand.

With respect to the molecular mechanism responsible for death
receptor sensitization by detachment, upregulation of TRAIL-R
(Figure 5A), downregulation of FLIP (Figure 5B), and inactivation
of the PI3K/AKT survival pathway did not correlate with detach-
ment of skin carcinoma cells (Figure SC). However, inactivation
of the Raf/MEK/ERK prosurvival pathway did not only correlate
with detachment, but also its targeted inactivation was sufficient
for detachment-induced TRAIL and CD9SL sensitization (Fig-
ure 5, C and D). Therefore, in skin carcinoma cells, detachment-
induced TRAIL sensitization is likely to be achieved by detach-
ment-induced inactivation of the ERK survival pathway. These
data are in contrast to a recently published study that suggested
that detachment of ovarian carcinoma cells leads to a PI3K/AKT-
dependent sensitization to TRAIL, while no role of the MEK/ERK
pathway was found (45). However, the authors excluded a role for
the MEK/ERK pathway by using PD98059, a known low-affinity
MEK inhibitor, which did not sensitize their cells to TRAIL. Of
Volume 118 107

Number 1 January 2008



research article

note, in contrast to the high-affinity MEK1/2 inhibitor U0126,
PD98059 was also not able to sensitize attached cells to TRAIL in
our skin carcinoma cell lines (Supplemental Figure 3C). In another
study, sensitization of endothelial cells to CD95L by detachment
was regulated by CD9S receptor upregulation and inactivation of’
the MEK/ERK pathway, leading to downregulation of FLIP expres-
sion (46). These data suggest that, depending on the cell type stud-
ied, detachment-induced sensitization to death receptor-mediated
apoptosis may be regulated by different mechanisms.

Approximately 90% of human cancer deaths are caused by meta-
static spread from primary tumors (28). Therefore, prevention
of metastasis formation is an eminent goal in cancer research.
Compared with canonical tumor suppressors, there is less selec-
tion pressure on metastasis suppressors or their signaling path-
ways during primary tumor formation, leaving metastasis sup-
pressor pathways intact. In principle, by enhancing the function
of metastasis suppressors, specific targeting of metastases could
be achieved. Yet most metastasis suppressor genes identified thus
far encode intracellular proteins (32), making them difficult to
address therapeutically. In contrast, TRAIL receptors are expressed
on the cell surface, and several TRAIL receptor agonists are cur-
rently in clinical trials (S). The application of TRAIL receptor
agonists, either alone or in combination with TRAIL-sensitizing
drugs, e.g., proteasome inhibitors or conventional chemothera-
peutics, may prove particularly useful in targeting early-dissemi-
nating tumor cells in adjuvant cancer therapy.

Methods

Generation of Trail-r/~ mice. A genomic BAC clone containing 10 kb of the
Trail-r (Tnfrsf10b) gene (Figure 1A) was isolated from a genomic phage
library derived from male ES cells of the mouse strain 129/Sv (Mobitec).
The targeting construct for generation of conditional and constitutive
Trail-r/~ mice (Figure 1A) was cloned by 2 rounds of ET cloning (RecE and
RecT recombination) in E. coli, as previously described (47). The predicted
polypeptide encoded by the null allele contains only the signal peptide, but
did not encode the pre-ligand-binding assembly domain, the TRAIL-bind-
ing cysteine-rich domains, or the death domain (Figure 1A). The construct
consisted of a 4.5-kb 5" homology arm and a 3.1-kb 3’ homology arm, a
tkneo selection cassette for positive selection by G418, and a diphtheria-
toxin A (DTA) selection cassette for negative selection during homologous
recombination at the 3’ end. Two loxP sites (recognized by the Cre recom-
binase) flanked a sequence containing exon 2 and the tkneo cassette, while
the tkneo cassette alone was additionally flanked by 2 FRT sites (recognized
by the Flp recombinase) (Figure 1A).

ES cells of the 129/Ola strain were transfected with the linearized target-
ing construct (Figure 1A). We isolated G418-resistant ES cell clones and
confirmed homologous recombination by restriction digest of genomic
DNA followed by Southern blot analysis using external 3" and 5’ probes
(3"-ext and 5'-ext) and an internal probe (Figure 1, A and B). In a correctly
recombined ES cell clone, the tkneo selection cassette was excised by trans-
fection with a eukaryotic expression vector encoding Flp recombinase
(pCAGGS-FLP-e) (48) followed by negative selection with gancyclovir,
which is toxic for cells expressing thymidine kinase. Correct excision of’
the selection cassette in ES cells was confirmed by PCR and Southern blot
analysis (data not shown). ES cells containing the conditional Trail-rfe¥
allele were injected into blastocysts, and chimeric mice were tested for
germline transmission by PCR (data not shown). To generate the Trail-r"
allele, heterozygous conditional Trail-#*¥/* animals were crossbred to mice
expressing the Cre recombinase under the control of the Nestin promot-
er, which is not only expressed in the brain but occasionally also in the

108

The Journal of Clinical Investigation

htep://www.jci.org

germline (our unpublished observations). Constitutive germline deletion
of exon 2 of Trail-r was determined by PCR genotyping analysis of genom-
ic DNA of tail, lymph node, kidney, lung, heart, and brain (Figure 1C).
RT-PCR analysis confirmed excision of exon 2 at the mRNA level (data not
shown). Backcrossed mice were selected for loss of Cre recombinase.

DMBA/TPA-induced skin carcinogenesis. Mice harboring the Trail-r-null
allele were backcrossed for 2 generations from the Balb/c to the NIH/Ola
background (Harlan Olac), which is susceptible to DMBA/TPA-induced
skin carcinogenesis (49). Then, Trail-r*/- mice were intercrossed to gener-
ate the experimental cohort. The backs of 22 Trail-r*/*, 26 Trail-r'/-, and 20
Trail-r/- 8-week-old littermates were shaved and topically treated with a
single dose of DMBA (25 ug in 200 ul of acetone) and biweekly doses of
TPA (200 wl of a 10-* M solution in acetone) for 15 weeks, as previously
described (49). The number and size range of tumors was recorded every
other week by visual inspection. To determine papilloma area to assess
tumor growth, we used the following formula: area [mm?| = A x (3/2)?n + B
x (5/2)m+ Cx(7/2)’n+ D x (9/2)*n + E x (F/2)*n, where A is the number of
tumors with a 2- to 4-mm diameter, B is the number of tumors with a 4- to
6-mm diameter, C is the number of tumors with a 6- to 8-mm diameter, D
is the number of tumors with an 8- to 10-mm diameter, E is the number
of tumors with a diameter greater than 10 mm, and F is the average of all
tumors with diameters of 10 mm and greater. Papillomas were character-
ized by folded epidermal hyperplasia protruding from the skin surface,
while carcinomas were usually endophytic tumors presenting as plaques
with an ulcerated surface. Carcinomas break through the basement mem-
brane and progressively invade the underlying dermis and subcutaneous
tissues. The malignancy of all visually detected carcinomas was verified
by histology upon necropsy. Mice were sacrificed if moribund because
of excessive tumor load or 52 weeks after DMBA treatment. Tumors and
lymph nodes were fixed in formalin. Lymph node metastases were assessed
by histological analysis of all enlarged (> 2 mm) inguinal and axial lymph
nodes of mice. All metastasis-containing lymph nodes were clearly enlarged
(= S mm). A mouse was considered positive for metastasis when a coherent
mass of cells of squamous or sarcomatoid morphology in at least 1 lymph
node (as shown in Figure 3, B-E) was identified by 2 investigators. Care of
experimental animals was in accordance with institutional guidelines. All
animal experiments were approved by the IACUC of the Fred Hutchinson
Cancer Research Center.

Cell lines. Carcinoma cell lines were grown from malignant tumor
explants obtained at necropsy. Tumors were excised, rinsed with
70% ethanol, cut into pieces, and incubated in culture medium (DMEM,
10% FCS, penicillin, and streptomycin) on cell culture dishes. The
DMBA/TPA-induced carcinoma cell lines DT01, DT02, DT03, DT04,
DTO05, and DTO06 were generated from malignant tumors of Trail-r/* mice,
DT11 and DT12 from Trail-r/- mice. The immortalized keratinocyte cell
line C-50 and the papilloma cell line 308 were a kind gift from Susan Fisch-
er (MD Anderson Cancer Research Center, Smithville, Texas, USA).

Detachment and apoptosis assays. In order to prevent attachment of cells,
freshly trypsinized cells were seeded into cell culture dishes that were
coated with poly-HEMA according to the manufacturer’s instructions.
Directly after seeding into coated 24-well plates in a volume of 2 ml,
respectively, 500,000 cells/well were treated with isoleucine zipper murine
TRAIL (iz-muTRAIL) and/or other agents at the indicated concentration
for 24 hours. For attachment, cells were seeded into uncoated plates so
that cells were at all times subconfluent. Heat shock was performed as
described in ref. 50. Briefly, 37°C media was exchanged with 43°C media
for 1 hour, followed by 24 hours of incubation at 37°C with or without
TRAIL. Cell death was determined by loss of plasma membrane integrity
as assessed by uptake of the DNA-intercalating dye propidium iodide (PI;
1 ug/ml) and flow cytometric analysis.
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Western blot analysis. Cells (500,000) were seeded in an uncoated 6-well
dish when grown attached, or in a poly-HEMA-coated 24-well dish when
grown detached. Attached cells were lysed in the dish, and suspended
detached cells were collected and lysed in lysis buffer (30 mM Tris, 150 mM
NaCl, 10% glycerol, 1% Triton X-100, 0.5% Igepal, supplemented with com-
plete mini-protease inhibitor cocktail [Roche], 1 uM sodium fluoride, 1 uM
sodium vanadate). Lysates were separated by standard SDS-polyacrylamide
gel electrophoresis (12%), blotted onto PVDF membranes, and incubated
with the indicated antibodies.

Reagents. DMBA and TPA were from Sigma-Aldrich. Cell surface-expressed
TRAIL-R was detected by hamster anti-mouse TRAIL-R antibody MDS5-1
(eBioscience) or by mouse anti-mouse TRAIL-R antibody (mTR21), which
was generated in Trail-r/- mice immunized with an Ig-fusion protein con-
taining the extracellular portion of TRAIL-R (mTRAIL-R-Fc). Anti-mCD95
(Jo2) was from Pharmingen. Anti-active caspase-3 and anti-Ki-67 antibod-
ies were from Abcam. Cytokeratin was detected with polyclonal rabbit anti-
keratin antibody (Cytokeratin WSS; Envision Plus). poly-HEMA and PI were
from Sigma-Aldrich. Bortezomib was from Millennium Pharmaceuticals.
iz-muTRAIL consisted of a synthetic isoleucine zipper motif fused to the
extracellular domain of murine TRAIL (aa 99-291). Fc-CD9SL was an Ig-
fusion protein containing the extracellular portion of human CD9SL. Clon-
ing, production, and purification of izzmuTRAIL and Fc-CD95L was essen-
tially done as described in ref. 51 and ref. 52, respectively. For western blot
analysis, the following antibodies were used: anti-phospho-AKT (S473; cata-
log no. 9271), anti-phospho-ERK (catalog no. 9101), and anti-AKT (catalog
no. 9272) from Cell Signaling and anti-ERK1 (C-16) and anti-actin (I-19)
from Santa Cruz Biotechnology Inc. Anti-FLIP (Dave-2) was from Axxora.

Oligonucleotides. For PCR genotyping of Trail-r, the following oligonucle-
otides were used: mTR-a, GAGCCATCTTTTTAAGTCTTGACTG; mTR-b,
GACGATTATGGGCTGGGTTAGCTG; mTR-d, CGAACACAGCTG-
GTTTCCATGG.

Statistics. Kaplan-Meier estimates were used to display papilloma (Figure 2A)
and carcinoma (Figure 2D) incidence rates. Cox proportional hazard
regression models were used to test for corresponding genotype effects,
employing a single ordered genotype variable to test for gene dose effect
and an indicator variable for 2 group comparisons. In Figure 2A, papil-
loma incidence rates are shown, with P = 0.96 across genotypes (trend test
for genotype effect). In Figure 2D, carcinoma incidence rates are shown,
with risk ratio (RR) = 1.3 (95% confidence interval, 0.62-2.5), P = 0.52 for
Trail-r/- versus Trail-r'/- and Trail-r*/*,and P = 0.69 across genotypes (trend
test). In order to assess the effect of Trail-r genotype on tumor initiation
(Figure 2B) and growth (Figure 2C), longitudinal observations of papil-
loma number and size, respectively, were analyzed using generalized esti-
mating equations (GEEs) (53). The GEE regression approach accounted
for the within-mouse correlation of tumor outcome measures over time,
specified with a first-order autoregressive correlation structure. A test
for a gene-dose effect across genotypes was accomplished by modeling
genotype as a single-ordered covariate. Analyses of papilloma initiation

and growth were restricted to observations during the first 26 weeks after
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DMBA treatment. In Figure 2B, tumor initiation rates are shown, with
P =0.83 (trend test). In Figure 2C, tumor growth rates are shown, with
P =0.37 (trend test) for growth rates between genotypes. Papilloma-to-car-
cinoma conversion rates (Figure 2E) were estimated in the context of Pois-
son regression models of carcinoma incidence on papilloma-time expo-
sure. The number of papilloma-weeks exposure contributed by each animal
was calculated from biweekly observations of tumor number. For the data
shown in Figure 2E, P = 0.89 for Trail-r/- versus Trail-r*/- and Trail-r'/*, and
P =0.99 across genotypes (trend test). For determination of percentage
of mice with metastasis upon termination of the study at 52 weeks after
DMBA treatment (Figure 3A), P = 0.020 for Trail-r/- versus Trail-r'/* and
Trail-r*/-, P = 0.082 for Trail-r/- versus Trail-r*/*, and P = 0.045 for Trail-r/-
mice versus Trail-r'/~ mice (Pearson ?). Group denominators includ-
ed all mice in the study except for those with carcinoma whose lymph
nodes could not be analyzed (25 Trail-r7-, 19 Trail-r-, and 22 Trail-r*
mice were analyzed). The observed follow-up times for mice were similar
across genotypes. All P values were based on 2-sided tests.
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