L@;Hv+QbvH iBQM Q7 KQmb2 h_ AG@_ M
h AG@ R 2M? M+2b h_ AG@BM/m+2/ /:
6HQ 2Mi . m7Qm - h?B# mHi _iiB2 -a  ?a?B H2v-:
H2t M/ " m *QMbi MiBM2b+m- vK2 B+ JQ HG- H" iQm
J +BQM-a2# biB2M * mbb2- 1p ax2;2x/B- 2]

hQ +Bi2 i?Bb p2° bBQM,

6HQ 2Mi .m7Qm - h?B# mHi _ iiB2'-a > ? a?B " H2v-: 2HH2 SB+ “/ - M/
2i HXX L@;Hv+QbvH iBQM Q7 KQmb2 h_ AG@_ M/ ?mK M h_ AG@ _R
L@;Hv+QbvH iBQM Q7 h_ AG "2+2TiQ'bX *2HH .2 i? M/ .Bz2 2MiB iBQ|
(1Tm# 2?22/ Q7 T'BMi)X IRYyXRyj3f+//XkyReXR8y=X IBMb2'K@yR9ed39

> G A/, BMb2 ' K@yR9ed39N
200 T, ffrrrX? HXBMb2 KX7 fBMb2 K@yR9ed39N
am#KBii2/ QM R9 62# kyRd

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X
Sm#HB+ .QK BM



Cell Death and Differentiation (2017), 1-11
Of cial journal of the Cell Death Differentiation Association

www.nature.com/cdd

N-glycosylation of mouse TRAIL-R and human
TRAIL-R1 enhances TRAIL-induced death
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APO2L/TRAIL (TNF-related apoptosis-inducing ligand) induces death of tumor cells through two agonist receptors, TRAIL-R1 |
TRAIL-R2. We demonstrate here that N-linked glycosiagipec) plays also an important regulatory role for TRAIL-R1-mediated
and mouse TRAIL receptor (NTRAIL-R)-mediated apoptosis, but not for TRAIL-R2, whichsglgeaitso€ells expressing
N-glyc-defective mutants of TRAIL-R1 and mouse TRAIL-R were less sensitive to TRAIL than their wild-type counterpat
Defective apoptotic signaling liglyc-deficient TRAIL receptors was associated with lower TRAIL receptor aggregation and
reduced DISC formation, but not with reduced TRAIL-binding affinity. Our results also indicate that TRAtglyedentacts

immune evasion strategies. The cytomegalovirus (CMV) UL141 protein, which restricts cell-surface expression of human TR
death receptors, binds with significant higher affinity TRAIL-R1 Idditiroy suggesting that this sugar modification may have
evolved as a counterstrategy to prevent receptor inhibition by UL141. Altogether our findings demoNsjipateofiERAIL-R 1

promotes TRAIL signaling and restricts virus-mediated inhibition.
Cell Death and Differentiatisance online publication, 10 February 2017; doi:10.1038/cdd.2016.150

APO2L/TRAIL (TNF-related apoptosis-inducing ligand)
belongs to the TNF subfamily of apoptosis-inducing ligands?
This promising anti-tumor compound has attracted much
interest in oncology due to its ability to trigger selective cell
death in a large variety of human tumors? Owing to its
restricted expression on immune cells, TRAIL plays an
important physiological function during both tumor and viral
immune surveillance 3 TRAIL triggers apoptosis by binding to
one or both of its agonist receptors, namely TRAIL-R1/DR4
and/or TRAIL-R2/DR5 TRAIL hinding induces the formation
of a membrane-bound death-inducing signaling complex
(DISC), formed by the recruitment of caspase-8 and
caspase-10 to TRAIL-R1 and/or TRAIL-R2 via the adaptor
protein FADD.® Recruitment of initiator caspases to the DISC
allows their activation and subsequent release in the cytosol
where they cleave and activate effector caspases, including
caspase-3, leading to cell dismantling ® Conversely, binding of
TRAIL to its regulatory receptors TRAIL-R3/DcR1 or TRAIL-
R4/DcR2 selectively impairs the engagement of the apoptotic
machinery.”® Besides regulation provided by differential
expression of agonist or antagonist receptors, cell sensitivity
to TRAIL can also be controlled by their post-translational
modifications. For example, O-glycosylation of the cysteine-
rich domains of TRAIL-R2 is required for efficient TRAIL DISC

formation and apoptosis® However, whether glycosylation-
mediated regulation is a conserved feature of the death
receptor family remains, so far, unclear.

Cytomegalovirus (CMV/HHV-5, the prototypic -herpes-
virus) establishes lifelong persistence/latency despite a robust
host immune response, as do all herpes viruses. CMV
infection is essentially benign in healthy, young persons, but
causes severe diseases if immunity is compromised or naive
(e.g. transplants, AIDS, congenital infection)*°** Both human
and mouse CMV dedicate more than half of their ~230 kB
DNA genomes to open reading frames that modulate host
immune defenses,*?*® many of which target signaling by TNF
family cytokines.** Our previous work revealed that the HCMV
UL141 protein promotes intracellular retention of both TRAIL-
R1 and TRAIL-R2,'® a function similarly performed by the
MCMV m166 protein to mTRAIL-R® contributing to the
resistance of CMV-infected cells to killing by TRAIL-
expressing NK cells. UL141 is an immunoglobulin (lg) fold-
containing protein that is structurally unrelated to TRAIL.
Analysis of the crystal structure of UL141 in complex with
TRAIL-R2 revealed that UL141 binds uniquely to TRAIL-R2,
only partially overlapping with the TRAIL-binding sitel”

In the present study, we show that N-glycosylation (N-glyc)
increases TRAIL-induced receptor aggregation and apoptosis
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by both human TRAIL-R1 and mTRAIL-R. We also provide
evidence that CMV UL141 binds with higher affinity to TRAIL-
R1 lacking N-glyc, suggesting N-glyc of this death receptor,
which is absent in TRAIL-R2, may have evolved in response to
virus-imposed pressure.

Results

Cell death induced by human TRAIL-R1 is regulated by
N-glycosylation. Despite clear evidence demonstrating that
O-glycosylation (O-glyc) is required for efficient TRAIL-R2-
induced apoptosis in human tumor cells® it remains unclear
whether this post-translational modification might similarly
regulate apoptosis induced by TRAIL-R1 or by the single rodent
agonist receptor ortholog, mTRAIL-R (also coined as mouse
killer or MK)*® Specificall, TRAIL-induced cell death was
impaired when eight serine and threonine residues of TRAIL-R2
(SSS74,75,77TAAA and TTTTT130,131,132,135,143AAAAA)
were mutated® of which S77, T130 and T135 are predicted to
be putative O-glyc sites using the bioinformatic tool GlycoEP™
These O-glyc sites, albeit well conserved in most primate TRAIL-
R2 orthologs, are poorly conserved in rodents (Figure 1a and
Supplementary Figure S1). Additionally, predictedO-glyc sites in
primates are also less conserved in TRAIL-R1 than in TRAIL-
R2, with the exception of the threonine stretch at the end of the
first cysteine-rich repeat (CRDY) (Figure 1a and Supplementary
Figure S1). Interestingly, however, while TRAIL-R2 is devoid of
N-glyc sites, one conserved consensus site is present within the
first cysteine-rich domains of TRAIL-R1 in six out of seven
primate species (Supplementary Figure S1). Conserved putative
N-glyc sites are also present in mTRAIL-R (Figure la and
Supplementary Figure S1), either at the beginning of CRD1 in
the '50s loop', which interacts with TRAILZ or at the end of
CRD1 (Supplementary Figures S1 and S2).

Since N-glyc plays a regulatory role for other members of
the TNF family, including CD95/Fas?' we investigated the
N-glyc status of TRAIL-R1 in a panel of human colorectal
cancer and B-cell lymphoma cell lines. The human colon
cancer cell lines SW480 and HCT116 express both TRAIL-R1
and TRAIL-R2 (Figure 1b) and are sensitive to TRAIL-induced
cell death (Figure 1c). Apoptosis in these cells could be
induced either through TRAIL-R1 using the TRAIL mutant
ligand 4C9%? or through TRAIL-R2 using the TRAIL peptido-
mimetic M1d?® (Figure 1c). In contrast, several B-lymphomas
cells lines (VAL, BL2, RL, SUDHL4, Ramos) engaged
apoptosis preferentially through TRAIL-R1 (Figure 1d), irre-
spective of their relative expression of the TRAIL receptors
(Supplementary Figure S3a and ref. 24) or their sensitivity to
Fas ligand (Figure 1d). In all of these tumor cell lines TRAIL-R1
was N-glycosylated, as demonstrated by removal of N-linked
glycans with peptide N-glycanase F (PNGaseF), which shifted
TRAIL-R1 migration to the expected theoretical molecular
weight (MW) of 42 kDa (Figures 1e and f). Consistent with the
absence of predicted N-glyc sites, TRAIL-R2 expressed in
colon cancer cell lines was unaffected by PNGaseF
(Figure 1e). In order to determine the impact of N-glycosyla-
tion on the apoptotic activity of TRAIL-R1, U20S cells
expressing low levels of TRAIL-R2 and nearly undetectable
levels of TRAIL-R1 (Figure 2a) were reconstituted with
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equivalent levels of wild type (TRAIL-RI™T) or an N-glyc-
osylation-deficient mutant of TRAIL-R1 (TRAIL-RIV%64)
(Figure 2a). TRAIL-R1N'S4 migrated with a lower apparent
MW than TRAIL-RIVT in U20S cells, was insensitive to
PNGaseF digestion and migrated identically to TRAIL-RIVT
from cell extracts treated with PNGaseF, indicating that TRAIL-
R1 contains a single N-linked glycan on N156 (Figure 2b).
Contrary to parental U20S cells, which are poorly sensitive to
TRAIL- and Fas ligand-induced cell death (Supplementary
Figure S3b), U20S cells expressing TRAIL-RIWT displayed
substantially increased sensitivity to apoptosis or cell death
induced by TRAIL, 4C9 or TRAIL-functionalized nanoparticles
(NPT)?® (Figure 2c, Supplementary Figures S4a and b). In
contrast, cells expressing TRAIL-RIV'*®* displayed reduced
sensitivity to TRAIL agonists (Figure 2c, Supplementary
Figures S4a and b). Apoptosis induced by TRAIL-R1 was
not affected by benzylGalNac (Supplementary Figure S4c), a
general inhibitor of O-glyc, while this treatment does restrict
TRAIL-R2 signaling.® Confirming that benzylGalNac selec-
tively inhibited O-glyc and had no effect on N-glyc, benzyl-
GalNac treatment led to loss of 2,3-linked sialylation on
O-glyc proteins, but not on N-glyc proteins, using Maackia
amurensis lectin Il and Sambucus nigra lectin, respectively
(Supplementary Figure S4d).

TRAIL bound to recombinant TRAIL-RI™WT-F¢, TRAIL-
R1N®®AFc and TRAIL-R2VT-Fc with similar affinities (8, 8.7
and 5.3 nM, respectively, measured by biolayer interferome-
try) (Figure 2d and Supplementary Figure S5a). TRAIL-R1-Fc-
binding affinities to 293 T cells expressing membrane-bound
TRAIL were also similar (Supplementary Figure S5b), indicat-
ing that impaired ligand binding is an unlikely cause for the
decreased pro-apoptotic activity of TRAIL-RIN'5®*  |nstead,
loss of function in U20S cells expressing TRAIL-RIN%6A was
associated with reduced caspase-8 and -10 recruitment within
the TRAIL DISC (not shown) and restricted receptor cluster-
ing, as evidenced by immunofluorescence (Figure 2e).

Contribution of N-glycosylation to TRAIL-R1-induced apop-
tosis was further investigated in HCT116 and MDA-MB-231
cells double deficient for TRAIL-R1 and TRAIL-R2 (DKOY®
that were reconstituted with WT, N156A or N156Q forms of
TRAIL-R1. Surface expression levels of the WT and mutated
receptors were comparable for all constructs (Figure 3a) and
as expected mutations N156A and N156Q prevented N-gly-
cosylation (Figure 3b). TRAIL-induced cell death was almost
fully restored with WT TRAIL-R1 but not with TRAIL-R1N-glyc
mutants (Figure 3c). Consistently, aggregation of TRAIL-R1
and recruitment of caspase-8 and -10 within the TRAIL DISC
were decreased in cells expressing N-glyc-deficient TRAIL-R1
(Figures 3d-f). Taken together, these results indicate that
N-glyc of TRAIL-R1, although not required for ligand binding,
stimulates TRAIL-induced apoptosis through enhanced
receptor clustering and DISC formation.

N-glycosylation of TRAIL-R is evolutionarily conserved.

Since mTRAIL-R encodes three potential N-glyc sites in its
two CRDs, we determined whether these sites were
modified. mMTRAIL-R isolated in extracts of L929 fibrosar-
coma or B16 melanoma cells migrated at a MW of 55-60 kDa,
higher than predicted from its amino acid sequence (42 kDa)
(Figure 4a). Treatment of these cells with theN-glycosylation
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both L929 and EMT6H cells when adsorbed to cell culture
dishes (Figure 4d). B16 cells, however, remained resistant

inhibitor tunicamycin or digestion of L929 cell extracts with
PNGase F, converted mTRAIL-R to the expected 42 kDa

band, demonstrating that these predicted sites are indeed
modified by N-glyc (Figures 4a and b).

Mouse tumor cell lines are less sensitive to TRAIL-

mediated apoptosis than human ones. Unlike most
human tumor cell lines in which cell death can be induced
by recombinant His-hTRAIL or by crosslinked Flag-TRAIL,
we found that several mouse tumor cell lines were quite
resistant to soluble human and mouse TRAIL (Supple-
mentary Figure S6a), despite expressing moderate (B16) to
high (L929, EMT6H) levels of mTRAIL-R at both the mRNA
and cell-surface protein levels (Supplementary Figures S6b
and c). Enforced receptor aggregation induced by cross-
linking of a soluble Flag-tagged mTRAIL, however, enhanced
apoptosis of L929 cells, but had no effect on B16 cells
(Figure 4c and Supplementary Figure S6d). The agonistic
anti-mTRAIL-R antibody (clone MD5-1) failed to induce
apoptosis when used in solution (Supplementary
Figure S6e), but as reported?’ could induce apoptosis of

even to plate-coated MD5-1 or crosslinked soluble Flag-
MTRAIL (Figure 4d and Supplementary Figure S6d).
Although B16 cells expressed detectable mTRAIL-R at the
cell surface, its levels were lower than those of L929 and
EMTG6H cells (Supplementary Figure S6c). Consequently, we
tested whether ectopic expression of mTRAIL-R in B16 or
L929 cells could enhance their sensitivity to crosslinked Flag-
MTRAIL, and found it did for both these cell lines (Figure 4e
and Supplementary Figure S6f). In addition, an oligomerized
version of mMTRAIL (coined Superkiller) also induced more
apoptosis of cells engineered to express higher levels of
MTRAIL-R, an effect that was further enhanced after treat-
ment with the protein synthesis inhibitor cycloheximide
(Supplementary Figure S6g). Nevertheless, increased
MTRAIL-R expression was still unable to confer sensitivity of
these two tumor cell lines to non-crosslinked TRAIL (Figure 4e
and Supplementary Figure S6f). However, expression of a
chimeric receptor composed of the extracellular domain of
human TRAIL-R2 fused to the intracellular domain of mTRAIL-

Cell Death and Differentiation
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R was able to induce apoptosis in the absence of TRAIL
crosslinking (Figure 4f), suggesting that the inability of soluble
TRAIL to induce mTRAIL-R apoptosis in several cell lines
upon binding to soluble TRAIL is due to an inability of the
receptor ectodomain to mediate higher-order aggregation in
the absence of forced crosslinking, and not due to an inherent
difference in downstream signaling.

Cell death induced by mouse TRAIL receptor is regulated

by N-glycosylation. In order to determine the impact of
MTRAIL-R N-glycosylation on TRAIL-induced apoptosis,
mMTRAIL-R mutants lacking one, two or all three N-glycosyla-
tion sites (N99, N122 and/or N150) were generated and
expressed in B16 cells. Immunoblot analysis demonstrated
that all three asparagines are N-glycosylated in B16 cells
(Figure 5a). With the exception of the triple mutant, whose
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surface expression at the cell surface was reduced by
twofold, all single and double mutants were expressed
similarly to WT mTRAIL-R in B16 cells (Figure 5b and
Supplementary Figure S7a). mTRAIL-R-induced apoptosis
(using crosslinked Flag-mTRAIL, 'Superkiller' His-mTRAIL or
plate-bound MD5-1) was reduced in mutants N99/122A and
N99/122/150A, while other mutants behaved like WT
(Figures 5c¢, d and Supplementary Figure S7b). Mutations
N99/122A and N99/122/150A had essentially no impact on
ligand binding (Supplementary Figure S7c), but impaired
receptor clustering upon ligand binding in both B16 and
U20S cells (Supplementary Figure S7d). In addition,
MTRAIL-RN99122A 3ls0 showed enhanced internalization
compared with WT (Supplementary Figure S8). These results
indicate that N-glyc of mTRAIL-R favors TRAIL-induced
apoptosis of tumor cells.
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The HCMV UL141 glycoprotein alters TRAIL-R1

N-glycosylation. Recently we showed that the HCMV
UL141 glycoprotein binds to TRAIL-R1 and TRAIL-R2,
restricting their cell-surface expression and desensitizing
infected cells to NK cell-mediated killing!® In agreement with
these findings, cell-surface levels of both death receptors was
reduced in primary human dermal fibroblasts (neonatal
human dermal fibroblasts, NHDF) upon infection with
HCMVWT, but not with a mutant virus lacking an intact
UL141 open reading frame (HCMV Y“**Y) (Figure 6a). As a
control, cell-surface expression of MHC-I was shown to be
reduced in NHDF infected with both WT and UL141 viruses
(Figure 6a). Reduced TRAIL-R1 and TRAIL-R2 surface
expression was not due to ULl1l41-mediated inhibition of
gene expression or translation, as the total protein levels of
both death receptors was in fact markedly increased in cells

infected with either HCMVVT or HCMV Y% (Figure 6b and
Supplementary Figure S9a). In addition, the size of TRAIL-R1
was slightly reduced upon infection with HCMVWT but not with
HCMV Y1 A treatment with PNGaseF revealed that this
was due to a reduction in the size/composition of N-glyc
(Figure 6b and Supplementary Figure S9). Although the
N-linked glycan of TRAIL-R1 was sialylated (neuraminidase
treatment modestly reduced the MW of TRAIL-R1), desialyla-
tion alone did not explain the reduced MW of TRAIL-R1 in
HCMVW -infected cells, as size differences still persisted
after neuraminidase treatment (Supplementary Figure S9b).
Similar results were obtained upon infection with the mouse
virus: an infection with MCMVWWT reduced the MW of
MTRAIL-R more efficiently than an infection with a virus
lacking m166 (MCMV ™) the functional ortholog of
UL141® (Supplementary Figures S9c and d). The decreased
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Figure4 mTRAIL-RIglycosylated and requires enforced receptor aggregation to trigg@rdpopeosimgr cell lines B16 (melanoma) and L929 (fibrosarcoma)
were treated with increasing concentrations of tunicamycirfpfab2d 4 and protein extracts were analyzed by western blot for mTRAIL-R expression. HSC70
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blue stainingl)(Cell viability of indicated cell lines in the presence of increasing concentrations of plate-coated anti-mTRAIL-R agonistdasaizyvd5-1, measur
Parental or mTRAIL-R infected B16 cells were stained for mTRAIL-R using the MD5-1 antibody and analyzed by flow cytometrynGody\Wisitegidotksotype co
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MW of mTRAIL-R was not solely due to differences in
sialylation, because the difference persisted after treatment
with neuraminidase and sialidase A (Supplementary Figures
S9c and d). Thus, our results show that both human and
mouse CMYV alter N-glyc of TRAIL-R1 and mTRAIL-R via the
UL141 and m166 proteins, respectively. Intesrestingly,N-glyc
of TRAIL-R1 appears detrimental for binding to UL141.
Indeed, 293 T cells transfected with a GPl-anchored version
of UL141, bound TRAIL-RIN'SA.Fc significantly better than
TRAIL-R1WT-Fc, reaching an affinity comparable to that of
TRAIL-R2-Fc, which lacks N-glyc (Figure 6c).

Discussion

Until recently, proximal regulation of TRAIL signaling was
thought to occur primarily through homotypic protein-protein
interactions,”?® but recent results have shown that
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glycosylation of human TRAIL receptors can also plays a
role. Indeed, O-glycosylation of TRAIL-R2 is a prerequisite for
TRAIL/TRAIL-R2-mediated apoptosis and correlates directly
with the cellular expression levels of glucosyltransferases or
fucosyltranferases. O-glycosylation is required for receptor
clustering, DISC formation, caspase-8 recruitment and down-
stream signaling.® However, despite this strong evidence
showing that O-glyc can regulate TRAIL-mediated apoptosis
through TRAIL-R2, which contains no N-glyc sites, nothing
was known with regard to the role that glycosylation might
play in regulating TRAIL-R1 signaling. TRAIL-R1 encodes
significantly fewer consensus O-glyc sites but harbors an
N-glycosylation site on N156 that is located within the
first CRD.

Here we provide experimental evidence that the TRAIL
apoptotic signaling pathway is regulated by N-glycosylation.
We demonstrate that both human TRAIL-R1 and mouse
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