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(Bacl(ground: Immune activation through surface expression of the human NKG2D ligand MICA is important in clearance

Results: Molecular characterization of N-glycosylation in regulation of MICA cell surface expression.
Conclusion: Surface expression of MICA alleles vary in dependence for N-glycosylation.
Significance: We identify N-glycosylation as an allele-specific regulatory mechanism of MICA and pinpoint the essential

J

NKG2D is an activating receptor expressed on several types of
human lymphocytes. NKG2D ligands can be induced upon cell
stress and are frequently targeted post-translationally in
infected or transformed cells to avoid immune recognition.
Virus infection and inflammation alter protein N-glycosylation,
and we have previously shown that changes in cellular N-glyco-
sylation are involved in regulation of NKG2D ligand surface
expression. The specific mode of regulation through N-glycosyl-
ation is, however, unknown. Here we investigated whether
direct N-glycosylation of the NKG2D ligand MICA itself is crit-
ical for cell surface expression and sought to identify the essen-
tial residues. We found that a single N-glycosylation site (Asn®)
was important for MICAO018 surface expression. The frequently
expressed MICA allele 008, with an altered transmembrane and
intracellular domain, was not affected by mutation of this N-gly-
cosylation site. Mutational analysis revealed that a single amino
acid (Thr?%) in the extracellular domain of MICA018 was essen-
tial for the N-glycosylation dependence, whereas the intracellu-
lar domain was not involved. The HHV7 immunoevasin, U21,
was found to inhibit MICAOQ18 surface expression by affecting
N-glycosylation, and the retention was rescued by T24A substi-
tution. Our study reveals N-glycosylation as an allele-specific
regulatory mechanism important for regulation of surface
expression of MICA018, and we pinpoint the residues essential
for this N-glycosylation dependence. In addition, we show that
this regulatory mechanism of MICA surface expression is likely
targeted during different pathological conditions.
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Generation of adaptive immunity is dependent on activation
of antigen-presenting cells that can sense foreign pathogenic
molecules through pathogen recognition receptors (1). Mal-
functioning or stressed cells from the body itself rely on other
pathways for immune activation, such as host cells that can
alert the immune system through expression of stress mole-
cules (2, 3). The natural killer group 2D (NKG2D)? and NKG2D
ligand sensing system is involved in regulation of both innate
and adaptive immunity and is recognized as a prominent player
in immune recognition of abnormal cells (4 - 6).

Ligands for NKG2D are induced on the surface of inflamed
or stressed cells where they activate immune responses
through interaction with NKG2D-expressing effector cells.
The NKG2D receptor is expressed on NK, NKT, and CD8
T-cells and some CD4 T-cells (5, 7, 8). There are multiple
ligands for NKG2D divided into two families: MHC class I
chain-related (MIC) and UL16-binding protein (ULBP) (9, 10).
Currently, MICA, MICB, and ULBP1- 6 have been described in
humans (11). MIC and ULBP proteins are homologs of the
heavy chain of the classical MHC class I molecules; however,
they do not associate with B2-microglobulin or present pep-
tides (12—-14). MICA and MICB are encoded from the MHC
locus and are remarkably polymorphic (8, 9). At present, 76
different alleles of MICA have been identified, the majority
being highly homologous. The 008 allele of MICA is unusual
because it encodes a molecule lacking a cytoplasmic tail caused
by a frameshift mutation that leads to a premature stop codon
(15,16). The MICAO008 allele is frequent in most studied human
populations, and it has been speculated that the high frequency
is linked to protection from certain diseases (17).

3 The abbreviations used are: NKG2D, natural killer group 2D; MICA, MHC class
I-related protein A; MICB, MHC clas I-related protein B; ULBP, UL16-binding
protein; HHV, human herpesvirus; ER, endoplasmic reticulum; 2DG, 2-de-
oxy-D-glucose; PNGase F, peptide N-glycosidase F; L-PHA, leukoagglutinin;
PBMC, peripheral blood mononuclear cell.
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Different forms of cell stress ranging from tumor transfor-
mation and viral infection to chronic inflammation and auto-
immunity can induce NKG2D ligand surface expression (5, 6,
8). Cancer and viruses use various strategies to prevent engage-
ment with NKG2D-positive effector cells, highlighting the
importance of the NKG2D/NKG2D ligand system in the host
response to viral infection and transformation. Multiple viruses
encode proteins that affect NKG2D ligand transport to the cell
surface and thereby evade immune activation. Inhibition of
MICA, MICB, and ULBP1-2 by different viruses is well docu-
mented (10, 18-22). A recently discovered example is the
human herpesvirus 7 (HHV7), which causes persistent infec-
tion in up to 90% of human populations (23). HHV7 encodes an
immunoevasin, U21, which was found to down-regulate cell
surface ULBP1, MICB, and MICA (24).

Some viruses can inhibit full-length MICA alleles, but not the
truncated MICAOQ08. An example is the human cytomegalovi-
rus encoded glycoprotein UL142, which binds and retains only
full-length MICA alleles in the cis-Golgi complex (22, 25). Also
the human herpesvirus 8/Kaposi’s sarcoma-associated herpes-
virus (HHV8/KSHV) K5 ubiquitin ligase hinders surface
expression of MICB and full-length MICA through ubiquitina-
tion, but not MICA008 (26). The adenovirus E3/19K protein
retains MICA and MICB in the endoplasmic reticulum (ER)
(27) and is until now the only example of a virus targeting both
full-length MICA alleles and the truncated MICAOQ08.

Cancer cells can escape immune recognition by cleaving
NKG2D ligands from their cell surfaces or by intracellular
retention (28 -31). Melanomas have been shown to restrict
MICA cell surface expression despite possessing significant
intracellular levels of MICA protein (32).

We have previously shown that intact N-glycosylation
machinery is important for cell surface expression of MICA and
MICB. Blocking general N-glycosylation did not affect the tran-
scriptional activation of MICA, implying that N-glycosylation
of MICA or other proteins involved in the intracellular trans-
port is required for MICA cell surface expression (33). It
remains unknown whether N-glycosylation of MICA itself
directly regulates surface expression of MICA.

N-Glycosylation of proteins has multiple effects, ranging
from intracellular sorting to regulation of half-life and bioactiv-
ity (34-36). However, many proteins that are normally glyco-
sylated show no loss of function when glycosylation is pre-
vented (37). N-Glycosylation is initiated by a cotranslational
process in the lumen of ER. The N-glycans are added to con-
sensus sequences Asn-Xaa-(Thr/Ser) and further trimmed and
remodeled upon transit through the Golgi. Cancer and infec-
tion often result in altered glycosylation of cellular proteins
(38—-40). Although the purposes may be numerous, it is likely
that the changes in N-glycosylation participate in escape of
immune recognition.

Based on our previous studies, which showed that 2-deoxy
D-Glucose (2DG) inhibited MIC surface expression by blocking
cellular N-glycosylation, the aim of this project was to investi-
gate the importance of the molecular N-glycan pattern of
MICA itself for cell surface expression of MICA. Furthermore,
we sought to identify residues in MICA important for this
N-glycosylation-mediated regulation. We show that N-glyco-
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sylation is an allele-specific post-translational mechanism
directly regulating MICAOQ18 surface expression. We found
that abrogation of N-glycosylation at position Asn® inhibited
cell surface expression of MICAOQ18. This regulatory mecha-
nism did not apply to MICA008 surface expression, which was
unaffected by changes in N-glycosylation. Mutational analysis
focusing on the differences between MICA018 and MICA008
alleles showed that a single amino acid (Thr**) in the extracel-
lular domain of MICAO18 was essential for N-glycosylation
dependence, whereas the cytoplasmic tail was not involved.
These regulatory properties of MICA018 sensitivity to N-gly-
cosylation were found to be targeted by cells expressing HHV7-
U21. Furthermore, MICA008 surface expression was also
inhibited in HHV7-U21-expressing cells, possibly through a
novel post-translational regulatory mechanism.

EXPERIMENTAL PROCEDURES

Cells—Human peripheral blood mononuclear cells (PBMCs),
Jurkat Tag-9 (T-ALL), Granta-519 (Mantle cell lymphoma),
FM78, FM86, FM55p, FM82, and SK-mel-28 (melanoma cell
lines), U373 (glioblastoma-astrocytoma), and pHM-U21 (U373
cells stably transfected with U21) were kindly provided by Amy
Hudson (Medical College of Wisconsin). PBMCs. Suspension
cell lines and melanomas were cultured as previously described
(33, 43). U373 and pHM-U21lwere cultured in DMEM with
GlutaMAX (Invitrogen) supplemented with 10% FBS (Sigma-
Aldrich) and 2 mmol/liter streptomycin/penicillin (Sigma-Al-
drich). Stable expression of U21 in U373 cells was carried out
using lentivirus-mediated gene transfer, using the pHAGE vec-
tor pHM, which carries the selectable marker for hygromycin
resistance. Cells were subcloned from hygromycin-resistant
colonies to ensure uniformity of expression (41). Jurkat Tag-9
cells were kindly provided by C. Geisler (University of Copen-
hagen, Copenhagen, Denmark). Melanoma cell lines were
kindly provided by Dr. Per Thor Straten (University Hospital
Herlev, Copenhagen, Denmark). PBMCs were purified from
buffy coats from healthy human volunteer donors, obtained
from the State Hospital (Copenhagen, Denmark).

Purification and Stimulation of Primary PBMCs—PBMCs
were purified from healthy donors by centrifugation in His-
topaque-1077 (Sigma) and stimulated using plate-bound anti-
CD3 (16-0037; eBioscience) and soluble CD28 (16-0289; eBio-
science), according to the protocol of the manufacture.

Constructs—The GFP-Myc-MICAO018 and MICAO008 plas-
mids, which contain the coding sequences of the full-length
allele MICAO018 or the truncated MICAQOS allele downstream
of a generic leader, a GFP cassette, and a Myc tag, were kindly
provided by Dr. M. Wills (University of Cambridge, Cambridge,
UK) (25).

Prediction of N-Glycosylation Sites and Site-directed Muta-
genesis—Prediction of N-glycosylation sites in MICA and
MICB was done using the prediction server NetNGlyc,* based
on sequences obtained from the NCBI MHC sequence data-
base. Site-directed mutagenesis was performed using a
QuikChange Lightning multisite-directed mutagenesis kit
(Agilent Technologies) following the manufacturer’s instruc-

“R. Gupta, E. Jung, and S. Brunak, manuscript in preparation.
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tions for templates larger than 5 kb. Primer design was per-
formed according to the instructions in the mutagenesis proto-
col using the free web-based mutagenic primer design
programs PrimerX (Lapid) and Primo (Chang Bioscience) in
parallel.

Primers used for mutagenesis were as follows: N8Q, 5’'-
CCACAGTCTTCGTTATCAGCTCACGGTGCTG-3'; N56Q,
5'-GAAGATGTCCTGGGACAGAAGACATGGGACAG-3';
N102Q, 5'-GAGATCCATGAAGACCAGAGCACCAGGAG-
CTC-3'; N187Q, 5'-GCCCCCCATGGTGCAGGTCACCCG-
CAGCGAG-3';N197Q, 5'-GCCTCAGAGGGCCAGATTAC-
CGTGACATGCAGGGC-3'; N211Q, 5'-CTGGCTTCTATC-
CCTGGCAGATCACACTGAGCTGGCG-3"; N238Q, 5'-
GTCCTGCCTGATGGGCAGGGAACCTACCAGACCTG-
3", N266Q), 5'-GAACACAGCGGGCAGCACAGCACTCACC-
3'; K309STOP, 5'-TGTCCGTTGTTGTTAGAAGAAAACAT-
CAG-3'; E319STOP, 5'-GCAGAGGGTCCATAGCTCGTGA-
GCC-3'; Q341STOP, 5'-AGGGATGCCACATAGCTCGG-
ATTTCA-3'; MICA018to008, 5'-GCTGTTGCTGCTGGCTGC-
TGCTATTTTTGTTATTATTATTTTC-3'; KK309-310RR, 5'-
CTATGTCCGTTGTTGTAGGAGGAAAACATCAGCTGCA-3;
T24A, 5'-GCAGTCAGGGTTTCTTGCTGAGGTACATC-
TGG-3'; C36Y, 5'-GTCAGCCCTTCCTGCGCTATGACAGG-
CAGAAATGCAGG-3'; M129V, 5'-GAGACTGAGGAATGG-
ACAGTGCCCCAGTCCTCCAGAG-3'; K172E, 5'-GGAACT
ACGGCGATATCTAGAATCCGGCGTAGTCCTGAGG-3;
G205S, 5'-CCGTGACATGCAGGGCTTCCAGCTTCTAT-
CCC-3’; W210R-T213I-S215T, 5'-GGGCTTCTGGCTTCTAT-
CCCCGGAATATCATACTGACCTGGCGTCAGGATGGGG-
TATC-3"; Q251R, 5'-CACCAGGATTTGCCGAGGAGAGGA-
GCAGAG-3’; and A24T, 5'-CTGTGCAGTCAGGGTTTC-
TCACTGAGGTACATCTGGATGG-3.

Selection was performed on Luria Broth agar plates contain-
ing 100 ug/ml ampicillin (Bistrol-Myers Squibb). Single colo-
nies were picked for growth, and plasmids were purified using
the NucleoSpin Plasmid Quikpure kit (Macheney-Nagel) and
sequenced at Eurofins MWG Operon. Analysis of the sequences
was performed using the free software CLC sequence viewer, ver-
sion 6.4. Plasmids containing the required mutations were ampli-
fied through growth of bacteria in selective medium and purified
using the NucleoBond Xtra Midi EF kit (Macheney-Nagel).

Transient Transfections—Transient transfections of all cell
lines were done using the Amaxa Nucleofector Device (Lonza)
according to the protocol of the manufacturer. Short descrip-
tions for each cell line follow. For Jurkat cells, 3 X 10° cells were
resuspended in 100 ul of cell line Nucleofector solution V or
Ingenio electroporation solution (MIR 50117; Mirus Bio LLC),
mixed with 1 ug or 3 pg of plasmid, and pulsed using the
Nucleofector program G-010. For Granta-519 cells, 2 X 10°
cells were resuspended in 100 ul of Ingenio electroporation
solution, mixed with 5 ug of plasmid, and pulsed using the
Nucleofector program T-001. The expression of the plasmids
was measured 20-24 h after transfection. For melanoma cell
lines, 1.5—2 X 10° cells were resuspended in 100 ul of Nucleo-
fector solution T, mixed with 1.5-2 ug of plasmid, and pulsed
using the Nucleofector program U-020. The expression of the
plasmids was measured after 18 —24 h. For U373 and pHM-U21
cells, 1 X 10° cells were resuspended in 100 ul of Nucleofector
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solution T, mixed with 0.25 ug of plasmid, and pulsed using the
Nucleofector program T-020. The expression of the plasmids
was measured after 18 =20 h. For stimulated PBMCs, 3 X 10°
cells were resuspended in 100 ul of Nucleofector solution T,
mixed with 2 ug of plasmid, and pulsed using the Nucleofector
program T-020. Cells were prepared for analysis by flow cytom-
etry, fluorescence microscopy, and Western blot 18 —24 h after
transfection.

Reagents—The HDAC inhibitor FR901228 (Romidepsin,
FK228, or Depsipeptide) was provided by the National Cancer
Institute (Bethesda, MD). The inhibitors mannosidase I and II,
kifunensine (K1140), and swainsonine (S6640), respectively,
were obtained from Sigma-Aldrich.

Mannosidase Inhibitor Treatment—Cells were treated with
0-500 nM swainsonine or 0 —10 ug/ml kifunensine (KF). Trans-
fected cells were treated 5 h after transfection. 18 h after treat-
ment, the cells were analyzed by flow cytometry for surface
expression.

Flow Cytometry—Cell surface staining was done as previ-
ously described (43). The antibodies used for detection of sur-
face expression of the GFP-Myc-MICA fusion protein were
anti-Myc tag, clone 4A6 (05—724; Millipore), and the APC-cou-
pled anti-mouse IgG1 (405308; Biolegend) as the secondary
antibody and isotype control. For L-PHA staining, Alexa-fluor-
647-coupled lectin PHA (L32457; Invitrogen) was used. For
evaluation of MICA binding to NKG2D, recombinant human
NKG2D-Fc chimera (1299; R&D Systems), and Zenon Alexa-
fluor 647 human IgG labeling kit (Z-25408; Invitrogen), as well
as isotype controls, were used. For surface staining of endoge-
nous MICA/B and MHC class I, cells were stained with PE-
conjugated anti-human MICA/B (558352; BD Biosciences), PE-
conjugated anti-human MHC class I clone W6/32 (Sc-32235;
Santa Cruz Biotechnology), or isotype controls. All isotype con-
trols were purchased from BD Biosciences.

For transfected cells, gating was carried out on viable and
GFP-positive cells (Gate 2), and the grid was set according to an
empty control (pUC18). Transfection efficiency was measured
as GFP intensity, and surface expression of the MICA fusion
proteins was analyzed by Myc tag surface staining of GFP-pos-
itive cells. For analysis of endogenous surface molecules, gating
was carried out on viable cells in forward-side scatter plots, and
the grid was set according to isotype controls. For transfected
U373 and pHM-U21 cells, gating was carried out on viable cells
and with a GFP threshold, excluding heavily overexpressed
MICA fusion protein. U373 cells are very efficiently trans-
fected, and it is not straightforward to lower the transfection
efficiency. The endogenous regulatory mechanisms are only
working within a reasonably range of overexpression, which is
the reason for the GFP expression threshold applied to U373
cells. Jurkat T-cells are not transfected with a similar high effi-
ciency, and it is therefore not necessary to apply a threshold
gate; applying the gate would, however, not affect the result.

Fluorescence Microscopy—Images of transfected cells were
captured by use of a fluorescence microscope (Eclipse 80i;
Nikon) with a 100X oil objective lens (NA 1.30; Nikon). Images
were captured using NIS-Elements basic research imaging soft-
ware (Digital sight DS-5M-L1; Nikon) and analyzed using Pho-
toshop CS4 (Adobe). Antibodies used were anti-human
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ICAM-1 R-PE (C170; Leinco Technologies) and anti-mouse
IgG1 eFlour 615 (42—4015; eBioscience).

Western Blotting—Whole cell lysates from U373 and
pHM-U21 cells were prepared in 1% Triton X-100, 10 mm Tris-
HCI (pH 7.4), 150 mMm NaCl, and normalized to total protein
concentration as determined by BCA assay (Pierce). Lysates
were resolved by SDS-PAGE electrophoresis and transferred to
BA-85 nitrocellulose membrane (Whatman, Florham Park,
NJ). Western blotting of whole cell lysates from the other cell
lines were done as previously described (43). The antibodies
used in this study were GFP polyclonal antibody (3999-100;
Biovision), polyclonal ERK1 antibody clone C-16 (Sc-93; Santa
Cruz Biotechnology), polyclonal antibody MCW50 directed
against the cytoplasmic tail of U21 (56), and a monoclonal anti-
GAPDH (Imgenex, San Diego, CA). Appropriate HRP-conju-
gated secondary antibodies (Dako and Bio-Rad) were used, and
bands were visualized using SuperSignal reagent (Pierce).
IRDye 800CW goat anti-rabbit IgG secondary antibody (926-
32211; LI-COR Biosciences) was used and visualized using
(Odyssey Fc Imager; LI-COR Biosciences). To access changes
in electrophoretic mobility, dilutions of samples for Western
blot were performed to obtain the similar GFP intensity in each
loaded sample. This was done to control for variations in trans-
fection efficiencies. GFP intensity of transfected cells was mea-
sured by flow cytometry, and samples were diluted to obtain
similar GFP intensity (mean fluorescent intensity) in each lane.
Detection of minor changes in electrophoretic mobility (like for
example a single N-glycan) is sensitive to variations in GFP
intensity. On these Western blots, no endogenous loading con-
trol was included because our scope was to compare molecular
size and not quantity.

PNGase F Treatment—Treatment of cell lysates with PNGase F
(P0704S; New England Biolabs) was performed as previously
described (33).

Cytolytic Assay—The cytolytic assay was performed as previ-
ously described (44). As target cells, Granta-519 cells trans-
fected with GFP-Myc-MICAO018 or GFP-Myc-MICA008 with
or without the mutation N8Q were used. In brief, Granta-519
cells were transfected and allowed to recover for 2—4 h. The
cells were then treated with 0.5 uM dilinoleyloxycarbocyanine
(Invitrogen) for 24 h. As effector cells, we used purified PBMCs
cultured for 3 days at a concentration of 5 X 10° cells/ml in
RPMI 1640 supplemented with 10% human serum (Lonza) and
20 ng/ml IL-15 (R&D Systems). Effector and target cells were
mixed, and after 4 h of incubation, the cells were stained with
propidium iodide and immediately analyzed by flow cytometry.
To measure cytolytic activity, we gated on dilinoleyloxycarbo-
cyanine-positive cells and recorded the percentage of pro-
pidium iodide-positive cells. The percentage killing was calcu-
lated by subtracting the number of dead target cells (measured
by propidium iodide staining) in a sample without effector cells,
from a sample with target cells.

RESULTS

N-Glycosylation of MICAO018 Is Necessary for Cell Surface
Expression—MICA is a glycoprotein containing eight possible
N-glycosylation sites (12). We have previously shown that gen-
eral inhibition of N-glycosylation hinders cell surface expres-
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sion of MICA and MICB (33). We therefore hypothesized that
N-glycosylation of MICA itself could potentially regulate cell
surface expression.

To test this, we abrogated N-glycosylation of MICA by sub-
stituting asparagine residues in the consensus sequences for
N-glycosylation to glutamine residues using site-directed
mutagenesis of a plasmid encoding the full-length MICA018
allele N-terminally tagged with GFP and Myc. We transiently
transfected Jurkat T-cells with the constructs and analyzed the
effect of the mutations on cell surface expression of the GFP-
Myc-MICAO018 fusion protein by flow cytometry. Transfection
intensity was measured by total GFP expression, and the cell
surface expression of the MICA fusion protein was measured
by Myc tag surface staining. Because inhibition of N-glycosyla-
tion affects surface expression of both MICA and MICB, we
expect that N-glycosylation sites necessary for surface expres-
sion should be present in both MICA and MICB (33). We there-
fore concentrated our initial screening on four sites shared by
MICA and MICB (Asn'®’, Asn'®?, Asn?!!, and Asn®®%). We
included a fifth position (Asn®) because N-glycosylation of
MICA at this position was found by structural study to be the
site in MICA most likely N-glycosylated (12). As shown in Fig.
1A, mutation of the N-glycosylation sites at positions Asn®,
Asn'®”, Asn'’, Asn*!!, and Asn?*® (MICA018 5X N-mut)
resulted in near total abrogation of cell surface expression of
MICAO018, which suggests that N-glycosylation is required for
cell surface expression of MICAO018. As expected, no cells were
positive for Myc and GFP in the mock transfected control sam-
ple (Fig. 1A). To investigate translation of the mutant MICA
constructs, we performed a Western blot of the transfected
cells detecting the MICA fusion proteins with a GFP-specific
antibody. The MICAO018 WT fusion protein was detected at
~90 kDa, corresponding to the predicted mobility of the
MICAO018 WT fusion protein (Fig. 1A). The electrophoretic
mobility of the MICA018 5X N-mut fusion protein was low-
ered to ~75 kDa, as would be expected upon lack of N-glyco-
sylation (Fig. 1A). Furthermore, when analyzing MICA018 5X
N-mut on SDS-PAGE, we did not observe a band correspond-
ing to free GFP (30 kDa), indicating that the fusion protein is
not immediately degraded but rather retained intracellularly.
However, we did observe less pronounced bands in the 5X
N-mut sample, suggesting that the mutant fusion protein is less
stable than the WT. These data show that MICA018 is depen-
dent of N-glycosylation for surface expression and indicate that
the MICAOQ18 construct is expressed and translated upon
mutations in five selected N-glycosylation sites.

To test whether one of the N-glycosylation sites was more
important for the cell surface expression than others, we made
constructs containing single mutations of the eight individual
N-glycosylation sites. Interestingly, mutation of position Asn®
alone (MICA018 N8Q) was almost as efficient in blocking cell
surface expression as the abrogation of N-glycosylation at all
five sites (Fig. 1B). Moreover, mutation of any of the other
N-glycosylation sites did not influence the cell surface expres-
sion significantly, suggesting that lack of glycosylation at Asn®is
the primary source of inhibiting cell surface expression of
MICAO018 5X N-mut.
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FIGURE 1. Abrogation of N-glycosylation in MICA018 results in impaired cell surface expression. A, JTag9 cells were transfected with an empty plasmid (pUC18)
or plasmids encoding GFP-Myc-tagged MICA018 fusion proteins (MICA018 WT and MICA018 5X N-mut). Gating was carried out on viable and GFP-positive cells (gate
2), and the grid was set according to pUC18 transfected cells. Left panel shows representative results from five independent experiments presented as dot plots. The
upper row shows GFP intensity, and the lower row shows Myc surface staining (percentages inserted upper right). The right panels show representative Western blots
of transfected cells detecting GFP and ERK. B, JTag9 cells were transfected with plasmids encoding indicated GFP-Myc-tagged MICAO018 fusion proteins. Gating was
carried out on viable and GFP-positive cells, and the grid was set according to pUC18 transfected cells. Representative results from three independent experiments are
presented as dot plots showing Myc surface staining (percentages inserted upper right). FSC, forward-side scatter.

MICAO008 Is Not Dependent on N-Glycosylation for Cell Sur-
face Expression—The truncated MICA008 allele is known to be
regulated different from full-length alleles. For example, it has
been shown to be more resistant to down-regulation by differ-
ent viruses (22, 25, 26).

Preliminary studies showed that treatment of transfected
cells with 2DG inhibited MICAO018 cell surface expression but
only minimally affected MICAQO8 surface expression (data not
shown). 2DG is known to inhibit glycolysis as well as N-glyco-
sylation, and the inhibition of N-glycosylation can be specifi-
cally alleviated by addition of b-mannose (33, 45). Inhibition of
MICAO18 surface expression could be rescued by addition of
D-mannose, suggesting that MICAO008 is less dependent on
N-glycosylation for cell surface expression compared with
MICAO018 (data not shown). Therefore, we investigated the
effect of abrogating N-glycosylation of MICA008. As illustrated
in Fig. 24, the distribution of N-glycosylation sites in MICA008
is almost identical to MICA018, except for position Asn*''.
Two different constructs were made, one containing the N8Q
mutation (MICA008 N8Q) and one containing four mutations
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at Asn®, Asn'®’, Asn'®’, and Asn?>® (MICA008 4 X N-mut). The
MICAO008 constructs were transiently expressed in Jurkat
T-cells. Interestingly, mutation of all four N-glycosylation
sites or Asn® alone did not affect cell surface expression of
MICAO008 (Fig. 2B). These data suggest that in contrast to
MICAO018, MICAO008 is not dependent on N-glycosylation
for surface expression. As illustrated in Fig. 2C, the Western
blot confirmed expected mobility and expression of the
N-glycosylation mutants. MICA018 N8Q showed increased
electrophoretic mobility, indicating a lack of N-glycan struc-
ture at position Asn®. To confirm this, we digested cell
lysates from MICA018 WT and MICA018 N8Q transfected
JTag9 cells with peptide N-glycosidase F (PNGase F), which
cleaves N-glycans. Mobility of these samples was investi-
gated in a SDS-PAGE of higher density, allowing a more clear
separation of the proteins. As shown in Fig. 2D, there was
an increased mobility of MICA018 N8Q compared with
MICA018 WT; this difference was not observed after
PNGase F treatment, suggesting the mobility change is
caused by altered N-glycosylation.
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FIGURE 2. Dependence for N-glycosylation differs between MICA alleles. A, left panel shows protein sequence alignment of MICA018 and MICA008.
Predicted N-glycosylation sites (green), sequence variations (pink), and predicted transmembrane region (bold) are highlighted as indicated. lllustrations on the
right show overall structure and N-glycosylation sites (green) of MICA018 and MICA008. Throughout the paper, MICA illustrations carrying mutations are
highlighted as: N-glycosylation sites (black) and/or position 24 (pink). B, JTag9 cells were transfected with plasmids encoding indicated GFP-Myc-tagged
MICA018 or MICA008 fusion proteins. Gating was carried out on viable and GFP-positive cells, and the grid was set according to pUC18 transfected cells.
Representative results from three independent experiments are shown as dot plots showing Myc surface staining (percentages inserted upper right). C,
representative Western blot of lysates from JTag9 cells transfected with plasmids encoding indicated GFP-Myc-tagged MICA018 or MICA008 fusion proteins.
Mobility of indicated MICA fusion proteins was investigated by detection of GFP in a 4-12% gel. Samples were diluted according to GFP intensity as described
under “Experimental Procedures.” D, representative Western blot of lysates from JTag9 cells transfected with plasmids encoding indicated GFP-Myc-tagged
MICA018 WT or MICA018 N8Q fusion proteins. Mobility of MICA018 WT and MICA018 N8Q fusion proteins untreated or digested with PNGase F was investi-
gated by detection of GFP in a 10% gel. Samples were diluted according to GFP intensity as described under “Experimental Procedures.” FSC, forward-side
scatter.

Because the constructs did not show same transfection effi-
ciency, samples were diluted to obtain similar mean fluorescent
intensity of GFP intensity in each lane. A loading control
against an endogenous protein is thus not informative and
was not included (see “Experimental Procedures” for further
explanation).

The Intracellular Tail Is Not Involved in the Intracellular
Retention of MICAOI8 upon Abrogation of N-Glycosylation—
Lack of a cytoplasmic tail in MICA008 is a prominent difference
between MICA008 and MICAO018 (Fig. 2A). Earlier studies have
identified sites in the cytoplasmic tail of MICA that are involved

SASBMB

JULY 18,2014 +VOLUME 289-NUMBER 29

in the regulation of cell surface expression (26, 46, 47). In par-
ticular, a triple-lysine motif at positions 308 =310 has been
shown to be involved in the retention of full-length MICA
alleles in cells infected with KSHV despite induced transcrip-
tion of MICA upon infection (26). In addition, a dihydrophobic
leucine-valine motif at positions 324 —325 has been shown to
sort full-length MICA alleles to the basolateral surface of
human intestinal epithelium, whereas the lack of a cytoplasmic
tail results in expression on the apical surface (46).

To test whether any of these known regulatory sites are
involved in the intracellular retention of MICAO018 upon abro-
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FIGURE 3. A single position in the extracellular domain is essential for the N-glycosylation dependence of MICA018. A-F, JTag9 cells were transfected
with plasmids encoding indicated GFP-Myc-tagged MICAQ18 or MICA008 fusion proteins. Gating was carried out on viable and GFP-positive cells, and the grid
was set according to pUC18 transfected cells. A-C, the upper panels show bar graphs presenting mean and standard deviation of the percentage of Myc-
positive cells, each graph represent results from two independent experiments. The lower panels show representative Western blots of transfected cells
detecting GFP, samples were diluted according to GFP intensity as described under “Experimental Procedures.” D, upper panel shows representative results
from three independent experiments presented as dot plots showing Myc surface staining (percentages inserted upper right). The lower panel shows repre-
sentative Western blot of transfected cells detecting GFP, samples were diluted according to GFP intensity as described under “Experimental Procedures.” E,
representative images showing GFP expression and ICAM-1 surface staining. Bar, 10 um. F, upper panel shows representative results from three independent
experiments presented as dot plots showing Myc surface staining (percentages inserted upper right). The lower panel shows representative Western blot of
transfected cells detecting GFP; samples were diluted according to GFP intensity as described under “Experimental Procedures.” FSC, forward-side scatter.

gation of N-glycosylation, we produced GFP-Myc-MICA018
constructs with mutations in the cytoplasmic tail. Three differ-
ent mutants were made introducing stop codons at different
sites in the cytoplasmic tail (K309STOP, E319STOP, and
Q341STOP). The stop codons were strategically placed to
abrogate the known regulatory motifs. Furthermore, a mutant
construct was made to test the role of the triple-lysine motif
(K309R,K310R).

As seen in Fig. 34, neither the introduction of stop codons
nor the mutation of the triple-lysine motif increased cell
surface expression of the MICA(018 constructs with five
mutated N-glycosylation sites, indicating that neither is
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involved in the retention of MICAO018 with incomplete
N-glycosylation. To verify the independence of the intracel-
lular domain in N-glycosylation-mediated regulation of
MICAO018, we introduced the frameshift mutation present in
MICAO008 (018to008). In line with above results, this muta-
tion did not change the sensitivity of MICAO018 surface
expression to changes in N-glycosylation (Fig. 3A). Western
blot analysis of the mutants confirmed expression and
changes in electrophoretic mobility of the fusion proteins.
As expected, the MICA(018 to 008 mutation and stop
codon mutations caused mobility shifts of the protein,
resulting in bands corresponding to MICAO008 (Fig. 3A).
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These data strongly suggest that the cytoplasmic tail is not
involved in the retention of MICA018 upon abrogation of
N-glycosylation.

Threonine 24 in the ol-Domain of MICAO1S8 Is Responsible
for Inhibiting Cell Surface Expression of Incompletely N-Glyco-
sylated MICAO18—Having excluded involvement of the cyto-
plasmic tail, we turned our attention to the extracellular
domains of MICA018 and MICAOQ08. Alignment of the two
alleles shows differences in nine extracellular amino acids (Fig.
2A). To investigate the role of the different residues, four
groups of mutations were made in the MICA018 WT and
MICAO018 5X N-mut constructs. Specific residues in MICA018
were changed to corresponding residues present in MICA008.

As shown in Fig. 3B, cell surface expression of the construct
encoding MICA018 5X N-mut with substitutions in T24A,
C36Y, and M129V (018 5X N-mut T24A,C36Y,M129V) was
comparable to surface expression of MICA018 WT and
MICAO018 WT with substitutions in T24A, C36Y, and M129V
(018 T24A,C36Y,M129V). In contrast, changing the six other
residues in MICAO018 to the corresponding MICA008 amino
acids (K172E, G205S, W210R, T213I, S215T, and Q251R) did
not significantly affect cell surface expression of the MICA018
5X N-mut construct (Fig. 3B). This strongly indicates involve-
ment of one or more of the sites Thr**, Cys*®, and Met'*® in the
retention of MICAO018 with incomplete N-glycosylation. As
expected, the mutations did not alter the mobility of the MICA
fusion proteins in SDS-PAGE (Fig. 3B, bottom panel).

Next we made MICAOQ18 constructs with single mutations in
the three residues of interest. As seen in Fig. 3C, substitution of
the threonine at position 24 (T24A) results in a similar pheno-
type as mutation of all three sites (T24A, C36Y, and M129V). In
line with this, single mutations of the two other sites (C36Y and
M129V) had only negligible effects (Fig. 3C). This suggests that
Thr** is responsible for retaining incompletely N-glycosylated
MICAO18 and that changing this site into alanine, as found in
MICAOQO08, confers resistance to this retention. In addition, the
ability of the single T24A substitution to rescue surface expres-
sion of MICAO018 5X N-mut suggests that the inhibition of
surface expression is not due to improper folding of incom-
pletely N-glycosylated MICA. To further substantiate these
findings, we made a MICAO018 mutant containing both the
T24A and N8Q mutations (MICA018 T24A+N8Q). As shown
in Fig. 3D, the T24A substitution completely restored cell sur-
face expression of MICA018 N8Q, confirming the regulatory
role of this site for MICAO018 cell surface expression. In addi-
tion, we verified surface expression or intracellular retention of
different MICAO018 constructs in Jurkat T-cells, by fluorescence
microscopy. GFP expression in Jurkat T-cells transiently
expressing MICA018 WT colocalized with ICAM-1 surface
staining, whereas GFP expression in cells transfected with
MICAO018 N-mut constructs was observed intracellularly (Fig.
3E). Expression of T24A substituted MICA018 N-mut con-
structs was found primarily on the surface (Fig. 3E), in line with
our previously findings. Importance of the Thr** residue as a
regulatory site for MICA surface expression was underlined by
changing alanine in MICAOQO08 to threonine, as found in
MICAO018 (MICAO008 A24T). As previously observed, the Asn®
mutation in MICA008 did not affect the surface expression
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level (Figs. 2B and 3F). However, introduction of an A24T sub-
stitution in MICA008 and MICA008 N8Q resulted in complete
abrogation of surface expression (Fig. 3F). An explanation for
this interesting finding could be that introduction of Thr**
makes MICA008 dependent on N-glycosylation for surface
expression. MICA008 is normally not dependent on N-glyco-
sylation for surface expression, and there has therefore not been
a sufficient selection pressure to maintain the N-glycosylation
required for surface expression of Thr** MICA008. In support
of this, we did not observe a clear change in electrophoretic
mobility of MICA008 with abrogated Asn® glycosylation (Fig.
3F). Expression and expected mobility of the other MICA008
fusion proteins were confirmed by Western blot (Fig. 3F).

The Difference in Dependence for N-Glycosylation of
MICAO018 and MICAO08 Has Functional Implications—It is
well described that activated primary T-cells can express MICA
(30, 48, 49). To verify the differences in regulation of MICA018
and MICAOO08 in primary cells, we expressed the MICA018 and
008 constructs with or without the N8Q mutation in CD3-
CD28-stimulated PBMCs. As illustrated in Fig. 44, the cell sur-
face expression of MICA018 N8Q was blocked, whereas the cell
surface expression of the MICA008 construct was unaffected
by the N8Q mutation. This confirms that MICA018 and
MICAOQO08 are also differently regulated with respect to N-gly-
cosylation in activated primary T-cells.

To investigate the functional effect of the mutation of Asn®
and Thr**, we performed cell surface staining of transfected
cells with a soluble form of the native receptor NKG2D
(NKG2D-fc). Fig. 4B shows that the cell surface expression of
functional MICAOQ18 is significantly reduced by the lack of
N-glycosylation at position Asn®. The T24A substitution in
MICAO018 did not significantly alter the binding of NKG2D-fc
compared with MICA018 WT (Fig. 4B). Abrogation of Asn®
glycosylation in MICA018 T24A reduced the NKG2D-fc bind-
ing compared with MICA018 T24A (Fig. 4B). In addition, the
N8Q mutation in MICAO008 results in a minor decrease in the
NKG2D-fc binding when compared with MICAO008 (Fig. 4B).
These results suggest that N-glycosylation of MICA is not a
necessity for the interaction with NKG2D but does influence
the binding, which is in line with previous findings (13). Binding
of NKG2D-fc to MICA008 WT was lower than observed for
MICAO018 WT (Fig. 4B). This is not surprising because
MICAO018 and 008 differ in position 129, which has previously
been shown to influence the affinity to NKG2D (13). To further
corroborate the functional significance of these findings, we
performed a cytolytic assay with MICA transfected cells as tar-
get cells and IL-15-treated PBMCs as effector cells. Granta-519
B-cells were used because their endogenous expression level of
NKG2D ligands is low (30). We transfected the Granta cells
with constructs encoding MICA018 or 008 with or without the
N8Q mutation. The cell surface expression of the fusion pro-
teins expressed in Granta cells was found to be similar to the
expression observed in Jurkat T-cells (data not shown). As illus-
trated in Fig. 4C, the N8Q mutation decreased the cytolytic
killing of Granta cells transfected with the MICAO018 construct.
However, no difference was observed in the cytolytic killing of
cells transfected with MICA008 N8Q when compared with
MICA008 WT transfected cells (Fig. 4C). These experiments
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FIGURE 4. Difference in dependence for N-glycosylation between
MICAO018 and MICA008 has functional consequences. A, stimulated
PBMCs were transfected with plasmids encoding indicated GFP-Myc-tagged
MICA018 or MICA008 fusion proteins. Gating was carried out on viable and
GFP-positive cells, and the grid was set according to pUC18 transfected cells.
Representative results from three independent experiments are shown as dot
plots. The upper row shows Myc surface staining (percentages inserted upper
right), and the lower row shows GFP intensity. B, JTag9 cells were transfected
with plasmids encoding indicated GFP-Myc-tagged MICA018 or MICA008
fusion proteins. Gating was carried out on viable and GFP-positive cells, and
the grid was set according to pUC18 transfected cells. Representative results
from three independent experiments are presented as dot plots showing
NKG2D-fc staining (upper row) and Myc surface staining (lower row). The per-
centage of surface staining is inserted upper right. C, bar graph shows mean
and standard deviation of the cytolytic activity of purified PBMCs (effector
cells) targeting Granta-519 cells expressing indicated GFP-Myc-tagged
MICA018 or MICA0O08 fusion proteins (target cells). Three repetitions of the
experiment using PBMCs from the same donor was performed. An effector/
target ratio of 10:1 was used in these experiments, based on prior titration
analysis. Similar results were obtained using PBMCs from three different
donors. FSC, forward-side scatter.

show less NKG2D interaction, as well as lower NKG2D-medi-
ated killing of target cells caused by N-glycosylation-mediated
inhibition of MICAO018 cell surface expression.

Altered Branching of N-Glycans Is Not Directly Linked to
Down-regulation of MICA Cell Surface Expression—It is well
established that a change in the cellular N-glycan profile is asso-
ciated with malignant transformation and increased metastasis
(50, 51). A specific increase in the amount of highly complex
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N-glycans has been observed in melanomas, as well as breast
and colon cancers (52).

We therefore examined whether the inhibition of MICA018
cell surface expression after mutation of the Asn® glycosylation
site could be due to defective trimming of mannose structures
in Golgi. To address this question, we specifically inhibited the
formation of complex N-glycans in MICA018 transfected Jur-
kat T-cells by treatment with either kifunensine or swainso-
nine, chemical inhibitors of Golgi a-mannosidase I and II,
respectively (53, 54). The plant lectin L-PHA binds specifically
to complex N-glycans (55) and was used to verify altered N-gly-
can branching. Treatment with kifunensine results in forma-
tion of high mannose N-glycans, whereas treatment with
swainsonine results in formation of hybrid-type N-glycans,
both leading to decreased L-PHA binding. As expected, decreased
L-PHA staining was observed upon treatment with both swain-
sonine and kifunensine (Fig. 54). However, neither treatment
affected cell surface expression of MICAO018, indicating that
formation of complex N-glycans is not required for MICA018
cell surface expression.

To corroborate these findings, untransfected Jurkat T-cells
were treated with increasing concentrations of swainsonine
and kifunensine, and the cell surface expression of endogenous
MICA/B and complex N-glycans was evaluated by flow cytom-
etry. As shown in Fig. 5B, treatment with both mannosidase
inhibitors led to a dose-dependent decrease in the cell surface
L-PHA binding, but the cell surface expression of MICA/B was
not affected. These results show that formation of complex or
hybrid-type N-glycans is not required for MICA surface expres-
sion and suggests that the dependence of N-glycosylation for
translocation of MICA018 to the cell surface likely occurs in the
ER before trimming of high mannose glycans.

Inhibition of MICA Cell Surface Expression by the Human
Herpesvirus-7 U21 Is Mediated through N-Glycosylation and
Threonine 24—Alterations in cellular N-glycosylation path-
ways have been associated with virus infection and cancer, pos-
sibly contributing to immune escape (38 —40). The U21 protein
expressed by HHV-7 is known to inhibit MHC class I surface
expression (56, 57). In addition, U21 down-modulates cell sur-
face expression of transfected MICA and MICB (24). MICB
expression in U21 containing cells was associated with
increased electrophoretic mobility (24). To test the possibility
that altered N-glycosylation is involved in the U21-mediated
retention of MICA, we used U373 cells stably expressing U21
(pHM-U21 cells). Functional U21 expression was confirmed by
the ability to down-regulate MHC class I surface expression
(Fig. 6A), and expression of U21 in U373 cells was verified by
Western blot (Fig. 6A4). To examine the regulation of endoge-
nous MIC by U21, U373 and pHM-U21 cells were treated with
the HDAC inhibitor FR901228, which is known to induce
MICA/B surface expression (30). As shown in Fig. 64,
FR901228-induced MICA/B surface expression was abolished
in pHM-U21 cells. Having verified U21-mediated down-regu-
lation of endogenous MICA, we further investigated this regu-
latory mechanism through overexpression of different MICA
constructs. As expected, surface expression of MICA018 5X
N-mut and MICA018 N8Q was inhibited in U373 cells com-
pared with MICA018 WT surface expression (Fig. 6B). In line
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FIGURE 5. Qualitative alteration of N-glycans does not inhibit MICA/B cell surface expression. A, JTag9 cells were transfected with a plasmid encoding
GFP-Myc-MICA018 and treated with 400 nm swainsonine (SW), 10 ug/ml kifunensine (KF), or culture medium as control (—). Gating was carried out on viable
and GFP-positive cells, and the grid was set according to pUC18 transfected cells. Representative results from three independent experiments are shown as dot
plots. The upper row shows Myc surface staining, and the lower row shows L-PHA staining (percentages inserted upper right). B, JTag9 cells were treated with
0-500 nm swainsonine or 0-10 ug/ml kifunensine. The figure shows staining of L-PHA and endogenous MICA/B represented as a function of the concentration
of swainsonine and kifunensine in the culture medium. Representative results from three independent experiments are shown. FSC, forward-side scatter.

with the regulatory ability of U21 on endogenous MICA, sur-
face expression of the MICA018 WT fusion protein was signif-
icantly inhibited in pHM-U21 cells, and as expected, the
expression pattern of the two N-mut constructs in pHM-U21
cells was low and comparable to levels observed in U373 cells
(Fig. 6B). Western blotting showed an increased electropho-
retic mobility of MICA018 WT expressed in pHM-U21 cells
(Fig. 6B). This increase was not observed in MICA018 WT
expressed in U373 cells (Fig. 6B), indicating a post-translational
modification of MICA018 mediated by U21. There was no dif-
ference in the electrophoretic mobility of MICA018 5X N-mut
expressed in U373 and pHM-U21 cells, strongly arguing that
altered N-glycosylation is responsible for the mobility shift of
MICAO018 WT in U21-expressing cells. In addition, we found a
similar reduction in molecular weight of MICA018 when tran-
siently expressed in two melanoma cell lines, FM55p and FM82,
indicating that MICA018 was modified post-translationally in
these cells (data not shown). Interestingly, the decreased
molecular weight of MICA018 was found in the melanomas
with low intrinsic cell surface expression of endogenous
MICA/B (data not shown). When digesting cell lysates with
PNGase F, mobility of transiently expressed MICAQ18 was
reduced to the same molecular weight (data not shown), show-
ing that the increased electrophoretic mobility of MICA018 in
the melanomas FM55p and FM82 was caused by an altered
N-glycosylation pattern.

Because U21-mediated inhibition of MICA018 surface
expression was associated with altered N-glycosylation, we
examined whether the T24A substitution could rescue the inhi-
bition. When comparing MICA018 WT and MICA018 T24A
SASBMB
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surface expression in pHM-U21 cells, a robust increase in sur-
face expression of MICA018 T24A was observed (Fig. 6C). This
suggests that the U21-mediated inhibition of MICA018 was
rescued by T24A substitution. In support of this, we observed
similar rescue of MICAQ18 surface expression by the T24A
substitution in the melanoma cell line FM55p (data not shown).

Western blotting of MICA018 T24A expressed in pHM-U21
cells showed a shift in electrophoretic mobility, similar to
MICAO018 WT expressed in pHM-U21 cells (Fig. 6C). This
implies that the change in MICA018 N-glycosylation in pHM-
U21 cells is not affected by the T24A substitution. Surface expres-
sion of MICA018 T24A in U373 cells compared with MICA018
WT was slightly increased (Fig. 6C), similar to the expression pat-
tern observed in Jurkat T-cells (Fig. 3D). These data suggest that
the retention of MICA018 by U21 is mediated by altered N-glyco-
sylation through a Thr**-dependent mechanism.

Because MICAOQ08 is not dependent on N-glycosylation for
cell surface expression (Fig. 3F), we hypothesized that this allele
would be resistant to U21-mediated down-modulation. As
shown in Fig. 6D, similar surface expression of MICA008 and
MICAO008 N8Q was observed in U373 cells, which was expected
according to our previous data. However, when expressed in
pHM-U21 cells, MICA008 surface expression was inhibited,
and strikingly this inhibition was partly alleviated by mutation
at the Asn® N-glycosylation site (Fig. 6D). MICA008 did not
show an increase in electrophoretic mobility in pHM-U21 cells
compared with U373 cells (Fig. 6D), suggesting that U21 does
not change N-glycosylation of MICA008. When introducing
the A24T substitution, we observed a similar surface expression
profile of MICAO008 in both U373 and pHM-U21 cells (Fig. 6D),
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FIGURE 6. N-Glycosylation-mediated inhibition of MICA018 by HHV7-U21 is rescued by a single substitution in position 24. A, U373 and pHM-U21 cells
were stained for MHC class | surface expression (left panel). Western blot of whole cell lysates from U373 and pHM-U21 cells detecting U21 and GAPDH (middle
panel). U373 and pHM-U21 cells treated with 20 ug/ml FR901228 or PBS as control (untreated) were stained for surface expression of endogenous MICA/B. The
bar graphs show means and standard deviations of percentage of cells positive for surface staining from three independent experiments. B, U373 and
pHM-U21 cells were transfected with plasmids encoding indicated GFP-Myc-tagged MICAQ18 fusion proteins. The left panel shows representative results from
three independent experiments presented as dot plots showing Myc surface staining (percentages inserted upper right). Gating was carried out on viable cells
and at a GFP threshold, excluding heavily overexpressed MICA fusion protein (described under “Experimental Procedures”). The right panel shows represent-
ative Western blot of transfected cells detecting GFP; samples were diluted according to GFP intensity as described under “Experimental Procedures.” C, U373
and pHM-U21 cells were transfected with plasmids encoding indicated GFP-Myc-tagged MICAQ18 fusion proteins. The left panel shows representative results
from three independent experiments presented as dot plots showing Myc surface staining (percentages inserted upper right). Gating was carried out on viable
cells and at a GFP threshold, excluding heavily overexpressed MICA fusion protein (described under “Experimental Procedures”). The right panel shows
representative Western blot of transfected cells detecting GFP; samples were diluted according to GFP intensity as described under “Experimental Procedures.”
D, U373 and pHM-U21 cells were transfected with plasmids encoding indicated GFP-Myc-tagged MICAQ08 fusion proteins. The left panel shows representative
results from three independent experiments presented as dot plots showing Myc surface staining (percentages inserted upper right). Gating was carried out on
viable cells and at a GFP threshold, excluding heavily overexpressed MICA fusion protein (described under “Experimental Procedures”). The right panel shows
representative Western blot of transfected cells detecting GFP; samples were diluted according to GFP intensity as described under “Experimental Procedures.”
FSC, forward-side scatter.

as we have also previously shown in Jurkat T-cells (Fig. 3F).
Together these results imply that U21 inhibits MICA008 cell
surface expression through a novel post-translational regula-
tory mechanism, but not by directly changing MICAO008
N-glycosylation.

DISCUSSION

Here we describe that Asn® glycosylation is essential for cell
surface expression of the full-length MICAO018 allele. The
MICAOQO8 allele is, however, not affected by changes in N-gly-
cosylation. MICAO008 possesses a truncated cytoplasmic tail
compared with full-length MICA alleles, and mutational anal-
ysis showed that the cytoplasmic tail is not involved in retention
of MICA018 upon abrogation of N-glycosylation. Our study
shows that regulation of MICA018 surface expression by N-gly-
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cosylation is critically dependent on expression of a threonine
residue at position 24. MICAO018 surface expression was thus
not affected by altered N-glycosylation when position 24 was
changed to alanine, the residue present in MICA008. Con-
versely it is possible that MICAOQO08 surface expression became
N-glycosylation-dependent upon introduction of a threonine
residue at position 24.

We used the crystal structure of the extracellular domains of
MICAO001 as a model to examine the location of Asn® and Thr**
within the MICA structure, because MICA001 and MICAO018
only differ in position 126 in the amino acid sequence (14). Both
position Asn® and Thr** are located in the a1 domain of MICA
(Fig. 7A). Thr** is buried in the protein structure positioned at
the bottom of two narrow channels, whereas Asn® is situated on
the surface of the al domain (Fig. 7A). The two residues are
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B T24

B o1-domain

W o2-domain

M o3-domain

[ N-linked glycosylation site
W 7124

FIGURE 7. Structure of the extracellular domains of MICA highlighting positions Asn® and Thr?%. A, structure of the ectodomain of the MICA molecule is
shown from three different angles, highlighting positions Asn® and Thr?* in the a1-domain. B, The position of Asn® and Thr?* when looking into the protein
mass from the top of the molecule. C, the position of Asn® and Thr* in space in a cartoon representation of the protein structure seen from the top of the
molecule. The structure models are based on the crystal structure Protein Data Bank code 1B3J.

placed in close proximity to each other, but on opposite sides of
the molecule (Fig. 7, B and C). We suggest that the channels
containing Thr** in the bottom can bind an unknown protein
that retains MICA until proper N-glycosylation has occurred at
position Asn®. The T24A substitution abrogates this regulatory
mechanism, likely because Thr** is essential for binding to the
unknown protein. This unretained phenotype is observed for
MICAO008 and MICAO018 T24A. Several MICA alleles (*001,
*012, *018, *060, and *061) possess a threonine residue at posi-
tion 24, and it is likely that surface expression of these alleles
will depend on N-glycosylation, although this requires experi-
mental verification.

We examined the functional effect of MICA N-glycosylation
and Thr** for binding to the NKG2D receptor and found that
none significantly influence the interaction. However, in line
with previous findings, we observed a minor decrease in the
interaction with NKG2D when N-glycosylation of MICA was
absent (13).

MICA can be targeted by different pathogens to hamper their
recognition; on the other hand unrestrained MICA expression
can pave the road for autoimmunity (11, 42, 58). The different
regulatory properties of individual MICA alleles are therefore
likely an average of these opposing forces, with the high degree
of polymorphism adding to the complexity of the entire
NKG2D-mediated immune response. Regulation of MICA
expression takes place at different levels, and here we show that
N-glycosylation is a new post-translational mechanism impor-
tant for direct regulation of MICA018 surface expression and
possibly other Thr**-containing MICA alleles. When trying to
map where in the N-glycosylation pathway, this regulation
takes place, we found that inhibiting N-glycan trimming in
Golgi with kifunensine or swainsonine did not affect MICA018
surface expression. Tunicamycin and 2DG inhibits N-glycosyl-
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ation in the ER compartment and block MICAO018 surface
expression (33). Together these observations indicate that the
inhibition is likely an early event occurring in the ER. In support
of this, Fuertes et al. (32) have shown that melanomas prefer-
entially retain MICA in a high mannose form associated with
ER localization.

Our earlier data also suggest that ULBP2 can also be seques-
tered intracellularly after defective N-glycosylation (33), imply-
ing that N-glycosylation could be a general mechanism for post-
translational regulation of NKG2D ligand surface expression.
We speculate that it may be advantageous for pathogens to
target the more uniform MHC class I-like protein structure
through post-translational mechanisms and find it likely that
other post-translational regulatory mechanisms remain to be
elucidated.

It is well described that certain viruses and cancers facilitate
changes in N-glycosylation often through unknown mecha-
nisms (38, 39, 51). Some of these changes could block immune
activation, for example through inhibition of surface expression
of NKG2D ligands. Our current results indicate that this is the
case for the U21 immunoevasin expressed by HHV7. We found
that U21 inhibits surface expression of MICA018, and this inhi-
bition was rescued by substitution of threonine 24. It could be
argued that U21 inhibition of MICA is not a direct result of
N-glycosylation modification and that it is an indirect result of
intracellular sequestering of MICA in a partially N-glycosylated
form. This is likely not the case because the MICA T24A sub-
stituted mutant is expressed on the cell surface with altered
N-glycosylation in pHM-U21 cells. If the altered MICA N-gly-
cosylation was a result of sequestering of an immature N-gly-
cosylated form, the rescued cell surface expressed MICA
should have been normally N-glycosylated, which is not the
case as shown in Fig. 6C.
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It has previously been shown that U21 inhibits MICB surface
expression (24); the molecular mechanism behind the inhibi-
tion has, however, not been resolved. Our current data show
that MICA Asn® is critical for regulation by N-glycosylation.
MICB Asn® lacks the consensus site for N-glycosylation, and it
is therefore not likely that MICB is regulated by the N-glycosyl-
ation mechanism pinpointed by our current studies on MICA.

Interestingly, the HHV7-U21 protein also retained
MICAO008; however, this was likely not through a direct change
in MICAO008 N-glycosylation. We are currently examining the
structural requirements for U21 inhibition of MICAQ08, which
likely constitutes a novel motif for post-translational regulation
of MICA surface expression. MICA008 is a particularly fre-
quent allele found in the Western part of the world (11, 17), and
the high frequency of MICAOOS is likely linked to protection
against certain pathogens. Indeed, the gene product encoded by
the MICAOQOS allele cannot be retained by certain viruses (22,
26). However, the difference in regulation between MICA008
and full-length MICA alleles is not straightforward. We found
the polymorphism in the extracellular domains of MICA008
and MICAOQ18 is responsible for the difference in regulation of
the two alleles. McSharry et al. (27) showed that adenovirus
E3/19K retain both MICA008 and several full-length MICA
alleles in the ER. We now show that HHV7-U21 retains both
the MICAO018 and MICAO008 alleles. Our study illustrates the
complexity of MICA regulation, which possibly explains the
need for numerous activating ligands for NKG2D, as previously
speculated (17).

We provide evidence for N-glycosylation as an allele-specific
post-translational regulatory pathway of MICA. We show that
HHV?7 through U21 likely use this mechanism in the course of
avoiding immune surveillance. The N-glycosylation-mediated
regulation possibly applies to all Thr**-containing MICA
alleles, and we hypothesize that this particular site interacts
with an undiscovered protein until proper N-glycosylation has
occurred. We show that mutation of this regulatory site rescues
inhibition of MICAO018 surface expression in HHV7-U21-ex-
pressing cells. Between 8 and 19% of the human population
carries a Thr**-expressing MICA allele. Our current results
suggest that these individuals could have a diminished reaction
toward, for example HHV7 infection. Individuals expressing
MICA Thr?** may on the other hand have a better control of
MICA surface expression, possibly counteracting development
of autoimmunity.
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