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Human cytomegalovirus (HCMV) US10 encodes a glycoprotein that binds to major histocompatibility
complex (MHC) class I heavy chains. While expression of US10 delays the normal trafficking of MHC class I
molecules out of the endoplasmic reticulum, US10 does not obviously facilitate or inhibit the action of two other
HCMV-encoded MHC class I binding proteins, US2 and US11.

Human cytomegalovirus (HCMV) causes lifelong infections
of its host. The ability of HCMV to replicate despite the
existence of an immune response against the virus may rely on
elaborate strategies of immune evasion. The unique short (US)
region of the HCMV genome encodes at least four proteins
(US2, US3, US6, and US11) that interfere with CD8� T-cell
recognition by suppressing major histocompatibility complex
(MHC) class I expression (14). Other open reading frames in
the US region of HCMV may encode similar immunoevasins.
Proteins US6, -7, -8, -9, and -10 are predicted to encode mem-
brane glycoproteins (15). An HCMV deletion mutant lacking
expression of all US-encoded genes except for US10 and US12
did not downregulate MHC class I expression in infected hu-
man foreskin fibroblasts (6). Therefore, US11 was not ex-
pected to have a significant effect on MHC class I expression.
However, the presence of these genes raises questions of their
possible function(s). Here we provide evidence that US10 in-
teracts with constituents of the MHC class I pathway of antigen
presentation.

HCMV US10 associates with MHC class I heavy chains. The
US10 gene was amplified from a plasmid containing the US10
cDNA sequence from HCMV strain AD169 (kindly provided
by Klaus Fruh) by PCR using primers that incorporated the
influenza virus hemagglutinin (HA) epitope tag at the C ter-
minus of the protein. The US10-HA PCR product was cloned
into pCDNA3.1� (Invitrogen, San Diego, Calif.), which directs
expression of the US10-HA gene under the control of the
CMV promoter. The US10-HA/pCDNA 3.1� plasmid was
transfected into U373 astrocytoma cells (U373), and clonal cell
lines were generated following selection with Geneticin
(Gibco) (12). US10-HA remained endoglycosidase H (endo
H) sensitive, as assessed by pulse-chase analysis, and was lo-
calized to the endoplasmic reticulum (ER), as are several other
US gene products that interfere with MHC class I maturation
(data not shown). Huber et al. have also observed endo H
sensitivity and ER retention of US10 expressed in HEC-1A
human endometrial epithelial cells (5).

We examined possible interactions between US10 and MHC

class I molecules. U373 cells or U373 cells stably expressing
US10-HA (US10�) were metabolically labeled with
Expres35S35S protein labeling mix (NEN) for 50 min. US10-
HA, folded MHC class I complexes, and unfolded MHC class
I heavy chains (HC) were recovered from labeled cell lysates,
prepared in a buffer containing 0.5% NP-40, with the anti-HA
monoclonal antibody 12CA5, the W6/32 monoclonal antibody,
and rabbit anti-HC polyclonal antiserum, respectively (12).
Immunoprecipitates were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and fluorog-
raphy as previously described (10). The HA-tagged US10 pro-
tein has a molecular mass of approximately 23 kDa, which is
comparable to the approximately 21-kDa size predicted to
result from the addition of the HA tag and one N-linked
glycan. Multiple labeled polypeptides appeared in US10-HA
immunoprecipitates (Fig. 1A, lane 2), a major species of which
comigrated with MHC class I HC. The recovery of HC from
US10 immunoprecipitates that were denatured in 1% SDS,
boiled, and reimmunoprecipitated with serum that recognizes
unfolded HC confirmed that the coprecipitating polypeptide
was HC (Fig. 1A, lane 3), and this interaction was specific for
the presence of US10 (Fig. 1A, compare lanes 3 and 6). The
lack of US10 in the MHC class I immunoprecipitates from
US10� cells does not directly address the strength of interac-
tions of these proteins. For example, US2 and US11 interact
efficiently with MHC class I molecules, as judged by the rapid
degradation of class I HC, yet antisera that recognize US2 and
US11 in NP-40 lysates do not recover class I products (16, 17).

The kinetics of association of US10 with HC was examined
by pulse-chase analysis (12). Levels of anti-HC-reactive
polypeptides recovered from NP-40 lysates were constant over
the chase period in both US10� and control cells (Fig. 1B,
lanes 1 to 6). Levels of HC that coprecipitated with US10-HA
were stable over time (Fig. 1B, lanes 7 to 9). HC was not
recovered in anti-HA immunoprecipitates from control cells
(Fig. 1B, lanes 10 to 12). Therefore, HC associate with US10 in
a stable fashion. Furthermore, association with US10 does not
alter the stability of HC.

US10 delays the maturation of MHC class I molecules. Next
we investigated the maturation of MHC class I molecules in
US10-HA-expressing cells by pulse-chase analysis. Recovery of
folded MHC class I complexes from 35S-labeled NP-40 lysates
with the W6/32 monoclonal antibody indicated that overall
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levels of maturing HC for control cells and US10� cells were
similar over a 90-min chase period (Fig. 2A, compare lanes 1 to
4 with lanes 5 to 8). Digestion of W6/32 immunoprecipitates
with endo H showed that relative to complexes in untrans-
fected cells, a large fraction of MHC class I complexes in
US10� cells were endo H sensitive (Fig. 2A, compare lanes 9
to 12 with lanes 13 to 16). In contrast, transferrin receptors
showed similar rates of maturation in control and US10� cells
(Fig. 2B, compare lanes 9 to 12 with lanes 13 to 16). Autora-
diograms were quantitated with a PhosphorImager and Image-
Quant software (Molecular Dynamics). Quantitation of endo
H-sensitive and -resistant fractions showed a twofold increase
in endo H-sensitive material for US10� cells compared to
control cells (Fig. 2A, graph). No kinetic difference in matu-
ration of transferrin receptors in US10� cells and control cells
was evident (Fig. 2B, graph). Thus, the expression of US10
specifically delays the egress of MHC class I molecules from
the ER. While US10 delays the maturation of MHC class I HC,
it does not block MHC class I maturation and cell surface
expression (6).

US10 does not affect US2 or US11 function. Because US10
localizes to the ER and binds MHC molecules yet does not
prevent their expression, we explored whether US10 might
synergize with other US gene products. Astrocytoma cells sta-
bly expressing US2 or US11 under the control of the CMV
promoter and maintained in puromycin (1) were cotransfected
with US10-HA in pCDNA 3.1� (Invitrogen). Clonal cell lines
expressing both US10-HA and either US2 or US11 were gen-
erated following selection with Geneticin. The half-life of
MHC class I HC in cells preincubated with the proteasome
inhibitor carboxybenzylleucylleucylleucine vinyl sulfone
(ZL3VS) (50 �M) was examined (Fig. 3). In cells that express
US2 or US11, MHC class I HC are dislocated from the ER to
the cytosol and are destroyed by the proteasome. Proteasome
inhibition in these cells allows the accumulation of deglycosy-
lated HC intermediates (16, 17). Expression of US10-HA did
not alter the kinetics of HC degradation in cells coexpressing
US2 and US11, as shown by identical rates of conversion of
glycosylated HC to deglycosylated HC (Fig. 3, lanes 5 to 12),
although both US10-HA and US2 or both US10-HA and US11
were found to be abundantly coexpressed in the US2� US10�

and US10� US11� cell lines, respectively, when examined by
immunoprecipitation from radiolabeled lysates (data not
shown). Therefore, expression of US10 does not measurably
alter the activity of US2 or US11 in astrocytoma cells.

The US region of the HCMV genome encodes multiple
glycoproteins that interfere with MHC class I maturation.
Here we identified US10 as yet another potential immunoeva-
sin. US10 binds MHC class I HC and delays, but does not
prevent, the egress of folded MHC class I complexes from the
ER. What is the function of US10 in an HCMV-infected cell?
US10 may retain a subset of MHC class I alleles. Indeed, the
MHC class I complexes that mature in US10-expressing cells
have a mobility distinct from that of complexes in control cells
and may represent the maturation of a distinct subset of MHC
class I alleles (Fig. 2A, compare lanes 13 to 16 with lanes 9 to
12). US2 and US11 exhibit allelic preferences for MHC class I
HC. For example, HLA-G, HLA-Cw4, HLA-Cw3, and HLA-E
are resistant to US2- and US11-mediated degradation (2, 13).
Thus, while allelic specificity has precedents with other immu-

FIG. 1. HCMV US10 associates with MHC class I HC. (A) US10-
HA-expressing cells and control cells were metabolically labeled for 50
min. Folded MHC class I-�2m complexes, US10-HA, and free HC
were recovered from cell lysates by immunoprecipitation (IP) with
W6/32, 12CA5, and anti-HC antibodies (�HC), respectively. A reim-
munoprecipitation(re-IP) for HC was performed from a portion of the
12CA5 immunoprecipitates that had been denatured in 1% SDS and
boiled (lanes 3 and 7). The positions of prestained molecular size
standards (Amersham) are shown on the right. (B) US10-HA and
control cells were metabolically labeled for 10 min and chased for up
to 45 min in nonradioactive medium. HC and US10-HA molecules
were recovered from cell lysates with anti-HC and 12CA5 antibodies,
respectively. All samples were analyzed by SDS-PAGE (12.5% poly-
acrylamide gels).
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nomodulatory US genes, it is not clear how retention of allelic
products other than HLA-A and -B would be a favorable
strategy, as these other alleles can prevent lysis by NK cells
(18).

HCMV US3 also retains MHC class I molecules in the ER
(1, 8). The mechanism for this retention is unclear. One report
claims that US3 itself resides in the ER and retains MHC class
I by association (9). Another study suggested that US3 retains
MHC class I molecules while in the ER, while unbound US3
continuously traffics into lysosomes, and proposes that US3
acts by preventing forward transport of MHC class I molecules
(4). US10 shares many features with US3, and both polypep-
tides may adopt a fold similar to that of US2 (3). US10 and
US3 lack C-terminal KDEL or dilysine retention motifs (9).

Both may interact with chaperones, although US3 does not
require calnexin, transporter associated with antigen process-
ing (TAP), or tapasin to interact with class I HC (9).

We were unable to observe either an effect of US10 expres-
sion on the activity of US2 and US11 (Fig. 3) or physical
interactions among these US proteins (data not shown), con-
sistent with the observations of others (5). US10 is expressed
with kinetics similar to those of US11 in stable transfectants,
yet the levels of transcription and US10 protein expression are
lower in HCMV-infected cells (5, 7).

Finally, US10 may exert an inhibitory effect on MHC class I
expression in some cell types but not others. US2 and US11
differ in their ability to attack MHC class I molecules in
dendritic cells (11). It remains to be seen whether U373 cells

FIG. 2. HCMV US10 delays the egress of folded MHC class I molecules from the ER. (A) US10-HA-expressing cells and control cells were
metabolically labeled for 10 min. Folded MHC class I molecules were recovered from cell lysates with monoclonal antibody W6/32. Half of the
W6/32 immunoprecipitate was digested with Endo H prior to analysis (lanes 9 to 16). Samples were analyzed by SDS-PAGE (12.5% polyacrylamide
gels). Fractions of Endo H-sensitive (EH S) and Endo H-resistant (EH R) MHC class I complexes were quantitated by phosphorimage analysis;
the graph shows the percentages of Endo H-sensitive complexes at each time point (graph). (B) Cells were treated as described for panel A.
Transferrin receptor molecules were recovered from cell lysates by using the monoclonal antibody 66Ig10. Fractions of Endo H-sensitive
transferrin receptors (shown in lanes 9 to 16) were quantitated and plotted as described for panel A (graph).
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are the best vehicle for uncovering an immunoevasive function
for US10. We still do not know how the virus integrates the
functions of all of the immunoevasive gene products in the
course of an infection, but a more thorough understanding
promises to be useful for an appreciation of the complexity of
virus-host interactions.
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FIG. 3. US10 does not interfere with US2 or US11 function. Human astrocytoma cells stably transfected with US2, US10-HA and US2,
US10-HA and US11, or US11 only were preincubated with 50 �M ZL3VS, metabolically labeled for 5 min, and chased up to 30 min in
nonradioactive medium. HC were recovered from cell lysates and analyzed by SDS-PAGE (10% polyacrylamide gels). HC�CHO and HC-CHO,
glycosylated and deglycosylated forms of MHC class I HC, respectively.

11756 NOTES J. VIROL.


