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ABSTRACT The human cytomegalovirus (HCMV) UL138 protein downregulates the
cell surface expression of the multidrug resistance-associated protein 1 (MRP1) trans-
porter. We examined the genetic requirements within UL138 for MRP1 downregula-
tion. We determined that the acidic cluster dileucine motif is essential for UL138-
mediated downregulation of MRP1 steady-state levels and inhibition of MRP1 efflux
activity. We also discovered that the naturally occurring UL138 protein isoforms, the
full-length long isoform of UL138 and a short isoform missing the N-terminal
membrane-spanning domain, have different abilities to inhibit MRP1 function. Cells
expressing the long isoform of UL138 show decreased MRP1 steady-state levels and
fail to efflux an MRP1 substrate. Cells expressing the short isoform of UL138 also
show decreased MRP1 levels, but the magnitude of the decrease is not the same,
and they continue to efficiently efflux an MRP1 substrate. Thus, the membrane-
spanning domain, while dispensable for a UL138-mediated decrease in MRP1 protein
levels, is necessary for a functional inhibition of MRP1 activity. Our work defines the
genetic requirements for UL138-mediated MRP1 downregulation and anticipates the
possible evolution of viral escape mutants during the use of therapies targeting this
function of UL138.

IMPORTANCE HCMV UL138 curtails the activity of the MRP1 drug transporter by re-
ducing its steady-state levels, leaving cells susceptible to killing by cytotoxic agents
normally exported by MRP1. It has been suggested in the literature that capitalizing
on this UL138-induced vulnerability could be a potential antiviral strategy against vi-
rally infected cells, particularly those harboring a latent infection during which
UL138 is one of the few viral proteins expressed. Therefore, identifying the regions
of UL138 required for MRP1 downregulation and predicting genetic variants that
may be selected upon UL138-targeted chemotherapy are important ventures. Here
we present the first structure-function examination of UL138 activity and determine
that its transmembrane domain and acidic cluster dileucine Golgi sorting motif are
required for functional MRP1 downregulation.

KEYWORDS HCMV, MRP1, trafficking, UL138

uman cytomegalovirus (HCMV) is a major human pathogen infecting between

60% and 90% of the human population (1). Though generally asymptomatic in
healthy adults, infection can have severe consequences in immunosuppressed individ-
uals, making HCMV a major concern in transplant medicine (2-4). HCMV infection is also
a leading infectious cause of birth defects, resulting in hearing loss, developmental
delays, and microcephaly (5, 6). The virus productively replicates in many cell types,
including fibroblasts and smooth muscle, epithelial, endothelial, and glial cells (1).
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Current treatments for HCMV target only productive replication, carry significant tox-
icities (7), and select for drug-resistant mutants (8).

HCMV establishes a latent infection in CD34" hematopoietic progenitor cells,
granulocyte-macrophage progenitors, and monocytes (9-17). Reactivation from latency
occurs in response to inflammatory signals as infected cells differentiate through the
myeloid lineage (15, 18-21). There are currently no available clinical treatments that
target the latent virus, but an increasing understanding of the molecular events that
establish and maintain HCMV latency has led to novel preclinical antiviral interventions
(22-24).

The UL138 gene is the target of one of the investigatory antiviral approaches that
focus on the ability of UL138 to downregulate the cell surface expression of multidrug
resistance-associated protein 1 (MRP1) (22). MRP1 is an ATP-binding cassette (ABC)
multipass transmembrane protein initially discovered as a drug resistance factor in
cancer cell lines and subsequently found to be upregulated in drug-resistant tumors
(25-27). Vincristine, a cytotoxic agent exported from cells by MRP1, was shown to
preferentially kill HCMV-infected cells. This increased susceptibility to vincristine was
attributed to UL138-mediated MRP1 downregulation, impairing the ability of the
infected cells to export the drug (22).

MRP1 functions as an efflux pump that upon synthesis traffics from the endoplasmic
reticulum (ER) through the Golgi apparatus into the vesicular transport system and
eventually to its final destination in the plasma membrane. During HCMV infection,
MRP1 is degraded by lysosomal proteases in a UL138-dependent manner in multiple
cell types, including fibroblasts, THP-1 monocytes, HelLa cells, and primary CD34+ cells
(22). The amino acid sequence of UL138 reveals some potential mechanisms for MRP1
degradation. UL138 possesses a transmembrane domain and four Golgi sorting motifs
(28). These domains may allow UL138 to be incorporated as an integral-membrane or
membrane-associated component into Golgi-derived vesicles on the endosomal route
to the lysosome. Through UL138's interaction with MRP1 (22), this could provide a route
for MRP1 lysosomal degradation.

The putative amino-terminal transmembrane sequences of UL138 are largely absent
in a naturally occurring isomer that initiates translation from the internal methionine-16
codon (29), expressing an N-terminally truncated short isoform. It is not known which
isoform, i.e., the (full-length) long isoform or the short isoform, is more important
during clinical infection. In vitro, the long isoform (expressed from methionine-1) is the
major species; however, the short isoform is expressed and appears to play a role in the
establishment and maintenance of latency (29). Latency establishment and mainte-
nance in vitro are most efficient when the two isoforms of UL138 are naturally
simultaneously expressed from the wild-type (WT) gene (29). The primary subcellular
location of both UL138 isoforms is the Golgi apparatus (28, 29).

Potential roles for the Golgi sorting motifs in UL138 for Golgi localization or MRP1
downregulation have not been previously examined. Golgi sorting motifs are linear
sequences that direct cargo into vesicles destined for the endosomal pathway and, in
some cases, to the lysosome for destruction. UL138 possesses three consensus tyrosine
Golgi sorting motifs (YXX@ [where X is any amino acid and ¢ is a bulky hydrophobic
amino acid]) and one acidic cluster dileucine Golgi sorting motif (DXXLL [where X is any
amino acid]) (28). Golgi sorting motifs are recognized by adaptor proteins (APs) that
recruit clathrin and other accessory factors to sort cargo to specific destinations
throughout the endocytic network (30). Tyrosine sorting motifs bind the AP complexes
AP-1, AP-2, AP-3, and AP-4 (31), while acidic cluster dileucine motifs bind the Golgi-
localized gamma-eared Arf binding family of proteins (GGAs) (32, 33).

Because UL138 downregulates MRP1 through a lysosome-dependent pathway (22),
any or all of the Golgi sorting motifs of UL138 could be required for MRP1 downregu-
lation, and the transmembrane domain may be required to help tether UL138 to the
membranes of the Golgi apparatus or endocytic vesicles. Therefore, we examined the
ability of UL138 proteins lacking Golgi sorting motifs or the transmembrane domain to
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FIG 1 HCMV UL138 has four putative Golgi sorting motifs. (A) UL138 protein sequence from HCMV. Tyrosine sorting
motifs (YXX@) and the acidic cluster dileucine motif (DXXLL) are underlined and denoted with a superscript
number. The transmembrane domain is italicized, and the M16 alternate start site for the short isoform is indicated
in bold. (B) Schematic of UL138 wild-type (WT) and mutant alleles with C-terminal HA tag and disruptions (X) in the
indicated Golgi sorting motifs. Numbers correspond to the superscript numbers in the coding sequence. (C)
Western blotting of cell lysates from NHDF cells transfected with the indicated expression plasmid. GAPDH served
as a loading control. EV, empty vector. Images representative of results from three independent biological
replicates are shown. (D) Western blotting of NHDF cell lysates treated (+) or not treated (-) with A phosphatase.
Cells were transfected with the WT or with mLL mutant UL138 and harvested 48 h later. The cellular retinoblastoma
(Rb) protein was used as a control for phosphatase treatment. Images representative of results from three
independent biological replicates are shown.

downregulate MRP1. Here we show that the acidic cluster dileucine motif and the
putative transmembrane domain are required for UL138-mediated MRP1 inactivation.

RESULTS

The transmembrane domain and Golgi sorting motifs must be disrupted to
displace UL138 from the Golgi apparatus. Potential roles for the Golgi sorting motifs
of UL138 (Fig. 1A) have not been examined. Each Golgi sorting motif was individually
and collectively disrupted in the otherwise WT C-terminally hemagglutinin (HA)-tagged
allele of UL138 that simultaneously generates the full-length UL138 long isoform and
a short isoform originating from an internal in-frame methionine (Fig. 1B; see also Table
1). To express only one UL138 isoform at a time, we created the following two mutants:
M1A, expressing only the short isoform of UL138, and M16A, expressing only the long
isoform (Fig. 1B; see also Table 1). The sorting motifs were also collectively disrupted in
the M1A mutant allele (Fig. 1B; see also Table 1). Each protein was expressed during
transient transfection of primary normal human dermal fibroblasts (NHDFs) (Fig. 1C).
The short isoform, whether expressed from a WT or M1A allele, accumulated to lower
steady-state levels than the long isoform (Fig. 1C), similarly to previously published
results (29).

All mutants in which the acidic cluster dileucine sorting motif was disrupted
displayed an increase in electrophoretic mobility that manifested as a downward shift
of ~2 kDa (Fig. 1C). Although phosphorylation events have been reported in conjunc-
tion with acidic cluster dileucine sorting motifs (30, 34) and although phosphorylation
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TABLE 1 Mutant UL138 alleles used in this study

Journal of Virology

Mutant Specific Corresponding Reference(s)
name Mutant explanation substitutions mutant virus or source
WT No mutations in UL138 TB138-HA or TB138-Flag 29, 64
mY-1 Mutation of first tyrosine motif Y,6LAY to A,cAAY This study
mY-2 Mutation of second tyrosine motif Y,..RWL to A,,AAA This study
mY-3 Mutation of third tyrosine motif Ys,GEY to Ag,GEY This study
mLL Mutation of acidic cluster dileucine motif D,,,VDLL to A, ,,AAAA TB138 mLL-HA This study
A4 Mutation of four Golgi motifs The mutations listed above TB138 A4-HA This study
combined in one allele
M1A Transmembrane mutant; expresses only the M, to A, TB138 M1A-Flag 29
short isoform of UL138 from M16
M16A Expresses only the full-length long isoform Mg to Ajg TB138 M16A-Flag 29
of UL138 from M1
M1AA4 Mutation of four Golgi motifs in the context M, to A, combined with the This study
of the transmembrane mutant; M1A A4 mutations

is sometimes responsible for electrophoretic shifts in proteins (35), we were unable to
shift the migration of the wild-type protein by treatment with lambda phosphatase in
the lysates where the enzyme was capable of removing retinoblastoma (Rb) protein
phosphorylation (Fig. 1D). The size of the shift appears to eliminate possible ubiquiti-
nation or SUMOylation. A previous report (36) indicated failure of attempts to shift
UL138 electrophoretic mobility with endoglycosidase H, appearing to eliminate possi-
ble N-linked glycosylation. We have not explored other potential posttranslational
modifications or intrinsic properties of the substituted amino acids as explanations for
the differential migration.

Similarly to the WT protein, all of the singly substituted mutants colocalized with
Golgi marker GM130 in transfected NHDFs in qualitative (Fig. 2A) and quantitative (Fig.
2B) assays. In fact, disruption of all four Golgi sorting motifs was unable to prevent
UL138 from localizing to the Golgi apparatus. As previously described (29), the MT1A
mutant expressing only the short isoform of UL138 that lacked the majority of the
transmembrane domain also localized to the Golgi apparatus in qualitative (Fig. 2A) and
quantitative (Fig. 2B) assays. It was only when all four Golgi sorting motifs were
disrupted in the context of the M1A mutant (M1AA4) that UL138 protein failed to
localize to the Golgi apparatus (Fig. 2). The lack of MTAA4 colocalization with the Golgi
was similar to the results seen with the HaloTag (Halo) peptide, a 297-residue epitope
tag used in protein purification and subcellular localization studies (37) that we used as
a non-Golgi-localized control (Fig. 2). While Halo has a diffuse pan-cytoplasmic staining
pattern, the M1AA4 mutant had a punctate pan-cytoplasmic staining pattern. We
conclude that disruption of the transmembrane domain and of all four Golgi sorting
motifs is sufficient to displace UL138 from the Golgi apparatus.

Efficient downregulation of MRP1 expression requires the UL138 transmem-
brane domain and acidic cluster dileucine motif. The presence of UL138 is both
necessary (during HCMV infection) and sufficient (during transient transfection) to
decrease the cell surface expression of MRP1 and to direct the protein to the lysosome
for degradation (22). To screen our UL138 alleles for defects in MRP1 downregulation,
we used a transient-transfection-flow cytometry assay in NHDF cells expressing en-
dogenous MRP1. Expression plasmids encoding the UL138 WT, single-isoform mutants,
or Golgi sorting motif mutant alleles fused to enhanced green fluorescent protein
(eGFP), or an eGFP-alone control, were transfected into NHDFs. We then analyzed MRP1
expression by flow cytometry. Blue histograms (Fig. 3A; see also Fig. 4A) represent
either the UL138-eGFP WT or mutant allele transgene-expressing cells (UL138-eGFP
positive). Gray histograms (Fig. 3A; see also Fig. 4A) represent cells that did not express
the eGFP transgene in the UL138-eGFP transfections (UL138-eGFP negative). Red
histograms (Fig. 3A; see also Fig. 4A) represent eGFP-alone-control-expressing cells
(eGFP control positive). Comparing eGFP-alone-control-expressing cells to the WT
UL138-eGFP-expressing cells, we saw a downregulation in MRP1 (Fig. 3; see also Fig. 4),
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FIG 2 The Golgi sorting motifs and the transmembrane domain work in concert to localize UL138 to the Golgi
apparatus. (A) Indirect immunofluorescence of NHDF cells transfected with plasmids expressing UL138 WT or the
indicated mutants. Cells were harvested, fixed, and stained 48 h posttransfection. GM130 is a Golgi marker. Nuclei
were counterstained with Hoechst stain. Halo served as a non-Golgi localized control. Images representative of
results from three independent biological replicates are shown. (B) A total of 10 cells per condition per experiment
were analyzed for colocalization, and values representing Pearson'’s correlation coefficients were determined. Data
represent means * standard errors of the means (SEM) of results from three independent biological replicates. **,
P < 0.01; ns, not significant (P > 0.05) (Student's t test).

replicating previous results (22). Comparing eGFP-alone-control-expressing cells to
UL138-eGFP-negative cells, we observed no differences in MRP1 levels, indicating that
eGFP expression alone had no effect on MRP1 expression (Fig. 3; see also Fig. 4).
Cells expressing the M16A allele (only the long isoform) displayed decreased MRP1
levels compared to the eGFP-alone control (Fig. 3). The reductions in MRP1 steady-state
levels mediated by the M16A allele were similar to those seen with WT UL138 (Fig. 3). Cells
expressing the M1A allele (only the short isoform) showed reduced MRP1 levels compared
to the eGFP-alone control in three independent transfections. The reductions in the levels
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FIG 3 The transmembrane domain of UL138 increases the magnitude of MRP1 downregulation. (A) NHDF cells were transfected with
expression plasmids for eGFP (eGFP control positive) or WT UL138 or the indicated UL138 mutant alleles fused to eGFP (UL138-eGFP
positive), harvested 48 h later, and analyzed by flow cytometry for MRP1. Representative histograms of results from three independent
biological replicates are shown. Blue histograms (UL138-eGFP positive cells) and gray histograms (UL138-eGFP-negative cells) represent
cells from the same transfection. Red histograms represent control eGFP-alone-positive cells (eGFP control positive). (B) Quantitation of
mean fluorescence intensity (MFI) of MRP1 staining in the eGFP-positive or eGFP-negative population of the indicated UL138 or control
transfections relative to the eGFP-control-positive cells. Data represent means *= SEM of results from three independent biological
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replicates. *, P < 0.05; ns, not significant (P > 0.05) (Student'’s t test).

of the M1A transfections were of decreased magnitude and of greater variability than
those observed in cells expressing the WT UL138 allele (Fig. 3) and did not reach
statistical significance. We conclude that the transmembrane domain, though not
absolutely required, certainly enhances MRP1 downregulation. For the Golgi sorting
motifs, cells expressing alleles with mutations in any of the three tyrosine sorting motifs
(mY-1, mY-2, or mY-3) displayed decreased MRP1 levels compared to the eGFP-alone
control that were similar to the levels seen with cells expressing the WT UL138 allele
(Fig. 4). Cells expressing alleles with mutations in the acidic cluster dileucine motif (mLL
or A4) did not show decreased MRP1 levels compared to the eGFP-alone control (Fig. 4),
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FIG 4 The acidic cluster dileucine motif of UL138 is required for MRP1 downregulation. (A) NHDF cells were transfected with expression
plasmids for eGFP (eGFP control positive), WT UL138, or the indicated UL138 Golgi sorting mutants (mY-1, mY-2, mY-3, mLL, or A4) fused
to eGFP (UL138-eGFP positive), harvested 48 h later, and analyzed by flow cytometry for MRP1 expression. Representative histograms of
results from three independent biological replicates are shown. Blue histograms (UL138-eGFP-positive cells) and gray histograms
(UL138-eGFP-negative cells) represent cells from the same transfection. Red histograms represent control eGFP-alone-positive cells (eGFP
control positive). (B) Quantification of the MFI of MRP1 staining in the eGFP-positive or eGFP-negative cells of the indicated UL138 or
control transfections relative to the eGFP control-positive cells. Data represent means * SEM of results from three independent biological
replicates. *, P < 0.05; **, P < 0.01; ns, not significant (P > 0.05) (Student's t test).
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indicating that they failed to downregulate MRP1. The UL138-eGFP-negative popula-
tions showed no differences in MRP1 expression from the eGFP-alone-control-
expressing cells (Fig. 4). We conclude that the acidic cluster dileucine motif is required
for the ability of UL138 to downregulate MRP1.

To determine if the transmembrane domain of UL138 was required to down-
regulate MRP1 during infection, we utilized recombinant TB40/E-based UL138-Flag-
tagged viruses that synthesize only the long (TB138 M16A-Flag) or only the short
(TB138 M1A-Flag) isoform of UL138 (29). Cells infected with the TB138 M16A-Flag
virus showed reductions in MRP1 levels similar to those seen with cells infected
with the WT virus, TB138-Flag (Fig. 5A and B). Cells infected with the TB138
M1A-Flag virus also showed reduced MRP1 levels that were statistically different
from those seen with mock-infected cells, but the reductions did not reach the level
achieved during WT virus infection (Fig. 5A and B). We conclude that, similarly to
the results of the transfection experiments (Fig. 3), the transmembrane domain
enhances the ability of UL138 to downregulate MRP1 but is not absolutely required
for the downregulation.

To determine if the acidic cluster dileucine motif of UL138 was required for
downregulation of MRP1 during infection, we generated new recombinant TB40/
E-based UL138-HA-tagged viruses with alanine substitutions in the acidic cluster
dileucine motif (TB138 mLL-HA) or in all four Golgi sorting motifs (TB138 A4-HA)
(Table 1). All viruses grew to titers similar to those measured for the WT parental
control, TB138-HA, during productive replication in NHDFs (Fig. 5C). Cells infected
with the TB138 mLL-HA and TB138 A4-HA viruses showed no significant reduction
in MRP1 levels compared to a mock-infected control (Fig. 5D and E). We conclude
that, consistent with the results from the transfection experiments (Fig. 4), the
acidic cluster dileucine sorting motif is required for the ability of UL138 to down-
regulate MRP1 during infection.

The transmembrane domain and acidic cluster dileucine motif are required for
UL138-mediated MRP1 inactivation. Downregulation of MRP1 levels by UL138 im-
pairs the ability of cells to export one of its known substrates (22), 5-carboxy-
seminaptharhodafluor (SNARF1) (38). At 24 h after loading cells with SNARF1 and 48 h
postinfection, <1% of mock-infected and UL138-null HCMV (TB138Stop-Flag)-infected
cells remained SNARF positive, while ~20% to 25% of the WT TB40/E-infected (TB138-
Flag) cells remained SNARF1 positive (Fig. 6A and B). These data indicate that UL138-
mediated downregulation of MRP1 levels leads to functional inactivation of MRP1, as
previously reported (22). Cells infected with the TB138 M16A-Flag virus (expressing only
the long isoform) showed percentages of SNARF1-positive cells even higher than those
seen with cells infected with the WT virus (Fig. 6A and B). Cells infected with the TB138
M1A-Flag virus (expressing only the short isoform) showed percentages of SNARF1-
positive cells similar to the levels seen with mock-infected or TB138Stop-Flag-infected
negative controls, leading us to conclude that the transmembrane-spanning peptide is
required to functionally inhibit MRP1.

Cells infected with the TB138 mLL-HA and TB138 A4-HA viruses also showed
percentages of SNARF1-positive cells similar to those seen with mock-infected and
TBA138-HA (the matched UL138-null virus)-infected negative controls (Fig. 6C and D).
Again, the cells infected with the matched WT control (TB138-HA) had significantly
more SNARF1-positive cells than either of the Golgi mutants, the UL138 null (TBA138-
HA) or mock-infected control. When we monitored SNARF1 export over time, we noted
that the cells infected with TB138 mLL-HA or TB138 A4-HA exported SNARF1 in a time
frame similar to that seen with a UL138 null (TBA138-HA) infection and faster than cells
infected with a virus expressing WT UL138 (TB138-HA) (Fig. 6E). Taking the results
together, we conclude that the transmembrane domain and the acidic cluster dileucine
motif are required for the ability of UL138 to inhibit MRP1 function during HCMV
infection.

June 2019 Volume 93 Issue 11 e00430-19

Journal of Virology

jviasm.org 8


https://jvi.asm.org

MRP1 Downregulation by Specific UL138 Protein Motifs

A O
\@Q@\Y;g\‘b 12 - LI
80P a0, 0P £ )
S 2
« & & E_ s 0.8 -
e ns
o) MRP1 % g 06 4 -
e | E1 g 50_4 4
[ — e GAPDH % 02 |
- - © * i
== UL138Flag 0 - : ; ;
T A
Rl QIR
Q PN
3 i
QL
C 1000000 -
100000 -
10000 §
-
§ 1000 =@=TB138-HA
& «==TB138 mLL-HA
o afe=TB138 Ad-HA
>é=TBA138-HA
10 A
1 4 T T T \
0 5 10 15 20
Days post infection
D X E — |
AF X 1
¥ QX ) -
> - .
D D D '
SR RO R :
@Qg@ NN

Relative MRP1 protein
expression

[ ™ ame]| UL138HA

o o o o N
oN B®d ® 0 =~ b B
oy

& \s \s \a
RN N
A\ 1 \ w
<b'€b & oV
L Q0
Q <

FIG 5 Both the transmembrane-spanning peptide and acidic cluster dileucine motif of UL138 participate
in MRP1 downregulation during HCMV infection. (A) Lysates from NHDFs infected with the indicated
viruses at an MOI of 3 for 48 h were analyzed by Western blotting with the indicated antibodies. Images
representative of results from three independent biological replicates are shown. (B) MRP1 levels
normalized to GAPDH and compared to a mock-infected control were determined by densitometry using
data from the experiments whose results are presented in panel A. Data represent means =+ standard
deviations of results from three independent biological replicates. *, P < 0.05; **, P < 0.01; ***, P < 0.001;
ns, not significant (P> 0.05) (Student’s t test). (C) NHDFs were infected with TB40/E-based viruses
encoding HA-tagged WT UL138 (TB138-HA) or the indicated Golgi sorting motif mutants (TB138 mLL-HA;
TB138 A4-HA) or a UL138 null virus (TBA138-HA) at an MOI of 0.1. Infectious progeny were isolated on
the indicated day postinfection, and virus titers were determined by plaque assay. Data represent
means * SEM of results from three independent biological replicates. (D) Lysates from NHDFs infected
with the indicated viruses at an MOI of 3 for 48 h were analyzed by Western blotting with the indicated

(Continued on next page)
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DISCUSSION

Here we show that the Golgi localization of UL138 is lost when the transmembrane
domain and all four Golgi sorting motifs are missing from the protein. We identify the
UL138 acidic cluster dileucine motif as required for MRP1 downregulation and inacti-
vation of MRP1 activity. We also show that the UL138 short isoform lacking the putative
transmembrane-spanning peptide, while still able to partially downregulate MRP1, is
unable to inactivate its function.

As integral membrane proteins (28), newly synthesized copies of the long isoform
(29) of UL138 likely traverse the ER and Golgi stacks to set up residence in the
trans-Golgi network (TGN). Resident Golgi proteins are retained in part by selective
blocking of incorporation into transport vesicles (39). Golgi retention mechanisms
include protein aggregation, specific (generally short) lengths of transmembrane do-
mains, and the presence of an (F/L)-(L/V)-(S/T) motif (40). Aggregation of UL138 has not
been reported, and the length of the UL138 transmembrane domain has not been
experimentally determined. UL138 does, however, contain a consensus Golgi retention
motif (the FLS motif; amino acids 41 to 43) (see Fig. 1).

Resident Golgi proteins also maintain Golgi localization by iterative rounds of
anterograde transport (into transport vesicles) and retrograde transport (back to the
Golgi apparatus). The AP-1 cargo adaptor protein can mediate retrograde transport
from endosomes back to the Golgi apparatus by interacting with tyrosine or dileucine
sorting motifs (41), but a UL138 mutant lacking all four Golgi sorting motifs still resides
in the Golgi apparatus (Fig. 2), indicating that these motifs are not required for UL138
retrograde transport. Proteins are also transported from endosomes back to the Golgi
apparatus through retrograde transport mediated by the sorting nexins (SNXs) in
cooperation with one of two multiprotein retrieval complexes (called “retromer” and
“retriever”) (42, 43). These heterogeneous protein complexes mediate the retrieval and
sorting of a diverse set of cargos from the endosomal compartment. The retromer
complex is the canonical retrograde retrieval complex and binds cargo either directly
or through interactions with SNX proteins (43-45). The retriever complex works in
association with CCDC22, CCDC93, and COMMD (CCC complex) and with the Wiskott-
Aldrich syndrome protein and SCAR homologue (WASH complex) (42). The CCC com-
plex and retriever complex recycle cell surface proteins from the endosome, preventing
their degradation by the lysosome, independently of the retromer complex (46). Both
the retromer complex and the retriever complex interact with the WASH complex to
create actin-rich endosomal domains from which cargo is retrieved (47). UL138 (Fig. 1)
contains multiple potential direct retromer-binding motifs and SNX binding PDZ-
binding motifs [@-X-(L/M) and S/T-X-@, respectively] and interacts in vitro with SNX 21
(48). While UL138 encodes potential sites to interact with the endosomal retrieval
machinery of the cell, roles for the retromer, retriever, or SNX proteins in UL138
localization or function have not yet been examined, but such roles could explain why
the Golgi sorting motif mutant, allele A4, still retained Golgi localization (Fig. 2).

The short isoform of UL138 localizes to the Golgi apparatus (29) but is missing the
predicted membrane targeting signal sequence and most of the predicted transmem-
brane domain. Therefore, it is unlikely that the short isoform is an integral membrane
protein, and it is unlikely to be incorporated into transport vesicles. However, the short
isoform of UL138 may associate with the surface of transport vesicles. The UL138
M1AA4 protein lacking the putative transmembrane peptide and all of the Golgi sorting
motifs failed to localize to the Golgi apparatus (Fig. 2). This result indicates that at least
one of the Golgi motifs, perhaps acting through membrane-independent soluble

FIG 5 Legend (Continued)

antibodies. Images representative of results from three independent biological replicates are shown. (E)
MRP1 levels normalized to GAPDH and compared to a mock-infected control were determined by
densitometry using data from the experiments whose results are presented in panel D. Data represent
means = SEM of results from three independent biological replicates. *, P < 0.05; **, P < 0.01; ns, not
significant (P > 0.05) (Student’s t test).
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FIG 6 The acidic cluster dileucine motif and transmembrane domain of UL138 are required to functionally inhibit MRP1 during HCMV infection. (A) NHDFs
infected for 24 h at an MOI of 3 with the indicated virus were loaded with SNARF1. At 24 h later, SNARF1-positive cells were quantitated by flow cytometry.
Images representative of results from three independent biological replicates are shown. (B) Quantitation of data from the experiments whose results are
presented in panel A. Data represent means = SEM of results from three independent biological replicates *, P < 0.05; **, P < 0.01; ns, not significant (P > 0.05)
(Student’s t test). (C) NHDFs infected for 24 h at an MOI of 3 with the indicated virus were loaded with SNARF1. At 24 h later, SNARF1-positive cells were
quantitated by flow cytometry. Images representative of results from three independent biological replicates are shown. (D) Quantitation of data from the
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protein-protein interactions with AP and/or GGA proteins or with other Golgi-adjacent
proteins, has a Golgi localization function for the UL138 short isoform. In both trans-
fections and infections, the UL138 short isoform accumulates to levels substantially
lower than those seen with the long isoform (Fig. 1C; see also Fig. 5A) (29) and fails to
fully downregulate MRP1 (Fig. 3; see also Fig. 5A and B). We cannot determine whether
the inability of the short isoform to fully downregulate the levels of MRP1 or to inhibit
its function (Fig. 6A and B) is due to a critical function of the missing transmembrane
domain or due to an inability to achieve a high enough steady-state level. Without
noticeably increased UL138 protein levels, the virus that expresses only the long
isoform of UL138 (TB138 M16A-Flag) appears to be more effective at inhibiting MRP1-
dependent efflux than the WT virus, which is capable of expressing both isoforms
(TB138-Flag) (Fig. 6A and B). Perhaps both isoform-specific functional efficiencies and
steady-state levels allow the virus to fine-tune UL138-dependent outcomes.

The requirement of the acidic cluster dileucine motif of UL138 for MRP1 downregu-
lation (Fig. 4; see also Fig. 5 and Fig. 6) implicates GGA proteins in mediating the
delivery of newly synthesized MRP1 from the Golgi apparatus or endocytosed MRP1
from the plasma membrane into the endosomes destined for the lysosome in a
UL138-dependent fashion. We hypothesize that the interaction between UL138 and
MRP1 (22) allows UL138- and GGA-dependent entry of MRP1 into the endosomal
pathway. From there, MRPT may be internalized into multivesicular bodies by the
endosomal sorting complex required for transport (ESCRT) (49), which then fuse to the
lysosomes for degradation (Fig. 7). ESCRT is required to remodel endosomal mem-
branes to expose internalized membrane proteins to the lumen of the multivesicular
body and, eventually, the lysosome for degradation (49, 50). While AP proteins (spe-
cifically, AP-3) can also deliver proteins directly to the lysosome, they are more often
associated with simple dileucine motifs rather than with acidic cluster dileucine motifs
like those found in UL138 (Fig. 1) (30, 51-53) and are therefore unlikely to play a role
in UL138 function.

In addition to downregulating the cell surface expression of MRP1, UL138 upregu-
lates the cell surface expression of tumor necrosis factor receptor 1 (TNFR1) (36, 54). Cell
surface TNFR1 is continuously internalized and degraded by lysosomes without being
recycled, a process accelerated by the presence of bound ligand (55). However, the
majority of TNFR1 is sequestered in the Golgi apparatus (56) at the TGN (57) by the
C-terminal 23 amino acids of the protein (58), with only a small fraction of molecules
reaching the cell surface. The mechanisms and consequences of UL138-mediated
upregulation of TNFR1 have not been examined. It is becoming clear that HCMV
infection drastically alters the endosomal sorting compartment and selectively redirects
cargo proteins (59). UL138 could be acting as a linker between these cargo proteins and
the cellular sorting machinery, selectively sorting cargo to alternate fates such as it does
for MRP1 and TNFR1.

We provide a speculative but testable model for UL138 and its functions in regu-
lating MRP1 and TNFR1 cell surface expression (Fig. 7). We hypothesize that UL138
disrupts the ill-defined tethering interactions that keep TNFR1 at the Golgi apparatus,
allowing the incorporation of TNFR1 into transport vesicles and thereby upregulating
its cell surface expression. Mutations that upregulate TNFR1 at the cell surface have
been theorized to mask a Golgi retention or retrieval signal (60). Perhaps UL138 binding
to TNFR occludes the same signal. Because the Golgi sorting motifs analyzed here direct
traffic to endosomes and not the plasma membrane, we suspect that they are not
required for UL138-mediated TNFR1 upregulation. The acidic cluster dileucine motif is

FIG 6 Legend (Continued)
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experiments whose results are presented in panel C. Data represent means * SEM of results from three independent biological replicates. *, P < 0.05; **,
P < 0.01; ns, not significant (P> 0.05) (Student’s t test). (E) The MFI of SNARF1-loaded NHDFs infected with the indicated virus at an MOI of 3 for 24 h was
measured on a fluorescent plate reader at the indicated time post-SNARF1 load. Background fluorescence was subtracted, and MFI data were normalized to
the MFI measured immediately postload (time zero). Data represent means = SEM of results from three independent biological replicates. *, P < 0.05; **,

P < 0.01; ns, not significant (P > 0.05) (Student’s t test).
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FIG 7 Model of UL138-mediated trafficking. In uninfected cells, TNFR resides predominantly in the Golgi apparatus and MRP1 at the plasma
membrane. During HCMV infection, UL138 promotes TNFR1 cell surface expression by an unknown mechanism. UL138 downregulates the levels
of MRP1 through a process that requires the acidic cluster dileucine motif and that is made more efficient by the presence of the full
transmembrane domain. In our speculative model, UL138 interacts with MRP1 in the Golgi apparatus. UL138 binds through its acidic cluster
dileucine motif to cellular GGA proteins and directs MRP1 to endosomes. Within the endosomes, UL138 and MRP1 dissociate, resulting in MRP1
incorporation into intraluminal vesicles for transport to lysosomes and UL138 recycling to the Golgi apparatus in a process potentially requiring
retromer and/or SNX proteins. We suspect that the coexpressed short isoform of UL138 does not play a major role in UL138-mediated trafficking

events, as it is expressed at low levels and fails to efficiently inhibit MRP1 function.

required for UL138-mediated MRP1 inactivation (Fig. 4; see also Fig. 5 and Fig. 6). Thus,
we hypothesize that UL138 interacts with MRP1 in the Golgi apparatus and delivers it
to transport vesicles through interactions with GGA proteins mediated by the acidic
cluster dileucine motif. Within the acidifying endosomes, UL138 and MRP1 dissociate.
MRP1 is incorporated into intraluminal vesicles, perhaps in an ESCRT-dependent man-
ner, for delivery to lysosomes for degradation (50, 61, 62), and UL138 is recycled back
to the Golgi apparatus by retrograde transport (Fig. 7).

HCMV remains a significant clinical pathogen, with current treatments plagued by
resistance, toxicities, and an inability to target latently infected cells (7, 8). A novel
proposal to target infected cells capitalizes on the UL138-mediated downregulation of
MRP1 for the ex vivo selection of HCMV-negative subpopulations or the killing of
HCMV-positive subpopulations within hematopoietic stem cell (bone marrow) trans-
plantations (22). Should such strategies become a clinical reality, an understanding of
the genetics and mechanism of UL138-mediated MRP1 downregulation as determined
(in part) here may help predict or manage the inevitable emergence of resistant viral
mutants. If the cytotoxic agents that rely on MRP1 export were to be used clinically, our
data suggest that selective pressure would be placed on the acidic cluster dileucine
motif and transmembrane-spanning peptide of UL138.

MATERIALS AND METHODS

Cells and infections. Normal human dermal fibroblasts (NHDFs; Clonetics) were maintained as
described previously (63). TB138-Flag, TB138 M1A-Flag, TB138 M16A-Flag, and TB138Stop-Flag were
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TABLE 2 Primers used in this study

Journal of Virology

Use

Primer name?

Primer sequence

UL138 SDM primers

UL138-eGFP fusion cloning

UL138 mY-1 SDM Forward
UL138 mY-1 SDM Reverse
UL138 mY-2 SDM Forward
UL138 mY-2 SDM Reverse
UL138 mY-3 SDM Forward
UL138 mY-3 SDM Reverse
UL138 mLL SDM Forward

UL138 mLL SDM Reverse

UL138 eGFP fusion Forward
UL138 eGFP fusion Reverse
UL138 pSG5 infusion Forward

5'-GATCGTGGCCATTCTCTGCGCGGCCGCTTACCATTGGCACGACAC
5'-GTGTCGTGCCAATGGTAAGCGGCCGCGCAGAGAATGGCCACGATC
5'-GTGCGCATGTTTTTGAGCGCCGCGGCGGCGATCCGCTGTTGCGAGCTGTAC
5'-GTACAGCTCGCAACAGCGGATCGCCGCCGCGGCGCTCAAAAACATGCGCAC
5'-CGCTGTTGCGAGCTGGCCGGCGAATACGAGCGCCGGTTC
5'-GAACCGGCGCTCGTATTCGCCGGCCAGCTCGCAACAGCG
5'-GGTGACGGCGCCGCTGACCGCGGCGGCGGCGGCGAAACCCGTGACGGGATCC
5'-GGATCCCGTCACGGGTTTCGCCGCCGCCGCCGCGGTCAGCGGCGCCGTCACC

5'-TATGACGTGCCTGACTATGCCGTGAGCAAGGGCGAGGAGCTGTTC
5'-AGCTCCTCGCCCTTGCTCACGGCATAGTCAGGCACGTCATAAG
5'-ACTATAGGGCGAATTCGATTCCGAAATTCATGGACGATC

eGFP pSGS5 infusion Reverse 5'-ATCTGGATCCGAATTCTTACTTGTACAGCTCGTCCATGCCGAG

5'-ACTATAGGGCGAATTCATGGCAGAAATCGGTACTGGCTTTC

5'-ATCTGGATCCGAATTCTCAGGCATAGTCAGGCACGTCATAAGGATAGCCGGAAAT
CTCGAGCGTCGACAG

HaloTag cloning Halo pSG5 infusion Forward

Halo pSG5 infusion Reverse

5'-TTGAGTAGATCTTGGTCCGTTGGGAGGAAGTGTCTTCCCAGTGCAGCTACGCGTC
GTCGCGGAACCCACTGCTTACTGGCTTATCG

5'-TTTCGTAGATCTGCCAGTGTTACAACCAATTAACC

5'-TGTACAAAAGAGAGAGACTGGGACGTAGATCCGGACAGAGGACGGTCACCATGG
ACGATCTGCCGCTGAAC

5'-GTCAAAACGACATTACCGCGATCCGCTCCCCTCTTTTTTCTTTTTCTCATTCAGGCAT
AGTCAGGCACGTC

BAC mutagenesis primers UL138 ins KanR-Bglll F

UL138 ins KanR-Bglll R
TB40E-BAC ins UL138 F

TB40E-BAC ins UL138 R

aF, forward; R, reverse.

described previously (29). The UL138-HA tagged TB40/E virus (TB138-HA) and UL138-HA deletion virus
(TBA138-HA) were described previously (64). Novel UL138 Golgi sorting motif mutant viruses were
derived from TB138-HA bacterial artificial chromosomes (BAC) (64) and generated using a two-step red
recombination procedure (65) and the primers listed in Table 2. Virus titers were determined by plaque
assay on NHDFs. Cells were infected in a minimal volume of media at the indicated multiplicity of
infection (MOI) for 1 h. Viral inoculum was then aspirated, and cells were returned to normal culture
conditions for the indicated time periods.

Plasmids, transfections, and enzymes. UL138 mutants were generated in pSG5 from a WT clone
(64). The specific substitutions are listed in Table 1. Briefly, the mutagenesis primers listed in Table 2 were
used to amplify UL138HA-pSG5 (64) using CloneAmp HiFi polymerase (Clontech; 639298). PCR products
were digested with Dpnl enzyme (NEB; R0176S) and transformed into Stellar competent cells (Clontech;
636766). Positive clones were recovered and verified via Sanger sequencing. The HaloTag peptide (Halo)
was cloned into pSG5 from pFC14a (Promega; G9651) using an In-fusion cloning kit (Clontech; 638920)
and primers listed in Table 2. Cells were transfected using an Amaxa Nucleofector Il and a Lonza Amaxa
NHDF Nucleofector kit (Lonza; VPD-1001) according to the manufacturer’s instructions. A protein
phosphatase treatment was performed according to the instructions of the manufacturer (New England
Biolabs; P0753S).

Antibodies and Western blotting. The antibody against IET (1B12) has been described previously
(66). The following antibodies were obtained from the indicated commercial sources: GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) (Invitrogen; 6C5), HA (BioLegend; HA.11), MRP1 (Enzo;
MRPr1), Rb-pS608 (Cell Signaling Technologies; 2181), Rb (Cell Signaling Technologies; 9309). For
Western blotting, equal numbers of cells were lysed in 2% SDS containing 4% B-mercaptoethanol or
radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris [pH 8], 5mM EDTA, 150 mM NaCl, 10%
glycerol, 0.1% SDS, 1% NP-40, 1% Triton X-100) and separated by SDS-PAGE. Gels were blotted onto
nitrocellulose membranes (GE Amersham; Protran). Membranes were blocked with 5% bovine serum
albumin (Research Products International Corp.)-TBST (10 mM Tris [pH 8], 150 mM NaCl, 0.05% Tween
20), stained with the indicated primary antibody, and washed in TBST. Membranes were stained with
Li-Cor IRDye 680 and 800 secondary antibodies (Li-Cor) and imaged on a Li-Cor Odyssey FC system.

SNARF1 release assay. The SNARF1 release assay was modified from one previously described (22).
Briefly, NHDFs were infected for 24h at an MOI of 3. Cells were loaded with 10 uM 5-carboxy-
seminaptharhodafluor acetoxymethyl ester (SNARF1) (Thermo Fisher; C1272) for 45 min, after which cells
were washed with phosphate-buffered saline (PBS) and fluorescence was read on a Citation 5 plate
reader (Biotek) (excitation, 485 nm; emission, 595 nm) to obtain postload fluorescence intensity (time
zero). Cells were returned to complete media and maintained under standard culture conditions. At the
indicated time points, the cells were washed with PBS and read on the plate reader as described above.
After 24 h, the cells were collected by the use of trypsin, fixed, and analyzed using an Attune flow
cytometer (Thermo Fisher) or a Fortessa flow cytometer (BD).

Flow cytometry. Cells were harvested by the use of trypsin and washed with 2% fetal bovine serum
(FBS)-PBS. They were then stained with Live/Dead Violet (Invitrogen; L34955) for 30 min, washed, fixed
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with 1% formaldehyde for 30 min, and washed again. For analyses using internal antigens, cells were
permeabilized with 0.1% saponin (Sigma)-PBS for 15 min. Cells were stained with MRP1-PE (MRP1-
phycoerythrin) (Miltenyi; REA481) antibody, washed, and analyzed on a LSRIl system (BD).

Immunofluorescence. Transfected cells were plated on coverslips in a 6-well dish. After 48 h,
coverslips were harvested and fixed with 1% formaldehyde. Cells were then permeabilized with 0.1%
Triton X-100 (Sigma) and 0.05% Tween 20 (Sigma) and stained with the HA (BioLegend; HA.11) and
GM130 (Cell Signaling Technology; D6B1) antibodies. Cells were washed and stained with secondary
antibodies Alexa 488 and Alexa 594 (Molecular Probes; A11029 and A11012). Cells were counterstained
with Hoechst stain. Coverslips were mounted on slides using Fluoromount-G (Southern Biotech; 0100-
01). Slides were imaged on a Prairie laser scanning confocal microscope (Prairie Technologies). Images
were analyzed using Fiji (67). Colocalization data were quantified using the FlJI plugin Colocalization
Threshold.
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