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SUMMARY

The organelles within a eukaryotic host are manipu-
lated by viruses to support successful virus replica-
tion and spread of infection, yet the global impact of
viral infection on host organelles is poorly under-
stood. Integrating microscopy, subcellular fraction-
ation, mass spectrometry, and functional analyses,
we conducted a cell-wide study of organelles in pri-
mary fibroblasts throughout the timecourseof human
cytomegalovirus (HCMV) infection. We used label-
free and isobaric-labeling proteomics to characterize
nearly 4,000 host and 100 viral proteins, then classi-
fied their specificsubcellular locationsover timeusing
machine learning. We observed a global reorganiza-
tion of proteins across the secretory pathway, plasma
membrane, and mitochondria, including reorganiza-
tion and processing of lysosomal proteins into dis-
tinct subpopulations and translocations of individual
proteins between organelles at specific time points.
We also demonstrate that MYO18A, an unconven-
tionalmyosin that translocates from theplasmamem-
brane to the viral assembly complex, is necessary for
efficient HCMV replication. This study provides a
comprehensive resource for understanding host and
virus biology during HCMV pathogenesis.

INTRODUCTION

Organelles are subcellular structures that can adjust their func-

tions in response to environmental cues through changes in their

numbers,motility, localization, shape,andcomposition.Thesedy-

namic properties of organelles are essential for normal cellular

functions, being critical in development (Hanna et al., 2013), differ-

entiation (Forni et al., 2016), mitosis (Jongsma et al., 2015), and

various formsof stress response (Farber-Katz et al., 2014;Zachar-

ogianni et al., 2014). Consequently, organelle dysfunction is

known to be the driver of severe human diseases, including disor-

ders of the mitochondria (Reeve et al., 2013), endoplasmic reticu-

lum (ER) (Kerbiriou et al., 2007), endosomes (Cataldo et al., 2008),

lysosomes (Platt et al., 2012), and peroxisomes (Smith and Aitch-

ison, 2013). The link between disease and organelle alterations is

also evident in the context of viral infection, as these intracellular

pathogens rely on organelles for virus replication and spread.
C

In general, the replication cycle of a virus, which can last from

hr to several days, follows a series of basic, ordered steps. First,

viral particles enter the cell to deposit their genetic information.

Second, viral gene expression leads to the production of virus

and host molecules (i.e., proteins, nucleotides, and lipids) that

are necessary components for the formation of new viral parti-

cles. Lastly, viral particles are assembled into mature virions

that exit the cell and infect neighboring cells. For most human vi-

ruses, progression through these steps requires the effective use

and manipulation of organelle functions. Many viruses hijack the

endosomal machinery to facilitate entry into the cell (Gruenberg

and van der Goot, 2006). Upon viral gene expression, viral fac-

tors can activate themitochondria to promote energy production

and to regulate central carbon metabolism for the production of

new viral components (Vastag et al., 2011). For example, in en-

veloped viruses, energy and metabolites are used late in infec-

tion by the ER, Golgi complex, endosomal system, and plasma

membrane to generate lipid membranes for viral envelopes (Lor-

izate and Kräusslich, 2011). Organelles are also necessary for

the trafficking of viral proteins to sites of virion maturation

(Checkley et al., 2011), as well as for the formation of these virus

assembly sites (Alwine, 2012). Upon virion maturation, organelle

components facilitate transport and release of the viral progeny

(Hogue et al., 2016). Given their dependence on organelle func-

tions, viruses need to actively modulate organelle dynamics

throughout the progression of infection either by regulating

host protein expression or by targeting viral proteins to specific

organelles. Therefore, in addition to complications caused by

viral replication, persistent infections can deteriorate organelle

health (Kim et al., 2014) and may be a contributing factor to

viral-induced pathologies. However, the understanding of the

cell-wide viral impact on organelles remains limited, as no study

has attempted to characterize global alterations in protein local-

ization and organelle composition during infection.

Among human viruses, human cytomegalovirus (HCMV) has

one of the most profound effects on organelle structure and

function (Figure 1A). HCMV is an important human pathogen,

with an incidence of 50%–90% in the adult population (Cannon

et al., 2010). It is a leading cause of virus-induced birth defects

(Cheeran et al., 2009), a concern in immunocompromised

patients (MacGregor et al., 1995), and it has been linked to car-

diovascular disease (Courivaud et al., 2013). As described

above, a series of organelle alterations occur in the cell to sup-

port HCMV replication. Themost prominent organelle rearrange-

ment is the formation of an assembly complex, a viral-induced

structure formed by the reorganization of organelles from the en-

domembrane system (reviewed by Alwine, 2012). The assembly
ell Systems 3, 361–373, October 26, 2016 ª 2016 Elsevier Inc. 361



Figure 1. Cytoplasmic Organelles Undergo

Changes in Shape, Size, Number, and Orga-

nization following HCMV Infection

(A) HCMV life cycle and the functional roles of

organelles in viral replication.

(B) Representative images of the structural reor-

ganization of organelles in HCMV infection (n R

17). The images acquired from live cells (unin-

fected, 48 hpi, and 120 hpi) stained with dyes

specific to each organelle are shown. Yellow, cell

periphery; blue, nuclear periphery. The scale bar

represents 10 mm.

See also Movie S1 and Figure S1.
complex is observed in infected cells as a juxtanuclear cylindri-

cal body made of endosome-derived vesicles and delimited at

its periphery by the Golgi complex. Viral capsids enclosing the

viral genome emerge from the nucleus and accumulate at the as-

sembly complex to acquire their proteinaceous tegument layer

and lipid viral envelope. Once mature, HCMV particles are traf-

ficked to the cell membrane for egress.

Many of the factors responsible for these organelle alterations

remain unknown. A global study on organelle alterations is

needed to elucidate biological pathways and factors used by

HCMV during organelle remodeling. Proteomic studies of

HCMV infection have been performed (reviewed in Jean Beltran

and Cristea, 2014), yet these are either broad analyses of

whole cell proteomes with limited spatial information or targeted

to a single organelle (Gudleski-O’Regan et al., 2012; Weekes

et al., 2014). To understand organelle reorganization, several
362 Cell Systems 3, 361–373, October 26, 2016
outstanding questions remain: (1) how

organelle proteomes are altered and (2)

to what organelles are viral and host pro-

teins targeted or translocated?

Recent developments in proteomic

technologies allow detection of thou-

sands of proteins in multiple subcellular

compartments. This technology, referred

to as spatial proteomics, uses density-

gradient fractionation of organelles fol-

lowed by mass spectrometry (MS) anal-

ysis to determine the location of proteins

based on their gradient profiles (reviewed

by Gatto et al., 2010). Spatial proteomics

has been applied using both label-based

(LOPIT by Dunkley et al., 2004) or label-

free (Foster et al., 2006) MS approaches

and has benefited from advances in the

selection of organelle markers and data

analysis methods (Christoforou et al.,

2016). However, an inherent challenge in

using spatial proteomics for studying in-

fected cells is the dynamic nature of a

viral infection, as cell changes occur

throughout the time course of infection.

Therefore, integrating a temporal compo-

nent into spatial proteomics is required.

Here, we performed the first spatial and

temporal analysis of organelles in virally
infected cells. We integrated MS-based proteomics, label-free

and label-based quantification, live cell microscopy, and func-

tional analyses to determine spatial and temporal alterations in

organelles throughout HCMV infection in human fibroblasts.

We determine the viral proteins targeted to distinct organelles

and define temporal changes in organelle composition, density,

and motility. We functionally characterize the division of organ-

elles into distinct subpopulations and find translocations

required for viral production.

RESULTS

HCMV Infection Causes Changes in Organelle Structure
and Dynamics
We first used live fluorescence microscopy to monitor HCMV-

induced morphological changes in organelles. Primary human



Figure 2. Proteomic Approach to Define

Spatial-Temporal Changes in Organelle

Proteins throughout HCMV Infection

(A) Workflow to determine temporal changes in

organelle proteins throughout infection.

(B) Workflow to determine changes in the sub-

cellular localization of proteins throughout

infection.

(C) Data analysis to determine protein subcellular

localization. The relative abundance between

organelle fractions collected using the methods in

(A) or (B) are inspected by dimensional reduction.

The manually curated organelle markers are used

to assess the quality of the organelle separation in

the gradient and to determine the identity of each

cluster. The organelle markers are used to train

machine learning models, which then classify the

remaining proteins, resulting in confident spatial

assignment of proteins at each time point of viral

infection.

See also Figure S2.
fibroblasts were infected and imaged at 24, 48, 72, 96, and

120 hr post infection (hpi). These time points represent early, in-

termediate, and late stages of infection, thereby covering the life

cycle of the virus. GFP-expressing virus strain was used to

confirm infection (Figure S1). Using fluorescent dyes to label

the mitochondria, Golgi apparatus, ER, and lysosomes, we

observed striking changes in organelle phenotypes, as illus-

trated for 48 and 120 hpi (Figure 1B; Movie S1).

HCMV infection causes mitochondrial fission, triggering anti-

apoptotic effects (McCormick et al., 2003) and augmented

respiration (Kaarbø et al., 2011). In agreement, mitochondria

network fragmentation was observed at 48 hpi, increasing by

120 hpi. Mitochondria displayed elevated motility at 48 hpi,

ranging from small movements to translocations across the

cell (Movie S1). Mitochondria were excluded from the assembly

complex, yet appeared enriched and less motile at the assem-

bly complex periphery at 120 hpi. A dispersed Golgi was seen

at 48 hpi, in contrast to its compact perinuclear arrangement in

uninfected cells, which may represent an intermediate step in

the process of encircling the assembly complex. Later in infec-

tion, the Golgi apparatus rearranges as a circle surrounding the
Cell S
assembly complex (Das and Pellett,

2011), as we observe at 120 hpi.

As expected (Das and Pellett, 2011),

ER labeling was partially excluded from

the assembly complex late in infection

(Figure 1B). We observed increased ER

motility at 48 hpi, particularly at the cell

periphery (Movie S1). The ER acquires a

tubular morphology when associated

with cytoskeletal motors that increase

its motility (Wo�zniak et al., 2009). Closer

inspection of the ER in HCMV-infected

cells shows a likely tubular ER mor-

phology, whereas lamellar ER is

observed in uninfected cells (Figure 1B).

Moreover, the ER became denser as the

infection progressed. Since the smooth
ER is more tubular, the increase in compact and tubular ER

may be a result of the HCMV-induced lipogenesis to increase

lipid production capacity at the smooth ER (Yu et al., 2013).

We also observed an increase in lysosome size and abundance

at 120 hpi as expected (Das and Pellett, 2011). Additionally, the

lysosome dynamics were different between infected and unin-

fected cells. In a scale of seconds, lysosomes from uninfected

cells were virtually immobile, while lysosomes of infected fibro-

blasts displayed high mobility, with movements ranging from

erratic localized movements to translocations across the cell.

Collectively, these live microscopy analyses show the broad

impact of viral infection on organelle structure and dynamics

and the suitability of this model system (human fibroblasts) for

characterizing organelle remodeling in space and time during

infection.

Defining Cell-wide Organelle Alterations by Spatial and
Temporal Proteome Analysis during Infection
To establish the molecular determinants for these structural

organelle alterations during HCMV infection, we next designed a

hybrid quantitative MS approach (Figure 2). Two complementary
ystems 3, 361–373, October 26, 2016 363



Figure 3. Temporal Label-free Proteomic

Analysis of Organelles throughout HCMV

Infection

(A) Heatmap showing temporal changes of

organelle proteins throughout infection. Only pro-

teins with no missing values were displayed (2,065

proteins). The hierarchical cluster determined five

average cluster profiles. The significant gene

ontology terms for each cluster are shown. MP,

metabolic process.

(B) Temporal change in protein abundance

grouped by organelle for organelle markers (red)

and proteins from localizations predicted in this

study (blue). The median fold change normalized

to uninfected (mock) is displayed with the inter-

quartile range shown as black bars.
quantification methods were used to monitor both protein local-

ization and abundance within organelles throughout infection.

One spatial and temporal separated sample was analyzed by la-

bel-free quantification (Figure 2A), and another biological repli-

cate sample was quantified by isobaric labeling using tandem

mass tags (TMTs) (Figure 2B).

The HCMV infectious cycle was separated into temporal and

spatial components. Temporal separation was achieved by har-

vesting uninfected and infected fibroblasts throughout infection

(24, 48, 72, 96, and 120 hpi). To achieve spatial separation, at

each time point, we fractionated crude organelle extracts into

six fractions by density-gradient ultracentrifugation. The frac-

tions, ranging from the lightest organelles (i.e., the plasma mem-

brane and ER) to high density organelles (i.e., peroxisomes and

mitochondria), were next analyzed by MS for protein identifica-

tion and quantification.

A label-free MS approach was used for quantification of tem-

poral changes in organelle protein abundances during infection

(Figure 2A; Table S1). From the 36 spatial-temporal fractions

(six time points 3 six organelle fractions) analyzed, a total of

3,916 host and viral proteins were identified. All fractions in the

gradient were quantified for each time point and infection-

induced variations in the fractionation process could be ac-

counted for (discussed below). However, the stochastic nature

of label-free quantification limits the spatial resolution, and,

although subcellular protein localization could be obtained, we
364 Cell Systems 3, 361–373, October 26, 2016
noticed that missing values impacted

the reliable protein assignment to organ-

elles (as also discussed in Gatto et al.,

2014a).

For accurate analysis of the subcellular

distribution of proteins at each infection

time point, we built an additional data set

using TMT-based quantification (Fig-

ure 2B; Table S2). The analysis was per-

formed independently in five infected

samples (24, 48, 72, 96, and 120 hpi)

and in five parallel uninfected samples to

control for possible changes in organelles

during culture. The ability to multiplex the

analysis using TMTs has the advantage

of reduced variability and number of
missing values in the quantification for improved accuracy of pro-

tein localization. A total of 3,340 proteins passed our quality

criteria. The spatial information from this additional data set com-

pliments the temporal quantification of the label-free data set.

Protein subcellular location was determined by matching pro-

tein profiles in the gradient to known organelle residents (i.e.,

markers) (Figure 2C). The quality of the selected markers and

the data for subcellular localization was assessed by looking at

the similarity of marker profiles, using t-distributed stochastic

neighbor embedding (tSNE) for dimensional reduction. In 2D

space, as expected, we observed that organelle markers sepa-

rate within distinct clusters, and an improved separation was

seen for the TMT data set (Figure S2). These organelle markers

were then used to build machine learning models and define

the subcellular location of the remaining proteins.

Temporal Changes in the Host Organelle Proteome
throughout Infection
The temporally modulated organelle pathways were investigated

using hierarchical clustering to separate temporal profiles into

five clusters (Figure 3). 796 proteins were downregulated (clus-

ters 4–5), 676 displayed mild changes (cluster 3), and 593 were

upregulated (clusters 1–2). Comparison of our results with a pre-

vious proteomic study of HCMV-infected whole cell lysates

showed high agreement (p value < 0.0001) for all comparable

time points (24 to 96 hpi; Table S1C). The upregulated proteins



increased continuously up to 120 hpi, while most downregulated

proteins already reached their lower abundances at 48–72 hpi,

suggesting that downregulation may be critical early, while upre-

gulation is also important late in infection. We next determined

how these abundance changes are reflected within specific or-

ganelles (Figure 3B). Both manually curated organelle markers

and the totality of proteins assigned by machine learning to indi-

vidual organelles were analyzed. Something to consider is that,

within each organelle, proteins can have distinct functions that

may be differentially regulated during infection. Indeed, some or-

ganelles had a larger spread in protein fold changes (e.g., plasma

membrane) likely due to multiple functions, while others showed

clear trends supported by previous studies (e.g., mitochondria)

(Kaarbø et al., 2011). In general, the spread of protein fold

changes within organelles increased as infection progressed,

suggesting that different proteins within the same organelle are

differentially regulated late in infection. For instance, many pro-

teins assigned to Golgi have functions in ‘‘intracellular transport’’

and ‘‘membrane organization’’, and their levels were upregulated

late in infection. In contrast, Golgi markers and assigned proteins

with functions in ‘‘organic substance transport’’ had decreased

levels late in infection.

Integrating organelle abundance changes (Figure 3B) with

gene ontology analysis (Figure 3A; Table S1) provided insights

into organelle-specific biological processes modulated by

HCMV infection. Upregulated organelle proteins in our results

included those functioning in protein folding and lipid meta-

bolism (clusters 1–2; Figure 3A). ER stress response is known

to be modulated by HCMV to maintain protein synthesis and

induce the cell lipogenic program (Yu et al., 2013). Therefore, it

is not surprising that ER proteins were the most upregulated

compared to other organelles (Figure 3B), emphasizing a central

role for ER in HCMV replication. The upregulated clusters also

highlighted biological pathways relevant for viral assembly,

maturation, and release. These include glycoprotein metabolism

important for viral glycoprotein synthesis (Theiler and Compton,

2002) and intracellular transport and membrane organization

important for virion trafficking and formation of the assembly

complex.Mitochondria-related termswere observed in the upre-

gulated cluster 2 and the downregulated cluster 4, suggesting

differential regulation of mitochondria proteins during infection.

However, an overall increase in mitochondria proteins was

observed late in infection, supporting previous reports on

increased mitochondria; biogenesis and selective upregulation

of the electron transport chain complex IV (Kaarbø et al., 2011)

during HCMV infection. Furthermore, the localization of mito-

chondria around the assembly complex (Figure 1B) would

suggest a role in cytoplasmic virion maturation. The TCA cycle

activity of themitochondria was reported to bemodified to direct

glucose catabolism toward fatty acid synthesis (Munger et al.,

2008), and perhaps its localization is important to feed the lipid

biosynthetic pathways for production of viral envelopes. Down-

regulated proteins were enriched in plasma membrane proteins

involved in cell adhesion, cell junction, and antigen presentation,

whichmay aid in viral immune evasion, also explaining their early

downregulation. These results are in line with studies on the

plasma membrane proteome of HCMV-infected cells (Gudle-

ski-O’Regan et al., 2012; Weekes et al., 2014). Also downregu-

lated were several host secretory proteins, RAB5C, SNAP23,
and CDC42. Accordingly, these were reported as targets of

HCMV-encoded miRNAs, their knockdowns leading to struc-

tures resembling the assembly complex (Hook et al., 2014).

Spatial Organization of the Cell Proteome throughout
HCMV Infection
As the TMT data set provided a better separation of organelle

components (Figure S2), it was used to determine the subcellular

localization of proteins (Figures 4A and S3). By overlaying manu-

ally curated organelle markers (Table S3), the clustered proteins

were identified as plasma membrane, cytosol, ER, Golgi com-

plex, lysosome, mitochondria, and peroxisome groups. Cyto-

solic proteins remaining after differential centrifugation were

observed in the lightest gradient fraction and as a distinct cluster

(Figure 4A, blue). By including cytosolic proteins in the rest of our

analysis, we distinguished these from genuine organelle resi-

dents, yet they were not used in our interpretations, as they do

not represent the complete cytosol proteome. In infected cells,

an additional cluster of nuclear proteinswas observed (Figure 4A,

gray). This was expected, as during HCMV infection the nucleus

increases over 2-fold in diameter (Figure 1) and the nuclear lam-

ina is disrupted, making it prone to rupture during lysis. A set of

cytosolic proteins was seen in the densest fraction, having

different profiles to cytosolic proteins from lighter fractions (Fig-

ure 4A, pink versus blue). These ‘‘dense’’ cytosolic proteins were

components of large macromolecular complexes (i.e., protea-

somes, ribosomes, and cytoskeleton). To facilitate training of

machine learning models in infected samples, we included nu-

cleus and dense cytosol proteins as additional groups.

To predict subcellular location of non-marker proteins, we as-

sessed the performance ofmultiplemachine learning algorithms:

support vector machines (svm), random forest (rf), and model

averaged neural networks (nnet) (Figure S4). Nnet was preferred

due to its performance and model averaging, which avoids over-

fitting. The classifier performed better for well separated organ-

elles (e.g., plasmamembrane, mitochondria, and peroxisome). A

decrease in performance was observed for the Golgi in infected

samples, which was expected given the similarity of its profile to

the ER during late infection.

The trained nnet models were then used to predict localization

of non-marker proteins, including host and 93 viral proteins (Fig-

ure 4A, right images; Table S4), two of which, ORFL147C and

ORFL86W, were unconventional HCMV proteins reported by

Stern-Ginossar et al. (2012). These predictions are accompanied

by classification probability scores, which indicate the reliability

of assignments to organelle groups. Lower scoring classification

may indicatemultiple localization, technical variability, or subcel-

lular locations not modeled in the classifying algorithm. To

assess the quality of our results, we compared our predictions

with previously published data sets of organelle compositions

from uninfected cells (Figure 4B). Cross-validation of our mito-

chondrial predictions with the mitochondrial protein database

MitoCarta 2.0 (Calvo et al., 2016) and with the mitochondrial ma-

trix proteomic data set by Rhee et al. (2013) resulted in 93% and

97% agreement, respectively. For lysosome predictions, com-

parison with a manually curated set of lysosome proteins (Lübke

et al., 2009) resulted in 94% agreement and, for ER and Golgi

predictions, comparison with the LOPIT study of mice stem cells

(Christoforou et al., 2016) resulted in 92% agreement, regardless
Cell Systems 3, 361–373, October 26, 2016 365



Figure 4. Protein Subcellular Localization

Assignment Using Organelle Fractionation

and Alterations in the Subcellular Organiza-

tion of Lysosomal Proteins

(A) 2D representation of subcellular fractionation

data using tSNE. The maps were overlaid with

organelle markers (left) or assigned subcellular

localizations using machine learning (right). The

sizes are proportional to the probability scores for

assignments. ER, endosplasmic reticulum.

(B) Percent agreement of the localization assign-

ment with other data sets in uninfected cells for

mitochondria, left (Calvo et al., 2016) and right

(Rhee et al., 2013), lysosomes (Lübke et al., 2009),

ER/Golgi (Christoforou et al., 2016), and the

plasma membrane (PM) (Weekes et al., 2014).

(C) Distribution of lysosomal proteins in the density

gradient from uninfected and infected (120 hpi)

cells. At 120 hpi, two distinct profiles are distin-

guished in fractions 3 (red) and 4 (blue).

(D) Distributions of two representative lysosome

proteins that either remain in fraction 3 (LAMP1) or

shift to fraction 4 (LYAG) at 24, 48, 72, 96, and

120 hpi and in uninfected cells (U).

(E) IF images for endogenous LAMP1 and LYAG in

uninfected and infected cells. At 120 hpi, LAMP1 is

enriched at the perinuclear assembly complex.

(F) Distribution of LYAG peptides across the den-

sity gradient, originating from precursor ends or

the 76 kDa mature form.

(G) WB showing differential LYAG processing at

72 hpi. IE1 (marker for early infection), UL99

(marker for late infection), and tubulin (loading

control) are shown.

See also Figures S3–S5.
of the difference in species. Lastly, we compared our data set

with a study of the plasma membrane proteome during HCMV

infection (Weekes et al., 2014). As that study was not aimed at

defining plasma membrane residents, we used the ratio of pep-

tides identified in the plasma membrane compared to whole cell

lysates to identify proteins found predominantly in the plasma

membrane. This cross-validation of the two studies resulted in

90% agreement in uninfected cells and in 92% (48 hpi), 81%

(72 hpi), and 89% (96 hpi) agreement during infection.

Our spatial analysis of the cell proteome throughout infection

provides insight into several important aspects of viral infection:

(1) infection-induced alterations in the global distribution of

organelle proteins, (2) subcellular location of viral proteins

throughout infection, and (3) infection-induced translocation of

host proteins between organelles. These aspects were further

explored and described in the following sections.
366 Cell Systems 3, 361–373, October 26, 2016
Lysosomes Are Remodeled into
Two Distinct Subpopulations
during Infection
To determine how organelle compo-

nents are redistributed upon infection,

we monitored the relative abundance

across organelle markers in the density

gradient. Two distinct redistributions

were observed. One, exemplified by the

ER and Golgi, is a redistribution from
distinct profiles in uninfected cells to co-fractionating profiles

during infection (Figure 4A, mock versus 120 hpi). The opposite

was also observed, as proteins from a single organelle divided

into two or more distinct profiles upon infection. In the TMT

data set, lysosome proteins formed a single cluster in uninfected

cells and early infection, yet two lysosome clusters were seen

late in infection (Figure 4A,mock versus 120 hpi). This phenotype

was reproducible, as a similar profile separation was observed in

our label-free data set (Figures 4C and S5; Table S5). This result

suggests that a subset of lysosome proteins is redistributed to

distinct compartments late in infection.

To test this, we focused on two lysosomal proteins with

different profiles during infection, lysosomal alpha-glucosides

(LYAG) and lysosome-associated membrane protein 1 (LAMP1).

Upon infection, LYAG increased in abundance and shifted to frac-

tion 4, while LAMP1 decreased in abundance and remained in



fraction 3 (Figure 4D). The subcellular localization of LAMP1 and

LYAG was assessed by immunofluorescence (IF) microscopy

(Figure 4E). In uninfected cells, these proteins co-localized,

while upon infection, their distributions became different.

LAMP1 was localized to the assembly complex (marked by

pUL99; Figure 4E), while LYAG was in dispersed punctate

structures and did not localize to the assembly complex (Fig-

ure S5). Thus, the segregation of lysosome proteins into two

profiles likely represents their localization to distinct subcellular

compartments.

Given the distinct distribution of LYAG, we investigated the

functional effect on its processing. LYAG catalyzes the break-

down of glycogen to glucose in lysosomes, and mutations in

LYAG lead to a severe glycogen accumulation disorder that

primarily affects muscle and liver tissue known as Pompe dis-

ease. LYAG is synthesized as a 110 kDa precursor in the ER.

As it moves to the lysosome, the precursor’s ends are cleaved

by proteolysis into a 95 kDa intermediate and then into two

mature, catalytically active forms of 76 and 70 kDa (Moreland

et al., 2005). To determine whether the change in LYAG local-

ization during infection was associated with its processing, we

monitored LYAG peptides across the density gradient (Fig-

ure 4F). In uninfected cells, the spectral counts from LYAG

ends (precursor forms) and center (all forms, including the

mature form) were enriched in fraction 3. However, in infected

cells, an increase in center peptides was observed in fraction

4 starting at 72 hpi, while the end peptides remained in frac-

tion 3 (Figure S5). This suggested that the shift of LYAG center

peptides to denser fractions at 72 hpi was due to an increase

in the abundance of the mature form. We next investigated the

abundance of the LYAG forms throughout infection using

western blotting (WB) (Figure 4G). In agreement with the MS

results, the abundance of the 95 kDa form decreased, while

the abundance of the precursor and 76 kDa mature form

increased in infected cells. This change is dependent on late

viral gene expression, as treatment with phosphonoformate

(PFA) that inihibits late gene expression rescued LYAG pro-

cessing (Figure S5). Altogether, our microscopy, MS, and pro-

cessing analyses demonstrate that LYAG processing is altered

by HCMV infection, which may impact its activity late in

infection.

Subcellular Localization of Viral Proteins throughout the
HCMV Life Cycle
Next, we investigated the temporal localization of viral proteins

to distinct organelles. The 92 viral proteins were represented

within a heatmap, clustered according to their localizations in

parallel to their temporal abundances (Figure 5A). A threshold

was set to filter proteins with a low prediction score.

Numerous viral proteins were observed to localize to the

Golgi and ER. This group contained viral membrane glycopro-

teins involved in virion entry (gB, gH, gL, gM, gN, gO, and

UL128), IgG binding (UL119, RL 11, and RL12), putative glyco-

proteins (UL9, UL14, UL74A, and UL121), as well as viral pro-

teins with unknown functions (UL4, UL41A, UL132, RL10, and

IR13). Viral proteins involved in secondary assembly and egress

were also localized to the ER/Golgi (UL71, UL94, UL99, and

UL103), in agreement with the contribution of these organelles

to the viral assembly complex. It is likely that some of the
uncharacterized proteins assigned to this group function in

secondary envelopment or are recruited for virion assembly.

Membrane proteins targeted to the plasma membrane were

also observed in this group, suggesting detection during syn-

thesis or trafficking. These included glycoproteins (UL16) and

G protein coupled receptor homologs with known (UL33,

UL78, and US28) or unknown functions (US12, US13, US15,

and US16). While the abundances of these membrane proteins

were higher at late time points (96–120 hpi), the uncharacter-

ized protein US12 was most abundant at 24 hpi, indicating a

likely role early in infection. Finally, viral proteins assigned to

the ER/Golgi contained immune evasion proteins (UL22,

UL40, UL50, US3, US10, US11, and US34), including members

of the US6 family (US6, US8, and US9) that act by sequestra-

tion of HLA at the ER.

As expected, several viral proteins were assigned to the mito-

chondria. UL37was consistently assigned to themitochondria at

all infection time points, in agreement with its known role in mito-

chondrial inhibition of apoptosis (McCormick et al., 2003). In

addition, the uncharacterized proteins UL88 andUL15Awere as-

signed to the mitochondria early or late in infection, respectively.

A group of viral proteins was also assigned to the nucleus. As

expected, this group included proteins involved in capsid as-

sembly, such as the capsid scaffold UL80, and regulators of

transcription (UL122 and UL123) and viral genome replication

(UL44).

A small subset of viral proteins displayed dynamic organelle

localizations at different time points of infection. Some of

these were virion components, including core capsid (UL46,

UL85, and UL86) and capsid-associated tegument (UL32,

UL45, UL82, UL47, and UL48) proteins. Their gradient profiles

were similar, indicating that they remain physically associated

during fractionation. Since virion proteins were not set as a

marker for classification, these are likely assigned to organ-

elles that happen to have similar profiles at each time point.

Two other proteins had similar profiles to these capsid compo-

nents at 96 hpi and 120 hpi. The first is UL53, the NEC2 nu-

clear egress component, which remains associated with nu-

clear capsid after release to the cytoplasm. The second

protein is UL88, which is predicted to have mitochondria local-

ization at 48–72 hpi. However, UL88 has a profile similar to

capsid proteins at 96 hpi. Thus, we would predict that UL88

becomes capsid associated late in infection (96–120 hpi),

consistent with its detection in purified virions (Varnum et al.,

2004).

The dynamic localization observed for one uncharacterized

protein was particularly striking to us: UL13, which was pre-

dicted to localize to the plasma membrane/cytoplasm at

24 hpi, to the mitochondria at 72 hpi, and then to the plasma

membrane and ER/Golgi late in infection. Therefore, we further

investigated its localization by live fluorescence microscopy us-

ing a virus strain expressing GFP-tagged UL13 (Figures 5B, 5C,

and S6). In agreement with our prediction, at 24 hpi, UL13-GFP

was observed at the plasma membrane. At 72 hpi, UL13-GFP,

while partly at plasma membrane, had prominent mitochondrial

localization. At 120 hpi, UL13 was observed at the mitochondria,

plasma membrane, and the assembly complex. The assembly

complex localization is likely the predominant form detected, ex-

plaining its assignment to the ER/Golgi.
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Figure 5. Temporal Localizations and

Abundances of Viral Proteins throughout

Infection

(A) Heatmap of the subcellular localization of viral

proteins and their relative abundances throughout

infection. The viral proteins were assigned locali-

zation to peroxisomes (brown), mitochondria (red),

lysosomes (yellow), Golgi/ER (green), cytosol/PM

(blue), and nucleus (pink). The darker colors indi-

cate higher confidence in assignment. The identi-

fied proteins that did not pass the score threshold

are shown in gray. The levels are normalized to the

most abundant time point.

(B) UL13-GFP co-localization with mitochondria

by live fluorescence microscopy at 24, 72, and

120 hpi. The scale bar represents 10 mm.

(C) UL13-GFP co-localization with plasma mem-

brane by live fluorescence microscopy at 24, 72,

and 120 hpi. The scale bar represents 10 mm.

See also Figure S6.
Translocation of Host Proteins upon HCMV Infection
We next asked whether the infection process, in addition to

altering the global distribution of organelle proteins, also triggers

translocations of host proteins from one organelle to another. A

protein was considered to translocate if it was consistently as-

signed to one location in uninfected cells and to a different loca-

tion upon infection. 374 proteins showed translocation upon

infection (Figures 6A and 6B; Table S6). To ensure that the de-

tected translocations were due to infection rather than cell cul-

ture or technical variability, a similar analysis was performed in

uninfected samples (Figure S7A; Table S6). Only 53 proteins

were detected to translocate in uninfected cells and their pat-

terns were different from infected cells.

Most translocations occurred between the plasmamembrane,

ER, Golgi, and lysosomes. The endomembrane machinery traf-
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fics proteins through these organelles

during secretion, transport to the cell pe-

riphery, or targeting to endosomal com-

partments, such as lysosomes. It is likely

that HCMV alters this machinery, result-

ing in a large number of protein transloca-

tions. In support of our results, the trans-

location of MICA, a major stress signaling

protein, was previously reported (Fielding

et al., 2014). Notably, we observe direc-

tionality for these translocations, for

instance, more proteins are translocated

from the plasma membrane to other or-

ganelles than in the opposite direction

(Figure 6B). In addition, temporality is

evident in these translocation events.

The number of translocations between

the ER and Golgi increases with infection

to a total of 52 translocations at 120 hpi.

Although the ER and Golgi clusters

merged at 120 hpi (Figure 4A), resulting

in a decreased performance for Golgi

classification, the ER classifier performed

adequately (Figure S4). This could lead to
an overestimation of Golgi-to-ER translocations. To assess the

robustness of the ER versus Golgi classification late in infection,

we analyzed the translocations of the markers. Should these

translocations derive from poor classification algorithm perfor-

mance, then random marker translocations may be seen. How-

ever, none of the ER markers were assigned to Golgi, while two

out of 12 Golgi markers were assigned to the ER group at 120 hpi

(Table S4). In contrast, when analyzing all proteins (markers and

predicted localizations), a significantly larger proportion of Golgi-

to-ER translocations (40%) was seen at 120 hpi. Some of these

translocations were also seen at earlier times, when the Golgi

classifier performed better, suggesting that most Golgi-to-ER

translocations are likely not due to poor classification. The large

number of translocations in the endomembrane system late in

infection is likely associated with assembly complex formation.



Figure 6. Protein Translocation upon HCMV

Infection

(A) Heatmap showing the number of translocation

events at each time point of infection. The rows

indicate location in uninfected samples, and the

columns indicate localization at a specific time

point of infection. plasma membrane (PM).

(B) Sum of all translocation events throughout the

course of infection.

(C) Profile of SCARB1 compared to plasma

membrane (PM) or lysosome markers in unin-

fected samples and at 72 hpi (left). The IF valida-

tion of SCARB1 translocation is shown (right). In

uninfected cells, SCARB1 is observed at intracel-

lular vesicles (arrowheads) and partially at the PM

(arrows). At 96 hpi, SCARB1 primarily localizes to

the PM (arrows). The merged images show

SCARB1 (green), nucleus (blue), UL99 (infection

marker, red), and delineation of the cell periphery

(aqua). The scale bar represents 10 mm.

See also Figure S7.
Notably, although the mitochondria contained the largest num-

ber of identified proteins, very few translocation events were de-

tected, suggesting that functional alterations in the mitochondria

are mainly due to changes in abundances or posttranslational

modifications.

To test our translocation predictions, we selected two proteins

for validation, SCARB1 and MYO18A. The scavenger receptor

class B member 1 (SCARB1), a receptor for high density lipopro-

tein cholesterol is found at the cell periphery and internally (Ji

et al., 2011). SCARB1 was predicted to translocate from lyso-

somes to the plasma membrane during infection (Figure 6C;

Table S6C).When visualizing endogenous SCARB1 by IF, in

uninfected cells, it localized to intracellular vesicles and partially

to the plasma membrane. These vesicles had lysosomal pro-

perties, as SCARB1 co-localized with LYAG (Figure S7B). In

agreement with our MS prediction, at 72 hpi, SCARB1 localized

primarily to the cell periphery, supporting a viral-induced translo-

cation of SCARB1 (Figures 6C and S7C). As cholesterol is

required for virion infectivity and infection increases intracellular

cholesterol (Gudleski-O’Regan et al., 2012), SCARB1 transloca-

tion may be a part of the viral regulation to increase intracellular

cholesterol.
Cell S
MYO18A Participates in Late
Stages of HCMV Replication
One translocation of interest was that of

the unconventional myosin MYO18A.

MYO18A is involved in actin retrograde

flow at the cell lamella (Tan et al., 2008)

and traffic of Golgi-derived vesicles

(Farber-Katz et al., 2014). In contrast to

typical myosins, MYO18A has a catalyti-

cally inactive motor and an N-terminal

PDZ domain for protein interactions.

MYO18A interacts with conventional

class-2 non-muscle myosins (NM2),

becoming an adaptor between catalyti-

cally active myosins and cellular targets

(Billington et al., 2015).
Due to the functional diversity of MYO18A and our evidence

for its translocation, we further investigated it during viral infec-

tion.While assigned to the plasmamembrane in uninfected cells,

MYO18A was in the lysosome cluster after infection (Figure 7A).

In addition, several host proteins that did not co-fractionate with

MYO18A in uninfected samples had similar profiles upon infec-

tion (Figures 7A and 7B). These included the Golgi-localizing

COPI tethering protein, GOLGB1, and the NM2 proteins,

MYH9 and MYH10. Our results suggest that upon translocation

from the plasma membrane, MYO18A may be targeted to NM2-

and GOLGB1-intracellular vesicles. Several viral proteins rele-

vant late in infection, such as gB (viral envelope), UL71, and

UL99 (tegument and secondary envelopment), also had similar

profiles with MYO18A, indicating its possible function late in

infection (Figures 7A and 7C).

To confirm MYO18A translocation, we used IF microscopy

(Figure 7D). MYO18A enrichment at the plasma membrane

was exclusively observed in uninfected cells. At 120 hpi,

MYO18A formed punctate-intracellular structures, few adjacent

to GOLGB1-stained vesicles. We next tested the localization of

MYO18A relative to the viral assembly complex by assessing

its co-localization with UL99 (Figure 7E). UL99 is an assembly
ystems 3, 361–373, October 26, 2016 369



Figure 7. MYO18A Translocates to the Viral

Assembly Complex and Is Important for

Viral Production

(A) 2D visualization for MYO18A gradient pro-

file and its relation to other organelle-assigned

proteins.

(B) Gradient profile for MYO18A, MYO18A-asso-

ciated host proteins (MYH9/10 and GOLGB1), and

markers for the PM and lysosome.

(C) Gradient profiles for MYO18A, viral proteins

with similar profiles, and lysosome markers.

(D) IF microscopy of MYO18A and Golgi marker

(GOLGB1). Anti-MYO18A antibody detects both

the full and the truncated (lacking the PDZ domain)

isoforms. The scale bar represents 10 mm.

(E) Co-staining of MYO18A and UL99 (assembly

complex marker) by IF under different per-

meabilization conditions. The scale bar represents

10 mm.

(F) RNAi-mediated knock down of Myo18A de-

creases infectiousparticleproduction,asmeasured

by IE1-positive infectious units (IU) per milliliter.

The error bars show 95% confidence interval (CI).

The statistical significance (**) was assessed by

two-sided student t test for siCtrl versus siMyo18A-

1 (p = 9.7 3 10�5) and siCtrl versus siMyo18A-2

(p = 8.93 10�4).

(G) Hypothetical model for MYO18A function in

HCMV replication.
complex marker and is also observed in vesicular structures co-

localized with UL71 outside of the assembly complex (Womack

and Shenk, 2010). During IF optimization, we noticed that a mild

permeabilization of cells (Tween-20) preserved MYO18A stain-

ing adjacent to UL99-containing vesicles outside the assembly

complex, but limited its detection within the assembly complex.

In strongly permeabilized samples (methanol), MYO18A puncta

was consistently observed at the assembly complex, co-local-

ized with UL99, and occasionally at the assembly complex

periphery (Figure 7E; MetOH). These results suggest that

MYO18A may associate with late viral vesicles outside the as-

sembly complex and may be involved in viral production or

release. To test this, we utilized two different RNAi-mediated

knock downs of MYO18A (Figure 7F, right). MYO18A knock-

down resulted in a significant decrease in virus production (Fig-

ure 7F, left). In summary, our proteomic and functional analyses

demonstrate a new role of MYO18A in HCMV late replication.

Our microscopy results validate the translocation predicted by

the TMT data set and are complemented by the functional anal-

ysis of MYO18A in infection, demonstrating the potential of this
370 Cell Systems 3, 361–373, October 26, 2016
resource in predicting functions in infec-

tion for observed organelle protein

alterations.

DISCUSSION

The cell is a carefully organized system

composed of subcellular components

with diverse and specialized functions.

Here, we utilized live cell microscopy,

quantitative MS-based proteomics, and
functional analyses to define the dynamics of organelles upon

pathogenic invasion. This multidisciplinary analysis allowed us

to (1) establish the viral proteins that target distinct organelles

during infection, (2) monitor temporal changes in organelle pro-

tein abundance, (3) predict alterations in organelle subpopula-

tions, and (4) determine host proteins that are translocated

from one organelle to another upon HCMV infection. Altogether,

this study has provided a resource of information for functional

analyses aimed to understand organelle function and regulation

during infection and their connection to viral replication and

pathogenesis. Two functional avenues further pursued in this

study are discussed below.

Spatial Rearrangement of Lysosomes Late in Infection
Lysosomes are part of a tightly regulated membrane trafficking

system. In addition to their primary catabolic role, lysosome

components can have storage and secretion functions, such

as within lysosome-related organelles (LROs). Our results

showing two lysosomal subpopulations suggest that HCMV hi-

jacks lysosome components for roles not present in uninfected



fibroblasts. The lysosome proteins that shifted to denser frac-

tions were largely involved in carbohydrate catabolism, such

as LYAG, thus possibly increasing the vesicle size and/or density

through accumulation of non-lipid molecules. In agreement, we

(current study) and others observe an increased lysosome size

(Das and Pellett, 2011). As HCMV infection increases glycolytic

flux (Munger et al., 2008), lysosomes may participate in de-

grading complex carbohydrates to feed the central carbon

metabolism.

The proteins retained in the lighter fractions were mainly lyso-

some membrane proteins, such as LAMP1, which we observed

at the assembly complex. Prior studies indicate that lysosome-

related pathways may control HCMV assembly or secretion.

LAMPs are dynamic, as they can form part of LROs, and

LAMP1 can regulate exocytosis (Yogalingam et al., 2008).

Furthermore, Rab27a, a regulator of LROs, is required for virus

transport (Fraile-Ramos et al., 2010). Finally, depletion of UL71

results in defective final envelopment and accumulation of large

vesicles with lysosomal properties (Womack and Shenk, 2010).

Therefore, our investigation offers critical information about

which lysosomal proteins are differentially regulated, opening

new avenues of research to determine lysosome function late

in infection.

HCMV-Induced Translocations and the Role of MYO18A
in Infection
A protein translocation can be defined as a movement from one

compartment to another upon a stimulus. Mechanisms for

translocation include active targeting or transport between

compartments (e.g., nuclear/cytoplasmic shuttling) or compart-

ment-specific changes in abundance (e.g., degradation). Exper-

imentally, translocations can be assessed by microscopy or

by measuring changes in abundance between compartments.

Here, we determine translocations by comparing the spatial pro-

file of proteins to well defined markers of organelles. This mini-

mized the effect of sample, technical, and biological variability,

such as structural organelle changes induced by infection.

One complication is given by proteins with multiple localiza-

tions. For instance, 15% of the proteins in uninfected samples

had more than one predicted localization. Although the extent

of multilocalizing proteins is not clear, 60% of the human pro-

teins in UniProt have multiple localization annotations (Gatto

et al., 2014a). Therefore, our assignments likely capture the

predominant state of the protein in the cell, and many of these

proteins could be simultaneously found in multiple organelles.

This is exemplified by the viral protein UL13, whichwas observed

in multiple compartments at 72 and 120 hpi and the host protein

SCARB1 in uninfected cells. Although we cannot say with confi-

dence which proteins may be found in multiple compartments,

lower assignment scoresmay result from two or moremixed dis-

tributions across the density gradient. This would result in a new

joint distribution that differs from the distributions of organelle

markers. Finally, translocation events observed upon infection

may not necessarily imply that the protein is absent from its

original compartment, but rather that its primary location may

change.

Our follow up analysis on the translocation of MYO18A dem-

onstrates the functional importance of translocations in infec-

tion. Based on our results, we propose a model (Figure 7G) in
which MYO18A is translocated to the assembly complex to

tether viral loaded vesicles and motor proteins like the NM2,

MYH9/10. HCMV virions undergo their final envelopment in ves-

icles that contain both trans-Golgi network (TGN) and endoso-

mal markers, and it is known that MYO18A binds to TGN vesicles

(Farber-Katz et al., 2014). As MYO18A is involved in hepatitis C

virus secretion (Bishé et al., 2012), this may be a commonmech-

anism for enveloped viruses. HCMV egress is an active process

regulated by UL103 (Ahlqvist and Mocarski, 2011), yet it is

unknown whether host factors participate in this process.

MYO18A function in regulating vesicle movement makes it a

good candidate for HCMV egress. Our results highlight the

importance for future investigations of MYO18A in the context

of viral assembly and egress and as a potential antiviral target

to limit HCMV spread.
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