
Resource
Large-Scale Arrayed Analy
sis of Protein Degradation
Reveals Cellular Targets for HIV-1 Vpu
Graphical Abstract
Highlights
d Developed proteomics platform to enable the arrayed

analysis of protein stability

d Proof-of-concept application identified cellular targets of

HIV-1 Vpu

d Vpu degrades cellular E2 ligase UBE2L6 to inhibit global

conjugation of ISG15

d CD99 and PLP2 interfere with packaging of HIV-1 envelope

and are targeted by Vpu
Jain et al., 2018, Cell Reports 22, 2493–2503
February 27, 2018 ª 2018 The Author(s).
https://doi.org/10.1016/j.celrep.2018.01.091
Authors

Prashant Jain, Guney Boso,

Simon Langer, ..., Sunnie M. Yoh,

Lars Pache, Sumit K. Chanda

Correspondence
lpache@sbpdiscovery.org (L.P.),
schanda@sbpdiscovery.org (S.K.C.)

In Brief

Retroviruses use their accessory proteins

to evade immune detection and enhance

viral replication. Jain et al. developed a

high-throughput–high-content imaging

platform to study protein stability and

degradation. This method was then

applied to reveal cellular targets of the

HIV-1 accessory factor Vpu.

mailto:lpache@sbpdiscovery.org
mailto:schanda@sbpdiscovery.org
https://doi.org/10.1016/j.celrep.2018.01.091
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2018.01.091&domain=pdf


Cell Reports

Resource
Large-Scale Arrayed Analysis of Protein
Degradation Reveals Cellular Targets for HIV-1 Vpu
Prashant Jain,1,2,4 Guney Boso,1,2,5 Simon Langer,1 Stephen Soonthornvacharin,1,6 Paul D. De Jesus,1 Quy Nguyen,1,7

Kevin C. Olivieri,1,8 Alex J. Portillo,1 Sunnie M. Yoh,1 Lars Pache,1,3,* and Sumit K. Chanda1,3,9,*
1Sanford Burnham Prebys Medical Discovery Institute, 10901 North Torrey Pines Road, La Jolla, CA 92037, USA
2These authors contributed equally
3Senior author
4Present address: University of California, San Diego, La Jolla, CA, USA
5Present address: National Institute of Allergy and Infectious Diseases, Bethesda, MD, USA
6Present address: Tocagen, Inc., San Diego, CA, USA
7Present address: Kyowa Kirin Pharmaceutical Research, Inc., La Jolla, CA, USA
8Present address: Homology Medicines, Inc., Bedford, MA, USA
9Lead Contact

*Correspondence: lpache@sbpdiscovery.org (L.P.), schanda@sbpdiscovery.org (S.K.C.)

https://doi.org/10.1016/j.celrep.2018.01.091
SUMMARY

Accessory proteins of lentiviruses, such as HIV-1,
target cellular restriction factors to enhance viral
replication. Systematic analyses of proteins that
are targeted for degradation by HIV-1 accessory
proteins may provide a better understanding of
viral immune evasion strategies. Here, we describe
a high-throughput platform developed to study
cellular protein stability in a highly parallelized
matrix format. We used this approach to identify
cellular targets of the HIV-1 accessory protein Vpu
through arrayed coexpression with 433 interferon-
stimulated genes, followed by differential fluores-
cent labeling and automated image analysis. Among
the previously unreported Vpu targets identified by
this approach, we find that the E2 ligase mediating
ISG15 conjugation, UBE2L6, and the transmem-
brane protein PLP2 are targeted by Vpu during
HIV-1 infection to facilitate late-stage replication.
This study provides a framework for the systematic
and high-throughput evaluation of protein stability
and establishes a more comprehensive portrait of
cellular Vpu targets.

INTRODUCTION

A primary mechanism by which lentiviruses, including HIV-1,

evade innate immune restriction is through ubiquitination of

host restriction factors, which leads in many cases to protea-

some-mediated degradation (Rustagi and Gale, 2014; Strebel,

2013). Accessory proteins uniquely expressed by complex retro-

viruses are the predominant mediators of this immune evasion

strategy. For example, the Vif protein of HIV-1 recruits the

Cul5-Elongin ubiquitin ligase complex to target the antiviral

interferon stimulated gene (ISG) APOBEC3G for degradation

(Kobayashi et al., 2005; Marin et al., 2003; Sheehy et al., 2002),
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whereas Vpu directs the degradation of CD4 and BST2/tetherin

(Neil et al., 2008; Van Damme et al., 2008;Willey et al., 1992). The

HIV-2 and simian immunodeficiency virus (SIV)-encoded Vpx

protein causes degradation of SAMHD1 to facilitate reverse tran-

scription inmyeloid and resting T cells (Hrecka et al., 2011; Lagu-

ette et al., 2011). A number of these lentiviral accessory protein

targets were discovered in the context of specific cellular back-

grounds that were found to be restrictive for accessory factor

mutant viruses. However, numerous functional and protein-

interaction studies have provided evidence that HIV-1 accessory

proteins may target a broader set of cellular factors than is

currently appreciated (Haller et al., 2014; Jäger et al., 2011;

Matheson et al., 2015). Therefore, a systematic analysis of

HIV-1 accessory protein-mediated degradation events may pro-

vide important new insights into additional viral evasion

mechanisms.

Vpu has been well documented to promote viral replication

and pathogenesis through antagonism of innate immune

mechanisms (Roy et al., 2014). Most notably, Vpu has been

reported to counteract BST2/tetherin (Neil et al., 2008; Roy

et al., 2014; Van Damme et al., 2008) to facilitate efficient

virion release, and CD4 (Willey et al., 1992) to prevent super-

infection (Wildum et al., 2006) and boost the production of

cell-free infectious virions (Lama et al., 1999). Additional docu-

mented Vpu targets that function in immune regulation include

CD1d (Moll et al., 2010), natural killer, T, and B cell antigen

(NTB-A) (Shah et al., 2010), CD155 (Matusali et al., 2012),

CCR7 (Ramirez et al., 2014), and SNAT1 (Matheson et al.,

2015). These data suggest that Vpu targets modulators of

cell non-autonomous immune functions, in addition to direct

regulators of viral replication. Given the diversity of the

described Vpu targets, and complex mechanisms by which

these proteins are inactivated (Dubé et al., 2011; Goffinet

et al., 2009; Kueck and Neil, 2012; Lewinski et al., 2015),

the complete scope of host proteins targeted by Vpu likely

is not yet fully appreciated. Therefore, a comprehensive and

unbiased analysis of host proteins modulated by Vpu would

not only enhance our understanding of the critical cellular

processes that facilitate viral replication but also shed light
orts 22, 2493–2503, February 27, 2018 ª 2018 The Author(s). 2493
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Figure 1. Global Arrayed Protein Stability

Analysis

(A) Schematic representation of the Global Ar-

rayed Protein Stability Analysis (GAPSA) platform.

(B) Representative images of fluorescently im-

munolabeled HEK293T cells coexpressing LacZ-

FLAG or Vpu-FLAG (Alexa Fluor 568) with either

BST2-V5 or LacZ-V5 (Alexa Fluor 488).

(C) Z0 calculation for the loss of cellular BST2/

tetherin levels following coexpression with Vpu-

FLAG versus LacZ-FLAG. Data is shown as

mean ± SD.

(D) Modified Z score indicating degradation of

ISGs following Vpu expression relative to LacZ

expression for all genes expressed in the screen

that met the quality control criteria. Hits are high-

lighted in black and genes selected for functional

characterization are shaded red. See Table S1 for

screen data.

(E) Metascape-based Gene Ontology (GO) anal-

ysis of primary screen hits.

MFI, mean fluorescence intensity; ssDNA, single-

stranded DNA.
on general strategies used by HIV-1 to facilitate immune

evasion on a global scale.

In this study, we report the development of a high-content im-

aging platform, the Global Arrayed Protein Stability Analysis

(GAPSA), which enables a highly parallelized analysis of protein

stability at the level of the proteome. We assessed the perfor-

mance of this platform by identifying cellular targets of Vpu using

a cDNAmatrix comprising 433 individual ISGs. Several previously

unreported Vpu host targets were identified using this approach.

Validation studies confirmed Vpu-dependent modulation of 26

host proteins by ectopic expression and immunoblot analysis.

We further verified theVpu-dependent downregulationof a subset

of these factors in the context of viral infection, and functionally

validated the antiviral activities of CD99, PLP2, and UBE2L6.

Taken together, these data underscore the utility of the GAPSA

platform to identify cellular factors that are targeted for degrada-

tion by specific proteins or cellular stimuli, and further establish

a more extensive set of host factors that are modulated by Vpu.
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RESULTS

High-Content Imaging-Based
Screen for Vpu Targets
We developed GAPSA, a high-content

imaging-based approach, to better un-

derstand the range of proteins that may

be targeted for degradation by specific

factors or extracellular stimuli. This plat-

form enables the large-scale evaluation of

changes in target protein levels following

coexpression with a regulatory factor, or

the addition of stimuli, in an arrayed

format. Specifically, this methodology re-

lies on high-throughput visualization of

protein abundance following coexpres-

sion and differential fluorescent labeling.
We assessed the efficacy of this approach towards identifying

protein destabilization events directed by Vpu. Cells coexpress-

ing V5-tagged BST2/tetherin and either Vpu-FLAG or a LacZ-

FLAG control were immunostained in a 384-well format with

anti-V5 and anti-FLAG antibodies, and secondary antibodies

labeled with Alexa Fluor 488 and Alexa Fluor 568 fluorescent

dyes, respectively. BST2/tetherin served as a positive control,

and the analysis was conducted in duplicate. To ensure consis-

tent immunostaining of expressed V5 and FLAG epitopes in all

wells and between plates, an automated protocol was devel-

oped to wash, fix, permeabilize, and immunolabel each sample

(Figure 1A; Supplemental Experimental Procedures). Cells

coexpressing BST2/tetherin and LacZ showed a robust staining

intensity, whereas a significant loss of BST2/tetherin staining

intensity was observed in cells expressing Vpu-FLAG (Figures

1B and 1C). We determined a Z0 score of 0.49 for the assay, indi-

cating a suitable window for this automated screening approach

(Figure 1C).



In this study, we used the GAPSA platform to identify cellular

targets of the HIV-1 accessory protein Vpu by coexpressing

433 V5-tagged putative ISGs, selected based on previous pub-

lications (Barr et al., 2008; Der et al., 1998; Goujon et al., 2013;

Kane et al., 2016; Rusinova et al., 2013; Waddell et al., 2010)

and availability within the human ORFeome V8.1 library (Yang

et al., 2011). Baseline expression levels were established by as-

sessing the protein abundance of each ISG after cotransfection

with a LacZ control. Following automated analysis of the image

output, Vpu-dependent changes of ISG protein levels were

determined as the ratio between mean fluorescence intensity

(MFI) of V5 (ISG) staining in cells coexpressing Vpu and those

coexpressing LacZ. Of the initial set of 433 genes, 321 ISGs

showed robust expression, defined as 3 times above back-

ground staining intensity, in each of the replicate samples and

were further considered for downstream analysis. Fold changes

in V5 staining intensities of Vpu-expressing cells were calculated

relative to LacZ-expressing control cells, and median fold

changes were determined for data collected from each plate

within the screen. Modified Z scores were calculated using the

plate median and the median absolute deviation (MAD) for

each gene (Salgado et al., 2016). Primary hits were identified

as genes that showed a modified Z score below �1.0. Based

on these criteria, we identified 52 proteins as putative Vpu tar-

gets (Figures 1D and S1; Table S1).

To understand the enrichment of biological and cellular pro-

cesses among these hits, we applied aGeneOntology (GO) anal-

ysis using the Web-based tool Metascape (www.metascape.

org) (Tripathi et al., 2015) (Figure 1E). This analysis revealed sig-

nificant enrichment of, among others, genes involved in focal

adhesion (Figure 1E). Among these were CFL1, a protein that de-

polymerizes F-actin and that, upon knockdown, was shown to

enhance transinfection of HIV-1 between dendritic cells (DCs)

and T lymphocytes (Ménager and Littman, 2016); CD99, which

is involved in T cell adhesion and leukocyte migration (Bernard

et al., 2000; Hahn et al., 1997; Sohn et al., 2001); and ATP1B1,

which is a subunit of the Na+/K+ transporter. These results sug-

gest that Vpu-mediated immune evasion strategies may affect a

broader range of host cell functions than previously appreciated,

including host metabolic processes and plasma membrane

activities.

Validation of Vpu-Dependent Downregulation of ISGs
Vpu-dependent downregulation of screen hits was validated by

immunoblot analysis of ISG protein levels following coexpres-

sion with FLAG-tagged Vpu or LacZ in HEK293T cells. To avoid

plate bias in selecting factors, we chose 38 proteins, which

included up to 10 hits per plate, prioritized by modified Z score

values. Of the 38 selected ISG hits, 33 showed detectable pro-

tein levels in the immunoblot-based validation assay and these

were evaluated for protein degradation upon Vpu coexpression.

We confirmed a Vpu-dependent reduction of protein levels for 26

of the 33 ISGs (Figures 2A and S2A), representing a confirmation

rate of 79%. Of the 26 validated genes, 13 were strongly down-

regulated (>75% reduction), 6 were moderately downregulated

(between 75% and 50% reduction), and 7 were weakly downre-

gulated (between 50%and 25% reduction). Among the validated

factors, only 3 genes showed a >25% reduction in mRNA tran-
script levels, indicating that the differences in protein levels

following Vpu coexpression were not predominantly the result

of transcriptional regulation (Figure S2B).

Functional Characterization of Identified Vpu Targets
Next, we evaluated the effect of ISG overexpression on HIV-1

infectivity. Toward this end, we transfected HEK293T cells with

wild-type (WT) (HIV-1-Luc) and Vpu-deficient (HIV-1-DVpu-Luc)

proviral DNA and cotransfected 17 of the 26 validated hits (see

Supplemental Experimental Procedures for selection criteria).

Supernatants were harvested 72 hr post-transfection and used

to infect HEK293T.CD4.CCR5 cells. Overexpression of 15 of

the 17 hits led to a reduction in viral infection compared to

the LacZ control (Figure 2B). Moreover, overexpression of 11

of the 15 ISGs affected the infection of Vpu-deficient virus to a

significantly greater extent than WT virus. We hypothesize that

the proteins that are targeted for degradation by Vpu, but

do not affect replication, may affect non-cell autonomous pro-

cesses such as immune effector functions, or they may be

‘‘bystander’’ targets of Vpu, and their removal may not provide

an advantage for viral replication.

Evaluation of Proteasome and HIV Accessory Protein
Dependence of ISG Degradation
It has been observed that Vpu-dependent degradation of host

factors involves, at least in some cases, proteasome-mediated

degradation in an Skp, Cullin, F-box b-transducin repeat-con-

taining protein (SCFb-TrCP)-dependent manner (Magadán et al.,

2010; Mitchell et al., 2009; Willey et al., 1992). To determine

whether proteasomal activity is required for the Vpu-dependent

degradation of the identified factors, cellular expression levels of

10 Vpu targets (Figure 2A), whose expression also resulted in a

significant reduction of reporter virus infection (Figure 2B),

were evaluated in the presence or absence of the proteasome

inhibitor MG132 (Figures 2C and S3A). Treatment with MG132

rescued the Vpu-dependent reduction of CD99, LIPG, and

UBE2L6 >2-fold (strong rescue), and of IL1RN and CFL1 be-

tween 1.2- and 1.4-fold (moderate rescue). The protein levels

of the remaining targets were not rescued upon MG132 treat-

ment, suggesting that Vpu is mediating their degradation in a

proteasome-independent manner.

Next, we investigated the ability of additional HIV-1 and -2

accessory proteins to regulate the protein levels of the 10 ISGs

described above. We found that the protein degradation

of most factors was mediated primarily by Vpu (Figures 2D

and S3B). However, LIPG protein levels also were reduced

upon coexpression with the HIV-1 accessory protein Vif, and

ARID3B was downregulated by the HIV-2 accessory protein

Vpx. These data suggest a certain level of redundancy in speci-

ficity for some host cell targets between multiple HIV-1 acces-

sory proteins, which is consistent with previous studies (Haller

et al., 2014; Matheson et al., 2015).

To determine the level of false-positive hit identification re-

sulting from ectopic protein expression in the GAPSA system,

we further assessed changes in the endogenous levels of 7

proteins that include factors that showed substantial downregu-

lation by Vpu, significantly decreased viral infection upon over-

expression (Figure 2B), or both. Vpu expression clearly reduced
Cell Reports 22, 2493–2503, February 27, 2018 2495
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Figure 2. Hit Validation and Functional Evaluation of Putative Vpu Targets

(A) Heatmap representing relative fold change of putative target protein levels following Vpu expression. Data are derived from densitometric analysis of im-

munoblots of whole-cell lysates of HEK293T cells coexpressing Vpu-FLAG or LacZ-FLAGwith the indicated V5-tagged ISGs. Data represent average fold change

from 2 independent experiments. See Figure S2A and Table S1 for detailed immunoblot results.

(B) HIV-1-Luc or HIV-1-DVpu-Luc produced in HEK293T cells ectopically expressing a subset of selected hits, or LacZ as control, was used to infect

HEK293T.CD4.CCR5 cells. Normalized Renilla luciferase reporter values are shown relative to LacZ control (100%). (*) Factors that inhibited infectivity of HIV-1-

DVpu-Luc significantly greater than WT (p % 0.05). Data are represented as mean ± SEM.

(C) Heatmap representing fold change of Vpu target protein levels in western blots following Vpu expression, relative to LacZ expression, in whole-cell lysates of

HEK293T cells in the presence or absence of MG132. The proteasome dependence of the ISG degradation was designated as ‘‘strong’’ (>2-fold rescue) or

‘‘moderate’’ (2- to 1.2-fold rescue). Data represent average fold change from 2 independent experiments. See Figure S3A for representative immunoblots.

(D) Heatmap representing fold change in protein expression levels determined by western blot following expression of Vpu, Vif, Nef, and Vpx, relative to LacZ

expression in whole-cell lysates of HEK293T cells. Data represent average fold change from 2 independent experiments. See Figure S3B for representative

immunoblots.
endogenous protein levels of 6 of the 7 proteins (Figure 3A). Next,

we determined whether the factors were targeted for Vpu-

dependent degradation in the context of viral infection. We

assessed the degradation of CD99, ARID3B, and PLP2 upon

infection of either WT or Vpu-deficient HIV-1 with comparable

titers. These data showed considerable decreases in endoge-

nous levels of CD99, ARID3B, and PLP2 following infection

with WT HIV-1, in contrast to minor changes with a Vpu-deficient

strain (Figure 3B). Although additional studies are necessary

to comprehensively evaluate the degradation and functional

effects of the factors identified by our screen, these data demon-
2496 Cell Reports 22, 2493–2503, February 27, 2018
strate that the GAPSA system is able to successfully identify

endogenous host cell factors that are degraded by an HIV-1

accessory protein upon viral infection.

Vpu Inhibits the Conjugation of ISG15 to Cellular
Proteins through Targeting of UBE2L6
In addition to the factors described above, we found that

UBE2L6, an E2 ligase essential for the conjugation of ISG15 to

host proteins (ISGylation) that mediates broad post-translational

modifications of several host and microbial proteins (Zhang

and Zhang, 2011), is degraded specifically by Vpu. Notably,
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(A) Whole-cell lysates of HeLa cells transiently overexpressing Vpu were

probed with the indicated antibodies.

(B) Immunoblots of THP-1 cells infected with WT or Vpu-deficient strains of

HIV-1 were probed with the indicated antibodies. Actin levels were used as

loading control, and Gag-p24 levels indicate viral infection levels.

All data are representative of 2 independent experiments.
ISGylation has been directly implicated in impeding HIV-1

budding and egress (Pincetic et al., 2010). We therefore investi-

gated whether Vpu-dependent degradation of UBE2L6 affects

the global ISGylation levels of proteins in infected THP-1 cells

(Figure 4A), primary monocyte-derived macrophages (MDMs)

(Figure 4B), and HeLa cells (Figure S4A). Cells were infected

with either WT or Vpu-deficient HIV-1 at comparable titers. Inter-

feron b (IFNb) was added to cells 24 hr before harvesting to

upregulate expression of the ISGylationmachinery. Immunoblot-

ting analysis showed a considerable decrease in ISG15 conju-

gates and endogenous UBE2L6 levels following WT HIV-1

infection as compared to the uninfected control. Notably, infec-

tion with Vpu-deficient HIV-1 resulted in endogenous UBE2L6

and ISG15 conjugation levels comparable to, or higher than,

uninfected cells. These findings suggest that HIV-1 reduces

global ISGylation levels in a Vpu-dependent manner. We further

evaluated whether expression of Vpu alone was sufficient to

downregulate ISGylation independently of viral infection. We

observed a marked decrease in ISG15 conjugates in cells over-

expressing Vpu compared to non-transfected or Nef-overex-

pressing cells (Figure 4C). These data demonstrate that expres-

sion of Vpu is sufficient to downregulate global ISGylation

mechanisms in cells.

Because ISGylation has been reported to inhibit HIV-1

budding and release (Okumura et al., 2006; Pincetic et al.,

2010; Woods et al., 2011), we evaluated the role of UBE2L6 in

HIV-1 late-stage replication. We observed >65% inhibition of

virion release 72 hr post-infection in UBE2L6-expressing cells

as compared to cells expressing the vector control. UBE2L6-
mediated inhibition of virion release was more pronounced in

cells infected with Vpu-deficient virus as compared to cells in-

fected with the WT virus, indicating that Vpu counteracts the

antiviral effects mediated by UBE2L6 (Figure 4D). Because

we did not observe a difference in viral luciferase reporter ac-

tivity between UBE2L6-expressing cells and control cells, we

concluded that the impact of UBE2L6 on virion release was not

caused by differences in viral input or gene expression (Fig-

ure S4B). We also observed that small interfering RNA (siRNA)-

mediated knockdown of UBE2L6 in THP-1 cells resulted in

enhanced HIV-1 production (Figures 4E and S4C), further

supporting a negative regulatory effect of this factor on viral

replication.

Evaluation of Antiviral Functions of CD99 and PLP2
Our experiments showed that overexpression of CD99 and PLP2

in producer cells resulted in an up to 10-fold reduction in the

infectivity of reporter virus in a Vpu- and dose-dependent

manner (Figures 2B and 5A). Importantly, p24 levels in the super-

natant of producer cells were not affected by the overexpression

of these genes (Figure S5), indicating that the impact of these

proteins on viral replication occurs after viral egress. Infectivity

of virions produced in the presence of CD99 and PLP2 was simi-

larly tested in primary CD4+ T cells, in which we also observed a

drastic decrease in virion infectivity upon overexpression of

CD99 and PLP2 (Figure 5B).

To investigate the potential effects of CD99 and PLP2 on the

viral life cycle steps that occur after the first round of infection,

we infected HEK293T cells that express the HIV-1 receptor

and co-receptor (HEK293T.CD4.CCR5) with viruses that were

produced in the presence of CD99, PLP2, or LacZ. Bound and

unbound virions that failed to enter the cells were removed by

trypsin treatment 3 hr post-infection, followed by extensive

washes. Immunoblotting analysis showed that cells infected

with virus produced in the presence of ectopically expressed

CD99 or PLP2 contained reduced amounts of the viral capsid

protein p24 (Figure 5C). It is interesting that these virions con-

tained an excess amount of unprocessed gp160 (Figure 5D),

whereas the HEK293T cells used to produce these viral particles

did not show increased gp160 levels, indicating that excess

gp160 packaging into virions is not the result of a defect in

viral envelope processing in the cells (Figure 5E). These results

indicate that expression of both CD99 and PLP2 leads to pro-

duction of HIV-1 particles that are defective in viral entry/binding,

and suggest that Vpu targets these proteins to promote viral

replication.

DISCUSSION

Subversion of antiviral mechanisms by HIV-1 critically depends

on the ability of HIV-1 accessory proteins to degrade specific

host targets in the cell. Importantly, several of the confirmed

Vpu targets identified in this study are associated with known

antiviral activities, as described below. Ontology analysis of

our screening data found an enrichment of genes that are

involved in processes such as focal adhesion (GO: 0005925),

viral processes (GO: 0016032), innate immune responses (GO:

0045087), and the response to cytokine stimuli (GO: 0071345)
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Figure 4. Evaluation of HIV-1 Infection-De-

pendent Modulation of Cellular ISGylation

Mechanism and Functional Validation of

UBE2L6

(A and B) Immunoblotting analysis of THP-1 cells

(A) and monocyte derived macrophages (MDMs)

(B) infected with WT (HIV-1-VSV-G) or Vpu-defi-

cient (HIV-1-DVpu-VSV-G) virus. IFNb was added

2 days after infection. See Figure S4A for Vpu-

dependent downregulation of ISGylation in HeLa

cells.

(C) Immunoblotting analysis of HeLa cells trans-

fected with the indicated concentrations of either

FLAG-tagged Vpu or Nef for 2 days. IFNb was

added 1 day post-transfection. Corresponding

pixel intensities of ISG15 and UBE2L6 bands,

averaged from 2 independent experiments, are

shown below the blots, ± SD.

(D) Relative Gag p24 levels in culture supernatant

from THP-1 cells stably expressing UBE2L6 or a

vector control that were infected with WT or Vpu-

deficient HIV-1. Error bars indicate SD. See also

Figure S4B.

(E) Relative changes in virus replication, as deter-

mined by luciferase gene expression, in THP-1

cells following siRNA knockdown of UBE2L6

versus scrambled siRNA control. See also Fig-

ure S4C. Error bars indicate SD.

All data are representative of 2 independent ex-

periments. siUBE2L6, small interfering RNA tar-

geting UBE2L6.
(Figure 1E). Several factors within these categories, when

overexpressed during the production of a Vpu-deficient virus,

were able to restrict viral infection (Figure 2B). Among these

factors is ATP1B1, a protein vital for ATPase function and ion

exchange across membranes within cells. Notably, several

proteins involved in the ATP synthase complex were found to

bind Vpu in a global HIV-1-host interaction study (Jäger et al.,

2011). Moreover, depolarization of the resting cell membrane

potential has been proposed to enhance a Vpu-dependent

release of HIV-1 from cells (Hsu et al., 2010), suggesting that
2498 Cell Reports 22, 2493–2503, February 27, 2018
Vpu-mediated degradation of ATP1B1

may enhance HIV-1 release through the

regulation of plasma membrane depolari-

zation. In addition, CD164 (endolyn) over-

expression reduced the infection of a

Vpu-deficient virus by 45% (Figure 2B)

and was shown to restrict HIV-1 virion

production in HEK293T cells upon over-

expression (McLaren et al., 2015).

Furthermore, both HIV-1 Nef and Vpu

were found to downregulate the cell sur-

face expression of CD164 in transfected

immortalized T cells (Haller et al., 2014).

Several genes involved in the regulation

of focal adhesions and cell-cell junctions,

including CFL1 and CD99, also were

identified in our study. These results are

consistent with the ability of Vpu to affect
cellular actin dynamics and intercellular barrier integrity. Specif-

ically, disruption of cell-cell junctions following HIV-1 infection

has been reported (Nazli et al., 2010) and has been proposed

to facilitate the paracellular spread of HIV-1 (Sufiawati and Tugi-

zov, 2014). It is interesting that CD99 also was shown recently to

be downregulated following Vpu expression by a stable isotope

labeling with amino acids in cell culture (SILAC)-based mass

spectrometry dataset (Sugden et al., 2017).

Vpu-dependent degradation of certain host factors has been

shown to occur in an SCFb-TrCP-dependent manner (e.g., CD4,
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Figure 5. Ectopic Expression of CD99 and

PLP2 Causes Production of Viral Particles

Defective in Entry/Binding

(A) HIV-1-Luc or HIV-1-DVpu-Luc produced in

HEK293T cells following transfection with 50 or

200 ng cDNA expressing LacZ, HSPA1A, CD99 or

PLP2 was used to infect HEK293T.CD4.CCR5

cells. Normalized Renilla luciferase reporter values

are shown relative to LacZ control (100%). See

also Figure S5.

(B) CD4+ T cells from 2 donors were infected

with 15 pg p24 equivalent HIV-1-Luc produced in

the presence of 200 ng of the indicated cDNAs.

Renilla luciferase levels are shown. Error bars

indicate SEM.

(C) HIV-1, produced in the presence of ectopically

expressed LacZ, HSPA1A, CD99, or PLP2, was

used to infect HEK293T.CD4.CCR5. Infected

cells were lysed and analyzed by immunoblot 3 hr

post-infection.

(D) Immunoblot analysis of viral lysates of HIV-1-

Luc produced in the presence of the indicated

genes that were ectopically expressed in HEK293T

cells.

(E) Immunoblot analysis of whole-cell lysates

derived from HEK293T cells cotransfected with

HIV-1-Luc and cDNAs encoding the indicated

genes.

All data are representative of 2 independent ex-

periments. RLU, relative luminescence unit.
SNAT1). We find it interesting that approximately half of the Vpu

targets queried were found to be degraded in a proteasome-

dependent manner (Figures 2C and S3A). In addition to protea-

some-dependent mechanisms, Vpu has been described to

downregulate expression levels of cellular targets by protea-

some-independent mechanisms, such as endolysosomal degra-

dation (e.g., BST2) (Blanchet et al., 2012; Matheson et al., 2015),

and Cullin RING ligase (CRL)-dependent mechanisms (Ramirez

et al., 2015). Vpu also has been shown to modulate the antero-

grade trafficking that results in retention in the trans-Golgi

network (TGN) (e.g., NTB-A, CCR7) (Bolduan et al., 2014; Ram-

irez et al., 2014; Shah et al., 2010), or to suppress membrane

recycling pathways through the retention of cargo in early endo-

somes (e.g., CD1d) (Moll et al., 2010). Further investigations into

the Vpu-dependent downregulation of ISGs identified in the pre-

sent study will aid significantly in the understanding of protea-

some-independent mechanisms used by Vpu to facilitate the

evasion of cellular immune responses.

Our study identified 15 Vpu targets, which upon overexpres-

sion significantly reduced the infectivity of Vpu-deficient virus

(Figure 2B). Of these identified genes, CD99 and PLP2 overex-

pression resulted in an up to 10-fold reduction in the infectivity

of released HIV-1 particles in a Vpu-dependent manner. It is
Cell Repo
interesting that enhanced incorporation

of unprocessed gp160 was observed in

HIV-1 particles produced in cells overex-

pressing CD99 or PLP2 (Figure 5D). Incor-

poration of mature envelope (Env) in

nascent virions involves the directed traf-
ficking of Env molecules via the secretory pathway from the TGN

to distinct Gag assembly sites in the plasmamembrane (Muranyi

et al., 2013). It has been suggested that the level of Env protein

on the surface of budding virions may be maintained at a lower

density to prevent the exposure of Env to immune surveillance

mechanisms (Groppelli et al., 2014). Only a small percentage

of gp160 is normally processed, whereas the rest is trafficked

to lysosomes for degradation (Willey et al., 1988). The enhanced

incorporation of unprocessed Env in progeny virions, which was

observed in our study, likely is the result of deregulated Env traf-

ficking, because we did not observe substantial differences in

Env expression or processing in producer cells (Figure 5E).

Both CD99 and PLP2 have been shown to regulate trafficking

from the TGN to the cell surface (Sohn et al., 2001; Timms

et al., 2013); therefore, it is conceivable that these proteins

also potentiate the trafficking of Env, including unprocessed

gp160, toward virion assembly sites in the plasma membrane.

The mode of action proposed here is distinct from the mecha-

nism of other host factors, such as IFITM2 and IFITM3, that

have been shown to interact directly with Env in the producer

cells and prevent Env processing (Yu et al., 2015). Additional

studies on the impact of endogenous CD99 and PLP2 expres-

sion on virus replication will provide further insight into the role
rts 22, 2493–2503, February 27, 2018 2499



of these proteins in Env trafficking and assembly of viral

particles.

Our study found a role for Vpu in the inhibition of the cellular

ISGylation machinery. We identified UBE2L6, the primary E2

ligase for ISGylation, as a target of Vpu-mediated degradation.

Consistent with a direct targeting of UBE2L6, we did not observe

any decrease in ISG15 monomers upon HIV-1 infection, sug-

gesting that the ISG15 conjugation machinery is affected specif-

ically by Vpu (Figures 4A and 4B). Host protein ISGylation has

been implicated in cellular activities that restrict HIV-1 infection.

Specifically, studies have demonstrated that HERC5, the E3

ligase component of the ISGylation machinery, reduces HIV-1

virion production through the aggregation of Gag at viral assem-

bly sites in the membrane, which is distinct from the mechanism

involving free ISG15 that results in Gag aggregation in both

membrane and cytosolic regions of the cell (Woods et al.,

2011). Additional mechanisms such as the inhibition of Gag

and Tsg101 interaction by ISG15 (Okumura et al., 2006) have

been implicated in regulating late-stage HIV-1 replication.

Thus, Vpu-mediated modulation of the cellular ISGylation appa-

ratus is likely to affect multiple cellular mechanisms directed

against HIV-1.

The GAPSA platform was developed as a high-content imag-

ing-based arrayed analysis of cellular protein stability, and we

have applied it toward the identification of host proteins whose

cellular levels are reduced through concomitant expression

of Vpu. Our results provide a deeper insight into host cell stra-

tegies that have evolved to restrict pathogen replication, and

corresponding viral evasion strategies that enable transmis-

sion, systemic infection, and pathogenesis. This screening plat-

form combines the robustness and sensitivity of immunostain-

ing ectopically expressed factors in an arrayed format with the

scalability of high-throughput automation and algorithm-based

image analysis, and hence represents a powerful platform for

the systematic analysis of protein levels on a global scale.

The current configuration of the GAPSA platform can be used

to identify targets of other microbial regulatory proteins,

including additional lentiviral accessory factors, or assess the

impact of extracellular ligands or stimuli on protein degradation.

We anticipate a number of additional applications of this

approach, including the identification of E3 ligases of specific

protein substrates using an arrayed ubiquitin ligase library,

the assessment of subcellular localization dynamics, or the

binary interrogation of protein interaction/proximity using fluo-

rescence resonance energy transfer (FRET)- or absolute protein

expression (APEX)-based approaches (Lee et al., 2016; Mat-

thews et al., 2012).

Alternative approaches for evaluating protein stability and

global protein levels include quantitative proteomic approaches

based on mass spectrometry (Chan et al., 2007; Matheson et al.,

2015). Although such approaches can provide significant insight

into the regulation of specific proteins under various experi-

mental conditions, the extent of the proteome covered by

mass spectrometry-based methods is inherently biased against

less abundant proteins, or restricted by cell type-specific

expression patterns for each protein (Chandramouli and Qian,

2009; Keshishian et al., 2007; Liebler and Zimmerman, 2013;

Shi et al., 2012a, 2012b). In contrast, the GAPSA platform does
2500 Cell Reports 22, 2493–2503, February 27, 2018
not rely on relative levels of protein abundance or expression

in specific cell types because the regulation of protein degrada-

tion is tested in a binary manner using an ectopic expression

format. Thus, GAPSA enables a more sensitive approach to

assess the impact of a regulatory protein or extracellular stimulus

on the degradation of an arrayed set of putative targets. In addi-

tion to providing more sensitive detection of degradation events,

GAPSA can be reconfigured to also identify the regulators that

govern these degradation processes (e.g. E3 ligases). Of note,

artifacts of protein overexpression or noise in the immunofluo-

rescent detection system can lead to the identification of false-

positive activities, a potential trade-off for the platform’s

enhanced sensitivity. Furthermore, the assay could be affected

by regulation of protein expression on the transcriptional or the

translational level. Although effects from the regulation of

transcription are mitigated by a uniform cytomegalovirus (CMV)

promoter, and the impact of translational regulators is reduced

by the absence of 50 and 30 UTRs in all clones of the ORFeome

library, it is nevertheless critical that the results of the GAPSA

assay are confirmed and characterized using robust orthogonal

approaches and validation criteria described here, including the

assessment of endogenous protein activities.

The underlying goal of this study was to expand our under-

standing of Vpu host targets; however, we anticipate that

GAPSA will provide an invaluable resource for the community

that can be used to assess the regulation of protein stability on

a global scale. The GAPSA platform provides a powerful tool

for the global identification of molecular circuits that regulate

proteostasis in the context of both physiological and disease

phenotypes.

EXPERIMENTAL PROCEDURES

For a detailed description of the GAPSA platform and lists of reagents/plas-

mids used in this study, see Supplemental Experimental Procedures.

Cell Culture

Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll density

gradient centrifugation (Histopaque, Sigma-Aldrich) from buffy coats of

healthy human donors (San Diego Blood Bank). Primary human monocytes

were isolated from PBMCs by positive selection for CD14+ cells using

CD14-MicroBeads (Miltenyi Biotec) according to the manufacturer’s guide-

lines. Monocytes were differentiated to MDMs by culturing cells in RPMI-

1640 containing 2 mM L-glutamine, 10% fetal bovine serum (FBS), 1% (v/v)

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), 1 mM sodium

pyruvate, which was supplemented with 500 U/mL granulocyte-macrophage

colony-stimulating factor (GM-CSF). Medium was changed after 3 days. Cells

were lifted and seeded for experiments 5 days after seeding.

CD4+ T cells were isolated from PBMCs by negative selection using mag-

netic beads (Miltenyi Biotec). Cells were maintained in RPMI-1640 supple-

mented with 10% FBS, 100 IU penicillin, 100 mg/mL streptomycin, 0.1 M

HEPES, 2mM L-glutamine, and 30 U/mL interleukin-2 (IL-2). Three days before

infection, cells were activated using CD3/CD28 microbeads (Thermo Fisher

Scientific) according to the manufacturer’s instructions.

All of the experiments involving the isolation and use of human PBMCs were

conducted with approval from the institutional review board (IRB) at the San-

ford Burnham Prebys Medical Discovery Institute.

cDNA Transfection and Immunoblot Assays

Transfection of cDNA constructs was conducted using a 1:5 ratio of cDNA and

Fugene-6 transfection reagent (Promega), following the manufacturer’s in-

structions. For immunoblot assays, 100 ng each of cDNA for V5-ISG and the



indicated FLAG-tagged viral accessory proteins or LacZ-FLAG were cotrans-

fected into HEK293T cells. The cells were lysed in radioimmunoprecipitation

assay (RIPA) buffer 2 days post-transfection. Protein concentrations were

determined using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific)

and immunoblot analysis was performed. Digitalizedwestern blot imageswere

uniformly adjusted for brightness and contrast using Microsoft PowerPoint. All

alterations were applied equally to the entire image. Quantification of pixel in-

tensities of bands in western blots was performed using ImageJ software

version 1.46r. Relative differences in pixel intensities were calculated following

the subtraction of background intensity from each pixel value.

Quantitative Real-Time PCR

Quantification of V5 and TATA binding protein (TBP) mRNA levels was

performed using the ViiA7 Real-Time PCR system (Applied Biosystems).

mRNA levels were normalized to TBP as reference gene. The following primers

were used:

V5: 50-CCAACTTTCTTGTACAAAGTG-30 and 50-TCATTACTACGTAGAAT

CGAGAC-30

Virus Production and Infection Assays

HEK293T cells were seeded at 60% confluency in 10 cm plates and trans-

fected with 20 mg of either HIV-1-Luc or HIV-1-DVpu-Luc plasmids using

polyethylenimine (PEI) as the transfection reagent. Supernatant was collected

and filtered using a 0.45 mm filter 3 days post-transfection. Similarly, vesicular

stomatitis virus glycoprotein (VSV-G)-pseudotyped viruses were produced

by cotransfecting 20 mg of DEnv proviral plasmid and 5 mg of pCMV-VSV-G.

For immunoblot analysis of viral lysates, filtered supernatants from trans-

fected cells were concentrated by centrifugation at 3000 3 g for 16 hr at

4�C. Infectious titers of the virus stocks were determined by infecting

HEK293T.CD4.CCR5 cells with varying amounts of the produced virions and

analyzing Renilla luciferase reporter expression using the RenillaGlo Lucif-

erase Assay System (PerkinElmer) 3 days post-infection. Viral p24 levels

were determined using an AlphaLISA assay (PerkinElmer) according to the

manufacturer’s instructions.

To test the effects of HIV-1 infection on endogenous protein levels, THP-1

cells, HeLa cells, or MDMs were plated in 24-well plates at a density of

100,000 cells per well and infected with different amounts (20 or 60 ng p24

equivalent) of HIV-1-VSV-G or HIV-1-DVpu-VSV-G. A total of 1000 U/mL

IFNb was added to cells 48 hr after infection, where indicated. The cells

were collected and lysed, and immunoblot analysis was performed 3 days

post-infection.

Functional Analysis of Screen Hits

Functional analysis was conducted on 17 screen hits that were prioritized

by modified Z score values and comprised no more than 3 hits per plate, to

focus on a selection of genes that showed strong downregulation by Vpu

while avoiding plate bias. Plasmids encoding V5-tagged cDNAs of

selected hits (100 ng) were cotransfected into HEK293T cells together with

HIV-1-Luc or HIV-1-DVpu-Luc plasmid (200 ng) in a 24-well format. Superna-

tant was collected and used to infect 20,000 HEK293T.CD4.CCR5 cells 3 days

later.

V5-tagged cDNAs of CD99, PLP2, HSPA1A, and LacZ (50 or 200 ng) were

cotransfected into HEK293T cells together with HIV-1-Luc or HIV-1-DVpu-

Luc plasmid (200 ng) in a 24-well format. Supernatant was collected 3 days

later and used to infect 20,000 HEK293T.CD4.CCR5 cells or CD4+ T cells in

a 96-well format. Infection of CD4+ T cells was performed using 15 pg p24

equivalent virus. Renilla luciferase reporter expression was analyzed 3 days

post-infection using the RenillaGlo Luciferase Assay System (PerkinElmer).

Viral Entry Assay

HIV-1-Luc produced in HEK293T cells ectopically expressing LacZ, CD99, or

PLP2 was concentrated as described above. Viral amounts corresponding to

500 pg of p24 were used to infect 100,000 HEK293T.CD4.CCR5 cells in a

24-well format. Infection was synchronized by maintaining the cells at 4�C
for 30 min before and 60 min after the addition of virus. Infection was initiated

by incubating the cells at 37�C for 3 hr. Subsequently, the cells were washed
10 times with PBS to remove unbound virions and treated with trypsin for

30 min to remove virions bound to the cells. Following washes to remove

excess trypsin, cells were lysed and immunoblot analysis was performed to

determine p24 levels in the cells.

Generation of Stable Cell Lines and siRNA Transfection

THP-1 or HEK293T cells stably expressing UBE2L6 or vector (pLX304)

alone were generated by lentiviral transduction. The respective lentiviruses

were produced in HEK293T cells following standard protocols. siRNA-

mediated knockdown of UBE2L6 in THP-1 cells was performed using the

Stemfect RNA transfection kit (Stemgent) according to the manufacturer’s

protocol.

Statistical Analysis

Statistical significance was calculated in GraphPad Prism (version 7.0) using

unpaired Student’s t test.
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Matusali, G., Potestà, M., Santoni, A., Cerboni, C., and Doria, M. (2012). The

human immunodeficiency virus type 1 Nef and Vpu proteins downregulate

the natural killer cell-activating ligand PVR. J. Virol. 86, 4496–4504.

McLaren, P.J., Gawanbacht, A., Pyndiah, N., Krapp, C., Hotter, D., Kluge, S.F.,

Götz, N., Heilmann, J., Mack, K., Sauter, D., et al. (2015). Identification of po-

tential HIV restriction factors by combining evolutionary genomic signatures

with functional analyses. Retrovirology 12, 41.

Ménager, M.M., and Littman, D.R. (2016). Actin dynamics regulates dendritic

cell-mediated transfer of HIV-1 to T cells. Cell 164, 695–709.

Mitchell, R.S., Katsura, C., Skasko, M.A., Fitzpatrick, K., Lau, D., Ruiz, A., Ste-

phens, E.B., Margottin-Goguet, F., Benarous, R., and Guatelli, J.C. (2009). Vpu

antagonizes BST-2-mediated restriction of HIV-1 release via beta-TrCP and

endo-lysosomal trafficking. PLoS Pathog. 5, e1000450.
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Figure S1. 

	
  

Figure S1. Schematic flowchart of hit selection, validation, and functional characterization. (See also Figure 

1A and 1D.)  
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Figure S2. 

 

Figure S2. Evaluation of cellular ISG levels following Vpu overexpression. (See also Figure 2A.) (A) Whole 

cell lysates from HEK293T cells coexpressing Vpu-FLAG or LacZ-FLAG with indicated V5-tagged ISGs were 

evaluated for changes in ISG protein levels by immunoblotting and probing membranes with anti-V5 antibody and 

anti-FLAG antibody. Actin levels were used as loading control. Western blots from two independent experiments 

and average fold change values of ISG protein levels in Vpu-FLAG- versus LacZ-FLAG-expressing cells (± SD) are 

shown. (B) Changes of mRNA levels in HEK293T cells co-transfected with the indicated ISGs and Vpu relative to 

LacZ control. Results are represented as mean ± SD of two independent experiments.  
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Figure S3. 

	
  

Figure S3. Evaluation of proteasome dependence and accessory protein specificity of ISG degradation. (A) 

(See also Figure 3A.) Whole cell lysates of HEK293T cells coexpressing Vpu-FLAG or LacZ-FLAG with the 

indicated V5-tagged ISGs in the presence or absence of MG132 were evaluated for changes in ISG protein levels by 

immunoblotting and probing membranes with anti-V5 antibody. Actin levels were used as loading control. Data is 

representative of two independent experiments. (B) (See also Figure 3B.) Whole cell lysates of HEK293T cells co-

expressing FLAG-tagged Vpu, -Vif, -Nef, -Vpx or -LacZ with the indicated V5-tagged ISGs were evaluated for 

changes in ISG protein levels by immunoblotting and probing membranes with anti-V5 antibody. Actin levels were 

used as loading control. Data is representative of two independent experiments. Of note, DNA sequencing revealed 

that the ARID3B expression plasmid contained in the ORFeome library is a truncated form of the full-length gene. 
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Figure S4. 

	
    

Figure S4. Vpu downregulates cellular ISGylation and endogenous UBE2L6 levels in HeLa cells. (See also 

Figure 4A and 4B.) (A) HeLa cells were infected with WT HIV-1 or Vpu-deficient HIV-1. 1000 U/ml of IFNβ was 

added two days post infection. Three days post infection, cells were lysed and probed for ISG15 and UBE2L6 by 

western blot. Intracellular p24 protein levels indicate relative infection between various treatments. Actin represents 

loading control. (B) Evaluation of HIV-1 production in THP-1 cells stably expressing UBE2L6. (See also 

Figure 4D.) Renilla luciferase reporter activity was measured in cells infected with comparable titers of WT or Vpu-

deficient HIV-1 for three days. (C) siRNA mediated knockdown of UBE2L6. (See also Figure 4E.) 

Quantification of UBE2L6 mRNA levels by qPCR in THP-1 cells transfected with control siRNA (scramble) or 

UBE2L6 siRNA for 72 hr. Error bars indicate SD. 
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Figure S5. 

	
   	
  

Figure S5. Intracellular p24 protein levels in producer cells are unaffected by PLP2 and CD99 

overexpression. (See also Figure 5A.) Intracellular p24 protein levels in HEK293T cells that are co-transfected 

with either WT or Vpu-deficient HIV-1 and 200 ng of CD99, PLP2, HSPA1A or LacZ control. Error bars indicate 

SD. 
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Supplemental Experimental Procedures 

Reagents and Plasmids 

HEK293T, THP-1 and HeLa cells were purchased from ATCC (Manassas, VA). HEK293T.CD4.CCR5 cells were 

generously provided by John Naughton (The Salk Institute for Biological Studies). HEK293T.CD4.CCR5, 

HEK293T and HeLa cells were grown in DMEM (Gibco) supplemented with 10% fetal bovine serum, 1% penicillin 

and 100 µg/ml streptomycin. THP-1 cells were grown in RPMI-1640 (Gibco) supplemented with 10% fetal bovine 

serum, 1% penicillin and 100 µg/ml streptomycin. 

The following reagents were obtained through the AIDS Research and Reference Reagent Program, Division of 

AIDS, NIAID, NIH: p24 monoclonal antibody (183-H12-5C) from Bruce Chesebro and Kathy Wehrly; HIV-1 

gp120 monoclonal antibody (ID6) from Kenneth Ugen and David Weiner.  

Proviral plasmids: pBR HIV-1 NL4-3 Nef IRES Renilla luciferase with and without vpu (HIV-1-Luc and HIV-1-

ΔVpu-Luc), and the pBR HIV-1 NL4-3 nef-IRES-Renilla Δenv with or without vpu (HIV-1-VSV-G and HIV-1-

ΔVpu-VSV-G) were previously described (Manganaro et al., 2015). pCMV-VSV-G encoding for the vesicular 

stomatitis indiana virus glycoprotein (VSV-G) was used to pseudotype ΔEnv viruses (Yee et al., 1994).  

Expression plasmids: (pLX304) containing V5-tagged cDNAs were obtained from the Lenti ORFeome Collection 

(Yang et al., 2011). FLAG-tagged constructs of Vpu, Vif, Nef, and Vpx were generously provided by Nevan Krogan 

(University of California, San Francisco). 

The following primary antibodies targeting specific proteins were used in the immunoblot assays: CD99 

(Elabscience, Cat.# E-AB-11839), ARID3B (Bethyl, Cat.# A302-564A), PLP2 (Aviva Systems, 

Cat.# ARP45348_T100), UBE2L6 (Abgent, Cat.# AP2118b), IL1RN (R&D Systems, Cat.# AF280SP), Endothelial 

Lipase (LIPG) (Novus Biologicals, Cat.# NB400118SS), CFL1 (Cell Signaling Technology, Cat.# 5175), HDAC1 

(Novus Biologicals, Cat.# NB100-56340SS), β-Actin (Cell Signaling Technology, Cat.# 4970s), V5 (Thermo Fisher 

Scientific, Cat.# MA5-15253), FLAG (Sigma, Cat.# F7425), ISG15 (Abcam, Cat.# ab14374). 

Global Arrayed Protein Stability Analysis (GAPSA) 

cDNA expression clones for 433 individual V5-tagged Interferon Stimulated Genes (ISGs) were obtained from the 

Human ORFeome V8.1 Collection (Broad Institute). cDNA concentrations were normalized to 10 ng/µl prior to 

spotting 2 µl using the Bravo Liquid Handling Platform (Agilent) in each well of 384-well plates (Greiner 

CELLSTAR, M0562) pre-coated with poly-D lysine (Sigma, P6407). 20 ng of cDNA encoding Vpu-FLAG or 

LacZ-FLAG, diluted in 10 µl OptiMEM (Thermo Fisher Scientific, Cat.# 11058021), were added to each well. The 

contents in each well were mixed by shaking the plates in microplate shaker for 30 sec. Subsequently, 0.2 µl of 

Fugene-6 transfection reagent (Promega, E2691) was diluted in 10 µl OptiMEM , incubated for 5 min at room 

temperature, and added to each well. Contents were mixed by shaking the plates in a microplate shaker for 30 sec 

and subsequently the plates were incubated for at least 25 min at room temperature. HEK293T cells, cultured to 



approximately 60-70% confluence, were gently dislodged from flasks by incubating for 1 min with 0.05% trypsin 

(Sigma, 59417C). The cells were suspended in DMEM (Gibco) supplemented with 5% penicillin-streptomycin and 

20% Fetal Bovine Serum at a density of 3x105 cells/ml. 20 µl of the cell suspension was dispensed per well. The 

contents within each well were mixed by shaking the plates for 60 sec and subsequently incubated for 48 hr at 37°C 

and 5% CO2 atmosphere.    

Automated immunostaining protocol: 

(i) PBS Wash: 

96-well V bottom plates (Corning) were used as source plates for reagents. Two plates were filled with 300 µl PBS 

per well: 1) One source plate for PBS wash and 2) One PBS plate (dummy PBS plate) for the initial aspiration of 20 

µl PBS prior to aspiration of media from the sample plate to assure pipetting accuracy. The plates were placed in 

Bravo stations 2 (dummy PBS plate) and 4 (PBS source plate). 250 µl tips, sample plate, and a 96 deep-well plate 

for waste collection were placed in Bravo stations 1, 5, and 6, respectively. A custom automated immunostaining 

protocol was then used to gently wash off the media from each well. The first step of the protocol involved the 

aspiration of 20 µl PBS from the dummy PBS plate, followed by aspiration of 20 µl media from each well and 

addition of 20 µl PBS from PBS source plate. This step was automatically repeated 3 times. The cells were then 

fixed, permeabilized, and fluorescently labeled in 4 separate automated steps, and Step 1 of the protocol described 

above was used before each subsequent step.  

(ii) Paraformaldehyde fixation:  

PBS source plate was replaced with a paraformaldehyde source plate containing 160 µl of 8% paraformaldehyde per 

well. The protocol was resumed to remove 20 µl PBS from each well and replaced with 20 µl of 8% 

paraformaldehyde from the source plate. The contents within each well were mixed by shaking the plates in a 

microplate shaker for 60 sec and the plates were incubated for at least 1 hr at room temperature. 

(iii) Permeabilization:  

Following a repeat of step (i), the PBS source plate was replaced with a "permeabilization solution" source plate 

containing 160 µl of 0.5% Triton-X100 in PBS in each well. The protocol was resumed to remove 20 µl PBS from 

each well and replace with 20 µl of 0.5% Triton-X100 in PBS from the source plate. The contents of each well were 

mixed by shaking the plates in a microplate shaker for 60 sec. The plates were then incubated for at least 10 min at 

room temperature. 

(iv) Blocking of non-specific antibody binding sites:  

Following a repeat of step (i), the PBS source plate was replaced with a blocking buffer source plate containing 160 

µl of 6% BSA in PBS per well. 20 µl PBS was aspirated from each well and replaced with 20 µl of 6% BSA 



solution from the source plate. The contents within each well were mixed by shaking the plates in microplate shaker 

for 60 sec prior to incubation of the plates for 1 hr at room temperature. 

(v) Primary antibody labeling:  

Following a repeat of step (i), the PBS source plate was replaced with a primary antibody source plate containing 

160 µl of anti mouse-V5 and anti rabbit-FLAG antibodies at a 1:250 dilution in PBS + 6% BSA per well. 20 µl PBS 

was aspirated from each well and replaced with 20 µl of primary antibody solution from the source plate. The 

contents of each well were mixed by shaking the plates in a microplate shaker for 60 sec and subsequently incubated 

overnight at 4°C. 

(vi) Secondary antibody labeling: 

Following a repeat of step (i), the PBS source plate was replaced with a secondary antibody source plate containing 

160 µl of goat-anti-mouse Alexa 488 and goat-anti-rabbit Alexa 568 antibodies at 1:250 dilution in PBS + 6% BSA 

per well. 20 µl PBS was aspirated from each well and replaced with 20 µl of secondary antibody solution from the 

source plate. The contents of each well were mixed by shaking the plates in a microplate shaker for 60 sec and the 

plates were incubated for 1 hr at room temperature. 

(vii) Nuclei staining with DAPI: 

Following a repeat of step (i), the PBS source plate was replaced with a DAPI source plate containing 160 µl of 2 

µg/ml DAPI in PBS per well. 20 µl PBS was aspirated from each well and replaced with 20 µl DAPI solution from 

the source plate. The contents of each well were mixed by shaking the plates in a microplate shaker for 60 sec. The 

plates were subsequently imaged using the Opera QEHS High-Content Imaging System. Analysis of the image 

output was performed using the Acapella High-Content Image Analysis Software (PerkinElmer) using a custom 

script. 
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