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ABSTRACT The existence of the antisense transcript-encoded HIV-1 antisense

protein (ASP) was recently reinforced by in silico analyses providing evidence for

recent appearance of this gene in the viral genome. Our previous studies led to

the detection of ASP in various cell lines by Western blotting, flow cytometry,

and confocal microscopy analyses and reported that it induced autophagy, po-

tentially through multimer formation. Here, our goals were to assess autophagy

induction by ASP from different clades and to identify the implicated autophagy

factors. We first demonstrated that ASP formed multimers, partly through its

amino-terminal region and cysteine residues. Removal of this region was further

associated with lower induction of autophagy, as assessed by autophagosome

formation. ASPs from different clades (A, B, C, D, and G) were tested next and

were detected in monomeric and multimeric forms at various levels, and all in-

duced autophagy (clade A ASP was less efficient), as determined by LC3-II and

p62 (SQSTM1) levels. Furthermore, CRISPR-based knockout of ATG5, ATG7, and

p62 genes led to increased ASP levels. Confocal microscopy analyses showed

that ASP colocalized with p62 and LC3-II in autophagosome-like structures. Co-

immunoprecipitation experiments further demonstrated that p62 associated with

ASP through its PB1 domain. Interestingly, immunoprecipitation experiments

supported the idea that ASP is ubiquitinated and that ubiquitination was modu-

lating its stability. We are thus suggesting that ASP induces autophagy through

p62 interaction and that its abundance is controlled by autophagy, in which

ubiquitin plays an important role. Understanding the mechanisms underlying

ASP degradation is essential to better assess its function.

IMPORTANCE In the present study, we provide the first evidence that a new HIV-1

protein termed ASP derived from different clades acts similarly in inducing au-

tophagy, an important cellular process implicated in the degradation of excess or

defective cellular material. We have gained further knowledge on the mechanism

mediating the activation of autophagy. Our studies have important ramifications in

the understanding of viral replication and the pathogenesis associated with HIV-1 in

infected individuals. Indeed, autophagy is implicated in antigen presentation during

immune response and could thus be rendered inefficient in infected cells, such as

dendritic cells. Furthermore, a possible link with HIV-1-associated neurological disor-

der (HAND) might also be a possible association with the capacity of ASP to induce

autophagy. Our studies hence demonstrate the importance in conducting further

studies on this protein as it could represent a new interesting target for antiretrovi-

ral therapies and vaccine design.
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The genome of human immunodeficiency virus type 1 (HIV-1) expresses essential

genes for its replication, which include gag, pol, and env, common to all replication-

competent retroviruses in addition to genes encoding regulatory proteins (Tat and Rev)

crucial for virus replication. Furthermore, HIV-1 is known to encode a number of

accessory proteins, i.e., Vpu, Vpr, Vif, and Nef, all of which are suggested to be

implicated in the inactivation of restriction factors and the modulation of immune

functions (1–6). A former study, however, had demonstrated that HIV-1 isolates con-

tained a conserved open reading frame (ORF) on the antisense strand of the Env gene,

thereby hinting toward the existence of a 10th gene with an encoding potential for a

189-amino-acid protein (7, 8). A recent study has further underscored the high degree

of conservation of this ORF in most HIV-1 clades and further argued that this gene

correlated with the spread of the virus since it is present in the most prevalent clades,

A, B, C, and G (prevalence, ca. 81%), while being less present (or absent) in most simian

immunodeficiency virus (SIV) groups, HIV-1 groups N, O, and P, and in HIV-1 clades D,

F, H, J, and K (prevalence, ca. 3%) (9). Interestingly, based on the predicted sequence,

this study further revealed that the clade A antisense protein (ASP) is a truncated

version of ASP, with the methionine initiation codon located at amino acid 26 of the

ASP ORF of other clades. A number of previous and more recent studies have further

confirmed that antisense transcription overlapping this ORF sequence was detected in

transfected and chronically infected cells (10–19).

The existence of the presumed encoded ASP in infected patients has been further

suggested by several groups through detection of specific antibodies and CD8� T

cell-mediated immune responses (10, 20–22). However, ASP detection itself has proven

to be more difficult, and the protein was first analyzed by in vitro translation and

electron microscopy in transfected and chronically infected cells (10, 15). More recent

studies have provided a better understanding of this protein in terms of its potential

membrane localization and its biased expression in monocyte-derived macrophages

and dendritic cells (DCs) (7, 17). In another recent report, we have been able to clearly

detect the clade B ASP for the first time by Western blotting and various other

approaches (confocal microscopy and flow cytometry) (23). Furthermore, our work

further suggested that ASP was unstable, formed multimers, and induced autophagy,

likely through the formation of these high-molecular-weight complexes (23). These

results, hence, provided an explanation for the inherent difficulty in the detection of

ASP in transfected cell lines.

Autophagy, a major cellular degradation pathway, plays an important role in

developmental processes, cellular stress responses, and immune pathways induced by

pathogens. The early step of what is known as macroautophagy initiates through mTOR

inhibition and ensuing formation of an active autophagy complex consisting of the

phosphorylated Beclin-1 factor, normally negatively inhibited by its binding to Bcl-2

(24–27). Following this activation, a protrusion of two lipid-based structures, termed the

isolation membrane and the omegasome, is induced intracellularly to form the initial

open structure, termed the phagophore (28). The phagophore further elongates circu-

larly and finalizes the maturation process of the autophagosome, where trapped

cytosolic elements are targeted for degradation (27). Final fusion of the autophago-

some with lysosomes leads to degradation of its content and recycling of amino acids

and other constituents (29, 30). Different proteins play an active role in autophagy, such

as the phagophore-associated autophagy-related genes (ATGs) ATG5, ATG7, ATG10,

ATG12, and ATG16 (31). One of the classical autophagy markers is LC3-II, a phos-

phatidylethanolamine-modified form of the LC3-I form, which is embedded in the

autophagosome membrane and contributes to its formation. Another implicated au-

tophagy marker is p62/SQSTM1, a scaffold protein which links aggregated complexes

to LC3 and consequently becomes itself degraded.
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Autophagy can either be beneficial or detrimental toward viral replication; the

outcome of induced autophagy depends on the virus, the cell type, and the cellular

environment (32). In fact, for HIV-1, initial studies in CD4� T cells had shown that the

envelope gp41 subunit induced autophagy-dependent apoptosis in uninfected cells

(33, 34). However, a genomic screen has also identified certain autophagy-related host

factors, which were essential for HIV-1 infection (35). Furthermore, specifically in

macrophages, HIV-1-induced autophagy greatly improved Gag pr55 processing and

particle production (36). Importantly, Nef has been reported to block the process of

autophagy at late stages (fusion with lysosomes), thereby avoiding intracellular deg-

radation of viral particles (5, 37). More recent data have also demonstrated a potential

role for other HIV-1 proteins in regulating autophagy, such as Vif (38, 39).

Although previously associated with the proteasome degradation pathway, ubiq-

uitination has become of high relevance to autophagy (40–43). The C terminus of

ubiquitin is covalently linked to the target protein by specific lysine residues (e.g., K48

and K63), which subsequently leads to polyubiquitination. While K48- and K29-linked

polyubiquitination has been shown to be optimal for degradation through the protea-

some, other types of lysine-linked polyubiquitination (e.g., K63, K11, and K6) and

monoubiquitination may regulate processes such as autophagy, translation, and DNA

repair (43). In fact, ubiquitinated proteins can be recognized by the autophagy pathway

through specialized adaptor proteins, also called sequestosome-1-like receptors (in-

cluding p62/SQSTM1, optineurin, and NDP52). The p62 protein then multimerizes via its

PB1 domain (NH2-terminal Phox and Bem1p domains) and binds LC3-II via its LC3-

interacting region (LIR) and ubiquitinated proteins through the phosphorylation of its

ubiquitin-associated (UBA) domain (42–44).

Based on the link between ASP and autophagy (23), in the current study, we aimed

at examining the mechanism behind ASP-induced autophagy. Our results suggest that

multimerization of ASP and induced autophagy partly involve its amino end. We show

that ASP from various HIV-1 clades all induced autophagy, as determined by LC3-II

levels and p62 degradation, although clade A ASP was less efficient. We further

highlight that ASP colocalized and interacted with p62 through its PB1 domain and,

finally, present data supporting the idea that ASP is ubiquitinated, further contributing

to its targeting toward degradation pathways.

(This article was submitted to an online preprint archive [45]).

RESULTS

Analyses of ASP multimers. A limited number of studies have shown that ASP

could be detected in infected and transfected cells (7, 15, 23). Using a mammalian

expression vector harboring a human codon-optimized ASP cDNA, we have successfully

detected ASP in 293T and COS-7 cells and demonstrated that it was forming multimers

and could induce the formation of autophagosomes, thereby providing an explanation

for its difficult detection (23). Here, we sought to further define the mechanism leading

to autophagy induction by ASP and to extend these analyses to ASP from different

HIV-1 clades.

We were first interested in confirming the self-multimerization potential of NL4.3

(clade B) ASP using expression vectors for Myc-tagged and chimeric green fluorescent

protein (GFP)-optimized ASP (Fig. 1). Extracts from cotransfected 293T cells were

immunoprecipitated with anti-Myc antibodies and subsequently analyzed in parallel

with total extracts by Western blotting. As depicted in Fig. 1A, a specific signal was

detected corresponding to the GFP-tagged ASP in immunoprecipitated extracts, which

could not be accounted for by significant differences in expression levels of the fusion

protein in the different analyzed samples. To confirm that ASP could self-multimerize in

a different cell line, similar cotransfection experiments were conducted in COS-7 cells

and again revealed that both ASP versions were associated (Fig. 1B). As cysteine-rich

regions of the protein might contribute toward the formation of these high-molecular-

weight complexes, we pretreated the extract from Myc-tagged ASP-expressing COS-7

cells with high concentrations of the reducing agents dithiothreitol (DTT) and
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�-mercaptoethanol. Upon treatment, the intensity of the high-molecular-weight signals

was strongly diminished with either agent and resulted in increased intensity of the 20-

and 200-kDa signals (Fig. 1C). A very high concentration (0.5 mM) of DTT equally led to

disappearance of the high-molecular-weight signals (Fig. 1D).

In light of these results, a series of deletion mutants were next generated in which

the first 15 and 30 amino acid residues from the amino or carboxyl end of Myc-tagged

NL4.3 ASP were deleted. The vectors pMyc-optimized-ASPΔN1–15 and pMyc-opti-

mized-ASPΔN1–30 expressed ASP mutants from which 4 and 7 conserved cysteine

residues, respectively (presumed to be implicated in multimer formation), were re-

moved (Fig. 2A). ASP mutants with similar deletions at their carboxyl ends served as

controls. Upon transfection of COS-7 cells, flow cytometry analyses showed that

mutants and wild-type (WT) ASP were detected at comparable levels except for the ASP

from the mutant pMyc-optimized-ASPΔN1–30, which showed a reduced signal (Fig. 2B).

The multimerization potential of these mutants was next analyzed by Western blotting

(Fig. 2D). Interestingly, the loss of the first 15 residues at the amino end strongly

reduced the abundance of high-multimer complexes and led to a slight increase in the

levels of monomers while no such effect was observed with mutants bearing deletions

at their COOH ends. The ASPΔN1–30 mutant presented reduced signals for both

monomeric and high-molecular-weight signals compared to signals in wild-type-

expressing cells, which was likely due to reduced overall abundance of the protein. To

investigate if the deletion of the 15-residue N-terminal domain of ASP (ASPΔN1–15)

altered protein conformation, we performed circular dichroism (CD) spectroscopy. After

analysis, the far-UV CD spectrum of recombinant WT ASP was identical to the one

recorded for ASPΔN1–15 (Fig. 2E). Both proteins displayed CD spectra with double

minima at 212 and 222 nm, suggestive of the presence of an �-helical structure.

Deconvolution of these spectra using the K2D2 algorithm (46) predicted a high

FIG 1 Multimerization of ASP involves disulfide bonds. (A and B) 293T (A) and COS-7 (B) cells were transfected with
expression vectors for GFP-optimized NL4.3 ASP, Myc-tagged-optimized NL4.3 ASP, and/or the empty vector
pcDNA3.1. At 48 h posttransfection, immunoprecipitation (IP) was performed using anti-Myc antibody, and Western
blot analyses were conducted using anti-GFP and anti-Myc antibodies. Total cellular extracts were similarly
analyzed in parallel. (C and D) Extracts from COS-7 cells transfected with the Myc-tagged optimized NL4.3 ASP
expression vector (versus pcDNA3.1) were treated with �-mercaptoethanol and/or DTT (at different concentrations
in panel D) prior to Western blot analyses with anti-Myc and anti-GAPDH antibodies. Both stacking and resolving
gels are depicted, and high-molecular-weight (HMW) (including 200-kDa multimers) versus monomeric 20-kDa ASP
signals are indicated.
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FIG 2 The amino end of ASP is implicated in its multimerization and induced autophagy (A) Schematic representation of the
different domains of ASP and the generated deletion mutants targeting the first 15 or 30 amino acids of either the N or C terminus
of ASP and the PXXPXXP region. (B to H) COS-7 cells were transfected with expression vectors for the different ASP mutants and
the wild-type version versus pcDNA3.1 (empty vector) and, at 48 h posttransfection, were analyzed with an anti-Myc antibody by

(Continued on next page)
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percentage of residues in the �-helix, with 83% for WT ASP and 84% for ASPΔN1–15.

Thus, CD analysis clearly indicated that the deletion of the first 15 residues of ASP did

not affect the secondary structure of the protein.

Confocal microscopy analyses were next performed in transfected cells (Fig. 2G).

Deletion of the first 15 amino acids reduced (but not completely abolished) the

presence of punctate ASP signals having previously been identified as autophago-

somes. Deletion of the carboxyl end did not lead to differences in the distribution of the

resulting ASP mutant from that of the wild-type version. Numbering of the punctate

structures in cells transfected by each expression vector further confirmed the reduced

presence of ASP-positive autophagosome-like structures in ASPΔN1–15-expressing

cells in comparison to levels in cells expressing either ASP WT or ASPΔN174–189 (Fig.

2H). Another mutant in which the conserved PXXP domain (positions 47 to 53) was

partly or completely deleted was also tested in COS-7 cells and revealed no clear

change in expression level, multimer formation, or potential induction of autophagy

(Fig. 2C, F, and G).

Since a cysteine triplet is present in the first 15 amino acids of the ASP ORF, we

specifically deleted these cysteine residues (ΔCCC mutant) (Fig. 3A). Flow cytometry

indicated that the resulting mutant was detected at levels equivalent to those of

optimized-ASP WT in transfected COS-7 cells (Fig. 3B). Expression of the optimized ASP

ΔCCC mutant in COS-7 cells resulted in a typical punctate distribution in the cytoplasm

(Fig. 3D), while Western blot analyses demonstrated that the multimerization capacity

of ASP ΔCCC appeared less pronounced, with a concomitant increase in the monomeric

signal, suggesting that this cysteine triplet was partially contributing to ASP multimer

formation and autophagy induction (Fig. 3C). To confirm results obtained in transfected

COS-7 cells, the amino-terminal and cysteine deletion mutants were tested in 293T cells

(Fig. 3E). Compared to WT ASP, these mutants again affected ASP multimer formation

and markedly increased monomeric ASP levels.

These results, hence, demonstrated that the amino terminus (and cysteines) of ASP

contributes to its capacity to multimerize and is suggested that it is partly implicated

in its autophagy-inducing properties.

Expression and detection of ASP from various clades. In order to address the

mechanism leading to ASP-mediated autophagy in a more representative manner, we

next generated expression vectors for His-tagged ASPs representing HIV-1 clades A, B,

C, D, and G. Importantly, these ASP ORFs were directly derived from the original proviral

DNA sequence and were not codon optimized, as previously performed in our earlier

study (23). A sequence comparison of the ASP genes tested in this study is presented

in Fig. 4A and highlights the previously observed truncated form of clade A ASP (9). This

thereby allowed us to assess multimer formation and the autophagy-inducing capacity

of an ASP version naturally lacking the typical amino end. Following transfection in

293T cells, we first used a monoclonal anti-ASP antibody derived against the epitope

indicated in Fig. 4A to determine if ASP could be detected by Western blotting. As

depicted in Fig. 4B, despite variation in the amino acid sequences of the epitopes of

tested ASPs, we demonstrated the presence of the expected 20-kDa signal (albeit with

some variation in molecular weight and intensity between clades). Clade A ASP was

detected at a lower molecular weight signal than ASPs of other clades except for the

92NG083 ASP. The signal specific for the 92NG083 ASP was not due to preferential

usage of the internal methionine residue, as demonstrated by the similar monomeric

signals observed upon analyses with an anti-His antibody (Fig. 4C), but could be

FIG 2 Legend (Continued)
flow cytometry (B and C), Western blotting (D and F), and confocal microscopy (60� objective with a numerical aperture of 1.4)
(G and H). In panels D and F, high-molecular-weight (including 200-kDa multimers) versus monomeric 20-kDa ASP signals are
indicated. Cells analyzed by confocal microscopy were also stained for their nuclei with Hoechst (G) and quantified for the number
of ASP-positive punctate structures (H). In panel E, His-tagged WT ASP and the ASPΔN1–15 mutant were purified from transfected
cells for the recording of far-UV circular dichroism spectra at concentrations of 109.5 ng/ml (WT) and 111.5 ng/ml (ASPΔN1–15).
ns, not significant. ***, P � 0.001.
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accounted for by a lower amino acid number of this ASP in the variable COOH-end

region. In addition, high-molecular-weight signals, including important aggregates,

were detected in cells transfected with the different ASP expression vectors. As

expected, the truncated clade A ASP showed a more abundant monomeric form (versus

less abundant multimeric forms), while ASPs from other clades showed a marked

preference for multimeric ASPs. Unexpectedly, a similar behavior was noted for the

clade G ASP representative (92NG083), for which few high-molecular-weight ASP-

specific signals were observed as opposed to signals for the more abundant monomeric

form.

These results hence showed that His-tagged ASPs from different clades can be

detected with anti-ASP and anti-His antibodies. Furthermore, these results confirmed

that multimer formation likely involves the amino end but that, based on the variation

in multimer intensities among various tested ASPs (including results with the clade G

representative), other regions of ASP are affecting the extent of multimer formation.

Induction of autophagy by ASP from different HIV-1 clades. Since the expression

of all tested ASPs could be detected and led to variation in the extent of multimer

formation, we were next interested in determining if these different ASPs could indeed

induce autophagy. Based on our previous results showing that levels of LC3-II (lipid-

modified microtubule-associated protein 1 light chain 3)), a well-known autophagy

marker, was increased in 293T and COS-7 cells expressing ASP (23), we used this same

marker to evaluate the autophagy-inducing capacity of ASPs from different clade

representatives. As depicted in Fig. 5A, the presence of ASP was again confirmed for all

FIG 3 Deletion of the first cysteine triplet of ASP reduces multimer formation and autophagosome signals. (A) Schematic representation of the different
domains of ASP and the deletion mutant of the first cysteine triplet (10CCC12). (B to D) COS-7 cells were transfected with expression vectors for wild-type or
cysteine triplet-deleted ASP versus pcDNA3.1 (empty vector). After 48 h of transfection, using anti-Myc antibodies, cells were analyzed by flow cytometry (B),
Western blotting (C), and confocal microscopy (60� objective with numerical aperture of 1.4) (D). In panel C, high-molecular-weight (including 200-kDa
multimers) versus monomeric 20-kDa ASP signals are indicated. Cells analyzed by confocal microscopy were also stained for their nuclei with Hoechst (D). (E)
293T cells were transfected with expression vectors for optimized (opt) NL4.3 ASP WT, ASPΔN1–15, ASPΔN1–30, and �CCC versus pcDNA3.1 (mock) and analyzed
by Western blotting using anti-ASP antibodies.
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transfected ASP vectors and was detected as monomers and multimers. Importantly, all

ASPs from the different clades increased levels of LC3-II, albeit to different extents, in

transfected 293T cells. Furthermore, based on these Western blot analyses, clade A ASP

94CY032 was equally capable of inducing autophagy in comparison to other ASP

expression vectors.

We then sought to validate that this increase in LC3-II levels was due to an induction

of autophagy and not to the inhibition of the late step of autophagy, both of which

would lead to an increase in the abundance of LC3-II levels. Hence, transfected 293T

cells were treated with bafilomycin A1, a blocking agent of lysosomal degradation.

Under these conditions, ASP-dependent augmented levels of LC3-II should be main-

tained if ASP leads to induced autophagy, while no such increase should be noted if

ASP inhibits the last step of autophagy. In Fig. 5B, Western blot analyses revealed that

LC3-II levels were indeed increased upon bafilomycin A1 treatment, as expected, but

that induction was still noted for all ASPs tested from clades A, B, C, D, and G. To more

clearly quantify and normalize changes in LC3-II levels, densitometric analyses were

performed for both LC3-I and LC3-II bands in all transfected samples. LC3-I/LC3-II ratios

were then calculated and shown to be higher than ratios for empty vector-transfected

cells, thereby further confirming that ASPs from the tested clades increased LC3-II levels

through induced autophagy.

Since p62 degradation can also be used as a marker of autophagy, we conducted

additional Western blot analyses in 293T cells transfected with an increasing quantity

of the Bal (clade B) ASP expression vector. A dose-dependent decrease in p62 levels was

confirmed upon ASP expression, further confirming induced autophagy (Fig. 5C).

FIG 4 ASPs from different clade representatives form detectable multimers. (A) Sequence alignment of the predicted amino acid sequence of ASPs from HIV-1
isolates representing different clades. The peptide region used to generate anti-ASP monoclonal antibodies is highlighted above the sequence for amino acids
47 to 61. (B and C) Expression vectors of His-tagged ASPs from various HIV clades were transfected in 293T cells, and cell lysates were subsequently analyzed
by Western blotting for ASP (anti-ASP and anti-His). Indicated on the right side of the panels are multimers and high-molecular-weight (MW) and monomeric
(expected) 20-kDa ASP signals. The clade type for each tested ASP is indicated at the top of each lane. Symbols underneath the sequence comparison in panel
A represent complete conservation (*), residues with conservation between groups of strongly similar properties (:), and residues with conservation between
groups of weakly similar properties (.) (sequence alignment using the Clustal Omega tool).
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FIG 5 ASPs from different clade representatives induce autophagy. (A and B) Expression vectors of His-tagged ASPs from various HIV
clades and the empty vector were transfected in 293T cells, and cell lysates were analyzed by Western blotting for the detection of
ASP (anti-His), LC3-II levels (anti-LC3), and tubulin. Signals for LC3-I, LC3-II, and ASP are indicated on the left of each panel. In panel
B, after transfection, cells were treated with dimethyl sulfoxide (�) or with (�) 100 nM bafilomycin A1 (Baf A1) for 6 h. LC3-II/LC3-I

(Continued on next page)
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Expression vectors of ASPs from clades A, B, C, and D further revealed reduced levels

of p62 in transfected cells compared to levels in empty vector-transfected cells (Fig. 5D).

Additional support for the induction of autophagy in transfected COS-7 cells was

provided by confocal microscopy analysis. Indeed, using anti-Myc antibodies, cytoplas-

mic, punctate ASP-positive signals (including cells expressing clade A ASP), which were

reminiscent of autophagosomes, were clearly observed (Fig. 5E). To quantitatively

assess potential autophagy induction in clade A versus that in clade B ASP, the number

of ASP-positive autophagosome-like structures was counted in NL4.3 (clade B) and

94CY032 (clade A) ASP-expressing cells (Fig. 5F). Interestingly, these analyses revealed

a significant reduction in the number of ASP-positive punctate signals in clade A

ASP-expressing cells compared to that of clade B ASP-expressing cells.

These results confirmed that ASPs from different clades induced autophagy but that

a significant reduction in the number of autophagosome-like structures was noted in

clade A ASP-expressing cells compared to that in cells expressing ASPs from other

clades. They also did not support an inhibitory action of ASP on the late stage of

autophagy leading to degradation of the autophagosome content.

Knockout of autophagy factors increases the abundance of ASP. Using inhibi-

tors of early and late steps of autophagy, we have previously demonstrated that the

abundance of codon-optimized NL4.3 ASP increased (23). In order to further confirm

the involvement of autophagy in the regulation of ASP, we conducted targeted

knockout of the ATG5 and ATG7 genes using the CRISPR-Cas9 system by lentivirus-

mediated transduction (Fig. 6). 293T cells were first stably transduced with lentivirus

expressing selective single guide RNAs (sgRNAs), and following puromycin selection,

two clones per knockout were subsequently transfected with the His-tagged NL4.3 ASP

(clade B)-expressing vector. Resulting extracts were analyzed for ASP, ATG5, and ATG7

expression. Knockout of ATG5 or ATG7 through targeting of two different regions

FIG 5 Legend (Continued)
ratios are indicated for each lane and are representative of fold value over the calculated ratio for untreated cells transfected with the
empty vector. (C) An increasing quantity of clade 89.6 ASP expression vector was transfected in 293T cells, and cell lysates were
analyzed by Western blotting for ASP, p62, and tubulin. (D) Expression vectors for His-tagged ASPs from NL4.3, 94CY032, IndieC1, and
Mal proviral DNAs (versus empty vector) were transfected in 293T cells, and cell lysates were analyzed by Western blotting for ASP
(anti-His), p62, and tubulin. (E and F) COS-7 cells were transfected with expression vectors of Myc-tagged ASPs from various clades.
After fixation, cells were labeled with anti-Myc antibodies followed by goat anti-mouse IgG coupled to Alexa Fluor 488, stained with
DAPI, and observed by confocal microscopy. Cells transfected with the expression vectors for NL4.3 ASP (clade B) and 94CY032 ASP
(clade A) were next quantified for the number of ASP-positive punctate structures (F). ***, P � 0.001.

FIG 6 Suppressed expression of ATG5 and ATG7 leads to increased ASP expression. Two different 293T cell
clones knocked out for either ATG5 (sgATG5-1 and sgATG5-2) or ATG7 (sgATG7-1 and sgATG7-2), as
indicated, and control stably transfected clones were transfected with a His-tagged NL4.3 ASP (clade B)
expression vector. Cell lysates were prepared and analyzed by Western blotting using anti-His, anti-ATG5,
anti-ATG7, and anti-tubulin antibodies. Monomeric and multimeric ASP signals are depicted. The signal for
ATG5 is represented by the typical covalently linked ATG5-ATG12 complex.
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resulted in reduced levels of the ATG5-ATG12 complex (although the reduction was

more limited for clone sgATG5-1) and of ATG7, respectively (Fig. 6A and B). Importantly,

His-tagged ASP levels increased in these clones, with a greater abundance associated

with lower expression levels of the targeted gene.

The results thereby confirmed that ASP levels in transfected cells were modulated by

autophagy and that typical autophagy factors, i.e., ATG5-ATG12 and ATG7, were

implicated.

ASP interacts with the autophagy factor p62. Given that all tested ASPs could

induce autophagy, albeit to a lower extent for clade A ASP, we next investigated the

possible mechanism leading to this induction. We first focused our attention on

determining whether ASP could associate and colocalize with specific autophagy

factors by confocal microscopy (Fig. 7). As we have previously reported (23), we first

confirmed that expression of NL4.3 (clade B) ASP in 293T cells showed association with

LC3 upon coimmunoprecipitation with anti-ASP followed by Western blot analyses (Fig.

7A). In addition, ASP was confirmed to partially colocalize with LC3-II in COS-7 cells

cotransfected with expression vectors for NL4.3 ASP and the GFP-LC3 fusion protein

(Fig. 7B). We next performed confocal microscopy experiments to identify potential

colocalization with the autophagy factor p62. Our results revealed that a clear colocal-

ization between NL4.3 ASP and p62/SQSTM1 was observed in both HeLa and COS-7

cells (Fig. 7C). COS-7 cells transfected with clade A and B ASPs were further used for

numbering of autophagosome-like structures doubly positive for ASP and p62 (Fig. 7D).

Results demonstrated that double-positive (p62 and ASP) signals were identified in

clade A ASP-expressing cells but to a significantly reduced level in comparison to the

level in clade B ASP-expressing cells, thereby confirming results from the experiment

shown in Fig. 5.

Since ASP forms multimers and since p62 is an important cargo transporter of

multimerized proteins toward the autophagy pathway, we next tested whether ASP

and p62/SQSTM1 could indeed associate. 293T cells were transfected with expression

vectors of His-tagged ASPs of different clades, and resulting extracts were used for

coimmunoprecipitation with an anti-His antibody (Fig. 7E). Upon Western blot analyses,

p62 indeed could coimmunoprecipitate with ASP in transfected 293T cells. To confirm

these data, immunoprecipitation was performed in similarly transfected 293T cells with

anti-p62 antibodies and analyzed with anti-His antibodies (Fig. 7F). These analyses

confirmed the association between ASP and p62. The specificity of this interaction was

demonstrated in 293T cells expressing NL4.3 ASP by the lack of association of ASP with

other autophagy factors, such as ATG5 and ATG7, as assessed by similar coimmuno-

precipitation experiments (Fig. 7G). The impact of this association between ASP and

p62 was further tested through knockout of the p62 gene in 293T cells. Although two

different targeted regions were tested, only one strategy (sgp62-1) provided sufficient

reduction in p62 abundance. Knockout cells were thus transfected with the NL4.3 (clade

B) ASP expression vector and analyzed by Western blotting. These analyses indicated

that reduction in p62 levels led to a marked increase in ASP abundance (Fig. 7H).

These data, thus, indicated that p62 colocalized and associated with the different

ASP clade representatives and that this association led to induction of autophagy.

Interaction domain of p62 and ASP ubiquitination. We next sought to identify

the domains of p62 which were responsible for its association with ASP. These domains

are known as UBA, LIR, and PB1 and have been previously shown to interact with

ubiquitinated protein, LC3, and p62 itself, respectively (Fig. 8A). Expression vectors of

different p62 mutants with deletions of these various domains and fused to the GST

protein were thus cotransfected with the Myc-tagged NL4.3 (clade B) ASP expression

vector in 293T cells, and resulting extracts were coimmunoprecipitated with anti-

glutathione S-transferase (GST) antibodies (Fig. 8B). Upon Western blot analysis of

immunoprecipitated extracts, interaction of ASP (monomeric and multimeric) was

shown to be importantly reduced in cells expressing the PB1 domain-deleted p62

mutant (Fig. 8B). Expression of other mutants (with deletions of the LIR or UBA region)
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FIG 7 Association between ASP and p62 and effect of p62 knockout on ASP expression levels. (A) 293T cells were
transfected with expression vectors for optimized NL4.3 ASP (clade B) or the empty vector pcDNA3.1. At 48 h posttrans-
fection, coimmunoprecipitation (IP) was performed using the anti-ASP antibody, and Western blot analyses were

(Continued on next page)
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led to retention of ASP in extracts coimmunoprecipitated with anti-GST antibodies,

thereby suggesting that these other domains were not crucial for the association

between ASP and p62. To demonstrate that the interaction was not dependent on the

presence of a Myc tag, similar experiments were performed with a His-tagged version

of ASP (Fig. 8C). Following cotransfection of expression vectors for the various p62

mutants and His-tagged NL4.3 ASP in 293T cells, similar results were obtained upon

Western blot analyses in that deletion of the PB1 domains led to loss of the association

of this mutant with ASP.

Since p62/SQSTM1 has often been implicated in ubiquitin-dependent autophagy, it

was surprising that the association between ASP and p62 did not involve the

ubiquitinating-interacting UBA domain. We were thus interested in determining if ASP

was nonetheless ubiquitinated. Immunoprecipitation experiments were conducted in

293T cells cotransfected with expression vectors for clade B NL4.3 and clade A 94CY032

His-tagged ASPs and for pRK5-HA-ubiquitin-KOR (expressing a hemagglutinin [HA]-

tagged ubiquitin protein limiting targeted proteins to monoubiquitination). Upon

transfection of 293T cells and immunoprecipitation with anti-His antibodies, Western

blot analyses revealed that ASP was indeed ubiquitinated, as revealed by the expected

size of a ubiquitinated monomeric ASP form for both clade A and clade B ASP-

expressing cells (between 25 and 30 kDa) (Fig. 8D). In addition, high-molecular-weight

multimers were detected in immunoprecipitated extracts. Interestingly, for both tested

ASP expression vectors, levels of the nonubiquitinated form were also importantly

increased in transfected cells expressing ubiquitin KOR, likely suggesting that these

might represent nonubiquitinated ASP protein comprising ASP multimers targeted for

ubiquitin-dependent degradation. In fact, high-molecular-weight signals were also

importantly more abundant in ubiquitin-KOR-expressing cells. Further analyses using

293T cells cotransfected with vectors expressing His-tagged NL4.3 ASP and HA-tagged

ubiquitin selective for K48-linked (ubiquitin-proteasome system [UPS]-prone) or K63-

linked (autophagy-prone) polyubiquitination revealed that ASP was targeted by both

polyubiquitin chains, as indicated by immunoprecipitation experiments using anti-His

antibodies (Fig. 8E).

Together, these data demonstrated that, despite the implication of the ho-

modimerization domain of p62 in its association with ASP, ASP is ubiquitinated, which

impacts its abundance in its monomeric and multimeric forms.

DISCUSSION

Antisense transcription in HIV-1 has been described and characterized in a number

of studies (18). However, the encoded ASP remains a limited focus of investigation. We

have formerly detected clade B ASP in different cell types by various technical ap-

FIG 7 Legend (Continued)
conducted using anti-ASP and anti-LC3 antibodies. Mouse TrueBlot Ultra (anti-mouse Ig HRP) (for ASP) was used as the
secondary antibody for Western blot analyses. The LC3-II signal is shown by an arrow. (B) Expression vectors for optimized
NL4.3 ASP and GFP-LC3 were cotransfected in COS-7 cells. After fixation and nuclear staining with DAPI, ASP was detected
with anti-ASP antibodies followed by a goat anti-mouse IgG antibody coupled to Alexa Fluor 568. (C) The NL4.3-ASP
expression vector was transfected in COS-7 and HeLa cells, as indicated. Nuclei were stained with DAPI, and ASP was
detected with anti-ASP antibodies followed by goat anti-mouse IgG antibodies coupled to Alexa Fluor 568 (COS-7) or
Alexa Fluor 488 (HeLa), while p62 was detected with anti-p62 antibodies followed by goat anti-rabbit IgG antibodies
coupled to Alexa Fluor 488 (COS-7) or Alexa Fluor 568 (HeLa). (D) Expression vectors for NL4.3 (clade B) and 94CY032 (clade
A) ASPs were transfected in COS-7 cells. ASP and p62 were detected as described in panel C. Cells were next quantified
for the number of punctate structures doubly positive for ASP and p62. (E and F) Expression vectors of His-tagged ASP
of various HIV clades were transfected in 293T cells, and after 48 h, cellular extracts were used for coimmunoprecipitation
with the anti-His (E) or anti-p62 antibodies (F). Immunoprecipitated samples and total extracts were analyzed by Western
blotting using anti-p62, anti-His, and anti-tubulin antibodies. (G) The expression vector for His-tagged NL4.3 ASP (versus
empty vector) was transfected in 293T cells, and, at 48 h posttransfection, cellular extracts were used for coimmunopre-
cipitation with anti-His antibodies. Immunoprecipitated samples and total extracts were analyzed by Western blotting
using anti-His, anti-ATG5, anti-ATG7, anti-p62, and anti-tubulin antibodies. The ATG5-ATG12 signal is shown by an arrow.
(H) A 293T cell clone knocked out for the p62 gene (sgp62) and a control stably transfected clone (Ctrl) were transfected
with His-tagged NL4.3 ASP expression vector. Cell lysates were prepared and analyzed by Western blotting using anti-His,
anti-p62, and anti-tubulin antibodies. Monomeric and multimeric signals (including high-molecular-weight) are identified
on the right side of the panels. ***, P � 0.001.
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FIG 8 The interaction of p62 with ASP requires its homodimerization domain despite ASP ubiquitination. (A) The various domains of the p62 protein are
depicted and include the ubiquitination-binding domain UBA, the LC3-binding domain LIR, the regions of the nuclear localization signal (NLS) and nuclear
export signal (NES), and the homodimerization domain PB1. (B and C) 293T cells were cotransfected with expression vectors of GST-tagged wild type and
deletion mutants of p62 and Myc-tagged (B) or His-tagged (C) NL4.3 ASP. At 48 h posttransfection, immunoprecipitation was performed using the anti-GST
antibody, and Western blot analyses of immunoprecipitated samples and total extracts were conducted using anti-GST, anti-Myc/anti-His, and anti-tubulin
antibodies. (D and E) 293T cells were cotransfected with expression vectors for His-tagged NL4.3 (clade B) or 94CY032 (clade A) ASP (panel D only) and for the
HA-tagged ubiquitin (Ub)-KOR mutant (restricted to monoubiquitination). In panel E, expression vectors for HA-tagged ubiquitin WT or the restrictive
ubiquitin-K48 and ubiquitin-K63 were also included. At 48 h posttransfection, immunoprecipitation was performed with anti-His antibodies, and Western blot
analyses of immunoprecipitated samples and total extracts were conducted using anti-His, anti-HA, and anti-tubulin antibodies. Arrows on the right side of the
right panels indicate the positions and expected molecular weights (25 to 30 kDa) of the ubiquitinated ASPs from the different tested proviral DNAs.
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proaches and further demonstrated that this viral protein led to the induction of

autophagy (7, 17, 23). In the current study, we demonstrate that ASP-associated

autophagy is induced in all tested clade-derived ORFs and is associated with p62 via its

oligomerization domain. Furthermore, ASP was shown to be ubiquitinated, which

impacted its sensitivity toward degradation.

Based on our earlier studies linking ASP-induced autophagy to the ASP multim-

erization capacity, we pursued our analysis and confirmed that ASP is indeed part of

multimers by showing the interaction between two differently tagged ASPs, which

confirmed our previous findings using a baculovirus-derived purified protein (23).

Interestingly, removal of the cysteine-rich amino-terminal region of ASP in the

ASPΔN1–15 mutant led to a similar lower abundance of detected high-molecular-

weight signals with an increase in the monomeric version while no variation in

secondary structure could be noted for this mutant. This observation was further

paralleled by results obtained with the clade A ASP lacking the first 26 amino acids,

which showed more monomeric forms and fewer multimers in our Western blot

analyses. The amino-terminal region of the full-length ASP (all clades, except clade A)

is therefore an important region in controlling ASP stability, multimer formation, and

likely affects ASP capacity to induce autophagy. Its cysteine-rich nature contributes to

multimer formation, as demonstrated by the reduction of high-molecular-weight sig-

nals in a mutant deleted of one of the cysteine triplets and by the sensitivity of

multimers to denaturing agents. However, an unexpected finding was that the

ASPΔN1–30 mutant demonstrated lower levels of expression. Although we cannot

determine the reason for this reduced expression, the removal of 15 additional amino

acids in comparison to the ASPΔN1–15 mutant could in this case change the confor-

mation of the protein, with possible misfolding and degradation by the autophagy-

independent proteasome complex. This might also be reminiscent of the slight increase

in the abundance of the monomeric form of the ASPΔN1–15 mutant seen in COS-7 cells

despite severe loss of multimeric forms.

Other HIV-1 proteins are known to form multimers through cysteine residues (47,

48). Although our results indeed argue that the cysteine triplet (positions 10 to 12) is

implicated in ASP multimer formation and subsequent autophagy induction, we have

not fully investigated which cysteines are most important. It is in fact highly likely that

various well conserved cysteine residues, such as 22CCC24, are involved, some of which

could also lie outside the tested regions (e.g., positions 34, 146, and 152). In fact, since

multimer formation and induced autophagy were not completely abrogated in cells

expressing the amino-terminally deleted version of NL4.3 ASP, other highly conserved

regions (9) are likely to be involved in the multimerization of ASP. This is further

evidenced by our analyses of the clade G ASP, which behaved similarly to clade A ASP

even though it expresses the full-length ASP. Importantly, residues other than cysteines

are known to be implicated in hydrophobic and electrostatic interactions, which are

equally crucial for the formation of multimers, and more experiments will be needed to

address these various possibilities.

In this study, we have focused on the comparison of the different ASPs from the

different clades, including those from clinical isolates and laboratory strains, in terms of

their capacities to activate the autophagy pathway. Despite variation in multimer

formation, all tested ASPs induced autophagy, as determined by variation in the levels

of p62 and LC3-II levels and by the presence of autophagosome-like signals by confocal

microscopy. Variation in the extent of the induction of autophagy by the various clade

ASPs, as assessed by LC3-II levels and counting of autophagosome-like punctate

signals, was noted and suggested a lower autophagy-inducing capacity for clade A ASP.

However, these differences might also be accounted for by differences in expression

levels of the different ASPs in transfected cells. Nonetheless, although we have not

tested all known clades (having limited our analyses to the most frequent ones), our

data argue for a conserved capacity of ASP from the different clades to induce

autophagy and indicate that a lower abundance of multimers for certain ASPs is

nonetheless sufficient for this induction.

Association between HIV-1 ASP and p62-Driven Autophagy Journal of Virology

January 2019 Volume 93 Issue 2 e01757-18 jvi.asm.org 15

https://jvi.asm.org


Several studies have clearly shown that aggregating proteins are targeted for

degradation by the autophagy pathway (49, 50). We have further confirmed the

implication of autophagy on the abundance of ASP by targeting known autophagy

factors through CRISPR-mediated deletion. In these analyses, ASP levels (monomer and

multimers) were strongly affected, and their increase in abundance inversely correlated

with the remaining levels of the targeted protein. We have further looked at the

potential mechanisms of autophagy induction by ASP and, through localization and

immunoprecipitation experiments, an association between ASP and p62 was detected,

which was dependent on the PB1 homodimerization domain but not affected in a p62

mutant deleted of its ubiquitin-interacting UBA region. However, expression of this

mutant did tend to increase ASP levels in transfected cells, suggesting that this domain

influences ASP stability. Interestingly, previous studies have shown that various viral

proteins, including HIV-1 Tat, could interact with p62 via a ubiquitin-independent

manner (51, 52).

The latter results were unexpected, given that we further revealed that ASP is

ubiquitinated and that these posttranslational modifications contributed to ASP deg-

radation, as demonstrated by the use of the ubiquitin mutant preventing polyubiquiti-

nation. Expression of this polyubiquitination-blocking ubiquitin version indeed led to

an important increase in abundance of the nonubiquitinated monomeric and multi-

meric forms of ASP, with the former likely resulting from their presence in multimer

complex and subsequent release upon cell extract preparation. Hence, as these mul-

timers are composed of nonubiquitinated and ubiquitinated ASPs, they are thus subject

to degradation by autophagy through their interaction with p62. Although it is not

clear how ASP triggers autophagy, the recent publication of Lu et al. might shed light

on the exact mechanism behind ASP-dependent induction of autophagy. The authors

indeed argued that association of ubiquitinated multimeric proteins with p62 with

subsequently induced autophagy is more importantly dependent on the aggregated

nature of the protein than on ubiquitination itself (53). From this perspective, it is likely

that the association of ASP with p62 mainly depends on its oligomeric form and that

the interaction with the ubiquitin-interacting UBA domain might be less important,

thereby explaining why we were not able to demonstrate that this domain was

participating in formation of the p62/ASP complex. This is thus different from the

previously suggested view that autophagy versus the UPS is mainly dependent on the

type of linked ubiquitin in the polyubiquitination chain (K48 versus K63) (54). Our

results in fact argue that both types of modification are present in monomeric and

multimeric forms of ASP.

It is well known that autophagy is primarily responsible for the degradation of most

long-lived proteins in cells and also targets aggregated proteins as well as cellular

organelles and infectious organisms (55). The importance of autophagy in modulating

the abundance of ASP might be crucial to maintain its abundance at low levels as this

protein is likely detrimental to cell survival (if in high excess), especially given its

propensity to form important multimers. In addition, the capacity of ASP to function as

an inducer of autophagy likely depends on other concomitantly expressed viral pro-

teins which have been associated with this degradation pathway (39). As previously

reported, Nef can inhibit autophagy at late steps of viral replication in macrophages

and could thus block ASP-induced autophagy (5, 36). Another interesting aspect of our

studies relates to the essential role played by autophagy in antigen presentation in

cells, such as dendritic cells. Infected DCs might thus be altered in their capacity to

adequately process and present antigen, especially given that our previous study

showed that ASP presented higher levels of expression in this cell type than in both

macrophages and activated CD4� T cells (17).

Overall, our results demonstrate that the autophagy-inducing properties of ASP are

observed for different clades and that multimerization acts on autophagy induction. We

have not tested the ASPs of all clades, but we believe that they should also be

autophagy inducing. Furthermore, based on the in silico analyses of Cassan et al., HIV

encoding shorter versions of ASP might still be capable of inducing autophagy. Our
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results further indicated that the association of p62 with ASP is likely essential for ASP

and that ASP is ubiquitinated, also affecting the stability of the monomeric and

multimeric forms of ASP. These results thereby help us to better appreciate the

unstable nature of ASP in mammalian cells. The function of ASP in HIV-1 infection in

vivo has yet to be defined, but our results suggest that autophagy could link ASP to

HIV-mediated pathogenesis and the chronic infection state. Future studies will be

determinant in providing more information on these potential roles.

MATERIALS AND METHODS

Plasmids. Expression vectors for Myc-tagged optimized ASP and GFP-ASP optimized fusion proteins
have been previously described (23). A series of deletion mutants (15 and 30 amino acids at the amino
or carboxyl end) and internal deletion of a cysteine triplet or PXXPXXP motif were generated by PCR from
Myc-tagged optimized ASP expression vectors and termed pMyc-optimized-ASPΔN1–15, pMyc-opti-
mized-ASPΔN1–30, pMyc-optimized-ASPΔC174–189, pMyc-optimized-ASPΔC159–189, pMyc-optimized-
ASPΔ10CCC12, pMyc-optimized-ASPΔPXXP, and pMyc-optimized-ASPΔPXXPXXP. The following primers
were used: pMyc-optimized-ASPΔN1–15 (forward, 5=-GCCCTGTCCAAGCTGTTCT-3=; reverse, 5=-GTCCTCC
TCGCTGATCAGCTT-3=), pMyc-optimized-ASPΔN1–30 (forward, 5=-CTGGCCTGCACAGTGAGC-3=; reverse,
5=-GTCCTCCTCGCTGATCAGCTT-3=), pMyc-optimized-ASPΔC174–189 (forward, 5=-TGAGGTACCAAGCTTA
AGTTTAAA-3=; reverse, 5=-CTGCAGCACGCTAGGGTC-3=), pMyc-optimized-ASPΔC159–189 (forward, 5=-CA
CAGATCCGTGCAGAATGAA-3=; reverse, 5=-GCGGTTGCAGCTCACGGTCT-3=), pMyc-optimized-ASPΔ10CCC12

(forward, 5=-GCCTCTATCGCCCTGTCCAAG-3=; reverse, 5=-GCGGTTGCAGCTCACGGTCT-3=), pMyc-opti-
mized-ASPΔPXXP (forward, 5=-AAAAATCCAAGGAACAAGGC-3=; reverse, 5=-CAGCACGATGGGGGCGGC-3=),
and pMyc-optimized-ASPΔPXXPXXP (forward, 5=-AGGAACAAGGCCCCCATCCC-3=; reverse, 5=-CAGCACGA
TGGGGGCGGC-3=). Proviral DNAs of p94CY032 (clade A), p92RW009 (clade A), NL4.3 (clade B), JR-FL (clade
B), 89.6 (clade B), MJ4 (clade C), p92NG003 (clade G), and p92NG083 (clade G) were obtained through the
NIH AIDS Reagent Program (Germantown, MD), while proviral DNAs of Mal (clade D) and IndieC1 (clade
C) were provided by Anne Gatignol (McGill University, Montreal, Canada). DNA fragments encoding
His-tagged antisense protein (ASP) were amplified by PCR from these proviral DNAs or the Bal (clade B)
envelope expression vector (provided by Michel J. Tremblay, Laval University, Quebec City, Canada) using
specific forward and reverse primers bearing NotI and BamHI restriction sites, respectively, at their
5=ends. After NotI/BamHI digestion, PCR products were inserted into the vector pTT5 (VT2202; Youbio,
Inc., China), which was similarly digested. CRISPR-Cas9 knockout plasmids (LentiCRISPRv2 [98290; Add-
gene] and psPAX2 [12260; AddGene]) were constructed as previously described (56, 57). Two pairs of
oligonucleotides were designed to specifically target each gene, as follows: 5=-CACCGAACTTGTTTCACG
CTATATC-3= and 5=-AAACGATATAGCGTGAAACAAGTTC-3= (sgATG5-1); 5=-CACCGAAGATGTGCTTCGAGAT
GTG-3= and 5=-AAACCACATCTCGAAGCACATCTTC-3= (sgATG5-2); 5=-CACCGCACCGTGAAGGCCTACCTTC-3=

and 5=-AAACGAAGGTAGGCCTTCACGGTGC-3= (sgp62-1); 5=-CACCGACCGTGAAGGCCTACCTTCT-3= and 5=-
AAACAGAAGGTAGGCCTTCACGGTC-3= (sgp62-2); 5=-CACCGGAAGCTGAACGAGTATCGGC-3= and 5=-AAAC
GCCGATACTCGTTCAGCTTCC-3= (sgATG7-1); 5=-CACCGGCTGCCAGCTCGCTTAACAT-3= and 5=-AAACATGT
TAAGCGAGCTGGCAGCC-3= (sgATG7-2). Annealing of each pair further led to the generation of BsmBI
restriction sites, which were used to insert the resulting dimerized oligonucleotide in the BsmBI-digested
LentiCRISPRv2 vector. Plasmids pDEST-GST-P62, pDEST-GST-P62-ΔLIR, pDEST-GST-P62-ΔUBA, and pDEST-
GST- P62-ΔPB1 were kindly provided by Lucile Espert (Université Montpellier, Montpellier, France) and
express the wild type and various deletion mutants of p62 (58). The plasmids pRK5-HA-ubiquitin-WT
(17608; Addgene), pRK5-HA-ubiquitin-KOR, pRK5-HA-Ubiquitin-K48, d pRK5-HA-ubiquitin-K63, and the
empty vector (17605; Addgene) were gifts from Ted Dawson (Johns Hopkins University School of
Medicine, Baltimore, MD) (59). The pRK5-HA-ubiquitin WT vector expresses HA-tagged wild-type ubiq-
uitin, while pRK5-HA-ubiquitin-KOR expresses a ubiquitin version in which all lysines were mutated to
arginines. Vectors pRK5-HA-ubiquitin-K48 and pRK5-HA-ubiquitin-K63 express ubiquitin limited to spe-
cific lysine-linked polyubiquitination.

Cell lines and transfection. Human embryonic kidney 293T, African green monkey kidney COS-7,
and human cervical HeLa cell lines were cultured in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) (Wisent Bioproducts, St-Bruno, Canada). Cell lines were
obtained from the American Type Culture Collection (ATCC) (Manassas, VA). All DNA plasmids were
transfected using polyethylenimine (PEI) (Polysciences, Warrington, PA) at a 7:1 ratio of PEI/total DNA (in
grams) in FBS-free DMEM; empty vectors were added to normalize DNA quantities in between trans-
fections and for transfection control samples. After an incubation of 20 min at room temperature, the
PEI-DNA mixture was added to cells for 6 h, after which medium was removed and replaced by fresh
supplemented DMEM. In certain transfections, cells were treated with bafilomycin A1 (100 nM) for 6 h at
24 h posttransfection.

Generation of CRISPR-Cas 9 stable cell lines. Pseudotyped lentiviruses were produced by cotrans-
fecting 293T cells with lentiCRISPRv2 or lentiCRISPRv2-sgRNA (specific to ATG5, ATG7, or p62), the HIV-1
backbone-containing psPAX2, and the vesicular stomatitis virus (VSV) envelope-encoding-pVSVg vector
(8454; Addgene) using the PEI agent. At 36 h posttransfection, viral supernatants were filtered with
0.22-�m-pore-size filters (Millipore Corporation, Billerica, MA) and added to 293T and COS-7 cells.
CRISPR-Cas9 stable knockout cell lines were selected and maintained in DMEM supplemented with 10%
FBS and 0.2 �g/ml puromycin. Clones were generated by 10� serial dilutions, and single clones were
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further expanded in puromycin-containing medium. Selected and amplified clones were analyzed by PCR
for the targeted region.

Antibodies. Anti-GST antibodies were purchased from GE Healthcare Life Science (Chicago IL).
Anti-Flag, anti-tubulin, anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH), anti-LC3, anti-ATG5,
anti-ATG7, anti-ATG12, anti-Beclin-1, and anti-p62 antibodies were purchased from Sigma-Aldrich
(St-Louis, MO). Antibodies against Myc, His, and HA tags, horseradish peroxidase (HRP)-conjugated
anti-GFP, HRP-conjugated goat anti-mouse, and anti-rabbit IgG antibodies were ordered from Santa Cruz
Biotechnology, Inc. (Dallas TX). Mouse TrueBlot Ultra (anti-mouse Ig HRP) was purchased from Rockland,
Inc. (Limerick, PA). Goat anti-mouse IgG coupled to Alexa Fluor 488 or to Alexa Fluor 568 was obtained
from Thermo Fisher Scientific (Waltham, MA). Monoclonal anti-ASP antibodies generated by Eurogentec
(Liege, Belgium) were kindly provided by Jean-Michel Mesnard (Université Montpellier, Montpellier,
France) and are specific to the amino acid sequence indicated in Fig. 4A.

Purification of ASP and circular dichroism spectroscopy. pTT5-His-tagged-ASP wild type and
ASPΔN1–15 were transfected into 293T cells (2 � 108). At 36 h posttransfection, cells were lysed in 10 ml
of lysis buffer (50 mM Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA, 1% Triton with proteinase inhibitor) (Roche,
Mississauga, Canada). Lysates were centrifuged at 2,000 � g for 15 min at 4°C. Ni Sepharose High
Performance beads (17526802; GE Healthcare) were added to cell extracts and incubated at 4°C
overnight. Beads were gently washed three times with cold phosphate-buffered saline (PBS). Proteins
were eluted with 500 �l of 20 mM glycine, pH 2.0, for 10 min at 37°C and then neutralized with 500 �l
of 100 mM ammonium bicarbonate (ABC), pH 8.5 buffer. Proteins were next dialyzed with Slide-A-Lyzer
10-kDa-cutoff dialysis cassettes (66380; Thermo Scientific) in PBS buffer at 4°C. Resulting samples were
then loaded in Ultracel-30K filter tubes (UFC803024) and further centrifuged at 4,000 � g for 15 min at
4°C. The lower fraction was reloaded into Ultracel-10K filter tubes (R8DA51035) and centrifuged at
4,000 � g for 20 min at 4°C. The concentration of each purified monomeric ASP was determined with a
bicinchoninic acid (BCA) protein assay kit (23225; Thermo scientific) before analysis by circular dichroism
(CD) spectroscopy. Far-UV (CD) spectra were recorded at 25°C using a J-810 CD spectrometer (Jasco) in
a 10-mm-path-length quartz cuvette. Recombinant WT ASP and ASPΔN1–15 were analyzed at a con-
centration of 109.5 ng/ml (WT) and 111.5 ng/ml (ASPΔN1–15) in PBS buffer, pH 7.4. Spectra were
recorded from 260 to 190 nm and were corrected by subtracting the value for the blank solution
(protein-free buffer). The wavelength step was set at 0.5 nm with an average time of 10 s per scan at each
wavelength step. The raw data were converted to mean residue ellipticity (MRE) using the following
formula:

MRE�deg · cm2 · dmol�1� �
mean residue weight �g · mol�1� 	 CD signal �deg�

10 	 path length �cm� 	 peptide cencentration �g · ml�1�
Western blot analyses and immunoprecipitation. Cells were washed in 1� PBS and then incu-

bated in lysis buffer (50 mM Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA, 1% Triton, with proteinase inhibitor)
for 15 min on ice. In certain experiments, �-mercaptoethanol (2%) and various concentrations of DTT (0.1
to 0.5 M) were added to the lysis buffer. The lysates were centrifuged at 2,000 � g for 15 min at 4°C.
Proteins (the supernatant) were denatured by mixing 20-�l lysates with 4� loading solution (12%
sodium dodecyl sulfate [SDS] with 3 mM Tris, pH 6.8, and 0.05% bromophenol blue), followed by
incubation at 70°C for 10 min. For immunoprecipitation, SureBeads protein G magnetic beads (Bio-Rad,
Hercules CA) were resuspended (20 �l per sample) and washed twice with 500 �l of cold 0.1% Tween 20
in PBS (PBS-T). Antibodies diluted in 500 �l of PBS-T (anti-Myc [1:200], anti-p62 [1:100], anti-His [1:200],
and anti-GST [1:100]) were then added to the beads for 1 h at room temperature, and beads were next
washed three times with cold PBS-T. Total cell extracts (lysed in 50 mM Tris-HCl, pH 8, 100 mM NaCl,
1 mM EDTA, and 1% Triton) were then incubated with the antibody-bead complex overnight at 4°C. After
three washes with cold PBS-T, bound fractions were eluted with 20 �l of 2� loading buffer heated at
100°C. Samples were run on 10 to 12% SDS-PAGE gels and blotted onto an Immun-Blot polyvinylidene
difluoride (PVDF) membrane (Bio-Rad Laboratories, USA) in PBS-T. Membranes were blocked with 5%
milk in PBS-T at room temperature for 1 h and incubated with anti-ASP (1:2,000), anti-GFP (1:5,000),
anti-Myc (1:250), anti-HA (1:10,000), anti-GST (1:3,000), anti-His (1:5,000), anti-p62 (1:2,000), anti-ATG5
(1:2,000), anti-ATG7 (1:2,000), anti-LC3 (1:500), anti-Beclin-1 (1:500), anti-GAPDH (1:1,000), or anti-tubulin
(1:10,000), antibodies at 4°C overnight. Membranes were next incubated with the appropriate HRP-
conjugated secondary antibodies (1 �g/ml) at room temperature for 2 h and visualized with an ECL
Western blotting detection kit (Immobilon Western, Millipore Corporation, Billerica, MA). Image acqui-
sition was performed with Fusion FX7 (Vilber Lourmat, Marne-la-Vallée, France). For certain experiments,
densitometric analyses were conducted on LC3-related signals, and an LC3-II/LC3-I ratio was calculated
and normalized to the value for cells transfected with an empty vector (set at a value of 1).

Flow cytometry. Transfected COS-7 and 293T cells were washed with PBS, fixed with 4% formalde-
hyde for 10 min, and permeabilized with 0.1% Triton X-100 for 5 min at room temperature. Cells were
then washed three times with PBS and incubated with the anti-Myc antibody (dilution, 1:250) overnight
at 4°C. After three additional washes with PBS, cells were incubated with goat anti-mouse IgG antibodies
coupled to Alexa Fluor 488 (1/500) (Invitrogen, Canada, Inc.) for 1 h at 4°C. Cells were fixed with 1%
formaldehyde and incubated overnight at 4°C before analysis with a FACScan device (BD Biosciences).

Confocal microscopy. COS-7 and HeLa cells were seeded in 24-well plates containing a 1.5-mm-thick
coverslip for 12 h and then transfected, as described above. At 48 h posttransfection, cells were rinsed
twice with cold PBS and fixed with 4% formaldehyde-PBS for 10 min at room temperature on a slow
rotatory shaker. Cells were next washed four times with PBS–0.1% Triton X-100. Fixed cells were
incubated with a blocking solution (3% BSA, 5% milk, 50% FBS, 0.1% Triton X-100, and 0.05% NaN3 in
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PBS) overnight at 4°C, rinsed with cold PBS three times, and incubated with anti-p62 (1:250), anti-ATG5
(1:250), anti-ATG7 (1:250), anti-LC3 (1:250), anti-ASP (1:500), or anti-Myc (1:250) antibodies in a PBS
solution containing 3% BSA, 0.1% Triton X-100, and 0.05% NaN3 at 4°C overnight. Cells were next washed
with cold PBS–0.1% Triton X-100 and incubated with a secondary antibody (1:500, goat anti-mouse IgG
coupled to Alexa Fluor 488 or goat anti-rabbit IgG coupled to Alexa Fluor 568) in the PBS solution
described above for 45 min at room temperature. Cells were washed with PBS–0.1% Triton X-100 and
incubated in immune-mount solution in the presence of 1% 4=,6-diamidino-2-phenylindole (DAPI). All
cell samples were visualized with a Nikon A1 laser scanning confocal microscope (Nikon Canada,
Mississauga, Canada) through a 60� objective under oil immersion. All confocal images were analyzed
with ImageJ software. The multipoint selection feature was used to select ASP- and ASP/p62-positive
punctate signals, which were then automatically counted. Data were analyzed by a paired Student’s t
test.
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