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Targeting SQSTM1/p62 Induces Cargo Loading Failure and Converts
Autophagy to Apoptosis via NBK/Bik
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In selective autophagy, the adaptor protein SQSTM1/p62 plays a critical role in recognizing/loading cargo (e.g., malfolded pro-
teins) into autophagosomes for lysosomal degradation. Here we report that whereas SQSTM1/p62 levels fluctuated in a time-
dependent manner during autophagy, inhibition or knockdown of Cdk9/cyclin T1 transcriptionally downregulated SQSTM1/
P62 but did not affect autophagic flux. These interventions, or short hairpin RNA (shRNA) directly targeting SQSTM1/p62,
resulted in cargo loading failure and inefficient autophagy, phenomena recently described for Huntington’s disease neurons.
These events led to the accumulation of the BH3-only protein NBK/Bik on endoplasmic reticulum (ER) membranes, most likely
by blocking loading and autophagic degradation of NBK/Bik, culminating in apoptosis. Whereas NBK/Bik upregulation was
further enhanced by disruption of distal autophagic events (e.g., autophagosome maturation) by chloroquine (CQ) or Lamp2
shRNA, it was substantially diminished by inhibition of autophagy initiation (e.g., genetically by shRNA targeting Ulk1, beclin-1,
or Atg5 or pharmacologically by 3-methyladenine [3-MA] or spautin-1), arguing that NBK/Bik accumulation stems from ineffi-
cient autophagy. Finally, NBK/Bik knockdown markedly attenuated apoptosis in vitro and in vivo. Together, these findings
identify novel cross talk between autophagy and apoptosis, wherein targeting SQSTM1/p62 converts cytoprotective autophagy to
an inefficient form due to cargo loading failure, leading to NBK/Bik accumulation, which triggers apoptosis.

utophagy is an evolutionarily conserved process by which

damaged organelles and unneeded proteins are degraded by
lysosomes to maintain intracellular homeostasis and to recycle
cellular nutrients. While autophagy can promote cell death (1), in
most cases, it is cytoprotective and contributes to drug resistance
(2). In response to chemotherapeutic agents, apoptosis (type I)
and autophagy (type II) represent two major forms of pro-
grammed cell death (3). Autophagy and apoptosis share molecu-
lar regulatory mechanisms governed by Bcl-2 family proteins (3,
4). Specifically, Bcl-2 and Bcl-x; prevent both apoptosis and au-
tophagy by sequestering different BH3-only proteins (e.g., pro-
apoptotic Bim and Bid [5] and proautophagic beclin-1 [6, 7]). As
a result, antagonism of Bcl-2/Bcl-x; function releases and acti-
vates these BH3-only proteins, leading to apoptosis and au-
tophagy, respectively (8). While apoptosis represents a well-estab-
lished mechanism of action of conventional and targeted
anticancer agents (3), autophagy may play both positive and neg-
ative roles in tumorigenesis and cancer treatment (9, 10). Conse-
quently, whether autophagy should be inhibited or activated
remains the subject of debate. Accordingly, both autophagy inhib-
itors and inducers are currently undergoing clinical evaluation
(11).

Protection of cells from injury by harmful macromolecules or
damaged organelles through autophagy as a quality control (QC)
mechanism (11, 12) involves the sequestration and transport of
cellular constituents to lysosomes for degradation (13). Au-
tophagy is initiated by phagophore formation (initiation/nucle-
ation stage), followed by the development of a crescent-shaped
double membrane that expands and fuses to form a double-mem-
brane vesicle known as an autophagosome (elongation stage). The
autophagosome then fuses with lysosomes to form autolysosomes
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(maturation stage), resulting in the degradation of vacuolar con-
tent (13). Recent evidence indicates that autophagy is a more se-
lective process than originally thought (14-16). Selective au-
tophagy depends on the binding of substrates to the inner surface
of the growing phagophore (17), referred to as cargo loading (18),
a process mediated by adaptor proteins (19) associated with both
the substrate (cargo recognition) and lipidated LC3 anchored to
the phagophore (20, 21). p62, also known as sequestosome 1
(SQSTM1), is selectively degraded by autophagy (22, 23) and
serves as a key cargo adaptor for the degradation of ubiquitinated
substrates (22, 24-26). Thus, p62 plays a central role in selective
autophagy involving the clearance of malfolded (e.g., unfolded or
misfolded) proteins (20, 25), protein aggregates/aggresomes (22),
ubiquitin-labeled peroxisomes (27), and Parkin-labeled mito-
chondria (24).

Inefficient autophagy resulting from cargo recognition failure
has recently been implicated in Huntington’s disease (28), a neu-
rodegenerative disorder caused by macroautophagy malfunction
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and accumulation of the neurotoxic huntingtin protein (htt) (28,
29). Inefficient autophagy has been defined as autophagy in which
autophagic vacuoles (AVs) fail to trap cytosolic cargo despite their
formation at normal or even enhanced rates and adequate lyso-
somal elimination (28). In this context, the autophagic adaptor
protein SQSTM1/p62 acts to recognize ubiquitinated protein ag-
gregates and link them, through binding to LC3, to autophago-
somes, a cargo loading process necessary for lysosomal degrada-
tion during selective autophagy. We therefore hypothesized that
targeting the cargo loading protein p62 in neoplastic cells might
lead to cargo loading failure and, as a consequence, inefficient
autophagy, which could be exploited to promote apoptosis.

MATERIALS AND METHODS

Cells and reagents. Human multiple myeloma U266 and RPMI18226 cells
were obtained from the ATCC and maintained as described previously
(5), and both cell lines were authenticated (Basic STR Profiling Service,
ATCC 135-X) by the ATCC before this study was completed. Bortezomib-
resistant cells (PS-R) were generated by continuously culturing U266 cells
in increasing concentrations of bortezomib (beginning at 0.5 nM and
increasing in stepwise increments of 0.2 nM) up to 20 nM and were main-
tained in medium containing 15 nM bortezomib. U266/Mcl-1, U266/
Bcl-2, RPMI8226/Bcl-x;, and U266/DN-caspase 9 cells were established
by stably transfecting human full-length Mcl-1, Bcl-2, and Bcl-x; cDNAs
and dominant negative caspase 9 (287 cysteine—>alanine), respectively.
All experiments utilized logarithmically growing cells (3 X 10°to 5 X 10°
cells/ml). Wild-type (wt) and p62 gene knockout (ko) mouse embryonic
fibroblasts (MEFs) as well as the pEGFP-p62 plasmid were kindly pro-
vided by Jorge Moscat (Sanford-Burnham Medical Research Institute)
(30).

The pan-BH3 mimetic GX-015-070 (GX) (obatoclax) was provided by
Teva Pharmaceuticals (North Wales, PA) in association with the Cancer
Treatment and Evaluation Program (CTEP) of the NCI. The pan-Cdk
inhibitors flavopiridol (FP) (alvocidib; Sanofi-Aventis, Bridgewater, NJ)
and SCH727965 (dinaciclib; Merck, Whitehouse Station, NJ) were pro-
vided by the NCI. The proteasome inhibitor bortezomib (Velcade) was
provided by Millennium (Cambridge, MA). Cycloheximide (CHX) and
MG-132 were purchased from Sigma (St. Louis, MO) and Calbiochem
(San Diego, CA), respectively; dissolved in dimethyl sulfoxide (DMSO);
aliquoted; and stored at —20°C. In all experiments, final DMSO concen-
trations did not exceed 0.1%. If not indicated specifically, the time of drug
treatment was 24 h.

Flow cytometry. The extent of apoptosis was evaluated by flow cytom-
etry utilizing annexin V-fluorescein isothiocyanate (FITC)-propidium
iodide (PI) (5). Briefly, 1 X 10° cells were stained with annexin V-FITC
(BD PharMingen, San Diego, CA) and 5 p.g/ml PI (Sigma) in 1X binding
buffer for 15 min at room temperature in the dark. Samples were then
analyzed by BD Biosciences FACSCalibur flow cytometry (Becton, Dick-
inson, San Jose, CA) within 1 h to determine the percentage of apoptotic
(annexin V-positive) cells.

TUNEL analysis. In some cases, cytospin slides were stained for
terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick
end labeling (TUNEL) by using an In Situ Cell Death Detective kit
(fluorescein; Roche, Penzberg, Germany) according to the manufac-
turer’s instructions. Images were captured by using an Olympus BX40
fluorescence microscope at 20X/0.50 numerical aperture (Olympus
America Inc., Center Valley, PA) and a CE digital camera (Alpha In-
notech Corp., San Leandro, CA) with RS Image software version 1.7.3
(Roper Scientific Photometrics, Tucson, AZ).

Immunofluorescence. Ubiquitin-positive protein aggregates were ex-
amined by immunofluorescence using an antiubiquitin monoclonal an-
tibody (Cell Signaling, Beverly, MA), as reported previously (31). Images
were captured by using a Zeiss LSM 700 confocal laser scanning micro-
scope.
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Autophagy analysis. Autophagy analysis was performed as follows. (i)
Whole-cell lysates were prepared and subjected to immunoblot analysis
using an anti-LC3 antibody (Novus, Littleton, CO) to monitor LC3 pro-
cessing from LC3-I to LC3-II. To exclude the possibility that increases in
LC3-II levels reflect reduced autophagic degradation rather than en-
hanced induction, analysis of autophagic flux was performed by using
bafilomycin A1 as previously described (32, 33). (ii) An expression con-
struct encoding the enhanced green fluorescent protein (EGFP)-LC3B
fusion protein (Addgene plasmid 11546) was obtained from Addgene
(Cambridge, MA) (34). Autophagy was visualized in U266 and PS-R cells
by stable transfection with pEGFP-LC3B followed by observation of LC3
puncta using a confocal microscope. (iii) Electron microscopy (EM) was
employed to analyze ultrastructural morphology of autophagy by using a
JEOL JEM-1230 transmission electron microscope. (iv) Autophagic flux
was validated by transient transfection of cells with a pBABE-puro
mCherry-EGFP-LC3B plasmid (Addgene plasmid 22418) (35), followed
by observation of autophagosomes (mCherry and green fluorescent pro-
tein [GFP] double positive [yellow]) and autolysosomes (mCherry only
[red]) using a confocal microscope.

Lysosome analysis. To monitor lysosome mass and number, cytospin
slides were stained for lysosomes by using a LysoTracker probe (Molecu-
lar Probes by Life Technology, Carlsbad, CA) according to the manufac-
turer’s instructions. Images were captured by using a confocal micro-
scope.

Filter trap (retardation) assay. Protein aggregates were assessed by
using a filter trap assay as described previously (12, 36). Briefly, cells were
lysed in 1X phosphate-buffered saline (PBS) containing 1 mM phenyl-
methylsulfonyl fluoride (PMSF) by sonication for 1 min. Total protein
was quantified by using Coomassie protein assay reagent (Pierce, Rock-
ford, IL). Equal amounts of protein (10 pg) were diluted in 1% SDS and
filtered through a cellulose acetate membrane (0.2-pum pore size; What-
man, Dassel, Germany) by using a dot microfiltration (Bio-Rad, Hercules,
CA) or slot blotting (Hoefer, San Francisco, CA) apparatus. The mem-
brane was washed with 1X PBS containing 1% SDS, followed by blocking
with 5% skim milk in 1X PBS. The SDS-insoluble aggregates trapped on
the filter were probed with antiubiquitin (Cell Signaling, Beverly, MA),
anti-p62 (Santa Cruz Biotechnology, Santa Cruz, CA), or anti-Bik
(ProSci, Poway, CA).

Quantitative real-time PCR. Quantitative real-time PCR (qPCR)
analysis using TagMan gene expression assays and a 7900HT real-time
PCR system (Applied Biosystems, Foster City, CA) was performed to
quantify mRNA levels of human NBK/Bik and SQSTM1/p62 (5). Briefly,
total RNA was isolated by using TRIzol reagent (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions. Genomic DNA was
digested with DNase I (amplification grade; Invitrogen). cDNA was syn-
thesized from 1 ug of total RNA by using a High Capacity cDNA reverse
transcription kit (Applied Biosystems). Two microliters of cDNA was
employed for qPCR assays (TagMan gene expression assays). Assay iden-
tification numbers for NBK/Bik and SQSTM1/p62 were Hs00154189_m1
and Hs01061917_gl, respectively. References for quantitation were hu-
man B-actin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(predeveloped TagMan assay reagent control kit; Applied Biosystems).
Data were analyzed by using SDS 2.3 software.

Immunoblotting. Whole-cell pellets were lysed by sonication in 1X
sample buffer (62.5 mM Tris base [pH 6.8], 2% SDS, 50 mM dithiothreitol
[DTT], 10% glycerol, 0.1% bromphenol blue, and 5 pg/ml each of chy-
mostatin, leupeptin, aprotinin, pepstatin, and soybean trypsin inhibitor)
and boiled for 5 min. Total protein was quantified by using Coomassie
protein assay reagent (Pierce, Rockford, IL). Equal amounts of protein (30
jLg) were subjected to immunoblotting according to procedures described
previously (5). Where indicated, the blots were reprobed with antibodies
against B-actin (Sigma) or a-tubulin (Oncogene, La Jolla, CA) to ensure
equalloading and transfer of proteins. The following antibodies were used
as primary antibodies: anti-Bik and anti-Bim (ProSci); anti-caspase 3,
anti-Mcl-1, and anti-cytochrome ¢ (BD PharMingen); anti-cleaved
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caspase 3 (Aspl75), anti-cleaved poly(ADP-ribose) polymerase (PARP)
(Asp214), anti-SQSTM1/p62, antiubiquitin, anti-Bcl-x;, and anti-
beclin-1 (Cell Signaling); anti-human Bcl-2 oncoprotein (Dako, Carpin-
teria, CA); anti-PARP (Biomol, Plymouth Meeting, PA); and anti-Bik,
anti-LAMP2, anti-ULK1, anti-ATG5, anti-AIF, anti-Bax, and anti-Bak
(Santa Cruz Biotechnology, Santa Cruz, CA).

Immunoprecipitation. (Co)immunoprecipitation analysis was per-
formed to evaluate ubiquitination of NBK/Bik or interactions of beclin-1
with Bcl-2, Bel-x;, and Mcl-1 (5). For these studies, CHAPS buffer {150
mM NaCl, 10 mM HEPES (pH 7.4), protease inhibitors, and 1% 3-[(3-
cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS)}
was employed to avoid artifactual associations reported for buffers con-
taining other detergents (e.g., NP-40 or Triton X-100). Briefly, cells were
lysed in CHAPS buffer, and 200 g of protein per condition was incubated
with 1 pg anti-Bik (Santa Cruz Biotechnology), anti-Bcl-2 (Dako), anti-
Bcl-x; (Cell Signaling), or anti-Mcl-1 (BD PharMingen) overnight at
4°C. Twenty microliters of Dynabeads (Dynal, Oslo, Norway) per con-
dition was then added, and the mixture was incubated for an addi-
tional 4 h. After washing, the bead-bound protein was eluted by vor-
texing and boiling in 20 pl 1X sample buffer. The samples were
separated by SDS-PAGE and subjected to immunoblot analysis as de-
scribed above. Antiubiquitin (Cell Signaling) and anti-beclin-1 (Santa
Cruz) were used as primary antibodies.

Endoplasmic reticulum isolation. The endoplasmic reticulum (ER)
fraction was isolated from cultured cells by using an Endoplasmic Retic-
ulum Isolation kit (Sigma) according to the manufacturer’s instructions
and subjected to immunoblotting using anti-Bik antibody (ProSci) to
determine the subcellular localization of NBK/Bik. The blots were re-
probed with antibodies against calnexin (an ER membrane marker) (Ab-
cam, Cambridge, MA) as a loading control.

Mitochondrion isolation. The mitochondrial fraction was isolated
from cultured cells by using a Mitochondria Isolation kit (Sigma) accord-
ing to the manufacturer’s instructions and subjected to immunoblotting
using anti-Bik and anti-Bim antibodies (ProSci) to compare subcellular
localizations of Bik and Bim. The blots were reprobed with antibodies
against Bak (a mitochondrial membrane marker) (Santa Cruz) as a load-
ing control.

RNA interference. SureSilencing short hairpin RNA (shRNA) plas-
mids (neomycin resistance) were purchased from SABioscience (Freder-
ick, MD), which include shRNAs targeting SQSTM 1 (GenBank accession
number NM_003900; clone 4 [ACTGGACCCATCTGTCTTCAA]), Ulkl
(accession number NM_003565; clone 3 [TACACGCCATCTCCTCAAG
TT])), Bik (accession number NM_001197; clone 3 [CACACTTAAGGAG
AACATAAT]), Atg5 (accession number NM_004849; clone 3 [TCATGG
AATTGAGCCAATGTT]), BECNI1 (accession number NM_003766;
clone 2 [CCATGCTCTGGCCAATAAGAT]), Cdk9 (accession number
NM_001261; clone 1 [GGTCAAGTTCACGCTGTCTGA]), and CCNT1
(accession number NM_001240; clone 4 [TCGTGTCCCTCATTCGAAA
CT]) and a scrambled sequence as a control (GGAATCTCATTCGATGC
ATAC). U266 cells were stably transfected with these constructs by using
an Amaxa Nucleofector device with Cell Line Specific Nucleofector kit C
(Amaxa GmbH, Cologne, Germany) according to the manufacturer’s in-
structions (5). The Lentiviral Particle Gene Silencers construct (sc-
29390-V) encoding shRNA targeting human Lamp2 and control lentiviral
particles were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA) and used to transduce RPMI8226 cells. For all sShRNA experiments,
four constructs encoding shRNAs designed specifically against different
sequences of the target gene of interest were obtained and tested before
use. Subsequently, atleast two constructs displaying the most pronounced
knockdown of target expression were selected, validated, and employed in
experiments. Stable clones with downregulated expression of the targeted
genes were selected with 400 pg/ml G418 or 2 g/ml puromycin.

Animal studies. These studies were approved by the Virginia Com-
monwealth University JACUC and performed in accordance with guide-
lines of the U.S. Department of Agriculture, the U.S. Department of
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Health and Human Services, and the NIH. Three mouse models were
employed in this study, as reported previously (5), including (i) athymic
NCr-nu/nu mice (Jackson Laboratories, Bar Harbor, ME) subcutane-
ously inoculated in the flank with 5 X 10° RPMI8226 cells, (ii) NOD/
SCID/gamma (NSG) mice (Jackson Laboratories) subcutaneously inocu-
lated in two side flanks with 1 X 10”7 U266 cells expressing Bik (right) or
scrambled sequence shRNA (left), and (iii) NSG mice intravenously (i.v.)
injected with 5 X 10° U266 cells stably expressing luciferase. GX-015-070
was freshly reconstituted with 5% dextrose for injection (USP) and ad-
ministered via intramuscular or intraperitoneal (i.p.) injection. FP in
DMSO was diluted in 0.9% saline and administered via i.p. injection.
Control animals were injected with equal volumes of vehicle. Mice were
monitored for tumor growth every other day visually or with the use of an
Ivis 200 imaging system (Xenogen Corp., Alameda, CA).

Statistical analysis. Values represent the means * standard deviations
(SD) for at least three independent experiments performed in triplicate.
The significance of differences between experimental variables was deter-
mined by using a two-tailed Student ¢ test. A P value of <0.05 was con-
sidered significant.

RESULTS

Cdk inhibitors convert BH3 mimetic-induced autophagy to
apoptosis. BH3 mimetics induce autophagy by dissociating
beclin-1 from Bcl-2 (7), whereas coadministration of Cdk (cyclin-
dependent kinase) inhibitors, which inhibit transcriptional Cdks
(e.g., Cdk9), strikingly increase apoptosis (5). The question of
whether Cdk inhibitors might affect BH3 mimetic-induced au-
tophagy in human multiple myeloma (MM), a disease of malig-
nant plasma cells, which rely on the clearance of excess immuno-
globulins to maintain homeostasis necessary for survival (37), was
first examined. The BH3 mimetic GX-015-070 (GX) (also known
as obatoclax) as well as the anti-MM agent bortezomib, which is
known to induce autophagy in MM cells (37), sharply induced
autophagy, reflected by a striking increase in the level of LC3-II, a
marker of autophagy (32, 33, 38), in U266 cells (Fig. 1A, left), their
bortezomib-resistant counterparts (PS-R) (see Fig. SIA in the
supplemental material), and RPMI8226 cells (see Fig. S1B in the
supplemental material). Consistent with these findings, exposure
to GX also resulted in a marked increase in the number of GFP-
LC3 puncta (Fig. 1A, right). Significantly, this phenomenon was
accompanied by a pronounced activation of apoptosis, reflected
by cleavage of caspases 3, 8, and 9 (see Fig. S1C in the supplemen-
tal material) and PARP (Fig. 1A; see also Fig. S1A and B in the
supplemental material) as well as increased TUNEL positivity
(Fig. 1B). Autophagy induction was associated with the release of
beclin-1 from Bcl-2 and Bcl-x; (see Fig. S1D in the supplemental
material). The Cdk inhibitor flavopiridol (FP) did not affect GX-
induced LC3-II expression but clearly increased numbers of GFP-
LC3 puncta compared to GX alone (Fig. 1A; see also Fig. S1A in
the supplemental material). Moreover, analysis of autophagic flux
demonstrated that when autophagic degradation was blocked by
bafilomycin A1, an agent that inhibits the vacuolar-type H*-AT-
Pase complex necessary for lysosomal acidification (32, 33), treat-
ment with either GX or GX plus FP further increased LC3-11 levels
in U266 cells (P < 0.05 versus bafilomycin Al alone) (Fig. 1C).
Furthermore, coadministration of GX with FP increased both au-
tophagosome (yellow) and autolysosome (red) levels in U266 cells
transiently transfected with mCherry-GFP LC3 (Fig. 1D). These
findings support the notion that FP does not affect autophagic flux
(including autophagosome formation and maturation) in cells
exposed to GX.

To further explore the role of FP in the responses of MM cells
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FIG 1 BH3 mimetics induce autophagy and apoptosis in the presence of Cdk inhibitors. (A) Human myeloma U266 cells were exposed to 500 nM GX-015-070
(GX) with or without 100 nM flavopiridol (FP) or 4 nM bortezomib (btz) as a positive control, followed by immunoblot analysis for LC3 (16 h) and PARP
cleavage (24 h). In parallel, U266 cells were stably transfected with pEGFP-LC3, followed by exposure (16 h) to 500 nM GX with or without 100 nM FP, and then
analyzed for GFP-LC3 puncta by confocal microscopy (bar = 10 pm). F+G, FP plus GX; CF, cleaved fragment; UT, untreated; DAPI, 4',6-diamidino-2-
phenylindole. (B) U266 cells were exposed (24 h) to 500 nM GX with or without 100 nM FP, followed by TUNEL staining using fluorescence microscopy (bar = 40
pm). (C) U266 cells were treated (16 h) with 500 nM GX with or without 100 nM FP in the presence or absence of 10 nM bafilomycin Al (Baf A1), followed by
analysis of autophagic flux by immunoblotting for LC3 (top). LC3-II was quantified relative to actin levels (bottom). Results represent fold increases over the
vehicle-treated control (Veh) (means * SD for three experiments). (D) Alternatively, U266 cells were transiently transfected with a pPBABE-puro mCherry-
EGFP-LC3B plasmid. After 6 h, cells were treated with 500 nM GX with or without 100 nM FP for an additional 16 h, followed by analysis of autophagic flux by

confocal microscopy (bar = 5 um).

to GX, cells were examined by electron microscopy (EM) (Fig.
2A). GX induced striking increases in the numbers of double-
membraned autophagosomes and autolysosomes containing
identifiable cellular organelles such as deformed mitochondria
(Fig. 2A, bottom, high magnification). Notably, whereas FP-GX
cotreatment modestly increased the number of vacuolated struc-
tures, higher magnification revealed that most vesicles were dou-
ble-membraned autophagic vacuoles (AVs), which appeared
empty (i.e., exhibiting clear content). The double membrane and
clear content of the cytosolic vacuoles were analogous to phenom-
ena recently described for Huntington’s disease neurons (28),
characterized by the accumulation of the neurotoxic htt protein
due to cargo recognition failure responsible for inefficient au-
tophagy (28, 39).

To verify whether the increased numbers of empty AVs in cells
coexposed to GX and FP reflect inefficient autophagy, a filter trap
assay was performed to assess the efficiency of autophagy in re-
moving intracellular protein aggregates (12, 36). Cotreatment
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with GX and FP strikingly increased the numbers of detergent-
insoluble, ubiquitin-positive protein aggregates trapped on cellu-
lose acetate filter membranes (Fig. 2B), consistent with a dimin-
ished clearance of cytosolic components via selective autophagy
(22, 36). Moreover, both FP and another Cdk inhibitor,
SCH727965 (dinaciclib) (40), also clearly increased the accumu-
lation of polyubiquitinated proteins in GX-treated cells (Fig. 2C).
Furthermore, immunofluorescence staining using an antiubiqui-
tin antibody demonstrated that cotreatment with GX and FP re-
sulted in a marked increase in the number of ubiquitin-positive
protein aggregates (Fig. 2D). Interestingly, LysoTracker staining
revealed that GX also dramatically increased lysosome mass and
number (Fig. 2E), presumably reflecting enhanced lysosome bio-
genesis required for increased autophagy. Nevertheless, coadmin-
istration of FP increased neither lysosome mass or number in cells
exposed to GX (Fig. 2E) nor expression levels of TFEB (see Fig.
S1E in the supplemental material), a transcription factor critical
for the coupling of autophagosome formation and lysosome bio-
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FIG 2 Cotreatment with BH3 mimetics and Cdk inhibitors results in inefficient autophagy. (A) U266 cells were exposed (16 h) to 500 nM GX with or without
100 nM FP and then examined by electron microscopy (bar = 1 wm). Asterisks indicate deformed mitochondria. N, nucleus; M, mitochondrion; L, lysosome;
G, Golgi apparatus; C, centrosome; A, autophagosome; AL, autolysosome; AV, autophagic vacuoles with clear content (empty). (B) In parallel, a filter trap assay
using dot or slot blots probed with an antiubiquitin antibody (a-ubi) was performed to monitor the intracellular accumulation of SDS-insoluble ubiquitin-
positive protein aggregates. (C) U266 cells were treated (16 h) with 500 nM GX with or without 100 nM FP or 5 nM SCH727965, after which immunoblot analysis
was performed to monitor the accumulation of polyubiquitinated (polyUbi) proteins using an antiubiquitin antibody. (D and E) Alternatively, cells were stained
with antiubiquitin antibody (D) to monitor intracellular ubiquitin-positive protein aggregates (arrows) or with LysoTracker (E) to visualize lysosomes (arrows).

genesis (41). These results argue against the possibility that accu-
mulation of AVs and ubiquitinated protein aggregates stems from
a failure of autophagosome removal due to impaired lysosome
biogenesis or autophagosome maturation, the disruption of
which has been linked to cell death (42). Together, these findings
indicate that coadministration of a Cdk inhibitor with an au-
tophagy-inducing BH3 mimetic triggers inefficient autophagy
characterized by an impaired ability of cells to clear ubiquitinated,
malfolded proteins.

Cdk inhibition blocks SQSTM1/p62 expression during BH3
mimetic-induced autophagy. As the adaptor protein p62 plays a
key role in recognition and loading of cargo during selective au-
tophagy (20), the time course of p62 expression in cells exposed to
GX with or without FP was monitored. Interestingly, protein lev-
els of p62 varied at different intervals in untreated U266 cells (see
Fig. S2A in the supplemental material), presumably reflecting
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basal and spontaneous autophagy, as observed in U266 cells ex-
pressing GFP-LC3 (Fig. 1A). GX triggered LC3 processing by as
early as 6 h, accompanied by the induction of p62 (Fig. 3A; see also
Fig. S2A in the supplemental material), as reported previously
(38). Quantification of immunoblots after exposure to GX (e.g.,
500 nM) revealed that whereas LC3-II expression persisted for 48
h (see Fig. S2B in the supplemental material), p62 levels fluctuated
in a time-dependent manner over the entire exposure interval
(Fig. 3B). As p62 itself undergoes autophagic degradation (23), the
fluctuation of p62 levels reflects a dynamic balance between de
novo synthesis and elimination via autophagy (43, 44). Notably,
FP markedly attenuated p62 expression induced by GX (Fig. 3A
and B). Similar events were also observed in other human MM
cells or when the pan-Cdk inhibitor SCH727965 was employed
(Fig. 3G; see also Fig. S2C in the supplemental material). More-
over, quantitative PCR demonstrated that FP significantly
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blocked GX-induced p62 expression at the transcriptional level
(Fig. 3D). Furthermore, inhibition of protein synthesis by cyclo-
heximide (CHX) also blocked p62 induction by GX (see Fig. S2D
in the supplemental material). Together, these results indicate that
FP inhibits de novo synthesis of p62 during autophagy.

To further determine whether Cdk inhibitors block p62 tran-
scription due to inhibition of Cdk9, a key component of positive
transcription elongation factor b (P-TEFb) (a complex of Cdk9
and its partner cyclin T1 [45]), Cdk9 or cyclin T1 was knocked
down by using the respective shRNAs. Cdk9 or cyclin T1 knock-
down sharply reduced C-terminal domain (CTD) phosphoryla-
tion of RNA polymerase II (Pol II) at serine 2 (Fig. 3E), an event
specifically mediated by Cdk9 and required for mRNA elongation
(45). Notably, GX failed to trigger p62 expression in these cells,
while no effect on GX-induced LC3 processing was observed, con-
sistent with results obtained by employing pharmacological Cdk
inhibitors (Fig. 3A to C). These findings indicate that Cdk9 inhi-
bition blocks p62 expression but does not prevent autophagy in-
duction in GX-treated cells.

SQSTM1/p62 downregulation leads to cargo loading failure
during autophagy in association with increased cell death. The
functional role of p62 downregulation by Cdk9 inhibition in au-
tophagy induced by GX was then examined. First, the effects of
disrupting autophagy by pharmacological or genetic approaches
on p62 expression were tested in cells coexposed to GX and FP. As
anticipated, spautin-1, an inhibitor of the ubiquitin-specific pep-
tidases USP10 and USP13, which target the beclin-1 subunit of
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Vps34 complexes (46), and 3-methyladenine (3-MA), which
blocks autophagosome formation via inhibition of type III phos-
phatidylinositol 3-kinase (PI-3K) (47), clearly reduced LC3 pro-
cessing in cells cotreated with GX and FP (Fig. 4A; see also Fig. S2E
in the supplemental material). These events were accompanied by
an accumulation of p62, consistent with evidence that p62 is
turned over primarily through autophagy (22, 23). Significantly,
GX-FP cotreatment dramatically downregulated p62 expression
under these conditions (Fig. 4A; see also Fig. S2E in the supple-
mental material). Similar phenomena were observed when au-
tophagy was genetically disrupted by shRNA at early stages (e.g.,
Ulk1 [Fig. 4B], which acts in the Atgl/Ulk complex essential for
autophagy initiation [13]) or late stages (e.g., Lamp2 [see Fig. S2F
in the supplemental material], a lysosome membrane protein es-
sential for autophagosome maturation [13]) of autophagy.
Second, the effects of p62 on cargo loading were then examined
by using a filter trap assay employing antibodies directed against
p62 or ubiquitin. GX induced a marked increase in the amount of
p62 bound to protein aggregates trapped on the membrane (see
Fig. S2G, top, in the supplemental material), an event required for
loading of cargo onto autophagosomes (17). Importantly, this
process was substantially diminished by FP or SCH727965, ac-
companied by a marked intracellular accumulation of ubiquitin-
positive protein aggregates (Fig. 2B and D) as well as by accumula-
tion of polyubiquitinated proteins (Fig. 2C), collectively indicating
autophagy dysfunction due to cargo loading failure. Moreover, ac-
cumulation of polyubiquitinated proteins (Fig. 4C) or ubiquitin-
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positive protein aggregates (Fig. 4D) was also observed in GX-
treated cells in which p62 was directly knocked down by shRNA,
compared to the scrambled shRNA control, whereas GX-induced
LC3 processing was modestly reduced. Similarly, accumulation of
ubiquitin-positive protein aggregates was also observed in GX-
treated cells transfected with shRNA against either Cdk9 (Fig. 4D)
or its partner cyclin T1 (Fig. 4D) but not Ulk1 (Fig. 4D). However,
in contrast to cells transfected with the scrambled shRNA control,
coadministration of either FP or SCH727965 failed to further in-
crease the accumulation of ubiquitin-positive protein aggregates
in these cells (Fig. 4D), presumably because p62 upregulation was
already blocked directly by p62 shRNA or indirectly via Cdk9
inhibition/downregulation (e.g., by Cdk9 or cyclin T1 shRNA).
Third, following exposure to GX for 16 h, p62 or Cdk9 knock-
down cells were examined by electron microscopy (Fig. 4E). Con-
sistent with observations in parental cells (Fig. 2A), GX induced a
marked increase in the number of autophagosomes/autolyso-
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somes containing identifiable cellular organelles in U266 cells
transfected with the scrambled shRNA control. Notably, whereas
p62 knockdown modestly reduced the number of AVs after GX
treatment, most AVs exhibited clear content in cells transfected
with either Cdk9 or p62 shRNA (Fig. 4E), analogous to cells coex-
posed to GX and FP (Fig. 2A). In contrast, knockdown of Cdk9
did not affect autophagic flux following GX treatment, manifested
by equivalent increases in numbers of both autophagosomes (yel-
low, mCherry plus GFP) and autolysosomes (red, mCherry only)
compared to the scramble shRNA controls (Fig. 5A). Notably,
similar phenomena were also observed for p62 knockout (ko)
MEFs (30), compared to wild-type (wt) MEFs (Fig. 5B).

Finally, transient expression of GFP-tagged p62 (30) but not
GFP only significantly rescued cells from increased GX lethality in
U266 cells transfected with p62 shRNA (Fig. 5C). Consistent with
the increased GX sensitivity of p62 knockdown U266 cells, p62 ko
MEFs were also significantly more sensitive to GX than wt MEFs
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the percentage of cell death was determined by flow cytometry (left, GFP; right, GFP-p62) as described above.

(Fig. 5D). Importantly, whereas FP strikingly potentiated GX le-
thality in wt MEFs, it failed to do so in p62 ko MEFs, presumably
due to the inability of FP to downregulate p62 in p62 ko cells.
Furthermore, transient expression of p62 significantly rescued
p62 ko MEFs from enhanced GX lethality while at the same time
partially restoring the ability of FP to potentiate GX-mediated cell
death (Fig. 5E). Together, these findings argue that inhibition of
p62 expression (e.g., by FP) during BH3 mimetic-induced au-
tophagy results in an inefficient form of autophagy characterized
by failure to load cargo (e.g., malfolded proteins) into autophago-
somes, accompanied by significantly increased sensitivity to BH3
mimetics.

NBK/Bik is upregulated during inefficient autophagy. Bik, a
BH3-only endoplasmic reticulum (ER)-associated proapoptotic
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protein (48), has recently been shown to promote autophagy by
facilitating the release of beclin-1 from Bcl-2 (49). As a positive
control, the proteasome inhibitor bortezomib clearly induced Bik
upregulation (Fig. 6A), as previously described (50). Importantly,
FP-GX coexposure robustly upregulated Bik (Fig. 6A), in associ-
ation with sharply increased apoptosis (see Fig. S1C in the supple-
mental material). Similar events occurred in cells coexposed to GX
and SCH727965 (Fig. 6B; see also Fig. S3A in the supplemental
material). Notably, knockdown of either Cdk9 or cyclin T1 by
shRNA recapitulated the effects of Cdk inhibitors on upregulating
Bik and potentiating GX-induced apoptosis (Fig. 6C; see also Fig.
S3B in the supplemental material).

To determine the subcellular localization of Bik, ER membrane
fractions were separated and subjected to immunoblot probing
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for Bik. As described previously (48), Bik localized primarily to the
ER membrane (Fig. 6D), accompanied by mitochondrial translo-
cation of Bax and release of mitochondrial proteins (e.g., cyto-
chrome ¢ and AIF) (see Fig. S3C in the supplemental material),
but not to the mitochondria (see Fig. S3D in the supplemental
material). In contrast, Bim, another BH3-only protein, localized
predominantly to the mitochondria.

The mechanism(s) by which FP-GX upregulates Bik was then
assessed. Inhibition of de novo protein synthesis by CHX failed to
prevent Bik upregulation following FP-GX treatment (Fig. 6E,
top), whereas quantitative PCR revealed the absence of significant
changes in Bik mRNA levels following exposure of cells to FP and
GX individually or in combination (see Fig. S3E in the supple-
mental material). Moreover, the proteasome inhibitor MG-132
(51) (Fig. 6E, bottom) or bortezomib (see Fig. S3F in the supple-
mental material) further increased FP-GX-induced Bik expres-
sion, suggesting that a protein turnover-related mechanism is re-
sponsible for Bik upregulation.

NBK/Bik accumulation stems from cargo loading failure.
Because autophagic degradation represents a major mechanism
regulating protein turnover, the contributions of autophagy to Bik
upregulation were evaluated. First, time course and dose-response
analyses revealed clearly discernible increases in Bik expression
levels (Fig. 7A). Quantification of immunoblots following expo-
sure of cells to GX with or without FP revealed that Bik upregula-
tion was first discernible 16 h after FP-GX coexposure (Fig. 7B), an
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interval substantially longer than that for autophagy induction
(e.g., LC3 processing) first noted at 6 h (see Fig. S2B in the sup-
plemental material), which persisted over the ensuing 24 h. Inter-
estingly, disruption of autophagy by spautin-1 or 3-MA, which
blocks autophagy initiation (47), diminished Bik upregulation
and reduced apoptosis (e.g., PARP cleavage) induced by FP-GX
(Fig. 7C). Similar phenomena were observed for cells transfected
with shRNA directed against Ulkl (Fig. 7D), beclin-1, or Atg5
(Fig. 7E; see also Fig. S3G in the supplemental material), proteins
critical for autophagy initiation (13). In sharp contrast, chloro-
quine (CQ), which blocks autophagy maturation (47), further en-
hanced Bik upregulation induced by FP-GX, accompanied by in-
creased PARP cleavage (Fig. 7C). Analogous results were obtained
with U266 cells stably transfected with p62 shRNA (see Fig. S3H in
the supplemental material). Similarly, Lamp2 knockdown also
promoted Bik accumulation and significantly sensitized cells to
FP-GX (see Fig. S31 in the supplemental material). These findings
suggest that Bik upregulation likely occurs during autophagy and
primarily stems from disruption of the later stages of autophagy,
particularly cargo loading into autophagosomes and/or subse-
quent events (e.g., lysosomal degradation through autophago-
some maturation).

In addition, whereas ectopic expression of either Bcl-2 (see Fig.
S4A in the supplemental material), Bcl-x; (see Fig. S4B in the
supplemental material), Mcl-1 (see Fig. S4C in the supplemental
material), or dominant negative caspase 9 (see Fig. S4D in the
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wM 3-MA. After treatment, Bik expression and PARP cleavage were determined by immunoblot analysis. (D and E) U266 cells stably transfected with shRNA
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analysis for Bik expression and PARP cleavage. (G) U266 cells were exposed (16 h) to 500 nM GX with or without 100 nM FP or 5nM SCH727965 (top), and U266
cells stably transfected with shRNA directed against p62, Cdk9, cyclin T1, or the scrambled sequence as a control were treated (16 h) with 500 nM GX with or
without 100 nM FP or 5 1M SCH727965 (bottom). After drug treatment, a filter trap assay using anti-Bik antibody (a-Bik) was performed to monitor the amount
of Bik in SDS-insoluble protein aggregates. (H) U266 cells were exposed (16 h) to 500 nM GX with or without 100 nM FP or 5 nM SCH727965, followed by
immunoprecipitation (IP) using anti-Bik antibody and subsequent immunoblot (IB) analysis using antiubiquitin antibody («-ubi). Immunoprecipitations
without anti-Bik antibody (— Ab) (lane 1) or cell lysate (— lysate) (lane 2) were used as controls. IgG(H), IgG heavy chain.

supplemental material) clearly blocked apoptosis induced by
FP-GX, only Bcl-2 or Bcl-x; attenuated autophagy induction (e.g.,
LC3 processing), presumably due to the sequestration of beclin-1
(4, 7), in association with the prevention of Bik upregulation. In
sharp contrast, Mcl-1 or dominant negative caspase 9 failed to
diminish autophagy or block Bik upregulation. These observa-
tions further support the notion that initiation of autophagy, but
not apoptosis, is required for Bik upregulation in cells coexposed
to FP and GX.

Itis noteworthy that p62 downregulation by FP occurred at 6 h
(Fig. 3B), clearly prior to Bik upregulation (16 h) (Fig. 7B). Con-
sequently, the relationship between p62 downregulation and Bik
accumulation was then examined. Significantly, similarly to cells
transfected with Cdk9 or cyclin T1 shRNA (Fig. 6C), knockdown
of p62 also substantially increased Bik upregulation after GX treat-
ment, accompanied by a markedly increased sensitivity of cells to
GX (Fig. 7F; see also Fig. S4F in the supplemental material). In
accordance with these findings, a filter trap assay probed with an
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anti-Bik antibody revealed that FP or SCH727965 substantially
reduced the amount of Bik detected in protein aggregates (Fig. 7G,
top). Consistent with these findings, sShRNA against either p62,
Cdk9, or cyclin T1 also substantially reduced the amount of Bik in
protein aggregates, compared to the scrambled shRNA control,
after GX treatment (Fig. 7G, bottom). Finally, coadministration of
either FP or SCH727965 with GX led to a clear accumulation of
ubiquitinated Bik in cells (Fig. 7H). Together, these findings argue
that p62 downregulation disables the loading of Bik into protein
aggregates and subsequently autophagosomes, thereby preventing
its degradation via autophagy. Consequently, these findings raise
the possibility that Bik upregulation stems from cargo loading
failure and inefficient autophagy due to p62 downregulation.
NBK/Bik switches inefficient autophagy to apoptosis. Bik
plays dual roles in the regulation of both apoptosis (48) and au-
tophagy (49). The functional roles of Bik in this setting were then
examined by using cells stably transfected with Bik shRNA. In
these cells, FP-GX failed to upregulate Bik (Fig. 8A [bortezomib
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positive control. Immunoblot analysis (A) and flow cytometry (B) were conducted to monitor the expression of the indicated proteins or to determine percentage
of apoptotic (annexin V-positive) cells (values represent means = SD for three experiments). (C) Athymic NCr-nu/nu mice subcutaneously inoculated in the
flank with 5 X 10° RPMI8226 cells were treated with GX (3 mg/kg of body weight intramuscularly) with or without FP (5 mg/kg i.p.). Tumors were excised at day
28 after tumor cell inoculation and then homogenized and subjected to immunoblot analysis using the indicated antibodies. (D) NOD/SCID/gamma (NSG) mice
were subcutaneously inoculated in each flank with 1 X 10”7 U266 cells stably transfected with shRNA directed against Bik (right flank) or a scrambled sequence
as a control (left flank). FP (3 mg/kg i.p.) with or without GX (3 mg/kg i.p.) was then administered daily for a total of 11 days. Images of tumors removed from
two representative mice were captured at day 49 after tumor cell inoculation (bar = 20 mm). (E) NSG mice were injected i.v. via the tail vein with 5 X 10° U266
cells carrying luciferase, after which FP (3 mg/kg i.p.) with or without GX (3 mg/kg i.p.) was administered daily for a total of 19 days. The bioluminescent images
of representative mice were captured at day 35 after inoculation of cells. Lumbar vertebrae removed from mice were immunohistochemically (IHC) stained with

anti-human CD138 antibody (bar = 10 pm) or hematoxylin and eosin (H.E.) (bar = 20 pm). m, megakaryocyte; v, blood vessel.

treatment is shown as a positive control]). Bik knockdown par-
tially but discernibly reduced LC3 processing following exposure
to GX with or without FP, consistent with evidence that Bik con-
tributes to autophagy induction (49). In contrast, knockdown of
another BH3-only protein, Bim, failed to attenuate GX-FP-in-
duced autophagy (e.g., LC3 processing), although it substantially
blocked apoptosis (see Fig. S4F in the supplemental material).
Autophagy inhibition by Bik shRNA clearly increased p62 levels
(Fig. 8A), presumably due to an inhibition of autophagy initiation
(49). Importantly, the prevention of Bik upregulation sharply di-
minished apoptosis, reflected by the virtually complete abrogation
of PARP cleavage (Fig. 8A) and annexin V positivity (Fig. 8B)
induced by FP-GX as well as by bortezomib (50). However, while
EM analysis confirmed marked reductions in the number and size
of AVs in Bik shRNA cells exposed to GX, Bik knockdown did not
prevent the formation of empty AVs following FP-GX cotreat-
ment (see Fig. S5 in the supplemental material).

Of note, administration of GX induced LC3 processing and
p62 expression in tumor samples excised from a xenograft
RPMI8226 flank model. Significantly, FP coadministration di-
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minished GX-mediated p62 upregulation, accompanied by clear
increases in levels of Bik expression and PARP cleavage in vivo
(Fig. 8C). Furthermore, in a dual-sided flank mouse model, tu-
mors generated from Bik shRNA cells (right flank) displayed pro-
nounced resistance to combined treatment with FP and GX com-
pared to those derived from scrambled-sequence shRNA cells (left
flank) (Fig. 8D). Finally, in a tail vein intravenous (i.v.) orthotopic
mouse model, coadministration of FP and GX substantially re-
duced tumor burden, reflected by low luciferase signals (Fig. 8E,
top), and strikingly eliminated human CD138-positive tumor
cells (bottom) while restoring normal bone marrow structure
(bottom right). Together, these findings argue strongly that Bik
upregulation plays an important functional role in converting in-
efficient autophagy to apoptosis.

DISCUSSION

Apoptosis (type I) and autophagy (type II) represent the two ma-
jor forms of programmed cell death. Importantly, these processes
share common molecular pathways regulated by Bcl-2 family pro-
teins (3, 4) and often occur in concert, e.g., following exposure to
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agents, such as BH3 mimetics (i.e., GX-015-070 [obatoclax] and
ABT-737), that target Bcl-2 family proteins (e.g., Bcl-2 and Bcl-
xL) (8). While apoptosis represents an important prodeath mech-
anism through which chemotherapeutic agents and ionizing radi-
ation induce tumor cell demise, autophagy generally functions as
a prosurvival mechanism by maintaining cellular homeostasis and
metabolism (2, 14), thus conferring resistance to various types of
therapy (2, 52). While the optimal autophagy-targeting strategy
remains the subject of debate (9, 10), improving the efficacy of and
circumventing resistance to anticancer drugs by converting a cy-
toprotective autophagic response to apoptosis would represent an
attractive approach, e.g., by targeting cross talk between these pro-
cesses. For example, multiple autophagy-related proteins, such as
beclin-1 (53-55), Atg5 (56), and Atg4D (or LC3) (57), are sub-
strates for caspases or calpains activated during apoptosis, while
their cleaved fragments sensitize cells to apoptosis. Consequently,
this form of cross talk generally represents a mechanism of apop-
tosis amplification through modification of autophagy-regulatory
proteins. The findings described here highlight a novel mecha-
nism underlying cross talk between autophagy and apoptosis and
suggest that the adaptor protein SQSTM1/p62 and the BH3-only
protein NBK/Bik represent key switches governing the critical
decision of cells undergoing autophagy to survive or die. Spe-
cifically, these observations argue that targeting SQSTM1/p62
results in an inefficient form of autophagy due to cargo loading
failure, leading to upregulation of the proapoptotic BH3-only
protein NBK/Bik, which in turn triggers activation of the in-
trinsic apoptotic pathway.

The concept of inefficient autophagy was initially described for
Huntington’s disease (28), a genetic neurodegenerative disorder
caused by an expanded polyglutamine tract in the huntingtin (htt)
protein (58). In Huntington’s disease neurons, autophagic vacu-
oles form at normal or increased rates but fail to recognize and
trap cytosolic cargo in their lumen. Inefficient engulfment of cy-
tosolic components by autophagosomes leads to slow turnover,
functional decay, and accumulation of mutant htt within Hun-
tington’s disease cells (28, 39), which is noxious to neurons (22).
Thus, whereas autophagy protects neurons (58), inefficient au-
tophagy has been identified as a primary defect in Huntington’s
disease (28). Notably, in the present study, similar phenomena
were observed for neoplastic cells exposed to autophagy inducers
(e.g., BH3 mimetics) under conditions in which the adaptor pro-
tein p62 was transcriptionally downregulated through Cdk9 inhi-
bition, e.g., by pharmacological Cdk inhibitors or shRNA directed
against Cdk9 or cyclin T. Features of inefficient autophagy due to
cargo loading failure in this setting resemble those previously de-
scribed in the case of Huntington’s disease, including (i) normal
autophagic flux induced by GX in the presence or absence of Cdk
inhibition, (ii) no discernible change in lysosome biogenesis in
cells exposed to GX with or without Cdk inhibition, (iii) EM mor-
phological demonstration of increased numbers of double-mem-
braned autophagic vacuoles (AVs) with clear or empty contents
following GX exposure in cells in which p62 was downregulated,
(iv) functional evidence from filter trap assays demonstrating im-
paired autophagic removal of SDS-insoluble ubiquitinated pro-
tein aggregates (22, 36) when p62 was downregulated, and (v) the
resulting accumulation of polyubiquitinated proteins in cells ex-
posed to GX with FP or when p62 was knocked down by shRNA
(22, 36).

The evidence described above suggests that the adaptor protein
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SQSTM1/p62, which is responsible for the loading of malfolded or
unwanted proteins into autophagosomes for lysosomal degrada-
tion (21), serves as a switch that converts autophagy to an ineffi-
cient form. Consistent with the notion that SQSTM1/p62 acts to
recognize and load cargo into autophagosomes for degradation,
levels of this protein underwent dynamic changes during GX-
induced autophagy, presumably reflecting the net effects of de
novo synthesis versus autophagic degradation (23). Interestingly,
prevention of autophagy at either the initiation phase (e.g., by
shUIk1 [13], 3-MA [47], or spautin-1 [46]) or the maturation
stage (e.g., by Lamp2 shRNA [13]) resulted in p62 accumulation.
This suggests that p62 levels are regulated primarily via au-
tophagic degradation (38). Importantly, knockdown of p62 by
shRNA led to cargo loading failure-associated inefficient au-
tophagy in a manner indistinguishable from that induced by ge-
netic disruption or pharmacological inhibition of the P-TEFb
(i.e., Cdk9/cyclin T) complex (45). In this context, inhibition of
RNA Pol II (e.g., by Cdk9 inhibitors) diminishes the expression
levels of various proteins with short half-lives (5), raising the pos-
sibility that a similar mechanism is operative in the case of down-
regulation of p62, a protein characterized by rapid turnover (23).
Interestingly, p62 exerts a cytoprotective effect with respect to
htt-induced cell death in Huntington’s disease (22). However, ev-
idence of a direct contribution of the p62-mediated cargo loading
process to cytoprotective autophagy in neoplastic cells is currently
lacking. The robust induction of apoptosis in BH3 mimetic-ex-
posed cells when de novo p62 expression was blocked (e.g., by
either Cdk9 inhibition or p62 shRNA) indicates that whereas
p62 downregulation by itself is insufficient to trigger cell death, it
may sensitize tumor cells to autophagy inducers such as GX by
disabling the cargo loading process, resulting in inefficient au-
tophagy. Finally, p62 has been reported to contribute to tumori-
genesis either directly (26) or indirectly through NF-«kB stimula-
tion unrelated to its function in autophagy (59). Collectively,
these observations argue that p62 represents a rational candidate
target in cancer treatment. However, inasmuch as Cdk inhibitors
(e.g., FP) inhibit global transcription, the possibility that other
proteins implicated in autophagy regulation (particularly, e.g.,
cargo recognition/loading and autophagy maturation) also con-
tribute to autophagy dysfunction in this setting cannot be ex-
cluded.

These findings identify NBK/Bik as a key molecule that con-
verts inefficient autophagy to apoptosis. NBK/Bik exerts dual
functions in regulating both autophagy and apoptosis (60). For
example, Bik cooperates with NAF-1 to induce autophagy by re-
leasing beclin-1 from Bcl-2 at the ER (49). However, in addition to
its role as a regulator of autophagy and apoptosis, the disposition
of Bik appears to be reciprocally governed by the former process.
In support of this concept, the absence of changes in Bik mRNA
and the failure of CHX to block Bik upregulation argue that in-
creases in Bik protein levels involve posttranslational events. In-
deed, inhibition of the two major mechanisms (i.e., proteasomal
and autophagic degradation) responsible for the removal of ubiq-
uitinated proteins (61) resulted in marked Bik accumulation.
These findings argue that Bik may be a substrate for ubiquitina-
tion and degradation (51) through both the proteasomal and au-
tophagic systems (61). Consistent with this notion, concomitant
inhibition of proteasome function (e.g., by MG-132 or bort-
ezomib) and autophagic degradation (e.g., by inefficient au-
tophagy induced by GX in the setting of p62 downregulation) led
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SQSTM1/p62 and NBK/Bik Switch Autophagy to Apoptosis
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FIG 9 Mechanistic model of SQSTM1/p62 and NBK/Bik acting as novel molecular switches converting autophagy to apoptosis. During autophagy (e.g., induced
by BH3 mimetics), the adaptor protein SQSTM1/p62 is responsible for recognition and loading of cargo, including malfolded (unfolded or misfolded) proteins
and damaged organelles, into autophagosomes for removal. Targeting p62 by blocking its resynthesis through inhibition of transcription (e.g., by Cdk9
inhibition) disrupts this process, resulting in a failure of the cargo loading process and dysfunctional removal of malfolded proteins and damaged organelles,
defined here as inefficient autophagy. The latter event promotes the accumulation of the BH3-only protein NBK/Bik, a substrate of ubiquitination and
degradation via autophagy, which in turn triggers the activation of the apoptotic signaling cascade. Therefore, whereas targeting p62 converts cytoprotective
autophagy into an inefficient form, NBK/Bik switches inefficient autophagy to apoptosis. Thus, SQSTM1/p62 and NBK/Bik cooperate to convert autophagy to
apoptosis. This autophagy-targeting strategy (A) may provide theoretical advantages over alternatives, e.g., inhibition of autophagy initiation (B) or disruption
of autophagosome maturation/fusion with lysosomes (C), including (i) upregulation of prodeath Bik, which requires autophagy initiation and does not occur in
the case of stage B, and (ii) downregulation of oncogenic and prosurvival p62 at the transcriptional level by Cdk9 inhibition, in contrast to disruption of
autophagy at either early (B) (e.g., initiation) or late (C) (e.g., maturation or lysosome biogenesis) stages, which results in p62 upregulation due to interference

p62)

with its autophagic degradation. L, lysosome; ¢, cytochrome c.

to further increases in Bik accumulation compared to the inhibi-
tion of either arm individually. Interestingly, Bik accumulation
appeared to be linked to autophagy, as inhibition of autophagy at
the initiation stage (e.g., by beclin-1 [4, 6, 7], Ulkl, or Atg5 [13]
shRNA; 3-MA [47]; or spautin-1 [46]) significantly diminished
Bik upregulation and apoptosis. In this context, it has been re-
ported that suppression of autophagy initiation attenuates cell
death associated with impaired removal of autophagosomes (62).
In contrast, dysfunction of later stages of autophagy (e.g., by CQ
[47] or Lamp2 shRNA [13]) led to marked Bik accumulation and
apoptosis induced by GX plus FP. Furthermore, these findings
suggest that Bik accumulation stems from cargo loading failure
secondary to p62 downregulation (e.g., by Cdk9 inhibition or p62
shRNA), evidenced by a reduction in the amount of Bik harbored
by SDS-insoluble protein aggregates and the marked accumula-
tion of ubiquitinated Bik (51). Finally, the dual roles of Bik are
highlighted by the observations that knockdown of Bik by shRNA
substantially reduced autophagy induced by GX and prevented
apoptosis triggered by cotreatment with GX and FP both in vitro
and in vivo.

In summary, a theoretical model, illustrated in Fig. 9, pro-
poses a dynamic process in which targeting SQSTM1/p62 (e.g.,
via transcriptional repression by pharmacological or genetic
Cdk9 inhibition) results in inefficient autophagy due to a fail-
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ure of cargo loading, leading to the upregulation of Bik, which
in turn triggers apoptosis. According to this model, SQSTM1/
p62 and NBK/Bik represent two distinct but interconnected
switches that convert cytoprotective autophagy to an ineffi-
cient form and subsequently to cell death. A corollary of these
findings is that modulating such cross talk between autophagy
and apoptosis via the SQSTM1/p62-NBK/Bik signaling axis
could provide a novel avenue for therapeutic intervention.
However, direct approaches to disrupt the function of adaptor
proteins such as p62 are currently not available; instead, inter-
fering with p62 expression at the transcriptional level might
represent an attractive alternative, as many Cdk inhibitors, in-
cluding those undergoing clinical evaluation (e.g., FP and
SCH727965 [dinaciclib] [40]), exhibit potent inhibitory activ-
ity toward Cdk9 (45). Moreover, because p62 may exert mul-
tiple oncogenic functions, including those unrelated to its role
in autophagy (e.g., NF-kB activation [59]), transcriptional
downregulation of p62 offers the theoretical advantage of cir-
cumventing p62 accumulation resulting from the direct dis-
ruption of autophagy, e.g., by agents such as CQ (2, 52). Fi-
nally, there is the possibility that targeting p62 (e.g., by Cdk9
inhibitors) to induce apoptosis via NBK/Bik accumulation due
to inefficient autophagy enhances the anticancer activity of
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agents that, like BH3 mimetics, elicit a cytoprotective au-
tophagic response.
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