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By monitoring the fragmentation of a GST-BHMT (a protein fusion of glutathionine S-transferase N-terminal to
betaine-homocysteine S-methyltransferase) reporter in lysosomes, the GST-BHMT assay has previously been established
as an endpoint, cargo-based assay for starvation-induced autophagy that is largely nonselective. Here, we demonstrate
that under nutrient-rich conditions, proteasome inhibition by either pharmaceutical or genetic manipulations induces
similar autophagy-dependent GST-BHMT processing. However, mechanistically this proteasome inhibition-induced
autophagy is different from that induced by starvation as it does not rely on regulation by MTOR (mechanistic target of
rapamycin [serine/threonine kinase]) and PRKAA/AMPK (protein kinase, AMP-activated, a catalytic subunit), the
upstream central sensors of cellular nutrition and energy status, but requires the presence of the cargo receptors
SQSTM1/p62 (sequestosome 1) and NBR1 (neighbor of BRCA1 gene 1) that are normally involved in the selective
autophagy pathway. Further, it depends on ER (endoplasmic reticulum) stress signaling, in particular ERN1/IRE1
(endoplasmic reticulum to nucleus signaling 1) and its main downstream effector MAPK8/JNK1 (mitogen-activated
protein kinase 8), but not XBP1 (X-box binding protein 1), by regulating the phosphorylation-dependent disassociation
of BCL2 (B-cell CLL/lymphoma 2) from BECN1 (Beclin 1, autophagy related). Moreover, the multimerization domain of
GST-BHMT is required for its processing in response to proteasome inhibition, in contrast to its dispensable role in
starvation-induced processing. Together, these findings support a model in which under nutrient-rich conditions,
proteasome inactivation induces autophagy-dependent processing of the GST-BHMT reporter through a distinct
mechanism that bears notable similarity with the yeast Cvt (cytoplasm-to-vacuole targeting) pathway, and suggest the
GST-BHMT reporter might be employed as a convenient assay to study selective macroautophagy in mammalian cells.
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Introduction

Autophagy is a catabolic process characterized by the delivery
of cytosolic constituents into the lysosome for degradation and
recycling.1 Depending on how the substrates are delivered,
autophagy in general can be categorized into 3 classes: microau-
tophagy, chaperone-mediated autophagy, and macroautophagy.1

Macroautophagy, the most well-studied autophagic process, is
characterized by the engulfment of cytoplasmic materials within
a double-membrane vesicle known as an autophagosome for
eventual fusion and delivery of its targets to the lysosome. Based
on the nature of its targets, macroautophagy (hereafter referred
to as autophagy) can be further subdivided into nonselective and
selective pathways.2,3 Typically, nutrition deprivation induces a
strong adaptive autophagic response that is considered to be non-
selective, as it involves bulk engulfment and degradation of non-
essential cellular components including proteins and organelles
to provide energy and critical building blocks such as amino acids
to sustain basic cell metabolism and survival. Conversely, selec-
tive autophagy targets specific substrates including protein aggre-
gates (also called aggrephagy) and damaged organelles such as
mitochondria (mitophagy) and peroxisomes (pexophagy).2,3

Extensive studies in different model systems have provided
critical insights into the mechanisms of autophagic activation
and have uncovered many components of the highly conserved
nonselective autophagy pathway. For example, in both yeast and
mammals, the conserved Atg1/ULK1 (unc-51 like autophagy
activating kinase 1) complex plays a critical role in the initiation
of the autophagy cascade and the subsequent bulk degradation
process, where its kinase activity is tightly regulated to accommo-
date different cellular demands.4 The serine/threonine kinase
MTORC1 (mechanistic target of rapamycin [serine/threonine
kinase] complex 1), one well-studied upstream regulator, is the
master sensor of cellular nutrient status and controls the activa-
tion of the starvation-induced nonselective autophagic response.5

Under favorable conditions, active MTORC1 suppresses ULK1
by phosphorylating it at Ser757.6 Upon nutrient starvation,
MTORC1 activity becomes subdued, which in turn activates
ULK1 leading to subsequent autophagic initiation. Similarly,
energy depletion leads to the activation of the master energy sen-
sor PRKAA/AMPK (protein kinase, AMP-activated, a catalytic
subunit), which in turn promotes autophagy through stimulatory
phosphorylation of ULK1 at Ser555.6

Although the selective autophagy process shares many compo-
nents with the nonselective autophagic pathway, it is often regu-
lated differently, showing less conservation among different
model organisms. Selective autophagy is still not well-defined,
especially in mammalian systems. One of the best characterized
selective autophagy pathways is the cytoplasm-to-vacuole target-
ing (Cvt) pathway in yeast.7 This process requires the assembly
of the precursor Ape1 (prApe1) into a dodecamer in the cyto-
plasm before its delivery to the vacuole, the yeast equivalent of
the lysosome, for its final maturation. Yeast genetic screens have
revealed that in addition to a common set of genes involved in
starvation-induced autophagy, the Cvt pathway also requires sev-
eral Cvt pathway-specific components such as Atg19 and Atg11.

Atg19 functions as a receptor for the prApe1 dodecamer cargos,
while Atg11 acts as a scaffold protein to facilitate the interaction
between Atg19 and the autophagosome protein Atg8.7 Similarly,
a genome-wide RNAi screen in C. elegans led to the identification
of another group of novel components required for the autoph-
agy-dependent degradation of P-granules.8 Notably, in both the
Cvt and P-granule pathways, sequestration of cargos into auto-
phagosomes is likely ubiquitin-independent,7,9 whereas in the
mammalian system, cargos that are sequestered by the selective
pathway often contain specific modifications such as ubiquitina-
tion.10 In particular, selective autophagy often requires the pres-
ence of receptor proteins such as SQSTM1/p62 (sequestosome
1) and NBR1 (neighbor of BRCA1 gene 1), the mammalian
ortholog of yeast Atg19, which contains both a ubiquitin binding
domain and a MAP1LC3 (microtubule-associated protein 1 light
chain 3)-interacting motif to bridge the sequestration of ubiqui-
tin-modified cargos into the autophagosome.11

Another important role of the autophagic response is to main-
tain intracellular quality control and counteract cellular stress.12

The autophagy-lysosome pathway works together with the ubiq-
uitin-proteasome system (UPS), another cellular clearance mech-
anism, to degrade misfolded or unwanted proteins. In agreement
with the important roles of these pathways in preserving protein
homeostasis (proteostasis) in the cell, dysfunction in both path-
ways has been linked to abnormal accumulation of ubiquitinated
protein aggregates in the cell. For example, inactivating basal lev-
els of cellular autophagy by depleting ATG5 (autophagy-related
5) or ATG7 in mouse brain leads to protein aggregation and neu-
rodegeneration.13,14 Similarly, disruption of proteasomal func-
tion also results in the accumulation of abnormal protein
aggregates.15

Available evidence supports the existence of intercommunica-
tion between these 2 important cellular protective mechanisms.16

For example, application of the chemical compound MG132, a
specific and reversible proteasome inhibitor, can induce autoph-
agy.17,18 It is assumed that this MG132-induced autophagic acti-
vation is an indirect cellular compensatory response, possibly
mediated by ER (endoplasmic reticulum) stress or MAPK11/12/
13/14 (mitogen-activated protein kinase 11/12/13/14) signaling
pathways, to offset compromised proteasomal activity and main-
tain proper proteostasis.17,19 However, the detailed mechanism
of this MG132-induced autophagic activation is still unclear.

The GST-BHMT (a fusion protein of GST [glutathionine S-
transferase] tagged to the N terminus of BHMT [betaine-homo-
cysteine S-methyltransferase]) reporter has recently been devel-
oped as an endpoint, cargo-based assay for the study of
autophagy.20,21 The endogenous BHMT enzyme is highly
expressed in liver and kidney cells. BHMT as a cargo is delivered
through the autophagy pathway into the lysosome where it is
cleaved at its N-terminal loop site by asparaginyl endopeptidase
LGMN (legumain) to produce a specific proteolytic fragment
(BHMT(FRAG)).

22 Further, this specific cleavage event responds
to amino acid or serum starvation in an autophagy-dependent
manner. Accordingly, the accumulation of a GST-tagged version
of the cleaved BHMT product (GST-BHMT(FRAG)) has been
successfully used as a cargo-based, endpoint reporter to monitor
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starvation-induced autophagy activity in different cell lines.21

However, whether the GST-BHMT assay is applicable to study
nonstarvation-induced autophagy has not been fully examined.

Here, we found that under nutrient-rich conditions, inac-
tivation of proteasome function induced a similar BHMT
cleavage that was autophagy dependent, but through a mech-
anism different from that induced by starvation. In particular,
although the BHMT processing relied on the critical autoph-
agy components ATG7 and ULK1, it did not involve the
upstream autophagy regulators MTORC1 or PRKAA.
Instead, proteasome inhibition induced elevated ER stress
while knockdown of ERN1/IRE1 (endoplasmic reticulum to
nucleus signaling 1), one of the signaling mediators of the
unfolded protein response (UPR), as well as its main down-
stream effector MAPK8/JNK1 (mitogen-activated protein
kinase 8) but not XBP1 (X-box binding protein 1), blocked
this autophagy-mediated BHMT processing. Further, upregu-
lation of ERN1 induces strong MAPK8 activation and subse-
quent multisite phosphorylation of BCL2 (B-cell CLL/
lymphoma 2), resulting in its dissociation from its inhibitory
binding with the essential autophagy activator BECN1
(Beclin 1, autophagy related). Intriguingly, the proteasome
inhibition-induced BHMT processing, but not the starvation-
induced one, requires the cargo receptor proteins SQSTM1
and NBR1 and also depends on the functional multimeriza-
tion domain of the BHMT protein itself. However, BHMT
and SQSTM1 failed to interact, BHMT was not stabilized,
and we did not observe increased ubiquitination of BHMT
upon proteasome inhibition. Together, these data support a
scenario in which, under nutrient-rich environments, protea-
some inhibition can induce autophagic activation through a
distinct mechanism that bears resemblance to the selective
Cvt pathway in the yeast. Our data also support the use of
the GST-BHMT assay to study mammalian selective
autophagy.

Results

Proteasome inhibitor MG132 induces BHMT processing
It has been established that upon cellular starvation, for exam-

ple after prolonged incubation in Earle’s Balanced Salt Solution
(EBSS), the GST-BHMT reporter releases a cleaved product
with a predicted molecular mass of 35 kDa (GST-BHMT(FRAG))
in an autophagy-dependent manner.21 Considering potential
crosstalk between the UPS and autophagy pathways, we tested
whether treating GST-BHMT-expressing cells with MG132, a
widely used proteasome inhibitor, would activate autophagy and
induce similar GST-BHMT processing. Indeed, resembling
EBSS treatment, MG132 induced a dose-dependent accumula-
tion of GST-BHMT(FRAG) (Fig. 1A). In addition, the accumula-
tion of GST-BHMT(FRAG) was also time dependent, with levels
of the processed product increasing with time and plateauing at
around 12 h of continued treatment (Fig. 1B). Accordingly, in
subsequent experiments, we treated cells using 10 mM MG132
for 6 h unless otherwise indicated.

Proteasome inhibition, not lysosomal inactivation, is
responsible for GST-BHMT processing

In the established GST-BHMT assay, 2 lysosomal protease
inhibitors, E-64d and leupeptin, are included to prevent further
degradation of GST-BHMT(FRAG), the cleaved reporter prod-
uct,21 so as to preserve it as the readout for cellular autophagic
activity. It has been reported that in addition to inactivating the
proteasome, MG132 can also directly block lysosome function
by inactivating lysosomal serine and cysteine proteases.15 This
raises the possibility that MG132-induced GST-BHMT frag-
mentation is not due to proteasome inhibition, but instead is due
to an off-target effect of MG132, because of its lysosomal inhibi-
tory activity, similar to E-64d and leupeptin. To address this
question, we tested whether MG132 alone could replace E-64d
and leupeptin in the GST-BHMT assay. Upon MG132 treat-
ment but in the absence of E-64d and leupeptin, we did not
observe an obvious accumulation of GST-BHMT(FRAG), which
was in sharp contrast to its prominent production with the pres-
ence of these 2 lysosomal protease inhibitors (Fig. 1C, comparing
lane 3 with lane 4). Therefore any lysosomal inhibitory activity of
MG312 is not sufficient to induce the observed accumulation of
GST-BHMT(FRAG).

To further confirm that lysosomal inactivation alone cannot
account for the increased levels of GST-BHMT(FRAG), we treated
the cells with other known lysosomal serine and cysteine protease
inhibitors, including AEBSF, chymostatin, and antipain. Even at
the maximum reported working concentrations, none of these
inhibitors led to a buildup of GST-BHMT(FRAG) (Fig. 1C, from
lane 5 to lane 10). Together, these results indicate that MG132-
induced GST-BHMT fragmentation is not due to MG132 inac-
tivating lysosomal serine and cysteine proteases.

To further establish that MG132-induced GST-BHMT proc-
essing is due to proteasome inhibition, we next tested several
other known proteasome inhibitors that act through different
mechanisms. MG132 is a tripeptide aldehyde that effectively
inactivates the proteolytic activity of the 26S proteasome by cova-
lently binding to and blocking the active site of its b subunits.23

In comparison, epoxomicin and lactacystin are naturally occur-
ring nonpeptide proteasome inhibitors.24 Bortezomib is a clini-
cally proven dipeptide boronic acid analog that can potently and
reversibly block the 26S proteasome.25 All these proteasome
inhibitors had a similar effect on GST-BHMT(FRAG) stability as
MG132, dramatically inducing the accumulation of GST-
BHMT(FRAG) even at the lowest dosage we tested (Fig. 1D). For
example, consistent with reports that epoxomicin is about 100-
fold more potent than lactacystin in inactivating the protea-
some,24 the lowest concentration of epoxomicin (10 nM) we
tested was capable of eliciting robust GST-BHMT(FRAG) accu-
mulation, similar to the accumulation seen with 500 nM lacta-
cystin (Fig. 1D, compare lanes 3 with 6). Moreover, resembling
responses to MG132, none of these proteasome inhibitors alone
led to GST-BHMT fragmentation (Fig. 1E, lanes 5, 7, and 9)
unless E-64d and leupeptin were included in the assay (Fig. 1E,
lanes 6, 8, and 10).

To further circumvent any possible unknown off-target effect
from these chemical-based proteasome inhibitors, we genetically

814 Volume 11 Issue 5Autophagy



inactivated the proteasome by knocking down the 3 essential cat-
alytic proteasome subunits PSMB1 (proteasome [prosome, mac-
ropain] subunit, b type, 1), PSMB2, and PSMB5 using small
interfering RNA (siRNA), which effectively depleted target gene
expression (Fig. 1F). Again, siRNA-mediated inactivation of the
proteasome induced significant accumulation of GST-
BHMT(FRAG) (Fig. 1F, lane 3). Together, these results establish
that proteasome inhibition is sufficient to induce specific GST-
BHMT processing.

Proteasome inhibition-induced GST-BHMT fragmentation
is autophagy dependent

BHMT is normally delivered through the autophagy pathway
to the lysosome for its maturation, which is the basis of the GST-
BHMT assay used to examine cellular autophagic activity upon
starvation.20 Given that proteasome inhibition generated a simi-
lar pattern of GST-BHMT processing as that induced by EBSS
starvation, we hypothesized that proteasome inhibition activates
an autophagic response, which in turn leads to an increased

Figure 1. For figure legend, see page 816.
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delivery of GST-BHMT to the lysosome and its subsequent
processing. To test this possibility, we first used a standard
MAP1LC3 (microtubule-associated protein 1 light chain 3) lipi-
dation assay to examine whether there is activation of autophagic
response upon proteasome inhibition. Indeed, upon MG132
treatment in nutrient-rich medium, the amount of lipidated
MAP1LC3 (MAP1LC3-II) was significantly increased, compara-
ble to starvation-induced MAP1LC3 activation (Fig. 2A). Con-
sistent with this observation, immunofluorescent staining also
revealed a significant increase in MAP1LC3-positive puncta in
the presence of MG132 (Fig. 2B, comparing panel 2B1 with
2B2).

MAP1LC3 itself is also a direct substrate of autophagy and is
degraded by the lysosome. Therefore there is a constant turnover
of cellular MAP1LC3, termed autophagic flux.26 Accordingly,
the observed elevated level of MAP1LC3-II could be due to
either an increased autophagic biogenesis or compromised lyso-
somal function, such as defective autophagosome-lysosome
fusion. To distinguish between these 2 possibilities, we compared
the effect of lysosome inhibitor baflomycin A1 (Baf A1) on
MAP1LC3-puncta formation under different assay conditions.
Inclusion of Baf A1 led to an additional increase of MAP1LC3-
positive puncta both in the presence and absence of MG132,
indicating that autophagic flux was normal in MG132-treated
cells (Fig. 2B and C, comparing panels B3 with B1, and B4 with
B2). Thus, in nutrient-rich conditions, proteasome inhibition
activates cellular autophagic responses without affecting cellular
autophagic flux.

To establish that autophagic activation is responsible for the
induced GST-BHMT processing and accumulation of GST-
BHMT(FRAG), we next carried out MG132 treatment in the pres-
ence of known pharmacologic inhibitors targeting different steps
of the autophagy cascade. LY294002, 3-methyladenine (3-MA)
and wortmannin act by blocking macroautophagic cargo seques-
tration, while chloroquine and Baf A1 function in later autopha-
gic steps by preventing lysosomal acidification and its ability to
degrade engulfed cargos. Importantly, all of these autophagy
inhibitors almost completely abolished MG132-induced GST-
BHMT fragmentation, validating that autophagic activation is

responsible for MG132-induced GST-BHMT processing
(Fig. 2D).

To provide further evidence for the conclusion that GST-
BHMT is fragmented by autophagic activation, we next exam-
ined the effect of genetically blocking the autophagy pathway.
ULK1 is a kinase critical for autophagosome initiation, whereas
ATG7 is essential for autophagosome formation.4,6 siRNAs
against ULK1 or ATG7 effectively knocked down the expression
of respective protein products, and significantly reduced
MG132-induced GST-BHMT cleavage (Fig. 2E and F). Collec-
tively, these results indicate that GST-BHMT fragmentation
upon proteasome inhibition is autophagy dependent.

Proteasome inhibition-induced autophagy is mechanistically
different from starvation-induced autophagy

We next investigated whether similar mechanisms mediate
autophagic activation by proteasome inhibition as those that acti-
vate autophagy in response to starvation. MTOR kinase complex
1 (MTORC1) is the central sensor of cellular nutrition status,
while kinase PRKAA is essential for monitoring cellular energy
status. Both can activate autophagy mainly through differential
phosphorylation of ULK1.

Under nutrient-rich conditions, MTORC1 is active and
inhibits ULK1 by phosphorylating Ser757 (p-Ser757), thus inac-
tivating autophagy.27 Inclusion of MG132 did not significantly
change the phosphorylation status of ULK1 at Ser757 (Fig. 3A,
comparing lane 2 with lane 1), whereas cotransfection with the
positive control RHEB (Ras homolog enriched in brain), a
MTORC1 activator, significantly increased Ser757 phosphoryla-
tion (Fig. 3A, comparing lane 3 with lane 1), indicating that pro-
teasome inhibition does not interfere with MTOR kinase
activity. Consistent with this finding, the phosphorylation status
of RPS6KB1 (ribosomal protein S6 kinase, 70kDa, polypeptide
1) and EIF4EBP1 (eukaryotic translation initiation factor 4E
binding protein 1), 2 authentic substrates of MTORC1,28 was
not affected (Fig. 3B, comparing lane 3 to lane 1). This is in
sharp contrast to EBSS-induced starvation, which effectively sup-
presses MTORC1 activity and the subsequent phosphorylation
of RPS6KB1 at Thr389 (p-Thr389) and EIF4EBP1 at Thr37

Figure 1 (See previous page). Proteasome inhibition induces GST-BHMT fragmentation. HEK293T cells were transfected with 2 mg pRK5-GST-BHMT
plasmids and incubated in the indicated medium followed by coimmunoprecipitation with anti-GST antibody and western blot analyses to detect the
proteolytic processing of the GST-BHMT reporter. The prominent accumulation of CTNNB1, an endogenous proteasome substrate, confirmed the effec-
tive inactivation of the proteasome by MG132. GFP-MYC, whose expression is driven by the internal ribosome binding sites in the pRK5-GST-BHMT plas-
mid, was revealed by anti-MYC antibody and served as normalization control, as reported.20 (A) MG132 treatment induces GST-BHMT fragmentation.
HEK293T cells were incubated in EBSS or in nutrient-rich medium (RM) containing MG132 at the indicated concentrations from 5 mM to 20 mM for 6 h,
before being processed for the GST-BHMT assay. (B) Time-dependent analysis of GST-BHMT processing. After incubation in nutrient-rich medium with
10 mM MG132, transfected HEK293T cells were harvested at indicated time points from 2 h to 12 h. Notice the gradual accumulation of GST-BHMT(FRAG)
product overtime, as revealed by western analysis with anti-GST antibody. (C) Inhibition of lysosomal proteases does not induce GST-BHMT fragmenta-
tion. HEK293T cells transfected with GST-BHMT reporter were treated with MG132 (10 mM) or with lysosome cysteine protease inhibitors AEBSF (2 mM),
chymostatin (100 mM) or antipain (50 mg/ml), as indicated. Note the apparent accumulation of GST-BHMT(FRAG) only in the sample treated with both
MG132 and lysosome protease inhibitors E-64d and leupeptin (lane 4). (D) Multiple proteasome inhibitors, including epoxomicin, lactacystin, and borte-
zomib, induce similar GST-BHMT processing as that by MG132. (E) The proteasome inhibition-induced accumulation of GST-BHMT(FRAG) requires the pres-
ence of lysosomal protease inhibitors E-64d and leupeptin. The transfected cells were treated in the presence or absence of E-64d and leupeptin
together with different proteasome inhibitors, as indicated: MG132 (10 mM), epoxomicin (0.1 mM), lactacystin (2.5 mM), and bortezomib (0.5 mM). (F)
Genetic interference of proteasomal function leads to similar BHMT fragmentation as that induced by MG132 (compare lanes 3 with 2). For sample in
lane 3, cells were cotransfected with 5 nM of siRNAs against proteasome catalytic subunits PSMB1, PSMB2 and PSMB5, and their knockdown efficiency
was verified by western blotting analysis, as indicated.
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Figure 2. For figure legend, see page 818.
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and Thr46 (p-Thr37/Thr46); the second lane in Fig. 3B). Amino
acid shortage such as cysteine depletion has been reported in
some MG132-treated cells,29 which could lead to autophagic
activation through MTORC1. However, supplementing
MG132-treated cells with cysteine did not affect GST-BHMT
fragmentation (Fig. 3C). Altogether, these data support the con-
clusion that proteasome inhibition-induced autophagy is not
mediated through the nutrient sensor MTORC1.

If proteasome inhibition and starvation indeed induce
autophagy through different pathways, it would be expected that
simultaneous activation of both pathways should lead to a stron-
ger autophagic response than by either pathway alone. To test
this assertion, we incubated GST-BHMT-expressing cells under-
going EBSS starvation with MG132. This led to a more pro-
nounced accumulation of GST-BHMT(FRAG) (Fig. S1, compare
lane 4 with lanes 2 and 3). Similarly, coexpression of a kinase-
dead MTOR mutant (MTOR KD), which acts as a dominant
negative to suppress MTOR kinase activity (Fig. S1, lane 5),30

combined with MG132 treatment also resulted in a stronger
autophagic response (Fig. S1, compare lane 6 with lanes 5 and
3). Collectively, these results support the conclusion that differ-
ent mechanisms mediate proteasome inhibition-induced and
starvation-induced autophagy.

Given the above observations, we further tested the effect of
MTOR activation on proteasome inhibition-induced GST-
BHMT processing. Quite interestingly, MTOR activation, either
by overexpression of the MTOR activator RHEB (Fig. 3D) or by
siRNA-mediated knockdown of the tuberous sclerosis 1/2
(TSC1/2) inhibitory complex (Fig. 3E), both significantly sup-
pressed the MG132-induced GST-BHMT fragmentation. Thus,
under the assay condition, although MTOR inhibition is not
necessary for MG132-induced autophagy, its activation is suffi-
cient to suppress the amplitude of the induction. Such a result
suggests that the level of GST-BHMT processing may reflect the
overall net autophagic activity of the cell. It also raises an intrigu-
ing possibility of a potential overlapping or converging regulatory
mechanisms downstream of MTOR pathway and the proteaso-
mal inhibition-induced autophagy.

Next, we tested whether proteasome inhibition affects the
activity of the cellular energy sensor kinase PRKAA, which posi-
tively regulates autophagy by phosphorylating ULK1 at Ser555
(p-Ser555).31 In the presence of MG132, the phosphorylation

level of ULK1 (p-Ser555) was not altered (the second lane in
Fig. 3F). MG132 treatment also had no effect on the phosphory-
lation status of 2 other known PRKAA targets, Thr172 in the
PRKAA catalytic subunit (p-Thr172) and Ser79 in ACACA/B
(acetyl-CoA carboxylase a/b; p-Ser79) (the second lane in
Fig. 3G).32 In contrast, upon energy depletion by glucose depri-
vation, there was a dramatic induction of ULK1 (p-Ser555)
together with PRKAA (p-Thr172) and ACACA/B (p-Ser79),
and interestingly also a significant accumulation of GST-
BHMT(FRAG) (the third lane in Fig. 3F and G). Together, these
data suggest that proteasome inhibition induces autophagy
through a mechanism different from that by starvation, indepen-
dent of MTORC1 and PRKAA pathways.

The ERN1-mediated ER stress response is important for
proteasome inhibition-induced autophagy

As proteasome inhibition-induced autophagic activation does
not rely on regulation of MTORC1 and PRKAA, we explored
alternative pathways that linked proteasome inhibition with auto-
phagic activation. It has been established that proteasome inhibi-
tion leads to accumulation of misfolded proteins, which in turn
causes ER stress.33 Further, ER stress induces autophagy in both
yeast and mammalian cells.33,34 These findings led us to hypothe-
size that an ER stress signaling pathway might be the connection
between proteasome inhibition and autophagic activation. To
test this, we treated cells in parallel with several known ER stress
inducers including tunicamycin, brefeldin A, and thapsigargin,
which induce expression of several ER stress markers such as
HSPA5/GRP78 (heat shock 70kDa protein 5 [glucose-regulated
protein, 78kDa]), DDIT3/CHOP (DNA-damage-inducible
transcript 3), P4HB/PDI (prolyl 4-hydroxylase, b polypeptide)
and ATF4 (activating transcription factor 4). MG132 treatment
also caused a dramatic induction of HSPA5, DDIT3, P4HB and
ATF4, indicating heightened ER stress upon proteasome inhibi-
tion (Fig. 4A, lane 2 and Fig. S2). Notably, the induction of
HSPA5 by MG132 is even stronger than when treated by other
known ER stress inducers such as tunicamycin, brefeldin A, and
thapsigargin, possibly due to reduced turnover of HSPA5 caused
by proteasome inhibition. Importantly, each ER stress inducer
caused significant accumulation of GST-BHMT(FRAG) in a dos-
age-dependent manner (Fig. 4A), consistent with ER stress
inducing autophagic activation.

Figure 2 (See previous page). Proteasome inhibition-induced GST-BHMT processing is autophagy-dependent. (A-C) Proteasome inhibition induces
increased levels of MAP1LC3 lipidation and MAP1LC3-positive puncta formation. (A) For MAP1LC3 lipidation assay, HEK293T cells were treated with 10
mM MG132 in the presence of the lysosome inhibitor Baf A1 (100 nM). Both MAP1LC3-I and MAP1LC3-II were enriched by immunoprecipitation using
antibody against MAP1LC3. Note that MG132 induced a similar level of MAP1LC3-II as by EBSS treatment. (B-C) For MAP1LC3-positive puncta formation
assay, HeLa cells were treated with 10 mM MG132 in the absence or presence of lysosome inhibitor Baf A1 (100 nM), as indicated. Scale bar: 5 mm. (C)
Quantitative analysis of cellular MAP1LC3-positive puncta profile. For each sample, MAP1LC3-positive puncta in about 200 cells were counted. The data
was presented as the average number of MAP1LC3-positive puncta per cell. (D-F) Proteasome inhibition-induced BHMT processing is autophagy-depen-
dent. (D) HEK293T cells were treated with MG132 (10 mM) together with DMSO control or the following pharmacological inhibitors of the autophagy
pathway: LY294002 (100 mM), 3-methyladenine (3-MA; 10 mM), wortmannin (1 mM), chloroquine (100 mM), and Baf A1 (100 nM). Compared to the
mock-treated sample using solvent DMSO, all other samples that were simultaneously treated with the indicated autophagy inhibitors showed reduced
accumulations of GST-BHMT(FRAG). (E and F) GST-BHMT fragmentation was inhibited following the depletion of essential autophagy components.
HEK293T cells were cotransfected with 10 nM siRNA against ULK1 (E) or ATG7 (F). Note that knockdown of either ULK1 (E) or ATG7 (F), but not treatment
with control siRNA (siCtrl), significantly reduced the production of GST-BHMT(FRAG) and MAP1LC3 lipidation.
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Figure 3. Proteasome inhibition-induced GST-BHMT fragmentation is MTOR- and PRKAA-independent. (A to C) Proteasome inhibition does not affect
MTORC1 activity. Western blot analysis of the phosphorylation status of MTORC1 substrates (A) ULK1 as well as (B) RPS6KB1 and EIF4EBP1. (A) HEK293T
cells were treated with MG132 (10 mM) for 6 h. The phosphorylation status of ULK1 at Ser757 was detected by an antibody specifically against ULK1 (p-
Ser757). (B) Compared to the control of untreated cells in nutrient-rich medium (lane 1), MG132 treatment in rich medium did not affect the phosphory-
lation levels of RPS6KB (p-Thr389) and EIF4EBP1 (p-Thr37/46) (lane 3), whereas EBSS starvation led to significantly reduced levels of phosphorylation at
these target sites (lane 2). (C) Cysteine levels do not affect the cellular autophagy activity. In the nutrition-rich medium, addition of cysteine (1 mM) had
no effect on the basal level of GST-BHMT fragmentation (compare lane 3 with lane 1) or on MG132-induced GST-BHMT fragmentation (compare lane 4
with lane 2). (D and E) MTOR activation suppresses the proteasomal inhibition-induced autophagy GST-BHMT assays. GST-BHMT (2 mg) was cotrans-
fected with (D) FLAG-RHEB (2 mg) or (E) a mixture of 10 nM siRNAs against TSC1 and TSC2 either in the absence or presence of 10 mM MG132, as indi-
cated. Activation of MTOR, either by (D) overexpression of its activator RHEB or by (E) depletion of its inhibitory TSC1/2 complex, both significantly
diminished the MG132-induced fragmentation of the GST-BHMT reporter. The ectopic expression of RHEB and the knockdown efficiency of TSC1 and
TSC2 were verified by western blotting against RHEB and TSC1 and TSC2 proteins. (F and G) Proteasome inhibition does not affect PRKAA activity.
HEK293T cells treated with MG132 (10 mM) for 6 h were analyzed by western blotting to detect the endogenous phosphorylation levels of (F) ULK1 (p-
Ser555), (G) ACACA/B (p-Ser79) and PRKAA (p-Thr172), the known targets of PRKAA. Compared to the controls of untreated samples (lane 1), glucose
starvation led to significantly increased phosphorylations of these endogenous PRKAA substrates (lanes 3) whereas MG132 treatment (lane 2) showed lit-
tle effect, although both treatments similarly resulted in the increased accumulation of GST-BHMT(FRAG).
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ER stress is sensed and transduced
by 3 ER-localized transmembrane pro-
teins, which in turn induce discrete
aspects of the unfolded protein
response.35 Briefly, activation of
EIF2AK3/PERK (eukaryotic transla-
tion initiation factor 2-a kinase 3)
leads to translational attenuation in
the cell, while ATF6 (activating tran-
scription factor 6) and ERN1/IRE1
(endoplasmic reticulum to nucleus sig-
naling 1) upregulate the cellular
machineries involved in protein fold-
ing and clearance.35 To investigate the
involvement of these 3 UPR pathways
in proteasome inhibition-induced
autophagy, we applied siRNA to
knock down each of the ER stress sen-
sors and examined their effect on
MG132-induced GST-BHMT(FRAG)

accumulation. Interestingly, although
depletion of ATF6 or EIF2AK3
showed no effect, siRNA against
ERN1 significantly blocked GST-
BHMT fragmentation (Fig. 4B, lanes
5 and 6), suggesting that ERN1-medi-
ated UPR pathway induction is essen-
tial for proteasome inhibition-induced
autophagy.

The MAPK8-BCL-BECN1 path-
way is the main mediator down-
stream of ERN1 in proteasome
inhibition-induced autophagy

We next investigated how ERN1 is
involved in proteasome inhibition-
induced autophagy. ERN1 mediates
the UPR mainly through its 2 enzy-
matic domains: the N-terminal
endoribonuclease domain controls the
ER stress-induced splicing of XBP1
(X-box binding protein 1), whereas
its C-terminal serine/threonine kinase
domain activates MAPK8/JNK1
(mitogen-activated protein kinase
8).35 Consistent with the elevated ER
stress and the involvement of ERN1
signaling in proteasome inhibition-
induced autophagy, MG132 treat-
ment led to robust XBP1 splicing and
MAPK8 activation, as revealed by the
significantly increased levels of spliced
XBP1 (sXBP1) and active MAPK8 isoforms with Thr183/
Tyr185 dual phosphorylation (p-Thr183/Tyr185) recognized
by a phospho-specific antibody, respectively (Fig. 5A). To
examine whether both XBP1 and MAPK8 signaling are

required for MG132-induced autophagy, we tested the effect of
siRNA-mediated knockdown of XBP1 or MAPK8 on GST-
BHMT fragmentation in MG132-treated samples. Strikingly,
while knockdown of XBP1 showed no obvious effect, depletion

Figure 4. Proteasome inhibition-induced GST-BHMT fragmentation involves the ERN1 branch of the ER
stress signaling. (A) ER stress induces GST-BHMT fragmentation. HEK293T cells were treated with
MG132 (10 mM) or different ER stress inducers at indicated concentrations, followed by western blotting
analyses to examine the proteolytic processing of GST-BHMT reporter and the expression levels of
HSPA5, a marker of ER stress. Compared to the untreated control (lane 1), all ER stressors induced robust
accumulation of GST-BHMT(FRAG) similar as that by MG132 treatment. (B) ERN1 is critical for the protea-
some inhibition-induced BHMT processing. siRNAs against ATF6, ERN1 and EIF2AK3 were transfected
into HEK293T cells together with pRK5-GST-BHMT, followed by the GST-BHMT assay. The effectiveness
of siRNA-mediated target knockdown was verified by western blotting using the corresponding specific
antibodies, as indicated.
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of MAPK8 significantly blocked MG132-induced fragmenta-
tion of GST-BHMT (Fig. 5B, lanes 5 and 6). Consistent with
this finding, inclusion of MAP2K7-MAPK8 DN, a dominant-
negative (DN) MAPK8 construct,36 or SP600125, a potent
MAPK8 inhibitor, both led to a dramatically reduced accumula-
tion of GST-BHMT(FRAG) (Fig. 5C, lanes 5 and 6). Together,
they support MAPK8 activation as a critical signaling event

downstream of ERN1 in mediating proteasome inhibition-
induced autophagy.

The observed link between the ERN1-MAPK8 pathway and
proteasome inhibition-induced autophagy is rather intriguing. As
in mammalian cells, MAPK8 is a known regulator of starvation-
induced autophagy by controlling the phosphorylation-
dependent interaction between BCL2 and an essential autophagy

Figure 5. For figure legend, see page 822.
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activator BECN1.37 To investigate whether proteasomal inhibi-
tion employs the similar mechanism downstream of MAPK8 to
activate autophagy, we first tested whether MG132 induced the
MAPK8-dependent multisite phosphorylation of BCL2 at resi-
dues Thr69, Ser70 and Ser87.37 Indeed, resembling that induced
by a constitutive active (CA) MAPK8 (Fig. 5D),36 MG132 treat-
ment led to robust multisite phosphorylation of wild-type BCL2
(Fig. 5D) but not a mutant BCL2 in which 2 target phosphoryla-
tion sites are mutated to nonphosphorylatable alanine (T69A and
S87A; BCL2[2A]) (Fig. 5E). Further, downregulation of
MAPK8 activity, either by siRNA-mediated knockdown of
MAPK8 or by overexpressing the dominant negative MAP2K7-
MAPK8 DN, all significantly inhibited the MG132-induced
multisite phosphorylation of BCL2 (Fig. 5F). Collectively, they
support that proteasomal inhibition induces ERN1 activation
and MAPK8-dependent phosphorylation of BCL2. Such a result
would predict that MG132 treatment also leads to the similar
phosphorylation-dependent disassociation of BCL2 from
BECN1. Indeed, in reciprocal coIP assays, MG132 incubation
largely abolished the strong physical interaction of BECN1 with
wild-type BCL2 (Fig. 5G and H), but not with a mutant BCL2
containing alanine substitutions for all 3 of its MAPK8 phos-
phorylation sites (BCL2[3A]; Fig. 5I). Finally, inclusion of the
dominant negative MAP2K7-MAPK8 DN almost completely
blocked the MG132-induced disassociation of BCL2 from
BECN1 (Fig. 5J). Combined, these data support that protea-
some inhibition-induced autophagy is mediated through the ER
stress-induced ERN1 signaling and its downstream MAPK8-
BCL2-BECN1 pathway branch. Specifically, proteasome inhibi-
tion induces ER stress and upregulation of ERN1 signaling,
which leads to MAPK8 activation and subsequent multisite phos-
phorylation of BCL2 and its dissociation from BECN1, thus
releasing BECN1 from the inhibitory BCL2-BECN1 complex to
stimulate autophagy.

Proteasome inhibition but not starvation-induced autophagy
requires SQSTM1 and NBR1

It is well established that starvation often induces nonselective
autophagy through the nutrient and energy sensors MTORC1 or
PRKAA. Our results establish that in a nutrient-rich

environment, proteasome inhibition also leads to autophagic
activation, but likely through a distinct mechanism that is inde-
pendent of MTORC1 and PRKAA but requires the ERN1
branch of the UPR and its downstream MAPK8-BCL2-BECN1
signaling pathway. As the proteasome normally functions to
degrade ubiquitinated proteins, its dysfunction can lead to an
accumulation of ubiquitinated substrates that are known to be
recognized and cleared by autophagy. The selective autophagy
pathway, such as aggrephagy, acts as an alternative or compensa-
tory mechanism to maintain proper cellular proteostasis.16,17

Considering this, we examined whether known components of
the selective autophagy pathway might play a role in proteasome
inhibition-induced autophagy.

Clearance of ubiquitinated targets through selective autophagy
is dependent on cargo receptors such as SQSTM1 and NBR1,3

both of which contain C-terminal UBA (ubiquitin-associated
domain) for binding ubiquitinated substrates and N-terminal
PB1 (Phox and Bem 1) domains for homo-polymerization, in
addition to a MAP1LC3 binding motif that localizes cargos to
the autophagosome.11,38,39 To test whether the autophagic
response induced by proteasome inhibition relies on cargo recep-
tors, we used siRNAs to specifically knock down the expression
of these 2 cargo receptors, SQSTM1 and NBR1, and examined
the resulting effect on GST-BHMT fragmentation. Western
blotting analyses confirmed the effectiveness of siRNA-mediated
knockdown of both SQSTM1 and NBR1 proteins (Fig. 6A and
B). Notably, in nutrient-rich medium, knockdown of SQSTM1
by 2 independent siRNAs, but not by control siRNA, signifi-
cantly attenuated MG132-induced accumulation of GST-
BHMT(FRAG) (Fig. 6A, compare lane 5 with lanes 6 and 7). By
contrast, SQSTM1 reduction had a negligible effect on starva-
tion-induced accumulation of GST-BHMT(FRAG) (Fig. 6A,
compare lanes 3 and 4 with lanes 6 and 7), which is consistent
with a role of SQSTM1 in selective cargo recognition but not in
starvation-induced autophagy. Similarly, knockdown of NBR1
expression also reduced MG132-induced GST-BHMT(FRAG)

accumulation, as compared to control siRNA-treated samples
(Fig. 6B, compare lanes 2 with 3). Further, simultaneous knock-
down of both SQSTM1 and NBR1 almost completely abolished
MG132-induced GST-BHMT fragmentation, indicating that

Figure 5 (See previous page). The MAPK8-BCL2-BECN1 pathway is the main mediator downstream of ERN1 in proteasome inhibition-induced autoph-
agy. (A) MG132 activates main downstream effectors of ERN1 signaling: MAPK8 and XBP1. 10 mM MG132 treatment for 2 h induced strong increase of
dual-phosphorylated MAPK8 and spliced XBP1 (sXBP1). (B and C) MAPK8 but not XBP1 is required for MG132-induced autophagy. GST-BHMT assays.
HEK293T cells were cotransfected with GST-BHMT reporter (2 mg) and (B) siRNAs against XBP1 (30 nM) or MAPK8 (20 nM), or (C) a dominant-negative
MAPK8 (MAP2K7-MAPK8 DN, 2 mg) or were treated with SP600125 for 1 h before MG132 treatment. (D and E) MG132 induces multisite phosphorylation
of BCL2. (D) Similar to that catalyzed by the constitutively active MAPK8 (MAP2K7-MAPK8 CA, 2 mg), MG132 significantly induced multisite phosphoryla-
tion of wild-type BCL2, (E) but not a mutant BCL2 with Thr69Ala and Ser87Ala substitutions. (F) MPAK8 is responsible for the MG132-induced multisite
phosphorylation of BCL2. HEK293T cells were treated with 10 mM MG132 for 2 h. Both siRNA-mediated depletion of MAPK8 and expression of MAP2K7-
MAPK8 DN significantly reduced the level of multisite phosphorylation in BCL2. (G and H) MG132 treatment induced dissociation between BCL2 and
BECN1. HEK293T cells were cotransfected with 2 mg each of MYC-BCL2 and HA-BECN1. Reciprocal coimmunoprecipitation (coIP) assays were performed
with (G) anti-HA or (H) anti-MYC antibodies in the absence or the presence of 10 mMMG132 (2 h incubation), as indicated. Note the dramatically reduced
interaction between BCL2 and BECN1 in MG132-treated samples. (I and J) MAPK8-mediated multisite phosphorylation of BCL2 is required for the
MG132-induced dissociation of BCL2 and BECN1. HA-BECN1 was cotransfected with wild-type MYC-BCL2 or in parallel with (I) mutant MYC-BCL2[3A]
(T69A, S70A, S87A), or (J) a dominant-negative MAPK8 (MAP2K7-MAPK8 DN) into HEK293T cells. (I) Contrary to wild-type BCL2, mutant BCL2[3A]
remained associated with BECN1 after MG132 treatment. (J) MAP2K7-MAPK8 DN blocked MG132-induced disassociation of BCL2 from BECN1. The knock-
down efficiency against target proteins by different siRNAs were verified by western blotting assays. Proteasome inhibition by MG132 was confirmed by
the increased accumulation of CTNNB1.
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SQSTM1 and NBR1 function redundantly in this autophagy
response (Fig. 6B, compare lanes 4 and 5 with lanes 2 and 3).
Together, these results suggest that autophagic activation induced
by proteasome inhibition is dependent on cargo receptors
SQSTM1 and NBR1.

BHMT is not recruited into phagophores through
ubiquitination or direct association with SQSTM1

We further examined how SQSTM1 and NBR1 are involved
in proteasomal inhibition-induced processing of GST-BHMT.
Considering the important role of the ERN1-MAPK8-BCL2-
BECN1 pathway in this process, we tested whether these cargo
receptors affect MAPK8 activation, a critical step in proteasomal
inhibition-induced autophagy. However, depletion of SQSTM1
by 2 independent siRNAs had no effect on MG132-induced
dual-phosphorylation of MAPK8 (Fig. S3), suggesting that these
cargo receptors are involved in a later step in the autophagic acti-
vation process and/or cargo recruitment into the phagophore.

Next, we examined the hypothesis that GST-BHMT accumu-
lates and becomes ubiquitinated upon proteasome inhibition,
which is then recognized by cargo receptors and subsequently
delivered to the autophagosome. At basal levels, GST-BHMT is
only lightly ubiquitinated, as detected by cotransfected HA-
tagged ubiquitin, in contrast to the smeared bands of high-
molecular weight ubiquitinated CTNNB1/b-catenin (catenin
[cadherin-associated protein], b 1, 88 kDa), a canonical substrate
of the proteasome (Fig. 7A, comparing lane 2 with lane 6). To
our surprise, in the presence of MG132, the level of

ubiquitinated GST-BHMT did not
increase but instead was clearly reduced,
in contrast to the prominent stabilization
of ubiquitinated CTNNB1 (Fig. 7A,
comparing lane 4 with lane 2, and lane 8
with lane 6). To further confirm this
observation, we evaluated the levels of
GST-BHMT ubiquitination by endoge-
nous ubiquitin and obtained similar
results: while the level of ubiquitinated
CTNNB1 (Ub-CTNNB1) was signifi-
cantly increased in the presence of
MG132, the level of ubiquitinated
GST-BHMT (Ub-BHMT) was instead
decreased (Fig. 7B).

As ubiquitinated proteins tend to
form aggregates that are resistant to mild
detergents such as Triton X-100, we also
examined the distribution of GST-
BHMT in both Triton X-100 soluble
and Triton X-100 insoluble fractions.
While MG132 treatment led to a signifi-
cant increase in total levels of ubiquiti-
nated proteins in both fractions as well
as a redistribution of both SQSTM1 and
NBR1 from Triton X-100-soluble to
-insoluble fractions, presumably due to
an increased accumulation of protein

aggregates, the distribution of GST-BHMT in the 2 fractions
was not affected (Fig. 7C). Further, immunofluorescence staining
also failed to reveal clear colocalization of GST-BHMT with
ubiquitin regardless of MG132 treatment (Fig. S4). Together,
these results show that GST-BHMT is not normally turned over
by the proteasome. They also do not support the hypothesis that
upon proteasome inactivation, GST-BHMT accumulates and
become ubiquitinated, subsequently being recognized by the
cargo receptors SQSTM1 and NBR1 and delivered to the
autophagosome.

It was reported that SQSTM1 could deliver cargos, such as
mutated SOD1 (superoxide dismutase 1, soluble) protein, to the
phagophore in a ubiquitin-independent manner.40 To examine
whether SQSTM1 physically associates with GST-BHMT to
deliver it to the phagophore, we performed coimmunoprecipita-
tion (coIP) analysis. We found no detectable interaction between
GST-BHMT and SQSTM1, in contrast to the strong interaction
observed between the positive control MAP1LC3 and SQSTM1
(Fig. 7D, compare lanes 4 and 2). In addition, we did not find
observable colocalization between GST-BHMT and endogenous
SQSTM1 either in the presence or absence of MG132, as
revealed by immunofluorescence staining against GST-BHMT
and SQSTM1 protein (Fig. 7E and F). Noticeably, in transfected
cells, in addition to its diffuse cytoplasmic distribution, GST-
BHMT protein also showed localization to distinct puncta that
clearly did not overlap with SQSTM1-positive structures.
Although MG132 treatment led to an increased number of
SQSTM1-positive structures, it did not have a visible effect on

Figure 6. Proteasome inhibition-induced GST-BHMT fragmentation requires cargo receptor SQSTM1
and NBR1. (A) SQSTM1 knockdown specifically reduces MG132-induced but not starvation-induced
GST-BHMT fragmentation. HEK293T cells were incubated either in EBSS or in nutrient-rich medium
(RM) with 10 mM MG132 to induce an autophagic response. (B) NBR1 knockdown reduced MG132-
induced GST-BHMT fragmentation (lane 3). Simultaneous knockdown of both NBR1 and SQSTM1 led
to a more prominent reduction of GST-BHMT(FRAG) accumulation (lanes 4 and 5). In (A) and (B), 10 nM
siRNA against SQSTM1 or NBR1 were cotransfected with the GST-BHMT reporter into the HEK 293T
cells and incubated in medium as indicated for 6 h, followed by GST-BHMT assay as described in
Figure 1.
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Figure 7. For figure legend, see page 825.
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the number of GST-BHMT puncta and had no impact on its
colocalization with SQSTM1 (Fig. 7E and F).

Proteasome inhibition-induced GST-BHMT fragmentation
requires the multimerization domain

To examine the nature of subcellular GST-BHMT-positive
puncta, we performed filter trap assays to see if GST-BHMT
forms protein aggregates similar as those formed by mutant
HTT (huntingtin) with expanded polyglutamine (polyQ)
tracts.41 While polyQ-containing mutant HTT formed tight
protein aggregates resistant to harsh chemicals such as 6 M urea
(Fig. 8A), we did not detect such aggregates in cells expressing
GST-BHMT with or without MG132 treatment. Thus, GST-
BHMT puncta are not composed of compact protein aggregates.

It has been reported that BHMT is a homotetrameric protein,
with a multimerization domain at its C terminus, as removal of the
last 51 amino acids (GST-BHMT51D) completely abolishes its mul-
timerization ability.20 We thus tested whether puncta formation by
GST-BHMT is linked to its multimerization capacity. Indeed, in
the absence of the C-terminal multimerization domain (GST-
BHMT51D), there were no visible GST-BHMT-positive puncta.
Instead, GST-BHMT51D protein was diffusely localized through-
out the cytoplasm (Fig. 8B and C), suggesting that the GST-
BHMT-positive puncta are composed of the highly polymerized
form of GST-BHMT. A similar diffusive subcellular pattern was
also observed for a mutated version of GST-BHMTW352A, which
harbors a point mutation, W352A, that disrupts the multimeriza-
tion capacity of BHMT (data not shown).

The close association between the C-terminal multimerization
domain of BHMT and its distinct subcellular puncta formation
provoked an intriguing possibility that the multimerization of
BHMT plays a role in its fragmentation through proteasome inhi-
bition-induced autophagy. In the yeast Cvt pathway, one of the
best studied selective autophagy process, prApe1 needs to form a
dodecamer in order to be recognized by its receptor Atg19 and sub-
sequent sequestration by the autophagosome. Interestingly, it has
been shown that under starvation conditions, multimerization of
BHMT is dispensable for its sequestration by the autophagosome,
but is necessary for its proteolytic processing in the lysosome.20 In
order to monitor the successful autolysosomal loading of the GST-

BHMT reporter regardless of its multimerization status, a GST-
LSCS-BHMT construct was elegantly designed that included an
additional cleavage site termed LSCS (linker-specific cleavage site)
between the GST and BHMT sequences. Inclusion of the LSCS
cleavage site causes this construct to be responsive to autolysosomal
loading and release an extra proteolytic fragment GST-LSCS.20

Thus, upon autophagic activation in response to starvation, the
GST-LSCS-BHMT reporter releases 2 fragments, the smaller
GST-LSCS and the larger GST-LSCS-BHMT(FRAG), while the
GST-LSCS-BHMT51D mutant produces only the smaller GST-
LSCS fragment.20

Using the GST-LSCS-BHMT reporter, we investigated
whether multimerization of BHMT is important for its protea-
some inhibition-induced autophagic processing. As expected,
MG132 treatment led to the production of 2 reporter fragments
for the wild-type GST-LSCS-BHMT, the smaller GST-LSCS
and the larger GST-LSCS-BHMT(FRAG), similar to the frag-
ments produced under EBSS starvation (Fig. 8D, compare lanes
2 with 3). However, for the GST-LSCS-BHMT51D mutant,
which is deleted for the multimerization domain, although EBSS
starvation indeed induced the expected production of the smaller
GST-LSCS fragment (Fig. 8D, compare lanes 6 with 3), reflect-
ing its successful autolysosomal loading, only background levels
of the GST-LSCS fragment were present in MG132-treated sam-
ples (Fig. 8D, compare lane 5 with lanes 2, 3, and 6). Thus, in
contrast to its dispensable role for autophagosome sequestration
of BHMT in response to starvation, multimerization of BHMT
is necessary for its autolysosomal loading in a nutrient-rich envi-
ronment under proteasome inhibition. Together, these data
reveal that starvation and proteasome inactivation elicit distinct
mechanisms of autophagic activation as well as autolysosomal
loading of proteins slated for autophagic processing.

Discussion

Different mechanisms mediate starvation- and proteasome
inhibition-induced autophagy

Previous findings suggest crosstalk between the UPS and auto-
phagosome-lysosome pathways,42 2 major cellular protective

Figure 7 (See previous page). GST-BHMT does not show increased ubiquitination and physical interaction with SQSTM1 in response to proteasome
inhibition. (A- C) The ubiquitination patterns of GST-BHMT reporter in response to MG132 treatment. (A and B) HEK293T cells were transfected with
pRK5-GST-BHMT reporter (left panels) or the CMV-MYC-CTNNB1 control (right panels), followed by immunoprecipitation with anti-GST or anti-MYC anti-
bodies, as indicated. In (A), cells were cotransfected with CMV-HA-Ub, and the levels of the ubiquitinated GST-BHMT (Ub-BHMT; left panel) or MYC-
CTNNB1 (Ub-CTNNB1; right panel) proteins from the cell were detected with anti-HA antibody. In (B), the levels of the ubiquitinated GST-BHMT (Ub-
BHMT; left panel) or MYC-CTNNB1 (Ub-CTNNB1; right panel) by endogenous ubiquitin were revealed by FK2 antibody. (C) MG132 does not affect the dis-
tribution of GST-BHMT protein in Triton X-100-soluble fractions. The control or MG132-treated HEK293T cells transfected with pRK5-GST-BHMT were har-
vested into 2 fractions: Triton X-100-soluble (TX-100 soluble) and Triton X-100-insoluble (TX-100 insoluble). The distribution of GST-BHMT, total
ubiquitinated proteins, SQSTM1 and NBR1 in both fractions was examined by western blotting using anti-GST, anti-ubiquitin (FK2), anti-SQSTM1 and
anti-NBR1 antibodies, respectively, as indicated. The soluble GFP protein, which was hardly detectable in Triton X-100 insoluble fraction, was included as
the control for the fractionation procedure. (D) GST-BHMT does not interact with SQSTM1. HEK293T cells were transfected with HA-SQSTM1 together
with GST-BHMT or with the positive control GFP-MAP1LC3, followed by immunoprecipitation using anti-HA antibody and western blot detection, as indi-
cated. (E and F) GST-BHMT does not colocalize with SQSTM1. (E) HeLa cells transfected with pRK5-GST-BHMT were immunostained with antibodies
against both GST (red) and endogenous SQSTM1 (green) in the absence or presence of MG132, as indicated. Scale bar: 5 mm for E1-E4 and E9-E12; 2 mm
for E5-E8 and E13-E16. (F) The quantification of GST-BHMT- and SQSTM1-positive puncta as well as their colocalization profile as described in Materials
and Methods.
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mechanisms for maintaining cellular homeostasis. In support of
this, genetic or pharmacological interference of proteasome func-
tion both lead to a strong activation of an autophagy response
(Figs. 1 and 2A to C). Interestingly, our data show that the
GST-BHMT assay, which has been developed as an endpoint,
cargo-based assay to study starvation-induced autophagy, also
responds to proteasome inhibition-induced autophagy, as its
processing is blocked by the depletion of core autophagy compo-
nents such as ULK1 or ATG7 (Fig. 2D to F). However, further
studies suggest distinct mechanisms underlying proteasome

inhibition-induced autophagy activation. First, unlike in starva-
tion conditions, proteasome inhibition does not affect the activi-
ties of MTORC1 and PRKAA, 2 essential upstream regulators of
nutrient and energy-starvation induced autophagy, as the phos-
phorylated status of their substrates, ULK1 (p-Ser757) and
EIF4EBP1 as well as ULK1 (p-Ser555) and ACACA/B, are not
affected (Fig. 3). Instead, proteasome inhibition induces robust
ER stress (Fig. 4A), as reported.43 Further, ERN1, one of the
mediators of ER stress-associated UPRs, but not ATF6 or
EIF2AK3, is critical for the proteasome inhibition-induced

Figure 8. The multimerization domain of GST-BHMT is required for its autolysosomal loading in response to proteasome inhibition. (A) GST-BHMT does
not form tight aggregates. Extracts of HEK293T cells transfected with either pRK5-GST-BHMT or CMV-EGFP-Q72-HTT-exon1 were analyzed by filter trap
assay using antibodies against GST or GFP, respectively, as indicated. The amount of total proteins loaded in each well was 0, 0.1, 0.4, 2, 20, and 100 mg
from lane 1 to lane 6, respectively. While mutant HTT protein formed tight aggregates that were resistant to 6M urea, hardly any such aggregates were
detected in extracts from GST-BHMT expressing cells regardless of MG132 treatment. (B and C) Formation of GST-BHMT-positive puncta is dependent
on its multimerization domain. (B) HeLa cells transfected with either GST-BHMT or mutant GST-BHMT51D were immunostained with anti-GST antibody.
Whereas wild-type GST-BHMT protein showed prominent puncta-like subcellular localization, GST-BHMT51D was diffusely distributed throughout the
cell. Scale bar: 5 mm. (C) Quantification of GST-BHMT-positive puncta, which revealed little change in puncta formation by either wild-type GST-BHMT or
mutant GST-BHMT51D in response to MG132 treatment. (D) The multimerization domain of GST-BHMT is essential for its autolysosomal loading in
response to proteasome inhibition. HEK293T cells were transfected with either pRK5-GST-LSCS-BHMT or mutant pRK5-GST-LSCS-BHMT-D51 constructs,
followed by EBSS or MG132 treatment and GST-BHMT assay, as indicated.
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BHMT processing (Fig. 4B). Interestingly, contrary to starva-
tion-promoted BHMT fragmentation, the proteasome inhibi-
tion-induced response also relies on the cargo receptors
SQSTM1 and NBR1, as their depletion largely abolishes the
accumulation of GST-BHMT(FRAG) (Fig. 6). Finally, there is a
differential requirement for the multimerization domain in
BHMT between the starvation- vs. the proteasome inhibition-
induced processing of the BHMT reporter (Fig. 8). Together,
these findings suggest that in a nutrient-rich environment, pro-
teasome inactivation can activate the autophagy-dependent proc-
essing of GST-BHMT reporter through a mechanism distinct
from that induced by starvation.

Intriguingly, our data further show that of the 2 main signal-
ing events downstream of ERN1, MAPK8 activation is critical
for this proteasome inhibition-induced autophagy while XBP1
splicing only plays a dispensable role. In addition, proteasome
inhibition also induces MAPK8-dependent multisite phosphory-
lation of BCL2 and its disassociation from BECN1, an event
that is known to activate autophagy (Fig. 5).44 Together they
suggest a signaling cascade where proteasome inhibition leads to
elevated UPR and ERN1 signaling, which in turn induces
MAPK8 activation and subsequent phosphorylation of BCL2,
thus freeing the essential autophagy regulator BECN1 from the
inactive BCL2-BECN1 complex to stimulate autophagy. Nota-
bly, a similar MAPK8-BCL2-BECN1 pathway has also been
linked to starvation-induced autophagy.37 Under normal growth
conditions, ER-localized BCL2 binds to BECN1 and inhibits
BECN1-stimulated autophagy. Starvation induces strong
MAPK8 activation and eventual dissociation of BECN1 from
the phosphorylated BCL2 for autophagic induction. Thus,
although unlike nutritional stress, proteasome inhibition does
not engage MTOR pathway, both utilize a common stimulatory
mechanism involving MAPK8-BCL2-BECN1 pathway to acti-
vate autophagic response.

Consistent with this finding, simultaneous stress with both
nutritional starvation and proteasome inhibition results in greater
autophagic response (Fig. S1), while MTOR activation by either
RHEB overexpression or depletion of the TSC1-TSC2 complex
both blunt the proteasome inhibition-induced autophagy
(Fig. 3D and E), implying an overlapping regulatory mechanism
(s) governing both the proteasomal inhibition- and starvation-
induced autophagy. In such a case, it also raises another interest-
ing question as to the exact point of intersection between the 2
pathways. Do they all converge on the phosphorylation-depen-
dent MAPK8 activation or through additional layers of regula-
tion? Noticeably, an earlier study showed that in both the TP53/
p53 (tumor protein p53)-null H1299 cell line derived from
human nonsmall cell lung carcinoma and the PTEN (phospha-
tase and tensin homolog)-deficient U87-MG cell line of human
glioblastoma origin, active proteasomal function is specifically
required for proper MTOR activity, as MG132 treatment inhib-
its both the initiation and maintenance of MTORC1 signaling.45

As similar MG132 treatment in our study showed little effect on
the MTOR activity in the HEK293 cells (Fig. 3A and B), which
contain both wild-type TP53 and PTEN,46,47 it raises a possibil-
ity that signal inputs from TP53 and PTEN, 2 essential

mediators of cellular stress and growth conditions with demon-
strated functional links to MAPK8 and MTOR pathways,48–50

play such regulatory roles in mediating the crosstalk between dif-
ferent autophagic pathways. It is likely that faced with a plethora
of extra- and intra-cellular stresses such as mitogen stimulation,
starvation, and protein misfolding, mammalian cells command
multiple avenues of regulation to sense and incorporate these
information, so as to fine-tune the overall cellular autophagic
response and survival.

Another puzzling question is the exact role of the cargo recep-
tors SQSTM1 and NBR1 in the proteasome inhibition-induced
autophagy. Although SQSTM1 and NBR1 are necessary for the
proteasome inhibition-induced processing of the GST-BHMT
reporter, their depletion does not affect MAPK8 activation
(Fig. S3), suggesting their involvement either in a later step dur-
ing autophagic activation or in the recruitment of GST-BHMT
into the autophagosome. Surprisingly, we could not detect a
meaningful level of ubiquitinated GST-BHMT or its physical
interaction with SQSTM1 (Fig. 7), raising an intriguing possibil-
ity that these cargo receptors play a regulatory and/or indirect
role in the autophagic induction in response to proteasomal dys-
function. Existing evidence indeed support such a scenario. For
example, it has been shown that BHMT is highly enriched on
autophagosomal membranes,51,52 suggesting a potential direct or
indirect physical interaction with autophagosome proteins
including MAP1LC3. Further, cargo receptors SQSTM1 and
NBR1 not only recognize and bind to ubiquitinated proteins,
but are also required for their assembly into aggregate-like struc-
tures (aggresomes) that are important for their subsequent recog-
nition and sequestration by the MAP1LC3-containing
autophagosome structures, as supported by the findings that loss
of SQSTM1 significantly suppresses the accumulation of ubiqui-
tinated proteins as well as the formation of inclusion bodies both
in autophagy-deficient neurons and hepatocytes, and also in hep-
atocytes with impaired proteasome activity that otherwise show
elevated levels of ubiquitinated aggregates.53,54 Given these
observations, one putative scenario is that upon proteasomal
impairment, cargo receptors SQSTM1 and NBR1 recruit ubiq-
uitinated proteins into aggresomes, a prerequisite step for their
recognition by the MAP1LC3-containing membranes that subse-
quently assemble into mature autophagosomes. During this pro-
cess, as BHMT are normally highly enriched on the membranes
of autophagosomes or their precursors,51,52 they are passively
packaged into autophagosomes and subsequently processed. In
the absence of the cargo receptors, aggresomes cannot form,52,53

thereby abolishing the MAP1LC3-mediated autophagosome for-
mation and the parallel sequestration of BHMT. Many other
possibilities exist and many questions remain, including whether
and how the multimeric BHMT are preferentially associated
with autophagosome membranes, that need to be further
addressed in the future.

The above data also raise another intriguing question of how
crosstalk signaling is integrated from the dysfunctional protea-
some to the autophagy machinery, especially how ERN1,
MAPK8, and BCL2, coordinate with cargo receptors SQSTM1
and NBR1, and with ULK1 to activate autophagy. Notably, ER
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localization stands out as a converging theme among these differ-
ent players: ERN1 is a type I transmembrane kinase on ER while
activated MAPK8 targets only the ER-localized pool of BCL2 for
BECN1-dependent autophagy;37 Further, both ULK1 and
SQSTM1 have been reported to localize to the ER;55 Coinci-
dently, ER has been proposed to be one of sources for the auto-
phagosome membrane.56 Do they act in a single linear pathway
or work in parallel in a concerted manner? Among many possibil-
ities, one putative scenario is that proteasome inhibition causes
abnormal buildup of ubiquitinated proteins in the cell which are
gradually sequestrated into aggresomes through the cargo recep-
tors SQSTM1 and NBR1 (Figs. 7C, E and 8D). The accumulat-
ing aggresomes in turn might provoke an independent stress
signal, potentially sensed and transduced by the cargo receptors
SQSTM1 and NBR1 who have been suggested to play a signal-
ing role,57,58 and act in concert with the ER stress-activated
ERN1-MAPK8-BCL2-BECN1 pathway to stimulate ULK1 and
initiate the autophagy cascade. More studies are needed to clarify
the detailed mechanism to answer this interesting question.

Proteasome inhibition induces a Cvt-like autophagy
response in mammalian cells

Intriguingly, in nutrient-rich conditions, BHMT processing
induced by proteasome inhibition bears remarkable similarity to
the Cvt pathway in yeast. In particular, they both require specific
cargo receptors (SQSTM1 and NBR1 in mammalian and their
counterpart Atg19 in yeast), which, by contrast, are not essential
in starvation-induced nonselective autophagy.7 Moreover, remi-
niscent of the yeast Cvt pathway, in which the formation of
dodecamer prApe1 is a prerequisite step for cargo sequestration
by the autophagosome,7 the C-terminal multimerization domain
of BHMT is necessary for its autophagic processing in response
to proteasome inhibition, although this domain is dispensable
for its autolysosomal loading during starvation (Fig. 8D).
Together, these findings raise the possibility that in mammalian
cells, proteasome dysfunction in nutrient-rich conditions induces
a Cvt-like selective autophagy response.

Compared with starvation-induced nonselective autophagy,
which is an adaptive cellular response that sacrifices nonessential
cellular components to sustain survival, selective macroautophagy
mainly targets particular substrates such as unwanted and/or
damaged proteins and organelles through specific receptors. As
one of the main cellular clearance mechanisms, interference with
proteasome function leads to the accumulation of ubiquitinated
and often misfolded proteins that can serve as cognate targets for
selective autophagy.3 Thus, it is reasonable to assume that con-
fronted by a dysfunctional proteasome, the stress-challenged cell
employs the selective autophagy pathway as a preferred and effec-
tive compensatory mechanism to minimize cellular stress and
maintain proper proteostasis. In support of this, proteasome inhi-
bition does not affect the activities of MTORC1 and PRKAA
(Fig. 3), the essential upstream regulators of nonselective
autophagy.

It is important to compare the apparent difference between
the established selective autophagy pathways in yeast and mam-
malian cells with the cascade mediating the proteasome

inhibition-induced BHMT processing. In particular, the cargo
receptors SQSTM1 and NBR1 are known to bind to ubiquiti-
nated substrates and facilitate their aggregation and sequestration
into the autophagosome. However, we could not detect an obvi-
ous physical association between the GST-BHMT reporter and
Ubiquitin or the cargo receptor SQSTM1 by either coimmuno-
precipitation or coimmunostaining analyses (Fig. 7 and Fig. S4).
This could be due to the insufficient sensitivity of our experi-
ments, or it might suggest that SQSTM1 does not serve as the
cargo receptor for delivery of GST-BHMT into the autophago-
some. In agreement with the latter possibility, we found that
BHMT itself is weakly ubiquitinated and is not stabilized by pro-
teasome inhibition (Fig. 7A-C). This raises a possibility that
BHMT might utilize a SQSTM1 and NBR1- and ubiquitin-
independent mechanism for its delivery to the autophagosome.
Similar precedents exist in both yeast and mammalian cells. In
the Cvt pathway, the maturation of the cargo protein prApe1
does not involve its ubiquitination.7 In mammalian cells, mutant
SOD protein is also degraded through the autophagy pathway in
a ubiquitin-independent manner.40 As GST-BHMT is a cyto-
solic protein enriched within the autophagosome and autolyso-
some membrane,51 it might be directly sequestered into the
autophagosome without the requirement for an adaptor or
through alternative receptor proteins such as OPTN (opti-
neurin),59 which is known to recognize cargos in a ubiquitin-
independent manner. Thus, although many questions remain to
be answered, considering the notable similarity between the Cvt
pathway and the autophagy-dependent BHMT processing that
occurs in response to proteasome inhibition, it is plausible that
proteasome dysfunction induces a compensatory autophagic
response that is selective.

Interestingly, cargo polymerization emerges as a shared feature
among several proposed selective autophagy mechanisms, includ-
ing the dodecamer prApe1 in the yeast Cvt pathway, aggregates
formation in aggrephagy and now the multimerization of
BHMT in proteasome inhibition-induced BHMT processing.
An intriguing possibility is that there might exist an “aggregate
sensor,” potentially the cargo receptors SQSTM1 and NBR1
who have been postulated to play additional signaling roles,57,58

in the selective autophagy pathway that facilitates the interaction
between polymerized cargos and the autophagosome. It is equally
likely that the cargo in its polymerized form can directly facilitate
autophagosomal assembly and sequestration, as has been pro-
posed for the dodecamer prApe1 in the yeast Cvt pathway.7

In mammalian cells, selective autophagy has been gaining
more attention due to its increasing importance in human condi-
tions such as liver and brain degenerative diseases.12 However,
few established assays are available that allow detailed examina-
tion of this important protective cellular pathway. Our data sug-
gest that the GST-BHMT assay, which has been effective in
monitoring starvation-induced nonselective autophagy, might
also be applied to study selective autophagy in mammalian sys-
tems. Technically, as the processing of BHMT only occurs in the
lysosome, this endpoint-based autophagy assay does not require
fractionation or autophagosome-lysosome enrichment. As versa-
tile proteasome inhibitors with different properties are available
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and easily applicable, such as the reversible inhibitor MG132 and
irreversible inhibitor lactacystin, this proteasome inhibition-
based assay might provide a convenient platform for future dis-
section of the selective autophagy pathway. Further, it is also pos-
sible that by developing modified versions of GST-BHMT
reporter, for example a reporter with organelle-specific localiza-
tion signals, this convenient biochemical assay might also be use-
ful for analyzing other types of selective autophagy such as
pexophagy and mitophagy.

Materials and Methods

GST-BHMT assay
The GST-BHMT assay was performed as described previ-

ously.20,21 Briefly, HEK293T cells transfected with pRK5-GST-
BHMT and various siRNAs were treated with 10 mM MG132
or EBSS medium together with 11 mM leupeptin and 6 mM E-
64d for 6 h prior to immunoprecipitation (IP) lysis buffer
(20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA,
1 mM EGTA, 1% Triton X-100 (Sigma-Aldrich, T8787),
2.5 mM sodium pyrophosphate, 1 mM b-glycerolphosphate,
1 mM sodium orthovanadate, 1 mg/ml leupeptin (Sigma-
Aldrich, L2884), 1 mM phenylmethylsulfonyl fluoride (PMSF,
Sigma-Aldrich, P7626). After brief sonication, whole cell lysate
was centrifuged for 18506 g at 4�C for 30 min and the superna-
tant fraction was incubated with precleared glutathione agrose
for 3 h. The immuoprecipitated GST fusion proteins were
washed 3 times with IP lysis buffer before denaturation in 2X
SDS sample buffer for western blotting. Anti-GST antibody
(Santa Cruz Biotechnolgy, sc-138) was used for detecting both
GST-BHMT and GST-BHMT(FRAG). GFP expression detected
by anti-MYC antibody (Santa Cruz Biotechnolgy, sc-40) was
used as a loading control.

siRNAs
All the following siRNAs with published sequence are synthe-

sized from Sigma-Aldrich: siATG7 (ccaacacacucgagucuuu);60

siULK1-1 (ggauacgucuuguaaucuu); siULK1-2 (gaggcaguucuuu-
guucaa);20 siSQSTM1-1 (gcauugaaguugauaucgau);11 siSQSTM1-
2 (ccgaaucuacauuaaagagaa);61 siPSMB1 (gacuaaagauguauaagca),
siPSMB2 (caccgacuaucucacguga), siPSMB5 (ugauagagaucaacc-
caua). Additional siRNAs were: siNBR1 (Santa Cruz Biotechnol-
ogy, sc-94187),62 and siMAPK8/JNK1 siRNA (Cell Signaling
Technology, 6232). The following siRNAs were from Life Tech-
nologies: siATF6 (s223544), siEIF2AK3 (s18102), siERN1/IRE1
(s200432), siXBP1 (s14915), siTSC1 (s14433) and siTSC2
(s14438).

Plasmids and reagents
pRK5-GST-BHMT and pRK5-GST-BHMTD, pRK5-GST-

LSCS-BHMT and pRK5-GST-LSCS-BHMT51D were provided
by Dr. P.B. Dennis (Wright State University).20 HA-SQSTM1
(28027), GFP-MAP1LC3 (24920), HA-Ub (18712) HA-RHEB
(19310), FLAG-MAP2K7-MAPK8 DN (19730), FLAG-
MAP2K7-MAPK8/JNK CA (19726), FLAG-BCL2 (18003),

HA-BECN1 /beclin 1(24399), and MTOR KD (8482) were pur-
chased from Addgene; MYC-BCL2, MYC-BCL2T69A,S87A

(MYC-BCL2[2A]), and MYC-BCL2T69A,S70A,S87A (MYC-BCL2
[3A]) were gifts from Dr. Yongjie Wei (The University of Texas
Southwestern Medical Center at Dallas. LY294002 (LC labora-
tories, L-7962), wortamannin (LC laboratories, W-2990), borte-
zomib (LC laboratories, B-1408), AEBSF (Enzo Life Sciences,
89147-060), MG132 (Enzo Life Sciences, BML-PI102-0005),
chymostatin (Fisher Scientific, 50-751-7222), antipain (Fisher
Scientific, 50-147-298), 3-methyladenine (Cayman Chemical,
13242), epoxomicin (Cayman Chemical, 101962-668), lactacys-
tin (Cayman Chemical, 101955-536), leupeptin (Sigma-Aldrich,
L2884), E-64d (Sigma-Aldrich, E8640), sodium pyrophosphate
(Sigma-Aldrich, P8010), b-glycerolphosphate (Sigma-Aldrich,
50020), sodium orthovanadate (Sigma-Aldrich, S6508), phenyl-
methylsulfonyl fluoride (Sigma-Aldrich, P7626), chloroquine
(Sigma-Aldrich, C6628), Baf A1 (Sigma-Aldrich, B1793),
SP600125 (Sigma-Aldrich, S5567), tunicamycin (Sigma-
Aldrich, T7765), thapsigargin (Sigma-Aldrich, T9033), brefeldin
A (Sigma-Aldrich, B7651).

Antibodies
The following primary antibodies were used: GST (for immu-

noprecipitation: sc-57753), MYC (sc-40), SQSTM1/p62 (sc-
28359), ATF6 (sc-22799), NBR1 (sc-130380), and ULK1 (sc-
33182) were from Santa Cruz Biotechnology; HA (Roche Life
Science, 12CA5); MAP1LC3 (MBL International, PM036); Ub
(EMD Millipore, ST1200 [FK2]); FLAG (Sigma-Aldrich,
F3165); PSMB1 (BML-PW8140), PSMB2 (BML-PW8145),
and PSMB5 (BML-PW8895) were from Enzo Life Sciences.
ATG7 (8558), XBP1 (12782), p-MAPK8 (Thr183/Tyr185;
4668), MAPK8 (3708), p-BCL2 (Ser70; 2827), CTNNB1/
b-Catenin (9582), RPS6KB1 (9202), p-RPS6KB1 (Thr389;
9234), EIF4EBP1 (9452), p-EIF4EBP1 (Thr37/46; 9459), p-
ULK1 (Ser555; 5869), p-ULK1 (Ser757; 6888), ACACA/B
(3676), p-ACACA/B (Ser79; 3661), PRKAA (2603), p-PRKAA
(Thr172; 2535), HSPA5 (4592), GST (2625); GFP (2956),
ERN1 (3294), EIF2AK3/PERK (3192), TSC1 (6935), TSC2
(3990), DDIT3 (5554), P4HB (2446), and ATF4 (11815) were
from Cell Signaling Technology. Secondary antibodies conju-
gated with Alexa Fluor 488 and Alexa Fluor 594 for immunoflu-
orescence imaging were from Life Technologies (A-11029; A-
11037). Secondary antibodies including IRdye 680RD and
IRdye 800CW (926-68072; 925-68073; 926-32212; 926-
32213) for the Odyssey western system were from LI-COR Bio-
sciences (Lincoln, NE).

Cell culture and transfection
HEK293T cells were maintained in DMEM medium (Corn-

ing, 10-013-CV) containing 10% fetal bovine serum (Invitrogen,
10082147), 100 IU penicillin, and 100 mg/ml streptomycin.
Transfections of small interfering RNAs and plasmid DNA were
performed using lipofectamine 2000 (Life Technologies,
11668027) according to the manufacturer’s instructions. For
inducing starvation-mediated autophagy, DMEM as nutrition-
rich medium was replaced by EBSS (Sigma-Aldrich, E2888)
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medium for further incubation from 2 h to 6 h as indicated. For
studying compensated autophagy induced by blocking protea-
some function, MG132 was used in DMEM at a final concentra-
tion from 5 mM to 20 mM for indicated time of incubation. Cell
lysates were prepared using IP lysis buffer as described previously.

Coimmunoprecipitation and western blotting
Transiently transfected 293T cells in 60-mm dishes were lysed

in an IP-lysis buffer and sonicated briefly before centrifuged at
18506 g for 30 min at 4�C. For detection of protein ubiquitina-
tion, 10 mM N-ethylmaleimide (Fisher Scientific, O2829-25)
was added for inhibiting de-ubiquitination enzymes. GST-
BHMT proteins or MYC-CTNNB1 proteins were immunopre-
cipitated from the cell lysate with anti-GST, anti-MYC and pro-
tein A/G plus agarose beads (Santa Cruz Biotechnology, sc-
2003). Immunoprecipitates or total cell lysates were added by 2X
SDS sample buffer and then subjected to discontinuous SDS-
PAGE analysis. Proteins were transferred to nitro-cellulose mem-
branes using a Bio-Rad (Hercules, CA) mini transfer apparatus
followed by blocking with 5% nonfat milk. Primary antibodies
and secondary antibodies were used usually at 1:1000 and
1:10000 dilutions respectively before using an Odyssey system to
detect the fluorescence signal.

Immunostaining
HeLa cells were grown on glass coverslips in the DMEM

medium for 16 h. Expression plasmids of GST-BHMT was
transfected into HeLa cells. Approximately 24 h after transfec-
tion, cells were left untreated or treated with 10 mM MG132 for
another 6 h, and fixed with 4% formaldehyde-phosphate-buff-
ered saline (Electronic Microscopy Sciences, 15710; Fisher Scien-
tific, BP399-500) for 10 min. Cells were incubated with primary
antibodies against GST, ubiquitin or SQSTM1 overnight at 4�C
after 1 h blocking by 5% goat serum. Secondary antibodies con-
jugated with Alexa Fluor 488 or 594 were used to visualize the
localization. DAPI was used to indicate the nuclear. Image was
taken with a Zeiss Compound Microscope (Thornwood, NY)
and processed by Amira software for statistical analysis. Colocali-
zation quantification: about 30 to 80 cells with BHMT puncta
were chosen to calculate the numbers of 3 colors, red for BHMT,
green for ubiquitin or SQSTM1, and yellow for colocalized

signal. As the number of BHMT puncta is normally much higher
than that of ubiquitin or SQSTM1, we choose the former as the
denominator to calculate the ratio of colocalization.

Filter trap assay
Filter trap assay was performed as previously described.41

Briefly, cells transiently expressed with GST-BHMT or GFP-
HTT-exon1-Q72 were lysed in phosphate-buffered saline by
sonication. Bradford method was used to calculate protein con-
centration. The lysate was applied with different concentrations
to the dot-blotting apparatus (Bio-Rad, Hercules, CA) and west-
ern blotting was used to detect the trapped proteins on the nitro-
cellular membranes.

Statistics analysis
Statistical analysis was performed with Microsoft Excel and P

values were calculated by the Student t test. Data are represented
as mean+s.e.m. P < 0.05 is considered significant.
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