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ABSTRACT: Proteasome inhibitors are used to treat blood
cancers such as multiple myeloma (MM) and mantle cell
lymphoma. The efficacy of these drugs is frequently undermined
by acquired resistance. One mechanism of proteasome inhibitor
resistance may involve the transcription factor Nuclear Factor,
Erythroid 2 Like 1 (NFE2L1, also referred to as Nrf1), which
responds to proteasome insufficiency or pharmacological
inhibition by upregulating proteasome subunit gene expression.
This “bounce-back” response is achieved through a unique
mechanism. Nrf1 is constitutively translocated into the ER
lumen, N-glycosylated, and then targeted for proteasomal
degradation via the ER-associated degradation (ERAD) path-
way. Proteasome inhibition leads to accumulation of cytosolic
Nrf1, which is then processed to form the active transcription
factor. Here we show that the cytosolic enzyme N-glycanase 1 (NGLY1, the human PNGase) is essential for Nrf1 activation in
response to proteasome inhibition. Chemical or genetic disruption of NGLY1 activity results in the accumulation of
misprocessed Nrf1 that is largely excluded from the nucleus. Under these conditions, Nrf1 is inactive in regulating proteasome
subunit gene expression in response to proteasome inhibition. Through a small molecule screen, we identified a cell-active
NGLY1 inhibitor that disrupts the processing and function of Nrf1. The compound potentiates the cytotoxicity of carfilzomib, a
clinically used proteasome inhibitor, against MM and T cell-derived acute lymphoblastic leukemia (T-ALL) cell lines. Thus,
NGLY1 inhibition prevents Nrf1 activation and represents a new therapeutic approach for cancers that depend on proteasome
homeostasis.

■ INTRODUCTION

The proteasome plays an essential role in maintaining cellular
homeostasis. It is responsible for the degradation of most cellular
proteins in eukaryotic cells and is important for numerous
processes including cell-cycle progression, apoptosis, DNA
repair, and degradation of misfolded proteins derived from the

endoplasmic reticulum (ER).1−5 Disrupting proteasome activity
can induce an apoptotic cascade that leads to growth arrest and,
subsequently, cell death.6,7 Cells are particularly sensitive to
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proteasome inhibition if their proteasome capacity is near
saturation due to a heavy protein degradation load,8,9 or if their
survival hinges on rapid turnover of key protein factors.6,10−12

These situations arise in various cancers, and thus the
proteasome has become an important drug target in
oncology.13−15

Bortezomib, a dipeptidyl boronic acid derivative that reversibly
targets the active site of the β5-subunit of the 20S proteasome,
was the first FDA approved proteasome inhibitor for oncology.16

This drug has been particularly effective in treatment of multiple
myeloma (MM) and mantle cell lymphoma (MCL), albeit with
side effects such as peripheral neuropathy and gastrointestinal
distress that have been attributed, in part, to off-target effects.15,16

The search for more potent and selective drugs led to second-
generation proteasome inhibitors such as the epoxyketone
carfilzomib,17 which has also been approved for use in treating
MM.18 Although these medicines have improved the outcomes
of patients withMM andMCL, a high frequency of both inherent
and acquired resistance has limited their impact.15,19 In addition,
to date, proteasome inhibitors have met with little success in the
treatment of solid tumors.20

Resistance to proteasome inhibition is thought to arise from
upregulation of proteasome subunit (PSM) levels, from
enhanced proteasome assembly efficiency, or through other
mechanisms that enhance proteasome activity.15 A potential
contributor to proteasome inhibitor drug resistance is the
transcription factor Nuclear Factor, Erythroid 2 Like 1

(NFE2L1), which is also referred to as NF-E2-related factor 1
(Nrf1).21 (There is an unrelated transcription factor, nuclear
respiratory factor 1, which also bears the abbreviation Nrf1 but
should not be confused with the Nrf1 described here.) Nrf1 is a
member of the “cap ’n’ collar” bZIP transcription factor family
and is a regulator of various metabolic pathways, such as lipid and
amino acid metabolism, the transactivation of antioxidant
enzymes, bone formation, and the maintenance of proteostasis.22

Importantly, Nrf1 is capable of upregulating PSM gene
expression.23 The DNA sequence targeted by Nrf1 is called the
antioxidant response element (ARE), which is also recognized by
the other Nrf family members Nrf2 and Nrf3.24−27

A unique feature of Nrf1 is its complex posttranslational
regulation (shown schematically in Figure 1A).28 Nrf1 is
cotranslationally targeted to the ER and is inserted into the ER
membrane as an N-glycosylated transmembrane protein.
Perhaps unique among transcription factors, the major portion
of Nrf1, including its C-terminal DNA-binding domain, initially
resides within the ER lumen. Nrf1 is constitutively targeted for
retrotranslocation to the cytosol and proteasomal degradation
via the ER-associated degradation (ERAD) pathway.28 The
protein is thereby maintained at low basal levels.29 However,
when proteasome capacity is saturated, such as by an overload of
misfolded proteins or by treatment with proteasome inhibitors,
retrotranslocated Nrf1 accumulates in the cytosol, where it is
activated by posttranslational processing, traffics to the nucleus,
and activates its target genes in partnership with small Maf

Figure 1. Proposed activation pathway and domain structure of Nrf1. (A) (1) Full length Nrf1 is glycosylated in the ER lumen (Pro-Nrf1) and
subsequently retrotranslocated to the cytosol by VCP/p97.28 (2) ER membrane-bound Pro-Nrf1 is de-N-glycosylated by NGLY1. (3) The protease
DDI2 cleaves Nrf1 between W103 and L104 and releases the active p95 form into the cytosol. (4) Nrf1 is immediately degraded by the proteasome and
thusmaintained at low levels in the cell. (5) In cells with insufficient proteasome capacity due to chemical inhibition or an overload ofmisfolded proteins,
active Nrf1 accumulates and migrates to the nucleus, where it heterodimerizes with cofactors (small Maf proteins),39 binds to chromosomal targets, and
activates the synthesis of PSMs. (B) Domain structure of Nrf1 with ER transmembrane domain,22 site of DDI2 proteolysis, and possible N-glycosylation
sites labeled in red. The N-terminal domain (NTD) contains the transmembrane sequence that anchors Nrf1 within the ER membrane and the
proteolytic cleavage site for DDI2 between W103 and L104. The transactivation domain (TAD) comprises the two acidic domains (AD1, AD2) and the
Asn/Ser/Thr-rich region (NST) with eight predicted N-glycosylation sites (orange). The serine-rich region (SR) was found to be multiply O-
GlcNAcylated, and its glycosylation status dictates the ubiquitination of the transcription factor.40 The Nrf2-ECH homology 6-like domain (Neh6L) is
conserved in two relatives of Nrf1, Nrf2 and Nrf3.22 The DNA binding domain comprises the cap ’n’ collar (CNC) and the basic leucine zipper domain
(bZIP), which enable heterodimerization with Maf proteins before binding to the DNA. The C-terminal domain (CTD) also contributes to
transcription factor activity.34
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proteins. Thus, Nrf1 is thought to mediate a “bounce-back”
response that balances proteasome load and capacity, thereby
maintaining proteostasis.23 Accordingly, Nrf1 could undermine
the efficacy of proteasome inhibitors and may influence their
performance as cancer therapies.
Disrupting the action of Nrf1 could, in principle, potentiate

proteasome inhibitor activity. But as a transcription factor, Nrf1

is not an attractive drug target.30 However, its activity is
dependent on discrete processing events that include de-N-
glycosylation and partial proteolytic cleavage of an approximately
120 kDa (p120) precursor to give rise to the active form of
approximately 95 kDa (p95).23,31 (The active form of Nrf1 has
also been annotated at p110 in previous reports.23 Here it was
observed at p95, and thus this naming convention was used. In all

Figure 2. Nrf1 processing is altered by genetic or chemical disruption of NGLY1 activity. (A) Schematic of the mechanism of N-glycan cleavage by
NGLY1 (dark gray). (B)WT andNgly1−/−MEFs were treated with the proteasome inhibitor carfilzomib (100 nM) for 2 h prior to harvest, cell lysis, and
subsequent immunoblotting. Nrf1 was visualized by incubating the blot with a monoclonal antibody raised against the region surrounding aa129,
followed by a HRP-conjugated secondary antibody. The unprocessed and glycosylated form of Nrf1 is seen as multiple bands between 100 and 120 kDa
(p120) whereas de-N-glycosylated processed Nrf1 appears at approximately 95 kDa (p95). (C) HEK293 cells overexpressing human Nrf1 engineered
with a C-terminal 3xFLAG-tag were treated with the NGLY1 inhibitor Z-VAD-fmk (20 μM) or the pan-caspase inhibitor Q-VD-OPh (50 nM) for 5 h
prior to treatment with carfilzomib (100 nM) for another 2 h. The cells were allowed to recover in fresh medium for 2 h and then lysed and analyzed by
immunoblotting as above. (D) Chemical structures of carfilzomib, a proteasome inhibitor; Z-VAD-fmk, an NGLY1 inhibitor with pan-caspase inhibitor
activity; Q-VD-OPh, a pan-caspase inhibitor that does not inhibit NGLY1. (E) WT and Ngly1−/− MEFs were treated with the proteasome inhibitor
carfilzomib (200 nM) for 12 h prior to harvest, cell lysis, denaturation, and treatment with Endo H (15000 U) for 16 h before immunoblotting as in 2B.
(F) WT and Ngly1−/− MEFs were treated with a premixed solution of plasmid DNA and Lipofectamine 2000 for 44 h. The medium was replaced with
fresh medium containing carfilzomib (50 nM) for an additional 4 h. The cells were washed, harvested, and lysed before analysis by immunoblotting with
anti-NGLY1 and anti-Nrf1 primary antibodies. EV: empty vector. W: wild-type NGLY1. Mut: NGLY1 C309S.
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cases, the active form of Nrf1 has been observed to have a lower
molecular weight compared to the ER-resident immature form.)
The enzymes that mediate these processing events are emerging
as possible alternative targets for disruption of Nrf1 activity.
Ruvkun32 and Murata33 and their respective co-workers recently
discovered that aspartyl protease DNA-damage inducible 1
homologue 2 (DDI2) is responsible for cleaving the N-terminal
transmembrane sequence and releasing Nrf1 from the ER
membrane. Here, we focus on defining the significance of de-N-
glycosylation with regard to Nrf1 activation.
N-glycosylation of Nrf1 is thought to occur within an “NST”

domain that includes eight potential N-glycosites (see Figure 1B
for a detailed description of Nrf1’s domain architecture). Hayes
and co-workers speculated that deglycosylation of the NST
domain, with concomitant conversion of Asn to acidic Asp
residues, would create a functional transactivating domain
(TAD) required for transcriptional activation.34 Indeed, they

found that mutation of the potential N-glycosites from Asn to
Asp enhanced the ability of Nrf1 to activate transcription in a
reporter gene assay. This observation, combined with the finding
that Nrf1 activation involves its processing from the p120 to the
deglycosylated p95 form upon proteasome inhibition,23,28

suggests that de-N-glycosylation activity is required for Nrf1
function.
The mammalian enzyme responsible for removing N-glycans

from proteins in the cytosol is N-glycanase 1 (PNGase, NGLY1
in humans, Ngly1 in mice).35−37 Although a role for this enzyme
in Nrf1 activation has not been directly demonstrated, a recent
gene essentiality profile in 14 human leukemia cell lines
uncovered a correlated essentiality of Nrf1, NGLY1, and
DDI2, suggesting that they function in a common pathway.38

Compellingly, in a forward genetic screen, Ruvkun and co-
workers identified the Caenorhabditis elegansNGLY1 orthologue
PNG1 as essential for activity of its Nrf1 orthologue SKN1.32

Figure 3. Loss of NGLY1 activity reduces nuclear localization of Nrf1 in response to carfilzomib treatment. (A) Immunofluorescencemicroscopy ofWT
andNgly1−/−MEFs grown on coverslips and treated with carfilzomib or vehicle for 2 h. The cells were recovered in fresh medium for 1 h prior to fixation
and imaging. Cells were incubated with a polyclonal antibody recognizing the middle region of Nrf1 (aa 191−475) followed by an Alexa Fluor 647
conjugated secondary antibody. Nrf1 immunoreactivity is indicated in white, autofluorescence is shown in green, and DAPI stained nuclei are in blue. (i,
ii) Vehicle-treated WT andNgly1−/−MEFs, respectively. (iii, iv) Carfilzomib (100 nM)-treatedWT andNgly1−/−MEFs, respectively. (B) Quantitation
of Nrf1 staining was accomplished by calculating the overlap of the white channel (Nrf1) with the blue channel (nucleus) and comparing it to the overall
Alexa Fluor 647 signal, which was set to 100%. The difference gave the amount of Nrf1 staining outside the nucleus (green bar) and inside the nucleus
(blue bar). Quantitation was performed using 4 images (125 × 75 μm) per condition and averaged. (C) Immunofluorescence microscopy images of
HEK293 cells overexpressing human C-terminal 3xFLAG-tagged Nrf1 that were treated with NGLY1 inhibitor Z-VAD-fmk or the caspase inhibitor Q-
VD-OPh for 5 h prior to treatment with carfilzomib. (i, ii, iii) Cells with no treatment, Z-VAD-fmk (100 μM), or Q-VD-OPh (50 nM). (iv, v, vi) Cells
treated as panels i, ii, and iii with carfilzomib (20 nM, 2 h). The cells were recovered in fresh medium for 1 h prior to fixation and imaging. (D)
Quantitation of Nrf1 staining was performed using 4 images (125 × 75 μm) per condition and averaged, as described in panel B. Scale bars = 10 μm.
Error bars represent one standard deviation from the mean. *p < 0.05, ***p < 0.0005, ns = not significant.
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Furthermore, the PNG1 mutant worm was sensitized to
proteasome inhibitor toxicity. These results support the notion
that interfering with Nrf1 processing enzymes may potentiate
proteasome inhibitor activity.
Here, we demonstrate that functional NGLY1 is essential for

Nrf1 processing, nuclear translocation, and transcription factor
activity. Furthermore, through a targeted library screening
approach, we discovered a small molecule inhibitor of NGLY1
that enhances the cytotoxicity of proteasome inhibition in cancer
cell lines. These findings implicate NGLY1 as a possible target for
cancer therapy in conjunction with proteasome inhibition.

■ RESULTS

NGLY1 Is Critical for the Processing, Subcellular
Localization, and Transcriptional Activity of Nrf1. First
discovered by Suzuki and co-workers, human NGLY1 is thought
to be responsible for removing N-glycans from misfolded ERAD
substrates.41 The enzyme catalyzes hydrolysis of the amide bond
between the proximal N-acetylglucosamine (GlcNAc) residue
and the Asn side chain to which it is attached (Figure 2A).
NGLY1’s catalytic mechanism is likely similar to that of a cysteine
protease.42,43 It possesses a canonical Cys-His-Asp catalytic triad
where Cys309 serves as the reactive nucleophile.43 Upon de-N-
glycosylation of the protein, the Asn residue is converted to Asp

Figure 4. Immunofluorescence staining of Nrf1 in WT or Ngly1−/− MEFs with or without treatment with carfilzomib. (A) MEFs (WT or Ngly1−/−)
were treated with vehicle or carfilzomib (100 nM) and stained for calnexin (red, ER localized), Nrf1 (white), and DAPI (blue), as described in Figure 3.
Autofluorescence (green) is shown for full cell visualization. (B) Quantitation of Nrf1 localization was done by calculating the overlap of the white
channel (Nrf1) with the blue (nucleus) or red (calnexin/ER) channels and comparing it to the overall Nrf1 signal, which was set to 100%. Quantitation
was performed in 4 images (125 × 75 μm) per condition and averaged. Scale bars = 10 μm. Error bars represent one standard deviation from the mean
with regard to ER overlap. ***p < 0.0005.
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and a 1-amino-GlcNAc-containing free oligosaccharide is
released. In addition to its catalytic domain, NGLY1 has a C-
terminal carbohydrate-binding “PAW domain” that recognizes
high mannose-type glycans typically present on proteins selected
for ERAD.43,44 NGLY1 also possesses an N-terminal “PUB
domain” that interacts with p97, a component of the
retrotranslocation machinery.45,46

In order to test the hypothesis that NGLY1 is required for the
correct processing of Nrf1, we evaluated conversion of the p120
to p95 forms in wild type (WT) mouse embryonic fibroblasts
(MEFs) and those derived from Ngly1−/− mice.47 As shown by
the immunoblot in Figure 2B, treatment of WT MEFs with
carfilzomib (Figure 2D) led to an accumulation of Nrf1 in the
p95 form. By contrast, in the Ngly1-null background, carfilzomib
induced Nrf1 accumulation but in abnormally processed forms
(multiple bands from 100 to 120 kDa, hereafter referred to
collectively as p120). Similar observations weremade usingNrf1-
overexpressing HEK293 cells in which NGLY1 was chemically
inhibited. We used the thiol-reactive compound Z-VAD-
fluoromethylketone (fmk) (Figure 2D) which is best known as
a potent pan-caspase inhibitor but was discovered by Korbel et al.
to block NGLY1 as well.48 Incubation of the HEK293 cells with
Z-VAD-fmk prior to treatment with carfilzomib led to
misprocessing of Nrf1 similar to that observed in Ngly1−/−

MEFs (Figure 2C). The high abundance of the p120 bands in
cells treated with Z-VAD-fmk indicates that the N-glycosylated
form of Nrf1 is the dominant species. By contrast, another pan-
caspase inhibitor Q-VD-OPh (Figure 2D), which does not act on
NGLY1,48 did not impair processing of Nrf1 compared to
untreated cells (Figure 2C). To confirm that the change from
p120 to p95 is the result of the removal of N-glycans, WT and
Ngly1−/− MEFs were treated with carfilzomib, harvested, and
lysed. These lysates were then treated with Endo H to remove
any remaining high-mannose glycans (Figure 2E, full Western
blot shown in Figure S1). While Nrf1 in WT cells remained at
p95, the p120 bands in Ngly1−/− lysates were reduced to a single
band at p95 after treatment with Endo H, indicating that these
bands are made up of Nrf1 with varying amounts of N-
glycosylation. To demonstrate that catalytically active NGLY1 is
required for the removal of these N-glycans from Nrf1, WT and
Ngly1−/− MEFs were transfected with native and catalytically
dead point mutant human NGLY1 (Figure 2F). Only catalyti-
cally active NGLY1 was able to partially restore Nrf1 processing
after carfilzomib treatment, while catalytically dead NGLY1
C309S did not restore processing of Nrf1. Thus, removal of N-
glycans from Nrf1 appears to be dependent on the catalytic
activity of NGLY1. These data show that genetic or chemical
disruption of NGLY1 activity leads to aberrant processing of
Nrf1.
In order for Nrf1 to initiate gene expression it must translocate

to the nucleus. Thus, we investigated whether Nrf1’s subcellular
distribution was perturbed in the absence of NGLY1 activity.
Using immunofluorescence microscopy, we analyzed the
localization of Nrf1 in WT and Ngly1−/− MEFs as well as
Nrf1-overexpressing HEK293 cells, both before and after
carfilzomib treatment (Figure 3). In the absence of carfilzomib,
WT andNgly1−/−MEFs show Nrf1 immunoreactivity (white) in
low abundance and mainly outside of the nucleus (Figure 3A,B).
This non-nuclear staining could be cytosolic and/or associated
with the ER membrane (vide inf ra). After treating the cells with
carfilzomib, Nrf1 staining in WT MEFs was redistributed
predominantly to the nucleus. By contrast, carfilzomib-treated
Ngly1−/− MEFs retained the majority of Nrf1 immunoreactivity

outside the nucleus. The same effect was observed in the Nrf1-
overexpressing HEK293 cells (Figure 3C,D). Untreated
HEK293 cells showed the majority of Nrf1 staining outside the
nucleus. After incubation with carfilzomib, Nrf1 staining shifted
to a largely nuclear localization. However, inhibition of NGLY1
with Z-VAD-fmk prior to incubation with carfilzomib reduced
the proportion of nuclear Nrf1 staining compared to cells
without NGLY1 inhibitor (Figure 3C,D). By contrast, Q-VD-
OPh treatment had no effect on Nrf1’s subcellular distribution.
We noticed that extranuclear Nrf1 staining in Ngly1−/− MEFs

was not uniformly distributed. Rather, the staining appeared as
puncta situated proximal to the nucleus. This observation led us
to perform colocalization studies with the ER marker calnexin in
WT and Ngly1−/− MEFs treated with carfilzomib (Figure 4). In
proteasome-inhibited WT MEFs, Nrf1 staining was evenly
distributed between the ER and nucleus. This contrasted with
proteasome-inhibited Ngly1−/− MEFs, in which >90% of Nrf1
staining colocalized with the ER marker. The apparent
discrepancy in quantity of nuclear localization between WT
MEFs treated with carfilzomib in Figure 3B (75%) and Figure 4B
(45%)may be due to increased precision of quantitation afforded
by an ER marker. These microscopy data indicate that, in the
absence of Ngly1 activity, Nrf1 accumulates outside the nucleus
and is likely associated with the ER membrane. This observation
is consistent with the proposed processing pathway shown in
Figure 1A.
In light of the observations that Nrf1 is misprocessed and

mislocated without de-N-glycosylation by NGLY1, we suspected
that its transcriptional activity would also be impaired. To test
this, we used two functional assays previously used to probe Nrf1
activation in response to proteasome inhibition.23 The first was a
luciferase reporter assay that measures transcription of genes
under control of the antioxidant response element (ARE)
derived from the gene encoding the human proteasome subunit
PSMA4. WT and Ngly1−/− MEFs transiently transfected with
ARE luciferase reporter plasmid were treated with carfilzomib or
vehicle for 12 h. Subsequently, the cells were treated with
luciferin and bioluminescence was measured and normalized to
the expression of renilla luciferase that served as an internal
control (Figure 5A). Only WT cells showed an increase in
bioluminescence after carfilzomib treatment, while the Ngly1−/−

cells showed no response to proteasome inhibition. The same
experiment was performed in Nrf1-overexpressing HEK293 cells
using Z-VAD-fmk to chemically inhibit NGLY1 prior to
incubation with carfilzomib (Figure 5B). Q-VD-OPh served as
a caspase inhibition control. Cells incubated with Z-VAD-fmk
showed no enhancement of luciferase activity in response to
proteasome inhibition, whereas vehicle- and Q-VD-OPh-treated
cells showed enhanced bioluminescence.
The second test of Nrf1 function was a qPCR assay measuring

the relative levels of PSM mRNAs after treatment of cells with
proteasome inhibitors.23 WT and Ngly1−/− MEFs were treated
with carfilzomib for 12 h and lysed, and relative levels of mRNAs
corresponding to PSMA7, PSMB7, and PSMC4 were
determined by qPCR (Figure 5C). All three mRNAs were
elevated by carfilzomib treatment in WT MEFs, but remained
unchanged in Ngly1−/− MEFs. Collectively, the data shown thus
far indicate that the processing, subcellular localization, and
activity of Nrf1 are all impaired in cells lacking functional
NGLY1. Thus, genetic or chemical inhibition of NGLY1
undermines the proteasome bounce-back response mediated
by Nrf1.
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Genetic Inactivation of NGLY1 Increases Sensitivity of
Cells to Proteasome Inhibitor Cytotoxicity. The Nrf1-
mediated proteasome bounce-back response is known to
undermine proteasome inhibitor cytotoxicity in cancer cell
lines.23 Therefore, we sought to test the effects of NGLY1
disruption on proteasome inhibitor sensitivity. We treated
Ngly1−/− and WT MEFs with increasing amounts of carfilzomib
for 24 h and measured their viability using the commercial

CellTiter-Glo 2.0 Assay (Figure S2). Ngly1−/− cells were
significantly more sensitive to treatment with carfilzomib than
their WT counterparts. The reduction in survival corresponded
to a 3-fold decrease in the LD50 of carfilzomib in Ngly1−/−

compared to WT MEFs.
To test whether loss of NGLY1 activity in human cells

enhances carfilzomib’s potency, we applied CRISPRi to
knockdown Nrf1 or NGLY1 in two model cell lines. K562 and
HeLa cells expressing a dCas9-KRAB construct were stably
transduced with single-guide RNAs (sgRNAs) targeting the
transcription start sites ofNrf1 orNGLY1. The sgRNA allows the
dCas9-KRAB construct to bind to and suppress transcription of
the target gene. A nontargeting sgGAL4-4 was used as the
negative control.49 The extent of the knockdowns was
determined by qPCR analysis of the transcripts (Figure S3A,B)
as well as western blot to confirm lowered protein levels (Figure
S3C,D). The knockdown cells were then assayed for survival in
the presence of carfilzomib (Figure 6A,B). With control sgRNA,

the LD50s of carfilzomib for K562 and HeLa cells were 40 and 50
nM, respectively. In the Nrf1- or NGLY1-knockdown cells
(sgNrf1 or sgNGLY1), carfilzomib’s LD50s were up to 2-fold
lower for both cell lines. Themagnitude of this effect is consistent
with previous observations using proteasome inhibitors in the
presence of Nrf1 shRNA knockdown.23 Our data show that
knockdown of NGLY1 has a similar or greater effect on
carfilzomib potency compared to knockdown of Nrf1.

Discovery of a New Small Molecule Inhibitor of NGLY1.
Since NGLY1 knockdown potentiates proteasome inhibitor
toxicity, a small molecule NGLY1 inhibitor may have therapeutic
value in combination with drugs like carfilzomib. Although Z-

Figure 5.NGLY1 activity is required for Nrf1 to initiate the proteasome
bounce-back response. (A) WT and Ngly1−/− MEFs were transiently
transfected overnight with a plasmid expressing firefly luciferase under
the control of three copies of the human antioxidant response element
(ARE). The next day, the cells were treated with carfilzomib (200 nM)
for 12 h and bioluminscence was measured. (B) HEK293 cells
overexpressing human C-terminal 3xFLAG-tagged Nrf1 were trans-
fected with the same reporter plasmid overnight and then treated with Z-
VAD-fmk (20 μM) or Q-VD-OPh (50 nM) for 5 h prior to treatment
with carfilzomib (20 nM) for 12 h. Bioluminescence was then measured.
(C)WT andNgly1−/−MEFs were treated with carfilzomib (200 nM) for
12 h. mRNAs corresponding to proteasome subunits PSMA7, PSMB7,
and PSMC4 were quantitated by qPCR. Statistical significance is similar
for each qPCR measurement between WT and Ngly1−/− MEFs. Error
bars represent one standard deviation. **p < 0.005, ****p < 0.00005, ns
= not significant.

Figure 6. NGLY1 knockdown increases sensitivity of cells to
carfilzomib. K562 (A) and HeLa (B) cells transduced with sgGAL4-4,
sgNrf1, or sgNGLY1 were treated with carfilzomib for 48 h, and their
viability was compared to vehicle-treated cells using the CellTiter-Glo
assay. Cell survival assays were performed with 3 and 4 replicates for
K562 and HeLa cells, respectively. Error bars represent one standard
deviation from the mean. Inset: The LD50s of carfilzomib for K562 and
HeLa cells were calculated by 4-variable nonlinear regression. Error bars
represent standard error. **p < 0.005, ***p < 0.0005, ****p < 0.00005.
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VAD-fmk inhibits NGLY1 in cultured cells, it is not a good tool
compound for studies of this kind due to its off-target pan-
caspase inhibitor activity. Based on a prior report, Z-VAD-fmk
should irreversibly inhibit all caspases in less than an hour at
concentrations under 1 μM.50 Indeed, cotreatment of U266
multiple myeloma cells with Z-VAD-fmk and carfilzomib was less
toxic than treatment with carfilzomib alone (Figure S4). We
anticipated this result as the main mechanism of cell death from
proteasome inhibition is apoptosis and caspases are essential for
that process.51 Thus, we sought to develop a new NGLY1
inhibitor lacking such off-target activity.
The mechanism of NGLY1 is like that of a cysteine protease,

wherein a nucleophilic cysteine residue within a catalytic triad
attacks the amide carbonyl of the glycosylated asparagine side
chain (Figure 2A).41 This mechanism underlies the cross-
inhibitory activity of Z-VAD-fmk with the caspases and NGLY1.
Previous work identified specific inhibitors of NGLY1 based on a
chitobiose core armed with an electrophilic warhead, but these
are either not cell permeable or synthetically complicated.42,52,53

We hypothesized that alternative drug-like NGLY1 inhibitors
might be discovered by screening a library of peptide-based thiol-
reactive electrophiles.54−60 Accordingly, we focused on a
collection of ∼600 compounds bearing vinyl sulfones, epoxy
ketones, various Michael acceptors, halomethyl ketones,
aldehydes, and acyloxymethyl ketones that had been used in

phenotypic screens to find inhibitors of various target enzymes
(Figure 7A).61−64 We employed a modified version of the cell-
based, fluorometric Cresswell assay for ERAD pathway activity.65

Freeze and co-workers have previously used the Cresswell assay
in NGLY1-deficient cell lines as a readout of NGLY1 activity.66

We stably transfected K562 cells with a de-N-glycosylation-
dependent Venus (ddVenus) reporter. Mutated to be misfolded
and with a site for N-glycosylation, ddVenus is translocated to the
cytosol via the ERAD machinery, where deglycosylation by
NGLY1 converts the target Asn residue to an Asp residue that is
required for fluorescence (Figures 7B and S5). Inhibition of
NGLY1 would prevent ddVenus from properly folding, thereby
decreasing fluorescence in this assay. A proteasome inhibitor
(e.g., carfilzomib, 1 μM)must be included in this assay to prevent
rapid degradation of ddVenus by the ubiquitin−proteasome
pathway.
We incubated these reporter cells with the library compounds

for 6 h and then quantified fluorescence by flow cytometry. We
identified a peptide vinyl sulfone, WRR139 (Figure 7C), as a hit,
which we validated by resynthesis and dose−response analysis
using the same Cresswell assay. In this assay, WRR139 had an
IC50 of 5.5 μM (Figure 7D), which was similar to that of Z-VAD-
fmk (4.4 μM). The library contained other peptide vinyl sulfones
of similar structure to WRR139 that were inactive (Figure 7C),

Figure 7. A targeted screen of thiol-reactive compounds led to the discovery of novel NGLY1 inhibitor WRR139. (A) Warhead variety represented in
the 553-compound library. (B) Schematic of the modified Cresswell assay. K562 cells stably express a fluorescent Venus protein with a mutated
asparagine N-glycosylation site (ddVenus). Upon translation, the protein is N-glycosylated, preventing proper folding and thus fluorescence. The
glycoslated ddVenus is shuttled through the ERAD pathway, and upon de-N-glycosylation the mutated Asn is converted to Asp, allowing proper folding
and thus fluorescence. A proteasome inhibitor is needed to prevent immediate degradation of the fluorescent ddVenus. Inhibition of NGLY1 in this
cellular assay decreases fluorescence by preventing proper folding of ddVenus. (C) Structure of the hit WRR139 as well as related compounds that did
not show activity in the assay. (D) K562 cells expressing ddVenus were incubated with carfilzomib (1 μM) and either WRR139 or Z-VAD-fmk for 6 h.
Fluorescence was measured by flow cytometry and compared to cells treated with only carfilzomib. Error bars represent one standard deviation from the
mean.
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suggesting that WRR139’s activity is not simply due to its
electrophilic warhead.
WRR139 Disrupts the Processing, Localization, and

Activation of Nrf1. The Cresswell assay reports on all
components of the ERAD pathway, thus it was important to
confirm that WRR139 acts directly on NGLY1. Toward this end,
we employed a biochemical assay with recombinant human
NGLY1 (rhNGLY1, Figure S6A) expressed in Sf9 insect cells
and denatured and S-alkylated RNase B as a glycoprotein
substrate.67 De-N-glycosylation of RNase B by NGLY1 was
monitored by the change in its migration by SDS−PAGE from
17 kDa to 15 kDa (Figures 8A, S6B). We incubated rhNGLY1
with various doses of WRR139 or Z-VAD-fmk for 60 min, then
added RNase B, and incubated the mixture for 1 h before
analyzing the sample by SDS−PAGE. As shown in Figure 8A,
both compounds showed dose-dependent inhibition of RNase B
deglycosylation.
We next assessed the effects of NGLY1 inhibition byWRR139

on Nrf1 processing. HEK293 cells overexpressing C-terminal
3xFLAG-tagged Nrf1 were treated either with Z-VAD-fmk (20

μM) or withWRR139 (1 or 5 μM) for 18 h before adding various
doses of carfilzomib for 6 h. The cells were lysed and analyzed by
Western blotting. As shown in Figure 8B, both NGLY1 inhibitors
blocked processing of Nrf1 from the p120 to p95 form. Similarly,
WRR139 also inhibited activation of the ARE-dependent
luciferase reporter in the presence of carfilzomib (Figure 8C),
and, as found earlier for Z-VAD-fmk, WRR139 treatment
together with carfilzomib caused a redistribution of Nrf1
immunoreactivity away from the nucleus (Figure 8D,E). Finally,
we tested the potential off-target activity of WRR139 against the
executioner caspases 3 and 7, which, once activated, induce
apoptosis.68−70 At concentrations up to at least 5 μM, the
maximum dose used in any of our studies except for
immunofluorescence microscopy, no caspase inhibitory activity
was observed (Figure S7). This compares favorably to the
minimum concentrations of Z-VAD-fmk needed to inhibit the
caspases. However, at 10 μM WRR139 did show partial
inhibition of caspases 3 and 7, suggesting an upper limit on
usable doses of this compound when caspase activity is of
concern.

Figure 8.WRR139 inhibits NGLY1 in vitro and impairs processing of Nrf1 in cells. (A) Recombinant NGLY1 (3.75 μg) was incubated withWRR139 or
Z-VAD-fmk for 60 min at 37 °C, at which time denatured and S-alkylated RNase B (1.7 μg) was added. The mixture was incubated for 60 min at 37 °C
before separation by SDS−PAGE and Coomassie staining. RNase B only = no NGLY1, no inhibitor; Rxn = no inhibitor; all other lanes: inhibitor + Rxn.
(B)HEK293 cells overexpressing humanC-terminal 3xFLAG-tagged Nrf1 were treated withNGLY1 inhibitor Z-VAD-fmk orWRR139 for 18 h prior to
treatment with carfilzomib (100 nM, 2 h). Nrf1 was visualized as described in Figure 2B. (C) Luciferase assay as described in Figure 5B using HEK293
cells overexpressing human C-terminal 3xFLAG-tagged Nrf1. The cells were treated with WRR139 (5 μM) for 5 h prior to treatment with carfilzomib
(20 nM). Data for untreated cells are recapitulated from Figure 5B for comparison. (D) Immunofluorescence microscopy images of HEK293 cells
overexpressing human C-terminal 3xFLAG-tagged Nrf1 that were treated with WRR139 (20 μM) for 5 h prior to treatment with vehicle (i) or
carfilzomib (20 nM, ii) for 2 h. The cells were recovered in fresh medium for 1 h prior to fixation and imaging. Nrf1 immunoreactivity is indicated in
white, autofluorescence is shown in green, and DAPI stained nuclei are in blue. Scale bars = 10 μm. (E) Quantitation of Nrf1 staining was accomplished
by calculating the overlap of the white channel (Nrf1) with the blue channel (nucleus) and comparing it to the overall Alexa Fluor 647 signal, which was
set to 100%. The difference gave the amount of Nrf1 staining outside the nucleus (green bar) and inside the nucleus (blue bar). Quantitation was
performed using 5 images (125 × 75 μm) per condition and averaged. Data for untreated cells are recapitulated from Figure 3D for comparison. Error
bars represent one standard deviation from the mean. ***p < 0.0005, ****p < 0.00005, ns = not significant.
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WRR139 Potentiates the Cytotoxicity of Carfilzomib in
an NGLY1-Dependent Manner. Next, we tested WRR139’s
ability to potentiate carfilzomib’s toxicity in various leukemia cell
lines: U266 and H929MM cells and Jurkat T-ALL cells. First, we
confirmed that treatment of these cell lines with 1 μMWRR139
alone has no effect on cell viability (Figure S8). Survival of U266
and H929 cells cotreated with WRR139 and carfilzomib was
significantly decreased after 24 h compared to cells treated with
carfilzomib alone (Figure 9A,B). Jurkat cells also showed a
significant reduction in survival when treated with bothWRR139
and carfilzomib compared to carfilzomib alone (Figure 9C). This
reduction in survival represented 2.6-fold, 2.0-fold, and 1.5-fold
reductions in carfilzomib’s LD50 for U266, H929, and Jurkat cells,
respectively. Interestingly, the U266 cell line is considered to be
somewhat resistant to proteasome inhibition compared to other
MM lines, such as H929, and this is borne out in our LD50
measurements (Figure 9A,B). These cells were the most
responsive to the potentiating effects of WRR139.
To confirm that WRR139’s potentiating activity is directly due

to NGLY1 inhibition, we measured carfilzomib’s LD50 in the
presence or absence of WRR139 in HeLa cells with the CRISPRi
backgrounds described above. In CRISPRi HeLa cells with the
negative control sgGAL4-4, WRR139 potentiated carfilzomib
toxicity as observed with the above leukemia cells (Figure 9D).
HeLa cells with a Nrf1 knockdown behaved similarly (Figure
9E), likely due to the incomplete knockdown in these cells
(Figure S3). Importantly, HeLa cells with a stable NGLY1
knockdown background showed no potentiation of carfilzomib
toxicity by WRR139 (Figure 9F). These data suggest that effects
of WRR139 on proteasome inhibitor potency are due to
inhibition of NGLY1 and not another cellular target.

■ DISCUSSION
The proteasome bounce-back response mediated by Nrf1
involves complex processing steps that have been poorly

understood. Our results demonstrate that de-N-glycosylation
of Nrf1 by NGLY1 is central to the process. In cells lacking
NGLY1 activity, Nrf1 was misprocessed, mislocated, and
inactive. Accordingly, NGLY1 knockdown confers higher
sensitivity to proteasome inhibitors and a reduced activation of
PSM gene bounce-back compared to WT cells. These results
solidify a biological link between NGLY1 activity and regulation
of proteostasis.
While it is clear that NGLY1 and DDI2 both act on Nrf1, the

order of processing events is still unconfirmed. Koizumi and co-
workers found that in the absence of DDI2 de-N-glycosylation
still occurs.33 Prior to the discovery of DDI2’s role, Sha and
Goldberg showed in Nrf1, and Steffen et al. showed in an isoform
of Nrf1 called TCF11, that de-N-glycosylation precedes the
proteolytic cleavage event that releases Nrf1 from the ER
membrane.29,71 It has also been shown that Nrf3, a paralogue of
Nrf1 that is similarly targeted to the ER and processed before
activation, is deglycosylated prior to nuclear localization.72

Recently, Kobayashi and co-workers demonstrated that the
nuclear localization of Nrf3 also requires cleavage by DDI2.73

Here, we observed that Nrf1 accumulates at the ER in NGLY1-
null cells, suggesting that DDI2 is unable to cleave Nrf1 from the
ER membrane without its prior de-N-glycosylation. We propose
a Nrf1 activation pathway that includes the step of de-N-
glycosylation by NGLY1 prior to proteolytic cleavage, and
subsequent release from the ER, by DDI2 (Figure 1A). However,
there are other possible explanations for our data. For example,
there could be simultaneous or coordinated action of both
NGLY1 and DDI2 on Nrf1. Our results in Figure 2E showing
that treatment of the p120 form of Nrf1 produced in Ngly1−/−

MEFs with Endo H leads to a single band that resembles the fully
processed p95 form could indicate that there is active DDI2 in
the cell lysate. Alternatively, it is possible that DDI2 can cleave
Nrf1 with the N-glycans present but without causing the release

Figure 9. Inhibition of NGLY1 by WRR139 potentiates cytotoxicity of carfilzomib against MM and T-ALL cell lines in an NGLY1-dependent manner.
(A, B, C) U266, H929, and Jurkat cells, respectively, were treated with either vehicle orWRR139 (1 μM) and carfilzomib for 24 h. Remaining viable cells
were compared to vehicle control using the CellTiter-Glo 2.0 assay, n = 3. (D, E, F) HeLa CRISPRi cells with stably expressing sgGAL4-4, sgNrf1, and
sgNGLY1, respectively, were treated as in panels A, B, and C, n = 4. Error bars in A−F represent one standard deviation from the mean. Inset: The LD50
of carfilzomib with cotreatment with vehicle (black) or WRR139 (gray). Error bars represent standard error. **p < 0.005, ***p < 0.0005, ****p <
0.00005, *****p < 0.000005, ns = not significant.
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of Nrf1 from the ER such that it is held in a complex at the ER
membrane, possibly dependent on glycosylation status.
Failure to de-N-glycosylate Nrf1 would likely inactivate the

transcription factor even if it was released from the ER
membrane. A glycosylated NST domain could undermine the
correct folding of Nrf1, resulting in its inability to interact with
Maf cofactors, DNA, or other components of the transcriptional
machinery (Figure 1B). Notably, excessive amounts of Nrf1 will
aggregate when the proteasome is completely shut down,
according to a recent report.31 Since our results demonstrate that
proteasome bounce-back is diminished in cells that lack
functional NGLY1, it is possible that the unprocessed form of
Nrf1 trapped in the ER might also form aggregates due to lack of
proteasome activity.
To date, the ubiquitin−proteasome pathway has proven to be

an effective target for treatment of MM, but there is much
interest in broadening the range of cancers amenable to
proteasome inhibitor therapy. One approach is to combine
proteasome inhibitors with drugs that target other aspects of the
ubiquitin−proteasome pathway or the broader processes that
feed into it, such as ERAD.14 The essentiality of NGLY1 for the
Nrf1-mediated bounce-back response elevates this enzyme as a
possible target for cotherapy with proteasome inhibitors. Unlike
Nrf1, whose druggability is questionable, NGLY1 is quite
amenable to inhibition with cell penetrant small molecules. From
a relatively small library of cysteine protease inhibitor-like
compounds we identified one, WRR139, which inhibits NGLY1
in cultured cells, disrupts Nrf1 function, and potentiates the
cytotoxicity of carfilzomib. Unlike Z-VAD-fmk, WRR139 does
not inhibit caspases 3 and 7 at concentrations used for NGLY1
inhibition (<10 μM) and is therefore a valuable new tool
compound for NGLY1 research.
Importantly, there is a rare autosomal-recessive disorder

characterized by inactivating mutations in both alleles of the
NGLY1 gene.74,75 Patients with NGLY1 deficiency experience a
variety of severe pathologies, such as developmental delays,
movement disorders, seizures, alacrima, liver abnormalities,
delayed bone age, and neurodegeneration.76,77 These conditions
are strikingly similar to phenotypes observed in mice with tissue-
specific inactivation of the Nrf1 gene.78−81 As well, global Nrf1
knockout in mice leads to embryonic lethality late in gestation,82

as does global Ngly1 knockout.83 We suggest that pathologies
associated with NGLY1 deficiencymay, in part, derive from a loss
of Nrf1 function.
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