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Abstract Protein neddylation is catalyzed by a three-enzyme cascade, namely an E1 NEDD8-

activating enzyme (NAE), one of two E2 NEDD8 conjugation enzymes and one of several E3 NEDD8

ligases. The physiological substrates of neddylation are the family members of cullin, the scaffold

component of cullin RING ligases (CRLs). Currently, a potent E1 inhibitor, MLN4924, also known as

pevonedistat, is in several clinical trials for anti-cancer therapy. Here we report the discovery, through

virtual screening and structural modifications, of a small molecule compound HA-1141 that directly

binds to NAE in both in vitro and in vivo assays and effectively inhibits neddylation of cullins 1e5. Sur-

prisingly, unlike MLN4924, HA-1141 also triggers non-canonical endoplasmic reticulum (ER) stress and

PKR-mediated terminal integrated stress response (ISR) to activate ATF4 at an early stage, and to inhibit

protein synthesis and mTORC1 activity at a later stage, eventually leading to autophagy induction. Bio-

logically, HA-1141 suppresses growth and survival of cultured lung cancer cells and tumor growth in

in vivo xenograft lung cancer models at a well-tolerated dose. Taken together, our study has identified
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a small molecule compound with the dual activities of blocking neddylation and triggering ER stress,

leading to growth suppression of cancer cells.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cell survival relies on protein homeostasis, in which proteins must
be synthesized in proper amounts, folded with high fidelity, and
then degraded in a timely fashion after functional execution. In
response to external or internal cues, cells have developed several
defensive mechanisms to either restore cellular homeostasis or
commit to cell death. For example, the mTOR signal is activated
for protein synthesis when growth-arrested cells were supplied
with nutrients1; the endoplasmic reticulum (ER) stress response is
triggered to reduce the level of defective proteins2; and the
ubiquitin‒proteasome system (UPS) and autophagy are activated
for timely protein degradation3.

The ER stress response is an evolutionarily conserved process,
known as the unfolded protein response (UPR), that is activated
in response to the accumulation of misfolded proteins in a
cellular effort to maintain or restore ER homeostasis2. The ca-
nonical ER stress response is mediated by activation of ER
chaperone protein binding-immunoglobulin protein BIP/GRP78
and three traditional UPR sensor proteins, including inositol-
requiring enzyme 1a (IRE1a) (PRKR)-like endoplasmic reticu-
lum kinase (PERK), and activating transcription factor 6 (ATF6),
leading to sequential activation of the P-eIF2a/ATF4/CHOP axis,
followed by integrated stress response (ISR) to recover from
stress or to lead to cell death via apoptosis4. In the event of
severe ER stress, cytotoxic autophagy is eventually induced for
cell death via activating ATF4 activity and blocking the
mTORC1 function5.

Autophagy is a highly conserved process, characterized by the
lysosomal degradation of intracellular components that are
engulfed in double-membrane vesicles known as autophago-
somes6. Autophagy is usually considered a cellular survival
mechanism by recycling building blocks and energy for cellular
renovation and homeostasis6. However, under some stress condi-
tions, such as ER stress, autophagy can cause massive cell death7.
In this sense, autophagy-mediated cell death has emerged as an
alternative mechanism to kill cancer cells. Several anti-cancer
molecules, such as ABTL0812, trigger cancer cell death via an
ER-stress-coupled, autophagy-dependent mechanism5.

Protein neddylation is one type of posttranslational modifica-
tion. It is catalyzed by a three-enzyme cascade, namely a NEDD8-
activating enzyme (NAE/E1), a NEDD8-conjugating enzyme
(UBE2M or UBE2F/E2), and a NEDD8 ligase (E3), leading to
covalent conjugation of a ubiquitin-like molecule NEDD8 to a
protein substrate to regulate its function/activity8. The cullin
family members, the scaffold components of cullin-RING ubiq-
uitin ligases (CRLs), are the best-characterized physiological
substrates of neddylation9. Several other non-cullin proteins,
known to play important roles in regulation of mRNA translation,
were recently reported as neddylation substrates10,11. Accumu-
lating data from a variety of studies have shown that neddylation
modification is over-activated in multiple types of human cancers
including lung cancer and is frequently associated with a worse
overall patient survival, and neddylation has been validated as an
attractive anticancer target12. Indeed, a small molecule neddyla-
tion E1 inhibitor, MLN4924, also known as pevonedistat, has been
tested in many clinical trials for anticancer therapy (https://
clinicaltrials.gov/)13. Apart from MLN4924, most known NAE
inhibitors have been discovered by in silico approaches and
possess less favorable potency and selectivity profiles, with ac-
tivity in the micromolar range12,14.

Our laboratory has previously validated that neddylation E2
UBE2F15 and E3 SAG16 are promising anti-lung cancer targets. To
identify selective inhibitors of UBE2F, we conducted a computer-
aided virtual screening for small molecules that have potential to
disrupt the UBA3‒UBE2F binding based upon the co-crystal
structure17, followed by structure‒activity-based chemical modifi-
cations. Here we report the discovery of such a small molecule
compound, designated HA-1141, which has the dual activities of
blocking cullin neddylation and triggering ER stress, eventually
leading to growth suppression of cancer cells. Mechanistic analysis
revealed that in addition to binding and inhibiting neddylation E1
NAE, the compound also triggers severe non-canonical ER stress
and ISR with early induction of ATF4 and subsequent inactivation
of mTORC1 and inhibition of protein synthesis. This is the first
small molecule that has dual activity in neddylation inactivation
and ER stress induction with anti-cancer activity.
2. Materials and methods

2.1. Molecular modelling

The crystal structure of human UBE2F in complex with UBA3
(PDB entry: 3FN1) was obtained from RCSB Protein Data Bank
and utilized in molecular dynamic (MD) simulations and virtual
screening. All MD simulations were carried out in AMBER 1118.
The general AMBER force field (gaff) was used for the proteins,
and all missing atoms were added using the “tleap” program. Cl�

counter ions were added to neutralize the charge in the system.
The proteins were placed into a periodic TIP3P water box. The
Particle Mesh Ewald (PME) algorithm was used to handle the
long-range electrostatics.

The system was first subjected to a three-stage minimization
by the “sander” program19, which has been described in our
previous work20. The system was then gradually heated up from
0 to 300 K over a period of 50 ps with 2.0 kcal/mol/Å2 restrain.
Subsequently, 50 ps MD simulations were carried out at 300 K
with the same restrain and 50 ps MD without any restrain. Finally,
16 ns NPT MD simulation with the target temperature of 300 K
and the target pressure of 1 atm were carried out. The SHAKE
algorithm was used to restrain all bonds involving hydrogen
atoms18, and the time step was set to 2.0 fs. Based on the tra-
jectories produced by MD simulation, the contribution of each
residue to UBE2F‒UBA3 binding was calculated by MM/GBSA
decomposition analysis21, where two hot-spots around residues
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F56 and V30 were identified as being critical for UBE2F and
UBA3 binding and utilized for virtual screening campaigns.

Preparation of the protein structures for virtual screening was
performed using the Protein Preparation wizard module in Schrö-
dinger 9.0. All water molecules were removed from the system, and
a restrained partial minimization was carried out with the root-
mean-square deviation (RMSD) value set to 0.3 Å. The protein grid
boxes for docking were generated based on three binding sites (i.e.,
F56 and V30 pockets, as well as the catalytic active site of UBE2F).
The scaling factors for van der Waals radii were set to 1.0 and the
maximum partial atomic charge was set to 0.25.

A screening library of about 240,000 compounds was obtained
from Specs chemical library and prepared with the LigPrep module.
Protonated states were generated at pHZ 7.0� 2.0. The Epik state
penalties were included in docking scores. Default settings were
used for the other parameters. The Glide module in Schrödinger was
used to perform docking simulations. All the compounds were
docked into the binding sites of UBE2F and the binding affinities
were scored and ranked by standard precision (SP). The top-ranked
50,000 compounds from each screening were submitted to Glide XP
docking and 2000 top-ranked molecules were obtained. ADMET
properties of these compounds were subsequently predicted by
ACD/ADME package22 to remove those that failed to fulfill the
following rules: (1) logP/logD (pH Z 7.0) < 5.5; (2) violation of
Lipinski’s rules of five < 2; (3) violation of Opera’s rules of drug-
likeness < 3; (4) functional groups without toxic, reactive, or
otherwise undesirable moieties defined by the REOS rules. The top
200 molecules were then clustered based on the Tanimoto distance
calculated from the FCFP_4 fingerprints using Find Diverse Mole-
cule module in Discovery Studio 2.523. Finally, 30 top-ranked
compounds were obtained from each screening.

2.2. Cell lines and chemicals

Human lung cancer cell lines H358, H1299 and H2170 were
obtained from ATCC (American Type of Cell Collection, Mana-
ssas, VA, USA). Non-immortalized MEF cells were cultured and
maintained by our laboratory. Cells were cultured in RPMI 1640
medium (for H358 and H2170) or DMEM medium (for H1299
and MEF), supplemented with 10% fetal bovine serum (extra 1%
non-essential amino acids for MEF) and incubated in a 5% CO2

humidified chamber at 37 �C. MLN4924 (#B1036) and tunica-
mycin (#B7417) was purchased from ApexBio. Chloroquine (CQ,
#C6628), chlorhexidine (CHX, #C7698) and N-acetyl-L-cysteine
(NAC, #A7250) were purchased from Sigma. MG132 (#HY-
13259) was purchased from MedChem Express.

2.3. Western blotting

Cells were lysed in a RIPA buffer containing both protease in-
hibitors and phosphatase inhibitors. Lysates were separated in
SDS-PAGE gels, transferred to PVDF membranes and probed
with the primary antibodies overnight at 4 �C. The membranes
were then incubated with suitable HRP-conjugated second anti-
bodies (Jackson). Blots were visualized using standard chemical
luminescence methodology. Antibodies used are listed in
Supporting Information Table S1.

2.4. Constructs and protein purification

NEDD8 and enzymes for the in-vitro neddylation assay were
prepared as described previously24. Briefly, NEDD8 terminating at
Gly 76, APPBP1, UBE2M, UBE2F were cloned into a home-
made variant of pET-28b vector fused with a His6-SUMO tag at
the N-terminus. UBA3 and SAG were cloned into the vector
pGEX-6p-1 with GST-fusion expression (GE Healthcare). His-
RBX1-CUL1CTD with mutations of L421E, V451E, V452K, and
Y455K at CUL1 residues 411e776 to increase solubility were
prepared as described previously24. CUL5CTD with the mutations
of L407E, L439K, V440K to increase solubility was cloned into
the home-made variant of pRSFDuet vector fused with a His6
tag24. The constructs were expressed or co-expressed (GST-UBA3
and His6-SUMO-APPBP1, His6-CUL5

CTD and GST-SAG, His6-
CUL1CTD and RBX1) in BL21 (DE3) Escherichia coli (TransGen
Biotech) and then purified by Ni-NTA agarose beads (QIAGEN).
Glutathione Sepharose 4B beads (GE Healthcare) were applied
after treatment with Ulp1 to remove His6-SUMO tag of APPBP1
and GST-tag of SAG. Finally, all proteins were purified by gel-
filtration chromatography and stored at �80 �C.

2.5. Cellular thermal shift assay (CETSA)

CETSA was performed according to the reported method25.
Briefly, cells were treated with DMSO, HA-1141 or MLN4924 for
24 h, harvested and washed with cold PBS for three times, heated
at the indicated temperatures for 3 min in a thermal cycler (BIO-
RAD, T100TM Thermal Cycler) followed by addition of 30 mL of
PBS with proteasome inhibitor and lysed using three cycles of
freeze-thawing in liquid nitrogen. The lysates were then centri-
fuged at 14,000 rpm for 30 min at 4 �C and the protein levels of
UBA3, NAE1 and UBE2F in equal amounts of the supernatant
were examined by Western blots. Results were representative of
three independent experiments.

2.6. The in vitro thermal shift assay (TSA)

Purified UBA3/NAE1 (0.5 mg) was incubated with DMSO or HA-
1141 (final concentration of 100 mmol/L) for 10 min at room
temperature in 50 mL of buffer containing 25 mmol/L HEPES
(pH Z 7.4), 1 mmol/L DTT and 150 mmol/L NaCl, then heated at
the indicated temperature for 3 min in a BIO-RAD, T100TM
Thermal Cycler. The resulting mixtures were centrifuged at
14,000 rpm for 30 min at 4 �C, and the soluble components were
examined by Western blotting.

2.7. The in vitro E2-NEDD8 thioester assay

The reaction mixture contains 500 nmol/L NEDD8, 25 nmol/L
UBA3/APPBP1, and 200 nmol/L UBE2M or UBE2F in a Tris-
HCl (pH Z 7.4)-adjusted buffer containing 0.1 mg/mL BSA,
0.5 mmol/L DTT and 5 mmol/L MgCl2. Indicated compounds
were incubated in the mixture (final DMSO �1%) for 15 min at
4 �C before addition of 20 mmol/L ATP and incubation for 1 min
at 37 �C. The 4 � SDS loading buffer (without DTT) was added to
quench the reaction. Final samples were subjected to Western
blotting analysis.

2.8. The in vivo E2-NEDD8 thioester assay

Cells were treated with HA-1141 at different concentrations,
DMSO or MLN4924 as control for 24 h, and lysed in RIPA buffer
containing both protease inhibitors and phosphatase inhibitors. To
analyze the E2-NEDD8 thioester levels, lysates were fractionated
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by non-reducing SDS-PAGE and immunoblotted with antibodies
against UBE2M or UBE2F.

2.9. The in vitro cullin neddylation assay

The reaction mixture contains 200 nmol/L NEDD8, 25 nmol/L
UBA3/APPBP1, 300 nmol/L UBE2M or UBE2F, and 200 nmol/L
E3 complex (RBX1‒CUL1CTD or SAG‒CUL5CTD) in a Tris-HCl
(pH Z 7.4)-adjusted buffer containing 0.1 mg/mL BSA,
0.5 mmol/L DTT and 5 mmol/L MgCl2. Indicated compounds
were incubated in the mixture (final DMSO �1%) for 10 min at
25 �C before addition of 20 mmol/L ATP and incubation for
30 min at 37 �C. The 4 � SDS loading buffer (without DTT) was
added to quench the reaction. The samples were subjected to
Western blotting analysis.

2.10. Quantitative RT-PCR

Total RNA was extracted from cells using the Trizol reagent
(Invitrogen, CA, USA) and were reverse-transcribed into com-
plementary DNAs (cDNAs) with the PrimeScript™ RT reagent
Kit (Perfect Real Time; Takara Biotechnology, Dalian, China).
Quantitative RT-PCR analysis was performed according to the
manufacturer’s instruction for SYBR� Premix Ex Taq™ (Tli
RNaseH Plus; Takara Biotechnology). The primer sequences are
listed in Supporting Information Table S2.

2.11. Ribosome profiling, RNA isolation, and RT-PCR

Cells were seeded in 150 mm dishes at 1 � 107 cells/dish and
cultured overnight. Cells were then treated with DMSO, HA-1141
(20 mmol/L) for 24 h, followed by 100 mg/mL cycloheximide for
30 min prior to harvest. Cells were washed in ice-cold PBS con-
taining 100 mg/mL cycloheximide three times, and then lysed in
polysome lysis buffer [20 mmol/L HEPES-KOH (pH Z 7.5),
5 mmol/L MgCl2, 150 mmol/L KCl, 1 mmol/L DTT, 0.5% Triton
X-100, 0.5% sodium deoxybioate and 100 mg/mL cycloheximide].
Lysates were normalized by RNA content using NanoDrop 2000
(Thermo Scientific) and layered onto 11 mL 10%e50% sucrose
density gradients (20 mmol/L HEPES-KOH, 5 mmol/L MgCl2,
150 mmol/L KCl, 1 mmol/L DTT, 100 mg/mL cycloheximide, 50
U/mL RNAse inhibitor). Gradients were generated in an SW-41Ti
rotor at 36,000 rpm at 4 �C for 3 h, and then sampled using an
Auto Gradient Fractionator (Biocomp GM108-2&PGF152-2,
Canada) with constant monitoring of optical density (OD) at
260 nm. A series of fractions of 200 mL was collected throughout,
and RNA was extracted using a Trizol reagent (Invitrogen, CA,
USA) and precipitated with isopropanol and glycogen (Thermo
Fisher Scientific). cDNAs were prepared and quantitative RT-PCR
was performed as described above.

2.12. Transfection and siRNAs

Cells were transfected using the Transfection GenMute™ siRNA
Transfection Reagent (SignaGen Laboratories, USA) according to
the manufacturer’s protocol. The siRNA sequences for ATF4 were
reported previously5. The primer sequence for the scrambled
control and PKR are as follows:

siCon: 50-UUCUCCGAACGUGUCACGUTT-30,
siPKR-1: 50-GCTGAACTTCTTCATGTATGT-30,
siPKR-2: 50-GAGGCGAGAAACTAGACAAAG-30.
2.13. Reactive oxygen species (ROS) detection

Total intracellular ROS was determined with dichlorofluorescin
diacetate (DCFH-DA, Beyotime). Briefly, after the compound
treatment, cells were washed with PBS and incubated with
2 mmol/L (for H2170) or 0.1 mmol/L (for H358) DCFH-DA at
37 �C for 15 min. Cells were again washed 3 times with PBS and
analyzed by flow cytometry (CytoFLEX LX, Beckman Coulter,
USA).

2.14. Immunofluorescence staining

After the compound treatment, cells were fixed with cold meth-
anol for 7 min at �20 �C, washed with PBS buffer three times and
blocked with PBS buffer containing 2.5% BSA and 0.1% Triton
X-100 for 1 h at room temperature. Cells were incubated with
primary antibody at 4 �C overnight, washed three times with PBS
and then incubated with appropriate secondary antibody conju-
gated to Alexa 488 (Molecular Probes) for 1 h at room tempera-
ture. DNA was stained with DAPI. Slides were examined under a
Nikon A1X60 microscope (Nikon A1-Ti, Tokyo, Japan) for
punctate vesicle structures of LC3 and images were processed
with NIS-elements software (Nikon A1-Ti). The percentage of
cells undergoing autophagy was determined. The results were
plotted in a bar graph with the mean � SEM from three inde-
pendent experiments.

2.15. Transmission electron microscopy (TEM)

Cells were fixed in 2.5% glutaraldehyde in PBS overnight, then
post-fixed in 1% OsO4 for 1 h followed by 2% uranyl acetate.
After ethanol and acetone dehydration and embedding in polybed
812 resin (Sigma), thin sections (70 nm) were post-stained with
2% uranyl acetate followed by 0.3% lead citrate. The photos of
sample sections were taken using a TECNAI 10 transmission
electron microscope (FEI Company, Hillsboro, OR, USA) at
120 kV.

2.16. Cell viability and colony-forming assay

Cells were plated in 96-well plates and treated with HA-1141 as
indicated. Cell proliferation was determined using the CCK8 ac-
cording to the manufacturer’s protocol. For the colony-forming
assay, H1299 cells were seeded into 35 mm dishes (200 cells/dish)
in triplicate, treated with HA-1141, or DMSO for 6 days with
drug-containing fresh medium replacement once. The colonies
were fixed, stained and counted under an inverted microscope
(Olympus, Tokyo, Japan). Colonies with 50 cells or more were
counted.

2.17. Tumor xenograft studies

The liver microsomal metabolic stability test was conducted by
Shanghai ChemPartner Co., Ltd. Female BALB/c nude mice
(Shanghai Slac laboratory animal Co., Ltd., China) were housed
and handled in accordance with the Guide for the Care and Use of
Laboratory Animals. Mice (5e6 weeks) were inoculated with
5 � 106 H358 or H2170 cells subcutaneously in both flank, and
tumor growth was monitored with caliper measurements. Tumor
volumes were calculated as length � width � width � 0.52. When
the mean tumor volume reached ~100 mm3, animals were dosed
via intraperitoneal (i.p.) injection once a day, 5 days per week for
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three or 2 weeks with solvent control (20% DMSO þ 50%
PEG400 þ 30% PBS) or HA-1141 (25 mg/kg).

2.18. H&E staining and immunohistochemical staining

Vital organs, including heart, liver, spleen, lung and kidney were
collected and analyzed by H&E staining after treatment with HA-
1141 or solvent control for 2 weeks.

Tumor tissues obtained from the mice bearing H358 or H2170
xenografts were collected for immunohistochemical analysis.
Briefly, antigen retrieval was performed with 1 mmol/L EDTA
buffer (pH Z 9.0) at 95 �C for 20 min. After quenching endog-
enous peroxidases with 3% H2O2 and blocking non-specific
binding with 1% bovine serum albumin buffer, sections were
incubated overnight at 4 �C with antibodies against Ki67 (1:500
dilution), ATF4 (1:100 dilution), CHOP (1:200 dilution), P-S6
(1:50 dilution) or P21 (1:50 dilution). The sections were treated
with HRP conjugated secondary antibody for 30 min at room
temperature and stained with 0.05% 3,3-diaminobenzidine tetra-
hydrochloride (DAB). Slides were photographed with a Digital
Pathological Slide Scanner (KF-RPO-005-EX, Ningbo Konfoong
Bioinformation Tech Co., Ltd., China). The photographs were
analyzed with the Image-Pro Plus 6.0 software (Media Cyber-
netics, Inc., Silver Spring, MD, USA).

2.19. Statistical analysis

The two-tailed Student’s t-test was performed. Results are
expressed as mean � SEM from three independent assays.
P < 0.05 was considered statistically significant.

3. Results

3.1. Discovery of a small molecule that disrupts the UBE2F‒
UBA3 binding

Our recent study showed that UBE2F was overexpressed in lung
cancer tissues and was associated with poor patient survival, and
UBE2F knockdown suppressed growth and survival of lung cancer
cells, indicating UBE2F was an attractive lung cancer target15. In
an effort to identify small molecule inhibitors of UBE2F, we
employed structure-based virtual screening using the Specs
chemical library (http://www.specs.net/) containing a total of
240,000 compounds with the goal of identifying small molecules
that have the potential to disrupt UBE2F‒UBA3 binding17. In the
first step, molecular dynamics simulation and binding free energy
analysis were performed to identify hot-spots on the interaction
interface between UBE2F and UBA3 that could be employed as
binding sites for virtual screening, and two hot-spots (i.e., regions
surrounding residues of F56 and V30) were found to be critical for
UBE2F and UBA3 binding (Fig. 1A and B). The virtual screening
also included the catalytic active site of UBE2F (C116). Based on
the three potential binding pockets, 30 top-ranked compounds
were selected from each screening campaign, and a total of 90
compounds were identified and assessed in cell-based Western
blotting for the ability to inhibit cullin-5/CUL5 neddylation.
Among the identified compounds, the compound Ui5 that binds to
the F56 pocket exhibited the highest activity (Supporting
Information Figs. S1A and S1B). We tested structural analogues
of Ui5 and one of its analogues, IF22, was chosen as the starting
structure for further structureeactivity relationship (SAR) opti-
mizations (Fig. S1C).
After carefully analyzing the structural features of hit com-
pound (IF22), the molecular scaffold was divided into three parts
which included section 1, section 2 and section 3 for optimization.
We commenced the first-round structural optimization for section
1 and section 3 (Fig. 1C). At the beginning, section 2 and section 3
of IF22 were unchanged while the 2,4-dichlorophenyl group in
section 1 was replaced with 3,5-dimethylphenyl,4-methylphenyl,
2,4-difluorophenyl, 4-fluorophenyl, 4-aminocarbonylphenyl, 4-
methoxyphenyl, 4-acetaminophenyl to give compounds Ui5-1 to
Ui5-4, Ui5-6, Ui5-15 and Ui5-20. Upon modification of section 3
with various aromatic rings and heterocycles, we obtained thirteen
analogues of IF22, including Ui5-7 to Ui5-14, Ui5-16 to Ui5-19,
Ui5-5. The biochemical activities of these twenty compounds
were evaluated by Western blotting in two lung cancer cell lines
H358 and H2170 with inhibition of CUL5 neddylation and
accumulation of NOXA, a CRL5 substrate15 as readouts. To our
delight, we found that Ui5-5 inhibited neddylation of CUL5 and
induced NOXA accumulation in both lung cancer cell lines, and
Ui5-8 induced marked NOXA accumulation with little effect on
neddylation of CUL5 (Fig. S1D).

We then continued to explore the analogues of Ui5-5 and Ui5-
8, respectively (Fig. 1D). By introducing various aromatic rings to
replace the 2,4-dichlorophenyl group in section 1 of Ui5-5, the
compounds Ui5-5-1 to Ui5-5-14 were obtained. However, none of
these Ui5-5 analogues showed inhibitory activity in CUL5 ned-
dylation, nor caused NOXA accumulation (not shown). At the
same time, this optimization strategy was also applied for Ui5-8
and the compounds Ui5-8-1 to Ui5-8-10 were obtained. At this
stage, the dihydrazide group of Ui5-8 was replaced with urea,
benzoylhydrazone, oxadiazole and ketone via a bioisosteric
strategy, yielding compounds Ui5-8-11 to Ui5-8-15. The Western
blotting showed that Ui5-8-11 was more effective than Ui5-8 in
blocking CUL5 neddylation (Fig. S1E).

To further improve the activity, another round of optimization
was conducted by varying section 1 of Ui5-8-11 (Fig. 1E). Spe-
cifically, 2-chlorophenyl, 4-chlorophenyl, 4-methylphenyl, 2-
cyanophenyl, 4-methylaminocarbonylphenyl, 3,4-
methylendioxyphenyl, 2-methylpyridinyl, pyrimidinyl, g-amide,
pyrrolidine, piperidine, 4-piperidinyl piperidine, morpholine, 4-
acetylpiperazine, 4-methyl piperazine and piperazine were used
to replace the 2,4-dichlorophenyl group, and 16 compounds, Ui5-
8-11-1 to Ui5-8-11-16 were obtained. The compound Ui5-8-11-4
was found to be the best in inhibition of CUL5 neddylation and
accumulation of NOXA (Fig. S1F).

To gain more potency, a fourth round of optimization was
carried out. Twelve compounds of Ui5-8-11-4-1 to Ui5-8-11-4-12
were obtained by using rational drug design strategies and the
Linpiski’s rules (Fig. 1F). Gratifyingly, replacement of the O-atom
in Ui5-8-11-4 with an N-atom produced Ui5-8-11-4-1 which was
the most potent compound among this series of analogues in the
inhibition of neddylation of all six cullins in H358 and
H2170 cells (Fig. S1G). All compounds were prepared according
to the procedure presented in Supporting Information.

For the remaining study, we focused on compound Ui5-8-11-4-
1, designated as HA-1141, to evaluate its biochemical activity, its
mechanism of action, and biological function.

3.2. HA-1141 selectively binds to NAE E1 to inhibit neddylation
of all cullins, but fails to cause accumulation of CRL substrates

The interactions between UBA3 and HA-1141 were investigated
by Glide XP docking based on the crystal structure of 3FN1

http://www.specs.net/)


Figure 1 Structure-based virtual screening and structural modifications of the candidates. (A) Determination of “hot-spot” residues. F56 and

V30 pockets (indicated by yellow arrows), two hydrophobic areas of UBE2F protein were determined as ‘hot-spot’ to interact with UBA3 (shown

as green) by molecular dynamics simulations and free energy decomposition. (B) Interaction spectrum of UBE2F binding to UBA3. MM/GBSA

binding free energy decomposition supported by the mm_pbsa program in Amber 11 was carried out on a per-amino acid basis. Four components

(i.e., van der Waals, electrostatic contributions, and polar and non-polar desolvation contributions) were included in the prediction of interactions

between UBE2F and UBA3. The GB model (igb Z 2) was used to calculate the polar contribution of desolvation. The non-polar contribution of

the desolvation free energy was computed by SASA based on the ICOSA technique. (C)‒(F) The optimization to identify compound Ui5-8-11-4-

1/HA-1141.
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(Section 2.1.). As shown in Fig. 2A, the amino acids Gln 442,
Thr405, Thr403, Asn 410, Leu 456 and Thr454 in UBA3 were
involved in the binding to HA-1141. The interactions of Gln442,
Thr405 and Thr403 were found to be most critical for the binding
between UBA3 and HA-1141. Two hydrogen bonds were formed
with amino acids Thr403 and Thr405, and a halogen bond was
also observed between Gln442 and a fluorine atom in HA-1141.

To further validate the molecular docking findings, we carried
out a cellular thermal shift assay (CETSA)25 to assess direct
binding to UBA3 in human lung cancer cells. As shown in Fig. 2B
and Supporting Information Fig. S2A, cellular UBA3 protein was
largely degraded at 54 �C in H358 or H2170 cells treated with
solvent control DMSO. The thermal stability of UBA3 protein was
clearly enhanced by HA-1141 at 57 and 60 �C, while it had no
such effect on UBE2F. In this assay we used the well-
characterized NAE inhibitor MLN4924 as a control, and found
that HA-1141 stabilized UBA3 more efficiently at higher tem-
perature than MLN4924, suggesting that HA-1141 bound directly
to UBA3, which differs from MLN4924, known to form a NAE-
catalyzed adduct with NEDD8 or a NEDD8-AMP mimetic in-
situ to indirectly stabilize UBA326. Since UBA3 and NAE1
formed a heterodimer in cells, the thermal stability of NAE1 was
also enhanced by HA-1141. In addition, HA-1141 stabilized
UBA3 and NAE1 proteins in a dose-dependent manner in both
H358 (Fig. 2C) and H2170 cells (Fig. S2B). Finally, in an in-vitro
thermal stability assay, HA-1141 stabilized purified UBA3 and
NAE1 protein at 60, 63 or 66 �C (Fig. 2D).

Next, we explored whether HA-1141 could inhibit neddylation
as a new NAE inhibitor. In an in-vitro neddylation assay, using
MLN4924 as a positive control, HA-1141 blocked formation of
thioester of NEDD8-UBE2M and NEDD8-UBE2F in a dose-
dependent manner (Fig. 2E). This inhibitory effect was
confirmed in cell-based assay (Fig. S2C), which clearly indicated
that HA-1141 targeted NAE E1 rather than UBE2F E2.

Previous studies have demonstrated that UBE2F knockdown
blocked only CUL5 neddylation, while NAE inhibitors blocked
neddylation of CUL1‒515,27. HA-1141 inhibited neddylation of
both CUL1 and CUL5 in dose-dependent manner in an in vitro
cullin neddylation assay (Fig. 2F). Moreover, HA-1141 inhibited
neddylation of all cullins in H358 (Fig. 2G and H) and in H2170
(Figs. S2D and S2E) in a dose- and time-dependent manner, with
NAE inhibitor MLN4924 included as a positive control. In both
cell lines, HA-1141 effectively inhibits neddylation of CUL1,
CUL2, CUL3, CUL4a, CUL4b and CUL5 at the concentration of
10 mmol/L, the same dose that enhanced thermal stability of
UBA3/NAE1 (Fig. 2C, Fig. S2B). It is worth noting that HA-
1141 appears to have better activity in a cell-based assay than
in a test-tube-based biochemical assay. However, there are many
differences in the way that these two types of assays were con-
ducted, including the compound incubation time (24 h vs.
10e30 min) and the amounts of enzymes used to directly interact
with the compound. Consistent with this caution, a previous
study also reported a similar discrepancy between cell-based and
test-tube based assays when a natural product-like inhibitor of
NAE was tested28.

Surprisingly, however, while MLN4924 caused accumulation
of typical substrates of CRLs, including CUL1 substrates ATF4,
DEPTOR and P21, CUL2 substrate HIF1a, CUL3 substrate
NRF2, CUL4 substrate CDT1 and CUL5 substrate NOXA, HA-
1141 caused a reduction of most substrates tested (Fig. 2G,
Fig. S2D). The time-course study showed that HA-1141 indeed
stabilized almost all substrates at early time points, but reduced
their levels at later time points (at 16 and 24 h) in H358 cells
(Fig. 2H) and in H2170 (Fig. S2E).

3.3. HA-1141 reduces the level of CRL substrates by inhibiting
translation

To investigate the underlying mechanism behind this unexpected
finding, we first measured the mRNA levels of these substrates
after compound treatment. Some of transcripts (e.g., P21,
NOXA) were strikingly increased, whereas the others (e.g.,
CDT1) were remarkably decreased, and still the others (DEP-
TOR, NRF2) showed little change (Fig. 3A, Supporting
Information Fig. S3A). We next explored whether HA-1141
caused substrate reduction via ubiquitin-proteasome or lyso-
some degradation systems and found that treatment with neither
proteasome inhibitor MG132, lysosome inhibitor CQ, nor their
combination could rescue substrates reduction by HA-1141
(Fig. 3B, Fig. S3B). Thus, reduction of substrate proteins by
HA-1141 was not due to reduced transcription (except CDT1),
nor enhanced degradation.

We then focused our attention on mRNA translation using the
ribosome profiling assay to directly compare the distribution of
cellular RNA species bound with mono-ribosomes (not translated)
or polyribosomes (actively translated) after compound treatment.
H358 cells were treated with HA-1141, along with DMSO control
for 24 h, and cell lysates were prepared and layered onto a sucrose
density gradient for ribosome profiling. Compared with DMSO,
treatment with HA-1141 led to a sharp increase in 80S ribosomes
and significant reduction of polysomes (Fig. 3C). To further
confirm whether impaired mRNA translation would lead to
reduced translation of a few mRNAs of interest, we carried out
quantitative RT-PCR from the samples of ribosome fractions
(fractions 2e5 vs. 1), and found that translation of mRNAs
encoding P21, CDT1 or NOXA was inhibited, although no sta-
tistical significance was found for P21 due to high variation (Fig.
3DeF). On the other hand, the translation of ATF4, a substrate of
CRL1 and an active response protein of ER stress and ISR, and
translation of CHOP, a protein downstream of ATF4 and a direct
effector of ISR was not significantly altered (Fig. 3G‒H).

3.4. HA-1141 induces non-canonical ER stress and ISR

We next examined ATF4, a known substrate of CRL1, and also a
known response protein to ER stress. Unlike MLN4924, which
caused ATF4 accumulation at the later time points (16e24 h),
HA-1141 caused its rapid accumulation at 2 h, which lasted up to
12 h (Fig. 2H, Fig. S2E), suggesting early accumulation of ATF4
was not the consequence of CRL1 inactivation.

Given that HA-1141 inhibits protein synthesis by blocking
mRNA translation and ER stress could also induce translation
arrest via activation of PEAK kinase to trigger eIF2a phosphor-
ylation, a core biomarker of ISR4, we then focused our study on
the possible induction of ER stress by HA-1141. We used tuni-
camycin as a positive control for ER stress induction, and
MLN4924 as a positive control of neddylation/CRL inactivation.
While MLN4924 had no effect, HA-1141, like tunicamycin,
caused both dose- and time-dependent induction of mRNAs
encoding ATF4, CHOP and BIP, three proteins known to be
induced upon ER stress in H358 lung cancer cells (Fig. 4A‒F),
and to a lesser extent in H2170 cells (Supporting Information
Fig. S4A‒S4F). Thus, HA-1141 had unexpected activity in addi-
tion to inactivating NAE.



Figure 2 HA-1141 binds with UBA3, inhibits cullin neddylation but decreases the levels of CRL substrates. (A) Schematic representation of

the binding structure of UBA3/HA-1141 complex predicted by Glide XP docking simulation. Important amino acids of UBA3 are colored in

yellow, and HA-1141 is shown in cyan. Hydrogen bonds between UBA3 and HA-1141 are highlighted pink, and halogen bonds are colored red.

(BeD) Enhanced thermal stability of UBA3/NAE1. (B) Enhanced thermal stability of UBA3/NAE1 proteins in cells. H358 cells were treated with

HA-1141 (20 mmol/L), MLN4924 (1 mmol/L) or DMSO for 24 h, followed by heating at the indicated temperatures for 3 min. Protein levels were

analyzed by Western blotting analysis. (C) Dose-dependent enhancement of thermal stability of UBA3/NAE1 in cells. H358 were treated with

HA-1141 at different concentrations for 24 h and then heated at 57 �C for 3 min. Protein levels of UBA3/NAE1 were analyzed by Western
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Figure 3 HA-1141 inhibits mRNA translation. (A) HA-1141 does not decrease mRNA levels of most CRL substrates. H358 cells were treated

with HA-1141 (20 mmol/L) or MLN4924 (0.3 mmol/L) for 24 h followed by qRT-PCR analysis (nZ 3). Shown are the mean � SEM. **P < 0.01,

*P < 0.05, NS, no significance vs. DMSO control. (B) CQ and MG132 cannot rescue protein decreases caused by HA-1141. H358 cells were

treated with HA-1141 (20 mmol/L) or DMSO for 24 h and CQ (50 mmol/L) or MG132 (10 mmol/L) was added to the medium 5 h before

harvesting, followed by Western blotting analysis. (C)‒(H) HA-1141 inhibits general mRNA translation. (C) A representative profile of mRNA

translation. H358 cells were treated with DMSO or HA-1141 (20 mmol/L) for 24 h, followed by ribosome profiling via a sucrose gradient. (D)‒(H)

The RT-PCR results with the indicated mRNAs (n Z 3). Shown are the mean � SEM. **P < 0.01, *P < 0.05, NS, no significance vs. DMSO

control.
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We then made a head-to-head comparison between HA-
1141 and tunicamycin on triggering phosphorylation of IRE1a,
PERK, and eIF2a, three classic biomarkers for ER stress.
Indeed, HA-1141 caused a dose-dependent induction of P-
blotting. (D) Enhancement of thermal stability of purified UBA3/NAE1. P

(100 mmol/L) or DMSO for 10 min at room temperature in 50 mL of buffe

were then centrifuged at 20,000�g for 25 min at 4 �C and the soluble comp

(n Z 3). ***P < 0.001, **P < 0.01, *P < 0.05, NS, no significance vs. co

MLN4924 (100 mmol/L) were incubated in neddylation reaction buffer

neddylation of cullins in vitro. HA-1141 or MLN4924 (100 mmol/L) we

Western blotting analysis. (G, H) Inhibition of cullin neddylation with

MLN4924 (0.3 mmol/L) for 24 h, or with 20 mmol/L of HA-1141 for the

tibodies. N8, NEDD8.
IRE1a, occurring as early as 30 min post-treatment, but to a
greater extent than tunicamycin. Unexpectedly and opposite to
tunicamycin, which caused P-PERK induction, HA-1141
caused a dose-dependent reduction of P-PERK at 8 h post
urified UBA3/NAE1 proteins (0.5 mg) were incubated with HA-1141

r and then heated at the indicated temperature for 3 min. The mixtures

onents were examined by Western blotting. Shown is the mean � SEM

ntrol. (E) The in-vitro inhibition of E2-NEDD8 thioester. HA-1141 or

(Section 2), followed by Western blotting analysis. (F) Inhibition of

re incubated in neddylation reaction buffer (Section 2), followed by

depletion of CRL substrates. H358 were treated with HA-1141 or

indicated time followed by Western blotting, using the indicated an-



Figure 4 HA-1141 triggers non-canonical ER stress, ISR and ROS production. (AeF) HA-1141 triggers ER stress in a dose- and time-

dependent manner. H358 cells were exposed to different concentration of HA-1141, tunicamycin (12 mmol/L) or MLN4924 (0.3 mmol/L) for

24 h or treated with HA-1141 (20 mmol/L) for the indicated periods of time. The relative mRNA level was analyzed by RT-PCR analysis (n Z 3).

Shown are the mean � SEM. ***P < 0.001, **P < 0.01, *P < 0.05, NS, no significance vs. control. Tun, tunicamycin, MLN, MLN4924. (G, H)

HA-1141 induces non-canonical ER stress and ISR. H358 cells were treated with HA-1141 or tunicamycin at the indicated concentrations for

24 h, or with HA-1141 (20 mmol/L) or tunicamycin (3 mmol/L) for the indicated periods of time, followed by Western blotting analysis. (I) PKR

knockdown rescues P-eIF2a induced by HA-1141. H358 cells were transfected with the indicated siRNAs for 72 h and then treated with DMSO or

HA-1141 (20 mmol/L) for 24 h, followed by Western blotting analysis. (J) HA-1141 induces ROS production. H358 cells were treated with HA-

1141 for 0.5 h and then labeled with DCFH-DA (0.1 mmol/L) for 15 min at 37 �C, followed by FACS analysis (n Z 3). Shown are the

mean � SEM. *P < 0.05, **P < 0.01 vs. control. (K) NAC rescues upregulation of ATF4 by HA-1141. H358 cells were pre-treated with NAC

(10 mmol/L) for 2 h and then co-incubated with HA-1141 (20 mmol/L) or DMSO for 12 h, followed by Western blotting with the indicated

antibodies. N8, NEDD8.
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treatment. Furthermore, HA-1141 caused a dose-dependent
induction of P-eIF2a, which occurred at much later stage
(12- and 24-h post treatment) to a much greater extent than
with tunicamycin (Fig. 4G, H, Fig. S4G and S4H). All these
data strongly suggest that HA-1141 triggers ER stress via a
non-canonical pathway.

We next determined the levels of other downstream proteins
responsive to canonical ER stress. While both compounds caused
rapid induction of both ATF4 and CHOP in a sequential order,
HA-1141 caused a remarkable reduction of both ATF4 and CHOP
at a late stage of treatment (particularly 24 h), when the level of P-
eIF2a was extremely high (Fig. 4G, H, Fig. S4G and S4H).
Another striking difference between the two compounds was that
unlike tunicamycin, which caused a remarkable increase of ER
chaperone protein BIP starting at 4 h and lasting to 24 h of
treatment, HA-1141 had no effect on BIP protein levels (Fig. 4G,
H, Fig. S4G and S4H), although it did increase BIP mRNA
(Fig. 4C, Fig. S4C). These data again support the suggestion that
ER stress induced by HA-1141 was via a non-canonical pathway.

It is known that severe ER stress, such as that induced by
prolonged HA-1141 treatment (for 24 h), could induce terminal
ISR29, which shuts off general mRNA translation4. Four protein
kinases, PERK, PKR (double-stranded RNA-dependent protein
kinase), GCN2 (eIF-2-alpha kinase GCN2) and HRI (heme-
regulated inhibitor) are known to phosphorylate eIF2a to mediate
ISR, thus affecting protein synthesis4. We have shown that while
tunicamycin triggered PERK activation, HA-1141 caused a dose-
dependent inactivation of PERK, particularly after a 24 h treat-
ment (Fig. 4G, H, Figs. S4G and S4H). Interestingly, while tuni-
camycin had no effect on the total or phosphorylated levels of the
other three kinases, GCN2, PKR, and HRI, HA-1141 treatment
caused both dose- and time-dependent activation of PKR, starting
as early as 30e60 min, without affecting GCN2 nor HRI (Fig. 4G,
H, Figs. S4G and S4H). Importantly, in our assay system, PKR
appeared to be responsible, at least in part, for eIF2a phosphor-
ylation, since PKR knockdown partially blocked eIF2a phos-
phorylation induced by HA-1141 (Fig. 4I, Fig. S4I), suggesting
that the PKR-eIF2a axis modulated ISR, eventually leading to the
inhibition of protein synthesis.

Finally, we investigated a possible underlying mechanism by
which HA-1141 caused early upregulation of ATF4 and PKR
phosphorylation. A few studies have reported that during ER
stress the unfolded protein response promotes the production of
ROS in the endoplasmic reticulum to trigger oxidative stress30,
and that ATF4 can be induced and stabilized during oxidative
stress31,32. We found that HA-1141 indeed caused a massive and
dose-dependent increase in the ROS levels within 30 min of
exposure (Fig. 4J, Fig. S4J). ROS appeared to be responsible for
the increase of ATF4, but not P-PKR, since ROS scavenger NAC
only partially abrogated ATF4 induction by HA-1141 (Fig. 4K,
Fig. S4K). Taken together, our study demonstrates that HA-1141
is a non-canonical inducer of ER stress and ISR, which activates
P-eIF2a at a late stage to block mRNA translation, leading to
reduced protein synthesis.

3.5. HA-1141 inactivates mTORC1 to induce autophagy in a
manner dependent on ATF4

It has been well-established that protein synthesis is activated by
the mTOR signaling pathway1 and oxidative stress is an important
factor that links bidirectional crosstalk between ER stress and the
mTOR pathway33. We investigated the effect of HA-1141 on
mTOR activity. While the compound had a minor inhibitory effect
on mTOR auto-phosphorylation on S2448, it caused remarkable
inactivation of mTORC1, as evidenced by elimination of phos-
phorylation of 4E-BP1, S6K1 and S6 in a dose-dependent manner
in both lung cancer cell lines (Fig. 5A, Fig. S5A). The time-course
study showed that HA-1141 caused early stage (2e4/8 h) acti-
vation, but late stage (12/24 h) inactivation of mTORC1, and late
stage (8/12 h) activation of mTORC2 (as reflected by increased P-
AKT; Fig. 5B, Supporting Information Fig. S5B). Interestingly,
tunicamycin also caused inactivation of mTORC1 (but not
mTORC2), particularly at the later time points (8e24 h) with a
high compound dose (12 mmol/L; Fig. 5A and B, Supporting
Information Figs. S5A and S5B).

Since the mTOR pathway is a well-known negative regulator
of autophagy, mTORC1 inactivation would then be expected to
induce autophagy34. Indeed, HA-1141 treatment significantly
induced autophagy in a dose-dependent manner, as evidenced by
an increasing number of autophagic punctate vesicle structures
(Fig. 5C, Fig. S5C). More autophagosomes were detected by
electron microscopy in both lung cancer cell lines upon HA-1141
exposure (Fig. 5D, Fig. S5D). At the biochemical level, HA-1141
caused a time-dependent conversion of LC3-I to LC3-II (Fig. 5E,
Fig. S5E), a widely used biomarker of autophagy35. As a classic
ER stress inducer, tunicamycin also induced obvious autophagy in
our assay setting, as evidenced by a time-dependent conversion of
LC3-I to LC3-II (Fig. 5E, Fig. S5E). Mechanistically, ATF4
appeared to mediate, at least in part, HA-1141 induced autophagy,
since ATF4 knockdown significantly reduced the number of
autophagosomes (Fig. 5F and G) and reduced the levels of both
LC-I and LC3-II (Fig. 5H).

Given the similar effects on ER stress induction and mTORC1
inactivation of HA-1141 and tunicamycin, we next determined
whether these activities were associated with neddylation inacti-
vation. While HA-1141 reduced conjugation of NEDD8 to various
cellular proteins in a dose- and time-dependent manner, tunica-
mycin, used at the highest concentration, had no effect (Fig. 6A
and B), indicating that these two activities were independent of
neddylation inactivation.

One previous study claimed that MLN4924 activated ER
stress-associated apoptosis involving CHOP induction in human
chondrosarcoma36. However, CHOP is downstream of ATF4, a
known substrate of CRL1, which accumulates upon MLN4924
treatment37. In this study, we have shown that in lung cancer
cells, MLN4924 had no effect on induction of mRNA of ATF4,
CHOP and BIP, three well-characterized biomarkers of ER stress
(Fig. 4A‒C, Fig. S4A‒S4C)38. To further evaluate whether
MLN4924 induces ER stress, we directly compared the effect of
MLN4924 and HA-1141 on several ER stress-responsive pro-
teins. As shown, while MLN4924 induced only ATF4 and CHOP
at a late stage (16/24 h) via inactivation of CRL1, as expected,
HA-1141 induced ATF4 and CHOP at an early-stage (2 h,
Fig. 6C). Furthermore, HA-1141 induced remarkable phosphor-
ylation of eIF2a, the core marker of ISR, at late-stage, while
MLN4924 had no such effect (Fig. 6C). Thus, MLN4924 is not a
potent inducer of ER stress/ISR. Taken together, HA-1141 has
dual activities: 1) as an E1 inhibitor to inactivate neddylation and
CRLs, and 2) as a non-canonic inducer of ER stress/ISR to
inactivate mTORC1 and protein synthesis, leading to autophagy
induction.

Finally, we extended our observation made in lung cancer cells
to non-immortalized mouse embryonic fibroblasts (MEFs) with
particular focus on the P-eIF2a/ATF4/CHOP axis. Both HA-1141



Figure 5 HA-1141 inactivates mTORC1 to induce autophagy in an ATF4-dependent manner. (A, B) HA-1141 inactivates mTORC1. H358 cells

were treated with HA-1141 or tunicamycin at the indicated concentrations for 24 h, or with HA-1141 (20 mmol/L) or tunicamycin (3 mmol/L) for

the indicated periods of time, followed by Western blotting analysis. (C) Autophagy measured by appearance of punctate vesicle structure. H358

were treated with HA-1141 at the indicated concentration for 24 h before photography under a fluorescent microscope (left panels). Cells with

punctate vesicle structures of LC3 were counted in five independent areas and data are plotted in a bar graph (right panel). Shown are the

mean � SEM (n Z 3), size bar, 10 mm ***P < 0.001 vs. control. (D) Detection of autophagosomes by TEM: H358 cells were treated with HA-

1141 (20 mmol/L) for 24 h, along with a DMSO vehicle control, followed by TEM analysis. Autophagosomes are indicated by arrows. Direct

magnification: � 30,000, size bar, 1 mm. (E) Time-dependent LC3-II conversion: H358 cells were treated with HA-1141 (20 mmol/L) or tuni-

camycin (3 mmol/L) for the indicated time followed by Western blotting analysis. (F, G) ATF4 knockdown decreases punctate vesicle structure by

HA-1141. H358 cells were transfected with the indicated siRNAs for 60 h and then treated with DMSO or HA-1141 (20 mmol/L) for 24 h before

photography (F). Cells with punctate vesicle structures of LC3 were counted in five independent areas and the data are plotted in a bar graph (G).

Shown are the mean � SEM (nZ 3), size bar, 3 mm ***P < 0.001 (H) ATF4 knockdown partially rescues autophagy. H358 cells were transfected

with the indicated siRNAs for 60 h and then treated with DMSO or HA-1141 (20 mmol/L) for 8 h, followed by Western blotting analysis.
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Figure 6 HA-1141 inhibits neddylation and induces ISR independently. (A, B) HA-1141 inhibits neddylation dose- and time-dependently.

Cells were treated with HA-1141, tunicamycin (12 mmol/L) or MLN4924 (0.3 mmol/L) for 24 h, or with HA-1141 (20 mmol/L) for the indi-

cated periods of time. Neddylation was measured using antibody against N8. (C) HA-1141, but not MLN4924, induces ER stress/ISR. Cells were

treated with HA-1141 (20 mmol/L) or MLN4924 (0.3 mmol/L) for the indicated periods of time, followed by Western blotting analysis. (D) HA-

1141 induces ISR in MEF cells. Non-immortalized MEF cells were treated with HA-1141 (20 mmol/L) or tunicamycin (3 mmol/L) for indicated h,

followed by Western blotting analysis. (E) NAC rescues upregulation of ATF4 by HA-1141. Non-immortalized MEF cells were pretreated with

NAC (10 mmol/L) for 2 h and then co-incubated with HA-1141 (20 mmol/L) for 24 h, followed by Western blotting analysis. SE, short exposure.

LE, long exposure. N8, NEDD8.
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and tunicamycin induced transient phosphorylation of eIF2a be-
tween 0.5 and 1 h, followed by sequential induction of ATF4 and
CHOP, consistent with a previous report of tunicamycin induction
of ER stress/ISR in MEF cells39. However, in the case of PKR, HA-
1141 caused PKR activation at later time points (8e24 h), whereas
tunicamycin caused its inactivation, starting at 2 h of treatment
(Fig. 6D). Thus, the two compounds differ in modulation of ER/ISR
stresses in MEFs. More importantly, we found that HA-1141 in-
duction of ATF4 also can be blocked by the ROS scavenger NAC in
MEFs (Fig. 6E), suggesting a general phenomenon of ROS acti-
vation of ATF4. It is worth noting that HA-1141 also inactivated
neddylation of CUL1 and CUL5 inMEFs, which cannot be blocked
by NAC, indicating a ROS-independent effect.

3.6. HA-1141 inhibits growth of cancer cells both in vitro and
in vivo

We next determined the anticancer activity of HA-1141. Using a
cell proliferation assay, we found that the IC50 values of the
compound were within 2e6 mmol/L in various lung cancer cell
lines when cells were seeded in 96-well plates at low density after
72 h of treatment (Fig. 7A). The IC50 values increased to



Figure 7 HA-1141 inhibits tumor growth both in vitro and in vivo. (A) IC50 determination in multiple lung cancer cell lines. H358, H1299 or

H2170 cells were seeded in triplicate in 96-well plates and treated with HA-1141 at the indicated concentrations for 72 h, followed by CCK8

proliferation analysis. Shown is the mean � SEM from three independent experiments. (B) Colony-forming assay. H1299 cells were seeded 200

per dish in 35 mm dishes in triplicate and treated with HA-1141 or DMSO for 6 days. The representative dishes are shown (left), and the data are

plotted in a bar graph (right). Shown are the mean � SEM (n Z 3), **P < 0.01, *P < 0.05 vs. control. (C, D) Tumor volumes and weights. H358

or H2170 cells were injected 5 � 10
6

per flank in both flanks of nude mice. Solvent control (n Z 5 for H358, n Z 6 for H2170) or 25 mg/kg of

HA-1141 (nZ 6) was injected i.p. when tumor volume reached ~100 mm3 once a day, 5 days per week for three or 2 weeks. Tumor volumes were

measured every other day. Tumor weights were measured on the last day. ***P < 0.001, **P < 0.01. (E) IHC staining. Three tumor tissues

derived from H358 xenograft mice for each group were collected for immunohistochemical staining. Five random areas of each tumor were

photographed and then quantified. Shown is the mean � SEM (n Z 3). **P < 0.01, *P < 0.05, NS, no significance, size bar: 100 mm.
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~20 mmol/L after 24 h of treatment when cells were seeded at a
much higher density (Supporting Information Fig. S6A). Impor-
tantly, growth suppression by HA-1141 can be partially rescued by
NAC, a typical ROS scavenger (Fig. S6B), suggesting that HA-
1141-induced growth suppression of cancer cells was mediated at
least in part through ROS induction. A clonogenic survival assay
also showed a dose-dependent inhibition of colony formation in
H1299 lung cancer cells (Fig. 7B). Note that both H358 and
H2170 cells failed to form colonies under monolayer culture even
in the absence of compounds.

Finally, before the in vivo anti-tumor assay, a liver microsomal
metabolic stability test was conducted for HA-1141, which
showed a t1/2 of 49 min (Supporting Information Fig. S7A). Two
xenograft models were established in nude mice using H358 or
H2170 cells, respectively, to determine anti-tumor activity of HA-
1141. Briefly, HA-1141 was administered at a dose of 25 mg/kg
by i.p. injection once a day for 3 weeks (2 weeks for H2170 xe-
nografts to reduce mouse suffering), starting when tumor size
reached ~100 mm3. The tumor volume was examined every other
day and a growth curve plotted. The results showed that HA-1141
significantly inhibited in vivo tumor growth in both models
(Fig. 7C), leading to remarkable reduction of tumor size and
weight (Fig. 7D) without visible toxicity, as measured by body
weight (Fig. S7B) and H&E staining of several organs, including
heart, liver, spleen, lung and kidney (Fig. S7C). As shown by IHC
staining, HA-1141 significantly reduced the number of Ki67þ

cells in H358 xenograft mice (Fig. 7E), but to a lesser extent in
H2170 xenograft mice (Fig. S7D). In both xenograft models, HA-
1141, in general, increased the levels of ATF4 and CHOP, but
decreased the levels of P-S6 without much effect on P21, although
some of these changes did not reach statistically significant levels
due to large individual variation of tumor samples (Fig. 7E,
Fig. S7D). Nevertheless, these results strongly suggest that HA-
1141 induced ER stress and inhibited mTORC1 activity in vivo
as well. Finally, HA-1141 appeared to induce autophagy in vivo as
well, as tumors from H2170 xenograft mice with compound
treatment, as compared to vehicle control, showed higher levels of
LC3II, accompanied by increased levels of ATF4 and decreased
levels of P-S6 (Fig. S7E). Thus, HA-1141 has anti-tumor activity,
as demonstrated in both in vitro cell culture and in vivo xenograft
models.
4. Discussion

The discovery of MLN4924, the first potent NAE/E1 inhibitor,
opened a new era in targeting the neddylation pathway for cancer
therapy27. Impressive anti-cancer activity from numerous pre-
clinical studies in a variety of human cancers has advanced
MLN4924 into a wealth of clinical trials, used as a single agent or
in combination with conventional anticancer drugs13. However,
given that MLN4924-mediated inactivation of neddylation E1
blocks all neddylation modifications, MLN4924 suffers relatively
high cytotoxicity40. Furthermore, several studies have shown that
MLN4924 also has some unexpected “off-target” effects,
including activation of the EGFR signal pathway, promoting
glycolysis-energy metabolism, and altering inflammation and
immune responses41. It is, therefore, rather urgent to discover
neddylation pathway inhibitors downstream of E1 for better
selectivity with anticipated lower cytotoxicity.

In mammalian cells, two family members of E2 neddylation
conjugating enzyme UBE2M and UBE2F were identified.
UBE2M couples with RBX1 E3 to promote neddylation of
CUL1‒4, whereas UBE2F “teams” up with SAG/RBX2 E3 to
neddylate CUL5 only17. Our recent studies have validated UBE2F
as an attractive anti-lung cancer target15 and this study was un-
dertaken to discover small molecule inhibitors of UBE2F. With
structure-based virtual screening and subsequent SAR optimiza-
tion, we identified HA-1141 as an E1 inhibitor that selectively
bound to UBA3 E1, but not UBE2F E2. The following lines of
evidence support this conclusion: 1) A docking study supported
HA-1141‒UBA3 binding, and CETSA and TSA assays showed
that HA-1141 stabilizes UBA3; 2) both in-vitro and in-vivo ned-
dylation assays showed that HA-1141 abrogated thioester forma-
tion of both UBE2M and UBE2F and inhibited neddylation of
CUL1 and CUL5; 3) Western blotting showed that HA-1141 in-
hibits neddylation of all six cullins in a dose- and time-dependent
manner. Thus, HA-1141 is a neddylation E1 inhibitor, but with
much lower potency than MLN4924.

Unlike MLN4924, which caused substantial and prolonged
accumulation of CRL substrates, HA-1141 caused substrate
accumulation at an early stage, but substrate depletion at a late
stage of treatment. We pursued this unexpected finding and found
that HA-1141 did not hinder mRNA transcription nor enhance
protein degradation; rather, it inhibited general mRNA translation
to reduce global protein synthesis by triggering unmitigated non-
canonical ER stress and PKR-mediated terminal ISR.

The ER is a central organelle where proteins undergo
chaperone-assisted folding to acquire their appropriate confor-
mation, which is a highly error-prone process2. ER stress is pro-
voked when misfolded or unfolded proteins accumulate in the ER
lumen. Three ER transmembrane proteins operate as sensors of
ER stress: PERK, IRE1a, and ATF6, which are sequestered by
chaperone BIP/GRP78 under proteostasis conditions2. During
canonical ER stress, BIP is occupied by increased misfolded or
unfolded proteins and dissociates from the sensors, which triggers
PERK activation via auto-phosphorylation to phosphorylate
eukaryotic translation initiation factor 2 subunit-a (eIF2a), lead-
ing to general attenuation of protein synthesis but enhanced
translation of specific mRNAs, a process known as ISR2,4. The
best-characterized protein downstream of ISR is ATF4, a key
transcription factor that activates the expression of genes involved
in redox homeostasis, amino acid metabolism, protein synthesis,
apoptosis and autophagy2,4,39,42.

The following lines of evidence support our conclusion that
HA-1141 induced unmitigated non-canonical ER stress: 1)
IRE1a phosphorylation, a well characterized upstream response
protein of ER stress, was triggered immediately after HA-1141
treatment; 2) HA-1141 induced dose- and time-dependent
upregulation of the mRNA levels of ATF4, CHOP and BIP,
three classical ER stress markers; 3) contrary to canonical ER
stress, PERK phosphorylation was reduced rather than increased,
and ATF4 induction occurred much earlier than eIF2a phos-
phorylation; 4) though BIP mRNAwas elevated, BIP protein did
not accumulate to improve folding capacity, indicating unmiti-
gated ER stress.

Canonically, persistent or severe ER stress would eventually
trigger ISR by the PERK/eIF2a/ATF4/CHOP axis, in which ATF4
transactivates pro-apoptotic genes, like CHOP, NOXA and many
other genes to cope with the stress or lead to cell death4,39,42. In
contrast to tunicamycin, which triggers canonical ER stress with
PERK activation, followed by a moderate increase of P-eIF2a,
HA-1141 inactivated PERK, but triggered an enormous increase
of P-eIF2a, leading to translation arrest.



Figure 8 Working model. HA-1141, on one hand, binds to UBA3

to inactivate NEDD8 E1, leading to neddylation inhibition of all

cullins to cause accumulation of CRL substrates at early time points.

On the other hand, HA-1141 triggers non-canonical ER stress, ISR

and produces ROS to inactivate mTORC1 and inhibit protein syn-

thesis, leading to reduction of CRL substrates and induction of

autophagy at a later stage. See text for details.
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It’s well established that four kinases, PERK, GCN2, PKR, and
HRI converge on phosphorylation of eIF2a to activate ISR4.
While PERK is predominantly activated during ER stress, GCN2
mainly responds to amino acid deprivation and HRI to heme
deficiency. Many other stresses can activate these kinases,
including ultraviolet light, viral infection and oxidative stress for
GCN2, and oxidative and mitochondrial stress, heat shock, and
cytosolic protein aggregation for HRI4. PKR is an antiviral kinase,
being activated potently by long stretches of perfect dsRNA as
well as RNAs having structural defects such as bulges and internal
loops43. Among these four kinases, we found by a rescue exper-
iment that PKR was responsible for HA-1141 induction of eIF2a
phosphorylation. The exact mechanism by which HA-1141 causes
early activation of PKR is unknown at the present time but
certainly deserves a future investigation, given the fact that PKR is
mainly activated by viral dsRNA and RNA that mimics dsRNA, as
well as by degradation of circular RNAs44, and that DNA-
demethylating agents could induce viral mimicry by endogenous
transcripts to yield anticancer activity45.

Although both HA-1141 and tunicamycin induced ISR with
their own distinct features, ATF4 induction was not the conse-
quence of ISR considering much earlier induction of ATF4 than P-
eIF2a. A number of studies have shown that ATF4 and its down-
stream CHOP were the main executors responsible for ISR-related
cell death5,39. How ISR switches between pro-survival and pro-
death in response to ER stress has been a long-standing enigma.
Our study clearly demonstrates that HA-1141 triggered substantial
induction of ATF/CHOP at an early stage and induction of P-
eIF2a at a late stage, likely contributing to reduced protein syn-
thesis and ISR-mediated cell death.

How is ATF4 induced at such an early stage upon HA-1141
treatment? It is unlikely due to inactivation of CRL1, since ATF4
accumulation is a late event, as demonstrated by MLN4924
treatment. We found that it is likely due to ROS at least in part,
based upon the observations that 1) ROS was induced by HA-1141
within 30 min of treatment prior to ATF4 induction and 2) ROS
scavenger NAC blocked ATF4 induction by HA-1141. Indeed,
several studies have reported that during ER stress the unfolded
protein response promotes the production of ROS in the endo-
plasmic reticulum to trigger oxidative stress30, and that ATF4 can
be induced and stabilized during oxidative stress31,32. Oxidative
stress has also been shown to be an important factor that links ER
stress and the mTOR pathway33. ATF4 has been shown to either
enhance mTOR activity by increasing availability of amino acids
via autophagy and to inhibit mTOR activity by inducing the
expression of the mTOR repressors SESN2, DDIT4, and
REDD142. In our study, we did observe an early-stage activation
and late-stage inactivation of mTORC1 activity by HA-1141.

ATF4 is reported to induce autophagy in response to ER
stress5,46, whereas mTOR is a well-established autophagy negative
regulator34. We observed massive autophagy after HA-1141 treat-
ment in lung cancer cells. Many protein post-translational modifi-
cations, including phosphorylation, ubiquitination, and acetylation
are reported to be crucial to the regulation of autophagy47. Ned-
dylation controls activities of cullin-RING ligases to participate in
the process of autophagy as well48. It’s well accepted that auto-
phagy plays a double-edged role in tumorigenesis, in which it
suppresses tumor growth at the early stage but promotes tumor
survival at the late stage6. Specially, during conventional cancer
therapy including chemotherapy and radiation, induction of auto-
phagy appears to be a side-effect that serves as a mechanism for
drug resistance6. We have recently shown that the neddylation
inhibitor MLN4924 induced protective autophagy by modulating
the HIF1-REDD1-TSC1-mTORC1-DEPTOR axis, and blockage
of autophagy by genetic or pharmacological approaches enhanced
MLN4924-induced cell killing via apoptosis49. However, there is
extensive evidence in a variety of experimental tumor models that
autophagy can also have a cytotoxic function50. Specifically,
several recent studies showed that a number of unconventional
agents induced cytotoxic autophagy by triggering ER stress5,51,52.
Our study fits the following workingmodel: HA-1141, on one hand,
binds to and inactivates NAE leading to inactivation of CRLs and
transient accumulation of CRL substrates. One the other hand, HA-
1141 also triggers unmitigated non-canonical ER stress and severe
ISR in a manner dependent of the PKR-ATF4 axis to inhibit protein
translation as well as to inactivate the mTORC1 pathway, leading to
massive autophagy. It appears that here ATF4 serves as linker to
connect two events: blocking neddylation and triggering ER stress,
since ATF4 is stabilized by inactivation of CRL1 and induced by
ER stress (Fig. 8).
5. Conclusions

We have identified HA-1141, a small molecule with a unique and
distinct chemical structure, to have dual activities in blocking cullin
neddylation and in triggering non-canonical ER stress and severe
ISR. HA-1141 showed impressive anti-cancer activity in both
in vitro cell culture and in vivo xenograft lung cancer models. To the
best of our knowledge, this is the first-in-class small molecule with
such dual activities. Further optimization of HA-1141 to make it
more soluble and potent in its dual activities would certainly pro-
vide a sound opportunity for future development of a novel class of
anti-cancer drugs with a unique mechanism of action.
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