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Abstract: Breast cancer is now the most common type of cancer worldwide, surpassing lung cancer.
This issue is further worsened by the lack of effective therapies for the disease. Recent reports indi-
cate that the inhibition of ubiquitin-like modifier-activating enzyme 5 (UBA5) can impede tumor
development. However, there have been few reports regarding UBA5-inhibiting compounds. This
work studied usenamine A, a natural product from the lichen Usnea longissimi that exhibits UBA5-
inhibitory effects. Bioinformatics analysis was performed using public databases, and the anti-pro-
liferative ability of usenamine A in breast cancer cells was examined through MTS and clone for-
mation assays. Flow cytometry and western blot analysis were also conducted to examine and ana-
lyze cell cycle arrest and apoptosis. In addition, LC3B-RFP and UBA5 expression plasmids were
used for the analysis of usenamine A-induced autophagy. According to the bioinformatics analysis
results, UBA5 was upregulated in breast cancer. According to in vitro studies, usenamine A dis-
played prominent anti-proliferative activity and resulted in G2/M phase arrest in MDA-MB-231
cells. Moreover, usenamine A induced autophagy and endoplasmic reticulum stress in MDA-MB-
231 cells. In conclusion, the findings support the potential of usenamine A as an agent that can
attenuate the development and progression of breast cancer.
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1. Introduction

In recent years, breast cancer has become prevalent to the point that it is now the
most common form of cancer and the second most prevalent cause of cancer-related death
in women [1]. According to the latest global cancer data published by the International
Agency for Research on Cancer (IARC) of the World Health Organization, lung cancer
has been replaced by breast cancer as the most commonly diagnosed cancer worldwide,
with a global incidence of 2.26 million new cases in 2020. Over the past few decades, sev-
eral subtypes of breast cancer have been classified based on the expression of estrogen
receptors, progesterone receptors, and human epidermal growth factor receptor 2. Basal-
like or triple-negative breast cancer (TNBC) is a subtype that lacks the expression of the
aforementioned receptors and comprises ~15% of all invasive breast cancer cases [2]. Alt-
hough atezolizumab, a monoclonal antibody and an immune checkpoint inhibitor, is cur-
rently approved for the treatment of TNBC, there remains a deficiency of precise and ef-
fective small-molecule drugs provided by health clinics for the treatment of TNBC.

Apoptosis (also known as type I cell death) and autophagy (also known as type II
cell death) are two primary mechanisms of programmed cell death [3]. Apoptosis is char-
acterized by morphological and structural changes, including plasma membrane
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blebbing, nucleus and chromatin condensation, and attenuation of mitochondrial mem-
brane potential [4]. Autophagy is an important catabolic cell process in which damaged
cytoplasmic proteins or organelles are degraded and recycled via delivery to lysosomes
to maintain cellular homeostasis [5]. While autophagy primarily promotes cell survival,
its sustained activation can induce autophagic or apoptotic cell death. Additionally, it is
clear that apoptosis and autophagy can simultaneously occur in the same cells through
various stress pathways [6].

Similar to ubiquitination, the UFMylation system promotes the conjugation of UFM1
to its target protein [7]. In general, the UFMylation system is activated following pharma-
cological ER stress and protects cells under abnormal conditions [8,9]. Several studies
showed that the inhibition of the UFMylation system is a promising treatment against
various tumors [10]. UBAS5 is an El-activating enzyme that plays an essential role in the
UFMylation system. A previous study showed that the knockdown of UBA5 effectively
prevents the growth of breast cancer [11]. Another study also indicated that the selective
inhibition of UBA5 can hinder the development of pancreatic cancer in vitro and in vivo
[12]. Although UBAS is a promising target for cancer treatment, only two UBA5 inhibitors
have been reported in the literature [12,13]. Therefore, we screened a series of natural
products to identify a drug capable of inhibiting UBAS5. Based on our research, usenamine
A, a natural product from Usnea longissimi, was found to inhibit the expression of UBA5.
However, the effect of usenamine A on breast cancer remains to be further studied.

Therefore, we aimed to study the growth inhibitory effects of usenamine A against
breast cancer cells and identify the underlying mechanisms through which inhibition
takes place. According to our research, UBA5 was overexpressed in a broad spectrum of
tumors, including breast cancer. Furthermore, UBA5 was associated with poor prognosis.
As a result of our study, it was determined that usenamine A promotes apoptosis and
autophagy to inhibit the growth of MDA-MB-231 cancer cells. Furthermore, the results
showed that overexpression of UBA5 reduced the autophagic flux in MDA-MB-231 cancer
cells, which could be reversed by usenamine A. Through our research, we shed new light
into the development of UBAS inhibitors and their application in cancer treatment.

2. Materials and Methods
2.1. Bioinformatics Analysis

The Gene Expression Profiling Interactive Analysis (GEPIA) database [14,15] and
UALCAN analysis tools [16,17] were used to assess the expression levels of UBA5 in var-
ious tumors. The correlation between UBAS5 and overall survival rates in breast cancer
was also assessed by the survival analysis module of GEPIA. Patients were divided into
two groups using quartiles as the cut-off points, and median survival was computed.

2.2. Enrichment Analysis of Gene Ontology (GO)

The functional protein association network was analyzed using STRING [18,19], and
GO analysis was performed using DAVID [20,21].

2.3. Cell Culture

The human Caucasian breast adenocarcinoma cell line MDA-MB-231 was purchased
from the Korean Cell Line Bank (KCLB, Seoul, Korea). To grow MDA-MB-231 cells, the
cells were placed in culture flasks containing RPMI-1640 (Gibco, Eggenstein, Germany)
medium supplemented with 10% fetal bovine serum (FBS) and 1x antibiotic/antimycotic
(Gibco, Eggenstein, Germany) and were cultured under a 5% CO: atmosphere at 37 °C.
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2.4. Cell Viability Assay

Cell proliferation of MDA-MB-231 cancer cells upon treatment with usenamine A
was measured as follows. In total, 8 x 10° cells were seeded into 96-well plates, incubated
overnight, then exposed for 48 h to different concentrations of the developed drug. Then,
3-(4,5-di-methylthiazol- 2-yl)-2,5-diphenyl-2 tetrazolium bromide (MTT) solution was
added to each well, and the cells were incubated at 37 °C under 5% CO:z for 4 h. The culture
medium was removed, and 100 uL. DMSO was added to each well to dissolve formazan
crystals. Cell viability was measured by reading the absorbance of the resulting solution
at 490 nm using a spectrophotometer (DTX880, Beckman Coulter, CA, USA).

2.5. Microscopic Analysis

To analyze the changes in the morphology of the MDA-MB-231 cells, microscopic
analysis was conducted using a phase-contrast microscope. Photomicrographs of the cells
were taken 24 h and 48 h after treatment with usenamine A, and changes in the number
of cells were analyzed.

2.6. Clone Formation Assay

MDA-MB-231 cells were seeded in 12-well adhesive culture plates at a density of 800
cells/well and allowed to attach overnight. The cells were cultured for 15 days at 37 °C in
standard growth media and incubated with different concentrations of usenamine A (5,
10, and 20 uM) to assess colony growth. The colonies were washed twice with phosphate-
buffered saline (PBS), fixed with 4% paraformaldehyde for 15 min, and stained with 0.04%
crystal violet for 15 min. After washing twice with distilled water, the colonies were ob-
served under a light microscope. The colonies were counted in three independent experi-
ments [22].

2.7. Staining Assay Using 5-Ethynyl-2"-Deoxyuridine (EdU)

MDA-MB-231 cells were seeded in 6-well plates for EAU staining. After treatment for
48 h, 50 pM EdU solution was added, and the cells were incubated for 2 h. The cells were
then treated with an EdU staining proliferation kit (Beyotime, Shanghai, China) and ob-
served using a Nikon Fluorescence Microscope.

2.8. Cell Cycle Distribution Analysis

As previously described, MDA-MB-231 cells were cultured in 6-well plates and
treated with usenamine A. Following trypsinization, the cells were collected, washed with
PBS, and fixed at 4 °C in 70% ethanol for 24 h. The cells were again washed with PBS, then
stained with 50 ug/mL of PI (propidium iodide) and 100 pg/mL of RNase solution in PBS
for 30 min at room temperature. The cell cycle distribution was subsequently assessed
using a FACSalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).

2.9. Cell Apoptosis Analysis

We used a FITC Annexin V Apoptosis Detection Kit (BD Biosciences, San Jose, CA,
USA) for apoptosis analysis. The cells were seeded into 6-well culture plates for 24 h and
treated with usenamine A for 48 h. The cells were then harvested, washed with PBS, and
resuspended in 1 x Binding Buffer. This was followed by the addition of 5 uL of propid-
ium iodide and 5 pL of FITC Annexin V. After incubation for 15 min, 400 pL of 1 x Binding
Buffer was added to the tube, and flow cytometry (BD Biosciences, Franklin Lakes, NJ,
USA) was performed to investigate the stained cells.

2.10. Transwell Assay

To analyze cell invasion, we utilized the Transwell® Permeable Supports, Polycar-
bonate Membrane (Corning Incorporated, Corning, NY, USA). After subjecting the cells
to treatment, the cells were prepared using serum-free medium to achieve a concentration
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of 1 x 106/mL. The cells were plated in Matrigel (50 uL)-coated Transwell inserts. Subse-
quently, 600 pL of a medium with 10% FBS was added into the lower chamber. After 100
uL of the prepared cell suspension was pipetted from each group into the upper chamber,
the 24-well plate was cultured in a 37 °C incubator. After 24 h, the fluid and cells in the
chamber were discarded, and the cells were washed three times with pre-warmed PBS.
The cells were fixed with 4% paraformaldehyde for 15 min at room temperature, and DD
water was used to wash the cells on the chamber membrane for three times. Afterwards,
crystal violet was used to stain the cells for 5 min. DD water was again used with 30%
glacial acetic acid to rinse the chamber, which resulted in crystal violet dissolution. Fi-
nally, the solution absorbance was measured at 560 nm.

2.11. Plasmids

Plasmids were transfected using the polyethyleneimine (PEI) reagent. The expression
of plasmids was allowed for 24 h. The plasmids used in this study are pCMV-Tag3-UBA5
and RFP-LC3B.

2.12. Western Blot

The cells were lysed and boiled for 10 min. Subsequently, proteins were separated by
SDS-PAGE, then transferred to a PVDF membrane. After being blocked in 5% dry milk in
TBST for 1.5 h and washed with 1x TBST, the PVDF membrane was incubated with the
following primary antibodies, purchased from Santa Cruz Biotechnology (Dallas, TX,
USA) or Cell Signaling Technologies (Danvers, MA, USA), against Bax, Cleaved-caspase-
3, Bcl-2, Cyclin B1, Cdc2, Cyclin A, Bip, Irela, Perk, Chop, p62, LC3B, Beclinl, p62, Atg-7,
UBADS5, and GAPDH. The ECL western blotting detection reagents were purchased from
Thermo Scientific, and further analysis was conducted in ChemiDoc MP (Bio-Rad, Her-
cules, CA, USA).

2.13. RFP-LC3B Puncta Assay

Autophagy analysis was conducted using cells transfected with RFP-LC3B by exam-
ining the formation of fluorescent puncta of autophagosomes. The cells were transfected
with 2 pg/mL RFP-LC3B plasmid in 6-well plates according to the manufacturer’s proto-
col. After transfection for 24 h, the cells were treated under different conditions. Images
were acquired using a fluorescence microscope.

2.14. Molecular Docking

ChemOffice (ChemOffice 15.0, Cambridge, USA) was used to construct the 3D struc-
ture of usenamine A and perform energy minimization. The crystal structure of the
UBA5-UFM1 complex (PDB ID:6h77) was downloaded from the Protein Data Bank [23-
25]. Following a structural optimization process, a usenamine A molecule and UBAS pro-
tein were prepared in pdbqt format using AutoDockTools [26]. The molecular docking
program was carried out using Autodock4 (Autodock4, Scripps Research Institute, San
Diego, USA) and visualized using PyMOL (PyMOL 2.4, New York, NY, USA) and LigPlot
(LigPlot1.4, European Bioinformatics Institute, Cambridge, UK) [27]. The grid box size of
the ATP binding pocket was set to 42 A, 44 A, and 44 A for x, y, and z, respectively, and
the grid center was set to 10.032 A,9.421 A, and 78.333 A for x, y, and z, respectively. In
addition, the grid box size of the potential binding pocket between UFM1 and UBA5 was
setto 86 A, 84 A, and 88 A for x, y, and z, respectively, and the grid center was set to 24.488
A, 14.346 A, and 90.199 A for x, y, and z, respectively. The Lamarckian genetic algorithm
(LGA) was applied for docking calculations.

2.15. Isolation of Usenamine A

Toisolate usenamine A, the ethyl acetate fraction from the aerial parts of Usnea longis-
simi was subjected to silica gel column chromatography and eluted with a CH2Cl--MeOH
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solvent mixture (from 100:1 to 1:100; v/v), which yielded seven fractions (E1-E7). E3 was
further resolved using RP C18-MPLC (20% methanol to 90% methanol). Usenamine A
(purity >98%, HPLC analysis, Supplementary Materials Figures S1-55) was obtained after
the separation of subfraction E3-7 using semipreparative high-performance liquid chro-
matography with 70% CHsCN in H20.

2.16. Statistical Analysis

Data were analyzed using Student’s two-tailed unpaired t-test. The p-values are in-
dicated in the figures (* p <0.05; ** p < 0.01; *** p <0.001).

3. Results
3.1. UBAS Is Highly Expressed in Breast Cancer and Correlates with Poor Prognosis

The mRNA expression levels of UBAS5 in different types of cancer was obtained from
the GEPIA and UALCAN databases. As shown in Figure 1A, UBA5 was upregulated in
several tumor types, including breast invasive carcinoma (BRCA), cervical squamous cell
carcinoma (CESC), and colon adenocarcinoma (COAD). However, in other tumors, such
as ovarian serous cystadenocarcinoma (OV), UBA5 was more highly expressed in normal
samples than in tumor samples. Moreover, UBA5 was highly expressed in breast cancer
than in other cancers, a result that was also confirmed by the UALCAN database (Figure
1B). To further verify the differential expression of UBA5, protein expression levels were
evaluated using the Human Protein Atlas database. The result showed that UBA5 was
more expressed in the breast than in other human tissues, such as the ovary (Figure 1C).
Furthermore, as shown by the ranked percentages of different cancer patients according
to the highest UBA5 expression in Figure 1D, UBA5 was overexpressed in breast cancer
patients. Furthermore, survival analysis suggested that UBA5 was correlated with ad-
verse prognosis (Figure 1E). Taken together, high expression of UBA5 was observed in
breast cancer, and UBA5 expression may be a risk factor for breast cancer patients.

¥ 9 Q &L
A FETESs S B c
o
Al 404
L B AR 61 1
i E PooT T 304
il = |l i T T 71T 7T
s Al AL ETIEN TN
i T '
H rw?iir.r! t“’i::.:.:. Z 204
3 = [ S e B A P =
Fi [li] g . | | a
s =] - =
! 54 104
2]
04
s ' : ' . v :
Stomach Breast Qvary Lung Cervix  Endometrium
(S PO Y]
S EE P \9\" ol ¢
a
Y Er R
R
D E Overall Survival
2 — Low UBAS TPM
— High UBAS TPM
'1‘:{‘)9"" 04 Logrank p=0.0082
a HR(high}=1.8
El P(HR}=0.0095
= n{high)=267
80 g n(low)=268
s e
g <
60 E]
40 = °
&
20 &
S N, PP R S R S AP (R . g1
& @ A 2 & & & & & & & & & @ : . T ; .
mf & ‘_f \f @6{9 & \@e \59 \pf & 59 \é‘i‘ \@é‘ Q@éj Q@é QJ‘\L %vfb qu 0& b@é) 0 50 100 150 200 250
& ; ;
& \f' & f Q‘ép vo§ &é' § f‘? F & § & & & ,\f &F Months
& F T8 & @ ¢ & $ §



Biomolecules 2021, 11, 1348

6 of 16

Figure 1. Validation of the expression levels and survival analysis of UBA5. (A,B) mRNA expression levels of UBA5 based
on the GEPIA and UALCAN public databases, respectively. (C). UBA5 protein expression levels in various normal tissues,
as obtained from the Human Protein Atlas database. (D) UBA5 protein expression in cancer patients based on the Human
Protein Atlas database for each type of cancer. The color-coded bars indicate the percentage of patients (maximum 12
patients) with high and medium protein expression levels. (E). Overall survival analysis of UBA5 in breast cancer. TPM:

transcripts per million.
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3.2. Construction of a PPI Network and GO Analysis

GO enrichment analysis was performed to characterize the biological role of UBAS.
With UBA5 as the core, a protein—protein interaction (PPI) network was initially con-
structed via STRING; here, a total of 21 main nodes were included (Figure 2A). For GO
annotation, three aspects were considered: biological process (BP), cell composition (CC),
and molecular function (MF). The 10 most significantly enriched GO terms were visual-
ized and are shown in Figure 2B-D. The top 10 BP terms included protein NEDDylation,
protein K69-linked UFMylation, protein UFMylation, NIK/NF-kappaB signaling, tran-
scription-coupled nucleotide-excision repair, mRNA splicing, and transforming growth
factor beta receptor signaling pathway (Figure 2B). Most of the top biological processes
are related to post-translational modifications. In MF enrichment analysis, most MF en-
tries were focused on ubiquitination, such as ubiquitin-protein ligase activity (Figure 2C).
The top-ranked cellular component enrichment results consisted of catalytic step 2
spliceosome, cytosol, and Prp19 complex.
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Figure 2. PPI network and GO analysis. (A) PPI network of UBAS. (B) Biological processes. (C) Cellular components. (D)
Molecular functions. The size of the bubbles indicates the number of involved genes, and lighter colors represent smaller

p-values.

3.3. Usenamine A Inhibits the Proliferation and Invasion of MDA-MB-231 Cells

To determine the cytotoxicity of usenamine A, MDA-MB-231 cells were subjected to
usenamine A treatment at various concentrations, and cell viability was examined via the
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MTT assay. The structure of usenamine A is shown in Figure 3A. The MTT results showed
that usenamine A is capable of reducing the cell viability of both basal-like breast cancer
(MDA-MB-231 and Hs578T) and luminal breast cancer (MCF-7) cells dose-dependently
(Figure 3B,C and Supplementary Materials Figure S6). More importantly, usenamine A
possesses lower cytotoxicity against normal breast cells (MCF-10A, Figure 3D). The results
of the clone formation assay showed that a reduced number of clones was observed in the
drug-treated group (Figure 3E), whereas almost no clones were formed at a concentration
of 20 uM. Additionally, the EAU assay was performed to further verify the effect of usena-
mine A on breast cancer cell proliferation. As shown in Figure 3G, usenamine A signifi-
cantly decreased the number of EdU-positive cells. There were few EdU-positive cells ob-
served at concentrations of 10 and 20 uM. Given that metastasis is the major cause of death
among breast cancer patients [28], the effects of usenamine A on MDA-MB-231 cell inva-
sion was examined through the Transwell assay. As a result, it was found that usenamine
A dose-dependently decreased the invasion of breast cancer cells through the Transwell
filter. After treatment with usenamine A at 10 uM and 20 pM concentrations, only 3.6%
and 0.45% of invading cells were observed, respectively (Figure 3F). According to these
findings, it can be said that usenamine A effectively inhibits the malignant proliferation
and invasion of breast cancer cells.
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Figure 3. Anti-proliferation and anti-invasion capabilities of usenamine A. (A) Chemical structure of usenamine A. (B)
Cell viability of MDA-MB-231 cells was evaluated through the MTT assay. Cells were treated with different concentrations
of usenamine A for 48 h. The results are presented as relative cell viability (%). (C) Cell viability of MCF-7 cells was eval-
uated through the MTT assay. (D) Cytotoxicity of usenamine A against normal cells. (E) Inhibition of the colony-forming
ability of MB-MD-231 cells by usenamine A, as detected by the clonogenic assay. The cells were cultured for 15 days at 37
°C in standard growth media and incubated with different concentrations of usenamine A (5, 10, and 20 uM) to assess
colony growth. (F) Inhibition of the invasive capacity of MB-MD-231 cells by usenamine A as detected by the Transwell
assay. (G) Number of 5-ethynyl-2'-deoxyuridine (EdU)-positive MDA-MB-231 cells after treatment with usenamine A for
48 h. Fetal bovine serum (FBS) was used as a supplement to culture MDA-MB-231 and MCF-7 cells. In the bar chart, the
data represent mean + standard deviation (n = 3). * p <0.05, ** p <0.01 and *** p <0.001 compared to the control group.



Biomolecules 2021, 11, 1348

8 of 16

3.4. Usenamine A Induces Cell Apoptosis and G2/M Phase Arrest in MDA-MB-231 Cells

Apoptosis and cell cycle distribution were determined via flow cytometry and west-
ern blotting analysis. As shown in Figure 4A,B, cell apoptosis was dose-dependently in-
duced by usenamine A. Consistent with the flow cytometry results, the western blotting
assay showed that usenamine A treatment resulted in increased expression levels of
cleaved-caspase-3 and decreased expression levels of Bcl-2 (Figure 4C). However, the
change in Bax was not significant. Additionally, cell cycle analysis revealed that usena-
mine A induced MDA-MB-231 cells to undergo cell cycle arrest at the G2/M phase in a
dose-dependent manner (Figure 4D,E). Furthermore, the western blotting assay showed
that usenamine A treatment dose-dependently decreased the expression of Cyclin Bl,
Cdc2, and Cyclin A (Figure 4F). Taken together, these results demonstrate that usenamine
A induces apoptosis and G2/M phase arrest in MDA-MB-231 cells.
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Figure 4. Apoptosis and cell cycle distribution analyses of MDA-MB-231 cells treated with usena-
mine A. (A,B) Apoptosis as determined by flow cytometry analysis following treatment with usena-
mine A (0, 5, 10, 20 uM) for 48 h. The apoptosis rate is the sum of the early and late apoptosis rates.
(C) Representative western blot of apoptosis-related proteins. Data are representative of three inde-
pendent experiments or are presented as the mean + SD of three independent experiments. (D,E)
Cell cycle distribution as examined by flow cytometry analysis following treatment with usenamine
A (0, 5, 10, 20 uM) for 48 h. (F) Representative western blot of G2/M-related proteins. Fetal bovine
serum (FBS) was used as a supplement to culture MDA-MB-231 cells. Values indicate mean + SD of
three independent experiments. * p <0.05, ** p <0.01 and *** p <0.001 compared to the control group.

3.5. Usenamine A Activates ER Stress and Induces Autophagy in MDA-MB-231 Cells

Several reports have indicated that UFMylation is involved in endoplasmic reticulum
(ER) stress [29-31], the activation of which can induce apoptosis and autophagy [32,33].
We further explored whether usenamine A is able to activate ER stress and induce au-
tophagy, considering it dose-dependently inhibited UBA5 expression in breast cancer
cells (Figure 5A). As shown in Figure 5B, usenamine A treatment significantly increased
the expression of Bip, Perk, and Chop in a dose-dependent manner, whereas the expres-
sion of Irela did not exhibit significant changes. Additionally, MDA-MB-231 cells were
treated with usenamine A at a concentration of 10 pM, and the expression levels of Bip
and Perk were validated at five time points (0, 4, 8, 12, 24 h). As shown in Figure 5C, the
expression of Bip abruptly increased at the 12 h time point. Furthermore, the expression
of Perk also significantly increased after usenamine A treatment in a time-dependent man-
ner. The autophagic markers LC3B, Beclinl, Atg7 and p62 were also examined via western
blotting analysis. As shown in Figure 5D, usenamine A treatment induced LC3B, Atg7,
and Beclinl protein expression and inhibited p62 protein expression. Additionally, usena-
mine A treatment also time-dependently raised the expression level of LC3B (Figure 5E).
Taken together, these results suggest that usenamine A can activate ER stress and induce
autophagy in MDA-MB-231 cells.
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Figure 5. Usenamine A-induced ER stress and autophagy in MDA-MB-231 cancer cells. (A) Western blotting analysis of
UBAS5 expression in MDA-MB-231 cells. The cells were incubated with different concentrations of usenamine A (5, 10, and
20 uM) for 48 h. (B) Western blotting analysis of ER stress-related proteins in MDA-MB-231 cells. The cells were cultured
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for 48 h in standard growth medium and incubated with different concentrations of usenamine A (5, 10, and 20 uM). (C)
Western blotting analysis of ER stress-related proteins in MDA-MB-231 cells. The cells were cultured in standard growth
medium and incubated with the developed drug (10 uM) for various times (0, 4, 8, 12, 24 h). (D) Western blotting analysis
of autophagy-related proteins in MDA-MB-231 cells. The cells were incubated with different concentrations of usenamine
A (5,10, and 20 pM) for 48 h. (E) Representative western blot of autophagy-related proteins in MDA-MB-231 cells. The
cells were cultured in standard growth medium and incubated with the developed drug (10 uM) for various times (0, 4,
8,12, 24 h). Fetal bovine serum (FBS) was used as a supplement to culture MDA-MB-231 cells. * p <0.05, ** p <0.01 and ***
p <0.001 compared to the control group.

3.6. Overexpression of UBA5 Can Reduce Autophagy in MDA-MB-231 Cells

To further explore the role of UBA5 in autophagy induced by usenamine A, a UBA5
overexpression plasmid and the RFP-LC3B plasmid were constructed. MDA-MB-231 cells
were transfected with the REP-LC3B and UBAS5 overexpression plasmids (UBA5+) or only
the RFP-LC3B plasmid (UBA5-). After incubation for 24 h, drug treatment was performed
(0, 10, 20 uM). As shown in Figure 6A, the western blot results indicated that the expres-
sion of UBAS5 increased following transfection with the UBA5 overexpression plasmid.
After overexpressing UBAS5, cells treated with usenamine A did not exhibit significantly
inhibition of UBAS5 expression, compared to the untreated group. Usenamine A could
only demonstrate slight UBA5 inhibitory activity at a concentration of 20 uM. Im-
portantly, compared to the UBA5 group (no drug treatment), the expression of LC3B was
decreased in the UBA5-overexpressing group (no drug treatment). However, increased
expression levels of LC3B were observed again following usenamine A treatment, which
indicates that usenamine A can reverse the inhibition of autophagy induced by the over-
expression of UBA5. Similar results were obtained in the RFP-LC3B puncta-formation as-
say. As shown in Figure 6B, at the 24 h time point, attenuated LC3B-positive puncta were
observed after overexpressing UBA5 in the untreated groups. Furthermore, cells treated
with usenamine A exhibited an augmentation in LC3B-positive puncta. Taken together,
these results indicate that overexpression of UBAS inhibited the autophagic flux, which
in turn was effectively reversed by usenamine A.

B
B * + UBAS - + + + UBAS
- - 10uM  20uM Usenamine A - = 10 UM 20 M Usenamine A
—
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i -— ‘
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= = 0uM20pM = = 10uM20uM  Usenamine A

Figure 6. Overexpression of UBAS5 inhibited autophagic activity in MDA-MB-231 cells. (A) Western blotting analysis of
UBAS5 and LC3B protein expression in MDA-MB-231 cells with or without the overexpression of UBA5. The cells were
transfected with UBAS for 24 h, rhen the medium was replaced with fresh growth medium, and the cells were treated
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with usenamine A (10 uM, 20 pM) or left untreated. (B) Immunofluorescence of RFP-LC3B (Red). The cells were trans-
fected with UBA5 and RFP-LC3B for 24 h. After transfection, the cells were cultured in standard growth medium and
treated with usenamine A (10 uM, 20 uM) or left untreated. Fetal bovine serum (FBS) was used as a supplement to culture

MDA-MB-231 cells. *

p <0.05, ** p <0.01 and *** p < 0.001 compared to the control group.

3.7. Molecular Docking of UBA5 to Usenamine A

To further explore the likelihood of usenamine A interacting with UBA5, molecular
docking was performed. The crystal structure of the UBA5-UFM1 complex (6h77) was
downloaded from the Protein Data Bank database. The structure of the UBA5-UFM1 com-
plex showed that there were two possible binding pockets. One is considered as a classical
ATP binding pocket (Figure 7A). and the other is a potential binding pocket (Figure 7B)
between UFM1 and UBAS. In the figures, UFM1 and UBA5 are indicated in yellow and
green, respectively. The molecular docking results showed that the docking score of
usenamine A binding to the ATP pocket was only —5.43 kcal/mol, even if it was shown
that several hydrogen bonds formed, including Asn112, Argl15, Ala251, Val249, and
Lys245 (Figure 7C). Moreover, the 2D representation of usenamine A binding to the ATP
pocket showed fewer hydrophobic interactions (Figure 7E). Therefore, it was worth fur-
ther exploring the interface between UBA5 and UFML. Figure 7D shows the best confor-
mation of usenamine A in the potential binding pocket with a binding energy of -10.52
kcal/mol, which is significantly higher than the binding energy for the ATP binding
pocket. In this case, the oxygen atoms at the C14 and C5 positions of usenamine A formed
two strong hydrogen bonds with the His215 and Tyr282 residues of UBAS5, respectively.
Furthermore, the NH2 group at the C11 position was involved in hydrogen bonding with
the oxygen atom of the main chain amino group of the GIn217 residue of UBA5, whereas
the oxygen atom at the C9 position formed another hydrogen bond with Thr46 of UMF1.
Moreover, as shown in Figure 7F, wide hydrophobic interactions formed. These data sug-
gest that usenamine A has the potential to occupy the binding interfaces between UBA5
and UFML1.
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Figure 7. Calculated binding mode of usenamine A with a UBA5-UFM1 complex. (A) Overview of the ATP binding
pocket. (B) Overview of the potential binding pocket. (C) Binding mode of usenamine A in the ATP binding pocket. (D)
Binding mode of usenamine A in the potential binding pocket. (E) 2D representation of usenamine A in the ATP binding
pocket. (F) 2D representation of usenamine A in the potential binding pocket.
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4. Discussion

Various post-translational modifications are critical in regulating the functions of
proteins [34,35]. In the case of ubiquitination, this process is widely involved in the post-
translational modification of target proteins. Proteolysis Targeting Chimeras (PROTACs:),
which have garnered significant attention in recent years, exemplify the full use of the
ubiquitination system in rational drug design [36]. The UFM1-activating enzyme (UBAS),
UFM1-specific ligase (UFL1), UFM1-conjugating enzyme (UFC1), UFM1-binding protein
(UFBP1), and UFM1-specific proteases (UFSP2) together constitute the UFMylation sys-
tem, which is a kind of ubiquitination modification to which numerous human diseases
are linked, including ischemic heart diseases, diabetes, atherosclerosis, hip dysplasia,
schizophrenia, and cancer [37]. According to a study by Xi et al. on human osteosarcoma
U20S cells, cell proliferation and invasion is compromised by UFBP1 knockdown [38],
and Jiang et al. reported the potential of UFM1 to covalently modify p53, stabilizing the
latter [39]. These studies show that the regulation of critical components of UFMylation is
a promising therapeutic strategy for cancer. Furthermore, two UBAS5 inhibitors have been
reported in recent years. Sara et al. designed a selective UBAS5 inhibitor that incorporates
an adenosine scaffold appended to a zinc (II) cyclen complex [13]. Allison et al. discovered
a covalent ligand for UBAS that impairs the growth of pancreatic cancer in vivo [12]. In a
previous study, we reported the importance of UFMylation of ASC1 in the transactivation
of ERat and breast cancer development [11]. However, the physiological functions and
associated underlying molecular mechanisms of UBA5 in breast cancer remain to be ex-
plored.

Usenamine A, a natural product from the lichen Usnea longissimi, was found to inhibit
the expression of UBA5 according to our up-front screening. In this study, we utilized the
GEPIA and UALCAN databases to determine the expression of UBAS5 in various cancers.
We also discovered that UBA5 was upregulated in breast cancer. Further survival analysis
indicated that high expression levels of UBA5 were related to poor prognosis in breast
cancer patients. We subsequently performed a series of antitumor experiments using
usenamine A due to its UBA5 inhibitory activity.

Apoptosis is a common mechanism by which natural products exert anti-cancer ef-
fects [40]. Cleaved-caspase 3 is one of the most important factors that induces apoptotic
activity, whereas the apoptotic protein Bax and the anti-apoptotic protein Bcl-2 have an-
tagonistic effects [41]. Through our research, we found that usenamine A promoted cell
apoptosis in a dose-dependent manner, which was supported by our apoptosis analysis.

Many natural products have been reported to contribute to cell cycle arrest. Here,
successful G2/M transformation is the key to cell division. In the early stages of the G2/M
phase, the expression level of Cyclin B is initially low, and the peak expression level is
achieved at the G2/M transition. The inactivation of Cyclin B-Cdc2 leads to G2/M phase
arrest, and the G2/M phase transition is also promoted by Cyclin A [42]. In our study, we
discovered that usenamine A treatment caused G2/M phase arrest in MDA-MB-231 cells.
These phenotypes suggest that usenamine A promotes apoptosis by inducing cell cycle
arrest at the G2/M phase in breast cancer cells.

Homeostasis of the endoplasmic reticulum (ER) is crucial to maintaining normal cel-
lular functions [43]. Endoplasmic reticulum stress is a cellular response to homeostatic
imbalances, which leads to a series of cell stress events such as the unfolded protein re-
sponse (UPR). Recently, Ying et al. [43] proved that UPR is triggered by a knockdown of
UFMylation system-related proteins in U20S cells, which also results in the amplification
of the ER network. Cai et al. [31] discovered that UFBP1 and other components of UFMyla-
tion can regulate the survival and differentiation of hematopoietic cells via modulation of
ER homeostasis. Furthermore, the correlation between endoplasmic reticulum stress and
UFMylation is becoming an increasingly important subject of research. Thus, we further
explored whether usenamine A is able to activate ER stress. Through our research, we
found that usenamine A treatment upregulated the expression of ER stress-related pro-
teins, including Bip, Perk, and Chop. In general, the Bip protein is related to accumulated



Biomolecules 2021, 11, 1348

13 of 16

misfolded proteins under ER stress, which interferes with the interaction between Bip and
Perk. Usenamine A enhanced the expression of Bip and Perk, which suggests that usena-
mine A is able to activate ER stress via the Perk pathway.

A disruption in endoplasmic reticulum (ER) homeostasis induces ER stress and leads
to the unfolded protein response (UPR), which in turn leads to apoptosis [44]. The UBA5
El enzyme, which initiates UFM1 protein conjugation, is a critical enzyme in the UFM1
pathway [7]. A previous study reported that a deficiency of DDRGK domain-containing
protein 1 (DDRGKT1), a substrate adapter for the UFM1 pathway, leads to a significant
accumulation of autophagosomes, promoting autophagy induction and ultimately aggra-
vating apoptosis [45]. The mechanism of UBA5 stability is still unknown. One possible
explanation is a negative feedback loop between the induction of ER stress, which in-
creases autophagy, and autophagy-mediated UBAS destabilization. Usenamine A inhibits
UBADJ expression, thus activating ER stress and inducing autophagy. Therefore, an inter-
esting topic for further study would be to determine whether UBAS stability is regulated
by autophagy.

To validate autophagic and apoptotic cell death by usenamine A, we performed an
apoptosis assay after treatment with usenamine A and methyladenine (3-MA, an autoph-
agy inhibitor). When co-treated with usenamine A and 3-MA, usenamine A-induced cell
death was compromised (Supplementary Materials Figure S7). This explains the mecha-
nism of apoptosis via the induction of autophagy.

A group of PI3K inhibitors, including 3-methyladenine (3-MA), are well known as
autophagy inhibitors [46]. On the other hand, an accumulation of autophagic markers in-
duced by prolonged 3-MA treatment is due to an increase in autophagic flux [47]. Previ-
ously, MDA-MB-231 cells exposed to 10 uM and 20 uM usenamine A showed increases
in LC3B compared to the control sample (Figure 5D). Next, we performed an autophagy
flux assay in MDA-MB-231 cells to verify the autophagic events. When co-treated with
usenamine A and 3-MA, LC3B induction by usenamine A was compromised (Supplemen-
tary Materials Figure S8A). This explains the role of 3-MA as an autophagy inhibitor.
Moreover, we performed an autophagy flux assay on MDA-MB-231 cells treated with
bafilomycin Al (BafAl), which inhibits autophagosome-lysosome fusion [48,49]. The au-
tophagy flux assay revealed that usenamine A increased LC3 levels and autophagic flux.
Moreover, co-treatment with usenamine A and BafA1 resulted in further accumulation of
LC3-II (Supplementary Materials Figure S8B). Serum starvation is used as a positive con-
trol for autophagy studies. Autophagy can be activated in response to stress stimuli, in-
cluding serum starvation, and LC3-II levels are known to increase in response to an ab-
sence of nutrients [50,51]. We performed an autophagy flux assay on MDA-MB-231 cells
under serum starvation conditions. The autophagy flux assay revealed that usenamine A
increased LC3 levels and autophagic flux. Simultaneous treatment with usenamine A and
serum deprivation caused a further increase in LC3-II (Supplementary Materials Figure
S8C). These data indicate that usenamine A with serum deprivation potentiated autoph-
agy induction.

The natural self-cannibalization process of autophagy serves to remove aged and
damaged organelles as well as protein aggregates [52]. There have been reports stating
that autophagy is involved in the development of imatinib resistance of gastrointestinal
stromal tumors [53]. However, prolonged activation of autophagy evokes autophagic pro-
grammed cell death [54]. Evidence has been provided regarding the strong potential of
ER stress to induce autophagy [55]. Furthermore, autophagy also has a close connection
with apoptosis, as it frequently precedes apoptosis [6]. As we identified that usenamine
A induced apoptosis and activated ER stress in MDA-MB-231 cells, this led us to explore
whether autophagy was activated by ER stress. Our results suggest that usenamine A
treatment increased the expression of LC3B, which is indicative of increased autophagy.
Moreover, overexpression of UBA5 could decrease the expression of LC3B in MDA-MB-
231 cells, which in turn could be reversed by usenamine A. These findings suggest that
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UBADS negatively regulates autophagy induction and that usenamine A is an efficient au-
tophagy inducer.

5. Conclusions

In this study, we reported that usenamine A exhibits UBA5 inhibitory activity in
breast cancer cells. Our results showed that UBA5 was upregulated in breast cancer and
it expression was correlated with worse clinical outcomes. Additionally, we demonstrated
that usenamine A decreased the expression of Cyclin Bl and Cyclin A in breast cancer
cells, leading to cell cycle arrest at the G2/M phase. Moreover, usenamine A treatment
induced breast cancer cells to undergo apoptosis and autophagy. Sustained ER stress was
involved in the autophagic effect induced by usenamine A. Interestingly, overexpression
of UBAS inhibited the expression of LC3B, suggesting that UBA5 may be a suppressor of
autophagy. However, the inhibition of LC3B induced by UBA5 could be reversed by
usenamine A. Thus, usenamine A is a promising therapeutic agent for breast cancer, and
further research efforts should focus on elucidating the mechanisms in detail.

Supplementary Materials: The following are available online, Figure S1: TH NMR (400 MHz) spec-
trum of usenamine A in DMSO-de, Figure S2. C NMR (100 MHz) spectrum of usenamine A in
DMSO-ds, Figure S3. TH-'H COSY spectrum of usenamine A in DMSO-de, Figure S4. HSQC spectrum
of usenamine A in DMSO-ds, Figure S5. HMBC spectrum of usenamine A in DMSO-ds, Figure Sé.
Effect of usenamine A on the viability of triple-negative breast cancer cells, Figure S7. Apoptosis
analyses of MDA-MB-231 cells treated with usenamine A and 3-MA.

Author Contributions: All authors listed made substantial contributions to the manuscript and
qualify for authorship, and no authors have been omitted. Conceptualization, N.C., and HM.Y ;
Methodology, B.F., Y.Q., Z.L.,, N.C., and HM.Y.; Validation, B.F., Y.Q., Z.L., N.C,, and HM.Y; For-
mal analysis, B.F., Y.Q., Z.L.,, N.C,, and HM.Y; Investigation, N.C. and HM.Y; Resources B.F., Y.Q.,
Z.L., N.C,, and HM.Y.; Writing—original draft preparation, B.F., N.C., and HM.Y.; Writing—re-
view and editing, B.F., N.C., and H.M.Y.; Supervision, N.C. and HM.Y; Project administration, N.C.
and HM.Y.; Funding acquisition, N.C. and H.M.Y. All authors have read and agreed to the pub-
lished version of the manuscript.

Funding: This research was supported by the “Establishment of measurement standards for Chem-
istry and Radiation”, grant number KRISS-2021-GP2021-0003, funded by the Korea Research Insti-
tute of Standards and Science. In addition, this study was financially supported by Chonnam Na-
tional University (Grant number: 2020-3844).

Data Availability Statement: Data supporting the findings of this study are available from all first
author on request.

Acknowledgments: The authors are grateful to the Center for Research Facilities at the Chonnam
National University for their assistance in the analysis of the organic structure (FT-NMR).

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are available from the authors.

1.  Patten, D.K,; Corleone, G.; Gyérffy, B.; Perone, Y.; Slaven, N.; Barozzi, I.; Erdés, E.; Saiakhova, A.; Goddard, K.; Vingiani, A.; et
al. Enhancer mapping uncovers phenotypic heterogeneity and evolution in patients with luminal breast cancer. Nat. Med. 2018,

24, 1469-1480.

2. Hsu, KW.; Huang, C.Y.,; Tam, KW, Lin, C.Y.; Huang, L.C,; Lin, C.L.; Hsieh, W.S.; Chi, W.M.; Chang, Y.J.; Wei, P.L.; et al. The
Application of Non-Invasive Apoptosis Detection Sensor (NIADS) on Histone Deacetylation Inhibitor (HDACi)-Induced Breast
Cancer Cell Death. Int ]. Mol. Sci. 2018, 19, 452.

3. Liang, Q.P,; Xu, T.Q,; Liu, B.L.; Lei, X.P.; Hambrook, J.R.; Zhang, D.M.; Zhou, G.X. Sasanquasaponin III from Schima crenata
Korth induces autophagy through Akt/mTOR/p70S6K pathway and promotes apoptosis in human melanoma A375 cells. Phy-

tomedicine 2019, 58, 152769.

4. Wong, R.S. Apoptosis in cancer: From pathogenesis to treatment. |. Exp. Clin. Cancer Res. 2011, 30, 87.
5. Levine, B.; Kroemer, G. Autophagy in the pathogenesis of disease. Cell 2008, 132, 27-42.



Biomolecules 2021, 11, 1348 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Wang, Z,; Liu, N,; Liu, K,; Zhou, G.; Gan, J.; Wang, Z.; Shi, T.; He, W.; Wang, L.; Guo, T.; et al. Autophagy mediated CoCrMo
particle-induced peri-implant osteolysis by promoting osteoblast apoptosis. Autophagy 2015, 11, 2358-2369.

Gerakis, Y.; Quintero, M.; Li, H.; Hetz, C. The UFMylation System in Proteostasis and Beyond. Trends Cell Biol. 2019, 29, 974—
986.

Lemaire, K.; Moura, R.F.; Granvik, M.; Igoillo-Esteve, M.; Hohmeier, H.E.; Hendrickx, N.; Newgard, C.B.; Waelkens, E.; Cnop,
M.; Schuit, F. Ubiquitin fold modifier 1 (UFM1) and its target UFBP1 protect pancreatic beta cells from ER stress-induced apop-
tosis. PLoS ONE 2011, 6, e18517.

Zhu, H.; Bhatt, B.; Sivaprakasam, S.; Cai, Y.; Liu, S.; Kodeboyina, S.K.; Patel, N.; Savage, N.M.; Sharma, A.; Kaufman, R.J.; et al.
Ufbp1 promotes plasma cell development and ER expansion by modulating distinct branches of UPR. Nat. Commun 2019, 10,
1084.

Yoo, HM,; Park, ].H.; Jeon, Y.J.; Chung, C.H. Ubiquitin-fold modifier 1 acts as a positive regulator of breast cancer. Front. Endo-
crinol. 2015, 6, 36.

Yoo, HM.; Kang, S.H.; Kim, ].Y.; Lee, ].E.; Seong, M.W_; Lee, S.W.; Ka, S.H.; Sou, Y.S.; Komatsu, M.; Tanaka, K.; et al. Modifica-
tion of ASC1 by UFM1 is crucial for ERa transactivation and breast cancer development. Mol. Cell 2014, 56, 261-274.

Roberts, A.M.; Miyamoto, D.K.; Huffman, T.R.; Bateman, L.A_; Ives, A.N.; Akopian, D.; Heslin, M.].; Contreras, C.M.; Rape, M.;
Skibola, C.F.; et al. Chemoproteomic Screening of Covalent Ligands Reveals UBA5 As a Novel Pancreatic Cancer Target. ACS
Chem. Biol. 2017, 12, 899-904.

Da Silva, S.R.; Paiva, S.L.; Bancerz, M.; Geletu, M.; Lewis, A.M.; Chen, J.; Cai, Y.; Lukkarila, J.L.; Li, H.; Gunning, P.T. A selective
inhibitor of the UFM1-activating enzyme, UBAS. Bioorg. Med. Chem. Lett. 2016, 26, 4542-4547.

Tang, Z.; Li, C,; Kang, B.; Gao, G; Li, C.; Zhang, Z. GEPIA: A web server for cancer and normal gene expression profiling and
interactive analyses. J. Nucleic Acids Res. 2017, 45, W98-W102.

The Gene Expression Profiling Interactive Analysis. Available online: https://www.gepia.cancer-pku.cn/ (accessed on 9 Septem-
ber 2021).

Chandrashekar, D.S.; Bashel, B.; Balasubramanya, S.A.H.; Creighton, C.J.; Ponce-Rodriguez, I.; Chakravarthi, B.; Varambally, S.
UALCAN: A Portal for Facilitating Tumor Subgroup Gene Expression and Survival Analyses. Neoplasia (N. Y.) 2017, 19, 649—
658.

UALCAN. Available online: https://www.ualcan.path.uab.edu/ (accessed on 9 September 2021).

Szklarczyk, D.; Gable, A.; Lyon, D.; Junge, A.; Wyder, S.; Huerta-Cepas, J.; Simonovic, M.; Doncheva, N.; Morris, ].; Bork, P.; et
al. STRING v11: Protein-protein association networks with increased coverage, supporting functional discovery in genome-
wide experimental datasets. ]. Nucleic Acids Res. 2019, 47, D607-D613.

STRING. Available online: https://www.string-db.org/ (accessed on 9 September 2021).

Huang, D.W_; Sherman, B.T.; Lempicki, R.A. Bioinformatics enrichment tools: Paths toward the comprehensive functional anal-
ysis of large gene lists. Nucleic Acids Res. 2009, 37, 1-13.

Huang, D.W.; Sherman, B.T.; Lempicki, R.A. Systematic and integrative analysis of large gene lists using DAVID bioinformatics
resources. Nat. Protoc. 2009, 4, 44-57.

Tao, Y.; Shan, L.; Xu, X,; Jiang, H.; Chen, R.; Qian, Z,; Yang, Z.; Liang, B.; Zheng, H.; Cai, F.; et al. Huaier Augmented the
Chemotherapeutic Sensitivity of Oxaliplatin via Downregulation of YAP in Hepatocellular Carcinoma. J. Cancer 2018, 9, 3962-
3970.

Berman, H.M.; Westbrook, ]J.; Feng, Z.; Gilliland, G.; Bhat, T.N.; Weissig, H.; Shindyalov, I.N.; Bourne, P.E. The Protein Data
Bank. Nucleic Acids Res. 2000, 28, 235-242.

The protein Data Bank. Available online: https://www.rcsb.org/ (accessed on 9 September 2021).

Soudah, N.; Padala, P.; Hassouna, F.; Kumar, M.; Mashahreh, B.; Lebedev, A.A.; Isupov, M.N.; Cohen-Kfir, E.; Wiener, R. An
N-Terminal Extension to UBA5 Adenylation Domain Boosts UFM1 Activation: Isoform-Specific Differences in Ubiquitin-like
Protein Activation. J. Mol. Biol. 2019, 431, 463-478.

Morris, G.M.; Huey, R.; Lindstrom, W.; Sanner, M.F.; Belew, R.K.; Goodsell, D.S.; Olson, A.J. AutoDock4 and AutoDockTools4:
Automated docking with selective receptor flexibility. . Comput. Chem. 2009, 30, 2785-2791.

Wallace, A.C.; Laskowski, R.A.; Thornton, .M. LIGPLOT: A program to generate schematic diagrams of protein-ligand inter-
actions. Protein Eng. 1995, 8, 127-134.

He, L.F.; Xu, HW.; Chen, M,; Xian, Z.R.; Wen, X.F.; Chen, M.N.; Du, CW.; Huang, W.H.; Wu, ].D.; Zhang, G.J. Activated-PAK4
predicts worse prognosis in breast cancer and promotes tumorigenesis through activation of PI3K/AKT signaling. Oncotarget
2017, 8, 17573-17585.

Liang, J.R.; Lingeman, E.; Luong, T.; Ahmed, S.; Muhar, M.; Nguyen, T.; Olzmann, J.A.; Corn, ]J.E. A Genome-wide ER-phagy
Screen Highlights Key Roles of Mitochondrial Metabolism and ER-Resident UFMylation. Cell 2020, 180, 1160-1177.e20.

Gavin, ].M.; Hoar, K.; Xu, Q.; Ma, ].; Lin, Y.; Chen, J.; Chen, W.; Bruzzese, F.].; Harrison, S.; Mallender, W.D.; et al. Mechanistic
study of Uba5 enzyme and the Ufm1 conjugation pathway. J. Biol. Chem. 2014, 289, 22648-22658.

Cai, Y.; Pi, W,; Sivaprakasam, S.; Zhu, X.; Zhang, M.; Chen, J.; Makala, L.; Lu, C.; Wy, J.; Teng, Y; et al. UFBP1, a Key Component
of the Ufm1 Conjugation System, Is Essential for Ufmylation-Mediated Regulation of Erythroid Development. PLoS Genet. 2015,
11, e1005643.

Heath-Engel, HM.; Chang, N.C.; Shore, G.C. The endoplasmic reticulum in apoptosis and autophagy: Role of the BCL-2 protein
family. Oncogene 2008, 27, 6419-6433.



Biomolecules 2021, 11, 1348 16 of 16

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

Clarke, R.; Cook, K.L.; Hu, R.; Facey, C.O.; Tavassoly, I.; Schwartz, J.L.; Baumann, W.T.; Tyson, ].J.; Xuan, J.; Wang, Y; et al.
Endoplasmic reticulum stress, the unfolded protein response, autophagy, and the integrated regulation of breast cancer cell
fate. Cancer Res. 2012, 72, 1321-1331.

Wang, R.; Deng, X.; Yoshioka, Y.; Vougiouklakis, T.; Park, ].H.; Suzuki, T.; Dohmae, N.; Ueda, K.; Hamamoto, R.; Nakamura,
Y. Effects of SMYD2-mediated EML4-ALK methylation on the signaling pathway and growth in non-small-cell lung cancer
cells. Cancer Sci. 2017, 108, 1203-1209.

Moll, L.; Roitenberg, N.; Bejerano-Sagie, M.; Boocholez, H.; Carvalhal Marques, F.; Volovik, Y.; Elami, T.; Siddiqui, A.A,;
Grushko, D.; Biram, A.; et al. The insulin/IGF signaling cascade modulates SUMOylation to regulate aging and proteostasis in
Caenorhabditis elegans. Elife 2018, 7, e38635.

Veggiani, G.; Gerpe, M.C.R; Sidhu, S.S.; Zhang, W. Emerging drug development technologies targeting ubiquitination for can-
cer therapeutics. Pharmacol. Ther. 2019, 199, 139-154.

Wei, Y.; Xu, X. UFMylation: A Unique & Fashionable Modification for Life. Genom. Proteom. Bioinform. 2016, 14, 140-146.

Xi, P.; Ding, D.; Zhou, J.; Wang, M.; Cong, Y.S. DDRGK1 regulates NF-kB activity by modulating IxBa stability. PLoS ONE 2013,
8, 64231.

Liu, J.; Guan, D.; Dong, M.; Yang, J.; Wei, H.; Liang, Q.; Song, L.; Xu, L,; Bai, J.; Liu, C.; et al. UFMylation maintains tumour
suppressor p53 stability by antagonizing its ubiquitination. Nat. Cell Biol. 2020, 22, 1056-1063.

Zhang, Y.S.; Shen, Q.; Li, J. Traditional Chinese medicine targeting apoptotic mechanisms for esophageal cancer therapy. Acta
Pharmacol. Sin. 2016, 37, 295-302.

Zhang, H.; Wang, C.; Li, X.; Zhang, Y. Effects of pterostilbene on treating hyperprolactinemia and related mechanisms. Am. J.
Transl. Res. 2016, 8, 3049-3055.

Senavirathna, L.K.; Huang, C.; Yang, X.; Munteanu, M.C.; Sathiaseelan, R.; Xu, D.; Henke, C.A.; Liu, L. Hypoxia induces pul-
monary fibroblast proliferation through NFAT signaling. Sci. Rep. 2018, 8, 2709.

Zhang, Y.; Zhang, M.; Wu, ].; Lei, G.; Li, H. Transcriptional regulation of the Ufm1 conjugation system in response to disturbance
of the endoplasmic reticulum homeostasis and inhibition of vesicle trafficking. PLoS ONE 2012, 7, e48587.

Liu, J.; Wang, Y.; Song, L.; Zeng, L.; Yi, W,; Liu, T.; Chen, H.; Wang, M,; Ju, Z.; Cong, Y.S. A critical role of DDRGK1 in endo-
plasmic reticulum homoeostasis via regulation of IREla stability. Nat. Commun. 2017, 8, 14186.

Cao, Y.; Li, R;; Shen, M,; Li, C.; Zou, Y; Jiang, Q.; Liu, S.; Lu, C; Li, H.; Liu, H.; et al. DDRGK]I, a crucial player of ufmylation
system, is indispensable for autophagic degradation by regulating lysosomal function. Cell Death Dis. 2021, 12, 416.

Liu, T.; Zhang, J.; Li, K;; Deng, L.; Wang, H. Combination of an Autophagy Inducer and an Autophagy Inhibitor: A Smarter
Strategy Emerging in Cancer Therapy. Front. Pharmacol 2020, 11, 408.

Wu, Y.T.; Tan, H.L,; Shui, G.; Bauvy, C.; Huang, Q.; Wenk, M.R.; Ong, C.N.; Codogno, P.; Shen, H.M. Dual role of 3-methylad-
enine in modulation of autophagy via different temporal patterns of inhibition on class I and III phosphoinositide 3-kinase. J.
Biol. Chem. 2010, 285, 10850-10861.

Mizushima, N.; Yoshimori, T. How to interpret LC3 immunoblotting. Autophagy 2007, 3, 542-545.

Zhang, ]. Teaching the basics of autophagy and mitophagy to redox biologists--mechanisms and experimental approaches.
Redox Biol. 2015, 4, 242-259.

Mizushima, N.; Yoshimori, T.; Levine, B. Methods in mammalian autophagy research. Cell 2010, 140, 313-326.

Alj, S.; Kelly, C.; Challacombe, S.J.; Donaldson, A.N.; Bhogal, B.S.; Setterfield, J.F. Serum and salivary IgG and IgA antibodies
to desmoglein 3 in mucosal pemphigus vulgaris. Br. J. Dermatol. 2016, 175, 113-121.

Vidal, R.L.; Matus, S.; Bargsted, L.; Hetz, C. Targeting autophagy in neurodegenerative diseases. Trends Pharmacol. Sci. 2014, 35,
583-591.

Rubin, B.P.; Debnath, J. Therapeutic implications of autophagy-mediated cell survival in gastrointestinal stromal tumor after
treatment with imatinib mesylate. Autophagy 2010, 6, 1190-1191.

Yang, L.; Xie, P.; Wu, J.; Yu, J; Li, X;; Ma, H;; Yu, T.; Wang, H.; Ye, J.;, Wang, |.; et al. Deferoxamine Treatment Combined With
Sevoflurane Postconditioning Attenuates Myocardial Ischemia-Reperfusion Injury by Restoring HIF-1/BNIP3-Mediated Mito-
chondrial Autophagy in GK Rats. Front. Pharmacol. 2020, 11, 6.

Song, S.; Tan, J.; Miao, Y.; Li, M.; Zhang, Q. Crosstalk of autophagy and apoptosis: Involvement of the dual role of autophagy
under ER stress. ]. Cell. Physiol. 2017, 232, 2977-2984.



