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STUB1-mediated ubiquitination regulates the stability

of GLUD1 in lung adenocarcinoma

Qifan Hu,"%310 Jiapeng Lei,?*'° Zhujun Cheng,” Jing Xu,” Lei Wang,” Yi Yuan,® Mingxi Gan,” Yanan Wang,'
Yilin Xie,” Lu Yao,® Keru Wang,® Yuhan Liu,” Wenze Xun,? Jian-Bin Wang, and Tianyu Han'-8.9.11.*

SUMMARY

The dysregulation of glutamine metabolism provides survival advantages for tu-
mors by supplementing tricarboxylic acid cycle. Glutamate dehydrogenase 1
(GLUD1) is one of the key enzymes in glutamine catabolism. Here, we found
that enhanced protein stability was the key factor for the upregulation of
GLUD1 in lung adenocarcinoma. We discovered that GLUD1 showed a high pro-
tein expression in lung adenocarcinoma cells or tissues. We elucidated that STIP1
homology and U-box-containing protein 1 (STUB1) was the key E3 ligase respon-
sible for ubiquitin-mediated proteasomal degradation of GLUD1. We further
showed that lysine 503 (K503) was the main ubiquitination site of GLUD1, inhib-
iting the ubiquitination at this site promoted the proliferation and tumor growth
of lung adenocarcinoma cells. Taken together, this study clarifies the molecular
mechanism of GLUD1 in maintaining protein homeostasis in lung adenocarci-
noma, which provides a theoretical basis for the development of anti-cancer
drugs targeting GLUD1.

INTRODUCTION

Metabolic reprogramming is one of the main characteristics of cancer cells, which provides substrates and
energy for the survival and proliferation of cancer cells.”? Enhanced glutamine metabolism is an important
feature of cancer metabolic reprogramming, which provides survival advantages for cancer development
by providing energy and macromolecular precursors required for biosynthesis.”* Glutamate dehydroge-
nase (GLUD) is one of the key enzymes in glutamine catabolism. In the human body, GLUD has two sub-
types, namely GLUD1 and GLUD2. Compared with GLUD2, GLUD1 has higher activity and less sensitivity
to the activation of ADP.>® GLUD1 converts glutamate to alpha-ketoglutarate (a-KG), an important inter-
mediate of the tricarboxylic acid (TCA) cycle, thus providing a metabolic advantage to cancer cells.” It has
been reported that GLUD1 plays an important role in TCA cycle, signal transduction, regulation of carbon
and nitrogen metabolism, energy regulation, and maintenance of cell homeostasis.” '? GLUD1 is also re-
ported to be closely associated with cancer progression. However, little is known about the regulation
mechanism for GLUD1 in cancer progression, especially in its degradation mechanisms.

As a chaperone-dependent E3 ubiquitin ligase, STUB1 is expressed in most tissues, '* especially in tissues
with fast protein turnover and high metabolism. It contains three domains, the three tetrapeptide repeats
at the N-terminal (TRP domain), the CC domain in the middle, and the U-box domain at the C-terminus.
STUB1 can ubiquitinate target substrate proteins and thus regulate cellular physiological functions. For
most substrate proteins, STUB1 mediates the ubiquitination-mediated degradation in the form of K48-link-
age, while in a few cases, STUB1 can also mediate substrate ubiquitination in the form of Ké3- or K27-link-
age. A variety of ubiquitin linking forms give substrate proteins different physiological functions.’*'®
STUB1 is also involved in the regulation of various signaling pathways, including NF-kB, Hippo, TGF-B,
and other classical signaling pathways.'"'/~'? Researchers have found that STUB1 is associated with a
variety of cancers, and has been proved to participate in the occurrence, proliferation, and invasion of a
variety of malignant cancers through regulating a variety of carcinogenic proteins, including TLR, EGFR,
HER2, and other receptor proteins significantly related to cancers.”’~? But the molecular mechanisms
for STUB1 in regulating the progression of lung cancer still need to be further clarified.

In this study, we found that GLUD1 knockdown significantly inhibited the proliferation and migration of lung
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Figure 1. GLUD1 promotes the proliferation and migration of lung adenocarcinoma cells

(A) The protein levels of GLUD1 were detected in lung adenocarcinoma cell lines and normal bronchial epithelial cell
BEAS-2B.

(B) The expression of GLUD1 protein in 13 lung adenocarcinoma tissues and paired adjacent normal tissues were
detected by Western blot with anti-GLUD1 antibody.

(C) The wild-type A549 cells and A549 stable cell lines overexpressing His-GLUD1 were photographed using microscope.
(D) A549 cells were transfected with pcDNA3.1-His-GLUD1 plasmid or empty vector. Cell proliferation assay was
performed (upper panel). Data represent the average of three independent experiments (mean + SD). ***p < 0.001. The
expression of His-GLUD1 was detected using Western blot (bottom panel).

(E) Colony formation assay. A549 cells were trypsinized, counted, and seeded in 6-well plates with 500 cells per well. After
10 days, cells were fixed and stained with crystal violet (left panel). Quantitative analysis of colony formation assay was
performed using ImageJ software, the results represent the average of three independently repeated experiments
(mean * SD), **p < 0.01 (right panel).
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Figure 1. Continued

(F) GLUD1 was knocked down by specific siRNA in A549 (left), H1299 (middle), and SPC-A1 (right) cell lines. Then, cell
proliferation assay was performed. Data represent the average of three independent experiments (Mean + SD).

***p < 0.001, **p < 0.01 (upper panel). The knockdown efficiencies of GLUD1 were detected by Western blot (bottom
panel).

(G) H1299 cells were transfected with pcDNA3.1-His-GLUD1 plasmid (upper panel) or GLUD1 siRNAs (bottom panel).
Cells were culturedin 1% FBS medium and wound healing assay was processed. At the indicated time, photographs were
taken and the migration rate was calculated for statistical analysis (Mean + SD). ***p < 0.001 (right panel).

(H) pcDNA3.1-His-GLUD1 plasmid was transfected into H1299 and A549 cells. Transwell chambers were used to inoculate
H1299 cells (5% 10* cells/well) and A549 cells (1x 10° cells/well). After incubation for 10 h, the cells were fixed, stained, and
photographed (upper panel). Cells migration was recorded at the indicated time for statistical analysis (Mean + SD).
**p < 0.01 (bottom panel).

pathway. We confirmed that STUB1, the E3 ubiquitin ligase, could interact with GLUD1 and promote the K48-
linked ubiquitination, leading to the degradation of GLUD1. Furthermore, we confirmed that Lys503 was the
key ubiquitination site of GLUD1 regulated by STUB1. Thus, our study clarified the role of GLUD1 in the pro-
liferation and migration of lung adenocarcinoma and elucidated the molecular mechanism of STUB1 in regu-
lating GLUD1 protein homeostasis, which provided a theoretical basis for the development of lung cancer
therapeutic drugs by targeting GLUD1.

RESULTS
GLUD1 promotes the proliferation and migration of lung adenocarcinoma cells

To investigate the function of GLUD1 in lung adenocarcinoma cells, we first examined the expression of
GLUD1 in lung adenocarcinoma cells and tissues. The protein expression of GLUD1 in all lung adenocar-
cinoma cells was significantly upregulated compared with human bronchial epithelial cell BEAS-2B (Fig-
ure TA). Similar results were also obtained when we examined GLUD1 expression in lung adenocarcinoma
tissues. Figure 1B showed that the expression of GLUD1 in 13 lung adenocarcinoma tissues was higher than
that in adjacent normal tissues. We then used A549 cells to construct a stable cell line overexpressing
GLUD1 to further explore its function in lung adenocarcinoma. We found that overexpression of GLUD1
affected the morphology of A549 cells, which are round and grow in clumps compared to wild-type
A549 cells (Figure 1C), suggesting that GLUD1 might play an important role in lung adenocarcinoma cells.
We next performed cell growth and colony formation assays to investigate the function of GLUD1. Over-
expressing GLUD1 significantly promoted the proliferation of A549 cells (Figures 1D and 1E). However,
the proliferation rates of lung adenocarcinoma cells were markedly attenuated when GLUD1 was knocked
down by specific siRNAs (Figure 1F). We next detected the effects of GLUD1 expression on cell migration.
Our wound healing assay showed that overexpression of GLUD1 significantly promoted the migration rate
of H1299 cells, while knocking down GLUD1 markedly attenuated cell migration (Figure 1G). The transwell
assay also showed that overexpression of GLUD1 promoted the migration of A549 and H1299 cells (Fig-
ure TH). These data indicate that the proliferation and migration of lung adenocarcinoma cells depend
on GLUD1 expression.

The overexpression of GLUD1 in lung adenocarcinoma is mainly regulated by the enhanced
protein stability

To explore the regulation mechanisms of GLUD1 overexpression in lung adenocarcinoma, we first analyzed
GLUD1 TPM (transcripts per kilobase of exon model per million mapped reads) expression from gene
expression profiling interactive analysis (GEPIA) platform and found that GLUD1 TPM expression did not
show a significant difference between tumor and normal tissues (Figures 2A and 2B). Next, we checked
the mRNA levels of GLUD1 in lung adenocarcinoma cell lines and BEAS-2B cells. The results showed
that the mRNA levels of GLUDT in some lung adenocarcinoma cells were upregulated, and some were
downregulated compared with BEAS-2B (Figure 2C). This indicated that the upregulation of GLUD1 pro-
tein in lung adenocarcinoma might not be due to the enhanced transcription of the GLUD1 gene.

Protein homeostasis plays a crucial role during tumor progression. Thus, we examined the protein homeo-
stasis of GLUD1 protein in lung adenocarcinoma cells. Firstly, we performed cycloheximide (CHX)-chase
assays and measured the stability of GLUD1 protein in physiological conditions. The results showed that
GLUD1 gradually decreased up to 24 h after treatment with CHX in BEAS-2B, A549, and H1299 cells. How-
ever, compared with A549 and H1299 cells, GLUD1 protein degradation was markedly accelerated under
the same conditions in BEAS-2B cells (Figure 2D). We also found that the protein level of GLUD1 was
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markedly decreased when A549 and H1299 cells were treated with CHX for 24 h, and this effect could be
recovered via adding the proteasomal inhibitor MG132 or the lysosomal inhibitor chloroquine (CQ)
(Figures 2E and 2F). The ubiquitination level of GLUD1 by adding MG132 or CQ was also examined and
the result showed that the ubiquitination of GLUD1 was significantly increased by adding MG132, but
not CQ, indicating the degradation by the ubiquitin-proteasomal pathway (Figure 2G). As GLUD1 is a
mitochondrial enzyme and CQ treatment can also rescue the reduced protein expression induced by
CHX treatment, we supposed that the stability of GLUD1 might also be regulated by mitophagy. Mdivi-
1(Mitochondrial division inhibitor 1) is a mitophagy inhibitor and inhibits Dnm1 GTPase activity.”* We
then tested the GLUD1 protein expression by adding Mdivi-1 up to 24 h in A549 and H1299 cells.
Figures 2H and 2| showed that Mdivi-1 treatment increased the GLUD1 protein expression in dosage
dependent manner. However, Mdivi-1 could not affect GLUDT mRNA level as analyzed by RT-PCR (Fig-
ure 2J). These data suggest that GLUD1 can be degraded by both proteasomal degradation pathway
and mitophagy pathway in lung adenocarcinoma.

E3 ligase STUB1 promotes the ubiquitination and degradation of GLUD1

To further investigate the mechanism of GLUD1 degradation by proteasome degradation pathway, we
searched for potential E3 ligases of GLUD1 by E3 ligase analytical platform-UbiBrowserV2 and a series
of E3 ligases were predicted (Figure 3A). Then, the protein level of GLUD1 was examined when overex-
pressing some potential E3 ligases in the database. Figure 3B showed that overexpressing STUB1
decreased GLUD1 protein expression in A549 cells, while overexpressing NEDD4L, UBE4A, UBE4B,
SMURF1, MDM2, or SYVN1 did not affect GLUD1 protein expression (Figures STA-S1F). Figure 3C showed
that knockdown STUB1 increased GLUD1 protein expression. We also detected the expression pattern be-
tween GLUD1 and STUB1. Figure 3D showed that the protein expression of GLUD1 was negatively corre-
lated with that of STUB1 in lung adenocarcinoma cells. In order to determine whether the STUB1 affects
GLUD1 protein activity, we tested the activity of GLUD1 in A549 and H1299 cells and found that overexpres-
sion of STUB1 did not affect GLUD1 activity (Figures S2A and S2B). Next, we verified the interaction be-
tween GLUD1 and STUB1 through co-immunoprecipitation (co-IP). The results showed that GLUD1 and
STUB1 interacted with each other (Figures 3E-3H). To test whether STUB1 regulates GLUD1 at the tran-
scriptional level, we examined GLUD1 mRNA expression. Neither overexpression nor knockdown of
STUB1 affected GLUD1 mRNA expression (Figures 3| and 3J). The degradation rates of GLUD1 were
then examined under STUB1 overexpression or knockdown conditions. The GLUD1 protein showed a sig-
nificant decrease when A549 cells were treated with CHX for 12 h. The overexpression of STUB1 acceler-
ated the degradation rate of GLUD1 to 12 h after the CHX treatment (Figure 3K). Instead, the GLUD1
protein degradation rate was slowed down in cells with STUB1 knockdown (Figure 3L). Next, we found
that overexpressing STUB1 significantly increased the ubiquitination level of GLUD1 (Figure 3M). However,
the ubiquitination level of GLUD1 was not affected by overexpressing the other E3 ligase predicted using
UbiBrowser like NEDDA4L, UBE4A, UBE4B, SMURF1, MDM2, or SYVN1 (Figures S3A-S3F). These data sug-
gest that STUB1 is the key E3 ligase for GLUD1.

Next, we analyzed if STUB1 ubiquitinated GLUD1 through K48 or K63 linkages, both enabled substrates to
degradation. We found that the K48-linked ubiquitination of GLUD1 increased significantly when overex-
pressing STUB1, and MG 132 treatment could further enhance this type of ubiquitination of GLUD1 (Fig-
ure 3N). However, the K63-linked ubiquitination of GLUD1 was not affected by MG132 or CQ and there
were no significant differences in the Ké63-linked ubiquitination when STUB1 was overexpressed (Fig-
ure 30). Altogether, these data support the model that STUB1 ubiquitinates GLUD1 through K48-linkage,
followed by degradation in the proteasomal pathway.

Lysine 503 of GLUD1 is the key ubiquitination site regulated by STUB1

We next want to identify the ubiquitination sites of GLUD1 regulated by STUB1. Using PhosphoSitePlus, we
found that the K84, K183, K187, K191, K200, K363, K365, K386, K399, K480, and K503 were identified as the
putative ubiquitination sites for GLUD1 (Figure 4A). Then, to investigate which sites were the major ubig-
uitination sites for STUB1, we constructed the GLUD1 plasmids containing indicated mutations (K84R,
K183R, K187R, K191R, K200R, K363R, K365R, K386R, K399R, K480R, and K503R). We found that only the
ubiquitination of the GLUD1**R mutant did not change when overexpressing STUB1 (Figure 4B). Whereas
the ubiquitination of K84R, K183R, K187R, K191R, K200R, K363R, K365R, K386R, K399R, and K480R muta-
tions still increased when overexpressing STUB1 (Figures 4C-4L).
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Figure 2. The overexpression of GLUD1 is mainly regulated by the enhanced protein stability in lung
adenocarcinoma

(A and B) GEPIA (http://gepia.cancer-pku.cn) analysis for GLUDT TPM expression in tumor and normal tissues.

(C) The mRNA levels of GLUD1 were detected in lung adenocarcinoma cell lines and BEAS-2B. Relative GLUD1
expression over B-actin was quantified. Data represent the average of three independent experiments (mean + SD). ns,
p > 0.05; upregulation: ***p < 0.001, *p < 0.05; downregulation: ##p < 0.01.

(D) 20 ng/mL CHX was added to A549, H1299, and BEAS-2B cells, cells were collected at the indicated time. The
degradation rate of GLUD1 was detected by Western blot (upper panel). Relative GLUD1 expression over B-actin was
quantified (bottom panel). Data represent the average of three independent experiments (mean + SD). H1299:

***5 < 0.001; A549: #i#t#p < 0.001.

E and F) CHX (20 pg/mL) was added into A549 (E) and H1299 (F) cells for 24 h with or without MG132 (20 uM) or CQ
20 uM). GLUD1 protein was detected by Western blot (left panel). Relative GLUD1 expression over B-actin was quantified
right panel). Data represent the average of three independent experiments (mean + SD). **p < 0.01 ***p < 0.001.

G) A549 cells were transfected with pcDNA3.1-His-GLUD1 plasmid, and MG132 (20 pM) or CQ (20 pM) was added 12 h
before sample collection. Co-IP was used to detect the ubiquitination level of GLUD1.

(H-J) Mdivi-1 at different concentrations was added into A549 and H1299 cells for 12 h, cells were collected and the mRNA
and protein level of GLUD1 was detected by Western blot (H and I) and RT-PCR (J). Data represent the average of three
independent experiments (mean + SD). ns, p > 0.05.
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Figure 3. STUB1 interacts with GLUD1 and affects the stability of GLUD1 protein

(A) Ubibrowser was used to search for E3 ligases of GLUD1.
(B and C) In A549 cells, STUB1 was overexpressed (B) or knocked down (C) to detect GLUD1 protein by Western blot.
(D) The protein level of GLUD1 and STUB1 in PC9, A549, H292, H358, and H1299 cells were detected by Western blot.
(E and F) 293T cells were transfected with pcDNA3.1-His-GLUD1 plasmid (E) or pCMV-Flag-STUB1 (F). The
immunoprecipitants were blotted with anti-His or anti-Flag antibodies. WCL: the whole cell lysate.

(G and H) In A549 cells, endogenous interaction between GLUD1 and STUB1 was tested using anti-STUB1 (G) and anti-
GLUD1 (H) antibodies for co-IP, followed by Western blot detection.
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Figure 3. Continued

(land J) A549 cells were transfected with Flag-STUB1 plasmid (1) or STUB1 siRNAs (J), the mRNA expression of GLUD1 was
detected by RT-PCR. Data represent the average of three independent experiments (mean + SD). ns, p > 0.05

***p < 0.001.

(K'and L) A549 cells were transfected with Flag-STUB1 (K) or STUB1 siRNAs (L), cells were treated with CHX (20 pg/mL) for
0, 3,6, and 12 h. The protein stability of GLUD1 was detected by Western blot (left panel). Relative GLUD1 expression over
B-actin was quantified (right panel). Data represent the average of three independent experiments (mean + SD). ns,

p > 0.05; **p < 0.01 ***p < 0.001.

(M) In A549 cells, Flag-STUB1 and His-GLUD1 plasmids were co-transfected and treated with MG132 for 12 h. The
ubiquitination of GLUD1 was detected.

(N and O) In 293T cells, Flag-STUB1 and His-GLUD1 plasmids were co-transfected and treated with MG132 or CQ for 12 h.
The K48-linkage ubiquitination (N) and Ké3-linkage ubiquitination (O) of GLUD1 was detected.

To further confirm whether K503 might be affected by other common modifications that usually occur on
lysine, such as acetylation and succinylation, we tested the succinylation and acetylation levels of wild-type
GLUD1 and GLUD1"%3R in A549 cells. We found that both acetylation and succinylation were not affected,
indicating that K503 mainly underwent ubiquitination in lung adenocarcinoma cells (Figures S4A and S4B).
We next measured the stability of GLUD1 and GLUD1*%3R The GLUD 1% protein decreased lower than
GLUD1 wild-type when cells were treated with CHX (Figure 4M). What is more, overexpression of STUB1
could not increase the degradation rate of GLUD1°%R (Figure 4N). These data suggest that K503 of
GLUD1 is the major ubiquitination site for STUB1.

The regulation of GLUD1 on cell viability relies on STUB1-mediated ubiquitination and
degradation

To further examine whether the regulation of GLUD1 on cell viability was caused by the effect of STUB1 on
its ubiquitination and degradation, we overexpressed GLUD1 and STUB1 in A549 and H1299 cells, and the
cell growth assays revealed that STUB1 abated the enhanced proliferation mediated by GLUD1 overex-
pression (Figures 5A and 5B). In line with this, the transwell assay showed that overexpression of STUB1
could also reduce the migration ability of lung cancer cells overexpressing GLUD1 (Figures S5A and
S5B). Then, we co-transfected GLUD1 plasmid and STUB1 siRNAs into lung cancer cells, the results showed
that knocking down STUB1 further enhanced the tumor-promoting effects of GLUD1 overexpression
(Figures 5C, 5D, S5C, and S5D).

We next established A549 cell lines stably overexpressing Flag-GLUD1 (GLUD1"T) and lysine 503 mutant
Flag-GLUD1 (GLUD1®%%R)_Cell growth assay and colony formation assay showed that the proliferation rate
of A549-GLUD1*%%R cells was more rapidly compared with A549-GLUD1WT (Figures 5E and 5F). Mean-
while, the transwell migration assay showed that the migration rate of A549-GLUD1"*%%R cells was markedly
increased compared with A549-GLUDTWT (Figure S5E). Furthermore, the xenograft assay was performed to
determine the effect of GLUDT™T and GLUD1*%R mutant on tumor growth. Our data showed that A549
cells overexpressing GLUD1WT showed an increase in tumor size and weight compared with wild-type
A549 cells (Figure 5G), and A549-GLUDTX%%R further enhanced tumorigenicity compared with A549-
GLUDI™T cells (Figure 5H). To confirm these results, we performed immunohistochemistry (IHC) analysis
of the tumor samples caused by wild-type A549, A549-GLUD1WT, and A549-GLUD1"*%3R using specificity
antibodies recognizing Kié7 and TTF1. Kié7 is widely used as a proliferation marker in pathological assess-
ments. TTF1 was demonstrated to be frequently suppressed in high-grade lung adenocarcinoma. We
observed that the staining of Ki67 was markedly higher in the A549-GLUD1"T group than that in the control
group, while the Ki67 staining in the A549-GLUD1*°3R group was higher than that in the A549-GLUDTWT
group (Figure 5l). However, the staining of TTF1 was lower in the A549-GLUD1™T group than that in the
wild-type A549 group, and the A549-GLUD1*%R group was lower compared with the A549-GLUD1WT
group (Figure 5J). Thus, our findings demonstrate that inhibiting the ubiquitination of GLUD1 on K503 en-
hances the proliferation and tumor growth of lung adenocarcinoma cells.

DISCUSSION

Glutamine metabolism has emerged as an important metabolic node in rapidly proliferating cancer cells.
More and more studies have shown that glutamine metabolism plays an important role in tumor prolifer-
ation and metastasis.”” Glutamine enters cancer cells through amino acid transporter and provides nitro-
gen and carbon sources for cancer cells. In addition, glutamine maintains the homeostasis of intracellular
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Figure 4. Lysine 503 of GLUD1 is the key ubiquitination site regulated by STUB1
(A) The ubiquitination sites of GLUD1 predicted by PhosphoSitePlus.
(B-M) The GLUD1 lysine residue mutation plasmids (lysine to arginine) are constructed based on the predicted ubiquitin sites
of GLUD1. A549 cells were transfected with these plasmids and pCMV-Flag-STUB1, the ubiquitination levels of GLUD1 were
detected. (B) GLUDT***R (C) GLUD1*®*% (D) GLUD1*"®" (E) GLUD1<'®" (F) GLUD1X"""® (G) GLUD1"*® (H) GLUD1"%¢*" (1)
GLUD1!4%R (J) GLUD1*®8R (K) GLUD1**"%% (L) GLUD1X*€R (M), In A549 cells, wild-type GLUD1 (His-GLUDT"VT) or His-
GLUD1X%0%R plasmids were overexpressed, CHX (20 pg/mL) was added to cells for 0, 3, 6,9, 12, and 24 h, and the degradation
rate of GLUD1 was detected by Western blot (left panel). Relative GLUD1 expression over B-actin was quantified. Data
represent the average of three independent experiments (mean + SD). ***p < 0.001 (right panel).

(N) A549 cells were transfected with His-GLUD1%%3R alone or co-transfected with Flag-STUB1, cells were treated with
CHX (20 pg/mL) for O, 3, 6, 9, 12, and 24 h. The degradation rate of GLUD1 was detected by Western blot (left panel).
Relative GLUD1 expression over B-actin was quantified. Data represent the average of three independent experiments

(mean + SD). ns, p > 0.05 (right panel).
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Figure 5. The regulation of GLUD1 on cell viability relies on STUB1-mediated ubiquitination and degradation
(A and B) A549 and H1299 cells were transfected with His-GLUD1 and Flag-STUB1 plasmid or control plasmid. Cell
proliferation assays (upper panel) were performed. GLUD1 expression was detected by Western blot (bottom panel).
Data represent the average of three independent experiments (mean + SD). ns, p > 0.05, **p < 0.01, ***p < 0.001.

(C and D) A549 and H1299 cells were transfected with His-GLUD1 and STUB1 siRNAs. Cell proliferation assay was
performed (upper panel). GLUD1 expression was detected by Western blot (bottom panel). Data represent the average of
three independent experiments (mean + SD). *p < 0.05, **p < 0.01.

(E) Cell proliferation assay was performed in A549, A549-GLUD1, and A549-GLUD 1R cells (left panel). Protein

expression was detected by Western blot (right panel). Data represent the average of three independent experiments
(mean £ SD). ***p < 0.001.
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Figure 5. Continued

(F) Colony formation assay were performed in A549, A549-GLUD1, and A549-GLUD1"%R cells (left panel). The graph is statistical analysis (right panel). Data
represent the average of three independent experiments (mean + SD). *p < 0.05, **p < 0.01.

(G and H) A549-WT, A549-GLUD1, and A549-GLUD1°%3R cells were subcutaneously injected into the flanks of nude mice. After 25 days, tumors were
dissected out and photographed (left panel). Tumor weight and volume were measured (right panel). The p value was calculated by paired t test. *p < 0.05,
**p < 0.01.

(I'and J) Immunohistochemical staining of tumors derived from nude mice using anti-Kié7 (1) or anti-TTF1 (J) antibodies. Magnification is x200.

redox and participates in the regulation of glucose and lipid metabolism.”*® Many glutamine metabolic
enzymes, such as GLS and GLUD1, have been reported as potential therapeutic targets in cancer therapy.

In this study, we observed that GLUD1 protein expression was upregulated in lung adenocarcinoma tissues
compared with adjacent normal tissues. Overexpressing GLUD1 promoted the proliferation and migration
of lung adenocarcinoma cells. These data suggested that GLUD1 had tumor-promoting functions in lung
adenocarcinoma. In fact, researchers have found that GLUD1 could promote the proliferation of breast
cancer and gastric cancer.””*° However, GLUD1 was also reported to be downregulated in some kinds
of tumors, like liver cancer.?’ This suggested that GLUD1 might play different functions in different tumors.
Until now, some studies have shown that GLUD1 played an important role in lung cancer. Researchers
found that GLUD1 has a function in redox homeostasis in lung cancer cells by controlling the production
of a-KG and subsequent metabolite fumarate. At the same time, the authors found R162 was a specific in-
hibitor of GLUD1.?? In 2018, research reported that pleomorphic adenoma gene 1 (PLAG1) promoted
GLUD1 upregulation, providing anti-anoikis and pro-metastatic signals in LKB1-deficient lung cancer.
Mechanistically, the GLUD1 product a-KG activated CamKK2 for its binding to AMP-activated protein ki-
nase (AMPK), which contributed to energy production that conferred anoikis resistance.

The mechanism of GLUD1 degradation under physiological conditions has not been investigated. In this
study, we elucidated the mechanism of post-translational modifications in the regulation of the protein
levels of GLUD1 in lung adenocarcinoma cells. Mechanistically, the E3 ligase STUB1 degraded GLUD1
through the K48-linked ubiquitination in physiological conditions to promote its proteasomal degradation.
We also elucidated that the K503 of GLUD1 was the key ubiquitination site for STUB1. As other post-trans-
lational modifications could also occur on lysine, we also detected two common modifications that occur
on lysine, succinylation and acetylation. Both the acetylation and succinylation were not affected when
mutating K503, indicating that K503 mainly underwent ubiquitination in lung adenocarcinoma cells. How-
ever, this still cannot rule out the other possible modifications on this site, such as lactylation, B-hydroxy-
butyrylation, etc., and the modification on this site may also vary depending on the type of cancer. In
lung adenocarcinoma cells, we defined K503 as the key ubiquitination site for maintaining the stability
of GLUD1, this provided an opportunity to develop drugs that target the GLUD1-K503 ubiquitination for
lung adenocarcinoma treatment. It is reported that the E3 ligase RNF213 promoted GLUD1 ubiquitination
and degradation under the condition of amino acid deprivation or mTORC1 inhibition in kidney renal clear
cell carcinoma (KIRC) cells.* This result together with ours demonstrated that the regulation mechanism
for GLUD1 protein degradation was variable according to different cancer types or survival environments.
This also applied to the functional study of GLUD1 in cancer. As mentioned previously, GLUD1 played
different roles in different cancers, indicating that it was necessary to consider the tumor type or different
tumor subtypes within the same tumor when targeting GLUD1 for cancer treatment.

Mitophagy is an organelle-specific autophagy pathway that serves to maintain cell structure and function.*”
GLUD1 is mainly located in mitochondria, so we also attempted to explore whether GLUD1 could be
degraded by the mitophagy pathway.** Adding the lysosomal inhibitor chloroquine (CQ) could recover
the reduced expression of GLUD1 in cells treated with CHX for 24h. We further found that the mitophagy
inhibitor Mdivi-1 could increase the GLUD1 protein expression in dosage dependent manner, indicating
that mitophagy is another way for GLUD1 degradation. Thus, we discovered that GLUD1 could also be
degraded by the mitophagy pathway. However, the mechanism of GLUD1 degradation through mitophagy
needs to be further clarified.

The E3 ligase-STUB1 plays different roles in different cancers, either as an oncogene or tumor suppressor.”
STUB1 affected the occurrence and development of tumors by degrading its substrate protein. In lung
adenocarcinoma, scaffold protein PDLIM5 inhibited the interaction between STUB1 and transforming
growth factor B effector protein SMAD3, thus protecting SMAD3 from degradation by STUB1-mediated
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protein ubiquitination.” In addition, researchers showed that STUB1 preferentially targeted the mutated
EGFR receptor and promoted its ubiquitination degradation under the treatment of vrinota (histone de-
acetylase inhibitor) in EGFR-C797S mutated lung adenocarcinoma, and finally inhibited the malignant
development of EGFR-C797S mutated lung adenocarcinoma.”” STUB1 was also reported to affect the
degradation of metabolic enzymes. In ovarian cancer, STUB1 interacted with PKM2 and mediated its
degradation through ubiquitination, thereby inhibiting aerobic glycolysis and tumor progression.®” In
breast cancer, STUB1 degraded PGK1 through ubiquitination and this effect could be further enhanced
by IncRNA-LINC00926."? In our study, we identified that STUB1 regulated glutamine metabolism through
ubiquitinating and degrading GLUD1, thus suppressing the progression of lung adenocarcinoma. These
studies indicated that STUB1 was an important regulator in tumor metabolic reprogramming.

In conclusion, we found that STUB1 degraded GLUD1 through the K48-linked ubiquitination under phys-
iological conditions and K503 residue of GLUD1 was the key ubiquitination site. GLUD1 could promote the
proliferation and migration of lung adenocarcinoma cells and increase its tumorigenicity. These results
indicate that GLUD1 is a potential therapeutic target for the treatment of lung adenocarcinoma.

Limitations of the study

In this study, we found that stably overexpressing GLUD1 affected the morphology of A549 cells, which
were rounder and grow in clumps compared to wild-type A549 cells (Figure 1C). The data suggested
that GLUD1 might have other important effects on lung adenocarcinoma cells. This needs to be further
elucidated. In this study, we also found that GLUD1 could be degraded by mitophagy, and the molecular
mechanism was unclear. We will study this in the future.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

GLUD1 Polyclonal antibody

Ubiquitin Polyclonal antibody

His-Tag Monoclonal antibody
DYKDDDDK tag Monoclonal antibody

Anti-STUB1 Recombinant Rabbit Monoclonal
Antibody

Beta Actin Monoclonal antibody

K48-linkage Specific Polyubiquitin (D9D5)
Rabbit mAb

Ké63-linkage Specific Polyubiquitin (D7A11)
Rabbit mAb

Anti-Ki67 antibody

Anti-TTF1 antibody (EP1584Y)
Anti-Succinyllysine Mouse mAb
Anti-Acetyllysine Rabbit mAb

Proteintech
Proteintech
Proteintech
Proteintech

HUABIO

Origene
Cell Signaling

Cell Signaling

abcam
abcam
PTM BIO
PTM BIO

Cat No:14299-1-AP
Cat No:10201-2-AP
Cat No:66005-1-Ig
Cat No:66008-4-Ig
Cat No: ET7108-65

Cat No: TA811000
Cat No:8081S

Cat No:5621

Cat No: ab15580
Cat No: ab76013
Cat No: PTM-419
Cat No: PTM-105RM

Bacterial and virus strains

TSINGKE TSC-C01Trelief-5a Chemically Tsingke Biological Technology TSC-CO1
Competent
Biological samples
Human lung tumor and normal lung tissues First Affiliated Hospital N/A

of Nanchang University
Chemicals, peptides, and recombinant proteins
Chloroquine (CQ) Sigma-Aldrich Cé6628
Cycloheximide (NSC-185) Selleck S7418
MG132 Biovision C1791
siTran 2.0 siRNA transfection reagent OriGene TT320002
SuperFectin DNA Transfection Reagent kit Pufei 2102-100
Foetal Bovine Serum SORFA SX1500
TRTGene reagent Genestar P118-05
PrimeScript™ RT reagent Kit with gDNA Eraser Takara RRO47A
SYBR Green Premix Ex Taq Il kit Takara RR820A
Critical commercial assays
Micro Glutamic Acid Dehydrogenase Solarbio BC1465
(GDH) Assay Kit
Deposited data
N/A
Experimental models: Cell lines
Human bronchial epitherial mesothelial National Collection of Authenticated SCSP-5067

cell lines: BEAS-2B

Human lung cancer cell line: HCC827
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National Collection of Authenticated

Cell Clutures

110THUM-PUMCO000478
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Human lung cancer cell line: NCI-H358 National Collection of Authenticated 1101HUM-PUMCO000470
Cell Clutures

Human lung cancer cell line: NCI-H1975 National Collection of Authenticated 1101THUM-PUMCO000252
Cell Clutures

Human lung cancer cell line: PC-9 National Collection of Authenticated 4201PAT-CCTCCO01380
Cell Clutures

Human lung cancer cell line: A549 National Collection of Authenticated 1101HUM-PUMC000002
Cell Clutures

Human lung cancer cell line: NCI-H1299 National Collection of Authenticated 1101HUM-PUMCO000469
Cell Clutures

Human lung cancer cell line: NCI-H292 National Collection of Authenticated 1101THUM-PUMC000233
Cell Clutures

Human lung cancer cell line: SPC-A1 BLUEFBIO BFN60800698

Experimental models: Organisms/strains

BALB/c nude mice GemPharmatech Co., Ltd D000521

Oligonucleotides

Primers for RT-PCR, see Table S1 Tsingke Biological Technology N/A

Primers for construct plasmids, see Table S1 Tsingke Biological Technology N/A

Recombinant DNA

pcDNA3.1-His-GLUD1 plasmid This paper N/A

pCDH-Flag-GLUD1 plasmid This paper N/A

pcDNA3.1-His - GLUD1-K84R plasmid This paper N/A

pcDNA3.1-His - GLUD1-K183R plasmid This paper N/A

pcDNA3.1-His GLUD1-K187R plasmid This paper N/A

pcDNA3.1-His - GLUD1-K191R plasmid This paper N/A

pcDNA3.1-His - GLUD1-K200R plasmid This paper N/A

pcDNA3.1-His - GLUD1-K363R plasmid This paper N/A

pcDNA3.1-His GLUD1-K365R plasmid This paper N/A

pcDNA3.1-His GLUD1-K386R plasmid This paper N/A

pcDNA3. 1-His - GLUD1-K399R plasmid This paper N/A

pcDNA3.1-His - GLUD1-K480R plasmid This paper N/A

pcDNA3. 1-His - GLUD1-K503R plasmid This paper N/A

pCMV-Flag-NEDDAL plasmid This paper N/A

pCMV-Flag-UBE4A plasmid This paper N/A

pCMV-Flag-UBE4B plasmid This paper N/A

pCMV-Flag-SMURF1 plasmid This paper N/A

pCMV-HA-SYVN1 plasmid miaolingbio P35682

Software and algorithms

GraphPad Prism 8.0 GraphPad Prism Software N/A

Image J Schneider N/A

Other

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the Lead Contact, Tianyu Han at hantianyu87@163.com.
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Materials availability

This study did not generate new unique reagents.

Data and code availability
@ Data: All the data reported in this study will be shared by the lead contact upon request.

@ Code: This paper does not report original code.

® Additional information: Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Patient samples

Lung adenocarcinoma and paired normal tissues samples were kindly provided by Dr. Bentong Yu in the
Department of General Surgery from the First Affiliated Hospital of Nanchang University (Jiangxi Nan-
chang). All samples were collected with patients’ informed consent and then frozen and preserved in
-80°C. The detailed clinical information of all the patients including sex, age, race and clinical-pathological
information is presented in Table S2. The subject was approved by the Medical Research Ethics Committee
of First Affiliated Hospital of Nanchang University.

Animal experiments in vivo

4-week-old male BALB/c-Nude mice were purchased from Gempharmatech Co., Ltd (Jiangsu, China). All
mice were lived in the SPF animal facility of the Institute of Translational Medicine at Nanchang University
and experimental procedures were approved by the Institutional Animal Use and Care Committee of Nan-
chang University. All animal experiments were performed according to the established guidelines. The
study complied with all the relevant ethical regulations on animal research.

For vivo xenograft assay: A549 cells were transfected with pCDH-Flag-GLUD1 or pCDH-Flag-GLUD1*5%3R
plasmid and constructed stable cell line overexpressing Flag-GLUD1 or Flag-GLUD1K®%3R A total volume
of 100ul of cell suspensions (1 x 107 cells) were injected subcutaneously into the flanks of nude mice. Four
weeks later, the mice were euthanized. Tumors were dissected out and their volumes and weight were
measured. Tumor volume was calculated as 7t/6 x (large diameter) X (smaller diameter).”

Cell culture

BEAS-2B was purchased from National Collection of Authenticated Cell Clutures and cultured in RPMI 1640
(Gibco) supplemented with 10% FBS (SORFA). HEK-293T cells were cultured in MEDM (Dulbecco’s Modi-
fied Eagle Media, Gibco) supplemented with 10% FBS (SORFA). Lung adenocarcinoma cell lines A549,
H1299, H292, HCC827, H358, PCY9, H1975 were purchased from National Collection of Authenticated
Cell Clutures, SPC-A1 was purchased form BLUEFBIO and cultured in RPMI 1640 supplemented with
10% FBS (SORFA). All cells were cultured under an atmosphere of 5% CO2 at 37°C.

METHOD DETAILS
Cell growth assay

For cell proliferation assay, 3000-5000 cells in 0.5 mI RPMI 1640 with 10% FBS were seeded in 24-well plates
per well, each group had three replicates. Change the medium every two days. At the 0, 2, 4, 6 days, cells
were fixed with 4% formaldehyde for 15min then stained with 1% crystal violet. 10% acetic acid was used to
elute the color of crystal violet and the relative proliferation was determined by the absorbance at 595 nm.

For colony formation assay, 400 cells were seeded in 6-well plates per well in 1.0 ml RPMI 1640 with 10%
FBS. 10 days later, cells were fixed in 4% formaldehyde then stained with 1% crystal violet. The colonies
were counted using Image J.

Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was extracted using TRTGene reagent (Genestar P118-05). The RNA was used for reverse tran-
scription to cDNA by Prime Script RT reagent kit with gDNA Eraser (Takara, RR047A). SYBR Green Premix
Ex Taq Il kit (Takara, RR820A) was perform for RT-PCR. The relative mRNA expression of target genes was
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calculated using the comparative Ct method. GAPDH was used as a control for target gene. All gene
primers used for RT-PCR see Table S1.

Gene overexpression and knockdown

For gene overexpression, when cells reached a density of 70-80%, the indicated plasmids were transfected
into cells using the SuperFectin DNA Transfection Reagent kit (Pufei, 2102-100). 48h later, the transfection
efficiencies were verified by western blot using the indicated antibodies.

For gene knockdown, when cells reached a density of 50-60%, the indicated siRNAs were transfected into
cells using the siTran 2.0 siRNA transfection reagent (OriGene, TT320002). 48h later, the transfection effi-
ciencies were verified by western blot using the indicated antibodies.

Transwell migration assay and scratch wound healing assay

For transwell migration assay, 50000 cells were seeded in 8 pm transwell chambers (Corning Costar) per
well in 0.2 ml RPMI 1640 with 1% FBS. The lower chamber of the transwell device was filled with 500 pl
RPMI 1640 with 10% FBS. At the indicated times, remove excess cells in the chambers using phosphate
buffered saline (PBS). Cells on the lower surface of the membrane were fixed in 4% formaldehyde then
stained with 1% crystal violet. Then, photographs were taken using a microscope (Olympus, IX71).

For scratch wound healing assay, cells were seeded in 6-well plates to form a confluent monolayer of 80—
90% confluence in 2.0 ml RPMI 1640 with 10% FBS. Then, drawing a straight line using a 200 ul pipet tips
across monolayer cell. After washing the cells three times with PBS, fresh medium with 1% FBS was added.
At the indicated times, photographs were taken using a microscope (Olympus, IX71).

Immunoprecipitation and Western blot

For immunoprecipitation, cells were washed with PBS for three times. Then, cells were lysed using NP-40
buffer (20 MM Hepes, pH 7.4, 150 mM NaCl, 20 mM B-glycerol phosphates, 1 mM Na orthovanadate, 20 mM
NaF, 0.5% Nonidet P-40) supplemented with protease inhibitor for 30min at 4°C. Cell lysates were centri-
fuged for 20 min at 4°C, then the indicated antibodies and Protein G-Agarose (Roche, 11243233001) were
added to the supernatants and incubate overnight at 4°C. After that, the suspensions were centrifuged at
3000 x g for 3 min at 4°C and then washed with PBS for three times. The sediments were suspended with
2% loading buffer and boiled for 8 min.

For western blot assay, the 2x loading buffer were added to cell lysates and boiled for 8 min. The samples
were subjected to 10% SDS-PAGE and then transferred to PVDF (Polyvinylidene fluoride) membranes (Mil-
ipore, IPVH00010). The PVDF membranes were blocked with 5% skim milk (Solarbio D8340) for 1 h at room
temperature (25°C) and then incubated with the indicated antibodies for 12h at 4°C. The PVDF membranes
washed with TBS'T for three times and then incubated with the Goat anti-Mouse/Rabbit IgG-HRP second-
ary antibodies for 1Th at 4°C. After being washed 3 times with TBS'T, the PVDF membranes were stained with
ECL detection reagent (TIANGEN, PA112-01). The images were taken using Digital gel image analysis
(TANON 5500).

Measurement of GLUD1 activity

The GLUD1 activity was measured by Micro Glutamic Acid Dehydrogenase Assay Kit (Beijing Solarbio Sci-
ence & Technology Co., Ltd). A549 and H1299 cells were transfected pcDNA-His-GLUD1 and pCMV-Flag-
STUB1 cultured 2 days. Then, 1x107 cells were lysed by 1.0 ml NP-40 buffer for 30 min. The cell lysates were
added Protein G-Agarose beads and anti-His antibody to incubate overnight at 4°C. The sediments were
washed with PBS for 3 times and resuspended in 50 ul PBS. Then 10 ul suspension was added in 190 ul Micro
Glutamic Acid Dehydrogenase Assay Kit buffer 1. 20s later, the absorbance at 340 nm was measured by

Microplate Reader (A1). After 5 min 20s, the absorbance at 340 nm was measured again (A2). AA=(A1—
A2) was used for measuring GLUD1 activity.

Stable cell lines construct

The stable cell lines were constructed using lentivirus system. The genes were synthesized by PCR with the
following primers in Table S1. Then the genes were cloned into the specific vector pCDH-Flag-puro and
transfected into HEK-293T cells with pSPAX2 and pMD.2G using SuperFectin DNA Transfection Reagent

¢? CellPress

OPEN ACCESS

iScience 26, 107151, July 21, 2023 17




¢? CellPress

OPEN ACCESS

kit (Pufei, 2102-100). After 48 hours, lentiviral supernatants were harvested and infected A549 cells with
5pug/mL of polybrene (SANTA CRUZ, sc-134220). Uninfected cells were killed by 4 ug/ml purinomycin (So-
larbio, P8230).

Immunohistochemistry

Tumors were removed from the nude mice and fixed with 4% paraformaldehyde. Samples send to the Serv-
icebio company for immunohistochemistry. Anti-Kié7, anti-TTF1 antibodies were purchased from Abcam
(ab15580 and ab76013, #9662). Micrographs were obtained using Olympus IX71 microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism 8 software. All data are presented as means + SD.
Western blot quantification was performed through Image J 1.52K software. The Student t-test was used as
statistical evaluation. P-values < 0.05 was considered statistically significant.
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