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Esophageal cancer is mainly divided into esophageal
adenocarcinoma and esophageal squamous cell carcinoma
(ESCC). China is one of the high-incidence areas of esophageal
cancer, of which about 90% are ESCC. The deubiquitinase
USP38 has been reported to play significant roles in several
biological processes, including inflammatory responses, anti-
viral infection, cell proliferation, migration, invasion, DNA
damage repair, and chemotherapy resistance. However, the role
and mechanisms of USP38 in ESCC development remain still
unclear. Furthermore, although many substrates of USP38 have
been identified, few upstream regulatory factors of USP38 have
been identified. In this study, we found that USP38 was
significantly upregulated in esophageal cancer tissues. Knock-
down of USP38 inhibited ESCC growth. USP38 stabilized itself
through auto-deubiquitylation. In addition, we demonstrate
that adenosine deaminase acting on RNA (ADAR) could
enhance the stability of USP38 protein and facilitate USP38
auto-deubiquitylation by interacting with USP38 in an RNA
editing—independent manner. ADAR inhibition of ESCC cell
proliferation depended on USP38. In summary, these results
highlight that the potential of targeting the ADAR-USP38 axis
for ESCC treatment.

Cancer is one of the most challenging health issues globally,
posing a serious threat to human health and social develop-
ment. Research evaluations indicate that China had approxi-
mately 4.82 million new cancer cases and 2.57 million cancer
deaths in 2022 (1). Lung cancer, liver cancer, gastric cancer,
colorectal cancer, and esophageal cancer are the top five
causes of cancer death in China, accounting for 67.50% of total
cancer deaths (1). Esophageal cancer is mainly divided into
esophageal adenocarcinoma and esophageal squamous cell
carcinoma (ESCC) (2). China is one of the high-incidence areas
of esophageal cancer, of which about 90% are ESCC (3).
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However, its heterogeneity and complexity still require in-
depth research. The early symptoms of esophageal cancer
are not obvious, and patients are often diagnosed at late stages,
resulting in poor treatment outcomes. Therefore, early diag-
nosis and prevention of esophageal cancer remains a huge
challenge. The main treatments for esophageal cancer patients
include surgery, radiotherapy, and chemotherapy (4, 5).
However, surgery may not be suitable for some esophageal
cancer patients due to the location of the lesion or the
advanced stage of the disease, which presents certain diffi-
culties in treatment. Chemotherapy and targeted therapy can
control esophageal cancer to some extent, but some patients
may develop drug resistance, leading to decreased therapeutic
effect. For patients with advanced esophageal cancer, the ef-
ficacy of current treatments is limited, and more effective
therapeutic strategies need to be explored. Therefore, through
in-depth research on the mechanisms of the development of
ESCC and screening for prognostic biomarkers, it can provide
more precise guidance for personalized treatment, which will
help improve patient prognosis and enhance treatment effec-
tiveness as well as quality of life.

Deubiquitinating enzymes (DUBs) are a class of enzymes
that can hydrolyze the linkage of ubiquitin proteins, reversing
the action of the ubiquitin-proteasome system, thereby regu-
lating the stability and activity of intracellular proteins (6, 7).
According to the differences in their catalytic domains, DUBs
can be divided into several categories: ubiquitin-specific pro-
teases (USPs), carboxyl-terminal hydrolases (UCHs), ovarian
tumor proteases (OTUs), Machado—Josephin domain pro-
teases, JABI/MPN/MOV34 proteases, monocyte chemotactic
protein—induced proteins, the novel motif interacting with
ubiquitin-containing DUB family, and Zinc finger with UFM1-
specific peptidase domain protein, among which USPs are the
most numerous category (8-10). In tumor cells, abnormal
expression or dysfunction of some DUBs is closely related to
the occurrence, development, and treatment resistance of tu-
mors (8). USP38 belongs to the USPs subfamily of DUBs and
plays an important regulatory role in inflammatory responses,
antiviral infection, cell proliferation, migration, invasion, DNA
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damage repair, and chemotherapy resistance (11-18). Much
evidence indicates that USP38 acts in a context-dependent
manner in tumors. For instance, USP38 promotes the pro-
gression of gastric cancer and lung cancer (13, 14), while
inhibiting the progression of clear cell renal carcinoma, colo-
rectal cancer, and bladder cancer (15-18). However, the role of
USP38 in ESCC is still unclear. The known direct substrates of
USP38 include HDAC1, HDAC3, HMX3, JunB, HIF1a, TBK1,
and fatty acid synthase (13, 15-17, 19-21). Although many
substrates of USP38 have been identified, few upstream reg-
ulatory factors of USP38 have been identified.

ADAR1 (ADAR) is a member of the adenosine deaminases
acting on RNA family, containing two isoforms: the inter-
feron (IFN)-inducible p150 isoform and the constitutively
expressed p110 isoform (the isoform involved in this study is
p110, referred to collectively as ADAR). The p150 isoform is
subcellularly localized in both the nucleus and cytoplasm,
whereas pl10 is primarily localized in the nucleus (22, 23).
The p110 isoform contains a ZP domain associated with
Z-DNA/Z-RNA binding, three dsRNA-binding domains, and
deaminase domains, while p150 has an additional Z-DNA/Z-
RNA binding Za. domain at the N terminus compared to p110
(24). The classical function of ADAR is RNA editing, which
involves converting adenosine (A) in RNA to inosine (I),
affecting RNA stability, translation, miRNA-mediated gene
silencing, and the ability to be recognized by innate immune
sensors (25, 26). Initially, researchers confirmed that ADAR
plays a crucial role in the IFN signaling pathway-mediated
antiviral immune response, where IFN can induce ADAR
expression, and ADAR can inhibit RIG-I-like receptor signal
activation through RNA editing to achieve a negative feed-
back regulation of the antiviral effects (27). However, recent
studies have shown that ADAR is highly expressed in various
tumors and promotes their progression, including ESCC,
non-small cell lung cancer, colorectal cancer, and breast
cancer (28-31). In particular, the overexpression of ADAR in
ESCC leads to excessive A-to-I editing of the AZIN1
messenger RNA, which gives it the function of promoting
malignant progression (28). With in-depth research on
ADAR, researchers have found that ADAR possesses func-
tions independent of RNA editing (23). However, the role of
ADAR in ESCC, independent of its RNA editing function,
remains still unclear.

In this study, we demonstrated that USP38, acting as an
oncogene, plays a significant role in the proliferation and
growth of ESCC cells. Mechanistically, ADAR interacts with
USP38 to enhance USP38 protein stability and promote USP38
auto-deubiquitylation. These results highlight the potential of
targeting the ADAR-USP38 axis for the treatment of ESCC.

Results
Knockdown of USP38 inhibits ESCC growth

DUBs stabilize their substrates by removing ubiquitin chains
from them. The largest DUB subfamily is the USPs, which
contains 57 members (32). To explore the deubiquitinases that
play a significant role in esophageal cancer, we first analyzed
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differentially expressed genes via GEPIA (http://gepia.cancer-
pku.cn/index.html). We found that, under default conditions
(log2FC cut-off of 1, g-value cut-off of 0.01), there were ten
deubiquitinases among the differentially expressed genes, with
seven upregulated (USP38, USP42, USP18, USP10, USP9X,
USP14, and USP13) and three downregulated (USP2,
USP32P1, and USP9Y) (Fig. 1A). Compared to normal tissues,
USP38 was the most significantly upregulated in esophageal
cancer tissues (Fig. 1, A and B). USP38 was significantly
overexpressed in both esophageal adenocarcinoma and squa-
mous cell carcinoma tissues compared to normal tissues
(Fig. 1C). Furthermore, ESCC patients with elevated USP38
expression exhibit a poorer recurrence-free survival (Fig. S1).
Additionally, there have been no reports on the role of USP38
in esophageal cancer. We hypothesized that it may play an
important role in the development of esophageal cancer.
Therefore, we knocked down USP38 in two esophageal squa-
mous cell lines and found that knockdown of USP38 signifi-
cantly inhibited the growth of esophageal squamous cells
through Cell Counting Kit-8 (CCK-8) and colony formation
analysis (Fig. 1, D—F). To further clarify the role of USP38 in
the growth of ESCC, we analyzed the effect of USP38 on the
in vivo growth of ESCC cells using the CDX model. The results
showed that knockdown of USP38 inhibited tumor growth in
the Eca-109 xenograft mouse model (Fig. 1, G-I). Together,
these results indicate that USP38 plays an important role in the
proliferation of ESCC cells and the growth of ESCC.

USP38 stabilizes itself through auto-deubiquitylation

Previous results showed that USP38 is highly expressed in
ESCC (Fig. 1C). Thus, we asked ourselves why USP38 would
be upregulated in ESCC. Considering that deubiquitinases
inherently function as hydrolases, their mechanism of action
relies on the interaction between the enzyme and its sub-
strates. Previous studies have reported that some deubiquiti-
nases can stabilize themselves through auto-deubiquitylation
(33). Based on this, we first analyzed proteins interacting with
USP38 through the protein interaction database BioGRID
(https://thebiogrid.org/), where we discovered that USP38 is
one of its own interacting proteins. We speculated that USP38
may form homologous dimers to execute its function or
USP38 is its own substrate. Here, we introduced two mutants
of USP38, USP38 C454A and the double mutant USP38
C454A/H857A, to render USP38 enzymatically inactive.
Indeed, through immunoprecipitation (IP) analysis of the
interaction between HA-tagged or Flag-tagged USP38 WT
with mutants, we found that USP38 exhibits homomeric
interaction, and this intermolecular interaction does not
depend on its enzymatic activity (Fig. 2, A and B). Further, we
hypothesized that loss of USP38 catalytic activity might lead to
its enhanced ubiquitination. Therefore, we analyzed the
ubiquitination levels of Flag-USP38 WT and Flag-USP38
C454A/H857A by coexpressing them with His-tagged ubiq-
uitin (His-Ub) respectively and immunoprecipitating ubiq-
uitylated proteins with a His antibody. The results showed that
His-Ub retrieved more USP38 C454A/H857A while little WT

SASBMB


http://gepia.cancer-pku.cn/index.html
http://gepia.cancer-pku.cn/index.html
https://thebiogrid.org/

ADAR facilitates USP38 auto-deubiquitylation

A Gene Expression Lollipop Chart B ESCA C EXPreSSion of USP38 in ESCA D éQMS
i —_— —* o based on tumor histology S #1 #2 (kDa)
—e 5 . TR _— usPas| e

_ usem — § o - - - % 40

8 o —e 5C ¥ 2 30+ GAPDH |S—

§, UsPex — é s ] [ & | 1S i
B s —e 32 - 5 | Eca-109
% UsP1a _— nEf ‘g)\.m T i _.220— ! C')QQ shUSP38
O g - Ee ] : 5 = — £ #1 #2 (kDa)
e e n L v -
: L s
USPOY  (— S - o |’: | i H b
v ’ ‘ oma ce GAPDH | sm———
Log2(Fold Change) ° . iy (-89) (o 35
—Value (~log 20 40 60 80 Tumor Normal KYSE-150
Adj P-Value (-log10) @ 20 @ 4 @ s @ (1o182) (n258) TCGA samples
E F 80
Eca-109 i KYSE-150
Eca-109 = i
= oo  KYSE-150 e
1.00_—9—3 -o-shGFP o i
o —-shUSP38 #1 2 o g|-e-shusP3s #1 shGEp —ShusP38  £60- "o ]
) = 0.8+ 2 i
§0.75— -e-shUSP38 #2 g —e—shUSP38 #2 & . #1 #2‘ g o ,
g £0.6- Ny <. 40- :
3 : 8 A . e '
Q0.50 9 P A S
> > 0.4 * o (&)
3 5 Y 20
2 0.25 € 0.2 e ey
[ ; - 0-
0.00- T T T 0.0 0 1I é :l% shGFP + = - + - -
° o ° Days shUSP38#1 - + - - + -
shUSP38 #2 - - + - - +
G shUSP38 H I .
ShGFP #1 #2 =Q~=EHGFR 1.00]
o 1000 - —e— shUSP38 #1
° s o
] ' LN —e— shUSP38 #2 )
E @ i < 0.754
3 @ - £ 750 5
3 =
€ 'y 2 E ]
= b+ ] 0 E » 5 0.50 .
— o —
S @~ » c x =
< S E 0.25-] —l
o £
> =
2 WPs s P 250 -
o * ¢ & - 0.00 | E T
& : B 0 _ ShGFP + - -
Unit: cm 0 2 4 6 8 10 12 shUSP38 #1 - + -
shUSP38 #2 - - +

Days

Figure 1. Knockdown of USP38 inhibits esophageal squamous cell carcinoma cells proliferation and growth in vitro and in vivo. A, the lollipop plot
shows the differentially expressed deubiquitinases in esophageal cancer based on the GEPIA database. B, analysis of USP38 mRNA expression levels in
normal tissues and esophageal cancer tissues via the GEPIA database. C, analysis of USP38 mRNA expression levels in normal tissues, esophageal

adenocarcinoma tissues, and squamous cell carcinoma tissues was conducted

using the UALCAN database (https://ualcan.path.uab.edu/index.html). D-F,

Eca-109 and KYSE-150 cells with stable expression of shGFP, shUSP38 #1, or shUSP38 #2 were generated and subjected to Western blot analysis (D), CCK-8
assay (E), or colony formation assay (F). Three independent experiments were performed. Data are presented as mean + SD. G-/, Eca-109 stable cells (1 x
10%/mice), as indicated, were subcutaneously injected into the flanks of 5-week-old female BALB/c nude mice (n = 6/group). Tumor sizes were measured
every other day. Mice were sacrificed on day 12, tumors were excised and photographed. Tumor volume and tumor weight were presented as mean + SEM.
Comparisons were performed with two-way ANOVA with Bonferroni's test (E, H) and one-way ANOVA with Bonferroni’s test (F, /). *p < 0.05, **p < 0.01, and

***p < 0.001. CCK-8, Cell Counting Kit-8; USP, ubiquitin-specific protease.

USP38 was pulled down (Fig. 2C). To further clarify that
USP38 can indeed regulate its own ubiquitination level, we
coexpressed WT USP38 (Flag-USP38 WT) and two inactive
mutants (Flag-USP38 C454A or C454A/H857A) with His-Ub,
respectively, followed by IP analysis using Flag antibody. The
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results showed that compared to USP38 WT, the ubiquitina-
tion levels of USP38 C454A and C454A/H857A were signifi-
cantly increased (Fig. 2D). Together, these results indicate that
USP38 regulates its own ubiquitination level in an enzyme
activity—dependent manner.
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Figure 2. USP38 stabilizes itself through auto-deubiquitylation. A and B, HEK293T cells expressing Flag-USP38 (WT, C454A, C454A/H857A) and HA-
USP38 or HA-USP38 (WT, C454A, C454A/H857A) and Flag-USP38 (as shown in the plasmids) for 48 h. Cells were treated with MG132 for 6 h before
immunoprecipitation and Western blot analysis. C and D, HEK293T-His-Ub cells expressing Flag-USP38 (WT, C454A, or C454A/H857A) for 48 h, followed by
immunoprecipitation analysis using His antibody or Flag antibody conjugated beads, then Western blot analysis to detect the indicated proteins. £ and F,
HEK293T-His-Ub cells expressing Flag-USP38 (WT, C454A, or C454A/H857A) for 48 h, followed by immunoprecipitation analysis using His antibody or Flag
antibody conjugated beads in the presence or absence of f-mercaptoethanol (B-ME), then Western blot analysis to detect the proteins as shown (exp.,
exposure). G and H, HEK293T cells expressing Flag-USP38 (C454A or C454A/H857A) were transfected with HA-USP38 or EV (empty vector) for 48 h. Cells
were then treated with 50pg/ml cycloheximide (CHX) for the indicated time intervals. Cell lysates were used for Western blot analysis. The plots of USP38
(C454A or C454A/H857A) protein half-life were presented as mean + SEM (n = 3 biologically independent samples). His-Ub, His-tagged ubiquitin; USP,
ubiquitin-specific protease.
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Previous studies have shown that USP4 can undergo auto-
deubiquitylation, and ubiquitination modifications occur on
the cysteine residues of USP4 in a covalent-binding manner
(33). Therefore, we questioned whether USP38 also has a
similar ubiquitylation modification on its cysteine residues. It
has been reported that the reducing agent -mercaptoethanol
(B-ME) can disrupt cysteine ubiquitylation (33). Based on this,
we analyzed whether the ubiquitylation of USP38 is sensitive
to B-ME treatment. Thus, we used a Flag antibody for IP
analysis to analyze the ubiquitination modification of USP38 in
the absence or presence of B-ME, and we found that the
ubiquitylation modification of USP38 C454A and C454A/
H857A dramatically increased, which was lost upon B-ME
treatment (Fig. 2E). Simultaneously, we also noted that USP38
WT had similar cysteine ubiquitylation modifications to a
lesser extent than the inactive mutants (Fig. 2E). To further
clarify this finding, we performed IP analysis with His-Ub,
followed by Western blot analysis using an antibody recog-
nizing Flag, showing that the ubiquitination modification of
USP38 C454A and C454A/H857A also increased, and these
modifications could not be observed after B-ME treatment
(Fig. 2F). These results indicate that the ubiquitinated USP38
C454A and C454A/H857A are sensitive to the reducing
agents, which also indicates that the protein is subject to
cysteine ubiquitination modification. USP38 C454A and
C454A/H857A are more prone to ubiquitylation modifica-
tions, and ubiquitylation is a signal marker for protein degra-
dation. Based on the above results, we asked whether USP38
WT can stabilize the protein levels of USP38 C454A or
C454A/H857A. We analyzed the protein stability using
cycloheximide treatment on cells and found that, compared to
the control, USP38 WT enhanced the protein stability of
USP38 C454A and C454A/H857A (Fig. 2, G and H). Together,
these findings indicate that USP38 counteracted its own
ubiquitylation, thereby enhancing its stability.

ADAR enhances the stability of USP38 protein

To further explore the reasons for the stability of USP38
protein, we identified proteins interacting with USP38 through
IP-mass spectrometry analysis. Our mass spectrometry results
showed that, in addition to USP38 itself being highly enriched,
the number of unique peptides and coverage of ADAR were
the highest, at 37 and 31%, respectively (Fig. 34). ADAR is an
enzyme involved in RNA editing, capable of converting
adenosine (A) on RNA to inosine (I), affecting RNA stability
and coding capacity, thereby regulating gene expression. The
role of ADAR in ESCC is not limited to its RNA editing ac-
tivity. Studies have also found that ADAR may affect tumor
development and patient survival through mechanisms other
than RNA editing, such as interaction with other proteins (23).
To further confirm the interaction between USP38 and ADAR,
we coexpressed USP38 and ADAR proteins tagged with
different tags in HEK293T cells and then analyzed the inter-
action between USP38 and ADAR through IP. The results
showed that USP38 and ADAR proteins could pull each other
down (Fig. S3, A and B). Endogenous coimmunoprecipitation
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results also showed that stable protein complexes between
ADAR and USP38 were readily detected (Fig. 3, B and C).
Furthermore, we analyzed the colocalization of USP38 and
ADAR by immunofluorescence and found that both heterol-
ogously coexpressed ADAR-HA and Flag-USP38, as well as
endogenous ADAR and USP38, were localized in the nucleus,
with a strong colocalization fluorescence intensity observed
(Fig. 3D). The results of nucleo-cytoplasmic separation also
indicated that overexpression of ADAR enhanced the accu-
mulation of USP38 in the nucleus (Fig. 3E). These results
indicate that USP38 and ADAR interact in the cell nucleus.
Based on this, we hypothesized that there is a regulatory
relationship between USP38 and ADAR. Considering that
USP38 is a DUB, we speculated that ADAR may be a direct
substrate of USP38. Therefore, we first knocked down USP38
in two ESCC cell lines, Eca-109 and KYSE150, and then
detected changes in ADAR protein levels through Western
blotting, finding that USP38 does not affect ADAR protein
expression (Fig. S2). Further, we knocked down or overex-
pressed ADAR in Eca-109 and KYSE150, respectively, and
then performed Western blot analysis. We found that knock-
ing down ADAR inhibited USP38 protein expression, while
overexpressing ADAR promoted USP38 protein expression
(Fig. 3, F and G). Next, we analyzed the effect of ADAR on
USP38 mRNA expression levels by real-time quantitative PCR
(qPCR), and the results showed that ADAR had no effect on
USP38 mRNA expression levels (Fig. S3, C and D). Based on
the above results, we speculated that ADAR may regulate
USP38 protein levels by regulating USP38 protein stability.
Indeed, protein stability analysis results showed that,
compared to control, overexpression of ADAR enhanced
USP38 protein stability (Fig. 3H). Previous results showed that
USP38 can stabilize itself through auto-deubiquitylation
(Fig. 2). We asked whether ADAR also plays a role in the auto-
deubiquitylation of USP38. We analyzed the effect of over-
expressing ADAR on the auto-deubiquitylation of USP38
through IP, and the results showed that overexpressing ADAR
reduced the ubiquitination of USP38 C454A (Fig. 3I). These
results indicate that ADAR promotes the auto-
deubiquitylation of USP38 and thereby stabilizes USP38
through interaction with USP38.

The interaction between USP38 and ADAR depends on its
enzymatic active region

To clarify the structural domains involved in the USP38 and
ADAR interaction, a series of deletion mutants of USP38 (WT
(1-1042AA), N-term (1-400AA), C-term (401-1042AA)) and
ADAR (WT (1-931AA), AZD (deletion of 1-71AA), ARBD
(deletion of 207-499AA), and ADD (deletion of 591-926AA))
were used for IP analyses. The IP results of ADAR WT and its
deletion mutants coexpressed with USP38 WT indicated that
the deaminase domain domain (amino acids 591-926) of
ADAR is required for interacting with USP38 (Fig. 4, A and B).
Additionally, IP assays using truncated mutants of USP38 and
ADAR WT indicated that the USP domain of USP38 is
necessary for binding to ADAR (Fig. 4, C and D).

J. Biol. Chem. (2024) 300(10) 107789 5
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Figure 3. ADAR stabilizes USP38. A, HEK-293T cells expressing EV (empty vector) or Flag-USP38 for 48 h, then immunoprecipitation was performed using
Flag antibody conjugated beads, and the pulled down proteins were identified by mass spectrometry analysis. B and C, Eca-109 or KYSE-150 cells were
subjected to coimmunoprecipitation (co-IP) with specific antibodies against USP38 or ADAR, or with an IgG control, followed by Western blot analysis. D,
HEK293T cells coexpressing Flag-USP38 and ADAR-HA, along with Eca-109 or KYSE-150 cells, were subjected to immunofluorescence staining to assess the
colocalization of USP38 and ADAR. The scale bar represents 20 pm. E, Eca-109 cells stably expressing ADAR or EV (empty vector) were subjected to cellular
fractionation, followed by Western blot analysis of ADAR and USP38 expression in cytoplasm and nucleus. F and G, Eca-109 or KYSE-150 cells stably
expressing shADAR (#1 or #2), ADAR, or control were subjected to Western blot analyses. H, HEK-293T cells co-expressing Flag-USP38 and EV (empty vector)
or ADAR-HA for 48 h, followed by treatment with 50p1g/ml cycloheximide (CHX) for an indicated time interval. Cell lysates were used for Western blot
analysis. The plots of USP38 protein half-life were presented as mean + SEM (n = 3 biologically independent samples). /, HEK293T cells expressing His-Ub
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Figure 4. USP38 interacts with ADAR. A, schematic diagram of ADAR deletion mutants. The ability of ADAR deletion mutants to bind USP38 is indicated (e,
binding; O, no binding). B, HEK293T cells were cotransfected with Flag-USP38 and different ADAR mutants (WT, AZD, ARBD, or ADD) for 48 h. After treating
the cells with MG132 for 6 h, immunoprecipitation was performed using Flag antibody, followed by Western blot analysis of the indicated proteins. C,
schematic representation of USP38 truncation mutants. The ability of USP38 truncation mutants to bind ADAR is indicated (e, binding; O, no binding). D,
HEK293T cells were cotransfected with ADAR-HA and different USP38 mutants (WT, C-term, or N-term) for 48 h. After treating the cells with MG132 for 6 h,
cell lysates were immunoprecipitated, followed by Western blot analysis. E, the structure of the ADAR and USP38 complex was predicted using DMFold
(https://zhanggroup.org/DMFold/). The full-length USP38 and ADAR were shown as light pink and deep salmon cartoons, respectively. The USP domain of
USP38 and the DD domain (deaminase domain) of ADAR were displayed as surfaces. The interface of the interaction between USP38 and ADAR was shown
in hot pink. ADAR, adenosine deaminase acting on RNA; RBD, RNA-binding domain; USP, ubiquitin-specific protease; ZD, Z domain.

were transfected with the plasmids as shown for 48 h, followed by immunoprecipitation analysis with HA antibody-conjugated magnetic beads, then
Western blot analysis of the proteins as shown. ADAR, adenosine deaminase acting on RNA; CP, cytoplasm protein; His-Ub, His-tagged ubiquitin; 1gG,
immunoglobulin G; NP, nucleolus protein; USP, ubiquitin-specific protease.
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Subsequently, we used the online web tool DMFold (https://
zhanggroup.org/DMFold/) to predict the structure of the
USP38 and ADAR complex. DMFold (also known as DMFold-
multimer) is a deep learning—based approach to protein
complex structure and function prediction built on deep
multiple sequence alignments. The core of the pipeline is the
integration of deep multiple sequence alignment 2 with the
modified structure module of AlphaFold2 (34). DMFold pre-
dicted five structures for the USP38—ADAR complex. The top
three ranked structures—TOP1 (Fig. 4E), TOP2 (Fig. S4A),
and TOP3 (Fig. S4B)—all demonstrated interactions between
the USP domain of USP38 and the deaminase domain domain
of ADAR, consistent with our IP experiment results
(Fig. 4, A-D). These findings demonstrate that the interaction
between USP38 and ADAR is mediated through their C-ter-
minal enzymatic catalytic regions.

ADAR inhibition of ESCC cells proliferation depends on USP38

Previous research results show that USP38 is one of the
binding proteins of ADAR. ADAR can enhance the protein
stability of USP38 and upregulate USP38. To further clarify the
role of USP38 in ADAR-mediated proliferation of ESCC cells,
we performed rescue experiments by knocking down ADAR
while overexpressing USP38 in two esophageal squamous
carcinoma cell lines, Eca-109 and KYSE-150. The results
showed that knocking down ADAR downregulated the
expression of USP38 and c-Myc, and overexpressing USP38
reversed the changes in c-Myc expression mediated by
knocking down ADAR in Eca-109 and KYSE-150 cells, with
c-Myc being a downstream effector of USP38 (Fig. 5A4). We
then detected whether USP38 could rescue the inhibitory ef-
fect of ADAR knockdown on esophageal squamous carcinoma
cells proliferation through CCK-8 and colony formation as-
says. Consistently, both CCK-8 and colony formation assay
results indicated that knocking down ADAR inhibited Eca-109
and KYSE-150 esophageal squamous carcinoma cells prolif-
eration, while restoring USP38 expression reversed the inhib-
itory effect on cells proliferation caused by knocking down
ADAR (Fig. 5, Band C). These results demonstrate that USP38
plays a causative role in ADAR-mediated esophageal squa-
mous carcinoma cells proliferation.

Discussion

The substrate specificity of DUBs makes them potential
therapeutic targets. As a member of the deubiquitinase family,
the role of USP38 in tumors remains controversial, whether it
is tumor suppressive or oncogenic that varies across different
cancers. It has been reported that USP38 promotes gastric
cancer progression by upregulating fatty acid synthase (13). In
addition, USP38 promotes lung cancer cell proliferation by
stabilizing c-Myc (14). These evidences support the oncogenic
role of USP38 in cancers. Conversely, some studies also sug-
gest USP38 as a tumor suppressor, such as USP38 promotes
nonhomologous end joining repair in kidney clear cell carci-
noma cancer by deubiquitinating HDAC1 to modulate its
activity, maintaining genome stability and regulating cancer
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cells’ response to genotoxic insults (15); USP38 inhibits tumor
stemness in colorectal cancer by mediating K63 deubiquiti-
nation of HDAC3 (16); USP38 suppresses cell proliferation
and migration by downregulating HMX3 ubiquitination in
colorectal cancer (17); METTL14 inhibits bladder cancer cell
migration and invasion by stabilizing USP38 (18). In this study,
we show that silencing USP38 inhibits ESCC cell proliferation
and growth in vitro and in vivo. Mechanistically, we demon-
strate that ADAR enhances USP38 auto-deubiquitylation to
increase USP38 protein stability and upregulate USP38,
thereby affecting cell proliferation and growth. Our study
supports the oncogenic role of USP38 in ESCC. Therefore,
when targeting USP38 as a therapeutic target, we need to fully
understand its specific role in the context of specific tumors.

DUBs interact with their substrates, specifically recognizing
substrates and removing ubiquitin chains from them. Re-
searchers have found that DUBs are also regulated by them-
selves, meaning that the same DUB molecule acts as both the
"executor” and "executee" in the deubiquitination process. This
process is defined as "auto-deubiquitylation” (33). DUBs can
self-regulate through either intermolecular or intramolecular
mechanisms (35). In this study, USP38 demonstrates homo-
meric interactions, indicating that it regulates its own protein
levels via intermolecular auto-deubiquitylation. Existing
studies have shown that auto-deubiquitylation of USP4 en-
hances its interaction with CtIP/MRN, thereby promoting
homologous recombination (33). Similarly, like USP4, the
catalytically inactive USP15 shows impaired binding to its
target proteins SMAD2/3 (33). These evidences provide an
important mechanism of action, where the auto-deubiquity-
lation of deubiquitinases can promote their interaction with
substrates, thereby affecting downstream proteins and
signaling pathways. In this study, we found that, similar to the
auto-deubiquitylation of USP4 and USP15, USP38 can
enhance its own stability through auto-deubiquitylation. We
mentioned earlier studies reporting that in addition to regu-
lating tumor cell proliferation, growth, migration, and inva-
sion, USP38 is also involved in regulating DNA damage repair
and inflammation. Whether stress conditions such as DNA
damage and inflammation would affect the auto-deubiquity-
lation of USP38 and thus alter its interaction patterns with
substrates is worth further exploration. The ubiquitination
modifications we know generally occur on the lysine residues
of substrates, and different types of ubiquitin chain modifica-
tions on substrate lysine residues produce different biological
functions. Currently, eight different types of ubiquitin modi-
fications have been identified, including K6, K11, K27, K29,
K33, K48, K63, and Metl (36). Previous studies have shown
that USP38 can recognize various types of ubiquitin modifi-
cations, including K11 (20), K27 (11), K33 (21, 37), K48 (19, 21,
37), and K63 (15, 16). It is noteworthy that USP38 can
simultaneously recognize and remove both K33 and K48 types
of ubiquitin chain modifications. These are referred to as
classical ubiquitination modifications, compared to which,
ubiquitination modifications on cysteine residues have been
less studied. We found that the ubiquitination modification of
USP38 is sensitive to the reducing agent B-ME, indicating the
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Figure 5. ADAR regulates esophageal squamous cell carcinoma cells proliferation through USP38. A-C, Eca-109 or KYSE-150 cells stably expressing
shADAR, or both Flag-USP38 and shADAR were subjected to Western blot analyses (A), CCK-8 assays (B), or colony formation analyses (C). Data from three
independent repeat experiments are presented as mean + SD. D, a working model depicts that ADAR promotes USP38 auto-deubiquitylation and stability
to regulate esophageal squamous cell carcinoma cells growth. Comparisons were performed with two-way ANOVA with Bonferroni's test (B). *p < 0.05,
**p < 0.01, and ***p < 0.001. ADAR, adenosine deaminase acting on RNA; CCK-8, Cell Counting Kit-8; USP, ubiquitin-specific protease.

presence of covalent ubiquitination modifications on cysteine
residues of USP38. Whether different types of ubiquitination
modifications also exist on cysteine residues remains to be
explored. In this study, catalytically inactive USP38 (USP38
C454A and C454A/H857A) was unstable, while the USP38
WT could stabilize USP38 C454A and C454A/H857A. We
reasonably speculated that ubiquitination modifications on
cysteine residues, similar to classic ubiquitination

SASBMB

modifications, mediate its degradation. Apart from the cata-
lytic center’s cysteine residue being crucial for the hydrolytic
activity of the USPs subfamily of deubiquitinases, modifica-
tions on other cysteine residues also regulate their fate. Our
laboratory research found that KRASS'?" promotes the sta-
bility and activation of USP5 through reactive oxygen species-
induced homodimer formation via disulfide bonds at C195
(13). These evidences suggest that modifications on cysteine
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residues, including cysteine ubiquitination, might be wide-
spread, but the functional changes caused by these modifica-
tions require further in-depth study.

The ADAR family contains three members: ADARI1
(ADAR), ADAR2 (ADARB1), and ADAR3 (ADARB2), which
alter RNA molecules through A-to-I editing, affecting the
function of both coding and noncoding RNAs. The RNA
editing activities of ADAR and ADAR2 are known to be
involved in various biological processes, while the function of
ADARS3 remains unclear (23). In tumors, the canonical RNA
editing functions of ADAR include direct editing on mRNAs
and noncoding RNAs, which can alter protein functions or
regulate the actions of noncoding RNAs, thereby influencing
tumor development (23, 38). In ESCC, high expression of
ADAR drives its development, and poor prognosis is posi-
tively correlated. Mechanistically, ADAR promotes the pro-
liferation and invasion of tumor cells through editing the
mRNA of AZINI1 to confer an acquired function (28). Simi-
larly, in colorectal cancer, ADAR-driven A-to-I RNA-edited
AZIN1 upregulates interleukin-8 to promote tumor angio-
genesis (30). However, recent studies have shown that ADAR
also plays an important regulatory role in tumors indepen-
dent of its RNA editing function (23, 39). For example, it has
been reported that ADAR inhibits the formation of the
DGCR8-DROSHA complex by interacting with DGCRS,
suppressing the maturation of miRNAs (40). Furthermore,
ADAR promotes the ubiquitination and degradation of
DROSHA by interacting with it (41). Besides the protein—
protein interaction mode of ADAR that is independent of
its RNA editing function, some studies have reported that
ADAR can act as an RNA-binding protein to directly exert
regulatory effects on RNAs independent of its editing func-
tion (23). The regulation of DUBs activity involves various
mechanisms, including conformational rearrangement of the
catalytic triad, enhancement of enzyme activity by partner
proteins, and auto-inhibitory homotetramer formation (10,
42). Studies have shown that UCHL1 and USP7 can remodel
enzyme activity through conformational rearrangements
(43-45). Furthermore, the UCHL1 R178Q mutant, identified
in patients with early-onset neurodegenerative diseases, ex-
hibits higher catalytic activity than the UCHL1 WT. This
increased enzymatic activity of UCHL1 R178Q is due to its
higher K., value (46). In this study, we demonstrate that
ADAR enhances the auto-deubiquitylation and stabilization
of USP38. Structural predictions suggest that ADAR and
USP38 interact within their enzymatic activity domains,
raising the question of whether ADAR induces conforma-
tional changes in USP38 to modulate its enzymatic activity.
The precise mechanism by which ADAR regulates USP38
enzymatic activity requires further investigation. In conclu-
sion, we show that ADAR enhances USP38 protein stability
by interacting with it, and overexpression of USP38 rescues
the inhibitory effect of ADAR knockdown on ESCC cell
proliferation. Mechanistically, ADAR stabilizes USP38 by
enhancing its auto-deubiquitylation. Our study further con-
firms the important role of ADAR in regulating USP38 in
esophageal squamous carcinoma in a manner independent of
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its RNA editing function. More importantly, our results
provide a rationale for targeting the ADAR-USP38 axis for
the treatment of ESCC.

Experimental procedures
Cell culture

Eca-109 and HEK-293T cells were cultured in Dulbecco’s
modified Eagle’s medium (GIBCO), while KYSE-150 cells were
in RPMI 1640 medium (GIBCO), both supplemented with 10%
fetal bovine serum (C04001, Biological Industries) and 1%
penicillin/streptomycin/amphotericin B solution (P7630,
Solarbio). All cell lines, sourced from the National Collection
of Authenticated Cell Cultures of China and routinely tested
for mycoplasma contamination, were maintained at 37 °C in a
5% CO, humidified atmosphere.

Plasmid transfection, lentiviral infection, and RNAi

Cells were transfected at 70 to 80% confluence using pol-
yethyleneimine (24765-100, Polysciences). The following
expression plasmids were used: Human Flag-USP38, Flag-
USP38“*°*A,  Flag-USP38“*>*A/H857A " Flag USP38N-term
(1-400AA), Flag-USP38C-term (401-1042AA), HA-USP38,
HA-USP38“>*A,  HA-USP38“***A/M8574  ADAR-HA,
ADAR-HA®*P,  ADAR-HA“""™P,  ADAR-HA""", GFP-
ADAR, and His-Ub. Recombinant lentiviruses were pro-
duced by cotransfecting HEK-293T cells with pMD2.G,
psPAX2 packaging plasmids, and the lentiviral expression
plasmid using polyethyleneimine. Viral particles were
collected at 48 h posttransfection and concentrated via ul-
tracentrifugation. For lentiviral infection, cells at 35%
confluence were infected with recombinant lentivirus or an
empty vector (EV) control. Infection was facilitated by 10pg/
ml polybrene and followed by a 48-h incubation at 37 °C with
5% CO,. Puromycin selection was applied for an additional
48 h postinfection. For RNAI, lentiviral-based shRNAs tar-
geting USP38, ADAR, or GFP were cloned into the pLKO.1-
puromycin vector. Primer sequences for these shRNAs are
detailed in Table S1.

Western blot analyses

For Western blot analysis, cellular samples were harvested,
washed with cold PBS, and lysed using Western and IP cell
lysis buffer (Beyotime, P0013) supplemented with the protea-
some inhibitor PMSF (Beyotime, ST507). Equivalent amounts
of protein were loaded, resolved by SDS-PAGE, and then
transferred onto polyvinylidene fluoride membranes (Milli-
pore, ISEQ00010). The membranes were blocked with 5%
nonfat dry milk before being incubated with primary anti-
bodies, followed by detection with horseradish peroxidase—
conjugated secondary antibodies for chemiluminescent
detection (Bio-Rad ChemiDoc XRS+, Bio-Rad). Image Lab
Software 6.1 (https://www.bio-rad.com/zh-cn/product/image-
lab-software) was employed for gel and blot images analysis.
The antibodies targeted USP38 (Proteintech, 17767-1-AP,
1:1000), ADAR1 (Abways, CY8635, 1:1000), GAPDH (Abways,
AB0037, 1:5000), GFP (Proteintech, 66002-1-Ig, 1:20,000), Flag
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(Cell Signaling Technology, 14793S, 1:1000), HA (Proteintech,
66006-2-Ig, 1:10,000), Ubiquitin (Affinity, BF8034, 1:1000), His
(ZENBIO, 230,001, 1:5000), c-Myc (Cell Signaling Technology,
#5605, 1:1000), Lamin B1 (Abways, AB0054, 1:5000), and
horseradish peroxidase—conjugated secondary antibodies
against mouse (Abways, AB0102, 1:5000) and rabbit (Affinity,
S0001, 1:3000).

IP, mass spectrometry, and ubiquitylation assays

For exogenous IP, cells were collected, washed once with
cold PBS, and lysed using Western and IP cell lysate buffer
(Beyotime, P0013) with proteasome inhibitor PMSF (Beyo-
time, ST507). The cells were lysed gently for 30 min on ice,
vortexed, and shaken every 10 min, then centrifuged at
12,000xg for 30 min. After protein quantification, input was
prepared. Equal amounts of total protein were incubated
overnight with anti-HA beads or anti-Flag beads. The beads
were then washed three times with Western and IP cell lysate
buffer. Prior to Western blot analysis, the beads were heated at
100 °C for 8 min. The following reagents were used in this
study: anti-Flag Magnetic Beads, anti-HA magnetic beads, and
protein A/G magnetic beads (MCE).

For endogenous coimmunoprecipitation, cells were har-
vested, washed once with cold PBS, and lysed in radio
immunoprecipitation assay lysis buffer (Beyotime, P0038)
containing the protease inhibitor PMSF (Beyotime, ST507).
The cell lysate was pre-cleared using 30 Ll of protein A/G
beads. Equal amounts of total protein lysate were incubated
overnight at 4 °C with either anti-USP38 (17767-1-AP, Pro-
teintech), anti-ADAR1 (14330-1-AP, Proteintech) or the
normal indicated immunoglobulin G (IgG). Following this,
35 l of protein A/G beads were added for an additional 2-h
incubation. The beads were then washed four times with ra-
dio immunoprecipitation assay lysis buffer and heated at 100
°C for 8 min before Western blot analysis.

For mass spectrometry analysis, supernatant was collected
from HEK293T cells expressing either Flag-USP38 or an EV
(EV-Flag) control. The supernatant was then immunoprecip-
itated using magnetic beads conjugated to Flag antibody. The
proteins enriched by the anti-Flag magnetic beads were
digested with trypsin, desalted, and subsequently identified
through mass spectrometry (Lumingbio). The raw data were
analyzed by Lumingbio Company using ProteomeDiscoverer
2.5 software (ThermoFisher Scientific) and matched against a
human protein database. Proteins identified with unique
peptides in the Flag-USP38 sample that were more than twice
as abundant as those in the EV-Flag control were considered
potential USP38 interactors.

For ubiquitination analysis, His-Ub and overexpression
plasmids or control plasmids were cotransfected into
HEK293T cells. Cells were collected 48 h posttransfection,
treated with MG132 (20uM) for 6 h before collection, followed
by cell lysis and centrifugation at 17,000xg for 30 min, and
then subjected to IP with magnetic beads and Western blot
analyses.
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Immuno-fluorescence staining analyses

For immunofluorescence staining, cells grown on coverslips
were first treated with 4% paraformaldehyde fixative, followed
by permeabilization with 0.1% Triton X-100. Next, nonspecific
binding sites were blocked with 4% bovine serum albumin.
Primary antibodies targeting Flag (dilution 1:800, 14793S, Cell
Signaling Technology), HA (dilution 1:800, 3724T, Cell
Signaling Technology), ADAR (dilution 1:100, sc-271854,
Santa Cruz Biotechnology), and USP38 (dilution 1:100,
17767-1-AP, Proteintech) were applied and incubated at 4 °C
for 16 h. Subsequent steps were conducted under low-light
conditions. Secondary antibodies (CoraLite488-conjugated
goat anti-mouse IgG (H + L), SA00013-1; CoraLite594-
conjugated goat anti-rabbit IgG (H + L), SA00013-4, pro-
teintech), at a dilution ratio of 1:200, were applied, followed by
4/,6-diamidino-2-phenylindole staining (Beyotime, C1005).
Finally, after treating with antifade reagent and sealing the
slides, proceed to take photos and visualization using an
Olympus confocal laser scanning microscope.

gPCR analyses

For qPCR analysis, total RNA was isolated using the Trizol
extraction method and reverse-transcribed with the HiScript
III RT SuperMix for qPCR kit (Vazyme, R323). Subsequently,
qPCR was conducted using the ChamQ Universal SYBR qPCR
Master Mix kit (Vazyme, Q711). qPCR analyses were per-
formed using a CFX Connect Real-Time System (Bio-Rad).
qPCR values were calculated using the AACt method. The
primers used for qPCR analysis are detailed in Table SI.

Cellular fractionation

The Nuclear Protein and Cytoplasmic Protein Extraction
Kit (Beyotime, P0027) was used for cellular protein extraction
as per the manufacturer’s instructions. After collecting the
cellular precipitate, cytosolic proteins were lysed using reagent
A, followed by the addition of 10 pl of cytosolic protein
extraction reagent B. The mixture was then centrifuged to
retrieve cytoplasmic proteins from the supernatant. The
remaining cellular precipitate was lysed with 50 pl of nuclear
protein extraction reagent for 30 min at 4 °C, with vigorous
shaking every 2 min for 30 s. Postcentrifugation, nuclear
proteins were collected from the supernatant. The isolated
cytoplasmic and nuclear proteins were then quantified and
heat-denatured for Western blot analyses.

CCK-8 assay and colony formation assay

For the CCK-8 assay, 1.5 x 10"3 cells/well (Eca-109 or
KYSE-150) were seeded into 96-well plates and incubated
overnight. Subsequently, 10 pl of CCK-8 solution (Dojindo,
CKO04-500T) was added to each well, followed by a 1-h incu-
bation at 37 °C. Absorbance at a wavelength of 450 nm was
subsequently quantified utilizing a multimode reader (Molec-
ular Devices, SpectraMax M2). For colony formation assay,
cells at a density of 300 per well were seeded into 12-well
plates, with the medium being refreshed every 3 days. After
10 to 14 days of culture, colonies were fixed with a 4% fixative
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solution and stained with 0.1% crystal violet for 40 min. The
colonies were then counted for statistical analysis.

Cell-derived xenograft mouse model

Five-week-old female BALB/c nude mice (Beijing HFK
Bioscience Co., Ltd, China) were randomly divided into three
groups, with six mice per group. Cells (1 x 10"6) were sub-
cutaneously inoculated into the right neck-back side of each
nude mouse (five mice per group). The mice were monitored
daily. Tumor sizes were measured using calipers, and tumor
volumes were calculated using the formula
length x width"2 x 1/2. At predetermined times, the mice were
sacrificed, and the tumors were weighed and photographed.
All care and experimental procedures involving animals in this
study were performed in accordance with the institutional
ethical guidelines and were approved by the Ethics Committee
of North Sichuan Medical College.

Statistical analysis

Data from three independent in vitro experiments were
presented as mean + SD, while data from in vivo animal
experiments were presented as mean + SEM. Two-tailed
unpaired Student’s ¢ test was used to compare data be-
tween two groups. One/two-way ANOVA with Tukey’s test
or Bonferroni’s test was used for the comparison of multiple
groups. p value < 0.05 was considered statistically
significant.

Data availability

All data have been provided in this manuscript. All
mass spectrometry raw data have been deposited to the
ProteomeXchange Consortium (https://proteomecentral.
proteomexchange.org) via the iProX partner repository
with the dataset identifier PXD055320 and are publicly
available. Additional details regarding data and protocols
supporting the findings of this study are available from the
corresponding author upon request.
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