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carcinoma by inducing ENO1 ubiquitination and degradation
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ABSTRACT

Glycolysis contributes to cell metabolism and facilitates cell proliferation of oral squamous cell carcinoma
(OSCQ), the most common type of oral cancer. Understanding the regulatory mechanisms involved in the
glycolysis of OSCC cells may provide important therapeutic inspirations. Immunohistochemistry was used
to examine protein localization patterns in human OSCC tissues and Western blot was conducted to
gauge protein level. Lentivirus transduction was used to overexpress or silence genes of interest. Cell
proliferation was assessed by Cell Counting Kit (CCK)-8 assay while glycolysis was examined via measure-
ment of extracellular acidification rate, oxygen consumption rate, and lactate and ATP production. In vivo
cancer development was evaluated with a mouse tumor growth model. OSCC tissues displayed reduced
expression of NEDD4L compared with normal tissues. NEDDAL expression positively correlated with 5-year
patient survival rate, indicating that NEDD4L may be a prognosis marker for OSCC. NEDDAL overexpres-
sion suppressed proliferation, cell cycle transition, and glycolysis in OSCC cells, and inhibited in vivo tumor
growth. UbiBrowser identified ENO1, an enzyme that catalyzes glycolysis, as a substrate of NEDDAL.
Overexpression of NEDDAL resulted in the ubiquitination and subsequent degradation of ENO1 whereas
overexpression of ENO1 reversed the functional effects of NEDD4L overexpression, restoring proliferation,
cell cycle transition, and glycolysis in OSCC cells. NEDDAL elicits tumor-suppressive functions via inhibition
of OSCC cell proliferation, cell cycle transition, and glycolysis by stimulating ENO1 ubiquitination and
degradation. Our results unraveled a signaling axis important for OSCC cell survival and metabolism,
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which can serve as a potential therapeutic target.

Introduction

Oral squamous cell carcinoma (OSCC) accounts for >90% of
all oral neoplasm cases,' which can be triggered by several
factors: tobacco and alcohol use, vitamin A, E, or
C deficiency, immune defects, and more. Despite advances in
medical approaches and technology in recent decades, OSCC
morbidity and mortality remain relatively high, and current
treatment options for OSCC are limited. Understanding the
molecular mechanisms that contribute to OSCC progression is
therefore critical for developing effective treatment strategies
for OSCC.

Neural precursor cell expressed developmentally downre-
gulated 4-like (NEDDA4L)? is an E3 ubiquitin ligase whose
substrate targets are mostly membrane proteins (e.g., ion chan-
nels and transporters).” NEDD4L is involved in the develop-
ment of many types of cancer and is believed to be a promising
target for anti-cancer therapy.* For instance, NEDDA4L expres-
sion is downregulated in hepatocellular carcinoma and glioma,
as well as prostate, endometrial, ovarian, and gastric cancers.
Moreover, the extent of NEDD4L downregulation correlated
with cancer severity and prognosis.” "' In hepatocellular carci-
noma, NEDDA4L inhibits the MAPK/ERK signaling pathway to
stimulate cancer cell apoptosis,'' suggestive of a tumor

suppressive role. NEDD4L was also found to ubiquitinate
STK35 and inhibit glycolysis in colorectal cancer."
Moreover, NEDD4L was shown to inhibit WNT signaling,
a central pathway for the pathogenesis of colorectal cancer."
It was later reported that NEDDA4L induces the degradation of
LGR5, a receptor for R-spondin that promotes Wnt signaling,
which might explain the underlying mechanism."
Nonetheless, whether NEDDAL is involved in the regulation
and development of OSCC has not been investigated.
Accelerated metabolism is a critical feature of cancer cells,
which mediates many activities relevant to cell survival and fate
(apoptosis, ferroptosis, differentiation, etc.).">”'” The metabo-
lism of cancer cells largely depends on glycolysis, a process that
digests glucose to derive energy independent of oxygen.'® The
glycolysis of cancer cells involves multiple enzymes, including
hexokinase 2 (HKII), glucose transporter 1 (GLUT1), and phos-
phoglucose isomerase.'” Among these, alpha-enolase (ENO1),
a metalloenzyme that dehydrates 2-phospho-D-glycerate in the
glycolytic pathway, is upregulated in multiple types of
cancer.” > In lung cancer, for instance, ENO1 knockdown
inhibited cancer cell proliferation and invasiveness, while
ENOI overexpression facilitated these processes.”” Besides its
function in glycolysis, ENOLI is also expressed as a cell surface
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plasminogen receptor and facilitates cancer cell adhesion and
metastasis.”>** Interestingly, a previous work found that ENO1
expression was elevated in OSCC and increased cell prolifera-
tion, with circ-angiomotin like 1 acting as the upstream
mediator.”> However, whether other mediators and signaling
pathways are involved in regulating the expression and activity
of ENO1 in OSCC is not clear.

In this work, by exploring the involvement of NEDD4L
in OSCC pathogenesis, we found that NEDD4L was down-
regulated as OSCC progressed, whereas overexpression of
NEDDA4L in OSCC cells displayed anti-cancer functions.
We further demonstrated that the anti-cancer function of
NEDD4L was dependent on its function as an ubiquitin
ligase for ENOI1. By inducing ENOI ubiquitination and
degradation, NEDDA4L inhibits the functions of ENOI1 in
cancer cell glycolysis and proliferation. Our work thus shed
light on the molecular mechanisms of OSCC, and identified
the NEDD4L/ENOI signaling axis as a potential target in
OSCC treatment.

Results

NEDDAL expression level is low in OSCC tissues and has
prognostic correlation

To investigate the function of NEDD4L in OSCC, NEDD4L
expression was examined in five different OSCC cell lines
(HSC4, SSC4, SSC9, SSC15, and CAL27) and compared with
a non-tumor control cell line (HOEC). Compared to control,
the mRNA level of NEDD4L was decreased in all OSCC cell
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lines (Figure S1). In addition, NEDDA4L protein levels were also
slightly reduced, with SCC15 showing the most noticeable
difference (Figure S1).

RT-PCR showed that the RNA level of NEDDA4L was sig-
nificantly reduced in human patient OSCC tissues than in
normal tissues (Figure 1(a)). The RNA level was also correlated
with the severity of OSCC: tissues from Stage III/VI patients
showed lower expression of NEDDA4L than those from Stage I/
II patients. Consistently, Western blot showed that the protein
level of NEDDA4L was reduced in OSCC tissues, and was almost
eliminated in tissue samples from Stage III/VI patients
(Figure 1(b)).

Using immunohistochemistry (IHC) analysis, we then
quantitatively measured NEDD4L protein expression in
110 OSCC tissues, and segregated them into two groups
that had high or low NEDDA4L expression levels (Figure 1
(c)). We found that NEDD4L protein level strongly corre-
lated with the tumor stage of the patients: most Stage I/1II
patients had high NEDD4L expression, whereas more
Stage III/VI patients shifted to have low NEDD4L expres-
sion (Table 1). On the other hand, NEDD4L expression
level did not correlate with gender, age, or pathologic
differentiation of these patients (Table 1). More impor-
tantly, NEDD4L expression level turned out to be a strong
predictor of prognosis: patients with high NEDD4L
expression had a much higher 5-year survival rate than
patients expressing low-level NEDD4L (~60% vs. <40%,
P < .05) (Figure 1(d)). Overall, our data showed that
NEDD4L expression is downregulated in OSCC, and
NEDDA4L expression level serves as a good prognostic
parameter to predict the lethality of the disease.
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Figure 1. NEDDAL expression level was low in OSCC tissues and had prognostic correlation. Paraffin sections of Stage 1 or 2 OSCC tissues (I/Il), Stage 3 or 4 OSCC tissues
(I/1V), and adjacent non-tumor tissues (Normal) were assessed. (a) Mean * S.D. and individual points of NEDD4L mRNA levels. **p < .01; ***p < .001, compared to
Normal; ##p < .01, compared to I/1l; assessed by ANOVA followed by Tukey's test. (b) Representative Western blot images showing protein expression levels of NEDD4L
in tissues. (c) Representative immunohistochemistry (IHC) images showing the distribution of NEDDAL in NEDD4L-low and -high tumor tissues. (d) Comparison of
probability of patient survival with high or low NEDDAL expression level using Log-rank test.



Table 1. Correlation of NEDDAL expression in OSCC tissues with different clinico-
pathological features (n = 110).

NEDDA4L
Characteristic high (n = 39) low (n =71) P-value
Gender 0.3179
Male 18 41
Female 21 30
Age (years) 0.4173
>60 17 23
<60 22 48
Clinical stage 0.0390*
/1 30 40
/v 9 31
Pathologic differentiation 0.2529
Well/Moderate 32 50
Undifferentiated 7 21
The Fisher’s exact test was performed. *P<0.05.
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Overexpressing NEDD4L in OSCC cells inhibits cell
proliferation and triggers cell cycle arrest

It is intriguing that NEDDA4L expression level could predict
OSCC prognosis. One straightforward hypothesis is that
NEDDA4L can affect OSCC disease progression. To test this
hypothesis, we evaluated how NEDDA4L overexpression affects
OSCC cell growth, and therefore tumor growth.”® Using
NEDDA4LOE, a lentivirus that induces NEDD4L overexpres-
sion. We then selected two OSCC cell lines that had relatively
low NEDDA4L expression, SCC15 and CAL27 (Figure S1), and
transduced these cells with NEDD4LOE. Transduction of cells
with NEDD4LOE lentivirus resulted in elevated NEDD4L
expression compared with cells transduced with a control vec-
tor virus (Figure 2(a), Figure S2A), confirming efficiency of

Vector NEDD4LOE SCC15
300 - 300 §0- =W Vector
== NEDD4LOE
= | < 60 &
o € 200 ] IS
200 g 200 | :
£
| &) | g 40
100 | 100 -] 5 wx
-
0 e 0 r ‘j.\\ : 0
200K 400K 600K 200K 400K 600K G0/G1 S G2/Mm
DNA content DNA content
300 - 300 o
80
= NEDD4LOE
E ~1 Eea
200 S 20 g0
Q =
| (&) S a0
100 | 100 o § ok
o 20
0 T 7 0 T 0
200K 400K 600K 200K 400K 600K GO/G1 s G2M
DNA content DNA content
500 Glucose  Oligomycin  2-DG 500 Glucose Oligomycin  2-DG
=400 SR =400
£ - NEDDALOE E e~ Vector
% 300 :TE: 300 SMEUHELDICOE
=3 o
£ E ;
i 200 Z 200
< <
o 3]
W 100 W 100 i
10 20 30 40 50 60 70 80 90 100110120 10 20 30 40 50 60 70 80 90 100110120
Time (mins) Time (mins)
~ 120 ~ 120 . 1500 . 1500
= = € £
= = K @
s s e 2
% 80 5 80 3 1000 S 1000
H H 2 2
H w & 2 g
o 40 o 40 5 500 g 5 500 o
] ] 2 2
2 3 [ £
5 5 < <
0 0 0 o
5 & 'S < & N2 & 2
& & ¢ & PR & 9
< och RO < 00“ & 0&
& & & &

Figure 2. Overexpressing NEDDA4L in OSCC cells inhibited cell proliferation and triggered cell cycle arrest, suppressed glycolysis. (a) Western blot results showing
NEDDAL expression levels in OSCC cell lines (SCC15 and CAL27) transduced with either control vector or NEDD4LOE. (b) Cell proliferation assay results of OSCC cells with
or without NEDD4LOE transduction. (c) Cell cycle analysis results showing flow cytometry assessment of DNA content levels (left; green, yellow and cyan respectively
represent cells in GO/G1, S and G2/M phases) and the calculated fraction of cell subpopulations in different phases (right). (d) Western blot results showing p21 and p27
expression levels in OSCC cells with or without NEDD4LOE transduction. (e-f) Mean * S.E.M. of extracellular acidification rate (ECAR) (e) and oxygen consumption rate
(OCR) (f) in OSCC cells with or without NEDD4LOE transduction. (g-h) Mean + S.E.M. of lactate (g) and ATP (h) production of OSCC cells with or without NEDD4LOE

transduction. **p < .01; ***p < .001, assessed by two-tailed Student’s t-test.
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overexpression. Importantly, after 24 h of cell culture,
NEDDA4L overexpression significantly inhibited proliferation
of both SCC15 and CAL27 cells, and these inhibitory effects
continued after 48 h (Figure 2(b)).

Further, our cell cycle assay revealed that NEDD4L over-
expression resulted in an increased number of cells in the GO/
G1 phase and less in the S phase, indicating cell cycle arrest
(Figure 2(c)). On the contrary, decreased expression of
NEDDA4L was observed when lentivirus mediated RNA inter-
ference was performed (Figure S2B, Figure S3A).
Downregulation of NEDD4L promoted proliferation as well
as cell cycle transition of OSCC cells (Figure S3B, C). p21 and
p27 are two G1-checkpoint cyclin-dependent kinase inhibitors
that mediate multiple human malignancies.”’>* Here, we
found that NEDD4L overexpression resulted in the overex-
pression of p21 and p27 as well (Figure 2(d)), while down-
regulation of NEDDAL led to the reduced expression of p21
and p27 (Figure S3D), suggesting a potential molecular
mechanism through which NEDDA4L induces cell cycle arrest
and in turn suppresses OSCC cell proliferation.

NEDD4L overexpression suppresses glycolysis in OSCC
cells

Accelerated glycolysis is an important attribute of tumor cells
and provides extra ATP and glucose to support the fast division
and production of tumor cells.’® Interestingly, as an ubiquitin
ligase, NEDDA4L regulates glycolysis by ubiquitinating serine/
threonine kinase 35'* and PIK3CA”" inside cells. Notably, the
effect of NEDDA4L on glycolysis was found to be inhibitory in
the former case, but facilitating in the latter, suggesting that
when involved in different signaling pathways, the regulatory
role of NEDDAL on glycolysis can be varied.

Here, we show that in SCC15 and CAL27 cells with
NEDDA4L overexpression, the extracellular acidification rate
(ECAR)** (Figure 2(e)) and oxygen consumption rate
(OCR)** (figure 2(f)) were both significantly lower, which
indicated a slower glycolytic rate. In agreement with these
results, lactate (Figure 2(g)) and ATP (Figure 2(h)) production
in these cells also became much lower. These results demon-
strated that NEDD4L overexpression suppresses glycolysis in
OSCC cells, consistent with its function in inhibiting cell pro-
liferation. On the other hand, the ECAR, OCR, and lactate and
ATP production rates were all increased by NEDD4L down-
regulation, indicating that NEDDA4L interference facilitates
glycolysis of OSCC cells (Figure S3E-H).

NEDD4L overexpression suppresses mouse tumor growth

Our above in vitro results clearly demonstrated anti-tumor
functions of NEDDA4L via inhibition of proliferation and meta-
bolism of OSCC cells. We thus hypothesized that NEDD4L
should inhibit the growth of tumor in vive. To validate our
hypothesis, we established an in vivo tumor growth model by
subcutaneously injecting SCC15 cells into nude mice. Tumor
formation and development were then tracked over 33 days.
Although SCC15 cells with and without NEDD4LOE transduc-
tion both induced tumor development starting from Day 12,
overexpression of NEDDA4L clearly slowed down tumor growth

(Figure 3(a)). By the end of the observation time window,
tumors in mice injected with NEDD4LOE-transduced SCC15
cells had an average size and weight of only one-third of the
tumors developed in mice injected with normal SCC15 cells
(Figure 3(b)).

In agreement with these results, IHC staining of Ki67,
a strong biomarker of tumor cell proliferation and growth,**
showed much less signal in the tumor tissues of mice injected
with NEDD4LOE-transduced SCC15 cells (Figure 3(c)). Using
Western blot, we further confirmed that these tumor tissues
indeed expressed a higher level of NEDD4L; consistent with
our in vitro results, these tissues also had an overexpression of
p21 and p27 (Figure 3(d)).

Our analysis on human patient samples has indicated that
the expression level of NEDDA4L is a good prognostic para-
meter to predict the lethality of cancer (Figure 1(d)).
Considering the results we collected so far, we argue that this
good prognosis is in fact due to the protective function of
NEDDA4L that inhibits the development of cancer, thereby
extending the patient’s lifetime. Indeed, we also found that
mice injected with NEDD4LOE-trasnduced SCCI15 cells
could survive much longer than those injected with normal
SCCI15 cells, with the survival rate increased from 30% to >70%
by the end of the 90-day observation (Figure 3(e)).

NEDDA4L binds to ENO1 and induces ENO1 ubiquitination

We next investigated the molecular mechanism through which
NEDDA4L inhibits proliferation and metabolism of OSCC cells.
Because ENOL is induced in many types of cancers and con-
tributes to cancer progression,'> and, more importantly, med-
iates glycolysis of cells,”> we suspected that the functional
effects of NEDD4L on OSCC might have some functional
relevance to ENO1. Certain structural modifications of pro-
teins, like phosphorylation and ubiquitination, can regulate
protein degradation by marking the protein for further clear-
ance mechanisms.’® Considering that NEDDA4L is a well-
known E3-ubiquitin ligase,”” we speculated that NEDDA4L can
induce ubiquitination of ENOI and thereby accelerate ENO1
degradation. Supporting this, UbiBrowser, an online platform
that predicts ubiquitin ligase-substrate interactions, predicts
ENOL1 as a likely target substrate of NEDDA4L for ubiquitina-
tion (Figure S4).

In order to validate that ENO1 is indeed a substrate of
NEDDA4L, we first conducted co-immunoprecipitation assay
and checked whether the two molecules can bind with each
other. From cell lysates, a large amount of ENO1 was co-
precipitated with NEDD4L; reciprocally, NEDD4L was also co-
precipitated with ENO1 (Figure 4(a)). These results confirmed
interaction between NEDD4L and ENO1.

We then assessed whether and how NEDDA4L regulates
ENOI in cells. In SCC15 and CAL27 cells that had
NEDD4LOE transduction, the mRNA level of ENO1 was
not affected; however, the protein level of ENO1 was greatly
decreased (Figure 4(b)). On the contrary, in cells that had
sh-1 or sh-2 transduction, the protein level (but not the
mRNA level) of ENO1 was greatly enhanced (Figure 4(c)).
These results indicated that NEDD4L negatively regulates
the protein level of ENO1. Notably, if the cells were pre-
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Figure 3. NEDDAL overexpression suppressed mouse tumor growth. Nude mice were injected subcutaneously with SCC15 cells with or without NEDD4LOE transduction.
(a) Tumor volume was tracked from Day 12 to Day 33. (b) Tumor pictures (top) and weight (bottom; individual points and mean + S.D.) on Day 33. (c) Representative [HC
images showing Ki67 distribution. (d) Western blot results showing NEDDA4L, p21, and p27 expression levels in representative tumor tissues. (e) Comparison of the
probability of survival of mice with or without NEDD4L overexpression. *p < .05; ***p < .001, assessed by two-tailed Student’s t-test.

treated with MG132, a cell-permeable proteasome inhibitor,
then NEDDA4L overexpression would have completely no
inhibitory effect on ENOI expression, suggesting that
NEDDA4L negatively regulates ENO1 by facilitating ENO1
degradation (Figure 4(d)). Lastly, we identified that from the
lysates of SCC15 cells with NEDD4LOE transduction,
a large amount of ENO1 was ubiquitinated, whereas in
cells with control vector transduction, the level of ubiquiti-
nation was much lower, confirming that NEDD4L induces
ENOI ubiquitination (Figure 4(e)).

Importantly, the negative regulation of NEDD4L on ENO1
expression was also identified in patient samples. In IHC ana-
lysis of human patient paraffin sections, samples bearing high
NEDDA4L level would generally have low ENOLI level, and vice
versa (representative images in Figure 4(f), top panel).
Statistical analysis confirmed the negative correlation between
NEDDA4L and ENO1 expression levels to be highly significant
(Figure 4(f), bottom panel).

ENOT1 overexpression reverses the functional effects of
NEDDA4L overexpression

Although the above results identified ENO1 to be a target
of NEDDA4L for ubiquitination, it is still not certain whether
this regulatory mechanism was underlying the function of
NEDDA4L in inhibiting proliferation and glycolysis of OSCC
cells. Therefore, we used lentivirus transduction to artifi-
cially induce the overexpression of ENO1 and see if it could
bypass the regulatory effects of NEDD4L. A vector,
ENOIOQOE, was generated, and ENO1 overexpression in
OSCC cells was confirmed by Western blot (Figure 5(a),
Figure S2C). Interestingly, the sole transduction of
ENOIOE significantly enhanced cell proliferation and
cycle transition, (Figure 5(b, ¢)), and also increased cell
glycolysis rate as reflected by enhanced OCR, ECAR, and
lactate and ATP production rate (Figure 5(d)). More inter-
estingly, in cells that already had NEDD4LOE transduction,
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protein (top) and mRNA (bottom) levels in OSCC cells with or without NEDD4LOE transduction. (c) ENO1 protein (left) and mRNA (right) levels in OSCC cells with or
without NEDDA4L interference. (d) Western blot results showing ENO1 protein level in OSCC cells with or without NEDD4LOE transduction and with or without MG132
treatment. (e) Western blot results of ENO1 from OSCC cells with or without NEDDALOE. (f) IHC analysis of paraffin sections from patients, staining ENOT and NEDDAL.
Case 1 represents high ENO1 and low NEDDL4, while Case 2 represents low ENO1 and high NEDDL4 (upper). A negative correlation between ENO1 and NEDD4L

expression was identified using Fisher’s exact test (bottom).

which inhibited cell proliferation and cycle transition,
further introduction of ENOI1OE restored the proliferative
activity and glycolysis rate back to normal (Figure 5(b-d)).
Altogether, these results demonstrated that

ENO1

overexpression reversed the functional effects of NEDD4L
overexpression, and verified ENO1 to be the downstream
target of NEDDA4L in regulating OSCC cell proliferation
and glycolysis.
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Figure 5. ENOT overexpression reversed the functional effects of NEDDAL overexpression. (a) Western blot results showing ENO1 protein level in OSCC cells with only
ENO10E transduction or with both NEDD4LOE and ENO10E transduction. (b-c) Cell proliferation assay (b) and cell cycle analysis (c) of OSCC cells with NEDD4LOE and/or

ENO1OE transduction. (d) Mean + S.E.M. of ECAR and OCR (top) and lactate and ATP

production (bottom) of OSCC cells with NEDD4LOE and/or ENO10E transduction.

**p < .01; ***p < .001, compared with Vector group; ##p < .01, compared with NEDD4LOE group; assessed by ANOVA followed by Tukey's test.

Discussion

Like most other types of cancer, OSCC currently lacks a cure
and accounts for a high rate of mortality worldwide, despite all
currently available therapeutic approaches.”® To develop novel
strategies for treating OSCC requires in-depth understanding

of the underlying molecular mechanisms. Recently, several
molecular targets responsible for different aspects of cancer
development were highlighted, including 1) epidermal growth
factor receptor and 2) mammalian target of rapamycin, both of
which mediate multiple-signaling pathways that lead to tumor
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cell proliferation, metastasis, and angiogenesis; 3) programmed
cell death receptor 1, which results in the insensitivity and/or
apoptosis of effector T cells; 4) vascular endothelial growth
factor, which mainly contributes to angiogenesis;*® and more.
In this context, molecules that mediate cell glycolysis and
thereby stimulate cancer cell proliferation also drew major
attention.””** Adding to these findings, we here identified
another signaling pathway of cancer cell glycolysis that
involves two key molecules: NEDD4L and ENO1. In OSCC,
the downregulation of NEDDA4L induces the overexpression of
ENOI and leads to enhanced glycolysis and proliferation,
whereas artificially induced overexpression of NEDD4L man-
ifests anti-cancer effects by downregulating ENO1 expression
and compromising cell glycolysis and proliferation, as well as
increasing cell cycle arrest. Overall, our work unraveled a new
molecular mechanism of OSCC pathogenesis, and also identi-
fied the NEDD4L/ENO1 signaling axis as a potential target for
anti-cancer therapeutics.

NEDDAL is an ubiquitin-protein ligase® that plays many
different biological roles due to the large ensemble of its
substrates. Up to now, multiple-signaling pathways in cancer
have already been identified to be mediated by molecules in
the NEDD4 family via their E3 ligase activity. As two exam-
ples, NEDD4 induces the ubiquitination and degradation of
LATSI and inhibits the Hippo signaling pathway,*’ and also
facilitates the ubiquitination and degradation of both Notch
and Deltex to control the Notch signaling pathway.** This
suggests a large “signaling network” centered on NEDD4 that
influences many aspects of cancer biology. To better under-
stand the precise functions of NEDDA4L on cancer requires us
to identify all its substrates and dissect their functions. In this
context, our identification of ENOI as another substrate of
NEDDA4L for cancer regulation adds to our current under-
standing of the wide repertoire of functions of NEDDA4L.
Furthermore, miRNAs***® have been reported to regulate
NEDDA4L expression in cancers. Whether NEDD4L expres-
sion in OSCC is reduced by miRNAs will be explore in the
future.

NEDDA4L and ENO1 are both well-known key players in
many types of cancers and in mediating glycolysis.'**%*!
However, whether they have any functional relationship was
never clear. Here, we provided direct evidence showing that
NEDDA4L binds to and regulates ubiquitination of ENOI, indu-
cing ENOI degradation and impairing OSCC cell glycolysis.
Downregulation of NEDD4L in OSCC and the resulting upre-
gulation of ENOI should serve as a mechanism that facilitates
OSCC progression, which is supported by the prognostic cor-
relation of NEDD4L in human patients. More importantly,
NEDD4L/ENOL1 signaling pathway is unlikely specific for
OSCC, but may contribute to other cancer types that involve
these two molecules, including glioma, hepatocellular carci-
noma, and gastric cancer.>> 11521 Thys, our findings have
important clinical implications and raise intriguing questions
for future investigations.

Glycolysis is important to cancer cell development.
Inhibition of glycolysis not only impairs cancer cell prolifera-
tion, but also transforms tumor cells to become more suscep-
tible to immunotherapy, and therefore shows great promise in
fighting against cancer.'® Carbohydrate-restricted diets were

shown to have certain benefits in cancer patients.47 However,
this approach strictly relies on the self-discipline of the patients
themselves, and may not show satisfactory effects in relatively
short time. Circumventing these issues, an alternative
approach that was explored in numerous previous works is to
target the glycolytic enzymes and their relevant signaling path-
ways so as to look for next-generation anti-cancer drugs.'® For
instance, compounds like Phloretin and WZB117 inhibit
GLUTs and suppress glucose entry into cancer cells, and
demonstrated anti-cancer effects in animal models.*®
Inhibitors of pyruvate kinase M2, which converts phosphoe-
nolpyruvate to pyruvate to generate ATP, also showed specific
inhibitory effects on tumor cells.*® However, up to now, all
studies on the inhibition of glycolytic enzymes for anti-cancer
purposes either are still in progress, or have already failed due
to side effects or off-target effects.”® In our work, the discovery
of the NEDD4L/ENOL signaling pathway provides a new tar-
get for the development of anti-cancer agents. For example, an
agent that specifically increases the association affinity of
NEDD4L with ENOI, but not other substrates, should serve
as a precision drug to inhibit cancer cell glycolysis and prolif-
eration with minimized off-target effects.

In summary, we uncovered that an E3 ubiquitin ligase,
NEDDA4L, is suppressed in OSCC and serves as a prognostic
marker of OSCC. Furthermore, we found that NEDD4L inhi-
bits glycolysis and proliferation of OSCC cells by inducing
ubiquitination and degradation of its target substrate, ENO1.
Overexpression of ENO1 can counteract the functional effects
of NEDDA4L and promote OSCC cell glycolysis and prolifera-
tion. Our study underscores an anti-cancer function of
NEDDA4L and a cancer-facilitating role of ENO1, and empha-
sizes the NEDD4L/ENOI signaling pathway for clinical and
therapeutic inspirations.

Methods
Tissue samples and patient information

This study was approved by the Ethics Committee of Shengjing
Hospital, China Medical University. Written consent was
obtained from all the participant. For quantitative RT-PCR
and Western blotting, 40 OSCC tissues (20 each in Stage I/II
and III/IV) and 15 non-tumorous adjacent tissues were col-
lected from patients who received surgical treatment at
Shengjing Hospital, and stored at —80°C. Paraffin sections of
110 human patient OSCC tissues (81 in Stage I/II and 29 in
Stage III/IV) and 10 adjacent tissues were purchased from
Outdo Biotechnology (Shanghai, China).

Immunohistochemistry (IHC) analysis

Paraffin sections were deparaffinized with xylene and rehy-
drated with ethanol,”" heated for 10 min in 0.1 M citric acid
buffer (pH 6.0), cooled, and blocked for 15 min (0.3% hydro-
gen peroxide). The sections were incubated overnight with
anti-NEDD4L (Abcam, ab240753) or anti-ENO1 (Abcam,
ab227978) and then with horseradish peroxidase-conjugated
secondary antibodies. Finally, results were read with a 3, 3’-
diaminobenzidine (DAB) kit (Long Island, Shanghai, China),



with intensity graded as: IRS = staining intensity (SI: 0, nega-
tive; 1, weak; 2, moderate; 3, strong; >3, overexpression) X
percentage of positive cells (PP) by two trained pathologists.
IRS > 3 was considered as indicative of high expression,
whereas IRS < 3 was deemed low expression.

Cell culture

Human oral gingival epithelial cell line (HOEC cells) and
OSCC cell lines (CAL27, HSC4, SCC4, SCC9, and SCC15)
were acquired from the Cell Bank of Chinese Academy of
Sciences (Shanghai, China). All the cell lines were cultured at
37°C and 5% COy, in high glucose Dulbecco’s modified Eagle’s
medium (HyClone, Logan, UT, USA) containing 10% fetal
bovine serum (Invitrogen, Carlsbad, CA, USA) and penicil-
lin/streptomycin (Solarbio, Beijing, China).

Lentivirus mediated overexpression of NEDD4L and ENO1

NEDDA4L coding sequence was amplified using the primers
below: NEDD4L (NM_001144966.2), forward 5 -
CGGAATTCATGGAGCGACCCTATACATTTAAG-3" and
reverse 5-CGGGATCCTTAATCCACCCCTTCAAATCC-3’.
After digestion, the DNA fragments were cloned into
a linearized pLVX-puro expression vector (Clontech, Palo
Alto, CA, USA). For virus production, 293 T cells were trans-
fected with the above constructs in combination with psPAX2
and pMD2G (Addgene, Cambridge, MA, USA). After 48-72 h,
lentiviruses were collected from the culture medium and trans-
fected into indicated cells.

The full-length human ENO1 was amplified using the pri-
mers below: ENO1 (NM_001201483.4), forward 5-
CCCAAGCTTATGATCGAGATGGATGGAACAG-3’ and
reverse 5-CCCAAGCTTATGATCGAGATGGATGGAACAG
-3, and cloned into pcDNA3.1 vector (Life Technology) by
Genewiz Company.

Lentivirus mediated RNA interference (RNAi)

RNAi oligos targeting NEDD4L were cloned into linearized
pLKO.1 plasmids (Addgene). The interference sites are as
follows: sh-1, 5- GAGCGACCCTATACATTTA -3’; sh-2, 5™-
GGGAAGTTGTTGACTCAAA -3 and sh-3, 5-
GCTCTTTGATTCAAAGAGA -3’. The lentivirus was pack-
aged as described above.

RNA isolation and quantitative RT-PCR

Total RNA was extracted using Trizol reagent (Invitrogen).
The mRNA levels of indicated genes were determined by
quantitative RT-PCR using SYBR°Green (Thermo Fisher
Scientific) under the following cycling: 95°C for 10 min, fol-
lowed by 40 cycles of 95°C for 15s, and finally 60°C for 45s.
Verification of specific product amplification was determined
by dissociation curve analysis. Comparative Ct method was
used for quantifying the transcripts. Fold-change for target
genes was determined by the formula 27447,
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Primers are as follows: NEDDA4l, forward 5-
TCTGGAAGGCTGTGCTAC -3> and reverse 5-
TCTGGGCAGTTTCTCAGG -3’; ENOI1, forward 5-
CTCCGGGACAATGATAAGAC -3 and reverse 5-
TGCACTGCTTCCATCAAC -3’; GAPDH, forward 5-
AATCCCATCACCATCTTC -3 and reverse 5-

AGGCTGTTGTCATACTTC -3,

Protein isolation and Western blot

Proteins were isolated with RIPA buffer (JRDUN Biotech.,
Shanghai, China) that contained protease and phosphatase inhi-
bitors, which then went through 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis. Proteins were transferred
onto nitrocellulose membranes (Millipore, Billerica, MA,
USA), and blocked by 5% nonfat milk. The membranes were
probed overnight at 4°C with antibodies against: NEDD4L
(Ab240753, Abcam, Cambridge, MA, USA), p21 (Ab107099,
Abcam), p27 (Ab32034, Abcam), ENO1 (Ab227978, Abcam)
and GAPDH (#5174, Cell Signaling Technology). After wash,
membranes were treated with horseradish peroxidase conju-
gated secondary antibody for 1 h, then with substrate (ECL; Bio-
Rad, Richmond, CA, USA) followed by signal reading.

Cell proliferation assay

Cell proliferation was assessed using Cell Counting Kit-8 assay
(CCK-8, CP002, SAB biotech., College Park, MD, USA).
Briefly, cell suspension with a density of 3 x 10* per ml was
cultured overnight in 96-well plates (100 pl/well) and trans-
ducted with NEDD4LOE or a control Vector. CCK-8 solution
was then added to each well and incubated at 37°C for 1 h.
Optical density (OD) was finally read at 450 nm.

Cell cycle analysis

Ethanol-fixed cells were labeled with propidium iodine (PI,
Sigma-Aldrich), and cell cycle was assessed by flow cytometry
(BD Biosciences, Franklin Lakes, NJ, USA). Different phases of
the cell cycle were identified based on the different DNA content
levels.

Measurement of cellular respiration and glycolytic activity

ECAR and OCR were measured with Seahorse XF96 extracel-
lular flux analyzer (Seahorse Bioscience, North Billerica, MA,
USA). Briefly, cells were plated in microplates at a density of
4 x 10* /well one day before measurement. Then, glyco-stress
test kit (Seahorse Bioscience) was used for examining ECAR,
whereas a mito-stress kit was used for examining OCR.

Lactate production

After 48 h of cell culture, lactate level in the medium was
measured with a lactic acid (LD) detection kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China), and nor-
malized to values of control group.
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Measurement of adenosine triphosphate (ATP) level

After 48 h of culture, the ATP level in OSCC cells was mea-
sured with a commercial kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).

Tumor growth

Animal experiments were performed using female athymic
nude mice (Shanghai Laboratory Animal Center, China),
which were in accordance with the guidelines for the Care
and Use of Laboratory Animals and approved by Ethical
Committee of Shengjing Hospital, China Medical
University. The mice were randomly divided into two
groups (n = 6 per group) and injected subcutaneously
with 100 pl of SCC15 cell suspension (density: 5 x 10
per ml) expressing NEDD4L or a control Vector. The
xenograft size was monitored every three days after forma-
tion, and tumor volume was calculated using the following
equation: volume = 1/2 x width® x length. Mice were
sacrificed on day 33 for xenograft extraction.

Coimmunoprecipitation (co-IP) assays

Cell lysates were incubated with anti-NEDD4L (Ab245522,
Abcam), anti-ENO1 (Ab155102, Abcam) or control IgG
(Santa Cruz Biotech., Santa Cruz, CA, USA) for 1 h, and then
with protein A/G-agarose (Santa Cruz Biotech.) for 3 h at 4°C.

Precipitates were washed three times and assessed by Western
blot.

Statistical analysis

All statistical analysis was performed using GraphPad Prism
(GraphPad Software, San Diego, CA, USA). Fisher’s exact
test was used to analyze the correlation of NEDD4L expres-
sion with the severity of OSCC in patients. Student’s t and
ANOVA test were used to calculate the statistical signifi-
cance between two groups and among more than two
groups, respectively. p <.05 was considered statistically
significant.
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