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ABSTRACT

Previously, we elucidated the function of flotilin-2 (FLOT2)and branchedchain amino acid transaminast
1(BCAT1)in nasopharyngealcarcinoma (NPC).However, the relationship between A.OT2and BCAT1in
promoting NPCprogressionremainsunknown. Here,we observedthat FLOT2ipregulatedBCAT Jexpressionin
NPCcells. Ectopicexpressionof BCAT Jignificantly antagonizedthe inhibitory effects on NPCcell proliferation
induced by FLOT2lepletion. Consequently BCAT knockdownmarkedly inhibited the pro-proliferative effects
of FLOTaverexpressionn NPCcells. FLOT2xpressiornwas positively correlatedwith BCAT Zexpressionin NP(
tissuesand was inversely correlated with the prognosisof NPCpatients. Mechanistically,FLOT2naintains the
expression level of c-Myc, a positive transcription factor of BCAT1,and subsequently promote BCAT
transcription. FLOT2nhibited miR-33b-5p in NPCcellsand attenuated its inhibitory effects on c-Myc. Futher,
experimental validation of the function of the FLOT2/miR33b-5p/c-Myc/BCATlaxis in regulating NPCcell
proliferation was performed. Our results revealedthat FLOTZromotes NPCcell proliferation by suppressin
mMiR-33b-5p, to maintain proper levels of c-Myc, and upregulate BCAT 1trancriptionTherefore,the FLOT2/mik
33b-5p/c-Myc/BCAT laxisis a potential therapeutictarget for NPC.

INTRODUCTION Radiotherapy and chentarapy show synergistic effects
on killing NPC cells, however, the treatment outcome of
Nasopharyngeal carcinoma (NPC) is one of the most advanceestage NPC patients is far from satisfactory
common head and neck cancer, that is highly prevalent indicating poor prognosis {#]. Thus, to reveal the
in southern China and Southeast Asia [1, 2]. Radiation molecular mechanism involved in the development and
therapy is the primary treatment option, with a high cure  progressia of NPC, and subsequently identify potential
rate in earlystage NPC [1, 3]. Unforhately, most NPC prognostic markers of NPC is of great significance.
patients are diagnosed at advanced stages, characterized
by peripheral invasion and lymph node and distant FLOT2 is a lipid raft scaffold protein that is highly
metastasis. Besides, advanced stage NPC patients lack ordered membrane subdomains and plays a critical role
distinguishable symptoms and early diagnostic markers. in maintaining the homeostasis of lipid rafts and
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subsequently allows the lipid rafts to realize its regulatory
effects in multiple processes, such as cell adhesion, signal
transduction, protein sorting, and trafficking, and in all
critical processes in moorigenesis and malignant
progression [5, 6]. Therefore, aberrant expression of
FLOT2 leads to dysregulation of lipid rafts and its
downstream processes, which are closely correlated
with pathological conditions such as canceii 9[7
Upregulation of FLOTZ2predicts poor prognosis and
promotes malignant progression, proliferation, migration,
invasion, and metastasis, of multiple tumors, including
breast, cervical, colorectal, stomach, liver, lung, glioma,
melanoma, as well as NPC, etc. by activating oncegeni
pathways such as N¥ B, Pl 3K/ AKT,
MEK/Raf/ERK [9 13]. Numerous studies report the role
of FLOT2 as an oncogene involved in the regulation of
tumorpromoting signaling molecules and pathways.
Besides, we also previously confirmed the upregulatio
and oncogenic roles of FLOT2 in NPC [13]. However,
detailed mechanisms on these roles remain unknown and
need further exploration.

BCAT1, a cytosolic branchechain aminotransferase,
catalyzes the conversion of branctedin amino acids,
including leudne, isoleucine, and valine, into their
corresponding branchezhain aketo acids (BCAAS) by
transferring an amino group ontokatoglutarate to
generate glutamate [14]. Numerous studies reveal that
activating BCAT1 enhance the tumdriving and -
promotingroles of BCAAs metabolism in gliomas and
myeloid leukemia [1618]. Moreover, BCAT1
upregulation and its oncogenic role have been observed
in other tumors such as hepatocellular, gastric, breast,
ovarian, endometrial, prostate, and esophageal
squamous celtarcinomas [14, 124]. Our previous
study also demonstrated that the transcription factor c
Myc upregulates BCAT1 expression to promote tumor
initiation and progression in NPC. Besides, Microarray
analysis indicated that FLOT2 depletion significantly
downregulated BCAT1 expression in NPC cells,
suggesting that BCAT1 may be involved in the -pro
tumor roles of FLOT2 in NPC.

Therefore, in the present study, we investigated the
FLOT2 regulation of BCATL1 in NPC. The results
demonstrated that FLOT?2 activated BT through €
Myc regulation of BCAT1 transcription, thereby
promoting NPC proliferation. mil83b-5p, a direct
negative regulator of-kyc, was inhibited by FLOT2,
subsequently suppressingMyc mRNA degradation,
and promoting BCAT1 expression. Moreovet,0OT2,
c-Myc, and BCAT1 were positively correlated in
NPC tissues, and FLOT2Myc/BCAT1 axis was
positively correlated with NPC progression and
negatively associated with the prognosis of NPC patients.
Therefore, our findings suggest that FLOT2/A3iBb-5p/

c-Myc/BCAT1 axis is a potential therapeutic target in
NPC.

RESULTS

FLOT2 positively regulates BCAT1 expression in
NPC cells

Previously, we used cDNA microarray (GSE67456) to
explore the effects of FLOT2 knockdown on the
transcription profile in NPCcells [13]. The results
showed that BCAT1l was downregulated inr8B
shFLOT2 cells. Thus, the expression of BCAT1

Tv&B Burther avaligdhted in NPC cells by altering the

expression of FLOT2. gPCR and western blot analysis
(Figure 1A, 1B) revealed that FLOT2 krialown
significantly decreased BCAT1 expression, while FLOT2
overexpression remarkably increased BCAT1 expression
in 5-8F and 610B cells, respectively. FLOT2 expression
levels in NPC cells were also determined by altering the
expression of BCAT1 alteratio The results showed that
both BCAT1 knockdown and overexpression had no
effects on FLOT2 expression (Supplementary Figure 1).

FLOT2 and BCAT1 are positively correlated in NPC
and predicts poor prognosis of NPC patients

The correlation between FLOT2 anBCAT1 was
explored, as well as their clinical and prognostic value in
NPC cells. IHC staining showed that FLOT2 expression
had a positive correlation with BCAT1 expression in
NPC cells (r = 0.57) (Figure 1C, 1D). Moreover, FLOT2
and BCATL1 expression wegositively correlated with
several pathological variables, including T, N, M, and
TNM stages (Table 1). Besides, FLOT2 and BCAT1
expression levels were negatively correlated with the OS
of NPC patients (Figure 1E). Furthermore, univariate
Cox proportionalhazards regression analysis revealed
that primary T stage, TNM stage, and FLOT2 and
BCAT1 expression levels were significantly related to
the OS of NPC patients (Table 2). Multivariate Cox
proportional hazards regression analysis demonstrated
that FLOT2 ad BCAT1 were independent predictors of
reduced OS of NPC patients (Table 2). Therefore, these
results indicate that the FLOT2 and BCAT1 axis play
some important roles in NPC progression and poor
prognosis in patients with NPC.

FLOT2 promotes cell proliferation both in vitro and
in vivovia BCAT1 in NPC

Next, we explored whether BCAT1 mediated FLOT2
function in NPC. Firstly, western blot analysis
successfully demonstrated ectopic expression of BCAT1
in 5-8F~shFLOT2 cells and BCAT1 depletion in16B-
FLOT2 cells (Figure 2A).In vitro and in vivo
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experiments determined the effects of BCAT1 alterations
on cell proliferation. CCKa, plate clone formation, and
EdU incorporation assays revealed that BCAT1
restoration significantly rescued the inhibitory effedts o
FLOT2 knockdown on-BF cell proliferation (Figure 2B,
left arm; 2C upper arm; 2D left arm). Depletion of
BCAT1, antagonized the pymoliferation effects of
FLOT2 overexpression onBB cells (Figure 2B, right
arm; 2C low arm; 2D right arm). Consequgnectopic
expression of BCAT1 remarkably removed the inhibition
of FLOT2 silencing on subcutaneous growth of
5-8F cells (Figure 2BE2G, left arm); while BCAT1
knockdown significantly counteracted the activation of
FLOT2 overexpression @ubcutaneous growth of B
cells (Figure 2E2G, right arm). Therefore, these results
indicated that FLOT2 promoted the proliferation of NPC
cells via positive regulation of BCAT1 boih vitro and

in vivo.

The pro-proliferation effect of BCAT1 depends m
its enzymatic activity in NPC

BCAT1 function depends on its enzymatic activity [17].
Therefore, BCAT1 activity was inhibited with gabapentin
( GABA) ,-amirobutydc acid analogue and a
competitive inhibitor of BCAT1, to determine its effects

Hi;

on NPC cdlproliferation. Firstly, NPC cell viability was
measured using CCR assay, at different gabapentin
concentrations. As shown in Figure 3A, GABA inhibited
the growth of E8F cells expressing high levels of
BCAT1, in a dosalependent manner, but exerteddit
influence on the growth of-80B cells expressing low
levels of BCAT1. We further explored the inhibitory
effects of GABA on NPC cell proliferation. Consistently,
the inhibitory effects of GABA on NPC cell proliferation
were further supported by resulbf the plate clone
formation (Figure 3B) and EdU incorporation assays
(Figure 3C). Besides, GABA did not influence the
protein expression level of BACT1 and FLOT2 (Figure
3D). However, CCKB (Figure 3E), plate clone formation
(Figure 3F), and EdU incorpation assays (Figure 3G)
showed that GABA treatment significantly antagonized
the rescue effects of BCAT1 on8bshFLOT2 cell
proliferation. Taken together, these results suggested that
the proproliferation role of BCAT1 highly depends on
its enzymatiactivity in NPC.

FLOT2 upregulates BCAT1 and promotes NPC cell
proliferation via c-Myc regulation

Our previous study confirmed thatMyc promoted
BCAT1 transcription in NPC cells [25]. Therefore, in the
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Table 1. Correlions between FLOT2/BCAT1 level and clinicopathological characteristics in NPC (N4£88),

Variabl N FLOT2 BCAT1
arables Low High P Low High P

Gender
Male 54 25 29 0.440 27 27 0.299
Female 49 21 28 21 28

Age
O 45 40 19 21 1.206 20 20 0.364
>45 63 27 36 28 35

Primary T stage
T1-2 29 18 11 0.030 17 12 0.095
T3-4 74 28 46 31 43

Lymph node (N) metastasis
NO 44 26 18 0.016 23 21 0.213
N1-3 59 20 29 25 34

M stage
MO 77 41 36 0.002 43 34 0.001
M1 26 5 21 5 21

TNM stage
I-11 42 27 15 0.001 25 17 0.029
1 -1v 61 19 42 23 38

Smoking History
Yes 28 14 14 0.328 13 15 0.982
NO 75 32 43 35 40

Table 2. Univariate and multivariate analyses of selected prognostic factors for overall survival using Cox
proportional hazards regression model (N=3)0

Overall survival (OS)

Variables Univariate analysis Multivariate analysis
P HR (95%ClI) P HR (95%CI)

Age

04 & >45 0.704 0.896(0.5091.577) 0.220 0.467(0.244-0.897
Gender

Malevs.Female 0911 1.032(0.5981.781) 0.240 0.668(0.341-1.309
Primary tumor(T) stage

T1-2vsT3-4 <0.001 4.872(2.4719.109 0.050 1.316(1.0993.012
lymph node(N) metastasis

NOvsN1-3 0.001 2.909(15495.464 0.080 1.090(0.549-2.167)
Distant metastasis(M)

MO vs M1 <0.001 2.366(1.270-4.097) 0.004 0.326(0.1530.699
Clinical TNM stage

I-1l vs. -1V <0.001 1.656(1.005-3.281) <0.001 1.050(1.0132.189
Smoking history

Yesvs No 0615 1.166(0.640-2.125 0.226 0.620(0.2861.343
FLOT2 level

High vs Low <0.001 2.692(1.4483.995 0.002 2.184(1.062-3.545
BCAT1 level

Highvs Low <0.001 2.893(1.6005.230 0.037 1.565(0.5774.246
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current study, we explored whether FLOT2 increased
BCATL1 expression via-Myc. Indeed, both mRNA and
protein expression levels ofMyc were downregalted

in 5-8F~shFLOT?2 cells and upregulated iFl6B-FLOT2
cells (Figure 4A), respectively. Moreover, ectopic
expression of -dyc restored BCAT1 expression which
was decreased by siBCAT1 in-86-shFLOT2 cells
(Figure 4B, left arm). Myc knockdown in 6€10B-
FLOT2 downregulated BCAT1 expression levels, which
was restored by ectopic expression of BCAT1 (Figure
4B, right arm). Similarly, functional experimental results
revealed that the proliferative capacity e8B-shFLOT2
cells was restored by ectopic expresf cMyc (Figure

4C, upper arm; 4D, 4E, left arm), which was suppressed
by BCAT1 knockdown. évlyc knockdown inhibited 6
10B-FLOT2 cell proliferation, which was restored after
ectopic expression of BCAT1 (Figure 4C, low arm, 4D,
4E, right arm). Furtherore, in our previous study, we
investigated the effects of BCAT1 aneéMyc depletion
on AKT and NFe B acti vity, wh i
oncogenic role in NPC [13]. Both BCAT1 andwtyc
knockdown significantly inhibited AKT and N& B
activity, which was confined by a decreased iRAKT
and pp65 expression (Supplementary Figure 2A) in NPC
cells. Considering that inhibition of AKT and NFB

c h

activity by MK2206 and BAY 117082, respectively,
exert no notable effects on the expression levels of
BCAT1 and eMyc (Sypplementary Figure 2B), suggests
that AKT and NFe B coul d serve as
signaling of eMyc/BCAT1 in mediating the functions of
FLOTZ2 in NPC. Therefore, these results demonstrated
that FLOT2 upregulated BCAT1 and promoted NPC cell
proliferation va positive regulation of-Myc.

FLOTZ2 upregulates ¢Myc by inhibiting miR -33b-5p
expression in NPC cells

We explored the molecular mechanism of FLOT2
regulation of eMyc in NPC cells. Generally, both
transcriptional and postarscriptional mechanisms can
lead to fluctuation of mRNA levels [26]. Therefore,
gPCR was used to detect the expression -dfyc
hnRNA in FLOT2 knockdown NPC cells using two sets
of specific primers amplifying intreh and -2,
respectivelya We fsundrhatCtifedckdown of FLOT2
had no significant effect on the expression dilyc
hnRNA in NPC cells (Supplementary Figure 3A),
suggesting that FLOT2 mediates the gioshscriptional
mechanism of-dyc regulation in NPC cells. Moreover,
MG132, a proteasome inhibit could not rescue the
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downregulation of eMyc (Supplementary Figure 3B),
indicating that FLOT2 does not affectMyc stability.
Therefore, we further investigated whether miRNAs, the
most comma posttranscriptional regulators, mediated
the regulation of dMyc in NPC cells through FLOT2.
We predicted the candidate miRNAs targetifgyc via
ENCORI (The Encyclopedia of RNA Interactomes)
database. mil33b-5p, a tumor suppressor gene, which
directly inhibits ¢Myc in several cancers, was selected
for validation [2730]. Indeed, silenced FLOT2
upregulated the miB3b-5p level in 58F cells, while
FLOT2 overexpression downregulated r3Bb-5p
expression in A0B cells (Figure 5A). Besides, miR
33b-5p mimic significantly downregulated-Myc in 5

8F cells, while miR33b-5p inhibitor upregulated-mMyc

in 6-10B cells (Figure 5B). Moreover, miB3b-5p
significantly inhibited luciferase activity of-8F cells
transfected with wildype ¢Myc plasmids (Figuré&C),
confirming that miR33b-5p directly targeted-dMyc in
NPC cells. Consequently, miB3b-5p inhibitors
restored eMyc levels in 58FshFLOT2 cells (Figure
5D, upper arm), and miB3b-5p mimics reduced the
level of cMyc in 6-10B-FLOT2 cells (Figure 5Dlow
arm). miR33b-5p inhibitors restored-B~shFLOT2 cell
proliferation, which was suppressed by-Mgc
knockdown (Figure 5E, upper arm, Figure 5F, left arm).
miR-33b-5p mimics, on the other hand, inhibited 6B-
FLOT2 cell proliferation, which was resaliby ectopic
expression of -Myc (Figure 5E, low arm, Figure 5F,
right arm). Our results indicated that FLOT2 activates ¢
Myc/BCAT1 and promotes NPC cell proliferation
through suppressing miB3b-5p.

DISCUSSION

Previously, we elucidated thpro-neoplastic role of
FLOT2 and BCAT1 in NPC [13, 25, 31]. In this study,
we explored the relationship between FLOT2 and
BCATL1 and determined that FLOT2 upregulated BCAT1
expression, thereby promoting NPC cell proliferation.
Mechanistically, we found th&LOT2 suppressed miR
33b-5p levels and target inhibition of miBBb-5p on ¢
Myc, and upregulated BCAT1 expression. The results
reveal that FLOT2/miRB3b-5p/cMyc/BCAT1 is an
oncogenic axis that is of potential clinical significance in
NPC treatment.

Current studies have established the oncogenic roles of

FLOT2 in cancers. Upregulation of FLOT2 promotes
the proliferation, differentiation, migration, invasion,
metastasis, and therapy resistance of cancer,
positively correlates with poor prognosispatients with
cancer [10, 12, 13, 32]. The activation of signaling
pathways, such as N&B ,
and PI3K/AKT, drive process including suppression of
apoptosis, cell cycle acceleration, and epithelial

and

mesenchymal transition (EMT), whiclccounts for
mechanisms underlying the oncogenic function of
FLOT2 [8, 9, 1113, 33]. However, detailed mechanisms
of how FLOT2 activates oncogenic signaling and other
mechanisms mediating the functions of FLOT2, need to
be further investigated. A recestudy indicated that
PLCD3 is directly associated with FLOT2 to promote the
progression of NPC cells, however, the study failed to
illustrate the specifie
neoplastic function in NPC [34]. In this study, we
revealed that FLOT2pregulated BCAT1 expression and
activity, and in turn promoted the malignant progression
of NPC, thus, presenting a new oncogenic mechanism of
FLOT2. Besides, the results suggested that BCAA
metabolism is involved in NPC development.

Dysregulation of BCAA metabolism contributes to
tumorigenesis and progression in multiple cancers [14].
Besides, aberrant activation and upregulation of
BCAT1, a critical enzyme in BCAA metabolism, serves
as the main underlying molecular mechanism of
reprogramming BCAA metalism in cancer. BCAT1
overexpression enhances BCAA catabolism, which
subsequently promotes the proliferation and stemness of
cancerous cells in gliomas with witdpe IDH1, myeloid
leukemia, and endometrial canceri[18, 35]. Besides,
BCAT1 overexpressioris reported in other cancers,
where BCAT1 functions as an oncogene, stimulates
malignant progression and is negatively correlated with
the prognosis of patients [14, 19, 20,122]. Our
previous study revealed that BCAT1 overexpression
promotes cell prdieration, migration, and invasion in
NPC [25, 31]. Consistently, this study confirmed the
oncogenic role of BCAT1 in NPC and further revealed
that BCAT1 was an independent marker for poor
prognosis of NPC patients.

Both transcrigbnal and postranscriptional mechanisms
are involved in the regulation of BCAT1 expression.
Transcription factors Hi U a aMiyc, DNA
methylation status, and miRNAs, such as +#h#-3p,
miR-203, miR218, miR503, are reported to regulate the
transcripton and mRNA stability of BCAT1 in cancers,
respectively [21, 23, 3@89]. Based on our previous
findings that eMyc regulates BCAT1 transcription in
NPC [25], we explored whether FLOT2 increases
BCAT1 expression in a-®yc dependent manner in
NPC. The redts showed that FLOT2 sustained the c
Myc level in NPC cells by suppressing rg8b-5p, a
known miRNA that directly targets-Myc. Previous
studies indicate that FLOT2 regulation of BCAT1
expression in a-Myc dependent manner inhibits the
progression of state cancer and osteosarcoma [27, 28].

Raf / MEK/-BRK1 /T, tumdsBdpressive roles of miB3b-5p have also

been reported in other cancers including gastric cancer,
colorectal cancer, and renal cell carcinomd §8). The
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Fgure 5. FLOT2 regulatesMyc and promotescell proliferation via inhibiting miR33b-5p in NPC(A) gPCR assay demonstrating
the relative expression of miB3b-5p in 58~shFLOT2,-60BBCAT1 and control cell®) Western blot showing the level ofMyc in 58F

and 610B cells transfected with iRi33b-5p mimic and inhibitor, respectivelyC)(Luciferase activities of-8F cells caransfected with miR
33b-5p+wild type eMyc and miR33b-5p+mutant type eMyc, respectively.l) Western blot showing the level ofMyc in 58FshFLOT2,-5
8FshFLOT2+miB3b-5p inhibitor, 58FshFLOT2+miB3b-5p inhibitor+sieMyc, 610BFLOT2, A0BFLOT2+mik3b-5p mimic, 610B
FLOT2+miR3b-5p mimic+eMyc and control cellsH F) Plate clone formation and EdU assays showing the growth and proliferation abilities
of 5-8FshFLOT2,-BFshFLOT2+miB3b-5p inhibitor, 58~shFLOT2+miB3b-5p inhibitor+sieMyc, 610BFLOT2, A0BFLOT2+miB3b-5p
mimic, 610B-FLOT2+m#l3b-5p mimic+eMyc cells. *P<0.05, **,P< 0.01, ***; P< 0.001.
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