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Abstract

The BRAF V600E mutation occurs in approximately 10% of patients with meta-
static colorectal cancer (CRC) and constitutes a distinct subtype of the disease with
extremely poor prognosis. To address this refractory disease, we investigated the
unique metabolic gene profile of BRAF V600OE-mutated tumors via in silico analysis
using a large-scale clinical database. We found that BRAF V600OE-mutated tumors ex-
hibited a specific metabolic gene expression signature, including some genes that are
associated with poor prognosis in CRC. We discovered that BRAF V600E-mutated
tumors expressed high levels of glycolytic enzyme enolase 2 (ENO2), which is mainly
expressed in neuronal tissues under physiological conditions. In vitro experiments
using CRC cells demonstrated that BRAF V600E-mutated cells exhibited enhanced
dependency on ENO2 compared to BRAF wild-type cancer cells and that knockdown
of ENO2 led to the inhibition of proliferation and migration of BRAF V600E-mutated
cancer cells. Moreover, inhibition of ENO2 resulted in enhanced sensitivity to vemu-
rafenib, a selective inhibitor of BRAF V600E. We identified AP-1 transcription factor
subunit (FOSL1) as being involved in the transcription of ENO2 in CRC cells. In addi-
tion, both MAPK and PI3K/Akt signaling were suppressed upon inhibition of ENO2,
implying an additional oncogenic role of ENO2. These results suggest the crucial role
of ENO2 in the progression of BRAF V600E-mutated CRC and indicate the therapeu-
tic implications of targeting this gene.
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1 | INTRODUCTION

Approximately 10% of patients with metastatic colorectal cancer
(CRC) have BRAF V600E mutations.! BRAF V600E-mutated CRC is
more common in the right side of the colon and in older patients, and
is associated with a poor prognosis.?# In BRAF V600E-mutated CRC,
the constitutive activation of BRAF is independent of extracellular
factors and activates a signaling pathway that leads to cell prolifera-
tion.>” Inhibition of BRAF alone using a selective antibody leads to
paradoxical activation of the MAPK pathway through suppression of
a negative feedback signal from downstream molecules.®? Although
combination therapy using antibodies against BRAF, EGFR, and
downstream MEK has been shown to improve patients’ prognosis
over several months,*®12 activation of the MAPK pathway through
BRAF V600E-mutation is extremely powerful and therapeutic ap-
proaches for BRAF V60OE-mutated CRC remain challenging.

Cancer metabolism is a key determinant of malignant potential
in most solid cancers.** Cancer cell metabolism is based on enhance-
ment of the glycolytic system to ensure that the cell can survive under
hypoxic conditions and to provide stable energy production.!*!®
Glycolysis dependency is caused by overexpression of various gly-
colytic enzymes due to the dysregulation of oncogenes and tumor
suppressors.'®Y BRAF V600E-mutated tumors require considerable
energy to maintain their high proliferative capacity. However, the
mechanism by which BRAF V600E mutations affect the alteration of
the metabolic system has not yet been sufficiently investigated.

To understand the contribution of the BRAF V600E mutation to
the metabolic alterations of CRC, we analyzed a large-scale database
and identified unique metabolic gene expression signatures in BRAF
V600E-mutated CRC. Among genes specifically overexpressed in
BRAF V600E-mutated tumors, we focused on glycolytic enzyme
enolase 2 (ENO2). Enolase is a glycolytic enzyme and includes three
isoforms: ENO1, ENOZ2, and ENO3. Under physiological conditions,
the gastrointestinal tract depends on ENO1 for energy production,
and ENO2 is predominantly expressed in neuronal tissues.'®%°
Although previous studies have shown that ENO2 is overexpressed
in some malignancies, including neuroendocrine tumors, small cell
lung cancer (SCLC), and breast cancer,??2 the involvement of ENO2
in the oncogenic context has not yet been investigated in detail.
Here, we sought to investigate the role of ENO2 in the progression
of BRAF V600E-mutated CRC and to explore the therapeutic impli-
cations of targeting this gene.

2 | MATERIAL AND METHODS
2.1 | Clinical tissue samples

Primary CRC specimens were collected from 121 patients who un-
derwent surgery at the Department of Gastroenterological Surgery,
Osaka University (Suita, Japan) between 2011 and 2012. All patients
were diagnosed with CRC based on the clinicopathological crite-

ria described by the Japanese Society for Cancer of the Colon and
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Rectum. None of the patients received preoperative chemotherapy
or radiotherapy. Specimens were fixed in 10% formalin overnight at
room temperature, processed through graded ethanol solutions, and
embedded in paraffin. The specimens were used appropriately and
with the approval of the Ethics Committee of the Graduate School
of Medicine, Osaka University. The present study was approved by
the Research Ethics Committee of Osaka University (approval ID:
08226) and written informed consent was obtained from all patients
included in this study.

2.2 | Celllines and cell culture

The human CRC cell lines RKO, HT29, HCT116, and DLD1 were pur-
chased from the American Type Culture Collection and maintained
in DMEM (Sigma-Aldrich; Merck KGaA) containing 10% FBS (Gibco;
Thermo Fisher Scientific) in a humidified incubator at 37°C and 5%
Co,.

2.3 | RNA interference

Two types of ENO2-specific siRNA were purchased from Sigma-
Aldrich to knock down ENO2 mRNA. RKO, HT29, HCT116, and
DLD1 cells were seeded (2 x 10° in 6 well dish) and transfected with
ENO2 or negative control siRNA using Lipofectamine RNAiMax
(Thermo Fisher Scientific) at a concentration of 10 nmol/L, accord-
ing to the manufacturer’s protocol. These cell lines were main-
tained in a humidified incubator at 37°C and 5% CO, for 72 hours
after transfection. The sequences of the siRNA against ENO2
were: siRNA#1 CCAUUUGACCAGGAUGAUU[dT][dT]; siRNA#2
GGUCACUGAAGCCAUCCAA[ATI[AT]. The sequences of the siRNA
against FOSL-1 were: siRNA#1 GACUGACAAACUGGAAGAUIdT]
[dT]; siRNA#2 CAAACUGGAAGAUGAGAAAIAT][AT].

2.4 | Lentivirus vector construction

The full length of human ENO2 cDNA was amplified by PCR and li-
gated into the CSII-CMV-MCS-IRES2-Bsd lentivirus vector (provided
by Dr Miyoshi, RIKEN-BRC, Japan?® and transfected into 293FT cells
with packaging and envelope plasmids using Lipofectamine 3000
(Thermo Fisher Scientific) according to the manufacturer’s protocol.
After 48 hours of incubation, the supernatant was filtered and used
for virus transduction to target cells. Stable clones were obtained
after antibiotic selection. The overexpression of genes was con-
firmed by RT-PCR and western blotting.

2.5 | Real-time quantitative RT-PCR

Total RNA was extracted from the indicated cells using TRIzol

RNA Isolation Reagent (Thermo Fisher Scientific), as previously
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described.?* The cDNA was synthesized from 10 ng total RNA using
the Rever Tra Ace gPCR RT Master Mix (Toyobo Life Science), ac-
cording to the manufacturer’s protocol. Quantitative PCR was per-
formed in a Light Cycle 2.0 System (Roche Applied Science) using
the Light Cycler FastStart DNA Master SYBR Green | (Roche Applied
Science). The amplification conditions were as follows: initial dena-
turation at 95°C for 10 minutes, followed by 45 cycles of denatura-
tion at 95°C for 10 seconds, annealing at 60°C for 10 seconds, and
extension at 72°C for 10 seconds. Data were normalized to the ex-
pression of PPIA.

The following primers were used: ENO2(F), 5'-ACCAGGACTTT
GTCAGGGACTA-3;ENO2(R),5'-TACATTGGCTGTGAACTTGGAC-3';
FOSL1(F), 5'-GGCCTCTGACCTACCCTAC-3'; FOSL1(R), 5-CTTCCA
GTTTGTCAGTCTCTCCTG-3'; PPIA(F), 5-ATGCTGGACCCAACACA
AAT-3'; PPIA(R), 5-TCTTTCACTTTGCCAAACACC-3".

2.6 | BRAF inhibitor sensitivity assay

RKO, HT29, HCT116, and DLD1 cells were seeded at a density of
3.0 x 10° cells/well in 96-well plates and pre-cultured for 24 hours.
The cells were exposed to various concentrations of vemurafenib
(Selleck). The cytotoxic effects of vemurafenib were evaluated using
a Cell Counting Kit-8 (Dojindo), according to the manufacturer’s
protocol.

2.7 | Western blotting

Total proteins were extracted from cultured cells using radioimmu-
noprecipitation assay buffer containing protease and phosphatase
inhibitors (Thermo Fisher Scientific). The proteins were separated
by 10% SDS-PAGE and electroblotted onto polyvinylidene fluo-
ride membranes (Merck KGaA) at 300 mA for 60 minutes. After
blocking with 3% skim milk at room temperature for 1 hour, the
membranes were incubated with primary antibodies at the appro-
priate concentrations at 4°C overnight: ENO1 (1:1000; #3810, Cell
Signaling), ENO2 (1:1000; #9536, Cell Signaling), BRAF (1:1000;
#14814, Cell Signaling), FOSL1 (1:1000; #D80B4, Cell Signaling),
pERK (1:2000; #4370, Cell Signaling), ERK (1:1000; #4695, Cell
Signaling), pAKT (1:2000; #4060, Cell Signaling), and AKT (1:1000;
#9272, Cell Signaling). After incubation with secondary antibod-
ies, protein bands were detected using the Amersham Enhanced
Chemiluminescence Prime Western Blotting Detection Reagent
(GE Healthcare).

2.8 | Immunohistochemical staining
The anti-ENO1 rabbit antibody (Anit-ENO1 #ab227978, Abcam),

anti-ENO2 rabbit antibody (Anti-NSE, #ab53025, Abcam),
anti-BRAF V600E rabbit antibody (Anti-BRAF mutated V600E

#200535, Abcam), and the VECTASTAIN Elite ABC Rabbit
Immunoglobulin G Kit (Vector Laboratories) were used for immu-
nohistochemical staining. The slides with antibody were diluted
1:2000 (Anti-ENO1), 1:200 (Anti-BRAFV600E) and 1:100 (Anti-
NSE) were incubated overnight at 4°C. We assigned an intensity
score of +2 to cytoplasm that was stained as intensely as the
positive control, a score of +1 when the cytoplasmic staining was
weaker than the positive control, and a score of O to unstained

cytoplasm.

2.9 | Cell proliferation assay

Cells were seeded in 96-well plates at a density of 3.0 x 10° cells/
well. Cell proliferation was assessed 24, 48, and 72 hours after trans-
fection using the Cell Counting Kit-8, according to the manufactur-
er's protocol. We confirmed that the absorbance was compatible

with manual cell counting before the experiment.

2.10 | Cell migration assay

Cell migration was evaluated using the scratch wound-healing
assay. Cells were seeded in 6-well plates at a density of 1.0 x 10°
cells/well and grown to confluence under standard conditions.
A scratch was generated in the cells using a 1000-puL pipette tip.
Cells were cultured under standard conditions in DMEM sup-
plemented only with 1% FBS to prevent proliferation. The im-
ages were captured at 0, 48, and 72 hours after scratching using
a BZ-X710 microscope (Keyence Corporation) and analyzed using
a BZ-X analyzer (v. 1.3.0.3; Keyence Corporation). Cell migration
was calculated by measuring the average distance between the

wound edges at five random sites.

2.11 | Data analysis

R programming language v. 4.0.2 and JMPP™ 14.0.0 (SAS Institute)
were used for statistical analyses. The Cancer Genome Atlas mRNA
expression data and clinical information were downloaded from the
GDAC Firehose website (http://gdac.broadinstitute.org). “Metabolic
genes” refers to genes that are involved in cellular metabolic func-
tion, such as glycolysis, oxidative phosphorylation, and small mol-
ecule transport, which were downloaded from a previous pivotal
report.?® The differentially expressed genes between BRAF V60OE-
mutated CRC and other types of CRC were analyzed using the R
package “limma.” Z-scores were calculated using the survfit function
of R package “survival.” Statistically significant differences between
groups were determined by Student’s t test and Fisher’s exact prob-
ability test. Overall survival (OS) and relapse-free survival (RFS) rates
were calculated using the Kaplan-Meier method. When P < .05 was

obtained, the results indicated a statistically significant difference.
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3 | RESULTS

3.1 | Glycolytic enzyme enolase 2 is specifically
upregulated in BRAF V600E-mutated colorectal
cancer cells

To identify specific metabolic gene expression signatures in
BRAF V600E-mutated CRC, we performed unsupervised hierar-
chical clustering analysis using the Cancer Genome Atlas (TCGA)
colorectal adenocarcinoma (COADREAD) dataset (Figure 1A). We
searched for metabolic-related genes that are highly expressed in
CRC with poor prognosis and are specifically expressed in BRAF
V600E-mutated CRC. The expression of ENO2 was higher in
BRAF V600E-mutated CRC than in non-BRAF V600E-mutated
CRC or BRAF wild-type CRC. We focused on the glycolytic en-
zyme ENO2, which is specifically upregulated in BRAF V600E-
mutated CRC and is significantly associated with poor prognosis
(Figure 1B). Gene expression analysis of glycolytic enzymes and
tricarboxylic acid cycle enzymes in BRAF V600E-mutated CRC,
non-BRAF V600E-mutated CRC, and BRAF wild-type CRC re-
vealed that the expression of ENO2 was significantly higher
in BRAF V600E-mutated CRC than in the other CRC types
(Figure 1C).

To clarify the clinicopathological significance of ENO2,
we performed immunohistochemical staining for ENO2. We
confirmed the expression of ENO1 and ENO2 in 9 cases of
BRAF V600E-mutated CRC, 10 cases of RAS-mutated CRC,
and 10 cases of BRAF/RAS wild-type CRC that were already
diagnosed by genetic testing. The results indicate that ENO2
was frequently overexpressed in BRAF V600OE-mutated CRC
than in other CRC types. A comparison of the expression of
ENO1 and ENO2 in BRAF V600E-mutated CRC and the other
CRC showed that there was no significant difference in the
expression of ENO1 between the two groups, but that ENO2
levels were significantly higher in BRAF V600E-mutated CRC
(Figure 2A,B). Similar results were obtained in an analysis
of the Cancer Cell Line Encyclopedia (CCLE) database. We
found no significant difference in the expression of ENO1
based on BRAF mutation status. While the expression of
ENO2 was significantly higher in BRAF V600E-mutated
CRC (Figure S1A). Further bioinformatical analysis using the
Project Achilles dataset showed that BRAF V600E-mutated
CRC has more dependency on ENO2 for cell proliferation
ability (Figure S1B).
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3.2 | Glycolytic enzyme enolase 2 expression is
associated with poor overall survival and relapse-free
survival in colorectal cancer

To explore the role of ENO2 in the malignant behavior of CRC, we clas-
sified CRC patients (n = 121) into three groups based on the ENO2
staining intensity, as described above. We defined a score of O as
being in the ENO2-negative group and a score of 1 or 2 as being in
the ENO2-positive group (Figure S2A). BRAF status was defined by im-
munohistochemical staining using antibody specific for BRAF V600E
mutation (Figure S2B). As a result, out of seven cases with BRAF V600E
mutation, six cases showed high ENO2 expression (85.7%), whereas
only 27.2% (31/114) were ENO2-positive in cases with BRAF wild and
non-V600E mutation (P value < .05) (Figure 2C). A clinicopathologi-
cal analysis showed that high expression of ENO2 was associated with
clinical characteristics, tumor depth, lymph node metastasis, lymphatic
invasion, distant metastasis, advanced clinical stage, and BRAF status
(Table S1). Kaplan-Meier overall survival (OS) curves for patients with
CRC (n = 121) was performed. The OS rate of patients in the ENO2-
positive group was significantly lower than that of the ENO2-negative
group (*P =.032) (Figure S2C). Kaplan-Meier relapse-free survival (RFS)
curves were plotted for patients with CRC (n = 112). The RFS rate of
patients in the ENO2-positive group was significantly lower than that
of the ENO2-negative group (**P = .035) (Figure S2D).

3.3 | Glycolytic enzyme enolase 2 is involved in
proliferation and migration in BRAF V600E-mutated
colorectal cancer cells

To elucidate the mechanism by which ENO2 is involved in the malig-
nant potential of CRC, we performed functional analysis using CRC
cell lines with or without BRAF V600E mutations. Knockdown of
ENO2 potently inhibited the proliferation and migration ability of
CRC cell lines RKO and HT29 possessing BRAF V600E mutations,
whereas the effect was modest in the BRAF wild-type cell lines
HCT116 and DLD1 (Figure 3A-C and Figures S3, S4A,B). We also
investigated expression changes of epithelial mesenchymal transi-
tion (EMT) markers upon knockdown of ENO2. Although a modest
decrease of ZEB1 has observed, other EMT markers exhibit almost
no significant changes in expression (Figure S4C).

Cell cycle analysis revealed that knockdown of ENO2 increased
the proportion of cells in the G1 phase and decreased the ratio of
cells in the S and G2/M phases in RKO cells (Figure S5).

FIGURE 1

Identification of specific metabolic gene expression signatures of BRAF V600E-mutated CRC. A, Unsupervised hierarchical

clustering using the TCGA COADREAD dataset based on the expression of metabolism-related genes (n = 2752). The colors of the upper bar
represent the BRAF mutation status; red, black, and green represent BRAF V600E-mutated, non-V600E mutated, and wild-type tumors,
respectively. B, Scatterplot showing the differentially expressed genes between BRAF V600E-mutated tumors and wild-type tumors. The
horizontal axis indicates the Z-score, which represents the statistical significance of each gene’s association with patient prognosis. The
vertical axis indicates the g-value (-log 10) and the statistical significance of the comparison between BRAF V600E-mutated tumors and
wild-type tumors. Only genes with |Z-score| > 1.96 are shown. C, Expression of representative metabolic-related genes according to BRAF
mutation status. (Upper) Glycolytic enzyme. (Lower) tricarboxylic acid cycle (TCA) enzymes (*P < .0001)



2888 H
ERRWITSE Cancer Science

rownames(T_sortl), |

T_sormanch("SLC2AY".

rowrames(T_scrt )

T_sorgmash(OHT"

Metabolic related genes (2671)

YUKIMOTO ET AL.

V600E cluster

I V600E

GO NI DRI WO I | non-veooe

.Il lWlIdtype

Wild nonVEOOE VEOOE

TCGA colorectal cancer (n=481)

Glycolysis

3P, sownames(T_sortl). |

T_sorgmanch(™

GPI

Wild nonVEOOE VEOOE

TCA cycle

e b1
o
oy
T —~
¢ g o
b= ENO2
* < g /
0 & .
« 0O S 3
. - .
w2
8 g” 10 ~
% % S - .
® (I : . %
* < .
P : pe® 4
[12] ’ ‘ e '® .
. $ P “ &
ol WEA
4 3 2 0 1 2 3 4 S
€ Z SCOore  —
Favorable Poor
prognosis prognosis
SLC2A1 HK1
n = '~
- b
B :‘
e 3
4 cd 2 [ ]
$ < pr— ! | ]
[ W ——| S i —
= K :
L -
Wi'}d r.on\;EOZ)E ‘.féODE Wild nonVEOOE VEOOE
IDH1 OGDH
. —
3 = -} N
i ] H
T — — 5 o (e B = B |
I
8 3
f::.
-1

Wild nonVEOOE VEOOE

T _Sormatch{"SUCLAZ", sownames(T_sont)), |

SUCLA2

o

Wild nonVEDOE VEOOE

wowrames(T_sor), |

T_Somanch(ENOZ"

T_sorrmakch{ P, rownamen(T_sortl) )

105 110 115 120

00

95

ENO2
*

1

JE—

i [
|

Wild nonVEOOE VEOOE

Wild nonVEOOE VEOOE



YUKIMOTO ET AL.

FIGURE 2 Immunohistochemical A)
analysis of ENO1 and ENO2 in BRAF
wild-type and BRAF V600E-mutated CRC.
A, Representative images of positive and
negative immunohistochemical staining
with anti-ENO2 antibody in BRAF wild-

WT
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ENO2

type CRC and BRAF V600E-mutated CRC.
Scale bar: 50 um. B, The positive rate of
ENO1 and ENO2 expression in BRAF
wild-type and BRAF V600E-mutated

CRC based on immunohistochemical
staining. C, The positive rate of ENO2
expression in BRAF wild-type+nonV600E
and BRAF V600E-mutated CRC based on
immunohistochemical staining in 121 CRC
patient

WT
nonV600E

©) %/ v
T

ENO2 positive rate

WT+ nonV600E
(n-114) (n=7)

3.4 | Glycolytic enzyme enolase 2 activates both
PISK/AKT and MAPK/ERK pathways

PISK/AKT and MAPK have been reported to be key signaling path-
ways that promote cell proliferation.?6?8 We found that ENO2 inhi-
bition significantly reduces the phosphorylation levels of AKT and
ERK, while overexpression of ENO2 upregulates these phosphoryla-
tion levels in colorectal cancer cell lines (Figure 3D,E).

3.5 | Glycolytic enzyme enolase 2 is
transcriptionally regulated by FOSL1

To clarify the regulatory network underlying the association between
the BRAF V600E mutation and ENO2 expression, we administered
vemurafenib, a specific inhibitor of mutated BRAF, to RKO cells and
examined changes in the expression of ENO2. The expression of
ENO2 was decreased by vemurafenib at both the mRNA and protein

Mlrositive
Negative
V600E WT V600E
nonVE00E

ENO2 Positive
ENO2 Negative

VB00E

levels (Figure 4A). Next, we searched for a transcription factor that
links BRAF V600E mutation and ENO2 expression. BRAF mutation
activates the MAPK/ERK pathway, resulting in an increase in some
nuclear transcription factors. We searched for a transcription factor
that is specifically upregulated in BRAF V600E-mutated CRC and is
also highly correlated with ENO2 expression. We reanalyzed the TCGA
database and found that the FOSL1 gene, a major component of tran-
scription factor complex AP-1, is a promising candidate. FOSL1 is one
of the main targets of BRAF-MAPK signaling.??3! Inhibition of BRAF
V600E activity using vemurafenib significantly decreased FOSL1 ex-
pression levels in a dose-dependent manner (Figure 4B). FOSL1 is
significantly upregulated in BRAF V600E-mutated colorectal cancer
compared with BRAF non-V600E-mutated and RAS/BRAF wild-type
cancer (Figure 4C). Subgroup analysis revealed that the correlation is
specifically higher in BRAF V600E-mutated colorectal cancer, whereas
the correlation is relatively weak in wild-type and non-V600E-
mutated tumors (Figure 4D and Figure S6A). Furthermore, the correla-
tion with FOSL1 is higher in ENO2 than ENO1 or ENO3 (Figure 4D
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and Figure S6B,C). To evaluate the molecular association between
FOSL1 and ENO2, we subsequently performed in vitro experiments.
Knockdown of FOSL1 significantly inhibited the expression of ENO2
depending on the knockdown efficiency of FOSL1 in colorectal cancer
cells (Figure 4E). These data indicate a potential close relationship be-
tween FOSL1 and ENO2 in BRAF V600OE-mutated colorectal cancer.

3.6 | Inhibition of glycolytic enzyme enolase 2
enhances the drug sensitivity to vemurafenib in BRAF
V600EOmutated colorectal cancer cells

Vemurafenib was used in the therapeutic treatment of patients with
BRAF V600E-mutated CRC. We confirmed that BRAF V600E-mutated
CRC cells (RKO and HT29) had high sensitivity to vemurafenib, whereas
BRAF wild-type CRC cells (HCT116 and DLD1) did not (Figure 5A).
The 50% inhibitory concentration (IC50) values of vemurafenib were
as follows: HCT116, not reached; DLD1, not reached; RKO, 11.6 ug;

HT29 FIGURE 3 Knockdown of ENO2
_ — e attenuates cell proliferation and migration
- g?smx; . in BRAF V600E-mutated CRC cells. A,
....... i

ENO2 protein expression levels in RKO
cells transfected with N/C and ENO2
siRNA (siRNA#1 and siRNA#2) in western
blot analysis. N/C, negative control. B,
Proliferation assay using RKO and HT29
cells transfected with N/C or ENO2 siRNA
(*P < .05). C, Representative images

Oh 24h 48h 72h
Incubation time (hours)
*

of the scratch wound-healing assay
using RKO cells transfected with N/C

or ENO2 siRNA. Magnification: 100x.

* Average distance between wound edges

e for five different areas at the indicated
SIRNA#1 time points (relative change from the

distance at 0 h) (*P < .05). D, Western blot
analysis showing the expression of ENO2,
phosphorylated AKT, and phosphorylated
ERK upon transfected with N/C or ENO2
siRNA. E, Western blot analysis showing
the expression of ENO2, phosphorylated
AKT, and phosphorylated ERK after
overexpression of ENO2 in RKO cells

SiRNA#2

72h
Incubation time (hours)

HT29, 3.16 ug. Dose-response experiments with different concentra-
tions of ENO2 SiRNA were performed (Figure 5B). The absolute cell
viable rates are indicated in Figure S7. The data shows that a high con-
centration of ENO2 siRNA (50 nmol/L) inhibited the cancer cell pro-
liferation more efficiently than a lower concentration (25 nmol/L) of
SiRNA. Knockdown of ENO2 improved the sensitivity to vemurafenib
in RKO cells, whereas sensitivity was not affected in HCT116 cells with
BRAF V600E wild type (Figure 5C). The IC50 values of vemurafenib
were as follows: RKO negative control, 11.6 ug; RKO SiRNA25 nmol/L,
7.3 umol/L; RKO SiRNA50 nmol/L, 5.2 pmol/L; HCT116 negative con-
trol, not reached; HCT116 SiRNA#1, not reached; HCT116 SiRNA#2,

not reached.

4 | DISCUSSION

Most solid cancers exhibit the Warberg effect, defined as

an enhanced dependency on glycolysis to survive in cancer
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FIGURE 4 ENO2 expression is (A
transcriptionally regulated by FOSL1. A,
Western blot analysis showing ENO2 and
phosphorylated AKT expression after
administration of N/C or vemurafenib.

B, Protein expression levels of FOSL1
treated with DMSO or vemurafenib

(0.1, 1, 10 umol/L). C, Expression levels

~

ENO2 Expression
{Normalized to PPIA)

status. (TCGA database). D, Correlation )

*
1t \
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microenvironments.? Although previous studies have shown the
overexpression of glycolytic enzymes in BRAF V600E-mutated

3234 the detailed molecular mechanism of how activated

tumors,
BRAF contributes to the activation of the glycolysis pathway re-
mains largely unknown. Among numerous metabolic enzymes,
our in silico and immunohistochemical analysis revealed that the
glycolytic enzyme ENO2 is specifically overexpressed in BRAF
V600E-mutated CRC. Enolase is an enzyme in the ninth and penul-
timate step of glycolysis that converts 2-phosphoglycerate to phos-
phoenolpyruvate. The enzyme consists of three isoforms: ENO1,
ENOZ2, and ENOS3. Under physiological conditions, gastrointestinal
tract tissues mainly depend on ENO1 to drive the glycolytic path-
way, while ENO2 is predominantly expressed in neuronal tissues
and ENOBZ is restricted to muscle tissue. ENO1 was reported to

be a multifunctional protein and correlated with various biological

processes, such as metabolism, hypoxia tolerance, extracellular
matrix degradation, metastasis, and allergic responses. It was asso-
ciated with poor prognosis in patients with lung cancer, pancreatic
cancer, and glioma.35'37 One of the characteristics of alpha-enolase
is that it is expressed on the cell surface of most tumors and acts as
a plasminogen-binding receptor.%®

Previous studies have shown that ENO2 could possibly
function as an oncogene even in non-neuronal malignancies,
including lung, breast, and prostate cancer.2%223%40 For exam-
ple, the serum level of neuron-specific enolase (NSE), which
includes ENO2 encoded y-enolase, is a reliable tumor marker
of small cell lung cancer.***3 However, in contrast to ENO1
and ENO2, the functional importance of ENO3 in the patho-
genesis of cancer has been unclear.** We reported here that

ENO?2 is also involved in the progression of highly proliferative



YUKIMOTO ET AL.

CLERVWIITSVE Cancer SCience

(A) 120 FIGURE 5 Combinational inhibition
of BRAF V600E and ENO2 attenuate
100 4 proliferation of BRAF V600OE-mutated
_ cells. A, Dose response curve after
S 80 exposure to vemurafenib in CRC cell lines.
% B, (Left) mRNA expression levels of ENO2
@ 60 transfected with N/C or ENO2 SiRNA (25
e and 50 nmol/L). (Right) Dose response
40 - HCT116 curve after exposure to vemurafenib in
- === DLD1 RKO cells transfected with N/C or ENO2
20 ) *
.- RKO siRNA (25 and 50 nmol/L). (*P < .05). C,
ol ] e HT29 | V600E Dose response curve after exposure to
1 . . vemurafenib in HCT116 cells transfected
0 1 10 with N/C or ENO2 siRNA. Each bar
Vemurafenib concentration (uM) represents the mean + SEM of quintuple
RKO (V600E) RKO (VB00E) measurements
(B) 120 1
100
g2 T 801
28 2
w o g
5 T 03 60 A
AN &
® .
L%E 40
Z 20 _
SiRNA 25nM
........... SIRNA 50nM
0 -
1 1 1
N/C SiRNA SiRNA 0 1 10
25nM 50nM Vemurafenib concentration (uM)
HCT116 (WT)
© 1204
100 from $
© 80
2
g
@ 601
R
401
NIC
2 e ENO2 SiRNA #1
o Lo ENO2 SIRNA #2
T T T T
0 1 10 100

Vemurafenib concentration (uM)

BRAF V600E-mutated CRC, and that inhibition of this gene pro-
foundly attenuates the proliferation and invasive ability of CRC
cells harboring this mutation. Because EMT marker expressions
exhibit almost no significant changes upon inhibition of ENO2,
we consider that ENO2 may be involved in migration ability
though other mechanisms.

Glycolytic enzyme enolase 2 is a gene that not only functions
as a glycolysis enzyme but also functions as a crucial activator of
other oncogenic pathways.*># Recent evidence has shown that
the C-terminal domain of ENOZ2, which is not necessary for en-

zymatic activity, could directly activate the mitogen-activated

protein kinase/extracellular signal-regulated kinase (MAPK/ERK)
signaling pathway, leading to cell differentiation and prolifera-
tion.*” In colorectal cancer, ENO2 has been reported to be cor-
related with MAPK signaling and ERK signaling based on GSEA
analysis.48 In our own experiments using BRAF V600E-mutated
CRC cells, manipulation of ENO2 expression significantly altered
the phosphorylation levels of ERK and AKT, both of which are
downstream of receptor tyrosine kinase. These results strongly
indicate that ENO2 was involved in the activation of the MAPK/
ERK signaling pathway. However, because of the lack of evidence

showing the direct molecular binding of these proteins, further
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investigation is required to reveal the whole mechanism underly-
ing this activation process.

We have revealed that FOSL1 could be a potential mediator con-
necting activated BRAF and ENO2. FOSL1, which is a member of
the activator protein-1 (AP-1) transcription factor, is known to be
involved in the malignant gene expression network and is itself a
downstream target of MAPK pathway.”'31 We have demonstrated
a high correlation between FOSL1 and ENO2 expression in BRAF
V600-mutated CRC. Knockdown experiments revealed that FOSL1
is located in the upstream of ENO2. These results suggested that
FOSL1 exerts its malignant potential partially through regulation of
ENO2 in BRAF V600E-mutated CRC cells.

We also explored the possibility of combining a BRAF V600E
selective inhibitor with ENO2 suppression for therapeutic appli-
cation. Enhanced drug sensitivity to the BRAF V600E inhibitor,
vemurafenib, was observed upon knockdown of ENO2 in BRAF
V600E-mutated CRC cells but not in BRAF wild-type cancer cells.
Administration of BRAF inhibitor alone has limited efficacy against
CRC, mostly because of the reactivation of the MAPK pathway.49
A previous study indicated that ENO2-encoded y-enolase signifi-
cantly increased in accordance with the activation of PISK/AKT
and MAPK/ERK pathways in the cancer environment.*”#8°° These
results suggest that the addition of ENO2 suppression to BRAF
inhibition might be an effective therapeutic strategy for BRAF
V600E-mutated CRC.

ENO1 and ENO2 demonstrated different dependences accord-
ing to tissues and cancer types, which has implications for potential
new therapies. ENO2 inhibition is already considered to be a prom-
ising therapeutic strategy for glioblastoma, most of which exhibit
high dependency on ENO2.°! Normal gastrointestinal tissues ex-
ploit ENO1 as a glycolytic enzyme for energy production. Therefore,
selective ENO2 targeting might be a useful therapeutic option for
BRAF V600E-mutated CRC with minimal damage to normal tissues.

Overall, we explored the specific metabolic traits of BRAF
V600E-mutated CRC and revealed the additional activation of ENO2
in the glycolytic system, which is indispensable for the high prolif-
erative ability of this aggressive subtype of CRC. ENO2 could be a
novel therapeutic target for BRAF V600E-mutated CRC.
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