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Abstract

Objective: To identify the effect of curcumin on tumor suppression and the possible molecular pathways involved. Methods: The
expression of long noncoding RNA neighbor of BRCAI IncRNA 2 (NBR2) was quantified using reverse transcription-polymerase
chain reaction on cultured colorectal cancer cells. Next, we used Western blot to measure the activation of adenosine
monophosphate-activated protein kinase and mechanistic target of rapamycin kinase (mTOR) signaling molecules. Both cell
proliferation and viability were measured via MTT assay, and the cell ratio and S phase were detected by BrdU assay. Colorectal
cancer cells were pretreated with curcumin or transfected with shNBR2 or adenosine monophosphate-activated protein kinase
inhibitor Compound C to examine the molecular pathway involved. Results: Current data showed that glucose deficiency
increased the expression of NBR2 in colorectal cancer cells, and NBR2 knockdown affected the progression of colorectal cancer
cells under glucose starvation conditions. When NBR?2 was silenced in the treated colorectal cancer cells, the proliferation, the clone
formation, and the percentage of S-phase cells suppressed by glucose deprivation were compromised. Furthermore, NBR2
knockdown could suppress glucose deprivation-induced adenosine monophosphate-activated protein kinase activation plus mTOR
inactivation. Similarly, when colorectal cancer cells were treated with curcumin, the expression of NBR2 was significantly increased.
NBR2 knockdown reversed curcumin-suppressed proliferation, clone formation, and the percentage of S-phase colorectal cancer
cells. Furthermore, NBR2 knockdown abolished curcumin-induced activation of adenosine monophosphate-activated protein kinase
and inactivation of the mTOR signaling pathway. Conclusion: This study revealed a novel mechanism by which long noncoding
RNA NBR2 mediates curcumin suppression of colorectal cancer proliferation by activating adenosine monophosphate-activated
protein kinase and inactivating the mTOR signaling pathway.
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Introduction

Colorectal cancer (CRC) has become the third most prevalent
malignant tumor worldwide and one of the leading causes of
cancer-induced mortality.! Despite recent progress in early- X )
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unfavorable.” Therefore, predictive biomarkers are clearly and
urgently needed to detect CRC and to identify the most effec-
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length but lack an open reading frame.> A previous study
revealed that IncRNAs impact a variety of important biological
processes.* Liang et al indicated that IncRNA H19 promotes the
process of epithelial to mesenchymal transition as 1 microRNA
(miRNA) “sponge” in CRC.” In addition, another IncRNA mole-
cule, DANCR, has been indicated to be an independent predictor
of unfavorable prognosis and shortened survival in CRC.
Furthermore, IncRNA GASS facilitates cell proliferation and
works as an indicator for poor prognosis in patients with CRC.°

NBR?2 is a noncoding sequence that resides adjacent to the
well-known tumor suppressor gene BRCAL. Its biological
function has remained unknown for many years since its initial
discovery.” A previous study found that NBR2 interacts with
adenosine monophosphate-activated protein kinase (AMPK)
and promotes the kinase activity of AMPK, and NBR2 defi-
ciency dampens glucose starvation-induced AMPK activation
and AMPK-mediated downstream biological processes.®

Adenosine monophosphate-activated protein kinase is one
intracellular energy sensor. Structural analysis reveals that it
has a heterotrimeric form consisting of 1 catalytic subunit (o)
plus 2 regulatory subunits (B and y).” Once activated, AMPK
can phosphorylate various downstream effector substrates,
such as those that serve to shut down anabolic processes and
facilitate adenosine triphosphate-generating catabolic metabo-
lism, thus helping to restore energy homeostasis after stress
challenge.' Although we have plenty of evidence showing that
AMPK regulates downstream targets and their biological
implications, the mechanisms of AMPK activation itself
remain unclear. A previous study demonstrated the direct inter-
action between NBR2 and the kinase domain of the AMPK
complex, and an in vitro kinase assay also suggested that NBR2
potentiated AMPK kinase activity. Moreover, the interaction
between NBR2 and AMPK is highly correlated with its capac-
ity to promote the kinase activity of AMPK, suggesting that the
regulation of AMPK activation by NBR2 seems to be mediated
via its interaction with AMPK.®

Curcumin is identified in the rhizomes of Curcuma longa and
has been shown to have multiple biological functions.'! Thus far,
most of the effect of curcumin is focused on cancer treatment,1 as
the single or combined use of curcumin has been approved for the
intervention of human cancers, including CRC.'? However, the
molecular mechanism that curcumin plays in colorectal cancer is
only sparsely understood. We thus performed an in vitro assay
using curcumin to treat cultured CRC cells and to analyze the
molecular mechanism involved. Our results supported the work-
ing model that curcumin suppressed tumor growth by inducing
the expression of IncRNA NBR2, which could activate AMPK
and inactivate the mechanistic target of rapamycin kinase
(mTOR) signaling pathway for cell death.

Methods

Cell Culture

A total of 4 human CRC cell lines, including HCT116, HCTS,
SW480, and SW620, were purchased from the Type Culture

Collection, Chinese Academy of Sciences (Shanghai, China)
and cultured in Dulbecco Modified Eagle Medium (DMEM)
containing 10% fetal bovine serum (Gibco, Waltham, MA,
USA). Cells were cultured in a humidified incubator with 5%
CO,, and the temperature was 37°C. The concentration of cur-
cumin used in the cell treatment was 10 uM based on a previous
study.”® In glucose starvation assays, cells were treated with
different concentrations of glucose (0, 1, or 25 mM) within
DMEM containing 10% fetal bovine serum.

Cell Transfection

LncRNA NBR2 shRNA was purchased from GenePharma
(Shanghai, China). HCT116 and SW480 CRC cells were
seeded at a density of 1.8 x 10> cells per well in a 12-well
plate. Transient transfection was conducted using a Lipofecta-
mine 2000 kit (Invitrogen, Carlsbad, California, United States)
following the instructions of the manufacturer.

MTT Assay

HCTI116 and SW480 CRC cells were treated with 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide
(10% dilution in DMEM) at 37°C until the appearance of visi-
ble color. The cell proliferation rate was determined at 24, 48,
and 72 hours posttransfection.

Colony Formation Assay

The colony formation assay was performed by seeding 200
cells into each well of the 6-well plate. After 14 days of incu-
bation, cells were treated with 0.05% Crystal violet for 1 hour
at room temperature. Under light field microscopy, the number
of colonies in each well was enumerated. All groups were
tested in triplicate.

BrdU Assay

HCT116 and SW480 CRC cells were seeded at 1.8 x 10° cells/well
in DMEM containing 10 uM BrdU. After 3 hours incubation, cells
were fixed for 15 minutes using 4% paraformaldehyde and were
washed with phosphate-buffered saline (PBS) buffer followed by
0.5 mL Triton X-100. After further rinsing, the cells were treated
with DNase (Tiangen, China) for 20 minutes at room temperature.
Primary antibody against BrdU (Abcam, Cambridge, MA, USA)
was then added following PBS washing for 12 hours incubation at
4°C. On the next day, cells were washed with PBS and incubated in
secondary antibody for 60 minutes at room temperature. BrdU-
positive cells were detected by flow cytometry.

RNA Isolation and Reverse Transcription-Polymerase
Chain Reaction

Total cellular RNA was extracted using a Trizol kit
(Takara, Kusatsu, Shiga, Japan) according to the manufac-
turer’s instructions. Cellular messenger RNA levels were
quantified using SYBR PrimeScript RT-PCR Kit (Takara).
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Figure 1. Glucose starvation-induced NBR2 upregulation in cultured colorectal cancer (CRC) cells. A and B, Reverse transcription-PCR
showed the expression change of NBR2 in HCT116, HCT8, SW480, and SW620 cells treated with 0 or 25 mM glucose for 24 hours using 2
primer sets. C and D, Reverse transcription-PCR showed the expression of NBR2 in HCT116 and SW480 cells treated with 0 or 25 mM glucose
plus Compound C treatment for 24 hours. E to G, Total, nuclear (Nul), and cytosolic (Cyt) expression of NBR2 plus normalization genes
GAPDHI1 and Ul. Three independent experiments were performed, and the results are presented as the mean + standard deviation. *P < .05,
*#P < .01. RT-PCR indicates reverse transcription-polymerase chain reaction.

The expression of NBR2 was measured using specific pri-
mers (Forward, 5-GAGGTCTCCAGTTTCGGTAA-3/;
Reverse, 5-GAACCAAGGTGAAGGACCAA-3'). For the
analysis of miRNA, we used stem-loop primers for reverse
transcription and reverse transcription-polymerase chain
reaction for miRNAs. These primers were purchased from
RiboBio (Guangzhou, China). The relative expression of
miRNAs was normalized to the internal control of the U6
RNA molecule (Forward, 5-CGCTTCGGCAGCACATA-
TAC-3'; Reverse, 5'-ATGGAACGCTTCACGAATTT-3').

Western Blotting

Primary antibodies used in Western blotting, including anti-
GAPDH (#5174), anti-p-AMPK (#4186), anti-AMPK
(#2532), anti-p-ACC (#11818), anti-ACC (#3662), anti-p-S6
K (#2708), anti-S6 K (#9202), anti-p-S6 (#9209), and anti-S6
(#2317), were all purchased from Cell Signaling Technology
(Danvers, MA, USA). In brief, cells were first lysed in Radio
Immunoprecipitation Assay (RIPA) buffer. Proteins were
quantified using the Bicinchoninic Acid (BCA) approach and
were loaded onto 1x sodium dodecyl sulfate polyacrylamide
gel electrophoresis for separation. Proteins were then trans-
ferred onto polyvinyl difluoride membranes (Millipore),
which were incubated sequentially with primary and second-
ary antibodies (1:2000 dilutions for anti-GAPDH and 1:1000
for other antibodies).

Data Analysis

All statistical analyses were performed using the SPSS soft-
ware package (version 17.0, IBM, Armonk, NY, USA). All
data are shown as the mean + standard error. Student 7 test was
used for between-group comparisons, and 1-way analysis of
variance was adopted for comparisons among multiple groups.
P values <.05 were considered statistically significant.

Results

Energy Starvation Could Increase the Expression
of NBR2

Previous knowledge has revealed the activation of the AMPK
pathway by starvation of cells. To verify the connection
between glucose starvation-induced AMPK activation and
NBR2 in CRC cells, we tested whether glucose-free medium
would induce the change of NBR2 in CRC cell lines. The
results revealed that glucose deficiency induced the increased
expression of NBR2 in HCT116, HCTS, SW480, and SW620
cells compared to 25 mM glucose-treated cells (Figure 1A and
1B, P <.01). Furthermore, we used the AMPK inhibitor Com-
pound C to test the expression of NBR2 in HCT116 and SW480
cells. The results showed that Compound C could suppress the
expression of NBR2 in either HCT116 or SW480 cells with or
without glucose (Figure 1C and D, P < .05 or P < .01, respec-
tively). Further substantiation came from the observation that
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Figure 2. Knockdown NBR2 in HCT116 and SW480 cells and the detected expression of glucose starvation-induced changes in protein
phosphorylation in AMPK/mTOR signaling. A and B, Reverse transcription-PCR showed the level of NBR2 in both HCT116 and SW480 cells
after transfection with siNBR2. C-F, Western blotting protein bands and quantitative analysis showed changes in the phosphorylation levels of
AMPK, ACC, S6K, and S6 proteins in both HCT116 and SW480 cells treated with 0 or 25 mM glucose for 24 hours. Three independent
experiments were performed, and the results are presented as the mean + standard deviation. *P < .05. AMPK indicates adenosine
monophosphate-activated protein kinase; RT-PCR, reverse transcription-polymerase chain reaction.

NBR2 was expressed in both nuclear and cytosolic fractions
(Figure 1E). These results showed that glucose deprivation-
induced NBR2 upregulation in CRC cells, at least partly via
an AMPK-dependent pathway.

NBR2 Knockdown Suppressed the Glucose Deprivation-
Induced AMPK/mTOR Signaling Pathway
To investigate the downstream signaling pathway of NBR2, we

suppressed NBR2 expression in both HCT116 and SW480
cells. First, the transfection of shNBR2 effectively suppressed

NBR2 transcript levels in both HCT116 (Figure 2A, P < .05
compared to shNC group) and SW480 cells (Figure 2B). Next,
we found that shNBR2 transfection effectively abolished the
glucose deprivation-induced upregulation of phosphorylated
AMPK (Figure 2C and E, P < .05 compared to the shNC +
glucose deprivation group). Since AMPK activation is known
to suppress mTOR phosphorylation, we thus examined indica-
tors of the mTOR signaling pathway, S6K and S6. The results
showed that in the shNBR2 transfection group, phosphoryla-
tion of both S6K and S6 was activated in both HCT116
(Figure 2C and D) and SW480 cells (Figure 2E and F).
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Figure 3. NBR2 knockdown affects the progression of colorectal cancer (CRC) cells under glucose starvation conditions. A and B, MTT assay
results revealed the proliferation of HCT116 and SW480 cells after transfection with stNBR2 and treatment with 0 or 25 mM glucose for 24
hours. C and D, Clonal formation assay showed the proliferation of HCT116 and SW480 cells under high-glucose or low-glucose conditions
with shNBR2 transfection and treated with 1 or 25 mM glucose for 24 hours. E and F, BrdU assay showed the percentage of S-phase cells under
high-glucose or low-glucose conditions in HCT116 and SW480 cells treated with 0 or 25 mM glucose for 24 hours. Three independent
experiments were performed, and the results are presented as the mean + standard deviation. *P < .05.

Therefore, NBR2 could activate the AMPK pathway to sup-
press mTOR activation, and NBR2 knockdown reversed this
process to activate mTOR signaling.

NBR2 Knockdown Affects the Progression of CRC Cells
Under Glucose Starvation Conditions

Then, we detected whether NBR2 affects the progression of
CRC cells under glucose starvation conditions. First, MTT
assay results revealed that shNBR2 suppresses the proliferation
of either HCT116 or SW480 cells when compared to the con-
trol group under glucose deprivation conditions (Figure 3A and
B, P <.05). Second, we measured the effect of NBR2 on the
colony formation potency of HCT116 or SW480 cells, and the
results showed that shNBR2 increases the clone formation both
at high-glucose or low-glucose conditions in HCT116 and
SW480 cells (Figure 3C and D, P <.05). Third, a BrdU assay
was performed to detect the role of NBR2 in the regulation of
the S-phase proportion. We found that shNBR2 notably
increased the percentage of S-phase cells at high-glucose or
low-glucose conditions in HCT116 and SW480 cells
(Figure 3E and F, P < .05).

NBR2 Knockdown Abolished the Inhibitory Effect
of Curcumin in CRC Cells
Due to the known AMPK activation by curcumin, we further

detected the role that curcumin played in HCT116 and SW480
cells, as curcumin significantly upregulated NBR2 in HCT116,

HCTS8, SW480, and SW620 cells (Figure 4A, P <.01 compared
to control cells). With shNBR2 transfection into HCT116 or
SW480 cells, the expression of NBR2 was notably suppressed
regardless of pretreatment with curcumin (Figure 4B and C,
P < .05). Therefore, curcumin exerted these effects to upregu-
late NBR2 in CRC cells.

We further examined whether the suppression role of cur-
cumin was dependent on NBR2. MTT results revealed a
curcumin-induced suppression of proliferation of HCT116 and
SW480 cells (Figure 5A and B, P <.05); however, when NBR2
was knocked down, this inhibitory effect was compromised
(Figure 5A and B, P < .05, P <.01). Moreover, shNBR2 could
elevate the suppressed colony formation by curcumin in
HCT116 and SW480 cells (Figure 5C and D). Consistent
results were found in cell cycle analysis, as sSiNBR2 increased
the percentage of cells in the S-phase attenuated by curcumin
treatment in HCT116 and SW480 cells (Figure 5E and F,
P <.05).

NBR2 Knockdown Eliminated the Effect of Curcumin on
AMPK/mTOR Signaling

Finally, we investigated p-AMPK, p-ACC, p-S6K, and p-S6 in
HCT116 and SW480 cells treated with curcumin. Similar to the
glucose starvation treatment, curcumin significantly decreased
the phosphorylation of p-AMPK and p-ACC (Figure 6A and C)
and increased the level of p-S6K against total S6K (Figure 6B
and D). With NBR2 knockdown in the curcumin-treated cells,
the suppression of p-AMPK and p-ACC induced by curcumin
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Figure 4. Curcumin elevated the level of NBR2 in CRC cells. A, RT-PCR showed the expression level of NBR2 in HCT116, HCT8, SW480,
and SW620 cells after treatment with 0 or 10 uM curcumin for 24 hours. B, C, Reverse transcription-PCR showed NBR2 levels in curcumin-
treated cells after sSNBR2 transfection treated with 0 or 10 uM curcumin for 24 hours. Three independent experiments were performed, and the
results are presented as the mean + standard deviation. *P < .05, **P < .01. CRC indicates colorectal cancer; RT-PCR indicates reverse
transcription-polymerase chain reaction.

25 4 3 shNC
g 25 » control 150 " 1 shNC B8 shNBR2
% @ curcumin ] B shNBR2 n20
. ‘E ?\
ﬁ -culcum!nfshNC 5 100 e e
= = curcumin+shNBR2 [+] —_— W
1] ] @
= e ¥
a o all
2 @ 50 )
& £ 5
[0} =]
14 Z 9 0
Control Curcumin Control Curcumin
B control D F
@ curcumin
mm curcumin+shNC
5 i 150 . 1 shNC 40 1 shNC
= curcumin+shNBR2 . T
‘% @ EE shNBR2 : BEm shNBR2
@ I .30
= 2 100 . B;
& e @20 "
2 = & —
k] e ®10
[}
@ 5 l—'"—|
N - 0
Days Control Curcumin Control Curcumin

Figure 5. Inhibition effect of curcumin in CRC is mediated by NBR2. A and B, MTT assay revealed the proliferation of HCT116 and SW480
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experiments were performed, and the results are presented as the mean + standard deviation. *P < 0.05, **P < .01. CRC indicates colorectal

cancer.

was notably abolished, while the levels of p-S6K and p-S6 were
unchanged upon curcumin treatment (Figure 6A-D). These
results demonstrated that NBR2 is mediated by curcumin reg-
ulating AMPK/mTOR signaling.

Effects of Curcumin on AMPK/mTOR Signaling Under
Glucose Deprivation

To further elucidate the mechanism of curcumin, we treated
cells under glucose-deprivation conditions. Under glucose-
supplemented conditions, curcumin treatment significantly
activated p-AMPK and p-ACC (Figure 7A and C) and

suppressed the p-S6K/p-S6 pathway (Figure 7B and D).
Furthermore, glucose-deficient conditions facilitated the
curcumin-activated AMPK-ACC pathway and inactivated the
S6K-S6 pathway (Figure 7). These results demonstrated that
curcumin and glucose deficiency have a synergetic effect in
regulating the AMPK/mTOR pathway under glucose-deficient
conditions.

Discussion

In this study, we showed that NBR2 expression was strongly
induced by glucose deprivation in cultured CRC cells. Acti-
vated NBR2 may further activate the AMPK signaling pathway
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Figure 6. NBR2 knockdown compromised curcumin-induced changes in protein phosphorylation in AMPK/mTOR signaling. A and B, Western
blotting bands and quantitative analysis showed phosphorylation of AMPK, ACC, S6K, and S6 proteins in curcumin-treated HCT116 cells with
shNBR?2 transfection and treated with 0 or 10 pM curcumin for 24 hours. C and D, Phosphorylation of AMPK, ACC, S6K, and S6 proteins in
curcumin-treated SW480 cells with shNBR2 transfection and treated with 0 or 10 pM curcumin for 24 hours. Three independent experiments
were performed, and the results are presented as the mean + standard deviation. AMPK indicates adenosine monophosphate-activated protein
kinase.
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and thus suppress the proliferation of tumor cells. These results  of noncoding RNA profiles have identified NBR2 as a candi-
are consistent with previous reports showing the tumor sup- date IncRNA with a response to glucose starvation.'* In the
pressor function of NBR2.® Both RNA sequencing and analysis  present study, we found that glucose deficiency induces the
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expression of NBR2 in CRC cells via the energy stress sensor
AMPK. This NBR2 upregulation sequentially inactivated the
mTOR signaling pathway and activated AMPK, thus forming a
positive feedback loop to further potentiate AMPK under
energy stress. These cellular events further led to cell prolifera-
tion suppression, whereas NBR2 knockdown abolished this
process.

NBR2 has been demonstrated as one tumor suppression
factor via transregulation with the BRCA1 promoter using a
breast cancer cell model.'® Our study is the first to report NBR2
upregulation induced by glucose deprivation in CRC cells in
vitro. This is consistent with the consequent suppression of cell
proliferation, which received further evidence that NBR2
knockdown could protect CRC cells from glucose
deprivation-induced cell death. We further studied possible
downstream signaling pathways of NBR2. As previous studies
have shown that NBR2 could interfere with the AMPK signal-
ing pathway to mediate cancer cell sensitivity,” we thus exam-
ined the phosphorylated activation level of AMPK. The results
showed that glucose deprivation could effectively induce
AMPK signaling phosphorylation and that shNBR2 transfec-
tion blocked these effects. A further downstream signaling of
NBR2 we identified in this study was mTOR, which is known
to be inhibited by AMPK phosphorylation.'®!” It has been
reported that several IncRNA molecules could mediate tumor
growth by regulating mTOR and more specifically the mTOR
complex 1 (mTORC1) system.18 In this study, we found that
glucose deprivation prominently suppressed phosphorylation
of S6K or S6, which are major effector proteins of mTORCI,
and NBR2 blockade effectively abolished the selective sup-
pression of mTORCI. In summary, NBR2 mediates glucose
deprivation and reduces CRC tumor cell growth via sequential
activation of AMPK, followed by mTOR inactivation. It is
interesting that NBR2 knockdown induced increased cells in
the S-phase under starvation conditions. Adenosine
monophosphate-activated protein kinase signaling acts as the
“checkpoint” for stressed cells, as inhibition of AMPK leads to
mTOR activation and cell proliferation.'” Therefore, NBR2
knockdown tends to have similar effects. As a traditional
Indian medicine, curcumin has a long history of usage in med-
ical practice. Recently, curcumin has been proven to suppress
the progression of various cancers, including tumors in the
pancreas, lung, brain, ovary tissues, and breast gland.zo A pre-
vious study identified curcumin in suppressing CRC. For
example, curcumin was found to target cancer stem cells of
CRC.*'? Other studies supported a possible mechanism of
curcumin in elevating chemotherapy sensitivity of CRC
cells.”*** More importantly, curcumin was found to mediate
the expression of microRNA molecules in CRC cells for further
downstream effects.”>*® The involvement of AMPK and the
mTOR signaling pathway in curcumin-mediated functions has
also been reported.’”*® Our current data showed that curcumin
also has an inhibitory effect on CRC. Moreover, curcumin
significantly increased NBR2 expression in CRC cells; when
NBR2 was suppressed, the inhibitory effect of curcumin on
CRC was eliminated. These results indicated that curcumin

regulates CRC progression by regulating the level of NBR2
and then activating AMPK signaling. In addition, curcumin
affects downstream mTOR signaling in CRC cells, and curcu-
min regulated this signaling pathway through NBR2. Together,
these results revealed that curcumin regulated the activated
AMPK pathway via NBR2 upregulation and further suppressed
mTOR to inhibit CRC cell proliferation.

In conclusion, this study revealed the inhibitory effect of
curcumin on the progression of CRC via modulating the
NBR2/AMPK/mTOR pathway. Further studies are thus
required to illustrate the in vivo effects of curcumin in tumor
models. Nevertheless, these data provide further evidence of
curcumin in tumor suppression and may provide new insights
for CRC therapy.
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