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The metastatic suppressor NDRG1 inhibits EMT, migration
and invasion through interaction and promotion of caveolin-1
ubiquitylation in human colorectal cancer cells
L Mi1,2,3,4, F Zhu1,2, X Yang1,2, J Lu1,2, Y Zheng5, Q Zhao5, X Wen4, A Lu1,2, M Wang1,2, M Zheng1,2, J Ji3,4 and J Sun1,2

N-myc downstream-regulated gene 1 (NDRG1) has been reported to act as a key regulatory molecule in tumor progression-related
signaling pathways, especially in tumor metastasis. However, the related mechanism has not been fully discovered yet. Herein we
demonstrated that the novel molecule of cell migration and invasion, caveolin-1, has direct interaction with NDRG1 in human
colorectal cancer (CRC) cells. Moreover, we discovered that NDRG1 reduces caveolin-1 protein expression through promoting its
ubiquitylation and subsequent degradation via the proteasome in CRC cells. In addition, caveolin-1 mediates the suppressive
function of NDRG1 in epithelial–mesenchymal transition, migration and invasion in vitro and metastasis in vivo. These results help to
fulfill the potential mechanisms of NDRG1 in anti-metastatic treatment for human colorectal cancer.
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INTRODUCTION
N-myc downstream-regulated gene 1 (NDRG1) is a cytoplasmic
protein, which is highly conserved among multicellular organisms
and ubiquitously occurs in various human tissues. In different
reports referring to various human carcinomas, the NDRG1 is de-
regulated.1,2 Accumulating evidences has regarded NDRG1 as a
metastasis suppressor.2–4 In colorectal cancer (CRC), NDRG1 is
believed to be a favorable predictor for the prognosis and is
demonstrated to regulate actin cytoskeleton re-organization and
subsequent reduction of cancer cell migration;2 NDRG1 is also
reported to inhibit the epithelial–mesenchymal transition (EMT).3

As a metastasis suppressor, NDRG1 is reported to be able to
regulate different signaling pathways in tumor progression,1,5–8

resulting in interruption of major metastasis-associated functions,
including EMT, cytoskeleton remodeling and subsequent migra-
tion and invasion.9 Although some molecular pathways explained
the function of NDRG1 have been partially elucidated, more
straightforward targets and partners of NDRG1 still need further
exploration.
Caveolae is a small invagination that transports and processes

diverse extracellular signals and is implicated in cellular trafficking,
as well as signal transduction.10–13 In response to various stimuli,
lots of signaling molecules and receptors localize in caveolae
making it a ‘launching platform’ for intracellular signaling
cascades.10,14–16 As essential structural constituent of caveolae,
caveolin-1 (cav1) is not only able to interact with but also able to
regulate different molecules recruited in caveolae, thereby
representing a key checkpoint for the cell signaling regulation in
cancer.12,13

Cav1 has been regarded as having a key role in tumor
progression, which influences many key capabilities in cancer
progression, such as unlimited replicative potential, resistance to
antigrowth signals and enhanced tissue invasion and metastasis
as well as acquisition of multidrug resistance.17,18 Although the
precise effect of cav1 remains unclear as both the loss and
overexpression of cav1 have been reported in various
malignancies,19,20 accumulating evidences have indicated that
cav1 expression favors cancer cell migration, invasion and
metastasis.21–23

Considering the special localization and function of cav1, for the
first time, we identified the relationship between NDRG1 and cav1,
two versatile proteins in signal regulation and having key roles in
CRC progression. Our results demonstrate that NDRG1 interacts
with cav1 and reduces cav1 protein expression through promot-
ing its ubiquitylation and subsequent degradation via the
proteasome in CRC cells. In addition, cav1 mediates the
suppressive function of NDRG1 in EMT, migration and invasion
in vitro as well as metastasis in vivo.

RESULTS
NDRG1 suppresses migration and invasion of CRC cell lines
We first established HT29, SW480 and SW1116 CRC cell lines that
constitutively and stably overexpress exogenous NDRG1. In
addition, NDRG1-knockdown models were also generated in
these CRC cell lines to explore the function of endogenous NDRG1
(Figure 1a). These three cell lines exhibiting different cell
aggressiveness were enrolled to access the consistency of our
data between different cell lines. In our former study, we
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discovered that NDGR1 showed the ability to inhibit the migration
and invasion capability of HT29 and HCT116 cells in vitro.9 We first
repeated these findings in our previously designed HT29 cell
models as well as in the newly generated SW480 and SW1116 cell
models. As shown in transwell assay (Supplementary Figure 1),
overexpression of NDRG1 in HT29, SW480 and SW1116 cells
resulted in approximately 42–97% reduction of migratory capacity
(Po0.001) and approximately 94–97% reduction of invasive
capacity (Po0.001), respectively. On the other hand, NDRG1
knockdown in these cells led to significant 3.9–4.1-fold (Po0.001)
and 4.1–4.9-fold (Po0.001) increase of migratory and invasive

capacity, respectively (Supplementary Figure 1). The results re-
confirmed that NDRG1 inhibits migration and invasion in CRC cells
and also demonstrated the effectiveness of the newly generated
models, which can be applied to the subsequent experiments
aiming at exploring the mechanisms and molecular effectors
of NDRG1.

NDRG1 reduces caveolin-1 protein expression in CRC cell lines
Cav1 is a multifunctional protein located at cell membrane
caveolae and acts as a platform to sequester and/or inhibit the

Figure 1. Regulation of caveolin-1 expression by NDRG1 in CRC cells. (a) RT-qPCR results of the NDRG1 and caveolin-1 mRNA expressions in
NDRG1 overexpression and NDRG1 knockdown HT29, SW480 and SW1116 cells compared with their relative control cells (that is, Vector
Control and sh-Control, respectively). The values in histograms is represented by mean± s.d. (three experiments). ***Po0.001, relative to the
respective control cells. (b) Western blots for the indicated proteins in NDRG1 overexpression and NDRG1 knockdown HT29, SW480 and
SW1116 cells compared with their relative control cells (that is, Vector Control and sh-Control, respectively). Densitometry analyses for NDRG1
and cav1 are expressed relative to the loading control, β-actin. Results are typical of three to five experiments and the values in histograms is
represented by mean± s.d. (three to five experiments). ***Po0.001, relative to the respective control cells. (c) Merged images were taken to
show immunofluorescence staining of caveolin-1 (green) accompanied by the cell nucleus (blue) stained by DAPI in NDRG1 overexpression
and NDRG1 knockdown HT29, SW480 and SW1116 cells relative to the Vector Control and sh-Control cells, respectively. Scale bars, 20 μm.
Fluorescence quantification was performed by comparing the integrated optical density (IOD)/area value of cav1 to the IOD/area value of the
nucleus (DAPI) in the same image. Results are typical of three to five images from different visual fields and the histogram values are mean
± s.d. (three to five images). ***Po0.001, relative to the respective control cells.
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activity of various signaling molecules.10,17 Several papers
reported that migration capability is affected by alterations of
cav1 expression levels in a controversial way.22,24 We analyzed the
mRNA and protein expressions of cav1 after NDRG1 overexpres-
sion and knockdown in our CRC cell models. The qRT-PCR
indicated that the mRNA level of cav1 was not significantly
changed when NDRG1 overexpressed/knocked down in HT29,
SW480 and SW1116 cells (Figure 1a). However, immunoblots
showed that the cav1 protein expression was significantly
decreased (59–94%, Po0.05–0.001) when NDRG1 was over-
expressed (Figure 1a). Moreover, NDRG1 knockdown significantly
(Po0.001) activated the cav1 expression by 1.9–5.2-fold, respec-
tively (Figure 1a). Furthermore, immunofluorescence staining of
cav1 showed a significant (Po0.01–0.001) decrease or increase in
staining intensity in the NDRG1 overexpression and knockdown
cells, respectively (Figure 1b). These data suggested that NDRG1
reduced cav1 expression by regulating its protein expression.

NDRG1 suppresses migration and invasion through inhibiting
caveolin-1
It is reported that cav1 acts not only as a tumor suppressor but
also as a metastatic promoter.17 Regarding the tumor suppressor
function of cav1, its expression is inhibited in several human
tumors, including lung,25–27 breast28 and ovarian carcinomas.29 On
the contrary, cav1 presence has also been reported to be
associated with elevated metastasis, poor prognosis and poor
patient survival in prostate cancer; while re-capturing of cav1 was
also reported to be related to reversal of the transformed
phenotype.30–33 Thus, whether cav1 takes effects to preventing
or promoting tumor progression appears to depend on the
cellular settings. Considering that the functional fluctuation of
cav1 is assumed to be associated to the regulation from its
interaction partners,17 it is possible that the suppressive effect of
NDRG1 on cell migration and invasion may be mediated by
downregulation of cav1.
After cav1 was silenced (Figure 2a), we assessed the effect of

NDRG1/cav1 downregulation on cell migration/invasion. Knocking
down NDRG1 alone led to a significant increase of migratory/
invasive capacity (Figure 2b, sh-NDRG1/SH-Con vs sh-Con/SH-
Con), whereas knocking down cav1 alone resulted in a significant
(Po0.001) decrease of migratory as well as invasive capacity
(Figure 2b, sh-Con/SH-cav1 vs sh-Con/SH-Con). Notably, in sh-
NDRG1/SH-cav1 groups, the increased enhanced migratory and
invasive capacity caused by silencing NDRG1 was totally abolished
(Figure 2b, sh-NDRG1/SH-cav1 vs sh-NDRG1/SH-Con). In fact, the
migration and invasion results in sh-NDRG1/SH-cav1 group was
similar to that in sh-Con/SH-cav1 group (Figure 2b).
Furthermore, after cav1 was overexpressed (Figure 3a), we

assessed the effect of NDRG1/cav1 overexpression on cell
migration and invasion. NDRG1 overexpression alone led to a
significant decrease of migratory/invasive capacity (Figure 3b,
NDRG1/Vector vs Con/Vector), whereas overexpressing cav1 alone
resulted in a significant (Po0.001) increase of migratory as well as
invasive capacity (Figure 3b, Con/cav1 vs Con/Vector). Notably, in
NDRG1/cav1 groups, the decreased enhanced migratory and
invasive capacity caused by overexpression of NDRG1 was partially
reversed (Figure 3b, lane NDRG1/cav1 vs NDRG1/SH-Vector).
All these data indicated that cav1 promoted migration/invasion

of colon cancer cells, whereas NDRG1 inhibits cell migration and
invasion through reducing cav1 expression.

NDRG1 regulates EMT through modulating caveolin-1 expression
As shown in Figures 1c and 4a, sh-NDRG1 induced an obviously
morphological change to a more aggressive phenotype (elonga-
tion and a reduction in cell–cell contacts), which is in agreement
with our previous reports that NDRG1 expression facilitates to
maintain an epithelial phenotype in cancer cells.7 Moreover, as

expected, when caveolin-1 expression was suppressed, the
fibroblast-like sh-NDRG1 cells experienced a transition back to
an epithelial-like phenotype (cells lost polarization and clustered
together), indicating that NDRG1 might inhibit EMT through
reducing cav1 expression in colon cancers (Figure 4a). Further-
more, morphologically, NDRG1 overexpression significantly made
the cells change to an obvious epithelial type and cav1
overexpression reversed this phenomenon (Figure 4c), which is
consistent with the results shown in Figure 4a.
In addition, the typical signs of EMT, the downregulation of

epithelial markers (E-cadherin, β-catenin), and the upregulation of
mesenchymal markers (vimentin), were reported to be regulated
by NDRG1 in our previous study.3,34 As shown in Figure 4b, sh-
NDRG1 as well as SH-cav1 were able to modulate the expression
of EMT markers, respectively. In details, sh-NDRG1 transfection can
decrease the expression of E-cadherin (50, 20 and 86% decrease)
and β-catenin (83, 72 and 69% decrease), as well as to increase the
expression of vimentin (1.7-, 1.5- and 1.3-fold increase). This
suggested that NDRG1 was able to inhibit EMT in CRC cells. On the
other hand, in the sh-NDRG1/SH-cav1 groups, the decrease of
E-cadherin and β-catenin together with the increase of vimentin
induced by downregulation of NDRG1 were markedly attenuated
(E-cadherin expression showed almost no alteration; β-catenin
expression surprisingly showed 5-, 1.2- and 1.6-fold increase,
respectively; vimentin expression showed 44%, 50% and 75%
reduction, respectively) compared with the corresponding control
groups (sh-Con/SH-cav1; Figure 4b). Moreover, as shown in
Figure 4d, NDRG1 overexpression increased the expression of
E-cadherin (1.4-, 1.4- and 1.5-fold increase) and β-catenin (3.1-, 2.1-
and 1.9-fold increase), as well as to decrease the expression of
mesenchymal marker, vimentin (78, 75 and 49% reduction). In the
Con/cav1 groups, it also resulted the increase the expression of
E-cadherin and β-catenin, as well as to decrease the expression of
vimentin (Figure 4d). In the NDRG1/cav1 groups, the increasing of
E-cadherin and β-catenin together with the increase of vimentin
induced by overexpression of NDRG1 were partially reversed
(E-cadherin and vimentin expression showed no alteration;
β-catenin expression showed 46 and 15% reduction in SW480
and SW1116 cells, respectively) compared with the corresponding
control groups (Con/cav1; Figure 4d).
Previously, we reported that NDRG1 had the effect of inhibiting

the nuclear translocation of β-catenin.3,34 Interestingly, the
subcellular fractionation assays (Supplementary Figure 2) indi-
cated that when NDRG1 was silenced, there was a significant
accumulation of β-catenin in HT29 and SW480 cells other than in
SW1116 cells in the nucleus; when NDRG1 was overexpressed,
there was a marked increase of membrane β-catenin in HT29,
SW480 and SW1116 cells. Furthermore, when cav1 was silenced,
β-catenin expression was decreased in all different fractionations
in three cell lines; while in cav1 overexpressed groups, β-catenin
expression was increased as well. In addition, in sh-NDRG1/SH-
cav1 HT29 and SW480 cells, there was no reverse effect of
β-catenin expression in all different fractionations, but in SW1116
cells, β-catenin expression was partially reversed compared with
sh-Con/SH-cav1 cells, but not totally reversed to the β-catenin
expression on cell membrane in sh-Con/SH-Con groups. The same
result can also be found in SW1116 NDRG1/cav1 cells compared
with Con/cav1 and Con/Vector cells.
More importantly, to further discover the function of NDRG1

and cav1 in regulation of EMT, the key transcription factors, snail,
slug, ZEB1 and TWIST1 were also examined. The results indicated
that snail, slug and ZEB1 were involved in the NDRG1/cav1-
mediated EMT modulation (Figures 4b and d). In details, sh-NDRG1
transfection was able to increase the expression of snail (5.2-, 2.5-
fold increase) in HT29 and SW480 cells; it was able to increase slug
(1.2-, 2.8- and 2.6-fold increase) in all three cell lines; it was able to
increase ZEB1 (1.7-fold increase) in HT29 cell line (Figure 4b).
NDRG1 overexpression was able to reduce the expression of snail
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(95, 45 and 81% reduction), slug (56, 27 and 73% reduction) and
ZEB1 (69, 57 and 75% reduction) in all three cell lines (Figure 4d).
However, TWIST1 did not change while NDRG1 was overexpressed
or silenced. This suggested that NDRG1 was able to modulate
snail-, slug- and ZEB1-induced EMT in CRC cells.
Furthermore, SH-cav1 was able to increase the expression of

snail (4.2-, 2.9- and 3.6-fold increase) in all three cell lines; it was
able to increase slug (2.4-, and 1.4-fold increase) in SW480 and
SW1116 cell lines; it was able to decrease ZEB1 (68 and 82%

reduction) in SW480 and SW1116 cell lines (Figure 4b). Cav1
overexpression was able to reduce the expression of snail (51, 92
and 90% reduction) and slug (75, 57 and 97% reduction), whereas
was able to increase the expression of ZEB1 (9.8-, 1.5- and 2.6-fold
increase) in all three cell lines.
Moreover, sh-NDRG1/SH-cav1 was able to partially reverse the

expression of snail, slug and ZEB1 compared with sh-Con/SH-cav1
groups in all three cell lines; NDRG1/Cav1 double-overexpression
was also found to have the same partial reverse effect towards the

Figure 2. NDRG1 suppresses cancer cell migration and invasion through inhibiting caveolin-1 expression: sh-NDRG1 and SH-cav1 results.
(a) The sh-NDRG1 knockdown and sh-Control HT29, SW480 and SW11116 cells were incubated with or without caveolin-1-specific shRNA
(SH-cav1). Whole-cell lysates were extracted and immunoblotting was performed to assess NDRG1 and caveolin-1 expression in cells
transfected with sh-Con/SH-Con, sh-NDRG1/SH-Con, sh-Con/SH-cav1 and sh-NDRG1/SH-cav1, respectively. ***Po0.001, relative to the
respective control cells. (b) Transwell assays: cells were seeded in the upper chamber of insert and the migrated/invaded cells were examined
after 24 ~ 48 h. Data represent the means± s.d. from three independent experiments. Representative photos of stained cells are shown with
the original magnification of × 100; scale bar, 50 μm.
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expression of snail, slug and ZEB1 compared with Con/ cav1
groups in all three cell lines.
Together, these results indicate that NDRG1 regulates EMT

through modulating cav1 expression. Furthermore, this effect may
be taken place via snail, slug, ZEB1 modulating signaling
pathways. Moreover, there might be other mechanisms involved
regarding to the NDRG1-mediated β-catenin translocation and re-
distribution despite the NDRG1/cav1 co-effectiveness.

Expressions and negative correlation of NDRG1 and caveolin-1 in
CRC tissues
In our previous study, NDRG1 expression was markedly decreased
in most CRC tissues and was negatively correlated with tumor
stage, tumor differentiation and metastasis.2 Moreover, according
to our literature review, there was no consensus reached on
whether the cav1 expression is enhanced or inhibited in CRC.
Several studies have shown that cav1 expression is reduced in

Figure 3. NDRG1 suppresses cancer cell migration and invasion through inhibiting caveolin-1 expression: NDRG1 and cav1 overexpression
results. (a) The NDRG1 overexpression and relative control HT29, SW480 and SW11116 cells were incubated with or without caveolin-1-specific
overexpression transfection (cav1). Whole-cell lysates were extracted and immunoblotting was performed to assess NDRG1 and caveolin-1
expression in cells transfected with Con/Vector, NDRG1/Vector, Con/cav1 and NDRG1/cav1, respectively. ***Po0.001, relative to the respective
control cells. (b) Transwell assays: cells were seeded in upper chamber of insert and the migrated/invaded cells were examined after 24 ~ 48 h.
Data represent the means± s.d. from three independent experiments. Representative photos of stained cells are shown with the original
magnification of × 100; scale bar, 50 μm.
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human colon cancers,35,36 which is necessary for CRC progression,
whereas others have shown that cav1 is increased in colon cancer
samples.37,38 Considering our findings that NDRG1 inhibited cav1
expression in vitro, we further assessed NDRG1 and cav1 protein
expressions in cancer tissues and paired normal tissues in a cohort
of 64 cases of CRC patients (Figure 4). The significant lower
expressions of NDRG1 were identified in cancer tissues compa-
red with their corresponding adjacent normal tissues (Figures 5A
and B). Moreover, our result showed that cav1 expression in CRC
tissues was increased as compared with those in the correspond-
ing normal tissues of the same case (Figures 5A and B). In the
meantime, the increase of cav1 was also identified in the same
cancer region where NDRG1 was decreased (Figure 5A). Moreover,
the correlation of NDRG1 and cav1 in the cancer tissues was
further investigated. As shown in Figure 5C, low NDRG1
expression is always associated with high cav1 expression, and
vice versa (Po0.05).
We also evaluated the expression of NDRG1 and cav1 in stage I

(no metastasis) and stage IV (distance metastasis) CRC cases
(Figure 5D). The results indicated that the significant higher
expressions of NDRG1 were identified in stage I cases compared
with those in stage IV cases (Figure 5E). On the contrary, cav1
expression in stage I cases was lower than those in primary tumors

in stage IV cases (Figure 5E). Moreover, the correlation of NDRG1
and cav1 in the cancer tissues was further investigated in cohort
stage IV cases. As shown in Figure 5F, NDRG1 expression had a
negative correlation to the expression of cav1 in primary stage IV
tumors. What is worth to notice is that we have examined NDRG1
and cav1 expressions in several metastatic tissues (Figures 5G
and H), and it indicated that in metastatic tissues, including lymph
nodes, liver and bladder metastasis, low NDRG1 expression was
also associated with high cav1 expression.
Collectively, these results suggest that NDRG1 expression has

negative correlation with cav1 expression in CRC tissues.

Caveolin-1 is indispensable for the NDRG1-modulated anti-
metastasis effect in vivo
Greater metastatic potential is often related to enhanced cancer
migratory ability. Although the absence of NDRG1 expression was
reported to be associated with activated migratory capacity of
CRC cells, no direct evidence has been offered to support such a
role in vivo. Therefore, we assessed whether NDRG1 could
modulate the metastatic potential of CRC cells in vivo, and we
wondered whether cav1 mediated the suppressive function of
NDRG1 in vivo.

Figure 4. NDRG1 regulates EMT through modulating caveolin-1 expression. (a) Bright-field images were taken to show cell morphological
changes after sh-NDRG1 and/or SH-caveolin-1 treatment. Scale bar, 100 μm. (b) Immunoblot results of molecular markers of EMT after sh-
NDRG1 and/or SH-caveolin-1 treatment. Densitometry analysis is expressed relative to the loading control, β-actin. Results are typical of three
to five experiments and the histograms represent mean± s.d. (three to five experiments). *Po0.05; **Po0.01; ***Po0.001, relative to the
respective control cells. (c) Bright-field images were taken to show cell morphological changes after NDRG1 and/or caveolin-1 overexpression
treatment. Scale bar, 100 μm. (d) Immunoblot results of molecular markers of EMT after NDRG1 and/or caveolin-1 overexpression treatment.
Densitometry analysis is expressed relative to the loading control, β-actin. Results are typical of three to five experiments and the histograms
represent mean± s.d. (three to five experiments). **Po0.01, ***Po0.001, relative to the respective control cells.
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GFP-luciferase-labeled NDRG1, sh-NDRG1 HT29 cells and their
relative control cells were tail-vein injected into nude mice and
luciferase photon fluxes were monitored for metastasis each week
(Figures 6a and b). As shown in Figure 6d, sh-NDRG1-transfected
HT29 cells had evidence of earliest metastasis by ~ 4 weeks after
the injection. However, mice injected with Vector Control and sh-
Control cells did not develop any lung metastasis until 8–9 weeks
after the tail-vein injection. NDRG1 overexpression cells showed
metastasis in lung tissue in 5–6 weeks after the injection. After
10 weeks, almost 100% of the nude mice injected with sh-NDRG1
cells developed lung metastasis. Moreover, GFP-luciferase-labeled
sh-Con/SH-Con, sh-NDRG1/SH-Con, sh-Con/SH-cav1 and sh-
NDRG1/SH-cav1 HT29 cells were also tail-vein injected into nude
mice and luciferase photon fluxes were monitored for metastasis
each week (Figures 6a and b). As shown in Figure 6d, sh-cav1
transfected cells showed metastasis in lung tissue in 5–6 weeks

after the injection. Notably, there was no detectable lung
metastasis within the monitored 20 weeks after the injection of
sh-NDRG1/SH-cav1 cells. All the mice were killed 20 weeks after
the injection (the sh-NDRG1/SH-Con group died one after another
since 5 weeks after the injection). The numbers and sizes of
metastases in hematoxylin- and eosin-stained sections of lungs
were counted at the time of killing (Figures 6c and e). In the sh-
NDRG1 groups, a dramatically larger number of metastases in the
lung tissues were found (25 ± 7, n= 10; Figure 6f). In addition,
these tumor nodules tend to diffusely distribute into the whole
pulmonary tissue (Figure 6e). Conversely, the NDRG1 overexpres-
sion cells developed limited numbers of metastases in the lung
(Figures 6c and f). The Sh-Con/SH-cav1 cells resulted in less
metastatic nodules as compared with the control group
(Figures 6c and f). The Sh-NDRG1/SH-cav1 cells resulted in no
metastatic nodules after 20 weeks (Figures 6c and f).

Figure 5. Negative correlation of NDRG1 with caveolin-1 expression in human CRC tissues. (A) Representative IHC images of CRC samples and
adjacent normal tissues for the low and high expressions of NDRG1 and caveolin-1; magnification: × 100. (B) Scores for NDRG1 and caveolin-1
expression are shown as box plots, with the horizontal lines representing the median; the bottom and top of the boxes representing the 25th
and 75th percentiles, respectively; and the vertical bars representing the range of data. We compared CRC tissues with matched adjacent
normal tissues. (C) Box plot of NDRG1 and caveolin-1 expression in the CRC samples. The subjects were divided into two groups based on
NDRG1 expression scores in the tumors, representing negative (score 0), low (scores 1–4), high (scores 5–8) and strong (score 9–12) expression
of NDRG1. Data were analyzed by one-way ANOVA with Games–Howell’s correction. (D) Representative IHC images of stage I and stage IV CRC
samples for the low and high expressions of NDRG1 and caveolin-1; magnification: × 100. (E) Scores for NDRG1 and caveolin-1 expression are
shown as box plots in stage I and stage IV CRC samples, with the horizontal lines representing the median; the bottom and top of the boxes
representing the 25th and 75th percentiles, respectively; and the vertical bars representing the range of data. We compared CRC tissues with
matched adjacent normal tissues. (F) Box plot of NDRG1 and caveolin-1 expression in stage IV CRC samples. The subjects were divided into
two groups based on NDRG1 expression scores in the tumors, representing negative (score 0), low (scores 1–4), high (scores 5–8) and strong
(score 9–12) expression of NDRG1. Data were analyzed by one-way ANOVA with Games–Howell’s correction. (G) Representative IHC images of
metastatic lymph node samples for the low and high expressions of NDRG1 and caveolin-1; magnification: × 100. (H) Representative IHC
images of liver and bladder metastasis for the classical expressions of NDRG1 and caveolin-1; magnification: × 100.
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To further support the previous in vivo study, we also
applied NDRG1/Vector, NDRG1/cav1 SW1116 cells and their
relative control cells for tail-vein injected into nude mice
(Supplementary Figure 4A). The weight of each group was
monitored every 3 days, and the first time point that weight loss
occurred was recorded, representing the time of first tumor
appearance (Supplementary Figure 4A). NDRG1 overexpression
SW1116 cells had evidence of latest occurrence of weight loss by
~ 35 weeks after the injection; while mice injected with Con/
cav1 cells started developing weight loss from ~20 weeks after
the tail-vein injection, NDRG1/cav1 double-overexpression cells
showed weight loss in ~ 22 weeks after the injection. All the mice
were killed 40 weeks after the injection. The numbers and sizes of
metastases in hematoxylin- and eosin-stained sections of lungs
were counted at the time of killing (Supplementary Figures 4B, C
and E). In the NDRG1 overexpression group, a significant less lung
metastasis was found (2.5 ± 2, n= 10; Supplementary Figure 4B).
In addition, cav1 overexpressing led to earlier metastases and

evolved larger amount of nodules in the lung parenchyma
(Supplementary Figures 4B, C and E). Notably, cav1 overexpression
cells took similar time to metastasize to the lung and deve-
loped similar amount of lung nodules to that sh-NDRG1 cells,
whose cav1 expression was also high. NDRG1/cav1 double-
overexpression resulted in less metastatic nodules compared with
cav1 overexpression cells (Supplementary Figures 4B, C and E).
Interestingly, the cav1 expression in the lung metastases of

each group was detected by immunohistochemistry (IHC). As
indicated in Figure 6g, cav1 presented consistently strong positive
expressions regardless of the type of injected cells, suggesting
that cav1 protein experienced an accumulative process during
distal metastasis. Further histological analysis shows that cav1
presented consistently strong positive expressions in the lung
metastases of each group regardless of the type of injected cells.
These results strongly suggest that expression of caveolin-1 can
enhance the metastatic process of colon cancer cells and restore
the metastatic capacity suppressed by NDRG1.

Figure 6. Caveolin-1 is indispensable for the increased metastasis resulting from NDRG1 depletion in vivo. (a) Mice were imaged at 3 weeks
after injection using Xenogen. Four representative mice were imaged and the color scale depicting the photon fluxes emitted from the tumor
cells. (b) Representative images taken at 8 weeks after injection. (c) The representative images show macroscopic observations of metastases
in lung at the time of killing. (d) The time of first tumor appearance of each experimental group. Results are collected and analyzed from 10
nude mice per group and the histograms represent mean± s.d. ***Po0.001, relative to the respective control cells. (e) Metastases in
hematoxylin and eosin (H&E)-stained lung sections; magnification: × 40. (f) Metastases were counted on five lobes of the lung in all animal
groups. The results are collected and analyzed from 10 nude mice per group and the histograms represent mean± s.d. number of metastatic
nodules. ***Po0.001, relative to the respective control cells. (g) The representative IHC staining images of NDRG1 and caveolin-1 in lung
metastatic tissues; magnification: × 40.
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NDRG1 directly interacts with caveolin-1 in vitro
Considering that cav1 usually physically interacts with its
upstream regulators and downstream effectors,11–13 in this part
of experiments, we evaluated the interaction between NDRG1 and
cav1 using co-immunoprecipitation assays. As shown in Figure 7,
western blotting analysis on total cell lysates of HT29 cell lines
(input) showed that both NDRG1 and cav1 were detected in the
cells transfected with vehicle (negative control group) or 3 × Flag-
tagged NDRG1 cell models. After immunoprecipitation with anti-
Flag M2 affinity resin, cav1 was detected alone in the precipitates
derived from the cells transfected with 3 × Flag-NDRG1, and was
not detected in the negative control group. Reciprocally, after
immunoprecipitation with anti-cav1 antibodies, NDRG1 was also
detected in the co-immunoprecipitation complex. These results
indicated that there was a direct interaction between cav1 and
NDRG1 in vitro. To further confirm these results, two other colon
cancer cell lines (SW480 and SW1116) were also used for co-
immunoprecipitation assays. The results in these two cell lines
were consistent with the results in HT29 cell line.

NDRG1 promotes caveolin-1 ubiquitylation and degradation
in vitro
As NDRG1 physically interacts with cav1 and reduces cav1 protein
expressions in CRC cell lines, we then investigated whether cav1
degradation could be modulated by NDRG1. In fact, limited
amounts of reports have explored how cav1 are degraded. It has
been shown that the cav1 degradation is sensitive to lysosomal
inhibitors. Therefore, it is possible that it occurs in lysosomes.39

Moreover, mutants of cav1, which fail to assemble into caveolae,
remain trapped in the Golgi, whereas two other members of the
caveolin family (cav-2 and cav-3) are degraded through a
proteasomal pathway.40,41 Hence, the pathway of cav1 degrada-
tion was explored using both proteasome and lysosome pathway
inhibitors.
Our results showed that the lysosomal inhibitor BafilomycinA1

(BafA) had no effect on cav1 degradation. Interestingly, on the
contrary, BafA accelerated cav1 degradation, while the proteaso-
mal inhibitor Mg132 markedly increased cav1 protein level in a
time-dependent manner, indicating cav1 mainly degraded via
proteasomal pathway in CRC cells (Figure 8a). Accordingly, Mg132
was chosen for further investigation. As shown in Figure 8b,
Mg132 fully restored the cav1 protein levels that was reduced in
NDRG1 overexpression cell models, whereas treating sh-Control
and sh-NDRG1 cells with Mg132 resulted in a similar cav1 level.
These results indicated that NDRG1 can regulate cav1 protein
expression via promoting proteasomal degradation.
In proteasome-mediated protein degradation, protein often

conjugates to form multiple small protein ubiquitin copies
through isopeptide linkages.42–44 Therefore, while inhibiting the
proteasome system, it can lead to the accumulation of ubiquiti-
nated forms of proteins. To test whether NDRG1 has a role in the
ubiquitylation of cav1 protein, NDRG1 overexpression cell models
were chosen for immunoprecipitation assay. The results showed
that anti-ubiquitin cav1 antibody (FK2) revealed multiple corre-
sponding bands, demonstrating that NDRG1 enhanced ubiquiti-
nation of cav1 in HT29, SW480 and SW1116 cells (Figure 8c). All
data suggested that the loss of cav1 upon NDRG1 expression is
attributed to its ubiquitination and subsequent proteasomal
degradation.

DISCUSSION
The role of NDRG1 in inhibiting metastatic progression has been
reported in a series of studies from several research teams.1–4,9

Our previous research partly elucidated the mechanisms and
signaling pathways that NDRG1 may be involved in its anti-
metastatic effect. However, how NDRG1 interacts with these

Figure 7. Immunoprecipitation for NDRG1 and caveolin-1 in three CRC
cell lines. Immunoprecipitation of 3×Flag-tagged NDGR1 protein was
performed using M2 beads. Caveolin-1 immunoprecipitation was
performed by using protein G plus agarose beads. Caveolin-1 and
NDRG1 expressions were detected by immunoblots. Caveolin-1 was
detected alone in the precipitates derived from the cells transfected
with 3×Flag-NDRG1, and was not detected in the negative control
group. Reciprocally, after immunoprecipitation with anti-caveolin-1
antibodies, NDRG1 was also detected in the co-immunoprecipitation
(co-IP) complex. These results indicated that there was a direct
interaction between caveolin-1 and NDRG1 in vitro.
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pathways and the immediate downstream effectors of NDRG1 are
still not known. In fact, available evidences have indicated that
cav1 categorized into a certain group of proteins that function
both as tumor suppressor/promoter of enhanced malignant
behavior.45–48 In our study, the tumor-promoting function of
cav1 in CRC tumors was confirmed for silencing cav1 expression
leading to reduced cell migration and invasion in vitro and
weakened cell metastatic capacity in vivo. More importantly, we
found that cav1 mediated the function of the well-known
metastasis suppressor, NDRG1, because silencing cav1 was able
to totally abolish the enhanced migration, invasion and metastasis
due to NDRG1 depletion. Also, in patient samples, consistent with
its tumor-promoting function, cav1 has been shown upregulated
in cancer tissues compared with their corresponding adjacent
tissues. Higher cav1 expression was always accompanied by lower
NDRG1 expression in CRC tissues, which further demonstrates the
negative association between the two proteins in tumor
progression.
The EMT is one of the key theory for cancer migration, invasion

and metastasis.49,50 In this study, we showed that changes of both
phenotype and EMT markers induced by NDRG1 depletion could
be reversed by silencing cav1 expression, while cav1 over-
expression can also reverse the effect of NDRG1 overexpression
towards the changes of phenotype and EMT markers. This
demonstrates that NDRG1 regulates EMT through modulating
cav1 expression and this, in part, explains NDRG1-suppressive
function in cell migration, invasion and metastasis mediated
by cav1.
Previous studies in colon cancer presented conflicting data

about the association of cav1 expression with tumor
progression.8,36,37,51 For example, the downregulation of cav1
reduced tumorigenesis in CRC cells.36 However, the cancer cells

obtained from secondary metastasis, showed increased endogen-
ous cav1 when compared with the parental primary tumor-
derived cells,52 suggesting that activation of cav1 may take place
during metastasis. It seems that this functional ‘switch’ can occur
within the same cell. One theory to resolve this apparent
ambiguity is to consider the possibility that the role of cav1
varies according to different tumor stage.13,17,23 In the early stages
of cell transformation, promotion of cell proliferation and
reduction of apoptosis was thought to be caused by the loss of
cav1. Nevertheless, during tumor progression, several intracellular
and extracellular changes take place at the molecular level that
not only limit the ability of cav1 as a tumor suppressor, but then
produce a ‘permissive’ cellular microenvironment that permits
cav1 to operate in the opposite function.23 The mechanisms that
contribute to such ‘permissive’ cellular environment constitute an
area of great interest. Our results indicate that loss of NDRG1 in
tumor progression is critical in this respect. We identified that
NDRG1 directly promote cav1 degradation. Hence, loss of NDRG1
is responsible for cav1 accumulation during metastasis. Interest-
ingly, in our animal experiment, though overexpressing and/or
silencing NDRG1 obviously inhibited/enhanced metastasis, once
secondary metastatic lesions formed in the lung, cav1 expression
in these tumors was surprisingly high. There may exist some
mechanisms that help cav1 to escape from NDRG1 control and go
out of degradation pathways.
To understand the possible mechanisms for the increase in cav1

levels on loss of NDRG1, we focused on the cellular degradative
machinery. We treated cav1-expressing colon cells with MG132
(classical proteasomal inhibitors)53,54 and BafA (lysosomal inhibi-
tor, which has been reported to inhibit CAV1 degradation in HeLa
cells)55 for a period of up to 48 h. We discovered that only the
proteasomal inhibitors have a positive effect on CAV1 expression.

Figure 8. Caveolin-1 ubiquitylation analysis. (a) Accumulation of caveolin-1 after treatment with 5 μM MG132, an inhibitor of the ubiquitin–
proteasome system, and 0.2 μM lysosomal inhibitor BafilomycinA1 (BafA) were analyzed at indicated time points by western blot. (b) Caveolin-
1 protein levels in Sh-Control, Sh-NDRG1, Vector Control and NDRG1-transfected HT29, SW480 and SW1116 cells treated with or without
MG132 (10 μM) for 48 h, were determined. (c) CAV-1 in control cells and cells transfected with NDRG1 was immunoprecipitated using anti-cav-1
(N20) antibody after treatment with MG132 (5 μM) for 6 h. Western blots with anti-ubiquitin (FK2) antibody revealed that cav-1 ubiquitination
level in immunoprecipitates prepared from cells overexpressing NDRG1 was much higher than control cells. The sizes of the various
ubiquitylated forms of cav-1 (cav-1-Ub ~ 29 kDa; cav-1-Ub2 ~ 37 kDa; cav-1-Ub3 ~ 45 kDa and cav-1-Ub4 ~ 53 kDa; cav-1-Ub5 ~ 61 kDa) are
indicated.
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We demonstrated here cav1, which has been proved to be a long-
lived protein expected to be degraded through lysosomal
pathway, degraded through a proteasomal pathway. Furthermore,
we found that NDRG1 enhanced cav1 ubiquitylation and
subsequent proteasomal degradation. This is the first report
about the involvement of NDRG1 in the ubiquitin–proteasome
pathway related to tumor progression.
In conclusion, the present study shows that NDRG1 interacts

with cav1, reducing cav1 protein expression by promoting cav1
ubiquitylation, which modulates EMT in the CRC cells. These
results help to fulfill the potential mechanisms of NDRG1 in anti-
metastatic treatment for human CRC.

MATERIALS AND METHODS
Cell culture
All cell lines were obtained from the American Type Culture Collection
(ATCC) and grown under established conditions:3,56 the HT29 human CRC
cells cultured in McCoy’s 5A (Gibco, Grand Island, NY, USA) with 10% fetal
bovine serum (Gibco); the human CRC cell lines, SW480 and SW1116,
cultured in RPMI-1640 (Gibco) with 10% fetal bovine serum (Gibco).

Plasmid construction/transfection
The plasmid and short hairpin RNAs (shRNAs) used for transfection of
NDRG1 were pBABE-3 × Flag-NDRG1 and pSIREN-shRNA (Clontech, Moun-
tain View, CA, USA), respectively, as we have previously described.56 The
GFP-labeled caveolin-1-specific shRNA and caveolin-1 overexpression
plasmids were obtained from GeneChem Co. Ltd., Shanghai, China.

RNA extraction and real-time polymerase chain reaction
Real-time PCR was performed for quantification of RNA. In brief, we
extracted total RNA from culture cells with Trizol reagent (Invitrogen,
Carlsbad, CA, USA). Complementary DNA (cDNA) was synthesized using
the High-Capacity cDNA Archive kit according to the manufacturer’s
instructions (Applied Biosystems, Life Technologies, Carlsbad, CA, USA).
Subsequently, real-time PCR was performed using the LightCycler 480
System (Roche Applied Science, Mannheim, Germany). The cycler protocol
was 5 min at 95 °C, 40 cycles of 15 s at 95 °C, 60 s at 60 °C and 5 min at
72 °C. Gene of interest expression was normalized to the reference
genes GAPDH. NDRG1 (sense primer: 5′-CTGCACCTGTTCATCAATGC-3′;
anti-sense primer: 5′-AGAGAAGTGACGCTGGAACC-3′)12 and caveolin-1
(sense primer: 5′-GGGCAACATCTAGAAGCCCAACAA-3′; anti-sense primer
5′-CTGATGCACTGAATTCCAATCAGGAA-3′) were assessed. Fold expression
was calculated using the 2−ΔΔCt method.

Cell migration and invasion assay
The transwell migration and invasion assay was performed using the
Cytoselect 24-well cell Migration and Invasion Assay kit (Cell Biolabs, San
Diego, CA, USA) according to the manufacturer’s instruction.56

Protein extraction and immunoblots
The preparation of cell lysates and immunoblots analysis were performed
via established protocols.56,57 The Subcellular Protein Fractionation Kit for
Cultured Cells from Thermo Scientific (78840; Waltham, MA, USA) was
utilized to prepare fractions according to the manufacturer's instructions.
Primary antibodies: anti-NDRG1 (HPA006881), anti-β-actin (A1978) from
Sigma-Aldrich (St. Louis, MO, USA); anti-caveolin-1 (N20) from Santa Cruz
Biotechnology (Santa Cruz, CA, USA); anti-vimentin (#5741), anti-E-cadherin
(#3195), anti-β-catenin (9562), anti-snail (#3879), anti-slug (#9585), anti-
ZEB1 (#3396), anti-TWIST1 (#46702), anti-Na-K-ATPase (#3010), anti-GAPDH
(#2118), anti-Histone H2A (#3636) were from Cell Signaling Technology
(Beverly, MA, USA). The secondary antibodies such as horseradish
peroxidase (HRP)-conjugated anti-rabbit (A6154), anti-goat (A5420) and
anti-mouse (A4416) antibodies were from Sigma-Aldrich.

IHC and scoring of IHC staining results
The experimental study was approved by the Ethic Committee of Shanghai
Ruijin Hospital and informed consent was obtained from all the cases
enrolled in this study. A cohort of 64 pairs of human CRC tissues and paired

adjacent normal tissues, together with a cohort of 126 cases of different
stages of CRC tissues were collected, fixed with formaldehyde and
embedded with paraffin. IHC staining was performed as previously
described.2 Cases with discrepant scores were re-scored by the same or
additional scorers to obtain a consensus score. NDRG1 and caveolin-1
scoring was blinded to be done by different pathologists according to the
German semi-quantitative scoring system.58,59

Immunofluorescence
Immunofluorescence analysis was carried out as described previously.3,56

The images were examined and captured using an Olympus Fluoview
confocal Microscope. Rabbit mAb lgG XP isotype (Cell Signaling
Technology) was used as negative control.

Co-immunoprecipitation
Immunoprecipitation was performed by an established method.57

Immunoprecipitation of 3 × Flag-tagged NDGR1 protein was performed
using M2 Beads (Sigma-Aldrich). Caveolin-1 immunoprecipitation was
performed by using protein G plus agarose (Santa Cruz Biotechnology).
NDRG1 and cav1 proteins were detected by immunoblot analysis.

Caveolin-1 ubiquitylation assay
The cells were treated with Mg132 (5 μg/ml) for 6 h to inhibit proteasome
activity and then lysed using SDS-free RIPA buffer and immunoprecipitated
with anti-caveolin-1 antibody followed by protein G plus agarose. The
samples were then subjected to SDS–PAGE to detect caveolin-1 and
ubiquitin (FK2, Enzo Life Sciences, New York, NY, USA).

Animal experiments
Four to 6 weeks old (weighing ~ 20 g) BALB/c nude mice (male/female
ratio 1:1) were obtained from the Shanghai Institute of Materia Medica,
Chinese Academy of Science, and maintained under specific pathogen-free
conditions. No statistical method was applied for the sample size
estimation for the animal study, although to ensure the precision of the
results, each experimental group had enrolled 8–10 nude mice in an un-
randomized manner. The experimental protocol was approved by the
Shanghai Medical Experimental Animal Care Commission. The cells (5 × 106

in 300 ml PBS) were tail-vein injected into the nude mice to establish the
‘experimental metastatic’ model. The photon fluxes (photons per second)
emitted from tumor cells were monitored by Bioluminescence Imaging to
detect the occurrence of metastasis. The bioluminescence images were
acquired with the IVIS Imaging System (PerkinElmer, Akron, OH, USA).
Analysis was performed with Living Image software (PerkinElmer) by
measuring photon flux of chest and upper abdominal region. On the
indicated post-injection day, the mice were killed and photographed. All
the lung tissues were embedded in paraffin, followed by hematoxylin and
eosin and IHC staining. Metastases were counted on five lobes of the lung
after hematoxylin and eosin staining. No blinding was done for the animal
experiments.

Statistic analysis
The data are expressed as mean± s.d. of ⩾ 3 independent experiments and
were statistically analyzed using Student’s t-test. The results were
considered significant when Po0.05.
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