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Background: GDF15 is a potential biomarker for patients with esophageal cancer (EC).
However, the mechanistic role of GDF15 in the invasion and metastasis of EC remains
poorly understood.

Methods: We determined the expression and function of GDF15 in esophageal cancer
cells (ESCCs) and in patient tissue samples using western blotting, migration, and
invasion assays, immunohistochemistry, Co-IP assays, and quantitative real-time-PCR.
In addition, a pulmonary metastatic nude mouse model was used to determine the
function of GDF15. We then supplemented our experimental results with database
analysis to validate our findings.

Results: GDF15 was upregulated in EC, and was associated with poor differentiation,
high metastasis rates, and worse prognosis. GDF15 knock-down reduced the migration
and invasion of ESCCs. Co-IP assays demonstrated its association with SCAP, while
GDF15 knock-down decreased SCAP levels. SCAP overexpression reversed the
migration, invasion and EMT in GDF15-siRNA ESCCs. However, after incubation with
B-cyclodextrin (3-CD), the ability of migration and invasion was weakened, EMT was
reversed again. Migration, invasion, and EMT were enhanced in GDF15-siRNA ESCCs
cultured in the presence of cholesterol and were similar to GDF15-siRNA ESCCs
overexpressing SCAP. In vivo, knockdown of GDF15 inhibited lung metastasis of
ESCCs and was reversed by SCAP overexpression or high cholesterol diet. Increased
lung metastasis after SCAP overexpression was partially suppressed by intraperitoneal
injection of B-CD. In addition, we determined that GDF15 was a direct target of
miR-1324, miR-1324 was down-regulated in EC tissues. MiR-1324 upregulation resulted
in decreased GDF15 expression and metastasis in ESCCs.

Conclusions: We demonstrated that SCAP mediated GDF15-induced the invasion and
metastasis of EC by regulating cholesterol metabolism. In addition, GDF15 was shown
to be a direct target of miR-1324.
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FIGURE 2 | Role of GDF15 in invasion and EMT of ESCCs (NC-siRNA, GDF15-siRNA, GDF15-siRNA + rhGDF15). (A,B) Effect of GDF15 on migration and invasion
determined using transwell chamber assays. (C) Expression levels of EMT related proteins E-cadherin, vimentin, snail, and slug determined by western blot.

in patients with EC (Figures 1C-E). In addition, GDF15
expression levels were negatively correlated with E-cadherin
and positively correlated with vimentin (Figure 1F). Hence, we
hypothesized that GDF15 may be involved in invasion and
metastasis of EC.

GDF15 Induced Migration and Invasion of
ESCCs

Transwell chambers were used to determine the migration and
invasion ability of ESCCs. As shown in Figures 2A,B, GDF15-
siRNA ESCCs had reduced migration and invasion ability but
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FIGURE 3 | Identification of GDF15-SCAP protein interactions. (A,B) Analysis of protein interactions between GDF15 and SCAP using the BioGRID database. ColP
assays were used to verify these interactions. (C) SCAP, SREBF2, and HMGCR expression levels in GDF15-siRNA ESCCs determined by western blotting. (D) SCAP,
SREBF2, and HMGCR expression levels in EC and adjacent tissues determined by immunohistochemistry.

was restored after incubation with rhGDF15 (100 ng/ml) for
three culture generations. Target genes associated with EMT
were then analyzed. As shown in Figure 2C, vimentin, snail,
and slug levels were decreased and E-cadherin levels were
increased in GDF15-siRNA ESCCs, suggesting reduced EMT.
After incubation with rthGDFI15, their expression levels were
restored. These results suggest that GDF15 promotes migration
and invasion of ESCCs.

SCAP Mediated GDF15-Induced Migration

and Invasion of ESCCs

It has been previously reported that GDF15 could promote
colon cancer invasion and metastasis by activating c-Fos (20).
We investigated whether GDF15 played an additional role
in EMT and metastasis of EC. As shown in Figure 3A, an
interaction between GDF15 and SCAP was observed using the

protein interaction database. This interaction was confirmed
using ColP assays (Figure 3B). Interestingly, the expression
of SCAP and its downstream target genes, i.e., SREBF2 and
HMGCR were reduced in siRNA-GDF15 ESCCs (Figure 3C). In
addition, SCAP, SREBF2, and HMGCR expression levels in EC
were higher compared to adjacent normal tissues (Figure 3D).
We observed that SCAP overexpression could up-regulate
SREBF2 and HMGCR expression levels (Figure 4A), and reverse
the migration and invasion ability of GDF15-siRNA ESCCs
(Figures 4B,C), increase the expression of vimentin, snail, and
slug, and decrease E-cadherin expression (Figure4D). One
of the main functions of SCAP is to regulate intracellular
cholesterol levels (21). SCAP overexpression has been reported
to promote the accumulation of intracellular cholesterol in
THP-1 macrophages (22). To demonstrate the role of SCAP
in promoting migration, invasion, and EMT of GDF15-siRNA
ESCCs, B-CD, a reagent used to deplete intracellular cholesterol
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FIGURE 4 | SCAP mediated GDF15-induced migration and invasion of ESCCs via cholesterol metabolism. (A) Expression levels of SREBF2 and HMGCR in
SCAP-overexpressing GDF15-siRNA ESCCs determined by western blotting. (B-G) SCAP overexpression in GDF15-siRNA ESCCs induced cell migration, invasion,
and EMT, which was reduced by -CD treatment (2.5 mM). (H-J) Pretreatment with cholesterol (5 ug/ml) induced cell migration, invasion, and EMT of GDF15-siRNA
ESCCs.

levels, was added to GDF15-siRNA ESCCs overexpressing reversed. In addition, invasion and EMT were enhanced
SCAP. As shown in Figures 4E-G, after 3-CD incubation, after GDF15-siRNA ESCCs were incubated with cholesterol
migration and invasion ability were reduced, and EMT was  (Figures 4H-J), and were similar to GDF15-siRNA ESCCs
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FIGURE 5 | GDF15 is a direct target of miR-1324. (A) A schematic of the target sites (wild and mutant) of miR-1324 in the 3’ UTR of the GDF15 mRNA transcript. (B)
After the transfection of miR-1324 mimics, miR-1324 expression in ESCCs was determined by RT-PCR. (C,D) Dual-Luciferase reporter assays performed in ESCCs
co-transfected with 3-UTR WT or MT plasmid with miR-1324 or negative control using Lipofectamine 2000. Relative luciferase activity was measured using the
Dual-Luciferase® Reporter Assay System. (E) Expression of miR-1324 (green) in EC and adjacent non-tumor tissues were determined by FISH, nuclei were stained
with DAPI (blue). (F) Subcellular co-localization analysis of the interaction between GDF15 (red) and miR-1324 (green) in EC tissues, nuclei were stained with DAPI
(blue). (G) Expression levels of SCAP, SREBF2, and HMGCR determined by western blotting. (H-J) Migration and invasion of ESCCs after transfection with miR-1324
mimics were determined using transwell chamber assays. Expression levels of EMT-associated proteins E-cadherin, vimentin, snail, and slug were determined by
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overexpressing SCAP. These results suggest that SCAP mediated
GDF15-induced migration and invasion of ESCCs was through
cholesterol metabolism.

GDF15/SCAP/SREBF2 Axis Was Targeted
by miR-1324

Accumulating evidence has demonstrated that miRNAs play an
important role in the progression of human cancers (23). GDF15
mRNA transcript has a putative target sequence for miR-1324
in the 3" UTR and was predicted to be a direct target of miR-
1324 by Targetscan (Figure 5A). We validated this finding using
luciferase reporter assays (Figures 5C,D). In addition, subcellular
co-localization analyses demonstrated a cytoplasmic interaction
between GDF15 and miR-1324 in EC tissues (Figure 5F). The
function and molecular mechanism of miRNA-1324 in EC were
then investigated. As shown in Figure 5E, the expression of
miR-1324 in adjacent non-tumor tissues was higher compared
to EC tissues. After transfection with miR-1324 mimics,
miR-1324 expression levels increased in ESCCs (Figure 5B),
while there was a decrease in GDF15, SCAP, SREBF2, and

HMGCR expression levels and reduced migration, invasion,
and EMT (Figures 5G-J). These results suggest that miR-1324
could reduce the invasion and metastatic ability of ESCCs by
targeting GDF15.

GDF15 Knockdown Reduced Lung

Metastasis in vivo

Finally, we evaluated the effect of GDF15 in vivo by
subcutaneously injecting KYSE 150 cells in nude mice.
Knockdown of GDF15 expression inhibited KYSE 150 cells
lung metastasis and was reversed by SCAP overexpression
or high cholesterol diet. The effect of SCAP overexpression
on lung metastasis was partially offset by the intraperitoneal
injection of B-CD (Figure 6A). Mice injected with KYSE 150
cells transfected with lentivirus overexpressing miR-1324 had
reduced lung metastasis (Figures 6B,C). These results indicate
that GDF15 was involved in the lung metastasis of EC through
SCAP-regulated cholesterol and was suppressed by miR-1324
in vivo.
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transplanted with GDF15 knockdown KYSE 150 cells, which was reversed by SCAP overexpression or high cholesterol diet. Lung metastasis in transplanted SCAP
overexpressing cells was partially reduced by intraperitoneal injection of B-CD (0.5 g/kg). (B) MiR-1324 expression in KYSE 150 cells transfected with lentivirus
overexpressing miR-1324 determined by RT-PCR. (C) Mice injected with KYSE 150 cells transfected with lentivirus overexpressing miR-1324 had reduced lung

metastasis. **P < 0.01.

DISCUSSION

EC is a kind of human malignancy that is prevalent worldwide
and endangers human life and health (1). It is characterized
by an insidious onset, low survival rate, high morbidity, and
mortality. The 5-year overall survival rate is below 20%, with
poor prognosis closely correlated with its high metastatic rate
(3). Hence, it is important to identify the underlying mechanisms
of metastatic EC. A previous study indicated that GDF15
could serve as a potential biomarker for EC (10). GDF15 not
only promoted bone metastasis of prostate cancer but also
induced colon cancer formation in senescence-associated tissue
microenvironment (6, 24). However, the role of GDF15 in
the invasion and metastasis of EC remains poorly understood.

Both TGFf1 and GDF15 belongs to TGF-f superfamily, TGFp1
was reported to activate SREBP2 in kidney mesangial cells,
SREBF2 activation was dependent on SCAP (11, 12), SCAP
or SREBPs promoted tumor progression in various cancer
(13). Therefore, we speculated that GDF15 may also regulate
the invasion and metastasis of EC through SCAP/SREBF2
axis, which involved cholesterol synthesis and uptake. Besides
regulating SCAP/SREBF2 pathway, GDF15 may be also targeted
by certain miRNAs, until now, upstream miRNAs targeting
GDF15 have not been clarified. Hence, the present study
investigated that GDF15 regulated intracellular cholesterol levels
by interacting with SCAP/SREBF2. The GDF15/SCAP/SREBF2
axis promoted migration and invasion of ESCCs and was targeted
by miR-1324.
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As a divergent member of the TGF-p superfamily, GDF15
is considered to be a promoter for the development and
progression of some cancers. Additionally, it plays a role in
apoptosis resistance, invasion, and metastasis of tumors (25—
27). In the present study, we observed that GDF15 expression
levels in EC were higher compared to adjacent normal tissues
(Figures 1A,B). In addition, high expression levels predicted
poor differentiation, higher aggressiveness, and worse prognosis
in EC patients (Figures 1C-E). EMT is a process characterized
by loss of cell-cell adhesion and increase migration and invasion
ability. The trans-differentiation from quiescent epithelial cells
into motile mesenchymal cells is essential for tumor progression
(28, 29). We observed that GDF15 expression levels were
negatively correlated with adhesion molecule E-cadherin levels
and positively correlated with mesenchymal marker vimentin
(Figure 1F). To further understand the biological role of GDF15
in the invasion and metastasis of esophageal carcinoma, ESCCs
were transfected with siRNA against GDF15. As shown in
Figure 2, migration and invasion ability were reduced and EMT
was inhibited in GDF15-siRNA ESCCs. This was reversed when
cells were incubated with rhGDF15. These results were further
confirmed using in vivo mouse models (Figure 6A).

Next, we investigated the mechanism of GDF15 to promote
invasion and metastasis of EC. We observed an interaction
between GDF15 and SCAP (Figures 3A,B). TGFB1 has been
reported to activate SREBF2 in kidney mesangial cells, and
SREBEF2 activation was dependent on SCAP (11, 12). In this
study, knock-down of GDF15 decreased expression of SCAP,
SREBF2, and HMGCR in siRNA-GDF15 ESCCs (Figure 3C),
while SCAP overexpression could increase SREBF2 and HMGCR
expression levels (Figure4A) and reverse the migration,
invasion, and EMT of GDF15-siRNA ESCCs (Figures 4B-D). As
a sterol sensor protein, SCAP forms a complex with SREBP2 to
regulate its activation. This in-turn mediates de novo synthesis
and uptake of cholesterol (21, 30). To further understand the
role of SCAP in enabling invasion and migration of GDF15-
siRNA ESCCs, B-CD was used to deplete intracellular cholesterol
levels in GDF15-siRNA ESCCs overexpressing SCAP. B-CD

incubation reduced the effect induced by SCAP overexpression
in GDF15-siRNA ESCCs (Figures 4E-G). Cholesterol addition
restored migration, invasion and EMT in GDF15-siRNA ESCCs
(Figures 4H-J). In vivo animal experiments validated our
findings (Figure 6A).

GDF15 was not only involved in the control of intracellular
cholesterol level through SCAP/SREBEF2 pathway to promote EC
progression, but also negatively regulated by upstream miRNAs.
Aberrant miRNA expression has been reported to play an
important role in EC. MiR-203a has been shown to inactivate
the PI3K/AKT/mTOR pathway and inhibit EC development (31),
while microRNA-10b induces cisplatin resistance by targeting
PPARy in EC (32). However, the function and molecular
mechanism of miRNA-1324 in EC progression are yet to be
deciphered. The GDF15 mRNA transcript has a putative target
sequence for miR-1324 in the 3’ UTR and was predicted to
be a direct target of miR-1324 using Targetscan (Figure 5A).
We validated these findings using luciferase reporter assays
(Figures 5C,D). miR-1324 expression levels in adjacent non-
tumor tissues were higher compared to EC tissues. After
transfection with miR-1324 mimics, miR-1324 expression levels
increased in ESCCs (Figure 5B), expression levels of GDF15,
SCAP, SREBF2, and HMGCR decreased, migration and invasion
were inhibited, and EMT reversed (Figures 5G-J). In vivo, mice
injected with ESCCs transfected with lentivirus overexpressing
miR-1324 had reduced lung metastasis (Figures 6B,C). miR-
1324 was identified as a tumor suppressor in hepatocellular
carcinoma growth and metastasis (19). Our results suggest that
miR-1324 could reduce the invasion and metastasis of ESCCs by
targeting GDF15.

In summary, the present study demonstrates that SCAP
mediates GDF15-induced invasion and metastasis of EC by
regulating cholesterol metabolism. In addition, we found that
GDF15 was a target of miR-1324 (Figure 7).
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