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EMC6/TMEM93 suppresses glioblastoma proliferation
by modulating autophagy

X Shen1, S Kan1, J Hu2,3, M Li1, G Lu1,4, M Zhang1, S Zhang5, Y Hou1, Y Chen*,2,3 and Y Bai*,1

EMC6 (endoplasmic reticulum membrane protein complex subunit 6), also known as transmembrane protein 93, is a novel positive
autophagy regulator. In this report, we evaluated the anti-tumor activity of EMC6 in glioblastoma cells in vitro and in vivo. Our data
show that overexpression of EMC6 in three glioblastoma cell lines (SHG44, U87 and U251) suppresses tumor cell growth by
activating autophagy, but fails to induce cell apoptosis. EMC6-mediated autophagy was associated with inactivation of the PIK3CA/
AKT/mTOR signaling pathway. Accordingly, EMC6 knockdown in glioblastoma cells had the opposite effect; it promoted cell
growth. Overexpression of EMC6 also sensitized glioblastoma cells to the chemotherapy drug, temozolomide, to further suppress
tumor growth. Our data indicate that EMC6-induced autophagy may play a positive role in suppressing the development of
glioblastoma.
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Glioblastoma (GBM) is one of the most common, aggressive
and malignant brain tumors in the central nervous system.1

While there have been considerable advances in the multi-
modality treatment of GBM in the last few decades, only
minimal improvements in the median survival time and the
5-year survival rate occurred.2 Therefore, uncovering the
tumorigenesis mechanism of GBM is essential for finding
novel treatments to improve patient prognosis.
Macroautophagy (hereafter called autophagy) is an evolutio-

narily conserved process in which cellular proteins and
organelles are engulfed by autophagosomes and eventually
delivered to lysosomes for degradation.3,4 It occurs in a variety of
cell types and is associated with cell survival and cell death by
regulating intracellular metabolism.5 Autophagy is an effective
way to degrade aged or malfunctioning organelles and damaged
or misfolded proteins, to maintain cellular homeostasis and
genomic integrity.6 While dysregulation of autophagy is asso-
ciated with malignant transformation and the suppression of
tumorigenesis,7–9 its role in GBM remains unclear.
In GBM cells, cytoplasmic mRNA and protein levels of

autophagosome markers (e.g., Beclin-1 and microtubule-
associated protein light chain 3 (LC3)) are lower than in
normal brain tissue.10–14 This becomesmore evident in higher
grade GBM, suggesting that the autophagy level is decreased
in these cases.15–18 In addition, malignant GBM cells treated
with γ-irradiation or chemotherapeutic agents, such as
temozolomide (TMZ) and arsenic trioxide, have a tendency
to undergo autophagy.19–22 This suggests that autophagy
plays a role in suppressing the growth of GBM. However, the

precise mechanism through which autophagy regulates GBM
remains largely unknown, and the exact molecular targets are
yet to be identified.
EMC6 (ER membrane protein complex subunit 6), also

known as transmembrane protein 93 (TMEM93), is an
autophagy-related gene located on chromosome 17p13.2.23

EMC6 is conserved in cow, mouse, chicken, zebrafish and
xenopus. Homo sapiens and Mus musculus share 100%
sequence homology for EMC6.23 The EMC6 protein is located
in the outer membrane of the endoplasmic reticulum (ER).23

Expression profile analysis indicated that EMC6 mRNA has
been found in a variety of normal human tissues, including
brain, pancreas, kidney, heart, liver, spleen, skeletal muscle
and so on.23 Compared with these normal tissues, a lower
level of EMC6 protein expression was found in a series of
cancer tissues, including brain, esophageal and rectal
carcinomas, among others (http://www.proteinatlas.org/
ENSG00000127774-EMC6/tissue).
We previously showed that EMC6 interacts with the Ras-

related protein RAB5A and Beclin-1, and colocalizes with the
omegasome marker Zinc finger FYVE domain-containing
protein 1 (ZFYVE1) to regulate autophagosome formation in
an osteosarcoma cell line.23 However, the precise mechanism
through which EMC6 regulates the viability of tumor cells,
especially GBM cells, remains largely unknown.
In the present study, we observed that overexpression of

EMC6 could suppress cell proliferation in three selected GBM
cell lines, while knockdown of EMC6 promoted GBM cell
proliferation. Since EMC6 is an autophagy-related protein, we
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hypothesized that the inhibition of GBM cell proliferation
caused by EMC6 overexpression may be related to
autophagy. Indeed, we found that EMC6 enhanced the
autophagy level in GBM cells by downregulating the
phosphatidylinositol 3-kinase (PIK3CA)/protein kinase B
(AKT) and the mammalian target of rapamycin (mTOR)
pathways. Furthermore, overexpression of EMC6 sensitized
GBM cells to TMZ treatment and inhibited GBM formation
in vivo. This study highlights a novel role of EMC6 in
autophagy, which in turn, suppresses GBM cell growth.

Results

Overexpression of EMC6 suppresses GBM cell growth.
To study the influence of EMC6 on GBM cell proliferation, we
established three GBM cell lines (SHG44, U87 and U251)
that stably overexpressed EMC6 (Figure 1a). Next, we
performed MTS assays to assess the cell viability in these
three EMC6-overexpressing cell lines. Cell viability was
significantly reduced in all three EMC6-overexpressing cell
lines compared with controls (Figure 1b).

Figure 1 Overexpression of EMC6 suppresses GBM cells growth. (a) Expression of EMC6 in GBM cell lines was analyzed by western blot. ACTB was detected as the
protein-loading control and quantification of EMC6 levels relative to ACTB in cells treated as in (a), ***Po0.001. (b) Cell growth of SHG44, U87 and U251 cell lines with or without
of EMC6 overexpression was detected by MTS assay. Data were mean±S.D. from three independent experiments. *Po0.05, **Po0.01. (c) Cells were plated in glass slides
and incorporated with EdU. After 4 h, the indicated cells were performed by immunofluorescence assay. Nuclei were stained with Hoechst 33342. Representative confocal
microscopy images were shown. Scale bar, 25 μm. (d) Quantification of the percentage of EdU-positive cells in total indicated cells were shown from five randomly selected areas
from each slide. Each bar represents the mean±S.D. from three independent experiments. **Po0.01
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We also measured the level of 5-ethynyl-2′-deoxyuridine
(EdU) incorporation in the GBM cell lines, and found that the
percentage of EdU-positive cells (i.e., proliferative cells) was
significantly decreased in EMC6-overexpressing SHG44 cells
(from ~44 to 34%), U87 cells (from ~45 to 32%) and
U251 cells (from ~37 to 27%) (Figures 1c and d). These
results suggest that overexpression of EMC6 could cause
growth arrest of GBM cells.
As apoptosis can affect cell viability, we detected the

exposure of phosphatidylserine (PS), which is a key
biochemical hallmark of cell apoptosis. We analyzed the
percentage of cells undergoing apoptosis in the three
GBM cell lines by flow cytometry using FITC-labeled
Annexin V. Our data revealed no significant difference in
cell apoptosis between the EMC6-overexpressing cells
and the control cells (Supplementary Figure 1). Together,
these data suggest that overexpression of EMC6 s
uppresses the growth of GBM cells, but fails to induce cell
apoptosis.

Knockdown of EMC6 promotes GBM cells proliferation.
To further confirm the function of EMC6 in GBM cells,
we established stable EMC6-knockdown cell lines.
EMC6 expression was almost absent in SHG44 and U87
cell lines (Figure 2a). However, we did not establish a
stable EMC6-knockdown U251 line, as EMC6 expression
was already too low to be observed by western blot in the
mock-transfected U251 cells (Figure 1a). Cell viability
was significantly elevated in EMC6-knockdown cells
compared with the controls (Figure 2b). In addition, after
EMC6-knockdown, the percentage of EdU-positive cells
(proliferative cells) were higher than in the control cells, that
is, from 44 to 53% in SHG44 cells and from 45 to 56% in U87
cells (Figures 2c and d). No apoptosis in EMC6-knockdown
cells was detected (Supplementary Figure 2). Collectively,
our data from the EMC6-knockdown cells confirms that
EMC6 suppresses GBM cell proliferation, but does not induce
apoptosis.

Figure 2 Knockdown of EMC6 induces GBM cells growth. (a) Expression of EMC6 in GBM cell lines was analyzed by western blot. ACTB was detected as the protein-loading
control and quantification of EMC6 levels relative to ACTB in cells treated as in (a), ***Po0.001. (b) Cell growth of SHG44, U87 with or without EMC6 knockdown was detected by
MTS assay. Data were mean±S.D. from three independent experiments. *Po0.05. (c) Cells were plated in glass slides and incorporated with EdU. After 4 h, the indicated cells
were performed by immunofluorescence assay. Nuclei were stained with Hoechst 33342. Representative confocal microscopy images were shown. Scale bar, 25 μm (d)
Quantification of the percentage of EdU-positive cells in total indicated cells were shown from five randomly selected areas from each slide. Each bar represents the mean± S.D.
from three independent experiments. **Po0.01
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EMC6 promotes autophagic flux in GBM cells. Next, we
evaluated the effect of EMC6 on autophagy activity in GBM
cells by measuring the LC3 isoform B (LC3B) autophagy
marker. Our confocal microscopy data revealed that
EMC6 overexpression increased the puncta distribution of
GFP–LC3B compared with controls. Since GFP–LC3B
puncta correlate with the number of autophagosomes, our
results suggests that EMC6 overexpression either increases
autophagosome formation or blocks autophagosome clear-
ance by the lysosomal compartment. Therefore, to analyze
the autophagic status in these EMC6-overexpressing cells,
we cultured the cells in the presence or absence of
chloroquine (CQ), which prevents the fusion between
autophagosomes and lysosomes by raising lysosomal pH.
We observed that CQ treatment resulted in more GFP–LC3B
puncta in EMC6-transfected cells than in the control cells
(Figures 3a and b). Next, we measured the LC3B conversion
to LC3B-II by western blot. We observed that the over-
expression of EMC6 in U87 cells elevated the levels of
endogenous LC3B-II with or without CQ (Figures 3e and f).
The results in the SHG44 and U251 cell lines were similar to
those in the U87 cell line (Supplementary Figures 3a–d),
indicating that overexpression of EMC6-induced autophago-
some formation.
Subsequent experiments were conducted in EMC6-knock-

down GBM cell lines. As shown in Figures 3c and d, the
distribution of GFP–LC3B puncta was decreased compared
with that of control cells in the presence of CQ. Western blot
analysis also showed that the LC3B-II was significantly
decreased in EMC6-knockdown U87 cells with or without
CQ treatment (Figures 3g and h). The results in the SHG44
cell line were similar to those in the U87 cell line
(Supplementary Figures 3e and h), indicating that knockdown
of EMC6 attenuates autophagosome synthesis.
Accumulating data show that the effect of the GFP–LC3B

fusion protein is similar to the endogenous LC3B protein in
autophagy. Since GFP is relatively resistant to lysosomal
hydrolysis compared with LC3B, the levels of free GFP
detected by western blot have been used to measure
functional autophagic flux. After cells were infected with
Ad5–GFP–LC3B for 24 h, we found that the free GFP
band detected by western blot was stronger in EMC6-
overexpressing GBM cells than in control cells
(Supplementary Figures 3i and j, lane 4 versus lane 3).
Meanwhile, free GFP was decreased in EMC6-knockdown
cells compared with the control cells (Supplementary Figures
3i and j, lane 2 versus lane 1).
We further performed a time course experiment to

determine the levels of LC3B-II and number of cell apoptosis
in U87 cells after EMC6 overexpression. Data from western
blotting show that the accumulation of LC3B-II was increased
in cells after EMC6 overexpression for 12 h, further increased
at 24 h andmaintained at 36 h (Supplementary Figures 3k and
l). Simultaneously, analysis of flow cytometry suggested that
there was no change in cell apoptosis of U87 cells after EMC6
overexpression at different time points (Supplementary
Figures 3m and n).
In addition, sequestosome-1 (SQSTM1) is widely recog-

nized as a link between LC3 and ubiquitinated substrates, and
is also used as a marker for detecting autophagic flux.

Consistent with our above observation, we showed
that SQSTM1 degradation was enhanced in EMC6-
overexpressing GBM cell lines (Figures 3i and j), and was
inhibited in EMC6-knockdown cell lines (Figures 3k and l).
Likewise, overexpression of EMC6 increased the degradation
of polyQ80 aggregates formed by a stretch of 80 glutamine
residues that is also an autophagic substrate (Figure 3m),
indicating that EMC6 overexpression increases the clearance
of autophagic substrates. By contrast, the degradation of
polyQ80 aggregates protein was impaired in EMC6-knock-
down GBM cell lines (Figure 3n). Collectively, these results
suggest that EMC6 promotes autophagic flux in GBM
cell lines.
We also got three chemically synthesized EMC6 siRNAs

and found only siEMC6-3 can significantly decrease the
expression of EMC6 (Supplementary Figures 4a and c).
Therefore, siEMC6-3 was selected to repeat the key experi-
ments.We found that the percentage of EdU-positive cells was
increased in siEMC6-3-transfected U87 cells (Supplementary
Figure 4d). Studies on the phenotype of autophagy indicated
that siEMC6-3 attenuated the levels of LC3B-II and increased
the accumulation of SQSTM1 (Supplementary Figures 4e and
f). These results were as same as that shEMC6 treatment.

EMC6 induces autophagy through the PIK3CA/AKT/
mTOR pathway. The mTOR plays a central role in the
regulation of cell proliferation, growth, differentiation and
survival.24 Dysregulation of this pathway is closely associated
with a wide variety of cancers, including malignant
GBMs.25–27 In addition, this pathway is also a canonical
pathway that regulates autophagy in cells.28,29 We deter-
mined whether autophagy impairment in GBM cells is a result
of aberrant mTOR signaling.
Western blot analysis showed dramatically decreased

phosphorylation levels of mTOR (Ser2448) and an mTOR
substrate (ribosomal protein 70 S6 kinase or ribosomal
protein S6 kinases, polypeptide 1 (RPS6KB1)) in EMC6-
overexpressing GBM cells (Figures 4a and b). Similarly,
downregulation of phosphorylated eukaryotic translation
initiation factor 4E-binding protein 1 (EIF4EBP1), another
downstream effector of mTOR, was also observed in
EMC6-overexpressing GBM cells (Figures 4a and b). Collec-
tively, these results suggest that EMC6 induces autophagy via
inactivation of the mTOR pathway.
The PIK3CA/AKT signaling pathway, which is upstream

of the mTOR pathway, is also required for several vesicular
trafficking processes.28 Therefore, we also analyzed the
influence of EMC6 on the activation of the PIK3CA/AKT
pathway. We found a significant decrease in the
phosphorylation of PIK3CAp85 and AKT (Ser 308) in
EMC6-overexpressing GBM cells (Figures 4a and b).
Consistent with this, the levels of p-PIK3CA, p-AKT, p-mTOR,
p-RPS6KB1 and p-EIF4EBP1 were elevated in the
EMC6-knockdown GBM cells (Figures 4c and d).
To further demonstrate whether inhibition of mTOR signal-

ing is necessary for EMC6-mediated autophagy, a constitu-
tively active form of RHEBQ64L, which stimulates the
phosphorylation of RPS6KB1 through activation of mTOR
signaling, was transfected into U87 cells to recover mTOR
activity. As shown in Supplementary Figures 5a and b, the
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phosphorylation level of RPS6KB1 was upregulated in
RHEBQ64L-overexpressing cells, indicating that the
activity of mTOR was restored in EMC6-overexpressing
U87 cells. Simultaneously, overexpression of RHEBQ64L
increased the SQSTM1 levels and decreased LC3B-II
accumulation induced by EMC6 (Supplementary Figures 5a

and b, lane 4 versus lane 2). Conversely, overexpression
of an inactive form of RHEBD60K failed to reverse the activity
of mTOR and the level of autophagy (Supplementary Figures
5a and b, lane 6 versus lane 2). The results indicate that
inhibition of mTOR signaling contributes to EMC6-induced
autophagy.

Figure 3 EMC6 promotes autophagic flux in GBM cells. (a and c) The indicated cell lines with or without EMC6 overexpression (or EMC6 knockdown) were infected with
Ad5–GFP–LC3 at 50 MOI for 20 h, then treated in the presence or absence of CQ (25 μM) for 2 h. Representative confocal microscopy images of GFP–LC3B distribution
obtained from the indicated cell lines are shown (b and d). Quantification of GFP–LC3B puncta per cell treated as in (a) and (c). Data are means±S.D. of at least 100 cells
scored. ***Po0.001. (e and g) U87 cells with or without EMC6 overexpression (or EMC6 knockdown) were cultured and treated in the presence or absence of CQ (25 μM) for
2 h. The levels of LC3B-II were detected by western blot. (f and h) Quantification of LC3B-II levels relative to ACTB in cells treated as (e) and (g). Average value in vector group
without CQ treatment was normalized as 1. Data are means±S.D. of results from three experiments, *Po0.05, **Po0.01. (i and k) The levels of SQSTM1 in the indicated cell
lines with or without EMC6 overexpression (or EMC6 knockdown) were analyzed by western blot. (j and l) Quantification of amounts of SQSTM1 relative to ACTB in cells treated
as in (i) and (k). The average value in vector group was normalized as 1. Data are means±S.D. of results from three experiments, **Po0.01. (m and n) The indicated cells were
electrotransfected with polyQ80-Firefly luciferase (or control polyQ19-Firefly luciferase) for 24 h. The luminescent signals were detected and polyQ80-luciferase/polyQ19-
luciferase ratios were calculated in each group. Data are means± S.D. of results from three experiments, **Po0.01
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We also showed that treatment with perifosine, an AKT
inhibitor, inhibited the phosphorylation of AKT in U87 cells
(Supplementary Figures 5c and d). At the same time,
perofosine increased the LC3B-II levels in EMC6-knockdown
cells (lane 4 versus lane 3). These results suggested that
EMC6-mediated autophagy is involved with the AKT activity.
Taken together, our results indicate that the PI3K/AKT/mTOR
signaling pathway is related to EMC6-regulated autophagy.
Our previous report demonstrated that EMC6-mediated

autophagy is associated with the activity of class III PI3K in the
osteosarcoma U2OS cell line.23 Here, we also found that the
treatment of 3-methyladenine (3-MA, an inhibitor of class III
PI3K) could attenuate the LC3B-II accumulation in U87 cells
induced by EMC6 overexpression (Supplementary Figures 5e
and f). These results indicate that the activity of class III PI3K is
at least partly involved with EMC6-mediated autophagy.

As EMC6 is located in the ER, we examined whether the
EMC6-induced autophagy is associated with ER stress. Using
real-time PCR, we found no difference in the expression levels
of ATF4, CHOP, ATF6, GRP78, ATG5 and ATG6 between
EMC6-overexpressing, EMC6-knockdown cells and control
cells (Supplementary Figures 6a and e). This suggests that
EMC6-mediated autophagy is independent of ER stress.
Collectively, these data suggest that EMC6 induces autop-
hagy via inactivation of the PIK3CA/AKT/mTOR signaling and
PIK3C3 activity.

Overexpression of EMC6 sensitizes GBM cell lines to
chemotherapy. TMZ, a first-line drug used in GBM treat-
ment, is able to reduce viability and induce G2/M arrest in
GBM cells.30 TMZ was also reported to induce autophagy.
Therefore, it is possible that overexpression of EMC6 can

Figure 4 EMC6 modulates autophagy through the PIK3CA/AKT/mTOR signaling. (a) The indicated cells with or without EMC6 overexpression were lysed and subjected to
immunoblot analysis using the indicated antibodies. The total form of the indicated protein was detected as the protein-loading control. (b) Histogram shows the quantification of
the ratio of the relative proteins/the total form of (a). The average value in mock cells was normalized as 1. Data are means±S.D. of results from three independent experiments.
**Po0.01, ***Po0.001. (c) The indicated cells with or without EMC6 knockdown were lysed and subjected to immunoblot analysis using the indicated antibodies. The total form
of the indicated protein was detected as the protein-loading control. (d) Histogram shows the quantification of the ratio of the relative proteins/the total form of (c). The average
value in mock cells was normalized as 1. Data are means±S.D. of results from three independent experiments. **Po0.01, ***Po0.001
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also enhance the sensitivity of GBM cells to chemotherapy by
inducing autophagy. To this end, we treated the aforemen-
tioned GBM stable cell lines with 0, 10, 50 μM of TMZ for 48 h
and determined cell viability by MTS assays. As expected,
TMZ treatment inhibited the cell viability of GBM cells in
a dose-dependent manner. Moreover, this suppression of
cell viability was enhanced in EMC6-overexpressing GBM
cells (Figure 5a), suggesting that EMC6 can enhance the
sensitivity of GBM cells to chemotherapy.
In addition, western blot analysis showed that both TMZ

treatment and EMC6 overexpression could elevate LC3B-II
substantially compared with controls in U87 cells (Figures 5b
and c, lane 2 versus lane 1, lane 3 versus lane 1). TMZ
combined with EMC6 further promoted LC3B-II accumulation
more than a single treatment of TMZ or EMC6 overexpression
alone (Figures 5b and c, lane 4 versus lane 2, lane 4 versus
lane 3). These data suggest that the TMZ-induced inhibition of
GBM cell viability is due to the activation of autophagy, which is
enhanced by the concomitant overexpression of EMC6.

EMC6 inhibits the development of GBM in vivo. To further
verify the anti-tumor properties of EMC6, we detected
whether EMC6 could inhibit the intracranial tumor in BALB/
c nude mice in vivo. Based on our preliminary experiments,
we found that the U87 cell line possesses an obvious
tumorigenicity compared with other cell lines in our study.
Therefore, we only used the U87 cell line for our in vivo
experiments.
As luciferase is the most convenient and quickest way to

detect the location and size of GBM dynamically, we
established three stably expressing luciferase U87 cell lines

(i.e., mock, null vector and EMC6-overexpressing) and
injected them into the brain of nude mice. Using these three
groups of intracranial GBM animal models, we imaged the
mice using a luciferase reporter assay system on day 7, 14, 21
and 28 after cell seeding. The luminescence signals of nude
mice with EMC6 overexpression were significantly smaller
than controls (Figures 6a and b). In addition, EMC6 over-
expression inhibited GBM progression and prolonged the
survival of mice (Figures 6c and d). In contrast, EMC6
knockdown promoted GBM progression and shortened the
survival of mice compared with the control group
(Supplementary Figures 7a and b).
To further study the tumor-inhibiting mechanism of EMC6,

we made frozen sections of whole brain specimens from the
mock, vector and EMC6-overexpressing groups of mice at day
21. Mice at day 21 were chosen as the intracranial implanted
GBM had been successfully established in the control group
by this time. We first examined the expression of the Ki-67
nuclear antigen in the brain sections. Ki-67 expression varies
in different cell cycle phases (i.e., cells express Ki-67 during
G1, S, G2 and mitotic phases, but not during the resting phase
G0).31 A Ki67 staining assay was also used to evaluate cell
proliferation.32 We found the proportion of Ki-67-positive cells
in the EMC6-overexpression group was significantly less than
that in the null and mock groups (Figures 7a and b). Next,
the brain sections were stained to detect apoptosis using the
in situ nick-end labeling (TUNEL) staining technique.33

We found no significant differences among the three groups
(data not shown).
To further assess whether tumor suppression was related

to autophagy induced by EMC6, we detected LC3B and

Figure 5 Overexpression of EMC6 sensitizes GBM cell lines to chemotherapy. (a) The indicated cells with or without EMC6 overexpression were cultured in 96-well
noncoated plate with 5000 cells per well and in 5 replicate wells. After plating, three group cells were managed with 0, 10, 50 μM temozolomide for 48 h and their percentages of
cell viability were detected by MTS assay. The GBM cells sensitivity to TMZ were shown by plotting diagram. Data are means± S.D. of results from three independent
experiments. *Po0.05, **Po0.01, ***Po0.001. (b) The levels of LC3B-II in the U87 cell treated with temozolomide or/and EMC6 overexpression were analyzed by western blot.
(c) Histogram shows the quantification of the ratio of the LC3B-II/ACTB in (b). The average value in control group was normalized as 1. Data are means±S.D. of results from
three independent experiments. **Po0.01

EMC6 induces autophagy in glioblastoma cells
X Shen et al

7

Cell Death and Disease



SQSTM1 by immunofluorescence in the null, mock and
EMC6-overexpressing groups of mice. As shown in
Figures 7c and d, the signal of SQSTM1 was decreased,
and the number of LC3B puncta was increased in
EMC6-overexpressing mice compared with the null and mock
groups (Figures 7e and f). This indicates that EMC6-induced
activation of autophagy may be responsible for the inhibition of
GBM formation in vivo.

Discussion

EMC6 is a novel autophagy-related molecule that was first
reported by Li et al.23 In this study, we investigated the

mechanism through which EMC6 regulates GBM. We found
that EMC6 suppressed the proliferation of GBM cells and
improved the sensitivity of GBM cells to TMZ by modulating
autophagy. Furthermore, it was found that the PIK3CA/AKT/
mTOR pathway was activated on EMC6 knockdown, and was
inhibited by EMC6 overexpression. Finally, EMC6 expression
inhibited the xenograft tumor in in vivo assays in mice.
Together, this suggests that EMC6 can significantly inhibit
GBM advancement by stimulating autophagy.
Impairment of autophagy is associated with cancer devel-

opment. This study also showed that overexpression of EMC6
in GBM cells resulted in increased LC3B-II and reduced
SQSTM1, and EMC6 knockdown had the opposite effect.

Figure 6 Overexpression of EMC6 inhibits the development of GBM in vivo. (a) The U87 with or without EMC6-overexpression cells stably expressing luciferase were injected
into intracranial brain of BALB/c nude mice. Luciferase signal in different treatment groups was detected every 7 days by in vivo bioluminescence imaging (IVIS 100 Imaging
System) to monitor the development of GBM until 4 weeks. n= 6. (b) Plotting diagram shows the changes of relative luminescence in the indicated groups of mice during
3 weeks. Data are means± S.D., ***Po0.001. n= 6. (c) Survival differences among the indicated groups of mice were shown by survival curve until all mice were dead. n= 6.
(d) The survival day differences among the indicated groups of mice were shown by survival curve until all mice were dead. n= 6. ***Po0.001
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Elevation of SQSTM1 is considered as a hallmark for impaired
autophagy and has been associated with poor prognosis in
some tumor types. For example, Burdelski et al.35 found that
high levels of SQSTM1 were significantly linked to increased
tumor cell proliferation in prostate cancers patients, indicating
that impairment of autophagy is closely correlated with
cancer cell proliferation.34 In this study, we found that EMC6

knockdown enhanced GBM cell proliferation, indicating
that autophagy can negatively regulate GBM cancer cell
proliferation.
Autophagy is mainly regulated by themTOR pathway, which

is a downstream effector of the PIK3CA/AKT signaling
pathway. Previous studies demonstrated that the mTOR
pathway is associated with cancer pathogenesis.36 In

Figure 7 Overexpression of EMC6 inhibits cell proliferation, increases autophagy in GBM. (a) The brain frozen sections were obtained from the indicated groups of mice and
performed by immunofluorescence assay. Representative confocal microscopy images of the fluorescence of Ki67 were analyzed. Nuclei were stained with Hoechst 33342. Scale
bar, 50 μm. (b) Five randomly selected areas from each slide were examined for the percentage of Ki67-positive cells in total cells under fluorescence microscope. All
experiments were performed in triplicate. Data are means± S.D., ***Po0.001. (c) The treatment of frozen sections is same as (a). Representative confocal microscopy images
of the SQSTM1 distribution were analyzed. Scale bar, 10 μm (d) Five randomly selected areas from each slide were examined for the number of SQSTM1 puncta per cell under
fluorescence microscope. All experiments were performed in triplicate. Data are means± S.D., ***Po0.001. (e) The treatment of frozen sections is same as (a) Representative
confocal microscopy images of the distribution of LC3B were analyzed. Scale bar, 10 μm (f) Five randomly selected areas from each slide were examined for the number of LC3
puncta per cell under fluorescence microscope. All experiments were performed in triplicate. Data are means±S.D., ***Po0.001. (g) A schematic model of EMC6-regulating
autophagy
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addition, many components of the PIK3CA pathway are
mutated in human cancers,37 suggesting an essential role of
the PIK3CA/AKT/mTOR pathway in cancer development.
More recently, the mTOR pathway was shown to be a central
modulator in cell proliferation of malignant GBMs.38 In this
study, we found that overexpression of EMC6 inactivated the
PIK3CA/AKT/mTOR pathway, while EMC6 knockdown acti-
vated the PIK3CA/AKT/mTOR signaling (Figure 4). Combined
with the results of previous studies,23 there are two possible
mechanisms for EMC6 in autophagy regulation. On the one
hand, EMC6 could regulate the recruitment of RAB5A to the
ER, then facilitate the interaction between RAB5A and
PIK3C3, enhance phosphatidylinositol 3-phosphate produc-
tion and thereby promote autophagosome formation
(Figure 7g). On the other hand, EMC6 may inhibit the
PIK3CA/AKT/mTOR pathway in an unknown manner, which
requires further investigation.
Besides its role in cancer cell growth and proliferation, the

mTOR pathway also plays an important role in cancer
formation. Increasing evidence points to deregulation of
protein synthesis downstream of mTOR, at the level of
EIF4EBP1, as playing a central role in tumor formation.39

EIF4EBP1 is capable of mediating the oncogenic effects of
AKT signaling on mRNA translation, cell growth and tumor
progression.40 In this study, we found that overexpression of
EMC6 reduces levels of p-EIF4EBP1, whileEMC6 knockdown
elevates p-EIF4EBP1 levels. We also showed that over-
expression of EMC6 inhibits GBM formation in vivo. Therefore,
through inactivation of the mTOR pathway, EMC6 reduces the
levels of tumor-forming proteins, which subsequently may
inhibit GBM formation.
Diseases associated with autophagy defects, including

cancer, may be treated by modulating the process of
autophagy.38,41 For example, pharmaceuticals such as TMZ,
a DNA alkylating agent that can induce both apoptosis and
autophagy, have been used to treat malignant GBM cells.42

However, high doses of TMZ cause toxicity and side effects.43

We found that EMC6 and TMZ can induce autophagy
individually, but combining TMZ with EMC6 further enhanced
the autophagy level. As EMC6-induced autophagy may
enhance the sensitivity of GBM cells to TMZ, we may be able
to reduce the required dosage of TMZ and therefore lessen its
side effects. Therefore, the use of EMC6 together with
chemotherapeutic drugs (e.g., TMZ) may be beneficial in the
future for treatment of GBM.
In conclusion, this study shows that EMC6 overexpression

suppresses the proliferation of GBM cells by inducing
autophagy via downregulating the PIK3CA/AKT/mTOR
signaling pathway. Furthermore, overexpression of EMC6
sensitizes GBM cells to TMZ treatment, and inhibits GBM
formation in vivo. Our investigations provide insight into the
activities of EMC6 and its role in inhibiting GBM cell
proliferation.

Materials and Methods
Antibodies and reagents. The following antibodies were used: rabbit
anti-mouse p62/SQSTM1 antibody (MBL International, Japan; PM045), anti-LC3B
(Sigma, St Louis, MO, USA; L7543), anti-mTOR (CST, Boston, MA, USA; 7C10,
anti-phospho-mTOR (Ser2448; CST; 2971S), anti-RPS6KB1 (CST; 4907),
anti-Phospho-RPS6KB1 (Thr389) (CST; 9234s), anti-PIK3CAp85 antibody (CST;

4292), anti Phospho-PIK3CAp85 (Tyr458) (CST; 4228), anti-AKT antibody (CST;
9272s), anti phospho-AKT (Ser473) (CST; 4060s), anti-phospho-EIF4EBP1
(Thr37/46) (CST; 236B4) and anti-EIF4EBP1 (Abcam, Cambridge, UK, ab2606).
Secondary antibodies included Alexa Fluor 488-labeled goat anti-mouse and rabbit
IgG(H+L) (ZSGB-BIO; ZF-0512 and ZF-0511), Alexa Fluor 594-labeled goat
anti-mouse and rabbit IgG(H+L) (ZSGB-BIO; ZF-0513 and ZF-0516), DyLight
680-conjugated anti-mouse and rabbit IgG (H&L) (Rockland, Limerick, PA, USA;
610-144-002 and 611-144-002), DyLight 800-conjugated anti-mouse and Rabbit IgG
(H&L) (Rockland; 610-145-002 and 611-145-002). Other reagents used in this study
were: Dual-Luciferase Reporter (DLR) Assay System (Promega, Madison, WI, USA;
E1910), Hoechst 33342 (Life, Carlsbad, CA, USA; H1399), CQ (Sigma-Aldrich,
St Louis, MO, USA; c6628), 3-MA (NSC 66389) and Perifosine (Selleck, Houston,
TX, USA, S1037).

Cell culture and electrotransfections. U251, U87 and SHG44, which are
from Institute of Basic Medical of Science, Research Chinese Academy of Medical
Sciences, were cultured in MEM (Hyclone, Houston, TX, USA), H-DMEM (Hyclone)
and PRIM 1640 (Hyclone) medium, respectively, with 10% fetal bovine serum. All
the cells were maintained at 37 °C in a humidified chamber with 5% CO2. SHG44,
U87, U251 cells were electrotransfected with pCDB-EMC6, which is the same
vector as in the previous study (Li et al.23) and then their pools were selected by
puromycin to establish the EMC6 overexpression GBM cell strains, pCDB-Vector as
the control vector.
SHG44, U87 cellswere electrotransfected with EMC6 shRNA, which had an excellent

knocking down expression of EMC6 chosen from four shRNAs by previous experiment,
and selected by puromycin to establish the EMC6-knockdown GBM cell strains; shRNA
vector as the control vector. Specific shRNA-mediating EMC6 gene knockdown with the
targeting sequence: 5′-GCCTCTTCACCTACGTCCTGTTCTGGACG-3′, and nonsilen-
cing shRNA vectors were constructed by ORIGEN Corporation (Austin, TX, USA).
EMC6 overexpression U87 cells and control cells were electrotransfected with

luciferase vector and selected by G418 to establish the stably expressing luciferase
cell strains.

Protein extraction and western blotting. Total proteins from cells were
extracted with immunoprecipitation assay buffer (50 mM Tris, pH 7.4, 150 mM NaCl,
1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS and with freshly added
proteinase inhibitor cocktail and phosphatase inhibitors). Protein concentrations
were determined by the BCA protein assay reagent (NCI3227CH, Pierce, Thermo
Fisher Scientific, Pittsburgh, PA, USA). Equal amounts of proteins were separated
by SDS-PAGE electrophoresis and transferred to nitrocellulose membranes. After
blocking with 5% nonfat milk for 1 h at room temperature, the membranes were
incubated overnight at 4 °C with primary antibodies and then the secondary
antibodies. The membranes were then washed with PBS containing 0.1% Tween 20
and scanned with the Odyssey Infrared Imaging System (LI-COR Biosciences,
Lincoln, NE, USA) by setting the detection channels at 700 nm (for Alexa Fluor 680)
and 800 nm (for IRDye 800CW, Rockland, Limerick, PA, USA). Scanned bands
were quantified using the Image J software and normalized against the protein level
of β-actin/ACTB. Results are representative of at least three experiments.

Cells viability detection. Cell viability assays were performed using the
CellTiter 96 AQueous One Solution Cell Proliferation Assay (Promega, G3582,
USA). According to the manufacturer’s protocols, cells were seeded in multiple
96-well plates at 1 × 103 cells/well in 100 μl full growth medium. Four hours before
experiment, 10 μl/well CellTiter 96 AQueous One Solution was added to a plate and
incubated for 4 h at 37 °C in a humidified, 5% CO2 incubator, then removed and
assayed on an EL-311SX ELISA Reader (Bio-Tec Instruments, Winooski, VT, USA)
at 490 nm to establish baseline readings. Successive readings were conducted on
remaining plates every 24 h from plating to 7 days post seeding to establish growth
curves. Cell viability was calculated as follows: cell viability= absorbance of test
group/absorbance of control cell group × 100%. Each experiment was performed in
three replicate wells and independently repeated four times.

EdU incorporation detection. Cell proliferation was detected using EdU
detection kit (Invitrogen, Carlsbad, CA, USA, C10639). Cells were cultured in
common medium and plated in coverslips. Briefly, EdU was dissolved in 0.9% sterile
NaCl and filtered at 0.22 μm, and was then added in medium 4 h before harvesting
cells. Then cells were immediately fixed in 4% paraformaldehyde and conducted as
instructions. Cell nucleus was counterstained with Hoechst 33342.
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Fluorescence, immunofluorescence and confocal microscopy.
To study the function of EMC6 in inducing autophagosome formation, the
GFP–LC3B-positive cells were detected by a confocal fluorescence microscope.
GBM cell lines were plated on glass coverslips and then infected with
Ad5–GFP–LC3B. After 20 h, cells were observed using fluorescence microscopy
and imaged by a Leica SP2 confocal system (Leica Microsystems, Wetzlar,
Hesse-Darmstadt, Germany). The number of GFP–LC3B puncta per cells was
assessed in 10 non-overlapping fields, and statistical data were obtained from 3
independent experiments.
Brain tissue frozen sections were fixed with 4% formaldehyde, washed with PBS

and blocked with PBS with 5% BSA and 0.25% Triton X-100 at room temperature for
1 h. The sections were incubated with indicated primary antibody at 4 °C overnight,
washed with PBS three times and incubated with FITC-labeled secondary antibodies
at 37 °C for 1 h. Nuclei were stained with Hoechst 33342 for 5 min. Finally,
immunofluorescence was detected under a confocal fluorescence microscope
(LSM 510 Meta plus Axiovert zoom; Carl Zeiss, Oberkochenza, Germany) with
× 40/1.40 NA oil immersion objective lens (PlanApochromat; Carl Zeiss) and a
camera (AxioCam HRm; Carl Zeiss). Images were processed and viewed using LSM
Image Browser software. Sections of the brain tissues were stained in this study
unless otherwise noted. Five randomly selected areas from each slide were
examined for the rate of Ki67-positive cells or LC3B punctas under confocal
fluorescence microscope by three independent, blinded investigators.

Poly Q degradation assay. GBM cell lines were transfected with polyQ80-
luciferase (or control polyQ19-luciferase) constructs. After 24 h, cells were lysed by
passive lysis buffer from the DLR Assay System and centrifuged in a refrigerated
centrifuge. The cleared lysates were transfered into a fresh tube and the firefly
luciferase activity of polyQ80-luciferase or polyQ19-luciferase in each group was
measured. polyQ19-luciferase was used as an internal control. Here, it was
designed to measure only firefly luciferase reporter activity in the treated cell
lysates. Briefly, 20 μl of cell lysate prepared from polyQ80-luciferase or
polyQ19-luciferase transfected cells were dispensed in triplicate into 96-well assay
plate (Corning Incorporated COSTAR, NY, Washington, USA, 3925) pre-added into
100 μl of luciferase assay buffer II (containing luciferase assay substrate) from the
DLR Assay System according to the manufacturer’s protocol. Then the assay plate
was mixed by pipetting two or three times, and stabilized luminescent signal was
measured by the Veritas Microplate Luminometer (Turner Biosystems, Bio-rad,
Hercules, CA, USA). Data were expressed as the ratio of polyQ80-luciferase/
polyQ19-luciferase luminescence signal values in each group as described
previously.23 All samples were assayed in triplicate, and the results were shown with
three independent experiments.

Implant intracranial GBM in nude mice. A nude mouse intracranial
model was established using 6–8-week-old female BALB/c nude mice (Experi-
mental Animal Center, Peking University Health Sciences Center, Beijing, China).
Mice were housed and maintained in a pathogen-free facility, and all experimental
procedures and protocols were approved by the Institutional Authority for Laboratory
Animal Care of Peking University. For in vivo treatments, EMC6-overexpressing U87
cells were injected into the brain of BALB/c nude mice in a total volume of 10 μl
(2 × 105 cells), and tumors were monitored by luciferase signal every 7 days by
in vivo Imaging System (IVIS) 100 (Caliper Life Science, Waltham, Massachusetts,
USA) to monitor the development of GBM. Living Image software Version 4.3.1
(Caliper Life Science, Waltham, Massachusetts, USA) was used to acquire and
quantify the bioluminescence imaging data sets. All animal experiments followed the
National Institutes of Health guidelines for animal welfare. The luciferase signal
curve and survival curve were drawn to study the function of EMC6-inhibiting GBM
growth.

Statistical analysis. Data are presented as the mean± S.D. Differences
between groups were analyzed using the Student's t-test for continuous variables.
Statistical significance in this study was set at Po0.05. All reported P-values are
two-sided. All analyses were performed with GraphPad Prism 5 (GraphPad
Software, Inc., La Jolla, CA, USA).
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