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Introduction

Ceramide is a bioactive sphingolipid, which mediates vari-
ous cellular processes, including cell cycle arrest, apoptosis, 
senescence, and stress responses.1-3 Although ceramide has been 
mainly described in the context of apoptosis,4-7 it has also been 
demonstrated that it can induce other form of cell death, namely 
autophagy.8,9 Autophagy is a conserved evolutionarily mecha-
nism by which cells deliver cytoplasmic material to lysosomes 
through the formation of double-membrane vesicles named 
autophagosomes. Cytoplasmic components can be recycled to 
produce free amino acids and ATP that will be used for new 
biomolecule synthesis. Under physiological conditions the auto-
phagic process allows cellular homeostasis. This basal level can 
be modified in response to different stimuli, such as amino acid 
deprivation, hypoxia, and chemotherapeutic drugs, or in the 
context of diverse diseases like cancer, diabetes, and neurodegen-
erative pathogenesis.10,11 Exogenous short-chain ceramides have 
been notably described to induce autophagy.12-14 For instance, 

Scarletti et  al.12 demonstrate that C2-ceramide can lead to an 
increase in autophagosome formation through the inhibition of 
AKT1 (v-akt murine thymoma viral oncogene homolog 1) and 
the upregulation of BECN1/Beclin 1. Furthermore, exogenous 
ceramides (C2- and C6-ceramide) have been observed to disrupt 
the BECN1-BCL2 (B-cell CLL/lymphoma 2) complex through 
the ceramide-induced phosphorylation of BCL2 causing auto-
phagy initiation.15 Interestingly, Spassieva et  al.16 demonstrate 
that downregulation of ceramide synthase 2 (CerS2) results in 
an increase of long-chain ceramide, including C16-ceramide, 
and leads to autophagy activation. More recently, it has been 
shown that C18-pyr-Cer treatment not only induces autophagy 
but also targets autolysosomes to mitochondria in HNSCC 
cells.17 Nevertheless, ceramide synthase 6 (CerS6) induction, 
leading to C14- and C16-ceramide accumulation, has no effect 
on autophagy activity in this cell line.

Previously, we have demonstrated that the death-promot-
ing factor BCLAF1 (BCL2-associated transcription factor 
1) is required for the proapoptotic C16-ceramide-dependent 
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To date, precise roles of EMD (emerin) remain poorly described. In this paper, we investigated the role of EMD in the 
C16-ceramide autophagy pathway. Ceramides are bioactive signaling molecules acting notably in the regulation of cell 
growth, differentiation, or cell death. However, the mechanisms by which they mediate these pathways are not fully 
understood. We found that C16-ceramide induces EMD phosphorylation on its LEM domain through PRKACA. Upon 
ceramide treatment, phosphorylated EMD binds MAP1LC3B leading to an increase of autophagosome formation. These 
data suggest a new role of EMD as an enhancer of autophagosome formation in the C16-ceramide autophagy pathway 
in colon cancer cells.
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pathway.18 Haraguchi et  al.19 have described BCLAF1 as an 
EMD-binding partner. They have demonstrated that 2 muta-
tions in EMD (S54F and delta 95 to 99), observed in Emery-
Dreifuss muscular dystrophy (EDMD), disrupt BCLAF1 
binding.

EMD is ubiquitously expressed and belongs to the LEM 
domain family of the inner nuclear membrane proteins.20,21 This 
domain is essential for binding BANF1 (barrier to autointegra-
tion factor 1), a dsDNA-bridging protein, with direct roles in 
higher-order chromatin structure, nuclear assembly, and gene 
regulation.22-28 EMD also contains a lamin-binding domain that 
helps to retain it in the interphase nuclear envelope.23,28-30

Novel EMD-associated proteins have been found by Holaska 
and coworkers after purification of EMD-containing complexes 
from HeLa cell nuclear lysates. The authors have found that each 
complex has distinct components involved in nuclear architec-
ture (NMI [N-myc {and STAT} interactor], SPTAN1 [spec-
trin, α, non-erythrocytic 1], lamins) or in gene and chromatin 
regulation (BANF1, transcription regulators, HDACs).31 More 
recently, it has been demonstrated that EMD binds and activates 
the HDAC3 (histone deacetylase 3) providing for EMD a poten-
tial role in initiating or maintaining repressed chromatin at the 

nuclear lamina.32 In addition, EMD could 
have a role in the MAPK signaling pathway. 
Indeed, the MAPK3 (mitogen-activated pro-
tein kinase 3) is activated in hearts of mice 
with mutations in LMNA (lamin A/C) and 
EMD genes.33 Consistent with this finding, 
Muchir et  al.34 demonstrate that reduced 
expression of EMD leads to MAPK3 phos-
phorylation in Hela and C2C12 cells.

EMD is phosphorylated in a cell cycle-
dependent manner in human lymphoblas-
toid cells.35 This study suggests that the 
phosphorylation status of EMD regulates its 
binding to LMNA. In accordance, Hirano 
et al.36 show that EMD is phosphorylated at 
the M-phase in a Xenopus egg cell-free system 
on 5 specific residues, 4 serine and 1 threo-
nine residues: Ser49, Ser66, Thr67, Ser120, 
and Ser175. The authors demonstrate that 
phosphorylation on Ser175 is responsible for 
the dissociation of EMD from BANF1. A 
study of Roberts et  al.37 demonstrates that, 
PRKACA (protein kinase, cAMP-depen-
dent, catalytic, α) phosphorylates EMD on 
Ser49. EMD can also be phosphorylated 
on tyrosine residues.38,39 By a proteomic 
approach, Schlosser et  al.40 have identified 
3 tyrosine-phosphorylation sites in mouse 
EMD and 5 in human EMD. In accor-
dance, Tifft et  al.41 have identified 3 tyro-
sine kinases, which phosphorylate directly 
EMD (ERBB2/HER2, SRC and ABL). 
They also show that both LEM domain and 
distal phosphorylatable tyrosine residues are 

involved in the binding of EMD to BANF1. Moreover, PTPN1 
(protein tyrosine phosphatase, nonreceptor type 1), a sumoylated 
protein tyrosine phosphatase, has been identified to regulate the 
tyrosine phosphorylation status of EMD in a cell-cycle-depen-
dent manner.42

To our knowledge, EMD had never been studied in the con-
text of the ceramide signaling pathway. Here, we investigated the 
regulation of EMD expression and post-translational modifica-
tions induced by C16-ceramide in colon adenocarcinoma cells 
(HCT116). We explored whether EMD could be involved in the 
apoptotic, cell-cycle, and autophagic C16-ceramide-dependent 
pathway.

Results

C16-ceramide treatment induces EMD phosphorylation
The expression of EMD was found to increase after stimula-

tion of HCT116 cells by C16-ceramide (Fig. 1A). After ceramide 
treatment, slower-migrating bands could also be observed. The 
expression of the EMD upper band increased in a time-depen-
dent manner and disappeared with the transfection of an EMD 

Figure 1. C16-ceramide treatment induces EMD phosphorylation. (A) HCT116 cells were trans-
fected with GFP siRNA or EMD siRNA and then stimulated with C16-ceramide (12 µM) for the 
indicated times. EMD was revealed by western blotting using an anti-EMD antibody. An anti-
TUBA1A antibody was used as an internal control. (B) EMD mRNA levels, extracted from HCT116 
cells treated with and without C16-ceramide, were assessed by quantitative real-time PCR 
analysis.
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siRNA, suggesting a post-translational 
modification. Moreover, the EMD mRNA 
levels in HCT116 treated with or with-
out C16-ceramide remained unchanged 
(Fig. 1B).

As described in the introduction, EMD 
is phosphorylated in a cycle-dependent 
manner.35,36 Therefore we investigated 
whether the modifications were reversible 
by phosphatase treatment (λPPase at 30 °C 
for 30 min). As can be seen in Figure 2A, 
incubation with phosphatase caused loss of 
the upper EMD bands.

As several kinases were described to 
be implicated in EMD phosphoryla-
tion,37,41,43,44 we examined the effect of 
staurosporine, a broad-spectrum kinase 
inhibitor. The cells were pretreated 30 min 
before C16-ceramide treatment for 1, 3 
or 6 h. As can be seen in Figure  2B, 100 
mM of staurosporine reduced significantly 
EMD phosphorylation induced by C16-
ceramide treatment. A study of Roberts 
et  al.37 demonstrates that EMD was phos-
phorylated during interphase by PRKACA. 
To verify if PRKACA phosphorylates EMD 
in our model, cells were pretreated with 
the PRKACA inhibitor H89 (5 µM, 1 h) 
and stimulated for 1, 3, or 6 h with C16-
ceramide. As shown in Figure  2C, H89 
reduced EMD phosphorylation at 1 and 
3 h of ceramide treatment. This result 
indicates that PRKACA is involved in the 
EMD phosphorylation triggered by C16-
ceramide. To confirm the implication of 
PRKACA in the ceramide-mediated EMD 
phosphorylation, we investigated other 
PRKACA inhibitors and a PRKACA acti-
vator. The inhibition of PRKACA with a 
protein kinase inhibitor (PKI 14-22 amide, 
myristoylated, which acts on the cata-
lytic site) prevented the phosphorylation 
of EMD, which strengthens the hypoth-
esis that PRKACA could be the kinase 
involved in the C16-ceramide-induced 
EMD phosphorylation (Fig.  S1A). The 
use of Rp-8-Br-cAMP, an analog of cAMP 
that inhibits PRKACA, induced a slight 
decrease of EMD phosphorylation com-
pared with treatment with C16-ceramide 
alone (Fig. S1B). This demonstrates that the 
type I of PRKACA is involved in EMD-phosphorylation upon 
ceramide treatment. Finally, HCT116 cells were pretreated with 
8-CPT-cAMP, a PRKACA activator. In control cells (without 
ceramide stimulation), we observed an induction of EMD phos-
phorylation. The same result was obtained after C16-ceramide 

stimulation for 3 h (Fig. S1C). These data support the hypothe-
sis that C16-ceramide treatment induces EMD phosphorylation 
through the PRKACA.

In order to know if EMD can be phosphorylated upon other 
ceramide treatment and in other cell lines, HCT116, HT29, and 

Figure  2. Phosphatase (λPPase), general kinase inhibitor (staurosporine), and PRKACA inhibi-
tor (H89) reverse EMD modification. (A) Colon cancer cells were treated with or without C16-
ceramide for 1, 3, and 6 h. Protein extracts were incubated in the absence or presence of alkaline 
phosphatase (λPPase) at 30 °C for 30 min. Protein extracts were separated on SDS polyacrylamide 
gel and immunoblotting was revealed with anti-EMD and anti-TUBA1A antibodies. (B) HCT116 
cells were pretreated with staurosporine (100 nM) for 30 min and left untreated or stimulated 
with C16-ceramide (12 µM) for 1, 3, and 6 h. Western blotting analysis was performed using an 
anti-EMD and an anti-TUBA1A antibody. (C) HCT116 were pretreated with the PRKACA inhibitor, 
H89 (5 µM) for 1 h and treated with or without C16-ceramide for the indicated periods of time. 
Cell extracts were subjected to anti-EMD and anti-TUBA1A antibodies for western blot analysis.
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HEK293 cells were stimulated with the short-chain ceramides 
C2 and C8 and with the long-chain ceramides C16 and C18. 
As control, the inactive ceramide analog C2-dihydroceramide 
(C2-DHC) was used. It appeared that EMD is phosphorylated 
upon C2-, C8-, C16-, and C18-ceramide treatment but not 
C2-DHC in the 3 cell lines (Fig.  S2). This demonstrates that 
EMD phosphorylation occurs in different cell lines and is trig-
gered by short- and long-chain ceramides. Conversely, the inac-
tive ceramide analog, C2-DHC, is not able to do so.

To determine which EMD domains are phosphorylated by 
C16-ceramide, we generated a variety of EMD mutants tagged 
with FLAG lacking N-terminal amino acids (LEMΔ, N74Δ, 
and N105Δ, Fig.  3A). Both full-length EMD and mutants 
were transfected and cells were treated with C16-ceramide for 
3 h. Western blot analysis of FLAG showed that all the EMD 
mutants had lost the phosphorylation induced by ceramide com-
pared with the full-length EMD (Fig. 3B). This result suggests 
that C16-ceramide induces EMD phosphorylation on its LEM 
domain.

EMD is not involved in C16-ceramide apoptosis and cell 
cycle signaling pathways

We have previously reported that C16-ceramide induces 
apoptosis in HCT116 cells and that BCLAF1 could be an inter-
mediate in this pathway.18 We showed that BCLAF1 negatively 
regulated MDM2 (MDM2 oncogene, E3 ubiquitin protein 
ligase) gene expression in response to C16-ceramide stimu-
lation in HCT116 cells. In order to investigate if EMD could 
have a role in ceramide-induced apoptosis in colon cancer cells, 

cells were depleted using an EMD siRNA (or a GFP siRNA as 
control) and then treated with or without C16-ceramide. We 
observed that EMD depletion did not affect cell viability and 
activities of CASP3 or CASP7 (caspases 3 or 7) (Fig. S3B and 
S3C). To find out if the phosphorylation of EMD is involved in 
the decrease of cell viability triggered by C16-ceramide, a viabil-
ity test was performed with cells expressing WT EMD and the 
nonphosphorylatable mutant LEMΔ EMD. Cells were treated 
with or without C16-ceramide for 1, 3, and 6 h. Cells express-
ing WT EMD were also pretreated with H89 in order to inhibit 
the phosphorylation of EMD induced by ceramide. We observed 
that the inhibition of EMD phosphorylation triggered by C16-
ceramide did not affect cell viability (Fig. S3D).

Moreover, ceramide is also known to induce cell cycle 
arrest.45 We thus measured the expression of p-RB1 (retino-
blastoma 1) and CCND1 (cyclin D1), 2 proteins known as 
cell cycle activators. Upon C16-ceramide treatment, the level 
of these 2 proteins significantly decreased (Fig.  S4A). Flow 
cytometry analysis also pointed out a decrease in the quantity 
of cells in S and G

2
 phases after 16 h C16-treatment (Fig. S4B). 

Finally, to determine the potential implication of EMD, flow 
cytometry analysis was performed after depletion or overex-
pression of EMD followed by ceramide treatment. No effect of 
EMD on the percentage of cells in phase S and G

2
 was observed 

(Fig. S4C and S4D).
EMD enhances the C16-ceramide autophagic pathway
Short-chain ceramides have been described to induce auto-

phagy.12,13,15,46 Moreover, downregulation of CerS2 inducing 

Figure 3. C16-ceramide induces EMD phosphorylation on its LEM domain. (A) Schematic representation of full-length EMD and mutants (LEMΔ, N74Δ, 
N105Δ). (B) HCT116 cells were transfected with EMD-FLAG, LEMΔ-FLAG, N74Δ-FLAG, N105Δ-FLAG, or empty vector and subjected to C16-ceramide for  
3 h. Cell extracts were analyzed with an anti-FLAG western blot.
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autophagy is also associated with a significant increase of C14- 
and C16-ceramides levels.16 Recently, Sentelle et al.17 have shown 
that C18-ceramide directly mediates autophagy. Activation of 
autophagy triggered by C16-ceramide in our model was thus 
investigated by studying MAP1LC3B-II/microtubule-associ-
ated protein 1 light chain 3 β-II turnover, which correlates with 
autophagosome accumulation.47 HCT116 cells were treated 
with ceramide for 1, 3, and 6 h. As shown in Figure  4A, the 
MAP1LC3B-II level increased in a time-dependent manner 
whereas the MAP1LC3B-I level decreased. Because an increase 
of MAP1LC3B-II expression can be due to an inhibition of 
the autophagosomes clearance as well as to an increase of their 
formation, we prevented the lysosomal degradation before 

ceramide treatment with bafilomycin A
1
. In those conditions, 

MAP1LC3B-II level increased upon ceramide treatment show-
ing that C16-ceramide leads to a complete autophagic process 
(Fig.  4B). To confirm the induction of autophagy by cerami-
des, 3 different cell lines (HCT116, HT29, and HEK293) were 
treated with short-chain ceramides C2 and C8 and long-chain 
ceramides C16 and C18. As a negative control, the inactive 
ceramide analog C2-dihydroceramide (C2-DHC) was used. 
MAP1LC3B-II expression was increased after C2-, C8-, C16-, 
and C18-ceramide treatment but not C2-DHC in the 3 cell 
lines. This demonstrates that autophagy induction occurs in dif-
ferent cell lines and is triggered by short- and long-chain cerami-
des (Fig. S5).

Figure 4. C16-ceramide treatment induces lethal autophagy in HCT116 cells. (A) HCT116 were treated with C16-ceramide for the indicated periods 
of time. Cell lysates were analyzed by immunoblotting with anti-MAP1LC3B and -TUBA1A antibodies. (B) HCT116 were pretreated with bafilomycin A1  
(100 nM) for 3 h and treated with or without C16-ceramide. Cell lysates were analyzed by immunoblotting with anti-MAP1LC3B and -TUBA1A antibod-
ies. (C) HCT116 cells were transfected with GFP siRNA or ATG7 siRNA. ATG7 and MAP1LC3B were revealed by western blotting using anti-ATG7 and anti-
MAP1LC3B antibodies. The anti-TUBA1A antibody was used to detect TUBA1A as an internal control (top). Viability test. HCT116 cells were transfected 
with GFP siRNA or ATG7 siRNA and then treated with and without C16-ceramide for 3 h. Cell viability was measured using the WST1 assay (bottom).  
(D) Cells were treated with or without C16-ceramide and cell lysates were analyzed with anti-AKT1, -pAKT1, -MTOR, -pMTOR, -RPS6KB1, -pRPS6KB1,  
and -TUBA1A antibodies.
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As we have shown in Figure S3, C16-ceramide induces a 
decrease in cell viability partly due to apoptosis. To know if C16-
ceramide-mediated autophagy also contributes to cell death, the 
molecular machinery of autophagy was blocked using a siRNA 
against the ATG7 (autophagy-related 7) gene. The transfection 
of an ATG7 siRNA induced a significant decrease of ATG7 
protein expression as well as MAP1LC3B protein expression 
(Fig. 4C, top). A viability test was performed and showed that 
the inhibition of autophagy prevented cell death in response to 
C16-ceramide treatment compared with siGFP-transfected cells 
(Fig. 4C, bottom). This demonstrates that autophagy mediated 
by C16-ceramide contributes to cell death.

Many signaling pathways lead to autophagy; most studied are 
the MTOR (mechanistic target of rapamycin [serine/threonine 
kinase]), the AKT1 and the MAPK (mitogen-activated protein 
kinase) i.e. MAPK1, MAPK3, MPAK8, and MAPK14 path-
ways. In our model, cells treated with C16-ceramide showed 
that the expression level of AKT1, MTOR, and RPS6KB1 
(ribosomal protein S6 kinase, 70 kDa, polypeptide 1) remained 
constant while the phosphorylation level of AKT1 on Ser473, 
MTOR on Ser2448, and RPS6KB1 on Thr389 decreased after 
3 and 6 h of C16-ceramide treatment (Fig. 4D). Furthermore, 
the phosphorylation levels of MAPK14, MAPK1, MAPK3, and 
MAPK8, other proteins implicated in autophagy activation, 
remained constant (data not shown).

To study the implication of EMD in autophagy activation 
triggered by ceramide, cells were transfected with EMD-FLAG 
vector (or with empty vector as control) and then subjected to 
C16-ceramide treatment. As shown in Figure 5A, EMD overex-
pression had nearly no effect on MAP1LC3B-II level expression 
in untreated cells. On the contrary, after ceramide treatment, 
MAP1LC3B-II level increased upon EMD overexpression, espe-
cially after 3 h of treatment. Moreover, knockdown of EMD 
using a specific siRNA led to a decrease in the MAP1LC3B-II 
expression after 6 h of C16-ceramide treatment (Fig. 5B). The 
autophagosomes accumulation was then visualized using immu-
nofluorescence by labeling MAP1LC3B. In untreated cells, 
almost no MAP1LC3B was detected. Punctated structures were 
visualized after 3 h of ceramide treatment indicating the forma-
tion of autophagosomes (Fig. 5C, left). The percentage of cells 
presenting a punctated MAP1LC3B was significantly higher 
(30%) upon ceramide treatment compared with untreated cells 
(Fig. 5C, right). In untreated cells, the overexpression of EMD 
led to a slight increase of punctated cells (4%). Moreover, the 
number of fluorescent cells increased more (22%) in EMD over-
expressed cells after 3h of ceramide treatment compared with 
control cells (Fig. 5C).

EMD binds directly to MAP1LC3B upon ceramide 
treatment

To verify whether EMD could interact with MAP1LC3B, 
an EMD-FLAG immunoprecipitation was performed. Western 
blotting analysis of the anti-FLAG immunoprecipitates with an 
anti-MAP1LC3B antibody showed the binding of MAP1LC3B 
with EMD in ceramide-treated cells (Fig.  6A). In order to 
know if EMD interracts directly with MAP1LC3B, an endog-
enous coimmunofluorescence analysis was performed upon 

C16-ceramide treatment. In untreated cells, a few particles corre-
sponding to MAP1LC3B were present and no colocalization was 
detected with EMD (Fig.  6B, top). After C16-ceramide treat-
ment, punctated structures corresponding to autophagosomes 
formation appeared (Fig. 6B, bottom). MAP1LC3B punctated 
structures were bonded to the nucleus and colocalized partially 
with EMD. This demonstrated that endogenous EMD could 
bind directly to endogenous MAP1LC3B upon C16-ceramide 
treatment.

The phosphorylation of EMD is required for autophagy 
induction

Since we have shown that ceramide induces EMD phosphor-
ylation and that EMD overexpression increases the autophagic 
activity in ceramide-treated cells, we investigated whether 
the phosphorylation of EMD is responsible of the autophagy 
induction. Cells were thus pretreated with H89, an inhibitor 
of PRKACA, which is responsible of the EMD phosphory-
lation (see Fig.  2C), and then treated with C16-ceramide. In 
those conditions, the MAP1LC3B-II level appeared decreased 
in H89-pretreated cells compared with control cells (Fig. 7A). 
Considering that the phosphorylation of EMD occurs on its 
LEM-domain, we also compared the MAP1LC3B-II expres-
sion level after transfection of both the full-length and LEMΔ 
EMD vector. The expression level of MAP1LC3B-II was found 
decreased in cells transfected with the LEMΔ vector in com-
parison to the full-length vector upon ceramide treatment 
(Fig. 7B).

Discussion

In addition to its role in assembly and maintenance of nuclear-
lamina structure, other functions have been proposed for EMD 
such as its implication in the regulation of gene expression and in 
the MAPK.19,28,34,48,49 It is also known that EMD is phosphory-
lated in a cell cycle-dependent manner in vivo during all phases 
of the cell cycle, but the greatest degree of phosphorylation is 
observed in the M phase.35

In this study, we demonstrated that C16-ceramide induces 
the expression of several EMD forms (Fig.  1A). It is notewor-
thy that these modifications are reversible by treatment with 
phosphatase and reduced by treatment with the kinase inhibi-
tor, staurosporine (Fig.  2A and B), which indicates that C16-
ceramide induces EMD phosphorylation. Furthermore, we have 
shown that C16-ceramide is also able to induce EMD phosphor-
ylation in other cell lines and that C2-, C8- and C18-ceramide 
act in the same manner (Fig. S2).

It is likely that a hyperphosphorylation of EMD was present 
after 3 and 6 h of C16-ceramide treatment (Fig. 1A) and thus 
we can hypothesize that EMD exhibits multiple phosphoryla-
tion sites. Indeed, 68 serine, tyrosine, or threonine residues are 
present in the EMD amino acids sequence and, among them, 
18 residues have already been identified to be phosphorylated in 
different cell lines.36,40,50,51 In this study, we demonstrated that 
C16-ceramide induces phosphorylation of EMD on its LEM 
domain (Fig.  3B). This domain contains 10 phosphorylatable 
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residues and at least 3 tyrosines (Tyr4, Tyr19, and Tyr41) are 
phosphorylated in vivo.52 The phosphorylation of this LEM-
domain at these tyrosine residues plays an important role in the 
regulation of EMD binding to BANF1.41

Furthermore, our results indicate that PRKACA is implicated 
in C16-ceramide induced-EMD phosphorylation (Fig.  2C; 
Fig. S1); but H89, a PRKACA inhibitor, did not inhibit com-
pletely its phosphorylation, suggesting that PRKACA is not the 

Figure 5. Implication of EMD in the C16-ceramide autophagic pathway (A) HCT116 cells were transfected with EMD-FLAG or empty vector and then 
left untreated or stimulated with C16-ceramide for the indicated times. Cell extracts were assayed using anti-MAP1LC3B, -EMD and -TUBA1A antibodies 
for western blotting analysis (left). The intensity of each band corresponding to MAP1LC3B-II was measured with the Quantity One software (Bio-Rad). 
Data are representative of 3 independent experiments and P values were calculated using t tests (*P < 0.05; **P < 0.001; ***P < 0.0001) (right). (B) HCT116 
cells were transfected with GFP siRNA or EMD siRNA and then stimulated with C16-ceramide (12 µM) for the indicated times. MAP1LC3B was revealed by 
western blotting using an anti-MAP1LC3B antibody. Anti-EMD and anti-TUBA1A antibodies were also used. (C) Cells of each condition were stained with 
anti-MAP1LC3B antibodies and analyzed with confocal microscopy. Representative fluorescent images (left). Statistic results of the percentage of cells 
presenting a punctate distribution of MAP1LC3B (right).



©
20

14
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

1236	A utophagy	 Volume 10 Issue 7

only kinase involved. Therefore, addressing the identification of 
all the phosphorylated EMD residues and their related kinases 
remains important to go further in the understanding of the 
EMD phosphorylation mechanism triggered by ceramide.

It is established that the use of exogenous ceramide analogs 
as therapeutic agents can promote apoptotic pathways in can-
cer cells.5,53,54 Moreover, as reviewed by Levy and Thorburn,55 
many cancer therapies also induce autophagy within tumor 
cells. Cancer cells activate autophagy in response to chemothera-
peutic stress as a defense mechanism and can both promote or 
inhibit cancer cells drug resistance.56,57 However, the underlying 
mechanism is not well understood. Several clinical trials evaluat-
ing autophagy are underway. For example, in rectal and colon 
adenocarcinoma, hydrochloroquin is used in combination with 
chemotherapy agents to block autophagy inducing tumor cells 
death.58 Oppositely, in the same cancers, cetuximab stimulates 
autophagy killing cancer cells.59

In this context, ceramide has been highlighted to play an 
important role in autophagy induction.60-62 Effectively, chemo-
therapeutic drugs such as daunorubicin or vincristine increase 
intracellular ceramide generation.63,64 Moreover, sorafenib 
induces autophagy only when intracellular ceramide levels are 

increased.60 In glioma cells, endoplasmic reticulum stress 
and ceramide production are induced by IL24/melanoma 
differentiation association protein 7 therapy leading to cell 
autophagy and death.61 All these studies show the impor-
tance of a better understanding of the complex network of 
sphingolipid signaling in cancer therapy as well as in the 
autophagy pathway.

Several signaling pathways have already been identi-
fied to be involved in autophagy activation triggered by 
ceramide.12,13,15,60 Guenther et  al.65 have reported that 
ceramide acts in a similar manner to amino acid depriva-
tion, inducing the inhibition of MTOR. This is demon-
strated by the inhibition of its direct substrate, RPS6KB1. 
In accordance, we found that C16-ceramide inactivated 
the AKT1-MTOR pathway in HCT116 cells leading to 
autophagy induction. Indeed, upon ceramide treatment, 
we noticed a decrease in the phosphorylation of AKT1 
on Ser473, of MTOR on Ser2448 and of its direct sub-
strate RPS6KB1on Thr389 (Fig. 4D), which subsequently 
leads to MAP1LC3B lipidation (Fig.  4A). It is notewor-
thy that autophagy activation is not exclusively induced 
by C16-ceramide and in HCT116 cells. Indeed, as shown 
in Figure S5, C2-, C6-, and C18-ceramides also induced 
MAP1LC3B lipidation in HCT116 and other cell lines. 
This is consistent with the finding of Sentelle et al.17 show-
ing that C16- and C18-pyridinium-ceramides produce 
similar effects on the induction of autophagy. Note, how-
ever, that exogenous ceramide has been used to induce 
autophagy. It could be interesting to verify in a future 
study if the generation of endogenous ceramide by overex-
pression of CERS5/ceramide synthase 5 or CERS6 would 
have the same effect.

We then brought out the implication of EMD in 
this process. Indeed, EMD overexpression enhanced 

MAP1LC3B-II expression upon ceramide, especially after 3 h of 
treatment (Fig. 5A) and EMD depletion leads to a decrease of 
MAP1LC3B-II expression after 6 h of C16-ceramide (Fig. 5B). 
By immunofluorescence, we pointed out that the number of 
autophagosomes was increased by 4% after EMD overexpres-
sion, compared with control, in untreated cells and by 22% in 
C16-ceramide-treated cells (Fig. 5C). Furthermore, we showed 
that EMD could act directly on autophagosome formation 
through its binding with MAP1LC3B upon ceramide treatment 
(Fig. 6A). Moreover, the immunofluorescence analysis demon-
strated that endogenous MAP1LC3B nearest the nucleus colo-
calized with endogenous EMD when cells are stimulated with 
ceramide (Fig. 6B). This demonstrated that EMD induces auto-
phagy through its direct interaction to MAP1LC3B-II upon 
ceramide treatment. In this context, Sentelle et al.17 have shown 
that the interaction of C18-Pyr-cer to MAP1LC3B-II is respon-
sible for lethal autophagy mediated by ceramide. Therefore, 
it could be interesting to investigate in a future work whether 
the same mechanism is playing a role in our model and if C16-
ceramide could be part of the EMD-MAP1LC3B-II complex.

Finally, our results suggest that EMD could enhance the 
autophagy activity through its phosphorylation triggered by 

Figure  6. EMD binds MAP1LC3B upon ceramide treatment. (A) Cells were 
transfected with EMD-FLAG or with empty vector and then treated with or 
without C16-ceramide for 3 h. After immunoprecipitation of FLAG, MAP1LC3B 
was revealed by western blotting using an anti-MAP1LC3B antibody.  
(B) Representative fluorescent images of HCT116 cells untreated or treated  
with C16-ceramide for 3 h and stained with both anti-EMD and -MAP1LC3B  
antibodies. Cells were analyzed with confocal microscopy.
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ceramide. Indeed, transfection of the non-phos-
phorylatable mutant LEMΔ vector failed to 
increase the MAP1LC3B-II level, as well as does 
the wild-type EMD vector (Fig.  7B). Also, the 
inhibition of PRKACA, the kinase responsible 
for EMD phosphorylation, led to a decrease of 
the MAP1LC3B-II expression (Fig. 7A).

Although it was never shown that EMD has 
a role in autophagy activity, Park et al.66 show, in 
the context of nuclear envelopathies, that auto-
phagosomes are detected near the nucleus. It has 
been observed that the MAP1LC3B-signal is 
stronger at the area where lamins and EMD are 
detected suggesting an interaction between these 
proteins. These results are consistent with our 
finding and support the idea that EMD could 
have a role in autophagy regulation and more 
specifically on autophagosome formation.

In this work, we underscored a new role for EMD as an 
inducer of autophagy after the phosphorylation of its LEM-
domain triggered by C16-ceramide. This study provides new 
foundations for understanding the ceramide autophagic signal-
ing pathway and offers new insights in the development of novel 
therapeutic strategies.

Materials and Methods

Cell culture, biological reagents, and treatments
HCT116 human colon carcinoma cells (ATCC, CCL-

247) were cultured in McCoy’s 5A modified medium (Lonza, 
12-688F) supplemented with 10% fetal bovine serum (Sigma, 
F7524), 1% L-glutamine (200 mM) (Lonza, 17-605E), 100 
units/ml penicillin and 100 µg/mL streptomycin (Lonza, 
17-602E). The cells were maintained at 37 °C in a 5% CO

2
 

atmosphere. C2-ceramide (N-ethanoyl-D-erythro-sphingosine), 
C16-ceramide (N-palmitoyl-D-erythro-sphingosine) and 
C18-ceramide (N-stearoyl-D-erythro-sphingosine) were 
obtained from Acros Organics (345210500, 331540050, and 
331550050, respectively). C8-ceramide (N-octanoyl-D-erythro-
sphingosine) was from BIOMOL (BML-SL112-0005) and 
C2DHC (C2-dihydroceramide) from Sigma-Aldrich (E7980). 
All ceramides were dissolved in ethanol. To allow the entrance 
of long-chain ceramide in the cell, dodecan (Filter Service, 

117590250) was added to the medium (0.02%). For all experi-
ments, an equal amount of solvent (ethanol/dodecan) was added 
to control cultures (i.e., untreated cells) compared with the cor-
responding ceramide-treated conditions. λ Protein Phosphatase 
(λ-PPase) was purchased from New England BioLabs (P0753S), 
staurosporine from Sigma-Aldrich (S4400) and H-89 dihydro-
chloride from Calbiochem (371963).

Protein extraction and western blot analysis
HCT116 cells were scraped and centrifuged at 1000 g for 5 

min. The pellets were washed 2 times with ice-cold PBS (Lonza, 
BE17-516F). Protein extracts were prepared by lysing the cells 
in 1% sodium dodecyl sulfate (SDS; Sigma Aldrich, L3771). 
The cells were vortexed and protein extracts were obtained 
after 10 min boiling. Protein concentrations were measured 
using the Micro BCA protein assay reagent kit (Pierce, 23225). 
Proteins were separated by SDS-PAGE and transferred to poly-
vinylidene dif luoride membranes (Millipore, IPVH00010). 
After blocking, the membranes were incubated with the mono-
clonal anti-EMD antibody (Santa Cruz, sc-25284). The anti-
MAP1LC3B (3868), anti-AKT1 (2966), anti-p-AKT1 (4058), 
anti-MTOR (2983), anti-p-MTOR (2971), anti-RPS6KB1 
(9202) and anti-p-RPS6KB1 (9234) antibodies were pur-
chased from Cell Signaling Technology. The anti-TUBA1A 
(T6074) and the anti-FLAG (F7425) antibodies were from 
Sigma-Aldrich. The membranes were incubated with 1:10000 
diluted peroxidase-conjugated anti-mouse (NA931) and 

Figure  7. EMD induces autophagosome forma-
tion through its phosphorylation triggered by 
C16-ceramide (A) HCT116 were transfected with EMD-
FLAG vector or with empty vector. Cells were then 
pretreated with the PRKACA inhibitor, H89 (5 µM) for 
1 h and treated with or without C16-ceramide for 1, 3, 
or 6 h. Cell lysates were analyzed by western blotting 
using an anti-MAP1LC3B antibody. (B) Cells were trans-
fected with EMD-FLAG, LEMΔ-FLAG, or empty-vector 
and then treated with ceramide for 3 h. MAP1LC3B, 
FLAG and TUBA1A were revealed by western blotting 
using anti-MAP1LC3B, anti-FLAG, and anti-TUBA1A 
antibodies.
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anti-rabbit (NA934) secondary antibodies (GE Healthcare). 
The reactions were revealed with the enhanced chemilumines-
cence detection reagent (ECL kit, Thermo Scientific, 32106). 
When required, the detected signals were analyzed by densi-
tometry. The intensity of each band was measured with the 
Imagequant TL software (GE Healthcare). To normalize pro-
tein levels, the value of the band corresponding to each protein 
level was normalized with the intensity of the corresponding 
anti-TUBA1A signal used as an internal standard. Statistical 
analysis was performed by the Student t test using Prism 4.00 
software (Graph pad), with statistical significance accepted at 
P < 0.05.

Phosphatase and kinase inhibitor assays
HCT116 cells were scraped, centrifuged at 1000 g for  

5 min. The pellets were washed 2 times with ice-cold PBS. 
Cytosolic protein extracts were prepared by lysing the cells in 
the following buffer: 25 mM HEPES (Sigma Aldrich, H3375),  
150 mM NaCl, 0.5% Triton X-100 (Acros Organics, 9002-93-
1), 10% glycerol, 1 mM dithiothreitol, 25 mM glycerophos-
phate (Sigma Aldrich, G-5422), 1 mM sodium orthovanadate 
(Sigma Aldrich, 450-243), 1 mM sodium fluorure (Sigma 
Aldrich, S7920) containing a cocktail of protease inhibitors 
(CompleteTM, Roche, 11836145001). The cells were vortexed 
and kept on ice for 5 min. Protein extract was obtained after 
15 min centrifugation (4 °C) at 16,100 g. Five microliters of 
phosphatase buffer (50 mM TRIS-HCl, 100 mM NaCl,  
2 mM DTT, 0.1 mM EDTA and 0.01% Brij 35 [Sigma Aldrich, 
858366]) was added to 50 µl of lysate, followed by incuba-
tion with 2 mM MnCl

2
 and 1600 U of λ-PPase at 30 °C for  

30 min. For the kinase inhibitor assays, HCT116 cells were pre-
treated with staurosporine (100 nM) for 30 min, protein kinase 
inhibitor (10 µM, 30 min; Calbiochem, 476485), Rp-8-Br-
cAMP (250 µM, 30 min; Calbiochem, 116816), 8-CPT-cAMP 
(50 µM, 30 min; Calbiochem, 116812) or with H89 (5 µM; 
Calbiochem, 371963) for 1 h and left treated with or without 
C16-ceramide (12 µM) for 1, 3 or 6 h.

RNA interference
For RNA interference, decreased EMD or ATG7 expression 

was obtained by transfecting ON-TARGETplus SMARTpool 
siRNA (Dharmacon, L-011025-00-0020 and L-020112-00-
0005 respectively) using lipofectamine reagent according to the 
protocol provided by the manufacturer (Invitrogen, 11668-019). 
Colon cancer cells were seeded in 6-well plates and transfected 
with GFP siRNA or EMD siRNA and left untreated or treated 
with C16-ceramide (12 µM) for 1, 3, or 6 h. Cells were har-
vested 48 h after transfection.

Transient transfection
The ORF encoding human EMD was cloned into pIRE-

Spuro vector (Clontech, 6031-1) containing a FLAG tag in the C 
terminus. EMD mutants (LEMΔ, N74Δ and N105Δ) were gen-
erated by PCR and subcloned into the pIRESpuro FLAG vec-
tor. HCT116 cells were seeded in 6-well plates and transfected 
with empty vector, EMD-FLAG or mutant expression vector 
using lipofectamine with a 1:2 DNA/lipofectamine ratio and left 
untreated or treated with C16-ceramide (12 µM) for 1, 3, or 6 h. 
Cells were harvested 24 h after transfection.

Generation of stable cell line
The lentiviral vectors were generated by cotransfect-

ing Lenti-X 293T cells (Clontech, 632180) with a pSPAX2 
(Addgene, 12260) and a VSV-G encoding vector (Emi N, 
Friedmann T, Yee JK (1991) along with a pLenti6-EMD-FLAG 
plasmid (EMD-FLAG sequence cloned into a modified pLenti6/
V5 directional TOPO, Invitrogen, K49-55) or with a eGFP-V5 
(eGFP sequence cloned into pLenti6/V5 directional TOPO, 
Invitrogen)-encoding plasmid. 48 h and 72 h h post transfec-
tion, viral supernatants were collected. HCT116 cells were then 
incubated with the lentiviral vectors for 24 h. After 48 h, the 
transduced cells were selected using Blasticidin (Sigma-Aldrich, 
15205) at 0.1 mg/mL.

Immunofluorescence
HCT116 cells stably expressing EMD-FLAG or control 

vector or cells without transfection for the endogenous colo-
calization were plated on glass coverslips placed in 6-wells 
and treated with or without C16-ceramide (12 µM) for 3 h. 
Cells were fixed in 4% paraformaldehyde in PBS for 20 min, 
rinsed 3 times with PBS, and permeabilized with methanol for  
10 min at −20 °C. The coverslips were then blocked in 5% goat 
serum and 0.3% triton in PBS for one h at room temperature. 
Cells were then labeled with an anti-MAP1LC3B antibody, 
1/100 (Cell Signaling Technology, 3868) or with anti-EMD 
antibody (Santa Cruz, sc-25284) diluted in blocking buf-
fer and incubated overnight at 4 °C. After 3 washes in PBS, 
antibody complexes were detected with Alexa Fluor 488 goat 
anti-rabbit antibody (Invitrogen, A11008) in a 1/500 dilution. 
Coverslips were mounted in Prolong (Invitrogen, P36930). 
Images were acquired by using a Confocal Leica TCS SP5 
(Leica Microsystems, GIGA +4, Avenue de l’Hôpital, 1 (B34) 
4000, Sart-Tilman, Belgique). Autophagosome formation 
was quantified by counting the percentage of cells presenting 
MAP1LC3B vacuoles. A minimum of 200 cells was consid-
ered for each analysis and experiments were made in triplicate. 
Statistical analysis was performed by the Student t test using 
Prism 4.00 software (Graph pad), with statistical significance 
accepted at P < 0.05.

Immunoprecipitation
Cells were transfected with EMD-FLAG vector or with 

empty vector as control and then treated with or without 12 µM 
of C16-ceramide for 3 h. Protein extracts were then incubated 
with FLAG beads (Sigma, F2426) under gentle agitation over-
night at 4 °C. After 5 washes in lysis buffer, bound proteins were 
resolved by SDS-PAGE and analyzed by western blotting with 
an anti-MAP1LC3B antibody.
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