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ABSTRACT
Vici syndrome is a human inherited multi-system disorder caused by recessive mutations in EPG5,
encoding the EPG5 protein that mediates the fusion of autophagosomes with lysosomes.
Immunodeficiency characterized by lack of memory B cells and increased susceptibility to infection is an
integral part of the condition, but the role of EPG5 in the immune system remains unknown. Here we
show that EPG5 is indispensable for the transport of the TLR9 ligand CpG to the late endosomal-lysosomal
compartment, and for TLR9-initiated signaling, a step essential for the survival of human memory B cells
and their ultimate differentiation into plasma cells. Moreover, the predicted structure of EPG5 includes a
membrane remodeling domain and a karyopherin-like domain, thus explaining its function as a carrier
between separate vesicular compartments. Our findings indicate that EPG5, by controlling nucleic acids
intracellular trafficking, links macroautophagy/autophagy to innate and adaptive immunity.
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Introduction

Vici syndrome [OMIM 242840] is a severe early-onset neurode-
velopmental disorder characterized by the key features of callosal
agenesis, cataracts, cardiomyopathy, generalized hypopigmenta-
tion and combined immunodeficiency.1 Since its recognition as
a distinct entity in 1988,2 more than 50 additional cases have
been reported and the phenotype has been extended to include
sensorineural deafness, skeletal muscle myopathy, progressive
microcephaly, failure to thrive and global developmental delay.3

The latter 3 features are part of the revised and extended diag-
nostic criteria for Vici syndrome. In the majority of cases the
disease is progressive and lethal. The mean survival is 24 mo,
with only 1/10 of the patients reported to date reaching the age
of 5 y.4 The most common cause of death is respiratory failure
in the context of airway infections secondary to the immunodefi-
ciency, associated with progressive cardiomyopathy and severe
neurological damage.

Vici syndrome is due to recessive mutations in EPG5, a gene
located on chromosome 18q12.3, organized in 44 exons and
encoding EPG5 (ectopic P-granules autophagy protein 5 homo-
log). EPG5 (originally known as KIAA1632) is a protein of
2579 amino acids, predominantly expressed in the central ner-
vous system, skeletal and cardiac muscle, thymus, immune

cells, lungs and kidney. Before its implication in Vici syndrome
in 2013, EPG5 was initially identified among a group of genes
found to be mutated in breast cancer tissue.5

To date, around 40 EPG5 mutations have been identified in
families with Vici syndrome, distributed throughout the entire
EPG5 coding sequence, without clear genotype-phenotype cor-
relations.4,6 Most EPG5 mutations associated with Vici syn-
drome are truncating with only a few missense mutations on
record. The recurrent p.Gln336Arg mutation prevalent in the
Ashkenazi population has been associated with a relatively
milder phenotype characterized by the absence or later onset of
cardiac or immunological features and prolonged survival,
probably reflecting a different effect on splicing with a higher
proportion of normally functioning isoforms.7 Mis-spliced iso-
forms not subjected to nonsense-mediated RNA decay may
also accumulate over time and potentially cause a dominant
negative effect accounting for subtle disease manifestations in
heterozygous carriers.7–9

EPG5 was first described in Caenorhabditis elegans (C.ele-
gans) as one of a group of 5 novel key autophagy regulators in
multicellular organisms, implicated both in the late10 and
early11 stages of autophagy. EPG5 deficiency results in failure
of autophagosome-lysosome fusion12 and impaired cargo
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delivery to the lysosome13 both in C. elegans and in humans.4

Consistent with these earlier findings, EPG5 has recently
also been indicated as a RAB7 effector that ensures the fusion
specifity of autophagosomes with lysosomes and late
endosomes.14

Autophagy is an evolutionarily conserved and tightly regu-
lated lysosomal degradative pathway with important roles in
cellular homeostasis, including removal of apoptotic cells and
unwanted or damaged proteins and organelles (e.g., mitochon-
dria), metabolic adaptation and immune defense. Three princi-
pal types of autophagy have been identified so far:
macroautophagy, chaperone-mediated autophagy, and micro-
autophagy.15,16 The autophagy pathway is comprised of several
steps, from the initial formation of phagophores that mature
into autophagosomes, which fuse with lysosomes resulting in
the final structures of degradation, the autolysosomes.16,17

More recently autophagy has been associated with the forma-
tion, maintenance and function of primary cilia.18

Molecules of the autophagy pathway play an important role
in innate and adaptive immunity by participating in several dif-
ferent defense mechanisms, including translocation and proc-
essing of endocytosed microorganisms, modulation of immune
responses and Toll like receptor (TLR) signaling.16,19,20

TLRs are immune receptors that recognize pathogen-associ-
ated molecular patterns, widely expressed by microrganisms
and danger-associated molecular patterns that are released by
damaged and dying cells. Signals generated by TLRs activate
genes of the inflammatory response and trigger the complex
array of cells and molecules responsible for organismal immune
defense. Of the 10 known human TLRs, 5 (TLR1, 2, 4, 5, 6) are
expressed on the cell surface, 3 (TLR3, 8 and 10) are located in
early endosomes (EE) and 2 (TLR7 and 9) in late endosomes
(LE).21 The role of the different TLRs in the immune response
depends on their cell-specific expression, ability to recognize
defined ligands, and downstream signaling cascade. The loca-
tion of TLRs inside the cell restrains their ability to encounter
the ligand and regulates their signaling function.22

TLR9 recognizes unmethylated cytosine-phosphate-guanine
(CpG) dinucleotides, which are relatively common in bacterial
and viral DNA and rare in human DNA. TLR9 is mostly
expressed and plays important roles in plasmacytoid dendritic
cell and in B cell function. In plasmacytoid dendritic cells,
TLR9 engagement leads to the production of IFNA/IFN-alpha
in response to infection. For B cells, TLR9 acts as an important
factor of survival and differentiation,23 by triggering the devel-
opment of IgM memory B cells from transitional B cells, and
inducing memory B cell proliferation and differentiation into
plasma cells.24

It has been recently demonstrated that in the autophagic
pathway, EPG5 is a RAB7 effector mediating the fusion of auto-
phagosomes with LE and lysosomes.14

Here, we show that the protein encoded by EPG5 has also
other pivotal functions in the cellular trafficking machinery,
being necessary for the translocation of nucleotides from the
EE to LE and lysosomes. Signaling through the endosomal
nucleic acid receptors, TLR7 and TLR9, is abolished in cells
lacking EPG5, thus impairing innate response and causing the
depletion of memory B cells generated by the adaptive immune
system.

Results

Impaired EPG5 expression in Vici patients

We analyzed cells or cell lines from 7 patients with EPG5-
related Vici syndrome. Descriptions of the patients’ EPG5
mutations are summarized in Table S1.

Lymphoblastoid cell lines (LCL) were obtained by infection
with Epstein-Barr virus of peripheral blood mononuclear cells
(PBMCs) from Vici patients (PT1, PT2, PT3, PT4 and PT5)
and from healthy donors (HD). Primary fibroblast cell cultures
obtained from skin biopsies were available from PT1, PT5 and
HD.

We investigated whether EPG5 mutations had consequences
on the amount of the transcribed product. We performed
qPCR on total RNA extracted from fibroblasts of PT1, PT5 and
HD and measured the expression of EPG5 mRNA. The same
experiment was performed on LCLs available from patients
and HD as control. EPG5 transcripts were significantly reduced
in 4 patients compared to the HD (Fig. 1A). In the fifth patient
the transcript was only slightly reduced (only 1 of the 2 muta-
tions is a truncating mutation).

Total protein extracts obtained from cultures of fibroblasts
and LCLs were analyzed by western blotting (except for PT6
and PT7 from whom these cell types were not available).
Hybridization with an antibody directed against EPG5
highlighted a band of the expected size in the fibroblasts of the
HDs but not in those of PT1. In PT5 the amount of protein
was lower than normal. In the LCL a band was detected in the
HD but not in PT1, PT2 and PT3. In PT5 the EPG5 protein
band was reduced in intensity. GAPDH was used as loading
control (Fig. 1B).

Reduction of memory B cells and impaired response to CpG

Immune deficiency associated with Vici syndrome has been
previously described by Finocchi et al.1 We had sufficient
material to analyze primary cells only from PT1, PT4, PT5
and PT6. By FACS analysis we showed that PT1, PT4 and
PT5, all 4-y-old at time of analysis, had a normal percentage
of total CD19+ B cells, but a low frequency of CD27+ mem-
ory B cells (Fig. 1C). The reduction of memory B cells was
also observed in PT6 who at the time of analysis was 11 y
old (Fig. 1C).

In vitro the function of B cells can be measured by stimula-
tion with the TLR9 ligand CpG, which induces the differentia-
tion of transitional and memory B cells into plasma blasts. For
functional studies, we had sufficient numbers of PBMCs from
PT1, PT6 and PT7. No response to CpG was observed in B cells
of all patients (Fig. 1D). Both transitional and memory B cells
were unable to react to TLR9 engagement.

In humans 10 TLRs have been identified that are localized in
different cell compartments: on the plasma membrane, in the
EE or LE. Stimulation of PBMCs with ligands engaging the dif-
ferent TLRs for 24 h activates transcription, production and
consequent secretion of inflammatory cytokines, which are
detectable in the supernatant.25 We measured the response of
PT1 PBMCs to the 9 TLRs for which ligands are available.

IL6, IL10, TNF/TNFa and IL1B were produced in normal or
increased amounts in response to the stimulation of TLRs
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positioned on the cell surface (TLR2, TLR4, TLR5 and TLR6)
or located on EEs (TLR3 and TLR8). By contrast, PBMCs from
PT1 were unable to produce cytokines in response to Imiqui-
mod (R837) and CpG, the ligands of TLR7 and TLR9, respec-
tively. TLR7 and TLR9 were both located in the LEs and
lysosomes (Fig. 1E). As both TLR9 and TLR7 were expressed in
normal amounts in patients’ cells (Fig. S1), our data suggest

that patients with Vici syndrome respond to TLRs, but not to
those expressed in LEs and lysosomes.

EPG5 role in CpG accumulation

Successful signalling through TLR9 requires proper expression
of the receptor, an intact signalling pathway and ligand

Figure 1. mRNA, protein and immunological study of EPG5. (A) EPG5 mRNA level in fibroblasts and LCL of healthy donor (HD) and patients (PT). Error bars are shown as
SEM. (B) EPG5 protein in healthy donor and patients (fibroblasts of PT1 and PT5; LCL of indicated patients). GAPDH was used as a loading control. (C) Dot plots show
mature, memory and transitional B cells. Memory B cells can be divided in IgM and switched. For HD a representative plot of B cells (gated for CD19) of a 4-y-old child is
shown. In HD the frequency of memory B cells was 14.5§4.49 at 4 y of age (calculated on 20 HD) and 14.9§4.28 at 11 y (calculated on 20 HD). (D) Staining with CD27
and IgM identifies IgM memory B cells (IgM+ CD27+, indicated as IgM mem) and switched memory B cells (IgM- CD27+, indicated as Sw mem). Plasma cells have higher
levels of CD27 (CD27++) and express either IgM (IgM PC) or switched isotypes (Sw PC). CD27- IgM+ cells are mature na€ıve B cells. (E) Level of secreted cytokines in cell
medium after stimulation of TLRs (membrane bound, EE and LE) in HD and PT1 PBMCs.
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recognition. As TLR9 is expressed in normal amounts and its
signalling pathway is composed of molecules shared by the
other fully functional TLRs, we decided to study the interaction
between TLR9 and its synthetic ligand CpG by confocal
microscopy. Fibroblasts of the HDs and PT1 were incubated
with CpG-fluorescein isothiocyanate (FITC), and LysoTracker
Red, a lysosomotropic fluorescent dye that concentrates in
acidic compartments. CpG-FITC trafficking and localization
was studied by confocal microscopy in time lapse. We observed
that CpG, was found outside the lysosomes early after adminis-
tration (Fig. 2A). After 30 min CpG-FITC colocalized with
LysoTracker in HD fibroblasts (Fig. 2A, colocalization mask is
shown by white pixels; Video S1). In PT1’s fibroblasts CpG
could be seen in green fluorescence at time 0 and also after
30 min remaining in the cytoplasm without interacting with
the lysosomes, as confirmed by colocalization analysis between
fluorescent signals (Fig. 2A, left and right panels, and Video
S2).

In order to better characterize the trafficking of CpG-
FITC, HD, PT1 and PT5 fibroblasts were incubated with
fluorescent CpG for 5 min, 30 min and 5 h. We used anti-
EEA1 antibodies (red) to visualize the EEs (5 and 30 min)
or anti-LAMP2 (red) to label the LEs (5 h). Fig. 2B shows
that 5 min after CpG-FITC incubation, green tubule-like
structures appeared in the cytoplasm, suggesting CpG accu-
mulation in the tubular/recycling endosomes. Although
transition from the recycling endosomes to the LEs and
lysosomes typically leads to cargo degradation, in the case
of CpG the trafficking is necessary to carry the ligand
(CpG) to its receptor (TLR9). In the acidic environment of
LEs and lysosomes, FITC fluorescence is rapidly quenched.
Colocalization of CpG-FITC with LAMP2 could be
observed in proximity of the tubular structures probably
reflecting a recent translocation to the acidic environment
(Fig. S2A). The difference between HD and PT cells became
more evident at later time points. At 30 min and more
clearly at 5 h, in PT1 and PT5 fibroblasts, the tubular struc-
tures were larger than in the control and CpG fluorescence
was more intense (Fig. 2B), as confirmed by the quantifica-
tion analysis of CpG mean fluorescence intensity (CPG MFI
histograms). In patients’ cells green vesicles (corresponding
to CpG-FITC) remained interspersed in the LAMP2-posi-
tive compartment, without losing fluorescence (Fig. 2B and
2C, time 5 h). Our results show that without EPG5, CpG-
FITC entered the cell, and accumulated in the tubular endo-
somes but never reached LEs and lysosomes (Fig. 2B).
Accordingly, CpG-FITC colocalized with the recycling
endosome marker RAB11 at 1 and 2 h in patient’s fibro-
blast, but not in HD (Fig. S2B).

In order to confirm that the observed impairment of CpG
trafficking in PT1 fibroblasts depends on the reduction of
EPG5, we silenced the gene in HD fibroblasts by siRNA
(Fig. 3). At 48 and 72 h EPG5 mRNA and protein expression
were significantly reduced in the fibroblasts treated with EPG5
siRNA (iEPG5), to roughly 20% of the level detected in wild
type (WT) or scrambled siRNA (iScr)-treated fibroblasts
(Fig. 3A). The effect of decreased EPG5 expression was assessed
by analyzing the internalization and transport of CpG-FITC.
iScr and iEPG5 fibroblasts were stained with anti-LAMP2

antibody after 30 min, 1 or 2 h of treatment with CpG-FITC.
We observed that EPG5 depletion caused significant accumula-
tion of CpG in tubular structures similar to those detected in
PT1 and PT5 fibroblasts exposed to CpG (Fig. 3B). Quantifica-
tion analysis is shown in Fig. 3C. In summary, lack of EPG5
impairs the transport to CpG-FITC to the LEs and lysosomes,
where TLR9 is located.

EPG5 was originally described as a molecule of the autoph-
agy pathway necessary for the fusion of autophagosomes with
lysosomes.10 Autophagy is indeed defective in Vici syndrome
patients.13 In order to evaluate whether the alterations of CpG
trafficking are also due to defective autophagy, we interfered
with ATG7 expression, thus inhibiting autophagosome forma-
tion. CpG-FITC transport to the lysosomes was not impaired
by depletion of ATG7 (Fig. 3D). Quantification analysis is
shown by a histogram (Fig. 3E).

Interaction of EPG5 with early and late endosomes

CpG DNA is internalized via the clathrin-dependent endo-
cytic pathway and rapidly moves from EEs into the lyso-
somal compartment.26 The data obtained in fibroblasts
show that EPG5 plays a role in the translocation of cargo
from the tubular endosomes to the degradation compart-
ment. We confirmed the results in LCLs from PT1, PT2
and PT3. We treated LCLs with CpG-FITC and stained
them with anti-LAMP2 antibodies after 30 min and 2 h.
We demonstrated, in LCLs from 3 different Vici syndrome
patients, that in the absence of EPG5, CpG failed to colocal-
ize with the LAMP2-positive LE or lysosomal compartment
(Fig. 4A). Quantification analysis of CpG-LAMP2 colocali-
zation is shown by the histogram in Fig. 4A.

In order to describe the precise localization of EPG5 in rela-
tion to EEA1 and LAMP2-positive compartments we trans-
fected HD fibroblasts with a plasmid encoding GFP-tagged
EPG5. As shown in Fig. 4B there was no interaction between
EPG5-GFP and EEA1 (left panel), demonstrating that the 2
molecules belong to 2 distinct cellular compartments. On the
contrary, EPG5 colocalized with LAMP2 (right panel).

To further confirm these results, we transfected EPG5-GFP
into the HEK293T cell line. Images were acquired by confocal
microscopy and 3-dimensional (3D) rendering was performed
on z-stack images. Analysis confirmed the interaction of EPG5
with LAMP2, but not with EEA1 (Fig. 4C). In transfected
HEK293T EPG5-GFP labeled a distinct vesicular complex that
comes in close contact with the LE and/or lysosomal compart-
ment. EPG5-GFP-positive vesicles appeared to incorporate
those expressing LAMP2 in XYZ orthogonal planes of confocal
Z-stacks (Fig. 4D).

NFKB does not translocate to the nucleus in response to
CpG

TLR9 and TLR7 binding DNA and RNA, respectively, are con-
fined in the LEs and/or lysosomes thus ensuring that only
nucleic acid fragments reaching that compartment can initiate
signal transduction. Upon ligand binding the adaptor MYD88
triggers the activation of the signaling cascade terminating with
the phosphorylation of NFKB and its translocation from the
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cytoplasm to the nucleus.27 Nuclear translocation of NFKB is
also induced by engagement of IL1R/IL-1 receptor, located on
the cell surface, by IL1B.

Fibroblasts from HDs, PT1, HD-iScr and HD-iEPG5 were
stimulated for 30 min with IL1B or CpG. NFKB localization
was detected by confocal microscopy. As shown in Fig. 5A,

NFKB was initially located in the cytoplasm of resting cells and
translocated to the nucleus upon stimulation with IL1B. The
response occurs in all fibroblasts tested, demonstrating that the
signalling cascade leading to NFKB nuclear recruitment is
intact in PT1 and in HD-iEPG5 fibroblasts. CpG stimulation is
a less effective signal than IL1B. Recruitment of NFKB to the

Figure 2. Accumulation of CpG. (A) Healthy and PT1 fibroblasts labelled with LysoTracker Red and CpG-FITC. White pixels show the colocalization mask between green
and red fluorescence signals. Graphs depict CpG-LAMP2 colocalization and the mean fluorescence intensity (MFI) of the CpG. Error bars are shown as SEM. (B) Healthy
fibroblasts and those of PT1 treated with fluorescent CpG for 5, 30 min or 5 h. (C) HD and PT5 fibroblasts treated with CpG-FITC for 5 h. EEs are labelled with anti-EEA1
(red) and LEs with anti-LAMP2 (red). Graph shows the mean fluorescence intensity (MFI) of the CpG of healthy (HD) and patient 1 (PT1) cells after 5, 30 min or 5 h. Error
bars are shown as SEM.
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nucleus could be observed only in HD and HD-iScr fibroblasts
(Fig. 5A). Quantification analysis is shown by the histogram
plot (Fig. 5B). The results were confirmed by western blot. In
HD fibroblasts, before stimulation NFKB was detectable only
in cytoplasmic extracts but could be detected both in cyto-
plasmic and nuclear extracts after stimulation with either IL1B
or CpG.

In the fibroblasts of PT1 and HD-iEPG5, NFKB moved to
the nucleus after IL1B, but not after CpG (Fig. 5C). Our results
indicate that EPG5 is necessary for NFKB response to TLR9.

EPG5 role in the transport of DNA and RNA vectors

Our repeated attempts of rescuing the function of EPG5 by
transient transfection of Vici patient’s fibroblasts and LCL with
a plasmid encoding the un-mutated gene failed. Transient
transfections were instead successful in HD cells.

Since the TLR9 ligand CpG is an oligonucleotide, we evalu-
ated whether EPG5 may be necessary for the trafficking of
other DNA and RNA sequences, including transfection and
viral vectors. We infected fibroblasts of HD and PT1 with con-
structs of either RAB5A or RAB7 and emGFP, packaged in the

Figure 3. Silencing of EPG5 and its effect on CpG accumulaton. (A) mRNA and protein level of EPG5 after siRNA treatment. (B) Effect of the silencing of EPG5 on the deg-
radation of CpG-FITC. (C) Graph shows the mean fluorescence intensity (MFI) of the CpG of HD-iScr (iScr) and HD-iEPG5 (iEPG5) cells after 30 min, 1 and 2 h. Error bars are
shown as SEM. (D) Confocal images of CpG-FITC stimulation in HD fibroblasts stained with LAMP2 upon ATG7 interference. Graph shows the mRNA level of ATG7 after
siRNA treatment. (E) MFI of the CpG of HD and HD-iATG7 is shown in the graph.
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double-stranded DNA insect virus Baculovirus (BacMam 2.0
technology, Thermo Fisher). The constructs are normally used
to visualize EEs (RAB5A) or LEs (RAB7). The expression of the
proteins encoded by the plasmid requires the transport of bacu-
lovirus particles to the LE,28 plasmid release and import into
the nucleus. We compared the efficiency of BacMam 2.0 tech-
nology in HD and PT1 fibroblasts. PT1 showed a much lower
frequency of infected cells compared to HD. A lentivirus
expressing GFP was used to measure the efficiency of RNA
transport.29 Also in in this system PT1 fibroblasts showed a
reduced capacity to be transfected (Fig. 6A and B). Thus, lack
of EPG5 impairs the efficient infection by DNA and RNA

viruses required in transient transfection. These findings indi-
cate a key role of EPG5 in the intracellular trafficking of nucleic
acids. In contrast, protein transport was not affected by EPG5
mutation (Fig. S3).

EPG5 sequence homology

The key role of EPG-5 in autophagy was first described in
C.elegans.10 The human homolog significantly differs from
the C. elegans epg-5 gene for the different length of the
encoded proteins, consisting of 2579 and 1599 amino acids,
respectively. We found, however, high homology between

Figure 4. Interaction of EPG5 with autophagy molecules. (A) LCL of HD, PT1, PT2 and PT3 treated with CpG-FITC and labelled with anti-LAMP2 (red). Colocalization can be
seen in yellow pixels (high magnification in insets). Graph shows colocalization between CpG and the lysosomes. Error bars are shown as SEM. (B) EPG5-GFP labeling in
healthy fibroblasts did not overlap with EEA1 vesicles distribution, but colocalized with lysosomes stained with LAMP2 antibody (red). (C) 3D surface reconstruction of
confocal image stacks of HEK293T cells transfected with a plasmid encoding EPG5-GFP and stained for EPG5 and EEA1 or LAMP2 antibodies showed a significant colocali-
zation between EPG5 and lysosomes (arrows). (D) Z-reconstructions of confocal images (upper panel) of HEK293T cells transfected with a plasmid encoding EPG5-GFP
and labeled with anti-LAMP2 antibody. XZ and YZ orthogonal planes (lower panel) of Z-stacks in higher (left) and central (right) focal planes showed that EPG5 clearly
colocalized with lysosomes, with their content and/or around them (arrows).
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the entire C. elegans protein sequence and a similarly long
portion of the human EPG5 sequence starting from its N
terminus. Secondary structure regions are predicted in the
human EPG5 protein, also in the region exceeding the C.
elegans homolog part. We found that in C. elegans and
other worms (mainly Caenorhabditis species) a protein dis-
tinct from that encoded by the epg-5 gene presented statisti-
cally significant homology and comparable length with the
human C-terminal region (Fig. 7A). Thus, the human EPG5
protein may be composed of 2 distinct domains that are
split into 2 distinct proteins in some worms.

In order to further characterize the sequence of human
EPG5 the hydrophobic moment plots were calculated for all
predicted helices in domain 1 and domain 2 (Fig. 7B). In

domain 1, there was an increased clustering towards more
hydrophilic helices and high hydrophobic moments, which
might suggest the presence of “surface active” helices
(Fig. 7B).30 In particular, these were more abundant at both
extremities of domain 1, which is characterized by the presence
of groups of predicted helices of much greater length than in
other regions of EPG5. By considering that EPG5 might
actively participate in membrane fusion these regions appeared
to be the best candidates for this function. Interestingly, their
hydrophobic moment presented a significant overlap with
those of protein regions exerting membrane remodeling activity
such as the Bar domain of SNX1 (sorting nexin 1),31 F-actin
binding domain IMD of mim (missing-in-metastasis),32 and
the NheA component of Nhe toxin (Fig. 7C).33 Conversely,

Figure 5. NFKb pathway. (A) Anti-NFKB (red) immunofluorescence in fibroblasts (HD, PT1, iScr and iEPG5) untreated and stimulated with IL1B or CpG. Graphs show mean
fluorescence intensity (MFI) of NFKB in the nucleus after IL1B or CpG treatment. Error bars are shown as SEM. (B) Western blot analysis of NFKB performed on untreated
and treated fibroblast nuclear/cytoplasm extracts. GAPDH was used as a cytoplasm purification control and LMNB (lamin B) as a nuclear purification control.
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domain 2 of EPG5 appeared to be devoid of helices presenting
both increased hydrophilicity and high hydrophobic moments,
and most of the points of its plot clustered more similarly to
those of some representative karyopherins (XPO1/CRM1,
KPNB1, TNPO3) (Fig. 7C). This latter similarity allowed us to
hypothesize that domain 2 of EPG5 might work as a
karyopherin.

The nuclear/cytoplasmic transport function of karyopherins
requires the interaction with the GTP-binding nuclear protein
RAN.34–36 In order to investigate the predicted karyopherin-
like function of EPG5, we performed co-immunoprecipitation
(co-IP) experiments to verify whether EPG5 interacts with
RAN. We demonstrated, in HD and PT1 fibroblasts and in
HEK293T cells overexpressing GFP-tagged EPG5, that EPG5
physically interacted with RAN as seen in the reciprocal experi-
ments. XPO1/CRM1-RAN co-IP was performed as a positive
control (Fig. 7D). In order to verify whether domain 2 was nec-
essary for the interaction with RAN, we produced a deleted-
domain 2 EPG5 protein tagged with GFP. We performed co-IP
experiments in HEK293T cells overexpressing GFP-tagged
deleted domain 2 EPG5, and found that domain 2-deleted
EPG5 lost the ability to interact with RAN (Fig. S4).

By 3D rendering of confocal Z-reconstructions we observed
EPG5 immuno-staining localized over the nuclear membrane
(Fig. 7E, left column); further double labeling with EMD
(emerin), a marker of the nuclear envelope and western blot
analysis demonstrated that EPG5 was present both in cyto-
plasmic and nuclear extracts (Fig. 7E). Thus, within the cell
EPG5 may also act as a karyopherin facilitating the transport of
molecules across the nuclear membrane.

Discussion

A link between autophagy and immunity20,37–39 has been
hypothesized and demonstrated in several cellular and animal
models. For the first time we elucidate the molecular basis of
this link in Vici syndrome, a human multi-system disorder
comprising immunodeficiency, due to mutations in a primary
autophagy gene. The mutated gene, EPG5, ensures autophago-
some fusion specifity to both lysomes and late endosomes
through its role as a RAB7 effector.14 Accumulation of auto-
phagosomes and failure of cellular and tissue maintenance
explain many of the symptoms and histopathological findings
in Vici syndrome. Immune deficiency is an integral part of the
disease and infections are a frequent cause of death in Vici syn-
drome patients.

The role of autophagy in the immune system is complex.
Autophagy is involved in the delivery of microorganisms to
lysosomes (xenophagy) and the subsequent trafficking events
that activate immunity.38 As indicated by observations in a
knockout mouse model, ATG5 a molecule involved in autopha-
gosome formation, is important for T-cell survival and prolifer-
ation.40 The specific deletion of Atg5 in the B lineage
demonstrates a role of autophagy in the pro- to pre-B cell tran-
sition in the bone marrow and in the maintenance of B-1a B
cells in the periphery.41

We found that Vici syndrome patients had an extreme
reduction of switched and IgM memory B cells (Fig. 1C), the
B-cell populations that ensure protection against previously

encountered and still unknown pathogens, respectively.42 Lack
of memory B cells is associated with increased susceptibility to
infection and hypogammaglobulinemia in several human con-
ditions.43 Human IgM memory B cells are functionally equiva-
lent to the murine B-1a B cells.42 Whereas switched memory B
cells are generated by the adaptive immune response in the ger-
minal centers, IgM memory B cells differentiate from transi-
tional B cells upon TLR9 signaling.24 TLR9 is also required for
the maintenance44 of both IgM and switched memory B cells.
In vitro memory B cells proliferate and differentiate into plasma
cells upon exposure to the TLR9 ligand CpG.24 TLR9 is located
in the LEs. CpG, after entering the cells through clathrin-coated
pits, is rapidly transported through the EEs into the LEs where
receptor recognition occurs and signal transduction initiates.

The precise function of EPG5 in the immune system has not
been demonstrated to date. Functionally, EPG5 is supposed to
be located downstream of the constitutive ATG12–ATG5 com-
plex.45 The latter is necessary not only for autophagosome for-
mation but also for the biogenesis of late endosomes and
lysosomes.46 During autophagy EPG5 is indispensable for the
fusion of autophagosomes with lysosomes, and, ultimately,
cargo degradation.

Here we show that EPG5 also plays autophagy-independent
roles in the trafficking of molecules from the EEs to LEs and
lysosomes. In agreement, depletion of ATG7, that results in the
suppression of the autophagy pathway,47 did not affect CpG
transport to the lysosomes (Fig. 3D).

We found that EPG5 is necessary for the translocation of
CpG from the tubular endosome to LEs and lysosomes where
the TLR9 receptor is located (Fig. 2 and 3B). LEs and lysosomes
act as signaling platforms for TLR9 and TLR7,48 both specific
for nucleic acids, DNA and ssRNA, respectively. The location
of TLR9 and TLR7 in this type of vesicles is thought to be a
measure that prevents inappropriate and dangerous responses
to autologous nucleic acids while preserving the possibility to
react to foreign DNA and RNA.49 During viral infection, patho-
gen nucleic acids reaching the LEs and/or lysosomal compart-
ment trigger the protective interferon response by signaling
through TLR9 and TLR7.50

We show that mutations or downregulation of EPG5
impaired signaling by TLR9 and TLR7, thus inhibiting NFKB
nuclear translocation (Fig. 5). By using fluorescent CpG we
show that the failure of signal transduction depended on the
inability of the ligand to reach the LEs and/or lysosomes. CpG
remained entrapped in the tubular endosomes, which in turn
increased in size because of ligand engulfment (Fig. 2). We also
showed that viral vectors based on DNA (baculovirus) and
RNA (lentivirus) failed to transduce EPG5-mutated cells
(Fig. 6), thus demonstrating that nucleic acid transport to the
LEs and/or lysosomes required EPG5.

epg5-/- mice are resistant to influenza infection, a feature that
has been attributed to the increased cytokine levels and consti-
tutive activation of the adaptive immune system in the lung.51

We confirm that also in humans cytokine levels are high in the
absence of EPG5, but additional mechanisms may explain this
resistance. Our findings demonstrate that viruses are unable to
reach the acidic endosomes52 in the absence of EPG5, thus
aborting infection. Indeed, Vici syndrome patients are rarely
infected by influenza.51 Recurrent pulmonary infection are
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more often of bacterial origin and may be facilitated by the
reduction of memory B cells.43 The high levels of inflammatory
cytokines demonstrated in mice51 and humans (Fig. 1E) with
Vici syndrome may be explained by the role of EPG5 in the

final steps of endosomal maturation. TLR-induced activation is
terminated by the degradation of signaling endosomes, a step
that requires their fusion with lysosomes. As recently demon-
strated in ARC (arthrogryposis, renal dysfunction and

Figure 7. Conservation analysis, predicted secondary structures, and hydrophobic moment plots of the EPG5 protein. (A) Plot of the amino acid identities between EPG5
protein from various organisms and human EPG5 protein as obtained from multiple sequence alignment. For each sequence, PRSS scores are reported (versus the human
protein), and for proteins showing poor homology (PRSS scores � 10-6) these scores were also calculated versus the Capitella teleta protein and indicated in red. The col-
ored connectors join pairs of non-overlapping sequences (named domain 1 and domain 2) found for the same organism and encompassing, taken together, the full struc-
tured region of EPG5 as inferred from secondary structure predictions by PSIPRED (shown in [B] together with the plot of the mean hydrophobicity calculated with a
sliding 11-residue-long window). (C) The hydrophobic moment plots calculated for different residue ranges of human EPG5, and, for comparison, also for the known heli-
cal regions of protein domains involved in membrane remodeling (the Bar domain of human SNX1, the F-actin binding domain IMD of mim, and the NheA component of
Nhe toxin) and of some characterized karyopherins (human KPNB1, human TNPO3, and human XPO1). The Protein Data Bank accession codes used to extract the informa-
tion of the helical regions for these proteins are indicated in parentheses below the protein names. It can be noticed that the mean hydrophobic moments for helices in
domain 1 and domain 2 of EPG5 cluster differently: EPG5 domain 1 presents an enrichment of helices towards increased hydrophilicity and high hydrophobic moments
that are more similar to those of membrane-remodeling proteins, whereas EPG5 domain 2 shows a clustering resembling more that of karyopherins. (D) Immunoprecipi-
tation with anti-EPG5 or -GFP or anti-RAN antibodies resolved with anti-RAN or anti-EPG5, respectively, and the reciprocal experiment. The same experiment was per-
formed for the XPO1/CRM1-RAN interaction. WCE, whole-cell extract. (E) 3D rendering of HEK293T cells labelled with anti-EPG5 antibody showing its perinuclear
distribution (left panel). Nuclear and cytoplasm distribution of EPG5 by immunofluorescence (in HEK293T cells) with EMD antibody (right panel) and by western blot in
fibroblasts and LCL of HD (right panel). LMNB and GAPDH were used as reference markers for nuclear and cytoplasmic extracts, respectively.
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cholestasis) syndrome, a multi-system disorder of cellular traf-
ficking, when the ultimate degradation of TLR-ligand com-
plexes is impaired, the duration of TLR signaling is prolonged
and inflammatory responses become exaggerated.53 A further
role of TLR9 signaling in the autophagy pathway has been
demonstrated by the evidence that lysosomes sense the incom-
ing autophagic cargo through TLR9, triggering the downstream
signaling pathway and NFKB translocation.54 Thus the TLR9
signaling platform, located in the LEs and lysosomes, is the bot-
tleneck where autophagy and immunity converge.

Our findings identify Vici syndrome as a paradigm of
human multi-system disorders associated with defective
autophagy. The wide range of clinical manifestations suggests
that EPG5 is a pivotal protein not only within the autophagic
machinery but also in the immune system and cellular traffick-
ing in different tissues. The role of EPG5 in the translocation of
extracellular ligands to TLRs contained in the LEs and lyso-
somes explains the extreme reduction of memory B cells and
the consequent immune deficiency.

Whereas it is clear that EPG5 plays a role in the mainte-
nance of the memory B-cell pool, further studies are necessary
to investigate its possible function in the generation of memory
B cells in the germinal centers. Antigen presentation to T and B
cells initiates the germinal center reaction and, in the later
stages of the process, is indispensable for the selection of high-
affinity memory B cells. All these mechanisms may be defective
in EPG5-deficient individuals, because macroautophagy medi-
ates antigen uptake, transport and digestion into peptides to be
loaded onto major histocompatibility complex class II mole-
cules for presentation.37,39

The analysis of the amino acid sequence of human EPG5
predicts at least 2 distinct domains, both densely populated by
helices, the first of which also inclusive of amphiphilic ones and
the second resembling a karyopherin. Proteins containing
amphiphilic helices can be involved in membrane remodeling
and vesicle formation, a function that explains the engagement
of EPG5 in autophagy and signaling through TLR located in
the LEs. As to the function of the karyopherin-like domain 2,
our preliminary experiments indicated that EPG5 was located
over the nuclear membrane and interacted with RAN (Fig. 7
and S4). Karyopherins mediate the bidirectional transport of
proteins and nucleic acids, including microRNA, between the
cytoplasm and the nucleus.55 Further experiments are necessary
to investigate the possible contribution of EPG5 in this
function.

Here we provide the evidence that the mutation of a single
molecule indispensable for vesicle transport interrupts both the
autophagic and TLR7-TLR9 pathway causing a human multi-
system syndrome with immune deficiency.

Materials and Methods

Subjects and cell lines

A total of 7 patients with Vici syndrome were enrolled in this
study. Informed consent was obtained from patients’ parents
or legal guardians, as well as from the HDs. Informed consent
was obtained from the children’s parents and the study was
performed following the guidelines of the Declaration of

Helsinki. PBMCs were isolated using Ficoll-Paque Plus (Euro-
bio, CMSMSL01-01) density-gradient centrifugation. Briefly,
4 ml of Ficoll-Paque Plus gradient was pipetted into 2 15-ml
centrifuge tubes. The heparinized blood was diluted 1:1 in
phosphate-buffered saline (PBS; Euroclone, ECB40042) and
carefully layered over the Ficoll-Paque gradient (9 to 10 ml/
tube). The tubes were centrifuged for 20 min at 1020 x g. The
cell interface layer was harvested carefully, and the cells were
washed twice in PBS for 10 min at 640 x g followed by 5 min at
470 x g, and resuspended in RPMI 1640 medium (Euroclone,
ECB9006L) containing 10% fetal bovine serum (FBS; Euro-
clone, ECS0180L).

B cell lines (lymphoblastoid cell lines [LCL]) were obtained
after incubation of the PBMCs from the patients and HDs with
Epstein-Barr virus. LCLs were maintained in RPMI medium con-
taining 10% FBS. We were also able to obtain fibroblasts from
patients 1 and 5, which were cultured in DMEM medium (Euro-
clone, ECM0102L) with 10% FBS. Moreover we kept in culture
the HEK293T cell line in RPMI medium containing 10% FBS.

RNA, cDNA preparation

Total RNA was isolated from LCL or fibroblasts of patients and
HD using RNeasy Plus Mini kits (Qiagen, 74134). RNA was
transcribed into cDNA using the SuperScriptTM III First-Strand
Synthesis System for RT-PCR and random hexamers (Thermo
Fisher Scientific, 18080051).

qRT-PCR

All samples were run in triplicate in a 15-mL reaction volume
containing 2x TaqMan Universal PCR Master Mix (Thermo
Fisher Scientific, 4304437), 20x primers from Integrated DNA
Technologies (ACTB, EPG5, TLR7, TLR9, ATG7), 25 ng of
cDNA and water. The PCR was run in the Abi Prism 7900 HT
Fast Real Time PCR System (Thermo Fisher Technologies)
using the following amplification parameters: 10 min at 95 oC
followed by 40 cycles of 15 sec at 95 oC, and 1 min at 60 oC.

Western blot

Total cell pellets from fibroblasts and LCLs were lysed with
RIPA buffer [150 mM NaCl (Sigma, S9625), 1% NP-40 (Sigma,
74385), 0.5% sodium deoxycholate (Sigma, D5670), 0.1% SDS
(Sigma, L3771), 50 mM Tris-HCl (Fisher Molecular Lab, FST-
1503) pH 8, 1 mM PMSF (Sigma, 010837091001), 1 mM
EDTA (Sigma, 1233508), 50 mM NaF (Sigma, 57920), 50 mM
Na3VO4 (Sigma, 56508) and protease inhibitors [Merck,
11836170001]). Cell lysates were incubated on ice for 20 min
and clarified by centrifugation at 21,913 x g or 20 min.
Nuclear/cytoplasm extracts were incubated on ice for 10 min
with buffer A (10 mM HEPES [Sigma, H3375], 10 mM KCl
[Sigma, P9541], 0.2 mM EDTA, 1 mM DTT [Merck, DTT-
RO], 0.3% NP-40, 1 mM Na3VO4, and protease inhibitors) and
clarified by centrifugation at 1006 x g or 5 min. The harvested
supernatants were cytoplasm extracts. Pellets were resuspended
with buffer A without NP-40 and washed 3 times. Then the pel-
lets were incubated on ice for 10 min with buffer B (20 mM
HEPES, 400 mM NaCl, 2 mM EDTA, 1 mM DTT, 0.3%
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NP-40, 1 mM Na3VO4, and protease inhibitors) and clarified
by centrifugation at 21,913 x g or 5 min. Supernatants were col-
lected as nuclear extracts. Cell extracts obtained were boiled for
5 min at 95�C and analyzed by SDS-PAGE. Samples were
transferred onto nitrocellulose membrane (Immunological Sci-
ences, WB-RR-113). Blots were probed with primary antibodies
(anti-EPG5 from Merck (PA031689), anti-NFKB, and anti-
GAPDH from Cell Signaling Technology (respectively, 8242
and 2118S) washed and developed with HRP-conjugated rabbit
or mouse secondary antibodies (Cell Signaling Technology,
7074S and 8887S), as appropriate.

Cell stimulation

Sorted cells were labeled with 0.1 mg/ml CMFDA (Thermo
Fisher Scientific, C2925) and cultured at 2–3 x 105 cells per well
in 96-well plates in complete RPMI medium supplemented
with 10% FBS. Human CpG oligodeoxynucleotides (Hycult
Biotechnology, HC4039) were used at the optimal concentra-
tion of 2.5 mg/ml. Cell proliferation was measured on day 5 by
FACSCalibur flow cytometer (BD Biosciences).

The day before the experiment 50,000 fibroblasts (HD, PT1,
iEPG5) were seeded on an 8-chamber CultureSlide (BD Falcon,
354118) and cultured overnight in complete DMEM. CpG and
IL1B/IL1beta (R&D System, 201-LB; 2.5 ng/ml) stimulation
was performed for 30 min to detect NFKB translocation by
immunofluorescence.

Stimulation with CpG labeled with FITC (Invivogen, tlrl-
2006f) was performed in the same way as the unlabeled CpG
for 30 min, 1 or 5 h. Ovalbumin labeled with FITC (Miltenyi
Biotec, 130-094-663) was added following the manufacturer’s
instructions.

FACS analysis

To identify B cell subsets, PBMCs were stained with the appropri-
ate combinations of fluorochrome-conjugated antibodies for
CD19 (641395), CD24 (563371), CD27 (555441), CD38 (562444)
from BD Bioscence and IgM from Jackson ImmunoResearch
(109-606-129) to identify memory (CD27+ IgM+ and CD27+

IgM-), mature-na€ıve (CD27- IgM+), transitional B cells (CD24+

CD38+) and plasma cells (CD27++ IgM+ and CD27++ IgM-) in
control wells and CpG-stimulated cultures of PT1 and HD.

Immunofluorescence

Cells (fibroblast, LCLs or HEK293T) were spotted on poly-L-
lysine-coated glass slides (Sigma, P045-72EA) and fixed at 4�C
for 10 min in 4% paraformaldehyde. Cells were permeabilized
for 10 min in 0.1% Triton X-100 (Sigma, X100) and blocked
for 1 h in PBS with 5% BSA (Sigma, A8022). After 3 washes in
PBS, cells were incubated overnight at 4�C with primary anti-
body: anti-EEA1 (BD Bioscience, 610456), anti-LAMP2 (Santa
Cruz Biotechnology, sc-18822), anti-RAB11A (Cell Signaling
Technology, 2413S), anti-NFKB and anti-EPG5. After incuba-
tion, the cells were washed 5 times with PBS. Then secondary
antibody, goat anti-mouse Alexa Fluor 555 (red) or goat anti-
rabbit Alexa Fluor 555 (Thermo Fisher Scientific, A21425 and
A21430, respectively), was added for 1 h at room temperature.

To stain DNA, Hoechst dye (Merck, 33258) was used at a
final concentration of 1 mg/ml. Cells were washed extensively
in PBS and slides were mounted in 50% glycerol in PBS.

In time-lapse experiments, fibroblasts were incubated with
LysoTracker Red (Thermo Fisher Scientific, L7528) 1:5000
diluted in DMEM, at 37�C for 30 min, to label lysosomes.

Confocal microscopy

Confocal microscopy was performed on a Leica TCS-SP8X
laser-scanning confocal microscope equipped with a resonant
scanner (Leica Microsystems), a white light laser (WLL) source
and a 405-nm diode laser. Sequential confocal images were
acquired using a HC PLAPO 63x oil immersion objective (1.40
numerical aperture, Leica Microsystems) with a 1024£1024
format, and z-step size of 0.3 mm. Z-reconstructions were
imported into LAS AF 3D Analysis (Leica Microsystems) soft-
ware to obtain their 3D surface rendering. Confocal time-lapse
microscopy was performed with a stage incubator (OkoLab)
making it possible to maintain stable conditions of tempera-
ture, CO2 and humidity during live cell imaging. The colocali-
zation degree between fluorescent signals was estimated using
overlap coefficient according to Manders, that indicates the
actual overlap of the signals, and it was performed using LAS X
colocalization module software (Leica Microsystems).

Toll-like receptor stimulation

PBMCs of PT1 and of age-matched HDs were stimulated with
specific ligands for different TLRs. In particular we used the fol-
lowing agonists that belong to Human TLR1-9 Agonist Kit
(Invivogen, trlr-kit1lw): HKLM (Heat Killed Listeria monocyto-
genes for TLR2; LPS (lipopolysaccharide) of E. coli for TLR4;
FLA (flagellin from Salmonella) for TLR5; FSL-1 (synthetic
Mycoplasma lipoprotein) for TLR6-TLR2; polyI(IC) LMW
(synthetic analog of viral dsRNA) for TLR3; ssRNA for TLR8,
ODN (synthetic oligonucleotides to single-stranded DNA) for
TLR9, and IMIQ (imiquimod) for TLR7. After treatment, the
supernatant was collected and the concentration of 4 different
cytokines (IL6, IL10, TNF/TNFa, IL1B/IL-1b; R&D systems,
D6050) was measured by ELISA.

siRNA

siRNA oligonucleotide duplex targeting human EPG5 (3 differ-
ent) and negative control siRNA (scrambled) were purchased
from Origene (SR311692). siRNA oligonucleotide duplex tar-
geting human ATG7 (Dharmacon) were kindly provided from
Dr. A. Ballabbio (Telethon Institute of Genetics and Medicine-
TIGEM). HD fibroblasts were seeded in 60-mm dishes and
transfected with siRNA (25 nM) in the presence of Oligofect-
amine reagent (Thermo Fisher Scientific, 12252011), following
the manufacturer’s procedures. The effect of the silencing was
measured with qPCR.

Transfection

GFP-tagged plasmid with EPG5 was obtained from Origene
and a mutant version deleted for domain 2 (exon 25 to exon
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44) was obtained by NheI-XhoI double digestion, followed by
Klenow fragment filling in and ligation. HD fibroblasts or the
HEK293T cell line were transfected using Lipofectamine 2000
reagent (Thermo Fisher Scientific, 11668027), following the
manufacturer’s procedures.

Lentivirus infection

The day before the experiment, 50,000 fibroblasts (HD, PT1,
iEPG5) were seeded on an 8-chamber culture slide and cultured
overnight in complete DMEM containing 10% FBS. After
removal of the medium, GFP-tagged lentivirus was added to
the cells for 8 h at 37�C. Cells were evaluated by
immunofluorescence.

Baculovirus infection

CellLight® Early or Late Endosomes-GFP, BacMam 2.0 was
used to infect HD and PT1 fibroblasts following the manufac-
turer’s procedures. Cells were evaluated by
immunofluorescence.

EPG5 protein sequence alignment

The search for homologous EPG5 protein sequences was made
as follows: The human EPG5 sequence was queried against the
UNIPROTKB database using the blosum 45 scoring matrix
and filtering out low-complexity contributions. After removing
proteins labeled as fragments, sequences were aligned with
Mafft (v.7)56 with the local-pair strategy and max 1000 itera-
tions. Redundant sequences belonging to a same organism
were pruned, eliminating the shorter ones (likely representing
fragments or shorter isoforms). Sequences aligning to human
EPG5 at amino acid ranges that were not consistently matched
by at least one other protein of a distinct organism were also
considered as fragments and removed. To further reduce
redundancy, most of the higher organism sequences were elim-
inated. Sequences with very low amino acid identity relative to
human EPG5 were retained if statistically significant homology
could be inferred by means of PRSS scoring using the FASTA
package v.36.3.8c57 with 1000 shuffles employing the VT200
matrix. The remaining sequences were re-aligned with the
same method as indicated above, and the set of sequences was
manually reduced to produce the final alignment (for clarity,
amino acid columns corresponding to insertions relative to the
human sequence were not displayed).

Hydrophobic moment plots

The hydrophobic moment was calculated according to Eisen-
berg et al.58 as:
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where N is the length of the helical region (N=11 was used,
approximately corresponding to 3 turns of an a-helix), Hn the

hydrophobicity of residue number n (the consensus hydropho-
bicity scale in the above reference was employed), and d is the
angle at which the side chains of 2 consecutive residues depart
from the backbone axis (d=100� was used for the a-helical
regions). Hydrophobic moment calculations were made for
every protein position by sliding the 11-residue long window
(stepping by 1 amino acid across the protein sequence) and val-
ues were recorded for a given position only if the relative win-
dow covered a fully helical region (helical ranges were
predicted with PSIPRED for EPG5, and determined from struc-
tures deposited in the Protein Data Bank, for other proteins).
The mean m(H) was calculated by dividing by 11 (the adopted
helical window length). Finally, the mean m(H) values were
plotted versus the mean hydrophobicity (mean H) values also
calculated for 11-residue long windows.

Co-immunoprecipitation

Cells were harvested, washed with ice-cold PBS and lysed with
a co-IP buffer (137 mM NaCl, 1% NP-40, 20 mM Tris-HCl, pH
8, 10% glycerol, 1 mM PMSF, 1 mM CaCl2, 1 mM MgCl2,
50 mM NaF, 1 mM Na3VO4 and protease inhibitors). Antibod-
ies to EPG5, GFP, RAN or XPO1/CRM1 were conjugated to
protein A/G following overnight incubation at 4�C (Thermo
Fisher Scientific, 21186). The antibody-coupled resin was incu-
bated with cell lysates (2 mg/sample) for 4 h at 4�C. Immune
complexes were boiled with 30 l of loading buffer (2X) for
5 min at 95�C. Total proteins and immune complexes were sep-
arated by 10% SDS-PAGE and transferred to nitrocellulose.
Membranes were blocked with 5% w/v non-fat dry milk and
incubated with appropriate dilutions of anti-EPG5, anti-RAN,
anti-GFP or anti-XPO1/CRM1 antibodies, following the manu-
facturer’s instructions. Membranes were probed with horserad-
ish peroxidase (HRP)-conjugated secondary antibodies and
were treated with ECL reagent (Thermo Fisher Scientific,
32106). Total cell lysates served as a loading control.

Statistical analysis

The unpaired Student t test was applied to analyze the statisti-
cal difference. A level of p < 0.05 was considered significant.
Interval of significance: �p<0.05; ��p<0.01; ���p<0.001. TFor
qRT-PCR, the 2-DDCt method was used for relative quantifica-
tion, and the target gene was normalized to an endogenous
control (ACTB).

Abbreviations

ATG autophagy-related gene
CpG unmethylated cytosine-phospate-guanine
Co-IP co-immunoprecipitation
EE early endosome
EEA1 early endosome antigen 1
EPG5 ectopic P-granules autophagy protein 5

homolog
FITC fluorescein isothiocyanate
GAPDH glyceraldehyde 3-phosphate dehydrogenase
HD healty donor
IL interleukin
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LAMP lysosomal associated membrane protein
LCL lymphoblastoid cell lines
LE late endosome
NFKB nuclear factor kappa B
KPNB1 karyopherin subunit beta 1
PBMC peripheral blood mononuclear cells
PT patient
RAN RANmember RAS oncogene family
SCR scrambled
TLR toll kike receptor
TNPO3 transportin 3
XPO1/CRM1 exportin 1
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