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Introduction

The autophagy-lysosomal pathway is an important mechanism 
for regulating homeostasis of intracellular long-lived proteins and 
organelles.1,2 Macroautophagy delivers damaged proteins and 
organelles to the lysosome via double-membrane vesicles called 
the autophagosomes, which then fuse with lysosomes to com-
plete the process.3 Failure at any of the steps in this process may 
lead to accumulation of toxic, structurally disruptive and energy-
draining structures and cellular components. Ultimately, cells in 
which damaged proteins or organelles accumulate die because 
of bioenergetic and metabolic dysfunction. This autophagy-lyso-
somal degradation process is particularly important for nervous 
system function and neuronal survival because of the nondivid-
ing nature of postmitotic neurons. Aging brains exhibit reduced 
lysosomal function and, in neurodegenerative diseases, increased 
accumulation of macroautophagic vesicles has been observed in 
postmortem patient brains compared to normal controls.4-7

Because of the importance of macroautophagy and lyso-
somal activities to cellular functions, it is expected that the two 
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processes are coordinately regulated in many situations to ensure 
high efficiency of clearance of excessive and damaged proteins 
and organelles. A candidate gene approach to identify such tar-
gets has clear limitations given the very large number of proteins 
involved in both pathways. For example, both macroautophagy 
and lysosomal function are induced under nutrient deprivation 
and stress to degrade proteins, lipids, nucleic acids and patho-
gens.8-11 For this reason, even at this early stage in autophagy/
lysosomal research a computational systems biology approach 
may reveal new and unpredicted interactions which cannot be 
identified by manual inspection of the overwhelming number 
of potential candidate proteins. How autophagy and lysosomal 
genes functionally interact, and how they are regulated to achieve 
synergy and flexibility in response to diverse physiological and 
environmental stimuli is not well understood. Here we describe 
the insights obtained from a computational data analysis of the 
literature and mining of the relevant databases. An integrative 
systems biology approach can improve the understanding of 
the molecular basis of disease. For instance, how does dysfunc-
tion of lysosomal genes affect multiple steps of the integrated 
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the autophagy-lysosomal pathway. Most striking was the role 
of SREBP1 as a potential regulatory link between the known 
autophagy-lysosomal pathway and lipid metabolism. The emer-
gence of microRNAs as regulatory elements in a broad range 
of biological processes is now challenging our ideas of biologi-
cal regulation in a number of fields.25 Our analysis revealed a 
potentially novel role for the microRNA, miR-124, in calpain 
regulation, which is a calcium-regulated protease important in 
autophagy.26 The extension of our analysis to pathology identi-
fied diseases for which a connection to the autophagy-lysosomal 
pathway has been suspected. Among these pathophysiological 
processes are Alzheimer and Parkinson diseases, tuberous scle-
rosis, neuronal ceroid-lipofuscinoses, sepsis and lung, liver and 
prostatic neoplasms. Extending these studies to the 43 reported 
murine knockouts of the autophagy-lysosomal genes identified 
in our analysis, we found that they all exhibited multiple abnor-
malities in the central nervous system. The implications of these 
findings for understanding the role of the autophagy-lysosomal 
system in the pathogenesis of neuronal and developmental dis-
ease are discussed.

Results and Discussion

overview of mammalian autophagy-lysosomal genes and 
their functional interactions. As a first step in examining the 
functional and regulatory interactions modulating the autoph-
agy-lysosomal pathway, we compiled relevant genes from the 
established databases, including Gene Ontology,27 an autophagy 
database (http://autophagy.lu), KEGG pathways28 and litera-
ture3,8,29,30 for both human and murine data. This resulted in 
a total of 416 genes that included 38 genes with functions in 
autophagy, 161 autophagy regulators, 64 genes with a role in the 
lysosomal function or pathways, and 167 lysosomal regulators 
(sup. materials table 1). The intersection of these four catego-
ries of genes (autophagy, autophagy regulators, lysosome and 
lysosomal regulators) is shown in the Venn diagram in Figure 
1a. Interestingly, the four groups do not have extensive over-
lap based on existing literature and Gene Ontology, indicating 
that biological regulation is integrated at relatively few key steps. 
In Figure 1B the putative transcription factors and microR-
NAs with potential functional involvement in the autophagy-
lysosomal pathway are shown with their potential interactions. 
We found the most prominent putative transcription factors 
and microRNAs that may coordinately regulate many of these 
autophagy-lysosomal genes included SREBP1, USF, AP-1, NFE2 
and miR-130, 98, 124, 204 and 142 (Fig. 1B). We placed the 
symbol “V$” before the iDs of transcription factor binding sites 
in the diagram in this figure.

transcriptional regulation of autophagy-lysosomal genes. 
The computational analysis of the autophagy-lysosomal gene 
promoters identified several putative transcription factor bind-
ing sites (from the approximately 400 known transcription factor 
binding sites). Figure 2a illustrates in more detail the relation-
ship between the binding sites for specific transcription factors—
SREBP1, USF, AP-1 and NFE2—and the autophagy-lysosomal 
genes they potentially regulate. We again placed the symbol 

autophagy-lysosomal pathway and contribute to disease suscep-
tibility and pathogenesis? As an example, mutation of lysosome-
associated membrane protein-2 (LAMP2) causes abnormalities 
in autophagosome-lysosome fusion and accumulation of auto-
phagic vesicles,12 which leads to Danon disease with accelerated 
tissue degeneration in heart, muscle and brain.12 Likewise, muta-
tions in the lysosomal enzyme cathepsin D lead to Batten dis-
ease, characterized by lysosomal storage of lipofuscin.13,14 Genetic 
models of cathepsin D-deficient animals accumulate alpha-synu-
clein and autophagic vesicles.15-17 Both LAMP2 and cathepsin D 
mutations affect not only the lysosomes but also autophagy and 
lipid metabolism,18-20 further emphasizing the potential value of 
an integrated analyses of genes, biological pathways and disease 
connections. Furthermore, loss-of-function mutations in NPC1 
and NPC2 that encode lysosomal acid sphingomylenases lead 
to Niemann-Pick Type C (NPC) disease, with accumulation of 
cholesterol and other lipids in late endosomes and lysosomes in 
virtually every tissue including the brain. In addition, increase of 
Beclin 1, autophagic vacuoles and LC3II were prominently asso-
ciated with the tissue pathologies associated with NPC.21 Under 
certain conditions, macroautophagy and lysosomal activities 
may be independently regulated because in addition to macro-
autophagy, substrates for lysosomal degradation also arrive from 
endocytosis and phagocytosis.1,3 In short, the complexity of the 
physiological and pathological pathways calls for a systems biol-
ogy approach to better understand the interconnections of genes, 
gene regulation, signaling pathways and disease pathogenesis.

We are fully aware that the incomplete state of current gene 
annotations raises two critical questions: first, how do the exist-
ing gaps in current knowledge affect our ability to develop 
effective computational approaches focusing on knowledge inte-
gration, and second, how can we draw any conclusions or assess 
the performance of our approach when much of the ground 
truth is either obscure or yet to be established? We believe that 
the strength of our approach is in the manually compiled list of 
autophagy-lysosomal gene sets derived by mining existing anno-
tations in the Gene Ontology, Pathways and literature. Previous 
studies have shown that incompleteness of gene annotation 
repositories does not necessarily impair computational function 
prediction. However, it can hamper comparative performance 
evaluation of different techniques.22 There are several reports of 
systems biology-based approaches to study the autophagy-lyso-
somal system. For example, proteomics studies have identified a 
complex network of interacting proteins in the autophagy system 
requiring a complementary transcriptional regulatory mecha-
nism that is currently poorly understood.23 Previous studies24 
analyzed lysosomal genes and identified a transcription factor, 
TFEB, that is clearly one of the master regulators of lysosomal 
gene regulation, but the connections with autophagy have not yet 
been fully defined. This is important because it has been shown 
that TFEB can reduce mutant huntingtin level24 in a cell model 
and may be a novel therapeutic target for other neurodegenera-
tive diseases. Studies of aging and Alzheimer disease brains also 
found transcriptional regulation of autophagy genes.11

In this study we found a number of novel and interesting 
interactions between regulatory and functional components of 
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also suggested that transcription factor FoxO3 may be impor-
tant in regulation of autophagy genes.31 We searched for FoxO3 
target genes using MatInspector and found 64 autophagy genes 
that had at least one putative FoxO3 binding site within 1 kb 
upstream region (sup. material table 3). However, FoxO3 was 

“V$” before the iDs of transcription factor binding sites in the 
diagram in this figure. In this analysis autophagy and lysosomal 
genes and regulators are potentially controlled by transcription 
factors SREBP1 (26 genes), USF1 (16 genes), AP-1 (16 genes) 
and NFE2 (17 genes) (sup. materials table 2). Recent studies 

Figure 1. An overview of functional and physical interactions among autophagy-lysosomal genes and the most common binding sites for transcrip-
tion factors and microRNA. (A) Venn diagram shows the total of 416 autophagy-lysosomal genes we included in the analysis. We assigned the genes 
according to their most relevant and best known functions based on Gene Ontology and extensive literature review to four groups that include 38 
autophagy genes, 64 lysosomal genes, 161 autophagy regulators and 167 lysosomal regulators. Fourteen of these 416 genes are shared between two 
groups, as shown in the Venn diagram. (B) Network representation of the autophagy-lysosomal genes showing the physical interactions as well as 
genes with enriched cis-acting elements for binding of transcription factors, and microRNA regulators that may be important in regulating expression 
of these genes. The nodes represent genes, cis-elements, or microRNAs, while the edges denote either a protein-protein interaction or a regulatory 
connection (TFs or microRNAs). in the diagram, the symbol “V$” is placed before the IDs of transcription factor binding sites. The most enriched TFBss 
include those recognized by e-box transcription factors sReBp1, UsF, Ap-1 and NFe2, while the putative microRNA regulators include miR-130, 98, 124, 
204 and 142.
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Figure 2A. A close-up view of the auto-
phagy and lysosomal genes contain-
ing cis-acting elements of the e-box 
transcription factors sReBp1 and UsF, 
Ap-1 and NFe2. in the diagram, the 
symbol “V$” is placed before the IDs 
of transcription factor binding sites to 
distinguish them from the autophagy-
lysosomal genes. 

not among the statistically significant 
enriched TFBSs in autophagy-lyso-
somal genes, suggesting that FoxO3 
may not be specific to just autophagy-
class genes and that it may regulate 
transcription of many nonautophagy, 
nonlysosomal genes.

usF-1, aP-1 and nFE2. Upstream 
stimulating factor-1 (USF-1) is 
another E-box-binding transcription 
factor found enriched. Knockouts of 
USFs indicate that they are key regu-
lators of stress and immune response, 
cell cycle and proliferation, as well as 
lipid metabolism.32 The autophagic 
system is altered during stress, cell 
cycle changes and immune challenges 
as well as intracellular lipid metabo-
lism. The process of autophagy plays 
an integral role in all the above cellu-
lar functions. Stress response kinase 
p38 can phosphorylate and activate 
USF-1.33 Previous studies have shown 
that p38 can regulate autophagy by 
localization to Golgi membranes and 
binding to Atg9 via an intermediate 
protein.33 This physical interaction 
triggers Atg9 re-localization from 
the Golgi and endosomal mem-
branes to MAPLC3 upon initiation 
of autophagy during starvation via a 
ULK-1-dependent process.34-36 Our 
observation that USF-1 binding sites 
are common in autophagy-lysosomal 
genes therefore suggests that USF-1 
may also regulate stress and immune 
response, cell cycle and prolifera-
tion, as well as lipid metabolism via 
regulation of autophagy-lysosomal 
genes. Transcriptional regulation of 
autophagy-lysosomal genes by USF-1 
may be an additional mechanism for 
the observed p38 activation of auto-
phagy, in addition to the reported 
p38 function in regulating Atg9 
re-localization.
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AP-1 proteins JunB and c-Jun, but not JunD, c-Fos 
or Fra-1, have been shown to inhibit autophagy.37 
Starvation induces transient induction of JunB and 
c-Jun and downregulation of their mRNA and pro-
teins after one hour. Overexpression of JunB inhibits 
autophagy induced by starvation, as assessed by both 
LC3-GFP puncta accumulation and by p62 clear-
ance. JunB inhibition of autophagy is independent of 
mTOR activation.37 JunB and c-Jun inhibition of star-
vation-induced autophagy are dependent on both the 
dimerization domain and the DNA binding domain, 
implicating a requirement of their transcription regu-
lation activities for their inhibition of autophagy. Here 
we found that GABARAPL1, SQSTM1, SLC11A1 
ABCA2, WDFY3, CAPN6, CAPN12, MAPK3 and 
PPP1R15A, may be regulated by AP-1, thus providing 
transcriptional inhibition of autophagy.

NFE2 is a heterodimeric transcription factor and 
consists of p45 and small Maf proteins. P45 knock-
out mice exhibit neonatal massive bleeding due to 
defects in megakaryocyte maturation.38,39 P45 belongs 
to the Cap’N’Collar (CNC) family of transcription 
factors, with Nrf2 as the most studied stress response 
gene regulated by oxidative stress.40 Both p45 and 
Nrf2 activate cytoprotective genes including NAD(P)
H:quinone oxidoreductase (NQO1), with p45 com-
peting for binding to the same cis-acting elements 
but a weaker activator. It was proposed that p45 
modulates reactive oxygen species accumulation.38 
Accumulation of reactive oxygen species can in turn 
regulate autophagy by modifying ATG4.41 Among NFE2 target 
genes, CAPN6, BNIP3 and GABARAPL1 are also AP-1 target 
genes. Additional NFE2 target genes include WDFY3, a WD 
repeat and FYVE domain containing protein that may be down-
stream of class III PI3K (VPS34) and mediate beclin/VPS34 
complex-induced autophagy induction.

srEBP1. SREBP1 (sterol-regulatory element binding pro-
tein1) is a basic-helix-loop-helix protein belonging to the family 
of transcription factors including TFE, Myc and USF1 that bind 
to the CACGTG E-box.42 SREBP1 has three isoforms: SREBP1a 
and SREBP1c play a role in fatty acid synthesis while SREBP2 
plays a role in cholesterol synthesis.43 Lipid breakdown and degra-
dation within the cell has been shown to require the autophagy-
lysosomal pathway.44 Recent studies also report that lipids can 
regulate the autophagic process, which in turn can regulate lipid 
metabolism and adipocyte differentiation.45-52 Thus, SREBP1 
may be important for lipid homeostasis not only by regulating 
lipid synthesis and signaling but also by regulating lipid degra-
dation via the autophagy-lysosomal pathway. Maintenance of 
intracellular lipid metabolism and homeostasis is important in 
diseases such as diabetes, atherosclerosis, lipid storage disorders 
and neurodegeneration.48,53,54 Increased renal accumulation of 
lipids leads to an increased expression of SREBP1 in a rat model 
of diabetes.43 Cultured rat mesangial cells grown in high glu-
cose media have increased SREBP1 expression.43 Hyperglycemic 
stress has been shown to induce autophagy.55 Prior studies have 

Table 1. common TFeB and sReBp1 targets, and newly identified 
potential sReBp1 targets from the selected 416 autophagy-lysosomal 
genes

Potential SREBP1 targets that 
are in common with TFEB 

targets

SREBP1 targets that were not 
identified previously as TFEB 

targets

Acp2 App

ATp6V0c BAX

cTsD cApN3

cTss cLN3

GABARAp cTNs

GLA DDiT3

iGF2R eiF2s1

LAMp1 eiF4G1

MANBA heXA

McOLN1 ppT1

psAp TYR

sLc36A1 UVRAG

Vps11 Vps18

Figure 2B. Validation of regulation of autophagy-lysosomal genes by sReBp1. 
heK293 cells were transfected by sReBp1 or TFeB cDNA. RNA was harvested by 
Trizol reagent at 24 hours post-transfection and passed quality control. Quantitative 
RT-pcR was performed in triplicate. sReBp1 and TFeB mRNA level were increased by 
21- and 343-fold, respectively, by real-time RT-pcR assay. The mRNA levels of target 
genes were plotted in the bar graph. LAMp1, GABARAp, cLN3, cTss, cTsD, cTNs, 
ATp6VOc, Vps18 and ppT1 are upregulated by sReBp1. LAMp1, cLN3, ATp6VOc 
and ppT1 are upregulated by TFeB. *p < 0.05 by student t-test compared to control 
empty vector transfection.

found that from 11,000 transcripts analyzed, 214 showed signifi-
cant differences between lean and obese mice, including those 
important for adipocyte differentiation, lysosomal cathepsins 
and transcription factor SREBP1.56 Altered lipid metabolism has 
commonalities with lysosomal storage disorders such as Fabry’s 
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and ULK2, as well as autophagy mediators WDFY3, ATG2B 
and ATG16L1. Presumably, the coordinated regulation of the 
entire pathway helps improve efficiency. In addition, this coordi-
nated regulation can provide new targets for up or downregula-
tion of the autophagy-lysosomal pathway in disease therapies. Of 
the other enriched microRNAs, miR-142-3p targets the mTOR 
pathway genes RHEB and RICTOR, multiple autophagy regu-
lators and mediators including TP53INP2, CAPN6, ATG16L1, 
GABARAPL1 and the gene encoding aggregation-prone protein 
in Alzheimer disease, APP. This property may allow miR-142-3p 
to serve as a converging point for multiple signaling inputs to 
regulate the autophagy-lysosomal activities.

Of interest, we identified that miR-124 potentially regulates 
52 target genes in the autophagy-lysosomal pathway. The follow-
ing nine have been validated in the literature: ITGB1, MAPK14, 
KLHL24, GNAI3, TOM1L1, SLC17A5, LITAF, ANKRD27 
and DRAM1. Interestingly, we found four calpains (CAPN1, 
CAPN2, CAPNS1 and CAPN6) that could be targeted by miR-
124. To validate, we transfected a plasmid expressing miR-124 
and an antagomir RNA of mir-124 into HEK cells. We used 
western blot analyses to examine CAPN1 and CAPN2 expres-
sion because microRNA can regulate both mRNA degradation 
and translation from the mRNA. MAPK14 western blot analy-
ses were used as a positive control64 (Fig. 3B). We found that 
CAPN1 and CAPN2 are altered by the miR-124 expression and 
by miR-124 antagomir RNA transfection. This result validated 
our approach and suggested a novel regulatory mechanism for 
calpains by miR-124 microRNA.

analyses of autophagy-lysosomal genes for their participa-
tion in intracellular signaling, human diseases and nervous sys-
tem phenotypes in murine genetic models. Using the ToppGene 
knowledgebase65,66 and Cytoscape,67 we examined and displayed 
functional networks based on target gene interactions and con-
trol of cell signaling pathways.67-69 In this analysis, mTOR and 
insulin signaling pathways were shown to play a key role in auto-
phagy regulation, whereas glycosaminoglycan degradation, gly-
cosphingolipid biosynthesis, sphingolipid metabolism and glycan 
degradation pathways were involved in lysosomal gene regulation 
(Fig. 4 and sup. material table 4). Again, regulation of lipid 
metabolism seems to be an important function of lysosomal gene 
products and lysosomal regulators.

Next we asked whether our findings of transcriptional and 
post-transcriptional regulators of autophagy and lysosomal genes 
could be linked to known pathologies. A list of known lysosomal 
proteins with involvement of diseases is presented in supplemental 
table 5. We used OMIM, AlzGene, PDGene, SZGene and the 
ToppGene knowledgebase65,66 and built disease by gene binary 
matrices using CIMminer (cluster method Jaccard) (http://
discover.nci.nih.gov/cimminer). To represent this analysis we 
used a heat map, as shown in Figure 5a. This unbiased analysis 
revealed two clusters of genes highly enriched for a wide range 
of diseases including tuberous sclerosis and neuronal ceroid-
lipofuscinoses. Interestingly, our gene sets significantly overlap 
with those associated with neurodegenerative diseases including 
Alzheimer and Parkinson diseases as well as neoplasms including 
lung, liver and prostatic neoplasms and sepsis (Fig. 5a and sup. 

disease,53 type IA glycogen storage disease (von Gierke’s dis-
ease),48 and neurodegeneration.54

Prior studies by Sardiello et al. have reported that another 
E-box family of transcription factor, TFEB, is important for 
lysosomal biogenesis. In our initial search for enriched TFBSs 
within the autophagy-lysosomal gene promoters, we did not find 
TFEB because the binding site library used to scan the promoters 
did not have the position weight matrix (PWM) for TFEB. To 
address this, we used the CLEAR PWM (from Sardiello et al.) 
and scanned the 230 lysosomal gene promoters using the RSAT 
application (http://rsat.ulb.ac.be/rsat/) as described by Sardiello 
et al. We found 76 lysosomal genes that had at least one CLEAR 
site within the promoter region. Of these, 13 genes also had 
SREBP1 sites within their promoter region (table 1).

Because of the potential importance of SREBP1 in coordi-
nating autophayg-lysosomal activities and lipid metabolism, we 
performed experiments to validate transcriptional regulation 
of autophagy-lysosomal genes by SREBP1. We have performed 
quantitative RT-PCR analyses of potential target genes identified 
in our study, after transfection of full length human SREBP1 
into HEK cells. Twenty-four hours after transfection of SREBP1, 
mRNA levels of LAMP1, GABARAP, CLN3, CTSS, CTSD, 
CTNS, ATP6VOC, VPS18 and PPT1 are all increased (Fig. 
2B). LAMP1 and CTSD have both been extensively used as 
lysosomal markers that largely correlate with lysosomal numbers, 
sizes and activities. LAMP1 and CTSD expression is regulated 
by a variety of growth factors, as well as other intracellular and 
extracellular signaling molecules.3 TFEB upregulated LAMP1, 
CLN3, ATP6VOC and PPT1 in HEK cells after transfection 
(Fig. 2B). Our data indicate that SREBP1 is also an important 
transcription factor in regulating the autophagy-lysosomal path-
way. Taken together this small sampling of genes lends credence 
to our analysis predicting that the time course and expression 
levels of SREBP1 and TFEB play a role in affecting the mRNA 
levels of target genes in the autophagy-lysosomal pathway.

regulation of autophagy-lysosomal genes by microrna. 
The extent of microRNA regulation of autophagy is of great inter-
est, particularly in the context of how the autophagy-lysosomal 
pathway is altered in nervous system diseases. MicroRNAs are 
important for brain function and neuronal survival.57,58 Knockout 
of Dicer, which is responsible for microRNA processing, in dopa-
minergic neurons leads to cell death and reduced locomotion.59 
Dicer knockout in the hippocampus, Purkinje cells or striatum 
caused neuronal phenotypes with reduction of dendritic branches 
and size and increase of degeneration in respective brain areas.60-

62 Out of all known mammalian microRNAs, about half of them 
have been found in different brain regions.63 We thus focused on 
microRNAs that have high nervous system expression in mam-
mals. supplemental table 2 lists the microRNAs we analyzed 
and their target genes. We found autophagy and lysosomal genes 
contain conserved 3'UTR binding sequences recognized by 
miR-130, 98, 124, 204 and 142 (Fig. 3a). One of the enriched 
microRNAs, the miR-130/301/454 cluster, putatively regulates 
at least nine genes of the mTOR pathway that are involved in 
autophagy-lysosomal functions, including signaling genes IGF1, 
MAPK1, PRKAA1, PRKAA2, PRKAB1, PTEN, TSC1, ULK1 
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phenotype ontology and associated genes from MGI (Fig. 5B). 
Interestingly, we found highly enriched motor and motor coor-
dination phenotypes along with abnormal brain morphology. 
Other enriched phenotypes included abnormal neuron apopto-
sis, brain size, glia cell morphology and gliosis, suggesting that 
disruptions of the autophagy-lysosomal genes may play a role in 
these phenotypes. Forty-three genes have been shown to exhibit 
10 or more nervous system phenotypes out of the 29 phenotypes 
that constitute the top hits in the database (sup. table 7).

table 6). The top five genes that have been identified as involved 
in four out of the eight human diseases encode estrogen recep-
tor, TGFβ, cathepsin D, TNF and p53. Whether autophagy has 
beneficial or adverse effects in sepsis warrants further investiga-
tion. Interestingly, a recent study reported a marked increase in 
hepatocyte autophagocytosis in both patients with sepsis and in a 
clinically relevant animal model of sepsis.70

Finally, we analyzed the autophagy-lysosomal genes for nervous 
system and behavior-related phenotypes using the mammalian 

Figure 3A. Autophagy and lysosomal genes contain sequences recognized by miR-130, 98, 124, 204 and 142.
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current knowledge related to autophagy and lysosome regulation 
in the mammals and can provide key insights into the biology of 
autophagy-lysosomal pathway.

Functional enrichment analysis. In order to assess the relative 
functional enrichment of the four groups of genes (autophagy, 
autophagy regulators, lysosome and lysosomal regulators), we 
first grouped the four lists together into a single list (416 unique 
genes) and examined this list for relative enrichment of genes 
associated with Gene Ontology, pathways, mouse phenotypes, 
human diseases, transcription factor binding sites (TFBS) and 
microRNAs. We used the ToppGene server for this purpose.65,66 
In the case of TFBS, we mined the catalog of human, mouse, 
rat and dog conserved regulatory motifs in promoters,71 again 
using ToppGene server.65 The microRNA targets were based 
on TargetScan (Release 5.1),72 predictions. The gene ontology 
annotations were obtained from NCBI while the pathway anno-
tations were based on several resources compiled and stored in 
the ToppGene knowledgebase (reviewed in ref. 65 and 66). The 
mouse phenotype was obtained from MGI, and for this study 
we limited it to nervous system and behavior-related phenotypes 
only. The disease-gene data was from multiple sources includ-
ing OMIM and specialized databases related to neurodegenera-
tive diseases (AlzGene, PDGene and SZGene) and stored in the 
ToppGene knowledgebase (reviewed in ref. 65 and 66). For the 

summary. In summary, we have analyzed 416 key genes 
involved in the autophagy-lysosomal pathway, identified com-
mon transcription factor binding sites and microRNA binding 
sites for these genes, and identified their involvement in mTOR, 
insulin and glycosphingolipid synthesis pathways and nervous 
system and neoplasm pathogenesis. Interestingly, their potential 
association with nervous system pathologies and behavior-related 
phenotypes in mouse models supports the utility of the systems 
biology approach we have adopted. We envision our findings will 
help in our understanding of the regulation of the autophagy-
lysosomal activities and shed light on their role in human nervous 
system-related abnormalities and other diseases.

Methods

gene lists compilation. We mined Gene Ontology27 annota-
tions, an autophagy database (http://autophagy.lu/) and KEGG 
pathways28 to compile a preliminary data set of autophagy and 
lysosomal genes and their regulators. The compiled lists were fur-
ther enhanced by manual curation of published literature.3,8,29,30 
The final list comprises 38 autophagy genes, 161 autophagy 
regulator genes, 64 lysosomal genes and 167 lysosome regula-
tor genes. Although these gene lists may not be exhaustive and 
extensive, we reasoned that they represented the best available 

Figure 3B. Validation of regulation of cApN1 and cApN2 by miR-124. Western blot analyses after transfection of control RNA and mir124 antagomir 
into heK cells indicated that mir124 antagomir led to increased MApK14, cApN1 and cApN2 protein levels. Western blot analyses after transfection into 
heK cells of pcMV-MiR control vector and pcMV-mir-124 vector that expresses miR-124 indicated that miR-124 expression led to decreased MApK14, 
cApN1 and cApN2 protein levels. Different ecL developing conditions were used in the left and right panels to allow sufficient dynamic range of signal 
for comparison of both upregulated and downregulated proteins in the two different experiments. β-actin was used as a loading control. n = 6 for 
each group. DATA = mean ± seM. *p < 0.05 by student t-test compared to control.
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studies or computational predictions.67-69 The enrichment results 
for each category (e.g., Pathways, TFBS, etc.) were converted into 
individual Cytoscape-compatible files and loaded into Cytoscape 
along with attribute files for node size and color to visualize the 
enrichment results as networks. Additionally, when building 
the networks we also included protein-protein interaction data 
for the 416 genes. For the mammalian phenotype and disease 
enrichment results we used heatmap views. Phenotype by gene 
and disease by gene binary matrices were built using the enriched 
phenotype and disease terms, and the candidate genes and the 
heat map were built using CIMminer (cluster method Jaccard) 
(http://discover.nci.nih.gov/cimminer).

cell culture and transfection. HEK293 cells were grown 
in Dulbecco’s modified Eagle’s medium (DMEM), supple-
mented with 10% heat-inactivated fetal bovine serum (FBS). 
Cells were seeded in six-well plates at 10% confluence before 

enrichment analysis, a p-value cut-off of 0.05 (with Bonferroni 
correction) was used for all categories except for microRNA. In 
the case of microRNA, enrichment analysis using a p-value <0.05 
(Bonferroni) did not yield any results. We therefore used a false 
discovery rate (FDR <0.1; represents the rate of potential falsely 
identified genes in the enrichment results).

comparative network and heat map-based visualization of 
enrichment analysis. For obtaining a comparative network view 
of enriched pathways, phenotypes, diseases and putative shared 
conserved TFBSs and microRNAs and the corresponding four 
categories of gene sets we used Cytoscape,67 a JAVA-based bio-
informatics software package for visualizing, modeling and ana-
lyzing molecular and genetic interaction networks. Cytoscape 
provides a unique in silico approach to examine and display 
functional and transcriptional networks based on putative TFBS 
and target gene interactions characterized from either previous 

Figure 4. Unbiased bioinformatics analyses identified that mTOR and insulin signaling pathways play a key role in autophagy regulation, whereas 
glycosaminoglycan degradation, glycosphingolipid biosynthesis, sphingolipid metabolism, glycosphingolipid biosynthesis and glycan degradation 
pathways are involved in lysosomal gene regulation.
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transfection. Transfection was performed by 
using Lipofectamine Reagent (Invitrogen 
11668-019) according to the manufacturer’s 
protocols. At 24 hours after transfection, RNA 
was harvested using Trizol reagent (Invitrogen 
15596-026). pcDNA3.0-TFEB and control 
vector pcDNA3.0 are the gifts from Dr. Marco 
Sardiello, Baylor College. pCMV-SREBP1 and 
control vector pCMVXL5 are from Origene 
(SC117502, PCMV6XL5). miR-124 antagomir 
and negative control from Dharmacon (IH-
300592-06-0005, IN-001005-01-05) were 
transfected to HEK cells and protein extracts 
were made 24 hrs after transfection. miR-124 
expression vector and negative controls from 
Origene (SC400060, PCMVMIR) were trans-
fected to HEK cells and protein extracts were 
made 48 hrs after transfection.

Quantitative real-time Pcr. RNA was 
isolated from cells using TRIzol (invitrogen 
15596-026) according to the manufacturer’s 
protocol. Three micrograms of RNA was used 
to convert to cDNA using iScriptTM cDNA 
Synthesis Kit (Bio-Rad 170-8891) according 
to the manufacturer’s protocol. Quantitative 
real-time PCR was performed with the SYBR 
Green Mastermix (Invitrogene 4364346) 
with the following conditions: 95°C, 5 
min; (95°C, 10 s; 60°C, 10 s; 72°C, 15 s) 
x40. Real-time quantitative RT-PCR results 
were normalized against an internal control 
(GAPDH). Oligonucleotide sequences are 
listed in table 2.

western blot analysis. Total cellular 
extracts were collected in lysis buffer contain-
ing 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 
5 mM EDTA, 1% Triton X-100, plus prote-
ase inhibitor mixture (Roche 04693132001). 
Homogenates were centrifuged at 10,000x 
g for 15 min at 4°C. Protein concentrations 
were determined by detergent-compatible 
protein assay (Bio-Rad 500-0013, 500-0114). 
Thirty micrograms of protein was resolved 
on 12% SDS-PAGE gel and transferred to 

Figure 5. (A) Unbiased bioinformatics analyses 
also found that autophagy and lysosomal genes 
are most implicated in Alzheimer and parkinson 
diseases, tuberous sclerosis, neuronal ceroid-
lipofuscinoses, sepsis and lung, liver and prostatic 
neoplasms, implicating a critical role of autophagy-
lysosomal pathway in these diseases. shown are 
heat maps of relevance of genes and diseases. 
(B) A summary of the extent that knockout mice 
deficient of these genes exhibit nervous system 
phenotypes. shown are heat maps of relevance of 
genes and knockout phenotypes.
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nitrocellulose membranes. Membranes were blocked in 5% 
nonfat dry milk in TBST (50 mM Tris-HCl, 150 mM NaCl, 
pH 7.4, 0.1% Tween 20) for 30 min at room temperature. The 
membranes were then incubated overnight at 4°C with pri-
mary antibodies: monoclonal anti-β-actin (1:5,000) (Sigma 
A5441); anti-calpain 1 1:1,000, anti-calpain 2 1:1,000 and anti-
MAPK14 1:1,000 (Cell Signaling 2556S, 2539S and 9212S). 
The membranes were then washed four times with TBST and 
incubated with horseradish peroxidase-conjugated secondary 
antibody for 1 h at room temperature. After washing four times 
with TBST, the membranes were developed using enhanced 
chemiluminescence (ECL) substrate kit (Pierce 32106). We 
used NIH imaging software to quantify the western blot band 
intensity.

Table 2. Real-time RT-pcR primers

Genes NCBI reference sequence ID Primers

UVRAG NM_003369.3
F TGT ATG cGG TGT cAA GTT Gcc T

R TcA TGG AGA ccA GAT GTG cAG T

LAMp1 NM_005561.3
F ccA GTT cGG GAT GAA TGc AAG T

R TTG GcA GcT TTA AAG GcA GGG T

GABARAp NM_007278.1
F AGc TGT Acc AGG AAc Acc ATG A

R AGc TTc AcA GAc cGT AGA cAc T

cTss NM_004079.3
F TGG cTT cAT GAc AAc GGc TT

R TGA AcA TGT GGc AGc AcG AT

cTsD NM_001909.3
F TTc ccG AGG TGc TcA AGA AcT AcA

R TGT cGA AGA cGA cTG TGA AGc AcT

cTNs NM_004937.2
F AAT GTG AGT cAA GcG TcA Gcc T

R TGc ATT TAA TGG TGG ccG cA

cLN3 NM_000086.2
F AAG AAG AAG cAG AGA GcG cA

R AcA ATG TAc cAc AGc AGA ccc T

ATp6V0c NM_001694.2
F TcA Gcc TcT AcA AGA GcT Tcc T

R TcA GGA TcA TGc ccA cGA AT

Vps18 NM_020857.2
F Tcc AGc AAT cAG cTG TGc AT

R TGG TTG GGc TcA TTT Gcc TT

ppT1 NM_001142604.1
F TGG ccA AGc cAA GGA AAc cAT T

R AGc TGT ccT GcA TTG Tcc AT

DRAM1 NM_018370.2
F AAc AGT cTc TcG AcA TGc cAc A

R TGG ATT ccA cTc cAG cTT GGT T

cApN1 NM_005186.2
F AGc AAA cAc AAA GAc cTG cGG A

R TTc ccA TTG ccA TcA cGA Tcc A

cApN2 NM_001146068.1
F TcA GGA GAc TGT TTG ccc AGT T

R TTG GcG cTT TGc TAG AAc ccT T

cApNs1 NM_001003962.1
F AAc TTc ATc AGc TGc TTG GTc AGG

R Acc TGG ATT TGT ccA GTG ccA T

cApN6 NM_014289.2
F TGc AAA GcT GcT AGG cTG TT

R TTT cAG ccA ATG TGc ccG TGA A
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