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The ubiquitously distributed MAP1S is a homologue of the
exclusively neuronal distributed microtubule-associated pro-
tein 1A and 1B (MAP1A/B). They give rise to multiple isoforms
through similar post-translational modification. Isoforms of
MAP1S have been implicated in microtubule dynamics and
mitotic abnormalities andmitotic cell death. Here we show that
ablation of the Map1s gene in mice caused reduction in the
B-cell CLL/lymphoma 2 or xL (Bcl-2/xL) and cyclin-dependent
kinase inhibitor 1B (P27) protein levels, accumulation of defec-
tive mitochondria, and severe defects in response to nutritive
stress, suggesting defects in autophagosomal biogenesis and
clearance. Furthermore, MAP1S isoforms interacted with the
autophagosome-associated light chain 3 of MAP1A/B (LC3), a
homologue of yeast autophagy-related gene 8 (ATG8), and
recruited it to stablemicrotubules in aMAP1SandLC3 isoform-
dependent mode. In addition, MAP1S interacted with mito-
chondrion-associated leucine-rich PPR-motif containing pro-
tein (LRPPRC) that interacts with the mitophagy initiator and
Parkinson disease-related protein Parkin. The three-way inter-
actions of MAP1S isoforms with LC3 and microtubules as well
as the interaction of MAP1S with LRPPRC suggest that MAP1S
isoforms may play positive roles in integration of autophagic
components with microtubules and mitochondria in both
autophagosomal biogenesis and degradation. For the first time,
our results clarify roles of MAP1S in bridgingmicrotubules and
mitochondria with autophagic and mitophagic initiation, mat-
uration, trafficking, and lysosomal clearance. Defects in the
MAP1S-regulated autophagymay impact heart disease, cancers,
neurodegenerative diseases, and a wide range of other diseases.

Autophagy, or self-digestion, is a process that begins with the
formation of isolation membranes that engulf substrates to
form autophagosomes. Then autophagosomes fuse with lyso-

somes to generate autolysosomes in which substrates are
degraded (1). The initiation of autophagy is regulated by the
mammalian target of rapamycin (mTOR) pathway. Autophagy
will be shut down through either the phosphatidylinositol 3-ki-
nase (PI3K)-v-akt murine thymoma viral oncogene (AKT)-
mTOR pathway in response to signals from growth factors or
the serine/threonine kinase 11 (LKB1)-AMP-activated protein
kinase (AMPK)2-mTOR pathway in response to signals from
nutrients and metabolites. The anti-apoptotic protein Bcl-2
and Bcl-xL exhibit opposite functions in autophagy initiation.
They inhibit autophagy initiation through the PI3K-AKT-
mTOR pathway by sequestering the BCL2 interacting protein
(Beclin 1) or activate autophagy initiation through the LKB1-
AMPK-mTOR pathway by increasing P27 levels (2, 3).
After initiation, the metabolism of LC3 has emerged as a key

biochemical marker for tracking of autophagy and autophago-
somes (4, 5). The 22-kDa full-length LC3 (4) is proteolytically
modified into LC3I form by ATG4, resulting in exposure of a
C-terminal glycine (5). LC3I is first conjugated with the ubiq-
uitin activating enzyme (E1)-like enzymeATG7 and then trans-
ferred to the ubiquitin-conjugating enzyme (E2)-like enzyme
ATG3 (5). The LC3I-ATG3 conjugates appear at autophago-
somal membrane initiation sites where the C-terminal glycine
of LC3I is covalently conjugatedwith themembrane-associated
phosphatidylethanolamine to form LC3II in the assistance of
ATG5�ATG12�ATG16 complex (6). The conversion of LC3I to
membrane-anchored LC3II is an indicator of initiation of the
autophagic process and promotes the development and matu-
ration of autophagosomes (4, 5). Displayed on both sides of
isolation membranes, LC3II serves as either a receptor for tar-
get cargo to be enveloped (7) or a linker with mature cargo-
containing autophagosomes for trafficking. Thus, in addition to
autophagosomal biogenesis indicated by the conversion of
LC3I to LC3II, LC3II is also a marker for autophagosomal traf-
ficking and degradation by lysosomes.
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Autophagosomes are associated with microtubules (8).
Microtubules have been implicated in initiation and matura-
tion of autophagosomes (8, 9) and serve as the tracks for move-
ment of mature autophagosomes and bring autophagosomes
and lysosomes together for fusion and disposal of autophago-
somal cargo (8, 9). Thus, microtubules provide the initiating
focal points and coordinate the spatial arrangements among
immature LC3II-containing isolation membranes, cargo for
isolation, mature autophagosomes, and lysosomes. Different
sets of microtubular filaments coexist, with the acetylated
microtubules concentrating in the perinuclear region. The
regular non-acetylated microtubules are involved in autopha-
gosomal biogenesis, whereas acetylated microtubules are
required for the fusion of mature autophagosomes with lyso-
somes to form autolysosomes (10).
Because of roles of mitochondria in bioenergetics and cell

death, their quality control and recycling through the selective
autophagic process called mitophagy is critical for cell life and
death (1). Mitochondria are in a dynamic state of fission to
smaller units and fusion of smaller units into larger units that
organize into extended filaments, networks, or clusters for
pooling electrical potential, energy, and other mitochondrial
functions for specialized intracellular needs and sites (11).
Although mitochondrial aggregates are resistant to clearance
by mitophagy, they undergo asymmetric fission to generate
daughter mitochondria with uneven membrane potentials.
Daughter mitochondria with normal membrane potential fuse
back into reticular networks and those with low potential are
targeted for removal and recycling by mitophagy (12). A block-
ade in mitophagy causes accumulation of large mitochondria
with low membrane potential that, in turn, cause mitochon-
dria-triggered cell death (13).
MAP1S was originally described and named as chromosome

19 open reading frame 5 (C19ORF5) product (14, 15). It also
carried the names such as variably charged protein Y2 (VCY2)
interacting protein 1 (VCY2IP-1) (16), basic protein on Y chro-
mosome 2 (BPY2) interacting protein 1 (BPY2IP1) (16), ras
association domain family 1 (RASSF1)-binding protein 1
(RABP1) (17), and microtubule-associated protein 8 (MAP8)
(18). It is a widely distributed homologue of neuron-specific
MAP1A andMAP1B (15, 19, 20).MAP1S is an interactive part-
ner of mitochondrion-associated LRPPRC and RASSF1 as well
as NADH dehydrogenase subunit 1 (ND1) and cytochrome c
oxidase I (COX-I) (14, 15, 20). It associates specifically with the
microtubule-stabilizing and the tumor-suppressing RASSF1A
on microtubules (17, 21, 22). MAP1S appears on the microtu-
bular spindle duringmitosis and reversibly accumulates during
mitotic arrest (23). Similar to MAP1A/B, full-length MAP1S
(MAP1SFL) gives rise tomultiple post-translationally modified
isoforms including heavy chain (HC) and light chain (LC)
whose functions are unclear. Prolonged mitotic arrest or inhi-
bition of the 26 S proteasome causes accumulation of an other-
wise highly labile short chain (SC) of MAP1S (23) (Fig. 1A).
Unlike other isoforms, the MAP1SSC associates with mito-
chondria in addition to microtubules and causes irreversible
aggregation of dysfunctional mitochondria resulting in cell
death (23). Depletion of either RASSF1A or MAP1S causes
mitotic abnormalities (17, 21). The RASSF1A-MAP1S partner-

ship has been proposed to play a role in tumor suppression
by preventing propagation of chromosomal abnormalities
through mitochondria-mediated mitotic cell death (22, 23).
Neuron-specific microtubule-associated proteins MAP1A/B
interact with LC3 and facilitate its association with microtu-
bules (4, 24). MAP1B has been implicated in regulation of
autophagosomal trafficking in neurons under normal and path-
ological conditions (25, 26). Therefore, we reasoned that
MAP1S may play a general role in autophagy regulation in all
tissues.
We showhere that ablation of theMap1s gene inmice causes

impairment in both basal autophagy for clearance of abnormal
mitochondria andnutritive stress-induced autophagy for nutri-
ent recycling via the Bcl-2/xL/P27 pathway. MAP1S isoforms
interact with and specifically recruit the autophagy-associated
proteins LC3I and LC3II to stable microtubules in an isoform-
specific mode. The profile of three-way interactions of MAP1S
isoforms with LC3 isoforms and microtubules as well as the
interaction ofMAP1Swithmitochondrion-associated LRPPRC
that interacts with Parkinson disease-related mitophagy initia-
tor Parkin (27) suggests that MAP1S isoforms may differen-
tially underlie the positive role of Map1s gene in autophago-
somal biogenesis, maturation, and lysosomal clearance.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Except antibodies against human
LC3 (Novus Biologicals, LLC,NB100–2331) andMAP1S (4G1)
(Precision AntibodyTM, AG10006), other antibodies including
control IgG antibody (sc-2025), primary antibodies against
�-actin (sc-47778), hemagglutinin (HA) (Y-11) (sc-805), ATG5
(sc-33210), Bcl-2 (sc-7382), Bcl-xL (sc-8392), P27 (sc-776),
Beclin 1 (sc-11427), phosphatase and tensin homolog (PTEN)
(sc-7974), green fluorescent protein (GFP) (sc-8334), and
rhodamine-conjugated secondary antibodies (sc-2091 and
sc-2300) were from Santa Cruz Biotechnology, Inc. The 4G1
anti-MAP1S monoclonal antibody has been rigorously tested
for specificity in immunoblot and immunofluorescence stainingof
diverse recombinant fragments of MAP1S (19). Lipofectamine
(18324-012) was from Invitrogen. MG-132 (474790) was from
Calbiochem.TheproteinG-Sepharose (17-0618-01)was fromGE
Healthcare. Tubulins (TL238) were fromCytoskeleton, Inc.
Generation of Map1s�/� Mice—Animal protocols were

approved by the Institutional Animal Care andUseCommittee,
Institute of Biosciences and Technology, Texas A&M Health
Science Center. Genomic DNA fragments of the Map1s gene
were amplified by PCR from genomic DNA purified from the
129S4 mouse-generated AK7 embryo stem (ES) cells with high
fidelity enzymes from Roche Applied Science. Briefly, a
2.1-kb fragment for the 5� homology recombination arm
spanning exon 2 and 3 of Map1s (Fig. 1B) in the targeting
vector (Fig. 1B) was generated by ligation of two PCR-ampli-
fied fragments 1a and 1b. A 3.0-kb floxed fragment flanking
the entire exon 4 and 5 was generated by ligation of two PCR
fragments flox-a and flox-b. A 5.0-kb fragment for the 3�
homology recombination arm spanning exon 6 and 7 in the
targeting vector was generated by ligation of three PCR frag-
ments 3a, 3b, and 3c. The primers used to amplify the frag-
ments are listed in supplemental Table 1. The sequences of
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all fragments were verified by DNA sequencing before clon-
ing into the targeting vector. Sequences across the cloning
sites in the targeting vector were also verified before linear-
ization with Pme1 for electroporation.
The ES cells were transfected with the linearized targeting

vector by electroporation and selected in G418-containing
medium as described (28). The genotypes of selected clones
were analyzed by Southern blot using the 5� external probewith
EcoR1-digested DNAs or 3� external probe with HindIII-di-
gested DNAs. The 5� and 3� probes were PCR-amplified from
the genomic DNA purified from the ES cells with the indicated
primers (supplemental Table 1). Both fragments were cloned in
pBluescript SK vector. The positive clones were further verified
by Southern blot using the same probes to the EcoRI- or
HindIII-digested DNAs. Two positive clones were selected and
microinjected into blastocysts derived fromC57BL/6mice. The
chimeric males were bred to C57BL/6 females, and F1 agouti
offspring were analyzed by Southern blot or PCR for the pres-
ence of theMap1sf allele (Fig. 1, C and D).

MaleMap1sf/� heterozygous mice were crossed with female
Nestin-Cre transgenic mice to generate the Map1sf/�;Nestin-
Cremice that express Cre recombinase in the germ line to pro-
duce sperm and eggs carrying the Map1s� allele. Genomic
DNAs from the tails of progeny of Map1sf/�;Nestin-Cre mice
were PCR-analyzed to identify the pups withMap1s� but with-
out theNestin-Cre allele. Heterozygous mutant mice were out-
bred with C57BL/6 mice and inbred to obtain homozygous
mutantmice. The presence ofMap1sf,Map1s�,Map1s�, or the
Cre allele was determined by PCR using the listed primers (sup-
plemental Table 1 and Fig. 1E), and expression of Map1s
mRNA (Fig. 1F) andMAP1S protein (Fig. 1G) was further con-
firmed by immunoblot. The resulting homozygous mice sup-
pressed the expression of exons 4, 5, 6, and 7 that represent
88.9% of the coding region and cover all of the putative func-
tional domains that include the microtubule-binding domain,
MAGD (mitochondria aggregation and genomic destruction)
domain, and actin binding domain (19, 20).
Generation of GFP-LC3 � Map1s�/� Hybrid Mice—GFP-

LC3 transgenic C57BL/6 mice (29) were crossed with C57BL/6
wild-type Map1s�/� and Map1s�/� mice to generate trans-
genic wild-type (GFP-LC3�/�Map1s�/�) and Map1s knock-
out mice (GFP-LC3�/�Map1s�/�).
Establishment of Mouse Embryonic Fibroblasts—Mouse

embryonic fibroblasts were prepared from wild-type
(Map1s�/�) and Map1s knock-out mice (Map1s�/�) as
described (30). Briefly, embryos were collected at E14.5 and
minced in PBS and incubated with 0.25% trypsin, Dulbecco’s
modified Eagle’s medium (DMEM) at 37 °C for 30 min. The
separated cells were then harvested with centrifugation and
maintained in DMEM with 10% fetal bovine serum.
Transmission Electron Microscopy—Mouse heart tissues

were fixed for 1 hwith a solution containing 3% glutaraldehyde,
2% paraformaldehyde, and 0.1 M cacodylate buffer (pH 7.3).
After fixation, the samples were washed and treated with 0.1%
Millipore-filtered cacodylate-buffered tannic acid, postfixed
with 1% buffered osmium tetroxide for 30 min, and stained en
bloc with 1% Millipore-filtered uranyl acetate. The samples
were dehydrated in increasing concentrations of ethanol, infil-

trated, and embedded in LX-112 medium followed by poly-
merization in a 70 °C oven for 2 days. Ultrathin sections were
cut in a Leica Ultracut microtome (Leica), stained with uranyl
acetate and lead citrate in a Leica EM Stainer, and examined in
a JEM 1010 transmission electron microscope (JEOL, USA,
Inc.) at an accelerating voltage of 80 kV. Digital images were
obtained using the AMT Imaging System (Advanced Micros-
copy Techniques Corp).
Stress-induced Autophagy by Neonatal Starvation or Adult

Fasting—15 wild-type and 15Map1s knock-out neonatal pups
were delivered by Caesarean section from three pairs of con-
genic wild-type or Map1s knock-out homozygous mothers,
respectively. The pupswere deprived of feeding in a humidified,
thermostat-controlled chamber (30 °C). Pups were monitored
for survival over a 30-h period, and the percentage of survived
pups of wild-type and Map1s knock-out homozygous mice at
different time points were plotted by method of Kaplan-Meier
(31) or used to collect tissues for analysis of LC3I and LC3II at
times indicated in Fig. 4A. For adult fasting experiments,
1-month-old mice were deprived of food with free access to
water for the indicated times.
Assessment of Mitochondrial Mass by Citrate Synthase

Activity—Tissue extracts were prepared with the CelLytic MT
Cell Lysis Reagent (C3228) provided with the citrate synthase
assay kit from Sigma (CS0720). Protein concentration in cell
lysates was assayed by the bicinchoninic acid (BCA) method
(19). Procedures for assay of citrate synthase activity were gen-
erally carried out according to manufacturer’s instructions.
Mitochondrial mass was proportional to the citrate synthase
activity.
Cell Transfection, Immunoprecipitation, and Immunoblot

Analysis—Construction and utility of expression plasmids for
GFP-LC3, HA-RASSF1A, HA-MAP1SFL, HA-MAP1SHC,
HA-MAP1SSC, and CMYC-MAP1SSC have been described
(10, 19, 22, 23). Plasmids coding forMAP1S isoforms fusedwith
HA were constructed by ligation of linearized pCIS vector car-
rying an HA tag cut with both SalI and NotI enzymes with a
fragment coding for the respective isoform, which was first
amplified by PCR with the mouse Map1s full-length cDNA as
template and the indicated forward and reverse primers (sup-
plemental Table 2) followed by a subsequent cut with both SalI
andNotI enzymes. TheDNAsequence covering theHA tag and
fused fragments in all plasmid products was verified by
sequencing.
Vectors coding for MAP1S isoforms fused with HA or GFP-

LC3 were transfected into HEK293 cells by the CaCl2 method
optimized to achieve high expression levels. Cell lysates were
prepared, and immunoprecipitation from them and immuno-
blot analyses were performed as described (22). Plasmids
carrying HA-RASSF1A, cMYC-MAP1SSC HA-MAP1SSC,
HA-MAP1SFL, HA-MAP1SHC, or HA-MAP1SSC were trans-
fected alone or cotransfected with each other into HeLa cells or
HeLa cells stably expressing GFP-LC3 (23, 32). LC3I, a protein
product with a calculated molecular mass of 14,129 Da,
migrates at an apparentmolecularmass of 16–17 kDa on a 15%
gel during SDS-PAGE. LC3II is the conjugated product of LC3I
with phosphatidylethanolamine (744 Da) but migrates faster
than LC3I as a 14-kDa band (4). Preliminary analyses on 10%
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gels under normal electrophoresis conditions was unable to
routinely separate theGFP-LC3I andGFP-LC3II bands that are
expected to be displayed as 43 and 41 kDa, respectively (supple-
mental Fig. 1). Analysis of the samples on gels of 15% instead of
10% for periods of 5 h instead of 1.5 h clearly separated the
bands but at the expanse of a slight distortion of migration
patterns for bothGFP-LC3I andGFP-LC3II in the immunopre-
cipitates. Data presented in the text for immunoblot or immu-
nohistochemical analysis (described below) are representative
of at least three independent cell transfections, extraction, and
analysis. Immunoblot results were developed on x-ray film and
scanned into image files, and relative band intensities were
determined with the ImageJ software.
Fluorescence Microscopy—Immunofluorescence staining were

performed, and images were captured by laser scanning confo-
cal microscope as described (23, 32). Scale bars in the images in
the text indicate 10 �m unless otherwise noted. Heart tissues
were harvested, quickly frozen, and cryosectioned. The GFP-
LC3 distribution in heart tissues was similarly recorded by con-
focal microscopy. The acquired images were converted to 8-bit
binary files, and the number, size, and total occupied area of
GFP-LC3 punctate foci with a diameter greater than four pixels
on each image were calculated by ImageJ software according to
the manufacturer’s manual.
Microtubule Interaction in Vitro—Plasmids coding for HA-

MAP1SFL, HA-MAP1SHC, HA-MAP1SSC, and HA-MAP1SLC
were transfected intoHEK293 cells for 48 h. Cells were harvested
by scraping into the G-PEM buffer (19) and broken by sonica-
tion, and lysates were clarified by centrifugation at 10,000 � g
for 10 min. Portions of concentrated lysates containing the
indicated HA-MAP1S isoforms (0, 2, or 4 �l), 12 �l of GFP-
LC3-containing lysate, 10 �g of tubulins, and 1 �l of 100 �M

paclitaxel weremixed and adjusted to a 20-�l final volumewith
G-PEM buffer. Microtubules were assembled at 37 °C for 30
min and separated from the supernatants by centrifugation at
10,000� g for 20min at room temperature (19). Preliminary in
vitro microtubule assembly experiments revealed that the
majorities of HA-tagged FL and SC proteins were co-precipi-
tated with the assembled microtubular pellet and the majority
of HA-taggedHC remained in the supernatant, but HA-LCwas
not enriched sufficient to include in the analysis (supplemental
Fig. 2). Subsequent experiments did not include the LC isoform
but clearly demonstrated that both GFP-LC3I and GFP-LC3II
were pulled down in themicrotubular pellets in the presence of
either FL or SC but not HC (supplemental Fig. 3). The high
levels of GFP-LC3I relative to GFP-LC3II in the lysates trig-
gered us to suspect that the GFP-LC3I in the microtubular pel-
let was simply of contaminate. To prevent domination of the
assays by GFP-LC3I, HeLa cells stably expressing GFP-LC3
were treated with 20 mM NH4Cl to block degradation of GFP-
LC3II by lysosomes, thereby adjusting GFP-LC3I and GFP-
LC3II to similar levels for comparative analysis. Lysates were
further concentrated three times by centrifugation in Micro-
conTM tubes (Ultracel YM-30, Millipore) to test the roles of
MAP1S isoforms at their saturated concentrations (supple-
mental Fig. 4).

RESULTS

Depletion of the Map1s Gene in Mice Results in Reduction of
Autophagy Regulator Bcl-2, Bcl-XL, and P27—Similar to neu-
ronal homologuesMAP1A andMAP1B, products of theMap1s
gene give rise to multiple isoforms that can be distinguished
electrophoretically and immunochemically (Fig. 1A) (19, 20,
23). Cell populations predominantly in interphase exhibit the
MAP1SFL, HC, and LC isoforms (19, 23). The MAP1SSC form
appears in mitosis and becomes prominent after a paclitaxel-
induced mitotic blockade (19, 23). When mouse embryonic
fibroblast cells were treated with a general inhibitor of the 26 S
proteasome, MAP1SSC specifically accumulated (Fig. 2A).
Therefore, all isoforms of MAP1S expressed at high levels but
maintained with different stabilities.
To test for impact of collective Map1s gene products on

autophagy in vivo, we ablated theMap1s gene in mice (Fig. 1).
TheMap1s knock-outmice exhibited noobvious abnormalities
in development, reproduction, or behavior under normal
conditions.
The products of theMAP1S gene aremainly theHC in brains

and FL and HC in hearts. However, no product was detectable
in livers (Fig. 2B). Although the expression profiles ofMAP1S in
different organs were dramatically different (Fig. 2B), MAP1S
depletion caused a similar depression in autophagy-associated
markers Bcl-2, Bcl-xL, and P27 in brain, heart, and liver (Fig. 2,
B and C). Because MAP1S isoforms are instable, the undetect-
able levels of MAP1S in livers may suggest a faster turnover
rather than a zero expression of MAP1S proteins (23). It is not
surprising to observe a similar effect among brains, hearts, and
livers upon MAP1S depletion. In cardiomyocytes, no change
was observed in Beclin 1 (33) and PTEN (1), which are consid-
ered key regulators of initiation of the Beclin 1-dependent
PI3K-AKT-mTOR pathway (Fig. 2, D and E). Similarly, no
change was observed in ATG5-ATG12 that controls LC3I con-
jugationwith phosphatidylethanolamine to formLC3II (6) (Fig.
2, D and E). Reduction of Bcl-2/XL will potentially have oppo-
site effects; that is, either activating autophagy initiation
through the PI3K-AKT-mTOR pathway by releasing more
Beclin 1 or inhibiting autophagy initiation through the LKB1-
AMPK-mTOR pathway by decreasing the P27 levels (2, 3). The
results indicate that MAP1Smay either positively or negatively
trigger the initiation of basal autophagy.
Accumulation of DysfunctionalMitochondria in Cardiomyo-

cytes of MAP1S-deficient Mice Indicates a Positive Role of
MAP1S in Autophagosomal Biogenesis—To investigate the
actual impact of MAP1S in autophagy initiation under
unstressed conditions, we examined the morphology of mito-
chondria, one of themain substrates of basal autophagy (32), in
the cardiomyocytes of MAP1S-deficient mice under transmis-
sion electron microscope. Compared with wild type, car-
diomyocytes from both neonate and adult MAP1S-deficient
mice exhibited a 3-fold increase in abnormalmitochondria that
reached 50–60% of the total (Fig. 3,A–C). Thosemitochondria
were characterized by increased size (Fig. 3D), frequent rupture
in the outer membrane, and a clear matrix due to cristolysis
(breakdown of internal membranous folds and disorganized
cristae) but without isolation membrane-like structures (Fig.
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3E). Normally such abnormal mitochondria are present at 20%
or less (Fig. 3C) as a part of normal turnover in both cardiomyo-
cytes of neonates and adults. Similar to cardiomyocytes with

perturbed autophagy induced by deficiency of ATG5 (34), sar-
comeres were also structurally disorganized and misaligned
with mitochondria in the MAP1S-deficient cardiomyocytes

FIGURE 1. Generation of the Map1s�/� mouse. A, post-translational isoforms of MAP1S are shown. Numbers indicate amino acid residues. FL, 1059-residue
full-length translation product; HC, heavy chain; SC, short chain; LC, light chain; 4G1, epitope of the 4G1 antibody; MT, microtubule binding domain; MAGD,
mitochondria aggregation and genome destruction domain. B, a schematic of the wild-type mouse Map1s gene (Map1s�), the engineered gene targeting
vector, the floxed allele (Map1sf), and the null allele (Map1s�) is shown. Boxed numbers represent the seven exons of the Map1s gene. HindIII and EcoRI
restriction enzyme sites are indicated. The indicated TK and PGKneo cassettes carry thymidine kinase and neomycin resistance genes for negative and positive
selection, respectively. Frt and LoxP are the target sequences for Flippase or Cre enzymes, respectively. C19-1A, C19-1B, Pneo, P31, and P32 refer to primers for
PCR genotyping (supplemental Table 1). C, Southern blot confirmation of Map1sf alleles in ES cells is shown. Genomic DNA from ES clones with wild-type (�/�)
and flox allele (�/f) was digested with EcoRI or HindIII and hybridized with the 5� or 3� probe, respectively. D, confirmation of Map1sf allele in the mouse genome
is shown. E, confirmation of the presence of Map1s� allele in the Nestin-Cre transgenic mice is shown. F, the expression levels of Map1s mRNA in the brains of
mice with different genotypes are shown. The mRNA was assessed by RT-PCR with primers C19-1A and C19-1B. G, the expression levels of MAP1S in hearts of
mice with different genotypes are shown. MAP1S was assessed by immunoblot with antibody 4G1. The asterisk represents a nonspecific band caused by
contaminating mouse antibodies from blood that cross-react with anti-mouse secondary antibody.

FIGURE 2. Depressed expression of Bcl-2, Bc-xL, and p27 in MAP1S-deficient mice. A, isoforms of MAP1S in the absence or presence of 26 S proteasome
inhibitor MG-132 are shown. Mouse embryo fibroblasts from wild-type (�/�) and Map1s knock-out mice (�/�) (Fig. 1) were treated with 10 �M MG-132
overnight and analyzed with antibody 4G1 (Fig. 1A). B–E, levels of Bcl-2, Bc-xL, and p27 (B and C) and other autophagy regulators (D and E) in mouse tissues were
examined. Expression levels of the indicated markers of autophagy in tissues from 3 pairs of unstressed wild-type and Map1s�/� littermates were compared by
immunoblot. The relative intensity is the mean � S.D. of 3 pairs of littermates. Significance was determined by Student’s t test. **, p � 0.01. Actual protein levels
are dramatically different in different organs and tissues, and low levels of Bcl-XL in brain and P27 in liver were detected in different blots enhanced with
increase of protein input and antibody concentration and extended exposure time, and their relative levels were compared.
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(Fig. 3B). Becausemitophagy is closely coupled withmitochon-
dria fusion/fission dynamics (12), the increased presence of
swollen mitochondria in the absence of immature or mature
mitophagosomes indicates that theMAP1S deficiency contrib-
utes to a reduced ability of the autophagic machinery to either
recognize defective mitochondria or initiate mitophagy to iso-
late and dispose of them. Therefore, MAP1S may enhance P27
levels and positively trigger the initiation of basal autophagy
and mitophagy via the LKB1-AMPK-mTOR pathway.
MAP1S-deficient Mice Exhibit Early Accumulation of Auto-

phagosomes in Response to Nutritive Stress—As a prosurvival
mechanism, autophagy is activated to degrade subcellular com-
ponents for nutrient recycling under nutritive stress. To test for
a role ofMAP1S in the general autophagic response to nutritive
stress, neonatal mice delivered by Caesarean section to prevent
feeding were separated from their dams and maintained under
nutrient deprivation (31). Alterations in LC3I and LC3II con-
tents in hearts and livers (Fig. 4, A and B) under nutritive stress
were observed in both the wild-type and MAP1S-deficient
pups. Normally wild-type neonatal pups begin to accumulate
LC3II at 5 h after Caesarean section (Fig. 4A), which reflected
the rate of autophagosomal biogenesis that exceeds the rate of

degradation (31). The decline of both LC3I and LC3II by 12 h is
indicative of complete conversion of LC3I to autophagosome-
associated LC3II and clearance of LC3II-associated autophago-
somes via lysosomal degradation for pro-survival nutritive
recycling (31). In contrast, theMAP1S-deficientmice exhibited
an accumulation of LC3II, indicating an accumulation of
autophagosomes as early as 2 h and did not exhibit decrease in
LC3I and LC3II at 12 h (Fig. 4, A and B).
To directly visualize and quantify autophagosomes, both

wild-type andMap1s knock-out mice were crossed with trans-
genic mice expressing GFP-LC3 (29). Cardiomyocytes from
mice on a normal diet exhibited occasional GFP-LC3-labeled
punctate foci representing autophagosomes (Fig. 5A). Fasting
caused a near 2-fold increase in GFP-LC3-labeled autophago-
somes (Fig. 5B), similarly as reported (29) but without a
concurrent accumulation of GFP-LC3II (Fig. 5C). TheMAP1S-
deficient mice exhibited increases in the number and size of
GFP-LC3 punctate foci and area occupied by the foci (Fig. 5, A
and B) concurrent with an increase in GFP-LC3II levels (Fig.
5C). Similarly, the increase in autophagosomes indicates either
increased autophagosomal biogenesis or decreased autophago-
somal degradation.

FIGURE 3. Accumulation of dysfunctional mitochondria in cardiomyocytes of MAP1S-deficient mice. A and B, sections were prepared and analyzed by
transmission electron microscopy from hearts of normal unstressed wild-type and MAP1S-deficient neonatal (A) and adult mice (B) at the indicated magnifi-
cations. C and D, quantification of abnormal mitochondria in MAP1S-deficient cardiomyocytes is shown. The percentage of abnormal mitochondria was scored
directly from a total of 100 –300 mitochondria from 15 images acquired from the three pairs of littermates (C). Data are the mean � S.D. of three littermates, and
difference was statistically determined by Student’s t test. **, p � 0.01. The average size of mitochondria (�S.D.) from the same samples was calculated from
the length and width of individual mitochondria measured on proportional printouts of TEM images (D). Significance of the differences was assessed by the
Student’s t test. E, the mitochondrial abnormalities are shown in high resolution images.

FIGURE 4. The MAP1S deficiency leads to early accumulation of autophagosomes in neonatal mice under nutritive stress. A, reduced clearance of
LC3II in cardiomyocytes and liver tissues of starved MAP1S-deficient neonatal mice is shown. B, intensities of bands in cardiomyocytes revealed by
anti-LC3 and �-actin antibodies were measured, and relative intensity to �-actin standard was plotted. Data are the mean � S.D. of three independent
starvation experiments.
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Accumulation of Autophagosomes in MAP1S-deficient Mice
under Nutritive Stress Indicates an Impairment of Autophago-
somal Degradation—The increases in LC3II levels in the
MAP1S-deficient neonates 2 h after starvation suggests an early
accumulation of autophagosomes, which is likely an early indi-
cator of either reduced rate of clearance of LC3II-associated
autophagosomes or increased conversion of LC3I to LC3II. The
maintenance of LC3I levels in addition to LC3II 12 h after star-
vation (Fig. 4A) suggests that theMAP1S deficiencymore likely
leads to impairment of autophagosomal degradation, because
LC3I levels will decrease if conversion of LC3I to LC3II
increases. To further confirm the nature of the early accumu-
lation of autophagosomes in the MAP1S-deficient mice, we
compared the mitochondrial mass between the wild-type and
MAP1S-deficientmice.An abnormal increase inmitochondrial
mass monitored by mitochondrial citrate synthase activity (32)
was observed at 9–2 h post-Caesarean section and starvation
(Fig. 6A). This confirmed that the autophagic clearance ofmito-
chondria is impaired in the nutritionally stressed MAP1S-defi-
cient neonate hearts.
Postnatal induction of autophagy is essential for recycling of

nutrients and survival of neonates between interruption of
trans-placental support at birth and feeding by nursing (31).
Because of the impairment of autophagosomal degradation, the
survival time for half of the starved neonates was significantly
reduced from 18 h in wild-type neonates to 10 h in theMAP1S-
deficient mice (Fig. 6B). Thus, products ofMap1s gene collec-
tively play a positive role in regulation of autophagy induced by

nutrient deprivation in both neonatal and adult mice as well as
in the regulation of basal autophagy.
Isoform-dependent Interaction of MAP1S and LC3 in the

Absence of Microtubules—Autophagosomal biogenesis and
degradation are closely associated with microtubules, and the
truncation of LC3 precursor to LC3I and conversion of LC3I to
LC3II regulate the entire process of autophagy (8, 9, 25, 35). To
understand why the MAP1S depletion in mice led to impair-
ment of autophagosomal biogenesis and degradation, we
started to investigate the interaction of MAP1S isoforms with
LC3 and LC3-associated autophagic machinery in addition to
the known interaction with the mitochondrion-associated
LRPPRC (15, 36). HeLa cells were cultured in media without
paclitaxel and MG-132 so that FL and HC were the main iso-
forms of MAP1S expressed in cells. Cell lysates were prepared
in cold lysate buffer in which no microtubule was able to be
assembled. Co-immunoprecipitation with an anti-LC3 anti-
body revealed that, similar to MAP1A/B, at least MAP1SHC
interacted with LC3, although it was not clear which LC3 iso-
form pulled down the HC. MAP1SFL was not pulled down by
anti-LC3 antibody, suggesting that either the FL interacted
weakly with LC3 or the FL protein itself did not survive the
co-immunoprecipitation procedure because of instability
(Fig. 7A).
The demonstration of an endogenousHC-LC3 complex trig-

gered us to investigate in detail the interaction of different iso-
forms of MAP1S with different isoforms of LC3 in HEK 293
cells that were able to express recombinant proteins tagged
with either HA or GFP at high levels. Immunoprecipitation
analysis using microtubule-free cell lysates revealed that the
MAP1SFL, HC, and SC forms interacted with LC3I, MAP1SSC
uniquely interacted with both LC3I and LC3II, and MAP1SLC
failed to interact with either form of LC3 (Fig. 7B). Because the
LC isoform constantly associates with microtubules (23) and
did not react with LC3, it was not included in subsequent anal-
yses. The isoform-specific interaction between MAP1S and
LC3 in the absence of microtubules also suggests MAP1S iso-
forms may play microtubule-independent roles through either
LC3I or LC3II when the LC3 isoforms are not associated with
microtubules.
MAP1S Isoforms Differentially Facilitate the Association of

LC3 Isoforms with Microtubules—RASSF1A stabilized and
completely associated with microtubules so that microtubules

FIGURE 5. The MAP1S deficiency leads to accumulation of autophago-
somes in adult mouse cardiomyocytes under nutritive stress. A, MAP1S
depletion causes accumulation of GFP-labeled autophagosomes (white dots)
in fasted mouse heart tissue. �/�, wild-type mice expressing the transgenic
GFP-LC3 marker; �/�, MAP1S-deficient mice expressing GFP-LC3. Images are
representative of samples from three pairs of mice. B, quantification of GFP-
LC3 labeled autophagosomes is shown. The number, average size, and total
area occupied of GFP-LC3 punctate foci in heart tissue sections is the average
and S.D. of 10 randomly selected images in a field of 512 pixel � 512 pixels.
The significance of differences was determined by Student’s t test. C, nutri-
tionally stressed MAP1S-deficient mice accumulate both LC3I and II. GFP-LC3I
and II was assessed with anti-LC3 antibody. Bands were quantified and
expressed as percent of the GFP-LC3I intensity in unstressed wild-type
mouse. The nonspecific band labeled by an asterisk appears in both GFP-LC3-
expressing mice and wild-type mice that do not express GFP-LC3 (C, control).
Lysates were prepared from the heart tissues of the same mice shown in A.

FIGURE 6. Increase of mitochondria mass in cardiomyocytes and decrease
of survival time caused by MAP1S depletion suggest an impairment of
autophagosomal degradation. A, increased mitochondrial mass in stressed
MAP1S-deficient cardiomyocytes is shown. Data are the mean � S.D. of three
pairs of littermates. Significance was determined by Student’s t test.
B, reduced survival in starved MAP1S-deficient neonates is shown. The indi-
cated significance of difference between survival curves for wild-type and
knock-out mice was determined by Kaplan-Meier analysis.

MAP1S and Autophagy

MARCH 25, 2011 • VOLUME 286 • NUMBER 12 JOURNAL OF BIOLOGICAL CHEMISTRY 10373



can be visualized by RASSF1A staining (19, 22, 23). RASSF1A
alone did not recruit GFP-LC3 on the stabilized microtubules
(Fig. 8A). Because microtubules stabilized by either RASSF1A
or paclitaxel recruit and accumulate MAP1SSC (19, 22, 23),
GFP-LC3 colocalized with the RASSF1A-induced microtubu-
lar bundles in cells co-expressing RASSF1A and MAP1SSC
(Fig. 8, A and B). Although there were much fewer mitotic cells
expressing RASSF1A and MAP1SSC, the same results were
obtained in mitotic cells blocked in premetaphase due to the
RASSF1A-induced stabilization of spindle microtubules (Fig.

8C). A similar microtubular association of LC3 was not
observed in cells overexpressing MAP1SFL due to lower levels
of MAP1SFL relative to MAP1SSC (23). Based on the fluores-
cence microscopy data shown above, we cannot differentiate
whether the microtubule-associated GFP-LC3 is GFP-LC3I or
GFP-LC3II.
We further analyzed the association of LC3 isoforms with

paclitaxel-stabilized microtubules assembled from purified
tubulins in the presence of different MAP1S isoforms in vitro.
In the absence of MAP1S, neither LC3I nor LC3II associ-
ated with the paclitaxel-stabilized microtubules (Fig. 8D).
MAP1SSC that interacted with both LC3I and II independent
of microtubule (Fig. 7B) also recruited both LC3I and LC3II to
stabilized microtubules (Fig. 8D). Because MAP1SHC only
interacted with LC3I in solution (Fig. 7B) and it does not asso-
ciate withmicrotubules on its own (23), it induced neither LC3I
nor LC3II to co-assemble with microtubules (Fig. 8D).
Although MAP1SFL only interacted with LC3I in the absence
of microtubule (Fig. 7B), it facilitated association of both LC3I
and LC3II on stabilizedmicrotubules (Fig. 8D). This potentially
indicates a self-inhibitory effect fromMAP1SFL on its interac-
tion with LC3II had been released upon its association with
stabilized microtubules. The amounts of GFP-LC3I and GFP-
LC3II associated with microtubules depended on the concen-
tration of FL or SC (Fig. 8D) and reached saturated levels when

FIGURE 7. MAP1S interacts with LC3 in an isoform-dependent mode.
A, interaction of MAP1S with LC3 is shown. Immunoprecipitates (IP) from
HeLa cell lysates were isolated with anti-LC3 antibody or pre-immune IgG and
then analyzed by immunoblot with antibody against LC3 or MAP1S (4G1). Ab,
antibody. B, interaction profile among both MAP1S and LC3 isoforms is
shown. Lysates (Input) from HEK 293 cells co-expressing GFP-LC3 with the
indicated HA-tagged MAP1S isoforms were immunoprecipitated with
anti-HA antibody (HA IP) or control IgG (IgG IP) and then subjected to immu-
noblot analysis with antibodies against the HA tag (top panel) or LC3 (lower
panel). The GFP-LC3I bands exhibit lower mobility from analyses of immuno-
precipitates than Input because of the concentration-dependent influence of
proximal bands during the prolonged electrophoretic analysis. Total extract
consists of low concentration bands distributed throughout the gel, whereas
immunoprecipitates are primarily excess IgG bands. The leading edge of the
GFP-LC3I overlaps sufficiently with the tighter band of GFP-LC3I in the Input
enough to suggest the band is GFP-LC3I in both cases.

FIGURE 8. MAP1S recruits LC3 to microtubules in an isoform-dependent mode. A, MAP1S recruits LC3 to stabilized microtubules. Association of LC3 (green)
with microtubules was monitored in HeLa cells expressing recombinant GFP-LC3 and microtubule stabilizer HA-RASSF1A (red) in the presence or absence of
MAP1SSC introduced by transient transfection. A control without cMYC vector (None) was included to test the effect of the cMYC vector. Transfection efficiency
driven by the CMYC vector was monitored separately by immunostaining. Yellow indicates overlap of microtubules decorated with RASSF1A and LC3. Images
in the fourth panels were captured from the boxed area in the bottom panel that was then subjected to photobleaching under the red laser to demonstrate that
the GFP-LC3-associated fibril structures were not caused by leaking through of the red fluorescent signal. B, percentage of cells exhibiting microtubular
association of GFP-LC3 in cells expressing both HA-RASSF1A and GFP-LC3 was determined by direct count. Data are the mean � S.D. of 3 transfection
experiments with 100 randomly selected transfected cells including both interphase and mitotic cells counted for each transfection. The p value was deter-
mined by Student’s t test. C, MAP1S recruits LC3 to microtubules in mitotic cells. Mitotic cells blocked in premetaphase due to RASSF1A were located
morphologically from cultures in A. Fibril structures were confirmed to be mitotic spindles made of microtubules by us and others (47, 48). D, a specific profile
of interactions among isoforms of MAP1S, LC3I, LC3II, and microtubules is shown. Pelleted microtubules (P) were resuspended in an equal volume of reaction
buffer to the supernatants (S). Both fractions were analyzed with antibodies against MAP1S (4G1) and LC3. Tubulin was visualized with Coomassie Blue. Input,
reaction mixture in the absence of MAP1S lysates before microtubule assembly; C, control mixture, the same as Input but after assembly and separation of
microtubules. A representative of at least three repeats is shown here.
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concentrated FL- or SC-containing lysate was added in the
assembly mixtures (supplemental Fig. 4).

Taken together, these interaction studies show that the inter-
action of different isoforms of MAP1S with microtubules is
contingent on the dynamic state of microtubules (23). Differ-
ent isoforms of MAP1S exhibit distinct interactions with
LC3. TheMAP1SLC isoform that is constitutively associated
with microtubules independent of dynamic state (23) does
not interact with LC3. Both MAP1SFL and HC interact with
LC3I and may exhibit potential roles when LC3I is disasso-
ciated with microtubules. MAP1SSC uniquely and inde-
pendently forms complexes with LC3I or LC3II. Both FL and
SC isoforms have affinity for stabilized microtubules and
bridge both LC3I and LC3II to them. The association of
either LC3I or II isoform with microtubules requires the
presence of either FL or SC of MAP1S. The isoform-depen-
dent interaction of MAP1S and LC3 and recruitment to sta-
bilized microtubules may implicate roles of MAP1S in
autophagosomal biogenesis and degradation.

DISCUSSION

To maintain cellular homeostasis, robust basal levels of
autophagy persist during the entire cell cycle including both
interphase andmitosis (32). Normal cell functions are critically
dependent on ATP frommitochondria. Detection and removal
of defectivemitochondria are critical for cell life and death, and
defective mitochondria are one of the main substrates of
autophagy (32). A balance of autophagosomal biogenesis and
degradation is essential to maintain normal autophagic home-
ostasis. Acute induction of autophagy under nutritive stress
results in autophagosomal biogenesis exceeding the capacity of
degradation. Consistent with numerous reported results, our
data demonstrate that levels of LC3II are elevated upon starva-
tion (4).
LC3 was originally identified as an interactive partner of

microtubule-associated proteinsMAP1A andMAP1B and sug-
gested to regulate their microtubule binding activity (24). It has
attracted attention as the first mammalian protein identified
that specifically associates with autophagosomemembranes (4,
37). Overexpression of MAP1B in mice has been reported to
impact autophagy in the neuronal system where it is selectively
expressed (26). Here we have shown for the first time with a
knock-out mouse model that MAP1S, the ubiquitously distrib-
uted homologue of neuronal MAP1A and MAP1B, positively
regulates both autophagosomal biogenesis and degradation.
To further understand themechanism bywhichMAP1S reg-

ulates autophagy and mitophagy, we employed in vitro bio-
chemical and cell biological experiments to show that isoforms
of MAP1S interact not only with microtubules but also with
LC3I or LC3II variants of the autophagosome-associated pro-
tein LC3 (ATG8) in an isoform-specific manner. The profile of
three-way interactions of specific MAP1S isoforms with LC3I
and LC3II and microtubules strongly support the idea that
MAP1S through its isoforms participates inmicrotubular coor-
dination of the autophagic process from autophagosomal bio-
genesis to degradation. In addition, it appears thatMAP1Smay
regulate autophagy in multiple ways.

The most attractive is that MAP1S may regulate autophagy
by interaction with LC3I and LC3II and recruiting them to
microtubules. Autophagy is a dynamic process during which
isolation membranes package substrates to form autophago-
somes that later are fused with lysosomes to form autolyso-
somes for degradation. Before LC3I is conjugated with phos-
phatidylethanolamine to form LC3II, MAP1S may assist
LC3I to associate with microtubules. Different sets of micro-
tubular filaments coexist in cells, with the acetylated micro-
tubules concentrating in the perinuclear region. Depolymer-
ization of both non-acetylated and acetylated microtubules
results in impairment of LC3I-LC3II conversion (10). Both
FL and SC of MAP1S interact with LC3I and recruit it on
stabilized microtubules to regulate the LC3I to II conversion
or autophagosomal biogenesis.
It is agreed that the LC3II-associated mature autophago-

somes move along microtubular tracks (8, 9). Recently, it has
been confirmed that acetylated microtubules are required for
fusion of autophagosomes with lysosomes to form autolyso-
somes (10). Paclitaxel and RASSF1A may similarly enhance
tubulin acetylation to stabilize microtubules (10, 22, 38).
Microtubule-associated isoforms of MAP1SFL and SC interact
with LC3II and facilitate its association with stabilized micro-
tubules. This is consistent with a role in bridging LC3II-associ-
ated autophagosomes with relatively stable acetylatedmicrotu-
bule tracks formigration rather than a simple role in regulation
of microtubule dynamics per se (19, 23). This is in contrast to
the LC isoform that is constitutively associated with microtu-
bules and affects microtubule dynamics but does not interact
with LC3. Therefore, impairment of autophagosomal degrada-
tion resulting fromMAP1Sdepletion indicates a positive role of
Map1s gene products such as the FL and SC.
Besides functionsmediated bymicrotubular association, iso-

forms ofMAP1Smay impact autophagy through its interaction
with either isoforms of LC3 independent of microtubules. The
microtubule-independent interactions of LC3I with FL, HC,
and SC indicate potential roles of isoforms before initiation of
autophagy when LC3I is not associated with microtubules.
When LC3II molecules are inserted into isolation membranes,
they may serve as a linker to bridge autophagosomes with the
microtubule cytoskeleton if protruding externally, but with
cargo receptors, such as P62, if facing internally (4, 37, 39). The
microtubule-independent interaction ofMAP1SSC with LC3II
potentially plays a role in packaging cargos like dysfunctional
mitochondria. In previous reports, using the specificMAP1SSC
as a prototypic product of the Map1s gene, we showed that it
not only is a stabilized microtubule-associated protein but also
exhibits a unique and conditional association with mitochon-
dria (19, 23). Microtubule- and mitochondria-associated activ-
ities of the SC isoform reside in independent sequence domains
(19). Therefore, MAP1SSC may specifically interfere with
mitophagy at the stages of deposition of LC3I to mitochondria
and conversion of LC3I to LC3II and initiation,maturation, and
isolation of mitochondria by LC3II-containing isolation mem-
branes. The MAP1SSC-induced mitochondrial aggregates
likely reflect a failure in the process. Progressive, irreversible,
and lethal aggregation ofmitochondria is the final consequence
of the failure (22).
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In addition to the microtubule-dependent and -independent
roles of MAP1S through interaction with LC3 isoforms, con-
ceivablyMAP1S isoformsmay also directly affect autophagy or
mitophagy. A role for the MAP1SLC isoform in autophagy and
general microtubule dynamics beyond its constitutive associa-
tion withmicrotubules remains to be assigned. However, inter-
action ofMAP1Swithmitochondrion-associated proteins such
as LRPPRC (15, 36) may suggest another pathway to affect
autophagy because LRPPRC interacts with Parkin (27) that
translocates specifically to uncoupled mitochondria to induce
their autophagy (40–42). As an E3 ubiquitin ligase, Parkin
directly interacts with Bcl-2 and mono-ubiquitinates Bcl-2 to
regulate autophagy (43). LRPPRC alone basically acts as a
checkpoint for initiation ofmitophagy, and its depletion results
in autophagy activation.3 An in-depth study on the mechanism
by which MAP1S regulates autophagy through LRPPRC is
under way.
The MAP1S-deficient mice exhibited alterations in the Bcl-

2/Bcl-xL/p27 axis in multiple tissues. The depression of the
Bcl-2/xL family is involved in initiation of autophagy through
release of sequestered Beclin 1 that activates autophagy
through the PI3K-AKT-mTOR pathway (33). Elevated levels of
Bcl-2 through an increase in P27 that increases ATG5 (3) can
result in Beclin-1-independent activation of autophagy through
the LKB1-AMPK-mTOR pathway (2, 44). Cardiomyocytes of
the Map1s-depleted mice where alterations of the Bcl-2/xL/
P27 axis are prominent exhibit an accumulation of large swol-
len mitochondria indicative of a potential defect in mitophagy.
The results suggest that the effects of MAP1S on the LKB1-
AMPK-mTOR pathway dominate relative to the PI3K-AKT-
mTOR pathway.
In addition to its role in initiation of autophagy, Bcl-2/xL

have been widely implicated in maintenance of mitochondrial
membrane integrity and mitochondrial homeostasis (13).
Mitochondrial fusion-fission and mitophagy are tightly cou-
pled (12). Mitochondrial tubules that are generally resistant to
removal by mitophagy are asymmetrically separated into
smaller units that allow selection of the weaker daughter units
with respect to membrane potential for clearance by
mitophagy. It has been proposed as a mechanism of mainte-
nance of mitochondrial tubules with the highest membrane
potential (9). Wild-type dynamin-related protein 1 (Drp1) is
essential for mitochondrial fission (45). Depression of Bcl-2/xL
contributes to inhibition of fission by reduction of its positive
regulation of the GTPase activity of the mitochondrial fission-
fusion regulator Drp1 (46). The accumulation of large swollen
mitochondria in cardiomyocytes of the Map1s-depleted mice
also indicates a potential defect in mitochondrial fission or rec-
ognition and/or removal of the defective mitochondria by
mitophagy. The deficient mice exhibited severe defects in the
autophagic response to nutritional stress that was reflected in
the accumulation of mitochondria, reduced clearance of
autophagosomes, and reduced survival of starved neonates.
Taken together, these results strongly suggest that products

of the Map1s gene positively regulate autophagy and, particu-

larly, mitophagy in vivo. As a multifunctional protein, MAP1S
isoforms may act as a linker to bridge autophagy components
not only with the microtubular cytoskeleton through interact-
ing with LC3 isoforms but also directly to mitochondria, one of
the major substrates of autophagy through the interaction with
LRPPRC. Such a profile may extend to MAP1A and -B, the
LC3-interactive neuronal homologues of MAP1S with which
LC3 was first described to form an interactive complex (24).
MAP1S interacts with tumor suppressor RASSF1A (21, 22),
autophagy-related protein LC3, andmitochondrion-associated
LRPPRC that interacts with mitophagy initiator and Parkinson
disease-related Parkin (27) and regulates autophagy. Defects in
MAP1S-regulated autophagy may result in heart disease, can-
cers, neurodegenerative diseases, and a wide range of other
diseases.
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