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ABSTRACT

ATM (ataxia telangiectasia mutated) protein is found associated with multiple organelles including synaptic
vesicles, endosomes and lysosomes, often in cooperation with ATR (ataxia telangiectasia and Rad3 related).
Mutation of the ATM gene results in ataxia-telangiectasia (A-T), an autosomal recessive disorder with defects in
multiple organs including the nervous system. Precisely how ATM deficiency leads to the complex phenotypes
of A-T, however, remains elusive. Here, we reported that part of the connection may lie in autophagy and
lysosomal abnormalities. We found that ATM was degraded through the autophagy pathway, while ATR was
processed by the proteasome. Autophagy and lysosomal trafficking were both abnormal in atm™" neurons
and the deficits impacted cellular functions such as synapse maintenance, neuronal survival and glucose
uptake. Upregulated autophagic flux was observed in atm™~ lysosomes, associated with a more acidic pH.
Significantly, we found that the ATP6V1A (ATPase, H+ transporting, lysosomal V1 subunit A) proton pump was
an ATM kinase target. In atm™~ neurons, lysosomes showed enhanced retrograde transport and accumulated
in the perinuclear regions. We attributed this change to an unexpected physical interaction between ATM and
the retrograde transport motor protein, dynein. As a consequence, SLC2A4/GLUT4 (solute carrier family 4
[facilitated glucose transporter], member 4) translocation to the plasma membrane was inhibited and traffick-
ing to the lysosomes was increased, leading to impaired glucose uptake capacity. Together, these data
underscored the involvement of ATM in a variety of neuronal vesicular trafficking processes, offering new
and therapeutically useful insights into the pathogenesis of A-T.

Abbreviations: 3-MA: 3-methyladenine; A-T: ataxia-telangiectasia; ALG2: asparagine-linked glycosylation 2
(alpha-1,3-mannosyltransferase); AMPK: adenosine 5-monophosphate (AMP)-activated protein kinase; ATG5:
autophagy related 5; ATM: ataxia telangiectasia mutated; ATP6V1A: ATPase, H+ transporting, lysosomal V1
subunit A; ATR: ataxia-telangiectasia and Rad3 related; BFA1: bafilomycin A;; CC3: cleaved-CASP3; CGN:
cerebellar granule neuron; CLQ: chloroquine; CN: neocortical neuron; CTSB:cathepsin B; CTSD: cathepsin D;
DYNLL1: the light chain1 of dynein; EIF4EBP1/4E-BP1: eukaryotic translation initiation factor 4E binding protein
1; Etop: etoposide;FBS: fetal bovine serum; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; HBS: HEPES-
buffered saline; HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonicacid; HOMER1: homer protein homolog
1; KU: KU-60019; LAMP1: lysosomal-associated membrane protein 1; LC3B-lI: LC3-phosphatidylethanolamine
conjugate;Lyso: lysosome; LysopH-GFP: lysopHIluorin-GFP; MAP1LC3B/LC3B: microtubule-associated protein 1
light chain 3 beta; MAP2: microtubule associated protein 2;MAPK14: mitogen-activated protein kinase 14;
MAPKS8/JNK1: mitogen-activated protein kinase 8; MCOLN1/TRPML1: mucolipin 1; OSBPL1A: oxysterol binding-
protein like 1A; PIKK: phosphatidylinositol 3 kinase related kinase; Rapa: rapamycin; RILP: rab interacting
lysosomal protein; ROS: reactive oxygen species; SEM:standard error of mean; SLC2A4/GLUT4: solute carrier
family 2 (facilitated glucose transporter), member 4; TSC2/tuberin: TSC complex subunit 2; ULK1: unc-51
likekinase 1; UPS: ubiquitin-proteasome system; VE: VE-822; WCL: whole-cell lysate; WT: wild type.
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Introduction Rad3 related), play roles in the DNA damage response [1,2]. ATR
is primarily involved in the repair of single-strand DNA breaks;
ATM is more involved with double-strand break repair. Some of
the A-T phenotypes seem logically related to DNA damage repair
(radiation sensitivity and cancer predilection). For the neurologi-
cal deficits, however, the path from impaired DNA repair to actual
symptoms of A-T is less clear. In addition to their roles in DNA
damage repair in the cell nucleus, ATM and ATR are also found in

the cytoplasm. Peroxisomes [3], synaptic vesicles [4-6] and

Ataxia-telangiectasia (A-T) is an autosomal recessive disorder
characterized by ataxia associated with degeneration of cerebellar
Purkinje cells, immunodeficiency, telangiectasia, susceptibility to
X-rays, predisposition to cancer, sterility and other symptoms. It
is caused by the mutation of a single gene - ATM (ataxia telan-
giectasia mutated) - that encodes a 370 kDa member of the
phosphatidylinositol 3 kinase-related kinase (PIKK) family.
ATM and its PIKK sister kinase, ATR (ataxia telangiectasia and
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lysosomes [7] are all associated with ATM protein. Moreover,
glucose transporters are targets of the ATM kinase [8] suggesting
a presumed extra-nuclear role for ATM in regulating glucose
metabolism.

Lysosome numbers are increased in mouse atm™~ neurons
[7], although the underlying molecular mechanism remains
unknown. Lysosomes are organelles that degrade a wide variety
of intracellular or extracellular biomaterials [9]. Their interior is
kept at an acidic pH and they are filled with acid hydrolases and
proteases, including CTSB, CTSD and CTSH [10]. While most
misfolded or damaged proteins are degraded by the ubiquitin-
proteasome system (UPS) [10,11], many are sorted to lysosomes
for degradation. Unlike the UPS, fully functional lysosomes must
also be able to deal with larger cellular structures such as endo-
somes and autophagosomes. They are also able to fuse with the
plasma membrane, resulting in the exocytosis of their contents
[12]. In neurons, lysosome exocytosis is important for regulating
neurite outgrowth [13], and thus for synaptogenesis and neuro-
nal plasticity. Lysosomes are not static structures; when autopha-
gy is induced, they move centripetally toward the perinuclear
region of the cell. Defects in this trafficking are associated with
lysosomal storage disease [14], and likely contribute to neurode-
generative diseases [15,16]. In the current study, we sought to
investigate whether and how the increased lysosomes in
A-T contributes to the neurodegeneration phenotype.

Macroautophagy/autophagy is a lysosome-dependent degra-
dation process characterized by increased autophagosome for-
mation and is essential for neuron survival [17,18]. The
nucleation and elongation of the autophagosome membrane
are dependent on several Atg family proteins. In the elongation
step, two forms of LC3B/Atg8 (microtubule-associated protein 1
light chain 3 beta), LC3B-I and LC3B-II, are found [19]. LC3B-I
is the cytosolic form of LC3B. When covalently conjugated to
phosphatidylethanolamine, it undergoes proteolysis and forms
an LC3B-II (LC3-phosphatidylethanolamine conjugate) after
which it is recruited to the phagophore membrane and
a portion of the total population remains associated with the
completed autophagosome [19,20]. Formation of LC3B-II is
thus a marker of autophagosome maturation. The mature autop-
hagosome then fuses with the lysosome to form the autolyso-
some [19]. This highly organized process is not only important
for misfolded protein degradation, but also crucial for managing
damaged long-lived cytosolic proteins taken up by endocytosis
to be recycled [10]. ATM has been reported to play multifaceted
roles in autophagy, mitophagy and pexophagy [21-26].

Previous research found that basal autophagy was
increased while mitophagy was decreased in atm-null thymo-
cytes [22]. Other studies showed that as a reactive oxygen
species (ROS) sensor, ATM was involved in autophagy induc-
tion via various pathways such as the TSC2/tuberin and
MTOR (mechanistic target of rapamycin kinase) complex 1
signaling node, the MAPKI14 (mitogen-activated protein
kinase 14) pathway, the adenosine 5‘-monophosphate (AMP)-
activated protein kinase (AMPK), ULK1 (unc-51 like auto-
phagy activating kinase 1) pathway and the BECN1-PIK3C3
complex [23,24,27]. In A-T, autophagy is upregulated [28,29],
while the ubiquitin pathway is downregulated [30]. This is not
unexpected since, while autophagy and the UPS are tradition-
ally regarded as independent, there is significant crosstalk
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between the two pathways [31,32]. Consistent with this idea,
the UPS and autophagic pathways are often concurrently
affected during the pathogenesis of neurodegenerative dis-
eases [33]. Thus, in the present study, we start with the
investigation into the crosstalk of the autophagy and UPS
degradation pathway of the two complementary proteins,
ATM and ATR.

In this study, we extended earlier findings on the comple-
mentary roles of ATM and ATR to now include their path-
ways of degradation: ATM by autophagy, ATR by UPS. We
demonstrated that autophagic flux was upregulated in atm ™'~
cells. Additionally, lysosome trafficking was affected, and
lysosome pH shifted toward more acidic values. Vesicle traf-
ficking problems led to aberrant protein trafficking as illu-
strated by the trafficking of SLC2A4/GLUT4 (solute carrier
family 2 member 4) to the lysosome instead of the cell mem-
brane. Our findings offered a fresh perspective on the com-
plex and pleiotropic phenotypes of A-T.

Results
ATM and ATR were degraded by different mechanisms

We have previously described a reciprocal relationship
between ATM and ATR proteins [4] in their function as
synaptic vesicle binding proteins. Extending this observation,
we found that ATM inhibition induced opposite changes in
the protein levels of ATM and ATR (Figure 1(A,B)), even as
their mRNA levels remained unchanged [4]. To test the idea
that the protein differences were due to differential degrada-
tion, we induced autophagy in neurons with rapamycin and
found an increase in ATR protein and a decrease in ATM
(Figure 1(C,D)). We next treated the neuronal cell line, HT22,
with three different autophagy inhibitors (3-methyladenine,
bafilomycin A; and chloroquine) for 24 h. All three inhibitors
led to a significant increase in ATM protein with no changes
in ATR (Figure 1(E,F)). We next used siRNA against Atg5
(autophagy related 5) to inhibit autophagy and monitored the
effects on ATM and ATR protein levels. We again found
a significant increase in ATM protein and an obvious decrease
of ATR protein (Figure 1(G,H)). The results suggested that
autophagy mediated ATM, but not ATR, degradation.
Another pathway of protein degradation is by the ubiqui-
tin-proteasome system (UPS) [10]. In contrast to autophagy
inhibition, the proteasome inhibitor, MG132, caused
a significant increase in ATR protein levels yet had little effect
on ATM (Figure 1(L])). The effect on ATR was progressive up
to the point of cell death (Figure 1(K) and S1). To make sure
that the change of protein levels resulted solely from aberrant
protein degradation, the mRNA levels of Atm and Atr were
determined at the same time. With either rapamycin-induced
autophagy or MGI132-inhibited proteasome treatments,
neither Atm nor Atr message showed any significant change
(Figure 1(L)). To test the involvement of ATR ubiquitination,
we immunoprecipitated ATM and ATR from cell lysates of
cultures treated with MG132 then blotted against ubiquitin.
We found that ubiquitinated ATR significantly increased
(Figure 1(M,N)), supporting the idea that it was degraded by
the ubiquitin proteasome pathway. Finally, we showed that
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Figure 1. Non-overlapping degradation pathways of ATM and ATR. (A)
Representative blots of ATM and ATR in WT cortical neurons treated with
1 UM KU-60019 (KU) or DMSO for 24 h. TUBA (tubulin, alpha) served as a loading
control. (B) Protein levels normalized to TUBA. Error bars = SEM; n = 4-5 batches
of cells, p values are as marked (unpaired t test). (C) Representative blots of ATM
and ATR in WT cortical neurons treated with 0.1 pM rapamycin (Rapa) or DMSO
for 1 h. TUBA served as a loading control. (D) Protein levels normalized to TUBA.
Error bars = SEM; n = 3 batches of cells, p values are as marked (unpaired t test).
(E) Representative blots of ATM and ATR in HT22 cells treated with autophagy
inhibitors (5 mM 3-methyladenine, 0.1 uM bafilomycin A;, 50 pM chloroquine)
for 24 h. GAPDH served as a loading control. (F) Protein levels normalized to
GAPDH. Error bars = SEM; n = 3 batches of cells, p values are as marked
(unpaired t test). (G) Representative blots of ATG5, ATM, ATR in wildtype cortical
neurons treated with control siRNA and siRNA targeted to Atg5. TUBA served as
a loading control. (H) Protein levels of ATG5, ATM and ATR normalized to TUBA.
Error bars = SEM; n = 3-4 batches of cultures; p values are as marked (unpaired
t test). () Representative blots of ATM and ATR in the lysates of HT22 cells
treated with 10 pM MG132 or DMSO for 24 h. TUBA served as a loading control.
(J) Protein levels normalized to TUBA. Error bars = SEM; n = 3 batches of
cultures; p values are as marked (unpaired t test). (K) Protein level of ATM and
ATR normalized to TUBA in lysates of HT22 cells treated with 10 pM MG132 in
time course. Error bars represent SEM; n = 3 batches of cells; ns, p = 0.9289, *,
p = 0.0383 (paired t test). (L) Normalized Atm and Atr mRNA level in WT cortical
neurons treated with MG132 or rapamycin with B27-free medium (Rapa). Error
bars = SEM; n = 2-3 batches of cells; ns, p = 0.2649, 0.7940, 0.8179, 0.4289
(unpaired t test). (M) ATM or ATR immunoprecipitates from lysates of HT22 cells
treated with 10 uM MG132 or DMSO for 24 h blotted with the indicated
antibodies. (N) Ubiquitinated-ATR to total ATR ratio. Error bars = SEM; n = 3
batches of cells; p = 0.0084 (unpaired t test). (O) Representative immunostaining
images of ATM (red) or ATR (red) and LC3B (green) or LAMP1 (green) in WT
cortical neurons.

ATM but not ATR was colocalized with autophagic proteins,
such as LC3B and LAMP1 (lysosomal-associated membrane
protein 1) (Figure 1(O)), which was additional evidence for
autophagy as the degradation pathway of ATM. To summar-
ize, ATM and ATR proteins were degraded by completely
different pathways.

Induced autophagy caused synaptic loss and neuronal
death

The rapamycin results suggested that some of the symp-
toms of A-T might be due to altered autophagic flux. In
support of this idea, autophagy upregulation with rapa-
mycin mimicked the effects of ATM deficiency, namely
synapse loss (Fig. S2), neuronal atrophy and death [4]. We
treated DIV14 neuronal cultures with rapamycin and ana-
lyzed synaptic changes and neuronal viability. The density
of both the presynaptic protein BSN (bassoon) and the

post-synaptic protein HOMER1 (homer scaffolding pro-
tein 1) were significantly reduced (Figure 2(A,B)).
Neuronal cell death was also increased (Figure 2(C,D),
most likely due to apoptotic cell death (Figure 2(E,F)).
We verified that rapamycin had induced autophagy by
finding decreased levels of SQSTMI1/p62 protein,
increased LAMP1 and increased LC3B-II:LC3B-I ratio
(Figure 2(F,G)). While rapamycin potentially has many
effects on a cell, its ability to induce autophagy suggests
that upregulation of autophagy contributes to many of the
A-T-associated neurodegenerative symptoms [4]. Given
this idea, we asked whether the inhibition of autophagy
could rescue the neurodegenerative phenotypes caused by
ATM deficiency. We incubated atm™~ cortical neurons
with the autophagy inhibitor, bafilomycin A; for 24 h,
then examined the responses of the synaptic protein
BSN, and the apoptotic cell death protein, cleaved
CASP3. Bafilomycin A, rescued both the loss of synapse
density and increased apoptotic cell death (Figure 2(H)).
The effects of chemical inhibition of ATM with KU-60019
on synapse loss and neuronal death were also reversed by
bafilomycin A; (Figure 2(I)).
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Figure 2. Induced autophagy caused synapse loss and cell death in neurons. (A)
Immunostaining of BSN (green) or HOMER1 (green) and MAP2 (red) in WT
cortical neurons treated with 0.1 uM rapamycin (Rapa) or DMSO for 1 h. Insets
represent higher magnification of the regions indicated. (B) Synapse density as
estimated by BSN and HOMER1 puncta. Error bars = SEM; n = 3 batches of cells,
p values are as marked (unpaired t test). (C) MAP2 (green) staining of WT cortical
neurons treated with 1 uM rapamycin (Rapa) or DMSO for 1 h. DAPI (red) was
used as a counterstain for nucleus. (D) MAP2-positive neuron numbers in the
two groups. Error bars = SEM; n = 3 batches of cells, p = 0.002. (E)
Representative co-immunostaining of cleaved-CASP3 (green) or SQSTM1
(green) and MAP2 (red) in WT cortical neurons treated with 1 pM rapamycin
or DMSO for 1 h. DAPI (blue) was used as a counterstain. (F) Representative blots
of SQSTM1, LAMP1, LC3B, and cleaved-CASP3 (CC3) in WT cortical neurons
treated with 1 uM rapamycin or DMSO for 1 h. TUBA served as a loading control.
(G) Quantification of blots in panel F. Error bars = SEM; n = 2-4 batches of cells,
p values are as marked (unpaired t test). (H) Representative immunostaining
images of BSN (green) and cleaved-CASP3 (red) in WT and atm KO cortical
neurons and atm KO neurons treated with bafilomycin A, (BFA1, 0.1 pM) for
24 h. DAPI (blue) was used as a counterstain for nucleus. () Representative
immunostaining images of BSN (green) and cleaved-CASP3 (red) in WT cortical
neurons treated with KU-60019 (KU, 1 uM) or KU-60019 (KU, 1 pM) together with
bafilomycin A; (BFA1, 0.1 uM) for 24 h. DAPI (blue) was used as a counterstain
for nucleus.



Upregulation of autophagy in ATM-deficient cells

Autophagy was enhanced in atm™~ neurons as measured with
the reporter construct, pMRX-IP-GFP-LC3-RFP-LC3AG
(Figure 3(A)). With this reporter system, the GFP:RFP ratio
decreases as the rate of autophagic flux increases [34] and
atm™" cortical neurons had a decreased GFP:RFP ratio
(Figure 3(A,B)). To confirm this, we used the degradation of
SQSTM1 as an independent measure. We found that the
number of SQSTM1 puncta per neuron was significantly
increased in atm™~ compared to wild type neurons (Figure
3(C,D)), consistent with elevated levels of autophagy in the
absence of ATM. We also found that both SQSTM1 and LC3B
levels were increased in lysosomes isolated from cortex of
atm™™ mice (Fig. S3A), even though the total cellular levels
of SQSTM1 were decreased (Figure 3(H,I)). The size of the
SQSTM1 puncta was larger and, similar to the autophago-
some puncta, were more concentrated in the perinuclear
region of atm™~ neurons (Figure 3(C)). We also checked
the colocalization of LAMP1 and LC3B as well as LAMP1
and SQSTMI. Both showed a significant increase in atm ™'~
compared to wild type neurons (Figure 3(E,F)). The LAMPI
and LC3B-double-positive autolysosome numbers also
increased in atm™~ neurons (Figure 3(G)). We next com-
pared the levels of autophagy-related protein markers in
lysates from wild type and atm™~ mouse cortex (Figure 3
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Figure 3. Autophagy was upregulated in ATM-deficient cells. (A) WT and atm™~
(atm KO) cortical neurons transfected with pMRX-IP-GFP-LC3-RFP-LC3AG. (B)
Quantification of the GFP/RFP ratio (autophagic flux). Error bars = SEM;
n = 3-4 batches of cultures; p = 0.0053 (unpaired t test). (C) Representative
SQSTM1 (green) and MAP2 (red) immunolabeling images of WT and atm™~
cortical neurons. (D) SQSTM1 puncta density per neuron shown in Panel C. Error
bars = SEM; n = 3 cultures; p = 0.0447 (unpaired t test). (E) Representative co-
immunostaining images of LAMP1 (green) with LC3B (red) and LAMP1 (green)
with SQSTM1 (red) in WT and atm™" cortical neurons. DAPI (blue) was used as
a counterstain for nucleus. (F) Colocalization rate of LAMP1 and LC3B, LAMP1
and SQSTM1 in WT and atm™~ cortical neurons. Error bars = SEM; n = 10
coverslips from 3 batches of neuronal cultures; p = 0.0054, 0.0388 (unpaired
t test). (G) Quantification of autolysosome numbers per cell in both WT and
atm™" cortical neurons. Error bars = SEM; n = 5 coverslips from 3 batches of
neuronal cultures; p < 0.0001 (unpaired t test). (H) Representative blots of LC3B,
LAMP1, SQSTM1 and GAPDH in lysates from WT and atm KO mouse cortex. (I)
Quantification of the blots in panel H. Error bars = SEM; n = 3-6 animals each
group; p values are as marked (unpaired t test). (J) Representative SQSTM1
(green) and MAP2 (red) immunostaining of WT cortical neurons treated with KU-
60019 (1 uM) or DMSO for 24 h. (K) SQSTM1 puncta density per neuron shown in
panel J. Error bars = SEM; n = 3 batches of cultures; p values are as marked
(unpaired t test). (L) Representative blots of SQSTM1, LC3B, LAMP1, and TUBA in
HT22 cells treated with 1 uM KU-60019 or DMSO for 24 h. (M) Quantification of
the blots in panel L. Error bars = SEM; n = 4-6 batches of cultures; p values are
as marked (unpaired t test).
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(H)). These results showed a significant elevation of LC3B-II
and an increased LC3B-II to LC3B-I ratio in the mutant
(Figure 3(I)). In contrast to a decrease of SQSTMI protein
levels, the lysosome membrane protein, LAMPI1 was increased
(Figure 3(I)). The ATM loss induced autophagy upregulation
was highly dependent on ATM kinase activity as the SQSTM1
puncta responded similarly when neurons were treated with
the ATM Kkinase inhibitor, KU-60019 (Figure 3(J,K)). Also,
western blots of KU-60019-treated cell lysates showed
increased LAMP1, LC3B-II, and the LC3B-II to LC3B-I ratio
as well as decreased SQSTM1 (Figure 3(L,M)), parallel to
ATM deficiency. These changes were autophagy-dependent
as rapamycin alone caused a response similar to KU-60019
treatment with respect to the SQSTM1 puncta (Fig. S3D and
S3E). Finally, we extended these findings to human fibroblast
cultures. As predicted by the mouse brain data, the levels of
LC3B-II as well as LAMP1 were significantly increased in
A-T fibroblasts (Fig. S3B and S3C). Thus, blocking ATM
kinase activity replicated the phenotype of elevated autopha-
gic flux in genetically ATM-deficient cells.

ATM regulated lysosomal pH and enzyme activity

Next, we sought to look at whether this upregulated autopha-
gic flux was associated with changes in lysosomal enzyme
activity. CTSD, a major endolysosomal protease [35,36],
showed increased enzymatic activity in the cerebral cortex of
atm™~ mice (Figure 4(A)) as well as in cultured cortical
neurons silenced with Atm-shRNA (Figure 4(B)). This
increased enzymatic activity came in the absence of any
increase in CTSD protein (Figure 4(C) and S4A). In addition
to CTSD, CTSB, another endolysosomal protease, showed
similar increases in activity in the cerebral cortex of atm ™'~
mice (Figure 4(D)), also with no increase in protein levels
(Figure 4(E) and S4B). We used the Bodipy-FL-pepstatin
A reporter to track the location of CTSD and found it sig-
nificantly more colocalized with LysoTracker-Red-labeled
lysosomes in atm ™~ than in wild type neurons (Figure 4(F,
G)). CTSD activity is highly sensitive to pH [37]. Therefore, to
search for the cause of the increased enzyme activity, we
measured lysosome pH in atm ™~ neurons with lysopHluorin-
GFP (LysopH-GFP). We found atm ™~ lysosomes to be much
more acidic than wild type (Figure 4(H,I)). All these changes
were ATM kinase-dependent as CTSD activity also increased
in KU-60019-treated wild type neurons (Figure 4(]J)), again in
the absence of any change in CTSD protein levels (Figure 4
(K) and S$4B). As expected, lysosomal pH was also decreased
in KU-60019-treated wild type neurons (Figure 4(L,M)).

We postulated that the lower pH in the atm ™~ cortical
neurons was the result of changes in the lysosomal proton
pump ATP6VIA (ATPase, H+ transporting V1, lysosomal
subunit A), a membrane protein that uses its ATPase activity
to acidify the lysosome. We had previously identified
ATP6VI1A to be physically associated with ATM [4] and
were encouraged to find that Serlll and Ser260 of
ATP6V1A were predicted as ATM phosphorylation sites
(Figure 4(N)). We were unable to repeat the pulldown of
ATP6VI1A with ATM (Figure 4(0)), suggesting that the phy-
sical interaction of the two proteins is weak and context-
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Figure 4. ATM regulated lysosomal enzyme activity and pH. (A) CTSD activity in
mouse cortex lysate. Error bars = SEM; n = 6 animals each group; p = 0.0026
(unpaired t test). (B) CTSD activity in WT cortical neurons transfected with Atm-
or scrambled shRNA. Error bars = SEM; n = 6 batches of neurons; p = 0.0241
(unpaired t test). (C) CTSD protein levels normalized to GAPDH. Error bars = SEM;
n = 3 animals each group; p = 0.7761 (unpaired t test). (D) CTSB activity in
mouse cortex lysate and purified lysosomes from mouse cortex. Error
bars = SEM; n = 5 animals each group; p values are as marked (unpaired
t test). (E) CTSB protein levels normalized to TUBA. Error bars = SEM; n = 3
animals each group; p = 0.5296 (unpaired t test). (F) Representative BODIPY-FL-
pepstatin A stained CTSD (green) and LysoTracker-Red stained lysosomes (red) in
WT and atm KO cortical neurons. (G) Colocalization rate of CTSD and lysosomes
in WT and atm KO cortical neurons. Error bars = SEM; n = 10 coverslips from 3
batches of neuronal cultures; p = 0.0181 (unpaired t test). (H) WT and atm™~
cortical neurons transfected with LysopH-GFP. (I) Normalized to WT, the LysopH-
GFP intensity of atm™" cortical neurons. Error bars = SEM; n = 4 batches of
neurons; p = 0.0009 (unpaired t test). (J) CTSD activity in WT cortical neurons
treated with KU-60019 or DMSO for 24 h. Error bars = SEM; n = 9 readings from
3 batches of cells; p = 0.0258 (unpaired t test). (K) CTSD protein levels normal-
ized to GAPDH in WT cortical neurons treated with KU-60019 (1 uM) or DMSO for
24 h. Error bars = SEM; n = 3 batches of cultures; p = 0.3744 (unpaired t test). (L)
LysopH-GFP transfected WT cortical neurons treated with KU-60019 (1 uM) or
DMSO for 24 h. (M) Normalized to DMSO control, the lysopH-GFP intensity of KU-
treated cortical neurons. Error bars = SEM; n = 6 batches of cultures; p = 0.0175
(unpaired t test). (N) Predicted ATM phosphorylation sites on ATP6V1A using
NetPhos 3.1. (O) ATM immunoprecipitation (ATM-IP) from WT mouse cortical
lysates blotted with ATP6V1A or p-[S/T]Q (ATM substrate).

dependent. Despite the lack of direct physical interaction,
however, ATP6V1A proved to be a possible ATM substrate
(Figure 4(N,0)). Indeed, we found a robust phospho-[S/T]Q
signal in ATP6V1A immunoprecipitates (Figure 4(0O)).

Abnormal lysosome motility in ATM-deficient cells

Basal autophagy is hyperactivated in A-T cells [29,30], making
them more vulnerable to neurodegenerative changes [38].
Based on the altered distribution of SQSTM1 puncta when
ATM activity was reduced, we hypothesized that autophago-
some-lysosome trafficking was a critical part of the function
of ATM. To test this hypothesis, we stained lysosomes in live
cortical neurons with LysoTracker-Red. In wild type cortical
neurons, lysosomes were uniformly distributed, while they
accumulated in a perinuclear location in atm™~ cells (Figure
5(A)), consistent with earlier reports of increased lysosome
numbers in ATM-deficient mouse neuronal cell bodies [7].
Using LysoTracker-Red, we analyzed lysosome trafficking in
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Figure 5. Lysosome trafficking was abnormal in atm™" cells. (A) LysoTracker-Red
(red) staining of WT and atm™~ (atm KO) cortical neurons transfected with
pAAV-SYN-EGFP (green, Addgene, 50,465; Bryan Roth). (B) Time-lapse images of
transfected WT and atm™~ cortical neuron neurites. (C) Quantification of total
lysosome numbers (left), the percentage of lysosomes moving in retrograde
(middle) and anterograde (right) directions. Error bars = SEM; n = 4 batches of
cultures; p values are as marked (unpaired t test). (D) Models of the predicted
atomic interactions between ATM (white, PDB ID: 5NP1) and DYNLL1 (rainbow,
PDB ID: 3RJS), shown with intermolecular hydrogen bonds (pink dashed lines).
(E) Representative blots of DYNLL1 and p-[S/T]Q (ATM substrate) with ATM and
DYNLLT immunoprecipitates in WT cortex lysates. (F) Western blots of DYNLL1
(dynein light chain1), DNAH (dynein heavy chain), DNAIC (dynein intermediate

chain) and LAMP1 in isolated lysosomes from WT and atm™~ mouse cortical

lysates. (G) DYNLL1, DNAH (dynein heavy chain), DNAIC (dynein intermediate
chain) protein levels normalized to LAMP1 in isolated lysosomes from both WT
and atm KO cortex. Error bars = SEM; n = 4 batches of cultures; p values are as
marked (unpaired t test).

axons of both wild-type and atm ™~ cortical neurons (Figure 5
(B)). There was an increased lysosome density both in cell
bodies and axons of atm™ neurons (Figure 5(C)). Kinetic
analysis revealed that lysosomes in atm™~ neurons were
approximately 50% more prone to undergo retrograde trans-
port than those in wild type cells. (Figure 5(C)). There was
also a decrease in anterograde transport; only about 2% of the
lysosomes in atm '~ neurons were undergoing anterograde
transport, which was about a quarter of the percentage
found in wild type axons (Figure 5(C)). The speed of retro-
grade transport was slightly faster in atm ™~ neurons, although
the difference did not reach statistical significance (Fig. S5A).
The percentages of stationary or bidirectional lysosomes were
similar (Fig. S5B). It was most likely the enhanced retrograde
transport of lysosomes in atm ™~ neurons that accounted for
their perinuclear accumulation.

To search for the mechanism by which ATM deficiency led
to these changes, we returned to our published dataset of
proteins pulled down by ATM from wild type but not atm™
~ mouse brains [4]. We identified DYNLLI1 (the light chainl
of dynein), as a potential target for ATM. Dynein is respon-
sible for retrograde organelle trafficking [39]. By in silico
analysis, DYNLL1 is predicted to physically interact with
ATM (Figure 5(D)) with a first ranked cluster conformation
score of —950.2 kCal/mol. Thirteen intermolecular hydrogen



bonds between DYNLL1 and ATM were predicted to be
formed to stabilize the interaction (Figure 5(D) and S5C).
We confirmed a strong physical association between DYNLL1
and ATM (Figure 5(E)), but were unable to detect a signal
when we blotted the DYNLLI blots with p-[S/T]Q antibody
(Figure 5(E) and Table 1), suggesting that the physical ATM-
DYNLLI association is not a kinase-substrate interaction. We
then isolated lysosomes from both wild type and mutant
mouse brains and found that those from atm™~ mouse cortex
contained more DYNLL1, dynein heavy chain and dynein
intermediate chain than wild type lysosomes (Figure 5(F,G)).
LAMPI served as an internal control (Figure 5(F)). The accu-
mulation of lysosomal dynein in atm™ mouse brains sug-
gested that ATM inhibited axonal retrograde transport
through dynein motor proteins.

SLC2A4 in atm™ neurons was sorted to lysosomes

To determine whether the upregulated autophagy-lysosomal
pathway affected other key proteins, we assessed the behavior
of SLC2A4, a glucose transporter [40] whose cell surface
levels are INS (insulin) sensitive. It was found that ATM-
deficiency leads to oxidative stress [41,42], and such stress
diverts SLC2A4 to lysosomes for degradation [43]. While
overall, the levels of Slc2a4 mRNA (Figure 6(A)) and protein
(Figure 6(B,C)) were unchanged in atm™™ mouse cortex,
SLC2A4 levels in isolated lysosomes increased by more
than 2-fold (Figure 6(B,C)). The increased CTSD and CTSB
activity confirmed the effective isolation of the lysosomes in
the preparation (Fig. S6 and Figure 4(D)). To determine
whether the altered localization of SLC2A4 was activity-
dependent, wild type cortical neurons were transfected with
GFP-tagged SLC2A4 (N1-Slc2a4-GFP) and a mCherry-
tagged lysosomal marker (mCherry-Lysosome-20). After
24 h, the transfected cultures were treated with either KU-
60019 or VE-822 for 48 h. We found that ATM, but not
ATR, inhibition increased the amount of SLC2A4 associated
with lysosomes (Figure 6(D,E)). In addition, KU-60019, but
not VE-822, caused a significant increase in the colocaliza-
tion rate of SLC2A4 and the lysosomal protein, LAMP1

Table 1. Antibodies used in this study.

Name Cat. No. Company

ATM (2 C1(1A1)) ab78 Abcam

ATR ab2905 Abcam

Clathrin ab2731 Abcam

Clathrin ab21679 Abcam

TUBA (tubulin, alpha) 21255 Cell Signaling Technology
GAPDH ab8245 Abcam

SLC2A4 ab654 Abcam

LAMP1 ab19294 Abcam

LC3B ab51520 Abcam

MAP2 ab5392 Abcam
SQSTM1/p62 ab56416 Abcam

DYNNL1 ab51603 Abcam
ATP6V1A ab137574 Abcam

CTSD ab75852 Abcam

CTSB 31,718 Cell Signaling Technology
ATG5 ab109490 Abcam

p-[S/TIQ 2851 Cell Signaling Technology
BSN (bassoon) ab82958 Abcam

HOMER1 ABN37 Merck Millipore
cleaved-CASP3 96645 Cell Signaling Technology
Ubiquitin 3933S Cell Signaling Technology
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Figure 6. SLC2A4 trafficking switched to lysosomes in the absence of ATM. (A)
Normalized Sic2a4 mRNA expression level in WT and atm™~ (atm KO) mouse
cortex. Error bars = SEM; n = 8 animals each group; ns, p = 0.8746 (unpaired
t test). (B) Representative SLC2A4, SQSTM1, LAMP1 and Histone H3 blots in
isolated lysosomes (Lyso) or whole-cell lysates (Wcl) from WT or atm™" mouse
cortex lysates. (C) The ratio of lysosomal SLC2A4 to total SLC2A4 in WT and
atm™~ mouse cortex. Error bars = SEM; n = 3-4 animals each group; p = 0.0215
(unpaired t test). (D) Representative images of WT cortical neurons transfected
with N1-Slc2a4-GFP and mCherry-Lysosome-20 treated with DMSO, KU-60019
(1 uM) or VE-822 (0.2 uM) for 24 h. (E) Colocalization rate of GFP-SLC2A4 and
the mCherry-lysosome. Error bars = SEM; n = 3 batches of cultures; p values are
as indicated (unpaired t test). (F) Representative co-immunostaining images of
SLC2A4 (red) and LAMP1 (green) in WT cortical neurons treated with DMSO, KU-
60019 (1 pM) or VE-822 (0.2 uM) for 24 h. (G) Colocalization rate of endogenous
SLC2A4 and LAMP1. Error bars = SEM; n = 10-11 coverslips from 3 batches of
cultures; p values are as indicated (unpaired t test).

(Figure 6(F,G)). Consistent with this finding, in atm™™ neu-
rons (Figure 5(A)), both exogenous mCherry-Lysosome-20
(Figure 6(D)) and endogenous LAMP1 (Figure 6(F)) adopted
a perinuclear pattern in KU-60019-treated cells while the
lysosomes of control, DMSO-treated, wild type neurons
showed a more evenly dispersed pattern (Figure 6(D,F)).
These findings suggested that ATM kinase activity contrib-
uted to the maintenance of glucose metabolism by prevent-
ing SLC2A4 from being sorted to the lysosomes for
degradation.

ATM regulated SLC2A4 translocation to plasma
membrane

The misrouting of SLC2A4 impedes the cells’ response to INS.
Live imaging of EGFP-tagged SLC2A4 showed that the 10 min
of INS stimulation in wild type neurons triggered SLC2A4
translocation to plasma membrane, but not in atm ™~ neurons
(Figure 7(A,B) and S7A). This INS response was ATM kinase-
dependent as the pretreatment of wild type neurons with KU-
60019 for 24 h blocked INS-induced SLC2A4 translocation
while inhibition of ATR activity with VE-822 was ineffective
(Figure 7(C)). To test whether hyperactivation of ATM kinase
activity would have the reverse effect, we used etoposide to
induce DNA damage and thus activate ATM. Even without
INS, etoposide-induced ATM activation caused an accumula-
tion of SLC2A4 on the plasma membrane (Figure 7(C,D)).
Together, the data suggested that ATM kinase activity was
both sufficient and necessary to induce SLC2A4 translocation
to the plasma membrane in neurons.

There were important functional consequences of these
changes in SLC2A4 trafficking. Using 2-NBDG, a fluorescent
glucose analog, to monitor the glucose uptake in cerebellar
granule neurons (CGNs) (Figure 7(E,F)), neocortical neurons
(CNs) (Figure 7(G,H)), and human fibroblasts (Fig. S7B and
S§7C), we found that all ATM-deficient cells showed reduced
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Figure 7. Atm™" cells showed abnormal SLC2A4 translocation to plasma mem-
brane and deficient glucose uptake. (A) GFP-SLC2A4 and mCherry-lysosome
were co-transfected into wild type (WT) and atm KO cortical neurons before
INS treatment. (B) Changes in EGFP-SLC2A4 intensity in WT and atm KO during
10 min of INS treatment (normalized to the start point intensity). (C)
Representative immunostaining images of clathrin (red) and surface SLC2A4
(green) in cerebellar granule neurons (CGN) treated with KU-60019 (KU, 1 pM),
VE-822 (VE, 0.2 uM) or etopside (Etop, 1 puM) for 24 h with or without INS
exposure (10 pM, 10 min). (D) The colocalization rate of surface SLC2A4 and
clathrin in CGN cultures pretreated with DMSO, KU, VE or Etop for 24 h with/
without INS (10 uM, 10 min) exposure. (E) Representative 2-NBDG uptake images
of WT or atm KO CGN. (F) 2-NBDG intensity of WT and atm KO CGN. Error
bars = SEM; n = 10 coverslips from 3 batches of cultures; p < 0.0001 (unpaired
t test). (G) Representative 2-NBDG uptake images of cultured CN. (H) 2-NBDG
intensity of WT and atm KO CN. Error bars = SEM; n = 22-39 coverslips from 3
batches of cultures; p < 0.0001 (unpaired t test). (I) Representative 2-NBDG
uptake images of WT CN treated with KU (1 uM) for 24 h. (J) 2-NBDG intensity of
WT CN treated with KU. Error bars = SEM; n = 8-9 coverslips from 3 batches of
cultures; p values as shown (unpaired t test).

levels of glucose uptake. A similar decrease in glucose uptake
was found when we inhibited ATM Kkinase activity in wild
type (WT) cultured mouse cortical neurons with KU-60019
(Figure 7(L])). In summary, the data suggested a model in
which ATM deficiency or kinase inhibition switched SLC2A4
trafficking to the lysosome instead of the plasma membrane in
the presence of INS with the predicted decrease in the ability
of the cells to take up exogenous glucose.

Discussion

In this study, we have shown that ATM is degraded by
autophagy while ATR is degraded through the UPS. This
complementarity in the fate of ATM and ATR is reminiscent
of a similar relationship in the regulation of glutamatergic and
GABAergic vesicle trafficking [4] as well as in their double-
strand and single-strand focus during the DNA damage
response [2]. The meaning of these mutually supportive
roles remains unclear, however, the persistent finding that
the ATM and ATR kinases work together in connected, but
non-overlapping roles suggest a deeper set of rules may be at
play.

The relationship between ATM and autophagy, while pre-
viously recognized, is underscored by our findings. When
autophagy is inhibited, ATM protein levels increase and
when ATM is inhibited, autophagy goes up [29,30]. Thus
ATM activity can both dial up or dial down autophagy.
Intriguingly, from the standpoint of complementarity, while

basal autophagy (the ATM degradation pathway) is upregu-
lated in A-T cells [28], the UPS (the ATR degradation path-
way) is downregulated [30], potentially explaining the higher
level of ATR protein in ATM-deficient cells [4].

Lysosomal trafficking, while related to autophagy, appears
to be an independent target of this multi-functional kinase.
Similar to lysosomal storage diseases, lysosomes accumulate
abnormally in the perinuclear region of atm™~ cells.
Lysosome motility and positioning are regulated by both the
(cholesterol-RAB7A-RILP [Rab interacting lysosomal pro-
tein]-OSBPL1A [oxysterol binding protein like 1A]) pathway
and by the PtdIns(3,5)P,-MCOLN1 (mucolipin 1)-ALG2
(asparagine-linked glycosylation 2[alpha-1,3-mannosyltrans-
ferase])-dynein pathway [14]. Our finding of the physical
interaction between ATM and DYNLLI suggests that ATM
might be involved in the second pathway. We propose that
the binding of ATM to DYNLL1 blocks the interaction of
dynein with its lysosomal cargo thus inhibiting lysosome
retrograde transport (Figure 8). We note that ATM-deficient
cells also have an abnormal accumulation of membrane cho-
lesterol [44,45], which makes it possible that the first pathway
might control autophagosome and lysosome transport and
fusion [46].

In atm™" neurons, the behavior of SQSTM1 is sympto-
matic of cells with increased autophagic flux. The total protein
level of SQSTMI1 decreases and its distribution changes.
Coupled with the enhanced retrograde transport, we
observed, it would appear that autophagosomes in the neuro-
nal dendrite are depleted, increasing the neuron’s vulnerabil-
ity to synapse loss and death. Intriguingly, rapamycin together
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Figure 8. Diagram of the ATM working model in the autophagy-lysosomal
pathway. Wild type neurons. ATM was normally degraded by autophagy
while ATR was digested through the ubiquitin-proteasome pathway. The cross-
talk between these two pathways maintained the balance of ATM and ATR
protein levels. The binding of ATM to DYNLL1 inhibited the lysosome from being
captured by the retrograde transport machinery. In addition to this control of
lysosome localization, ATM also regulated lysosomal pH by phosphorylating the
v-ATPase, ATP6V1A. INS stimulated SLC2A4 vesicles to translocate to the plasma
membrane with only a few moving to the lysosome for degradation. atm™~
neurons. The upregulation of autophagy and the impaired ubiquitination-
proteasome degradation in atm™~ (atm KO) neurons led to increased ATR
protein levels. Reduced ATM protein tipped the balance of anterograde and
retrograde transport of lysosomes in favor of the latter, inhibited autophago-
some-lysosome fusion, and hampered the maintenance of lysosomal pH. Loss of
ATM activity led to reduced SLC2A4 presence on the plasma membrane and
enhanced degradation in the lysosome.



with serum-free medium significantly induces autophagy in
wildtype neurons [47-49], which is indicated by the increased
LC3B-II to LC3B-I ratio, the decreased SQSTMI1 protein
levels as well as the increased LAMPI1 protein levels (Figure
2(F,G)). Consistently, the induced autophagy causes synapse
loss and neuronal death (Figure 2), which is reminiscent of
the synaptic defects and lower viability of cultured ATM-
deficient neurons [4-6,50], and suggests that the absence of
ATM is detrimental in part because of the upregulation of
autophagy. The acidification of the lysosome and consistent
with this idea, mutations in human ATP6V1A cause develop-
mental encephalopathy with epilepsy [51].

ATM is reported to play multiple important roles in glu-
cose metabolism and is involved in INS signaling through the
regulation of protein synthesis [52,53] via phosphorylation of
EIF4EBP1/4E-BP1 (eukaryotic translation initiation factor 4E
binding protein 1) and MAPK8/JNK1 (mitogen-activated pro-
tein kinase 8) [54]. INS stimulates glucose uptake by control-
ling the translocation of its transporters to the plasma
membrane and by promoting their accumulation in clathrin-
based endocytic structures on the plasma membrane [55]. The
SLC2A4 isoform is expressed in neurons often at high levels
[40], but the regulation of its trafficking by ATM is found in
many cell types [8]. These observations reinforce each other
and suggest that ATM regulates glucose uptake through
SLC2A4 in a wide variety of cell types and this regulation
occurs through a lysosomal trafficking mechanism. The reg-
ulation of SLC2A4 by ATM exists in a complex web of cellular
interactions. Oxidative stress shifts glucose metabolism from
glycolysis to other pathways [42,56]. Further, our lab has
recently shown that atm™~ cells have reduced levels of ATP,
increased oxidative stress and impaired mitochondrial func-
tion [42]. Thus not only glucose uptake but also its cellular
processing is altered in the absence of ATM. Altogether, the
combination of reduced glycolysis, impaired mitochondrial
function and abnormal INS signaling resulting in defective
glucose metabolism adds complexity to the phenotype of
glucose intolerance in A-T patients and their susceptibility
to metabolic syndrome [57].

In conclusion, in addition to its nuclear function in DNA
damage repair, ATM is also involved in a variety of cytoplas-
mic processes, including synaptic vesicle trafficking, lysosome
motility, autophagy and glucose utilization. All of these com-
bine to influence cellular metabolism, synaptic density and
cell viability and thus contribute to the pleiotropic phenotypes
of A-T (Figure 8). Overall, our study demonstrates a deep
involvement of ATM in the regulation of multiple pathways
and provides novel insights into the pathogenesis of multiple
nervous system diseases and the potential promising thera-
peutic targets.

Materials and methods
Chemicals and molecular biologicals

KU-60019 (Selleck Chemicals Llc, S1570); VE-822 (Selleck
Chemicals Llc, S7102); Bodipy-FL-pepstatin A (Thermo
Fisher Scientific, P12271); LysoTracker-Red DND-99 (Life
Technologies, L7528); 2-NBDG (Life Technologies, N13195)
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and Dynabeads Protein G (Life Technologies, 10004D; 30 mg/
ml); etoposide (Sigma-Aldrich, E1383), rapamycin (Sigma-
Aldrich, R8781); 3-methyladenine (Sigma-Aldrich, M9281);
bafilomycin A; (Sigma-Aldrich, SML1661); chloroquine
(Sigma-Aldrich, C6628); INS (insulin; Sigma-Aldrich, 19278);
DMSO (Sigma-Aldrich, D2650); MGI132 (Santa Cruz
Biotechnology, sc-201,270); Cathepsin D Activity Assay Kit
(BioVision, K143-100); Cathepsin B Acitivty Assay Kit
(BioVision, K140-100); Lysosome Isolation Kit (BioVision,
K235-50); Atg5 siRNA (Cell Signaling Technology, 6345);
pMRX-IP-GFP-LC3-RFP-LC3AG (Addgene, 84,572; Noboru
Mizushima); mCherry-Lysosome-20  (Addgene, 55,073;
Michael Davidson); pCMV-lyso-pHluorin (Addgene, 70,113;
Christian Rosenmund); pAAV-SYN-EGFP (Addgene, 50,465;
Bryan Roth); N1-SLC2A4/GLUT4-GFP was a gift from
Dr. Tao XU (Institute of Biophysics, Chinese Academy of
Sciences); Atm and Atr primers (Tech Dragon Limited).

Animals

The original breeding stock for the C57BL/6 ] and ATM
mutant line Bal (B6;129S4-Atmtm1Bal/]), were obtained
from Jackson Laboratory. All mice used in this study were
maintained and bred in the Animal and Plant Care Facility
(APCF) of the Hong Kong University of Science and
Technology (HKUST). The protocol used for genotyping the
mice was the same as that described in our previous study [4].
For all homozygous atm KO mice (atm™"), C57BL/6 ] (wild
type) animals were used as controls. All animal protocols were
approved by the Animal Ethics Committee at HKUST, and
animal care was in accordance with both institutional and
Hong Kong guidelines that include government legislation,
Hong Kong’s Code of Practice for Care and Use of Animals
for Experimental Purposes, as well as International Guides
and Codes of Practice on the Care and Use of Animals in
Research.

Primary cortical neuronal culture

Cultures of mouse cortical neurons were prepared from
embryonic day 16.5 (E16.5) C57BL/6 ] (WT) or BAL
(Atm™ Bl Atm"™ 154 mouse embryos as described previously
[58-60]. Cortices were collected in ice-cold PBS (Thermo
Fisher Scientific, 10,010,023) with 5.6 mM glucose (Sigma-
Aldrich, G8270), then incubated in 1X trypsin (Thermo Fisher
Scientific, 25,300,054 ) solution for 10-12 min at 37°C. DMEM
medium (Thermo Fisher Scientific, 11,965,092) with 10% fetal
bovine serum (FBS; Thermo Fisher Scientific, 26,140,079) was
used to inactivate the trypsin. The cells were then placed into
Neurobasal medium (Thermo Fisher Scientific, 21,103,049),
supplemented with 2% B27 (Thermo Fisher Scientific,
17,504,044), 1% Glutamax (Thermo Fisher Scientific,
35,050,079), and 1% penicillin-streptomycin (Thermo Fisher
Scientific, 15,140,163; 10,000 U/mL) at a density of 8,500 cells/
cm® on a poly-L-lysine (Sigma, P2636) -coated surface and
cultured at 37°C in a humidified incubator in an atmosphere
containing 5% CO, and 95% air.
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Primary cerebellar granule neuron culture

Cultures of mouse cerebellar granule neurons were prepared
from post-natal day 5 (P5) C57BL/6 ] (WT) or BAL (atm KO)
mice as described previously [61]. Cerebella were collected in
ice-cold PBS/glucose solution, then incubated in papain solu-
tion from Papain Dissociation System (Worthington
Biochemical, LK 003150) for 20 min at 37°C. FBS (10%) was
used to inactivate the papain. The solution was then triturated
and centrifuged at 200 x g for 5 min at room temperature, and
the loose pellet resuspended. The resulting suspension was
carefully layered on top of a discontinuous sucrose density
gradient (Worthington Biochemical, LK 003150), followed by
centrifugation at 70 x g for 6 min. The cells in the pellet were
resuspended in 10% FBS (Thermo Fisher Scientific,
26,140,079) and 90% Neurobasal-A medium (Thermo Fisher
Scientific, 10,888,022) and filtered through a cell strainer
(FALCON, 352,350; pore size 70 um). The filtrate containing
the granule cells was then centrifuged at 200 x g for 5 min and
placed into Neurobasal-A, supplemented with 2% B27
(Thermo Fisher Scientific, 17,504,044), 1% Glutamax
(Thermo Fisher Scientific, 35,050,079), and 1% penicillin-
streptomycin  (Thermo  Fisher  Scientific, 15,140,163;
10,000 U/mL) at a density of 90,000 cells/cm* on a poly-
L-lysine (Sigma, P2636) coated surface. The cells were then
cultured at 37°C in a humidified incubator in an atmosphere
of 5% CO, and 95% air.

Cell culture and transfection

Human fibroblasts (Coriell Institute, GM03397, GMO03440)
[62] and HT22 cells (Sigma-Aldrich, SCC129) were cultured
in DMEM (Thermo Fisher Scientific, 11,965,092) with 10%
FBS (Thermo Fisher Scientific, 26,140,079) plus penicillin-

streptomycin  (Thermo  Fisher  Scientific, 15,140,163;
10,000 U/mL). Primary neurons were cultured as above.
DNA constructs were transfected at 7 DIV using

Lipofectamine 2000 (Thermo Fisher Scientific, 11,668,019)
or Lipofectamine LTX with Plus Reagent (Thermo Fisher
Scientific, 15,338,100). 4 to 6 h after transfection, fresh culture
medium was used to replace the transfection medium, and the
cells were incubated for another 48 h (HT22) or longer
(primary neurons; 5-8 d) to allow recovery and construct
expression.

Immunoprecipitation, SDS/PAGE and western blot
analysis

Cultured cells or isolated brain tissues were homogenized in
ice-cold RIPA buffer (EMD Millipore, 20-188) with 1X
PhosSTOP phosphatase inhibitor (Roche Applied Science,
04906837001) and 1X complete protease inhibitor (Roche
Applied Science, 04693159001). The homogenates were then
centrifuged for 20 min at 21,000 x g to remove debris. The
protein concentration of the supernatant was determined by
the Bradford assay (Bio-Rad Laboratories, 5,000,006). For
immunoprecipitation, a volume of lysate containing 1 mg of
total protein was incubated for 30 min with control IgG
(Santa Cruz Biotechnology, sc-66,931), precleared with 50 pl

of Dynabeads Protein G (Invitrogen, 10004D), and incubated
overnight at 4°C with primary antibodies. Beads, along with
their bound proteins, were collected with DynaMag-2 mag-
nets (Thermo Fisher Scientific, 12321D) and rinsed three
times, followed by elution in 50 pl of 4X bromophenol blue
dye (Sigma-Aldrich, B5525) with beta-mercaptoethanol
(Sigma-Aldrich, V000590) as well as 150 ul of RIPA buffer
containing 1X complete protease inhibitor and 1X PhosSTOP
phosphatase inhibitor. The eluted proteins were subjected to
5-12% SDS/PAGE. For western blot analysis, protein sample
lysate was run on SDS/PAGE and transferred to Immuno-Blot
PVDF membranes (Bio-Rad Laboratories, 1,620,177). For the
proteins to be blotted, we loaded 20 pl of a 1 pg/ul protein
solution. For the loading controls, either GAPDH (glyceralde-
hyde-3-phosphate dehydrogenase) or TUBA (tubulin, alpha,
detects total protein), we loaded 10 pl of a 1 pg/ul solution.
According to the literature, quantification of protein load is
expected to be linear from 10-40 pg total protein in a stain-
ing-free gel investigation using 5 different conditions [63].
The manufacturer of the GAPDH antibody (Abcam, ab8245;
Table 1) recommends 10 pg as a suggested loading amount,
which is within their tested linear range. Other literature
references cite 10 pg of total protein load as within the linear
range for tubulin [64]. After blocking, membranes were
probed with primary antibodies and visualized with Super
Signal West Pico (Thermo Fisher Scientific, 34,580), Dura
(Thermo Fisher Scientific, 34,075), or Femto (Thermo Fisher
Scientific, 34,095) chemiluminescent substrate. For each blot,
we used multiple exposures, always choosing the exposure
that gave a strong signal, but one that was below the max-
imum intensity seen with longer exposure times. For gels with
more than one band, we chose our exposure time based on
the optimum density of the band of interest.

Immunocytochemistry

Cells on coverslips were fixed in 4% paraformaldehyde (Sigma-
Aldrich, 158,127) for 15 min, rinsed three times with PBS
(Thermo Fisher Scientific, 10,010,023), and incubated in 5%
donkey serum (Sigma-Aldrich, D9663) with 0.3% Triton X-100
(Sigma-Aldrich, 93,443) for 1 h at room temperature. After
blocking, primary antibodies were applied in blocking buffer
(5% donkey serum with 0.3% Triton X-100), and coverslips
were incubated at 4°C overnight. Coverslips were then rinsed
three times with PBS and incubated with secondary antibodies
(Alexa Fluor 488: Thermo Fisher Scientific, A32766, A32790;
Alexa Fluor 555: Thermo Fisher Scientific, A32773, A32794;
Alexa Fluor 647: Thermo Fisher Scientific, A31573, A31571) at
room temperature for 1 h. Coverslips were rinsed five times
with PBS, and then incubated with DAPI (Thermo Fisher
Scientific, D1306) in PBS for 5 min, following by once PBS
rinsing. Finally, stained coverslips were mounted with
Hydromount (National Diagnostics, HS-106) for confocal
imaging.

CTSD/CTSB activity assay

Cells were lysed in 50 pl of chilled CTSD/CTSB cell lysis
buffer (BioVision, K143/K140) and centrifuged for 5 min at



21,000 x g to remove large debris. Increasing volumes (5--
50 pl) of the clear supernatant was added into individual wells
of a 96-well plate. The total volume in each well was then
brought to 50 ul with CTSD/B cell lysis buffer. Each well then
received 50 ul of a Master Assay Mix (BioVision, K143/K140)
containing a 1:25 dilution of the preferred CTSD substrate
sequence GKPILFFRLK(Dnp)-D-R-NH2) labeled with MCA
or CTSB substrate sequence RR labeled with AFC (amino-
4-trifluoromethyl coumarin) in reaction buffer. The plates
were then incubated at 37°C for 1-2 h. Substrate cleavage
was determined by reading the fluorescence generated in each
will using a fluorometer equipped with 328-nm excitation/
460-nm emission filter (CTSD) and 400-nm excitation/505-
nm emission filter (CTSB).

Bodipy-FL-pepstatin A and LysoTracker-Red co-staining

To label CTSD and lysosomes, the cortical neuron cultures
were incubated with 1 uM Bodipy-FL-pepstatin A (Thermo
Fisher Scientific, P12271) and 1 pM LysoTracker-Red (Life
Technologies, L7528) in Neurobasal medium (Thermo Fisher
Scientific, 21,103,049) for 30 min at 37°C. Cultures were then
rinsed twice with fresh Neurobasal medium. For image taking,
to reduce the fluorescent background, Neurobasal medium
was replaced with pre-warmed sterile 1X HBS (HEPES
[4-{2-hydroxyethyl}-1-piperazineethanesulfonic acid (Sigma-
Aldrich, H4034)]-buffered saline) containing 119 mM NaCl,
5 mM KCI, 2 mM CaCl,, 2 mM MgCl,, 30 mM glucose, and
10 mM HEPES, at pH 7.2.

Live confocal imaging

To track the movement of lysosomes, cortical neurons were
incubated with 1 uM LysoTracker-Red (Life Technologies,
L7528) in Neurobasal medium (Thermo Fisher Scientific,
21,103,049) for 30 min at 37°C. Cultures were then rinsed
twice with fresh Neurobasal medium. To reduce the fluores-
cent background, Neurobasal medium was replaced with pre-
warmed sterile 1X HBS containing 119 mM NaCl, 5 mM KClI,
2 mM CaCl,, 2 mM MgCl,, 30 mM glucose, 10 mM HEPES,
pH 7.2. Images were captured at 1 Hz on a confocal micro-
scope (Leica, SP8; Germany) over a period of 100 seconds.

The track the position of SLC2A4 protein, cortical neurons
were transfected with N1-Slc2a4-GFP and mCherry-Lysosome
-20. After 24 h, 10 uM INS (Sigma-Aldrich, 19278) was
applied in Neurobasal medium for 10 min. A total of 500
fluorescent confocal images of the live cells were captured at
~1.5 Hz both before and after INS treatment.

Lysosome isolation

Brain tissue plus lysosome isolation buffer (BioVision, K235;
Lysosome Purification Kit) were mixed in a 1:8 ratio (w:v) in
a precooled glass homogenizer. Eight to twelve strokes were
then applied while the homogenizer was maintained on ice.
After transfer of the solution to a fresh tube, 500 pl of lyso-
some enrichment buffer (BioVision, K235; Lysosome
Purification Kit) was added, and the tube inverted several
times to mix. The mixture was then centrifuged at 500 x g
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for 10 min at 4°C. The supernatant was collected and kept on
ice until it was carefully overlaid on top of a 5-step density
gradient (BioVision, K235; Lysosome Purification Kit). The
gradient was then centrifuged in a refrigerated ultracentrifuge
for 2 h at 145,000 x g. The lysosomes formed a visible band in
the top 1/10th of the gradient volume, which was carefully
withdrawn using an extra-long pipette tip (~0.2 ml). To
further purify the enriched lysosome preparation, 2 volumes
of PBS (Thermo Fisher Scientific, 10,010,023) were added,
and the solution vortexed gently. The suspension was then
centrifuged at 4°C for 30 min at 18,000 x g. The supernatant
containing debris was discarded, leaving only the pellet of
purified lysosomes that were resuspended in PBS. Protein
concentration was determined using Bradford method.
Aliquots were either used immediately or snap-frozen in
liquid nitrogen and stored at —80°C until needed.

Glucose uptake assay

Neuron cultures were incubated in Krebs-Ringer bicarbonate
buffer (Sigma-Aldrich, K4002) for 1 h to force the neurons to
deplete all their endogenous stores of glucose. A 2-NBDG
(Life Technologies, N13195) working solution (100 uM) was
prepared in Krebs-Ringer bicarbonate buffer and applied to
neurons at 37°C for 30 min. Free 2-NBDG dye was then
rinsed away, and the medium changed to dye-free Krebs-
Ringer bicarbonate buffer. Images were taken immediately
by confocal microscopy (Leica, SP8; Germany).

SLC2A4 surface staining

Coverslips of unfixed cultures were rinsed once with ice-cold
PBS (Thermo Fisher Scientific, 10,010,023) and incubated
with 5% donkey serum (Sigma-Aldrich, D9663) in PBS for
1 h on ice to block nonspecific binding. Next, SLC2A4 anti-
body (Table 1) in blocking buffer was applied for 1 h on ice.
Coverslips were then rinsed three times with PBS and fixed
with 4% paraformaldehyde (Sigma-Aldrich, 158,127) for
15 min, following by a single PBS rinse. Then coverslips
were incubated with primary antibodies against clathrin
(Table 1) in 5% donkey serum/0.3% Triton X-100 (Sigma-
Aldrich, 93,443) in PBS at 4°C for overnight incubation. The
next day, coverslips were rinsed three times with PBS then
incubated with secondary antibodies (Alexa Fluor 488:
Thermo Fisher Scientific, A32766, A32790; Alexa Fluor
555: Thermo Fisher Scientific, A32773, A32794; Alexa
Fluor 647: Thermo Fisher Scientific, A31573, A31571) at
room temperature for 1 h followed by five additional PBS
rinses. Finally, DAPI (Thermo Fisher Scientific, D1306)
counterstaining was applied. After one additional PBS
rinse, coverslips were mounted with Hydromount
(National Diagnostics, HS-106) for confocal imaging.

Quantitative RT-PCR analysis

Total RNA was isolated from cortex of 1-month-old mice
using RNeasy Mini Kit (QIAGEN, 74,106) according to the
manufacturer’s instructions. Reverse transcription of equal
amounts of total RNA was carried out using a RT-PCR
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reaction kit (Thermo Fisher Scientific, K1632). Quantitative
real-time PCR (45 cycles - LightCycler480 software) was
performed using fast SYBR Green Master Mix (Thermo
Fisher Scientific, 1,176,250). Actb and Gapdh served as load-
ing controls. The sequence of Atm and Atr primers are as
following:
Atm-Forward: GATCTGCTCATTTGCTGCCG;
Atm-Reverse: GTGTGGTGGCTGATACATTTGAT;
Atr-Forward: GAATGGGTGAACAATACTGCTGG;
Atr-Reverse: TTTGGTAGCATACACTGGCGA;

In silico protein docking analysis

Protein-protein docking, energy filtering, clustering, and
ranking were done by the ClusPro 2.0 web server (https://
cluspro.bu.edu/publications.php) [65,66]. Structures of ATM
(PDB ID code 5NP1) and DYNLL1 (PDB ID code 3R]S), were
obtained from Protein Data Bank. We simulated ATM and
DYNLL1 interaction using ClusPro 2.0 balanced mode.
Representative structures for the cluster were obtained from
each simulation and docking energy center score of the first
ranked cluster conformation was chosen. PyMOL was used to
analyze the potential presence of interacting bonds of the
most favorable confirmation obtained from ClusPro 2.0
docking.

Statistical analysis

Colocalization analysis was performed on Leica confocal soft-
ware (LAS X). All data were obtained from at least three
independent preparations. All quantifications were performed
in a blinded manner. Differences between groups were ana-
lyzed using the unpaired/paired t test or one-way ANOVA.
All statistical analysis was performed with GraphPad Prism 6.
A p value < 0.05 was considered significant. Results were
reported as mean + SEM.
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