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ABSTRACT

Several lines of evidence support the occurrence of cross-regulation between the endocytic pathway
and autophagy, but the molecular mechanisms regulating this process are not well-understood. Here,
we show that the calcium sensor UNC13D regulates the molecular mechanism of late endosomal
trafficking and endosomal maturation, and defects in UNC13D lead to macroautophagy upregulation.
unci3d-null cells showed impaired endosomal trafficking and defective endocytic flux. The defective
phenotypes were rescued by the expression of UNC13D but not by its STX7-binding-deficient mutant.
This defective endosomal function in UNC13D-deficient cells resulted in increased autophagic flux,
increased long-lived protein degradation, decreased SQSTM1/p62 protein levels and increased autolyso-
some formation as determined by biochemical, microscopy and structural methods. The autophagic
phenotype was not associated with increased recruitment of the UNC13D-binding proteins and autop-
hagy regulators, RAB11 or VAMPS8, but was caused, at least in part, by TFEB-mediated upregulation of
a subset of autophagic and lysosomal genes, including Atg9b. Downregulation of TFEB decreased Atg9b
levels and decreased macroautophagy in unci3d-null cells. UNC13D upregulation corrected the defects
in endolysosomal trafficking and decreased the number of accumulated autophagosomes in a cellular
model of the lysosomal-storage disorder cystinosis, under both fed and starvation conditions, identifying
UNC13D as an important new regulatory molecule of autophagy regulation in cells with lysosomal
disorders.

Abbreviations ACTB: actin, beta; CTSB: cathepsin B; EEAT: early endosome antigen 1; ESCRT: endosomal
sorting complex required for transport; FHL3: familial hemophagocytic; lymphohistiocytosis type 3; HEX:
hexosaminidase; HLH: hemophagocytic lymphohistiocytosis; LSD: lysosomal storage disorder; MEF: mouse
embryonic fibroblast; SEM: standard errors of the mean; SNARE: soluble n-ethylmaleimide-sensitive-factor
attachment receptor; STX: syntaxin; SYT7: synaptotagmin VII; TFE3: transcription factor E3; TFEB: transcription
factor EB; TIRF: total internal reflection fluorescence ULK1: unc-51 like kinase 1; UNC13D: unc-13 homolog d;
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Introduction

Autophagy is an essential cellular process that consists of the
digestion of cytoplasmic components through lysosomal degra-
dation [1]. Autophagic pathways represent a major protective
mechanism that, in addition to their role in providing cells with
amino acids and nutrients, also allow for cell survival in
response to multiple stressors, including starvation and oxida-
tive stress, and help defend organisms against degenerative and
neoplastic diseases. Several autophagic pathways have been
described, including macroautophagy [2], microautophagy [3]
and chaperone-mediated autophagy (CMA) [4], which differ in
their regulation and selectivity. Macroautophagy (hereon
autophagy) is a degradative process by which bulky cytoplasmic
components and organelles are sequestered in a structure
known as the autophagosome and digested upon its fusion to
the lysosome, a process highly regulated by nutrient availability

and cell stress [2]. Macroautophagy is also dysregulated under
stress conditions initiated by a variety of genetic human dis-
eases including lysosomal storage disorders [5] and hyperin-
flammation [6]; however, very little information regarding
a possible role of autophagy in hemophagocytic lymphohistio-
cytosis syndrome (HLH) is available [7] and therefore, further
investigation on their association is critically needed [8].
Increasing evidence supports the cross-talk between the
endocytic and the autophagic pathways and several non-
ATG molecules that are both endosomal regulators and
involved in autophagy have been described [9]. This includes
small GTPases, including RAB7 [10] and RABI11 [11-14],
ESCRT (endosomal sorting complexes required for transport)
[15], and the SNAREs (soluble n-ethylmaleimide-sensitive-
factor attachment receptors) STXs (syntaxins) [16] and
VAMPs (vesicle-associated membrane proteins), which also
control endosomal tethering and fusion [17]. Similar to
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autophagosomes, lysosomes have many important roles in the
regulation of cellular homeostasis and specialized cellular
functions. In addition to the function of lysosomes as the
final degradation compartment of the endocytic and autopha-
gic pathways, endo-lysosomes and subsets of lysosomes
engage in the secretory pathway through regulated mechan-
isms [18,19], and control cellular processes as diverse as
signaling [20], protein degradative pathways [21], receptor
maturation [22], late endosomal maturation [23] and autop-
hagy [24]. These processes facilitate the cellular elimination of
degradation products and are used by eukaryotic cells to
maintain normal cellular homeostasis [18]. Both endosomal
and autophagosomal maturation are characterized by
dynamic fusion processes with lysosomes to form
a degradative compartment where lysosomal lumenal pro-
teins, including cathepsins [25,26], digest macromolecules.
Autophagosomes have also been demonstrated to fuse with
endosomes to form chimeric vesicles named amphisomes,
which are considered precursor structures [27,28] but can
also play specialized roles in specific cells [29]. A sustained
concept in autophagy research is the occurrence of cross-talk
between the endocytic and the autophagic pathways.
However, contradicting ideas have been proposed to explain
how these mechanisms are mutually regulated. On one hand,
based on the shared machinery utilized by these pathways,
a functional endocytic pathway has been considered an essen-
tial requirement for efficient autophagic flux [9]. This view is
supported by studies performed in neurons where the autop-
hagic machinery is proposed to fuse with late endosomes to
hijack their trafficking apparatus to engage with the retro-
grade transport system and then reach the lysosome-enriched
soma [30]. On the other hand, based on studies performed
using ESCRT mutants, which have defective endosomal
maturation, it is proposed that a possible dysregulation of
cellular homeostasis due to an endocytosis defect could trigger
an enhanced autophagic response [15]. This is supported by
the observation that autophagosomes are formed and are able
to fuse with the lysosome in ESCRT mutants, thus supporting
an induction of autophagic flux, as demonstrated, for exam-
ple, for the ESCRT mutant vacuolar protein sorting 32 in
C. elegans [15], although the effect is species-dependent [31].
In the same way, defective endosomal pathways are frequently
observed in lysosomal storage disorders (LSDs) [32] and in
some but not all LSDs autophagy is dysregulated. Altogether,
whether defective endosomal function impairs or enhances
autophagy is not completely elucidated and may depend on
specific defective molecular pathways. Thus, the molecular
mechanisms regulating the selectivity of endosome-
lysosomal and autophagosome-lysosomal fusion and the pos-
sible cross-regulation of these mechanisms need further elu-
cidation. To address these questions in mammalian cells, we
utilize biochemical and microscopic approaches to study the
autophagic function in cells deficient in the protein UNC13D/
MUNCI13-4 (unc-13 homolog D), a calcium sensor that reg-
ulates endosomal maturation through binding and regulation
of the endocytic SNAREs STX7 and VAMPS8 [33].

UNCI13D was originally characterized as a regulator of
exocytosis of secretory organelles [34,35] but was later charac-
terized as an important regulator of endocytic maturation and
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endosomal function [33,36]. UNC13D function was originally
demonstrated in hematopoietic cells but it is also expressed in
many additional cellular systems and tissues, including lung,
kidney, muscle and eye [37]. UNC13D deficiency causes famil-
ial hemophagocytic lymphohistiocytosis type 3 (FHL3) a life-
threatening immunodeficiency. Although UNCI13D is
a RAB27A-effector [34] and together they coordinate lytic
granule secretion in T-cells [34] and neutrophils [38,39],
UNCI13D also regulates trafficking mechanisms in a RAB27A-
independent fashion [36]. For example, UNC13D was recently
characterized as a calcium sensor [40], and as an important
regulator of late endosomal maturation [33], a mechanism that
is controlled through the calcium-dependent binding of
UNCI13D to the SNARE proteins STX7 and VAMPS8 [33].
UNCI13D also regulates recycling endosome function through
its interaction with the small GTPase RAB11 [36]. Despite its
close association with the endocytic pathway [33], a possible
function for UNC13D in the cross-regulation of endosomal
maturation and autophagy has not been explored. In this
regard, a possible role for UNC13D in autophagy regulation
has important connotations for the development of hemopha-
gocytic lymphohistiocytosis (HLH), a syndrome in which a role
for autophagy has been suggested [8].

TFEB (transcription factor EB) and the related molecule
TFE3 play central roles in the control of lysosomal functions
through the regulation of genes that encode lysosomal and
autophagic proteins involved in several processes associated
with macromolecule clearance [21,41]. In particular, TFEB
regulates excretion of waste materials through the upregula-
tion of lysosomal biogenesis, lysosomal exocytosis and autop-
hagy. TFEB function is regulated by post-transcriptional
modifications. Thus, MTOR-mediated phosphorylation of
TFEB at Ser142 and Ser21l induces cytosolic localization
and prevents the activation of the transcription factor [41],
while mutations at Ser3 and Arg4 or deletion of 30 amino
acids of the amino-terminal domain of TFEB prevent binding
to RAGs, and induces TFEB nuclear translocation and activity
[42]. The role of TFEB in promoting cellular clearance has
been demonstrated in several lysosomal storage disorders
(LSDs) including cystinosis [43] and Pompe disease [44],
but a possible role for TFEB in the regulation of immunode-
ficiencies has not been demonstrated so far and the function
of TFEB in the cross-regulation of late endosomal and autop-
hagy functions has not been elucidated.

Here, we have uncovered molecular mechanisms of endo-
somal impairment in UNC13D-deficiency that trigger TFEB
activation and autophagy upregulation in uncl3d-null cells.
Furthermore, we demonstrate that upregulation of UNC13D
corrects endolysosomal functions and reduces autophagosome
number in the lysosomal storage disorder cystinosis, thus
identifying the involvement of UNC13D in lysosomal disease.

Results

UNC13D-deficient cells have impaired late endosomal
trafficking and maturation

Although UNCI3D is associated with exocytosis of lysosomal-
related organelles in hematopoietic cells, it is also expressed in
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tissues without a major secretory function where its function is
unknown. To study the role of UNC13D in the mechanisms of
endosomal dynamics and function, we developed primary
embryonic fibroblasts (MEFs) from the uncl3d-null mouse
model Jinx (Figure 1(a)). Jinx was generated by random
germline mutagenesis using the alkylating agent N-ethyl-
N-nitrosourea generating a premature termination [45]. The
expected truncation of 859 aa is not expressed in uncl3d /"
cells and therefore, Jinx mice have a null phenotype [38]. In this
work, uncl3d-null cells showed increased number of LAMP1-
positive puncta and homogeneous distribution of LAMPI-
positive organelles over the cells, as opposed to the less peripheral
distribution observed in wild-type cells (Figure 1(b)). uncl3d-null
cells also showed increased LAMP1 expression (Figure 1(c)).
Spread out distribution of RAB7-labeled late endosomes was
also observed in UNC13D-deficient cells, an endosomal marker
that largely colocalized with endogenous LAMP1 (Figure S1). In
wild-type cells, UNC13D colocalized with LAMP1 (Figure 1(d))
but not with the lysosomal marker CTSB (cathepsin B), with the
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early endosome marker EEA1 (early endosome antigen 1) or with
the recycling endosome marker RAB11 (Figure S2(a-d)), support-
ing its role in late endosomal function.

The increased peripheral distribution of LAMP1-positive
organelles in UNC13D-deficient cells, together with the lack
of colocalization of UNC13D with lysosomal markers, sug-
gested that late endosomes utilize UNC13D to mediate traf-
ficking in non-secretory cells. To directly analyze whether
UNCI13D regulates the transport of endosomal acidic orga-
nelles, we labeled the cells with LysoTracker and quantita-
tively analyzed organelle dynamics using pseudo-TIRFM
(oblique illumination), a technique that allows highly specific
analysis of fluorescent proteins and probes localization and
dynamics by cancelling intracellular background fluorescence
from deeper layers in the cytosol and facilitates the analysis of
organelles that may not necessarily be in areas adjacent to the
plasma membrane [46]. Representative images and time-lapse
of wild-type and wuncl3d-null cells labeled with LysoTracker
are shown in Figure 1(e) and in Movies 1 to 3, respectively.
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Figure 1. UNC13D regulates endo-lysosome trafficking in non-secretory cells. (a) Immunoblot analysis of the expression of UNC13D in wild-type (WT) and unci3d-null
(Jinx) mouse embryonic fibroblasts (MEFs). (b) Left panel, Inmunofluorescence and confocal microscopy analysis of the distribution of endogenous LAMP1 in WT and
Jinx MEFs. Scale bar: 20 um. Right panel, quantification of LAMP1 distribution. Results are represented as mean + SEM. At least 25 cells from 3 separate experiments
were analyzed. ***p < 0.001, Student’s t-test. (c) Immunoblot analysis of the expression of LAMP1 in WT and Jinx MEFs. (d) Immunofluorescence analysis of
endogenous proteins. Quantification of UNC13D and LAMP1 colocalization is shown in Figure 7(d). (e,f) Pseudo-TIRF microscopy analysis of the trafficking of acidic
organelles in WT and Jinx cells. (e) Representative images of WT, Jinx and rescued Jinx MEFs labeled with LysoTracker. Scale bar: 20 um. (f) Quantification of vesicular
dynamics, analyzed by pseudo-TIRFM. The histograms represent the track speeds of LysoTracker-labeled vesicles in WT (black bars), Jinx (white bars) and rescued Jinx
MEFs (gray bars). The speeds for the independent vesicles were binned in 0.02 pm/s increments and plotted as a percentage of total vesicles for a given cell. Results
are represented as mean + SEM from at least 20 cells. The statistically significant differences between the two groups are indicated in the figure. Student’s t-test.



AUTOPHAGY 1741

a RAB7-QL dextran merged UNC13D  UNG13D-C2AC2B
(=

=

X..

£

5

LAMP1-EGFP >
c =) I mock e _ f =
& C_JUNC13D [3 8
@x [T UNC13D-C2AC28B =2 1.00 *kk 3 *kk
8 ] o I c T
S 2500 8 S 20
o *kk () s
2 — e 075 o
@ 2000 S
5 5 g '®
% % % o
3 1500{ kkx 2 0.50 2 10
c c S .
£ 1000 s =
F > 0.25 B o5
() 5 0.
< 500 < S
13)
E o, 2 0.0 , < oo -
. WT Jinx 3 WT  Jinx g WT  Jinx

Figure 2. Defective endosomal cargo processing in UNC13D-deficiency is rescued by UNC13D but not by a calcium- and STX7-binding-deficient mutant. (a) Confocal
microscopy analysis of the distribution of GFP-RAB7QL and dextran in wild-type (WT) and unc13d-null (Jinx) cells. Scale bar: 20 pm. After 3-hour loading and 3-hour
chase dextran was observed exclusively inside RAB7-positive vesicles. (b) Analysis of endosomal cargo processing. WT and Jinx MEFs were mock transfected (mock) or
transfected with vectors for the expression of mCherry-UNC13D or the calcium- and STX7-binding-deficient mutant mCherry-UNC13D-C2AC2B, with point mutations
D127A, D133A, D941A and D947A to knockout the Ca**-binding sites in the C2A and C2B domains. After 48 h, the cells were loaded with FITC-dextran at 37°C for 3 h,
then washed and chased in complete medium for 3 h. Representative images of accumulated FITC-dextran in cells are shown. Scale bar: 20 um. (c) Quantification of
the results shown in (b). Results are represented as mean + SEM. At least 60 cells from 3 separate experiments were analyzed. ***p < 0.001, Student's t-test. RFU,
Relative Fluorescence Units. (d) Representative images of pseudo-TIRFM analysis of LAMP1-EGFP-positive organelles in WT and Jinx cells. Scale bar: 20 pym. (e)
Quantitative analysis of late endosomal size. Quantification was performed by measuring the diameter of LAMP1-EGFP-positive late endosomes in each cell using
ImageJ. Results are represented as mean + SEM from at least 20 cells. ***p < 0.001, Student’s t-test. (f) Quantitative analysis of late endosome population density was
performed by the establishing the ratio of EGFP-LAMP1-positive late endosomes numbers in each cell per cell area. Results are represented as mean + SEM from at

least 20 cells. ***p < 0.001, Student’s t-test.

Kinetic analyses showed that acidic organelles from UNC13D-
deficient fibroblasts are characterized by impaired trafficking,
compared to wild-type cells (Figure 1(f)). Thus, uncl3d-null
cells showed a significant decrease in the number of acidic
organelles moving at high speed and a concomitant increase
in the number of acidic organelles with restricted movement.
The defective phenotype was rescued by exogenous reconsti-
tution of UNC13D expression (Figure 1(f)), further confirm-
ing that UNC13D is important for endo-lysosomal trafficking.

In a previous study, we showed that UNC13D is a calcium
sensor for heterotypic fusion of late endosomes and lysosomes
in hematopoietic cells [33]. To directly analyze whether late
endosomes in UNC13D-deficient cells have a defective pro-
cessing of endosomal substrates, we utilized a pulse-chase
approach to label the late endosomal lumen with the trackable
cargo FITC-dextran, an indigestible substrate largely utilized
to measure endosome and lysosome function and localization
both in vitro and in vivo [47]. Using a pulse period of 3 hours,
followed by a chase period in complete medium for 3 hours,
we show that the cargo accumulated entirely in vesicles that
are positive for the endosomal marker RAB7 (Figure 2(a)).
Dextran-positive vesicles were also positive for LAMPI
(Figure S2(e)) and UNC13D (Figure S2(f)), but negative for
EEAl1 (early endosomes) (Figure S2(g)) or SYT7/

synaptotagmin VII (lysosomes) (Figure S2(h)). This supports
the localization of dextran at late endosomal compartments
[48] and differs from its localization at SYT7-positive lyso-
somes at longer chase periods [49]. Poor colocalization
between endogenous SYT7 and LAMPI1 was also confirmed
by immunofluorescence (Figure S2(i)) supporting that
LAMP1 mainly localized at SYT7-negative endolysosomal
structures in our assay conditions. Altogether, the observa-
tions that endogenous UNCI3D largely colocalizes with
LAMP1-positive structures (Figure 1(d)), that colocalization
of UNC13D with the lysosomal enzyme CTSB or with the
early and recycling endosomes EEA1 and RABI11 was not
observed in fibroblasts (Figures S2(a-d)), and that UNC13D
colocalized with dextran puncta when expressed in uncl3d-
null cells (Figure S2(f)) support that UNC13D localizes at
dextran-loaded late endosomal compartments.

In dextran-loading assays, uncl3d-null cells showed signif-
icantly increased levels of fluorescent dextran compared to
wild-type cells (Figure 2(b,c)). Because dextran is indigestible
but fluorescein is pH-sensitive (pKa of 6.4, decreased fluores-
cence at lower pH), the phenotype is most likely explained by
the aforementioned defective endosomal-lysosomal fusion
that characterizes UNC13D-deficient cells [33], which would
lead to the accumulation of FITC-dextran in the endosomal
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compartment which is less acidic than endolysosomes as the
lumenal pH decreases along the endosomal-lysosomal path-
way [50]. Furthermore, the increased accumulation of FITC-
dextran in the sub-population of endocytic vesicles distributed
at the periphery could also contribute to the increased-
fluorescence phenotype, as it was previously described that
peripheral endocytic vesicles are characterized by slightly
increased alkalization [51]. Of note, in a previous study, we
show no overt defects in acidification per-se in UNCI13D-
deficiency [33] and the number of acidic organelles
(LysoTracker) is increased in UNCI13D-deficiency (Figure
S3), thus ruling out acidification defects in UNCI13D defi-
ciency. Expression of wild-type UNCI3D in wuncl3d-null
cells rescued the phenotype and the rescued cells showed
reduced FITC-dextran fluorescence signal (Figure 2(b,c)),
suggesting that increased trafficking and/or endosomal-
lysosomal fusion is upregulated by UNCI3D gain-of-
function. Contrarily, expression of a calcium- and STX7-
binding-deficient mutant of UNC13D [33], not only failed
to rescue the phenotype in UNC13D-deficient cells, but also
induced a defective phenotype in wild-type cells (Figure 2(b,
¢)), further supporting the idea that UNC13D plays an impor-
tant role in endosomal trafficking and endolysosomal fusion
in non-hematopoietic cells, in a STX7-dependent manner.

Next, to directly demonstrate that UNCI3D regulates
endocytic flux in non-hemophagocytic cells, we transfected
wild-type and wuncl3d-null fibroblasts with the endosomal
marker GFP-LAMP1 which, as mentioned above, colocalized
with RAB7 (Figure S1), and analyzed endosomal flux in real
time. To this end, we quantitatively analyzed the size and
number of late endosomes and found that UNCI3D-
deficient cells are characterized by enlarged LAMPI1-positive
vesicles (Figure 2(d,e)). Furthermore, consistent with a role
for UNCI13D in late endosome-lysosome fusion rather than in
the up-regulation of homotypic or heterotypic late endosomal
fusion, which may also lead to enlarged endosomes albeit in
reduced numbers, quantification of the number of LAMPI1-
positive organelles revealed that UNC13D deficiency leads to
an increased in the number of enlarged vesicles (Figure 2(f)).
This is in agreement with our previous study showing that
UNCI13D regulates RAB7-positive endosomal function in
neutrophils [33] and supports a defective mechanism of late
endosomal fusion with lysosomes also in non-hematopoietic
cells lacking UNC13D.

Next, since vesicular trafficking towards the plasma mem-
brane is a prerequisite for late endosomes and lysosomes to
undergo exocytosis, and UNC13D is known to regulate secre-
tion [38], we next sought to investigate the role of UNC13D in
the regulation of lysosome exocytosis. To this end, wild-type
and UNCI13D-deficient fibroblasts were stimulated with the
calcium ionophore ionomycin, and the secretion of HEX/
hexosaminidase was analyzed immunologically. UNC13D
deficiency only moderately decreased endo/lysosome exocyto-
sis while over-expression of UNCI13D had a slight effect on
HEX secretion (Figure S4). Further confirming a minor role
for UNCI13D in lysosomal exocytosis, expression of the
fusion-deficient mutant of UNC13D induced a mild defective
exocytosis phenotype in wild-type cells (Figure S4). These
results, together with the observation that UNCI13D

colocalized with endosomal markers and with dextran-
loaded endosomes but that the endosomal markers did not
show strong colocalization with the secretory lysosomal mar-
ker SYT7, suggest that UNC13D may regulate exocytosis of
a small subpopulation of endo/lysosomes and that endosomal
substrate accumulation is not explained by defective
exocytosis.

UNC13D-deficient cells are characterized by increased
autophagic flux and macroautophagy

To analyze a possible cross-talk between endocytic defects and
autophagic pathways in wuncl3d-null cells, we next studied
whether UNC13D-deficiency causes impairment in autophagy
and proteostasis regulation. To this end, we first measured
degradation of long-lived proteins using metabolic labeling,
a protein degradation assay that represents a well-established
methodology for measuring autophagic flux quantitatively
[52]. The analysis of long-lived protein degradation showed
significantly increased levels of proteolysis in unc13d-null cells
compared to wild-type cells under both fed and starved con-
ditions (Figure 3(a)), suggesting increased autophagic flux in
UNCI13D-deficiency. Next, in order to analyze autophagic
flux in wncl3d-null cells under stress conditions, we first
measured the degradation rate of the autophagic marker
SQSTM1/p62, an ubiquitin-binding scaffold protein that
binds to LC3 and GABARAP proteins, is degraded by autop-
hagy and guides ubiquitinated proteins to the autophagic
machinery for degradation in the lysosome [53]. Decreased
levels of SQSTMI1 protein expression were observed in
uncl3d-null cells under fed conditions and its expression
was further decreased by induction of autophagy by serum
starvation (Figures 3(b) and S5), suggesting that in the
absence of UNCI3D expression macroautophagy is active,
inducible, and mediates SQSTM1 degradation. Quantitative
analyses of SQSTMI protein expression confirmed that
SQSTM1 levels are significantly decreased in UNCI3D-
deficient cells under both fed and starvation conditions
(Figure 3(c)). SQSTM1 protein expression was recovered by
the inhibition of autophagic flux using bafilomycin A, further
supporting that UNCI13D is dispensable for autophagosome-
lysosome fusion and macroautophagy (Figure 3(b,c)).
Treatment with the proteasome inhibitor clasto-Lactacystin p-
lactone did not significantly affect SQSTM1 levels or the
differences in SQSTM1 protein expression between wild-type
and uncl3d-null cells. SQSTM1 degradation was confirmed
using two independent antibodies, both detecting a single
band at mw ~50 under the assay conditions (Figure S5) and
[54]. The band is specific as it is not detected in sqstm1™'" cells
as extensively shown in Ref. [54]. In agreement with
a phenotype of macroautophagy upregulation in UNCI13D-
deficiency, we observed significantly higher levels of LC3B-II
expression in uncl3d-null cells as compared to wild-type cells
at both fed and starvation conditions (Figure 3(b,d)). LC3B-II
levels in uncl3d-null cells were further increased by bafilomy-
cin A treatment and decreased by recovery of the fed condi-
tion (Figure 3(b,d) and data not shown), suggesting that
autophagosome formation and degradation are functional
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Figure 3. Increased autophagic flux in UNC13D-deficiency. (a) Long-lived protein degradation assays were performed in **S-methionine labeled wild-type (WT) and
unc13d-null cells (Jinx) under fed or starvation (Starv.) conditions as described in Materials and Methods. The data represent the mean + SEM of 3 biological replicates.
*p < 0.05, Student’s t-test. (b) SQSTM1 and LC3B-II protein expression in WT and Jinx MEFs were analyzed by immunoblotting under fed and serum starvation (starv)
conditions, in the presence or absence of 100 nM bafilomycin A (BafA) or 1 uM of the proteasome inhibitor Clasto-Lactacystin B-lactone, for 5 h. Quantitation of SQSTM1
(c) and LC3B-II (d) protein expression levels. The data represent mean + SEM from 3 independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001, Student’s t-test.

and the autophagic flux is upregulated in UNCI13D-
deficiency.

Ultrastructural analysis using transmission electron micro-
scopy further demonstrated increased double-membrane
autophagosome numbers in UNC13D-deficient cells under
fed conditions (Figure 4(a)). Next, to study autophagosome
formation and maturation in UNCI13D-deficient cells, we
quantified autophagosomes and autolysosomes using the tan-
dem fluorescently-tagged macroautophagy sensor mCherry-
GFP-LC3B. Using this biosensor, we showed increased
macroautophagy flux in UNC13D-deficiency (Figure 4(b,c)).
Thus, we observed increased basal levels of fully fused auto-
lysosomes in fed unci3d-null cells, a condition that did not
increase further under starvation due to maximal formation-
reformation activity. The data showing that treatment with
chloroquine dramatically reduces the number of autolyso-
somes (red-only vesicles) further confirmed active autophago-
some-lysosome fusion activity in uncl3d-null cells. Finally, we
analyzed the level of autophagosomes in UNC13D-deficiency
in vivo using a model of inflammation and showed increased
autophagosome formation in UNC13D-deficient mice skeletal
muscle (Figure 4(d,e)), a tissue that is affected in FHL3 [55]
and is characterized by active autophagy [56]. Altogether, our
data indicate that, in the absence of UNCI3D, both

autophagic flux and autophagy-dependent protein degrada-
tion are upregulated. Our results also suggest that although
UNCI13D is dispensable for autophagosome formation and
degradation, and for the degradation of long-lived proteins
in the autophagosome, its deficiency induces autophagy.

Increased macroautophagy in UNC13D-deficiency is not
induced by increased availability of RAB11-positive
membranes or enhanced fusion of autophagosomes with
VAMPS8-positive vesicles

Previous studies from our laboratory characterized UNC13D
as a recycling endosome regulator through specific binding to
the small GTPase RABI11 in hematopoietic cells [36]. Fader
et al. showed that GFP-RABI11 localizes at LC3B puncta in
autophagosomes and that functional RAB11 is involved in the
interaction between multivesicular bodies and the autophagic
pathway [12]. In addition, Longatti and collaborators showed
that RABI11-dependent vesicular transport from recycling
endosomes regulates autophagy [14,57]. Here, to determine
whether UNC13D may interfere with the autophagic flux by
sequestering RAB11 and preventing RAB11-positive mem-
branes delivery to the autophagosome, we analyzed the dis-
tribution of RABII in relationship to that of LC3B in wild-
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type and UNC13D-deficient cells. We observed poor coloca-
lization of RABI11 with LC3B under both fed and starvation
conditions (Figures S6(a,b)). Furthermore, treatment with
chloroquine, a basic agent that interferes with lysosomal pH
and fusion, and induces autophagosome accumulation, did
not have a significant effect on RAB11-LC3B colocalization
either in wild-type or uncl3d-null cells. Different to that
observed in neutrophils [36], the colocalization between
UNCI13D and RABI11 in MEFs was negligible (Figure S2(c)).
Altogether these data suggest that the RABI11-dependent
autophagosome formation pathway may not be highly active
in MEFs and thus ruling out a role for UNC13D in RAB11
sequestration to downregulate autophagy in these cells.
UNCI13D regulates late endosomal maturation by control-
ling VAMPS8-positive vesicle fusion with late endosomes [33].
Furthermore, VAMPS8 has been demonstrated to participate
in autophagosome-lysosome fusion through the autophagoso-
mal SNARE STX17 (syntaxin 17) [58], therefore, to rule out
that increased availability of VAMPS8" vesicles explains the
increased autophagic flux in UNC13D-deficient cells, we stu-
died the distribution of VAMPS related to LC3B. Here, we

show that in the absence of UNC13D, the colocalization of
VAMP8 with LC3B-positive autophagosomes was not signifi-
cantly increased under fed or starvation conditions (Figure S6
(c,d)), thus suggesting that increased autophagy in uncl3d-
null cells is not explained by enhanced fusion between
VAMPS" and LC3B-positive structures.

UNC13D-deficient cells are characterized by TFEB
activation

The increased autophagic flux in UNC13D deficiency suggested
that this mechanism could be caused by a compensatory upre-
gulation of autophagic pathways induced by either defective
endocytic flux and/or by impaired endosomal maturation. The
transcription factors TFEB and TFE3 regulate lysosomal func-
tion and autophagy to maintain cellular homeostasis [20,59].
Here, we next analyzed whether TFEB activation was exacer-
bated in UNC13D-deficiency. First, we quantitatively analyzed
the nuclear localization of wild-type TFEB in wild-type and
UNCI13D-deficient cells using GFP-TFEB to emulate the dis-
tribution of the endogenous transcription factor, as described



before [43,44]. We found that while TFEB localized at the
cytosol in wild-type cells, the transcription factor showed
nuclear localization in around 50% of wuncl3d-null cells
(Figure 5(a,b)). This differs from that observed for two different
constitutively active mutants of TFEB (TFEB-delta30 and
TEEBS**®*AY which, as expected [42], showed nuclear localiza-
tion in both wild-type and uncl3d-null cells (Figure 5(c,d)). As
discussed above, uncl3d-null cells showed defective endosomal
trafficking characterized by homogeneous distribution of
LAMP1-positive organelles throughout the cell, rather than
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the less peripheral distribution observed in wild-type cells.
Interestingly, unci3d-null cells with nuclear localization of
overexpressed TFEB mutants, which have increased transcrip-
tional activity [42], showed a marked change in the distribution
of LAMPI1-positive puncta with a clear re-localization towards
the perinuclear area (Figure 5(c,d), arrows), suggesting that the
upregulation of transcriptional activation by TFEB increases
endosomal trafficking in UNC13D-deficient cells.

The analysis of the subcellular localization of endogenous
TFEB by immunofluorescence has been challenging as most
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***¥p < 0.001, Student’s t-test.



1746 J. ZHANG ET AL.

available antibodies underperform for this application. To
study endogenous TFEB activation, we next used an anti-
TFEB antibody that has been previously used for this applica-
tion [60]. In these assays, we detected weak, but significantly
increased TFEB staining in the nuclei of UNC13D-deficient
cells. Quantitative analysis showed that around 40% of
uncl3d-null cells have nuclear localization of TFEB under
basal conditions, while only less than 5% wild-type cells
showed this phenotype (Figure 5(e,(f)). Furthermore, the
nuclear distribution of TFEB decreased to basal levels by
exogenously expressing UNC13D in co-cultured cells, serving
as internal control (Figure 5(e,f)).

To confirm that the TFEB pathway is activated in
UNCI13D-deficient cell, we next took two independent
approaches: first, we performed cell fractionation studies to
analyze the distribution of endogenous TFEB by immunoblot-
ting using validated antibodies. In Figure 5(g,h), we show that
TFEB was significantly increased in the nuclear fraction of
uncl3d-null cells. Second, we studied the activation of TFE3,
a member of the MiTF/TFE family of transcription factors
that together with TFEB serves as a major regulator of lyso-
somal homeostasis and autophagy and that usually follows the
activation pattern of TFEB [61]. Using a largely validated anti-
TFE3 antibody [61], we showed significantly increased activa-
tion (nuclear translocation) of TFE3 in UNCI13D-deficiency
(Figure 5(i,j)). These results confirm the increased nuclear
localization of transcription factors of the TFE family in
UNCI13D-deficiency.

The increased autophagic flux observed in UNC13D-null
cells is associated with the induction of a selective cohort
of autophagy genes

To better understand the state of the autophagic pathway at
the transcriptional level, we used a quantitative RT-PCR array
of autophagy and lysosomal genes, and identified several
autophagic and lysosomal transcriptional targets that were
induced in UNC13D-deficiency (Figure 6(a) and Table S1).
This includes the autophagic regulatory genes Atg9b, Ulkl
(Unc-51 like kinase 1) and Death associated protein kinase
1; the lysosomal genes, Ctsb (cathepsin B), Ctsd and CIn3
(ceroid lipofuscinosis, neuronal 3, juvenile [Batten,
Spielmeyer-Vogt disease]), and the regulatory genes Pik3c/
phosphoinositide 3-kinase and Pten. Many of these genes,
including Atg9b, Ctsb, Ctsd and Cln3, are well known tran-
scriptional targets of the regulator of lysosomal biogenesis and
autophagy, TFEB [21,41]. The upregulation of several autop-
hagic and lysosomal genes in UNC13D-deficiency, including
Atg9b, Ulkl, Ctsb and Ctsd were further confirmed by quan-
titative RT-PCR (Figure 6(b)). Other autophagy-related genes
that are not targeted by TFEB, including Atg9a [41], where
not induced in UNCI13D-deficiency. Notably, not all known
autophagy genes where upregulated in UNC13D-deficient
cells; however, this is not surprising as even under TFEB
overexpression conditions, this transcription factor induces
both upregulation and downregulation of autophagy-
associated genes (Table S1 in Reference [61]) and only few
autophagic genes show upregulation by greater than 2-fold
under TFEB overexpression conditions in that work. Notably,

Atg9b, whose expression was dramatically upregulated in Jinx
cells (Figure 6(a—c)), is one of the genes that shows marked
upregulation upon TFEB overexpression [61].

Next, to determine whether the regulation of genes upre-
gulated in UNC13D-deficiency was dependent on TFEB acti-
vation, we downregulated TFEB in wild-type and uncl3d-null
cells using lentiviral shRNA and subsequently analyzed gene
expression by quantitative RT-PCR. We show that the upre-
gulation of Atg9b in uncl3d-null cells was dependent on
TFEB expression as Tfeb downregulation prevented the upre-
gulation of Atg9b in uncl3d-null cells (Figure 6(c)). Thus, our
data suggest that loss of UNCI13D function leads to the
expression of a cohort of genes, which are regulated by TFEB.

To further test the hypothesis that that the increased autop-
hagic flux observed in uncl3d-null cells could be explained, at
least in part, by an elevated induction of transcription mediated
by TFEB, we used lentiviral sShRNA Tfeb-knockdown cells for
biochemical analysis of the autophagic pathway (Figure 6(d,e)).
We observed that Tfeb-knockdown decreased autophagosome
formation bringing LC3B-II expression in uncl3d-null cells to
those levels observed in wild-type cells (Figure 6(f,g)). LC3B-II
levels were also reduced in Tfeb-knockdown wild-type cells
(Figure 6(fg)). In contrast, no significant differences were
observed in the protein expression levels of SQSTM1 after
Tfeb-knockdown (Figure 6(f,h)), most likely reflecting a delay
in re-synthesis of SQSTM1 in the time frame of this study.
Tfeb-knockdown reduced LC3B-II levels not only under fed but
also under conditions of autophagy induction by starvation
(Figure 6(i,j)). Decreased levels were also observed under
blocking conditions (Figure 6(i,j)), although based on the rela-
tive increase in LC3B-1I levels under blocking conditions, it was
evident that other mechanisms still operate to induce autop-
hagy, likely TFE3-dependent. Similar results were previously
reported for TFEB-downregulation under blocking conditions
by Settembre et al. [41]. Of note, we observed decreased TFEB
expression in UNCI13D-deficiency (Figure 6(d,e)) but did not
observe a shift in the TFEB electrophoretic migration pattern,
usually caused by phosphorylation of the transcription factor.
This is most likely explained by increased degradation of the
phosphorylated form of TFEB in UNCI13D-deficient cells.
Similar observations were recently reported, and a major reg-
ulatory role in phospho-TFEB degradation has been attributed
to a proteasome-dependent degradative mechanism mediated
by STUBI [62]. Although the expression levels of STUBI were
not affected in uncl3d-null cells (not shown), it is likely that
similar mechanisms may mediate degradation of inactive
(phosphorylated) TFEB in these cells.

Next, to rule out possible alterations in autophagy-related
signaling, we analyzed the integrity of the MTOR pathway. To
determine whether the increased autophagosome numbers in
UNCI13D-deficient cells was due to aberrant MTOR activity,
we analyzed the phosphorylation levels of the MTOR sub-
strate RPS6KB/p70-S6 kinase, both in fed and starved WT and
uncl3d-null fibroblasts. This assay showed that the levels of
p-RPS6KB were comparable in non-starved WT and
UNCI13D-deficient cells (Figure 6(k)). Furthermore, both cell
starvation and treatment with the autophagy inducer rapamy-
cin induced loss of MTOR activity in both WT and uncl3d-
null cells (Figure 6(k)). Furthermore, MTOR activity was also
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Figure 6. Activation of TFEB induces autophagy upregulation in UNC13D-deficient cells. (a) qPCR array was performed using the RT? Profiler™ PCR Array System and
84 autophagy and lysosomal genes were analyzed in wild-type (WT) and unci3d-null (Jinx) MEFs. The amount of mRNA in the samples, standardized to
5 housekeeping genes, was expressed as AAC; as described in Material and Methods. See Table S1 for gene information. (b) The upregulation of autophagic and
lysosomal genes in UNC13D-deficient cells was validated by quantitative RT-PCR. The target gene expression level was calculated using the 2-AAC; method, which
was normalized to actin. The expression levels were relative to the fold change of the corresponding control (WT), which were defined as 1. (c) Atg9b mRNA level was
analyzed by gPCR in mock and Tfeb-shRNA (shTfeb) treated WT and Jinx MEFs. (d) WT and Jinx MEFs were infected with lentiviral mouse shRNA against Tfeb
(TRCN0000085548, Dharmacon) for 96 h. Expression levels of TFEB were analyzed by Western blot. (e) Quantitative analysis of (d), presented as mean + SEM from 3
independent experiments. *p < 0.05, ***p < 0.001, Student’s t-test. (f) The indicated macroautophagy markers in mock transfected and Tfeb-knockdown cells were
analyzed by Western blot and quantified using ImageJ. (g) Quantitative analysis of LC3B-Il expression. Results are represented as mean + SEM from 3 independent
experiments. *p < 0.05, **p < 0.01, Student’s t-test. (h) Quantitative analysis of SQSTM1 protein expression. The results are presented as mean + SEM from 3
independent experiments. (i) SQSTM1 and LC3B-Il protein expression levels were analyzed by Western blot in mock and Tfeb-shRNA transfected WT and Jinx cells
under fed, serum starvation (starv) and serum starvation with BafA conditions. (j) Quantitative results of (i) are represented as mean + SEM from 3 independent
experiments. *p < 0.05, Student’s t-test. (k) Phospho-RPS6KB, total RPS6KB, SQSTM1 and LC3B levels in wild-type (WT) and unc13d-null (Jinx) MEFs were analyzed by
western blot under fed and serum starvation (Starv.) conditions in the presence or absence of 1 uM rapamycin.

not impaired under starvation recovery conditions (not
shown), suggesting that MTOR-dependent phosphorylation
of RPS6KB is functional in UNCI13D-deficiency. This is in
agreement with several works showing that TFEB activity
does not necessarily correlate with the phosphorylation of
‘canonical’ MTORCI1 substrates [63-65]. Also, enhanced
autophagic flux with normal MTOR activity has previously
been shown in other systems (for example, Ref. [66].). The
indicated previous works, provide correlative evidence that
alternative pathways may operate under our experimental

conditions to increase TFEB activation under normal MTOR
activity.

UNC13D upregulation decreases endolysosomal overload
in the lysosomal storage disease cystinosis

In the LSD cystinosis, cells are characterized by increased
lysosomal overload caused by the accumulation of the
amino acid cystine in lysosomes [67,68]. We showed that
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cystinotic cells have decreased expression of the UNCI13D-
binding partner, the small GTPase RAB27A, decreased endo-
lysosomal trafficking [32], and increased autophagy [5] but
a possible defect in UNC13D function in this LSD is currently
unknown. Here, we show that despite normal expression,
UNCI13D distribution was defective in cystinosis. We show

that cystinotic fibroblasts have normal expression levels of
UNCI13D (Figure 7(a)). UNCI13D expression was also
observed in wild-type and cystinotic mice, in colocalization
with LAMP1, at proximal tubule cells (PTCs) (Figure 7(b)),
the most affected cell type in cystinosis [69]. Different from
wild-type cells, LAMP1-positive structures showed a favored



apical distribution in cystinotic PTCs (Figure 7(b)).
Furthermore, very few LAMPI-positive organelles showed
defined colocalization with endogenous UNCI3D in ctns
fibroblasts, which showed decrease presence of the calcium
sensor at endo-lysosomes (Figure 7(c,d)). This phenotype is
possibly explained by decreased expression levels of the
UNCI13D-binding protein RAB27A in these organelles in
cystinosis [32]. However, the correct localization of RAB27A
at LAMPI1-positive vesicles described in cystinotic cells and
tissues [32] would be sufficient to recruit UNC13D to some
endo-lysosomes upon over expression, as indicated by our
immunofluorescence analysis (Figure 7(c), lower panel,
arrows and Figure 7(d), grey column). Of note, although
several cells showed nuclear localization of UNC13D, and
previous studies have shown a similar distribution not only
for UNC13D but also for its binding partner DOC2a [70], the
significance of this finding is currently unclear.

To determine whether UNC13D function is important for
endolysosomal transport in cystinosis, we labeled endolyso-
somes with LysoTracker and measured vesicular trafficking.
In Figure 7(e) we show that cystinotic cells have defective
endolysosomal transport and that over-expression of
UNCI13D rescued the defective trafficking phenotype. In
order to test whether the UNC13D effect on endolysosomal
transport may have a significant effect on decreasing endoso-
mal cargo processing in cystinotic cells, we next analyzed the
effect of UNC13D upregulation on the accumulation of endo-
cytic substrates in cystinotic cells. To this end, wild-type
mCherry-UNC13D or the dominant negative calcium- and
STX7-binding-deficient UNC13D mutant mCherry-UNC
13D-C2A*-C2B* [33] were transfected into wild-type and
ctns™"” fibroblasts and endolysosomal cargo accumulation
was analyzed by the FITC-dextran loading assay. We show
that cystinotic cells have significantly increased endolysoso-
mal accumulation of FITC-Dextran fluorescence compared to
wild-type cells, and that this returned to basal, wild-type levels
when UNC13D was expressed in ctns™'~ cells (Figure 7(f,g)).
Further supporting a role for UNC13D in increasing endoly-
sosomal trafficking and function in this LSD, expression of
the dominant negative UNC13D mutant UNCI13D-C2A*-
C2B* failed to restore normal endosomal cargo processing
in cystinotic cells and induced a defective phenotype in wild-
type cells (Figure 7(f,g)).

Similar to UNC13D-deficient cells, ctns™ fibroblasts are
characterized by impaired late endosomal trafficking (Ref.
[32]. and Figure 7(e)), and accumulation of autophagosomes
(Ref. [5]. and Figure 8(a)). Because UNC13D expression
rescued endosomal localization and trafficking in ctns™"
cells, we raised the question as whether the increased num-
ber of autophagosomes accumulated in ctns™™ cells also
decreases upon UNC13D expression. To investigate whether
UNCI13D expression rescues autophagy in cystinosis, we first
quantified the number of autophagosomes by analysis of
endogenous LC3 puncta, by immunofluorescence, under
fed conditions. Here, we show that expression of wild-type
UNC13D (Figure 8(b,d)), but not its STX7-binding-deficient
mutant UNC13D-C2A*C2B* (Figure 8(c,d)), decreased the
number of autophagosomes in cystinotic cells to the levels
observed in wild-type cells. To further understand the effect
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of UNCI13D restoration on the autophagic pathways in cysti-
nosis, we analyzed LC3B lipidation under fed, starved and
blocking conditions. UNC13D expression reduced the num-
ber of autophagosomes in cystinosis, an effect that was
especially manifested under bafilomycin treatment condi-
tions (Figure 8(e,f)). Furthermore, SQSTMI levels, which
were decreased in cystinotic cells, were increased in ctns
cells that express UNC13D (Figure 8(e,g)). Of note, the
apparent differences observed in the rescue of LC3 puncta
vs LC3B lipidation by UNCI13D under basal conditions is
most likely explained by the fact that lipidation assays were
performed using lysates of cells transiently expressing
UNC13D (~70% transfection efficiency) and thus containing
a subpopulation of cells not expressing UNCI13D. Increased
(dysregulated) autophagic flux in cystinosis goes hand-in-
hand with our previous observations using GFP-LC3B ctns ™~
mice and is also confirmed by previous LC3B lipidation and
long-live protein degradation analyses in cystinotic MEFs.
To further study the effect of UNCI3D in cystinosis, we
analyzed the effect of UNC13D expression on TFE3 nuclear
localization in ctns™ cells. In Figure 8(h,i), we show that
TFE3 nuclear localization was increased in ctns™'~ cells and
that the phenotype was rescued by UNCI3D expression.
Altogether, our data suggest that UNC13D deficiency trig-
gers an endosomal defective phenotype and that re-
establishing or increasing UNC13D function might be
a plausible mechanism to improve endosomal trafficking
and potentially improve cell function in lysosomal diseases.

Discussion

Endosomal trafficking and function regulate autophagic
pathways but the mechanisms mediating this regulation
are not fully elucidated. Here, using a model of defective
endosomal trafficking and maturation caused by the down-
regulation of the calcium-binding fusion-sensor UNCI13D,
we uncovered a mechanism of endosomal trafficking
impairment associated with TFEB activation and autophagy
induction. We show that UNCI3D deficiency is associated
with defective endosomal trafficking and endocytic substrate
clearance. Exogenous expression of wild-type UNCI13D but
not a calcium and STX7-binding-deficient mutant of
UNCI13D rescued the phenotypes and the mutant emulated
the defective phenotype when expressed in wild-type cells.
Furthermore, despite its role in endosomal-lysosome fusion
[33], our data indicate that UNC13D is dispensable for
autophagosome-lysosome  fusion  during  autophagy.
Furthermore, we show that UNC13D deficiency is asso-
ciated with the upregulation of macroautophagy, a process
reverted by TFEB downregulation. Concordantly, a subset of
autophagy-related genes was upregulated in UNC13D defi-
ciency with Atg9b showing the most pronounced upregula-
tion, a process reverted by TFEB silencing. The expression
of UNCI13D increased late endosomal trafficking and nor-
malized autophagosome balance under fed and starved con-
ditions in cystinosis, a lysosomal-storage disorder (LSDs)
with an endosomal function-defective phenotype. The data
suggest that UNCI13D upregulation may help correct LSDs
cellular defects associated with endosomal malfunction.
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Figure 8. UNC13D expression improves autophagy in a model of the lysosomal-storage disease cystinosis. (a—c) WT and ctns™ mouse embryonic fibroblasts were

mock transfected (a), transfected with mCherry-UNC13D (b) or with mCherry

-UNC13D-C2AC2B (C) expression vectors and immuno-stained with an anti-LC3B

antibody. Representative confocal images are shown. Scale bar: 20 um. (d) LC3B puncta density was calculated using Image Pro. Data are presented as mean + SEM.
At least 20 cells were analyzed. *p < 0.05. ANOVA followed by Fisher's post-hoc test. (e-g) Analysis of the effect of UNC13D exogenous expression on autophagic flux
in ctns™ cells under fed, starved and blocked conditions. ctns™ cells and ctns™ cells expressing GFP-UNC13D were fed, starved and/or treated with bafilomycin and
analyzed for the expression of LC3B and SQSTM1 levels by Western blot. (e) Representative of 4 independent experiments. (f) and (g) The data are presented as
Mean + SEM. (h) and (i), Immunofluorescence analysis and quantification of the nuclear localization of TFE3 in wild-type, ctns™ and ctns™ cells expressing mCherry-

UNC13D. Scale bar: 20 um. n = 3; Mean + SEM. At least 50 cells were analyzed

Endolysosome trafficking, and autophagosome fusion with
endosomes and lysosomes are essential mechanisms that reg-
ulate macroautophagy [58]. We found that UNC13D regulates
endosomal trafficking, but autophagosome-lysosome fusion is
independent of UNC13D expression or function. This is sup-
ported by our data showing that normal autolysosome
maturation takes place in both UNCI13D-deficient cells and
in cells that overexpress a calcium-binding-deficient mutant
of UNC13D that is unable to bind to SNAREs. The lack of
positive regulation by UNC13D in the process of fusion of
lysosomes with autophagosomes correlates with previous stu-
dies from our laboratory showing that UNCI3D binds to
STX7 [33], which regulates endo-lysosomal fusion [17], but

. **p < 0.01 and ***p < 0.001.

not to STX17 [33], a SNARE that localizes to the outer
membrane of autophagosomes and regulates autophagosome-
lysosome fusion [58,71]. In a recent work, the cross-regulation
between the endocytic and autophagic pathways has been
suggested to be dependent on the formation of amphisomes,
a product of late endosomes and autophagosomes fusion [31].
Here, we show that in a setting of decreased late endosomal
trafficking and fusion induced by UNCI13D-deficiency, TFEB
was activated and autophagic flux was upregulated, thus con-
necting defective endosomal pathways with increased autop-
hagy through transcriptional regulation mechanisms.

Here we show that the absence of UNCI13D induced
a significant increase in autophagic flux, characterized by



increased degradation of long-lived proteins, increased pro-
tein degradation of the autophagic substrate SQSTM1 and
increased numbers of autophagosomes, and this increment
was further manifested when autophagosome-lysosome fusion
was pharmacologically blocked. This suggest that UNC13D,
either directly or indirectly, acts as a negative regulator of
autophagy. UNCI13D is a RAB11 and VAMP8 binding protein
[33,36] and both RAB11 and VAMPS8 regulate autophagy
[12,72] by the delivery of recycling endosome membranes
for autophagosome formation [12] and by recruiting STX17
for autophagosome-lysosome fusion [58], respectively.
However, we show that the level of fusion of RAB11- and
VAMPS8-positive organelles to autophagosomes in UNC13D-
deficient cells was not significantly different from that
observed in wild-type cells, suggesting that increased autop-
hagic flux in cells lacking UNC13D is not explained by
increased RAB11 or VAMPS availability. We cannot rule out
at this time that other mechanisms may operate through
UNCI13D sequestration of important autophagic regulators
that mediate membrane fusion since multiple small GTPases
and SNARE proteins both interact with UNC13D and are well
known regulators of macroautophagy, and we are currently
searching for these mechanisms in our laboratory.

In this work, we found that UNCI13D-deficient cells
showed increased nuclear localization of the transcription
factor TFEB, known to drive the expression of autophagy
and lysosomal genes [20] and whose overexpression signifi-
cantly increases the LC3B levels and the number of autopha-
gosomes [41]. Our observations that UNCI13D deficiency is
accompanied by increased nuclear translocation of TFEB,
increased LC3B-II levels, long-lived protein degradation and
increased autophagic flux, goes hand-in-hand with the idea
that the upregulation of autophagy in these cells is
a mechanism induced, at least in part, by TFEB activation.
This is supported by the observation that TFEB target genes
including Atg9b and Ulkl were upregulated in uncl3d-null
cells, and that Tfeb-knockdown decreased LC3B-II levels and
Atg9b upregulation. However, similar to that shown in pre-
vious reports that utilized TFEB overexpression conditions,
not all autophagy genes showed upregulation under TFEB
activation. Of note, genes like Sgstml, which in our array
shows downregulation, have been shown to have little or no
significant upregulation under more physiological or patho-
logical conditions of TFEB activation and, different from
Atg9b, Sqstml is only partially downregulated in siTFEB
cells (Figure S5(b) in Ref. [41].) suggesting that Sgstm1 tran-
scriptional regulation is complex and not just TFEB-
dependent, as also supported by other works [73]. Finally,
increased nuclear distribution of TFEB in uncl3d-null cells
was not sufficient to rescue all defective phenotypes in these
cells. In particular, uncl3d-null cells showed increased per-
ipheral distribution of endolysosomes despite their increased
TFEB nuclear localization, a phenotype that was only rescued
when constitutively active, nuclear-localized TFEB was exo-
genously expressed. Our data suggest that additional compen-
satory mechanisms are necessary to repair the late endosomal
trafficking system in uncl3d-null cells. Of note, the UNC13D-
binding partner RAB27A not only regulates late endosomal
trafficking but it also contains three possible TFEB-mediated
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regulatory elements in the promoter regions, both in the
mouse and human genes [43]. Altogether, our data suggest
that the activation of endogenous TFEB and the consequent
increase in autophagic flux are cellular responses in an
attempt to overcome the defective endosomal trafficking
observed in UNCI13D deficiency. In principle, exogenous
activation of TFEB could potentially improve the phenotype
even further by increasing late endosomal trafficking and
upregulating autophagy, as demonstrated by our data showing
that active TFEB improved late endosomal distribution in
UNC13D-deficient cells, and by recent data showing that
prolonged expression of TFEB rescues certain abnormalities
of the lysosomal compartment in cells with lysosomal disor-
ders [43].

UNC13D deficiency is characterized by an immunodefi-
ciency phenotype caused by defective cytotoxicity and conse-
quent impaired killing of infected cells, a process initiated by
defective exocytosis of cytotoxic T lymphocytes, natural killer
cells and neutrophils. UNC13D deficiency is associated with
hemophagocytic lymphohistiocytosis (HLH) and although
a link between HLH and macroautophagy has been suggested
[8], no direct evidence connecting UNC13D-deficiency and
macroautophagy has been demonstrated so far. Our data
presented here strongly suggest that autophagy dysregulation
constitute an important component of familial hemophago-
cytic syndrome. Cytokine storm constitute a clinical feature of
both Familial Hemophagocytic Lymphohistiocytosis (FHL)
and Macrophage Activating Syndrome (MAS) [74], and both
syndromes have been associated with UNCI13D genetic
defects [35,75]. Cytokine storm has been suggested to pro-
mote ATP-induced autophagy and impair the degradation of
phagocytosed bacteria [76] further supporting an association
between the clinical features of FHL and autophagic pathways.
Our results introduce a mechanistic explanation for the exa-
cerbated autophagy present in UNCI13D-deficiency linking
the defective endosomal trafficking phenotype to TFEB-
mediated autophagy upregulation, a mechanism that may
also help explain the increased autophagic flux induced by
other endosomal defects, for example those induced by
ESCRT mutants.

Lysosomal storage disorders (LSDs) are characterized by
defects in lysosomal function, lysosomal overload and by
several cellular defects including increased endoplasmic reti-
culum (ER) stress [32,77], defective autophagy and increased
cell death [5,78,79]. Defects in the regulation of late endoso-
mal trafficking is a mechanism associated with lysosomal
storage disorders, and the upregulation of this trafficking
mechanism improves cellular function in some LSDs [32,80].
Thus, upregulation of endo-lysosomal trafficking not only
decreases the accumulated substrate in lysosomes of cells
with LSDs but also decreases endoplasmic reticulum stress
[32], a characteristic of cells with lysosomal overload [77].
Here, we show that UNCI13D-deficiency, the cause of
human immunodeficiency FHL3 [35], phenocopies many of
the lysosomal defects observed in other LSDs, thus identifying
previously unnoticed, hematopoietic cell-independent defects
affecting the FHL3 phenotype. As proof-of-concept of the
importance of UNCI3D in endosomal function, we demon-
strated that in the LSD cystinosis, UNCI3D upregulation
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increases late endosomal trafficking, decreases endolysosomal
substrate accumulation and normalizes the autophagic path-
ways by reducing the number of autophagosomes. Our data
support previous studies that upregulation of lysosomal traf-
ficking by the expression of small Rab GTPases decreases
overload and may help improve cellular function in cystinosis
[32].

Altogether, we have identified a mechanism of cross-
regulation between the endocytic and autophagic pathways
in which defective late endosomal trafficking and function
leads to a compensatory upregulation of macroautophagy.
We have also identified UNC13D-deficiency as a regulator
of autophagy, a process that requires TFEB activation and has
implications for the immunodeficiency FHL3. Finally, our
data suggest that upregulation of the late endosomal pathway
is a possible target to improve cell function in lysosomal
diseases with defective endosomal transport.

Materials and methods
Animals

C57BL/6 uncl3d™™ mice (here referred to as Jinx) are
UNCI13D-deficient mouse generated by random germline
mutagenesis using the alkylating agent N-ethyl-
N-nitrosourea [45]. Using an antibody directed to the
amino terminal domain of UNC13D, we have previously
demonstrated that the expected truncation of 859 aa is not
expressed in Jinx and therefore, Jinx is a null phenotype
[38]. The C57BL/6 ctns ™ mice [81] (ctns™ or ctns KO)
and their parental strains, C57BL/6 (wild-type) were used in
this work. Mice (6-12weeks old) were maintained in
a pathogen-free environment and had access to food and
water ad libitum. All animal studies were performed in
compliance with the United States Department of Health
and Human Services Guide for the Care and Use of
Laboratory Animals. All studies were conducted according
to National Institutes of Health and institutional guidelines
and with approval from the animal review board at The
Scripps Research Institute.

Constructs and transfections

The mCherry-GFP-LC3B tandem reporter was a kind gift from
Dr. Fernando Macian (Albert Einstein School of Medicine). The
TFEB-EGFP, TFEB-EGFP-delta30 and TFEB-EGFP-S3AR4A
plasmids were purchased from Addgene (38119, 44445, 44446,
deposited by Shawn Ferguson). LAMP1-EGFP, mCherry-UNC
13D, mCherry-UNC13D-C2AC2B, GFP-RAB11, GFP-RAB7QL
and EGFP-VAMP8 were previously described [32,33,36].
Previously validated mouse-specific Tfeb shRNA [82] lenti-
vector TRCN0000085548 was obtained from Dharmacon, GE.
MEFs were transfected using the Neon transfection system
(Thermo Fisher Scientific, MPK5000) or using Gen]etTM trans-
fection reagent for MEFs (SignaGen Laboratories, SL100489-
MEF), and 293T cells were transfected using Lipofectamine®
2000 (Thermo Fisher Scientific, 11668027) following the manu-
facturer’s instructions. Where indicated wild-type and

uncl3d-null cells were infected using shRNA lenti-vectors as
described [5].

Gel electrophoresis and immunoblotting

Cells were lysed in RIPA lysis buffer in the presence of protease-
inhibitors (Sigma-Aldrich, 11697498001) and phosphatase-
inhibitors (Millipore, Sigma, 524625) cocktails. Following electro-
phoresis using NuPAGE 4-12% gels (Thermo Fisher Scientific,
NP0322BOX), proteins were transferred onto 0.45-um nitrocellu-
lose membranes and the membranes were incubated overnight at
4°C in the indicated primary antibodies, followed by incubation
with HRP-conjugated secondary antibodies. The following anti-
bodies were used in this study: rat anti-LAMP1 (Santa Cruz
Biotechnology, sc-19992), rabbit anti-actin (Sigma-Aldrich,
A2066), rabbit anti-UNC13D (Santa Cruz Biotechnology, sc-
50465), mouse anti-EEA1 (BD Medical Technology, 610456),
mouse anti-RAB11 (BD Medical Technology, 610656), rabbit
anti-LC3B (Cell Signaling Technology, 2775), rabbit anti-RPS
6KB/p70 S6 Kinase (Cell Signaling Technology, 9202), mouse
anti-phospho-RPS6KB/p70 S6 Kinase (Thr389; Cell Signaling
Technology, 9206), goat anti-CTSB (Santa Cruz Biotechnology,
sc-6490) and rabbit anti-SYT7 (SySy, 105 173) (gift from
Dr. Maximov, The Scripps Research Institute). For SQSTM1
immunoblot detection, we used rabbit anti-SQSTMI1 (Cell
Signaling Technology, 5114) and guinea pig anti-SQSTM1
(Progen Biotechnik, GP62-C). Of note, both antibodies detect
a single band at mw ~50 when run in NuPAGE gels (Figure S5)
and [54]. The band is specific for SQSTMI as it is not detected in
sqstml’/ " cells as extensively shown in [54].

Immunofluorescence and confocal microscopy analysis

Cells were seeded on 4-chamber 35-mm glass-bottom dish
(In Vitro Scientific, D35C4-20-1.5-N). Where indicated,
cells were treated with the indicated treatments, then fixed
with 2% paraformaldehyde for 15 min and blocked with
10% BSA (Rockland Immunochemicals Inc., BSA-50) in
phosphate-buffered saline (PBS; Corning Inc., 21-031-CV)
for 1 h. Samples were labeled with the indicated primary
antibodies overnight at 4°C in the presence of 0.01% sapo-
nin (Calbiochem, 558255) and 1% BSA. Samples were
washed 3 times and subsequently incubated with the appro-
priate combinations of Alexa Fluor (488 or 594)-conjugated
anti-rabbit, anti-rat, or anti-mouse secondary antibodies
(Thermo Fisher Scientific, A-21206; A-21207; A-21208;
A-21209; A-21202; A-21203, respectively). Samples were
analyzed with a Zeiss LSM 710 or 880 laser scanning con-
focal microscope (LSCM) attached to a Zeiss Observer Z1
microscope at 21°C, using a 63x oil Plan Apo, 1.4 NA
objective. Images were collected using ZEN-LSM software
and processed using Image]. The exposure time and gain
were maintained throughout the experiment to compara-
tively analyze wild-type and uncl3d-null cells. Analysis of
colocalization was performed using plugin Coloc 2 in
Image], which implements and performs the pixel intensity
correlation over space using the methods of Pearson. For
LAMPI1 distribution analysis, fluorescence intensity in peri-
nuclear and peripheral areas were measured using Image].



Anti-TFEB was from BETHYL Laboratories (A303-673A).
For TFEB distribution analysis, the nuclear to cytosol signal
threshold has been specified at 1 and thus, those cells with
nuclear signal equal or larger than the signal in cytosol were
considered to have TFEB nuclear localization.

Total internal reflection fluorescence (TIRF) microscopy

Pseudo-TIRF microscopy experiments were performed using
a 100 x 1.45 numerical aperture TIRF objective (Nikon) on
a Nikon TE2000U microscope custom modified with
a TIRF illumination module as described [32]. Images were
acquired on a 16-bit, cooled charge-coupled device camera
(Hamamatsu) controlled through NIS-Elements software. For
live experiments, the images were recorded using 300-500 ms
exposures depending on the fluorescence intensity of the
sample. The exposure time and gain were maintained
throughout the experiment to comparatively analyze wild-
type and uncl3d-null cells. Late endosome diameters were
analyzed using Image] software as described before [33]. For
late endosomal size quantification, the longest diameter of the
LAMPI1-positive large vesicles was drawn manually using
straight line tool, and the length was measured using the
‘Measure’ tool [33].

Late endosomal cargo processing

For late endosomal cargo processing quantitative assays, WT,
Jinx or ctns”~ MEFs were mock transfected, or transfected
with expression vectors for mCherry-UNC13D or mCherry-
UNCI13D-C2AC2B mutant with the point mutations D127A,
D133A, D941A and D947A to knock out the Ca“-binding
sites in the C2A and C2B domains [33]. After 48 h, the cells
were incubated in cell culture medium containing 5 mg/ml
FITC-dextran (Sigma-Aldrich, FD10S) at 37°C for 3 hours,
then washed and chased in complete medium for 3 hours. The
subcellular localization of dextran was tested by immuno-
fluorescence analysis using EEA1, LAMP1 and LysoTracker
(Thermo Fisher Scientific, L7528) as markers. To compara-
tively analyze endolysosomal overload the fluorescence inten-
sity of accumulated FITC-dextran in WT, Jinx and ctns™~ cells
was analyzed by TIRFM while maintaining the exposure time
and gain throughout the experiment and samples. The images
were then analyzed using Image] software. To this end, the
outline of the cells was selected using the ‘manual’ tool and
the ratio of the fluorescence intensity/cell area was then cal-
culated using the ‘measure’ tool.

Starvation protocols

For macroautophagy studies, cells were briefly washed in
serum-free DMEM (containing 1x amino acids), media aspi-
rated, and fresh serum-free DMEM was added followed by
5-hour incubation at 37°C, in the presence or absence 100 nM
of the lysosomal inhibitor bafilomycin A; (LC laboratories,
B-1080) or 1 uM proteasome inhibitor Clasto-Lactacystin -
lactone (Cayman Chemical, 154226-60-5).
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Hexb/B-hexosaminidase assay

HEXB activity was measured using the membrane imper-
meant fluorogenic substrate 4-methylumbelliferyl-N-acetyl-p-
glucosaminide dehydrate (Sigma-Aldrich, M2133) as pre-
viously described [32]. Using 12-well plates, cells were incu-
bated with 250 ul PBS with 1.5 mM Ca®" (with or without
10 uM ionomycin Sigma-Aldrich, 13909) for 10 min at 37°C.
Supernatant and cells were harvested separately. For each
sample, 200 pl sample was incubated with 29 pl substrate
(6 mM 4-methylumbelliferyl N-acetyl-B-D-glucosaminide in
0.1 M Sodium citrate + 0.1 M Sodium phosphate, pH 4.5) for
15 min at 37°C. The reaction was stopped by adding 57 ul
stop solution, and the fluorescence was measured by fluoro-
metry (SpectraMax GeminiEM, Molecular Devises, 365/
450 nm). Cell extracts were obtained by incubation with
250 pl of PBS + 1% NP-40 (Calbiochem, 492015), followed
by a 5-min centrifugation of the extract at 11,000 g.

gPCR array and RT-PCR analysis

Total RNA was extracted from WT and Jinx MEFs using
RNeasy Plus Mini Kit (QIAGEN, 74134) according to the
manufacturer’s instruction. Reverse transcription and qPCR
were performed with RT? Profiler PCR Array Mouse
Autophagy (QIAGEN, PAMM-084ZD-2) based on the manu-
facturer’s instructions. The target gene expression levels were
calculated using the 2-AACt method, which was normalized to
5 housekeeping genes (AACt = (CrEOLCAVE HKG) o (CO9!
-CAV6 HKG) inx)- Abbreviations: GOI, gene of interest; HKG,
housekeeping gene; AVG, average. The expression levels were
relative to the fold change of the corresponding controls, which
were defined as 1. See Table S1 for gene information. For
quantitative RT-PCR analysis, RNA was isolated from wild-
type or Jinx mouse fibroblasts using the RNeasy mini-kit for
RNA purification. A total of 100 ng of RNA for each cell line
was reverse-transcribed (RT) using iScript cDNA synthesis kit
(Bio-Rad, 1708890). Quantitative RT-PCR was performed
using QuantiTect SYBR Green PCR mix (QIAGEB, 204141),
with the primers specified in Table S1.

Long-lived protein degradation assay

Degradation of long-lived proteins using radiolabeled amino
acids. Degradation of long-lived proteins was measured essen-
tially as described previously with modifications [5]. WT or
unc13d™”™ cells were labeled with 11.7 ul of Easy-tag
Methionine L35S (PerkinElmer, NEG709A) in growth med-
ium containing 10% FCS. In these experiments, 11.7 pl of
Easy tag Methionine L35S (10.25 mCi/ml) were added to cells
to reach a of 0.010 mCi/ml. Cells were labeled for 48 h,
washed with normal growth medium or starvation medium
(normal growth medium without serum) and medium was
replaced with the appropriate fresh media and cells were
cultured for additional 15 h. The acid-soluble radioactivity
(AcsoR) in the medium was determined by precipitation
with trichloroacetic acid (10% v/v). Total radioactivity incor-
porated into cellular proteins (CellR) was determined as the
amount of acid-precipitable radioactivity in labeled cells
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immediately after washing. Proteolysis was measured as the
rate AcsoRx100/(AcsoR+CellR).

Transmission electron microscopy

Samples were immersed in modified Karnovsky’s fixative
(2.5% glutaraldehyde and 2% paraformaldehyde in 0.15 M
sodium cacodylate buffer, pH 7.4) for at least 4 hours, post-
fixed in 1% osmium tetroxide in 0.15 M cacodylate buffer for
1 hour and stained in bloc in 2% uranyl acetate for 1 hour.
Samples were dehydrated in ethanol, embedded in Durcupan
epoxy resin (Sigma-Aldrich, 44611), sectioned at 50 to 60 nm
on a Leica UCT ultramicrotome, and picked up on Formvar
and carbon-coated copper grids. Sections were stained with
2% uranyl acetate for 5 minutes and Sato’s lead stain for
1 minute. Grids were viewed using FEI Tecnai™ Spirit trans-
mission electron microscope.

Cell fractionation

Fully confluent 10-cm dishes of WT and Jinx MEFs were
harvested and washed twice with cold PBS. The cells were
resuspended in 200 pl of cold PBS contained protease inhibitor
cocktail, and subsequently lysed by nitrogen cavitation. The cell
particulate fraction containing the nuclear fraction was spun
down at 500 x g for 10 min. The supernatant was saved as the
cytosolic fraction. The pellets were resuspended in RIPA buffer
and used for protein expression analysis by immunoblotting.

Statistical analysis

Data are presented as mean, and error bars correspond to
standard errors of the means (SEMs) unless otherwise indi-
cated. Statistical significance was determined using the
unpaired Student’s t-test or the ANOVA test using
GraphPad InStat (version 3) or Excel software, and graphs
were made using GraphPad Prism (version 4) software.
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