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ATG8-dependent LMX1B-autophagy crosstalk shapes
human midbrain dopaminergic neuronal resilience

Natalia Jiménez-Moreno'®, Madhu Kollareddy'®, Petros Stathakos'®, Joanna |. Moss'®, Zurifie Anton'@®, Deborah K. Shoemark?®,
Richard B. Sessions?®, Ralph Witzgall’®, Maeve Caldwell*®, and Jon D. Lane'®

The LIM homeodomain transcription factors LMX1A and LMX1B are essential mediators of midbrain dopaminergic neuronal
(mDAN) differentiation and survival. Here we show that LMX1A and LMX1B are autophagy transcription factors that provide
cellular stress protection. Their suppression dampens the autophagy response, lowers mitochondrial respiration, and
elevates mitochondrial ROS, and their inducible overexpression protects against rotenone toxicity in human iPSC-derived
mDANs in vitro. Significantly, we show that LMX1A and LMX1B stability is in part regulated by autophagy, and that these
transcription factors bind to multiple ATG8 proteins. Binding is dependent on subcellular localization and nutrient status,
with LMX1B interacting with LC3B in the nucleus under basal conditions and associating with both cytosolic and nuclear LC3B
during nutrient starvation. Crucially, ATG8 binding stimulates LMX1B-mediated transcription for efficient autophagy and cell
stress protection, thereby establishing a novel LMX1B-autophagy regulatory axis that contributes to mDAN maintenance and

survival in the adult brain.

Introduction

Parkinson’s disease (PD) is caused by the loss of midbrain do-
paminergic neurons (mDANSs) and the corresponding disruption
of the nigrostriatal dopaminergic pathway (Kalia and Lang, 2015;
Surmeier et al., 2017), with a-synuclein-enriched Lewy bodies,
mitochondrial dysfunction with increased neuronal oxidative
stress, and failing autophagy cytoplasmic quality control being
recognized features (Karabiyik et al., 2017; Surmeier et al., 2017).
Autophagy protects cells through the delivery of toxic, damaged,
or redundant cytoplasmic cargo to the lysosome for degradation
and recycling. In macroautophagy (referred to herein as “au-
tophagy”), a specialized organelle—the autophagosome—is as-
sembled de novo through the sequential actions of the products
of conserved autophagy-related genes (ATGs), and this organelle
sequesters cargo in a selective or non-selective fashion for
trafficking and fusion with late endosomes/lysosomes to form a
degradative compartment (Lamb et al., 2013). Accumulating
evidence suggests that mDANSs are particularly sensitive to au-
tophagy deficits (Friedman et al., 2012; Karabiyik et al., 2017;
Kett et al., 2015; Sato et al., 2018), and correspondingly, upre-
gulation of the autophagy and/or autolysosomal systems pro-
tects mDANSs against a-synuclein toxicity in vivo (Decressac
et al.,, 2013). Thus, understanding how autophagy responses
are coordinated in mDANs remains a key objective.

The LIM homeodomain transcription factors, LMX1A and
LMX1B, are essential determinants of mDAN differentiation and
maintenance (Doucet-Beaupre et al., 2015). With high sequence
homology (homeodomain [100%]; LIMA [67%]; LIMB [83%);
Doucet-Beaupre et al., 2015), LMXIA and LMXI1B have distinct
tissue expression patterns and distinct roles (Doucet-Beaupre
et al.,, 2015): LMXIA regulates neurogenesis and neural fate in
the ventral mesencephalic floor plate, and has roles in the inner
ear (Doucet-Beaupre et al., 2015); LMXIB is essential for brain
development, particularly dorsoventral patterning and seroto-
nergic axonal architecture, but also coordinates aspects of eye,
limb, and kidney development (Donovan et al., 2019; Doucet-
Beaupre et al., 2015; Kitt et al., 2022; Wever et al., 2019). De-
pleted mDAN populations are common features of Lmxla null
and recessive mutant (dreher)mice (Deng et al., 2011; Pollack
et al,, 2019), meanwhile Lmxib ablation reduces mDAN density
through failure to establish the isthmic organizer, a structure
that controls midbrain-hindbrain regional identity through
regulated secretion of Fgf8 and Wntl (Doucet-Beaupre et al.,
2015). Despite this functional divergence, Lmxla and Lmxib
partially compensate for one another with respect to mDAN
specification in the mouse (Doucet-Beaupre et al., 2015; Pollack
etal., 2019). Away from the midbrain, mutations in the LIM and/
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or homeodomain of LMXI1B cause Nail-Patella syndrome, a hu-
man disease characterized by skeletal developmental abnormal-
ities, chronic nephropathy, and open-angle glaucoma (Choquet
etal., 2018; Harita et al., 2017; Shiga et al., 2018). Systemic Lmxlb
knockdown in mouse is associated with skeletal and kidney
defects consistent with Nail-Patella syndrome pathology, lead-
ing to neonatal lethality ~24 h after birth (Chen et al., 1998);
meanwhile, conditional podocyte LmxlIb ablation triggers pro-
teinuria linked to podocyte actin disorganization and slit dia-
phragm failure (Burghardt et al., 2013). Finally, LMXIB has been
identified as an osteoarthritis susceptibility gene (Henkel
et al., 2022; Tachmazidou et al., 2019), thus broadening in-
terest in its roles and regulation in human ageing pathology.

While the influence of LMX1A/LMXI1B actions during mDAN
specification and maturation is well established, conditional
knockout (KO) mouse models have since demonstrated a need
for sustained Lmxla/Lmxlb expression to support mDANs in
the developed midbrain. In the mouse, targeted Lmxla/Lmxlb
ablation triggered mDAN decline associated with neuropatho-
logical (e.g., a-synuclein-positive, distended axonal terminals)
and behavioral abnormalities consistent with PD (Doucet-Beaupre
et al., 2016; Laguna et al., 2015). With this in mind, it is note-
worthy that Lmxla expression declines with age in the mouse
brain (Doucet-Beaupre et al., 2016; Laguna et al., 2015), while
patient brain LMXIB levels have been reported to inversely
correlate with PD progression (Laguna et al., 2015; Xia et al.,
2016). In addition, LMXIA/LMXIB polymorphisms have been
linked (albeit weakly) to PD (Bergman et al., 2009). Thus,
maintaining LMX1A/LMXIB in the adult brain is likely to be
important for protection against PD-associated mDAN decline,
while boosting expression and/or activities of these transcrip-
tion factors may be of therapeutic benefit.

Autophagy capacity is regulated by diverse families of
transcription factors acting in different tissues (Fullgrabe
et al., 2016; Fullgrabe et al., 2014), but those that control
autophagy gene expression in human mDANs remain elu-
sive. Notably, in the conditional Lmxla/Lmxlb KO mouse
model, post-mitotic mDAN functional decline was shown to
be associated with dysregulated autophagy, reduced mito-
chondrial function, and elevated mitochondrial oxidative
stress (Doucet-Beaupre et al., 2016; Laguna et al., 2015). In-
deed, a similar pattern has emerged in studies of LmxIb de-
ficiency in adult 5-HT neurons (Kitt et al., 2022). This argues
that LMX1A/LMXI1B might contribute to the expression of
autophagy and mitochondrial quality control genes in spe-
cific classes of neurons, including mDANSs. Using human cell
lines and induced pluripotent stem cell (iPSC)-derived
mDANSs, we demonstrate here that LMXIA and LMXIB are
indeed autophagy transcription factors that provide protec-
tion against PD-associated cellular stress in vitro. Importantly,
both LMXI1A and LMXIB bind to autophagy ATG8 family mem-
bers, with LMXIB interactions dependent on a conserved region
C-terminal to the homeodomain. Crucially, we show that binding
to ATG8 proteins stimulates LMX1B-regulated transcription of
important target genes and protects against neuronal stress.
These data highlight ATG8s as novel LMX1B cofactors, thereby
revealing an intriguing layer of mechanistic interplay between
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cell stress response pathways with implications for mDAN
function and survival in the PD brain.

Results

LMX1A and LMX1B are autophagy transcription factors

LMXIA and LMXIB emerged as distinct paralogs alongside the
development of more complex chordate brain architecture
(Holland, 2015; Fig. SI, A and B). With data linking LMX1A/
LMXIB with the autophagy system and the enhancement of
mDAN maintenance/protection (Laguna et al., 2015), we used
bioinformatics to search for potential LMX1A/LMXI1B-targeting
A/T-rich FLAT elements in autophagy gene promoter regions
(see Materials and methods), to provide evidence for LMXI1A/
LMXI1B-mediated autophagy transcriptional control in humans.
As anticipated, FLAT elements were detected in known LMX1A/
LMXIB transcriptional target gene promoters including COL4A3
and IFNBI—both implicated in joint and/or kidney maintenance
(Morello et al., 2001; Rascle et al., 2009)—and in the mDAN
control genes, NURRI, PITX3, and TH (Levesque and Doucet-
Beaupre, 2013; Table S1). FLAT elements were also detected in
the promoters of mitochondrial NDUFA2, COXl, and NDUFVI
(LMX1B only), although the latter two were not shown to be
affected by Lmxla/Lmxib ablation in the mouse brain (Doucet-
Beaupre et al., 2016; Table S1). Importantly, putative FLAT ele-
ments were also identified in the promoters of genes controlling
autophagy initiation (e.g., ULKI/2; ATGI3; ATGl4; WIPI2; UVRAG)
and autophagosome expansion (e.g., ATG3; ATG5; ATG7; ATGIO;
ATGI6LI), in the promoters of autophagy receptors (e.g., OPTN;
NDP52; TAXIBPI; but not SQSTMI/p62), and in both PINKI and PRKN
(Table S1). The autophagy-related transcription factors TFEB and
ZKSCANS3 also harbored putative promoter FLAT elements for both
LMXIA and LMXIB, while the hypoxia-responsive transcription
factors NRFI and NRF2 were positive for LMXI1B only (Table S1).
This places LMXIA and LMXIB in the context of a broad tran-
scriptional network for cytoplasmic quality control with the po-
tential to protect against diverse physiological cellular stresses
(Fullgrabe et al., 2016; Fullgrabe et al., 2014).

Guided by the bioinformatics data, we selected a panel of
candidate genes for LMXIB chromatin immunoprecipitation
(ChIP) in human HEK293T kidney cells that express endogenous
LMXIB (Burghardt et al., 2013). Using an arbitrary twofold cut-
off for targets of interest, promoter occupancy was confirmed
for several core autophagy genes, including ULKI, ATG3, ATGI6L1,
UVRAG, as well as the autolysosomal transcription factor TFEB
and the receptors and/or mitophagy genes, NDP52, OPTN, and
PINKI (Fig. 1 A). The mDAN differentiation genes ABRA, NURR],
and PITX3 were also identified in LMXI1B ChIP of HEK293T cells
(Fig. 1 A). To provide experimental support for its role as a
human autophagy transcription factor, we measured candidate
autophagy gene expression by quantitative real-time PCR (qRT-
PCR) in HEK293T cells depleted for LMX1B using siRNA (Fig. 1
B). Expression of several autophagy genes including ULKI, ATG?,
ATGI6L1, UVRAG, and TFEB was significantly reduced following
LMXIB suppression, as was expression of the selective autoph-
agy/mitophagy receptors NDP52 and OPTN, and the mitophagy
regulator and early-onset PD gene, PINKI (Fig. 1 B). An identical
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Figure 1. LMX1B is an autophagy transcription factor in HEK293T cells. (A) ChIP gPCR analysis of LMX1B promoter occupancy in HEK293T cells. This
experiment was repeated three times with consistent results. (B) qRT-PCR analysis of selected genes in HEK293T cells transfected with siLMX1B smartpool or

non-targeting siControl. mRNA levels were normalized to GAPDH. Mean + SD (n

= 3); Student’s t test: *P < 0.05, **P < 0.01, ***P < 0.001 vs. siControl. (C) qRT-

PCR analysis of selected genes in HEK293T cells transfected with LMX1B shRNA or non-targeting shControl. mRNA levels were normalized to GAPDH. Mean +
SD (n = 3); Student’s t test: **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. shControl. (D) qRT-PCR analysis of rescue of LMX1B suppression in HEK293T cells
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double co-transfected with LMX1B smartpool siRNA and codon optimized, siRNA-resistant LMX1B plasmid (or empty vector control). Values are mean = SD of
triplicate treatments from a single knockdown/rescue experiment, representative of >3 experiments with consistent results, and were normalized to siRNA
control. Student’s t test: *P < 0.05 and **P < 0.01; siRNA + empty vector vs. siRNA + LMX1B. (E) LMX1B siRNA reduces expression of key autophagy proteins.
Left, example immunoblots; right, quantitation relative to GAPDH levels. Molecular weight markers are shown in kD. Mean + SD; Student’s t test: *P < 0.05,
**P < 0.01, ***P < 0.001 vs. siControl. (F) Imaging-based autophagic flux assay in GFP-LC3B HEK293 cells transfected with non-targeting siControl or siLMX1B,
stained with anti-WIPI2 antibodies. To the top, selected example inverted single channel images with color overlays below (LC3B is depicted in grayscale; WIPI2
is depicted in magenta; DAPI is depicted in blue). Cells were counterstained with DAPI (blue). Bar = 20 um. To the bottom, puncta counts for GFP-LC3B and
WIPI2 in siControl and siLMX1B-treated HEK293 cells in full nutrients (fed) or following 2 h starvation in the presence or absence of BafA1 (20 nM, 2 h). Mean =
SD of >35 cells from three independent experiments; one-way ANOVA followed by Fisher’s least significant difference (LSD) test for planned comparisons: *P <
0.05, **P < 0.01, **P < 0.01, ***P < 0.001, ****P < 0.0001. (G) qRT-PCR analysis of autophagy and selected gene expression in two LMX1B KO HEK293T clones
(KO1and KO2). Data show means + SD (n = 4 samples from two early passage cultures); two-way ANOVA followed by Tukey’s multiple comparison post-hoc
test against control cells: *P < 0.05, **P < 0.01,****P < 0.0001. (H) Imaging-based autophagic flux assay in LMX1B CRISPR KO HEK293T cells stained with anti-
LC3B and anti-WIPI2 antibodies. Puncta counts for LC3B and WIPI2 in Control and LMX1B KO HEK293T cells in full nutrients (fed) or following 2 h starvation in
the presence or absence of BafAl (20 nM). Mean = SD of 30 fields of cells from three independent experiments, counting ~50 cells per field; one-way ANOVA
followed by Fisher’s LSD test for planned comparisons: *P < 0.05, **P < 0.01, ****P < 0.0001. (1) Immunoblot showing LMX1B levels in CRISPR KO cell line KO2
compared to controls, with analysis of p62 levels and LC3B lipidation in fed and starved conditions (2 h), in the absence and presence of BafAl (20 nM).
Molecular weight markers are shown in kD. Densitometry quantitation is shown to the right (n = 4); one-way ANOVA followed by Fisher’s LSD test for planned

comparisons: *P < 0.05.

pattern of suppression was seen using shRNA against LMXIB
(Fig. 1C), with the exception of ATG3, perhaps due to the relative
efficiencies of LMXI1B suppression. SQSTMI1/p62 was not affected
by LMXIB suppression, confirming bioinformatics predictions,
but neither was ATG5 despite the presence of putative FLAT el-
ement(s) for this gene (Table S1). ATG7 promoter occupancy was
not detected by ChIP using our probes (Fig. 1 A), but ATG7
transcripts were significantly lower in LMX1B suppressed cells
(Fig. 1, B and C). Importantly, the expression of several autoph-
agy genes could be rescued in siLMX1B-treated HEK293T cells by
overexpression of siRNA-resistant LMX1B (Fig. 1 D).

At the level of protein expression, the effects of LMX1B
suppression were corroborated for ATG3 and ATG7 (signifi-
cantly reduced), although expression of ATGI6L1 was not af-
fected (Fig. 1 E). Levels of lipidated LC3II were significantly
lower in siLMXI1B-treated HEK293T cells (Fig. 1 E), indicative of
reduced basal autophagy. Meanwhile, analysis of LC3B and
WIPI2 puncta numbers in HEK293T cells in full nutrients or in
starvation conditions in the absence or presence of Bafilomycin
Al (BafAl) demonstrated reduced autophagy flux potential in
siLMXIB-treated cells (Fig. 1 F). Using CRISPR editing, we next
generated two LMX1B KO HEK293T clonal cell lines. Expression
of FLAT element containing autophagy and associated genes was
reduced in both lines (Fig. 1 G; levels tended to return to baseline
levels over multiple passages [data not shown]), and autophagy
flux was suppressed as measured by immunostaining for LC3B
and WIPI2 puncta (Fig. 1 H). LC3B lipidation was also reduced in
fed and starved cells in the presence of BafAl, while p62 levels
were higher in LMXIB KO cells under basal conditions and in the
presence of BafAl (Fig. 1 I, showing data for clone KO2 only).
Together, these data demonstrate that LMX1B contributes to the
control of autophagy gene expression in HEK293T cells, and that
LMXI1B depletion dampens basal/housekeeping and nutrient
stress-induced autophagic flux responses.

LMX1A and LMX1B regulate autophagy and protect human
iPSC-derived mDANs in vitro

To confirm their potential as autophagy transcription factors in
the human midbrain, we prepared mDANs from the NAS2
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(normal a-synuclein) iPSC line (Devine et al., 2011), using a
monolayer protocol that generates high numbers of mDANs
expressing midbrain dopaminergic markers, including TH,
LMXIA, LMX1B, and FOXA2 (Stathakos et al., 2021). Immu-
nofluorescence imaging indicated that our cultures comprised
~75% neurons, of which ~50% expressed TH, with ~80% of
these expressing LMXI1A and/or LMXI1B (Fig. 2 A). LMXI1A and
LMXI1B mRNA levels peaked and remained high from day 20 of
mDAN differentiation, correlating with expression of neuronal
BII tubulin (TUJ1) and the dopaminergic transcription factor,
NURRI (Fig. 2, B-E). Based on an arbitrary twofold cut-off, ChIP
analysis of iPSC mDAN cultures indicated promoter occupancy
for the autophagy genes ATG7 (LMX1A/LMXI1B), ATGI6LI
(LMXI1A only), and ULKI (LMXI1B only), and the autophagy
adaptors NDP52 and OPTN (Fig. 2, F and G). Dopaminergic
neuronal control genes NURRI and PITX3 were also positive for
both LMX1A and LMXI1B, with ABRA being positive for LMXIB
only (Fig. 2 G) as expected (Burghardt et al., 2013; Table S1). To
test the impact of their suppression in human mDANS in vitro,
we generated lentiviruses expressing GFP (synapsin promoter)
with LMX1A/LMX1B shRNA (U6 promoter; Fig. 2 H). 6 d after
viral transduction in day >30 cultures, LMX1A and LMXIB
expression in mDANSs was significantly reduced (Fig. 2 H), with
suppression of each lowering expression of the other (Fig. 2 I).
Importantly, shRNA suppression of either LMXIA or LMXI1B
significantly reduced levels of ULK1, ATG2B, ATG7, ATG16L1,
NDP52, OPTN, PINK1, and TFEB transcripts in mDANSs, but
ATG3 and p62 were not affected (Fig. 2 I). Expression of
the dopaminergic neuronal genes NURRI and PITX3 was sig-
nificantly reduced in both conditions as expected (Doucet-
Beaupre et al., 2015; Nakatani et al., 2010), but TH and TUJI
expression levels were not altered within this timeframe
(Fig. 21). Expression of MSX1 was significantly reduced only in
the LMXI1A suppressed cells (Fig. 2 I), consistent with previous
reports that MSXI is controlled by LMXI1A in the midbrain
(Andersson et al., 2006; Cai et al., 2009), but as LMXIB sup-
pression concomitantly reduced LMX1A mRNA levels (Fig. 2
I), this implied that residual LMXI1A is sufficient to maintain
MSX1 levels in this setting.
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Figure 2. LMX1B is an autophagy transcription factor in iPSC-derived human mDANSs. (A) Immunofluorescence images and quantitation of LMX1A/
LMX1B and dopaminergic marker expression in human iPSC-derived mDANs (imaged at: [i] D40; [ii, iii] D20). Cells were stained for anti-TH (magenta) and
either anti-TUJ1 (green, [i]), anti-LMX1A (green, [ii]), or anti-LMX1B (green, [iii]). Bars = 100 um. Data show counts of cells positive for the marker combinations
shown (mean + SD; n = 4 experiments). (B-E) qRT-PCR analysis of (B) TUJ1, (C) LMX1A, (D) LMX1B, and (E) NURR1 in iPSC-derived mDNAs differentiated at
days 5, 10, 15, 20, 40, and 50 (or iPSC control). Levels were normalized to GAPDH. Mean + SEM of mDAN cultures (n = 3) plated from a single neuralization;
one-way ANOVA followed by a Dunnett’s multiple comparisons test. *P < 0.05, ***P < 0.001 vs. iPSC stage. (F and G) ChIP q-PCR analysis of (F) LMX1A and (G)
LMX1B promoter occupancy in human mDANSs using antibodies to isolate endogenous protein/DNA complexes. (H) shRNA suppression of LMX1A or LMX1B
expression in iPSC-derived mDANSs. To the top, a schematic representation of the pRRL plasmid construct expressing GFP under hsyn control and shRNA for
LMX1A or LMX1B (or a non-target shRNA control) under U6 promoter control. Below are example fields of mDANSs stained for anti-LMX1A (top, magenta) or
anti-LMX1B (bottom, magenta) and anti-TH (cyan) after transduction with hsyn-GFP-U6-shControl, hsyn-GFP-U6-shLMXIA, or hsyn-GFP-U6-shLMX1B (green).
To the right, LMX1A and LMX1B qRT-PCR quantitation after viral transduction at day 30-45 (normalized to GAPDH) of two different shRNAs for LMX1A and
LMX1B (n = 3). Mean  SD; one-way ANOVA followed by Tukey’s multiple comparison post-hoc test: *P < 0.05; **P < 0.001; ***P < 0.001 vs. shRNA control.
Bars = 20 um. (I) gRT-PCR analysis of candidate gene expression in iPSC-derived mDANs (day 30-45) following hsyn-GFP-U6-shControl/shLMX1A/shLMX1B
lentiviral transduction (normalized to GAPDH). Means + SD (n = 3); Student’s t test: *P < 0.05, **P < 0.01, ***P < 0.001 vs. shRNA control.

LMXIA and LMXIB suppression significantly reduced the
numbers of WIPI2-positive autophagosome assembly sites in the
cell bodies of mature (day >30) TH- and GFP-positive mDANss,
consistent with a dampened basal autophagy response (Fig. 3 A).
Suppression also elevated mitochondrial ROS levels (MitoSox;
Fig. 3 B), and negatively impacted on oxidative phosphorylation,
causing reduced basal oxygen consumption rates, maximal
respiration, and spare capacity (Fig. 3, C and D; also reported in
isolated mouse mDANSs [Doucet-Beaupre et al., 2016]). Despite
this, basal population cell death levels measured by caspase-3
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assay were not affected (Fig. 3 E). Thus, mature mDANS tolerate
the absence of either transcription factor over short timeframes
in vitro. Consistent with essential roles during mDAN differ-
entiation and maturation, the timing of LMX1A/LMXIB sup-
pression in human iPSC-derived mDANs was critical (Fig. SI,
C-E): neurite arborization was not affected in mature mDANs
plated at day >35 (Fig. S1 D), but neurites collapsed following a
~12-h lag when LMX1A/LMX1B was suppressed in immature day
<17 mDANS (Fig. S1E). This was associated with marked changes
in expression of dopaminergic genes (TUJI, TH, NURRI, MSXI) in
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Figure 3. LMX1A and LMX1B control basal autophagy and mitochondrial function to protect mDANSs. (A) Representative immunofluorescence images
(left) and quantitation (right) of basal WIPI2 puncta in TH*v¢/GFP*¢ iPSC-derived mDAN cell bodies (day 30-45) following hsyn-GFP-U6-shControl/shLMX1A/
shLMX1B lentiviral transduction. Mean + SD (>30 neurons/condition; three independent experiments); one-way ANOVA followed by a Tukey’s multiple
comparison post-hoc test: ****P < 0.0001 vs. shRNA control. Bars = 20 um, full field; 10 um, inset zoom. (B) MitoSOX intensity in TH-positive iPSC-derived
mDANs transduced with hsyn-GFP-U6-shControl/shLMX1A/shLMX1B (day 30-50). Cells were treated with carbonyl cyanide chlorophenylhydrazone (10
1M, 4 h) as a positive control. Mean = SD of individual cell bodies from four independent experiments; one-way ANOVA followed by a Tukey’s multiple
comparison post-hoc test: ****P < 0.0001. (C and D) Seahorse mitochondrial respiration profiles in iPSC-derived mDAN cultures (day 30-50) transduced
with (C) hsyn-GFP-U6-shRNA LMX1A or (D) hsyn-GFP-U6-shRNA LMX1B lentiviruses. Pairwise comparisons were performed against non-targeting shRNA
control. Oxygen consumption rate (OCR) was normalized to protein levels after sequential exposure to oligomycin (Oligo; 1 uM), FCCP (1 M), and rotenone/
antimycin (R+A; 0.5 uM) as indicated (n = 3). Mean + SD; Student’s t test: *P < 0.05, **P < 0.01. (E) Basal mDAN cell death analysis following hsyn-GFP-U6-
shControl/shLMX1A/shLMX1B lentiviral transduction (day 25-50 mDANs). Fluorometric caspase assay normalized to total protein (n = 2-3). Mean + SD;
one-way ANOVA followed by Fisher’s LSD test for planned comparisons. (F) Rotenone-induced cell death in iPSC-derived mDANs (day 25-50) transduced
with TRE-empty (control), TRE-LMX1A, and/or TRE-LMX1B; expression was induced by DOX (500 ng/ml, 3 d). mDANSs were treated with rotenone (15 pM)
for 24 h. Caspase activity was normalized to total protein and measured relative to empty vector control (n = 2-4). Mean + SD; one-way ANOVA followed by
Fisher’s LSD test for planned comparisons: **P < 0.01, ***P < 0.001.

day <17 cultures, with LMXI1B suppression associated with LMXIB alone or in combination with LMXI1A increased the ex-
compensatory LMXIA elevation and enhanced NURRI mRNA pression of several key autophagy-associated genes in human
expression (Fig. S1 F). mDANSs (notably, ULKI, ATG3, TFEB; Fig. S2 E). LMXIB over-

Using a doxycycline (DOX) inducible LMX1A/LMXIB lenti- expression concomitantly increased LMXIA levels, but the
viral system (Fig. S2), we found that acute overexpression of converse was not observed (Fig. S2 E). The significance of these
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observations became clear when we tested the effect of LMX1A/
LMXIB overexpression during stress-induced cell death in
mDANSs treated with the mitochondrial poison, rotenone (a
complex I inhibitor widely used as a PD-inducing model,
e.g., Betarbet et al, 2000). In our mDAN cultures, induced
LMXIA and/or LMXI1B overexpression significantly reduced
rotenone-induced cell death compared to the empty vector
control (Fig. 3 F). As LMXIA overexpression by itself did not
significantly induce expression of the autophagy genes we tested
(Fig. S2 E; also reported in the mouse [Laguna et al., 2015]), its
cytoprotective actions in this setting may be via activation of a
different stress response pathway(s) (Fig. 3 F).

Autophagy-dependent LMX1A and LMX1B protein turnover

The capacity of LMX1A and LMXIB to influence autophagy gene
expression and to protect against rotenone poisoning in mDANs
prompted us to determine how the stability of these proteins is
regulated. We measured LMXIA-FLAG and LMXI1B-FLAG levels
in stable HEK293T cells treated with cycloheximide (CHX; 16 h)
and found that degradation was blocked by BafAl and by MG132
(proteasome inhibitor; Fig. 4, A and B), suggesting involvement
of both autolysosomal and proteasomal degradation pathways.
Focusing on LMXI1B, which has broader tissue expression and
function, we determined that turnover was accelerated during
nutrient starvation and was again dependent on the proteasomal
and autolysosomal pathways (Fig. 4 C). As the steady-state dis-
tribution of key transcription factors such as TFEB, ZSCANS3,
and FOXO changes in response to stress (Fullgrabe et al., 2016),
we used cell fractionation and imaging to monitor the localiza-
tion of LMXI1B during nutrient withdrawal (Fig. 4, D-F). Im-
munoblotting confirmed the expected enrichment of LMX1B in
the nucleus in fed conditions and revealed a further shift from
cytosol to nucleus during acute (2 h) starvation (Fig. 4 D).
Imaging of LMX1B-FLAG in HEK293T cells confirmed its strong
nuclear enrichment in full nutrients and during early starvation
(2 h; Fig. 4 E) and revealed the presence of discrete cytosolic
LMXI1B-FLAG foci in some cells (Fig. 4 E). Strikingly, following
extended starvation periods (6 h), the nuclear LMXIB-FLAG
fluorescence signal appeared to diminish, concomitant with the
accumulation of abundant cytosolic LMX1B puncta that strongly
co-localized with GFP-LC3B positive autophagosomes (Fig. 4 E).
To begin to understand the control of LMXI1B distribution in
living cells, we expressed DOX-inducible TRE-GFP-LMXIB in
HelLa cells and used FLIP (fluorescence loss in photobleaching) to
measure nuclear GFP fluorescence loss during simultaneous
photobleaching of a cytoplasmic region of interest as a readout of
LMXIB cycling between these compartments (Fig. 4 F). The rate
of nuclear GFP-LMXI1B fluorescence signal loss was significantly
lower in nutrient starved cells (Fig. 4 F), consistent with the
observed net nuclear LMX1B accumulation during early star-
vation (Fig. 4 D). Thus, LMXIB nucleus-to-cytoplasm shuttling is
influenced by nutrient availability in a biphasic manner: ini-
tially, during early starvation, LMX1B further accumulates in the
nucleus where it can enhance autophagy-related gene tran-
scription; later, during extended starvation, nuclear LMXIB
levels reduce, while cytosolic LC3B-positive LMX1B foci
become more abundant and more prominent, and LMXIB is
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progressively degraded by autophagy and the proteasome. A
detailed mechanistic analysis of the relationships between
LMXI1B and LC3B (and other ATGS proteins) follows below. As
an initial test of whether ATG8 proteins influence LMX1B nu-
cleocytoplasmic shuttling, we compared rates of nuclear GFP-
LMXI1B FLIP in wild-type and ATG8 KO Hela cells (Nguyen
et al.,, 2016). Although average GFP-LMXIB FLIP rate was
markedly higher in starved ATG8-null HeLa cells, this was not
significantly different from control cells (Fig. 4 F).

LMX1B binds multiple ATG8 proteins via a conserved region
containing a LIR-like motif

The co-localization observed between cytoplasmic LMXI1B and
LC3B in starved HEK293T cells (Fig. 4 E) suggested that these
proteins might interact. Correspondingly, we identified a pos-
sible LIR (LC3-interacting region)-like motif C-terminal to the
homeodomain of LMXI1B (39°YTPL3'2; https://ilir.warwick.ac.uk;
Fig. 5 A). Alignment against other published LIR motifs sug-
gested that this might conform to the tyrosine-type group
identified in LIR domain containing proteins including NBRI,
ATG4B, and FUNDCI (Fig. 5 B). LIR motifs are present in proteins
that interact with ATG8 family members to facilitate their
autophagy-mediated turnover, in receptors for selective au-
tophagy, and in a subset of key components of the autophago-
some assembly machinery (Johansen and Lamark, 2020; Lamark
etal., 2017). We therefore tested whether LMX1B interacted with
ATGS family members. GFP-TRAP immunoprecipitation (IP) of
lysates of HEK293T cells co-transfected with human GFP-ATG8
and LMX1B-FLAG revealed that LMX1B-FLAG was enriched in all
GFP-ATGS fractions (Fig. 5 C). Furthermore, GFP-LC3B was
detected in anti-FLAG immune complexes from lysates of
HEK293T cells stably expressing LMX1B-FLAG (Fig. 5 D). Im-
portantly, we observed coIP of endogenous LC3B using anti-
bodies against native LMXIB in HEK293T cells (Fig. 5 E).
Consistent with the involvement of LIR-type interactions, LIR
docking site mutant (LDS) GFP-LC3B (F52A/L53A; Ichimura
et al., 2008) co-precipitated very weakly with LMX1B-FLAG in
HEK293T cells (Fig. 5 F). Finally, LMX1B-FLAG also bound
strongly to immobilized recombinant ATG8 proteins in vitro,
with a possible preference for GABARAPs in this context
(Fig. 5 G).

Using Chimera (Pettersen et al., 2004), we visualized the
LC3B crystal structure bound to the FYCOl LIR peptide
(5d94.pdb; Olsvik et al., 2015), and used this structure as a
template to guide the positioning of a peptide incorporating the
proposed LMX1B LIR. Throughout four repeat molecular dy-
namics simulations of the resulting assemblies, the LMXIB
peptide remained in contact with LC3B, with Y309 and L312
anchors docked within LC3B hydrophobic pockets HP1 and HP2,
respectively, in a parallel B-strand configuration (Fig. S3 A and
Video 1, and Fig. S3 B). The proposed LMXI1B LIR appears in an
exposed region of low/very low confidence in the current
available Alphafold model (DeepMind/EMBL-EMI; Fig. S3 C),
consistent with it being located on a flexible/exposed protein
loop. Recent data have highlighted the importance of residues
outside of core LIRs in stabilizing interactions with ATG8 pro-
teins (Johansen and Lamark, 2020; Wirth et al., 2019). In the case
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Figure 4. LMX1B colocalizes with LC3B and is degraded during nutrient starvation. (A) LMXIA-FLAG turnover in stable HEK293T cells treated with CHX
(50 ug/ml) for 16 h in the absence or presence of BafAl (20 nM) or MG132 (10 puM; n = 3). Molecular weight markers are shown in kD. Mean + SD; one-way
ANOVA followed by Tukey’s multiple comparison post-hoc test: **P < 0.01, ***P < 0.001, ****P < 0.0001. (B) LMX1B-FLAG turnover in stable HEK293T cells
treated with CHX (50 pg/ml) for 16 h in the absence or presence of BafA1 (20 nM) or MG132 (10 uM) (n = 3). Molecular weight markers are shown in kD. Mean =
SD; one-way ANOVA followed by Tukey’s multiple comparison post-hoc test: **P < 0.01, ****P < 0.0001. (C) LMX1B-FLAG degradation in stable HEK293T cells
during starvation (6 h) in the presence of CHX (50 pg/ml) + BafA1 (20 nM) or CHX + MG132 (10 uM; n = 4-6). Molecular weight markers are shown in kD. Mean
+ SD; one-way ANOVA followed by Fisher’s LSD test for planned comparisons: *P < 0.05, ****P < 0.0001. (D) Immunoblot and densitometry of cytosolic and
nuclear fractions from HEK293T cells stably expressing LMX1B-FLAG with or without 2 h nutrient starvation. Molecular weight markers are shown in kD. Lamin
B was used to normalize the nuclear fractions and GAPDH for the total and cytosolic fractions (n = 5). Mean + SD; Student’s t test: ****P < 0.0001. (E) LMX1B
relocates to cytosolic puncta that co-label with LC3B during extended nutrient starvation. Representative immunofluorescence images (to the left) and
linescans of the indicated areas of LMX1B-FLAG stable HEK293T cells transfected with GFP-LC3B (green), fixed, and stained with anti-FLAG antiserum
(magenta) after 2 or 6 h starvation. Bar = 20 um, full field; 2 um, zoom inset. (F) FLIP analysis of nucleus to cytoplasmic GFP-LMX1B transport in fed and
starved cells, in the absence or presence of human ATGS proteins (expression induced with DOX: 500 ng/ml; 20 h). Wild-type and ATG8 KO HeLa cells (Nguyen
et al,, 2016) were maintained in normal growth medium or starved for 2 h before live-cell FLIP analysis for a period of 15 min constant photobleaching of a
cytoplasmic region of interest (example image shown top, right). Data are a measure of the loss of GFP-LMX1B fluorescence intensity within the nucleus of the
photobleached cell normalized against non-photobleached cells in the same field of view. Bar = 10 um. Data points represent individual treated cells in multiple
fields of view (n = 4-6). Mean = SD; one-way ANOVA followed by Tukey’s multiple comparison post-hoc test: **P < 0.01.
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Figure 5. LMXI1B interacts with ATG8s in a compartment and context-dependent manner. (A) Schematic of human LMX1A and LMX1B functional
domains showing predicted NLS and a possible LIR motif in LMX1B (left; the same schematic is shown in Fig. S4 C depicting the location of a possible LIR in
LMX1A). Alignment of the proposed LMX1B LIR in different species (right). (B) Sequence alignments of LIR motifs in various human (Hs) proteins designated as
tryptophan-, phenylalanine- and tyrosine-type LIRs (refers to the residue at P of the LIR). * C-terminal ATG4B LIR; # N-terminal ATG4B LIR. (C) GFP-TRAP co-
precipitation of LMX1B-FLAG with GFP-ATG8 family members in HEK293T cells. Immunoblotting for p62 is included as a positive control for binding. 5% protein
lysate from equivalent GFP-expressing cells is shown as “input.” (D) Anti-FLAG co-precipitation of GFP-LC3B from lysates of HEK293T cells stably expressing
LMX1B-FLAG. A non-specific IgG control is included. Arrow indicates position of GFP-LC3B; * indicates the position of the antibody light chain. (E) ColP of
endogenous LMX1B and LC3B using antibodies against native LMX1B in HEK293T cells. Arrow indicates position of LMX1B and LC3B in the anti-LMX1B lane;
* indicates position of antibody heavy chain. (F) GFP-TRAP co-precipitation of LMX1B-FLAG with wild-type or LIR docking mutant (F52A/L53A) GFP-LC3B in
HEK293T cells. Immunoblotting for p62 is included as a positive control for binding. 5% of protein lysate was used as control for protein expression (input).
(G) In vitro pull-down of LMX1B-FLAG from lysates of HEK293T stably expressing LMX1B-FLAG using sepharose beads covalently attached to recombinant His-
ATG8 family members. Immunoblotting for p62 is included as a positive control for binding. (H) GFP-TRAP IP of nuclear and cytosolic fractions from lysates of
HEK293T cells co-expressing GFP-LC3B and LMX1B-FLAG. The LMX1B-LC3B interaction occurs exclusively in the nucleus under basal conditions. Fractionation
is demonstrated to the left using Lamin B and GAPDH as markers for nuclei and cytosol, respectively. (I) GFP-TRAP IP of nuclear and cytosolic fractions from
lysates of HEK293T cells co-expressing GFP-LC3B and LMX1B-FLAG. Comparisons of pull-downs in full nutrients or following 2 h starvation. An LMX1B-LC3B
interaction emerges in the cytosol during starvation. 5% of protein lysate from equivalent GFP-expressing cells is shown as a representative of “input.” Im-
munoblotting for p62 is included as a positive control for binding. (J) GFP-TRAP IP of LMX1B-FLAG in HEK293T cells co-expressing wild-type, acetylation-
deficient (K49R/K51IR), and acetylation mimic (K49Q/K51Q) GFP-LC3B. Immunoblotting for p62 and ATG3 is included as positive controls for binding.
(C-J) Molecular weight markers are shown in kD. PSSM, Position Specific Scoring Matrix.

of LMXI1B, differences were observed in the positioning of up-
stream residues relative to the FYCOL1 crystallographic position,
with the LMX1B peptide adopting a final pose that was displaced
toward the a2 helix of the N-terminal arm of LC3B (Birgisdottir
et al., 2013; Fig. S3 D). The FYCOL1 LIR residues D1277 and D1281
form salt bridges between R10 and R70 of LC3B, respectively. By
contrast, LMXIB lacks negatively charged residues in this re-
gion; rather A307 (LIR X_,; Fig. 5 B) packs against L22 of LC3B.
Downstream, the first glutamine in the LMXI1B triple Q stretch

Jiménez-Moreno et al.
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(LIR X; Fig. 5 B), folded back in the simulation to adopt a similar
configuration to that reported for the glutamic acid at LIR X; in
FYCOL1 (Fig. S3 E), thus possibly stabilizing the interaction. Fi-
nally, we noted that our proposed LMX1B-LC3B model was very
similar to the docking of the tyrosine-type LIR identified in the
crystal lattice structure of the N-terminal region of human
ATG4B-LC3B (Satoo et al., 2009), both within the core LIRs and
in the near-identical manner in which the displaced upstream
sequences engage with the LC3B a2 helix (Fig. S3 F).
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The LMX1B-LC3B interaction is location and context
dependent
At steady state, a large and relatively immobile pool of LC3 resides
in the nucleus where it engages with promyelocytic leukemia
bodies and nucleolar components via LIR-type interactions,
suggesting nuclear regulatory roles (He et al., 2014; Kraft
et al., 2016). Notably, it has been demonstrated that cytosol-
to-nuclear shuttling forms part of the normal LC3 itinerary,
with only the nuclear released pool competent to undergo
lipidation during autophagosome assembly (Huang et al.,
2015). Strikingly, we found that the LMXIB-LC3B interac-
tion is restricted to the nuclear compartment in LMX1B-FLAG
HEK293T cells under full nutrient conditions (Fig. 5 H), and
we detected endogenous LMXI1B in GFP-LC3B pull-downs of
nuclear extracts (Fig. S4 A). Indeed, LMX1B binding to all
ATGS8 family members occurred only in the nucleus in co-
overexpression experiments, unlike p62 which bound ATG8
family members overwhelmingly in the cytoplasm (Fig. S4 B).
To test whether nutrient availability influenced the location and
apparent strength of LMX1B binding to LC3B, HEK293T cells co-
expressing GFP-LC3B with LMX1B-FLAG were placed in starva-
tion media for 2 h, then nuclear and cytoplasmic fractions were
subjected to GFP-TRAP IP (Fig. 5 I). In fed and starved con-
ditions, the nuclear LMX1B-FLAG interaction with GFP-LC3B
remained consistent; however, a new, strong interaction be-
tween LMX1B-FLAG and GFP-LC3B was observed in the cytosol
during starvation (Fig. 51I). By contrast, cytosolic p62 binding to
LC3B was not markedly influenced by starvation (Fig. 5 I).
The release of the nuclear LC3 pool during starvation is
regulated by SIRT1-dependent deacetylation, with LC3 exiting
the nucleus in complex with the diabetes- and obesity-regulated
nuclear factor (DOR) in preparation for its incorporation into the
nascent isolation membrane (Huang et al., 2015; Mauvezin et al.,
2010). GFP-TRAP pull-downs in HEK293T cells expressing
acetylation-resistant (K49R/K51R) and acetylation mimic
(K49Q/K51Q) GFP-LC3B (Huang et al., 2015) revealed that
LMXIB (Fig. 5 J) associates strongly with K49R/K51R LC3B, but
not with K49Q/K51Q LC3B, suggesting that LMX1B binds to the
non-acetylated form of LC3B. The same was true for LIR-
dependent LC3B binding to p62 (Fig. 5 J). By contrast, non-LIR
dependent binding to ATG3 (e.g., Nakatogawa, 2013) was
retained—albeit noticeably reduced—in the K49Q/K51Q LC3B
mutant (Fig. 5 J). Together, these data suggest that LMXI1B
binding to LC3B is regulated by acetylation/deacetylation, and
that parallel LMXI1B and LC3B nuclear shuttling itineraries exist.
Analysis of the conditions for interaction between LMXI1B and
LC3B reveals novel features and regulation that are indicative of
independent roles with respect to intracellular localization, nu-
trient status, and acetylation, with strong binding in the nucleus
being a constitutive feature. We also identified a possible LIR-
type motif in human LMXIA (*°YTAL?%%), and LMXIA co-
precipitated with GFP-ATG8s in HEK293T cells, dependent on
an intact LDS in LC3B (Fig. S4, C-H). Unlike LMX1B, the steady-
state LMXIA interaction with GFP-LC3B in fed cells occurred
primarily in the cytosol (Fig. S4 F), although this should be
interpreted with some caution since LMXIA is not normally
expressed in HEK293T cells; however, in common with LMXI1B,
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this cytosolic interaction was strengthened during nutrient
starvation (Fig. S4 G). Finally, the LMX1A-LC3B interaction was
also found to be sensitive to acetylation (Fig. S4 H).

To understand the significance of the LMXIB-ATG8 inter-
action, we first mutated the key tyrosine and leucine residues
within the proposed LMXI1B LIR (Y309A/L312A). In GFP-TRAP
pull-downs in HEK293T cells, this reduced binding to ATG8
family members LC3B and GABARAP-L2 (Fig. S5 A); however, it
had negligible impact on binding to LC3A, LC3C, GABARAP, and
GABARAP-11 (Fig. S5 A), possibly due to stabilizing interactions
outside of the core LIR (Johansen and Lamark, 2020; Wirth et al.,
2019), or the presence of an alternative LIR(s) (similarly, alanine
mutagenesis of the corresponding, putative LMX1A LIR [Y290A/
L293A] did not alter its binding to LC3B; Fig. S41). It also did not
alter its nuclear localization (Fig. S5 B) or turnover (Fig. S5, C
and D). To generate an LMXIB mutant that failed to bind to a
broader range of human ATGS8 proteins, we targeted the region
downstream of the core LIR by generating a A308-317 deletion
construct, so selected based on our in silico modeling (Fig. S3)
and because amino acids C-terminal to the core LIR have been
highlighted as playing important stabilizing roles in other ATG8
interactors (Johansen and Lamark, 2020; Wirth et al., 2019). In
GFP-TRAP pull-downs, A308-317 LMXI1B showed substantially
reduced binding to all ATG8 family members (Fig. 6 A), but this
construct was targeted normally to the nucleus (Fig. 6 B). De-
spite reduced ATG8 binding, lysosomal turnover of A308-
317 LMXIB occurred at comparable rates to wild-type in
HEK293T cells (Fig. 6, C and D). These data suggest that
LMX1B binding to ATG8s involves a non-canonical LIR-type
interaction involving the LDS. Further, our results indicate
that this interaction may not be required for autophagy
mediated LMX1B degradation.

ATG8 binding stimulates LMX1B-based transcription

The constitutive nuclear association of wild-type LMX1B with
LC3B and other ATG8 proteins in nutrient replete conditions
prompted us to test whether this novel interaction influences
LMXIB transcription factor activity. We first measured expres-
sion of luciferase reporter constructs containing tandem FLAT
sequences from the promoters of selected LMXIB target genes;
namely, NURR], INS (pro-insulin), TFEB, ULKI, UVRAG, and PINKI
(Fig. 6 E). All constructs tested generated robust luciferase ex-
pression responses driven by wild-type LMXIB, except for the
chosen TFEB FLAT where luciferase expression was not signif-
icantly increased in this assay (Fig. 6 E). Crucially, luciferase
expression was significantly lower when driven by ATG8 binding-
deficient A308-317 LMXIB (Fig. 6 E). By contrast, and in keeping
with its failure to block binding to most ATG8 proteins, the
Y290A/L293A LMX1B mutation did not negatively impact on
luciferase expression driven by the same FLAT element
constructs (Fig. S5 E). In an orthogonal approach to establish
the tenet of ATG8 proteins acting as LMXIB cofactors, we
measured LMX1B-dependent FLAT sequence luciferase re-
porter expression in HEK293T cells siRNA depleted for LC3B,
GABARAP-LI, or LC3A (Fig. 6, F and G; and Fig. S6). In siLC3B-
treated cells expressing wild-type LMXI1B, luciferase expres-
sion via NURRI, pro-insulin, TFEB, UVRAG, and PINK1 FLAT
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Figure 6. LIR-dependent binding to ATG8s stimulates LMX1B-driven target gene transcription. (A) GFP-trap IP of wild-type and LIR mutant (A308-317)

LMX1B-FLAG in lysates of HEK293T co-expressing GFP-ATG8 family members. 5% of protein lysate from equivalent GFP-expressing cells is shown as a
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representative of “input.” Immunoblotting for p62 is included as a positive control for binding. Molecular weight markers are shown in kD. (B) Immunofluo-
rescence staining of ALIR mutant (A308-317) LMX1B-FLAG expressed in HEK293T cells. Bar = 20 um. (C and D) LMX1B turnover in HEK293T stably expressing
wild-type or A308-317 LMX1B-FLAG. Cells were treated with CHX (50 pg/ml; 16 h) in the absence or presence BafAl (20 nM). Representative blot (C) and
quantitation relative to GAPDH (D). Molecular weight markers are shown in kD. Mean + SD (n = 3); one-way ANOVA followed by Tukey’s multiple
comparison post-hoc test: ***P < 0.001. (E) LIR mutant A308-317 LMX1B fails to stimulate FLAT-luciferase activity. To the left, luciferase FLAT element
sequences (top), and schematic of the proposed role of ATG8 proteins as LMX1B co-factors (bottom). To the right, quantitation of expression driven by
wild-type and A308-317 LMX1B in HEK293T cells. Levels were normalized to empty vector control (pcDNA 3.1). Mean = SD (n = 3-4); one-way ANOVA followed
by Tukey’s multiple comparison post-hoc test comparing scrambled sequence against NURRL, pro-insulin, TFEB, ULK1, UVRAG, and PINK1: *P < 0.05, **P < 0.01,
*¥¥P < 0.001, ****P < 0.0001. (F) LC3B siRNA silencing dampens LMX1B-mediated luciferase reporter expression. Example LC3B immunoblot (left, top) and
scramble, NURRL, pro-insulin, ULK1, UVRAG, and PINK1 FLAT promoter luciferase assay (LightSwitch) driven by wild-type or A308-317 LMX1B-FLAG Levels are
presented relative to empty vector control (pcDNA 3.1). Mean + SD (n = 3-4); one-way ANOVA followed by Fisher’s LSD test for planned comparisons: *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001. (G) GABARAP-L1 siRNA silencing dampens LMX1B-mediated luciferase reporter expression. Example GABARAP-L1
immunoblot (left, top) and scramble, NURRY, pro-insulin, ULK1, UVRAG, and PINK1 FLAT promoter luciferase assay (LightSwitch) driven by wild-type or A308-317
LMX1B-FLAG. Levels are presented relative to empty vector control (pcDNA 3.1). Mean + SD (n = 3); one-way ANOVA followed by Fisher’s LSD test for planned

comparisons: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

elements was significantly reduced (ULKI luciferase expression
was also markedly lower, but this was not statistically signifi-
cant; Fig. 6 F). siRNA depletion of GABARAP-11 significantly
reduced expression of all tested FLAT elements by wild-type
LMXIB, except for TFEB and PINK1 (Fig. 6 G). By contrast,
siRNA suppression of LC3A did not alter luciferase expression of
NURR], pro-insulin, or ULK1 (Fig. S6 B; other genes not tested),
suggesting that a restricted sub-group of ATG8s influences
LMXIB transcriptional control. Notably, FLAT-luciferase read-
outs were significantly dampened when driven by A308-317
LMXI1B under all conditions (Fig. 6, F and G; and Fig. S6 B), and
were further reduced in LC3B (PINK1) and GABARAP-LI (pro-
insulin, TFEB, ULK1) suppressed cells (Fig. 6, F and G). Together,
these data support a model in which non-canonical LIR-type
LMXIB binding to selected ATG8 family members stimulates
LMXI1B-mediated transcription, thus revealing a novel role for
ATGSs as transcription factor co-factors with broad implications
for maintenance and stress resilience of important cell types.

Non-canonical LIR-type ATG8 binding boosts LMX1B target
gene expression for a robust autophagy response and cell
stress resilience

To test the dependency of ATG8 binding to LMX1B in the context
of autophagy and cellular stress responses, we first performed
siRNA/shRNA knockdown/rescue experiments in HEK293T cells
(Fig. 7 A) and human iPSC-derived mDANSs (Fig. 7 B) using wild-
type and A308-317 LMXIB rescue constructs. qRT-PCR dem-
onstrated that wild-type LMX1B rescued expression of several
autophagy and associated target genes in both settings, but the
LIR deficient A308-317 LMX1B construct could not (Fig. 7, A and
B). By contrast, and consistent with its sustained binding to
most ATG8s and ability to drive expression of the FLAT lucif-
erase constructs (Fig. S5, A and E), the Y309A/L312A LMX1B
mutant efficiently rescued target gene expression (Fig. S5, F
and G). These findings reinforce the proposed mechanistic re-
lationship between ATG8 proteins and LMXI1B in the context of
target gene transcription.

We next rescued LMX1B KO HEK293T cells (clone KO2) with
lentiviruses expressing wild-type or A308-317 LMX1B and mea-
sured autophagy flux by immunostaining for LC3B and WIPI2
puncta (Fig. 7 C). Expression of wild-type LMXIB significantly
increased LC3B puncta in fed LMX1B KO cells treated with BafAl,
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and in starved KO cells in the absence and presence of BafAl
(Fig. 7 C). Increased WIPI2 puncta were also recorded in the
starved + BafAl condition in wild-type LMX1B expressing cells
(Fig. 7 C). Expression of the A308-317 LMX1B construct did re-
store LC3B puncta levels in BafAl-treated cells and in starved
cells, but the rescue level in starved cells in the presence of BafAl
was significantly weaker than in cells expressing wild-type
LMXI1B (LC3B and WIPI2 puncta readouts; Fig. 7 C).

In addition to their muted autophagy responses (Fig. 1 I),
LMXI1B KO HEK293T cells were more susceptible to rotenone
poisoning (Fig. 7 D). To test the influence of ATG8 binding and
enhanced LMX1B-based transcriptional control on cellular
stress resistance, we rescued LMX1B expression in LMX1B KO
HEK293T cells using lentiviruses expressing wild-type or A308-
317 LMX1B, then subjected them to rotenone treatment (Fig. 7 E).
For both LMX1B CRISPR clones, wild-type LMXI1B provided clear
protection over the empty vector control, but A308-317 LMX1B
failed to provide any level of protection (Fig. 7 E). Finally, we
induced expression of wild-type and mutants LMX1B constructs
(Y309A/L312A; A308-317) in human mDANS, and measured cell
death (caspase activity) following treatment with rotenone (24
h). As seen before (Fig. 3 F), expression of wild-type LMXI1B
strongly protected against rotenone, as indeed did expression of
the Y309A/L312A mutant; however, protection was lost in cells
expressing A308-317 LMXI1B (Fig. 7 F). These data support our
model of LDS-dependent association with ATG8 family members
enhancing the safeguarding role of LMX1B in human mDANs
subjected to energetic stress. Taken together, our findings reveal
an intriguing new regulatory interface between the core au-
tophagy machinery and the LMX1A/LMXI1B transcription factors
that is important for robust expression of autophagy genes and
other regulatory genes involved in cell specification, differenti-
ation, and stress resilience. Our studies focusing mainly on
LMXI1B demonstrate an underlying layer of regulatory control
exemplified by compartmentalized and nutrient status depen-
dent ATG8 binding, with enhanced autolysosomal turnover
during prolonged nutrient stress.

Discussion
Autophagy is a central facet of cell and tissue homeostasis
throughout the lifespan that protects against many important
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Figure 7. LIR-dependent LMX1B binding to ATG8 proteins provides cellular stress protection. (A) LIR mutant A308-317 LMX1B fails to rescue autophagy
gene transcription in HEK293T cells. HEK293T cells were co-transfected twice with 50 nM smartpool LMX1B siRNA and codon optimized, siRNA-resistant wild-
type, or A308-317 LMX1B (or empty vector control). mRNA levels were normalized to siControl. Mean + SEM (n = 3); one-way ANOVA followed by Dunnett’s
multiple comparison post-hoc test comparing the two LMX1B constructs to empty vector (*P < 0.05) and a Student’s t test to compare A308-317 and wild-type
LMX1B (#P < 0.05). (B) LIR mutant A308-317 LMX1B fails to rescue autophagy gene transcription in iPSC-derived human mDANs. Mature (day ~50) mDANs
were transduced with hsyn-GFP-U6-shLMX1B and LMX1B levels were rescued with codon optimized, shRNA-resistant wild-type, or A308-317 TRE- LMX1B (or
empty vector as a control). mRNA levels were normalized to shControl. Mean + SEM (n = 3 wells from a single neuralization); one-way ANOVA followed by
Dunnett’s multiple comparison post-hoc test comparing the two LMX1B constructs to empty vector (*P < 0.05) and a Student’s t test to compare A308-317
with wild-type LMX1B (#P < 0.05). (C) LIR mutant A308-317 LMX1B fails to rescue the full autophagy response in LMX1B CRISPR KO2 HEK293T cells expressing
wild-type or A308-317 LMX1B. To the left, example inverted single channel images and color overlays (LC3B is depicted in grayscale; WIPI2 is depicted in
magenta; DAPI is depicted in blue). Cells were counterstained with DAPI (blue). Bar = 20 um. To the right, puncta counts for GFP-LC3B and WIPI2 in nutrient
replete conditions or following 2 h starvation in the presence or absence of BafAl (20 nM, 2 h). Mean + SD of 20-30 fields of cells from three independent
experiments, counting ~50 cells per field; one-way ANOVA followed by Fisher’s LSD test for planned comparisons: *P < 0.05, ****P < 0.0001. (D) Rotenone-
induced cell death (10 uM, 20 uM; 48 h) in control and LMX1B CRISPR KO HEK293T cells. Data show means + SD of three independent experiments; two-way
ANOVA followed by Tukey’s multiple comparison post hoc test: **P < 0.01, ****P < 0.0001 vs. control cells. (E) Wild-type LMX1B, but not LIR mutant A308-317
LMX1B, protects against rotenone toxicity in LMX1B CRISPR KO HEK293T cells. KO1 and KO2 cells were treated with lentiviruses expressing empty vector
control, wild-type LMX1B, or LIR mutant A308-317 LMX1B, then exposed to rotenone (10 pM) for 48 h. Data show means + SD of three independent ex-
periments; one-way ANOVA followed by Bonferroni multiple comparison post-hoc test: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (F) Rotenone-induced
cell death (15 pM; 24 h) assay in iPSC-derived mDAN cultures (day 30-50) transduced with TRE-empty (control), TRE-LMX1B, Y309A/L312A TRE-LMX1B, or A308-
317 TRE-LMX1B (expression induced with DOX: 500 ng/ml; 3 d). Active caspase fluorescence relative to total protein levels was normalized to TRE-empty control
(left graph) or TRE-LMX1B control (right graph) values. Mean + SD (n = 4-9); one-way ANOVA followed by Bonferroni multiple comparison post-hoc test:
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

human diseases (see Levine and Kroemer, 2008; Thorburn, the onset of diseases that are commonly associated with aging is
2018). With improved understanding of autophagy control in anticipated (Rubinsztein et al., 2011). To reach this goal, the
diverse cells, tissues, and stress scenarios, the development of regulatory pathways that coordinate tissue-specific autoph-
strategies to maintain and/or boost autophagy levels to prevent agy responses must first be identified and comprehensively
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understood. In this context, the existence of tunable autophagy
transcriptional pathways that act in distinct cell and tissue
types represents an attractive potential target for autophagy
control in disease.

An example of such a potential mechanism for targeted au-
tophagy control centers on the LIM homeodomain transcription
factors LMX1A and LMXI1B, essential during the differentiation
and maintenance of mDANSs in the substantia nigra region of the
ventral midbrain (Arenas et al., 2015; Doucet-Beaupre et al.,
2016; Laguna et al., 2015; Nakatani et al., 2010). Here, in addition
to controlling the expression of dopaminergic neuronal regula-
tory gene pathways, LMXIA and LMXIB help sustain efficient
autophagy cytoplasmic quality control and mitochondrial func-
tion in mature mDANs (Doucet—Beaupre et al., 2016; Laguna
et al., 2015). Stabilizing and/or stimulating LMX1A/LMXI1B
might therefore improve mDAN resilience in aging and PD
(Doucet-Beaupre et al., 2016). We have demonstrated that hu-
man LMX1A and LMX1B are autophagy transcription factors that
can protect against PD-associated neuronal stress in vitro. While
several previous studies have highlighted the potential benefits
of direct stimulation of autophagy by chemical/small molecules
in cell lines and PD animal models (Harris and Rubinsztein, 2011;
Malagelada et al., 2010; Renna et al., 2010; Sarkar et al., 2007,
Tanji et al., 2015), our work is an important example of how
autophagy upregulation through transcriptional control can
have a positive impact in a disease-relevant context. This echoes
the protection against a-synuclein toxicity afforded by TFEB
overexpression in the rat midbrain in vivo (Decressac et al.,
2013), with the added benefit of LMX1A/LMXIB acting in reg-
ulatory pathways that are strongly associated with the mDAN
population (Doucet-Beaupre et al., 2015). Crucially, we provide
the first evidence that LMXIA and LMXIB engage with ATG8
family members via LIR-like interactions involving the LDS and
propose, for LMXIB at least, that ATG8s have cofactor functions
to influence transcriptional activities in the nucleus.

To determine the significance of the LMXIA/LMXI1B-ATGS8
interaction, we first modeled LC3B binding to a LMX1B peptide
incorporating the putative LIR in silico, templated on the LC3B-
FYCO1 structure. With the clear reduction in binding to LDS
mutant LC3B, the modeling data suggested a LIR-to-LDS type
interaction (with differences predicted in the positioning of
residues upstream of the core LMXIB LIR), so we next used
mutagenesis to change the two key LIR-associated residues (the
aromatic phenylalanine at ©, and the aliphatic leucine at I') to
alanine (Y309A/L312A). This was sufficient to reduce binding to
LC3B and GABARAP-L2, but it did not impact markedly on in-
teractions with other ATGS. Functionally, the Y309A/L312A
mutant LMXI1B efficiently restored LMXIB target gene expres-
sion in knockdown/rescue experiments and drove strong
LMXI1B FLAT-promoter luciferase expression, while providing
good protection in rotenone toxicity assays. Together with the
observed presence of a destabilizing proline within the core LIR-
type motif (see Alemu et al., 2012; Wirth et al., 2019), and the
paucity of acidic residues upstream of the proposed LIR, these
observations are indicative of non-canonical or LIR-like binding,
such as those detailed in other example ATGS interactions (e.g.,
Liu et al., 2018; Satoo et al., 2009). We have, therefore, chosen to
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use this terminology throughout when referring to LMX1B-
ATGS interactions.

Previous studies have highlighted the significance of residues
C-terminal to the core LIR in mediating interactions with the
GABARAP family (Wirth et al., 2019). We, therefore, generated
an LMX1B deletion construct that disabled the putative core LIR
along with several downstream residues (A308-317 LMXIB).
A308-317 LMXIB bound poorly to all ATGSs, failed to rescue
autophagy gene expression, was unable to stimulate FLAT-
promoter luciferase reporter expression, and crucially, failed
to protect against rotenone in HEK293T cells and iPSC-derived
human mDANS. In parallel, using an orthogonal approach, we
found that siRNA suppression of LC3B and GABARAP-LI (but not
LC3A) blunted LMXIB FLAT-promoter reporter expression.
Together, this constitutes the first evidence that ATG8s can act
as transcriptional cofactors in mammalian cells. Interestingly, a
further transcription factor that binds to ATG8 via the LDS
(sequoia) has recently been identified in Drosophila, but differing
from our findings, sequoia behaves as a transcriptional repres-
sor, with its sequestration by Drosophila ATG8a indirectly der-
epressing autophagy gene transcription in nutrient replete
conditions (Jacomin et al., 2020). Notably, human LC3 has been
shown to cycle through the nucleus in a SIRT1 and DOR-
dependent fashion (Huang et al., 2015), thereby increasing its
likelihood of encountering transcription factors to modulate
their behavior. A fraction of LC3 is also targeted to the nucleolus
where it interacts with a range of ribosomal proteins (Kraft
et al., 2016), including the ribosome receptor NUFIP1 (Shim
et al., 2019). In addition, in response to oncogenic stimuli, nu-
clear LC3 mediates lamin Bl degradation (Dou et al., 2015). It is
likely that further roles for ATG8 family members in the nucleus
will be revealed, with the identification of additional tran-
scription factors that are influenced by ATG8 binding being a
key objective.

In conclusion, we have described the LIR-dependent inter-
action between the autophagy transcription factors LMX1A and
LMXI1B and proteins of the ATG8 family. We propose a novel
regulatory axis in which ATG8 proteins act as cofactors for
stress-responsive transcription factors such as these, thereby
influencing autophagy gene expression when cells are chal-
lenged. Our data show that LMX1A and LMXI1B are also degraded
by autophagy and by the proteasome, suggesting a mechanism
by which the duration and/or strength of the LMX1A/B regu-
lated autophagy response can be controlled under chronic,
sustained stress. This finding has implications for our broader
understanding of the control of autophagy in disease-susceptible
tissues throughout the life course.

Materials and methods

Antibodies, reagents, and kits

The following primary antibodies were used (key: IB, immu-
noblot concentration; IF, immunofluorescence concentration):
rabbit anti-ATG16L1 (PM040: IB, 1:1,000; IF, 1:400; MBL); mouse
anti-ATG3 (M1333: IB, 1:1,000; MBL); rabbit anti-ATG7 (2631: IB,
1:1,000; Cell Signaling); mouse anti-FLAG (A00187: IB, 1:1,500;
IF, 1:300; GenScript); rabbit anti-GAPDH (G8796: IB, 1:2,000;
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Sigma—Aldrich); mouse anti-GFP (MMS-118R: IB, 1:2,000; Co-
vance); goat anti-Lamin B (sc-6216: IB, 1:500; Santa Cruz); rabbit
anti-LC3A/B (L8918: IB, 1:1,000; Sigma-Aldrich); rabbit anti-
LC3B (L7543: IF, 1:400; IP; Sigma-Aldrich); rabbit anti-LMXIA
(AB10533: IB, 1:1,000; IF, 1:1,000; IP; Millipore); rabbit anti-
LMXIA (51-606: IP; ProSci); rabbit anti-LMX1B (18278: IB, 1:
1,000; IF, 1:250; IP; Proteintech); rabbit anti-LMXIB (Witzgall
lab: IB, 1:2,000; IF, 1:350); mouse anti-p62 (H0008878: IB, 1:
1,000; IF, 1:400; Abnova); rabbit anti-TH (AB152: IB, 1:1,000; IF,
1:300; Millipore); mouse anti-TH (sc-25269: IB, 1:1,000; IF, 1:100;
Santa Cruz); mouse anti-TUJ1 (801201: IB, 1:1,000; IF, 1:1,000;
BioLegend); mouse anti-WIPI2 (MCA5780GA: IF, 1:400; BioRad).
Secondary antibodies for immunoblotting: chicken anti-mouse
HRP (G32-62DC-SGC: 1:10,000; Stratech); goat anti-rabbit HRP
(G33-62G-SGC: 1:10,000; Stratech); chicken anti-goat HRP (G34-
62DC-SGC; Stratech). Secondary antibodies for immunofluores-
cence: goat anti-mouse Alexa Fluor 488 (A-11029: 1:400; Invitrogen);
goat anti-rabbit Alexa Fluor 488 (A-11034: 1:400; Invitrogen) goat
anti-mouse Alexa Fluor 568 (A-11031: 1:400; Invitrogen); goat anti-
rabbit Alexa Fluor 568 (A-11036: 1:400; Invitrogen); goat anti-mouse
Alexa Fluor 647 (A-21236: 1:400; Invitrogen); goat anti-rabbit Alexa
Fluor 647 (A-21244: 1:400; Invitrogen).

The following reagents were used in cell-based assays: Mi-
toSOX (M36008; Thermo Fisher Scientific); carbonyl cyanide
chlorophenylhydrazone (C2759; Sigma-Aldrich); BafAl (Enzo,
BML-CM110); MG132 (M7449; Sigma-Aldrich); CHX (TOKU-E,
C084); DOX (Clontech, 631311); rotenone (R8875; Sigma-Aldrich).
The following kits were used: EnzChek caspase-3 assay kit
(Z-DEVD-AMC; E13183; Thermo Fisher Scientific); high-capacity
RNA-to-cDNA kit (4387406; Thermo Fisher Scientific); Light-
Switch luciferase assay kit (LS010; SwitchGear Genomics); RNA
isolation kit (74104; Qiagen); Seahorse Mito Stress Test (103010-
100; Agilent).

Culturing immortalized cells

HEK293T human embryonic kidney cell-lines (ATCC), GFP-
LC3B stable HEK293 cells (a gift from Dr. Sharon Tooze, Francis
Crick Institute, London, UK), and HelLa cells (wild-type and
ATGS null [Nguyen et al., 2016]) were maintained in high-glucose
DMEM medium supplemented with 10% FBS (Sigma-Aldrich) at
37°C in 5% CO,. Transient transfections were performed with
Lipofectamine 2000 Reagent (Thermo Fisher Scientific). For lu-
ciferase experiments, cells were cultured in DMEM phenol-red
free medium supplemented with 10% FBS (Thermo Fisher Sci-
entific). For starvation experiments, the following medium was
used: 140 mM NaCl, 1 mM CaCl,, 1 mM MgCl,, 5 mM glucose and
20 mM Hepes supplemented with 1% BSA (Sigma-Aldrich; Axe
et al,, 2008).

iPSC culture

We used the wild-type a-synuclein 2 (NAS2) iPSC line derived
from human dermal fibroblasts by retroviral reprogramming at
passages 40-80 (kindly provided by Dr. Tilo Kunath, Center of
Regenerative Medicine, University of Edinburgh, Edinburgh,
UK; Devine et al., 2011). NAS2 were maintained in Essential 8
TM Medium (E8) supplemented with Essential 8 Supplement
(Thermo Fisher Scientific) and RevitaCell (1/100; Thermo Fisher
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Scientific) in plates previously coated with 5 pg/ml Vitronectin
(in PBS; Thermo Fisher Scientific) at 37°C in 5% CO, as fully
described in Stathakos et al. (2019). In brief, for routine pas-
saging, media was removed, and cells were washed once for 10 s
with EDTA (0.5 mM), then incubated with EDTA for 5 min at
room temperature (1 ml/well of a 6-well plate) to dissociate cells.
EDTA was removed and cells were washed rapidly with E8
complete media to neutralize and remove EDTA. Cells were
collected in 2 ml E8 complete media with RevitaCell or Y-27632
(10 nM) included during the first few passages after thawing to
increase cell survival, with the concentration of either being
reduced (1/2) until the third passage when the supplement was
omitted. Then, cells were plated into vitronectin-coated plates
(5 pg/ml, 1 h) at a ratio of 1:5 (corresponding to 40,000-50,000
cells/cm?) for routine maintenance, or 1:6-1:8 for neuralization.

mDAN differentiation and maintenance

We used an improved monolayer protocol for mDAN differen-
tiation based on previously published protocols (Nistor et al.,
2015; Torper et al., 2013), and described in Stathakos et al.
(2019). mDAN differentiation was achieved by the addition of
SMAD inhibitors and the pattering factors, WNT and SHH
(Arenas et al., 2015). iPSCs in small colonies (commonly 3 d after
initial plating) were grown in N2B27 neural differentiation
media for 9 d, comprising 50% neurobasal media (Thermo Fisher
Scientific) and 50% DMEM/F-12 with Glutamax (Thermo
Fisher Scientific), supplemented with: N2 (1/200; Thermo
Fisher Scientific); B27 (1/100; Thermo Fisher Scientific);
1 mM Glutamax (Thermo Fisher Scientific); 5 mg/ml insulin
(Sigma-Aldrich); nonessential amino acids (1/100; Thermo Fisher
Scientific); penicillin/streptomycin (1/100; Sigma-Aldrich);
75 mM 2-mercaptoethanol (Thermo Fisher Scientific); neural
induction factors, LDN (100 nM; Sigma-Aldrich) and SB431542
(10 uM; Tocris); and patterning factors, SHH (200 ng/ml; R&D
Systems) and CHIR (WNT homolog; 0.8 uM; AxonMedchem).
Cells were passaged using StemPro Accutase (Thermo Fisher
Scientific), and typically plated at 1:2-1:3 dilution ratio in neural
differentiation media supplemented with RevitaCell on plates
coated with poly-L-ornithine (Sigma-Aldrich) and laminin (1/1,000
in PBS, Sigma-Aldrich). At day 9 of neuralization, induction and
patterning factors were removed. After the next passage
(usually at day 11), the N2B27 media was supplemented with the
neurotro