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ABSTRACT

BACKGROUND
Autophagy is the major intracellular degradation route in mammalian cells.
Systemic ablation of core autophagy-related (ATG) genes in mice leads to embry-
onic or perinatal lethality, and conditional models show neurodegeneration. Im-
paired autophagy has been associated with a range of complex human diseases,
yet congenital autophagy disorders are rare.

METHODS

We performed a genetic, clinical, and neuroimaging analysis involving five families.
Mechanistic investigations were conducted with the use of patient-derived fibro-
blasts, skeletal muscle—biopsy specimens, mouse embryonic fibroblasts, and yeast.

RESULTS

We found deleterious, recessive variants in human ATG7, a core autophagy-related
gene encoding a protein that is indispensable to classical degradative autophagy.
Twelve patients from five families with distinct ATG7 variants had complex neuro-
developmental disorders with brain, muscle, and endocrine involvement. Patients
had abnormalities of the cerebellum and corpus callosum and various degrees of
facial dysmorphism. These patients have survived with impaired autophagic flux
arising from a diminishment or absence of ATG7 protein. Although autophagic
sequestration was markedly reduced, evidence of basal autophagy was readily
identified in fibroblasts and skeletal muscle with loss of ATG7. Complementation
of different model systems by deleterious ATG7 variants resulted in poor or absent
autophagic function as compared with the reintroduction of wild-type ATG7.

CONCLUSIONS
We identified several patients with a neurodevelopmental disorder who have sur-
vived with a severe loss or complete absence of ATG7, an essential effector enzyme
for autophagy without a known functional paralogue. (Funded by the Wellcome
Centre for Mitochondrial Research and others.)



ACROAUTOPHAGY (HEREAFTER “AU-

tophagy”) serves to protect the cell

from cytotoxicity through degradation
of toxic protein aggregates, pathogens, and dam-
aged organelles. It also sustains homeostasis by
recycling essential metabolites.! Autophagy in-
volves the formation of a transient double mem-
brane-bound autophagosome that encapsulates
and delivers cytoplasmic cargo to acidic subcom-
partments of the endolysosomal system for
degradation by hydrolysis.>® A core set of au-
tophagy-related (ATG) genes orchestrates the

fundamental stages of canonical autophagy
(Fig. 1.1

Approximately 20 core ATG genes are con-
served across eukaryotes and are critical to the
process of canonical autophagy, yet only 4 of
these genes (ATG5,%” WDR45,%° WDR45B,® and
WIPI2'™) are implicated in mendelian disease.*®
The identification of cohorts of patients with
autophagy deficiencies provides an opportunity
to investigate the systemic role of core autophagy-
related proteins. An understanding of the clin-
ical and functional profiles in such patients
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Figure 1. Classical Degradative Autophagy.

The Unc-51-like kinase 1 (ULK1) complex receives and integrates various upstream signals to execute the autophagic response. This
leads to the emergence of a transient, double-membrane—bound structure known as a phagophore, which expands through the addi-
tion of ATG5—ATG12 conjugates and ATG8 proteins (e.g., LC3-1) to become an autophagosome. ATG5-ATG12 and LC3-1I are generated
through autophagy conjugation systems, which are driven by ATG7. The autophagosome sequesters cytoplasmic cargo recruited by LC3-1,
which interacts directly with cargo or indirectly through autophagy receptors, including p62, as shown in the magnified image. The ma-
ture autophagosome then fuses with acidic subcompartments of the endolysosomal system, which includes resident hydrolytic enzymes
that degrade the encapsulated cargo. The abbreviation mTORC1 denotes mechanistic target of rapamycin complex 1, PE phosphatidyl-
ethanolamine, Ub ubiquitin, and VPS34 class Il phosphatidylinositol 3-kinase.




could provide further insights into the etiologic
links between aberrant autophagy and the many
complex disease states it is predicted to under-
pin, from neurodegeneration to cancer.>'>* In-
deed, access to biologic specimens from patients
with autophagy deficiencies might also acceler-
ate the development of autophagy-augmenting
therapeutics.

The Unc-51-like kinase 1 (ULK1) complex
integrates multiple upstream signals and trans-
mits them to initiate canonical autophagy, which
depends on ubiquitin-like conjugation systems
to drive autophagosome biogenesis (Fig. 1)."*
ATG7 encodes an El-like enzyme that activates
ATG12 before its conjugation to ATG5, promot-
ing expansion of the preautophagosomal phago-
phore (Fig. 1).”® ATG7 also facilitates lipidation
of the protein LC3-I with phosphatidylethanol-
amine to generate LC3-II, which is found on the
inner and outer autophagosomal membranes and
recruits cytoplasmic cargo to the autophago-
some either directly or through selective adaptor
proteins (Fig. 1).° Studies in mice have shown
the physiological significance of endogenous
ATG7; Atg7-null mice die within 24 hours after
birth."”*® Thus, autophagy is regarded as an es-
sential process in mammals. The subsequent
characterization of mouse models has revealed
the profound importance of Atg7 in nerve and
muscle, wherein tissue-specific Atg7 ablation
leads to ataxia and myopathy, respectively.?!
Classically, the loss of mammalian ATG?7 is re-
garded as rendering cells and tissues “autophagy-
deficient.”?#223

We report the discovery of five unrelated
families with recessive ATG7 variants that were
both deleterious (i.e., predicted to reduce fit-
ness, as determined by cross-species comparison
of protein sequences) and damaging (i.e., shown
through biochemical assays to interfere with the
function of the protein). Affected family mem-
bers had a neurodevelopmental syndrome that
was distinguished by cerebellar hypoplasia, a thin
posterior corpus callosum, ataxia, developmental
delay, musculoskeletal abnormalities, and facial
dysmorphism.

METHODS

PATIENTS
We conducted a study involving 12 patients with
ataxia and developmental delay from five fami-

lies. Details of the clinical findings are provided
in Table S1 in the Supplementary Appendix,
available with the full text of this article at
NEJM.org. Written informed consent was ob-
tained from all persons in the study (or from
their parents or guardians) in accordance with
the Declaration of Helsinki protocols, and our
experimental protocols were approved by local
institutional review boards. The authors vouch
for the accuracy and completeness of the data
presented in this report.

GENETIC ANALYSES

Exome sequencing was performed with DNA
from each family. Data were filtered, and com-
puter modeling tools were used to predict vari-
ant pathogenicity. Full details are provided in
the Methods section of the Supplementary Ap-
pendix.

HISTOCHEMICAL ANALYSES
For routine microscopic evaluation of the skele-
tal muscle-biopsy specimen from Patient 2, we
stained 10-um cryosections with hematoxylin
and eosin, periodic acid—Schiff (PAS), diastase—
PAS, Sudan black, and Gomori trichrome. En-
zyme histochemical analyses included measure-
ment of esterase, phosphorylase, acid phosphatase,
ATPase activity at a pH of 4.3 and a pH of 4.6,
cytochrome ¢ oxidase (COX), succinate dehydro-
genase (SDH), and sequential COX-SDH and
NADH tetrazolium reductase activity.” Immuno-
histochemical analysis (7-um sections) with anti-
bodies against p62, neonatal myosin heavy chain,
slow myosin heavy chain, fast myosin heavy chain,
and HLA-A, -B, and -C was also performed.

CELL STUDIES
Primary or immortalized dermal fibroblasts
from patients and controls were cultured. For
functional studies, autophagy was induced with
AZDB8055 (1 pmol per liter) or by means of acute
serum and amino acid withdrawal performed
with the use of Earle’s balanced salt solution in
the presence or absence of a late-stage autoph-
agy blocker (chloroquine [60 wmol per liter] or
bafilomycin A1 [100 nmol per liter]) for the
indicated times. Detailed descriptions of the
methods used for immunoblotting, immuno-
fluorescence, long-lived protein degradation, and
electron microscopy are provided in the Supple-
mentary Appendix.



PROTEIN MODELING

Three-dimensional models of homology between
the wild-type and mutated ATG7 C-terminal
domain were built from the crystal structure of
the yeast Atg7-Atg3 (crystal structure 4GSL in
the Protein Data Bank) and Atg7-Atg8 (crystal
structure 3VH3 in the Protein Data Bank) com-
plexes with the use of Modeller software, version
10.1 (https://salilab.org/modeller/), with standard
parameters.

YEAST STUDIES
Yeast strains were grown at 28°C in a synthetic
medium consisting of 2% glucose and a 0.67%
yeast nitrogen base without amino acids. A syn-
thetic medium consisting of 2% glucose and a
0.17% yeast nitrogen base without ammonium
sulfate was used as a starvation medium for the
autophagy assays. Detailed methods are provid-
ed in the Supplementary Appendix.

STATISTICAL ANALYSIS
Data are provided as means and standard errors
or standard deviations, as indicated. Ordinary
one-way analysis of variance and Sidak’s multi-
ple-comparison test were used to assess differ-
ences between samples in the autophagic se-
questration assay.

RESULTS

FAMILIES WITH DELETERIOUS ATG7 VARIANTS

Two female siblings in Family 1 — Patient 1 (28
years old) and Patient 2 (18 years old) — have
mild-to-moderate learning difficulties and ataxia,
tremor, and proximal muscle weakness (Fig. 2A).
They also have bilateral sensorineural hearing
loss, as well as eye abnormalities including optic
atrophy, chronic progressive external ophthal-
moplegia, and ptosis. Patient 2 also has early-
onset cataracts. Both siblings have facial dys-
morphism comprising a high arched palate; gum
hypertrophy; a long, narrow face; and retrognathia
(Fig. 2B). Neuroimaging in Patient 1 identified
moderate cerebellar hypoplasia and a thin pos-
terior corpus callosum (see Fig. S1, which shows
findings on magnetic resonance imaging [MRI]
in one or more of the patients from each family
in this study). Exome sequencing revealed reces-
sively inherited loss-of-function ATG7 variants in
Family 1: ¢.1975C->T (p.Arg659*) and c.2080-
2A-G (RefSeq accession number, NM_0006395.2).

RNA-sequencing studies showed that ATG7 ex-
pression was reduced and that the ¢.2080-2A-G
splice-site variant causes replacement of canoni-
cal exon 19 with intron 18, leading to premature
termination (Figs. S2 and S3).

Family 2 also has two female siblings. Patient 3
(18 years old) and Patient 4 (15 years old) are
wheelchair-bound as a result of spastic paraple-
gia and severe developmental delay (Fig. 2A).
They presented with congenital encephalopathy,
axial hypotonia, truncal ataxia, and facial dys-
morphism (Fig. 2B). Patient 3 has tonic—clonic
seizures with recurrent episodes of status epilep-
ticus. Both sisters have retinopathy, and Patient 4
has optic atrophy. Complex brain abnormalities
were identified through neuroimaging and in-
cluded severe cerebellar hypoplasia, a thin poste-
rior corpus callosum, and bilateral optochiasmatic
atrophy. Electroencephalographic abnormalities
were also observed. Exome sequencing identified
biallelic missense ATG7 variants — c¢.1727G—A
(p.Arg576His) and c.1870CT (p.His624Tyr) —
affecting amino acid residues that are highly
conserved (see Fig. S4, which shows the amino
acid change or changes in each family in the
study as compared with the sequences in several
different species).

In Family 3, Patient 5 is a 34-year-old wheel-
chair-bound man who presented with moderate
developmental delay and congenital ataxia
(Fig. 2A). This patient has facial dysmorphism
comprising a high arched palate and smooth
philtrum. MRI revealed cerebellar hypoplasia
and a thin posterior corpus callosum. He also
has hypogonadotropic hypogonadism, gyneco-
mastia, and hypertrophic cardiomyopathy. Pa-
tient 5 has biallelic missense ATG7 variants af-
fecting highly conserved residues: c.700C—»A
(p.Pro234Thr) and ¢.1762G-A (p.Val588Met).

Family 4 includes Patient 6 (a 71-year-old
woman) and Patient 7 (a 68-year-old man)
(Fig. 2A). These siblings have mild-to-moderate
intellectual disability with ataxia and tremor
(Patient 6) or dyskinesia (Patient 7). Neuroimag-
ing revealed cerebellar hypoplasia and a thin
posterior corpus callosum in both siblings,
who also have facial dysmorphism and psychiat-
ric involvement: Patient 6 has schizophrenic
psychosis, and Patient 7 displays aggression and
self-mutilating behavior (Fig. 2B). Patient 6 also
has late-onset dementia and an acoustic neuro-
ma that is visible in the brain stem on neuroim-



aging. Exome sequencing identified recessive
missense ATG7 variants in Family 4: ¢.782A->G
(p.GIn261Arg) is predicted to alter two exonic
splicing enhancer sites that lead to skipping of
coding exon 8, which was confirmed by reverse-
transcriptase polymerase chain reaction and
Sanger sequencing (Fig. S5), and c.1532G-A
(p.Gly511Asp) affects a highly conserved residue.

Five of the seven siblings in Family 5 (Patients
8 through 12) are affected (Fig. 2A). Patient 8, a
female infant, presented at 6 weeks of age with
strabismus; at that time, there were also con-
cerns regarding her vision. An ophthalmic ex-
amination revealed optic atrophy. Subsequently,
at the age of 3 months, seizures developed, and

she had severe global neurodevelopmental delay.
Cranial MRI revealed diffuse brain atrophy, and
the patient died at 2 years of age. Three of her
siblings (Patients 9, 10, and 12) also presented
in infancy with strabismus and visual impair-
ment and were noted to have optic atrophy,
whereas Patient 11 (Fig. 2B) was initially identi-
fied because of congenital microcephaly; optic
atrophy was identified later in the course of her
disease. The clinical course for all the surviving
siblings has been similar, with mild-to-moderate
intellectual disability, motor and language devel-
opmental delay, ataxia, and tremor being com-
mon features. In addition, axial hypotonia and
spastic diplegia developed in Patients 9 and 10.
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Figure 2. Identification of Five Families with Ataxia and Developmental Delay and Deleterious, Biallelic ATG7 Variants.

The pedigrees shown in Panel A represent families with ATG7 variants. Circles denote female family members, squares male family
members, diamonds family members of unknown sex or undisclosed gender, and shaded symbols affected family members. Double

horizontal lines between two symbols indicate a consanguineous relationship, and a diagonal line through a symbol indicates a deceased
family member. P1 through P12 denote Patients 1 through 12. Clinical photographs are shown in Panel B: Patient 1 (at 27 years of age)
and Patient 2 (at 17 years of age) from Family 1, Patient 3 (at 18 years of age) and Patient 4 (at 15 years of age) from Family 2, Patient 6
(at 71 years of age) from Family 4, and Patient 11 (at 5 years of age) from Family 5.




The oldest surviving sibling is now 16 years of
age. Patients 9 and 12 also underwent cranial
MRI examinations, which showed diffuse brain
volume loss and, in the case of Patient 12, a thin
posterior corpus callosum. Exome sequencing
identified a homozygous ATG7 variant —
¢.1535T>C (p.Leu512Pro) — in Patients 9 through
12. Patient 8 did not undergo sequencing.
Collaboration among research centers in the
United Kingdom, France, Switzerland, Germany,
and Saudi Arabia was facilitated by the online
tool GeneMatcher (http://genematcher.org).”®

MYOPATHY IN ATG7-DEFICIENT SKELETAL MUSCLE
Immunoblotting of a skeletal muscle-biopsy
specimen and cultured myoblasts from Patient 2
indicated that ATG7 protein was undetectable
(Fig. 3A). ATG?7 is required for the lipidation of
LC3-L, which is needed in order to generate LC3-II,
the levels of which were severely diminished in
myoblasts from this patient (Fig. 3A). Increased
levels of p62 (also known as SQSTM1), a classi-
cal autophagy receptor that recruits cytoplasmic
cargo to autophagosomes through interaction
with LC3-II and is subsequently degraded after
autolysosome formation, were noted in myo-
blasts from Patient 2 (Fig. 3A). Overall, the
muscle-biopsy specimen showed mild myopathic
changes. No vacuoles or internalized nuclei were
present, and transmission electron micrographs
showed normal organization of muscle fibers
(Fig. 3B).

In support of the findings from immunoblot-
ting, immunohistochemical analysis revealed ab-
normal p62 accumulation in the subsarcolem-
mal zone (Fig. 3C). Structures that were
p62-positive were more apparent in type I fibers
than in type II fibers, a finding highlighted by
slow myosin heavy chain reactivity (Fig. 3C).
Moreover, type I fibers appeared to be smaller
than type II fibers. Increased reactivity to major
histocompatibility complex HLA-A, -B, and -C
across muscle fibers suggested an up-regulated
immune response within the muscle from Pa-
tient 2 (Fig. 3D). Histochemical analysis of mito-
chondrial function within muscle was also under-
taken and revealed accentuated subsarcolemmal
accumulation of SDH activity and focal COX-
deficient fibers (Fig. 3E). No ragged-red fibers
were identified with modified Gomori trichrome
staining, and Sudan black staining revealed mild
lipid accumulation (Fig. 3E and 3F). An abnor-

mal accumulation of lipofuscin — an age-related,
lipid-containing pigment granule — was readily
identified on transmission electron microscopy.
Autophagosomes were also present, including
some engulfing mitochondria (Fig. 3G and 3H).
Autophagic structures were also readily observed
in primary fibroblasts from Patient 1 (the sibling
of Patient 2) under basal conditions after treat-
ment with the lysosomal inhibitor bafilomycin
Al (Fig. S6).

FUNCTIONAL AUTOPHAGY STUDIES IN CULTURED
FIBROBLASTS

Immunoblot analysis of primary patient-derived
fibroblasts cultured under basal conditions showed
that ATG7 protein was undetectable in Patient 1
and was present at severely diminished levels in
Patients 3 through 6 and 10 (Fig. 4A). Steady-
state levels of other autophagy-related proteins,
including ATG3, ATG5-ATG12 conjugates, and
ULK1, were affected to various degrees in these
patients (Fig. 4A). These deficits led to accumu-
lation of p62 in Patients 1, 5, 6, and 10 under
basal conditions (Fig. 4A). We immortalized fi-
broblasts from Patients 1, 3, and 4 and Controls 1
and 2. These cells recapitulated the aforemen-
tioned biochemical phenotypes, and an accumu-
lation of large p62 puncta in fibroblasts from
Patient 1 was observed on immunofluorescence,
a finding consistent with the immunoblotting
findings (Fig. S7).

The rate of autophagic flux can be inferred by
monitoring levels of LC3-II under different con-
ditions.* Patients’ fibroblasts were incubated
with or without the mechanistic target of ra-
pamycin (mTOR) kinase inhibitor AZD8055 to
induce autophagy, as well as in the presence or
absence of appropriate inhibitors (chloroquine
or bafilomycin A1) that block autophagic flux.
In fibroblasts from Patient 1, LC3-II was nearly
absent even after concomitant autophagy induc-
tion and blockade, and flux was diminished in
fibroblasts from Patients 3 through 6 and 10
(Fig. 4B). Complementing these approaches, a
quantitative assay was also used to directly mea-
sure nonselective autophagic sequestration of
endogenous cargo in control and patient fibro-
blasts.?”?® Bulk autophagic sequestration activity
was significantly reduced in primary fibroblasts
from Patients 1 and 4, which confirmed that
autophagic flux was defective in these patients
with ATG7 deficiency (Fig. 4C).
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Figure 3. Mild Myopathic Changes in ATG7-Deficient Human Skeletal Muscle.

Panel A shows immunoblot analysis of steady-state levels of autophagy proteins ATG7, p62, and LC3 in myoblasts from Patient 2 relative
to a control (C) cell line; results reflect one analysis each. Panel B shows hematoxylin and eosin staining and transmission electron mi-
croscopy (TEM) indicated that no vacuoles or internalized nuclei were present and that the organization of skeletal muscle fibers was
normal. Panel C shows immunohistochemical analysis with an antibody reactive to p62, which showed abnormal aggregation of p62
within the subsarcolemmal region of muscle. An accentuation of these accumulations within slow myosin heavy chain—positive (type I)
muscle fibers can be seen in serial sections (highlighted with asterisks). Panel D shows immunohistochemical analysis with antibodies
against the inflammatory markers HLA-A, -B, and -C (HLA-ABC). Panel E shows histochemical reactions for mitochondrial succinate de-
hydrogenase (SDH) and sequential cytochrome ¢ oxidase (COX)—-SDH activity; the blue fiber (arrowhead) is COX-deficient. Modified
Gomori trichrome staining showed no evidence of abnormal mitochondrial subsarcolemmal accumulation. Panel F shows Sudan black
(neutral lipid) staining, which was slightly accentuated. Panels G and H show transmission electron micrographs in which an accumula-
tion of lipofuscin (Panel G, arrows) and the presence of autophagosomes engulfing mitochondria (Panel H, arrows) and general cyto-
plasmic constituents (Panel H, arrowhead) can be seen. Scale bars indicate 50 ym (immunohistochemical analyses in Panels B through
F) and 500 nm (TEM in Panels B, G, and H).




Figure 4. Defective ATG7-Dependent Autophagy
in Patients with ATG7 Variants.

Panel A shows a representative Western blot analysis
from duplicate or triplicate assessment of autophagy-
related proteins in primary fibroblasts cultured in basal
conditions and immunoblotted against ATG7, p62,
ATG5-ATG12, ATG3, and ULK1. B-Actin was used as

a loading control. Panel B shows autophagic flux ana-
lyzed by Western blotting after treatment of immortal-
ized or primary fibroblasts with (+) or without (-) chlo-
roquine (CQ) (60 pmol per liter) and in the presence
or absence of AZD8055 (1 ymol per liter) for 2 hours
before immunoblot detection of LC3 and B-actin (load-
ing control). Western blots are representative of triplicate
experiments, except for those in the analysis of fibro-
blasts from Patient 5, which were completed in dupli-
cate. Panel C shows estimated autophagic cargo seques-
tration, which was assessed as sequestered lactate
dehydrogenase (LDH) in the presence or absence of
autophagy induction (starvation with Earl’s balanced
salt solution [EBSS]) and late-stage blockade (bafilo-
mycin Al [BafAl, 100 nmol per liter]) for 3 hours in pri-
mary dermal fibroblasts derived from Control 1 and Pa-
tients 1 and 4. This assay was performed in triplicate.
Adjusted P values are based on ordinary one-way analy-
sis of variance and Sidak’s multiple-comparison test.
Horizontal bars indicate mean values, and I bars indi-
cate standard deviations.

COMPUTER MODELING
Next, we sought to understand the effect of
missense variants on ATG7 structure. Homol-
ogy models of the ATG7 homodimer predicted
that Arg576His (Family 2), His624Tyr (Family 2),
Val588Met (Family 3), Gly511Asp (Family 4), and
Leu512Pro (Family 5) would prevent optimal
folding of ATG7 protein and interfere with homo-
dimerization (Fig. S8). Western blotting with
nonreducing gel electrophoresis supported these
predictions, suggesting a greater amount of
ATG7 monomer relative to ATG7 dimer in fibro-
blasts from Patients 3 through 5 than in fibro-
blasts from controls (Fig. S8).

COMPLEMENTATION STUDIES
To authenticate the effect of the ATG7 missense
variants from Families 2, 3, and 4 on defective
autophagy with greater mechanistic precision,
we performed functional complementation ex-
periments. In human cells, complementation of
wild-type ATG? in fibroblasts from Patient 1 led
to successful LC3 lipidation (Fig. 5A). Next, we
transiently introduced plasmids encoding human
wild-type, mutant, and catalytic-null (Cys572Ala)
ATG?7 into Atg7-knockout mouse embryonic fibro-
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Figure 5. Complementation Studies with Fibroblasts and a Summary of Findings.

Panel A shows the results of transient introduction of plasmids encoding wild-type ATG7 into immortalized fibroblasts from Patient 1
for 24 hours. Cells were then treated with or without CQ (60 pmol per liter) and AZD8055 (1 ymol per liter) for 2 hours before immuno-
blot detection of ATG7, LC3, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH, loading control). The Western blots shown are
representative of triplicate experiments. Panel B shows the results of transient introduction of plasmids encoding wild-type, catalytic-
null (C572A), and missense ATG7 variants into Atg7-knockout mouse embryonic fibroblasts for 24 hours. Cells were then treated with
CQ (60 pmol per liter) and AZD8055 (1 pmol per liter) for 2 hours. Immunoblotting results are representative of three independent ex-
periments with antibodies against ATG7 and LC3. GAPDH was used as a loading control. The graph in Panel B shows the results of a
densitometric analysis of the ratio of LC3 to GAPDH, normalized to wild-type values. The bars represent means, and T bars indicate

standard deviations. Panel C shows a summary of our findings.

blasts before autophagy induction and blockade
of LC3-II degradation through treatment with
AZDB8055 and chloroquine. Atg7-knockout mouse
embryonic fibroblasts expressing patient-associ-
ated ATG7 variants did not have recovery of LC3
lipidation to levels associated with expression of
wild-type ATG7, thus consolidating the damaging
nature of the variants studied (Fig. 5B). Because
autophagy is an evolutionarily conserved process
and the ATG7 protein sequence is maintained
across species, we also used complementation
studies to assess autophagy in Saccharomyces cere-

visiae expressing homologous atg7 mutations (Fig.
S9). The yeast Pho8AGO assay,” which quantita-
tively measures the vacuolar activity of a modi-
fied version of the alkaline phosphatase Pho8
(Pho8A60) that is delivered to the vacuole only by
bulk autophagy, supported our previous findings
by showing attenuated autophagy after starvation
in yeast expressing mutated atg7 (Fig. S9). Analo-
gous investigations in which the yeast green
fluorescent protein—atg8 assay was used were gen-
erally supportive, but experimental data showed
variability (Fig. $9).%°



DISCUSSION

Our work shows the clinical significance of dys-
functional autophagy in humans. We identified
five unrelated families with deleterious, recessive
variants in human ATG7, a gene encoding an es-
sential effector enzyme for canonical autophagy.

Defective autophagy underlies the profound
neurologic and developmental impairments in
our patients. In Family 1, the absence of ATG7
protein impairs LC3 lipidation and causes an
accumulation of p62 in patient-derived fibro-
blasts and skeletal muscle. The observed low
levels of ATG7 steady-state protein and dimin-
ished autophagic flux in affected members of
Families 2 through 5 are consistent with im-
paired ATG7 homodimerization caused by the
missense variants in these families. Moreover,
we observed p62 accumulation in the fibroblasts
from Families 3, 4, and 5 and further confirmed
functional deficiencies caused by these missense
variants through complementation in mouse and
yeast systems.

Our comprehensive clinical investigation of
these patients consolidates the critical impor-
tance of basal autophagy in human neural and
musculoskeletal integrity. Many of the clinical
features observed in these patients are recapitu-
lated in the conditional Atg7-knockout mouse
models, including brain abnormalities* and
hypotonia and muscle weakness.?* All the pa-
tients for whom MRI findings were available had
cerebellar hypoplasia and corpus callosum ab-
normalities, although in some patients the effect
on brain development was more diffuse. In con-
trast, to date, no liver abnormalities have been
reported in these patients. ATG7 may play a role
in human endocrine development: patients from
Family 2 had late-onset or no puberty, and Pa-
tient 5 presented with hypogonadotropic hypo-
gonadism and gynecomastia. Some patients also
presented with distinctive facial dysmorphism;
other clinical features included hypertrophic
cardiomyopathy (Family 3), ocular abnormalities
(Families 1, 2, and 5), and deafness (Family 1).

Our investigations indicate that patients with
this condition can approach population life ex-
pectancy (affected members of Family 4 have
reached 68 and 71 years of age) despite severe
attenuation of autophagic flux. Moreover, assess-
ment of Family 1 supports the idea that, in rare

circumstances, biallelic loss-of-function variants
in a core autophagy gene without a functional
paralogue are compatible with human life. It is
important to note that loss-of-function variants
have been reported in core autophagy genes
WDR45 and WDR45B, homologues of yeast atg18,
but only simultaneous knockout of these two
genes causes perinatal lethality in mice, which
suggests a degree of functional redundancy.?

Our data present a conundrum: affected mem-
bers of Family 2 had a greater disease burden
than those in the other families despite having
the mildest impairment in autophagy. Neverthe-
less, we have provided strong evidence of patho-
genicity. In support of our findings, studies in-
volving patient fibroblasts, mouse embryonic
fibroblasts, and yeast have shown the functional
deficiencies caused by the p.Arg576His and
p-His624Tyr variants. Although it is estimated
that 5% of patients who undergo exome sequenc-
ing might have more than one genetic diagno-
sis,*? and there is evidence of secondary-variant
genetic burdens in cohorts of patients with a
given disease,® our exome and RNA sequencing
did not elucidate any potential disease-modify-
ing variants.

Despite the identification of basal autophagic
structures through transmission electron micros-
copy in muscle and fibroblasts from Family 1,
our converging data indicate that bulk autoph-
agy is impaired. The origin of autophagosomes
that are generated in the absence of core autoph-
agy conjugation-system proteins is not known.
In the absence of mouse Atg7 or Atgs, the trans-
Golgi network is proposed to generate autopha-
gosomes by a process termed alternative au-
tophagy.>* It has also been shown that canonical
autophagy can still proceed in the absence of
ATG proteins, albeit at a reduced rate as a result
of impaired inner autophagosomal membrane
degradation,® and there is evidence that ATG8
proteins (there are six known human ATGS8 or-
thologues) mediate autophagosome-lysosome
fusion but not autophagosome formation.*® The
delineation of these mechanisms, in addition to
autophagy-independent turnover pathways, will
be critical to understanding intracellular degra-
dation in human health and disease.”

Our data suggest that impaired autophagy
resulting from biallelic deleterious ATG7 variants
is a cause of neurodevelopmental disorders in-



volving neurologic, muscular, and endocrine hy-
pofunction. These findings strengthen our un-
derstanding of autophagy in human disease and
expand the spectrum of clinical phenotypes and
genetic loci associated with congenital autopha-
gy-deficient syndromes. Given that the perinatal
lethality of AtgS-null mice can be avoided through
selective restoration of autophagy in the nervous
system,® it is tempting to speculate that analo-
gous neural restoration (perhaps through small-
molecule or gene-therapy approaches) may prove
to be a vital therapeutic strategy for this series
of patients and other persons with diseases
driven by impaired autophagy (Fig. 5C).
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