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Autophagy defects are a risk factor for inflammatory bowel diseases (IBDs) through
unknown mechanisms. Whole-body conditional deletion of autophagy-related gene
(Azg) Arg7 in adult mice (Azg7 A/R) causes tissue damage and death within 3 mo due to
neurodegeneration without substantial effect on intestine. In contrast, we report here
that whole-body conditional deletion of other essential Azg genes Atg5 or Fip200/Atgl7
in adult mice (A2g5*™ or Fip200*™) caused death within 5 d due to rapid autophagy
inhibition, elimination of ileum stem cells, and loss of barrier function. Azg5*" mice
lost PDGFRat+ mesenchymal cells (PMCs) and Wt signaling essential for stem cell
renewal, which were partially rescued by exogenous Wnt. Matrix-assisted laser desorp-
tion ionization coupled to mass spectrometry imaging (MALDI-MSI) of Azg5*™ ileum
revealed depletion of aspartate and nucleotides, consistent with metabolic insufficiency
underlying PMC loss. The difference in the autophagy gene knockout phenotypes is
likely due to distinct kinetics of autophagy loss, as deletion of Azg5 more gradually
extended lifespan phenocopying deletion of Azg7 or Azg12. Thus, autophagy is required
for PMC metabolism and ileum stem cell and mammalian survival. Failure to maintain
PMC:s through autophagy may therefore contribute to IBD.
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The autophagy pathway directs the formation of double-membrane-bound vesicles
called autophagosomes that capture cargo such as cytoplasmic proteins, organelles, and
bacteria. Autophagosomes containing their cargo are trafficked to and fuse with lyso-
somes for degradation and recycling (1). Several major protein complexes are involved
in autophagosome formation: the ULKI-FIP200-ATG13 autophagy initiation com-
plex, the BECN1-VPS34-ATG14 complex, the ATG12-ATG5-ATG16 complex
(formation requires ATG7 and ATGI10), and the microtubule-associated protein 1
light chain 3 (LC3 or ATG8) complexes (formation requires ATG4, ATG7, and
ATG3). The ATG12-ATG5-ATG16 complex is recruited to the autophagosome
membrane and facilitates the lipidation of LC3, which is required for its membrane
association and elongation and formation of autophagosomes (2). Therefore, both Azg5
and Azg7 are essential for the formation of functional autophagosomes and autophagy.

Autophagy serves as an important intracellular quality-control mechanism by remov-
ing damaged proteins, mitochondria, and invading bacteria (3). Selective autophagy
requires autophagy receptors, such as the SQSTMI (p62), that link these cargos to
ATGS family proteins on the autophagosome membrane, recruiting them to autopha-
gosomes for degradation (4-6). This process is particularly important in the liver, mus-
cle, and brain, likely because the buildup of damaged organelles, such as mitochondria,
leads to oxidative stress and perturbation of metabolism (7). Thus, autophagy has
tissue- and cargo-specific roles in maintaining homeostasis.

Autophagy plays important roles in survival during starvation and in maintaining meta-
bolic homeostasis. In mammals, autophagy is dramatically induced under nutrient depriva-
tion (8) and is required for metabolic homeostasis and survival (7, 9-11). Conditional,
whole-body deletion of the essential autophagy gene A#g7 in adult mice (Atg7A/A) causes
susceptibility to infection and liver damage, muscle wasting, and loss of white adipose tissue
(WAT), with their lifespan decreased to 3 mo, primarily due to neurodegeneration, in part
through activation of p53 (9, 12). Autophagy-deficient intestine functions normally, despite
an increase in p53 and apoptosis in stem cells and some abnormalities in Paneth cells,
which was surprising given the association of ATG16L1 mutations in inflammatory bowel
diseases (IBDs) (13-15). Consistent with the role of autophagy in promoting survival in
starvation, fasting Azg7*", but not wild-type, mice is lethal due to hypoglycemia and in
part through activation of p53 (9, 12). Autophagy also plays a critical role in sustaining
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cancer metabolism in both a tumor cell-autonomous and -nonau-
tonomous fashion (16). In tumor cells, autophagy provides amino
acids, particularly glutamine to support tricarboxylic acid (TCA)
cycle turning, aspartate, nucleotide synthesis, and pools (17). Thus,
an essential function of autophagy is intracellular nutrient scaveng-
ing, particularly in response to starvation, to ensure an adequate
substrate supply to support essential metabolic functions (18).

Since both Atg7 and Azg5 are essential autophagy genes, we
generated a genetically engineered mouse model (GEMM) for
conditional, whole-body Azg5 deletion in adult mice to address
whether loss of Azg5 would have a similar phenotype to loss of
Atg7 (9). In contrast to Atg7A/A mice that tolerate loss of
ATG?7 for up to 3 mo in the fed state, conditional whole-body
deletion of Azg5 (Atg5A/A) caused ileum destruction with loss
of barrier function, and mice survived less than 5 d. Condi-
tional deletion of another essential autophagy gene, Fip200,
also produced the same phenotype, indicating that it is not due
to a function unique to Arg5. The rapid lethality of Azg5 dele-
tion was due to rapid loss of autophagy associated with meta-
bolic impairment in the Azg5*" ileum, specifically in PMCs.
Gradual whole-body deletion of Azg5 bypassed this lethality,
resulting in death from neurodegeneration, similar to whole-
body deletion of Azg7 and Azgl2. Thus, Azg5 is required for
PMC survival and intestinal homeostasis, the loss of function
in which may contribute to the pathogenesis of IBDs.

Results

Conditional, Whole-Body Atg5 or Fip200 Deletion in Adult Mice
Leads to lleum Damage and Death. To address Azg5 function in
adult mice, we generated the inducible Ubc—CrefRT2! +;Atg5ﬂ0 flox
GEMM and treated these adult mice with five consecutive daily
injections of tamoxifen (TAM), as we described previously to gen-
erate Ube-Cre Atg7™™ (Atg7A/A) mice (9), to generate Ubc-Cre
Az,‘g5A/A (AL:g5A/ ) mice to compare with Ube-Cre (wild-type
control) mice (Fig. 14). z‘ltg7A/A mice accumulated damage in
liver, brain, and several other tissues and died of neurodegenera-
tion with a lifespan of 2 to 3 mo (9). Surprisingly, A%g52A mice
showed a lifespan of 4 d post-TAM (Fig. 1B). To confirm that
the phenotype is speciﬁcallgr caused by loss of Azg5, we performed
TAM deletion in Cag-Cré™™?*; Atgd™ " mice, as well as Cag—
Cré™12*; Argl ofofex mice (ST Appendix, Fig. S14). We observed
a similar lifespan of 4 d using Cag—CreERT2/+ to delete Azg5, while
Cag-Cre AgI2*™ mice died of neurodegeneration by 10 wk,
similar to Ag7*"™ mice (ST Appendix, Fig. S1A) (19). Thus, Arg7
or Atgl2 conditional whole-body deletion in adult mice results in
similar lifespan limitation of 3 mo, with death primarily due to
neurodegeneration, while deleting Azg5 using two different Cre
drivers was rapidly lethal. To obtain further clarity as to whether
the rapid lethality of Arg5 conditional deletion was autophagy-
function-related or not, we generated Ube-Cre szZOOA/A mice.
Conditional deletion of Fip200 in adult mice resulted in rapid
lethality, similar to conditional deletion of Azg5 (SI Appendix, Fig.
S1B). Thus, conditional deletion of essential autophagy genes in
adult mice is either rapidly lethal (Azg5 and Fip200) or permits
survival for 2 to 3 mo (Arg7 and Azgl2). To determine why this
was the case, we compared the phenotypes of Ag5*™ to
Az:g7A/A mice.

To determine why A#g5~"" mice fail to survive, we com-
pared the histology of wild-type, Azg7*™, and Azg5*" mouse
tissues. Azg5™"® mice displayed singularly highly specific dam-
age to the ileum, with other tissues such as liver, muscle, and
adipose tissue displaying normal histology (SI Appendix, Fig.
S10). The wild-type ileum showed normal villous architecture
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without inflammation or significant disruption of the epithe-
lium. The Azg7*" ileum maintained the normal villous archi-
tecture with lictle disruption to the glandular epithelium. In
contrast, the Az‘g5A/A ileum demonstrated marked epithelial
damage exemplified by the shortening of villi, cytoplasmic vac-
uolation, numerous apoptotic cells indicated by increased
cleaved caspase 3 (CC3), and sloughing of the surface epithe-
lium, especially at 3 d post-TAM, but no significant inflamma-
tory response and cell infiltration (Fig. 1C and SI Appendix,
Fig. S1D). Duodenum and jejunum did not display those phe-
notypes (SI Appendix, Fig. S1 E-H). The same phenotype was
observed in the Cag—Cre Ag5*™ and Ube-Cre Fip200™™, but
not Cag-Cre Atgl2®™, ileum (SI Appendix, Fig. S2 A-G).
Arg5*™ mice also had decreased body weight at 3 d post-TAM
compared to wild-type and Azg7*" mice (Fig. 1D).

Atg5 Deletion Decreases Blood Glucose and Causes Loss of
Intestinal Barrier Function. As the ileum functions in dietary
nutrient absorption, and fasting Azg7*"* mice causes lethal
hypoglycemia, we sought to test if Azg5*" mice were nutri-
tionally compromised. Azg5*" mice had decreased blood glu-
cose levels compared to wild-type and Azg7*™ mice starting at
2 d post-TAM, which decreased further at 3 d (Fig. 1E). Sup-
plementation of §lucose restored blood glucose levels, but did
not rescue Arg5 A mice, suggesting that this was not solel
responsible for death (87 Appendix, Fig. S3 A and B). Atg5A/
mice began to show increased fluorescein isothiocyanate
(FITC)—dextran in the circulation at 2 d, which further
increased at 3 d post-TAM compared to wild-type and Azg7*"
mice (Fig. 1F). These results suggest that AthA/A mice lost
intestinal barrier function and likely efficient nutritional
absorption, causing hypoglycemia, which led to death.

Deletion of Atg5 Causes More Rapid Loss of Autophagy in the
lleum than Deletion of Atg7. Deletion of Azg5 or Arg7 in Arg5*/
Aand Atg7 AB ice, respectively, was detected by PCR, but Azg5
deletion occurred more rapidly and robustly compared to Azg”
(81 Appendix, Fig. S3 Cand D). Loss of the ATG5-ATGI12 com-
plex was apparent in the ileum at 1 d post-TAM in Asg5°"
mice, whereas the ATG5-ATG12 complex persisted in Azg7*"
mice despite loss of ATG7 (Fig. 1G). This indicated that the
ATG5-ATG12 complex may be functional longer in the absence
of ATGY7 than it is in the absence of ATGS5. The ratio of the
unprocessed form of LC3 (LC3-I) to the grocessed form of LC3
(LC3-II) was generally higher in the Azg5* ileum compared to
the At:g7A/A ileum (Fig. 1G). These results were similar, but less
robust, in duodenum and jejunum (87 Appendix, Fig. S3 E and
F). Taken together, whole-body deletion of either Azg5 or Arg7
caused autophagy defects, but Azg5*" mice lost autophagy func-
tion more rapidly than Azg7*” mice due to the accelerated
kinetics of complete loss of the ATG5-ATG12 complex in the

ileumn, which may explain the lethal phenotype of Azg5*" mice.

lleum Stem Cells Are Lost in Atg5*/* Mice. In the crypt of intes-
tinal epithelium, the crypt base columnar (CBC) cells function as
an active stem cell population and are interspersed with Paneth
cells. CBC cells renew and differentiate into secretory or absorp-
tive progenitor cells, which proliferate within the crypt and are
called transit-amplifying (TA) cells (20). To investigate the cause
of ileum damage, we examined which cell type was lost in the
ArgSA/A ileum. Immunohistochemistry (IHC) confirmed the
loss of ATG5 and ATG7 in the ileum, duodenum, and jejunum
in Atg5*™ and Ag7*™ mice (SI Appendix, Fig. S3 G-I).
The Azg5A/A intestine, however, accumulated more p62
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aggregates compared to the Atg7A/A intestine, indicative of a
more rapid functional autophagy loss (Fig. 2 A and B and S/
Appendix, Fig. S4 A and B). There was also more p62 accumula-
tion in the Cag-Cre Ag5*™ compared to the Cag-Cre Arg12*™
intestine (S/ Appendix, Fig. S4 C-E). In contrast to the wild-type
and Arg7’ AA ileum, Alcian blue staining was completely lost at 3
d post-TAM in the Azg5*™ ileum, but not in the duodenum
and jejunum, indicating loss of goblet cells (Fig. 2C and S/
Appendix, Fig. S5 A and B), which was also observed in the
Ubc—Cre EPZOOA/A and CagCre Atg5A/A ileum, but not
the duodenum or jejunum (SI Appendix, Fig. S5 C-F). IHC for
the TA cell marker Ki67 indicated significant loss of TA cells by
3 d post-TAM in the Arg5*™ (Fig. 2D and SI Appendix, Fig. S5
G-I), Cag-Cre Ag5*", and Ube-Cre Fip200*™ ileum (SI
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Appendix, Fig. S5 J-M) compared to the wild-type and Azg7*"
ileum. IHC for the stem cell marker Olfactomedin 4 (OLFM4)
revealed almost complete loss of stem cells by 3 d post-TAM in
the Arg5*™ (Fig. 2F and SI Appendi, Fig. S6 A-C), Cag-Cre
Atg5™™, and UbeCre Fip200*™ ileum (SI Appendix, Fig. S6
D-G) compared to the wild-type and Atg7A/A ileum. THC for
lysozyme showed similar staining in the wild-type, Azg7*", and
Atg5™" duodenum and jejunum (SI Appendix, Fig. S6 H-));
however, the Ag5*™ and Cag-Cre Atg5*™ ileum displayed a
diffuse staining pattern by 3 d postTAM (Fig. 2F and S/
Appendix, Fig. S6 K~M). Immunofluorescence (IF) for OLFM4
and p62 showed increased p62 aggregates colocalized with
OLFM4 in the Azg5*” duodenum and jejunum compared to
Arg7*™ at all times, which was greatest in the ileum; in the
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Atg5%’* mice. (B) Kaplan-Meier survival curve of TAM-treated wild-type, Atg7*’4, and Atg5%® mice. ****P < 0.0001 (log-rank test). (C) Representative ileum
hematoxylin and eosin-stained (H&E) histology with villus length quantification at indicated times from wild-type, Atg7*’2, and Atg5*’* mice. (D) Body weight
of wild-type, Atg7**, and Atg5*"* mice at 3 d post-TAM. (E and F) Blood glucose (E) and FITC-dextran (F) concentration measured in milligrams per deciliter

from wild-type, Atg7**, and Atg5*’® mice at indicated times. (G) Western blotti
band intensity normalized to actin from the wild-type, Atg7**, and Atg5** ileu

ng for ATG5, ATG7, and LC3 at indicated times with relative fold change of
m. All images represent one of three biological replicates. All quantification

data represent mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; n.s., not significant (unpaired t test). n > 3 mice per group. See also

SI Appendix, Figs. S1 and S2.
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Sl Appendix, Figs. S3-S6.

Arg5™™ ileum, p62 aggregates increased in comparison to the
Atg7 AA fleum at 2 d, but not at 3 d, post-TAM, due to com-
plete loss of stem cells (Fig. 2G and SI Appendix, Fig. S6 N and
0). Combined IF for OLFM4 and terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL) assay displayed
increased TUNEL colocalization with OLFM4 in the Az5*"
ileum and the Cag—Cre Azg5*™ ileum compared to the wild-type
and Azg7*" ileum (Fig. 2H and SI Appendix, Fig. S6P). Taken

together, these findings suggested that ileum stem cells undergo
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L (H) with OLFM4 and quantification at indicated times from wild-type, Atg7%/2,
M4. All images represent one of three biological replicates. All quantification
0.0001; n.s., not significant (unpaired t test). n > 3 mice per group. See also

apoptosis due to acute loss of autophagy and that autophagy
impairment is greater upon systemic deletion of Azg5 than Azg7.

In Vitro Deletion of Atg5 Leads to a Reduction in Stem Cells
That Is Rescued by Wnt Ligands. We hypothesized that loss of
stem cells was the main cause of ileum damage and loss of bar-
rier function. The canonical WNT signaling pathway is medi-
ated by Wnt ligands Wnt3a or Wnt2b secreted by the Paneth
cells in the crypt using p-catenin as the essential signal

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202016119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202016119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202016119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202016119/-/DCSupplemental

transducer, which supports the renewal of intestinal stem cells
(21-23). It was previously shown that loss of autophagy in the
epithelium layer caused a defect in Paneth cells (13, 14). To
test if loss of stem cells upon deletion of Azg5 was due to WNT
signaling failure in the epithelium layer, we isolated crygts from
the ileum of Ubce-Cre Athﬂ 2% and Ube-Cre Azg 777 adult
mice, deleted Azg5 or Arg7 in vitro once organoids were
formed, and then cultured them in standard medium or
medium with WNT ligands Wnt3a or Wnt2b (S Appendix,
Fig. S7A). The Arg5*" organoids showed rapid and complete
loss of the ATG5-ATG12 complex, while the A7 organo-
ids showed loss of ATG7 protein, yet maintained the
ATG5-ATGI12 complex. Both the A5 and Asg7*" orga-
noids had a higher ratio of LC3-I/LC3-II post deletion (S
Appendix, Fig. S7B). These results indicated that ATGS5 loss in
ileum organoids produced a more rapid and complete autophagy
defect than ATG7 loss, consistent with the ileum in vivo.

When passaged for three generations after deletion, the via-
bility and budding number of Azg5*" organoids was decreased
compared to Azg7*" organoids, which was rescued by supple-
mentation with Wnt3a or Wne2b (87 Appendix, Figs. S7 C and
D and S8 A-D). Real-time PCR for the stem cell marker
Olfm4, Lgr5, and the Wnt target genes Axin2 and Sox9 revealed
decreased transcription level of these genes in the Ag5*™ com-
pared to the Atg5™/** organoids, which was restored by sup-
plementation with Wnt3a or Wnt2b across three passages (S/
Appendix, Figs. S7TE and S8 E and F). At passages two and
three, Western blot of the Atg5b‘/A organoids showed loss of
ATGS, high LC3-1, and no LC3-II, whereas the Ag7*" orga-
noids had ATG7 protein with low LC3-I and increased LC3-
11, su gesting that undeleted outcompeted deleted stem cells in
Atg7™"" organoids (SI Appendix, Fig. S8 G and H). These data
indicated that stem cell depletion in Azg5*™ organoids is at
least partially caused by insufficient Wnt signaling in the epi-
thelium layer and that there was incomplete deletion and
autophagy loss in the Azg7*" organoids.

Atg5 Is Required to Maintain PMCs. While reduced stem cell
gene expression and OLFM4 staining in the Azg5*™ organoid
cultures indicated an epithelial cell-autonomous role for Azg5,
the stem cell loss in vivo was more pronounced than in vitro,
suggesting that additional cell populations likely depend upon
Atg5 function to support ileum health. We first tested whether
ATG5-dependent WNT signaling was required for stem cell
maintenance in vivo. IHC revealed significant loss of stabilized
P-catenin (not &)hosphorylated on Ser33/37/Thr41) in the crypt
of the Atg5A/ ileum, consistent with decreased Axin2 and
Sox9 transcription compared with the Az7*™ ileum at 3 d
post-TAM, suggesting WNT signaling reduction consistent
with loss of stem cells (Fig. 3 A and B and SI Appendix, Fig. S9
A and B). The same phenotype was observed in the Cag—Cre
Atg5A/A ileum (87 Appendix, Fig. S9 C and D). Wnt ligands
come from Paneth cells in the epithelium (24); however, Azg5
deletion using epithelium-specific Villin—Cre does not cause
ileum stem cell loss (13), suggesting that ATG5-dependent
Whnts originate outside the epithelium. PMCs, including telo-
cytes, CD81" stromal cells, and CD81t trophocytes, surround
the intestinal epithelium and are important in maintaining
WNT and bone morphogenic protein gradients for intestinal
homeostasis. Among these three cell types, the CD81" tropho-
cytes are sufficient for intestinal stem cell maintenance in vitro
(25-28). Notably, targeted ablation of a subset of these PMCs
in mice using a GremI-Cre™ "2 driver specifically compromises
ileal stem cell function, but not in the duodenum and jejunum
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(28), reminiscent of the A5 phenotype described above.
Therefore, we tested if Azg5 was required for the function and
survival of PMCs.

IF for PMC markers PDGFRa and CD34 indicated that
they were present at 1 and 2 d in Azg5*" and Azg7*" ileum
(81 Appendix, Fig. S9 E and F), but nearly completelZ lost at 3
d post-TAM in the A5, but not in the Azg7""™, ileum
(Fig. 30). PMCs were similarlg lost in the Cag—Cre Atg5™™,
and not in the Cag—Cre Arg12*™, ileum (SI Appendix, Fig. S9
G and H). Prior to their loss, PMCs displayed increased p62
and CC3, indicative of apoptosis in the Azg5*" compared to
the Azg7*"® ileum at 2 d, which was lost on 3 d post-TAM due
to PMC loss (Fig. 3 D and E and SI Appendix, Figs. S9 I and J
and S10 A-D). p62 and CC3 similarly accumulated in PMCs
of Cag—Cre Atg5™"™, which was less in the Cag-Cre Arg12®™
ileum (87 A]ipendz'x, Fig. S10 E-I). Greater p62 accumulation
in the A#g5%™ ileum PMCs was consistent with more rapid
and complete loss of autophagy function. Single-cell RNA
sequencing of PMCs revealed considerable expression level of
several essential autophagy genes and Wnz26 in the crypt and
villus. These included genes involved in the autophagosome
assembly (Atg4a, Atgdc, Atg5, and Atg7), cargo adapters and
receptors (Gabarap and Gabarap2, Maplle3a [LC3-1], and
Sgstml1 [p62]), and lysosomes (Lampl) indicative of active
autophagy function in PMCs (Fig. 3F and SI Appendix, Table
S1) (29, 30). Crypt PMCs showed higher expression level of
Wnt2b compared to other types of PMCs, indicative of their
potential role in Wnt signaling (Fig. 3F and SI Appendix, Table
S1) (29, 30). These data suggested that PMCs may be autoph-
agy-dependent.

We then tested if Wnt ligand supplementation could com-
pensate for the loss of PMCs in the Azg5*™ ileum. Azg5™"
mice supplemented with Wnt3a or Wnt2b showed a 24-h
extension of lifespan (Fig. 3G). There was increased OLFM4 in
the Azg5*™ ileum with supplementation of Wnt3a and Wnt2b
compared to the untreated Azg5*™ ileum, but not to the extent
of in the wild-type ileum, suggesting that Wnt ligand supple-
mentation partially rescued the stem cells, but cannot rescue
survival of mice due to insufficient Wnt restoration or other
potential defects caused by loss of autophagy (Fig. 3H and S/
Appendix, Fig. S10M). These data indicated that PMCs require
autophagy to survive and that they are essential for maintaining
intestinal stem cells by providing Wnt ligands.

Deletion of Atg5 in PMCs Causes Loss of lleum Stem Cells. We
then sought to investigate if loss of ileum function was specifically
caused by loss of A5 in PMCs. To test this, we generated
PDGFRa—Crd™ "+ Agg 7" and PDGFRa—Crd™X+; Agg5" o
mice and deleted Azg7 or Atg5 specifically in the PMCs (Fig.
4A). Most PDGFRa—Cre Atg5%® mice died within 6 d post-
TAM, while wild-type and PDGFRa—Cre Atg7*™ mice sur-
vived (Fig. 4B). Increased p62 aggregates with increased CC3
was first observed in PMCs from the PDGFRa—Cre Atg5*™
ileum at 3 d, preceding the complete loss of these cells at 4 d
post-TAM, indicating that autophagy blockage caused loss of
PMCs in the PDGFRa—Cre Atg5%’A ileum via apoptosis (Fig.
4 C-F and SI Appendix, Fig. S11 A-H). Combined IF for
OLFM4 and TUNEL assay in the PDGFRa—Cre Atg5™"™
ileum revealed increased TUNEL in stem cells at 3 d, following
loss of active f-catenin and OLFM4 at day 4, suggesting loss of
WNT signaling and stem cells via apoptosis (Fig. 4 G-K and
SI Appendix, Fig. S111). Ki67 staining was largely decreased in
the PDGFRa—Cre Atg5*™ ileum at 4 d post-TAM, suggesting
loss of TA cells (Fig. 4 L and M and SI Appendix, Fig. S11)).
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Fig. 3. Atg5 is required to maintain PMCs. (A) Representative ileum IHC staining of stabilized p-catenin at 3 d post-TAM from wild-type, Atg7*’2, and Atg5%/2
mice. (B) qRT-PCR of Axin2 and Sox9 for the ileum from wild-type, Atg7%’4, and Atg5*’* mice. Data represent mean + SEM. *P < 0.05; ****P < 0,0001; n.s., not
significant (unpaired t test). n > 3 mice per group and represents one of three biological replicates. (C-£) Representative ileum IF costaining of CD34 and
PDGFRa at 3 d post-TAM (C), p62 and PDGFRa (D), and CC3 and PDGFRa at 2 d post-TAM (E) with quantification from wild-type, Atg7NA, and Atg5A/A mice.
White arrows indicate colocalization of p62 or CC3 with PDGFRa. (F) Single-cell RNA-sequencing expression map of essential autophagy genes. Color bar is
the log10 of the fraction of cellular messenger RNA (averaged over all the sequenced cells from the indicated cluster). Selected autophagy genes and Wnt2b
are marked with red rectangles. (G and H) Kaplan-Meier survival curve (G) and representative intestine IHC of OLFM4 at 3 d post-TAM with quantification
(H) from Atg5*’* and Atg5*’* mice supplemented with Wnt3a or Wnt2b. Wnt3a or Wnt2b was administered to the mice by intraperitoneal injection with an
amount of 50 mg/kg per mouse, two injections per day starting from the last day of TAM injection. *P < 0.05; **P < 0.01 (log-rank test) in G. All images rep-
resent one of three biological replicates. All quantification data except in G represent mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; n.s.,
not significant (unpaired t test). n > 3 mice per group. See also S/ Appendix, Figs. S9 and S10. Duo, duodenum; lle, ileum; Jej, jejunum.
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Fig. 4. Deletion of Atg5 in PMCs causes loss of ileum stem cells. (4) Experimental design for generation of PDGFRa-Creff™+ Atg5*’* and Atg7*’* mice.
(B) Kaplan-Meier survival curve of wild-type, PDGFRa-Cre Atg7**, and PDGFRa-Cre Atg5*® mice. **P< 0.01, ***P < 0.001; n.s., not significant (log-rank test).
(C-F) Representative ileum IF costaining of p62 and PDGFRa (C and D) and costaining of CC3 and PDGFRa (£ and F) with quantification at 3 d post-TAM from
wild-type, PDGFRa-Cre Atg7*’®, and PDGFRa-Cre Atg5“"* mice. White arrows indicate colocalization of p62 or CC3 with PDGFRa. (G-P) Representative ileum
IHC staining of stabilized g-catenin (G) at 4 d post-TAM, costaining of OLFM4 and TUNEL (H and /), OLFM4 (/ and K), Ki67 (L and M), Alcian blue staining (N and
0), and H&E histology with villus length quantification (P) at the indicated times from wild-type, PDGFRa-Cre Atg7*’%, and PDGFRa-Cre Atg5*’* mice. All images
represent one of three biological replicates. All quantification data represent mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; n.s., not
significant (unpaired t test). n > 3 mice per group. See also S/ Appendix, Fig. S11.
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Alcian blue staining of the PDGFRa—Cre Atg5*™ ileum was
completely lost at 4 d post-TAM, indicating loss of goblet cells
(Fig. 4 Nand O). IHC for lysozyme revealed normal and no dif-
fuse staining pattern in the PDGFRa—Cre Atg5*™ ileum, sug-
gesting unaffected Paneth cells (87 Appendix, Fig. S11K). The
PDGFRa—Cre Ag5*™ ileum also showed similar epithelial dam-
age as the A#g522 ileum at 4 d post-TAM, with no effect on
the duodenum and jejunum (Fig. 4P and SI Appendix, Fig. S11
L—N). These data indicated that the ileum-damage phenotype in
Arg5*"™ mice can largely be attributed to loss of PMCs.

Autophagy Maintains lleum Aspartate and Nucleotide Pools.
We then sought to test why autophagy was required for the main-
tenance of PMCs. Autophagy deficiency limits tumor growth in
part by activating p53 and apoptosis in lung, breast, and pancre-
atic cancer, and deletion of p53 partly restores tumor growth (16,
18). Moreover, p53 deficiency delays death from neurodegenera-
tion and allows survival to fasting in Atg7A/A mice (12). To test if
p53 activation was responsible for ileum damage, we generated
ch—CreERTZH;Atgi% % Tip53ﬂa “flox mice, and TAM was
administered to generate Azg5*" 532" mice (SI Appendix,
Fig. S124). Whole-body codeletion of p53 with Azg5 did not
rescue the survival of Azg5*" mice, indicating that p53 activa-
tion did not cause ileal PMC or stem cell loss (S Appendix,
Fig. S12B). Autophagy is also required for cellular metabolism
and mitochondrial function essential for cell and mammalian
survival (9, 17, 31). Thus, we tested whether autophagy is
required to maintain PMC metabolism.

To assess the metabolic consequences of ATGS5 loss in
PMCs and the ileum, we performed matrix-assisted laser
desorption ionization (MALDI) coupled to mass spectrometry
imaging (MALDI-MSI) to distinguish between a specific meta-
bolic defect in PMCs and an effect on the entire ileum. PMCs
were localized by IF, and the metabolic profile of the ileum was
overlaid. Nine out of 164 putative metabolites (hereafter
metabolites) showed dramatic differences in relative concentra-
tions between the wild-type and Azg5*” ileum. TCA-cycle
intermediates aconitate and citrate/isocitrate were elevated in
Arg5*™ compared to wild type, suggesting alteration of the
TCA cycle. The A5 ileum displayed decreased aspartate
and glutamate, but elevated glutamine, which are all TCA-
cycle-derived amino acids, suggesting dysfunction of mitochon-
dria as previously reported (17, 32). The Azg5*™ ileum showed
increased xanthine and uric acid and decreased cytidine com-
pared to wild type, indicative of increased purine and pyrimi-
dine degradation (Fig. 54 and S/ Appendix, Fig. S12 C and D)
(33). The Azg5 A2 jleum also had elevated glucose-1 phosphate,
suggesting higher glycogen consumption (SI Appendix, Fig.
S12E) (33). These metabolite changes were reflected broadly in
the ileum and were not PMC-specific, suggesting a global effect
on the ileum that may be related to mitochondria dysfunction
caused by autophagy deficiency (17). Elevated mitochondria
numbers indicated by increased TOMM?20 staining in PMCs
in the Azg5*™ ileum may also contribute to altered levels of
mitochondrial metabolites (Fig. 5B and S/ Appendix, Fig.
S12F). Thus, autophagy is critical for the metabolism of the
ileum generally, and PMCs may be selectively sensitive to these
metabolic alterations, which may compromise PMC survival
and thereby WNT signaling required for stem cell survival and
intestinal homeostasis (Fig. 5C).

Gradual Atg5 Deletion Rescues lleum Function, Prolongs Survival,
and Causes Death from Neurodegeneration. Systemic deletion
of Atg5 causes more rapid and complete loss of autophagy in
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the ileum than that of Azg7. This raised the possibility that
gradual loss of autophagy may allow adaptation and survival.
We tested if administering TAM to Ube—Cre Atg5"™/" mice
once per week for 4 wk (slow deletion) instead of for five con-
secutive days (fast deletion) to delete Azg5 more graduallX
would allow adaptation and rescue the lethality of Azg5*"
mice (Fig. 6A). Arg5*™ mice generated by slow deletion sur-
vived 3 mo post-TAM, more comparable to Azg7** mice gen-
erated by slow or fast deletion (Fig. 6B). Both Azg5*" and
Arg7*™ mice generated by slow deletion revealed limited tissue
damage at 3 and 14 d post-TAM; had liver damage, muscle
wasting, and loss of WAT, pyramidal neurons, and Purkinje
cells at late times; and they died of neurodegeneration, similar
to Arg7*" mice generated by fast deletion (ST Appendix, Fig,
S13 A-D) (9). Loss of Atg5 or Atg7 in the intestine was efficient
following slow deletion, but did not affect the normal intestine
architecture (Fig. 6C and SI Appendix, Fig. S13 E-G). Loss of
the ATG5-ATG12 complex was evident at 3 d post-TAM in
the Arg5™" intestine by slow deletion, which was persistent in
the Arg7*® intestine. The Azg5* intestine displayed accumu-
lation of LC3-I, decreased levels of LC3-11I, and increased p62
aggregates compared to the Azg7*™ intestine generated by slow
deletion, indicating more rapid loss of autophagy (Fig. 6 D and
E and SI Appendix, Fig. S13 H and ). lleum stem cells and
PMCs were retained in Azg5"® mice generated by slow dele-
tion (Fig. 6 F~H). There was no decrease in the relative tran-
scriptional level of Axin2 and less than twofold change of Sox9,
suggesting intact WNT signaling (S/ Appendix, Fig. S13)).
Decreased p62 aggregates were observed in the Azg5*™ and
Arg7*™ PMCs generated by slow deletion compared to the
Arg5*™ PMCs generated by fast deletion, indicating intact
autophagy in most of the PMCs (Figs. 3D and 6 [ and ).
Taken together, Atg5A/A mice generated by slow deletion overcame
the deleterious ileum phenotype and resembled Az7*" mice due
to more gradual loss and retention of some autophagy function.

Discussion

Despite the known association of autophagy dysfunction with
IBDs, mice with Azg5, Atgl6LI1, or Atg7 deficiency specifically
in the intestine epithelium induced by Villin—Cre have a gran-
ule abnormality in Paneth cells, but normal intestine structure,
and mice survive (13, 14). These findings indicate that autoph-
agy in the epithelial compartment is not essential for ileum
function. Moreover, conditional deletion of Afg7 or Atgl2 does
not cause loss of ileum function, as seen with conditional dele-
tion of Azg5 or Fip200. There are several possible, nonmutually
exclusive explanations to reconcile these findings. First, loss of
Atg5 or Fip200 may act differently from loss of Arg7 or Argl2;
second, some tissues may have a capacity to adapt to autophagy
loss; and third, autophagy in a compartment outside of the
epithelium may be essential for ileum stem cell survival.

First, why does conditional loss of A#g5 or Fip200 act differ-
ently from loss of Azg7 or Atg12? While Atg5 may have an
autophagy-independent function, this is unlikely, as deletion of
another Az gene, Fip200, produces a similar ghenotype. Alterna-
tively, ileum stem cell and PMC loss in Azg5", but not Arg7*’
2 or Arg12*™, mice by fast deletion may instead be due to differ-
ent kinetics of autophagy loss. A5 mice displayed more rapid
loss of the ATG5-ATG12 complex in the ileum and greater p62
accumulation in the ileum and ileum PMCs compared to Azg7*’
4 and AzgI2*™ mice, indicating more rapid loss of autophagy.
Upon slow deletion, however, Az:g5A/A PMCs had similar p62
accumulation compared to A7 AA PMCs. Therefore, slow
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Fig. 5. Autophagy maintains ileum aspartate and nucleotide pools. (A) MALDI-MSI data from the wild-type and Atg5*’* ileum at 2 d post-TAM from two dif-
ferent regions. The scale bar on the top of each image set represents the intensity range of ions detected for each metabolite. The white pixels represent
the PMCs. (B) Representative ileum IF costaining of TOMM20 and PDGFRa with quantification at 2 d post-TAM from wild-type, Atg7*’2, and Atg5** mice.
All images represent one of three biological replicates. (C) Mechanism by which autophagy is required for PMC survival to maintain intestinal homeostasis.
All images represent one of three biological replicates. All quantification data were a combination of three biological replicates and represent mean + SEM.
*P < 0.05; ***P < 0.001; ****P < 0.0001; n.s., not significant (unpaired t test). n > 3 mice per group. See also S/ Appendix, Fig. S12.

deletion might allow activation of a protective mechanism 1n
PMCs to compensate for loss of autophagy Similarly, A5 "~

mice with transgenic ATG5 expression in neurons to rescue neo-
natal lethality displayed shorter and wider villi and deeper
crypts that did not affect mouse survival where adaptation may
occur (34). One important compensatory protective adaptation
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mechanism to autophagy loss is activation of the master regula-
tor of antioxidant defense nuclear factor erythroid 2-related fac-
tor 2 (NRF2). NRF2 is activated by autophagy deficiency, as
the resulting accumulation of p62 inhibits the NRF2 inhibitor
Kelch-like ECH-associated protein 1, thereby activating NRF2
and antioxidant defense (35-38). Turning on NRF2 enables
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Fig. 6. Gradual Atg5 deletion rescues ileum function, prolongs survival, and causes death from neurodegeneration. (A) Experimental design for generation
of Atg7*’* and Atg5%"* mice by slow deletion. (B) Kaplan-Meier survival curve of TAM-treated wild-type, Atg7*’%, and Atg5%’* mice. *P < 0.05; ****P < 0.0001
(log-rank test). (C) Representative ileum H&E histology from wild-type, Atg7*’2, and Atg5’® mice by slow deletion at the indicated times. (D-F) Western blot-
ting for ATG5, ATG7, and LC3 (D) and representative ileum IHC staining of p62 (E) and OLFM4 (F) with quantification at 3 d post-TAM from wild-type, Atg7*%,
and Atg5%”* mice by slow deletion. Red arrows indicate p62 aggregates. (G-J) Representative ileum IF costaining of CD34 and PDGFRa with quantification
(G and H) and costaining of p62 and PDGFRa with quantification (/ and J) at 3 d post-TAM from wild-type, Atg7*", and Atg5** mice by slow deletion.
White arrows indicate colocalization of p62 with PDGFRa, and we magnified the crypt region to focus on PMCs, which are adjacent to stem cells. All images
represent one of three biological replicates. All quantification data represent mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; n.s., not
significant (unpaired t test). n > 3 mice per group. All the time points were counted from the fourth injection of TAM (day 0). See also S/ Appendix, Fig. S13.

survival of autophagy-deficient cell lines in vitro (38), and Azg7
deficiency is synthetically lethal in the absence of N#f2 in vivo
due to intestine damage (12). With more rapid loss of autoph-
agy upon deletion of Azg5, but not Azg7, there may be insuffi-
cient time to activate NRF2 to protect PMCs from cell death.
Another compensatory mechanism is repopulation of stem
cells with rare undeleted cells. The slower autophagy loss upon
deletion of Azg7 may enable compensatory competition of rare
undeleted stem cells in Azg7 AA organoids and mice, which is
not possible with Azg5 deletion. Indeed, Azg7-deleted organoids
showed more undeleted cells than Azg5-deleted organoids,
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explaining their improved growth. Slow deletion of Azg5 may
permit establishment of these adaptation mechanisms that
occur with deletion of Azg7. Although it is still possible that
Atg5 has an autophagz—independent function that distinguishes
it from Arg7, Arg5*™ mice generated by slow deletion allow
PMC survival, and the mice later die of neurodegeneration,
similar to Azg7*® mice, indicating that they likely both are
functioning in a canonical autophagy pathway.

As to whether autophagy in a compartment outside of the
epithelium may be essential for ileum stem cell survival, it is
clear that autophagy deficiency specifically in the intestine
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epithelial layer using Villin—Cre in mice is not lethal (13, 15,
39, 40), unlike the conditional whole-body A#g5 or Fip200
deletion reported here. By blocking autophagy function system-
ically beyond the epithelium, notably in PMCs that are not
affected in the Villin—-Cre mouse models, we revealed the criti-
cal role for autophagy in PMCs in maintaining ileum homeo-
stasis. In Villin—Cre mouse models, the intestinal stem cells can
still receive Wnt ligands from PMCs with intact autophagy,
maintaining their renewal and allowing mice to survive without
exogenous stress (39). Deleting Azg5 specifically in PMCs rap-
idly eliminated them along with ileum stem cells, which was
independent of p53. As such, intestinal homeostasis cannot be
maintained, which causes mice to die of hypoglycemia and loss
of intestinal barrier function. Therefore, A#g5 is essential for
PMC-dependent Wnt signaling and the survival of ileum stem
cells, and the epithelial and mesenchymal layer were equally
important in providing Wnt ligands to the intestinal stem cells
(Fig. 50). Interestingly, we did not see these phenotypes in the
duodenum and jejunum, which may be explained by the more
rapid loss of autophagy in the ileum in comparison to the
duodenum and jejunum. The ileum appears more sensitive
to loss of PMCs, which was also observed in Grem1* PMC-
deficient GEMMs (28).

Autophagy is important for maintaining cellular metabolism
and the pool size of TCA-cycle intermediates, amino acids, and
nucleotides (9, 17, 41). As demonstrated by [ut? Cs]-gluta-
mine tracing in cancer cells in vitro, autophagy-mediated recy-
cling also provides substrates to sustain TCA-cycle turning,
enabling de novo aspartate and nucleotide synthesis (17). Using
MALDI-MSI, we identified nine metabolites significantly dif-
ferent between the wild-type and Azg5*™ ileum in vivo, and
aspartate may be the key metabolite for PMC survival. Aspar-
tate is a TCA-cycle-derived nonessential amino acid required
for cell proliferation and growth (42, 43). Accumulation of
mitochondria in Azg5** PMCs suggested that mitochondrial
dysfunction may cause decreased aspartate. Aspartate donates
its amino group to inosine monophosphate to make adenosine
monophosphate for purine synthesis and is a direct component
of the pyrimidine ring for pyrimidine synthesis. The entire
Arg5*™ ileum, including PMCs, has a marked deficit in aspar-
tate, consistent with decreased nucleotide pools. Moreover,
concurrent energy crisis due to impaired mitochondrial func-
tion may force degradation of nucleotides reflected by increased
xanthine and uric acid, compounding the decrease in nucleo-
tide pools and further compromising survival, similar to what
occurs in autophagy-deficient cancer cell lines (17).

IBDs are complex diseases that start with chronic relapsing
and remitting intestinal inflammation, culminating in tissue
fibrosis. IBDs are usually driven by a combination of genetic,
environmental, and microbiota factors in the intestine or colon
(44, 45). Several genetic variants related to autophagy defects
have been identified by genome-wide association studies to be
linked to IBD onset. The most outstanding one is Azgl6L1,
which is a direct component important for autophagosome
assembly. The T300A polymorphism in Azgl6L1 is a risk allele
in Crohn’s disease patients, which display granule abnormality
in Paneth cells, as in Villin—Cre Azgl6L1-deficient mice (13).
This polymorphism also causes morphological defects in goblet
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cells and increased production of cytokine IL-1f (46). AzglGLI
polymorphism causes failure of intestinal sensing of protective
signals from the microbiome, which is a critical gene-
environment etiology for development of IBD (47). Another
IBD susceptibility gene is Nod2, which works together with
AtgI6L1 as a pattern-recognition receptor involved in the integ-
rity of intestinal immunity (48-50). Moreover, the autophagy
initiator ULK1 can directly phosphorylate wild-type ATG16L1
to promote xenophagy upon infection, which is destabilized by
the ATG16L1 T300A polymorphism (51). Importantly, PMCs
are significantly decreased as IBD progresses to an advanced
stage in patient samples from both Crohn’s disease and ulcera-
tive colitis (52, 53). Since we identified a critical role for
autophagy in PMC survival, this raises the possibility that
decreased autophagy in PMCs in IBD results in failure of
WNT signaling and stem cell survival, contributing to the
manifestation of disease. As such, our findings represent a possi-
ble mechanism for IBD development, and restoration of
autophagy, PMCs, or activation of WNT signaling in IBD
patients might be potential therapies.

Materials and Methods

See SI Appendix for details.

All animal care and treatments were carried out in compliance with Rutgers
University and University of California, San Francisco Institutional Animal Care
and Use Committee guidelines.

Data Availability. All raw data will be made available upon publication. All
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(https://www.ebi.ac.uk/pride/, accession code PXD023428). Previously published
data used for this work are in the Gene Expression Omnibus database (accession
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Sl Appendix.
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