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Autophagy is an evolutionarily conserved cellular process controlled through a set of essential autophagy genes
(Atgs). However, there is increasing evidence that most, if not all, Atgs also possess functions independent of their
requitrement in canonical autophagy, making it difficult to distinguish the contributions of autophagy-dependent or
-independent functions of a particular Atg to various biological processes. To distinguish these functions for FIP200
(FAK family-interacting protein of 200 kDa), an Atg in autophagy induction, we examined FIP200 interaction with its
autophagy partner, Atg13. We found that residues 582-585 (LQFL) in FIP200 are required for interaction with Atgl3,
and mutation of these residues to AAAA (designated the FIP200-4A mutant) abolished its canonical autophagy
function in vitro. Furthermore, we created a FIP200-4A mutant knock-in mouse model and found that specifically
blocking FIP200 interaction with Atgl3 abolishes autophagy in vivo, providing direct support for the essential role of
the ULK1/Atg13/FIP200/Atg101 complex in the process beyond previous studies relying on the complete knockout of
individual components. Analysis of the new mouse model showed that nonautophagic functions of FIP200 are suffi-
cient to fully support embryogenesis by maintaining a protective role in TNFa-induced apoptosis. However, FIP200-
mediated canonical autophagy is required to support neonatal survival and tumor cell growth. These studies provide the
first genetic evidence linking an Atg’s autophagy and nonautophagic functions to different biological processes in vivo.
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Autophagy is a highly conserved cellular process charac-
terized by the formation of double-membraned auto-
phagosomes followed by their fusion with lysosomes
for the degradation of bulk cytoplasmic materials. Pio-
neering studies in yeast revealed a series of essential
autophagy genes (Atgs) whose products act in several pro-
tein complexes required for the induction, initiation, and
maturation of autophagosomes (He and Klionsky 2009;
Nakatogawa et al. 2009). The corresponding mammalian
homologs for many yeast Atgs have been identified.
Knockout studies of these genes in mice have revealed im-
portant roles of autophagy in a variety of developmental,
physiological, and disease processes (Levine and Kroemer
2008; Mizushima and Levine 2010; Mizushima and
Komatsu 2011; Rubinsztein et al. 2011; White 2012; Jiang
et al. 2015). While many studies showed that disruption of
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different Atgs led to similar phenotypes as a consequence
of autophagy inhibition, other studies indicated differen-
tial roles of Atgs in particular biological functions. For ex-
ample, deletion of beclinl (mammalian homolog of yeast
Atg6 gene, required for autophagy initiation) led to early
embryonic lethality (Yue et al. 2003), whereas knockout
of mammalian Atg5 or Atg7 (involved in autophagosome
maturation) did not impair embryogenesis; Atg5- and
Atg7-null mice survived until shortly after birth (Kuma
et al. 2004a; Komatsu et al. 2005). The underlying mecha-
nisms for such differential roles of Atgs in embryonic de-
velopment and other biological and disease processes are
largely unknown at present.

FIP200 (FAK family-interacting protein of 200 kDa) is
the mammalian counterpart of the yeast Atg17 gene and
functions as a component of the ULK1/Atgl3/FIP200/
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Atgl01 complex essential for autophagy induction (Hara
et al. 2008; Ganley et al. 2009; Hosokawa et al. 2009a,b;
Jung et al. 2009; Mercer et al. 2009). Extensive studies in
various cell lines and mouse models demonstrated that
FIP200 is indispensable for autophagy in all mammalian
systems examined so far. Global knockout of FIP200 leads
to late embryonic lethality caused by severe heart and liv-
er degeneration (Gan et al. 2006). Conditional knockout of
FIP200 in different tissues showed its diverse functions,
such as promotion of mammary tumor development and
progression and maintenance of hematopoietic and neural
stem cells (Liang et al. 2010; Liu et al. 2010, 2013; Wei
et al. 2011; Ma et al. 2013; Wang et al. 2013). Whereas
some of the defects upon FIP200 deletion were also ob-
served in mice with knockout of other Atgs, other pheno-
types, such as embryonic lethality, were not shared by the
loss of Atgs or Atg7 as discussed above. These observa-
tions indicate that, despite being essential components
of the canonical autophagy pathway, Atgs may have dis-
tinct nonautophagic roles. Indeed, FIP200 and beclinl
have been shown to interact with other proteins to regu-
late diverse cellular functions independently of or in addi-
tion to their roles in autophagy (Gan and Guan 2008; He
and Levine 2010; Liu et al. 2011; Boya et al. 2013). More-
over, Atg7, which was thought to be exclusively involved
in autophagy, has recently been shown to regulate cell
cycle and cell death pathways independently of its El-
like enzymatic activity, which is essential for autophagy
(Lee et al. 2012). Nevertheless, the potential nonautopha-
gic functions of various Atgs with regard to their different
roles in biological and disease processes in vivo (either
alone or in combination with their function in canonical
autophagy) are yet to be examined.

In this study, we set out to address these important
questions using FIP200 as a model, taking advantage of
its several well-characterized additional interactions
with other cellular proteins besides its role in canonical
autophagy (Gan and Guan 2008). We identified residues
582-585 (LQFL) in FIP200, required for its interaction
with Atgl3 and autophagy function in vitro. By generation
and analysis of a FIP200 knock-in mouse model that mu-
tates LQFL to AAAA in the endogenous FIP200 gene, we
demonstrated that nonautophagic functions of FIP200
are sufficient to fully support embryogenesis by maintain-
ing its protective function in TNFa-induced apoptosis, but
the autophagy function of FIP200 is required to support
neonatal survival and tumor cell growth. These studies
provide significant mechanistic insights into the integra-
tion of canonical autophagy and nonautophagic functions
in the regulation of developmental and disease processes.

Results

Identification of residues 582-585 LQFL in FIP200,
required for its interaction with Atg13 and autophagy
induction

To study the respective contributions of FIP200-mediated
autophagy and its potential autophagy-independent func-
tions to various biological processes, we were interested in
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creating a specific FIP200 mutation that would abolish its
role in canonical autophagy without affecting its interac-
tion with other proteins. Given its involvement in the
ULK1/Atgl3/FIP200/Atgl01 complex for autophagy in-
duction, we first generated a series of overlapping FIP200
segments from both the N-terminal and C-terminal re-
gions and tested them for binding to overexpressed Flag-
Atgl3 by coimmunoprecipitation (Fig. 1A-C). We found
that the FIP200 N-terminal 638 residues (N1-638), but
not N1-250 or N1-450, associated with Flag-Atgl3
(Fig. 1B, lanes 1-4). In contrast, residues in the C-terminal
region containing C1046-1373, C859-1397, or C1374-
1591 did not bind to Flag-Atgl3 (Fig. 1B, lanes 5-7). Fur-
ther analysis with additional fragments showed that
N1-638 as well as N1-859, but not N1-550, bound to
Flag-Atgl3 (Fig. 1C). This result suggested that the region
between N551 and N638 is required for the interaction of
FIP200 with Atgl3. To further narrow down binding sites,
we next analyzed another series of HA-tagged FIP200 frag-
ments spanning the N terminus of FIP200 (see Fig. 1A). As
shown in Figure 1D, the N1-573 segment, but not N1-592
or larger segments, exhibited significantly diminished
binding to Flag-Atgl3. A select set of the fragments was
then analyzed as GFP fusion proteins for their binding
to endogenous Atgl3. Consistent with results using HA-
tagged fragments, N1-592 bound to Atgl3, whereas the
smaller N1-573 or C593-1591 did not (Fig. 1E). We next
created vectors encoding GFP-tagged FIP200 or the
FIP200A mutant lacking residues between N573 and
N592 and verified that this deletion mutant failed to
bind to endogenous Atgl3 in the full-length FIP200 con-
text (Fig. 1F, lanes 2,3). Together, these data provide fur-
ther support that residues between amino acids 573 and
592 (marked in Fig. 1A) are essential for FIP200 interaction
with Atgl3.

To determine the specific residues within this region
for Atgl3 binding, we generated an additional set of point
mutations in the full-length FIP200 context by alanine-
scanning mutagenesis, each converting four residues
from 578 and 593 to Ala (i.e., 578-581, 582-585, 586-589,
and 590-593, designated as FIP200x1-x4, respectively).
Expression vectors encoding this set of mutants with
GFP tags were transfected into HEK293T cells to deter-
mine the interaction between FIP200 and Atgl3 by
coimmunoprecipitation. We found that the FIP200x2 mu-
tation (LQFL to AAAA) showed significantly reduced
binding to Atgl3 to the level of the FIP200A mutant; the
others had little or only moderate inhibition of the asso-
ciation (Fig. 1F). Importantly, the FIP200x2 mutant main-
tained binding to FAK (Fig. 1G), Tscl (Fig. 1H), and p53
(Fig. 1I), suggesting that mutation of residues 582-585
did not cause major structural alteration, a possible cause
for disrupted Atgl3 binding. These results identified the
highly conserved residues 582-585 LQFL (Supplemental
Fig. S1) of FIP200 as critical determinants of Atgl3 bind-
ing. For simplicity, the FIP200x2 mutant disrupting bind-
ing to Atgl3 was redesignated as the FIP200-4A mutant
for the following studies.

To evaluate the effect of disrupting the interaction be-
tween FIP200 and Atgl3 on autophagy, we examined the
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Figure 1. Identification of residues 582-585 LQFL in FIP200, required for its interaction with Atgl3 and autophagy induction. (A) Sche-
matic of the FIP200 fragments used in B-E. A white box marks residues 573-592, required for Atgl3 binding. (B—D) HEK293T cells were
cotransfected with expression vectors encoding Flag-tagged Atgl3 and HA-tagged FIP200 or its segments or vector alone as a control as
indicated. Lysates were prepared and immunoprecipitated by anti-HA agarose beads followed by immunoblotting with antibodies as in-
dicated. (E) The GFP-tagged FIP200 N-terminal or C-terminal segments indicated in A were transfected into HEK293T cells. The lysates
were prepared and immunoprecipitated by anti-GFP antibody followed by immunoblotting with antibodies as indicated. (F) HEK293T
cells were transfected with expression vectors encoding GFP-tagged-FIP200 or its mutants as indicated. Lysates were prepared and immu-
noprecipitated by anti-GFP followed by immunoblotting with antibodies as indicated. (G-I) GFP-tagged FIP200 or FIP200-4A mutant was
cotransfected with Myc-FAK (G), Myc-Tscl (H), or Myc-P53 (I), respectively, into HEK293T cells. Lysates were prepared and immuno-
precipitated with anti-GFP antibody followed by immunoblotting using antibodies as indicated. Please note that the bands marked by
asterisks in the bottom panels of B and D are Flag-tagged Atgl3 that was not stripped after immunoblotting using anti-Flag. Molecular
weight markers (kilodaltons) are shown at the right.
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interaction of the FIP200-4A mutant with another partner,
ULKI1, and its subcellular localization. Previous studies
showed that Atgl3 knockdown reduced association of
ULK1 with FIP200, suggesting that Atgl3 serves as a link
in the ULK1/Atgl3/FIP200/Atgl01 complex to mediate
ULK]1 binding to FIP200 (Hosokawa et al. 2009a). Consis-
tent with this finding, we found that the FIP200-4A mu-
tant lost association with ULK1 (Fig. 2A). Furthermore,
while wild-type GFP-FIP200 was detected in puncta
(Hara et al. 2008), the GFP-FIP200-4A mutant only showed
diffuse cytoplasmic localization in starved HEK293T
cells (Fig. 2B). These results indicated that disruption of
FIP200 binding to Atgl3 could abolish the formation of
the ULK1/Atgl3/FIP200/Atgl01 complex. To test wheth-
er the FIP200-4A mutation also inhibits autophagy, we an-
alyzed LC3 conversion in FIP200 knockdown HEK293T
cells with or without overexpression of the FIP200-4A mu-
tant. As expected from previous findings in FIP200 knock-
out mouse embryonic fibroblasts (MEFs) (Hara et al. 2008),
knockdown of FIP200 in HEK293T cells inhibited starva-
tion-induced autophagy, as measured by reduced LC3 lip-
idation in the presence of bafilomycin A1 (BafA1) to inhibit
degradation of LC3-II (Fig. 2C,D, cf. lanes 3 and 6). Re-ex-
pression of wild-type GFP-FIP200 restored the reduced
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LC3 lipidation in these cells (see Fig. 2C,D, lane 9). In con-
trast, re-expression of the GFP-FIP200-4A mutant did not
rescue the defective autophagy in these cells (see Fig. 2C,
D, lane 12). These results suggest that the FIP200-4A mu-
tation disrupting FIP200 interaction with Atgl3 abolishes
autophagy.

Disruption of FIP200 interaction with Atg13 abolishes
autophagy in vivo

To assess the role of FIP200 interaction with Atgl3 in
the regulation of autophagy in vivo, we generated a
FIP200 knock-in mutant mouse (designated FIP200*/X!)
containing the FIP200-4A allele with the highly conserved
residues 582-585 LQFL mutated to AAAA in the endoge-
nous FIP200 gene using a homologous recombination-
based gene knock-in approach as described previously
(Fig. 3A; Zhao et al. 2010; Fan et al. 2013). Consistent
with the results that both FIP200*/~ and FIP200"~ mice
are viable, fertile, and indistinguishable from wild-type
mice (i.e., one functional FIP200 allele is sufficient for nor-
mal mouse development and function) (Gan et al. 2006;
Wei et al. 2009), viable and apparently normal FIP200*/X!
mice were obtained at Mendelian ratios (Fig. 3B).
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Figure2. The FIP200-4A mutant unable to bind ATG13 is defective in amino acid starvation-induced autophagy. (A) HEK293T cells were
transfected with expression vectors encoding HA-tagged FIP200 and FIP200-4A mutant or vector alone as a control as indicated. Lysates
were prepared and immunoprecipitated by anti-HA followed by immunoblotting using anti-HA (top), anti-ULK1 (middle), or anti-Atgl3
(bottom). (B) GFP-FIP200 (left) and GFP-FIP200-4A mutant puncta formation in starved HEK293T cells. (C,D) shRNA FIP200 knockdown
HEK293T cells reconstituted with shRNA-resistant GFP-FIP200 or the GFP-FIP200-4A mutant were either left untreated or starved
(Hank’s balanced salt solution [HBSS]) for 2 h and then analyzed by immunoblotting with the indicated antibodies. (C) BafAl (100
nM), an inhibitor of lysosome degradation, was included for 2 h in samples as indicated. (D) Quantification of LC3I-to-LC3II conversion
in FIP200 knockdown HEK293T cells reconstituted with GFP-FIP200 and GFP-FIP200-4A upon starvation as shown in C. (**) P <0.01.
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Figure 3. Disruption of FIP200 interaction with Atgl3 blocks autophagy in MEFs. (A) Schematic representation of the FIP200-4A mutant
knock-in targeting vector and the targeted allele of the FIP200-4A mutant. Solid boxes represent regions of vector homology with the target
locus; thick, numbered boxes represent the exons flanking homology regions. Site-directed mutagenesis was used to introduce the LQFL-
to-AAAA mutation at the 582-585 amino acid residues. The asterisk denotes the mutated residues on exon 13. (EcoRV) EcoRYV sites; (neo)
neomycin-resistant gene cassette; (DTA) diphtheria toxin gene. P1 and P2 are a pair of primers for genotyping. P3 and P4 are a pair of primers
for sequencing amplified genomic DNA with mutations. (B) Genomic DNA was extracted from mouse tails and analyzed by PCR using P1
and P2 to detect the FIP200 wild-type allele (178 base pairs [bp]) or knock-in allele (448 bp). Representative genotypes of a litter of mice from
crosses of FIP200*/%! mice with wild-type B6 mice. (C) Representative genotypes of MEF cells prepared from embryonic day 13.5 (E13.5)
embryos of intercrosses of FIP200*%! mice. (D) Lysates from different MEFs were analyzed by immunoblotting using antibodies against
various proteins as indicated. (E) MEFs were incubated in fresh growth medium (control) or HBSS (starvation) in the presence of 100 nM
BafAl for 2 h. Lysates were then prepared and analyzed by immunoblotting using antibodies against proteins as indicated. (F) FIP200*/*
and FIP200X/¥! MEFs were starved in HBSS for 2 h, fixed, and stained for endogenous LC3B. Representative images are shown. Bar, 10
pm. (G) Quantification of LC3B puncta number in starved MEF cells. At least 50 cells per experiment were counted. (**) P <0.01. (H) Rep-
resentative transmission electron microscopy images of starved MEF FIP200*/* and MEF FIP200%VX! cells. Arrows indicate autophagosomal
structures (left panel) and mitochondria (right panel), respectively. Bars, 500 nm. (I} Genotypes of progeny from FIP200*/%! intercrosses.
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FIP200*'¥! mice did not exhibit any apparent phenotypes
under observation for up to 14 mo (data not shown).

To examine whether the FIP200-4A mutation blocks
autophagy in vivo, we first obtained and analyzed
FIP200%"K! MEFs as well as FIP200"X! and FIP200*'*
MEFs as controls from embryos of intercrosses of
FIP200*'¥! mice (Fig. 3C). We noted slightly reduced ex-
pression levels of ULK1 and Atgl3 as well as a small shift
of mobility of these bands in FIP200%"XI MEFs (Fig. 3D),
possibly caused by their decreased phosphorylation and
stability due to impaired interaction of FIP200-4A and
Atgl3 in mutant MEFs. Under normal growth conditions,
in contrast to the presence of both LC3-I and LC3-II
in wild-type and heterozygous knock-in MEFs, LC3-II
was almost undetectable in homozygous knock-in MEFs
(Fig. 3E, lanes 1-3), suggesting a significant decrease in
basal autophagy upon disruption of FIP200 interaction
with Atgl3. Comparable mTORCI activation was found
in homozygous knock-in MEFs and controls, and starva-
tion significantly inhibited its activation in all MEFs, as
measured by pS6 levels in these cells (Fig. 3E, lanes 1-6).
Upon starvation in the presence of lysosomal inhibitor
BafAl, increased LC3-1I was found compared with normal
conditions in wild-type and heterozygous knock-in MEFs
(Fig. 3E, cf. lanes 4,5 and lanes 1,2). However, LC3-II was
still undetectable in homozygous knock-in MEFs, indicat-
ing a blockage of starvation-induced autophagy in these
cells. We also found a slightly increased accumulation of
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p62 in homozygous knock-in MEFs compared with wild-
type and heterozygous knock-in MEFs under both basal
and starvation conditions (Fig. 3E). Moreover, immunoflu-
orescent staining showed that the number of endogenous
LC3 puncta was significantly decreased in starved homo-
zygous knock-in MEFs compared with wild-type MEFs
(Fig. 3F,G). Last, autophagosomes with double mem-
branes (Fig. 3H, left panel, arrows) were observed in
starved wild-type MEFs but not in homozygous knock-
in MEFs under transmission electron microscopy. We
also detected an increased number of mitochondria with
heterogeneous sizes (Fig. 3H, right panel, red arrows) in
homozygous knock-in MEFs, similar to our previous find-
ings in FIP200-null postnatal neural stem cells (Wang
et al. 2013).

Intercrosses between FIP200*X! mice also produced vi-
able homozygous FIP200XVX! offspring at the expected
Mendelian ratios at postnatal day 0 (PO) (Fig. 3I). Genotyp-
ing of tail DNA verified the presence of both knock-in al-
leles in the PO FIP200X"X! pups (Supplemental Fig. S2A).
Direct sequencing of the PCR-amplified DNA further con-
firmed the 582-585 LQFL-to-AAAA mutation of the
knock-in allele (Supplemental Fig. S2B). We then exam-
ined autophagy by measuring LC3-I-to-LC3-II conversion
and p62 accumulation in a number of tissues of neonatal
mice. Analysis of lysates from the brain, liver, and heart
showed increased amounts of LC3-I relative to LC3-II
in homozygous knock-in mice compared with that in
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Figure 4.  FIP200%"* homozygous mice are defective in autophagy. (A) Various FIP200*V* neonatal brain, liver, and heart tissue lysates
were analyzed by immunoblotting with the indicated antibodies. (B) Immunohistochemistry (IHC) staining of p62 of wild-type and ho-
mozygous FIP200 knock-in neonatal brains. (C) GFP-LC3 puncta in FIP200 wild-type and FIP200%/*! MEFs after starvation with HBSS
for 2 h. (D) Neonatal muscle sections from mice expressing GFP-LC3 were stained with anti-GFP antibody. (E) The puncta dot structures

were quantified. (**) P<0.01.
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wild-type and heterozygous knock-in mice for all three
tissues (Fig. 4A), suggesting decreased autophagy activity
for LC3-I-to-LC3-I conversion. Consistent with these
observations, increased p62 accumulation was found in
these tissues of homozygous knock-in mice. Moreover,
the accumulation of p62 aggregates was also readily de-
tected in the brains of homozygous knock-in mice
but not wild-type mice (Fig. 4B). To further assess the in-
hibition of autophagy by FIP200-4A mutation, we crossed
FIP200*/%*" mice with the GFP-LC3 reporter transgenic
mice to generate FIPQOOKI/KI;GFP-LC3 mice for moni-
toring autophagy in live cells and in vivo directly, as de-
scribed previously (Mizushima 2009). Analysis of MEFs
from FIP200%"X,GFP-LC3 mice showed a lack of LC3
puncta compared with MEFs from control GFP-LC3
mice under starvation conditions (Fig. 4C). Furthermore,
autophagosome puncta were greatly decreased in the mus-
cles of neonate FIP200X"X.GFP-LC3 mice compared with
control GFP-LC3 mice (Fig. 4D,E). Taken together, these
results demonstrate that the FIP200-4A mutation that dis-
rupts FIP200 interaction with Atgl3 in the ULK1/Atgl3/
FIP200/Atgl101 complex abrogates autophagy in vivo.

Nonautophagic functions of FIP200 are sufficient to fully
support embryogenesis by maintaining its protective
function in TNFa-induced apoptosis

Previous studies have shown that FIP200 knockout results
in embryonic lethality by embryonic day 16.5 (E16.5)
(Gan et al. 2006). Therefore, our findings of the viable
FIP200X"K! pups born at Mendelian ratios (see Fig. 3I)
suggest that nonautophagic functions of the FIP200-4A
mutant were able to rescue the embryonic lethality of
FIP200 knockout mice. Indeed, in contrast to the extensive
degeneration of liver and heart tissues observed in FIP200
knockout embryos (Gan et al. 2006), H&E staining of
heart, liver, and brain tissues of homozygous knock-in
pups at PO were indiscernible from FIP200*'X! controls
(Fig. 5A) despite deficient autophagy in these tissues (see
Fig. 4A,B). In addition to functioning in the ULK1/Atgl3/
FIP200/Atgl01 complex for autophagy induction, FIP200
has been shown to interact with other proteins to regulate
various cellular functions (Gan and Guan 2008). Previous
studies showed that FIP200 knockout MEFs were sensi-
tized to TNFa-induced cell death, which may account for
the extensive apoptosis in the liver and heart, leading to
embryonic lethality of FIP200 knockout mice by E16.5
(Gan et al. 2006). However, we did not detect any signifi-
cant apoptotic cells in the livers and hearts of homozygous
knock-in mice (data not shown), raising the interesting
possibility that the FIP200-4A mutant may rescue the em-
bryonic-lethal phenotype by maintaining its protective
function in TNFa-induced apoptosis. To test such a possi-
bility, we examined the responses of homozygous knock-
in MEFs to TNFa stimulation. We found that, in contrast
to the increased sensitivity to TNFa-induced apoptosis
in knockout MEFs (Gan et al. 2006), treatment with
TNFa did not cause significant cell death of homozygous
knock-in MEFs as measured by either cell viability or
cleaved caspase 3 levels (Fig. 5B,C). Previous studies
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showed that reduced JNK activation in knockout MEFs
in response to TNFa stimulation was responsible for their
decreased survival (Gan et al. 2006). However, homozy-
gous knock-in MEFs showed a level of JNK activation
similar to that of wild-type MEFs upon TNFa treatment
(Fig. 5D), providing further support that nonautophagic
functions of FIP200 were able to protect the cells from
TNFa-induced apoptosis.

Previous studies suggested that the TNFa pathway
plays a crucial role during embryogenesis and is involved
in embryonic lethality caused by a variety of abnormali-
ties in different knockout mice (Dillon et al. 2014; Peltzer
etal. 2014). To investigate directly whether increased sen-
sitivity to TNFa-induced cell death is responsible for the
embryonic lethality of FIP200 knockout mice, we generat-
ed FIP200~/—;TNFR1~/~ embryos by crossing FIP200*/~
(Gan et al. 2006) and TNFR17/~ (Peschon et al. 1998)
mice and examined the survival probability of the embry-
os. In contrast to the complete lethality of FIP200~/~ em-
bryos (Gan et al. 2006), FIP200~/~;TNFR1~/~ embryos
were viable at E16.5 with near-Mendelian ratios (Fig.
5E,F). A fraction of viable FIP200~/~;TNFR1~/~ embryos
was even found at E18.5, but no FIP200~/~;TNFR1~/~
pups were born at PO (data not shown). At E16.5, the hearts
and livers of FIP200~/~ embryos were irregular and degen-
erated. The myocardiocytes and hepatocytes were under-
going apoptosis, as suggested by condensed or fragmented
nuclei (Fig. 5G,H). This is consistent with our previous
study that showed that the significant defects in the for-
mation and development of the myocardium and liver
were the most likely causes of the embryonic lethality
in FIP200 knockout embryos (Gan et al. 2006). The hearts
and livers of TNFR1~/~ and FIP200~/~;TNFR1~/~ embryos
were normal at E16.5 (Fig. 5G,H). Moreover, FIP2007/~;
TNFR17/~, TNFR17/~, and control FIP200*/* embryos
showed comparable levels of apoptosis (Supplemental
Fig. S3), suggesting that TNFR1 deletion rescued the in-
creased apoptosis caused by FIP200 inactivation (Gan
et al. 2006).

Together, these results demonstrated that FIP200
knockout caused embryonic lethality by E16.5 due to ab-
normalities in the TNFa pathway (Gan et al. 2006), which
could be rescued by blockade of TNFa signaling through
TNFRI1 ablation. The results also suggested that nonauto-
phagic functions of the FIP200-4A mutant allowed pas-
sage of this stage controlled by TNFa signaling and fully
supported the completion of embryogenesis until birth
at least partially by maintaining the FIP200 protective
function in TNFa-induced apoptosis.

The autophagy function of FIP200 is required to support
neonatal survival and tumor cell growth in vivo

Although they survived at birth, all homozygous knock-in
pups died within 24 h after birth (see Fig. 3I), suggesting
that the autophagy function of FIP200 is still required
for the survival of neonates. We noted that homozygous
knock-in neonates lacked milk in their stomachs and
were slightly smaller than the FIP200*/%! and FIP200*/*
control littermates (Fig. 6A), which were similar to the
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phenotypes of Atg5 knockout mice described previously termates (Fig. 6B,C). These results suggest that specific
(Kuma et al. 2004b). Analysis of E19.5 embryos obtained blockage of FIP200 autophagy function leads to neonatal
by cesarean section also revealed a slightly smaller size lethality due to insufficient sucking as well as potentially
as well as reduced weight of homozygous knock-in embry- other nutritional deficiencies, as proposed previously for
os compared with the FIP200*/*! and FIP200*/* control lit- the Atg5 knockout mice (Kuma et al. 2004b).
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(**) P<0.01; (***) P<0.001.
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Previous studies have suggested that autophagy could
have either tumor-suppressive or tumor-promoting func-
tions (White 2012; Kenific and Debnath 2015). Although
different models and contexts may explain the differential
outcomes of deleting different Atgs, an alternative ex-
planation is that some of the effects were due to the
loss of nonautophagic (thus different) functions of these
genes. Taking advantage of the specific blockage of its
autophagy function by the FIP200-4A mutation, we exam-
ined whether the loss of FIP200 autophagy function alone
is sufficient to inhibit tumor growth of transformed MEFs,
as found in FIP200-null transformed MEFs in our recent
report (Wei et al. 2014). MEFs were isolated from embryos
with the FIP200X" genotype from intercrosses between
FIP200*/%" and FIP200" mice and then transformed by
E1A/H-Ras¥'* and infected with MSCV.CreERT2, as de-
scribed previously (Wei et al. 2014). The resulting trans-
formed FIP200%"f CreER MEFs were first examined for
their proliferation in vitro compared with transformed
FIP200"' CreER MEFs (Wei et al. 2014). As expected, treat-
ment of transformed FIP200"/ CreER MEFs with 4-OHT
to induce FIP200 deletion inhibited autophagy, as mea-
sured by increased p62 accumulation (Fig. 6D). Similar
treatment of transformed FIP200%"/ CreER MEFs induced
deletion of the floxed FIP200 allele, leaving only the
knock-in allele encoding FIP200-4A, and also reduced
autophagy as seen by increased p62, although to a lesser
extent than FIP200 knockout cells. In addition, similar
to our observations in nontransformed MEFs, TNFa-in-
duced cell death was increased in FIP200-null transformed
MEFs (i.e., transformed FIP200" CreER MEFs after 4-OHT
treatment) but not appreciably in transformed MEFs with
the FIP200-4A mutation (i.e., transformed FIP200X"
CreER MEFs after 4-OHT treatment). Interestingly, both
FIP200 deletion and FIP200-4A mutation (although to a
lesser extent) reduced tumor cell proliferation (Fig. 6E,F).
FIP200-4A mutation also reduced the colony-forming effi-
ciency of the transformed MEFs in vitro (Fig. 6G).

To examine specifically the role of FIP200 autophagy
function in tumor growth, transformed FIP200%"/ CreER
MEFs were transplanted into nude mice to allow tumor
growth until ~0.5 cm in diameter followed by tamoxifen
(TAM) treatment to induce deletion of the floxed FIP200
allele, as described previously (Wei et al. 2014). We found
that conversion to the FIP200-4A mutation (encoded by
the knock-in allele after the deletion of the floxed allele)
significantly inhibited tumor growth in vivo (Fig. 6H-J).
Staining of tumor sections for Ki67 and cleaved caspase
3 showed reduced numbers of proliferative cells and in-
creased apoptotic cells following TAM treatment com-
pared with vehicle treatment (Fig. 6K,L). These results
demonstrated that the autophagy function of FIP200 is re-
quired to promote tumor growth in vivo (Fig. 6M).

Discussion

Autophagy is orchestrated by a set of essential Atgs in sev-
eral protein complexes, including the ULKI1/Atgl3/
FIP200/Atg101 complex for autophagy induction in mam-

Autophagy and nonautophagy functions of FIP200

malian cells (Hara et al. 2008; Ganley et al. 2009; Hoso-
kawa et al. 2009a,b; Jung et al. 2009; Mercer et al. 2009).
Building on the elegant mutational analyses in yeast dem-
onstrating the requirement for each gene in autophagy,
knockout studies in mice showed essential roles of these
genes in autophagy in mammals, revealing a multitude
of functions of autophagy in mammalian development
as well as various physiological and disease processes (Le-
vine and Kroemer 2008; Mizushima and Levine 2010;
Mizushima and Komatsu 2011; Rubinsztein et al. 2011;
White 2012; Jiang et al. 2015). However, the interpretation
of the observations from knockout studies to link autoph-
agy (or particular Atgs) to various phenotypes is confound-
ed by the increasing evidence that many, if not all, of these
genes perform other functions besides their role in the ca-
nonical autophagy pathway (Subramani and Malhotra
2013). Moreover, observations that interactions among
the components of the ULK1/Atg13/FIP200/Atgl01 com-
plex were not affected during starvation-induced autoph-
agy raises additional questions about whether these
components function as a complex or separately (alone
or possibly through interaction with other proteins). In
this study, by determining the critical residues in FIP200
for binding to Atgl3 and creating a FIP200 knock-in mu-
tant allele in mice, we identified distinct roles of the
FIP200 canonical autophagy function and its autophagy-
independent function in embryogenesis, cell survival,
and tumor growth in vivo. These results also demonstrate
that while FIP200 possesses nonautophagic functions, its
canonical autophagy function depends on its interaction
with Atgl3 and therefore provide direct support for the es-
sential role of the ULK1/Atgl3/FIP200/Atgl01 complex
formation in vivo.

We found that, unlike the embryonic lethality in the
FIP200 knockout mice, the FIP200-4A mutation allowed
the completion of embryogenesis until birth. This clearly
established a biological role for an autophagy-independent
function of FIP200. These results shed significant light on
the previous puzzling observations that knockout of some
Atgs, like FIP200 and beclini, caused embryonic lethali-
ty, but ablation of Atg5 and Atg7 did not (Yue et al.
2003; Kuma et al. 2004a; Komatsu et al. 2005; Gan et al.
2006; Mizushima et al. 2010). They implicate that the em-
bryonic-lethal phenotype of beclinl knockout and per-
haps knockout of some other Atgs could be caused by
the loss of functions other than their essential role in ca-
nonical autophagy. Future studies will be necessary to ex-
amine these possibilities that would support a broader
conclusion that canonical autophagy is not required for
embryogenesis.

Although FIP200 interacts with several other proteins
and potentially regulates different intracellular signaling
pathways (Gan and Guan 2008), our results suggest that
nonautophagic functions of FIP200 (i.e., retained in the
FIP200-4A mutation) supported embryogenesis by main-
taining its protective function from TNFa-induced cell
death. Like FIP200-4A homozygous knock-in mice, abla-
tion of TNFR1 in FIP200 knockout mice prevented
the lethality by E16.5 observed previously (Gan et al.
2006). These results are consistent with recent reports
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suggesting a critical role of the TNFa pathway as a “check-
point” during embryogenesis that triggers embryonic le-
thality in response to various defects of knockout
animals (Dillon et al. 2014; Peltzer et al. 2014). On the oth-
er hand, whereas FIP200-4A homozygous knock-in mice
survived until birth, TNFR1 knockout did not allow com-
pletion of embryogenesis of FIP200 knockout mice. There-
fore, other nonautophagic functions of FIP200 may also
contribute to its role in supporting embryogenesis. The
current mouse model and MEFs derived from these mice
can be used to further characterize additional nonautopha-
gic functions and the respective contributions of canonical
autophagy and nonautophagic functions to roles of FIP200
in vivo. It will also be interesting to use this model to ex-
amine the premise that FIP200 serves as an intracellular
node to coordinate the induction of autophagy and other
signaling pathways. The FIP200-4A mutant knock-in
mice in which FIP200 interactions with FAK, Tscl, and
p53 are maintained will be a valuable resource to pursue
potential cross-talk of signaling pathways with autophagy
in future studies.

The perinatal lethality of the FIP200-4A mutant knock-
in mice is consistent with previous observations for Atg5
knockout mice (Kuma et al. 2004a) and further validates a
role for autophagy in postnatal survival and growth. Our
analysis of the FIP200-4A mutant in transformed MEFs
provides direct support for a role of FIP200-mediated
autophagy in tumor cell growth. Because previous studies
using conditional knockout of various Atgs, including
FIP200, have shown a role for autophagy to promote or
suppress tumorigenesis in different systems (Kenific
and Debnath 2015; White 2015), the availability of the
FIP200-4A mutant specifically disrupting its autophagy
function will allow us to clarify whether some of the con-
flicting results could be caused by the potential loss of
nonautophagic functions associated with FIP200 and/or
other Atgs. In the context of breast cancer, we found pre-
viously that FIP200 ablation inhibited breast cancer de-
velopment and progression through both decreasing
growth of tumor cells and increased immune surveillance
(Wei et al. 2011). However, it should be noted that the cur-
rent study evaluating tumor growth in vivo was performed
in immunocompromised nude mice. Therefore, it will be
particularly interesting to determine whether FIP200-me-
diated autophagy and its nonautophagic functions differ-
entially contribute to promoting tumor cell growth and
preventing the increased immune surveillance by analyz-
ing the effect of the FIP200-4A mutation in breast cancer
models in future studies. Likewise, the availability of the
FIP200-4A knock-in mice and cells derived from these
mice will help to clarify the role of FIP200 in other sys-
tems, such as its role in the maintenance of neural stem
cells (Wang et al. 2013).

In addition to significant insights into the physiological
role of both autophagy-dependent and -independent func-
tions of FIP200 in vivo, our studies also shed light on the
interaction of various components in the ULK1/Atgl3/
FIP200/Atgl01 complex. Our studies suggested the possi-
bility of Atgl3 serving as a link for association of ULK1
and FIP200. Interestingly, a recent study showed that an
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Atgl3 mutant lacking binding to ULK1/2 was capable of
partially restoring autophagy in Atgl3-deficient cells
(Hieke et al. 2015), suggesting that this interaction is not
essential for autophagy induction. On the other hand,
AtglO01 interaction with Atgl3 has been shown to play
an essential role in autophagy through analysis of an
Atgl01 mutant lacking binding to Atgl3 (Suzuki et al.
2015). These data are consistent with the idea that
Atgl3 acts as a central hub for the complex, whereas the
other components may play a regulatory role within the
complex (e.g., ULK1/2 as a kinase that phosphorylates
other components in the complex) (Hosokawa et al.
20092a; Jung et al. 2009) or connecting to other compo-
nents of the autophagy machinery (e.g., Atgl01 for down-
stream factors) (Suzuki et al. 2015) or to intracellular
signaling pathways (e.g., FIP200 to TNFa signaling, as sug-
gested here). Interestingly, a very recent study reported
that Atgl3 knockout mice showed some phenotypes sim-
ilar to that of FIP200 knockout mice (i.e., embryonic le-
thality and hypersensitivity to TNFa) (Kaizuka and
Mizushima 2015). Together with the present study, these
data raise the interesting possibility that nonautophagic
functions of both Atgl3 and FIP200 are important for em-
bryonic survival and suppression of TNFa sensitivity even
though their direct binding is not essential. However, we
cannot exclude an alternative explanation that a possible
weak interaction of the FIP200-4A mutant with Atgl3
(see Fig. 1F) may be sufficient to exert the nonautophagic
functions but not the autophagic functions. Future studies
with Atgl3 and/or other FIP200 mutants that completely
block their interactions will be interesting to explore these
possibilities. Likewise, similar approaches for components
of the other autophagy complexes will significantly en-
hance our overall understanding of autophagy processes
and biological functions in vivo. For example, analysis of
beclinl mutants disrupting its interaction with other pro-
teins in the beclinl complex specifically for autophagy
function will help to delineate the relative contribution
of autophagy-dependent and -independent functions to
its tumor-suppressive roles in many cancers.

Materials and methods

Generation of FIP200 knock-in mice

Genomic regions of mouse FIP200 were PCR-amplified from
C57BL/6] genomic DNA (Jackson Laboratory, 000664) by high-fi-
delity PCR (Invitrogen high-fidelity PCR system| and cloned into
PGKneoF2L2DTA (Addgene, plasmid no. 13445) (Hoch and Sor-
iano 2006). A 3.3-kb genomic sequence (3’ targeting arm) was
cloned into the pENTR-SD vector (Invitrogen), and site-directed
mutagenesis was used to produce the 582-585 LQFL-to-AAAA
substitution in the exon 13 coding region of mouse genomic
FIP200. The 3’ arm with mutations was PCR-amplified, digested
with Nhel and Sall, and cloned downstream from the 3’ loxP se-
quence in pGKneoF2L2DTA. The 3.2-kb genomic sequence
(5 targeting arm) was amplified by PCR, digested with Sacll
and Notl, and cloned upstream of the 5’ loxP sequence. The re-
sulting pGKneo-5arm-F2L2-3armKI-DTA vector was verified by
restriction mapping and DNA sequencing. Subsequently, the tar-
geting vector was linearized and electroporated into C57BL/6



embryonic stem (ES) cells in the University of Michigan Trans-
genic Animal Model Core. The neomycin-resistant ES clones
were first selected by G418 and screened for correct gene target-
ing by PCR and Southern blot. Three positive ES clones were
then microinjected into C57BL/6 blastocysts to produce chime-
ras. Following mating of chimeric mice with albino C57BL/6
mice, PCR and sequencing of mouse genomic DNA were
used to confirm germline transmission of the FIP200 knock-
in mutation. The neomycin cassette was removed from the
neo-FIP200"%" mice by mating with FLPo transgenic mice on a
C57BJ/6 background.

Mice, genotyping, and cell culture

FIP200"f mice (Gan et al. 2006) were used to cross with FIP200*/X!
mice to produce FIP2007¥! mice. FIP200~/~ mice were generated
as described previously (Gan et al. 2006). TNFR1~/~ mice were
obtained from The Jackson Laboratory. To generate FIP200X/K!
mice with GFP-LC3, we crossed FIP200*/%! mice with GFP-LC3
transgenic mice (Mizushima 2004). PCR was used to identify
the FIP200 knock-in allele using primers P1 (5-GCCGCTTCA
TTATTTGAGTCAGAGTAGCTTG-3) and P2 (5-GGTGGAA
GGACATACCATTTCCTAAATTTCTTTG-3/). Mice were
housed and handled according to local, state, and federal regula-
tions, and all experimental procedures were carried out according
to the guidelines of the Institutional Animal Care and Use Com-
mittee at University of Michigan and University of Cincinnati.
Genotyping was performed by PCR analysis of ear or tail DNA.

HEK293T and MEF cells were maintained in DMEM supple-
mented with 10% FBS. Cell viability was measured by Trypan
blue exclusion.

Preparation of primary and transformed MEFs capable
of inducible deletion of floxed FIP200

E13.5 embryos were isolated from the timed intercrosses of
FIP200"f mice with FIP2007*! mice and used for the preparation
of MEFs with FIP200"f and FIP200"¥! genotypes essentially as de-
scribed previously (Wei et al. 2011). ELIA/H-Ras¥'? transformed
MEF FIP20019%/X! cells were generated as previously described
(Wei et al. 2011) and subsequently infected by MSCV.CreERT?2.
puro or MSCV vector alone (Kumar et al. 2009) to produce trans-
formed FIP200X!,CreERT2 MEFs, as described previously
(Ventura et al. 2007). In some experiments, the transformed
MEFs were treated with 4-OHT (Sigma) to delete the floxed
FIP200 allele via Cre induction, as described (Ventura et al.
2007). In other experiments, these cells were transplanted into re-
cipient nude mice followed by treatment with TAM to delete the
floxed FIP200 allele via Cre induction in vivo (see the details
below).

Tumor cell transplantation, treatment with TAM, and tumor
size monitoring

Transformed MEFs cells were harvested, washed twice in
DMEM, and then injected (5 x 10° cells in 1:1 PBS:Matrigel [BD
Bioscience|) into the flank region of 7-wk-old female athymic
nude mice. After tumors appeared, tumor size was monitored,
as described previously. Once the tumors reached ~0.5 ¢cm in
diameter, mice were randomly assigned and continuously treated
for 3 d with 100 uL of 10 mg/mL TAM in corn oil or with an equal
volume of vehicle. Tumor size was then measured at the indicat-
ed time points. Tumor volume was calculated using the formula
volume = (width?® x length)/2, as described previously (Wei et al.
2011).
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DNA expression and knockdown

The expression vectors pKH3-HA-FIP200, pKH3-HA-FIP-NT,
pKH3-HA-FIP-MD, pKH3-HA-FIP-CT, and pHAN-Myc-FAK
(Abbi and Guan 2002); pHAN-myc-p53 and pEGFP-FIP200
(Melkoumian et al. 2005); and pHAN-TSC1 (Gan et al. 2005)
have been described previously. All other HA-FIP200 and GFP-
FIP200 mutants were generated by PCR-based site-directed muta-
genesis. p3xFlag-CMV10-hAtgl3 was a gift from Noboru Mizush-
ima (Addgene, plasmid no. 22872). Human FIP200 shRNA
(V2LHS_229754) was obtained from Open Biosystems. Transient
transfection of HEK293T cells was performed using Lipofect-
amine 2000 (Life Technologies, 11668019). For the production
of recombinant retroviruses, HEK293T cells were transfected
with pMSCVpuro retroviral vectors with packaging vector using
Lipofectamine 2000 (Life Technologies, 11668019). MEF cells
were incubated with retroviral supernatant fractions containing
6 ng/mL polybrene (Sigma-Aldrich, H9268-106) and selected in
medium containing 1 pg/mL puromycin.

Immunoprecipitation and immunoblotting

To test the interaction of FIP200 fragments and Atgl3, HEK293T
cells were cotransfected with expression vectors encoding Flag-
tagged Atgl3 and HA-tagged FIP200 or its segments. Lysates
were prepared with immunoprecipitation lysis buffer (25 mM
Tris-HCl at pH 7.5, 150 mM NaCl, 1% NP-40 with Halt protease
inhibitor cocktail) for immunoprecipitation followed by immu-
noblotting, as described previously (Wei et al. 2011). In other ex-
periments, total neonatal brain, liver, and heart lysates were
prepared by homogenizing frozen tissue in RIPA buffer (50 mM
Tris, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1%
Nonidet P-40, protease inhibitor mixture; Roche). Lysates were
then resolved by SDS-PAGE and analyzed to detect proteins of in-
terest. The following antibodies were used: monoclonal anti-HA-
agarose (Sigma, A2095), rabbit anti-HA (Santa Cruz Biotechnol-
ogy, sc-805), rabbit anti-Flag (SAB) (Signalwayantibody, T503),
rabbit anti-GFP (Invitrogen, A11222), mouse anti-Myc (Santa
Cruz Biotechnology, sc-40), rabbit anti-ULK1 (Cell Signaling,
8054), rabbit anti-Atgl3 (Cell Signaling, 6940), rabbit anti-
FIP200 (Ptglab, 17250), rabbit anti-LC3B (Cell Signaling, 2775),
rabbit anti-P62 (Cell Signaling, 5114), rabbit anti-Ser240/244
phospho-S6 (Cell Signaling, 5364), rabbit anti-cleaved caspase 3
(Cell Signaling, 9661), rabbit anti-phospho-JNK (Thr183/
Tyrl85) (Cell Signaling,4668), and rabbit anti-phospho-NF-xB
p65 (Ser536) (Cell Signaling, 3033). Goat anti-mouse IgG-HRP
and goat anti-rabbit IgG-HRP (Jackson Immunology) were used
as secondary antibodies. Bands were visualized with an ECL
detection kit (Advansta).

Immunohistochemistry (IHC), immunofluorescence (IF),
TUNEL assay, and transmission electron microscopy

Tumor samples were fixed overnight in 10% phosphate-buffered
formalin (Fisher Scientific) and embedded in paraffin. They were
then sectioned at a 5-ym depth and subjected to IHC or IF as pre-
viously described (Wei et al. 2009, 2011). The primary antibodies
used included p62 (Enzo Life Sciences), anti-Ki67 (Spring Bio-
science), and anti-cleaved caspase 3 (Cell Signaling, 9661). Sec-
tions were counterstained with hematoxylin for IHC. For
indirect IF, MEF cells were grown on eight-well Lab-Tek II cham-
ber slides (Nalge Nunc International), fixed with 100% cold
methanol, and blocked in PBS containing 2% BSA. Primary anti-
bodies against LC3B (1:200; Cell Signaling, 3868) were used.
Alexa fluor 594-conjugated chicken anti-rabbit IgG (H+L) anti-
body from Life Technologies (A-21442) was used for detection.
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Apoptotic cells in E16.5 liver and heart sections were detected by
TUNEL assay according to the protocol provided by the manufac-
turer with the in situ cell death detection kit TMR Red (Roche).
For transmission electron microscopy, MEF cells were prepared
and analyzed as described previously (Liang et al. 2010).

Statistical analysis

Statistical significance was evaluated by unpaired t-test using
P <0.05 as indicative of statistical significance.
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