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Autophagy is a vacuolar pathway for the regulated degradation and recycling of cellular components. Beclin1,
a Bcl2-interacting protein, is a well-studied autophagy regulator. Homozygous loss of Beclin1 in mice leads to
early embryonic lethality. However, the role of Beclin1 in regulating the pluripotency of embryonic stem cells
and their differentiation remains poorly explored. To study this, we generated Beclin1-Knockout (KO) mouse
embryonic stem cells (mESCs) using the CRISPR-Cas9 genome-editing tool. Interestingly, Beclin1-KO
mESCs did not show any change in the expression of pluripotency marker genes. Beclin1-KO mESCs also
displayed active autophagy, suggesting the presence of Beclin1-independent autophagy in mESCs. However,
loss of Beclin1 resulted in compromised differentiation of mESCs in vitro and in vivo due to misregulated
expression of transcription factors. Our results suggest that Beclin1 may play an autophagy-independent role in
regulating the differentiation of mESCs.
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1. Introduction
Autophagy is a conserved, catabolic pathway induced
in response to stimuli including stress, starvation or
infection. It is a quality-control mechanism, degrading
unfolded or aggregated proteins, removing damaged
organelles including mitochondria and peroxisomes
(Kaur and Debnath 2015; Yu et al. 2018). Beclin1 is a
component of the multiprotein, class III PI3K complex
consisting of vacuolar protein sorting 15 (VPS15),
VPS34, and autophagy-related protein 14 (ATG14)
(McKnight and Zhenyu 2013). Beclin1 acts as a regulator by providing a platform for PI3K complex formation, with VPS15 acting as a membrane anchor for
the complex. ATG14 targets the complex to the endoplasmic reticulum membrane for initiation of
autophagosome formation. Upon induction of autophagy, ULK1 phosphorylates Beclin1 in the PI3K

complex, promoting VPS34 kinase activity (McKnight
and Zhenyu 2013). The localized PI3P pool allows
recruitment of proteins required for membrane
remodeling and autophagosome formation. As a
cofactor of PI3K, Beclin1 is also implicated in the
regulation of early endosome formation, which utilizes
PI3P-rich membranes.
Studies involving genetic ablation of individual
autophagy genes in mice have reported phenotypes
ranging from embryonic lethality to defects at various
stages of development. Focal adhesion kinase (FAK)interacting protein 200 KDa (FIP200) is involved in the
formation of the autophagosome membrane. FIP200
null embryos showed lethality between E13.5 to E16.5
due to cardiac developmental defects. Mice lacking the
activating molecule in Beclin1-regulated autophagy 1
(AMBRA1), a component of the PI3K complex, presented defects in neural tube development leading to
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death around E14 (Mizushima and Levine 2010).
Generation of Beclin1-KO mice showed embryonic
lethality at E7.5 stage with defects in proamniotic canal
closure and elevated cell death (Yue et al. 2003). Mice
with keratinocyte-speciﬁc loss of Beclin1 exhibited
mislocalization of integrins due to defects in trafﬁcking
of recycling endosomes resulting in basal cell detachment, abnormal differentiation and skin development
(Noguchi et al. 2019). Loss of Beclin1 resulted in
defects in thymocyte progenitor maintenance and early
B cell development (Arsov et al. 2011).
Multiple studies have uncovered the involvement of
Beclin1 in processes related, as well as unrelated, to
autophagy. Beclin1, through its interaction with DNA
topoisomerase II is shown to be involved in DNA
damage repair and efﬁcient chromosome segregation in
HeLa cells (Xu et al. 2017). Haploinsufﬁciency of
Beclin1 causes increased tumor frequency in mice.
Beclin1 was reported as a tumor suppressor when a
variety of human cancers exhibited mono or biallelic
loss of Beclin1 expression (Qu et al. 2003; Yue et al.
2003). However, despite this wealth of literature, the
exact role of Beclin1 in early mammalian development
remains unknown.
Early mammalian development is a complex process
guided by an intricate regulation of various signaling
pathways. Embryonic stem cells (ESCs) are derived
from the inner cell mass of the blastocyst stage of the
mammalian embryo (Evans and Kaufman, 1981). ESCs
are pluripotent and can give rise to all three cell lineages – endoderm, mesoderm and ectoderm. They also
possess the capacity to self-renew which allows them
to maintain their population during early mammalian
development. Early development is marked by two
critical events; exit from pluripotency, and fate determination for lineage-speciﬁc differentiation. ESCs act
as a promising model system to study both these events
at cellular levels allowing focused experiments. Given
the repertoire of Beclin1 functions at organismal and
cellular levels, it is compelling to hypothesize that
Beclin1 will be a critical player in cellular processes
during development.
To address the role of Beclin1 in early development, we generated knockout mouse ESCs (mESCs)
lacking expression of full-length Beclin1 protein
using CRISPR-Cas9-based genome editing. We utilized Beclin1-KO mESCs in various in vitro and
in vivo pluripotency and differentiation assays. Our
data demonstrate that Beclin1 is required for efﬁcient
exit from pluripotency and to acquire endodermal
and mesodermal lineage commitment. However, it
appears to be largely dispensable for mESC self-

renewal and expression of pluripotency marker
genes. The absence of Beclin1 in mESCs also did
not cause any block in the autophagy pathway. Our
results suggest a dependence of mESCs on Beclin1
for lineage differentiation into endoderm and mesoderm and also reveal an autophagy-independent role
for Beclin1 in mESCs.

2. Materials and methods
2.1 Cell culture, chemical treatments
and antibodies
V6.5 mESCs were cultured and maintained on 0.2%
gelatin-coated plastic tissue culture dishes (Corning) in
knockout DMEM (Invitrogen) containing 15% fetal
bovine serum (Invitrogen), 2 mM L-glutamate (Invitrogen), penicillin/streptomycin (Invitrogen), 1 mM
non-essential amino acids (Invitrogen), 100 lM bmercaptoethanol (Invitrogen), and 1000 U leukemia
inhibitory factor (LIF) (ESC medium). Inhibitors and
chemicals were used as follows: Chloroquine (Sigma)
was used at 200 lM ﬁnal concentration. Retinoic acid
(Sigma) was used at 10-7 M ﬁnal concentration. The
following antibodies were used at the appropriate
concentrations: TUBULIN (T5168, Sigma, mouse),
LC3a I/II (12741, Cell Signalling Technologies).
BECLIN1 (mAb #3495, Cell Signaling Technology,
rabbit), aSMA (A2547 Sigma, mouse), bIII TUBULIN
(D71G9 Cell Signaling Technology, rabbit, and AFP
(MAB1368, R & D Systems, mouse).

2.2 sgRNA, plasmids and transfection
sgRNAs targeting Beclin1 exon 6 and 7 were designed
using www.rgenome.net. Single-stranded DNA molecules containing sequences of the sense and antisense
strands of sgRNA along with BbsI overhangs on 50
ends were synthesized as primers (sequences provided
in supplementary table 1). These complementary
strands were annealed using an annealing buffer and
were ligated into the pSpCas9(BB)-2A-Puro (pX459)
vector digested with BbsI restriction enzyme, followed
by transformation into E. coli DH5a. Positive clones
were selected, sequenced and used in further experiments. V6.5 mESCs were transfected with pX459
carrying sgRNAs targeting exon 6 and 7 using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol. 24 h post-transfection puromycin (1
lg/ml) was added to the culture for the selection of
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positively transfected cells. Puromycin resistant clones
were subjected to genomic DNA PCR to detect
sgRNA-Cas9 mediated deletion. Clones that showed
reduced amplicon size in genomic DNA PCR were
further processed for genomic DNA sequencing to
conﬁrm the deletion and knockout.
2.3 RNA isolation and real-time PCR
Total RNA was isolated from mESCs using TRIzol
(Invitrogen) as per the manufacturer’s instructions.
RNA was quantiﬁed using NanoDrop spectrophotometer (Thermo Fisher Scientiﬁc) 1 lg RNA was
processed to synthesize complementary DNAs (cDNA)
using Verso cDNA synthesis kit. 1 ll of 1:10 diluted
cDNA was used for real-time PCR using gene-speciﬁc
primers and Power SYBR Green PCR Master Mix
(Applied Biosystems) on ABI qPCR system, 7900 HT.
Gene-speciﬁc primers for RT-qPCR were designed
using IDT primer design tool (sequences provided in
Supp. Table 1). Data were analysed using Microsoft
Excel by 2-DCt method. Minimum three or more
experimental replicates were performed. The number of
replicates (n) is mentioned in respective
ﬁgures legends.
2.4 Western blotting
Total proteins were extracted from cells using RIPA
buffer containing protease inhibitors on ice followed
by centrifugation at 12,000 rpm for 20 min at 4°C.
Protein concentration was measured using Bradford’s reagent. Equal quantity of total protein was
subjected to SDS-PAGE under reducing conditions
followed by transfer to PVDF membrane. After
transfer, the membrane was blocked using 5% BSA
in TBS. Post blocking, the membrane was incubated
at 4 °C overnight with the appropriate primary
antibody. After 3 9 10 min wash in Tris-buffered
saline (1X TBS) containing 0.1% Tween-20 (TBST), the membranes were incubated with an HRPconjugated secondary antibody for 1 hour at room
temperature. West Pico ECL reagent (Thermo Fisher
Scientiﬁc) was added to the membranes and images
were captured post-exposure using a chemi-doc
system (GE Healthcare, AI600). Western blot
intensity was documented using ImageJ. A minimum of three experimental replicates was
performed.
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2.5 Embryoid body formation
Embryoid bodies (EBs) were formed by a hanging drop
method (500 cells/20 lL drop). Embryoid bodies were
formed in ES media without LIF for 3 days. After
3 days these embryoid bodies were cultured on 0.2%
gelatin-coated dishes for 7 days in DMEM containing
10% FBS. The medium was changed every alternate
day. Post 7 days, EBs were harvested for RNA
extraction using TRIzol, and for protein extraction
using RIPA buffer.
2.6 Immunocytochemistry and imaging
EBs generated from Beclin1-KO and wild-type (WT)
mESCs were plated on gelatin-coated coverslips in a
24 well plate and allowed to differentiate for 7 days.
For immunostaining, EBs on a coverslip were
washed with PBS, ﬁxed with 4% paraformaldehyde
at room temperature for 20 min, and permeabilized
with 0.1% Triton X-100 in PBS for 5 min. After
blocking in 5% FBS and 5% bovine serum albumin
in PBS for 1 h, cells were incubated with primary
antibodies appropriately diluted in blocking buffer
overnight at 4°C. The following day, EBs on a
coverslip were washed with PBS for 10 min (3
washes) at room temperature and incubated with
ﬂuorescently conjugated secondary antibodies for
1 h. Post washing, nuclei were stained with DAPI.
After 2 washes with PBS, coverslips were mounted
onto glass slides using Vectashield (Vector Laboratories) and imaged using a Nikon laser-scanning
confocal microscope.
2.7 Teratoma formation assay
WT or Beclin1-KO mESCs (1.259106) were suspended in 50 lL knockout DMEM and 10 lL of
Matrigel. NOD/SCID
mice were
anesthetized
with diethyl ether and 60 lL of cell suspension was
injected subcutaneously into the dorsal ﬂank region.
Teratomas thus formed were surgically removed and
weighed and ﬁxed in 10% Phosphate buffered formalin, 21 days post-injection. Parafﬁn sections were
cut and stained with Hematoxylin and Eosin at the
Histopathology department of K.E.M. Hospital,
Pune. All protocols involving animal use were
approved by the Institutional Animal Ethics
Committee.
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2.8 Statistical analysis
Error bars represent mean ± SD for three or more
independent experiments (n C 3). Statistical signiﬁcance, *p \ 0.05; ** p \ 0.01; *** p \ 0.001, was
determined by two-tailed Student’s t-test.

2.9 Bioinformatics analysis
Data published in GEO: Accession number
GSE154572, GSE39523 and GSE120998 were analysed to determine the transcription levels of the
Beclin1-VPS15-VPS34-ATG14 complex in mESCs
subjected to directed differentiation into endoderm
and mesoderm (GSE154572, unpublished, deposited
in GEO for public access), retinoic acid-dependent
differentiation (GSE39523) and conversion of mESCs
into 2C cells (GSE120998) respectively. The protocols for cell culture, differentiation, library preparation
and analysis of reads are described in the published
GEO data sets and accompanying manuscript (Plasschaert et al. 2014; Zhang et al. 2019). The count
tables generated after the analysis were used to obtain
read counts of Beclin1, VPS15, VPS34 and ATG14.
The Y-axis represents normalized read counts. The
error bars represent the variability between two
replicates.

3. Results
3.1 Generation of CRISPR-Cas9-based Beclin1knockout mESC line
The mouse Beclin1 gene consists of 12 exons and
codes for a protein composed of 450 amino acids.
sgRNAs were designed to target exon 6 and exon 7
(ﬁgure 1a). A single Beclin1-KO clone was selected
based on the genomic DNA PCR of the region targeted
by CRISPR-Cas9 based editing tool (supplementary
ﬁgure 1a). PCR ampliﬁcation and DNA sequencing of
this genomic region from the selected puromycin-resistant clone showed two separate and independent
deletions of 32 and 35 base pairs (total 67 base pairs)
around the binding site of each sgRNA in exon 6 and 7
respectively, resulting in a nonsense mutation (supplementary ﬁgure 1b). In silico translation of this
region showed that a STOP codon was now in the
frame in exon 6 causing early truncation of the protein
at the 125th amino acid position. Deletion of a total of

67 base pairs recorded in the sequencing analysis was
also corroborated by the reduced amplicon size, postreverse-transcriptase PCR of the selected region of
beclin1 mRNA (supplementary ﬁgure 1). Western blot
analysis of the selected clone showed robust depletion
of Beclin1 protein (ﬁgure 1b). This clone was maintained for multiple passages. Beclin1 transcript could
be detected at signiﬁcantly lower levels in Beclin1-KO
cells by real-time PCR using primers complementary to
exons 2 and 3 (ﬁgure 1c).
Beclin1-KO mESCs could form compact colonies
similar to WT mESCs and did not show any morphological change due to Beclin1 loss (supplementary
ﬁgure 2). We further checked the expression of the
pluripotency markers oct4, sox2, nanog and klf4 and
found no signiﬁcant difference in their expression
between Beclin1-KO and WT mESCs (ﬁgure 1d and
supplementary ﬁgure 3).

3.2 Beclin1 is dispensable for autophagy
in mESCs
mESCs lacking Beclin1 expression showed active
autophagy as evidenced by the presence of lipidated
LC3a II detected by Western blot. Autophagy could
be induced by serum starvation (Starv) in these cells
as seen by enhanced conversion of LC3a I to LC3a
II and could also be inhibited by Chloroquine
(CHQ), a lysosome acidiﬁcation inhibitor, leading to
accumulation of LC3a II (ﬁgure 2a). Quantiﬁcation
of the ratio of LC3aII to LC3aI demonstrates that
autophagy is induced by starvation, and inhibited by
treatment with the late-stage autophagy inhibitor,
chloroquine, CHQ (ﬁgure 2b). These data conﬁrm
that the autophagy pathway is active and functional
in mESCs even in the absence of full-length Beclin1
protein.
WT and Beclin1-KO mESCs were grown in the
absence of Leukemia Inhibitory Factor (LIF) to determine levels of autophagy during early phases of
pluripotency exit. Upon LIF withdrawal, both cell
types showed expression of LC3a protein and the
presence of both LC3a I and LC3a II forms indicating
active autophagy (supplementary ﬁgure 4). Similarly,
upon treatment with retinoic acid (RA) for 72h to allow
differentiation down the neural lineage, WT and
Beclin1-KO mESCs exhibited the presence of active
autophagy (supplementary ﬁgure 4). It is clear from
these ﬁndings that the absence of Beclin1 does not
result in a block of autophagy.
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Figure 1. Generation and characterization of Beclin1-KO mESC line: (a) Schematic representation of CRISPR-Cas9 based
strategy used for generating Beclin1-KO mESC line. Mouse beclin1 gene consists of 12 exons coding for 450 amino acids
(AA 450). sgRNA1 targets exon 6 and sgRNA2 targets exon 7 in beclin1 gene. Introduction of sgRNAs and Cas9
endonuclease in mESCs resulted in the deletion of 32 and 37 bases in exon 6 and exon 7 respectively. In exon 6, due to a
deletion of 32 bases, a frameshift occurred in the protein-coding sequence resulting in a nonsense mutation and an early
STOP codon after amino acid 125 (AA 125). (b) Western blot showing Beclin1 expression in WT mESCs (Lane 1) and lack
of Beclin1 expression in two different passages of Beclin1-KO mESCs (Lanes 2 and 3). Tubulin is used as the control protein
to demonstrate equal loading in all lanes. (c) Real-time PCR analysis with bars showing beclin1 mRNA expression in
beclin1-KO mESCs and WT mESCs. GAPDH is used as the normalization control. Error bars represent mean ? S.D (n=3).
P-value was calculated using Student’s t-test (***p\0.001). (d) Real-time PCR analysis showing expression of pluripotency
marker genes in Beclin1-KO and WT mESCs (n=3). Bars represent oct4, sox2, nanog and klf4 mRNA expression in WT
(Blue) and Beclin1-KO (Orange) mESCs normalized to gapdh. Expression from Beclin1-KO mESCs was further normalized
to WT mESCs and plotted. Error bars represent mean ? S.E.M. for experiments done in triplicate.
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Figure 2. Beclin1 is dispensable for autophagy in mESCs:
(a) Western blot showing Beclin1 expression and LC3a I and
II levels representing autophagy activity in WT and Beclin1KO mESCs in control untreated (Cont), in response to serum
starvation (Starv) for 6 h, and cells treated with autophagy
inhibitor Chloroquine (CHQ) 100 lM for 6 h. (b) Quantiﬁcation of the representative Western blot in a. Ratio of
LC3II/LC3I is plotted to show autophagy ﬂux.

3.3 Beclin1 is required for mesodermal
and endodermal differentiation of mESCs
The loss of Beclin1 expression did not affect the
expression levels of pluripotency genes in mESCs
(ﬁgure 1d). In order to check the differentiation
potential of mESCs lacking Beclin1 expression, we
assayed them using the embryoid body (EB) formation
assay. Beclin1-KO mESCs and WT mESCs could form
EBs by the hanging drop technique (ﬁgure 3a). When
plated on gelatin-coated dishes for differentiation, EBs
derived from Beclin1-KO mESCs exhibited lesser
outgrowth as compared to WT mESC-derived EBs
(ﬁgure 3a). When plated on gelatin-coated glass coverslips, Beclin1-KO mESC-derived EBs showed very
small areas of outgrowth compared to WT mESCderived EBs. EBs were allowed to differentiate for 7
days, following which the expression of marker genes
for the three germ layers was tested. Beclin1-KO EBs
showed signiﬁcantly lower expression of endodermal
(gata4, gata6) and mesodermal (snail, slug) lineage

markers (ﬁgure 3b). In contrast, t-brachyury (T)
expression was slightly enhanced in Beclin1-KO EBs
as compared to WT EBs (ﬁgure 3c). No signiﬁcant
difference was seen in the expression levels of ectodermal (neural stem cell) markers (nestin and sox1)
between WT and Beclin1-KO EBs (ﬁgure 3c).
EBs generated from both WT and Beclin1-KO
mESCs were immunostained for germ layer markers
including a-smooth muscle actin (aSMA), b-III
tubulin and alpha-fetoprotein (AFP). Beclin1-KO EBs
showed an unusual pattern of expression for most of
the lineage markers at the protein level and showed
even lesser outgrowth on glass coverslips than on the
plastic dishes (ﬁgure 3d). Even though Beclin1-KO
EBs showed minimal staining for AFP and aSMA,
the pattern was not comparable to WT EBs. AFP
staining was only seen in small portions of the outgrowth (shown in ﬁgure 3d), while expression of b-III
tubulin (neuronal marker) was lacking in Beclin1-KO
EBs (ﬁgure 3d).
To conﬁrm the ﬁndings from the EB formation assay,
we used WT and Beclin1-KO mESCs for teratoma
formation assay, an in vivo differentiation assay to test
pluripotency of cells. When injected subcutaneously
into the ﬂanks of NOD/SCID mice, Beclin1-KO
mESCs formed teratomas that were comparable in size
and weight to WT mESCs (ﬁgure 4a and 4b). Hematoxylin and Eosin staining of teratomas however
showed that Beclin1-KO teratomas had fewer foci with
structures representing endodermal and mesodermal
lineage compared to WT, with the majority of the mass
consisting of neuroectodermal tissue (ﬁgure 4c). The
tissue of endodermal lineage was seen as circular or
elongated structures with a cavity in the center and a
layer of cells bordering the cavity. Mesodermal tissue
was represented by structures consisting of streams of
elongated cells resembling muscles or cartilaginous
tissue. Primitive neuroectodermal tissue was seen very
frequently in the Beclin1-KO mESC-derived teratoma
sections. Neuroectodermal tissue consisted of nodules
of cells with hyperchromatic nuclei and minimal
cytoplasm arranged as rosettes or tubules (black
arrows, ﬁgure 4c). Additional images from the Beclin1KO mESC-derived teratomas show that the majority of
the tissue was an undifferentiated mass lacking any
features of lineage differentiation or primitive neuroectodermal tissue (supplementary ﬁgure 5).
Bioinformatics analysis of the Beclin1-VPS34VPS15-ATG14 complex transcript levels from published data sets of ESCs subjected to directed differentiation indicated that beclin1 transcripts were
upregulated during endodermal and mesodermal
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Figure 3. Beclin1 is required for mesodermal and endodermal differentiation of mESCs in vitro: (a) Microscopic bright
ﬁeld images showing WT and Beclin1-KO mESC derived EBs formed by hanging drop method. EBs were differentiated for
48 h after plating on plastic dishes and glass coverslips. Scale bar = 100 lm. (b) Real-time PCR analysis showing relative
mRNA expression of differentiation markers gata4 and gata6 for endoderm; snail and slug for mesoderm. Beclin1-KO
mESC derived differentiated EBs (7 days post-plating) show signiﬁcantly lower expression of these differentiation markers as
compared to WT mESC derived EBs. Bars represent gata4, gata6, snail and slug mRNA expression in WT (Blue) and
Beclin1-KO (Orange) EBs. Error bars represent mean ? S.D. (n=4). P-value was calculated using Student’s t-test (***p \
0.001). (c) Real-time PCR analysis showing relative mRNA expression of differentiation markers t-brachyury, nestin, and
sox1 in WT (Blue) and Beclin1-KO (Orange) mESC derived EBs showing no signiﬁcant difference, 7 days post-plating.
Error bars represent mean ? S.D. calculated for the replicate experiments done (n = 4). (d) Immunostaining demonstrating
differentiated cells expressing a smooth muscle actin (aSMA), Alphafetoprotein (AFP) and b-III Tubulin (b-III Tub) in EBs
derived from WT mESCs and abnormal AFP, aSMA and lack of b-III Tub expression in differentiated EBs derived from
Beclin1-KO mESCs. Magniﬁcation 60X.
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Figure 4. Beclin1 is required for mESC differentiation in vivo: (a) Teratomas formed by WT or Beclin1-KO mESCs
injected in NOD/SCID mice and isolated 21 days post-injection. (b) The graph represents weight (g) of teratomas generated
from WT or Beclin1-KO mESCs (n = 4). (c) Hematoxylin and Eosin staining of teratoma sections derived from WT or
Beclin1-KO mESCs. Images were acquired using Life technologies Evos microscope at 4X magniﬁcation. Panels on the right
show structures (black arrows) representing three germ layers labelled accordingly. Scale bar = 1000 lm.

differentiation (ﬁgure 5a), as well as in retinoic-acidmediated differentiation (Plasschaert et al. 2014)
(ﬁgure 5b). In contrast, as ESCs were directed
towards a totipotent 2C-like cell state (Zhang et al.
2019), beclin1 transcript levels were reduced
(ﬁgure 5c). Similar trends were also seen with Vps15
in the Beclin1 complex. This is consistent with our
observation that Beclin1 plays a crucial role in

mESC differentiation, especially in the endoderm and
mesoderm lineage.
Collectively, our results demonstrate that mESCs can
have a functional autophagy pathway in the absence of
Beclin1, which can be induced by starvation and
inhibited by Chloroquine. During pluripotency exit,
mESCs show active autophagy even in the absence of
Beclin1, suggesting the presence of an alternate
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Figure 5. (a) 5a. Transcript levels of beclin1, vps34, vps15 and atg14 in mESCs differentiated into endoderm and mesoderm
at 0h, 5h 24h and 48h time-points. (b) Transcript levels of beclin1, vps34, vps15 and atg14 in mESCs subjected to retinoic
acid-mediated differentiation for 4.5 days. (c) Transcript levels of beclin1, vps34, vps15 and atg14 in 2C-like cells obtained
by overexpression of Zscan4c in mESCs. The Y-axes represent normalized read counts.

autophagy pathway. Although Beclin1 is dispensable
for autophagy, mESCs lacking Beclin1 showed defective differentiation in the embryoid body and teratoma
formation assay. Hence, Beclin1 may play a critical
role in mESC differentiation towards the endodermal
and mesodermal lineages during early developmental
events.

4. Discussion
The importance of autophagy has been emphasized
during early mammalian development (Mizushima and
Levine 2010; Tsukamoto and Yamamoto 2013). Interestingly, deﬁciency of individual autophagy proteins in
mice results in embryonic lethality or a variety of
defects in development, hinting at specialized roles
played by these autophagy proteins (Mizushima and
Levine 2010; Yue et al. 2003). Our data demonstrate
that Beclin1 is required for the efﬁcient differentiation
of mESCs during spontaneous, undirected differentiation (ﬁgures 3 and 4), and also during directed differentiation (ﬁgure 5). Being a regulator of early steps of
autophagy, it was expected that loss of Beclin1 would

lead to inhibition of autophagy as reported in earlier
studies (Furuya et al. 2005; Wang et al. 2012). Interestingly, in contrast to the earlier report by Yue et al.
mESCs showed active autophagy even in the absence
of full-length Beclin1 (ﬁgure 2 and supplementary
ﬁgure 4). It is important to note that in the study by Yue
et al., the neomycin-resistance cassette was not excised
from the mESCs, which may inadvertently cause an
alteration in the phenotype, as has been observed in
other studies (Valera et al. 1994; Pham et al. 1996). A
non-canonical autophagy pathway, independent of
Beclin1 has been reported in certain cancer cell lines
such as MCF-7 (Scarlatti et al. 2008), HeLa cells (Tian
et al. 2010) as well as in other cell types (Chu et al.
2007; Grishchuk et al. 2011). It is intriguing that even
in the presence of active autophagy, Beclin1-KO cells
showed defective differentiation (ﬁgures 3 and 4). This
strengthens the premise that Beclin1 plays an autophagy-independent role speciﬁcally during mESC
differentiation.
In earlier studies, the phenotypic presentation in
Beclin1 null or heterozygous mice was attributed to its
role in autophagy (Yue et al. 2003). However, multiple
studies have now reported autophagy-independent
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roles of Beclin1 in DNA damage repair and endocytosis (Matthew-Onabanjo et al. 2020; Noguchi et al.
2019; Xu et al. 2017). During early development and
cellular differentiation, autophagy plays an important
role in the turnover of regulatory and structural components of the cells. Our data shows that the autophagy
pathway remains active in the absence of Beclin1
during early phases of pluripotency exit, in the absence
of LIF or during RA-induced differentiation (supplementary ﬁgure 4).
It is intriguing that even in the presence of active
autophagy, Beclin1-KO cells show defective differentiation with a failure to express mesodermal (SNAlL
and SLUG) and endodermal (GATA4 and GATA6)
markers at levels similar to those observed in differentiating WT mESCs (ﬁgure 2). In accordance with
these results teratomas generated from Beclin1-KO
mESCs showed reduced potential for differentiation
into mesodermal and endodermal lineages (ﬁgure 4c
and supplementary ﬁgure 5). SNAIL and SLUG
(SNAI2) are involved in pluripotency exit as well as
lineage commitment (Cobaleda et al. 2007; Lin et al.
2014). Intriguingly, SNAIL KO mice also show
embryonic lethality close to the E7.5 stage with growth
retardation, similar to what is observed in Beclin1-KO
embryo (Carver et al. 2001). GATA4 is an important
regulator of endodermal differentiation and its expression appears at E7.5 of mouse embryogenesis (Rojas
et al. 2010). GATA4 begins its function within the
extraembryonic visceral endoderm and plays a critical
role in cardiac development which begins at E7.0 (Watt
et al. 2004). The timeline matches with the embryonic
lethality seen in Beclin1-KO mice (Yue et al. 2003).
Similarly, GATA6 ensures the initiation of a primitive
endoderm program under the FGF4 signaling during
mouse embryo development, following which GATA6
is involved in liver development (Schrode et al. 2014).
It will be informative to dissect out the chronology of
expression of these various factors in order to delineate
their interdependence. Our results suggest that Beclin1
may play an autophagy-independent role speciﬁcally
during mESC differentiation. The Beclin1-KO mESCs
are thus a vital tool to dissect the role of this protein in
lineage-speciﬁc differentiation.
5. Conclusion
The data from this study suggests that Beclin1 in
addition to its role in autophagy also performs functions that can affect the cellular differentiation of
mESCs. Our data reveals that mESCs possess both

Beclin1-dependent and independent autophagy pathways. During the differentiation of mESCs, Beclin1
seems to be required for proper lineage commitment to
the endodermal and mesodermal lineage. The absence
of Beclin1 disturbs the transcriptional proﬁle of differentiating mESCs causing reduced levels of endodermal and mesodermal transcription factors such as
GATA4, GATA6, SNAIL and SLUG, which are
important players of fate determination. We propose an
autophagy-independent role for Beclin1 during mESC
differentiation. Further investigation to dissect out how
Beclin1 is involved in the process of mESCs differentiation is pending.
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