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Mir505–3p regulates axonal development via inhibiting the autophagy pathway
by targeting Atg12
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ABSTRACT
In addition to the canonical role in protein homeostasis, autophagy has recently been found to be involved
in axonal dystrophy and neurodegeneration. Whether autophagy may also be involved in neural
development remains largely unclear. Here we report that Mir505–3p is a crucial regulator for axonal
elongation and branching in vitro and in vivo, through modulating autophagy in neurons. We identify that
the key target gene of Mir505–3p in neurons is Atg12, encoding ATG12 (autophagy-related 12) which is an
essential component of the autophagy machinery during the initiation and expansion steps of
autophagosome formation. Importantly, axonal development is compromised in brains of mir505
knockout mice, in which autophagy signaling and formation of autophagosomes are consistently
enhanced. These results define Mir505–3p-ATG12 as a vital signaling cascade for axonal development via
the autophagy pathway, further suggesting the critical role of autophagy in neural development.
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Introduction

Macroautophagy (hereafter indicated as autophagy) is a con-
served bulk lysosomal-degradation pathway which is involved in
protein turnover, cell survival, cellular homeostasis, and stress
response.1 Abnormalities in autophagy lead to defective protein
degradation, resulting in pathologies including neurodegenera-
tive diseases.2 Mice with specific deletion of Atg5 or Atg7, which
are essential genes for autophagosome formation, show neurode-
generative phenotypes.3,4 Specific deletion of Sqstm1/p62 in cere-
bellar Purkinje neurons causes axon swelling, suggesting the role
of autophagy in axon homeostasis.5 Moreover, it is also reported
that autophagy activity modulates axon morphological plasticity
by regulating axon extension during naive neurite growth in cul-
ture neurons.6 However, it is still uncertain whether autophagy is
involved in axonal development in vivo and how autophagy is
regulated during axonal development.

ATG12 is a key component of the ATG12–ATG5-ATG16L1
complex, involved in membrane initiation and the elongation
of the phagophore during autophagosome formation.7,8 After a
reaction involving the E1-like enzyme ATG7 and the E2-like
enzyme ATG10, ATG12 is covalently conjugated to ATG5 in a
ubiquitin-like manner.9 Then, ATG5 interacts with ATG16L1,
and ATG12–ATG5-ATG16L1 forms a tetrameric complex
through the homo-oligomerization of ATG16L1.10 Apart from
the cellular function of membrane scaffold assembly of auto-
phagosomes, ATG12 conjugates to ATG3, then interacts with
PDCD6IP/Alix (programmed cell death 6 interacting protein)

to promote basal autophagic flux and late endosome function,
as well as mitochondrial homeostasis and cell death.11,12 Inter-
estingly, ATG12 directly regulates the apoptotic pathway by
binding and inactivating BCL2 (B cell leukemia/lymphoma 2)
and MCL1 (myeloid cell leukemia sequence 1), independent of
either ATG5 or ATG3.13 Additionally, free ATG12 can be
directly ubiquitinated and promotes proteasomal degradation
of itself.14 In this study, we showed ATG12 as a novel regulator
of axon development. Inhibition of autophagy by Mir505–3p
via targeting Atg12 leads to promotion of axon specification,
elongation and branching.

In a previous work, we have identified that a quantitative trait
locus (QTL) on the X chromosome is involved in the regulation
of female mouse puberty onset.15 This locus contains a micro-
RNA gene—Mir505 (Fig. S1A).16 Duplications of the genomic
segment containing Mir505 are reported in human males with a
neural developmental disorder, X-linked hypopituitarism
(Fig. S1B).16-20 As puberty onset is a key event during neural
development, including maturation of the hypothalamus–pitui-
tary–gonadal axis (HPG axis), we reasoned that Mir505 may
contribute to neural development.21 There are 2 mature micro-
RNA products, Mir505–5p and Mir505–3p, generated from
Mir505. In this work, we found that Mir505–3p was required for
axonal development in a cultured mouse cortical-neuron model
and in mouse in utero electroporation (IUE) experiments. We
identified Atg12 as the direct target gene of Mir505–3p in mouse
neurons. We showed that ATG12 specifically inhibited polarity
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establishment, axon elongation and branching in vitro and
in vivo. We provided further evidence by generating mir505
knockout mice, in which defects in axonal development, elevated
expression of ATG12 and upregulated autophagy signaling were
identified. Taken together, these results indicated a novel role of
Mir505–3p-ATG12 signaling cascade in regulating axonal devel-
opment through autophagy.

Results

Mir505–3p regulates axon development in vitro

To investigate the role of Mir505 in neural development, we
first examined the mRNA expression pattern of pre-Mir505,
and 2 mature versions of Mir505, Mir505–3p and Mir505–
5p, in developing mouse cortices.22 We found that pre-
Mir505 was highly expressed during embryonic stage and
then showed a gradual decrease from postnatal d 0 (P0)
(Fig. S2A). Normalized with Mir16–1–5p, a stably expressed
miRNA, expression of both Mir505–3p and Mir505–5p
increased from P0 then reached to the peak around P7, and
decreased around P21 (Fig. S2B, C). These observations
imply a potential role of Mir505 in early brain development,
as its expression pattern correlates to cortical development
and maturation stages, starting from early embryonic stage
to the end of the third postnatal wk.23

To determine whether Mir505 may exhibit functional
roles in neural development, we designed miRNA mimics
and complement siRNA inhibitors for Mir505–3p, as well as
a Mir505–3p expression vector (173 base pairs (bps) con-
taining the processing sequences). To confirm the efficacy
of genetic modulations for Mir505–3p, we first examined
the level of Mir505–3p expression by overexpressing mimics
and inhibitors. We found a drastic increase after overex-
pressing Mir505–3p mimics and a significant decrease in
the inhibitor group (Fig. S2D). Also, we found a significant
increase of Mir505–3p after transfection of the Mir505–3p
expression vector (Fig. S2E). Thus, we showed that in vitro
genetic manipulations of Mir505–3p were efficient.

After electroporation of scrambled miRNAs, Mir505–3p and
Mir505–5p mimics into cultured mouse cortical neurons via
using the AMAXA nucleofector device, we examined morpho-
logical development of transfected neurons in vitro. At 3 d in
vitro (DIV), we fixed neuronal cultures and performed immu-
nofluorescence staining with anti-SMI312 antibody, an axonal
specific marker, to distinguish the axon from the minor neurite
branches including dendrites. Interestingly, we found that only
Mir505–3p specifically augmented axon branching (Fig. 1A, B),
without a significant effect on minor neurite branching
(Fig. S3A). To confirm this data, we transfected the same vectors
with Lipofectamine 2000. Consistent with previous observations,
neural polarity establishment (Fig. 1C, D) and total axonal
length (TAL) (Fig. 1C, E) of 5DIV cultured neurons were greatly
promoted by Mir505–3p expression, but not total minor neurite
length (TMNL) (Fig. S3B).24

To further validate the role of Mir505–3p in axonal develop-
ment, we next transfected scrambled miRNAs, Mir505–3p
mimics, Mir505–3p inhibitors or a mixture of Mir505–3p
mimics and inhibitors in cultured cortical neurons (Fig. 1F).25

We found that Mir505–3p inhibitors, in contrast to Mir505–3p
mimics, exhibited a strong attenuation effect of axon branch-
ing, neural polarity establishment and axonal extension, which
was rescued by Mir505–3p coexpression (Fig. 1F, G, H and
I).26,27 However, no significant difference was observed in
minor neurite branching and TMNL after Mir505–3p manipu-
lations (Fig. S3C, D). These results suggest that Mir505–3p is a
positive regulator for neural polarity establishment, axonal
growth and branching in cultured mouse cortical neurons.

To further confirm these observations, we applied anti-
MAPT/Tau, the marker of microtubule-associated proteins that
stabilizes microtubule assembly in axons, to label matured axons.
We transfected scrambled miRNAs, Mir505–3p mimics, Mir505–
3p inhibitors or mixture of Mir505–3p mimics and inhibitors,
with Lipofectamine 2000 in cultured cortical neurons (Fig. S4A).
Consistent with SMI312 labeling, we observed that Mir505–3p
inhibitors exhibited attenuation effects of neural polarity estab-
lishment (Fig. S4B), axonal extension (Fig. S4C) and axon
branching (Fig. S4E), which were rescued by coexpression of
Mir505–3p (Fig. S4A, B, C and E). Also, no effects of Mir505–3p
inhibitors were observed for TMNL (Fig. S4D) and minor neu-
rite branching (Fig. S4F). These results further indicate that
Mir505–3p plays a critical role in regulating axonal growth and
branching in cultured mouse cortical neurons.

Mir505–3p regulates axonal branching and extension in
vivo

Axonal development in newborn cortical neurons can be sepa-
rated to 3 steps. First, neurons migrate toward to cortical plate
with a leading and trailing process, and the trailing process
evolves to become the axon (from E11 to E18). Second, the
axon extends to the contralateral side across the corpus cal-
losum (at P3) to reach the target region (at P7). Third, the axon
experiences a rapid branching progress to find synaptic part-
ners and to form functional synapses (from P8 to P21).28

To explore whether Mir505–3p regulates axonal develop-
ment in vivo, we performed in utero electroporation to
overexpress Mir505–3p in the cortex of E14.5 mice. At P3,
projections of GFP labeled axons from the ipsilateral side to
the contralateral side across the corpus callosum were mea-
sured (Fig. 2A).29 We found that that neurons overexpress-
ing Mir505–3p, showed significantly increased length of
projecting axons on the contralateral side (Fig. 2B and D),
indicating promotion of axonal extension by Mir505–3p.
Intriguingly, significantly increased length of projecting
axons of Mir505–3p-overexpressing neurons on the ipsilat-
eral side was also observed (Fig. 2C and E). Typically, neu-
rons possessed monopolar morphologies with a long axon
projecting to the contralateral side, thus this aberrant axon
bundle in the ipsilateral side of cortex may be generated by
multipolarized cortical neurons, further supporting the role
of Mir505–3p in neural polarization (Fig. 2K and L).28

To further investigate the role of Mir505–3p in regulating
axonal development in vivo, we harvested IUE mice at P8 to
examine terminal axonal branching in barrel field of primary
somatosensory cortex on contralateral side (Fig. 2F). At P8,
axons of cortical neurons are semiradiated toward deep cor-
tical layers (Fig. 2F and G), and then extended further
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branches in the contralateral side (Fig. 2F, H, K and L).30 We
found that neurons expressing Mir505–3p exhibited enriched
axonal branches on both ipsilateral side and contralateral
side (Fig. 2G, H and L). We measured the axon branching
signal of layer 5 on the ipsilateral side and performed a con-
secutive measurement from layer 1 to white matter on the
contralateral side.31 We showed that Mir505–3p remarkably
promoted axon branching on every layer of the contralateral
side (Fig. 2H and I) and also promoted axon branching in
layer 5 on the ipsilateral side (Fig. 2G and J). Taken together,
these data indicate that Mir505–3p plays a critical role in
promoting axonal extension and branching in vivo.

Genetic deletion of Mir505–3p inhibits axonal
development in vivo

To investigate whether Mir505–3p is required for axonal devel-
opment genetically, we designed 2 small guide RNAs (sgRNAs)
targeting to the Mir505 gene (Fig. 3A) and applied the
CRISPR/Cas9 system to generate mir505 knockout mice with a
24-bp deletion (Fig. 3B). To ensure these 2 sgRNAs did not
lead to off-target effects on offspring of mir505 knockout mice,
we predicted potential off-target genes and designed specific
primers for testing and sequencing. We found that all the
Mir505 deletion founder mice were without off-target effects

Figure 1. Mir505–3p is required for axonal development in vitro. (A) Example pictures of mouse primary cortical neurons transfected with the AMAXA nucleofector at 0
DIV with GFP and scrambled siRNA or GFP with constructs as indicated. Neurons were fixed and stained for immunofluorescence with anti-SMI312 and GFP antibodies at
3 DIV for measurement of numbers of axon and minor neurites. Scale bar: 50 mm. (B) Measurements of axon numbers in each condition of (A). (C) Example pictures of
mouse primary cortical neurons transfected with Lipofectamine 2000 at 1 DIV with GFP and scrambled siRNA or GFP with constructs as indicated. Neurons were fixed at 5
DIV for measurement of neuron polarity and total axon length. Scale bar: 90 mm. (D) Measurements of neuron polarity of each condition in (C). (E) Measurements of total
axon length of each condition in (C). (F) Example pictures of mouse primary cortical neurons transfected with Lipofectamine 2000 at 1 DIV with GFP and scrambled siRNA
or GFP with constructs as indicated. Scale bar: 45 mm. ((G)to I) Measurements of axon numbers, neuron polarity and total axon length of each condition, respectively. A
total 30 to 33 neurons from each condition were randomly selected and measured. Error bars: SEM. �P < 0.05, ��P < 0.01, ��� P < 0.001 (Student t test).
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(Fig. S5A, B and Table S2, see also CRISPR/Cas9-based mir505
knockout mice in Materials and Methods). Consistently, we
confirmed that levels of Pre-Mir505, Mir505–3p and
Mir505–5p decreased remarkably in KO mice, compared with
WT mice (Fig. 3C).

Next, we performed hematoxylin-eosin and toluidine blue
staining to examine brain anatomy of WT and mir505 KO
mice.32 We found that, in axon-concentrated regions such as in
corpus callosums (cc) and cingulums (cg), axonal density was
clearly decreased in KO mice, in comparison with WT mice
(Fig. 3D and E). To further confirm this observation, we

performed immunofluorescence staining on SMI312 to monitor
axon bundles and on RBFOX3/NeuN to label mature neurons.
We found that density of axon bundles significantly decreased in
cc, cg, and fimbria (fi) regions of KO mice comparing to WT lit-
termates, with no significant differences between heterozygous
and WT mice (Fig. 3F, G, H and I). Intriguingly, no difference
in cell number of RBFOX3-positive neuron was observed, indi-
cating that attenuation of axons resulted from defects in axonal
development, rather than neuronal proliferation (Fig. 3F and J).
Thus, this evidence demonstrate that genetic ablation of Mir505–
3p has a strong impact on axonal density of brain in vivo.

Figure 2. Mir505–3p is sufficient for axonal extension and branching in vivo. (A) Low-magnification images of coronal brain sections of P3 mice in utero electroporated at
E 14.5 with the indicated plasmids. Scale bar: 1000 mm. (B) Magnification images of contralateral brain sections in (A). (C) Magnification images of ipsilateral brain sections
in (A). (D) Measurements of axon length (from middle line to terminus of axon bundle, indicated by yellow line) in (B). (E) Measurements of axon length (from proximal
region to terminus of axon bundle, indicated by yellow line) in (C). (F) Low-magnification images of coronal brain sections of P8 mice in utero electroporated at E 14.5
with plasmids as indicated. Scale bar: 1000 mm. (G) Magnification images of ipsilateral brain sections in (F). Scale bar: 100 mm. (H) Magnification images of contralateral
brain sections in (F). Scale bar: 100 mm. (I) Measurements of axonal signal intensity in contralateral cortical plate from layer 1 to white matter of each condition in (H). (J)
Measurements of axonal signal intensity in ipsilateral cortical plate layer 5 of each condition in (G). (K) Schematic diagram of coronal brain sections of P8 mice. Boxes with
the indicated regions were further illustrated in (L). (L) Schematic diagram of axonal branching morphology in IUE model of each condition. At least 4 litters for each con-
dition were measured. Error bars: SEM. ��P < 0.01, ��� P < 0.001 (Student t test).
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Atg12 is a target gene of Mir505–3p

To identify target genes of Mir505–3p in mouse neurons, we
first performed a bioinformatics screen. We found 172 poten-
tial target genes in Targetscan 6.2 database, which predicted

target genes based on conservation and position of seed-match
region in the 30 untranslated region (UTR),33,34 and found that
57 genes emerged more than twice from 7 other databases.
Then we performed seed-match predictions based on RNA
sequencing results of cortical neurons, and found 799 candidate

Figure 3. Genetic deletion of Mir505–3p impairs axon development in vivo. (A) Schematic diagram of 2 sgRNAs targeting pre-Mir505. (B) Sequencing results show a total dele-
tion of Mir505–3p induced by CRISPR/Cas9 system (upper). DNA gel electrophoresis show genotyping results of WT, heterozygous and KO littermates (lower). A 24 bp deletion
mutation was generated by the CRISPR/Cas9 system. (C) Examination of mRNA levels of Pre-Mir505, Mir505–3p and Mir505–5p in mir505 KO mice comparing to WT littermates
by Q-PCR. (D and E) Coronal brain sections of mature mice with hematoxylin-eosin (D) and toluidine blue staining (E). Alteration of axon morphology is indicated by dotted
lines. Corpus callosum (cc) and cingulum (cg) regions were amplified to represent loss of axon bundles in KO mice. Scale bar: 100 mm. (F) Magnification images of the indicated
regions of each genotype. Immunostaining was performed with anti-SMI312 and RBFOX3 antibodies. Scale bar: 50 mm. Het, heterozygous. (G to I) Measurements of axon signal
intensity in cc (G), fi (H) and cg (I) regions of mice of each genotype, respectively. (J) Measurements of RBFOX3-positive cells in cingulum of mice of each genotype. For immu-
nostaining on brain slices, at least 4 litters for each condition were measured. Error bars are SEM. �� P < 0.05, ��� P < 0.001 (t test).
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genes, which are expressed in relatively high levels in neurons.35

Comparing these gene lists, we screened out 8 predicted candi-
date target genes, which have potentially important functions
in neurons. We also selected Srsf1, which has previously been
reported as a target gene in mouse embryonic fibroblasts
(MEFs). Together, these 9 candidate genes were selected for
further investigation (Fig. 4A and Table S1).36

To validate the direct targets of Mir505–3p, we first used
dual-luciferase assays in human embryonic kidney 293 cells.

We cotransfected Mir505–3p with a dual-luciferase vector con-
taining a »200-bp sequence including seed regions of the
30UTR of candidate genes and detected signals of both Renilla
luciferase and firefly luciferase. Among all the candidate genes,
Atg12 showed the sharpest decrease in ratio of normalized
Renilla:firefly signals (Fig. 4B). To further confirm whether
they are target genes in neurons, we then transfected Mir505–
3p in E14.5 cultured cortical neurons with lentivirus and per-
formed q-PCR to monitor the mRNA level of candidate genes.

Figure 4. Atg12 is a direct target gene of Mir505–3p in mouse cortical neuron. (A) Schematic diagram of bioinformation screen of candidate target genes of Mir505–3p in
mouse cortical neurons. See also Table S1. (B) Normalized luciferase (Renilla:firefly) values of all candidate targets. The seed match region of 30UTR of candidate targets
were cloned into psi-CHECK-2 dual-luciferase vector and cotransfected with Mir505–3p plasmid in the HEK 293 cell line. (C) Q-PCR examination of mRNA levels of all candi-
date targets in cultured cortical neuron with lentivirus infection to overexpress Mir505–3p. (D) Schematic diagram of the exact position which Mir505–3p targets on the
mouse Atg12 30UTR. Seed match region was replaced in a site-directed mutation experiment. (E) Normalized luciferase (Renilla:firefly) values are shown. The Atg12 30UTR
psi-CHECK-2 vector was cotransfected with the constructs as indicated. Mir505–3p exhibited a specific inhibition on Atg12 WT 30UTR, rescued by Mir505–3p inhibitors. (F)
ATG12 was regulated by Mir505–3p in cultured cortical neurons. Immunoblottings were performed using ATG12 and GAPDH antibodies of 3DIV neurons transfected by
AMAXA nucleofector with vectors as indicated. (G) Measurements of immunoblotting in (F). At least 3 independent assays were measured. Error bars: SEM. �P < 0.05,
�� P < 0.01, ��� P < 0.001 (Student t test).
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Consistent with dual-luciferase assays in human embryonic
kidney 293 cells, only Atg12 showed a clear downregulation in
mRNA level (Fig. 4C). Thus, Atg12 may be a direct target gene
under regulation ofMir505–3p.

Furthermore, we performed dual luciferase assays with a vector
containing the site-directed mutation in the seed match region of
Atg12 30UTR (Fig. 4D). The site-directedmutation experiment sug-
gested a direct interaction between theMir505–3p and the 30UTRof
Atg12 (Fig. 4D and E). Moreover, we examined the level of ATG12
proteinafterelectroporationofMir505–3pbyanAMAXAnucleofec-
tor in cultured cortical neurons at 3DIV.We found that the protein
level of ATG12 was indeed regulated by Mir505–3p in neurons
(Fig. 4F andG). Thus,we showed thatAtg12 is a direct target gene of
Mir505–3p inmousecorticalneurons.

ATG12 is required in axonal development in utero and
in vivo

To determine whether ATG12 plays a role in regulating axo-
nal development, we constructed a plasmid expressing the
Atg12 open reading frame (ORF) without 50- or 30-UTR
regions. We first electroporated the plasmid encoding the
Atg12 ORF into cortical neurons with an AMAXA nucleofec-
tor and performed immunofluorescence staining at 3DIV
(Fig. 5A). We found that overexpression of the Atg12 ORF
significantly decreased axon branching (Fig. 5A and C).
However, no significant influence was observed on minor
neurite branching (Fig. S3E), suggesting that ATG12 is criti-
cal for axonal development. Moreover, we found that overex-
pression of the Atg12 ORF by Lipofectamine 2000
transfection delayed establishment of neural polarity at
5DIV (Fig. 5B and D). Consistently, the TAL was decreased
by the Atg12 ORF (Fig. 5B and E) whereas no significant
changes occurred in TMNL (Fig. S3F). Furthermore, we
found that axonal extension and branching caused by
expression of ATG12 were rescued by Mir505–3p coexpres-
sion, indicating that Mir505–3p was indeed an upstream sig-
nal of ATG12 for establishment of neuron polarity (Fig. 5A,
B, C, D and E). Therefore, we showed that ATG12 is a criti-
cal regulator of axonal development in cultured neurons.

To further determine whether ATG12 is required for Mir505–
3p regulating axonal development in vivo, we performed IUE to
express Mir505–3p or a mixture of Mir505–3p with the Atg12
ORF in brains of embryonic mice, then examined projections of
GFP-labeled axons from the ipsilateral side to the contralateral
side at P8. We found that the Atg12 ORF was able to fully rescue
the overgrowth of axonal branching caused by expression of
Mir505–3p on each layer of contralateral side, from measure-
ments of signal intensity of axonal branching on both the ipsilat-
eral and the contralateral side, (Fig. 5F, H and J) and axon
branching on layer 5 of the ipsilateral side (Fig. 5G and I). Taken
together, these results indicate that ATG12 is required for
Mir505–3p regulating axon development in vivo.

Genetic ablation of Mir505–3p activates autophagic flux
in brain

To investigate the dynamics of the autophagy pathway are
altered in the brain of mir505 knockout mice, we dissected

cortical neurons and transfected GFP-LC3B to trace autophagic
flux.37-39 We performed immunostaining and labeled subcellu-
lar GFP-LC3B on the membrane of autophagic vesicles. How-
ever, due to the rapid turnover of autophagy in neurons we
could not monitor local GFP-LC3B in mouse cortices.40

Thus, we used a transmission electron microscopy (TEM)
strategy to examine subcellular autophagosomes in cultured
cortical neuron or cortices from mir505 knockout mice.41 Sur-
prisingly, we observed a significant promotion of autophagic
flux correlate to loss of Mir505–3p (Fig. 6A and E). In 3 DIV
cultured neurons, more and larger autophagosomes were accu-
mulated in both the soma and the axonal part of KO mice,
comparing to WT mice (Fig. 6A, E and C). To confirm these
observations, we killed P0 mice and dissected cortices followed
by TEM capture. Consistently, autophagosome formation
greatly increased in terms of number and sizes, in cortices of
mir505 KO mice (Fig. 6B, D and F).

We then examined protein levels of ATG12, LC3B and
SQSTM1/p62 in cortex tissue from WT, heterozygous and
homozygous mir505 KO mice, respectively (Fig. 6I). We
found that deletion of Mir505 significantly enhanced the
protein level of ATG12, indicating release of ATG12 from
Mir505–3p inhibition (Fig. 6I and J). Moreover, the ratio of
LC3B-II:LC3B-I increased, whereas SQSTM1/p62 decreased
(Fig. 6I, K and L). Furthermore, we electroporated comple-
ment siRNAs as Mir505–3p inhibitors with an AMAXA
nucleofector in cultured neurons and examined mRNA lev-
els with q-PCR. We found a significant increase of Atg12
and a slight decrease of SQSTM1/p62 in conditions of
Mir505–3p downregulation (Fig. S6). Therefore, these results
indicate that loss of Mir505–3p activates autophagy by upre-
gulating ATG12 in the mouse brain.

Mir505–3p regulates autophagy through ATG12

Autophagy is conserved from yeast to mammal. Therefore, we
reasoned that regulation of autophagy by Mir505–3p can be
widely observed in different types of cells as well. Thus, we iso-
lated MEF cells for subcellular observations of autophagy. As
accumulation of autophagosomes may result from either acti-
vation of autophagic flux or blockage of autolysosomes, we set
out to determine which pathway Mir505–3p may directly inter-
fere with. We applied rapamycin (RPMC) or chloroquine (CQ)
to mimic autophagic activation or blockage respectively, com-
paring with expression of the Atg12 ORF alone (Fig. 7A). We
found that ATG12 led to more and larger early-stage autopha-
gosome formation, containing double or multiple membranes
(Fig. 7A, B and C). This procedure was closer to activation by
RPMC rather than blockage by CQ, as morphology of autopha-
gosomes in RPMC was represented as early-medium-stage,
while in CQ, as late-stage of single-membrane autolysosomes
(Fig. 7A, B and C). We observed that Mir505–3p effectively
interfered with autophagosome formation by decreasing
ATG12. This decrease of ATG12 may result in shortage of scaf-
fold components, which is necessary for constructing autopha-
gosomes with normal size and quality (as shown in the model
of Fig. 8H).

At the third generation of primary cultured MEF, we
transfected GFP-LC3B to monitor autophagy flux. We

AUTOPHAGY 1685



Figure 5. ATG12 is a negative regulator of axonal development. (A) Example pictures of mouse primary cortical neurons transfected with AMAXA nucleofector with GFP or
constructs indicated. Neurons were fixed and stained for immunofluorescence with SMI312 and GFP antibodies at 3 DIV for measuring axon numbers. Scale bar: 20 mm.
(B) Example pictures of mouse primary cortical neurons transfected with Lipofectamine 2000 at 1 DIV with GFP or constructs as indicated. Scale bar: 20 mm. (C) Measure-
ments of axon numbers of each condition in (A). (D) Measurements of neuron polarity of each condition in (B). (E) Measurements of total axon length of each condition in
(B). A total 30 to 33 neurons from each condition were randomly selected and measured. Error bars are SEM. �P< 0.05, ��P< 0.01, ��� P< 0.001 (t test). (F) Images of cor-
onal brain sections of P8 mice electroporated at E14.5 with plasmids indicated. Scale bar: 1000 mm. (G) Magnification images of ipsilateral brain sections in (F). Scale bar:
100 mm. (H) Magnification images of contralateral brain sections in (F). Scale bar: 100 mm. (I) Measurements of axonal signal intensity in ipsilateral cortical plate layer 5 of
each condition in (G). (J) Measurements of axonal signal intensity in the contralateral cortical plate from layer 1 to white matter of each condition in (H). At least 4 litters
for each condition were measured. Error bars are SEM. ��� P < 0.001 (Student t test).
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co-overexpressed Mir505–3p mimics or a mixture of
Mir505–3p mimics and inhibitors, with either RPMC or CQ
stimulation. Consistently, the Mir505–3p mimics reduced
ATG12 puncta formation (Fig. S7A and B). Taken together,
these results suggest that Mir505–3p generally downregu-
lates autophagy by targeting ATG12 and impairing auto-
phagosome formation.

The amount of mitochondria was increased by Mir505–3p,
along with autophagy inhibition

In TEM images of cultured cortical neuron or cortices from
mir505 KO mice, we found a clear decrease of mitochondria
(Fig. 6A, B, G and H). We further found that Mir505–3p also
leads to alterations of mitochondria numbers in primary

Figure 6. Genetic deletion of Mir505–3p activates autophagy in the brain. (A) Example pictures and enlarged pictures of cortical neurons of each genotype. (B) Example
pictures and enlarged pictures of cortices of each genotype. Pseudo colors were applied to represent individual autophagosome (green circle, indicated by green capital
letter “A” with white arrow) and mitochondria (blue circle, indicated by blue capital letter “M” with black arrow). (C and D) Measurements of autophagosome sizes in the
unit area of cytoplasm in cortical neurons and cortex, respectively. (E and F) Measurements of autophagosome numbers in the unit area of cytoplasm in cortical neurons
and cortex, respectively. (G and H) Measurements of mitochondria numbers in the unit area of cytoplasm in cortical neurons and cortex, respectively. At least 4 litters
were measured for each condition. (I) Increase of ATG12, LC3B-II/-I and decrease of SQSTM1/p62 in mir505 KO mice. Immunoblotting was performed with the antibodies
as indicated. (J to L) Measurements of protein levels of ATG12, SQSTM1/p62 and LC3B-II/-I in (I). Error bars are SEM. ��P < 0.01, ��� P < 0.001 (Student t test).
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cultured MEF (Fig. 7A and D). Intriguingly, this trend shows
negative correlation with that of autophagosomes (Fig. 6A to
H; Fig. 7A to D). We further confirmed the TEM observations
by examination of ATG12, SQSTM1/p62, LC3B and MFN2
(mitofusin 2) proteins in MEFs with western blot (Fig. 8A to
G). Previously, it has been reported that STK11/LKB1 (serine/
threonine kinase 11)-NUAK (NUAK family, SNF1-like kinase,
1) immobilize mitochondria for axonal branching. The axonal

development is a high-energy-demanding process, which
requires that mitochondria are available throughout the neu-
ron, especially the axon, to provide a large amount of ATP.31

Thus, we hypothesized that upregulation of local Mir505–3p in
axons turns down the ATG12 autophagy signal that digests
substrate proteins and mitochondria, and then maintains mito-
chondria to promote axon specification, extension and branch-
ing (Fig. 8H).

Figure 7. Mir505–3p regulates autophagy by targeting Atg12. (A) Example pictures and enlarged pictures of MEF cells from TEM strategy. Cells were transfected with con-
structs as indicated. Two d after transfection, MEF cells were fed with various treatments as indicated, for 3 h followed by fixing with 2.5% glutaraldehyde in PBS. Pseudo
colors were applied to represent individual autophagosomes (green circle, indicated by green capital letter “A” with white arrow) and mitochondria (blue circle, indicated
by blue capital letter “M” with black arrow). (B) Measurements of autophagosome sizes in the unit area of cytoplasm in each condition, respectively. (C and D) Measure-
ments of autophagosome number and mitochondria numbers in the unit area of cytoplasm in each condition, respectively. Error bars are SEM. �P < 0.05, ��P < 0.01,
��� P < 0.001 (Student t test).
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Discussion

Neurons are binary cells with structural and functional differ-
ences between the somato-dendritic compartment and the
axon. Under in vitro conditions, dissociated cortical neurons
extend several neurites which are still indiscriminate before
growing asymmetrically, then a single nascent neurite experien-
ces rapid outgrowth and becomes the axon.42 During axon
specification and concomitant elongation, axonal branching
occurs. Disturbance of these processes is proven to cause

neurodevelopmental disorders such as autism spectrum disor-
ders.2 The developing axon undergoes organelle localization,
including drastic changes in cytoskeletal structure,43,44 and
membrane composition.45,46 These processes result from a bal-
ance between protein synthesis,47,48 and protein
degradation.49,50

It is well known that axons and nerve terminals contain
numerous microRNAs (miRNAs).51 miRNAs are short, non-
coding RNAs that act as translational regulators, affecting both
mRNA degradation and translational repression. Recent studies

Figure 8. Mir505–3p influences mitochondria numbers by inhibiting ATG12 and the autophagy pathway. (A to C) Immunoblotting was performed in the expression of the
Atg12 ORF, RPMC induction and CQ induction conditions with antibodies as indicated. (D to G) Measurements of protein levels of ATG12, SQSTM1/p62, LC3B-II/-I and
MFN2 in (A, B, C). (H) Schematic diagram of hypothetical regulatory mechanisms of the Mir505–3p-ATG12 axonal development pathway. Autophagosome formation con-
sists of 3 main steps: nucleation, expansion and maturation. ATG12 participates in the ATG12–ATG5-ATG16L1 complex which is required for autophagosome scaffold con-
struction. In a developing axon, downregulation of ATG12 by Mir505–3p results in decrease of the autophagy signal, which leads to an abundant storage of the local
axonal positive regulatory component and a greater supply of energy generated from mitochondria. Thus, the axonal specification, extension and branching are
promoted.
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have shown miRNAs to be involved in C. elegans axon specifi-
cation, X. laevis retinal axon pathfinding, and mouse axon
extension and branching during development.52,53 However,
the detailed mechanism of miRNAs in regulating axon develop-
ment remains to be determined.

Previously, Mir505–3p has been identified as an indicator of
tumor genesis and development. It is supposed to be one
among potential early diagnostic markers for cervical carcino-
genesis,54 a biomarker for local recurrence or distant metastasis
of synovial sarcoma,55 and a prognostic biomarker for breast
cancer.56 Besides, Mir505/Mir505–3p is proven to be a tumor
repressor. It inhibits cell proliferation by inducing apoptosis in
a drug-resistant breast cancer cell line MCF7-ADR.57 It regu-
lates the oncogene PSMD10 (proteasome [prosome, macro-
pain] 26S subunit, non-ATPase, 10) functional variant to
reduce gastric cancer risk58 and it partially affects senescence
and apoptosis by targeting SRSF1 under control of ZBTB7A/
LRF (zinc finger and BTB domain containing 7a) in a MEF cell
line.36 In addition, Mir505/Mir505–3p modulates angiogenic
processes by targeting FGF18 (fibroblast growth factor 18),
indicating thatMir505/Mir505–3p is a potential target for inter-
vention of hypertension.59 However, most studies about
Mir505/Mir505–3p focus on proliferation and apoptosis related
pathways and tumor related physiological events, whether
Mir505/Mir505–3p regulates potential target genes to mediate
other physiological effects is still elusive.

The first reported functional target protein of Mir505/
Mir505–3p in primary cultured MEF cells is SRSF1. SRSF1
is a prototypical serine/arginine-rich protein that modulates
both constitutive and alternative splicing of pre-mRNA.60,61

SRSF1 is also known as an oncoprotein, as it is frequently
overexpressed in tumors.62,63 It is reported that SRSF1 acti-
vates the MTOR pathway, phosphorylates RPS6KB1/S6K1
(ribosomal protein S6 kinase, polypeptide 1) and EIF4EBP1
(eukaryotic translation initiation factor 4E binding protein
1).64 As the MTOR pathway is responsible for axon out-
growth and regeneration, it is unavoidable to find out
whether SRSF1 is involved in promotion of axon growth
caused by Mir505–3p upregulation. Thus, we first tested
mRNA level of Srsf1 with qPCR and examined the protein
level of SRSF1 with immunoblotting in cortical neurons
overexpressing Mir505–3p. However, no difference was
observed in mRNA (Fig. 4C) and protein level (data not
shown). Then, we used RPMC, an inhibitor of MTOR, to
block the MTOR pathway to determine whether promotion
of axonal development caused by Mir505–3p was dependent
on this pathway. Surprisingly, compromising MTOR signal-
ing by RPMC did not suppress promotion of axonal devel-
opment caused by Mir505–3p, indicating that MTOR was
not directly involved in the signaling pathway (data not
shown).

In other previous studies, interfering autophagy by inhibit-
ing ATG7 with siRNAs leads to total axonal length increase but
has no effect on axon branching.65 In contrast, our observations
show that downregulating autophagy via targeting Atg12 by a
natural inhibitory molecule,Mir505–3p, promotes axon specifi-
cation, extension and branching. To illustrate this distinction,
there are 2 potential possibilities. First, the autophagy signaling
as well as essential constitutive components, including ATG12

and ATG7, are responsible for axon extension while perhaps
other Mir505–3p target genes still to be discovered, might
induce branching. Otherwise, ATG12 contributes the majority
of aspects of axonal development, exhibiting a total different
regulatory mechanism compared with ATG7.

The establishment of polarity and regulation of axonal
branching are critical for neuron to form neural circuitry in
the brain. Our finding of the novel action of Mir505–3p
and ATG12 provides a new direction for understanding the
roles of microRNAs and autophagy signal in neural
development.

Materials and methods

Plasmids and constructs

The Mir505–3p (or Mir505–5p and scrambled) siRNA
sequence was synthesized as oligonucleotide primers and man-
ually annealed. Primers are the following:

Mir505–3p oligo forward:
50-TGCTGCGTCAA-

CACTTGCTGGTTTTCTGTTTTGGCCACTGACTGACAGA
AAACCCAAGTGTTGACG-30

Mir505–3p oligo reverse:
50-CCTGCGTCAACACTTGGGTTTTCTGTCAGTCAGT

GGCCAAAACAGAAAACCAGCAAGTGTTGACGC-30
Mir505–5p oligo forward:
50-TGCTGGGGAGCCAGGAAGTATTGATGTTGTTTTG

GCCACTGACTGACAACATCAACTTCCTGGCTCCC-30
Mir505–5p oligo reverse:
50-CCTGGGGAGCCAGGAAGTTGATGTTGTCAGTCAG

TGGCCAAAACAACATCAATACTTCCTGGCTCCCC-30
Scrambled siRNA oligo forward:
50-TGCTGAAATGTACTGCGCGTGGAGACGTTTTGGC-

CACTGACTGACGTCTCCACGCAGTACATTT-30
Scrambled siRNA oligo reverse:
50-CCTGAAATGTACTGCGTGGAGACGTCAGTCAGTG

GCCAAAACGTCTCCACGCGCAGTACATTTC-30
The Mir505–3p (or Mir505–5p and scrambled siRNA)

sequence was inserted into FUGW (Addgene, 14883) to get
Mir505–3p (or Mir505–5p and scrambled siRNA) plasmid.
mmu-Mir505–3p mimics or inhibitors were purchased from
GenePharma.com (customized designed).Mir505–3p inhibitors
were 2-methylated-modified RNA oligos completely comple-
mentary to mmu-Mir505–3p and purified by high-performance
liquid chromatography. The seed match region in 30UTR of the
candidate target gene was amplified with NEST PCR primers
and then the NEST PCR product was diluted to 1:1000 to be
used as template for 30UTR region amplification. Primers are
as the following:

Atg12NEST forward: 50-TTGCTTATTCAGGGGACCTC -30
Atg12 NEST reverse: 50- TGGTTCACTCTTCCTGCTCA-30
Atg12 30UTR forward: 50-TAGGCGATCGCAGTTGGCAA

AAAGGCTTGAC -30
Atg12 30UTR reverse: 50- TTGCGGCCAGCGGCCCGCAA

GAACCAGAAATG-
-ACA -30
Map2k4 NEST forward: 50- TGCTGGTCAGAGAGACCT

CA-30
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Map2k4NESTreverse:50-GTAGGGAATTTGGCTGAGCA-30
Map2k4 30UTR forward: 50- TAGGCGATCGCACATATT-

CATGACGCGTGGA -30
Map2k4 30UTR reverse: 50- TTGCGGCCAGCGGCCTGCA

GAAGGCAATGTG-
-TCTC -30
Srsf1 NEST forward: 50- ATCTCGATCTCGAAGCCGTA-30
Srsf1NESTreverse:50-AAACATAAGAACTTCCCCCAAG-30
Srsf1 30UTR forward: 50- TAGGCGATCGCTTACTCCCCA

AGGAGAAGCA-30
Srsf1 30UTR reverse: 50- TTGCGGCCAGCGGCCCCAAAG

ACATGAGGGGA
ATG -30
Mecp2NESTforward:50-AGCACAGTCAGGTTGAAGACC-30
Mecp2 NEST reverse: 50- TTTCTCCTGCATCACACCTC -30
Mecp2 30UTR forward: 50- TAGGCGATCGCGGCCAGAA

GTAGCTTTGCAC -30
Mecp2 30UTR reverse: 50- GGCCGCTGGCCGCAATCCTT

CAGATTGGGAGTT
GG -30
Abl2 NEST forward: 50- GTGCAATCCAGCAGTGAAGA -30
Abl2 NEST reverse: 50- TGAACAGGGCATCACTAGCA -30
Abl2 30UTR forward: 50- TAGGCGATCGCCTACATGCT

CGGCTTTTGGT -30
Abl2 30UTR reverse: 50- GGCCGCTGGCCGCAAGCCACC

TCCACATGATTT
TT -30
Fmr1NEST forward: 50- AAATGGCAACAAACTGCACA -30
Fmr1 NEST reverse: 50-ACGGCTAACCTCCTTTGACA-30
Fmr1 30UTR forward: 50- TAGGCGATCGCTTGGTACC

TTGCACACATCA -30
Fmr1 30UTR reverse: 50- GGCCGCTGGCCGCAATTGCAT

CAACATCAATTTA
GCA -30
Rasa3NEST forward: 50- ACTACATCCGGCAGCAGTCT -30
Rasa3 NEST reverse: 50- CTGCGAGGGAACAGGTTTA -30
Rasa3 30UTR forward: 50- TAGGCGATCGCACTACATC

CGGCAGCAGTCT -30
Rasa3 30UTR reverse: 50- GGCCGCTGGCCGCAATTGGT

AGGACCCGTGTG
AAC -30
Nck2NEST forward: 50- GGGAGATGGTGGTGAGAAAA -30
Nck2NEST reverse: 50- GGAATGTGCCATCTCAAGACT -30
Nck2 30UTR forward: 50- TAGGCGATCGCAAAAGAG-

GAAGGTGGCAACA -30
Nck2 30UTR reverse: 50- GGCCGCTGGCCGCAAGTAGCT

CCCCTTCCCAAG
AG -30
Bcl11bNEST forward: 50- TGGCAAGATGGCTTCTCTTT -30
Bcl11b NEST reverse: 50- GTTTTCAAGGCACGCACAT -30
Bcl11b 30UTR forward: 50- TAGGCGATCGCCAAAGGAA

TCTCACCCGTTC -30
Bcl11b 30UTR reverse: 50- TTGCGGCCAGCGGCCTCTGG

GCCAAAGACAAGA-
-AT -30
The Atg12 ORF sequence was inserted into FUGW to get the

Atg12 ORF plasmid. The Atg12 ORF sequence was amplified
from the Atg12 full-length cDNA plasmid which was purchased
from OriGene.com (MG200886). Primers are as the following:

Atg12 ORF forward, 50-GGATCCATGTCGGAAGATTCA-
GAG-30; and reverse, 50- GAATTCTTCATT

TCTGGCTCATCC -30.

Antibodies

Antibodies used in this study were as follows: goat anti-GFP
(1:1000; Abcam, ab5450), rabbit anti-GFP (1:1000; Abcam,
ab6556); pan-axonal neurofilament SMI312 (Abcam, ab24574;
1:1000); MAPT/Tau (Cell Signaling Technology, 4019; 1:1000
for immunofluorescence); ATG12 (Cell Signaling Technology,
2011; 1:500 for immunoblotting and 1:50 for immunofluores-
cence); LC3 (Novusbio, NB100–2220; 1:3000); SQSTM1/p62
(Abcam, ab56416; 1:1000); MFN2/Mitofusin-2 (Cell Signaling
Technology, 11925; 1:1000); RBFOX3/NeuN (Abcam,
ab104225; 1:400); ACTB/b-Actin (Cell Signaling Technology,
8457; 1:3000) and GAPDH (Abcam, ab8245; 1:10,000). Anti-
bodies coupled to Alexa Fluor dyes (Thermo Fisher, goat anti-
rabbit, Alexa Fluor 488, A-11034, 1:1000; rabbit anti-goat,
Alexa Fluor 488, A-21222, 1:1000; goat anti-mouse Alexa Fluor
555, A32727, 1:1000; goat anti-rabbit Alexa Fluor 555, A-
21430, 1:1000) were used as secondary antibodies.

Primary cell culture and transfection

Cortical tissues of E14.5 C57BL/6 mice were obtained under
dissection. Tissue was minced and digested with 0.125% trypsin
(Thermo Fisher, 15090046) to generate dissociated neurons.66

Dissociated neurons were electroporated in the suspension sta-
tus with the AMAXA Nucleofector (AAD-1001S, Germany) in
6-well plates or lipofected with Lipofectamine 2000 in 12-well
plates. For AMAXA Nucleofector electroporation, we used the
AMAXA Mouse Neuron Nucleofector kit with Nucleofector
Solution buffer to resuspend the neurons and with the “mouse,
neuron, 0–005” program on the AMAXA nucleofector II
device, in which the neuron viability was over 80%. Optimal
condition was 3 £ 106 cells with 3 mg of plasmid for each elec-
troporation. For Lipofectamine 2000-mediated transfections,
we used a considerably small quantity of both plasmid and Lip-
ofectamine 2000 (0.1 mg plasmid with 0.1 ml Lipofectamine
2000 for 2 £ 105 cells in one well of the 12-well-plate) to avoid
toxic effects caused by Lipofectamine 2000. As a result, neuron
viability was as high as untransfected neurons. Cells were fed
with Neurobasal medium supplemented with 2% B27 (Life
Technology, 17504044) and fixed at 3–5 DIV for immunofluo-
rescence staining, or harvested at 3 DIV for immunoblotting,
or harvested at 5 or 6 DIV for quantitative real-time PCR assays
after Lentivirus infection. The lentivirus used in this study was
made with 108 or 109 viral genome/ml by Obio Technology
(Shanghai). Primary MEF cells were generated as previously
reported.67 Dissociated MEF cells were cultured for 2 passages
(one passage/day) in dishes to eliminate astrocytes and then
seeded in 8-well chambers with low density (104 cells/well).
MEF cells were fed with Dulbecco’s modified Eagle medium
supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin (Life Technology, 15140122). MEF cells were
transfected at 3 DIV, fed with the stimulation drugs and fixed
at 5 DIV for immunofluorescence staining.
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Quantitative real-time PCR

Total RNA was extracted from mouse cortical neurons
using phenol-chloroform method. We used DNaseI (Sigma,
AMPD1) to digest the remaining genomic DNA in the
extracted total RNA to avoid genomic DNA interference
with the cDNA amplification step. The cDNA was synthe-
sized by poly-dT primers from 1 mg of purified RNA by
iScript cDNA Synthesis Kit (Bio-Rad, 1708890EDU). Quan-
titative real-time PCR was performed with SYBR Premix
ExTaq (Takara, RR001B) and the Rotor-Gene Q apparatus
(QIAGEN, 9001685, Germany). Gapdh was used for nor-
malization to provide an internal control. For mature
miRNA testing, Mir16–1–5p was used for normalization.
Before specific reverse transcription, primers for Mir16–1–
5p were mixed with either Mir505–3p or Mir505–5p and
experienced a gradient annealing to form a stable stem-loop
structure. Data analysis was done by using the comparative
CT method in software by QIAGEN. Measurement of pre-
cursor and mature miRNA levels were conducted as
described previously.35

Primers used in quantitative real-time PCR assays were as
follows:

Atg12 forward: 50- AGTTGGCAAAAAGGCTTGAC-30
Atg12 reverse: 50- CGCAAGAACCAGAAATGACA-30
Map2k4 forward: 50- ACATATTCATGACGCGTGGA-30
Map2k4 reverse: 50- TGCAGAAGGCAATGTGTCTC-30
Srsf1 forward: 50- TTACTCCCCAAGGAGAAGCA-30
Srsf1 reverse: 50- CCAAAGACATGAGGGGAATG-30
Bcl11b forward: 50- CAAAGGAATCTCACCCGTTC-30
Bcl11b reverse: 50- TCTGGGCCAAAGACAAGAAT-30
Rasa3 forward: 50- ACTACATCCGGCAGCAGTCT-30
Rasa3 reverse: 50- TTGGTAGGACCCGTGTGAAC-30
Nck2 forward: 50- AAAAGAGGAAGGTGGCAACA-30
Nck2 reverse: 50- GTAGCTCCCCTTCCCAAGAG-30
Abl2 forward: 50- CTACATGCTCGGCTTTTGGT-30
Abl2 reverse: 50- GCCACCTCCACATGATTTTT-30
Fmr1 forward: 50- TTGGTACCTTGCACACATCA-30
Fmr1 reverse: 50- TTGCATCAACATCAATTTAGCA-30
Mecp2 forward: 50- GGCCAGAAGTAGCTTTGCAC-30
Mecp2 reverse: 50- TCCTTCAGATTGGGAGTTGG-30
Pre-Mir505 forward: 50-CGCGGGAGCCAGGAAGTAT-30
Pre-Mir505 reverse: 50- TGGCGGAGAAAACCAGCAAG-30
Mir505–3p RT: 50-GCGTCTCAACTGGTGTCGTGGAGTC

GGCAATTCAGTTG-
-AGACGCAGAAAACCAGC-30
Mir505–3p forward: 50- GCGAGCACCGTCAACACT -30
Mir505–3p reverse: 50- TGGTGTCGTGGAGTCGGC -30
Mir505–5p RT: 50- GTCGTATCCAGTGCAGGGTCCGA

GGTATTCGCACT
GGATACGACAACATC -30
Mir505–5p forward: 50- GCCCGGGAGCCAGGAAGTAT -30
Mir505–5p reverse: 50- CAGGGTCCGAGGTATTCGCAC -30
Mir16–1–5p RT:
Five0-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGC

ACTGGATAC
GACCGCCAA -30
Mir16–1–5p forward: 50- CGCGCTAGCAGCACGTAAAT -30
Mir16–1–5p reverse: 50- GTGCAGGGTCCGAGGT -30

Axon and minor neurite analysis

We defined the SMI312- and MAPT-positive process with
length above 5 times that of the average diameter of the soma
of a neuron as an axon. The remaining processes were defined
as minor neurites (Fig. S8F). The experiments for measuring
morphology of axons or minor neurites were measured, with
specimen identification blinded to the reader, as the following:
Briefly, 3 persons participated in this analysis. After transfec-
tion, samples were randomly labeled and recorded by person A
(Fig. S8A). Then, target neurons that were randomly selected
(Fig. S8B) were captured using a microscope (Nikon 80i,
MBA75020, Japan) by person B (Fig. S8C). For image captur-
ing, a 20 £ or 40 £ objective lens was used to image a whole
neuron with proper exposure time. The axon or minor neurite
morphology analysis was conducted by person C (Fig. S8D).
Last, data from each procedure matched to each other to gener-
ate the final data (Fig. S8E). The total length or branch number
of all processes was analyzed using Fiji software. All quantifica-
tions were tested with a Student t test and expressed as SEM.
Results were considered significant, if P < 0.05. At least 3 inde-
pendent experiments were performed.

In utero electroporation

E14.5 C57BL/6 mice were used for IUE according to previously
reported methods.68 Pregnant mice were anesthetized with
0.7% sodium pentobarbital (10 ml/kg). Uteruses were exposed
using an aseptic technique. FUGW empty plasmid, Mir505–3p-
FUGW plasmid and a mixture of Atg12 ORF plasmid with
Mir505–3p-FUGW plasmid (2 mg/ml) were injected by micro-
injection into the lateral ventricle of embryos, indicated by Fast
Green (2 mg/ml; Sigma, F7252). Electric pulses were produced
by a T830 electroporator (BTX Molecular Delivery Systems,
Holliston, MA, USA) and applied 5 repeats of 30 V for 50 ms
with an interval of 1 sec for each embryo. After perfusion,69

brains were selected under a fluorescent dissecting microscope
(Nikon 80i, MBA75020, Japan) and only those with EGFP
expression were maintained for further immunofluorescence
staining.

Luciferase assay

A »200-bp sequence including seed match region of candidate
target genes was inserted into the 30UTR of the Renilla lucifer-
ase reporter gene of the dual-luciferase vector psi-CHECK-2,
with a recombination reaction kit (Novoprotein.com, NR001).
The psi-CHECK-2 dual-luciferase kit was purchased from
Promega.com (E1910). This construct (0.3 mg) and Mir505–
3p-containing vector (0.7 mg) were cotransfected into human
embryonic kidney 293 cell in 12-well plate. Twenty-four h after
transfection, lysis buffer was used to harvest cells under cold
conditions. Luciferase activity was detected using the Berthold
Detection Systems Sirius (Germany).

Transmission electron microscopy assay

MEF cells were scratched and collected after fixing by 2.5%
glutaraldehyde in phosphate-buffered saline (PBS; Corning,
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R21–040-CV). Cells were centrifuged to the bottom of the tube
and then, the cells were embedded with agar. The agar was cut
into 1-mm3 size samples for further treatment with 1% osmic
acid in PBS and gradient dehydration with alcohol. The sample
was treated with a mixture of epoxypropane (Sinopharm
Chemical Reagent, 80059118) and resin (Electron Microscopy
Sciences, 14900), followed by embedding with pure resin. Then
the sample was sliced with a diamond tool bit. For the cortex
tissue sample, the P0 mouse was perfused with 1% glutaralde-
hyde and 4% paraformaldehyde in PBS. Then the cortex was
dissected and the sample was treated with the same strategy as
MEF cells. For cultured neurons, the neuron was seeded on
glass precoated with poly-D-lysine. Care was taken to ensure
that neurons were not scratched, to maintain natural morphol-
ogy of individual neurons. The glass where neurons were grown
was picked up with sharp ophthalmic forceps and put into 12-
well plates for further treatment. Target cells that were ran-
domly selected were captured with a transmission electron
microscope (Nippon Tekno, JEOL-1230, Japan).

CRISPR/Cas9-based mir505 knockout mouse

Two sgRNAs (sgRNA1: ccaggttagcgtcaacacttgct, sgRNA2:
acacttgctggttttctctctgg) were designed against the coding
sequence of the mouse Mir505 gene (Fig. 3A). The regions
including the sgRNAs directing sites were amplified by primers
(Genotyping-F: ACAAACAGAATCCACGAACTTG, Geno-
typing-R: CGGTAGTAAATTGATGCAC CCA), to distinguish
Mir505–3p-deletion mice from hetero-deletion and wild-type
littermates, and were amplified by primers (Seq-F: TAG-
GAGCA TGGGAGAGAGGAGATGC, Seq-R: GGCTTCTAC
TCCCTGGTGATCTACAGG) for sequencing. Both 2 sgRNAs
were injected into mouse zygotes. We excluded off-target effect
of the mir505 KO mice from CRISPR/Cas9 system. First, we per-
formed bioinformatic analysis with Off-Spotter system70 and
classified the potential off-target genes into 3 categories (see
Table S2), including the potential off-target site in the intron, in
the UTR of the exon and in the coding region of the exon.
Then, we focused on the genes containing off-target sites in their
coding region. We designed primers to amplify the proximal
region of off-target sites followed by sequencing (see Table S2
and Fig. S5A and B). We examined these sites in all the 3
founder mice (numbered as #12, #17 and #19), using WT mice
as control. Indeed, no sequence alterations of these sites were
observed in all founders. Thus, no off-target effects were detected
in the mir505 KO mice. The predicted off-targets genes and spe-
cific amplification primers are described in Table S2.

Statistical methods

Student t test was used in this study, as indicated in the figure
legends. �P < 0.05, ��P < 0.01, ���P < 0.001, ����P < 0.0001.

Abbreviations

30UTR 3 prime untranslated region
Abl2 v-abl Abelson murine leukemia viral onco-

gene 2 (arg, Abelson-related gene)
Atg autophagy related

Bcl11b B cell leukemia/lymphoma 11B
Cas9 CRISPR-associated system
CQ chloroquine
CRISPR clustered regularly interspaced short palin-

dromic repeats
DIV day in vitro
E14.5 embryonic d 14.5
Fmr1 fragile X mental retardation syndrome 1
GAPDH glyceraldehyde-3-phosphate

dehydrogenase
GFP green fluorescent protein
IUE in utero electroporation
KO knockout
MAP1lC3B/LC3B microtubule-associated protein 1 light chain

3 b
Map2k4 mitogen-activated protein kinase kinase 4
Mecp2 methyl CpG binding protein 2
MEF mouse embryonic fibroblast
miRNA microRNA
MTOR mechanistic target of rapamycin (serine/

threonine kinase)
Nck2 noncatalytic region of tyrosine kinase

adaptor protein 2
ORF open reading frame
P0 postnatal d 0
PBS phosphate-buffered saline
q-PCR quantitative polymerase chain reaction
Rasa3 RAS p21 protein activator 3
RPMC rapamycin
sgRNA small guide RNA
siRNA small interfering RNA
SQSTM1/p62 sequestosome1
Srsf1 serine/arginine-rich splicing factor 1
TAL total axonal length
TEM transmission electron microscopy
TMNL total minor neurite length
WT wild type
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