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Introduction

The cornea is a remarkable system in that it must protect the 
delicate understructures of the eye as well as maintain transpar-
ency for proper vision. These two functions are accomplished 
via an integrated system of an avascular and relatively acellular 
stroma, which forms the foundation for a stratified squamous 
epithelium that anchors the tear film (Lavker et al., 1991). By 
virtue of interfacing with the external environment, the corneal 
epithelium is in a steady state, constantly losing cells, which 
must be replaced in an orderly fashion (Lavker et al., 2004). 
Such self-renewing epithelia are, by definition, governed by 
stem cells; however, the corneal epithelium is unique because 
its stem cell population is preferentially located in the adja-
cent limbal epithelium (Schermer et al., 1986; Cotsarelis et al., 
1989). Consequently, the corneal epithelium is enriched in the 
progeny (transit-amplifying [TA] cells) of the limbal-derived 
epithelial stem cells (Lehrer et al., 1998). This physical sep-
aration between stem and TA cells makes the corneal/limbal 
epithelia an ideal model for studying the biological properties 
of these two proliferative populations (Zhou et al., 2006; Peng 
et al., 2015). As a result, a plethora of studies have been con-
ducted that help to define the limbal stem cell and its biological 

properties (Lavker et al., 2004; Schlötzer-Schrehardt and Kruse, 
2005; Stepp and Zieske, 2005; Davies and Di Girolamo, 2010; 
Li et al., 2014; Peng et al., 2015).

Autophagy is an essential means by which cells adapt to 
differing intrinsic and extrinsic cellular stress-related situations 
(Eskelinen and Saftig, 2009). Stem cells are long-lived and ca-
pable of self-renewal and quiescence (Lavker and Sun, 2000), 
properties requiring active elimination of unnecessary proteins 
and organelles that accumulate during stem cell homeostasis 
(Salemi et al., 2012; Phadwal et al., 2013). Most investigations 
into stem cells and autophagy have focused on either embry-
onic or adult hematopoietic, mesenchymal, or neuronal stem 
cells (Phadwal et al., 2013). Conspicuous by their absence are 
investigations directed at autophagy in the limbal epithelium, 
the site of corneal epithelial stem cells (Schermer et al., 1986; 
Cotsarelis et al., 1989). Equally remarkable is the scant atten-
tion that has been paid to autophagy in the corneal epithelium. 
The exceptions are recent studies in cultured human corneal ep-
ithelial cells demonstrating that lacritin, a tear-derived epithe-
lial mitogen (Sanghi et al., 2001), acetylates FOXO3 (Wang et 
al., 2013). Such acetylation results in a coupling with ATG101 
and the subsequent initiation of autophagy (Wang et al., 2013). 
Although the initiation of autophagy has been well studied in 
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a variety of systems, the late stages of autophagy have been 
relatively neglected (Chen and Yu, 2013).

Equally understudied in the limbal/corneal epithelia 
are events associated with macropinocytosis, the clathrin- 
independent endocytic process resulting in the formation of 
large (0.2 to 2 µm) macropinosomes (Lim and Gleeson, 2011; 
Maltese and Overmeyer, 2015). Macropinocytosis enables cells 
to nonselectively engulf and take up large volumes of fluid and 
membrane via the closure of plasma membrane protrusions 
(Lewis, 1931; Lim and Gleeson, 2011). Membrane ruffling 
with its associated remodeling of the cytoskeleton appears to be 
required for macropinocytosis, but not sufficient for macropi-
nosome formation (Araki et al., 1996; West et al., 2000). Once 
formed, macropinosomes undergo a maturation process and are 
either degraded via a late endosome/lysosome process or recy-
cled back to the plasma membrane (Lim and Gleeson, 2011). 
Precise signaling events are unclear, as is how components of 
macropinocytosis are coordinated; however, macropinocytosis 
is likely to be distinctive in different cell types (Lim and Glee-
son, 2011; Maltese and Overmeyer, 2015). Interestingly, one of 
the morphological features of dysregulation of macropinocyto-
sis is the appearance of large cytoplasmic vacuoles (Overmeyer 
et al., 2011; Maltese and Overmeyer, 2015).

A recently described, limbal epithelial–preferred miRNA 
family, miR-103/107, regulates and integrates limbal kerati-
nocyte cell cycle quiescence, proliferative capacity, and cell–
cell communication, processes that are intimately involved in 
stem cell maintenance (Peng et al., 2015). We now report that 
miR-103/107 not only regulate aspects of macropinocytosis 
and autophagy but serve to coordinate these two processes to 
maintain limbal epithelial homeostasis. Limbal keratinocytes 
deficient in this miRNA family rapidly develop large hollow 
vacuoles that originate, in part, from a dysregulation in mac-
ropinocytosis. We demonstrate that the loss of miR-103/107 
increases Src/Ras, which initiates vacuole formation through 
macropinocytosis. Such miRNA loss also up-regulates the Rab 
5 effector, ANK FY1, which is essential for macropinocytosis 
(Schnatwinkel et al., 2004). Once vacuoles are formed, their 
size continuously increases. Initiation of autophagosome for-
mation, lysosomal fusion, and pH are not compromised in these 
cells, suggesting a defect in vacuole clearance. Loss of miR-
103/107 increases dynamin phosphorylation (inactivation), 
which retards endocytic processes (Powell et al., 2000). This 
ultimately results in a failure of dynamin binding with vacuoles 
and a defect in end-stage autophagy. Collectively, our findings 
provide new insight into how macropinocytosis and autophagy 
are coordinately regulated in a stem cell–enriched epithelium.

Results

Loss of miR-103/107 induces formation of 
hollow vacuoles
It has been shown that after the knockdown of miR-103/107 
by antagomir treatment in primary human limbal keratino-
cytes (HLEKs) and in a human limbal-derived epithelial cell 
line (hTCEpi), cells rapidly separate from each other (Peng et 
al., 2015). This antagomir approach specifically silenced miR-
103/107 without affecting the expression of other corneal/lim-
bal-associated miRNAs such as miR-31, miR-184, and miR-205 
(Fig. S1 A; Peng et al., 2015). These cells are characterized by 
the presence of numerous, large vacuoles (Fig. 1 A) that increase 

in diameter with time (mean diameter 10–16 µm; Fig. 1 B). Ex-
amination of these cells by transmission electron microscopy 
(TEM) revealed that the large vacuoles were markedly devoid 
of cellular material and were enveloped by a single membrane. 
On the internal surface of the vesicle membrane, deposition of 
membranous material was frequently seen to be organized into 
small vesicles or myelin-like figures (Fig. 1 C). In contrast, con-
trol (antago-124–treated) HLEKs had few, if any, hollow vac-
uoles but did contain numerous lysosomes, lipid droplets, and 
autophagosomes, as indicated by double membranes (Fig. 1 C). 
TEM images showed that the vacuoles frequently appeared 
close to the nucleus; however, despite their large size relative to 
the cell, a compaction of organelles (e.g., mitochondria, Golgi, 
and rough ER) in the cytoplasm adjacent to the vacuoles was 
not observed (Figs. 1 C and S1 B). It should be noted that we 
did not see evidence of cell death as assessed by (a) lack of via-
bility; (b) light microscopic detection of fragmented cells or cell 
debris; and (c) ultrastructural evidence of necrosis, after 72 h of 
treatment with antago-103/107 (unpublished data).

To determine the nature of these vacuoles, we used im-
munostaining to localize several markers of lysosomes, auto-
phagosomes, and endosomes. Confocal microscopy showed a 
colocalization of LAMP1 (a lysosomal marker [Rohrer et al., 
1996]) and Lysotracker (an indicator of acidification [Freundt 
et al., 2007]; red color) on the vacuoles in the antago-103/107–
treated HLEKs (Fig. 2 A). To examine further the association of 
these markers with the vacuoles, superresolution structured illu-
mination microscopy (SIM) was conducted. The results clearly 
showed a colocalization of LAMP1 and Lysotracker with the 
vacuole (Fig. 2 B). Furthermore, line scan analysis (Fig. 2 B) 
indicated no other LAMP1/LysoTracker-positive structures 
within 1 µm surrounding the vacuole, which is consistent with 
the TEM observations showing no organelle compaction around 
the vacuoles (Figs. 1 C and S1 B). Vacuoles did not express 
the early endosomal marker EEA1 (Fig. 2 C). These vacuoles 
incorporated the macropinosome marker Lucifer yellow (Fig. 3, 
A and B). Collectively, these images suggest that loss of miR-
103/107 causes the accumulation of large vacuoles and impli-
cates macropinocytosis as a possible initiating mechanism.

Loss of miR-103/107 triggers 
dysregulation of macropinocytosis
To identify miRNA targets in an unbiased manner, we knocked 
down miR-103/107 in HLEKs using antagomirs and conducted 
mRNA profiling combined with bioinformatic analysis (Peng et 
al., 2015). In such an analysis, apoptosis, metabolic processes, 
and response to stress were major biological events predicted to 
be affected by miR-103/107 (Fig. S1 C). To begin to understand 
the mechanisms underlying the formation of the vacuoles, we 
used a pharmacological approach, whereby we cotreated HLEKs 
for 24 h with antago-103/107 and a variety of pharmacological 
inhibitors (Fig. S1 D; and Table S1). The presence of vacuoles 
after such treatment was used as an indicator of efficacy. In 
general, inhibitors of apoptosis (e.g., Z-VAD-FMK [caspase] 
and EUK134 [ROS]) failed to block vacuole formation (Fig. 
S1 E). The most dramatic blockage (>95%) of the vacuoles 
was observed after treatment of either HLEKs or hTCEpi cells 
with amiloride (Fig. 3, C and D) and its derivative, 5-(N-ethyl- 
N-isopropyl)amiloride (EIPA; Fig. 3 E), which uniquely inhib-
its macropinosome formation (Koivusalo et al., 2010). Src and 
Ras are involved in the induction of macropinocytosis (Lim and 
Gleeson, 2011; Maltese and Overmeyer, 2015). Therefore, it is 
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not surprising that loss of miR-103/107 activates Src and Ras 
(Fig.  3, F and G), and inhibitors of the Src and Ras families 
(i.e., PP2 or manumycin) strongly blocked vacuole formation 
(Fig. 3, H and I). Using a genetic approach, we demonstrated 
that knockdown of Src or Ras also blocked vacuole formation 
(Fig. 3, J and K). Further evidence for the involvement of mac-
ropinocytosis in the formation of the vacuoles is that cotreat-
ment of HLEKs and hTCEpi cells with antago-103/107 and 
the Rac inhibitor NSC23766 or the Cdc42 inhibitor ZCL278 
blocked vacuole formation (Fig. S2, A and B). Knockdown of 
Rac1 and Cdc42 similarly blocked vacuole formation (Fig. S2, 
C and D). Rac1 and Cdc42 are required for optimal macropino-
cytosis, and amiloride abrogates their signaling, thus interfering 
with macropinocytosis (Koivusalo et al., 2010). To assess bio-
chemically whether antago-103/107 preferentially affect Rac1 
or Cdc42 activation, HLEKs were treated with antago-103/107, 
and the active forms of Rac1 and Cdc42 were pulled down and 
immunoblotted with Rac1- or Cdc42-specific antibodies (Fig. 
S2 E). Both Rac1 and Cdc42 were activated by antago-103/107 
(Fig. S2 E). This is strong evidence that macropinocytosis is an 
initiating factor in vacuole formation.

miR-103/107 family regulates 
macropinocytosis by targeting  
SHC3 and ANK FY1
SHC3 is an adaptor protein that is associated with activation of 
the RAS/MAPK signaling pathway (Li et al., 2007). SHC3 has 
a 3′ UTR seed sequence that binds to miR-103/107 (Fig. S2 
F), making it a putative target. Luciferase assays in combina-
tion with immunoblotting confirmed the target prediction (Fig. 
S2 G), as SHC3 protein was markedly diminished in HLEKs 
treated with miR-103/107 (Fig. 4 B). Conversely, treatment of 
HLEKs and hTCEpi with antago-103/107 clearly up-regulated 
SHC3 levels (Fig. 4 C). This is strong evidence that SHC3 is a 
target of miR-103/107.

ANK FY1 (also known as rabankyrin-5) is a novel 
Rab5 FYVE-finger effector that localizes to macropino-
somes and, together with Rab5, is required for macropi-
nocytosis (Schnatwinkel et al., 2004). Interestingly, ANK 
FY1 is a predicted target of miR-103/107, and this was con-
firmed by luciferase assays (Fig. S2, F and G). Overexpres-
sion of miR-103/107 in HLEKs significantly decreased ANK 
FY1 levels (Fig.  4  D), whereas knockdown of miR-103/107 

Figure 1. Loss of miR-103/107 results in vacuole formation. (A) Phase-contrast microscopy of primary HLEKs and hTCEpi cells 24 h after treatment 
with ir-antago, antago-103, or antago-107. Antago-103/107 treatment causes numerous large vacuoles (arrows). Bars, 20 µm. (B) Time course mea-
surements of vacuole diameter in HLEKs and hTCEpi cells after treatment with antago-103/107 mixture (n = 30 vacuoles/time point). (C) Representative 
TEM images of HLEKs and hTCEpi cells 24 h after treatment with ir-antago, antago-103, or antago-107. Representative high-magnification TEM images 
(bottom) show lipid droplets (L), lysosomes (Ly), and vacuoles (V). Note the deposition of membranous material on the inside of the vacuoles (arrows). 
N, nucleus. Bars, 5 µm.
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markedly increased ANK FY1 levels (Fig.  4  E). Consistent 
with the involvement of macropinocytosis in vacuole for-
mation, ANK FY1 was detected on the periphery of the large  
antago-103/107–induced vacuoles (Fig. 4 F).

Src activation is sufficient to trigger ruffling and mac-
ropinocytosis (Veithen et al., 1996; Mettlen et al., 2006). After 
treatment of HLEKs and hTCEpi cells with antago-103/107, a 
marked increase in the docking protein NEDD9 (O’Neill et al., 
2000) was observed (Peng et al., 2015). Subsequent analysis 
revealed that NEDD9 was a bona fide target of miR-103/107 
(Peng et al., 2015). To further confirm that miR-103/107 reg-
ulate macropinocytosis through NEDD9, SHC3, and ANK 
FY1, we knocked down these three proteins in antago-103/107–
treated HLEKs and showed that silencing of SHC3 and ANK 
FY1 rescued vacuole formation (Fig. 4, G and H). Knockdown 
of NEDD9 did not significantly alter the number of vacuoles 
(Fig. 4 G) but partially reduced Src activity (Fig. 4 H). This 
finding supports the interrelationship between NEDD9 and Src 
kinase (Bradbury et al., 2014; Peng et al., 2015) and further sug-
gests that miR-103/107 regulates Src activity through NEDD9 
as well as other genes. Nonetheless, our findings indicate that 
miR-103/107 regulate macropinocytosis, in part, at two stages. 
First, by targeting NEDD9 and SHC3, Src and Ras activation are 
attenuated and the initiation of macropinocytosis is regulated 
(Fig. 4 A). Second, by targeting ANK FY1, miR-103/107 also 
interfere with the formation of the macropinosome, which con-
tributes to the large vacuoles (Fig. 4 A).

Vacuoles are defective in digesting protein 
taken up via macropinocytosis
Macropinocytosis is known to supply amino acids into cells 
by the intracellular uptake of protein (Commisso et al., 2013; 
Palm et al., 2015). Our Lysotracker labeling data indicated 
that only the peripheral portion of the vacuole was acidic; the 
interior of the vacuoles was nonacidic. Therefore, we mon-
itored the proteolytic degradation status of these vacuoles. 
After loss of miR-103/107, FITC-BSA was used to detect 
whether the large vacuoles could internalize BSA (Fig. 5 A). 
To monitor whether the vacuoles were capable of proteolytic 
degradation of BSA, we used DQ-BSA, which generates red 
fluorescence by enzymatic cleavage (Ha et al., 2010; Com-
misso et al., 2013). Red fluorescence was not observed within 
the large vacuoles (Fig. 5 A), indicating a failure to generate 
amino acids from macropinocytosis of protein. To confirm this 
idea, we monitored intracellular glutamate levels after loss of 
miR-103/107. We observed a temporal decrease in glutamate 
levels in antago-103/107–treated HLEKs compared with ir-
relevant antago (ir-antago)–treated cells (Fig. 5 B). After the 
exogenous addition of BSA to the HLEKs, we observed an 
increase in glutamate levels in ir-antago–treated cells but not 
in antago-103/107–treated cells (Fig. 5 C). Although our find-
ings show uptake of proteins via macropinocytosis as well as 
an explanation for the mechanisms underlying the formation 
of the large vacuoles, they do not answer the question of why 
the large vacuoles are retained in the HLEKs and hTECpi cells.

Figure 2. Lysosomal markers are colocalized on vacuoles. (A) Double staining of antago-103/107–treated HLEKs at 24 h with LysoTracker Red (DND-99) 
and lysosomal-associated membrane protein 1 (LAMP1; green). Asterisk indicates a representative vacuole. Bar, 10 µm. (B) SIM image shows colocal-
ization of LAMP1 and Lysotracker on the vacuoles. Line scan analysis was conducted (dashed white lines). V, vacuoles. A.U., arbitrary unit. Bar, 5 µm.  
(C) HLEKs stained for intracellular EEA1 and LysoTracker Red (DND-99) 24 h after treatment with ir-antago or antago-103/107. Asterisk indicates a rep-
resentative vacuole. Pearson’s correlation coefficient analysis between LysoTracker Red (DND-99) and LAMP1 or EEA1 in ir-antago or antago-103/107 
HLEKs is shown in the bar graph (n = 12 cells for each). N.S., not statistically significant. Bar, 5 µm. All error bars represent SD.
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Figure 3. Loss of miR-103/107 induces macropinocytosis. (A) After treatment of HLEKs and hTCEpi cells, uptake of the fluid-phase marker, Lucifer Yellow, 
was noted in the antago-103/107–treated cells. Arrows indicate representative vacuoles in corresponding phase-contrast images (bottom). N, nucleus. 
Bars, 5 µm. (B) Fold change induction of Lucifer Yellow (LY)-positive vacuoles in HLEKs and hTCEpi cells. The levels of LY-positive vacuoles were calculated 
relative to the corresponding ir-antago–treated cells, and the data are expressed as fold increase under input control (ir-antago), which was assigned a 
value of 1. *, P < 0.01; **, P < 0.001. (C) Representative phase-contrast microscope images of HLEKs treated with ir-antago or antago-103/107 for 24 h 
with and without amiloride at the indicated concentrations. Bar, 20 µm. (D and E) Inhibitory effects of amiloride and its derivative EIPA on vacuole formation 
(number of vacuoles) were evaluated in HLEKs and hTCEpi cells. Amiloride (D) and EIPA (E) treatment at two indicated concentrations markedly inhibits the 
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Vacuoles have morphogenetic characteristics 
associated with autophagy
The morphology of the vacuoles formed in response to the 
loss of miR-103/107 as revealed by light microscopy and TEM 
(Fig.  1, A and C) was similar to that of lysosomal structures 
reported in a variety of autophagic situations (Caplan et al., 
2001; Martinet et al., 2007; Chen et al., 2011; Ling and Salva-
terra, 2011; Gukovskaya and Gukovsky, 2012; Juopperi et al., 
2012). Thus we investigated the possibility that the vacuoles 
were also associated with autophagy. Microtubule-associated 
protein light chain 3 (LC3) and its family members are retained 
inside autophagosomes, and thus LC3 is commonly used as 
a marker for identifying autophagosomes (Barth et al., 2010; 
Klionsky et al., 2012; Lamb et al., 2013; Phadwal et al., 2013). 
Immunostaining of antago-103/107–treated HLEKs with LC3 
and Lysotracker (a lysosomal marker) showed colocalization of 
these two markers around the large vacuoles (Fig. 6, A and C). 
Similar colocalization of Lysotracker and Rab11, a marker of 
autophagosome maturation (Chua et al., 2011), was observed 
on the large vacuoles (Fig.  6, B and C). Furthermore, super-
resolution SIM confirmed that LC3/Lysotracker (Fig. 6, D and 
F) and Rab11/Lysotracker (Fig. 6, E and G) were colocalized 
with the vacuoles. This suggests that miR-103/107 may be 
involved in autophagy.

Vacuoles represent a defect in end-
stage autophagy
We next turned our attention to where in the autophagic process 
miR-103/107 had the greatest effect. Bafilomycin A1 (BafA1) 
disrupts vesicular proton gradients (Yoshimori et al., 1991) and 
prevents the fusion of autophagosomes with lysosomes (Ya-
mamoto et al., 1998). This in turn inhibits autophagy. Thus we 
used this drug to establish whether vacuole accumulation oc-
curred during early or late stages of autophagy. After 1- or 24-h 
treatment of HLEKs with BafA1, we saw a marked reduction 
in antago-103/107–induced large vacuoles at both time points, 
indicating that the formation of such vacuoles is downstream of 
lysosome fusion and hence an end-stage event (Fig. 7 A and Fig. 
S3 A). TEM of ir-antago– and antago-103/107–treated HLEKs 
exposed to BafA1 revealed morphologically identical auto-
phagolysosomes, some of which contained mitochondrial rem-
nants typical of autophagy (Figs. 7 B and S3 B). There was no 
TEM evidence of large vacuoles in the antago-103/107–treated 
HLEKs exposed to BafA1 (Figs. 7 B and S3 B). Chloroquine 
concentrates in lysosomes and disrupts the function of lyso-
somal enzymes (Boya et al., 2003). Thus we used this drug to 
interrogate whether vacuole accumulation was an early- or late-
stage event. Similar to the BafA1 findings, a decrease in vac-
uoles was observed after exposure of antago-103/107–treated 
HLEKs to chloroquine (Fig. 7 C), which reinforces the idea that 
vacuoles are caused by a defect in end-stage autophagy.

Taking a genetic approach, we knocked down Beclin-1, 
which is one of the key proteins in the early stages of autoph-
agy (Klionsky et al., 2012), and observed a decrease in vac-
uolated cells on a background of antago-103/107 treatment 
(Fig. S3, C and D), confirming the involvement of autophagy 
in vacuole retention. Furthermore, knockdown of Beclin-1 re-
sulted in an overall decrease in LC3II in both ir-antago– and 
antago-103/107–treated HLEKs compared with the control 
shRNA-treated cells (Fig. S3 D). It should be noted that in the 
HLEKs treated with shRNA targeting Beclin-1 (shBeclin-1), 
loss of miR-103/107 still increased LC3II (Fig. S3 D), confirm-
ing that the presence of vacuoles is an end-stage event.

After treatment of HLEKs with antago-103/107, we 
did not observe a change in the levels of autophagy-related 
proteins Atg3, Atg5, Atg7, and Beclin-1 (Fig. S4 A), which 
are associated with early activation of autophagy (Klionsky 
et al., 2012; Lamb et al., 2013). Mechanistic target of rapa-
mycin (mTOR) signaling is not required for the initiation 
of autophagy but appears to be required for late-stage pro-
cesses such as recycling of protolysosomal membrane com-
ponents (Yu et al., 2010). We did not detect any changes in 
the mTOR signaling complex after treatment of HLEKs with 
antago-103/107 (Fig. S4 B).

Having established that the accumulation of vacuoles is 
a function of late-stage autophagy, we wanted to determine 
whether autophagy flux was altered after loss of miR-103/107. 
To accomplish this, we used two approaches. First, LC3 is 
commonly used to monitor autophagy, and LC3-II correlates 
with the number of autophagosomes (Mizushima et al., 2010; 
Klionsky et al., 2012). However, the amount of LC3-II alone 
does not indicate flux (Klionsky et al., 2012). Thus, compar-
ing LC3-II levels in the presence and absence of inhibitors 
of autophagosome–lysosome fusion (e.g., BafA1) is a good 
indicator of flux (Mizushima et al., 2010; Klionsky et al., 
2012). In the antago-103/107–treated HLEKs, the differences 
in LC3-II expression between vehicle and BafA1 treatments 
were less compared with the ir-antago treatment (Figs. 7 D 
and S3 E). This indicates that a smaller amount of LC3-II was 
delivered to lysosomes for degradation in antago-103/107–
treated cells and is strong evidence of autophagic flux inhi-
bition (Mizushima et al., 2010; Klionsky et al., 2012). This 
is consistent with the accumulation of vacuoles. Second, we 
monitored the levels of p62, because this protein binds to 
ubiquitinated proteins in the cytosol and directly interacts with 
LC3 that is bound to phagosomes (Bjørkøy et al., 2005). In 
HLEKs treated with antago-103/107, an increase in p62 levels 
was noted compared with ir-antago treatment (Fig. 7 E). p62 
accumulation is an accepted measure of defects in selective 
autophagy flux (Barth et al., 2010; Mizushima et al., 2010; 
Klionsky et al., 2012), which is consistent with our autophagy 
flux data (Figs. 7 D and S3 E).

number of vacuoles in antago-103/107–treated HLEKs and hTCEpi cells (vacuoles/cell; n = 50 cells). *, P < 0.01; **, P < 0.001. (F) Lysates of ir-antago–, 
antago-103–, or antago-107–treated HLEKs and hTCEpi cells were immunoblotted with anti-phospho-Src (Y416 and Y527) and total Src. Phosphorylation 
at Y416 (active) is elevated in antago-103/107–treated cells, whereas Y527 phosphorylation (inactive) is stable. Normalized levels of phospho-Src (Y416) 
to GAP DH are included. *, P < 0.01. (G) Pulldown assay was performed to detect active Ras (Ras-GTP) in HLEKs and hTCEpi cells treated with ir-antago, 
antago-103, or antago-107 for 24 h. Normalized levels of Ras-GTP to total levels are indicated. *, P < 0.01. (H and I) Ir-antago or antago-103/107 mix-
ture was simultaneously cotreated with PP2 (H) or manumycin A (I) at indicated concentrations for 24 h. Data are expressed as relative percentage under 
input control (antago-103/107 + vehicle control), which was assigned a value of 100 (n = 50 cells). *, P < 0.001. (J and K) The number of vacuoles/cell 
was determined in Src- or Kras-depleted HLEKs 48 h after treatment with antago-103/107 mixture (J; n = 50 cells), and protein lysates were subjected to 
immunoblotting with antibodies to Src, total Ras, and GAP DH (K). Normalized levels to GAP DH are included. *, P < 0.01. All error bars represent SD.
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miR-103/107 maintain dynamin function 
to ensure lysosome reformation (end-stage 
autophagy)
The dynamin/AP-2/clathrin machinery is known to play a key 
role in lysosome reformation as well as lysosome clearance 
(Powell et al., 2000; Chen and Yu, 2013). Consistent with this 
idea, AP-2 and clathrin were localized to the vacuoles (Fig. 8 B). 
Furthermore, after loss of miR-103/107, dynamin 1 was infre-
quently associated with the cell membrane (Fig. 8 C). This sug-
gests that miR-103/107 may regulate dynamin 1 localization to 
the membrane and thus affect lysosomal reformation. DAG and 
its primary target, PKC, regulate many biological processes via 

phosphorylation of substrates (Krishna and Zhong, 2013). In 
the context of lysosomal clearance and reformation, dynamin 1, 
a GTPase enzyme that functions in endocytosis and lysosomal 
reformation, is regulated by PKC (Fig. 8 A; Powell et al., 2000; 
Cousin and Robinson, 2001). Using a PKC inhibitor after an-
tago-103/107 treatment for 6 h increased the colocalization of 
dynamin 1 to the vacuole (Fig. 8 D). Extending treatment for 
12 and 24 h markedly reversed the number and size of vacuoles 
(Fig. 8, E–H). Phosphorylation blocks phospholipid binding by 
dynamin 1, effectively attenuating endocytosis (Powell et al., 
2000) and lysosomal reformation (Chen and Yu, 2013). Antag-
omir treatment increased (inactivated) phospho-dynamin levels 

Figure 4. miR-103/107 target NEDD9, SHC3, and ANK FY1 to regulate aspects of macropinocytosis. (A) Model of the signaling pathways involved in 
macropinocytosis that are regulated by miR-103/107. By targeting NEDD9 and SHC3, Src and Ras are partly regulated. Rac1/Cdc42 signaling down-
stream of active Src and Ras regulates macropinocytosis. Targeting Ankfy1 also contributes to the formation of macropinocytosis. (B) Immunoblotting of 
endogenous total Shc3 after overexpression of either pre-miR–negative control (N), pre-miR-103 (103), or pre-miR-107 (107) in HLEKs. Normalized expres-
sion to GAP DH is included. *, P < 0.01. (C) HLEKs and hTCEpi cells were treated with ir-antago, antago-103, or antago-107 for 24 h, and lysates were 
immunoblotted for Shc3. Normalized expression to GAP DH is included. *, P < 0.01. (D) Immunoblotting of Ankfy1 after transfection of pre-miR–negative 
control (N), pre-miR-103 (103), or pre-miR-107 (107) for 48 h in HLEKs. Normalized expression to GAP DH is included. *, P < 0.01. (E) HLEKs and hTCEpi 
cells were treated with ir-antago, antago-103, or antago-107 for 24 h, and lysates were immunoblotted for total Ankfy1. Normalized expression to GAP 
DH is included. *, P < 0.01. (F) Intracellular localization of Ankfy1 was assessed by confocal microscopy after treatment of HLEKs with either ir-antago or 
antago-103/107 mixture for 24 h. Arrows indicate representative Ankfy1-stained vacuoles. Pearson’s correlation coefficient analysis between LysoTracker 
Red (DND-99) and Ankfy1 in ir-antago or antago-103/107 HLEKs is shown in the bar graph (n = 20 cells for each). Bar, 10 µm. (G and H) The number 
of vacuoles/cell was determined in Nedd9-, Shc3-, or Ankfy1-depleted HLEKs 48 h after treatment with antago-103/107 mixture (G; n = 50 cells), and 
protein lysates were subjected to immunoblotting (pulldown for active Ras) with antibodies to Nedd9, p-src (Y416), Src, Shc3, Ras, Ankfy1, and GAP DH 
(H). Normalized levels to GAP DH are included. *, P < 0.01. All error bars represent SD.
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(Fig. 8 I). PKC is known to stabilize the cyclin-dependent kinase 
5 (CDK5) activator, CDK5R1, a known target of miR-103/107 
(Fig. 8 A; Moncini et al., 2011), and CDK5 is a well-known ki-
nase for dynamin (Fig. 8 A; Tomizawa et al., 2003). Antagomir 
treatment of HLEKs increased CDK5R1 levels (Fig. 8 J), and 
treatment with roscovitine (12 and 24 h), which inhibits CDK5, 
resulted in a decrease in the number and size of vacuoles com-
pared with vehicle (Fig. 8, G and H), as well as a decrease in 
phospho-dynamin levels (Fig. 8 K). Collectively, these observa-
tions strongly implicate the involvement of the PKC and CDK5 
signaling pathways in dynamin inactivation, which results in 
vacuole retention (Fig. 8 A). Although we observed a difference 
in the magnitude of vacuole rescue between these two pathways 
(Fig. 8 H), both contribute to vacuole formation. To further con-
firm the roles of CDK5 and PKCα in vacuole formation, we 
knocked down these two proteins and observed inhibition of 
vacuole formation (Fig. 8, L and M).

To understand how miR-103/107 regulate the PKC sig-
naling pathway, we identified two targets, phospholipase D1 
(PLD1) and PLD2 (Fig. 9, A and B; and Fig. S5), which are up-

stream regulators of PKC signaling (Krishna and Zhong, 2013; 
Fig. 8 A). Using a genetic approach, we showed that knockdown 
of PLD1 and PLD2 rescued vacuole formation (Fig. 9, C and D). 
Because PKC can be activated by either PLD or DAG (Krishna 
and Zhong, 2013), we tested whether PLD (VU0155069) and 
DAG synthesis inhibitors (D609 and propranolol) would af-
fect antago-103/107–induced vacuole formation. All inhibitors 
markedly diminished the PKC activity and vacuoles (Fig. 9, E 
and F), indicating that PLD1 and PLD2 are the main regulators 
of PKC activity by regulating DAG synthesis. PLD1 and PLD2 
are known to regulate PKC via up-regulation of phosphatidic 
acid (PA) and DAG (Fig. 8 A; Krishna and Zhong, 2013). We 
reasoned that up-regulation of PA, via a l-α-phosphatidic acid, 
should reverse the decrease in vacuole formation by PLD and 
DAG synthesis inhibitors (Fig. 9 G). Indeed, introduction of PA 
into antago-103/107–treated HLEKs and hTCEpi cells on the 
background of VU0155069 and D609 dramatically increased 
the formation of vacuoles (Fig. 9 G), which is strong evidence 
that miR-103/107 target PLD1 and PLD2, down-regulating PA 
and DAG synthesis and diminishing PKC activity (Fig. 8 A). 

Figure 5. Vacuoles are defective in digesting protein taken up via macropinocytosis. (A) Ir-antago or antago-103/107 mixture was simultaneously 
cotreated in HLEKs with FITC-BSA and DQ-BSA for the indicated times (h). Asterisks indicate no detection of DQ-BSA fluorescence emitted from inside of 
vacuoles. Bars, 10 µm. (B) HLEKs were treated with ir-antago or antago-103/107 mixture. After treatment for indicated times, cells were lysed and the 
intracellular level of glutamate was measured and normalized to total protein. The data are expressed as fold change under input control (ir-antago), which 
was assigned a value of 1. *, P < 0.01; **, P < 0.001. (C) Intracellular glutamate levels were measured in HLKEs after treatment with either ir-antago 
or antago-103/107 with and without BSA for indicated times. Elevated amounts of glutamate in the presence of BSA were calculated by subtracting the 
amount from each corresponding group (ir-antago or antago-107 without BSA). *, P < 0.01; **, P < 0.001. All error bars represent SD.
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Such attenuation of PKC activity dephosphorylates (activates) 
dynamin, enabling proper end-stage autophagy.

Disruption of autophagy affects 
keratinocyte proliferative capacity
The stem cell–enriched limbal epithelium preferentially ex-
presses miR-103/107, which play important roles in regulating 
several epithelial stem cell characteristics (Peng et al., 2015) in 
addition to ensuring proper end-stage autophagy. As a first test 
of this idea, we argued that because miR-103/107 are limbal 
epithelial preferred (Peng et al., 2015), this tissue should have 
increased LC3 staining compared with the corneal epithelium. 
We took advantage of mice that transgenically express GFP- 
labeled LC3 (He et al., 2012) and analyzed the limbal and cor-
neal epithelia. Limbal epithelial basal cells had significantly 
greater amounts of LC3-positive puncta than corneal epithe-
lial basal cells (Fig. 10 A), which is consistent with a role for 
miR-103/107 in autophagy.

Because the stem cell–enriched limbal epithelia evidenced 
more active autophagy, we asked whether autophagy would af-
fect keratinocyte proliferative capacity, a hallmark of epithelial 
stem cells (Potten and Loeffler, 1990; Lavker and Sun, 2000; 
Blanpain and Fuchs, 2009). The ability of keratinocytes to 
form holoclone colonies, which are considered to be stem cell 
derived and represent great growth potential (Barrandon and 

Green, 1987; Wei et al., 1997; Peng et al., 2015), is an accepted 
measure of proliferative capacity. We treated HLEKs with ei-
ther DMSO (vehicle control) or BafA1 (autophagy inhibitor) 
for 48  h and then assessed viability and the ability to form 
holoclone colonies. After 48-h treatment with BafA1, HLEKs 
did not display any difference in apoptosis compared with 
DMSO treatment (Fig. 10 C) and thus were considered viable. 
Treated and control HLEKs were seeded at clonal density (200 
cells/100-mm dish) and allowed to grow for 2 wk. Colonies 
were fixed, stained, and analyzed. Interestingly, DMSO-treated 
keratinocytes formed significantly more holoclone colonies 
than BafA1-treated cells (Fig. 10 B), indicating that blocking 
autophagy diminished keratinocyte proliferative capacity. Tak-
ing a genetic approach, we knocked down Beclin-1 and Atg7 in 
HLEKs transduced with empty vector (control) or miR-103 and 
tested the ability of these cells to form holoclone colonies. We 
consistently observed a decrease in holoclone colony-forming 
ability in miR-103–transduced cells deficient in Beclin-1 or Atg7 
compared with miR-103–transduced cells, supporting the idea 
that autophagy plays a positive role in proliferation (Fig. 10 D). 
To test further this idea, we stressed the corneal epithelium from 
Beclin-1–deficient mice by making a <1-mm-diameter central 
corneal epithelial wound and temporally monitored the prolif-
erative status of the reepithelializing tissue for 48 h. There was 
a significant decrease in the number of cells in S phase (BrdU+ 

Figure 6. LC3B and Rab11 are localized in vacuoles. (A) Representative confocal images of Lysotracker and LC3B staining. HLEKs cells were treated 
with either ir-antago or antago-103/107 mixture for 24 h. Asterisks indicate vacuoles. LC3B is localized in vacuole membranes (arrows). Bar, 5 µm. (B) 
HLEKs cells treated with either ir-antago or antago-103/107 mixture for 24 h were subjected to immunofluorescence staining with Lysotracker and Rab11 
antibodies. Representative confocal images show the localization of Rab11 in vacuole membranes (arrows). Asterisks indicate vacuoles. Bar, 5 µm. (C) The 
bar graph shows quantification of LC3B and Rab11 puncta on vacuole membrane in antago-103/107–treated HLEKs (n = 10 cells for each). (D–G) SIM 
images of LC3B/Lysotracker (D) and Rab11/Lysotracker (E). Line scan analysis (dashed white lines) shows the colocalization of LC3B/Lysotracker (F) and 
Rab11/Lysotracker (G) on the vacuoles. A.U., arbitrary units; DIC, differential interference contrast; V, vacuoles. Bars, 5 µm. All error bars represent SD.
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staining) of mitosis during the first 24  h, a time of maximal 
BrdU labeling after corneal epithelial wounding (Lavker et al., 
1998), in the Beclin-1–deficient mouse compared with litter-
mate controls (Fig.  10, E and F). Collectively, these findings 
indicate that autophagy plays a positive role in proliferation.

Discussion

Here we provide insight into the manner that two important 
cellular processes, macropinocytosis and autophagy, are coor-
dinately regulated by the miR-103/107 family in a stem cell–
enriched epithelium (Fig. 10 G). By targeting SHC3 and ANK 
FY1, miR-103/107 temper the initiation of macropinocytosis 
in limbal keratinocytes and prevent the formation of vacuoles 
(Fig. 10 G). We furnish evidence that under resting conditions, 

autophagy is greater in the limbal epithelium compared with 
the corneal epithelium. We show that vacuole accumulation 
is not a malfunction of the early stages of autophagy; rather, 
miR-103/107 ensure proper end-stage autophagy by positively 
regulating dynamin activation necessary for lysosomal reforma-
tion (Fig. 10 G). The biological consequence of a disruption in 
autophagy is a diminution in keratinocyte proliferative capacity, 
a feature of epithelial stem cells.

miRNAs, macropinocytosis, and autophagy
The vacuoles that form as a result of a loss of miR-103/107 
bear a striking resemblance to the extreme cytoplasmic vacu-
olization seen in cells after hyperstimulation of macropinocy-
tosis or defects in macropinosome recycling (Kitambi et al., 
2014; Maltese and Overmeyer, 2015). Furthermore, our finding 
that miR-103/107 target NEDD9 and SHC3, thereby blocking 

Figure 7. Vacuole accumulation is caused by a defect in late-stage autophagy. (A) Representative images of HLEKs simultaneously treated with ir-antago 
or antago-103/107 mixture with and without BafA1 for 24 h. Bar graph depicts the number of vacuoles/cell in antago-103/107–treated HLEKs and 
hTCEpi cells with and without BafA1 at indicated concentrations. n = 50 cells. *, P < 0.001. Bar, 20 µm. (B) Representative TEM images of HLEKs 
simultaneously treated with ir-antago or antago-103/107 with and without BafA1. Note the morphologically identical autophagolysosomes in the 
Baf1-treated cells (arrows). Bar, 2 µm. (C) Representative images of HLEKs simultaneously treated with ir-antago or antago-103/107 mixture with and 
without chloroquine for 24 h. Quantification of the number of vacuoles/cell (n = 50 cells) is shown in the right bar graph. *, P < 0.001. Bar, 20 µm. 
(D) Cell lysates from HLEKs treated with ir-antago or antago-103 with and without BafA1 (100 nM) were immunoblotted with antibodies against LC3B 
and GAP DH. *, P < 0.05. (E) Cell lysates from ir-antago or antago-103 HLEKs were immunoblotted with anti-p62. *, P < 0.05. N.S., not statistically 
significant. All error bars represent SD.
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Figure 8. Vacuole accumulation is due, in part, to dynamin 1 inactivation. (A) A model of dynamin inactivation by PKC and CDK5 signaling. By targeting 
PLD1 and PLD2, miR-103/107 regulates DAG synthesis, which activates PKC and inactivates dynamin function. PKC also stabilizes the miR-103/107 
target, CDK5R1, an activator of CDK5, resulting in the inactivation of dynamin. (B) Representative confocal images showing the localization of clathrin 
and β-adaptin (AP-2 subunit) to the vacuole membranes. Antago-103/107–treated HLEKs were double stained for clathrin (or β-adaptin, AP-2 subunit) 
and Lysotracker at 24 h. Arrows indicate vacuoles. The bar graph shows Pearson’s correlation coefficient analysis between Lysotracker and clathrin or 
β-adaptin in ir-antago– or antago-103/107–treated HLEKs (n = 20 cells for each). N.S., not statistically significant. Bars, 5 µm. (C) HLEKs treated with 
either ir-antago or antago-103/107 mixture for 24 h were stained with a dynamin 1 antibody and phalloidin. Representative confocal images showing 
less dynamin 1 localization to cell membranes in antago-103/107–treated cells than in ir-antago–treated cells (arrows). The bottom panels show dynamin 
1 and phalloidin staining in the indicated subregions. The bar graph shows quantification of dynamin 1 cell membrane–positive cells in ir-antago– or 
antago-103/107–treated HLEKs (n = 100 cells for each). Bars, 5 µm. (D) HLEKs were treated with antago-103/107 for 24 h to generate vacuoles and 
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activation of Src, Ras, and ultimately Rac1 signaling, provides 
new insights into the regulation of this signaling pathway that 
has been implicated in the triggering of macropinosome-in-
duced vacuolization (Maltese and Overmeyer, 2015). Such de-
fects in macropinocytosis are believed to result in nonapoptotic 
cell death (Kitambi et al., 2014; Maltese and Overmeyer, 2015). 
We demonstrate an induction of macropinocytosis by a loss of 
miRNAs, whereas overexpression of miR-199a-3p in a papil-
lary thyroid carcinoma cell line stimulated macropinocytosis 
with eventual cell death (Minna et al., 2014). The mechanisms 
underlying this cell death were not elucidated. Interestingly, cell 
death was not observed when miR-199a-3p was overexpressed 
in a nonneoplastic cell line (Minna et al., 2014), consistent with 
the idea that the function of a given miRNA is context and con-
dition dependent (Jens and Rajewsky, 2015). We did not detect 
evidence of cell death (e.g., detachment of cells or floating de-
bris, morphologically by TEM analysis, or in viability assays) 
in HLEKs, hTCEpi cells, or HEKs treated with antagomirs for 
72 h. This suggests that, at least in primary cultures of normal 
keratinocytes, macropinocytosis-induced vacuolization, by it-
self, is insufficient to trigger cell death, and perhaps tumor cells 
are more vulnerable to nonapoptotic cell death than normal 
cells (Maltese and Overmeyer, 2015).

Despite the fact that macropinocytosis was first de-
scribed in 1931 (Lewis, 1931), it is only in the past decade 
that advances in the molecular regulation of this process have 
been achieved (Lim and Gleeson, 2011; Maltese and Over-
meyer, 2015). Surprisingly little is known about how miRNAs 
are involved in this process. In a single study, miR-199a-3p 
was shown to induce hyperstimulated macropinocytosis 
when overexpressed in a papillary thyroid carcinoma cell line 
(Minna et al., 2014). In an in silico analysis of miR-199a-3p, 
target genes with known gene expression data from an in vitro 
papillary thyroid carcinoma model indicated that macropino-
cytosis signaling was one of the predicted pathways (Minna et 
al., 2014); however, the specific signaling pathways and direct 
targets regulated by miR-199a-3p–induced macropinocytosis 
were not elucidated. To our knowledge, the present study rep-
resents the first demonstration of how a specific signaling path-
way (Src/Ras) and its upstream targets (NEDD9 and SHC3) 
are regulated by an miRNA family (miR-103/107). Such Src/
Ras inhibition can attenuate the initiation of macropinocytosis 
(vacuoles) in primary epithelial cells. In addition, we are the 
first to show how miRNAs can regulate the formation of the 
macropinosome by targeting ANK FY1.

Most studies have focused on the early stages of auto-
phagy, because autophagy-related genes function in processes 
leading to the formation of autophagosomes, and consequently 

less is known about the late stages of autophagy (Chen and Yu, 
2013; Shen and Mizushima, 2014). Autophagic lysosome refor-
mation (ALR) is one of the events that characterize late-stage 
autophagy (Chen and Yu, 2013). Studies on ALR have been 
performed on the background of cells under serum and gluta-
mine starvation with mTOR reactivation correlating with the 
initiation of ALR (Yu et al., 2010; Chen and Yu, 2013; Shen and 
Mizushima, 2014). We did not observe changes in the mTOR 
intermediates after antago-103/107 treatment (Fig. S4 B), which 
suggests that initiation of this process is not compromised. We 
report that miR-103/107 function in late- or end-stage auto-
phagy by targeting (a) PLD1 and PLD2, which interfere with 
DAG/PKC signaling; and (b) CDK5R1, which regulates CDK5. 
Such targeting of PLD1/PLD2/DAG/PKC and CDK5R1/CDK5 
activates (dephosphorylates) dynamin, which enables vacuole 
clearance. This suggests the possibility that dysregulation and 
inactivity of dynamin activators independently regulate vacuole 
reformation. Consistent with these ideas, clathrin/AP-2 plays 
a role in ALR (Chen and Yu, 2013), suggesting a commonal-
ity between the ALR machinery and the role of miR-103/107 
in end-stage autophagy.

Not only do our findings represent one of the first ex-
amples of how miRNAs influence the end stage of autophagy 
(Fig.  8  A), they also suggest that by coordinately regulating 
aspects of macropinocytosis and autophagy, miR-103/107 link 
these two processes (Fig.  10  G). The only other connection 
between autophagy and macropinocytosis was the finding that 
autophagy-related proteins (LC3, ATG5, ATG7, and a class III 
phosphatidylinositol (3,4,5)-trisphosphate kinase) can be re-
cruited to both macropinosomes and phagosomes (Florey et al., 
2011). However, those authors suggested that macropinocytosis 
and autophagy are independent.

Macropinocytosis, autophagy, and the 
limbal epithelium
Our findings raise several interesting questions. First, why 
would the limbal (stem cell–enriched) epithelium need to atten-
uate macropinocytosis and not the adjacent corneal epithelium? 
The limbal epithelium is subtended by a loosely organized, 
highly vascularized, stroma (Wei et al., 1993), thus affording 
it ready access to nutrients. Conversely, the corneal epithelium 
rests on a highly organized, tightly packed, avascular, stroma 
(Wei et al., 1993) with limited access to nutrients. Because mac-
ropinocytosis is a means for cells to nonselectively ingest large 
amounts of extracellular fluid and nutrients (Lim and Gleeson, 
2011), the highly vascularized limbal stroma may negate the 
need for macropinocytosis, whereas this process might play a 
role in the corneal epithelium under normal and pathological 

exposed to the PKC inhibitor (Ro-32-0432) for another 6 h. Representative confocal images and a graph of the Lysotracker or dynamin 1 intensity profiles 
using ImageJ software indicate that PKC inhibition results in more dynamin 1 localization in vacuoles. Bar, 5 µm. (E) Representative phase-contrast micro-
graphs of HLEKs sequentially treated with ir-antago or antago-103/107 and Ro-32-0432. HLEKs were treated with either ir-antago or antago-103/107 
mixture for 24 h and exposed to the PKC inhibitor (Ro-32-0432) for another 24 h. Insets are images of HLEKs treated with vehicle (DMSO) after treatment 
with either ir-antago or antago-103/107. Bars, 20 µm. (F) HLEKs were treated with antago-103/107 for 24 h to generate vacuoles and exposed to the PKC 
inhibitor (Ro-32-0432) for another 6 h. Representative confocal images show vacuoles undergoing disruption (arrows). Bar, 5 µm. (G and H) HLEKs were 
treated with antago-103/107 for 24 h to generate vacuoles and exposed to the PKC (Ro-32-0432, Go6983, and Rottlerin) and cdk5 (roscovitine) inhibitors 
and chloroquine for 12 or 24 h. The size (G) and number (H) of vacuoles are presented in the bar graphs. (I) Cell lysates from ir-antago–, antago-103–, 
or antago-107–treated HLEKs were immunoblotted with antibodies against p-dynamin 1, dynamin 1, and GAP DH. *, P < 0.01. (J) Cell lysates from 
ir-antago–, antago-103–, or antago-107–treated HLEKs were immunoblotted with antibodies against CDK5R1 and GAP DH. *, P < 0.01. (K) Cell lysates 
from antago-103/107–treated HLEKs with roscovitine at different concentrations were immunoblotted with antibodies against p-dynamin 1 and GAP DH.  
*, P < 0.01. (L and M) The number of vacuoles/cell was determined in PKCα- or CDK5-depleted HLEKs 48 h after treatment with antago-103/107 mixture 
(L; n = 50 cells), and protein lysates were subjected to immunoblotting with antibodies to PKCα, CDK5, and GAP DH (M). Normalized levels to GAP DH are 
included. DIC, differential interference contrast. *, P < 0.01. All error bars represent SD.
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Figure 9. miR-103/107 modulate DAG synthesis to minimize vacuole accumulation. (A) Immunoblotting of PLD1 and PLD2 after overexpression of pre-
miR–negative control (N), pre-miR-103 (103), or pre-miR-107 (107) in HLEKs. Normalized expression to GAP DH is included. *, P < 0.01. (B) HLEKs and 
hTCEpi cells were treated with ir-antago, antago-103, or antago-107 for 24 h, and lysates were immunoblotted for PLD1 and PLD2. Normalized expres-
sion to GAP DH is included. *, P < 0.01. (C and D) The number of vacuoles/cell was determined in PLD1- and PLD2-depleted HLEKs 48 h after treatment 
with antago-103/107 mixture (C; n = 50 cells), and protein lysates were subjected to immunoblotting with antibodies to PLD1, PLD2, and GAP DH (D). 
Normalized levels to GAP DH are included. *, P < 0.01. (E) HLEKs cells simultaneously treated with ir-antago, antago-103, or antago-107 with and without 
a pharmacological inhibitor of PLD (VU0155069; 10 µM) and DAG synthesis inhibitors (D609 at 100 µM and propranolol at 100 µM) for 24 h. Active 
PKC was examined using PKC substrate microtiter plates. The data are expressed as fold change under input control (ir-antago + vehicle), which was 
assigned a value of 1. (F) Representative phase-contrast microscope images of hTCEpi cells treated with VU0155069 (10 µM), D609 (100 µM), and 
propranolol (100 µM) followed by treatment with antago-103/107 mixture. Bar, 20 µm. (G) Quantification of the number of vacuoles/cell is presented 
in the bar graphs. HLEKs and hTCEpi cells were treated with antago-103/107 mixture for 24 h, and cells were exposed to VU0155069 (10 µM), D609 
(100 µM), and propranolol (100 µM) for another 24 h. To compensate for the loss of PA after treatment of either VU0155069 or D609, l-α-phosphatidic 
acid (300 µM) was pretreated along with antago-103/107 mixture. N.S., not statistically significant. All error bars represent SD.
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circumstances. Additionally, the limbal epithelial basal layer is 
populated with stem cells (Schermer et al., 1986; Cotsarelis et 
al., 1989; Stepp and Zieske, 2005; Sun et al., 2010), which, by 
definition, are relatively quiescent (Potten and Loeffler, 1990), 
minimizing the need for large infusions of solutes and nutri-
ents via macropinocytosis.

Second, why does the limbal basal epithelium have more 
autophagy than the corneal basal epithelium? This most likely 
reflects the aforementioned fact that the corneal epithelial stem 
cells are preferentially located in the limbal epithelium (Scher-
mer et al., 1986; Cotsarelis et al., 1989). Our finding of sig-
nificantly more LC3 puncta in the resting limbal basal (stem 

Figure 10. Inhibition of autophagy negatively affects epithelial proliferative capacity. (A) Representative frozen sections of portions of the limbal (Lim) and 
corneal (Cor) epithelia from GFP-LC3 transgenic mice showing puncta (autophagosomes) localized primarily in limbal basal cells (arrows). Dotted lines out-
line the limbal and corneal basal layers. Quantification of the distribution of puncta is presented in the bar graphs. Bar, 2 µm. (B) Holoclone-forming assay 
of HLEKs as a function of treatment with BafA1. BafA1-treated keratinocytes gave rise to significantly fewer holoclones than the vehicle (DMSO) control. 
200 cells per plate were seeded for each treatment. (C) After the same treatment conditions, HLEKs cells were subjected to TUN EL and counterstained with 
DAPI. Bar, 20 µm. (D) Holoclone-forming assay in keratinocytes transduced with shBeclin-1 or shATG7 in the presence of miR-103 overexpression. Cells 
after transduction of pCDH or miR-103 lentiviral constructs were transduced with shRNA targeting Beclin-1 or ATG7. shBeclin-1 or shATG7 + miR-103–trans-
duced keratinocytes gave rise to significantly fewer holoclones than miR-103–transduced cells alone. 200 cells per plate were seeded for each treatment.  
n = 3; *, P < 0.05. (E and F) Central corneal epithelia of mice with allelic loss of the autophagy gene Beclin-1 (Beclin-1+/−), which have decreased Beclin-1 
protein expression and autophagy, were removed by application of a rotating diamond burr to the surface of the central cornea. Immunohistochemical 
analysis of BrdU in epithelia was conducted. Representative images 24 h after wounding epithelia were acquired (E), and the percentage of BrdU-labeled 
cells was counted (F). Note that BrdU labeling in Beclin-1+/+ mouse corneal epithelium showed a maximum increase at 24 h after wounding, whereas 
BrdU labeling in Beclin-1+/− was not induced at 24 h after wounding. n = 3; *, P < 0.05. Bar, 10 µm. (G) Schematic representation of how miR-103/107 
coordinately regulate aspects of both macropinocytosis and autophagy. Loss of miR-103/107 has two effects: (a) Such loss up-regulates macropinocyto-
sis via targeting NEDD9, SHC3, and ANK FY1, which collectively activates Src/Ras. This yields numerous vacuoles. (b) Such loss up-regulates PLD1 and 
PLD2, as well as CDK5R1, which inactivates dynamin 1, causing vacuole retention. Red, direct targets of miR-103/107; green, key factors; green arrows,  
up-regulation; Ly, lysosomes; m, mitochondria; Nu, nucleus; V, vacuoles. All error bars represent SD.
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cell–enriched) cells compared with corneal epithelial basal cells 
is indicative that autophagy is up-regulated in this tissue. This 
is consistent with studies in other tissues (e.g., human bone 
marrow mesenchymal stem cells, rat oocytes immediately after 
fertilization by spermatozoa, and mouse bone marrow stromal 
cells differentiating into osteoblasts) of a high level of con-
stitutive autophagy that decreases in more differentiated cells 
(Oliver et al., 2012; Guan et al., 2013). Unlimited self-renewal, 
quiescence, and differentiation into TA cells are hallmarks of 
stem cells (Potten and Loeffler, 1990). There is increasing ev-
idence that activation of autophagy is required for these pro-
cesses to properly function. For example, hematopoietic stem 
cells (HSCs) lacking certain autophagic genes are incapable of 
serial transplantation into compromised recipient mice, indicat-
ing that autophagy is required for self-renewal (Mortensen et 
al., 2011). We demonstrate that blocking autophagy in HLEKs 
markedly diminishes the ability of these cells to form holo-
clone (stem cell–derived) colonies (Fig.  10), suggesting that 
autophagy may function to maintain proliferative capacity. 
Furthermore, we show that in autophagy-deficient (Beclin-1+/−) 
mouse cornea, there is a significant delay in proliferation after 
wounding. This delay may be caused by a failure in limbal 
stem/progenitor cell activation. Consistent with this idea, HSCs 
lacking Atg7 display a marked loss of colony-forming ability 
(Mortensen et al., 2011). More recently, it has been shown that 
autophagy is induced in activated muscle stem or satellite cells, 
and that inhibition of autophagy blocks activation (e.g., BrdU 
incorporation) in these cells (Tang and Rando, 2014). Although 
autophagy is frequently associated with a decrease in prolifer-
ation (Ramírez-Valle et al., 2008; Wu et al., 2008; Chen et al., 
2013; Cianfanelli et al., 2015), several studies have shown that 
proliferation is enhanced or maintained by autophagy (Bell et 
al., 2008; Liu et al., 2014; Tang and Rando, 2014; Yazdankhah 
et al., 2014). With respect to cell fate commitment or differen-
tiation, in HSCs, mesenchymal stem cells, and neuronal stem 
cells, as well as HaCat cells, autophagy is generally believed to 
play a positive role (Aymard et al., 2011; Vessoni et al., 2012; 
Guan et al., 2013; Phadwal et al., 2013).

The preferential expression of the miR-103/107 family 
in the stem cell–enriched limbal epithelium makes perfect bi-
ological sense, as this family contributes to proper end-stage 
autophagy, a process essential for stem cell maintenance. Given 
the positive regulatory effects that this miRNA family has on 
other epithelial stem cell characteristics (e.g., cell proliferation, 
proliferative capacity, and cell–cell communication; Peng et al., 
2015), the present work reinforces the idea that miR-103/107 
are vital for homeostasis of epithelial stem cells.

Materials and methods

Cell culture, antagomir treatment, and transfection
Corneas were provided by Eversight. As previously described (Peng 
et al., 2015), primary HLEKs were isolated from cadaver donor cor-
neas and cultured in CnT-20 medium with supplements (CELLn-
TECH) using collagen IV–coated plates (BD). hTCEpi, which is the 
limbal-derived epithelial cell line, was cultured in Keratinocyte SFM 
medium (Invitrogen) at 0.15 mM CaCl2. Cells were transfected with 
50 nM miRNA mimics specifying miR-103 and miR-107 and nontar-
get control (GE Healthcare) as previously described (Yu et al., 2008). 
For lentiviral transduction, cells were incubated within lentiviral su-
pernatants (produced by the Northwestern University Skin Disease 

Research Center RNA/DNA Delivery Core Facility) for 6 h and then 
switched to fresh growth medium. For siRNA transfection, cells were 
transfected with 50 nM siRNA against Rac1, Cdc42, Src, Kras, Nedd9, 
Shc3, Ankfy1, PKCα, Cdk5, PLD1, PLD2, and nontarget control (GE 
Healthcare) as previously described (Yu et al., 2008). ON-TAR GET-
plus SMA RTpool (GE Healthcare) was used for Rac1 and Cdc42. The 
target sequences of other siRNAs were as follows: Src #1, 5′-CCA 
AGG GCC UCA ACG UGAA-3′; Src #2, 5′-GGG AGA ACC UCU AGG 
CACA-3′; Kras #1, 5′-GGA GGG CUU UCU UUG UGUA-3′; Kras #2, 
5′-GAA GUU AUG GAA UUC CUUU-3′; Nedd9 #1, 5′-CCU CUG GAC 
UGA UGC AGCA-3′; Nedd9 #2, 5′-CCA AGA ACA AGA GGU AUAU-
3′; Shc3 #1, 5′-GAA CAC AAA UUA CCA GGGA-3′; Shc3 #2, 5′-GAA 
GUU CUG CGC UCA AUGA-3′; Ankfy1 #1, 5′-GGU GUU AUG UCU 
CUA GUGA-3′; Ankfy1 #2, 5′-GUG CAA ACA ACU AGA UUUA-3′; 
PKCα #1, 5′-UAA GGA ACC ACA AGC AGUA-3′; PKCα #2, 5′-GAA 
GGG UUC UCG UAU GUCA-3′; Cdk5 #1, 5′-UAU AAG CCC UAU CCG 
AUGU-3′; Cdk5 #2, 5′-GGA UUC CCG UCC GCU GUUA-3′; PLD1 #1, 
5′-CAA CAG AGU UUC UUG AUAU-3′; PLD1 #2, 5′-GGU AAU CAG 
UGG AUA AAUU-3′; PLD2 #1, 5′-GGA CCG GCC UUU CGA AGAU-
3′; and PLD2 #2, 5′-CAG CAU GGC GGG ACU AUAU-3′. For antago-
mir treatment, HLEKs and hTCEpi cells were treated with 1,500 pg/ml 
of the following antagomirs from GE Healthcare: antago-103, mU(*)
mC(*)mA(*)mUmAmGmCmCmCmUmGmUmAmCmAmAmUmG-
mCmU(*)mG(*)mC(*)mU - Chol; antago-107, mU(*)mG(*)mA(*)mU 
mAmGmCmCmCmUmGmUmAmCmAmAmUmGmCmU(*)mG(*) 
mC(*)mU-Chol; and ir-antago, mG(*)mG(*)mC(*)mAmUmUmC-
mAmCmCmGmCmGmUmGmCmC(*)mU(*)mU(*)mA-Chol; where 
mN means 2’-O-methyl–modified oligonucleotide, (*) means a phos-
phorothioate linkage, and Chol means linked cholesterol.

Inhibitors
Pharmacological inhibitors used in this study are summarized in Fig. 
S1 and Table S1. HLEKs or hTCEpi cells were plated in a six-well 
plate. After overnight incubation, the cells were exposed to ir-antago, 
antago-103, or antago-107 (or mixture of antago-103 and antago-107) 
with and without an inhibitor. For the sequential treatment schedule, 
cells were treated with ir-antago, antago-103, or antago-107 for 24 h 
for the generation of vacuoles. After 24 h, each inhibitor was applied 
in cells. Amiloride, EIPA, roscovitine, manumycin A, Ro-32-0432, 
FAK inhibitor 14, NSC23766, EUK134, 8-bromo-cAMP, VU0155069, 
Go6983, Rottlerin, IBMX, and propranolol hydrochloride were ob-
tained from Santa Cruz Biotechnology, Inc.; O-tricyclo[5.2.1.0(2,6)]
dec-9-yl dithiocarbonate potassium salt (D609), l-α-phosphatidic 
acid sodium salt, and chloroquine were obtained from Sigma-Aldrich. 
BafA1 was from Cayman. PP2 was from EMD Millipore. ZCL278 was 
from Tocris Bioscience. SB203580 was from Cell Signaling Technol-
ogy. BI-D1870 was from Enzo Life Sciences. Z-VAD-FMK was from 
BD. For short-term treatment of BafA1, cells were pretreated with 
BafA1 for 1 h, then medium with BafA1 was removed and cells were 
incubated in fresh medium with antagomirs for 24 h.

Mice
Eyes of GFP-LC3 transgenic mice, which systemically express GFP 
fused to LC3 (Mizushima et al., 2004), were rapidly dissected out and 
embedded in optimal cutting temperature compound rapidly. 5-µm fro-
zen sections were fixed in 4% PFA at RT for 10 min. After three washes 
with PBS, the sections were mounted using HardSet Antifade Mount-
ing Medium with DAPI (VectaShield). Images were taken using a 100× 
objective in an epifluorescence microscope AxioVision Z1 (ZEI SS). 
DAPI was used to counterstain nuclei, and GFP punctas were counted. 
The Beclin-1+/− mouse has been described (Qu et al., 2003). Central 
corneal epithelia of Beclin-1+/− and Beclin-1+/+ mice were removed by 
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application of a rotating diamond burr to the surface of the central cor-
nea. The limbal epithelium remained intact. Tissues were embedded 
in paraffin blocks for immunohistochemical analysis of BrdU. Animal 
procedures were approved by the Northwestern University Animal 
Care and Use Committee.

Transmission electron microscopy
For TEM, cells were fixed in 2% paraformaldehyde and 2.5% glutar-
aldehyde in 0.1  M sodium cacodylate buffer and processed for thin 
sectioning as previously described (Lavker, 1979). Ultrathin sections 
were made with a Microtome UCT (Leica Biosystems), and grids were 
viewed with a FEI Tecnai Spirit G2 transmission electron microscope 
at 120 kV. The number of vacuoles was counted under bright-field light 
microscopy, and the size of vacuoles was measured in randomly se-
lected bright-field images using ImageJ.

Immunostaining and immunohistochemistry
Cells were fixed with 4% PFA at RT for 10 min. Slides were incu-
bated overnight with antibodies against LAMP1, EEA1, AP-2 (1:100; 
Santa Cruz Biotechnology, Inc.), LC3B, Rab11, clathrin, and dynamin 
1 (1:100; Cell Signaling Technology). After washing, slides were incu-
bated with Alexa Fluor–linked secondary IgG (Vector Laboratories). 
DAPI was used to counterstain nuclei (Peng et al., 2012, 2015). For il-
lustrating lysosomes and their pH, cells were incubated with 75 nM Ly-
soTracker red DND-99 (Invitrogen) for 20 min before being fixed with 
4% PFA for 10 min. To examine filamentous actin, coverslips were 
incubated for 2 h at RT with rhodamine-conjugated phalloidin (1:50; 
Sigma-Aldrich). For Lucifer Yellow uptake, HLEKs and hTCEpi cells 
were treated with ir-antago or antago-103/107 mixtures, incubated with 
warm medium containing 200 µg/ml Lucifer Yellow (Thermo Fisher 
Scientific) for 4 h, and washed three times with Dulbecco’s PBS. For 
BrdU immunohistochemistry to detect proliferation, antigen retrieval 
of the paraffin sections was performed at 70°C in formamide retrieval 
solution (1× SCC in formamide) for 1 h. After blocking in PBS con-
taining 0.01% BSA and 0.01% Tween-20, sections were incubated for 
30 min with BrdU monoclonal antibody (1:10; Developmental Studies 
Hybridoma Bank). Sections were incubated with the corresponding bi-
otinylated secondary antibody (1:200; Vector Laboratories) and then 
with HRP–streptavidin conjugate (Invitrogen). Signal was detected 
using the Zymed DAB Plus Substrate kit according to the manufac-
turer’s instructions. Sections were counterstained with hematoxylin 
to visualize morphology and mounted in Permount. TUN EL assay 
(In Situ Cell Death Detection kit; Roche) was conducted on the slides 
according to the manufacturer’s instructions by image analysis using 
AxioVision software (ZEI SS). DAPI was used to counterstain nuclei.

BSA uptake and glutamate assay
HLEKs were treated with either ir-antago or antago-103/107 in the 
presence of FITC-BSA (10 µg/ml; Sigma-Aldrich) and DQ-Red-BSA 
(10 µg/ml; Thermo Fisher Scientific). For the glutamate assay, HLEKs 
were treated with either ir-antago or antago-103/107 in the presence or 
absence of BSA (100 µg/ml; Sigma-Aldrich), lysates were extracted 
at each time point, and glutamate levels were measured using a colo-
rimetric glutamate assay kit (Sigma-Aldrich) according to the manu-
facturer’s instructions.

Microscope image acquisition
Phase-contrast images were taken using an AxioCam MR digital cam-
era mounted on an Axiovert 40CFL inverted light microscope (ZEI SS). 
The number of vacuoles per cell was counted under LD 20×/0.30 
PH1 Var 1 (ZEI SS) at RT. AxioVision software (ZEI SS) was used to 
acquire the images. The size of vacuoles was measured in randomly 

selected bright-field images using ImageJ. For immunohistochemistry, 
images were obtained using an AxioCam HR digital camera mounted 
on an Axioplan 2 bright-field microscope system with a Plan-Neofluar 
40×/0.75 objective (ZEI SS) at RT. AxioVision software was used to 
acquire and analyze the images. Fluorescent images were acquired 
using EC Plan-Neofluar 20×/0.5, EC Plan-Neofluar 40×/0.5, and Plan 
Apochromat 100×/1.4 Oil Ph.3 objectives on an epifluorescence micro-
scope system (AxioVision Z1; ZEI SS) fitted with a slide module (Apo-
tome; ZEI SS) and a digital camera (AxioCam MRm; ZEI SS) at RT. 
AxioVision software was used to acquire and analyze the images. Alexa 
Fluor 555 and 488 were used. For confocal microscopy, images were 
acquired using a laser-scanning confocal microscope imaging system 
(UV LSM 510 META; ZEI SS) with a Plan Apochromat 63 chroma/1.4 
oil-immersion objective at RT. LSM software (ZEI SS) was used to ac-
quire and analyze the images. Alexa Fluor 555 and 488 were used.

For superresolution microscopy, cells were imaged with SIM (N-
SIM; Nikon) equipped with multiple colors (405, 488, and 561) with 
an EM-CCD camera iXon3 DU-897E (Andor Technology) and a 100× 
apo 1.49-NA objective lens at RT. Image acquisition was performed 
with the 3D SIM mode, and image reconstruction was performed with 
the Nikon NIS Elements software package. Alexa Fluor 555 and 488 
were used. Western blot and colony formation assay images were ac-
quired with a desktop image scanner (Epson) at RT. 

PKC activity assay
HLEKs were treated with ir-antago, antago-103, or antago-107 with 
and without an inhibitor (VU0155069, D609, and propranolol). After 
24-h treatment, cells were lysed, and the level of PKC kinase activity 
was measured using a PKC kinase activity assay kit (Abcam) accord-
ing to the manufacturer’s instructions. Assays were performed in tripli-
cate; mean ± SD is shown.

Western blotting
We extracted cells with RIPA cell lysis buffer (50  mM Tris-HCl, 
pH 7.4, 150 mM NaCl, 0.25% deoxycholic acid, 1% NP-40, 1 mM 
EDTA, 1  mM phenylmethylsulfonyl fluoride, phosphatase inhibitor 
cocktail [Thermo Fisher Scientific], and protease inhibitor cocktail 
[Thermo Fisher Scientific]). 4–20% Tris-HCl gradient gels (Bio-Rad 
Laboratories) were used to separate proteins. After transferring to 
PVDF membranes, blots were blocked in 5% nonfat milk in TBS/
Tween 20 and incubated with antibodies overnight at 4°C (Peng et 
al., 2012). Blots were washed with TBS/Tween 20 and incubated with 
secondary antibodies conjugated with HRP for 1 h at RT. SuperSig-
nal West Dura extended-duration substrate (Thermo Fisher Scientific) 
was used for detecting HRP on immunoblots. The following antibod-
ies raised in rabbit were used: PKCα, CDK5, Rac1/Cdc42, Nedd9, 
p-src (Y416), p-src (Y527), src, p-mTOR (S2448), p-mTOR (S2481), 
mTOR, Raptor, p-Raptor, GβL, DEP TOR, LC3B, Atg3, Atg5, Atg7, 
Beclin-1, PLD1, PLD2, p35, dynamin 1 (Cell Signaling Technol-
ogy), and GAP DH (Santa Cruz Biotechnology, Inc.). The following 
antibodies raised in mouse were used: Ras, Ankfy1, SHC3, and p62 
(Santa Cruz Biotechnology, Inc.). The following antibody raised in 
goat was used: p-dynamin 1 (Santa Cruz Biotechnology, Inc.). Pull-
down assays of ras, rac1, and cdc42 were performed according to the 
suppliers’ instructions using active ras, rac1, and cdc42 detection kits 
(Cell Signaling Technology).

Luciferase reporter assay
The 3′ UTRs of targets, which were predicted by TargetScan, were 
amplified by PCR using human genomic DNA as a template and a 
LongAmp Taq DNA Polymerase (New England BioLabs, Inc.). PCR 
products were digested with XhoI (or AsiSI) and NotI, gel purified, 
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and ligated into the psiCHE CK-2 vector (Promega). Primer sequences 
used in this study were designed by Integrated DNA Technologies. 
Primer sequences were as follows: SHC3, sense 5′-ATA TGC GAT 
CGC ACC TGG AGT GGA CTA GAAT-3′ and antisense 5′-ATT AGC 
GGC CGC TAC TTT TCA CAA CAG CCT TTA TTGC-3′; ANK FY1, 
sense 5′-CTG CCT CGA GTC GTC ACT GCG GAC GTC TTC-3′ and 
antisense 5′-ATT AGC GGC CGC GTA GGC ACT TAA GTT TAT GGG 
AAA TTTC-3′; PLD1, sense 5′-CTG CCT CGA GGA GAT ATT CAT 
TGG CAG CTCA-3′ and antisense 5′-ATT AGC GGC CGC TTT TCA 
TTT CAT TAG CTC TCT CCTT-3′; and PLD2, sense 5′-CTG CCT CGA 
GTA GCA AGG AGG GCA TGAT-3′ and antisense 5′-ATT AGC GGC 
CGC AAC CTT TTC TAC ACC TTT ATT TAT GAA ATG-3′. Luciferase 
reporter assays were conducted as described previously (Peng et al., 
2012, 2015). Constructs were cotransfected with miR-control (nega-
tive control), miR-103, or miR-107 into cells using siRNA transfection 
reagent (RNAiMAX; Invitrogen). 24 h after transfection, cell lysates 
were used to measure both firefly and renilla luciferase activities using 
the Dual-Luciferase Reporter Assay System (Promega) according to 
the manufacturer’s instructions.

Colony formation assay
1,000 HLEKs were seeded in a 100-mm plate and cultured with mito-
mycin C–treated 3T3 feeder cells in FAD medium (DMEM/F12, 10% 
FCS, 5 µg/ml insulin, 0.18 mM adenine, 0.4 µg/ml hydrocortisone, 10 
ng/ml cholera toxin, 5 µg/ml triiodothyronine, 5 µg/ml human apo- 
transferrin, 4  mM glutamine, 50 IU/ml penicillin-streptomycin, and 
10 ng/ml epidermal growth factor; Peng et al., 2015). To test whether 
inhibition of autophagy can affect colony formation, keratinocytes were 
pretreated with 100 nM BafA1 or DMSO for 3 d.  To test whether 
autophagy is required for increased holoclone colony formation, the 
cells with miR-103 overexpression were lentivirally transduced with 
shRNAs targeting Beclin-1 and Atg7 for 3 d. Then cells were plated 
and incubated in FAD medium for 2 wk at 200 cells per plate. Colonies 
were visualized by staining with methanol/crystal violet. Colony size 
was measured using ImageJ.

Real-time quantitative PCR
HLEKs were treated with antago-103, antago-107, and ir-antago, and 
total cellular RNA was isolated and purified with an mRNeasy kit 
(QIA GEN). TaqMan miRNA assay (Applied Biosystems) was per-
formed according to the manufacturer’s instructions. Real-time quanti-
tative PCR was performed on a Roche LightCycler 96 System using the 
Roche FastStart Essential DNA Green Master according to the manu-
facturer’s instructions.

Statistical analysis
Unpaired t test and analysis of variance were used to determine statis-
tical significance. The data are shown as means ± SD. The differences 
were considered significant for p-values of <0.05. All experiments were 
replicated at least three times.

Online supplemental material
Fig. S1 shows antagomir specificity, TEM images of vacuoles, and 
pharmacological inhibitor screening in vacuole formation. Fig. S2 
shows that miR-103/107 regulate macropinocytosis via targeting of 
SHC3/Ras and Ankfy1. Fig. S3 shows that inhibition of autophagy 
induction rescues vacuole accumulation in antago-103/107–treated 
HLEKs. Fig. S4 shows that miR-103/107 regulate autophagy inde-
pendent of the mTOR pathway and genes that relate to induction of 
autophagy. Fig. S5 demonstrates that PLD1 and PLD2 are bona fide 
targets of miR-103/107. Table S1 summarizes the pharmacological in-
hibitors used in this study.
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