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cells via primary cilia-mediated SMAD2/3 signaling 
pathway
Myoung Sup Shima, Angela Dixona, April Nettesheima, 
Kristin M. Perkumasa, W. Daniel Stamera, Yang Sunb 

and Paloma B. Liton a

aDepartment of Ophthalmology, Duke Eye Center, Duke University, Durham, NC, USA; 
bDepartment of Ophthalmology, Stanford University School of Medicine, Palo Alto, CA, USA

ABSTRACT
The Schlemm’s canal (SC) is a circular, lymphatic-like vessel located at the 
limbus of the eye that participates in the regulation of aqueous humor drainage 
to control intraocular pressure (IOP). Circumferential flow of aqueous humor 
within the SC lumen generates shear stress, which regulates SC cell behaviour. 
Using biochemical analysis and real-time live cell imaging techniques, we have 
investigated the activation of autophagy in SC cells by shear stress. We report, 
for the first time, the primary cilium (PC)-dependent activation of autophagy in 
SC cells in response to shear stress. Moreover, we identified PC-dependent 
shear stress-induced autophagy to be positively regulated by phosphorylation 
of SMAD2 in its linker and C-terminal regions. Additionally, SMAD2/3 signaling 
was found to transcriptionally activate LC3B, ATG5 and ATG7 in SC cells. 
Intriguingly, concomitant to SMAD2-dependent activation of autophagy, we 
also report here the activation of mTOR pathway, a classical autophagy inhibi
tor, in SC cells by shear stress. mTOR activation was found to also be dependent 
on the PC. Moreover, pharmacological inhibition of class I PI3K increased 
phosphorylation of SMAD2 at the linker and activated autophagy. Together, 
our data indicates an interplay between PI3K and SMAD2/3 signaling pathways 
in the regulation of PC-dependent shear stress-induced autophagy in SC cells.

Abbreviation: ACTB: actin beta; AKT1/PKB: AKT serine/threonine kinase 1; ATG: 
autophagy-related; BSA: bovine serum albumin; B2M: beta-2 microgloblin; CH: 
chloral hydrate; CMS: cyclic mechanical stretch; CNT: control; DAPI: 4′,6-diami
dino-2-phenylindole; DC: deciliated; ECs; endothelial cells; ECM: extracellular 
matrix; GFP: green fluorescent protein; HBSS: Hanks balanced salt solution; 
HUVECs: human umbilical vein endothelial cells; IFT: intraflagellar transport; IOP: 
intraocular pressure; KTECs: kidney tubular and epithelial cells; MAP1LC3/LC3:  
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microtubule associated protein 1 light chain 3; NO: nitric oxide; NOS3/eNOS: nitric 
oxide synthase 3; PBS: phosphate-buffered saline; PC: primary cilium (or cilia); 
PI3K: phosphatidylinositol 3-kinase; PIK3C2A: phosphatidylinositol-4-phosphate 
3-kinase catalytic subunit type 2 alpha; PIP: phosphatidylinositol-phosphate; 
PKD2: polycystin 2 transient receptor cation channel; pSMAD2L: phosphorylated 
SMAD2 at linker region; pSMAD2/3C: phosphorylated SMAD2/3 at c-terminal 
regions; PVDF: polyvinylidene fluoride; RFP: red fluorescent protein; siCNT: 
Scrambled siRNA used as control; SC: Schlemm’s canal; SMAD: SMAD family 
member; SQSTM1/p62: sequestosome 1; TGF: transforming growth factor; TM: 
trabecular meshwork; tfLC3: tandem fluorescence LC3; TUBA4A: tubulin alpha 4a; 
WB: western blot.
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Introduction

The Schlemm’s canal (SC) is a circular, unique lymphatic-like vessel structure 
located in the anterior segment of the eye. The SC, together with the trabecular 
meshwork (TM) form the conventional outflow pathway, the main tissue regulat
ing intraocular pressure (IOP) [1]. IOP is defined as the fluid pressure inside the 
eye. Elevation in IOP leads to ocular hypertension (OHT) and predisposes to the 
development of glaucoma, the leading cause of permanent blindness world
wide. The TM/SC maintains homeostasis by draining aqueous humor (AH) from 
the interior eye into the systemic circulation. In the SC, the circumferential flow of 
AH inside the vessel exerts shear stress to the endothelial cells lining the inner 
wall. Shear stress is intensified with increasing IOP, with the collapse of SC lumen. 
Higher shear stress is also locally observed in the regions proximal to the collector 
channels, where AH exits the SC to join the systemic circulation [2-4]. SC cells 
respond to shear stress by rearranging the actin architecture [5] and production 
of nitric oxide (NO) [6]. NO has been shown to increase AH outflow and lower IOP 
in both mouse and human eyes, suggesting a role of shear stress-induced 
responses in maintaining IOP homeostasis [7,8].

Activation of autophagy (macroautophagy) in response to shear stress or 
fluid flow have been described in a number of cell types, including other 
endothelial cells (ECs) [9-23]. Autophagy is a catabolic process for degrada
tion or recycle of intracellular components, which is emerging as a critical 
cellular pathway to maintain cellular and tissue homeostasis [24,25]. In vas
cular ECs, shear stress induces autophagy together with an increase in NOS3/ 
eNOS (nitric oxide synthase 3) expression [23] and importantly, autophagy 
inhibition impaired the NO production in response to shear stress [23,26], 
suggesting that autophagy regulates NO production to maintain vascular 
tissue homeostasis. In addition, autophagy also functions as a regulator of the 
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antioxidant and anti-inflammatory homeostasis to protect vascular ECs in 
response to shear stress [21,27].

Prior studies conducted in our laboratory have reported the activation of 
autophagy in TM cells with mechanical stretch and have shown autophagy to 
be an important component of the physiological response regulating IOP 
homeostasis [28-31]. Furthermore, we identified the primary cilium (PC) as the 
mechanosensor, and a reciprocal activation between AKT-SMAD2/3 as the 
signaling pathway regulating stretch-induced autophagy in TM cells. Similar 
to our findings in stretched TM cells, the PC has been implicated in the 
activation of autophagy with shear stress [32-34]. The PC is a sensory orga
nelle that projects from the apical surface in most eukaryotic cells, which 
functions as a transducer of external chemical or mechanical stimuli, includ
ing fluid flow and fluid flow-induced shear stress [35,36], into an intracellular 
response. The PC membrane is enriched with receptors, ion channels and 
signaling components that coordinate a number of signal transduction path
ways. In kidney epithelial cells, PC-mediated autophagy is activated in 
response to fluid flow, mediated by Ca2+ influx generated by PKD2 (polysystin 
2, transient receptor cation channel) in the PC. [32,37]. Activation of autop
hagy was dependent on the mobilization of phosphatidylinositol-3 phos
phate (PI3P) to the basal body of the PC by PIK3C2A (phosphatidylinositol- 
4-phosphate 3-kinase catalytic subunit type 2 alpha), a class II PI3K [38]. PC- 
dependent autophagy has also been shown to trigger lipophagy to fuel 
mitochondria biogenesis in response to fluid flow-induced shear stress in 
proximal tubule kidney epithelial cells [33].

In this study, we investigated the activation of autophagy in response to 
shear stress in SC cells. We report here that autophagy is activated in response 
to shear stress, and it is regulated by PC-mediated SMAD2/3 signalling pathway 
in SC cells. We postulate that autophagy constitutes one of the physiological 
cellular mechanisms used by SC cells to regulate IOP by i.e increasing perme
ability to AH outflow. We further postulate that malfunction of autophagy, as 
reported in outflow pathway cells in glaucoma [39–41], could jeopardize such 
cellular mechanism, increasing resistance and contribute to IOP elevation.

Results

Autophagy is activated by shear stress in SC cells

Autophagy activation is a cellular response to mechanical stretch and high 
pressure in TM cells [28-31]. We wanted to examine whether SC cells also 
activate autophagy in response to shear stress. For this, we evaluated the 
expression levels of LC3 and SQSTM1 by western blot (WB) in primary cultures 
of human SC cells subjected to laminar flow (1 or 10 dyn/cm2 for 24 h). SC 
cells are predicted to experience a shear stress of ~1-28 dyn/cm2 based on the 
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proximity to the collector channels, with a time-average of 11 dyn/cm2 at 
elevated IOP [5]. As seen in Figure 1A, the protein levels of LC3-II and SQSTM1 
significantly increased by approximately 2-fold (p<0.05, n=6) upon flow 
application (10 dyn/cm2 for 24 h) to SC cells. A shear stress of 10 dyn/cm2 

was chosen hereafter since we previously showed that strength to induce NO 
production by SC cells and to lower outflow resistance [6]. Interestingly, 10 
dyn/cm2 shear stress did not significantly increase LC3-II levels in cultured 
primary human TM cells (Figure S1A).

To further investigate autophagy activation upon shear stress, we monitored 
autophagic flux by real time live cell imaging analysis, using the tandem 
fluorescence LC3 (tfLC3) reporter. For this, we transduced SC cell with 
a recombinant adenovirus expressing tfLC3 (AdtfLC3, [40]). At 72 h post- 
transduction, cells were subjected to shear stress (10 dyn/cm2), and GFP and 
RFP signals were traced up to 20 h using the CELENA® X realtime imaging 
system. Timelapse imaging analysis showed presence of autophagosomes 
(yellow puncta, white arrows) maturing into autolysosomes (red puncta, yellow 

Figure 1. Autophagy is activated by shear stress in human primary SC cells. (A) Western 
blot analysis for protein expression levels of LC3 and SQSTM1 in human SC cells 
subjected to different flow rates (1 or 10 dyn/cm2) for 24 h. Band densities were 
quantified by Image Lab™ touch software, normalized with ACTB and fold changes 
calculated and graphed. Max to min and mean values are shown in interleaved box and 
whiskers plot (n=6). *, p<0.05, (One-way ANOVA with Tukey’s post hoc test). (B-C) Live 
cell imaging of tfLC3- or RFP-SQSTM1-transduced human SC cells in the presence or 
absence of fluidic flow (0 or 10 dyn/cm2). Time-lapse live cell images were acquired with 
CELENA® X High Content Imaging System equipped with the ibidi stage top incubation 
system and processed by Fiji software. White arrowhead and yellow arrows represent 
autophagosome and autolysosomes, respectively (B). SQSTM1 aggregates and autop
hagic-like vacuole are indicated by white and yellow arrows, respectively (C). Scale bars: 
20 µm. Nu: nucleus.
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arrows) in cells under fluid flow (Figure 1B and Video S1), suggesting that 
autophagosome maturation was not affected by shear stress. Corroborating 
that, autophagy flux analysis using BafA1 showed higher LC3-II levels in 
stressed BafA1-treated cells, compared to non-treated ones (Figure S1B).

SQSTM1 is a well-known autophagy adaptor protein, which is degraded by 
autophagy and serve as a marker for autophagy flux [42]. SC cells were 
transduced with an adenovirus expressing RFP-SQSTM1 and RFP puncta 
was monitored real time following shear stress application (10 dyn/cm2). As 
shown in Figure 1C, video S2, RFP dots aggregated and accumulated in cells 
subjected to shear stress (white arrows in Figure 1C). Interestingly, the 
aggregated RFP dots were continuously removed by vacuole-like structures 
(yellow arrows in Figure 1C). Co-expression of GFP-LC3 and RFP-SQSTM1 
showed that those vacuoles represent autophagic vacuoles (Video S3). 
Together, these results clearly demonstrate that the increased LC3-II levels 
in SC cells under shear stress result from autophagy activation.

PC regulate shear stress-induced autophagy in SC cells

We recently showed that PC is a mechanosensor for cyclic mechanical stress 
(CMS)-induced autophagy in human TM cells [31]. PC has been reported to 
mediate shear stress-induced autophagy in kidney tubular epithelial cells [32]; 
therefore, we investigated whether PC also mediate shear stress-induced 
autophagy in SC cells. We first confirmed the presence of PC in SC cells 
since this has not been yet examined in the literature to date. PC was 
visualized by immunocytochemistry in fixed cells, using PC markers (acety
lated-TUBA4A and IFT88, Figure 2A), or by time-lapse live cell imaging using 
5HT6-mcherry, as previously described [31] (Figure 2B and Video S4). Both 
methodologies clearly demonstrate the presence of PC in SC cells. Under 
steady conditions, PC in SC cells showed to be highly dynamic, changing its 
size, shape and orientation, and connecting with PC with adjacent cells 
(Figure 2C, Video S5). PC dynamism increased in SC cells subjected to flow 
(1-10 dyn/cm2). PC were seen to reorganize, retract and branch (Figure 2D and 
Video S6). Interestingly, this type of remodeling of PC morphology has been 
reported to reflect changes in PC signaling [43,44].

Next, we investigated whether PC mediate shear stress-induced autop
hagy in SC cells. For this, we chemically removed PC by treating the cells with 
chloral hydrate (CH, 2 mM for 3 days), as conducted in our previous study [31]. 
CH treatment completely removed PC without affecting SC cell viability 
(Figure S2). Cells were then switched to fresh media to remove and prevent 
any potential effect of CH and subjected to shear stress (10 dyn/cm2) for 24 
h. Autophagy was evaluated by monitoring LC3-II expression levels in whole 
cell lysates by WB analysis. As shown in Figure 3A, deciliation significantly 
prevented the increase in LC3-II levels by shear stress in SC cells, compared to 
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their non-treated control (CNT vs deciliated: 2.36±0.58 vs 0.78 ±0.62, n=4, 
p<0.05). We additionally investigated the recruitment of ATG16L to the basal 
body of the PC, which is considered the hallmark for PC-dependent autop
hagy [45,46]. ATG16L was found at the basal body of the PC, co-localizing 
with γ-TUB under shear stress and control conditions (Figure 3B,C). Together 
these results strongly demonstrate that PC regulates autophagy activation in 
response to shear stress in SC cells.

Shear stress-induced autophagy in SC cells is not directly regulated by 
PKD2 or PIK3C2A

Ca2+ signalling regulated by PKD2 [32,37] and mobilization of PI3P by 
PIK3C2a [38] have been reported to regulate and activate PC-dependent 
autophagy upon exposure of kidney tubular epithelial cells (KTECs) to shear 
stress. Therefore, we first examined whether similar mechanism controls 

Figure 2. PC are present and respond to shear stress in SC cells. (A) Representative 
immunocytochemical analysis of PC in SC cells. Acetylated TUBA4A (red fluorescence) 
and IFT88 (green fluorescence) antibodies were used to identify the PC. DAPI was used 
to stain nuclei. Images were acquired with confocal microscope and processed by using 
Fiji software. BP and AP represent basal and apical process, respectively. (B) Time-lapse 
live cell imaging of PC in SC cells transfected with p5HT6–mCherry. Images were 
acquired with CELENA® X live cell imaging system and processed by using Fiji software. 
BP and AP are indicated by red and yellow arrows, respectively. Captured time (min: sec) 
is represented in upper left of each picture. (C) Live cell imaging of PC dynamics. Note 
that the two cells are connected by forming PC network and the PC is disappeared in 
certain cell stages. (D) Response of PC upon fluid flow. AP is indicated by red arrows. 
Arrowheads represent a vesicle containing 5HT6–mCherry. Captured time (min: sec) is 
represented in upper left of each picture. Scale bars: 10 µm.
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shear stress-induced autophagy in SC cells. As seen in Figure S3, mRNA 
(Figure S3A) and protein levels (Figure S3B) of PKD2 were significantly 
increased upon fluid flow; however, silencing PKD2 expression did not reduce 
the increase in LC3-II levels by shear stress (Figure S3B), indicating that PKD2- 
mediated Ca2+ influx is not responsible for the induction of autophagy in 
response to shear stress in SC cells. Similarly, in contrast to the findings in 
KTECs, we did not observe upregulation of PIK3C2A by shear stress (10 dyn/ 
cm2, 24 h) in SC cells (Figure S4). Moreover, PIK3C2A knockdown did not 
reduce the increase in LC3-II induced by shear stress (Figure S4). Together, 
these results suggest that SC cells use an alternative signalling pathway 
different from that used by KTECs.

Figure 3. PC regulate shear stress-induced autophagy in SC cells. (A) PC were disrupted 
by treating SC cells with 2 mM of CH for 3 days. CH was removed by switching to fresh 
media and SC cells were then subjected to shear stress (10 dyn/cm2) for 24 h. Protein 
levels of LC3-II, and acetylated TUBA4A (PC marker) were evaluated by WB. Band 
intensities were quantified by Image Lab™ touch software and normalized with ACTB. 
Data are shown as the mean ± S.D. (n=4). *, p<0.05; **, p<0.01 (Student’s t-test). CNT: 
control, DC: deciliated. (B) Representative immunostaining of ATG16L (red) with acety
lated TUBA4A (green, upper panels) and ɣ-tubulin (green, lower panels), a maker for the 
basal body of PC, in SC cells in the absence or presence of shear stress for 24 h. (C) 
Interactive 3D surface plot analysis visualizing the colocalization of ATG16L with ɣ- 
tubulin (white arrows).
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SMAD2 and AKT activity is regulated by PC in response to shear stress 
in SC cells

Our laboratory recently identified the reciprocal activation of AKT and 
SMAD2/3 to regulate PC-dependent CMS-induced autophagy in TM cells 
[31]. Shear stress has been shown to stimulate the phosphorylation of AKT 
in cultured human umbilical vein endothelial cells (HUVECs) [47]; therefore, 
we questioned whether a PC-regulated AKT-SMAD2/3 crosstalk could med
iate the activation of autophagy in response to shear stress in SC cells. 
First, we tested whether shear stress stimulates AKT and SMAD2/3 phos
phorylation in SC cells. For this, we applied shear stress (10 dyn/cm2) to SC 
cells and evaluated pAKT (S473) and pSMAD2/3 at C-terminal region 
(S465,467/S423,425; pSMAD2/3C) at early times post stress (1 or 3 h). As 
seen in Figure 4A, shear stress significantly increased both pAKT (8.18 ± 

Figure 4. SMAD2 and AKT activity is regulated by PC in response to shear stress in SC 
cells. (A) Effect of shear stress on SMAD2/3 and AKT. SC cells were subjected to shear 
stress (10 dyn/cm2) for 1 or 3 h. SMAD2/3 and AKT non-phosphorylated and phosphory
lated protein levels (pAKT, pSMAD2/3C, pSMAD2L) were evaluated by WB. pSMAD2L 
and C represent phosphorylation at the linker regions (S245, 250 and 255) and c-term
inal regions (S465,467) of SMAD2, respectively. Question mark represents additional 
unidentified upper bands detected by SMAD2/3 antibody in SC cells under shear stress. 
SMAD2 and AKT phosphorylated versus total protein ratio were calculated and repre
sented in the right panel. Data are shown as the mean ± S.D. (n =3). *, p<0.05; **, 
p<0.01; ***, p<0.001 (Two-way ANOVA with Tukey’s post hoc). (B) Effect of deciliation 
on SMAD2/3 and AKT non-phosphorylated and phosphorylated protein levels. PC was 
chemically disrupted in SC cells with 2 mM CH treatment for 3 days and subjected to 
shear stress (10 dyn/cm2) for 1 h. SMAD2/3 and AKT non-phosphorylated and phos
phorylated protein levels were evaluated by WB. Data are shown as the mean ± S.D. 
(n=3). *, p<0.05; ***, p<0.001 (Student’s t-test). CNT: control, DC: deciliated.
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3.53-fold, p<0.001, n=4) and pSMAD2C (4.80 ± 1.80-fold, p<0.01, n=3) 
levels at 1h, gradually decreasing afterwards. We additionally examined 
noncanonical phosphorylation of SMAD2 at the linker region (pSMAD2L) 
since phosphorylation at this site has been recently reported with shear 
stress in HUVECs [48]. In agreement, pSMAD2L levels were found to be 
significantly increased in stressed SC cells (4.86 ± 1.93-fold, p<0.001, n=3) 
and showed a similar decreasing pattern as pAKT and pSMAD2C (Figure 
4A). Intriguingly, we consistently found an additional upper band of 
SMAD2/3 (Figure 4A. question mark) whose apparent MW size is different 
from that of pSMAD2C and L, suggesting the possibility that shear stress 
might induce another yet non-identified posttranslational modification of 
SMAD2/3 in SC cells.

To test whether PC regulate the activity of AKT and/or SMAD2/3, we 
chemically removed PC, as described above, and examined the levels of 
pAKT, pSMAD2C, and pSMAD2L after shear stress (10 dyn/cm2, 1 h). As 
observed in Figure 4B, we found diminished absolute expression levels of 
pAKT, pSMAD2C and pSMAD2L (0.43 ± 0.18, 0.43 ± 0.13 and 0.55 ± 0.15-fold, 
respectively p<0.05, n=3), as well as those of the non-phosphorylated forms 
(AKT: 0.58 ± 0.01, p<0.001 and SMAD2/3:0.56 ± 0.16-fold, respectively, n=3). 
Interestingly, the upper band of SMAD2/3 also decreased by deciliation 
(question mark in SMAD2/3 WB image in Figure 4B). These results clearly 
demonstrate that PC regulates the AKT and SMAD2/3 signaling in response to 
shear stress.

SMAD2/3 directly regulates the PC-mediated autophagy in response to 
shear stress in SC cells

Next, we tested whether SMAD2/3 and AKT1 regulate PC-dependent 
shear stress-induced autophagy in SC cells. For this, we knocked down 
SMAD2/3 (Figure 5A,B) or AKT1 (Figure 5C) in SC cells using specific 
siRNAs and subjected the cells to shear stress (10 dyn/cm2) for 24 h; 
LC3 II levels were evaluated. SMAD2/3 knock-down significantly reduced 
the increase in LC3-II levels by shear stress (Figure 5A, siCNT-SS vs 
siSMAD2/3-SS; 1.79 ± 0.31 vs 1.41 ± 0.28-fold, p<0.05, n=6). However, in 
contrast to our findings in mechanically stretched TM cells, silencing 
SMAD2/3 did not affect pAKT/AKT ratio in SC cells, under control or 
shear stress conditions (Figure5B). Similarly, silencing AKT1 did not sig
nificantly alter pSMAD2L or SMAD2/3 expression in SC either (Figure 5C). 
Moreover, AKT1 knockdown had no effect on shear stress-induced LC3-II. 
Together, these results indicate that shear stress-induced autophagy is 
regulated by SMAD2/3 without direct crosstalk with AKT1.
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SMAD2/3 transcriptionally regulates LC3 in response to shear stress in 
SC cells

Phosphorylation of SMAD2/3C triggers nuclear localization of SMAD2/3, 
where it regulates the transcription of its target genes [49]. We investigated 
whether SMAD2/3 phosphorylation in response to shear stress regulates 
transcriptional activation of autophagy genes. To test this, we first examined 
whether shear stress stimulates SMAD2/3 nuclear localization in SC cells, 
using immunocytochemistry analysis. SC cells subjected to shear stress (10 
dyn/cm2, 1 h) were immunostained with pSMAD2/3C antibody and observed 
by confocal microscope. Higher overall immunoreactivity of pSMAD2/3 (red 
fluorescence) and nuclear localization of pSMAD2/3 (white arrows, Figure 6A) 
were found in the stressed cells (Figure 6A). Next, we quantified the transcrip
tional levels of LC3B, ATG5 and ATG7 in SC cells exposed to flow (1 or 10 dyn/ 
cm2, 24 h). As seen in Figure 6B, realtime PCR analysis revealed that shear 
stress (10 dyn/cm2) significantly increases the mRNA levels of LC3B, ATG5 and 
ATG7 (128 ± 14, 180 ± 63 and 222 ± 90%, p<0.01, 0.05 and 0.05, respectively, 
n=3). Moreover, these were reduced in cells with knockdown expression of 
SMAD2/3 (Figure 6C). As an aside, there was high variability in the expression 
levels of ATG5/7 in response to shear stress among different SC cell strains. 

Figure 5. SMAD2/3, not AKT1 directly participates the PC-mediated autophagy in 
response to shear stress in SC cells. (A) Effect of SMAD2/3 knockdown on shear stress- 
induced autophagy. (B) Effect of SMAD2/3 knockdown on AKT activation. (C) AKT1 
knockdown effect on LC3 and SMAD2/3 protein level. Protein expression levels were 
analysed by WB. Fold changes were calculated and represented at each section. Data are 
shown as the mean ± S.D. (n=3). *, p<0.05; **, p<0.01; ***, p<0.001; ns, not significant 
(One-way ANOVA with Tukey’s post hoc test).
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Changes in LC3B were more robust regardless the strain and it is only 
upregulated in shear stress conditions. Together, these results clearly indicate 
that SMAD2/3 activates transcription of LC3B.

Inhibition of PI3K/MTOR activates autophagy and increase pSMAD2L 
and C expression levels in SC cells

Class I PI3Ks has been reported to regulate pSMAD2L levels in flow-exposed 
human aortic endothelial cells [50]. Since our data showed changes in 
pSMAD2L levels with shear stress (Figure 4A), as well as in deciliated SC 
cells (Figure 4B), we questioned whether SMAD2/3 could regulate PC- 
dependent activation of autophagy under shear stress through the action 
of class I PI3Ks on pSMAD2L. First, we examined the effects of pharmacolo
gical inhibition of Class I PI3Ks on shear stress-induced activation of autop
hagy on SC cells. For this, SC cells transfected with the autophagosome 

Figure 6. SMAD2/3 regulates transcription of LC3 in response to shear stress in SC cells. 
(A) Immunocytochemistry analysis of pSMAD2/3C localization. One hour after shear 
stress (10 dyn/cm2), SC cells were immunostained with pSMAD2/3C (red fluorescence) 
and acetylated TUBA4A (green fluorescence) antibodies. DAPI was used to stain nuclei. 
Images were acquired with confocal microscope and processed by using Fiji software. 
The fluorescent signals stained with pSMAD2/3C in nucleus and cytosol are indicated by 
white and yellow arrows in inbox, respectively. (B) Quantitative real-time PCR analysis 
for examining expression levels of ATG genes in SC cells subjected to fluidic flow (1 or 10 
dyn/cm2) for 24 h. The mRNA expression level of LC3B, ATG5 and 7 were normalized by 
that of B2M. For calculating fold changes, the mRNA expressions of each gene in 
controls cells (0 dyn/cm2) were set to a value of 100%. Data are shown as interleaved 
box and whiskers plot (n =3). *, p<0.05; **, p<0.01 (One-way ANOVA with Tukey’s post 
hoc test). (C) SMAD2/3 knockdown effect on the mRNA level of the ATG genes in SC cells 
subjected to shear stress (10 dyn/cm2). Data are shown as interleaved box and whiskers 
plot (n =3). *, p<0.05; ***, p<0.001; ns, not significant (Student’s t-test).
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reporter GFP-LC3 were treated with PI-103, a dual class I PI3K and MTOR 
inhibitor (10 µM [51]). GFP fluorescence signal was monitored up to 24 h by 
time-lapse live cell imaging. GFP-LC3 puncta (Figure 7A, red arrows) together 
with autophagic vacuoles (Figure 7A, white arrows) were started to form 
within 1 or 2 h upon PI-103 treatment and the formations are continued up 
to 24 h. Furthermore, the GFP-LC3 puncta were dynamically recruited to and 
processed in the autophagic vacuoles (Figure 7A, inbox and Video S7), 
indicating autophagy activation by PI3K/MTOR in SC cells.

Next, we investigated SMAD2 phosphorylation in response to shear 
stress in SC cells in the presence of PI-103. SC cells were pre-treated for 
2 h with PI-103 (10 µM) and exposed to shear stress (10 dyn/cm2) for 1 
h. Levels of pSMAD2L and pSMAD2C were quantified by WB (Figure 7B). 
WB analysis showed a significant increase in the levels of pSMAD2L 
with PI-103 treatment in both static (1.90 ± 0.38, p<0.01, n=6) and 
shear stress conditions (CNT vs PI-103; 1.77 ± 0.62 vs 2.46 ± 1.05, 
p<0.05, n=6). Higher levels were also observed, although to a lesser 
degree, in pSMAD2C under both static (1.48 ± 0.33, p<0.01, n=6) and 
shear stress (CNT vs PI-103; 3.20 ± 1.60 vs 3.72 ± 1.65, p<0.05, n=6). No 
changes in total SMAD2 were observed with PI-103 treatment (Figure 
7B). Intriguingly, the unidentified upper band of SMAD2/3 induced by 

Figure 7. Class I PI3K inhibition triggers autophagy with increasing pSMAD2 L and 
C level in SC cells. (A) Autophagy activation induced by PI-103 treatment. SC cells 
expressing GFP-LC3 were treated with PI-103 (10 µM); cell morphology and GFP 
fluorescent signals were monitored for 24 h. LC3 puncta and autophagic vacuoles are 
indicated by red and white arrows, respectively. Captured time is represented in upper 
left of each picture. Scale bars: 10 µm. (B and C) Effect of PI-103 treatment on 
posttranslational modification of SMAD2 (B), AKT and mTOR signaling (C). ACTB was 
used for normalization. Data are shown as the mean ± S.D (n=3). *, p<0.05; **, p<0.01; 
ns, not significant (Student’s t-test).
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shear stress completely disappeared upon PI-103 treatment (Figure 7B, 
question mark). Confirming GFP-LC3 results, higher LC3-II levels were 
observed in PI-103- treated cells. Together, these results suggest that 
the activity of SMAD2, a key player mediating PC-dependent shear 
stress-induced autophagy, is regulated by PI3K-MTOR signaling pathway 
SC cells.

Shear stress activates MTOR signaling in SC mediated by PC

PI3K/AKT/MTOR is a well-known pathway regulating autophagy activa
tion. We wanted to investigate the status of mTOR signaling in SC cells 
under shear stress. For this, we monitored phosphorylation of the 
downstream effector of MTOR, pp70S6K (T389), in SC cells under 
shear stress (10 dyn/cm2) for 1 h (Figure 7C) or 24 h (Figure S5). WB 
analysis showed significantly higher levels of pp70S6K [1.40 ± 0.18, 
p<0.05, n=4] in stressed cells. mTOR activation was not affected by 
silencing SMAD2/3 or AKT1 expression (Fig. S5). However, phosphoryla
tion of p70S6K, as well as that of AKT was completely blocked upon PI- 
103 treatment (Figure 7C). In view of these results, we investigated 
whether PC mediates mTOR activation in response to flow. 
Phosphorylation of p70S6K (T389) and p70S6K levels were evaluated 
in deciliated SC cells exposed to shear stress (10 dyn/cm2, 24 h). As 
seen in Figure 8, PC disruption decreased the protein levels of pp70S6K 
(T389) and p70S6K with fluid flow. Together, our results indicate that 
PC regulates mTOR signaling in response to shear stress-induced fluid 
flow in SC cells

Figure 8. PC mediates mTOR activation in response to fluid flow. PC were disrupted by 
treating SC cells with 2 mM of CH for 3 days. CH was removed by switching to fresh 
media and SC cells were then subjected to shear stress (10 dyn/cm2) for 24 h. Protein 
levels of pp70S6K (T389) and p70S6K were evaluated by WB. Band intensities were 
quantified by Image Lab™ touch software and normalized with ACTB. Data are shown as 
the mean ± S.D. (n=3). **, p<0.01; ns, not significant (Student’s t-test).
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MTOR does not mediate pSMAD2L in SC cells with shear stress

As mentioned above, PI-103, is a dual class I PI3K and MTOR inhibitor. 
PI3K/mTORC2 has been reported to negatively regulate SMAD2/3 activ
ity by increasing the ubiquitin-mediated degradation of SMAD2/3 via 
modulating the phosphorylation status of SMAD2/3 at the linker region 
[60]. Since our data implicated PC in the regulation of mTOR signaling 
with shear stress, we questioned whether MTOR could mediated 
pSMAD2L. For this, we quantified by WB levels of pSMAD2L in SC 
under shear stress (10 dyn/cm2, 1 h) in the presence of the mTOR 
inhibitor rapamycin (1 µM). As seen in Figure 9, no significant effect 
on basal (1.29 ± 0.40-fold, ns, n=3) or stress-induced pSMAD2L levels 
(Vehicle: 5.24 ± 3.58; Rap: 7.18 ± 5.23-fold, ns, n=3) were observed with 
mTOR inhibition.

Discussion

In this study, we report for the first time the PC-dependent activation of 
autophagy in hybrid lymphatic/blood vasculature SC cells in response to 
flow-induced shear stress. Moreover, we identified phosphorylation of 
SMAD2 in its linker and c-terminal regions as a critical positive regulator of 
the event. SMAD2/3 signaling was also found to transcriptionally activate 
LC3B, ATG5 and ATG7. Concomitant to SMAD2-dependent activation of 
autophagy, we observed the PC-dependent activation of mTOR pathway in 

Figure 9. MTOR inhibition does not induce SMAD2 linker phosphorylation in SC cells. 
Western blot analysis showing protein expression levels of pSMAD2L in human SC cells 
treated and rapamycin. SC cells were treated with an MTOR inhibitor (rapamycin; 1 µM) 
and subjected to shear stress (10 dyn/cm2) for 1 h. Protein levels of pSMAD2L and 
pp70S6K were measured by western blot analysis. ACTB was used for normalization. 
Data are shown as the mean ± S.D (n=3). *, p<0.05; ns, not significant (Student’s t-test).
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SC cells by shear stress. Pharmacological inhibition of class I PI3K, but not of 
mTOR, activated autophagy and increased phosphorylation of SMAD2 at the 
linker. Together, this data indicates an interplay between PI3K and SMAD2/3 
signaling pathways regulating PC-dependent shear stress-induced autop
hagy in SC cells

Autophagy activation in response to fluid flow has been described in other 
cell types, in particular vascular ECs and KTECs [14,32,34,52-54]. In line with 
the findings in these cell types, we observed increased LC3-II levels in SC 
when subjected to physiological fluid flow forces. Time-lapse live imaging 
using tfLC3 also showed formation of autophagosomes and their transport to 
the perinuclear region maturing into autolysosomes. Similarly, RFP-SQSTM1 
puncta formation and their subsequent removal by GFP-LC3-labelled 
vacuoles were observed in SC cells under shear stress. Activation of autop
hagy with shear stress was prevented by chemically disrupting PC. Moreover, 
co-localization of ATG16L1 at the basal of the PC - a hallmark of PC- 
dependent autophagy - was observed. However, in our setting, ATG16L1 at 
the PC was also noticed in SC cells in the absence of applied fluid flow. 
ATG16L1 has been recently shown to participate in ciliogenesis by regulating 
the turnover of phosphoinositides at the PC [55]. In this regard, PC in SC cells 
were found to be highly dynamic, changing in size and forming physical 
contacts with PC from adjacent cells. Higher dynamism, including branching 
and retraction was observed under fluidic conditions. This type of phenom
enon has been described in some, but not all, cell types, and it is believed to 
reflect changes in PC signaling [43,44], suggesting that PC might sense the 
extracellular space not just as a passive antennae, but also through direct 
contact [56].

The signaling pathway regulating PC-dependent shear stress-induced 
autophagy in SC cells differed from that reported in KTECs [32,37]. First, our 
data showed the activation of AKT/mTOR pathway - a classical autophagy 
inhibitor - with fluid flow in SC cells. Interestingly, AKT/mTOR activation was 
found to also be mediated by PC; therefore, indicating that autophagy must 
occur in an mTOR-independent manner. Silencing of PKD2 or PIK3C2A, which 
have been implicated in PC-dependent autophagy in KTECs and PTEKECs, 
respectively, did not decrease fluid flow-induced LC3-II levels. In contrast, our 
data identified SMAD2/3 signaling as a critical component regulating shear 
stress-induced autophagy in SC cells. SMAD2/3 was previously reported by 
our group to participate in the activation of autophagy in TM cells in response 
to mechanical stretch [31]. Unlike in TM cells, in which stretch-induced 
activation of autophagy was regulated by a reciprocal cross-talk between 
AKT and non-canonical SMAD2/3, SMAD2/3 seems to directly regulate shear 
stress-induced autophagy in SCs, and no cross-talk between both pathways 
was observed.
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SMAD2/3, a generally known mediator for TGF-β signalling pathway, is com
posed of 3 common structures: N-terminal domain (MAD homology 1), the pro
line rich linker region and a carboxyterminal (MAD homology 2) [49,57]. 
Interestingly, flow-induced shear stress phosphorylated SMAD2 in both, its 
C-terminal and linker regions, which was dependent on the presence of PC. 
Phosphorylation at C-terminal is normally associated to canonical TGFβ signaling, 
occurring upon binding of TGF-β to TGFβ receptor-I. pSMAD2/3C enters the 
nucleus as a complex with SMAD4 and regulates transcriptional activation of its 
target genes [57,58]. SMAD2 linker phosphorylation has been reported to sup
press SMAD2/3 transcriptional activity by preventing its nuclear localization [59]. 
Also, high shear stress (25 dyn/cm2) prevented SMAD2/3 nuclear translocation 
through phosphorylation at the linker domain in HUVECs [48]. However, contrary 
to these reports, we observed immunoreactivity of SMAD2/3C in the nucleus of 
SC cells subjected to flow. This data supports emerging evidence suggesting that 
SMAD linker region phosphorylation not only is a modulator of canonical TGF-β, 
but it is also a signaling pathway on its own, activated by alternative signals other 
than TGF and driving the expression of different target genes [49]. Interestingly, 
unlike in mechanical stretch [31], shear stress promotes the SMAD2/3-mediated 
transcriptional activation of LC3B, as well as that of ATG5 and ATG7, although, 
ATG7 did not reach statistical significance due to the individual variation among 
the different primary cell strains. Whether this is regulated by phosphorylation at 
the linker region and/or C-terminal needs further investigation.

Our results identified inhibition of Class I PI3K as a critical upstream signal 
regulating pSMAD2/3 linker phosphorylation and autophagy activation in SC 
cells in response to shear stress. Class I PI3Ks has been also reported to 
regulate pSMAD2L levels in flow-exposed human aortic endothelial cells 
[50]. In addition to promoting pSMAD2/3 linker phosphorylation, Class 
I PI3K inhibition completely blocked AKT and mTOR activation with fluid 
flow. It is plausible, then that mTOR inhibition in PI103-treated cells contri
butes to the observed increased autophagy levels. Interestingly, PI3K/ 
mTORC2 has been reported to negatively regulate SMAD2/3 activity by 
increasing the ubiquitin-mediated degradation of SMAD2/3 via modulating 
the phosphorylation status of SMAD2/3 at the linker region [60]. Although no 
changes in pSMAD2L levels were observed in cells treated with rapamycin, 
we do not discount a similar cross-talk between PI3K and mTORC1. Very 
intriguingly, our data consistently showed an upper band immunoreacting 
with SMAD2/3 antibody in SC cells subjected to shear stress, which was not 
recognized by any of the antibodies targeting the phosphorylated forms. 
Moreover, this band disappeared in DC cells as well as in cells treated with 
PI103, suggesting that this SMAD2/3 posttranslational modification is also 
regulated by class I PI3K and/or mTOR. We speculate that this upper band 
represents polyubiquitinated SMAD2/3, targeting SMAD2/3 for degradation, 
as reported in [60]. That would certainly explain the lower levels of SMAD2/3 
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observed after longer shear stress application or in DC SC cells. We further 
postulate this can represent a molecular mechanism negatively regulating 
the activation of autophagy by SMAD2/3 in SC cells under fluid flow. An 
illustrative summary of our finding sis shown in Figure 10.

Figure 10. Illustrative summary of the key molecular events involved in flow-induced 
shear stress-induced autophagy in SC cells Flow-induced shear stress triggers PC- 
dependent activation of autophagy in SC cell, which is regulated by phosphorylation 
at the C-terminal and linker region of SMAD2/3. Class I PI3K acts was identified as 
a critical upstream signal, regulating the phosphorylation of SMAD2/3 linker and 
subsequent autophagy activation in response to shear stress. Activation of SMAD2/3 
signaling further induces the transcriptional upregulation of autophagy genes.
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Together, our data strongly demonstrate that flow-induced shear stress 
triggers PC-dependent activation of autophagy in SC cell, and that this is 
regulated by phosphorylation at the C-terminal and linker region of SMAD2/ 
3. Moreover, our results further suggest a role of class I PI3K in regulating 
SMAD2/3 phosphorylation. Future studies will be directed at elucidating the 
detailed molecular mechanisms by which PC controls SMAD2/3 for the reg
ulation of shear stress-induced autophagy and the physiological roles of PC- 
dependent flow-induced autophagy in SC cells and IOP homeostasis. 
Although still not investigated in SC cells, TM cells isolated from eyes with 
glaucoma showed constitutive activation of mTOR signaling and dysregu
lated basal and stress-induced autophagy [39]. Similar dysregulation of 
autophagy in SC cells in response to fluid flow might compromise the 
physiological response and promote or contribution to elevated IOP.

Materials and methods

Reagents

Chemicals and other materials were obtained from the following sources: 
Chloral hydrate (CH, C8383), PI-103 (528100), rapamycin (R8781-200UL, 
Sigma), DMSO (D2650), goat serum (G9023), HEPES (H0887), bovine serum 
albumin (BSA; A7906), Trion X100 (Tx1568-1), β-mecaptoethanol (M6250) 
from MilliporeSigma; phosphate-buffered saline (PBS,10X; Corning, 46-013- 
CM); Dulbecco’s modified eagle medium (DMEM; 11885084), 100 x penicillin– 
streptomycin (Pen/Strep; 15240062), fetal bovine serum (FBS; 10082147), 100 
x non-essential amino acids (11140050), gentamycin (15750060), Hank’s 
Balanced Salt Solution (HBSS; 14025092), Lipofectamine® RNAiMAX Reagent 
(13778075), DAPI (62248), Fluoromount-GTM (00-4958-02), super signal west 
femto chemiluminescent substrates (34096), SuperScript® First-strand kit 
(11904-018) from Thermo Fisher Scientific; ECL western blotting detection 
reagent (RPN2106) from GE Healthcare; 4x Laemmli sample buffer (161-0747), 
protein size marker (161-0373), protein assay dye reagent concentrate 
(5000006), Blotting-Grade Blocker non-fat dry milk (1706404), Tween 20 
(1706531) and polyvinylidene fluoride (PVDF) membrane for protein blotting 
(1620177), SsoFastTM EvaGreen® Supermix (172-5204) from Bio-Rad; RNeasy 
kit (74106) from Qiagen.

Isolation and maintenance of primary human SC cells

Primary human SC cells were isolated by using the cannulation method from 
human donor eyes, cultured and characterized as previously described 
[61,62]. Briefly, SC cell strains (passages 4-8) isolated from donors (SC66, -71, 
-75, -77, -82 and -87, corresponding to ages of no information, 44, 10, 23, 56 
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and 62 years old at time of death, respectively) were used in experiments. SC 
cells were cultured in DMEM supplemented with 10% FBS, non-essential 
amino acids, Pen/Strep and gentamycin (50 µg/mL) at 37 °C with 5% CO2. 
The protocols involving the use of human tissue were consistent with the 
tenets of the Declaration of Helsinki.

Flow-induced shear stress

Laminar flow was applied to confluent SC cells using an ibidi pump system 
(ibidi USA, Inc., Fitchburg, WI, USA) as described previously [7] with minor 
modification. Briefly, human primary SC cells (1× 105 or 2× 104 cells/one 
channel of slide) were seeded onto ibidi μ-slides I °.6 Luer (80186) or VI °.4 

(80606) in 150 or 30 μl volume of media, respectively, and cultured at 37 °C with 
5% CO2. SC cells were allowed to settle for 3 to 7 days before a constant shear 
was applied. The computer-controlled ibidi pump system was set up for each 
flow (1~10 dyn/cm2) according to manufacturer’s instruction, and a fluidic flow 
were applied to the cells for the indicated time in each experiment. Control cells 
were cultured under the same conditions, but no fluidic flow was applied.

Transfection or transduction of plasmids, adenovirus and siRNA

5HT6-mCherry plasmid [63] (kindly provided by Dr. Takanari Inoue, Johns Hopkins 
University School of Medicine was transfected using the Ca2+ phosphate meth
ods described previously [31] with minor modifications. Primary human SC cells 
were plated at 80% confluence on 6-well plates in 2 mL of the growth media. Five 
micrograms of the plasmid were dissolved in 167 µl of 0.3 M CaCl2. The 
DNA/CaCl2 mixtures were then added dropwise to equal volume of 2xHBS (280 
mM NaCl, 1.5 mM Na2HPO4, 50 mM HEPES) and mixed gently by repeated 
pipetting. DNA/CaCl2/HBS suspensions were immediately added to the cells in 
a dropwise fashion while gently swirling the plate, and cells were incubated at 
37°C, 5% CO2 for 16 h. The DNA-calcium phosphate precipitates were then 
removed by incubating the cells in a medium pre-equilibrated in a 10% CO2 

for approximately 4 h and replaced with original growth medium. The cells were 
incubated at 37°C, 5% CO2 for the further experiments. Adenoviruses that express 
tfLC3 [40], RFP-SQSTM1 [30] and GFP-LC3 [64] were transduced to SC cells using 
the Ca2+ phosphate method described previously [65] and above. Adenoviruses 
(100 pfu) were used for producing adenovirus/CaCl2 mixtures. For siRNA trans
fection, 1 day after SC cells (1× 105 cells/slide) were seed onto ibidi μ-slides I °.6 

Luer, a total of either 5 pmol of siRNA against SMAD2/3 (siSMAD2/3, sc-37238), 
AKT1 (siAKT1, sc-29195), PKD2 (siPKD2, sc-40863), PIK3C2A (siPIK3C2A, sc-61340) 
or 5 pmol of non-targeting siRNA (siNC, sc-37007) were transfected using 
Lipofectamine® RNAiMAX Reagent, according to the manufacturer’s instructions. 
All siRNAs were obtained from Santa Cruz Biotechnology.
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Live cell time lapse imaging

Live cell images were captured using the CELENA® X High Content Imaging 
System (Logos biosystems, Annandale, VA, USA), equipped with high power 
LED filters coupled with the ibidi perfusion system equipped with a CO2 and 
temperature-controlled stage top incubation system (ibidi USA, Inc., 
Fitchburg, WI, USA). To monitor autophagic flux and dynamics, the cells 
expressing tfLC3 or RFP-SQSTM1 were plated at 100% confluence onto 
µ-Slide VI °.4 in 30 µl volume, incubated for additional 72 h and subjected to 
fluidic flow (10 dyn/cm2) for 24 h. GFP and/or RFP signal were traced with 
every 5 min up to 24 h. To observe PC, 5HT6-mCherry-expressing SC cells 
grown on µ-Slide VI 0.4 were observed directly after the media change during 
indicated time. To monitor the response of PC upon shear stress, the cell 
expressing 5HT6-mCherry were subjected to fluidic flow (1,2,5 or10 dyn/cm2 

for each 10 min) using growth medium. Fiji [66] was used for image 
processing.

Immunocytochemical analyses

Immunostaining was performed as described previously [30,31] with minor 
modification. Briefly, SC cells grown on type IV collagen-coated flexible 
membranes mounted into 24 well culture plate (BioFlex culture plates, 
Flexcell International Corp, Burlington, NC, USA) or ibidi μ-slides VI °.4 were 
fixed with 4% paraformaldehyde/PBS for 15 min at room temperature. After 
washing three times with PBS, the cells were incubated in blocking solution 
(5% goat serum, 2% BSA, 0.1% Trion X100 in PBS) at room temperature for 30 
min. Cells were then incubated for 1 h or overnight at room temperature or 
4°C, respectively, with primary antibodies diluted in the blocking solution, 
washed several times with PBS, and incubated for 2 h at room temperature 
with Alexa Fluor 488 or 594 dye-conjugated goat anti-mouse or rabbit IgG 
antibodies (Invitrogen, A-11032 or A-11037) diluted 1:1000 in blocking solu
tion without serum. The cells were subsequently washed with PBS, counter
stained with DAPI (1 μg/ml) and mounted with Fluoromount-GTM onto micro 
cover glass (VWR, 48393 059). Images were acquired on a Nikon C2si confocal 
microscope (Nikon Instruments Inc., Melville, NY, USA) with a × 100 or 60/1.4 
numerical aperture objective. Confocal z-stacks (0.2 μm step size) were gen
erated containing the entire cell depth. Final images were processed with Fiji. 
Primary antibodies and dilutions used in this study were: anti-acetylated 
TUBA4A (1:2,000: MilliporeSigma, T7451), anti-IFT88 (1:1,000, Proteintech, 
13967-1-AP), anti-pSMAD2 (S465/467)/3(S423/425), 1:500, Cell signaling 
Technology, 8828S). anti-ATG16L (1:1,000, MBL, PM040) and anti-γ-tubulin 
(1:500, MilliporeSigma, T6557)
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Whole cell lysate preparation and western blot analysis

Whole cell lysates preparation and western blot analysis are performed as 
described previously [7,31] with minor modification. After shear stress appli
cation, the cells on the ibidi μ-slides I 0.6 Luer were washed with PBS (3 times). 
After complete removal of the PBS from the slide, 130~150 µl of 1x Laemmli 
sample buffer containing 2.5 % β-mecaptoethanol were directly added to the 
slide. The whole cell lysates were collected and boiled for 10 min. Same 
volume of the lysates was loaded. Proteins were separated by SDS-PAGE 
(7.5-15%) and electrotransferred to PVDF membrane. Non-specific sites 
were blocked with 5% non-fat dry milk in PBS-T (0.1% Tween-20) for 1 h. 
Membranes were then incubated with primary antibodies overnight at 4°C, 
washed in PBS-T (3 times), and incubated with peroxidase-conjugated don
key anti-mouse or rabbit IgG (1:5,000; Jackson ImmunoResearch Inc.,715-035- 
151 or -152) for 2 h at room temperature. Signal was developed using 
enhanced chemiluminescence substrate system. The images were captured 
and quantified by using ChemiDoc™ Touching Image system with Image 
Lab™ touch software (Bio-Rad, Hercules, CA, USA). The following primary 
antibodies and dilutions were used: anti-LC3B antibody (1:3,000; Cell 
Signaling Technology, 3868S), anti-SQSTM1 antibody (1:5,000; 
MilliporeSigma, P0067), anti-acetylated TUBA4A (1:2,000: MilliporeSigma, 
T7451), anti-SMAD2/3 antibody (1:2,000, Cell Signaling, 3102S), anti- 
phospho-SMAD2/3 antibody (S465,467/S423,425; 1:2000, Cell signaling 
Technology, 8828S), anti-phospho-SMAD2 antibody (S245/250/255; 1:2,000, 
Cell signaling Technology, 3104S), anti-AKT antibody (1:2,000, Cell signaling 
Technology, 9272S), anti-phospho-AKT antibody (S473; 1:2,000, Cell signaling 
Technology, 4060S), anti-PKD2 antibody (1:2,000; Proteintech, 19126-1-AP), 
anti-PIK3C2A (1:1,000, Santa Cruz Biotechnology, SC-365290) and anti-ACTB 
antibody (1:1,000; Santa Cruz Biotechnology, SC-69879). Band densities were 
obtained with Image Lab™ software and normalized with that of ACTB.

Total RNA isolation and quantitative real-time PCR analysis

RNA isolation and realtime PCR were performed as described previously 
[67,68]. In brief, total RNAs were isolated using RNeasy kit, according to the 
manufacturer’s protocol and RNA concentration and quality were measured 
by using DS-11+ spectrophotometer (DeNovix, Inc, Wilmington, DE). The total 
RNAs (0.5-1 µg) were used to synthesize cDNA using SuperScript® First-strand 
kit with oligo(dT) primer. Real-time PCRs were performed using SsoFastTM 

EvaGreen® Supermix in the Bio-Rad CFX 96TM system (Bio-Rad, Hercules, CA). 
The following PCR parameters were used: 95 °C for 5 min, followed by 40 
cycles of 95 °C for 5 s, 55 °C for 5 s, and 72 °C for 5 s. Output data were 
obtained as Ct values by using the CFX 96TM system software and the 
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differential mRNA expression of each gene among samples was calculated 
using the comparative Ct method. B2M mRNA, an internal control, was 
amplified along with the target genes, and the Ct value of B2M was used to 
normalize the expression of target genes. The sequences of the primers used 
for the amplifications were: LC3B (F: AGCAGCATCCAACCAAAATC, R: CTGTGTC 
CGTTCACCAACAG), ATG5 (F: AAAGATGTGCTTCGAGATGTGT, R: CACTTTGTCA 
GTTACCAACGTCA), ATG7 (F: GGATGAAGCTCCCAAGGACAT R: CCAGCAGAGT 
CACCATTGTAGTA), PKD2 (F: CGAGCCAAACTGAAGAGGAG, R: ACTGATCTGGG 
AAGCTGCAT), B2M (F: AGGCTATCCAGCGTACTCCA, R: TCAATGTCGGATGGAT 
GAA).

Statistical analyses

All experimental procedures were repeated at least three times in 
independent experiments with at least three different primary cultured 
SC cells. Unless otherwise stated, “n” in text and figure legends repre
sents biological replicates including technical replication with different 
cells strains. Data were presented as the mean ± S.D. or interleaved box 
and whiskers plot with max to min and mean values. Statistical analysis 
was done in GraphPad Prism software using Student’s t-test between 
samples or, one- or two-way ANOVA with Tukey’s post hoc test among 
groups. p < 0.05 was considered to be statistically significant.
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