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Abstract:

The endothelium responds to a multitude of chemical and mechanical factors in regulating
vascular tone, angiogenesis, blood pressure and blood flow. The endothelial volume regulatory
anion channel (VRAC) has been proposed to be mechano-sensitive, to activate in response to
fluid flow/hydrostatic pressure and putatively regulate vascular reactivity and angiogenesis.
Here, we show that the Leucine Rich Repeat Containing Protein 8a, LRRC8a (SWELL1)
functionally encodes VRAC in human umbilical vein endothelial cells (HUVECs). Endothelial
SWELL1 (SWELL1) expression positively regulates AKT-eNOS signaling while negatively
regulating mTOR signaling, via a SWELL1-GRB2-Cav1-eNOS signaling complex. Endothelium-
restricted SWELL1 KO (SWELL1 KO) mice exhibit enhanced tube formation from ex-vivo aortic
ring explants in matrigel angiogenesis assays, develop hypertension in response to chronic
angiotensin Il infusion and have impaired retinal blood flow with both diffuse and focal blood
vessel narrowing in the setting of Type 2 diabetes (T2D). These data demonstrate that SWELL1
antithetically regulates AKT-eNOS and mTOR signaling in endothelium and is required for

maintaining vascular function, particularly in the setting of T2D.
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Introduction

The endothelium integrates mechanical and chemical stimuli to regulate vascular tone,
angiogenesis, blood flow and blood pressure(1). Endothelial cells express a variety of
mechanosensitive ion channels that regulate vascular function(2), including TRPV4(3-6) and
Piezo1(7-9). The volume-regulated anion current (VRAC) is also prominent in endothelium, has
been proposed to be mechano-sensitive(10), to activate in response to fluid flow/hydrostatic
pressure(11) and putatively regulate vascular reactivity. However, the molecular identity of this

endothelial ion channel has remained a mystery for nearly two decades.

SWELL1 or LRRC8a (Leucine-Rich Repeat Containing Protein 8a) encodes a transmembrane
protein first described as the site of a balanced translocation in an immunodeficient child with
agammaglobulinemia and absent B-cells(12, 13). Subsequent work revealed the mechanism for
this condition to be due to impaired SWELL1-dependent GRB2-PI3K-AKT signaling in
lymphocytes, resulting in a developmental block in lymphocyte differentiation(14). Thus, for ~11
years, SWELL1 was conceived of as a membrane protein that regulates PI3K-AKT mediated
lymphocyte function(12, 13). Although SWELL1 had been predicted to form a hetero-hexameric
ion channel complex with other LRRC8 family members(15), it was not until 2014 that
SWELL1/LRRC8a was shown to form an essential component of the volume-regulated anion
channel (VRAC)(16, 17), forming hetero-hexamers with LRRC8b-e(17, 18). Therefore,
historically, SWELL1-LRRC8 complex was first described as a membrane protein that signaled

via protein-protein interactions and then later found to form an ion channel signaling complex.

We showed previously that SWELL1 (LRRC8a) is an essential component of VRAC in
adipocytes that is required for insulin-PI3K-AKT2 signaling to mediate adipocyte hypertrophy

and systemic glucose homeostasis(19-21). The PI3SK-AKT-eNOS signaling pathway is central to
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transducing both mechanical stretch(22) and hormonal inputs (insulin) to regulate endothelial
nitric oxide synthase (eNOS) expression and activity, which, in turn regulates vasodilation
(blood flow and pressure), inhibits leukocyte aggregration, and limits proliferation of vascular
smooth muscle cells (atherosclerosis). Indeed, insulin resistance is thought to be a systemic
disorder in the setting of Type 2 diabetes (T2D), affecting endothelium in addition to traditional
metabolically important tissues, such as adipose, liver, and skeletal muscle(23-25). In fact,
insulin resistant endothelium and the resultant impairment in PI3K-AKT-eNOS signaling has
been proposed to underlie much of the endothelial dysfunction observed in the setting of obesity

and T2D, predisposing to hypertension, atherosclerosis and vascular disease(23-25).

In this study, we demonstrate that VRAC is SWELL1-dependent in endothelium, associates with
GRB2, caveolin-1 (Cav1), endothelial nitric oxide synthase (eNOS), and regulates PI3K-AKT-
eNOS, ERK1/2 and mTOR signaling — suggesting that SWELL1-LRRC8 channel complexes link
insulin and mechano-signaling in endothelium. SWELL1-dependent AKT-eNOS, ERK1/2 and
mTOR signaling influences angiogenesis, blood pressure and vascular function in vivo, while
impaired endothelial SWELL1-LRRCS8 signaling predisposes to vascular dysfunction in the

setting of diet-induced T2D.


https://doi.org/10.1101/2020.08.04.236182
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.04.236182; this version posted August 4, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

91 Results

92  SWELL1 functionally encodes VRAC in endothelium

93  The volume-regulatory anion current (VRAC) has been measured and characterized in

94  endothelial cells for decades but the molecular identity of this endothelial ion channel remains

95 elusive(10, 11, 26). To determine if the leucine-rich repeat containing membrane protein

96 SWELL1 (LRRCB8a) recently identified in cell lines (16, 17) is required for VRAC in endothelial

97 cells, as it is in adipocytes (19), pancreatic B-cells (27, 28), nodose neurons (29) and

98 spermatozoa (30), we first confirmed robust SWELL1 protein expression by Western blot

99  (Figure 1A) and immunostaining (Figure 1B) in human umbilical vein endothelial cells
100  (HUVECs). SWELL1 protein expression is substantially reduced upon adenoviral transduction
101 with a short-hairpin RNA directed to SWELL1 (Ad-shSWELL1-mCherry) as compared to a
102 scrambled control (Ad-shSCR-mCherry). Next, we measured hypotonically-induced (210
103 mOsm) endothelial VRAC currents in HUVECs. These classic outwardly rectifying hypotonically-
104  induced VRAC currents are prominent in HUVECs, largely blocked by the VRAC inhibitor 4-(2-
105  Butyl-6,7-dichloro-2-cyclopentyl-indan-1-on-5-yl) oxobutyric acid (DCPIB; Figure 1C&D), and
106  significantly suppressed upon shSWELL1-mediated SWELL1 knock-down (Figure 1E&F),

107  consistent with SWELL1 functionally encoding endothelial VRAC.
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109  Figure 1. SWELL1 mediates VRAC currents in human umbilical vein endothelial cells (HUVECs).

110 A, SWELL1 western blot in HUVECs transduced with adenovirus expressing a short hairpin RNA
111  directed to SWELL1 (Ad-shSWELL1) compared to control scrambled short hairpin RNA (Ad-shSCR).
112 GAPDH is used as loading control. B, Immunofluorescence staining of the HUVECs transduced with Ad-
113 shSWELL1 and Ad-shSCR. C, Current-time relationship of VRAC (hypotonic, 210 mOsm) in Ad-shSCR
114 transduced HUVEC and co-application of 10 yM DCPIB. D, Representative current traces upon hypotonic
115  activation (left) during voltage steps (from -100 to +100 mV, shown in inset) and inhibition by DCPIB
116  (right). E, Current-voltage relationship of VRAC during voltage ramps from -100 mV to +100 mV after
117  hypotonic swelling in HUVECs transduced with Ad-shSCR and Ad-shSWELL1. F. Mean current outward
118  and inward densities at +100 and -100 mV (n,sh-scr=4 cells; n,shsweLL1=6 cells). Data are shown as mean +*
119  s.e.m. *p <0.05; **p <0.01; unpaired t-test for F.

120
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121  SWELLA1 regulates PI3BK-AKT-eNOS, ERK and mTOR signaling in endothelium

122 Previous studies in adipocytes demonstrate that SWELL1 regulates insulin-PI3K-AKT signaling,
123 adipocyte expansion and systemic glycemia, whereby SWELL1 loss-of-function induces an

124 insulin-resistant pre-diabetic state (19, 20). Insulin signaling is also important in regulating

125  endothelium and vascular function (24, 25, 31). Moreover, insulin-resistance in Type 2 diabetes
126  (T2D) is considered a systemic disorder and insulin-resistant endothelium is postulated to

127  underlie impaired vascular function in T2D (24, 25). As SWELL1 is highly expressed in

128  endothelium (Figure 1), and PI3K-AKT-eNOS signaling critical for endothelium-dependent

129  vascular function(32), we next examined AKT-eNOS, ERK1/2 and mTOR signaling in SWELL1
130 KD compared to control HUVECs under basal conditions. Basal phosphorylated AKT2 (pAKT2,
131  Figure 2A&D), pAKT1 (Figure 2A&E), p-eNOS (Figure 2A&C), pERK1/2 (Figure 2A&F) are
132 abrogated in HUVECs upon SWELL1 KD, indicating that SWELL1 contributes to AKT-eNOS,
133  and ERK signaling in endothelium. Curiously, basal pS6 ribosomal protein, indicative of mTOR
134  signaling, is augmented in SWELL1 KD HUVECs compared to control (Figure 2A&G),

135  suggesting SWELL1 to be a negative regulator of mTOR in endothelium. As a complementary
136  approach, we used siRNA mediated SWELL1 knock-down using a silencer select siRNA

137  targeting SWELL1 mRNA with a different sequence from shSWELL1. siRNA mediated SWELL1
138 KD in HUVECs yielded nearly identical results to the shRNA KD approach (Figure 2-Figure
139  Supplement 1). In summary, SWELL1 expression level regulates AKT, eNOS, ERK and mTOR

140  signaling in endothelium.
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142 Figure 2. SWELL1 regulates PI3K-AKT-eNOS, ERK and mTOR signaling in endothelium.

143 (A), Western blots of SWELL1, pAkt2, pAkt1, Akt2, Akt1, pErk1/2, Erk1/2, p-eNOS, eNOS, pS6K
144  ribosomal protein, S6K ribosomal protein, GAPDH, and B-Actin in Ad-shSCR and Ad-shSWELL1
145 transduced HUVECS under basal conditions. Quantification of SWELL1/ B-Actin (B), p-eNOS/ B-actin, p-
146  eNOS/Total eNOS (C), pAkt2/ B-actin, pAkt2/Total Akt2 (D), pAkt1/GAPDH, pAkt1/Total Akt1 (E),
147 pERK1/2 /GAPDH, pErk1/2 /Total Erk1/2 (F), pS6 ribosomal protein/GAPDH, and pS6K ribosomal
148 protein/Total S6K ribosomal protein (G). N=6 independent experiments. Significance between the
149 indicated groups in all blots were calculated using a two-tailed Student’s t-test. P-values are illustrated on
150  figures. Error bars represent mean + s.e.m.
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Figure 2- Figure Supplement 1. SWELL1 regulates PI3K-AKT-eNOS, ERK and mTOR signaling in
endothelium.

(A), Western blots of SWELL1, pAkt2, pAkt1, Akt, pErk1/2, Erk1/2, p-eNOS, eNOS, pS6K ribosomal
protein, S6K ribosomal protein, and B-Actin in si-SCR and si-SWELL1 transduced HUVECS under basal
conditions. Quantification of SWELL1/ B-Actin (B), p-eNOS/ B-actin, p-eNOS/Total eNOS (C), pAkt2/ -
actin, pAkt2/Total Akt (D), pAkt1/ B-actin, pAkt1/Total Akt (E), pERK1/2 / B-actin, pErk1/2 /Total Erk1/2
(F), pS6 ribosomal protein/ B-actin, and pS6K ribosomal protein/Total S6K ribosomal protein (G). N=6
independent experiments. Significance between the indicated groups in all blots were calculated using a
two-tailed Student’s t-test. P-values are illustrated on figures. Error bars represent mean * s.e.m.

SWELL1 interacts with GRB2, Cav1 and eNOS and mediates stretch-dependent eNOS
signaling
In adipocytes, the mechanism of SWELL1-mediated regulation of PI3K-Akt signaling involves

SWELL1/GRB2/Cav1 molecular interactions (19). To determine if SWELL1 resides in a similar
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166  macromolecular signaling complex in endothelium we immunoprecipitated (IP) endogenous

167 GRB2 from HUVECs. Upon GRB2 IP, we detect SWELL1 protein in shSCR treated HUVECs
168 andless SWELL1 upon GRB2 IP from shSWELL1-treated HUVECSs, consistent with a SWELL1-
169  GRB2 interaction (Figure 3A&B). In addition, with GRB2 IP we also detect both Cav1 (Figure
170  3A&B) and eNOS (Figure 3B). These data suggest that endothelial SWELL1 resides in a

171  signaling complex that includes GRB2, Cav1 and eNOS, consistent with the findings that GRB2
172 and Cav1 interact, and that Cav1 regulates eNOS via a direct interaction (33-35). Also, GRB2
173 has been shown to regulate endothelial ERK, AKT and JNK signaling (36). Moreover, these

174  data are also in-line with the notion that caveoli form mechanosensitive microdomains (37-39)
175  that regulate VRAC (40, 41) and that VRAC can be activated by mechanical stimuli in a number

176  of cell types, including endothelium (10, 26, 42-45).


https://doi.org/10.1101/2020.08.04.236182
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.04.236182; this version posted August 4, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

A B
IP:Grb2 Input
IP:Grb2 Input sh-  sh-  sh-  sh-
sh- sh-  sh-  sh- SCR SWELL1 SCR SWELL1%
SCR SWELL1 SCR SWELL1Q Insulin:™= + — « = + =— + —
Insulin: -+ -+ -+ -+ —
95 kD | 4 @®ww |iB:SWELLT
PR ) e ——— KD |m W= | iB:SWELLY
LR - v - =S
25 KD [ewememem . .. .. |IB:Grb2 140 KD [wo == — ~ e ememe» | |B:Total eNOS
37 kD | —— —— | IB:GAPDH 21 kD |-~._----- | IB:Cavi
SWELL1/Grb2:S g S & 25kD [ —— | 1B:Grb2
o o
37 kD ———— :
Cavi/Grb2: 5 2 % @ l |18:GAPDH
Total eNOS/Grb2: 5 2 2 3

()

SWELL1

sh-SCR

sh-SWELL1

D E

SWELL1 expression eNOS expression

150 100 p=0.0004
p=1x10+*

©
T

100

o
T

S
T

% relative intensity
(%]
o
1

N
T

% relative intensity

0- 0-
sh-SCR sh-SWELL1 sh-SCR sh-SWELL1

Figure 3. SWELL1 interacts with Grb2, Cav1 and eNOS in human endothelium

A, GRB2 immunoprecipitation from Ad-shSCR and Ad-shSWELL1 transduced HUVECs and immunoblot
with SWELL1, Cavl and GRB2 antibodies. Densitometry values for GRB2 co-immunoprecipitated
SWELL1 (SWELL1/GRB2) and GRB2 co-immunoprecipitated Cav1 (Cav1/GRB2). GAPDH serves as
loading control for input samples. (B) GRB2 immunoprecipitation from Ad-shSCR and Ad-shSWELL1
transduced HUVECs and immunoblot with SWELL1, eNOS, Cav1l and GRB2 antibodies. Insulin-
stimulation with 100 nM insulin for 10 minutes. Densitometry values for GRB2 co-immunoprecipitated
eNOS (eNOS/GRB2). Representative blots from 3 independent experiments. (C) Representative
endogenous SWELL1 and eNOS immunofluorescence staining in Ad-shSCR and Ad-shSWELL1
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transduced HUVECs. Representative image from 6 independent experiments. (D-E) Quantification of
SWELL1 (D, n = 6) and eNOS (E, n = 6) immunofluorescence staining upon SWELL1 KD. Evidence of
SWELL1-eNOS colocalization (C, insets) in plasma membrane (i) and perinuclear regions (ii).
Significance between the indicated groups are calculated using a two-tailed Student’s t-test. P-values are
indicated on figures. Error bars represent mean + s.e.m.

We also examined the relationship between SWELL1 and eNOS protein expression and
localization in HUVECs by immunofluorescence (IF) staining (Figure 3C). Similar to observed
by Western blot (Figure 2A, and Figure 2-Figure Supplement 1), IF staining reveals that
reductions in SWELL1 expression correlate with reduced eNOS expression (Figure 3C-E,
Figure 3-Figure Supplement 1). Moreover, SWELL1 and eNOS co-localize in plasma
membrane and peri-nuclear intracellular domains (Figure 3C, inset), consistent with the IP data
revealing a SWELL1-GRB2-Cav-eNOS interaction (Figure 3A&B), and also with previously

described intracellular eNOS localization(46).
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202  Figure 3 - Figure Supplement 1. SWELL1 co-localizes with eNOS and regulates eNOS expression
203 SWELL1 (green) and eNOS (red) immunofluorescence staining of HUVEC transduced with either Ad-
204  shSCR or Ad-shSWELL1. Scale bar is 20 um. DAPI (blue) labels nuclei.

205

206  Given that endothelial cells respond to stretch stimuli to regulate vascular tone via activation of
207  eNOS, we next examined the SWELL1-dependence of stretch-induced AKT, ERK1/2 and eNOS
208  signaling in HUVECs (Figure 4). Stretch (5%) is sufficient to stimulate AKT1 and AKT2

209  signaling (Figure 4A-C), though not ERK1/2 signaling (Figure 4D) in HUVECs, and all are

210  blunted in SWELL1 KD HUVECS (Figure 4A-D). Similarly, we observe abrogation of time-

211  dependent p-eNOS signaling with 5% stretch in SWELL1 KD HUVECS compared to control

212 (Figure 4E&F). Taken together, these data position SWELL1 as a regulator stretch-mediated

213 PI3K-AKT-eNOS signaling in endothelium via a SWELL1-GRB2-Cav1-eNOS signaling complex.
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215 Figure 4. SWELL1 is required for intact stretch-induced AKT-eNOS signaling

216 A, Western blot of SWELL1, pAKT1, pAKT2, pERK1/2 in response to 30 minutes of 0.1% and 5% static
217  stretch in Ad-shSCR and Ad-shSWELL1 transduced HUVECs. GAPDH is used as a loading control. (B-
218 D) Densitometry quantification from A of pAKT1 (B), pAKT2 (C) and pErk1/2 (D). (E) Western blot of
219  peNOS, SWELL1, in response to 5% static stretching for 5, 60 and 180 min in Ad-shSCR and Ad-
220  shSWELL1 transduced HUVECSs. (F) Densitometry quantification from E of eNOS. GAPDH is used as a
221 loading control. Significance between the indicated groups in all blots were calculated using a two-tailed
222 Student’s t-test. P-values are illustrated on figures. Error bars represent mean * s.e.m.

223
224 To examine the functional consequences of endothelial SWELL1 ablation in vivo we generated
225  endothelial-targeted SWELL1 KO mice (eSWELL1 KO) by crossing SWELL1 floxed mice (19,

226  27) with the endothelium-restricted CDH5-Cre mouse (CDH5-Cre; SWELL1"; Figure 5A).
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227  Patch-clamp recordings of primary endothelial cells isolated from WT and eSWELL1 KO mice
228  (Figure 5B) revealed robust hypotonically-activated currents (Hypo, 210 mOsm) in WT

229  endothelial cells, that are DCPIB inhibited (Figure 5C&E), while eSWELL1 KO endothelial cells
230  exhibit markedly reduced hypotonically-activated currents (Figure 5D&E). Immunofluorescence
231  staining of aortic ring explants revealed that SWELL1 ablation from CD31+ primary endothelial
232 cells significantly enhanced ex-vivo sprouting angiogenesis from these explants (Figure 5F&G),
233 based on both tube length and number of tip cells in eSWELL1 KO mice as compared to WT
234 mice (Figure 5&H-I), suggesting that SWELL1 regulates angiogenesis. Indeed, genome-wide
235  transcriptome analysis of SWELL1 KD HUVEC compared to control (RNA sequencing) reveal
236  multiple pathways enriched regulating angiogenesis, migration and tumorigenesis, including
237  GADDA45, IL-8, p70S6K (mTOR), TREM1, angiopoeitin and HGF signaling (Figure 6,

238  Supplementary Table 1&2). Also, notable are statistically significant increases in VEGFA (1.6-
239  fold) and CD31 (2.0-fold) expression in SWELL1 KD HUVECs, both of which are pro-angiogenic
240  and associated with mTORC1 hyperactivation(47). Pathways linked to cell adhesion and renin-
241  angiotensin signaling are also enriched - both pathways and processes that are known to be
242  altered in vasculature in the setting of atherosclerosis and Type 2 diabetes (T2D). Finally, the
243  trends toward reduced eNOS protein expression observed upon SWELL1 KD in HUVECs

244  (Figure 2A, Supplementary Fig 1A, Fig. 3C, Figure 3-Figure Supplement 1) are associated
245  with reduced eNOS mRNA expression (0.54-fold in SWELL1 KD HUVEC, p < 10%).

246
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248 Figure 5. Endothelium-specific SWELL1 KO mice exhibit enhanced tube formation from aortic
249  explants

250 A, Strategy for endothelium targeted SWELL1 ablation to generate eSWELL1 KO. (B) Isolation of murine
251 primary endothelial cells from WT and eSWELL1 KO using tdTomato reporter mice. C-D, Current-voltage
252 relationships of VRAC in isotonic (Iso, 300 mOsM) and hypotonic (Hypo, 210 mOsm) solution in response
253  to voltage ramps from -100 to +100 mV over 500 ms in WT (C) and KO (D) primary murine endothelial
254 cells. DCPIB (10 uM) inhibition in C (WT). (E) Mean outward (+100mV) and inward (-100 mV) currents
255  from WT (n=3 cells) and eSWELL1 KO (n = 3 cells). (F) Ex-vivo aorta sprouting assay performed in aortic
256  rings isolated from WT and eSWELL1 KO mice and cultured in FGM media for 3 days at 370C.

257 Immunofluoresence staining with antibodies to SWELL1 (green), CD31 (red), SWELL1+CD31+ (Merge)
258  and bright field images show endothelial cell tubes sprouting from WT and eSWELL1 KO aortic rings

259  (black arrow heads). (G-l) Quantification of SWELL1 immunofluorescence signal (G, WT = 15, KO = 15),
260  number of tip cells (H, WT = 26, KO = 31), and endothelial tube length (I, WT = 30, KO = 30) in WT and
261 eSWELL1 KO aortic explants. Statistical significance between the indicated values calculated using a
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262 two-tailed Student’s t-test. P-values are illustrated on figures. Error bars represent mean + s.e.m. n = 3,
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Figure 6. RNA sequencing of Ad-shSCR and Ad-shSWELL1 transduced HUVECs.

A, Heatmap analysis displaying top 25 upregulated or 25 downregulated genes between shSCR and
shSWELL1. (B) IPA canonical pathway analysis of genes significantly regulated by shSWELL1 in
comparison to shSCR. n=3 for each group. For analysis with IPA, FPKM cutoffs of 1.5, fold change of
21.5, and false discovery rate < 0.05 were utilized for significantly differentially regulated genes.


https://doi.org/10.1101/2020.08.04.236182
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.04.236182; this version posted August 4, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

272  eSWELL1 KO mice exhibit mild angiotensin-ll stimulated hypertension and impaired

273  retinal blood flow in the setting of Type 2 diabetes

274  Based on our findings that SWELL1 regulates AKT-eNOS signaling in endothelium, and that
275  eNOS signaling is central to blood pressure regulation, we next examined blood pressures in
276  eSWELL1 KO mice compared to WT controls (SWELL1" mice). Male mice exhibit no

277  significant differences in systolic blood pressure under basal conditions (Figure 7A), while

278  female mice are mildly hypertensive relative to WT mice (Figure 7B). However, after 4 weeks of
279  angiotensin-Il infusion (Ang Il), male eSWELL1 KO mice develop exacerbated systolic

280  hypertension as compared to Angll-treated WT mice (Figure 7C). These data are consistent
281  with endothelial dysfunction and impaired vascular relaxation in eSWELL1 KO mice, resulting in

282  a propensity for systolic hypertension.
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284 Figure 7. Endothelial-targeted SWELL1 deletion predisposes to systolic hypertension

285  Tail-cuff systolic blood pressures of (A) male and (B) female WT (n = 5 males and 7 females) and
286  eSWELL1 KO (n = 5 males and 12 females) mice. (C) Systolic blood pressures of male WT (n = 4) and
287  eSWELL1 KO (n = 5) mice under basal conditions and after 4 weeks of chronic angiotensin Il infusion.

288 Statistical significance between the indicated values calculated using a two-tailed Student’s t-test. P-
289  values are illustrated on figures. Data are shown as mean + s.e.m.

290

291  As endothelial dysfunction may also result in impaired blood flow we performed retinal imaging
292 during i.p. injection of fluorescein to assess retinal vessel blood flow and morphology in WT and
293  eSWELL1 KO mice. Mice raised on a regular diet have mild, non-significant impairments in

294 retinal blood flow, based on the relative rate of rise of the fluorescein signal in retinal vessels
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295  (Figure 8-Figure Supplement 1). There is also evidence of mild focal narrowing of retinal

296  vessels in eSWELL1 KO as compared to WT mice (Figure 8-Figure Supplement 1A, D&E),
297  with no significant differences in other parameters (Figure 8-Figure Supplement 1G-L). In

298  mice raised on high-fat high-sucrose (HFHS) diet, retinal blood flow is more severely impaired
299  (Figure 8A-C) with significant focal, and diffuse retinal vessel narrowing in eSWELL1 KO mice
300 compared to WT mice (Figure 8A; F-H, Figure 8-Figure Supplement 2, Figure 8-Video 1),
301 and this relative difference is markedly worse in female compared to male mice. These findings
302 are all consistent with endothelial dysfunction and impaired retinal vessel vasorelaxation due to
303  reduced eNOS expression and activity, particularly in the setting of HFHS diet. Also consistent
304  with impaired eNOS activity are reductions in vessel number (Figure 8E), vessel surface area
305  (Figure 8H), number of end points (Figure 8K), branching index (Figure 8L), and increased
306 lacunarity (Figure 8J). These parameters are all suggestive of diabetes-induced retinal vessel
307  dysfunction in the eSWELL1 KO mice, consistent with the loss of eNOS activity that is expected
308  when insulin signaling is compromised(48) (49). Notably, both WT and eSWELL1 KO mice were
309 found to be equally glucose intolerant and insulin-resistant (Figure 8-Figure Supplement 3),
310 indicating that these differences in microvascular dysfunction were not due increased

311  hyperglycemia and more severe diabetes in eSWELL1 KO mice. Taken together, our findings
312 reveal that SWELL1 is highly expressed in endothelium and functionally encodes endothelial
313 VRAC. SWELL1 regulates ERK, AKT-eNOS, and mTOR signaling, forms a SWELL1-GRB2-
314  Cav1-eNOS signaling complex, and regulates vascular function in vivo.

315
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Figure 8- Figure Supplement-1. Endothelium-specific SWELL1 KO mice exhibit mild retinal

microvascular disease at baseline

Representative fluorescein retinal angiograms of 13 week old WT (A) and eSWELL1 KO (B) mice raised
on a regular diet. Inset shows magnified view of retinal vessels. (C-E) Quantification of major vessel
fluorescence intensity over time after i.p. fluorescein injection (C), maximum vessel diameter (D), and
minimum vessel diameter (E) in WT (n = 11 mice) and eSWELL1 KO (n = 11 mice). (F-K) Quantification
of explant area (F), Lacunarity (G), Vessel area (H), Branching Index (I), Number of end points (J); and
vessel length (K) in WT and eSWELL1 KO mice. Statistical significance between the indicated values
calculated using a two-tailed Student’s t-test. P-values are illustrated on figures. Error bars represent

mean * s.e.m. Scale bar is 500 um.
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328
329 Figure 8. Endothelium-specific SWELL1 KO mice exhibit exacerbated impairments retinal
330  microvascular disease in the setting of Type 2 diabetes

331 A, Representative fluorescein retinal angiograms of WT (top) and eSWELL1 KO (bottom) male (left) and
332  female (right) mice raised on a high-fat high sucrose (HFHS) diet. Inset shows magnified view of retinal
333  vessels. Quantification of major vessel fluorescence intensity over time after i.p. fluorescein injection in
334  (B) male (n = 3) and (C) female (n = 3) WT and eSWELL1 KO mice. (D-K) Quantification of total retinal
335  vessel intensity (D), Total vessel number (E); Vessel diameter (F); Minimum vessel diameter (G); Vessel
336  area (H); Total vessel length (I); Lacunarity (J); Number of end points (K); and Branching index (L) of
337  retinal vessels in WT and eSWELL1 KO mice. Statistical significance between the indicated values
338  calculated using 2-way Anova for B&C and D-L using a two-tailed Student’s t-test. P-values are illustrated
339  on figures. Error bars represent mean + s.e.m.

340
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342 Figure 8- Figure Supplement-2. Endothelium-specific SWELL1 KO mice exhibit exacerbated
343 impairments retinal microvascular disease in the setting of Type 2 diabetes

344 Three representative fluorescein retinal angiograms of WT and eSWELL1 KO from male (A) and female
345 (B) mice raised on a high-fat high sucrose (HFHS) diet for 10 months. Scale bar is 500 pm.
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347  Figure 8- Figure Supplement-3. Glucose tolerance (GTT) and insulin tolerance (ITT) are not altered
348 in endothelium-specific SWELL1 KO mice (n = 13) compared to WT mice (n = 8) raised on a high-
349  fat high sucrose diet for 10 months.

350

351
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352  Discussion

353  Our findings demonstrate that the SWELL1-LRRC8 heterohexamer functionally encodes

354  endothelial VRAC, whereby SWELL1-LRRC8 associates with GRB2 and Cav1 and positively
355  regulates PI3K-AKT-eNOS and ERK1/2 signaling. Under basal conditions and with stretch,
356 SWELL1 depletion in HUVECSs reduces pAKT2, pAKT1, p-eNOS and pERK1/2. These data
357  reveal that SWELL1 mediated PI3K-AKT signaling is conserved in endothelium, similar to
358  previous observations in adipocytes(19), and in turn positively regulates eNOS expression and
359  activity. Consistent with this mechanism, endothelial-targeted SWELL1 ablation in vivo

360 predisposes to microvascular dysfunction in the setting of Type 2 diabetes, and to hypertension
361 in response to angiotensin-Il infusion. These results are in line with the notion that SWELL1
362 depleted endothelium contributes to an insulin-resistant state in which impaired PI3K-AKT-
363 eNOS signaling results in a propensity for vascular dysfunction(24, 25). Insulin-mediated

364  regulation of NO is physiologically(50-52) and pathophysiologically(53) important, as NO has
365  vasodilatory(54, 55), anti-inflammatory(56), antioxidant(57), and antiplatelet effects(58-61).
366 Indeed, impaired NO-mediated vascular reactivity is a predictor of future adverse cardiac

367 events(62) and portends increased risk of atherosclerosis(63). Consistent with these NO-

368 mediated effects, the RNA sequencing data derived from SWELL1 KD HUVECs revealed
369 enrichment in inflammatory, cell adhesion, and proliferation pathways (GADD45, IL-8, mTOR,
370  TREMT1 signaling) that may arise from SWELL1-mediated dysregulation of eNOS activity.

371

372 In addition to reductions in AKT-eNOS signaling, SWELL1 depletion in HUVECs also reduced
373  ERK1/2 signaling. This decrease in pERK1/2 suggests impaired MAPK signaling which is
374  connected to the insulin receptor by GRB2-SOS. Indeed, we also found that SWELL1 and
375 GRB2 interact in HUVECSs, and this may provide the molecular mechanism for the observed
376  defect in ERK signaling. Interestingly, GRB2-MAPK signaling is thought to promote

377 angiogenesis, migration and proliferation(64), so reductions in ERK1/2 signaling would be
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378 predicted to inhibit these processes. Instead, aortic explants from SWELL1 KO mice exhibit
379  augmented tube formation - indicative of pro-angiogenesis. This pro-angiogenesis, pro-

380  migration cellular phenotype observed upon SWELL1 depletion might be explained by increases
381 pS6K and p70 signaling, as observed in HUVECSs, and suggestive of mTORCA1

382  hyperactivation(47), in addition to the observed increases in VEGFA and CD31 expression.
383  Future studies will further delineate the molecular mechanisms of SWELL1 modulation of

384  insulin-GRB2-AKT/ERK1/2 and mTOR signaling in endothelial cells.

385

386  The phenotype of endothelial targeted SWELL1 KO (eSWELL1 KO) mice are consistent with a
387  reduction in eNOS and p-eNOS as these mice exhibit mild hypertension at baseline (females)
388  and exacerbated hypertension in response to chronic angiotension infusion, suggesting a

389  modulatory effect on vascular reactivity. Similarly, retinal blood flow is only mildly impaired in
390 eSWELL1 KO mice raised on a regular diet, with some evidence of microvascular disease.

391  However, both retinal blood flow and retinal vessel morphology are markedly impaired in obese-
392  T2D, insulin resistant eSWELL1 KO mice raised on a high fat high sucrose diet compared to
393  controls. This is consistent with a synergistic role of endothelial SWELL1 ablation and

394  T2D/obesity in the pathogenesis of vascular disease. Indeed, our results suggest that

395  reductions in SWELL1 signaling may contribute to impaired vascular function observed in

396  humans in response to insulin and/or shear stress in the setting of obesity (65-68) and insulin-
397  resistance (69).
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621 Figure legends

622  Figure.1. SWELL1 mediates VRAC currents in human umbilical vein endothelial cells
623  (HUVECSs). A, SWELL1 western blot in HUVECs transduced with adenovirus expressing a short
624  hairpin RNA directed to Swell1 (Ad-shSWELL1) compared to control scrambled short hairpin
625 RNA (Ad-shSCR). GAPDH is used as loading control. B, Immunofluorescence staining of the
626  HUVECs transduced with Ad-shSWELL1 and Ad-shSCR. C, Current-time relationship of VRAC
627  (hypotonic, 210 mOsm) in Ad-shSCR transduced HUVEC and co-application of 10 uM DCPIB.
628 D, Representative current traces upon hypotonic activation (left) during voltage steps (from -100
629 to +100 mV, shown in inset) and inhibition by DCPIB (right). E, Current-voltage relationship of
630  VRAC during voltage ramps from -100 mV to +100 mV after hypotonic swelling in HUVECs
631  transduced with Ad-shSCR and Ad-shSWELL1. F. Mean current outward and inward densities
632 at +100 and -100 mV (n,sn-scr=4 cells; n,shswerL1=6 cells). Data are shown as mean + s.e.m. *p

633  <0.05; **p <0.01; unpaired t-test for F.

634  Figure 2. SWELL1 regulates PI3K-AKT-eNOS, ERK and mTOR signaling in endothelium.

635 (A), Western blots of SWELL1, pAkt2, pAkt1, Akt2, Akt1, pErk1/2, Erk1/2, p-eNOS, eNOS,
636 pS6K ribosomal protein, S6K ribosomal protein, GAPDH, and B-Actin in Ad-shSCR and Ad-
637 shSWELL1 transduced HUVECS under basal conditions. Quantification of SWELL1/ B-Actin
638 (B), p-eNOS/ B-actin, p-eNOS/Total eNOS (C), pAkt2/ B-actin, pAkt2/Total Akt2 (D),
639  pAkt1/GAPDH, pAkt1/Total Akt1 (E), pERK1/2 /GAPDH, pErk1/2 /Total Erk1/2 (F), pS6
640  ribosomal protein/GAPDH, and pS6K ribosomal protein/Total S6K ribosomal protein (G). N=6
641 independent experiments. Significance between the indicated groups in all blots were calculated
642  using a two-tailed Student’s t-test. P-values are illustrated on figures. Error bars represent mean

643 +s.e.m.

644
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645 Figure 3. SWELL1 interacts with Grb2, Cav1 and eNOS in human endothelium

646 A, GRB2 immunoprecipitation from Ad-shSCR and Ad-shSWELL1 transduced HUVECs and
647  immunoblot with SWELL1, Cav1l and GRB2 antibodies. Densitometry values for GRB2 co-
648  immunoprecipitated SWELL1 (SWELL1/GRB2) and GRB2 co-immunoprecipitated Cav1
649 (Cav1/GRB2). GAPDH serves as loading control for input samples. (B) GRB2
650 immunoprecipitation from Ad-shSCR and Ad-shSWELL1 transduced HUVECs and immunoblot
651  with SWELL1, eNOS, Cav1 and GRB2 antibodies. Insulin-stimulation with 100 nM insulin for 10
652  minutes. Densitometry values for GRB2 co-immunoprecipitated eNOS (eNOS/GRB2).
653  Representative blots from 3 independent experiments. (C) Representative endogenous
654 SWELL1 and eNOS immunofluorescence staining in Ad-shSCR and Ad-shSWELL1 transduced
655 HUVECs. Representative image from 6 independent experiments. (D-E) Quantification of
656 SWELL1 (D, n = 6) and eNOS (E, n = 6) immunofluorescence staining upon SWELL1 KD.
657  Evidence of SWELL1-eNOS colocalization (C, insets) in plasma membrane (i) and perinuclear
658 regions (ii). Significance between the indicated groups are calculated using a two-tailed
659  Student’s t-test. P-values are indicated on figures. Error bars represent mean £ s.e.m.

660

661  Figure 4. SWELLA1 is required for intact stretch-induced AKT-eNOS signaling

662 A, Western blot of SWELL1, pAKT1, pAKT2, pERK1/2 in response to 30 minutes of 0.1% and
663 5% static stretch in Ad-shSCR and Ad-shSWELL1 transduced HUVECs. GAPDH is used as a
664  loading control. (B-D) Densitometry quantification from A of pAKT1 (B), pAKT2 (C) and pErk1/2
665 (D). (E) Western blot of peNOS, SWELLA1, in response to 5% static stretching for 5, 60 and 180
666  min in Ad-shSCR and Ad-shSWELL1 transduced HUVECSs. (F) Densitometry quantification from

667 E of eNOS. GAPDH is used as a loading control. Significance between the indicated groups in
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668  all blots were calculated using a two-tailed Student’s t-test. P-values are illustrated on figures.
669  Error bars represent mean £ s.e.m.

670

671  Figure 5. Endothelium-specific SWELL1 KO mice exhibit enhanced tube formation from

672  aortic explants

673 A, Strategy for endothelium targeted SWELL1 ablation to generate eSWELL1 KO. (B) Isolation
674  of murine primary endothelial cells from WT and eSWELL1 KO using tdTomato reporter mice.
675  C-D, Current-voltage relationships of VRAC in isotonic (Iso, 300 mOsM) and hypotonic (Hypo,
676 210 mOsm) solution in response to voltage ramps from -100 to +100 mV over 500 ms in WT (C)
677 and KO (D) primary murine endothelial cells. DCPIB (10 uM) inhibition in C (WT). (E) Mean

678  outward (+100mV) and inward (-100 mV) currents from WT (n=3 cells) and eSWELL1 KO (n =3
679  cells). (F) Ex-vivo aorta sprouting assay performed in aortic rings isolated from WT and

680 eSWELL1 KO mice and cultured in FGM media for 3 days at 370C. Immunofluoresence staining
681  with antibodies to SWELL1 (green), CD31 (red), SWELL1+CD31+ (Merge) and bright field

682  images show endothelial cell tubes sprouting from WT and eSWELL1 KO aortic rings (black
683  arrow heads). (G-l) Quantification of SWELL1 immunofluorescence signal (G, WT = 15, KO =
684  15), number of tip cells (H, WT = 26, KO = 31), and endothelial tube length (I, WT = 30, KO =
685  30) in WT and eSWELL1 KO aortic explants. Statistical significance between the indicated

686  values calculated using a two-tailed Student’s t-test. P-values are illustrated on figures. Error
687  bars represent mean £ s.e.m. n = 3, independent experiments.

688

689  Figure 6. RNA sequencing of Ad-shSCR and Ad-shSWELL1 transduced HUVECs.

690 A, Heatmap analysis displaying top 25 upregulated or 25 downregulated genes between
691 shSCR and shSWELL1. (B) IPA canonical pathway analysis of genes significantly regulated by

692  shSWELL1 in comparison to shSCR. n =3 for each group. For analysis with IPA, FPKM cutoffs
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693 of 1.5, fold change of 21.5, and false discovery rate <0.05 were utilized for significantly
694 differentially regulated genes.
695

696  Figure 7. Endothelial-targeted SWELL1 deletion predisposes to systolic hypertension

697  Tail-cuff systolic blood pressures of (A) male and (B) female WT (n = 5 males and 7 females)
698 and eSWELL1 KO (n = 5 males and 12 females) mice. (C) Systolic blood pressures of male WT
699 (n =4) and eSWELL1 KO (n = 5) mice under basal conditions and after 4 weeks of chronic
700  angiotensin Il infusion. Statistical significance between the indicated values calculated using a
701  two-tailed Student’s t-test. P-values are illustrated on figures. Data are shown as mean + s.e.m.

702

703  Figure 8. Endothelium-specific SWELL1 KO mice exhibit exacerbated impairments retinal

704  microvascular disease in the setting of Type 2 diabetes

705 A, Representative fluorescein retinal angiograms of WT (top) and eSWELL1 KO (bottom) male
706  (left) and female (right) mice raised on a high-fat high sucrose (HFHS) diet. Inset shows
707  magnified view of retinal vessels. Quantification of major vessel fluorescence intensity over time
708  after i.p. fluorescein injection in (B) male (n = 3) and (C) female (n = 3) WT and eSWELL1 KO
709  mice. (D-K) Quantification of total retinal vessel intensity (D), Total vessel number (E); Vessel
710  diameter (F); Minimum vessel diameter (G); Vessel area (H); Total vessel length (I); Lacunarity
711  (J); Number of end points (K); and Branching index (L) of retinal vessels in WT and eSWELL1
712 KO mice. Statistical significance between the indicated values calculated using 2-way Anova for
713  B&C and D-L using a two-tailed Student’s t-test. P-values are illustrated on figures. Error bars
714  represent mean £ s.e.m.

715
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716 Supplementary Figure Legends
717  Figure 2- Figure Supplement 1. SWELL1 regulates PI3K-AKT-eNOS, ERK and mTOR

718  signaling in endothelium.

719  (A), Western blots of SWELL1, pAkt2, pAkt1, Akt, pErk1/2, Erk1/2, p-eNOS, eNOS, pS6K
720  ribosomal protein, S6K ribosomal protein, and B-Actin in si-SCR and si-SWELL1 transduced
721  HUVECS under basal conditions. Quantification of SWELL1/ B-Actin (B), p-eNOS/ B-actin, p-
722  eNOS/Total eNOS (C), pAkt2/ B-actin, pAkt2/Total Akt (D), pAkt1/ B-actin, pAkt1/Total Akt (E),
723  pERK1/2 /| B-actin, pErk1/2 /Total Erk1/2 (F), pS6 ribosomal protein/ B-actin, and pS6K
724 ribosomal protein/Total S6K ribosomal protein (G). N=6 independent experiments. Significance
725  between the indicated groups in all blots were calculated using a two-tailed Student’s t-test. P-

726  values are illustrated on figures. Error bars represent mean + s.e.m.

727

728  Figure 3-Figure Supplement 1. SWELL1 co-localizes with eNOS and regulates eNOS
729  expression SWELL1 (green) and eNOS (red) immunofluorescence staining of HUVEC
730  transduced with either Ad-shSCR or Ad-shSWELL1. Scale bar is 20 um. DAPI (blue) labels

731 nuclei.

732

733 Figure 8- Figure Supplement 1. Endothelium-specific SWELL1 KO mice exhibit mild

734 retinal microvascular disease at baseline

735 Representative fluorescein retinal angiograms of 13 week old WT (A) and eSWELL1 KO (B)
736  mice raised on a regular diet. Inset shows magnified view of retinal vessels. (C-E) Quantification
737  of major vessel fluorescence intensity over time after i.p. fluorescein injection (C), maximum

738  vessel diameter (D), and minimum vessel diameter (E) in WT (n = 11 mice) and eSWELL1 KO
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739  (n = 11 mice). (F-K) Quantification of explant area (F), Lacunarity (G), Vessel area (H),
740  Branching Index (I), Number of end points (J); and vessel length (K) in WT and eSWELL1 KO
741  mice. Statistical significance between the indicated values calculated using a two-tailed
742 Student’s t-test. P-values are illustrated on figures. Error bars represent mean * s.e.m. Scale
743 baris 500 uym.

744

745  Figure 8- Figure Supplement 2. Endothelium-specific SWELL1 KO mice exhibit

746  exacerbated impairments retinal microvascular disease in the setting of Type 2 diabetes

747 Three representative fluorescein retinal angiograms of WT and eSWELL1 KO from male (A)
748  and female (B) mice raised on a high-fat high sucrose (HFHS) diet for 10 months. Scale bar is
749 500 pm.

750

751  Figure 8- Figure Supplement 3. Glucose tolerance (GTT) and insulin tolerance (ITT) are
752  not altered in endothelium-specific SWELL1 KO mice (n = 13) compared to WT mice (n =

753  8) raised on a high-fat high sucrose diet for 10 months.

754
755
756
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757 Materials and Methods

758  Animals: The institutional animal care and use committee of the University of lowa and

759  Washington University School of Medicine approved all experimental procedures involving
760  animals. All mice were housed in temperature, humidity and light controlled environment and
761  allowed water access and food. Both male and female Swell1"" (1, 2)(WT), CDH5¢; Swell1""
762  (eSWELL1 KO) mice were generated and used in these studies. CHD5°™ mice were obtained
763  from Dr. Kaikobad Irani (University of lowa, IA). In a subset of experiments, 5-8 week old

764 Swell1"and CDH5 ¢; Swell1"" mice were switched to HFHS (High Fat high Sucrose rodent
765  diet, Research Diets, Inc.,Cat # D12331) for at least 10 months. CDH5® mice were crossed
766  with Rosa26-tdTomato (Jax# 007914) reporter mice to identify CDH5+ cells for primary

767  endothelium patch-clamp studies.

768  Antibodies. Rabbit polyclonal anti-SWELL1 antibody was generated against the epitope

769  QRTKSRIEQGIVDRSE (Pacific Antibodies)(1). All other primary antibodies were purchased
770  from Cells Signaling: anti-B-actin (#8457), Total Akt (#4685S), Akt1 (#2938), Akt2 (#3063), p-
771  eNOS (#9571), Total eNOS (#32027), p-AS160 (#4288), p-p70 S6 Kinase (#¥9205S), pS6

772  Ribosomal (#5364S), GAPDH (#5174), pErk1/2 (#9101), Total Erk1/2 (#9102). Anti-SWELL1
773  antibody was custom made as described previously (1, 2). Purified mouse anti-Grb2 was

774  purchased from BD (610111) and Santa Cruz (#sc-255). Rabbit IgG Santa Cruz (sc-2027). Anti-

775  CD31 was purchased from Thermo Fisher (MA3105).

776  Electrophysiology. All recordings were performed in the whole-cell configuration at room
777  temperature, as previously described(1, 2). Briefly, currents were measured with either an
778  Axopatch 200B amplifier or a MultiClamp 700B amplifier (Molecular Devices) paired to a

779  Digidata 1550 digitizer. Both amplifiers used pClamp 10.4 software. The intracellular solution

780  contained (in mM): 120 L-aspartic acid, 20 CsCl, 1 MgClz, 5 EGTA, 10 HEPES, 5 MgATP, 120
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CsOH, 0.1 GTP, pH 7.2 with CsOH. The extracellular solution for hypotonic stimulation
contained (in mM): 90 NaCl, 2 CsCl, 1 MgCl,, 1 CaCl,, 10 HEPES, 5 glucose, 5 mannitol, pH
7.4 with NaOH (210 mOsm/kg). The isotonic extracellular solution contained the same
composition as above except for mannitol concentration of 105 (300 mOsm/kg). The osmolarity
was checked by a vapor pressure osmometer 5500 (Wescor). Currents were filtered at 10 kHz
and sampled at 100 us interval. The patch pipettes were pulled from borosilicate glass capillary
tubes (WPI) by a P-87 micropipette puller (Sutter Instruments). The pipette resistance was ~4-6
MQ when the patch pipette was filled with intracellular solution. The holding potential was 0 mV.
Voltage steps (500 ms) were elicited from 0 mV holding potential from =100 to +100 mV in 20
mV increments every 0.6 s. Voltage ramps from =100 to +100 mV (at 0.4 mV/ms) were applied

every 4 s.

Adenoviral knockdown. HUVECs were plated at 550,000 cell/well in 12 well plates. Cells were
grown for 24 h in the plates and transduced with either human adenovirus type 5 with
shLRRCB8A (shSWELL1: Ad5-mCherry-U6-hLRRC8A-shRNA, 2.2X10'"° PFU/ml, (shADV-
214592), Vector Biolabs), or a scrambled non-targeting control (shSCR: Ad5-U6-scramble-
mCherry, 1X10'° PFU/ml) at a multiplicity of infection (MOI) of 50 for 12 hours, and studies
performed 3-4 days after adenoviral transduction. The shLRRC8a targeting sequence is: GCA

CAA CAT CAAGTT CGA CGT.

siRNA knockdown: HUVECs were plated at 360,000 cell/well in 6 well plate. Cells were grown
for 24 h (90-95% confluency) and transduced with either a silencer select siRNA with si-
LRRC8a (Cat#4392420, sense: GCAACUUCUGGUUCAAAUUTT antisense:
AAUUUGAACCAGAAGUUGCTG, Invitrogen) or a non-targeting control silencer select siRNA

(Cat# 4390846, Invitrogen), as described previously (3). The siLRRC8a used targets a different
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806  sequence from the shRNA described above. Briefly, siRNAs were transduced twice, 24 and 72
807  hours after HUVEC plating. Each siRNA was combined with Opti-MEM (285.25 pl, Cat#11058-
808 021, Invitrogen) siPORT™ amine (8.75 ul, Cat#AM4503, Invitrogen) and the silencer select

809  siRNA (6 pl) in a final volume of 300 yl. HUVECs were transduced over a 4-hour period at 37°C,
810  using DMEM media +1% FBS. After transduction, the cells were returned to media containing
811  M199, 20% FBS, 0.05 g Heparin Sodium Salt, and 15 mg ECGS. Cell lysates were collected at
812  basal conditions on day 4.

813

814  Isolation of mouse lung endothelial cells

815 Isolation of mouse lung endothelial cells was performed according to the following protocol: Day
816  1- Incubate sheep anti-rat IgG Dynabeads (Invitrogen) overnight with PECAM (Sigma,

817  #SAB4502167) and VEGFR2 (R&D Systems, #BAF357) antibodies at 4 °C in PBS with gentle
818  agitation. Day 2- lungs were removed from the mice, washed in 10% FBS/DMEM, minced into
819  1-2 mm squares and digested with Collagenase Type | (2 mg/ml, Gibco) at 37°C for 1 hour with
820  agitation. The cellular digest was filtered through a 70 uym cell strainer, centrifuged at 1500 rpm
821  and the cells immediately incubated with the antibody coated Dynabeads at room temperature
822  for 20 minutes. The bead-bound cells were recovered with a magnet, washed two times with
823  PBS, and plated overnight on collagen type | (100ug/ml) coated cover slips. The endothelial
824  cells were maintained in a growth media of M199, 20% FBS, 0.05g Heparin Sodium Salt,

825  50mg/ml ECGS, and 1x Anti-Anti.

826  Cells Culture: HUVECs were purchased from ATCC and were grown in MCDB-131- Complete
827  media overnight. HUVECs for basal condition collection were grown in growth media of M199,
828  20% FBS, 0.05g Heparin Sodium Salt (Cat#9041-08-1, Alfa Aesar), and 15 mg ECGS (Cat#02-

829 102, Millipore Sigma). Cells were routinely cultured on 1% of gelatin coated plates at 37°C at


https://doi.org/10.1101/2020.08.04.236182
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.04.236182; this version posted August 4, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

830 5% COa. For insulin stimulation (Cat#SLBW8931), cells were serum starved for at least 13 h in
831 1% FBS (Atlanta Bio selected, Cat #S11110) or without FBS using endothelial cells growth
832  basal medium (Lonza cat#cc-3121) instead of MCDB-131- complete media. Insulin stimulation

833  was used for the times indicated at 100 nM.

834  Immunoblotting: Cells were harvested in ice-cold lysis buffer (150 mM NaCl, 20 mM HEPES,
835 1% NP-40, 5mM EDTA, pH 7.5) with added proteinase/phosphatase inhibitor (Roche). Cells
836  were kept on ice with gentle agitation for 20 minutes to allow complete lysis. Lysate scraped into
837 1.5 ml tubes and cleared of debris by centrifugation at 14,000 x g for 20 minutes at 4 °C.

838  Supernatant were transferred to fresh tube and solubilized protein was measured using a DC
839  protein assay kit (Bio-Rad). For immunoblotting an appropriate volume of 1 x Laemmli (Bio-rad)
840  sample loading buffer was added to the sample (10 ug of protein), which then heated at 90°C
841  for 5 min before loading onto 4-20% gel (Bio-Rad). Proteins were separated using running

842  buffer (Bio-Rad) for 2 h at 150 V. Proteins were transferred to PVDF membrane (Bio-Rad) and
843  membrane blocked in 5% (w/v) BSA in TBST or 5 % (w/v) milk in TBST at room temperature for
844 2 hours. Blots were incubated with primary antibodies at 4 °C overnight, followed by secondary
845  antibody (Bio-Rad, Goat-anti-mouse #170-5047, Goat-anti-rabbit #170-6515, all used at

846  1:10000) at room temperature for one hour. Membranes were washed3 times and incubated in
847  enhanced substrate Clarity (Bio-Rad) and imaged using a ChemiDoc XRS using Image Lab
848  (Bio-Rad) for imaging and analyzing protein band intensities. 3-Actin or GAPDH levels were

849  quantified to correct for protein loading.

850  Immunoprecipitation: Cells were seeded on gelatin-coated 10 cm dishes in complete media
851  for 24 h. Adenoviruses, Ad5-mCherry-U6-hLRRC8A-shRNA or Ad5-U6-scramble-mCherry were
852  added to cells for 12h. After 4 days cells were serum starved for 16 h with basal media contain
853 1% serum before stimulation with insulin (10 nM/ml). Cells were harvested in ice-cold lysis

854  buffer (150 mM NaCl, 20 mM HEPES, 1% NP-40, 5mM EDTA, pH 7.5) with added
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855  proteinase/phosphatase inhibitor (Roche) and kept on ice with gentle agitation for 15 minutes to
856  allow complete lysis. Lysated were incubated with anti-Grb2 antibody (20 pg/ml) or control rabbit
857  1gG (20 pg/ml, Santa Cruz sc-2027) rotating end over end overnight at 4 °C. Protein G

858  sepharose beads (GE) were added to this for a further 4 h before samples were centrifuged at
859 10,000 x g for 3 minutes and washed three times with RIPA buffer and re-suspended in laemmli
860  buffer (Bio-Rad), boiled for 5 minutes, separated by SDS-PAGE gel followed by the western blot
861  protocol.

862

863  Stretch assay: Equal amounts of cells were plated in each well in 6 well plated BioFlex coated
864  with Laminin (BF-3001CCase) culture plate and seeded to approximately 90% confluence.

865  Plates were placed into a Flexcell Jr. Tension System (FX-6000T), and incubated at 37°C with
866 5% CO.. Prior to stretch-stimulation, basal media of 1% FBS was added for 16 h. Cell on

867  flexible membrane were subjected to static stretch with following parameters: a stretch of 0.1%
868  and 5% with static strain. Cells were stretched for 5, 30, 60 or 180 minutes. Cells were then

869 lysed and protein isolated for subsequent Western blots.

870  Immunofluorescence imaging: Cells were plated on gelatin-coated glass coverslips. Cells on
871  cover slip were washed in PBS and fixed with 2% (w/v) PFA for 20 minutes at room

872  temperature. PFA were washed three times with PBS and permeabilized in PBS containing 0.2
873 % Triton X-100 for 5 minutes at room temperature. Cells on coverslips were washed in PBS and
874  blocked for 30 minutes at room temperature with TBS containing 0.1% Tween-20 and 5% BSA.
875  Cells on coverslip were incubated overnight at 4°C with primary antibody (1:250) in TBS

876  containing 0.1% Tween-20 and 1% BSA. Cells were then washed in PBS 5x and incubated for 2
877  hours at room temperature with 5% BSA in TBST. Cells were washed three times in TBST and
878  then incubated with secondary antibodies at 1:1000 dilution (Invitrogen, Anti-Rabbit 488,

879  A11070; Anti-mouse 568, A11019; Anti-mouse 488, A11017) for 1 h at room temperature.
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880  Coverslips were then incubated for 10 minutes with Topro 3 (T3605, Thermofisher) or mounted
881  with mounting media containing DAPI (Invitrogen), to visualize nuclei. Images were taken using
882  Axiocam 503 Mono Camera controlled by Zeiss Blue using a Plan-Apochromate 40x oil

883  immersion objective.

884

885  Exvivo sprouting angiogenesis assay. Following Avertin injection and cervical dislocation,
886  aortas were dissected and connective tissue removed, and then washed with PBS with 50 pg/ml
887  penicillin and streptomycin. Using iris scissors, the aorta was cut into aortic rings of 1~2 mm
888  cross sectional slices. 50 ul of Matrigel was used to coat the center of coverslips in 24 well

889  plates for two hours at 37 °C in the incubator to solidify the Matrigel. Aorta rings were then

890 seeded and transplanted on Matrigel (BD Biosciences, Cat#356231) on coverslips. After

891  seeding the aortic rings, plates were incubated in 37 °C without medium for 10 minutes to allow
892  thering to attach to the Matrigel. Complete medium was added to each well and incubated at
893  37°C with 5% CO, for 48-72 h. Phase contrast photos of individual explants were taken using a
894  10x/0.75 NA objective Olympus IX73 microscope (Olympus, Japan) fitted with camera (Orca
895  flash 4.0+, Hamamatsu, Japan). The areas of sprouting, number of tips cells and length of the
896  tube for each condition were quantified with computer software Imaged 1.52i (National Institute
897  of Health). Cells were incubated with SWELL1 (1:250) and CD31 (1:250) primary antibodies in
898  0.1% Tween-20 and 1% BSA overnight, and then incubated with secondary antibodies

899  (Invitrogen, Anti-Rabbit 488, A11070; Anti-Mouse 568, A11019). Cells were then incubated for
900 10 minutes with Topro 3 (T3605, Thermofisher) at room temperature.

901

902  Retina imaging. Ketamine (Akorn Animal Health, 100mg/ml) was prepared and mixed with
903  Xylazine then stored at room temperature. Animals were anesthetized with 87.5/12.mg/kg BW
904 via intraperitoneal (IP) injection. Eyes were topically anesthetized with proparacaine and dilated

905  with tropicamide. Fluorescein (100 mg/ml, Akorn Inc) diluted with sterile saline was administered
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906 by IP injection (50 pl), mice positioned on Micron imaging platform. Images of the eyes were
907  taken from the start of fluorescein infusion with the Micron camera with a 450-650 nm excitation
908 filter and 469-488 nm barrier filter at 30 frame/sec using Micron software for 30 seconds. Data
909  were converted into tiff image for further analysis.

910

911  Angiotensin-Il infusion: Infusion studies carried out using Azlet osmotic minipumps (Model
912  1004). Angiotensin-ll (BACHEM) dissolved in saline was filled in the minipumps and were

913  prepared to maintain infusion rate of 600 ng/kg/min for four weeks. The mice were anesthetized
914  under 2% isofluorane and the minipumps were implanted subcutaneously on the dorsal aspect
915  of the mice.

916

917

918 Blood pressure recordings

919  Systolic tail-cuff blood pressure (BP) measurements were carried out using computerized tail-
920  cuff system BP-2000 (Visitech Systems) at the same time of day. Mice were first acclimated to
921 the device by performing 3 days of measurements (20 sequential measurements/day) and then
922  mean blood pressure readings were obtained by averaging 3-5 days of measurements (not
923  inclusive of the 3 acclimation days).

924

925  RNA sequencing

926  RNA quality was assessed by Agilent BioAnalyzer 2100 by the University of lowa Institute of
927  Human Genetics, Genomics Division. RNA integrity numbers greater than 8 were accepted for
928  RNAseq library preparation. RNA libraries of 150 bp PolyA-enriched RNA were generated, and
929  sequencing was performed on a HiSeq 4000 genome sequencing platform (lllumina).

930  Sequencing results were uploaded and analyzed with BaseSpace (lllumina). Sequences were

931  trimmed to 125 bp using FASTQ Toolkit (Version 2.2.0) and aligned to Mus musculus mmp10
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932  genome using RNA-Seq Alignment (Version 1.1.0). Transcripts were assembled and differential
933  gene expression was determined using Cufflinks Assembly and DE (Version 2.1.0). Ingenuity
934  Pathway Analysis (QIAGEN) was used to analyze significantly regulated genes which were

935 filtered using cutoffs of >1.5 fragments per kilobase per million reads, >1.5 fold changes in gene
936  expression, and a false discovery rate of <0.05. Heatmaps were generated to visualize

937  significantly regulated genes. Data have been deposited in GEO (accession# TBD).

938

939  Metabolic phenotyping

940  Mice were fasted for 6 h prior to glucose tolerance tests (GTT). Baseline glucose levels at 0 min
941 timepoint (fasting glucose, FG) were measured from blood sample collected from tail snipping
942  using glucometer (Bayer Healthcare LLC). 0.75 g D-Glucose/kg body weight were injected (i.p.)
943  for HFHS mice, respectively and glucose levels were measured at 7, 15, 30, 60, 90 and 120 min
944  timepoints after injection. For insulin tolerance tests (ITTs), the mice were fasted for 4 h. Similar
945  to GTTs, the baseline blood glucose levels were measured at 0 min timepoint and 15, 30, 60, 90

946  and 120 min timepoints post-injection (i.p.) of insulin (HumulinR, 1.25 U/kg body weight).

947

948 References

949

950 1. Kang C, Xie L, Gunasekar SK, Mishra A, Zhang Y, Pai S, et al. SWELL1 is a glucose
951 sensor regulating beta-cell excitability and systemic glycaemia. Nat Commun.

952 2018;9(1):367.

953 2. Zhang Y, Xie L, Gunasekar SK, Tong D, Mishra A, Gibson WJ, et al. SWELL1 is a

954 regulator of adipocyte size, insulin signalling and glucose homeostasis. Nature cell
955 biology. 2017;19(5):504-17.

956 3. Koh W, Stratman AN, Sacharidou A, and Davis GE. In vitro three dimensional collagen
957 matrix models of endothelial lumen formation during vasculogenesis and angiogenesis.
958 Methods Enzymol. 2008;443:83-101.

959

960

961

962


https://doi.org/10.1101/2020.08.04.236182
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.04.236182; this version posted August 4, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

A B SE1

DAPI Merged

Ad- Ad- o B
shSCR shSWELLA1 7y
.C
95 kDa [ = e | 1B:swELL1 @B
37 kDa | — — —] IB:GAPDH

sh-SWELLA1

o
O

+100 mV
0mV
Hypo
10 yM DCPIB -100 mv
2000- ————— Hypo
3
= 1000+ [
[
o :
= (1|} ——— . .
3 [ fe__-20 30 j S
-1000- Time (mins)
100 ms
< ° <Ad-shSCR < 40,
- -3
T =
o 2 20-
2 2
O |~ __—<Ad-shSWELLT 3 |
10050~ 50 100 g
-2 Voltage (mV) 3 -20-
p=0.04
’ 4
vbég' vi{:)’
F L
=)
Figure 1. SWELL1 mediates VRAC currents in human umbilical vein endothelial cells (HUVECSs).
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Figure 2. SWELL1 regulates PI3K-AKT-eNOS, ERK and mTOR signaling in endothelium.
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Figure 2- Figure Supplement 1. SWELL1 regulates PI3K-AKT-eNOS, ERK and mTOR signaling in
endothelium.
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Figure 3. SWELL1 interacts with Grb2, Cav1 and eNOS in human endothelium.
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Figure 3 - Figure Supplement 1. SWELL1 co-localizes with eNOS and regulates eNOS expression.
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Figure 4. SWELLA1 is required for intact stretch-induced AKT-eNOS signaling.
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Figure 5. Endothelium-specific SWELL1 KO mice exhibit enhanced tube formation from aortic explants.
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Figure 6. RNA sequencing of Ad-shSCR and Ad-shSWELL1 transduced HUVECs.
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Figure 7. Endothelial-targeted SWELL1 deletion predisposes to systolic hypertension.
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Figure 8- Figure Supplement-1. Endothelium-specific SWELL1 KO mice exhibit mild retinal
microvascular disease at baseline.
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Figure 8. Endothelium-specific SWELL1 KO mice exhibit exacerbated impairments retinal
microvascular disease in the setting of Type 2 diabetes.
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Figure 8- Figure Supplement-2. Endothelium-specific SWELL1 KO mice exhibit exacerbated
impairments retinal microvascular disease in the setting of Type 2 diabetes.
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Figure 8- Figure Supplement-3. Glucose tolerance (GTT) and insulin tolerance (ITT) are not altered
in endothelium-specific SWELL1 KO mice (n = 13) compared to WT mice (n = 8) raised on a high-fat
high sucrose diet for 10 months.


https://doi.org/10.1101/2020.08.04.236182
http://creativecommons.org/licenses/by/4.0/

