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Cutaneous and hepatic vascular lesions
due to a recurrent somatic GJA4 mutation
reveal a pathway for vascular malformation
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Summary

The term “cavernous hemangioma” has been used to describe vascular anomalies with histology featuring dilated vascular spaces,
vessel walls consisting mainly of fibrous stromal bands lined by a layer of flattened endothelial cells, and an irregular outer rim of
interrupted smooth muscle cells. Hepatic hemangiomas (HHs) and cutaneous venous malformations (VMs) share this histologic
pattern, and we examined lesions in both tissues to identify genetic drivers. Paired whole-exome sequencing (WES) of lesional tissue
and normal liver in HH subjects revealed a recurrent GJA4 c.121G>T (p.Gly41Cys) somatic mutation in four of five unrelated in-
dividuals, and targeted sequencing in paired tissue from 9 additional HH individuals identified the same mutation in 8. In cuta-
neous lesions, paired targeted sequencing in 5 VMs and normal epidermis found the same GJA4 c.121G>T (p.Gly41Cys) somatic
mutation in three. GJA4 encodes gap junction protein alpha 4, also called connexin 37 (Cx37), and the p.Gly41Cys mutation falls
within the first transmembrane domain at a residue highly conserved among vertebrates. We interrogated the impact of the Cx37
mutant via lentiviral transduction of primary human endothelial cells. We found that the mutant induced changes in cell
morphology and activated serum/glucocorticoid-regulated kinase 1 (SGK1), a serine/threonine kinase known to regulate cell prolif-
eration and apoptosis, via non-canonical activation. Treatment with spironolactone, an inhibitor of angiogenesis, suppressed
mutant SGK1 activation and reversed changes in cell morphology. These findings identify a recurrent somatic GJA4 ¢.121G>T mu-
tation as a driver of hepatic and cutaneous VMs, revealing a new pathway for vascular anomalies, with spironolactone a potential

pathogenesis-based therapy.
Introduction

Drivers of vascular overgrowth have been revealed by ge-
netic investigation of lesions in the skin and other tissues,
and these findings have informed understanding of
vascular biology. Included among these discoveries are mu-
tations in vascular tumors including BRAF (MIM: 1947357),
VEGFR2 (MIM: 191306), VEGFR3 (MIM: 136352), HRAS
(MIM: 190020), KRAS (MIM: 190070), NRAS (MIM:
164790), GNAQ (MIM: 600998), GNA11 (MIM: 139313),
and GNA14 (MIM: 604397), which center on RAS-MEK-
ERK signaling.'~'° Somatic activating mutations in PIK3CA
(MIM: 171834) and in TEK (MIM: 600221) are also known
to drive some cutaneous venous malformations (VMs)
(MIM: 600195)."'% In a recent study, 14 of 39 HH lesions
(36%) were found via targeted sequencing to harbor ca-
nonical KRAS (G12D, G12S, G13D, or G13S) or BRAF
(V600M) mutations, but many cases in the skin and liver
remain mutation-unknown, and we sought to identify
other genetic causes."’

Hepatic hemangiomas (HHs) have a reported incidence
in autopsy series ranging from 1%-7%.'* They are thought
to derive from mesenchyme and may occur as solitary or

multiple lesions. They are five times more common in
women than in men and are commonly diagnosed be-
tween ages 30 and 50 years."” Lesions <10 cm in size are
usually asymptomatic and are typically found incidentally,
while larger lesions of >10 cm can cause abdominal pain
due to distension of the liver capsule, a sensation of abdom-
inal fullness, coagulopathy, Budd-Chiari syndrome (MIM:
600880), or signs of gastric outlet or biliary obstruction.'®
A rare, but serious, complication of these lesions is sponta-
neous rupture, which can lead to intralesional or intra-
abdominal hemorrhage, anemia, circulatory shock, and
death. In individuals with current or prior malignancy at
other sites, HHs are often removed to exclude the diagnosis
of liver metastases. Current treatments for HH include
interferon alpha, corticosteroid therapy, embolization,
and surgery. Surgery is the most definitive treatment for
HHs, but post-surgical complications occur in about 25%
of adults, with intraoperative bleeding secondary to throm-
bocytopenia one potential serious complication.®'”
Cutaneous VMs share histologic features with HH, and
these lesions can be present at birth or can appear sponta-
neously in adults and grow over time. Cutaneous VMs can
be large, disfiguring, and painful and can undergo localized
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Figure 1. Shared features of HHs and cutaneous venous malfor-
mations

(A)A16 x 11 x 16 cm vascular mass (white dashed lines and white
arrow) in the right liver lobe consistent with HH found in
VASC102.

(B) Histology of this lesion demonstrates dilated vessels filled with
red blood cells. Scale bar, 500 pm.

(C) Immunohistochemistry (IHC) demonstrating CD31 immuno-
reactivity in endothelial cells lining vessels confirms that these are
vascular lesions. Scale bar, 75 um.

(D and E) Cutaneous venous malformations show similar histol-
ogy with dilated vascular spaces and vessel walls consisting mainly
of fibrous stromal bands lined by a single layer of flattened endo-
thelial cells. Scale bar, 500 pm.

intravascular coagulopathy. Cutaneous VMs can be found
concurrent with visceral vascular anomalies, including
HH."®

Syndromes featuring multi-system vascular anomalies
include von Hippel Lindau syndrome (VHLS; MIM:

193300) and tuberous sclerosis complex due to mutations
in TSC1 (MIM: 191100) and TSC2 (MIM: 613254). VHLS is
a rare cancer syndrome caused by mutations in the VHL
(MIM: 608537) tumor suppressor gene, which is character-
ized by the presence of cysts and vascular lesions in multi-
ple organs. A conditional heterozygous inactivation of Vhl
in mouse hepatocytes leads to VMs of the liver.'” Similarly,
mice with only one functional Tsc2 allele develop hepatic
vascular lesions.”” Despite these discoveries in humans
and mice, our understanding of the full spectrum of ge-
netic determinants of vascular malformation remains
incomplete, and we employed paired whole-exome
sequencing (WES) to identify, a priori, the genetic drivers
of these VMs in the liver and skin.

Material and methods

DNA extraction, sequencing, and bioinformatic analyses
We selected a total of 14 HH cases in individuals with symptoms
that necessitated surgery and 18 cutaneous VM individuals for ge-
netic analysis. The study protocol was approved by the Yale Hu-
man Investigation Committee. Lesional and unaffected tissues
in all cases were cored from paraffin blocks and genomic DNA ex-
tracted with the QIAamp DNA FFPE Tissue Kit (QIAGEN).

WES was performed by the Yale Center for Genome Analysis, us-
ing barcoded libraries from sheared genomic DNA. We used the
Burrows-Wheeler Aligner (BWA-MEM) to align reads to the hgl9
human reference sequence (UCSC Genome Browser) and trimmed
them to targeted intervals with Picard.”'** We employed a Perl
script to remove PCR duplicates, recalibrated the resulting BAM
files according to the Genome Analysis Toolkit (GATK) Best Prac-
tices, and called blood and tissue variants with the GATK Haplo-
type Caller.?” We used MuTect2 to identify all single-nucleotide
variants (SNVs), deletions, and insertions and used ANNOVAR to
annotate all variants for functional impact.”** Data were filtered
for damaging (indels, missense, splice site, and nonsense) muta-
tions that (1) had at least three non-reference reads in lesional tis-
sue and zero, one, or two non-reference reads in unaffected tissue;
(2) were present on the left and right strands; and (3) were absent
in 1000 Genomes (August 2015 release), the National Heart, Lung,
and Blood Institute Exome Sequencing Project Exome Variant
Server (ESP6500 release), and the Genome Aggregation Database
(gnomAD) Browser control set of >125,000 exomes and >15,000
genomes (v.2.1.1). We examined the remaining mutations with
the Broad Institute Integrative Genomics Viewer (IGV) to exclude
variants resulting from alignment error.”> GJA4 c.121G>T somatic
mutations were verified via Sanger sequencing using the following
primers: connexin 37 (Cx37)-forward (5-AGGTCCAGGAG
CACTCGAC-3') and Cx37-reverse (5'-CAGCACCCAGTAGCG
GATG-3).

Mutant plasmid construction and transfection

GJA4 cDNA (Dharmacon) was cloned into pInducer21 (Addgene)
using the Gateway Cloning System (Thermo Fisher Scientific)
with forward (5-GGGGACAAGTTTGTACAAAAAAGCAGGCT
TAGCCACCATGGGT-3') and reverse (5-GGGGACCACTTTGTA
CAAGAAAGCTGGGTTTACATACTGCTT-3') primers generating
the Cx37-wild type (WT) construct. The mutant construct
(Cx37-Gly41Cys) was generated from the Cx37-WT plnducer21
vector using the QuikChange Site-Directed Mutagenesis Kit
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(Agilent). Hemagglutinin (HA)-tagged constructs were cloned
from the nontagged constructs by excluding the TAG stop codon
at the end of the respective nontagged cDNA sequences. Lentiviral
particles were packaged in HEK293T cells using 1.25 pg vector
DNA, 1.25 pg packaging plasmid psPAX2 (Addgene), and 0.5 pg
envelope expressing plasmid pMD2.G (Addgene) per well in a 6-
well plate with Lipofectamine 2000 (Thermo Fisher Scientific) ac-
cording to the manufacturer’s instructions. Lentiviral particles
were collected 48 and 72 h after transfection, combined, and
concentrated using Lenti-X concentrator (TakaraBio) per manufac-
turer’s instructions. Human umbilical vein endothelial cells (HU-
VECs) were transduced using Polybrene (Millipore Sigma) at a
concentration of 5 pg/mL. After 72 h, transduction efficiency as
evaluated via GFP fluorescence was >80% for all lentiviral con-
structs. Ectopic gene expression was induced with doxycycline at
a concentration of 1 pg/mL unless otherwise indicated.

Western blotting

Protein was isolated from passage 5 HUVECs 18 h after induc-
tion of gene expression in 1% SDS lysis buffer containing prote-
ase and phosphatase inhibitor. 10 or 20 ug of protein was run on
a NuPAGE 4%-12% precast Bis-Tris gel (Invitrogen) and trans-
ferred onto nitrocellulose membranes using a semi-dry (Bio-
Rad) or a wet transfer method. Anti-human antibodies used
are as follows: rabbit anti-phospho-ERK p42/p44 (Cell Signaling
Technologies [CST] 9106) 1:1,000, mouse anti-ERK (CST 9102)
1:1,000, rabbit anti-Akt (CST 9272) 1:1,000, rabbit anti-phos-
pho-Akt-T308 (CST 4056), rabbit anti-phospho-Akt-S473 (CST
4051), rabbit anti-serum/glucocorticoid-regulated kinase 1
(SGK1) (CST 12103) 1:1,000, rabbit anti-phospho-SGK1-Ser78
(CST 5599) 1:1,000, anti-phospho-SGK1-Thr256 (Thermo Fisher
44-1260G) 1:1,000, rabbit anti-Cx37 (Abcam 181701) 1:3,000,
rabbit anti-LC3A/B (CST 4108) 1:1,000, rabbit anti-ULK1 (CST
8054) 1:1,000, rabbit anti-Atgl3 (CST 13273) 1:1,000, rabbit
anti-Atgl01 (CST 13492) 1:1,000, rabbit anti-RB1CC1 (CST
12436) 1:1,000, rabbit anti-HA (CST 3724) 1:1,000, Actin (Sigma
Aldrich A1978) 1:4,000. The following secondary antibodies
were used: anti-mouse HRP-linked antibody (CST 7076)
1:2,500 or anti-rabbit HRP-linked antibody (CST 7074) 1:2,500.
Quantification of western blots was performed using ImageJ
(v1.51).

Cell culture

HUVECs from the Yale Vascular Biology and Therapeutics Core
were maintained in endothelial cell growth medium (EGM-2;
Lonza). They were transduced with lentiviral constructs contain-
ing WT (Cx37-WT), mutant (Cx37-Gly41Cys), HA-tagged WT
(HA-Cx37-WT), or HA-tagged mutant (HA-Cx37-Gly41Cys) lenti-
viral constructs. Where applicable, cells were treated with 50 pM
spironolactone (Sigma) or 1 pM tamoxifen (Sigma) in DMSO. Con-
trol cells were treated with EGM-2 in an identical amount of
DMSO as those in the drug treatments.

Results

A recurrent, somatic GJA4 c.121G>T mutation is present
in hepatic and cutaneous VMs

We initially enrolled five unrelated individuals with large,
symptomatic HHs in whom diagnosis was confirmed by
magnetic resonance imaging showing hyperintense liver

masses on T2-weighted sequence (Figure 1; Figure S1). His-
tologic examination of excised tissue showed dilated ves-
sels lined with CD31-positive endothelial cells (Figure 1).
WES identified a recurrent GJA4 (MIM: 121012) (GenBank:
NM_002060.3) c.121G>T (p.Gly41Cys) somatic mutation
in tissue from 4 out of the 5 HH individuals (80%),
confirmed via Sanger sequencing, and absent from
251,000 sequenced alleles in the gnomAD database (Table
S1; Figure S2). After verification of somatic variants from
Mutect in IGV, the total number of somatic SNVs (sSNVs)
observed in each of the four individuals ranged from 11
to 68 (Table S2). Mutations in KRAS or BRAF were not de-
tected, and GJA4 c.121G>T was the only shared mutation
among the HH individuals. We also performed targeted
sequencing of paired normal and lesional tissue from 9
additional HH individuals (Table 1), finding the GJA4
c.121G>T mutation in 8 of the 9 individuals (89%)
(Figure S3). Recognizing shared histology of HH lesions
and cutaneous VMs, we assessed cutaneous lesions for
this mutation.”>?” Paired Sanger sequencing of normal
and affected tissue from 5 subjects with cutaneous VMs
with cavernous histology showed the presence of the
GJA4 c.121G>T mutation in 3 individuals (60%) (Figures
1D and 1E; Figure S3). The mutation was absent in 12 addi-
tional cutaneous VMs that demonstrated other histologic
patterns, such as a single, large vascular space lined by
endothelial cells or compressed vessels lined by a single
layer of endothelial cells dissecting through collagen bun-
dles. Unlike the cavernous lesions associated with the GJA4
¢.121G>T mutation, VMs due to TEK mutations are char-
acterized by large vascular spaces with irregular borders
lined by endothelial cells, which are in turn bordered by
disorganized smooth muscle.'"*® Clinically, VMs due to
TEK mutations tend to occur in the subcutis or deeper,
whereas cutaneous VMs may occur near the skin sur-
face.'*?

GJA4 encodes gap junction protein alpha 4, also called
Cx37, which is highly expressed in lung, vasculature,
and the ovary.*’** There are 21 members of the connexin
gene family in humans; all encode tetra-transmembrane-
spanning proteins with one cytoplasmic and two extracel-
lular loops, which assemble into connexons comprised of
six connexin subunits, with homo- or hetero-polymeriza-
tion possible.”*** Connexons can form hemichannels on
the cell surface or dock with connexons from adjacent cells
to form a gap junction channel permeable to ions and
macromolecules.”® Connexins have relatively short half-
lives (1.5-5 h) compared to other cell membrane proteins
and have central roles in intercellular ion flux and intracel-
lular and intercellular signaling and have been implicated
in regulation of cell death, proliferation/survival, and dif-
ferentiation.”**®  The identified GJA4 c.121G>T
(p.Gly41Cys) mutation occurs within the first transmem-
brane-spanning domain, which is highly conserved
among higher-order vertebrates (Figures S4 and S5) and
was predicted to be damaging by SIFT, PolyPhen2, and Mu-
tationTaster.””*!
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Table 1.

A somatic mutation in GJA4 causes hepatic hemangiomas and cutaneous venous malformations

Sample Age at diagnosis Sex Lesion size Lesion location Somatic mutation

VASC101 61 F 12.0 cm hepatic GJA4 c.121G>T (p.Gly41Cys)
VASC102 47 F 11.1 cm hepatic GJA4 c.121G>T (p.Gly41Cys)
VASC103 34 F 16.0 cm hepatic GJA4 c.121G>T (p.Gly41Cys)
VASC104 55 F 12.6 cm hepatic GJA4 c.121G>T (p.Gly41Cys)
VASC105 36 F 8.4 cm hepatic GJA4 c.121G>T (p.Gly41Cys)
VASC106 55 F 16.9 cm hepatic GJA4 c.121G>T (p.Gly41Cys)
VASC107 44 M 12.0 cm hepatic GJA4 c.121G>T (p.Gly41Cys)
VASC108 64 M 0.8 cm hepatic GJA4 c.121G>T (p.Gly41Cys)
VASC109 36 F 13.5 cm hepatic GJA4 ¢.121G>T (p.Gly41Cys)
VASC110 50 M 1.5 cm hepatic GJA4 ¢.121G>T (p.Gly41Cys)
VASC111 40 F 7.3 cm hepatic GJA4 c.121G>T (p.Gly41Cys)
VASC112 48 F 5.7 cm hepatic GJA4 c.121G>T (p.Gly41Cys)
VASC113 49 M 0.5 cm cutaneous GJA4 c.121G>T (p.Gly41Cys)
VASC114 66 M 1.4 cm cutaneous GJA4 c.121G>T (p.Gly41Cys)
VASC115 53 M 0.5 cm cutaneous GJA4 c.121G>T (p.Gly41Cys)

Lesional and unaffected tissue from 4 HH individuals (VASC101-VASC104) was subjected to paired WES, revealing a recurrent somatic G/A4 (GenBank:
NM_002060.3) c.121G>T (p.Gly41Cys) mutation. Variant allele frequencies for these four individuals are listed in Table S1. Eight additional HH individuals
(VASC105-VASC112) and three cutaneous venous malformation individuals (VASC113-VASC115) from male and female adults also harbored the somatic

GJA4 c.121G>T mutation. Ages are in years. Abbreviations: F, female; M, male.

Cx37-Gly41Cys expression induces vacuole formation
and inhibits autophagosome processing in HUVECs

To investigate the pathobiology of the GJA4 c.121G>T
(p.Gly41Cys) mutation, we expressed native or HA-tagged
Cx37-WT or mutant Cx37 (Cx37-Gly41Cys) in HUVEC cells
cloned in tetracycline-regulated lentiviral vectors. These
were induced with doxycycline and expression verified via
western blotting (Figure 2A; Figure S6). Eight hours after in-
duction of ectopic gene expression, cells expressing Cx37-
Gly41Cys exhibited large cytoplasmic vacuoles and spin-
dled morphology, absent in Cx37-WT-expressing cells (Fig-
ures 2B and 2C). An oil red O stain for lipids was negative.
Via western blotting, we interrogated microtubule-associ-
ated proteins MAP1-LC3A and MAP1-LC3B (LC3A/B),
which are markers of autophagosome formation, and found
increased levels in cells transduced with the Cx37-Gly41Cys
construct.*” Quantitation with Image] showed a less signif-
icant increase in LC3A/B protein levels in cells expressing
Cx37-WT compared to those expressing the vector alone
(Figure S7). To determine whether the elevated LC3A/B
levels were secondary to an upregulation in autophagosome
initiation, we blotted for proteins in the autophagy initia-
tion complex comprising ULK1, Atgl01, Atgl3, and the
ULK1 interacting protein RB1CC1, which are negatively
regulated by mTOR.** We found a relative decrease in levels
of ULK, Atg101, Atgl3, and RB1CC1 in cells expressing
Cx37-Gly41Cys compared to cells expressing Cx37-WT
(Figure 2). These results suggest that autophagy initiation
was downregulated in cells expressing the mutant Cx37
protein. The selective increases in Atgl3 and RB1CC1 seen

in cells expressing Cx37-WT suggest that the increase in
LC3A/B expression levels seen in these cells could derive
from an increase in autophagic processing (Figure S7). Alto-
gether, elevated LC3A/B levels and the cytoplasmic vacuoles
in cells transduced with Cx37-Gly41Cys suggest a distal
blockade in autophagic processing.

Cx37-Gly41Cys overexpression does not activate the
MAPK pathway or the PI3K-Akt-mTOR axis

Other mutations causing VMs or vascular tumors drive
MAPK or PI3K/Akt/mTOR activation, and we interrogated
these pathways in HUVECs expressing Cx37-WT and
Cx37-Gly41Cys.”'*** Western blotting did not show eleva-
tion in phospho-ERK1/ERK2 protein levels in cells express-
ing Cx37-Gly41Cys compared to cells expressing Cx37-
WT protein, suggesting that the mutation was not acting
through activation of the MAPK pathway (Figure 3A).
Recognizing that the PI3K/Akt/mTOR pathway can also
contribute to cell survival, growth, and proliferation, we as-
sessed levels of Akt, which mediates effects of the pathway
on downstream targets. PI3K activation leads to PDKI1-
driven phosphorylation of Akt at Thr308, and mTORC2
phosphorylation of Akt at Ser473 is required for full kinase
activation.*>*® We found that protein levels of total Akt and
Akt-Thr308 were comparable between cells expressing the
WT and mutant proteins, whereas Akt-Ser473 levels were
decreased in cells expressing Cx37-Gly41Cys compared to
cells expressing Cx37-WT protein (Figure 3A). Taken
together, these results suggest that the mutant protein
does not lead to PI3K- or mTOR-dependent Akt activation.
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Cx37-Gly41Cys upregulates expression of SGK1

Given the absence of MAPK or Akt activation in cells ex-
pressing Cx37-Gly41Cys, we examined other downstream
mTORC2 targets that have been implicated in cellular
overgrowth. One such target is SGK1, a member of the
AGC kinase family, which also includes Akt. SGK1 shares
55% identity with Akt, and both proteins are activated
by the same kinases. Phosphorylation of Akt at Thr308
and SGK1 at Thr256 by PI3K-directed PDK1 activity leads
to full kinase activation.”” SGK1 can also be activated in
a PI3K-independent fashion by ERKS or p38-mediated
phosphorylation at serine 78 (SGK1-Ser78).***’ Western
blotting showed similar levels of SGK1-Thr256 in cells ex-
pressing the WT and mutant proteins, suggesting that
Cx37-Gly41Cys does not cause PI3K-driven canonical acti-
vation of SGK1 (Figure 3A). However, SGK1-Ser78 expres-
sion was seen only in cells expressing Cx37-Gly41Cys
and in a titratable fashion with increasing doxycycline
concentration, supporting non-canonical activation of
SGK1 (Figure 3B). Immunohistochemical staining
confirmed exclusive SGK1-Ser78 expression in HH, but
not unaffected tissue (Figure 3C).

Spironolactone, but not tamoxifen, inhibits the effects
of Cx37-Gly41Cys expression in HUVECs

The mineralocorticoid receptor (MR) antagonist spironolac-
tone demonstrates anti-angiogenic properties by inhibiting
endothelial cell migration and proliferation.””>' We

Cx37-WT ——= Cx37-Gly41Cys =

Figure 2. Cx37-Gly41Cys expression in-
duces morphological changes in HUVECs
and downregulates expression of pro-
teins comprising the autophagy initiation
. : ® complex in endothelial cells
> (A) Overexpression of HA-tagged Cx37-
WT and Cx37-Gly41Cys was verified via
western blotting. Actin is blotted as a
5 loading control.

& (B) HUVEC:s expressing Cx37-WT demon-

strate a cobblestone morphology. Scale
bar, 150 pm.
(C) HUVECs expressing Cx37-Gly41Cys
exhibit large cytoplasmic vacuoles and
spindled morphology. Scale bar, 150 pm.
(D) Expression of Cx37-Gly41Cys leads to
increased levels of the autophagosome
markers LC3A/B (LC3A/B). Compared
to Cx37-WT, Cx37-Gly41Cys leads
to decreased expression of proteins
comprising the autophagy initiation com-
plex. Taken together, these data suggest
that Cx37-Gly41Cys inhibits autophago-
some initiation or processing. Actin is
blotted as a loading control.

therefore evaluated its effect on HU-

VECs overexpressing Cx37-Gly41Cys.

HUVECs expressing Cx37-WT or

Cx37-Gly41Cys were exposed to one

of three conditions: no spironolac-

tone, spironolactone added at induc-
tion of ectopic gene expression (0 h), and spironolactone
added 10 h after induction of ectopic gene expression (10
h). The latter condition was selected given that tetracy-
cline-on inducible systems reach maximum gene expression
levels at 10 h post-induction.>? Spironolactone was added to
the cell culture media at 50 pg/mL, a concentration previ-
ously shown to inhibit HUVEC proliferation.”’ While
western blotting showed strong SGK1-Ser78 expression in
Cx37-Gly41Cys cells not exposed to spironolactone, the
addition of spironolactone at the time of doxycycline induc-
tion or 10 h later completely abrogated SGK1-Ser78 expres-
sion, the hallmark of non-canonical activation (Figure 4A).
Corroborating these findings, HUVECs expressing Cx37-
Gly41Cys that were treated with spironolactone at the
time of doxycycline induction did not exhibit vacuoles or
other morphological changes compared to untreated cells.
Furthermore, spironolactone administration at 10 h after
doxycycline induction reversed the vacuolization pheno-
type in cells expressing Cx37-Gly41Cys within 14 h after
treatment (Figures 4B and 4C).

Given the higher prevalence of HHs in women, their
pathogenesis has been postulated to involve female sex
hormones such as estrogen.’® HUVECs express estrogen
receptors, and the effects of estrogen on HUVECs are medi-
ated by estrogen receptor B, activation of which upregu-
lates SGK1 expression and leads to endometrial cell sur-
vival.>*>° To investigate whether blocking estrogen
receptor B activity alters the effects of Cx37-Gly41Cys,
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Figure 3. Cx37-Gly41Cys expression ac-
- tivates SGK1 via a non-canonical pathway

Qt\ Vv o N .
o o (A) HUVECs transduced with Cx37-G41C
express a higher molecular weight phos-
phorylated form of SGK1, with expression

of SGK1-Ser78 seen exclusively in Cx37-
Gly41Cys cells. Cx37-Gly41Cys does not

alter MAPK expression. Cx37-WT leads
to decreased Akt-Ser473 expression,
whereas Cx37-Gly41Cys expression re-
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sults in almost complete abrogation. Actin
is blotted as a loading control.
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we treated HUVECs with tamoxifen, a pure antagonist of
estrogen receptor B. HUVECs expressing Cx37-WT or
Cx37-Gly41Cys were exposed to 1 pmol/mL tamoxifen,
which is equivalent to the therapeutic serum concentra-
tion in individuals with breast cancer and above the con-
centrations demonstrated to inhibit estrogen receptor B
in endothelial cells.”**” SGK1-Ser78 levels were un-
changed in cells exposed to tamoxifen compared to con-
trol cells (Figure S8), showing that non-canonical SGK1
activation is independent of estrogen receptor B activity.

Discussion

Cx37 is expressed in the endothelium of the skin, hepatic
artery, hepatic vein, and portal vein, and studies have
demonstrated its role in vascular development and cell
cycle control.***° Mice lacking both Cx37 and GJAS (con-
nexin 40) die perinatally after developing vascular abnor-
malities in lung, intestine, and skin tissue as well as lesions
resembling hemangiomas in testis.”” In a mouse model of
limb ischemia, Cx37 deficiency was associated with
increased angiogenesis, suggesting an anti-proliferative
role for Cx37 on vasculature.®’ Cx37 also exhibits a
growth-suppressive effect on rat insulinoma cells, a prop-
erty that requires intact pore-forming and C-terminal
Cx37 domains.’”®® Nonfunctional channels generated
via missense mutations in the Cx37 pore-forming domains
coupled with a WT c terminus that localizes to intercellular
junctions lack this growth-inhibitory effect. These data
suggest that the GJA4 ¢.121G>T (p.Gly41Cys) mutation,
which falls in the first transmembrane domain, may

(B) Gradient induction of Cx37-Gly41Cys
expression with doxycycline leads to dose-
dependent increases in phosphorylation
of SGK1 at serine 78 and an increase in to-
tal SGK1 expression. In the absence of
Cx37-Gly41Cys expression, SGK1 runs as
a doublet on SDS-PAGE (lane 1) but mi-
grates as a single band when expression
of the mutant protein is induced. These
data indicate that Cx37-Gly41Cys leads
to SGK1 activation via serine 78 phos-
phorylation. Actin is blotted as a loading
control.

(C) Immunohistochemical staining re-
veals absence of SGK1-Ser78 in vascula-
ture of normal liver tissue and strong
SGK1-Ser78 expression in HH tissue. Scale
bars, 75 pm.

y

,,‘:St‘ e

impact the pore function of Cx37 and act, at least in
part, via a dominant negative mechanism.®* %

We show that Cx37-Gly41Cys expression leads to non-
canonical activation of SGK1 independent of PI3K. SGK1
activation has been extensively found upregulated in neo-
plasms, including non-small cell lung cancer, glioblas-
toma, hepatocellular carcinoma, and breast and colorectal
cancer.”””"* SGK1 is also required for normal vasculogene-
sis in developing mouse embryos, where it plays a pro-sur-
vival role in endothelial and vascular smooth muscle
cells.”> SGK1-deficient mouse endothelial cells exhibit
diminished migration and tube formation in vitro.”®
Furthermore, SGK1 enhances cell-cycle progression in
the presence of growth factors or serum.”’

Recognizing that SGK1 may undergo canonical or non-
canonical activation by phosphorylation at different resi-
dues, we examined levels of both phosphorylated forms.
The increased levels of SGK1-Ser78, but not SGKI-
Thr256, in cells expressing Cx37-Gly41Cys indicate that
the identified mutation causes non-canonical SGK1 activa-
tion without altering PI3K-directed activation. Alternative
activation pathways for AGC kinases are not unique to
SGK1, as PI3K-independent Akt activation by ERK4 has
also been described.”® The decreased levels of Akt-Ser473
and unchanged levels of Akt-Thr308 in cells expressing
the mutant protein provide additional evidence for the
absence of canonical PI3K/Akt/mTOR pathway activation
as the primary driver of SGK1 activation.

We noted large vesicles in the cytoplasm of cells express-
ing Cx37-Gly41Cys. The relatively increased levels of the
autophagosome markers LC3A/B coupled with the
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Figure 4. Spironolactone inhibits and reverses SGK1 non-canonical activation and morphological changes in HUVECS expressing

Cx37-Gly41Cys

(A) SGK1 activation via phosphorylation at serine 78 is seen in cells overexpressing Cx37-Gly41Cys in the absence of spironolactone but
is not present with addition of spironolactone at the time of induction of Cx37-Gly41Cys expression or 10 h after. Lysates were prepared

at 18 h.

(B and C) Cytoplasmic vacuoles are seen in Cx37-Gly41Cys HUVECs that are not treated with spironolactone (B), but addition of spi-
ronolactone reverses this phenotype by 14 h after treatment (C). Images were taken at 24 h after induction of Cx37-Gly41Cys expres-

sion. Scale bars, 150 pm.

decreased levels of proteins that comprise the autophagy
initiation complex suggest the possibility that the large
and abundant vacuoles in cells expressing Cx37-Gly41Cys
may be an accumulation of stalled autophagosomes. These
findings are consistent with evidence shown by others
demonstrating that SGK1 inhibits autophagy.””*°
Whether this autophagic block contributes to HH develop-
ment is unknown. However, autophagy inhibition can
lead to increased cell proliferation in vivo, as has been
demonstrated in colorectal cancer cells.*' We also find an
increase in LC3A/B in cells expressing Cx37-WT coupled
with increased levels of proteins comprising the autophagy
initiation complex, suggesting an upregulation of auto-
phagic processing. This may be a consequence of Cx37-
WT overexpression, as autophagy has a described role in
intracellular protein degradation.®”®

Finally, we demonstrate that the MR antagonist spirono-
lactone abrogates Cx37-Gly41Cys-induced SGK1 phos-
phorylation at serine 78 in HUVECs. Formation of the
large cytoplasmic vacuoles seen in cells expressing the
mutant protein is also inhibited or reversed by spironolac-
tone treatment (Figure 4). This inhibitory effect persists in
cells that are maximally expressing the mutant protein
prior to drug administration, suggesting that spironolac-
tone could be an effective therapeutic for established
lesions. The modulation of these morphologic and molec-
ular changes by a single agent further suggests that non-ca-
nonical SGK1 activation and autophagy inhibition are
linked. While the MR agonist aldosterone potently induces
SGK1 expression, others have shown that inhibition of
HUVEC proliferation by spironolactone is not dependent
upon MR blockade.’"** The mechanism underlying this
anti-proliferative effect has not been described. Our results
implicate SGK1 in the relevant mechanism, although the
point at which spironolactone may be modulating the
Cx37-SGK1 axis has yet to be determined.

Our finding of a recurrent somatic GJA4 ¢.121G>T
(p-Gly41Cys) mutation in hepatic and cutaneous VMs in
15 unrelated individuals, combined with evidence that
the mutant protein induces non-canonical SGK1 activa-
tion, identifies a new pathway for vascular anomalies and
links Cx37 to SGK1 regulation. We demonstrate that spiro-
nolactone blocks and reverses both non-canonical SGK1
activation and ensuing morphologic changes. While sur-
gery has been considered the most definitive treatment
for HHs, a therapeutic targeting the Cx37-SGK1 axis may
serve as a treatment alternative for individuals with HHs
or cutaneous VMs harboring the Cx37 p.Gly41Cys
mutation.
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