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Abstract

Transforming growth factor p (TGFp) signaling plays crucial roles in maintaining vascular
integrity and homeostasis, and is established as a strong activator of vascular smooth muscle cell
(VSMC) differentiation. Chronic inflammation is a hallmark of various vascular diseases.
Although TGFp signaling has been suggested to be protective against inflammatory aortic
aneurysm progression, its exact effects on VSMC inflammatory process and the underlying
mechanisms are not fully unraveled. Here we revealed that TGFP1 suppressed the expression of a
broad array of proinflammatory genes while potently induced the expression of contractile genes
in cultured primary human coronary artery SMCs (HCASMCs). The regulation of TGFp1 on
VSMC contractile and proinflammatory gene programs appeared to occur in parallel and both
processes were through a SMAD4-dependent canonical pathway. We also showed evidence that
the suppression of TGFR1 on VSMC proinflammatory genes was mediated, at least partially
through the blockade of signal transducer and activator of transcription 3 (STAT3) and NF-xB
pathways. Interestingly, our RNA-seq data also revealed that TGFP1 suppressed gene expression
of a battery of autophagy mediators, which was validated by western blot for the conversion of
microtubule-associated protein light chain 3 (LC3) and by immunofluo-rescence staining for LC3
puncta. However, impairment of VSMC autophagy by ATG5 deletion failed to rescue TGFp1
influence on both VSMC contractile and proinflammatory gene programs, suggesting that TGFp1-
regulated VSMC differentiation and inflammation are not attributed to TGFf1 suppression on
autophagy. In summary, our results demonstrated an important role of TGFf signaling in
suppressing proinflammatory gene program in cultured primary human VSMCs via the blockade
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on STAT3 and NF-xB pathway, therefore providing novel insights into the mechanisms underlying
the protective role of TGF signaling in vascular diseases.
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1.

Introduction

The mature differentiated vascular smooth muscle cells (VSMCs) are the major structural
and functional components of the vascular wall. These cells are highly specified by
expressing a battery of genes encoding cyto-contractile proteins and ion channels, as well as
a growing number of noncoding transcripts to together define the contractile VSMC
phenotype for vascular homeostasis [1-3]. However, the differentiated phenotype of VSMCs
is not terminal and can switch to a dedifferentiated synthetic mode in response to various
pathophysiological stimuli, a process termed as VSMC phenotypic modulation. Synthetic
VSMCs are highly proliferative, migratory, as well as proinflammatory. Their extensive
accumulation underlies the pathogenesis of some prominent vascular diseases, such as
atherosclerosis, in-stent restenosis, vein graft failure, and transplant arteriopathy [4-6].
Compared with the well-recognized role of VSMC phenotypic modulation in vascular
pathologies, the hierarchical regulation among different gene programs during VSMC
phenotypic modulation, remains largely unexplored.

Transforming growth factor p (TGFp) superfamily members control diverse cellular
processes including cell proliferation, differentiation, and apoptosis. TGFp-triggered signals
are transduced through multiple intracellular pathways, including the canonical SMAD-
dependent and non-canonical SMAD-independent pathways, the latter involving other
factors such as RhoA and mitogen-activated protein kinases (MAPKSs) [7,8]. In addition, the
canonical cascade can crosstalk with the non-canonical pathway, rendering the biological
outcome of TGFp signaling highly complex and context-dependent [9]. Therefore, in many
disease contexts such as cancer, TGFp signaling functions as a double-edged sword, making
it difficult to target this pathway for therapies [10]. In VSMCs, TGFp has been established
as a strong activator of SMC differentiation involving both canonical and non-canonical
pathways [11-14], therefore playing an essential role in maintaining vascular integrity and
homeostasis. Consistent with this notion, disruption of the key components of this pathway
such as TGFp receptor Il (TRRII) [15,16], SMAD3 [17] or SMAD4 [18,19] in VSMC:s leads
to vascular defects, including enhanced neointimal hyperplasia in response to injury,
spontaneous aortic dilation, dissection, and aneurysm formation, which is largely attributed
to the perturbation in contractile apparatus and/or the activation of proinflammatory gene
program. Further, systemic blockade of TGFp activity by a TGFp neutralizing antibody
promotes Angiotensin Il (Ang I1) [20] and elastase [21] induced abdominal aortic aneurysm
(AAA) formation. Similarly, attenuation of TGFp signaling has been recently reported to
contribute to the progression of atherosclerosis via crosstalk with FGF pathway [22]. These
studies underscore the beneficial role of TGFp signaling in maintaining vessel homeostasis
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and protecting against aneurysm formation and atherosclerosis, regardless of the detrimental
influence of this pathway in other vascular pathologies such as calcification, matrix
deposition, arterial stiffening, and pulmonary hypertension [23-25], However, in contrast to
the well-known action of TGFp signaling to turn on VSMC contractile gene transcription,
the precise role of this signal cascade in VSMC inflammation and the involved mechanisms
are incompletely understood.

The signal transducer and activator of transcription 3 (STAT3) has been indicated as one of
the key transcription factors participating in pathological vascular remodeling [26].
Activated STAT3 has been reported to be highly expressed in atherosclerotic lesions and
medial VSMCs from injured vessels, regulating key inflammatory genes which are
differentially expressed in pathological vessels [26-28]. Thus far, the major consequence of
STAT3 activation in VSMCs has been demonstrated to promote cell proliferation, migration,
survival [29,30], and inhibit MYOCD-activated contractile gene expression [31]. However, it
remains unclear whether STAT3 is involved in TGFp-regulated VSMC contractile and
proinflammatory gene programs. In addition, TGFB signaling has been shown to crosstalk
with nuclear factor kB (NF-xB) pathway [32-37], but the interplay of these two integral
pathways and the resulted functional consequences upon the activation of TGFf cascade in
VSMCs are not fully unraveled.

There is an increasing interest in surveying the role of autophagy in vascular diseases.
Generally, autophagy is considered as cytoprotective, by which long-lived cytoplasmic
components are sequestered in double-membrane autophagosomes and degraded on fusion
with lysosomal compartments [38]. Defective autophagy is related to increased
inflammation, as characterized by the activation of the inflammasome. Autophagy has been
shown to be activated in early atherosclerotic lesions to protect plaque cells against
inflammation [39,40]. In VSMCs, autophagy has been shown to promote cell survival [41]
and regulate phenotype switching [42,43], and impaired autophagy accelerates the stress-
induced premature senescence and atherogenesis [44]. However, thus far virtually nothing is
known with respect to the role of TGF in VSMC autophagy and how it links to other
TGFB-controlled processes such as VSMC differentiation and inflammation.

In order to dissect the full transcriptome regulated by TGF signaling in VSMCs and
therefore gain more insights into the mechanism underlying its protective role in vascular
diseases, we performed RNA-deep sequencing (RNA-seq) in human coronary arterial SMCs
(HCASMCs) stimulated by TGFB1. We found that, beyond the expected highly induced
expression of VSMC contractile genes, there is a marked reduction in a broad array of
proinflammatory genes such as proinflammatory cytokines/chemokines and critical
activators of inflammation, a finding supporting the protective role initiated by TGFp
signaling in the progression of vascular diseases. Mechanistically, though TGFp1-activated
VSMC differentiation and -suppressed inflammation are both mediated by SMAD4-
dependent canonical pathway, these two processes appear to occur in parallel. Further, we
found that the suppression on VSMC proinflammatory gene expression exerted by TGFB1 is
mediated partially by the blockade on both STAT3 and NF-xB pathways. Interestingly,
TGFp1 also suppresses gene expression of a repertoire of autophagy mediators. Though
depletion of ATG5, one of the major autophagy mediators promotes VSMC contractile
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phenotype while inhibiting proinflammatory gene program, it fails to influence TGFp1
regulated VSMC contractile and proinflammatory gene programs. Our results therefore
revealed two important pathways required by TGFp signaling to suppress VSMC
inflammation, providing mechanistic insight into the protective role of TGFp signaling in
inflammatory vascular diseases such as aortic aneurysm and atherosclerosis.

Materials and methods

2.1. Cell culture and treatment

2.2.

Primary HCASMCs were purchased from Thermo Fisher Scientific (Waltham, MA, USA).
Human aortic SMCs (HASMCs) and mouse aortic SMCs (MASMCs) were prepared by the
cell culture core in the Department of Molecular and Cellular Physiology at Albany Medical
College. HCASMCs and HASMCs were maintained in Medium 231 (Gibco, Gaithersburg,
MD, USA) at 37 °C, 5% CO, supplemented with smooth muscle growth supplement
(SMGS, Gibco). MASMCs were maintained in Medium DMEM/F-12 (Gibco) at 37 °C, 5%
COy supplemented with 10% fetal bovine serum.

For TGFp1 treatment, subconfluent HCASMCs or HASMCs were serum starved overnight
and then treated with TGFB1 (2 ng/ml, 5 ng/ml for MASMCs, R&D, Minneapolis, MN,
USA,) for different time periods. For inflammatory induction by IL1B, subconfluent
HCASMCs were serum starved 24 h and then treated with TGFp1 (2 ng/ml) overnight
followed by stimulation with IL1p (4 ng/ml, R&D) for 15 min.

RNA deep sequencing (RNA-seq)

RNA-seq analysis of HCASMCs and detailed information of library construction was
described previously [45]. Briefly, total RNA from HCASMCs treated with TGF B1 or
vehicle control for 24 h was isolated using the miRNeasy RNA extraction kit (Qiagen,
Valenica, CA, USA) and submitted for RNA-seq at the University of Rochester Medical
Center’s Genomics Research Center. RNA samples were initially analyzed by bioanalyzer
for quality control confirmation. RNA-seq was done with the polyadenylated RNA fraction
at a depth of 20 million reads per replicate using the lllumina HISeq 2500. Raw sequence
reads were pre-processed by using CASAVA 1.8.2 for demultiplexing, Sequence Cleaner
(http://sourceforge. net/projects/seqclean/) for transcript trimming of contaminating
sequences, UniVec database (http://www.ncbi.nlm.nih.gov/VecScreen-/UniVec.html) for
removal of vector sequences, and FASTX Toolkit (http://cancan.cshl.edu/labmembers/
gordon/fastx_-toolkit/index.html) for FASTQ quality trimming. Sequence reads were
aligned to annotated transcripts on the UCSC Reference Genome (build GRCh37/hg19) by
using SHRiMP2.2.3. Cufflinks 2.0.2 and Cuffdiff2 (http://cufflinks.cbcb.umd.edu) were
utilized for quantitative analysis. Finally, the expression value of the all transcripts was
presented as FPKM (fragments per kilobase of exon per million fragments mapped).
\olcano plot was generated with cummerbund (http://compbio.mit.edu/cummeRbund/).
RNA-seq data were deposited in the NIH Gene Expression Omnibus (GEO) under the
accession number of GSE85910.
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2.3. RNA isolation and quantitative reverse transcription-polymerase chain reaction (QRT-
PCR)

Total RNA from cultured HCASMCs/HASMCs/MASMCs was isolated using the miRNeasy
Kit (Qiagen). cDNA was synthesized using an iScript cDNA kit (Bio-Rad, Hercules, CA,
USA). 1Q SYBR Green based qRT-PCR was performed in a MyiQ real-time PCR detection
system (Bio-Rad). mMRNA levels were expressed relative to 18S ribosomal RNA or GUSB
which were used as internal loading control. Technical duplicates of each sample were
examined. PCR primers were included in Supplementary Table 1.

2.4. Enzyme-linked immunosorbent assay (ELISA)

CXCL1 and CXCLS6 protein levels in cell culture supernatants were determined using
commercial ELISA kits (Thermo Fisher Scientific) according to the manufacturer’s
instructions. Absorbance was read at 450 nm using an iMark™ Microplate Absorbance
Reader (Bio-Rad). Concentrations of cytokines were calculated based on a standard curve
for each cytokine.

2.5. Small interfering RNA (siRNA) transfection

Silence selective siRNA to human SMADA4 (siRNA ID: s8404) and ATG5 (siRNA ID:
$18160) were purchased from Thermo Fisher Scientific. Silencer® Select Negative Control
No. 1 (cat# 4390843) was used as siRNA negative control. Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) was used to deliver siRNA at a dose of 25 nM to HCASMCs according
to the manufacturer’s instruction. Following 5 h siRNA transfection, cells were refed with
fresh growth medium for 24 h before treatment as indicated. RNA or protein was extracted
48-72 h after transfection, and gRT-PCR or western blot was used to determine knockdown
efficiency.

2.6. Adenoviral transduction

Adenovirus-STAT3C and Adenovirus-LacZ (negative control) were obtained as previously
reported [46]. Briefly, murine STAT3-C construct was obtained from Addgene (Addgene
plasmids #8722) and TOPO cloned into pCR-Blunt I1-Topo vector. An EcoRI and Agel
fragment was then subcloned into a Gateway® TurboGFP-N vector (Addgene plasmid
#20754). The resulting vector pANTHR-STAT3-C was utilized for constructing Adenovirus
by using pAACMV/V5-DEST acceptor vector system (Invitrogen). Viral particles were
collected from QBI-HEK-293A cells (Qbiogene) and purified through two consecutive
centrifugations in CsCl gradients and titrated by Adeno-X™ Rapid Titer Kit from Clontech.
HCASMCs were fed in fresh growth medium (Medium 231 supplemented with smooth
muscle growth supplement SMG as described above) containing equal amount of
adenovirus-STAT3C or adenovirus-Lacz (MOI = 100) for 24 h. Cells were then refreshed
with growth medium for another 24 h before protein or RNA isolation.

2.7. Whole cell lysate preparation and western blot

HCASMCs were rinsed in cold phosphate-buffered saline (PBS) twice and total protein was
extracted with ice-cold lysis buffer (Cell Signaling Technology, Danvers, MA, USA)
supplemented with a protease inhibitor cocktail (1%; Sigma-Aldrich, St. Louis, MO, USA),
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PMSF (1 mM; Sigma-Aldrich), NazVO4 (1 mM), and NaF (50 mM). Protein concentration
was measured by a detergent-compatible protein assay kit (Bio-Rad).

Equal amounts of protein were resolved by SDS-PAGE, transferred onto PVDF membranes,
blocked with 5% nonfat milk for 1 h, and then incubated with the indicated primary antibody
overnight at 4 °C. After 1 h incubation with the appropriate secondary antibody, specific
signals were detected by SuperSignal™ West Pico PLUS Chemiluminescent Substrate
(Thermo Fisher Scientific).

Primary antibodies used were as follows: TUBA (Sigma-Aldrich, #T5168), ACTB (Sigma-
Aldrich, #A5441), GAPDH (Thermo Fisher Scientific, #MA5-15738), ACTA2 (Sigma-
Aldrich, #A2547), CNN1 (Dako, Carpinteria, CA, USA, #M3556), TAGLN (Abcam,
Cambridge, MA, USA, #ab10135), TGFB1I1(BD Biosciences, Franklin Lakes, NJ, USA,
#611165), IL1B (Cell Signaling, #12242), IL1RI (Abcam, #ab106278), MYD88 (Cell
Signaling, #4283), p-SMAD2 (Cell Signaling, #3101), p-MAPKS (Cell Signaling, #9251),
SMADA4 (Cell Signaling, #9515), p-STAT3 (Santa Cruz, Dallas, TX, USA, #sc-8059),
STAT3 (Santa Cruz, #sc-482), p-RELA (Cell Signaling, #3033), RELA (Cell Signaling,
#8242), p-IKBKB (Cell Signaling, #2697), NFKBIA (Cell Signaling, #4814), MAP1LC3A
(Cell Signaling, #4599) and ATGS5 (Santa Cruz, #sc-133158).

Immunofluorescence staining and quantification

HCASMCs were seeded in 35 mm plates mounted with coverslips. Cells were then washed
twice with PBS and fixed in freshly prepared 4% paraformaldehyde for 10 min at room
temperature (RT). After rinsing 3 times with PBS-Tween?20, cells were permeabilized with
0.5% Triton X-100 for 10 min and then blocked with Protein Block buffer (Dako, #0909) for
30 min at RT. Cells were then incubated with a 1:400 diluted of RELA rabbit mAb (Cell
Signaling, #8242) or MAP1LC3A rabbit mAb (Cell Signaling, #4599) at 37 °C for 1 h
followed by the incubation with 1:300 diluted goat anti-rabbit 1gG Alexa Fluor 488
secondary antibody (Invitrogen) for another 1 h. Fluorescent signals were captured by a
confocal microscope (Leica Microsystems, Wet-zlar, German) and processed by Photoshop
(Adobe, San Jose, CA, USA). All images were captured and processed under equivalent
conditions. =100 cells were randomly selected from 3 separate experiments for quantitative
analysis. Image J was utilized to analyze the relative intensity (nuclear/cytoplasmic) of
RELA signal, and the puncta number of MAP1LC3A.

2.9. Chromatin immunoprecipitation (ChlP) assay for RELA

ChIP assay was described previously [45]. Briefly, 2 x 107 HCASMCs were cross-linked
with 1% formaldehyde, lysed with Farnham lysis buffer, and sonicated with Bioruptor
UCD-200 (Diagenode, Denville, NJ, USA) to obtain chromatin fragments with 300-1000 bp
in length. 1/10 of the total chromatin was included as input. Chromatin complexes were
precipitated with RELA rabbit mAb (Cell Signaling, #8242), while the same amount of
ChlIP-grade rabbit IgG control (Abcam, Cambridge, MA, USA) was used as negative
control. After reverse cross-linking, precipitated DNA samples were subjected to qPCR that
amplified the putative NF-xB binding site within the promoter region of /L15. PCR primers
were included in Supplementary Table 1.
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2.10. Statistics

Data were presented as mean + S.E.M. and were representative of at least 3 independent
experiments. GraphPad Prism 7.0 (GraphPad Software, La Jolla, CA, USA) was used for
statistical analysis. Differences were assessed by 2-tailed Student’s £test or ANOVA
followed by post hoc tests for multiple comparisons. The details of the statistical analysis for
each experiment was shown in figure legends. £ < 0.05 was considered statistically
significant and indicated by asterisk(s) in figures. < 0.05 and P < 0.01 were indicated by
*and **, respectively.

3. Results

3.1. TGFp1 suppresses inflammatory genes and induces SMC differentiation marker
genes in human VSMCs

In order to define the complete transcriptome regulated by TGFp signaling in VSMCs, we
performed RNA-seq study in HCASMCs stimulated with TGFB1 for 24 h. Analysis of each
set of duplicate samples showed hundreds of genes were markedly induced or suppressed by
TGFB1 (Fig. 1A). Carefully examining these significantly regulated genes uncovered that
most VSMC contractile genes were markedly induced by TGFp1 (Fig. 1A, B Left,
Supplementary Table 3A). As expected, the positive regulators of VSMC differentiation,
SRF and MKL1 were induced while some established negative regulators, KLF4/5 and
FOXO4 were suppressed by TGFB1 (Supplementary Table 2). These results are consistent
with the notion that TGF is an activator of VSMC differentiation. Of note, we also found
that an array of inflammatory genes such as proinflammatory cytokines, chemokines, and
adhesion molecules were dramatically decreased upon TGF1 stimulation (Fig. 1A, B
Right, Supplementary Table 3B). We further validated the induction of TGFp1 on VSMC
contractile genes in HCASMCs by gRT-PCR (Fig. 1C) and western blot (Fig. 1D), as well as
its suppression on proinflammatory genes, including CCLZ2, CXCL5, IL15, CXCL1, ILS,
ILIRIand CXCL6by gRT-PCR in HCASMCs (Fig. 1E). Similar results were found in
human and mouse aortic SMCs (HASMCs, MASMCs) (Supplementary Fig. 1), suggesting
that the repression of TGFB1 on VSMC inflammation is general phenomena in VSMCs. To
test if TGFB1 suppression on the expression of proinflammatory genes occurs at protein
levels, we performed enzyme-linked immunosorbent assay (ELISA) for supernatants
collected from HCASMC cultures treated with TGFP1 for 24 h. Consistently, we found that
protein levels of CXCL1 and CXCL6 were significantly downregulated by TGFB1 treatment
(Fig. 1F). Western blot further confirmed that protein levels of IL1R1 and IL1B were
decreased by TGFp1 treatment (Fig. 1G). Taken together, these data demonstrate that
beyond its activation on VSMC contractile gene program, TGF1 is also a suppressor of
proinflammatory gene program in VSMCs.

3.2. TGFp1 suppression on proinflammatory genes is parallel to its induction on VSMC
contractile genes

To examine the dynamics of TGF1 effect on VSMC proinflammatory and contractile genes
in VSMCs, we treated HCASMCs with TGFp1 for different time periods followed by qRT-
PCR analysis of both gene programs. We found that an evident suppression on
proinflammatory genes such as CXCL1, CXCL5, and /L1R1 was seen as early as 3 h,

Cell Signal. Author manuscript; available in PMC 2019 February 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gao et al.

Page 8

sustained at 8 h, and maximized at 24 h upon TGFB1 treatment (Fig. 2A). Similar to the
dynamic suppression on proinflammatory genes, the induction on contractile genes such as
CNN1 also occurred as early as 3 h, whereas it further increased in a time-dependent
manner. Compared with CNNZ, obvious mRNA induction of AC7TAZwas delayed to 24 h
(Fig. 2B). These results suggest that the suppression on proinflammatory genes by TGFp1
likely occurs in parallel and not secondary to its activation on contractile genes in VSMCs.

MYOCD, a potent co-activator of serum response factor (SRF) for the transcription of
VSMC contractile gene program has been reported as a negative regulator of VSMC
inflammation [47,48]. To test whether TGFB1 suppression on proinflammatory genes was
achieved through MYOCD, we performed qRT-PCR to assess the dynamics of MYOCD
MRNA expression after TGFp1 stimulation. Our result showed that TGFB1-induced
MYOCD mRNA occurred later than 3 h (Fig. 2C). The induction peaked at 8 h but declined
at 24 h, a pattern in contrast to the early (earlier than 3 h) and sustained effects on both
proinflammatory and contractile genes (Fig. 2A, B). In this context, we are unsure of
MYOCD protein changes influenced by TGFB1 due to the unavailability of authenticated
MYOCD antibody for detecting endogenous MYOCD protein (ATVB [49]). Collectively,
though MYOCD has been reported as a repressor of VSMC inflammation in vivo [47], it is
inconsistently involved in TGFB1-suppressed proinflammatory gene program in HCASMCs
at least at mMRNA level.

On the other hand, myeloid differentiation primary response 88 (MYD88) is the key adaptor
protein functioning as an essential signal transducer in both interleukin 1 receptor (IL1R)
and Toll-like receptor (TLR) signaling pathways to activate a variety of proinflammatory
gene expression [49]. Previous studies have shown that TGFp1 decreases MYD88 protein
levels through a ubiquitination-dependent proteolysis pathway to suppress the expression of
inflammatory genes in human dermal microvessel endothelial cells (HMEC), primary
peritoneal macrophages and CMT-93 mouse epithelial cells [50,51]. We therefore asked
whether similar mechanism occurs in HCASMCs. However, gRT-PCR showed that TGFp1
caused a subtle upregulation, rather than downregulation, of MYD88 mMRNA (Fig. 2D)
whereas MY D88 protein levels were not affected throughout 48 h treatment (Fig. 2E,
Supplementary Fig. 2). This indicates that the regulation of MYD88 protein stability is not
involved in TGFB1 suppression on proinflammatory genes in VSMCs.

3.3. TGFpl-induced contractile and -suppressed inflammatory gene expression is
SMAD4-dependent

To identify the critical pathways underlying TGFB1 suppression on proinflammatory gene
program in HCASMCs, we first evaluated the time course activity of different pathways
triggered by TGFp1 signaling, including SMAD-dependent canonical and SMAD-
independent non-canonical pathways including Jun N-terminal kinase (JNK, MAPKS8) and
p38 (MAPK14). Western blot showed that the phosphorylation of SMAD2 (p-SMAD2) was
induced as early as 15 min, peaked at 1 h, and declined afterwards (Fig. 3A). The activation
of MAPKS8 and MAPK14 occurred similarly as early as 15 min, such activation was further
enhanced up to 4 h following TGFp1 treatment (Fig. 3A). Since both MAPK8 and MAPK14
pathways have been established to positively regulate proinflammatory genes [52,53], it is
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unlikely that the activation of these two non-canonical pathways was involved in TGFp1-
suppressed proinflammatory gene program. Since the activation of SMAD pathway
preceded the changes of VSMC contractile and proinflammatory gene expression by
TGFB1, we then asked if SMAD pathway participates in TGFB1 regulation on both gene
programs. To test this, we used siRNA to deplete the endogenous common SMAD (co-
SMAD), SMAD4 and then treated cells with TGFB1 for 24 h. SMAD4 was effectively
knocked down by around 70% as shown in Fig. 3B. siRNA-mediated depletion of SMAD4
caused a dramatic decrease in TGFB1-induced expression of VSMC contractile genes,
including CNN1, TAGLN, and ACTAZ, at both mRNA and protein levels (Fig. 3B, C). This
result is consistent with our previous published data [11]. Of note, knockdown of SMAD4
markedly rescued the suppression of TGFp1 on proinflammatory genes such as CXCL5,
IL1B, CXCL1, and /L1R1 (Fig. 3D). Collectively, these results suggest that the opposing
regulation of TGFP1 on VSMC contractile and proinflammatory gene programs is via
SMAD-dependent canonical pathway.

3.4. TGFpl-induced contractile and -suppressed proinflammatory genes expression is
partially STAT3-dependent

The JAK-STAT3 signaling pathway has been reported as an important pathway to negatively
regulate VSMC differentiation [31]. Activated STAT3 is also known as an important
proinflammatory mediator in vascular diseases [26—28]. To find out if STAT3 could mediate
the regulation of TGFB1 on VSMC contractile and proinflammatory gene programs, we first
examined the influence of TGFB1 on STAT3 activation. Western blot showed a robust
suppression on the phosphorylation of STAT3 (p-STAT3) at 3 h and 8 h following TGFp1
treatment in HCASMCs whereas total STAT3 protein levels were not altered (Fig. 4A). To
test if such reduction on p-STAT3 could account for the influences of TGFB1 on VSMC
contractile and proinflammatory gene programs, we sought to perform rescue experiments
by over-expressing a constitutively active form of STAT3 (STAT3C) in HCASMCs by
adenovirus transduction. We first confirmed a marked increase in p-STAT3 followed by the
transduction of adenovirus carrying STAT3C (Ad-STAT3C) (Fig. 4B). Interestingly,
overexpression of STAT3C by Ad-STAT3C transduction almost abolished TGFB1 induction
on CNN1 and TGFBL1I1 protein expression (Fig. 4B), whereas protein levels of other
contractile genes such as ACTAZand TAGLN were not significantly changed
(Supplementary Fig. 3). This suggests that the suppression on p-STAT3 by TGFp1 may
partially account for the induction of TGFB1 on VSMC contractile program. We then asked
if the suppression on proinflammatory gene expression in VSMCs by TGFB1 is also
attributed to the reduction of p-STAT3. gRT-PCR showed that though forced activation of
STAT3 by Ad-STAT3C transduction completely rescued TGFp1-suppressed /LR and
CXCL5as well as insignificantly rescued TGFp1-suppressed CXCL1 gene expression (Fig.
4C), this rescue was not applied to other proinflammatory genes, such as /L1B, CXCL6, and
CXCL8 (Supplementary Fig. 4). Taken together, these results suggest that TGFp1-
suppressed STAT3 activity underlies only partially the mechanism responsible for both
TGFB1 induction on VSMC contractile and suppression on proinflammatory genes in
VSMCs.
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3.5. TGFp1 inhibits the activation of p65/NF-xB pathway induced by IL1B in VSMCs

3.6.

The NF-xB pathway has been established as a pivotal signaling pathway to transactivate
proinflammatory genes. In general, proinflammatory stimuli phosphorylate the Inhibitor-xB
Kinase (IKK), which in turn phosphorylates inhibitory xB protein (IxB) to facilitate its
degradation, therefore releasing NF-xB to translocate into the nucleus to activate
proinflammatory genes transcription [34,54]. Previous studies have reported that TGFp
signal can influence NF-xB pathway in multiple contexts [32-37]. To find out if NF-xB
pathway involves in TGFR1 suppression on proinflammatory genes in VSMCs, we evaluated
the influence of TGFB1 on NF-xB activation. At basal level, phosphorylation of p65 NF-xB
(p-RELA) was relatively low and TGFp1 only marginally suppressed p-RELA levels (Fig.
5A). We then treated HCASMCs with IL1p to activate NF-xB pathway. We observed a
strong activation of NF-xB pathway in HCASMCs at 15 min after IL1p treatment,
evidenced by robustly increased IKKB (IKBKB) phosphorylation (p-IKBKB), decreased
IxBa (NFKBIA) protein level, and increased p65 phosphorylation (p-RELA). Of note,
pretreatment of TGFR1 attenuated all the aforementioned effects exerted by IL1p (Fig. 5B).
These results suggest that the inhibitory effect of TGFpP1 on NF-xB pathway is likely
achieved through suppressing the upstream IKBKB activation, which ultimately leads to
decreased RELA phosphorylation. To further confirm these results, we performed
immunofluorescence staining of RELA in HCASMCs. Under the baseline level, RELA was
distributed in both nucleus and cytoplasm of HCASMCs, and treatment of TGFB1 caused
little effect on RELA staining in both compartments (Fig. 5C, left). As expected, IL1p
induced a striking nuclear translocation of RELA, and pretreatment of TGFB1 attenuated the
induction of nuclear-localized RELA triggered by IL1p (Fig. 5C, left). Quantitative analysis
showed a 3-fold increase in the ratio of nuclear/cytoplasmic RELA at 15 min after IL1p
treatment, and pretreatment of TGFP1 decreased this ratio by around 50% (Fig. 5C, right).
To further delineate the NF-xB-involved mechanism for TGFB1 to suppress VSMC
inflammation, we performed chromatin immunoprecipitation assays (ChlIPs) in HCASMCs
to test if TGFP1 inhibits RELA binding to NF-xB site (s) in the regulatory region of
proinflammatory genes. Human IL1p proximal promoter region harbors a computationally
predicted and previously validated NF-kB site [55]. As expected, TGFB1 significantly
decreased the enrichment of RELA in the IL1p promoter region encompassing this NF-xB
site induced by IL1B treatment for 15 min (Fig. 5D). Collectively, these data indicate that
TGFpB1 blocked IL1p induced NF-xB pathway activation and suggest that the inhibition of
TGFB1 on VSMC proinflammatory gene program is at least partially through its blockade
on RELA/NF-xB pathway.

Regulation of contractile and proinflammatory gene programs by TGFBLl is

independent of its suppression on VSMC autophagy

Dysregulated autophagy has been frequently linked to vascular disorders such as restenosis
and atherosclerosis [39,56], but the role of autophagy in VSMC phenotype determination
and the regulation of TGFp signaling on VSMC autophagy remain largely unexplored. An
interesting finding while we analyzed our RNA-seq data was that TGFp1 decreased gene
expression of a wide array of autophagy mediators such as Microtubule Associated Protein 1
Light Chain 3A (MAP1LC3A, aka LC3A), autophagy-related (ATG) proteins, BCL2, Death
Associated Protein Kinases (DAPKS) and Serine/Threonine Kinase 11 (STK11) (Fig. 6A).
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We validated this phenotype by western blot on LC3A conversion (LC3A-1 to LC3A-II), the
most widely used and also a more definitive method for measuring autophagic activity.
TGFB1-treated HCASMCs significantly decreased LC3A conversion, as quanti-fied by the
LC3A-I1/-I ratio. This reduction was sustained from 8 h till 24 h after TGFp1 treatment (Fig.
6B). Similar results were also seen in HASMCs (Supplementary Fig. 5). Further, we
performed immunostaining of endogenous LC3A to confirm the influence of TGFp1 on
VSMC autophagy. LC3 displays a distinct punctate distribution once autophagy is induced.
Therefore, the number of LC3 puncta reflects the number of autophagosomes [57,58]. Our
LC3A immunostaining showed that the fluorescent puncta in TGFp1-treated HCASMCs
significantly decreased compared with vehicle control treated cells (Fig. 6C). These results
demonstrate that TGFP1 suppresses autophagy in VSMCs. To determine if TGFB1-
suppressed autophagy is involved in TGFp1-regulated VSMC contractile and
proinflammatory gene programs, we performed siRNA studies to endogenous A7G5, one of
the established primary autophagy mediators in VSMCs [59-61]. A7G5 was effectively
depleted in HCASMCs by siATG5 at both mRNA and protein level, which caused an
attenuation in LC3A conversion by western blot as expected (Fig. 6D). Interestingly, gRT-
PCR showed that siRNA control and siRNA-A7G5 transfected HCASMCs exhibited
equivalent induction on contractile gene expression (Fig. 6E) and reduction on
proinflammatory gene expression (Fig. 6F) in response to TGFB1 treatment, suggesting that
regulation of TGFB1 on VSMC contractile and inflammatory gene programs is independent
of TGFB1 suppression on VSMC autophagy.

4. Discussion

Chronic inflammation is a critical hallmark of various prominent vascular diseases,
including atherosclerosis and aortic aneurysm [47,62]. Though the protective role of TGFB
signaling in aneurysm and atherosclerosis has been reported by different groups using
different knockout mouse models and neutralizing TGF antibody, the underlying
mechanism is incompletely understood [18-22,63]. In this study, we first interrogated data
from an unbiased genome wide RNA-seq study in human primary VSMCs treated with
TGFp1, and revealed that beyond the well-recognized role as an activator of VSMC
differentiation, TGFP1 also suppressed a wide range of proinflammatory genes. We
validated the suppressive effect of TGFB1 in primary VSMC cultures derived from different
species and arterial sources (Fig. 1, and Supplementary Fig. 1). Further, we showed that the
regulation of TGFPB1 on VSMC contractile and proinflammatory gene programs was
SMADA4-dependent (Fig. 3) and occurred likely in parallel (Fig. 2). Mechanistically, we
found that TGFB1 negatively regulated VSMC proinflammatory gene program partially by
suppressing the activities of STAT3 (Fig. 4) and NF-xB (Fig. 5) signaling pathways. Finally,
we demonstrated that TGFp1-treated HCASMCs exhibited notably decreased autophagic
activity; however, such suppression was not involved in TGFB1 regulation on both VSMC
differentiation and inflammation (Fig. 6). To our knowledge, our study is the first to identify
TGFp signaling as a guardian to protect VSMCs from entering the detrimental
proinflammatory program, therefore providing novel insights into the protective role of
TGFp signaling in chronic inflammatory vascular diseases.
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It has been recognized that the synthetic VSMCs are proinflammatory, with high levels of
expression of proinflammatory genes. However, it is unclear whether this proinflammatory
feature of the synthetic VSMCs is attributed to the less contractile phenotype in these cells.
We therefore aimed to determine if the suppressive effect of TGFB1 on VSMC inflammation
is secondary to TGFB1 activation on the VSMC contractile phenotype. Our results showed
that reduction of proinflammatory genes expression was in a time-dependent manner within
the 24 h period of treatment, which was similar to the induction on the contractile gene
CNNI (Fig. 2). This finding revealed that there was no obvious temporal order of TGFB1
effects on VSMC proinflammatory and contractile programs. This indicates that these two
events are possibly parallel and mutually independent. In support of this notion, we observed
that MRNA levels of MYOCD, a master transcription coactivator of VSMC differentiation,
was transiently induced at a later time-point (8 h) but declined at 24 h upon TGFB1
treatment (Fig. 2), suggesting that MYOCD may not be involved in the negative regulation
of TGFB1 on VSMC inflammation. Taken together, we consider that the suppression of the
proinflammatory gene program is not the consequence of the induction of the contractile
VSMC phenotype at least in the context of TGFB1 stimulation in cultured primary VSMCs.

We further delved into the underlying molecular mechanisms, and provided several lines of
evidence supporting that TGFB1 suppresses NF-xB activity. It has been shown that crosstalk
exists between components of TGFp and NF-xB pathways in multiple contexts [32-37], and
our work uncovered, for the first time, a link between these two pathways in human VSMCs.
We observed that TGFB1 markedly inhibited IL1p-induced phosphorylation of IKK and
enhanced the protein stability of I1xB (Fig. 5), both of which are upstream mediators in
RELA/NF-xB pathway. MY D88 is essential for recruiting signaling components in IL1R/
TLR-triggered activation of RELA/NF-xB [64-66]. However, in our studies we did not find
significant influence of TGFB1 on MYDB88 protein levels (Fig. 2) regardless of the observed
consistent striking reduction on p-IKBKB (Fig. 5). This implies that there exists unknown
upstream mediator(s) directly controlled by TGFB1 to converge the suppressive signal of
TGFB1 upon the RELA/NF-kB pathway. It should be noted that, the downstream RELA
phosphorylation and nuclear translocation in response to IL1p stimulation were only
reduced by 22% and 52%, respectively (Fig. 5). This suggests that the suppression of NF-xB
pathway is only a partial mechanism through which TGFpB1 down-regulates
proinflammatory gene expression. Therefore, we believe there might exist additional levels
of regulation on proinflammatory gene programs. Indeed, our data implied that STAT3
antagonized TGFB1 in VSMC differentiation and inflammation (Fig. 4). Since JAK/STAT3
signaling is known as an important inflammatory mediator in vascular diseases, and
enhanced STAT3 activation can lead to induced inflammatory damage [26-28], we propose
that inhibition of STAT3 activity is another mechanism through which TGFB1 inhibits
VSMC inflammatory responses. Whether there is crosstalk between NF-xB and STAT3
pathway warrants future investigation.

Despite the protective actions of autophagy in almost every organ system and an expanding
list of diseases, the role of autophagy in VSMCs is poorly understood. Thus far, our limited
understanding is that, many vascular disease-related stimuli, such as metabolic stress,

reactive oxygen species (ROS), and oxidized lipids can trigger VSMC autophagy [39]; and
activation of VSMC autophagy has been implicated as promoting cell survival by removing

Cell Signal. Author manuscript; available in PMC 2019 February 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gao et al.

Page 13

damaged organelles, especially defective mitochondria, and attenuating endoplasmic
reticulum (ER) stress [67]. The relationship between TGFp signaling and VSMC autophagy
remains unclear, prompting us to investigate how TGFp signaling contributes to this process,
and how it links to other TGF-controlled events including VSMC differentiation and
inflammation. In the present study, we showed that TGFp1 counteracted VSMC autophagy
primarily through the repressing mRNA levels of a broad range of autophagic mediator
genes and decreasing the number of autophagosomes (Fig. 6). It has been reported that
Platelet-Derived Growth Factor (PDGF), a well-known stimulus to induce VSMC
proliferation and migration, augmented VSMC autophagic flux, which was important for
removal of the contractile apparatus and transition to the synthetic VSMC phenotype,
suggesting that autophagy negatively regulates the VSMC contractile phenotype [42]. In
contrast, rapamycin, a well-known inducer of autophagy [68], has been reported to induce
VSMC contractile phenotype by increasing contractile gene expression and inhibiting cell
proliferation [69], though it remains unclear if rapamycin-induced autophagy contributes to
its induction on VSMC differentiation. Therefore, the influence of autophagy on VSMC
contractile phenotype remains to be enigmatic. Interestingly, we found that dysfunctional
autophagy through ATG5 knockdown was unable to influence TGFp1-mediated
upregulation of VSMC contractile genes (Fig. 6). With regard to inflammation, defective
autophagy in macrophages has been reported to correlate to inflammasome activation.
Activation of autophagy has been implicated as protecting endothelial cells (ECs) against
inflammation, and autophagy has been shown to be activated in early atherosclerotic lesions
to protect plaque cells against inflammation [39]. These studies underscore the protective
role of autophagy in vascular disease progression via antagonizing inflammation in ECs and
macrophages. However, similar to contractile gene program, depletion of ATG5 failed to
influence TGFB1 suppression on VSMC proinflammatory genes in our context (Fig. 6).
Intriguingly, despite that the regulation of TGFB1 on VSMC differentiation and
inflammation may not be attributable to the impaired autophagy, A7G5 gene depletion
caused a significant augmentation of VSMC contractile and attenuation of proinflammatory
genes expression (Supplementary Fig. 6). This suggests that autophagy per se in cultured
VSMC may be necessary to maintain the synthetic VSMC phenotype though this awaits
further investigation.

In summary, we reported here an important role of TGFB1 in suppressing VSMC
inflammation via the blockade of STAT3 and NF-kB pathways. These studies therefore
extended our knowledge of TGFB1 from a known activator of the VSMC contractile
phenotype to a repressor of VSMC inflammation. This work will provide novel insights into
the molecular mechanisms underlying the protective role of TGF signaling in inflammatory
vascular diseases.

5. Conclusion

We reported here that TGFp1 suppresses proinflammatory gene program while it induces
VSMC differentiation via SMADA4-dependent canonical pathway in cultured human
VSMCs. Mechanistically, TGFB1 suppression on VSMC inflammation occurs likely in
parallel to its induction on VSMC differentiation, and partially through the inhibition of
STAT3 and NF-xB pathways. Though TGF1 inhibits autophagic activity in VSMCs, such
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an effect is not involved in its opposing regulations on VSMC differentiation and
inflammation. These findings are timely, because they provide mechanistic insights into the
protective role of TGFp signaling in inflammatory vascular diseases such as atherosclerosis
and abdominal aortic aneurysm, which have been recently reported.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

TCQSF[Sl induces contractile genes and suppresses inflammatory genes in human VSMCs.
Subconfluent human coronary arterial smooth muscle cells (HCASMCs) were starved
overnight, followed by TGFB1 (2 ng/ml) treatment for 24 h (A-F). For G, cells were starved
for 24 h, treated with TGFB1 (2 ng/ml) overnight and then IL1B (4 ng/ml) for 15 min. Total
RNA was isolated for RNA-seq analysis. Volcano plot (A) illustrating gene expression
changes by TGFp1 treatment and heat map (B) illustrating contractile genes (left) and
proinflammatory genes (right) modulated by TGFB1 are shown. Changes in gene expression
are displayed as the Log, fold change of transcript levels in TGFpL1 relative to vehicle
control treated cells. Biological replicates are included, with upregulated genes in red and
downregulated genes in green (A, B). Total RNA was isolated for gRT-PCR validation of the
indicated contractile and proinflammatory genes (C, E); whole cell lysates were collected for
western blot of the indicated contractile proteins (D, G); supernatants from HCASMC
cultures were collected for ELISA of the indicated chemokines (F). Representative western
blot from at least 3 independent experiments is shown. ACTB/TUBA is used as internal
loading control. Quantitative data are expressed as means + S.E.M. of at least 3 independent
experiments, reflecting fold changes of TGFp1 treated to vehicle control values (set to 1). *P
< 0.05, **P< 0.01 compared to vehicle control, unpaired two-tailed Student’s #test. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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TGFB1 suppression on inflammatory genes is parallel to its induction on VSMC contractile
genes. Subconfluent HCASMCs were starved overnight, followed by TGFp1 (2 ng/ml)
treatment for the indicated time periods. Total RNA was isolated for gRT-PCR of the
indicated genes (A-D); whole cell lysates were collected for western blot of MYD88 and its
quantification (E). Representative western blot from at least 3 independent experiments is
shown. TUBA is used as internal loading control. Quantitative data are expressed as means +
S.E.M. of at least 3 independent experiments, reflecting fold changes of TGFp1 treated to
vehicle control values (set tol; for A and B, the value of each time point was normalized to
its own vehicle control value). *P< 0.05, **P < 0.01 compared to vehicle control, unpaired
two-tailed Student’s t-test.
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Fig. 3.

TGFB1-induced contractile and -suppressed inflammatory gene expression is SMAD4-
dependent. Subconfluent HCASMCs were starved overnight, followed by TGFB1 (2 ng/ml)
treatment for the indicated time periods. Whole cell lysates were collected for western blot
of the indicated signaling proteins (A). Growing HCASMCs were transfected with siRNA to
SMAD4 (siSMADA4) or the same amount of negative control scramble RNA (sicon) for 48—
72 h. Cells were then starved overnight followed by TGFp1 (2 ng/ml) treatment for 24 h.
Total RNA was isolated for qRT-PCR of SMAD4 and the indicated contractile/inflammatory
genes (B, D); whole cell lysates were collected for western blot of the indicated contractile
proteins (C). Representative western blot from at least 3 independent experiments is shown
(For A, each “0” represents the vehicle control for its following time points). ACTB/TUBA
is used as internal loading control. Quantitative data are expressed as means + S.E.M. of at
least 3 independent experiments, reflecting fold changes of (TGFBL1 + sicon/siSMADA4) to
(sicon + vehicle control) values (set to 1). *£< 0.05, **P< 0.01, two-way ANOVA with
Sidak’s post hoc test for multiple comparison correction.
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Fig. 4.

TCQSF[Sl—induced contractile and -suppressed inflammatory gene expression is partially
STAT3-dependent. Subconfluent HCASMCs were starved overnight followed by TGFB1 (2
ng/ml) treatment for the indicated time periods. Whole cell lysates were collected for
western blot of STAT3 and p-STAT3 (A). Growing HCASMCs were transduced with
constitutively active STAT3 adenovirus (Ad-STAT3C) or the same amount of negative
control virus (Ad-LacZ) for 24 h. Cells were then starved overnight followed by TGFp1 (2
ng/ml) treatment for 24 h. Whole cell lysates were collected for western blot of the indicated
contractile proteins and the related quantifications (B); total RNA was isolated for gRT-PCR
of the indicated inflammatory genes (C). Representative western blot from at least 3
independent experiments is shown. ACTB is used as internal loading control. Quantitative
data are expressed as means + S.E.M. of at least 3 independent experiments, reflecting fold
changes of (TGFp1 + Ad-LacZ/Ad-STAT3C) to (vehicle + Ad-LacZ) values (set to 1). *P<
0.05, **P < 0.01, one-way ANOVA with Dunnett’s post hoc test for multiple comparison
correction (A); paired two-tailed Student’s #test (B-C).
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AL1B

+L1B

IL1B  TGFR1+IL1B

TGFB1 suppresses IL1B-activated RELA/NF-xB pathway. Subconfluent HCASMCs were
starved overnight, followed by TGFB1 (2 ng/ml) treatment for the indicated time periods.
Whole cell lysates were collected for western blot of RELA and p-RELA (A). Subconfluent
HCASMCs were starved for 24 h, treated with TGFB1 (2 ng/ml) overnight and then IL1p (4
ng/ml) for 15 min. Whole cell lysates were collected for western blot of the indicated NF-xB
signal proteins and the related quantifications (B); immunofluorescence staining of RELA
(green) (C); Chromatin Immunoprecipitation (ChIP) assay for RELA binding to IL1p
promoter encompassing a predicted NF-kB site, amplified DNA signal was normalized to
isoform and species matched 1gG negative control (D). Representative western blot and
fluorescence images from at least 3 independent experiments are shown. TUBA/ACTB is
used as internal loading control. Quantitative data are expressed as means + S.E.M. of at
least 3 independent experiments, reflecting fold changes of TGFB1 and/or IL1p treated to

vehicle control values (set to 1; for D, data reflect fold changes of (TGFB1 + IL1p) treated to

IL1pB treated values (set to 1)). *£< 0.05, **P < 0.01 compared to vehicle control, two-way
ANOVA with Sidak’s post hoc test for multiple comparison correction (B, C); **p < 0.01
compared to IL1p treated group, unpaired two-tailed Student’s t-test (D). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 6.

TCQSF[Sl—induced contractile and -suppressed inflammatory gene expression is independent of
its suppression on VSMC autophagy. Subconfluent HCASMCs were starved overnight,
followed by TGFR1 (2 ng/ml) treatment for 24 h. Total RNA was isolated for RNA-seq
analysis. Heat map described in Fig. 1 illustrating autophagic genes modulated by TGFp1
(A); whole cell lysates were collected for western blot of LC3A conversion and the
quantification of LC3A-I1/-1 ratio (B); immunofluorescence staining of LC3A (green) and
the quantification of LC3A puncta number (C). Growing HCASMCs were transfected with
SiRNA to ATG5 (SiATGDS) or the same amount of negative control scramble RNA (sicon) for
48-72 h. Total RNA was isolated for gRT-PCR of ATG5 and whole cell lysates were
collected for western blot of LC3A conversion and ATG5 protein expression (D). SIATG5
and sicon transfected cells were then starved overnight followed by TGFp1 (2 ng/ml)
treatment for 24 h. Total RNA was isolated for gRT-PCR of the indicated contractile/
inflammatory genes (E, F). Representative western blot and fluorescence images from at
least 3 independent experiments are shown. TUBA/ACTB is used as internal loading
control. Quantitative data are expressed as means = S.E.M. of at least 3 independent
experiments, reflecting fold changes of TGFp1 treated to vehicle control values (for B, the
value of each time point was normalized to its own vehicle control value (set to 1); for £&F,
the value of each siRNA group was normalized to its own vehicle control value (set to 1)).
*P<0.05, **P< 0.01 compared to vehicle control, unpaired two-tailed Student’s t-test. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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