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Abstract

Objective: The topographic distribution of atherosclerosis in vasculature underscores the
importance of shear stress in regulating endothelium. With a systems approach integrating
sequencing data, the current study aims to explore the link between shear stress-regulated master
transcription factor and its regulation of endothelial cell (EC) function via epigenetic
modifications.

Approach and Results: H3K27ac-ChIP-seq, ATAC-seq, and RNA-seq were performed to
investigate the genome-wide epigenetic regulations in ECs in response to atheroprotective pulsatile
shear stress (PS). /n silico prediction revealed that KLF4 binding motifs were enriched in the PS-
enhanced H3K27ac regions. By integrating PS- and KLF4-modulated H3K27ac, we identified 18
novel PS-upregulated genes. The promoter regions of these genes showed an overlap between the
KLF4-enhanced ATAC signals and the PS-induced H3K27ac peaks. Experiments using ECs
isolated from mouse aorta, lung ECs from EC-KLF4-TG vs. EC-KLF4-KO mice, and atorvastatin-
treated ECs showed that ITPR3 was robustly activated by KLF4 and statins. KLF4 ATAC-qPCR
and ChIP-qPCR further demonstrated that a specific locus in the promoter region of the /7PR3
gene was essential for KLF4 binding, H3K27ac enrichment, chromatin accessibility, RNA
polymerase Il recruitment, and ITPR3 transcriptional activation. Deletion of this KLF4 binding
locus in ECs by using CRISPR-Cas9 resulted in blunted calcium influx, reduced expression of
endothelial nitric oxide synthase, and diminished NO bioavailability.
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Conclusions: These results from a novel multi-omics study suggest that KLF4 is crucial for PS-
modulated H3K27ac that allow the transcriptional activation of ITPR3. This novel mechanism
contributes to the Ca2*-dependent eNOS activation and EC homeostasis.
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Introduction

Distinct flow patterns cause different gene expression profiles in vascular endothelial cells
(ECs), which lead to variations in atheroprotective vs. atheroprone phenotypes!—3. Previous
studies with the use of microarray and RNA-seq have generated a plethora of data to
decipher gene expression profiles in ECs in response to atheroprotective vs. atheroprone
flows*5. In principle, the atheroprotective flow pattern upregulates genes that are anti-
inflammatory and anti-oxidative and enhance nitric oxide (NO) bioavailability. In contrast,
atheroprone flow impairs EC function by inducing genes that increase the inflammatory and
oxidative burden’.

Recent advances in studies on mechanotransduction have revealed that epigenetics,
including DNA methylation, histone modifications, and long non-coding RNAs, are integral
to shear-stress—regulated gene expression8-12, Covalent modifications of histones at adjacent
regions of encoded genes govern the status of transcriptionl3. For example, mono-
methylation of histone 3 lysine 4 (H3K4mel) marks the /oci as poised, whereas acetylation
of H3K27 (H3K27ac) results in a loosely packed euchromatic state, which allows for access
by transcription factors (TFs) and recruitment of RNA polymerase Il (Pol Il) to initiate
transcription!4. Pioneer TFs bind to the condensed chromatin to modify chromatin
accessibility, thereby facilitating the recruitment and binding of other TFs and the
transcriptional machinery?®.

The emerging techniques of next-generation sequencing (NGS), including chromatin
immunoprecipitation followed by high throughput sequencing (ChlP-seq) and assay for
transposase-accessible chromatin-seq (ATAC-seq), allow for studying epigenetic regulation
at the genome-wide level'8:17. Transcriptionally activated /oc/, defined by H3K4me1+/
H3K27ac+18, at the basal state in human umbilical vein ECs (HUVECs) have been profiled
in the ENCODE project (Histone Modifications by ChlP-seq from ENCODE/Broad
Institute, GSE29611)1°. By using ChIP-seq and ATAC-seq, the current study aimed to
explore the link between epigenetic regulation and gene expression in ECs responding to
distinct flow patterns. Such analyses revealed that Kruppel-like factor 4 (KLF4) functions as
a pioneer TF in ECs to de-condense chromatin, thus allowing for transcriptional activation of
atheroprotective flow-responsive genes, exemplified by inositol 1,4,5-trisphosphate (IP3)
receptor 3 (/7PR3) encoding ITPR3.
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In ECs, intracellular calcium concentration ([Ca2*];) can be regulated in part by the release
of calcium from ITPR stores?0. There is substantial evidence that the activation of the 1P3-
ITPR pathway, with an ensuing increase in [Ca2*];, leads to increased production of NO via
activated endothelial nitric oxide synthase (eNOS), thereby inducing the relaxation of
vascular smooth muscle cells?1:22, [CaZ*]; has been reported to be modulated by ITPR1 in
ECs and ITPR2 in cardiomyocytes to maintain normal blood pressure and regulate
mitochondrial function, respectively?2:23, The Human Protein Atlas project
(www.proteinatlas.org) demonstrated that among ITPR family members, ITPR3 is
predominantly expressed in ECs24. However, the epigenetic and transcriptional regulation of
ITPR3 is largely unknown. Our data from high-throughput unbiased profiling (i.e., ChIP-
seq, ATAC-seq, and RNA-seq) followed by functional validation demonstrate that
atheroprotective flow is a principal mechanosensitive cue for activating the ITPR3-eNOS
axis in ECs via KLF4-regulated ITPR3 transcription.

Material and Methods

The authors declare that all supporting data are available within the article and its online
supplementary files. The associated ChlP-seq and ATAC-seq data have been made publicly
available at the NCBI’s GEO and can be accessed at https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE128391

Cell culture, shear stress, and antibodies

HUVECs were obtained from Cell Applications (San Diego, CA) and were maintained and
exposed to shear stress as previously described32. Briefly, a circulating flow system was
used to impose atheroprotective pulsatile shear stress (PS, 12 + 4 dyn/cm?) or atheroprone
oscillatory shear stress (OS, 1 + 4 dyn/cm?). The flow system was held at 37°C and
ventilated with 95% humidified air plus 5% CO,. Antibodies against H3K4mel and
H3K27ac were from Active Motif (Carlsbad, CA); anti-eNOS, anti-phospho-eNOS
(Ser1177), and anti-calmodulin antibodies were from Abcam (Cambridge, MA); anti-a-
tubulin, anti-phospho-eNOS (Thr495), and horseradish peroxide-conjugated anti-rabbit and
anti-mouse antibodies were from Cell Signaling Technology (Beverly, MA); anti-caveolin-1
antibody was from Santa Cruz Biotechnology (Santa Cruz, CA). The atorvastatin
hemicalcium salt was from Tocris Biosciences (Bristol, UK).

ChlP-seq, RNA-seq, and ATAC-seq

Cells were fixed at 37°C with 1% paraformaldehyde for 15 min, and then washed twice in
cold phosphate buffered saline (PBS) and scraped and pelleted at 3000 rpm for 5 min; cell
pellets were resuspended in 50 pl lysis buffer, then diluted with 500 ul TE buffer before
sonication. For antibody and chromatin binding, 20 pg chromatin, 3 pg antibody, and 11 pl
dynabeads (Thermo Fisher Scientific, Waltham, MA) were incubated in a master mix buffer
at 4°C overnight. The chromatin were eluted by 150 ul elution buffer followed by
crosslinking at 65°C overnight. After incubation with RNase A and Proteinase K, DNA was
precipitated by phenol:chloroform:isoamyl (25:24:1, v/v), dissolved in TE buffer, and stored
at —80°C. For RNA-seq, total RNA from HUVECs was extracted by using the mirVana
miRNA lIsolation Kit (Thermo Fisher) according to the manufacturer’s instructions. For

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2020 May 01.


http://www.proteinatlas.org/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE128391
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE128391

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Heetal.

Page 4

ATAC-seq, ECs were washed twice with cold PBS, and nuclei were isolated by resuspending
~5000 cells in 50 pl cold lysis buffer (10 mM Tris-HCI, 10 mM NaCl, 3 mM MgCI2, and
0.1% NP-40). The nuclear pellets were resuspended in 50 L transposition buffer (Nextera
DNA Library Preparation Kit (Illumina Inc. San Diego, CA) and 22.5 uL H,0, and then
incubated at 37°C for 30 min. After incubation, the DNA samples were purified with Qiagen
MinElute PCR purification kit. The preparation of the various sequencing libraries and
sequencing by use of an Illumina HiSeq 2000 sequencer were performed in the IGM
Genomics Core, University of California, San Diego. The resulting sequencing raw data
have been made publicly available at the NCBI’s GEO (accession No. GSE128391).

Analysis of sequencing libraries

Trimmomatic v0.35 was used to process the fastq files to remove poor-quality and adapter
reads26. RNA reads were aligned by using HISAT2 with a pre-built reference human UCSC
hg19 transcriptome index?’. To evaluate gene expression, gene information was obtained
from GENCODE (https://www.gencodegenes.org/, version GRCh37) and count per gene
was calculated by featureCount?8. Statistics analysis of differentially expressed genes was
performed with the use of DESeq2 to process the raw counts of genes?®. We used
Benjamini-Hochberg method at level of g<0.01 to limit false positive rate in multiple testing.
DNA reads were aligned to the pre-built UCSC hg19 reference human genome index by
bowtie230, For DNA alignment, PCR duplicate reads were further removed by Picard-tools
(https://broadinstitute.github.io/picard/). To identify ChIP- and ATAC-enriched /oci, the de-
duplicated alignments were subjected to peak calling and annotated by the homer suite3L.
Homer-idr (https://github.com/karmel/homer-idr) was used to process ChIP-seq data for high
reproducibility among biological duplicates. Loc/iwith overlapped ChlP-seq and ATAC-seq
data were identified by bedtools (http://bedtools.readthedocs.io/en/latest/). The resulting
profiles were visualized by use of the UCSC genome browser (https://genome.ucsc.edu). To
identify ChIP/ATAC read enrichment, the identified peaks were split into 500-bp windows
and processed by featureCount and DESeq2. Heatmaps and binding profiles of ChIP- and
ATAC-seq data were generated by using deeptools32.

Motif analysis

To define enriched TF binding sites, RSAT Metazoa was used to process H3K27
hyperacetylated /ociidentified in ChIP-seq analysis33. Genomic sequences of PS and OS
lociwere fetched separately and used as mutual background models in the peak-motif
program of RSAT. The motifs enriched by PS or OS vs. background model were corrected
for positional bias and then output for follow-up analyses.

RT-qPCR, western blot analysis, and RNA silencing

Total RNA was isolated from cultured ECs, mouse lung ECs, and the intima of the mouse
aorta, aortic arch, and thoracic aorta by using Trizol reagent (Invitrogen) and protein was
isolated with RIPA lysis buffer. Animal experiments were approved by the institutional
animal care and use committee of the University of California, San Diego. C57BL/6j mice
were obtained from The Jackson Laboratory (Sacramento, CA). At 6-8 weeks of age, both
sexes (3 male and 3 female) of mice were intraperitoneally injected with atorvastatin (50
mg/kg) or an equal volume of saline (500 pL) randomly. After 24 hr, mice were sacrificed by
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CO2 inhalation, lung ECs were harvested for RNA isolation. For intimal mRNA isolation,
the aortic arch (AA) and thoracic aorta (TA) were isolated and peri-adventitial fat was
removed, the aortic lumen was quickly flushed with 250 pl TRIzol reagent with use of a 28
1/2-gauge syringe. Due to the limited amount of mMRNA that can be extracted from TA and
AA, the intimal eluates from five C57BL/6j mice (3 male and 2 female) were collected and
pooled for RNA isolation. The small number of animals used for isolating intimal mMRNA
limited the separation of male and female mice for tissue collection. Total RNA from lung
ECs of EC-KLF4~/~ and EC-KLF4-Tg mice was a gift from Dr. Mukesh K. Jain34. The
extracted RNA was reverse-transcribed and analyzed by gPCR with B-actin as an internal
control. The primer sequences used for qPCR are in Supplemental Table 2. For western blot
analysis, protein extracts were separated by SDS-PAGE and transferred to PVDF
membranes, which were incubated with primary antibodies. Protein bands were detected by
using Immobilon chemiluminescent substrate (Millipore). Human THBD, DAGL,
CAMKKa, ITGB4, ALS2CL, and ITPR3 siRNA and control siRNA (Ctrl siRNA) were
obtained from Qiagen. All RNAs were transfected into ECs by using Lipofectamine RNA.
max (Invitrogen).

Immunostaining and eNOS activity assay

ECs were fixed in 4% paraformaldehyde at 4°C for 10 min. Triton X-100 (0.1% in PBS) was
then added. Specimens were then incubated with primary antibody for 1 hr, then for 2 hr
with Alex-488 (anti-mouse)- or Alex-568 (anti-rabbit)-conjugated secondary antibody.
Fluorescent images were acquired under an Olympus FV100 confocal microscope. The
colocalization of eNOS and caveolin-1 was quantified by Image J. NO production was
assessed as nitrite (NO2™) accumulated in culture media by nitrite/nitrate fluorometric assay
(Cayman Chemicals).

CRISPR/Cas9-mediated KLF4 binding site disruption

Single-guide RNAs (sgRNAs) were designed by using the online tool provided by the
Church laboratory3°. Oligonucleotide pairs with BsmBl-compatible overhangs were
annealed and cloned into the lentiviral vector lentiCRISPR v2 (Addgene plasmid #52961)36.
For virus production, HEK293T cells were transfected with lentiCRISPR v2, psPAX2
(Addgene #12260) and pMD2.G (Addgene plasmid #12259) at a 8:4:1 ratio with 100 pl Plus
Reagent (Life Technologies) and 50 pl Lipofectamine 2000 (Life Technologies) and cultured
in Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine serum, 1%
sodium pyruvate, 1% non-essential amino acids, 1% kanamycin, 50 units/ml penicillin/
streptomycin and 50 uM B-mercaptoethanol for 48 hr before cell lysis. Cell debris was
removed by centrifugation followed by ultra-centrifugation (2.5 hr at 24,000 rpm) with a
sucrose cushion. Early passage HUVECs were lentivirally transduced and cultured for 2
days in medium supplemented with 1 ug/ml puromycin to select cells expressing the
lentiCRISPR V2 vector. A mixed population of lentiCRISPR V2—positive ECs was selected.

Calcium imaging

For Fura2-AM experiments, cells were pre-incubated with 0.5 uM Fura2-AM (Molecular
Probes) for 15 min at 37°C before imaging. Cells were washed twice with modified HBSS
and imaged in the dark at room temperature. Images were acquired under a Zeiss Observer
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Z1 microscope with a cooled charge-coupled device camera (Roper). Fura2 dual excitation
ratio imaging involved two excitation filters, ET340x and ET380x for 340-nm and 380-nm
excitation, and a HQ535/45m emission filter. Exposure times were 200 ms, and images were
taken every 30 s. Imaging data were analyzed with Metafluor 6.2 software (Universal
Imaging). Fluorescence images were background-corrected by deducting the background
(regions with no cells) from the emission intensities of cells loaded with Fura2-AM. The
340/380-nm emission ratio was calculated at different times. Traces were normalized by
setting the emission ratio to 1 before the addition of drugs.

Statistical analysis

Results

All statistical analyses were performed using SPSS version 14.0 or R project version 2.10.
Statistical analyses of sequencing data were performed using standard codes for the
packages indicated above. Wet bench experiments results were expressed as means + SEM.
Initially, data were tested for normality and equal variance to confirm the appropriateness of
parametric tests. Parametric data was analyzed by 2-tailed Student’s #test. If normality or
equal variance test failed, non-parametric data were analyzed using Kruskal-Wallis with
Dunn’s post hoc test or 2-tailed Mann-Whitney U test. < 0.05 was considered statistically
significant.

Shear stress regulation of histone modifications

ECs subjected to atheroprotective PS or atheroprone OS were used for H3K4mel ChlP-seq
and H3K27ac ChIP-seq to explore the histone modifications in ECs responding to distinct
flow patterns. We first identified the c/is-elements involved in the active chromatin state at
the genome-wide scale, represented by H3K4mel+/H3K27ac+ signals. Because H3K4mel+
is a prerequisite for the active cis-element and H3K27ac+ is more prominent for defining the
activated chromatin statel8, we quantified the chromatin activation by assessing the
acetylation level of H3K27 (i.e., H3K4mel1+/H3K27ach9" vs H3K4mel+/H3K27ac!oW),
which depicts a chromatin relaxation state with the ensuing transcriptional activation3’.
Changes in H3K27ac levels were then cross-referenced with those from RNA-seq
expression profiles under PS or OS for exploring the expression of genes regulated by the
active chromatin state. Fig. 1A shows the heatmap generated from such analysis and
includes genes that showed both enriched H3K27ac+ and higher RNA levels. As positive
controls, PS-responsive genes such as NOS3 (encoding eNOS) and KL F4 showed enhanced
H3K27ac signals in their promoter regions under the PS condition. Conversely, OS-induced
genes such as selectin E (SELE;, encoding E-selectin) and vascular cell adhesion protein 1
(VCAMI) showed enhanced H3K27ac signals in their promoter regions under the OS
condition (Fig. 1B). These flow-induced H3K27ac /oci overlapped with those defined in
ENCODE data for static HUVECs (GSM733691)38. The H3K27ac enrichment in the
promoter regions of NOS3, KLF4, SELE, and VCAM!I (highlighted in green in Fig. 1B) in
ECs was indeed regulated by shear stress, as verified by H3K27ac ChIP-gqPCR (Fig. 1C).

To deduce the TFs involved in the transcription of these differentially regulated genes under
PS vs. OS, we analyzed TF binding sequences located at these differentially enriched
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H3K27ac foci. Spl-like/KLF family and FOX/CPEB binding sequences were among the
top-ranked cis-elements involved in PS- and OS-enriched H3K27ac /oci, respectively (Fig.
1D). KLF4 is a master regulator of EC homeostasis that is PS-inducible. As a pioneer TF,
KLF4 recruits histone acetyltransferases and deacetylases to modify histones, thereby
changing the chromatin accessibility3°. Thus, we used data from ATAC-seq to compare the
chromatin accessibility in control ECs and ECs overexpressing KLF4. The /oci close to the
KLF4 binding sites were largely less condensed in ECs overexpressing KLF4 (Fig. 2A),
suggesting that KLF4 increased the chromatin accessibility of its targeted genes. In line with
the GC-enriched KLF4 binding sequence shown in Fig. 1D, the GC content and percentage
of KLF4 binding sites were higher in these decondensed /oc/ of PS-inducible genes, than
that of PS-suppressed or non-effected genes (Fig. 2B). Such enrichments were not found in
binding sequence for other GC-bound TFs such as ZEB1 and SNAI2 (Fig. 2C). The KLF4-
decondensed /ocihad a higher degree of superimposition with the PS-enriched H3K27ac
locithan those of OS-enriched H3K27ac (Fig. 2D). Furthermore, ectopically expressed
KLF4 decondensed ~25% of the PS-enhanced H3K27ac /oci, as revealed by superimposing
the Ad-KLF4-ATAC and H3K27ac ChiP-seq data (Fig. 2E). These results confirmed that
KLF4 is a pioneer TF in ECs that regulates multiple PS-responsive genes via chromatin
remodeling.

PS-induced transcription via KLF4

Next, we set three criteria to screen the PS-inducible genes via KLF4 regulation: (1)
inducible by PS, as revealed by RNA-seq; (2) containing putative KLF4 binding sites in the
promoter region; and (3) containing enhanced H3K27ac signal near the KLF4 binding sites
under PS (Fig. 3A). Consequently, we selected 18 genes that were putatively induced by PS
via KLF4 (Table 1). We first examined the dynamic regulation of these 18 genes by PS vs.
0S in time-series RNA-seqP. From these 18 genes, all showed higher expression under PS
than OS except for STEGAL1 and TBC1D7 (Fig. 3B and Sup. Fig. 1). As positive controls,
KLF4and NOS3 (encoding eNOS), known to be PS-responsive, were substantially induced
by PS for up to 24 hr. Next, these 18 genes were found to have at least one putative KLF4
binding site in the promoter regions, with H3K27ac enrichment in the flanking region (Fig.
3C and Sup. Fig. 2A). Further validation by Ad-KLF4-ATAC-seq revealed that the promoter
regions of these 18 genes had a KLF4-enhanced ATAC signal in at least one set of ATAC-
seq data (Fig. 3D and Sup. Fig. 2B). Importantly, these enhanced ATAC signals had
considerable overlap with the PS-induced H3K27ac peaks.

The tunica intima tissue isolated from the thoracic aorta (TA, atheroprotective region) and
aortic arch (AA, atheroprone region) of C57BL/6j mice was used first for biological
validation. Overall, the mRNA level for 16 of the 18 genes was higher in TA than AA intima
(Fig. 4A). The cholesterol-lowing drugs statins have a profound effect on maintaining a
functional endothelium and have been shown to induce KLF4 in ECs /n vitro and in vivo™.
Atorvastatin treatment of cultured ECs for 48 hr induced 9 of the 18 genes (Fig. 4B).
Furthermore, 12 genes were significantly induced in lung ECs isolated from mice receiving
atorvastatin for 3 days (Fig. 4C). To explore the KLF4 inducibility, we overexpressed KLF4
in cultured ECs and examined the mRNA level of the 18 genes. Eight genes were induced by
KLF4 overexpression (Fig. 4D). For /n vivo validation of KLF4 induction of these genes,
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lung ECs were isolated from EC-KLF4-Tg and EC-KLF4~~ mice34; 12 of the 18 genes
were induced in a KLF4-dependent manner /n vivo (Fig. 4E). Overall, 6 genes in ECs, viz.
CAMKK1, DAGI, THBD, ITPR3, ALS2CL, and ITGB4, were commonly induced by PS,
atorvastatin, and KLF4 /in vitroand in vivo.

ITPR3 regulation of eNOS in ECs

We next explored whether changes in the expression of these 6 genes affected EC functions
by using eNOS-derived NO bioavailability as a functional readout. ECs in which the 6
commonly induced genes had been individually knocked down were treated with
atorvastatin or PS for 16 hr. eNOS expression and NO production was assessed accordingly.
SiRNA knockdown of ITPR3 or ALS2CL attenuated the atorvastatin- or PS-induced eNOS
mRNA level in ECs (Fig. 5A). However, ITPR3 knockdown impaired the atorvastatin-
increased NO production more drastically and hence we focused on ITPR3 for further
functional characterization (Fig. 5B).

A hallmark of eNOS activation is its phosphorylation at Ser-11774142, Concurrently, eNOS
Thr-495 dephosphorylation is positively associated with stimuli that elevate [Ca2*];43.
SiRNA knockdown of ITPR3 impaired the eNOS Ser-1177 phosphorylation increased by
atorvastatin and PS (Fig. 5C, 5D). As well, ITPR3 knockdown abolished the eNOS Thr-495
dephosphorylation in response to atorvastatin or PS (Fig. 5C, 5D). /n vivo, the differential
regulation of ITPR3 by atheroprotective vs. atheroprone flows was evident by a higher level
of ITPR3 in the TA than AA region (Fig. 5E). The increased ITPR3 expression was also
accompanied by decreased eNOS Thr-495 phosphorylation and increased Ser-1177
phosphorylation and eNOS level (Fig. 5E).

Functioning as a calcium channel on the ER membrane, ITPR regulates [Ca2*];*4. ITPR3
knockdown indeed decreased the ionomycin- and PS-induced calcium influx in ECs (Fig.
5F, 5G). Changes in [Ca2*]; modulate eNOS phosphorylation status and also eNOS
subcellular compartmentation in ECs, which plays an essential role in regulating eNOS
activity#34°. The underlying mechanism involves the disassembly of the eNOS—caveolin-1
(Cav-1) complex in the lipid raft and assembly of the eNOS—calmodulin complex in the non-
lipid raft (illustrated in Fig. 5J). With atorvastatin treatment of wild-type ECs, eNOS was
translocated from lipid rafts to non-lipid rafts. This was revealed by the dissociation of
eNOS from Cav-146, a structural protein in caveolae, and the association with calmodulin
(lane 2 vs 1 in Fig. 5H). Notably, such eNOS translocation and eNOS-calmodulin
association were not seen in ECs with ITPR3 knocked down (lane 4 vs 3 in Fig. 5H). We
performed immunofluorescence staining to confirm that ITPR3 is necessary for statin-
activated eNOS. The co-localization of eNOS with Cav-1 at the basal level, presumably in
lipid rafts, is disrupted by atorvastatin treatment (Fig. 5I).

KLF4 regulates the ITPR3 chromatin accessibility

In the promoter region of /7PR3, we identified 6 putative KLF4 binding sites (shown in Sup.
Table 1). DNA segments flanking these KLF4 cognate binding sequence showed enriched
H3K27ac signals and increased chromatin accessibility, as revealed by ChlP-seq and ATAC-
seq, respectively (Fig. 6A). By using KLF4 ChIP-gPCR, we verified that KLF4
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overexpression increased KLF4 binding to all these 6 KLF4 binding sites (Fig. 6B).
However, H3K27ac ChIP-PCR revealed the greatest enrichment of H3K27ac near the 1st
and 5th sites (Fig. 6C).

To further test whether KLF4 binding to its cognate binding sequence affects histone
H3K27ac modification, we deleted the 1st KLF4 binding site in the /7PR3 promoter in ECs
(ITPR3ABS) py using CRISPR-Cas9 genomic editing (Fig. 7A). Deletion of this binding site
indeed decreased KLF4 binding, with concurrent attenuations of H3K27ac modification,
chromatin accessibility, Pol Il recruitment, and ITPR3 mRNA expression (Fig. 7B and 7C).
These data suggest that KLF4, acting as a PS-inducible pioneer TF, regulates ITPR3
expression by remodeling histone and the consequent chromatin accessibility of the /7PR3
promoter. Functionally, the ionomycin-induced calcium influx was significantly lower in
ITPR32BS than wild-type ECs (Fig. 7D). Furthermore, the dissociation of eNOS-Cav-1 and
association of eNOS-calmodulin seen in wild-type ECs stimulated with atorvastatin or PS
were largely abolished in ITPR32BS ECs (Fig. 7E, 7F). Thus, the physiological (i.e., PS) and
pharmacological (i.e., statins) stimulations of eNOS-derived NO bioavailability are
contributed, at least in part, by KLF4 regulation of ITPR3 via chromatin remodeling.

Discussion

Vascular tone is regulated by EC responses to mechanical and biochemical stimuli, and
[CaZ*];-modulated eNOS activity plays a significant role in this regulation. By using NGS,
including RNA-seq, ChIP-seq, and ATAC-seq, we have found that KLF4, functioning as a
PS-induced pioneer TF, activates ITPR3 via epigenetic regulation. This finding indicates that
PS and statins augment the eNOS-derived NO bioavailability, at least in part, via KLF4-
induced ITPR3.

[CaZ*]; in ECs can be regulated by voltage-dependent calcium channels, Ca2*-induced
calcium release from ryanodine receptors, and Ca2* release from ITPR stores. There is
substantial evidence that the increase in [Ca2*]; with the ensuing activation of the IP3-ITPR
pathway leads to an increase in the production of NO and other vasodilatory factors?1:22, In
a recent study by Yuan et a/.,, mice with endothelial deletion of /fprZ showed reduced eNOS
activity, blunted vasodilation, and elevated blood pressure22. Our current study suggested a
mechanism by which the PS-induced KLF4 increased its binding to the promoter region of
ITPR3in a trans manner, altered chromatin accessibility in a ¢/s manner (as revealed by
enrichment of H3K27ac and ATAC-seq), and then recruited Pol Il to transactivate ITPR3.

Three ITPR subtypes have been reported: ITPR1, ITPR2, and ITPR347. Our RNA-seq data
indicate that ITPR3 is the major type in cultured ECs (Sup. Fig. 3). Furthermore, the
upstream promoter region of /7PR3 seems to have more putative KLF4 binding sites and
PS-enriched H3K27ac signals than /7PR1and /TPR2 (Sup. Fig. 4). Functionally, the KLF4-
transactivated ITPR3 regulates the IP3-ITPR pathway both at the basal level and under PS.
These two modes of regulation would constitute lineage- and signal-dependent ITPR3
transcription, respectively, to provide the basal and stimulatory regulation of [Ca2*];
signaling essential for maintaining vascular tone.
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The selection of the 18 PS-induced genes for further validation was based on the results of
KLF4 binding, histone remodeling by ChlP-seq, and expression levels by RNA-seq. As one
of the four Yamanaka factors, KLF4 binds to the target DNA sequence via its zinc-finger
domain, which enhances transcription by recruiting transcription machinery and Pol 1148,
Acting as a master TF in ECs#9, KLF4 not only is important for the endothelial lineage but
also activates genes essential for EC homeostasis [e.g., eNOS and cholesterol-25-
hydroxylase]34:50. Functionally, KLF4 is upregulated by atheroprotective flow and
cholesterol-lowering drugs (e.g., statins)*4°. Mechanistically, KLF4 binds to Sp1-like
binding sites on the promoter regions of KLF4-targeted genes®!. Furthermore, KLF4
interacts with histone acetyltransferases or deacetylases to increase or attenuate chromatin
acetylation, respectively, thereby affecting transcription. For example, KLF4 can regulate
chromatin remodeling of interleukin 6 promoter in dendritic cells by changing the adjunct
histone modification®2. In normal breast epithelial cells, KLF4 recruitment of HDAC2/3 to
the vascular endothelial growth factor (VEGF) promoter represses the expression of
VEGF53, KLF4-driven histone modification in transactivating /7PR3was further supported
by the decondensed chromatin in /oc/adjacent to the KLF4 binding sites. In the context of
PS induction of ITPR3 in ECs, Pol Il is recruited to the KLF4-occupied /7PR3 promoter for
transcriptional initiation (Fig. 7C).

Although we focused on KLF4 as the key TF, KLF4 and KLF2 bind to similar cis-elements
(e.g., Sp1-like binding site) to transactivate commonly targeted genes such as eNOS and
thrombomodulin (THBD)*°. Atheroprotective flow and pharmacological agents such as
statins induce optimal levels of KLF2 and/or KLF4 to maintain EC homeostasis*40:54.55,
While KLF2 and KLF4 seem to be compensatory for each other in maintaining EC function
via the commonly transactivated genes, ablations of both lead to EC dysfunction more than
either alonel8. Thus, KLF2 and KLF4 likely synergize each other to orchestrate the
transcriptional machinery in regulating genes such as NOS3, THBD, and ITPR3. The
detailed mechanism underlying this synergism deserves further investigation by including
KLF2 ChlP-seq and ATAC-seq analyses in addition to KLF4.

Approximately 85% of the coding regions in the human and mouse genome are similar, but
conservation between the non-coding regions of human and mouse genomes is moderate®®.
Nevertheless, mouse models with EC-specific overexpression of k/f4 decreases
atherosclerosis in atheroprone areas, whereas EC-specific ablation of A/f4 increases
atherosclerosis in atheroprotective areas34. Indeed, opposite trends of KLF4 and ITPR3
expression are evident in mouse AA vs. TA areas (Fig. 4A). These opposing transcriptional
and phenotypic outcomes demonstrate the importance of flow regulation of KLF4 in the
mouse vasculature. We found five putative KLF4 binding sites predicted in the promoter
region of the mouse /fpr3 gene (Sup. Fig. 5), which suggests that mouse /£0r3 may also
undergo chromatin remodeling initiated by KLF4 binding. Data in Fig. 5B show that KLF4
binding to site 1 at —1207 and site 5 at —10318 of the /7PR3 promoter caused chromatin
remodeling to a reduced compact state, as shown by H3K27ac enrichment and ATAC-seq
peaks. Interestingly, deletion of site 1 affected KLF4 binding and chromatin remodeling at
site 5 (Sup. Fig. 6). Hence, these two KLF4 binding sites, separated by ~9 kb, may crosstalk
to co-regulate the expression of ITPR3.
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In summary, using a multi-layer and genome-wide approach, we have made the novel
discovery that the PS-induced KLF4 regulates the transcriptome in ECs epigenetically and
transcriptionally. Furthermore, we have demonstrated that ITPR3 plays a critical role as a
KLF4-regulated gene in mediating H3K27ac enrichment and chromatin accessibility, and
hence Ca%*-dependent eNOS activation and EC homeostasis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ATAC-seq assay for transposase-accessible chromatin-sequencing

Cav-1 Caveolin-1

ChIP-Seq chromatin immunoprecipitation followed by high throughput
sequencing

EC endothelial cell

eNOS Endothelial nitric oxide synthase

HUVECs human umbilical vein endothelial cells

H3K4mel mono-methylation of histone 3 lysine 4

H3K27ac acetylation of histone 3 lysine 27

ITPR3 Inositol 1,4,5-trisphosphate receptor 3

KLF4 Kruppel-like factor 4

NGS next-generation sequencing

NO nitric oxide

(OF] oscillatory shear stress
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Highlights

By using RNA-seq, ChlP-seq, and ATAC-seq, we found that KLF4,
functioning as a PS-induced transcription factor in ECs, activates ITPR3
transcriptionally and epigenetically.

KLF4 regulates ITPR3 expression by mediating H3K27ac enrichment and
chromatin accessibility in the promoter region.

PS induction of ITPR3 augments Ca%*-dependent eNOS activation and EC
homeostasis.

PS and statins increase the eNOS-derived NO bioavailability, at least in part,
by KLF4-induction of ITPR3.

This innovative systemic approach identifies many other PS-inducible
molecules and pathways through the similar mechanism.
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Figure 1. Shear stress regulation of histone modifications, assessed by H3K4mel ChlP-seq,
H3K27ac ChlP-seq, and RNA-seq.

(A, B) Human umbilical vein endothelial cells (HUVECSs) were exposed to pulsatile flow
(PS; 12 + 4 dyn/cm?) or oscillatory flow (OS; 1 + 4 dyn/cm?) for 16 hr. Cells from two
biological repeats (PS1, OS1, PS2, 0S2) were subjected to H3K4mel ChiIP-seq, and
H3K27ac ChlP-seq, and RNA-seq analyses. (A) Heat map of the normalized H3K4mel and
H3K27ac enrichment and RNA-seq signal of the nearest expressed genes. The genes
represented were those with H3K27ac and mRNA enrichment by PS. (B) Normalized PS
(blue)- or OS (red)-associated H3K27ac ChlP signals at the promoter regions of NOS3,
KLF4, SELE, and VCAM1I. The H3K27ac enrichment in static HUVECs (light turquoise,
below the PS and OS H3K27ac) were adopted from ENCODE (GSM733691)3. (C)
HUVECs were exposed to PS or OS. H3K27ac enrichment in the region highlighted in
green (in B) was evaluated by H3K27ac ChIP-gPCR. Data are mean + SEM from 3
independent experiments. Statistical significance was determined by 2-tailed Mann-Whitney
U test between PS and OS. *P< 0.05. (D) PS- or OS-enhanced H3K27ac hyper-condensed
regions were analyzed by RSAT to decipher TF binding sites.
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Figure 2. KLF4 regulation of PS-induced genes via chromatin remodeling, assessed by ATAC-
seq.

H?JVECS were transfected with Ad-null or Ad-KLF4 for 24 hr. Cells were subjected to
ATAC-seq. (A) ATAC peaks from Ad-null or Ad-KLF4-infected ECs were initially merged
into a union set of ATAC peaks. The KLF4 putative binding sites within the ATAC peaks
were then predicted. The upper and lower panels show the overall and per-/oci ATAC signals
at + 0.1 kb flanking the putative KLF4 binding sites. (B, C) ATAC /oci were first divided
into 3 groups by the expression levels of their closest genes induced by PS. The assessed GC
ratio or frequency of putative TF binding in these /oc/are summarized in the representative
heat maps. The x-axis represents the position of the de-condensed /oc/and the y-axis the
frequency of changes. (D) Heat maps showing 572 /oci de-condensed by KLF4, as assessed
by ATAC-seq. These /oci coincide with the PS- or OS-associated H3K27ac enrichment. (E)
Heat maps of the ATAC-seq and H3K27ac ChIP-seq signals in /oc/ de-condensed or not by
KLF4. Distance at the abscissa denotes the relative location within the /oc/, and each row
represents a /ocus.
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Figure 3. PS-induced genes via KLF4-dependent chromatin remodeling.
(A) Three selective criteria for the PS-induced genes (see text). (B) Heat map indicating

differentially expressed mRNAs for the 18 selected genes. The presented data were selected
from the 10-time point RNA-seq reported by Ajami et. af. (C) Normalized PS (blue)- or OS
(red)-induced H3K27ac enrichment in the promoter regions of ALS2CL, ITPR3, BAGALTS3,
CAMKK1, CBX2, FAM167B, ITGB4, and THBD. The putative KLF4 binding sites in the
respective promoter regions are illustrated in green. (D) HUVECs were infected with Ad-
null or Ad-KLF4 for 24 hr in two biological repeats. ATAC-seq was performed to evaluate
the chromatin accessibility. Lines in gray (from Ad-null-infected ECs) and blue (from Ad-
KLF4-infected ECs) represent ATAC signals in the same /oc/ as those in (C).
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Figure 4. KLF4-dependent gene expression in ECs.
(A) Intima isolated from thoracic aorta (TA) and aortic arch (AA) of five C57BL/6j mice (3

male and 2 female) were pooled. (B) HUVECs were treated with atorvastatin (5 pM) or
DMSO for 24 hr. (C) C57BL/6j mice were intraperitoneally injected with atorvastatin (50
mg/kg) or an equal volume of saline (500 uL) randomly. Lung ECs were harvested 24 hr
post-injection, n=6 mice (3 male and 3 female) in each group. (D) HUVECs were infected
with Ad-null or Ad-KLF4 for 24 hr. (E) Lung ECs were isolated from EC-KLF4~/~ or EC-
KLF4-Tg mice, n=3 mice in each group. The expression of the identified 18 genes (shown in
Fig. 3 and Table 1) was detected by RT-qPCR and presented by Log 2 fold change (Log 2
FC). Data are mean £ SEM from 3 independent experiments for (B) and (D). Statistical
significance was determined by 2-tailed Mann-Whitney U test. *£< 0.05 compared with
control.
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Figure 5. Atorvastatin and PS upregulate the ITPR3-eNOS axis in ECs.
(A) HUVECs were transfected with siRNA against THBD, DAG1, CAMKK1, ITGB4,

ALS2CL, or ITPR3 for 48 hr. In control experiments, HUVECs were transfected with
control siRNA. After atorvastatin (5 uM) or PS stimulation for the last 16 hr, cells were
lysed and eNOS mRNA level was detected by RT-gPCR. (B) HUVECs were transfected
with ALS2CL siRNA, ITPR3 siRNA, or control siRNA. After atorvastatin stimulation for 1
hr, NO level was detected by Griess reagent. (C, D, F, G, H, I) HUVECs were transfected
with ITPR3 siRNA or control siRNA, and then stimulated with atorvastatin (C, H, I) for 1 hr,
PS for 1 hr (D), or PS for 10 mins (G). (E) Tissues isolated from TA and AA of C57BL/6j
mice (pooled from 3 male and 2 female mice). In (C-E), the cellular or tissue extracts were
examined by western blot analysis for protein levels of ITPR3, p-eNOS T495, p-eNOS
S1177, eNOS, and a-tubulin. In (F, G), ECs were treated with Fura2-AM for 1 hr before
stimulation with ionomycin (2 pM, F) or PS (G). The calcium influx rate was detected by
comparing the 340/380-nm ratio under a fluorescence microscope. Overall, 12-15 cells (F)
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or 130-160 cells (G) were randomly chosen to detect the fluorescence in each group. In (H),
cell lysates were immunoprecipitated (IP) with anti-Cav-1 or anti-calmodulin (CaM)
antibody. The co-immunoprecipitated eNOS was evaluated by immunoblotting (IB), with B-
actin as a loading control. In (I), immunostaining was performed with anti-eNOS (red) or
anti-Cav-1 (green) antibody. Nuclei were counterstained with DAPI (blue). Fluorescence
was detected under an Olympus confocal microscope. The colocalization of eNOS and
caveolin-1 was quantified by ImageJ. (J) A working model of atorvastatin and PS regulation
of the ITPR3-eNOS axis via KLF4. Data are mean + SEM from at least 3 independent
experiments. For parametric data (F, G, |), statistical significance was determined by 2-tailed
Student’s ttest between two indicated groups. Non parametric data (A, B) were analyzed
using Kruskal-Wallis with Dunn’s post-hoc test. *£ < 0.05.
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Figure 6. KLF4 regulates ITPR3 by modulating chromatin accessibility.
(A) Putative KLF4 binding sites, PS- or OS-induced H3K27ac enrichment, and Ad-null- or

Ad-KLF4-induced ATAC signals in the /TPR3 promoter. (B, C) HUVECs were infected
with Ad-null or Ad-KLF4 for 24 hr. KLF4 binding to the /7PR3 promoter and H3K27ac
enrichment of the /7PR3 promoter were detected by KLF4 ChIP-gPCR and H3K27ac ChlP-
gPCR, respectively. The used PCR primers were depicted by arrows in Panel A. Data are
mean + SEM from at least 3 independent experiments. Statistical significance was
determined by 2-tailed Mann-Whitney U test between two indicated groups. *~P < 0.05.
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Figure 7. KLF4-dependent activation of the ITPR3-eNOS axis.
(A) CRISPR-Cas9 strategy for targeting the 1st KLF4 binding site (chr6:33587106-

chr6:33587115) in the /TPR3 promoter. (B, C) Wild-type HUVECs or CRISPR-Cas9-edited
HUVECs (ITPR32BS) were infected with Ad-null or Ad-KLF4. KLF4 binding, H3K27ac
enrichment, and chromatin accessibility near the KLF4 binding site 1 were detected by
KLF4-ChlP, H3K27ac-ChIP, and ATAC-qPCR, respectively. Pol 1l recruitment near the TSS
site was detected by Pol 11-ChIP-gPCR, and the ITPR3 mRNA level was assayed by qPCR.
(D, E, F) Wild-type and ITPR32BS HUVECs were stimulated with ionomycin, atorvastatin,
or PS. The calcium influx rate (D), Cav-1-eNOS or CaM-eNOS co-immunoprecipitation (E),
and immunostaining (F) were as described in Figure 5. Data are mean £ SEM from at least 3
independent experiments. For parametric data (D, F), statistical significance was determined
by 2-tailed Student’s #test between two indicated groups. Non parametric data (B, C) were
analyzed using 2-tailed Mann-Whitney U test between 2 indicated groups. *~ < 0.05.
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