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Abstract

Hemoglobin subunit alpha (HBA) expression in endothelial cells (ECs) has recently been shown to
control vascular tone and function. We sought to elucidate the transcriptional regulation of HBA
expression in the EC. Gain of KLF2 or KLF4 function studies led to significant induction of HBA
in ECs. An opposite effect was observed in ECs isolated from animals with endothelial-specific
ablation of K/f2, KIf4 or both. Promoter reporter assays demonstrated that KLF2/KLF4
transactivated the hemoglobin alpha promoter, an effect that was abrogated following mutation of
all four putative KLF-binding sites. Fine promoter mutational studies localized three out of four
KLF-binding sites (sites 2, 3, and 4) as critical for the transactivation of the HBA promoter by
KLF2/KLF4. Chromatin immunoprecipitation studies showed that KLF4 bound to the HBA
promoter in ECs. Thus, KLF2 and KLF4 serve as important regulators that promote HBA
expression in the endothelium.
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Introduction

Hemoglobin is expressed in both erythroid cells and a variety of non-erythroid cells, such as
endothelial cells (ECs), macrophages, and epithelial cells.! In erythroid cells, two alpha-
globin chains assemble with two beta-globin chains to form adult hemoglobin
heterotetramers with four heme prosthetic groups, which carry oxygen to tissues and
transport carbon dioxide away from tissues to the lungs.? Transcription factors such as
KLF1, GATAL, and NFE2 play a role in the regulation of hemoglobin genes in erythroid
cells.3-6 However, the mechanisms of hemoglobin regulation in non-erythroid cells remain
unknown.

ECs are critical constituents of the blood vessel wall?, and their dysfunction is a proximate
event in the development of numerous cardiovascular diseases.810 Previous studies have
documented that hemoglobin subunit alpha (HBA\) is expressed in ECs and enriched in the
myoendothelial junction (MEJ) — a portion of ECs that protrudes through the internal elastic
lamina and juxtaposes vascular smooth muscle cells (SMCs).11-13 These specialized
structures serve as a conduit for communication between these two cell types, such as the
passage of nitric oxide (NO) from ECs to SMCs, a process critical for the regulation of
vascular tone and function.1114.15 The MEJ is typically observed in smaller diameter vessels
(e.g. small arteries, veins, or arterioles) as opposed to larger ones. Endothelial HBA
functions to fine-tune NO diffusion to SMCs.1! The efficiency of NO scavenging by HBA
requires its coupling to endothelial nitric oxide synthase (eNOS) and active heme iron redox
cycling by cytochrome B5 reductase 3 (CYB5R3), which reduces the HBA heme iron from
the Fe3*, non-reactive form, to the Fe2* state, which is capable of blocking NO diffusion.
11-13 While such post-translational regulation of HBA in ECs is well described, the
transcriptional regulation of endothelial HBA remains unknown. Hence, elucidating the
molecular mechanisms of how endothelial HBA is regulated may provide a deeper
understanding of vascular homeostasis and how alterations in this process lead to
cardiovascular disease.

Studies over the past decade from our group and others have identified Kruppel-like factors
(KLFs), termed KLF2 and KLF4, as essential regulators of endothelial homeostasis,
endothelial identity, and vascular integrity.16-18 KLFs are members of the zinc-finger family
of DNA-binding transcription factors, of which a total of 18 mammalian family members
have been identified to date.1® In ECs, KLF2 and KLF4 are induced by laminar flow and
regulate the expression of many flow-dependent endothelial gene products (e.g. eNOS) that
are critical for endothelial function.29-23 Furthermore, both factors have been shown to
inhibit EC pro-inflammatory activation by virtue of their ability to inhibit key inflammatory
mediators such as nuclear factor kappa-B (NFxB). Here we demonstrate that KLF2 and
KLF4 serve as potent regulators of HBA expression in ECs.
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Detailed methods are available as online supplemental materials. These include adenoviral
infection and plasmid DNA transfection, EC isolation, RNA isolation, and real-time
polymerase chain reaction (PCR), western blot, protein digestion, mass spectrometry,
luciferase assay, site-directed mutagenesis, and chromatin immunoprecipitation. Real-time
PCR and site-directed mutagenic oligonucleotide primers are listed in Table S1 and Table
S2, respectively.

All animals used were the C57BL6/J mouse strain. Endothelial-specific K/f2and/or K/f4
knockout mice were generated by breeding floxed mice (K/f2/K/f4) with tamoxifen-
inducible Cdh5(PAC)-CreERT2 mice (CRE; originally from R Adams, University of
Munster, Miinster, Germany). Cdh5(PAC)-CreERT2 mice were used as controls. Male mice
aged 8-10 weeks old were intraperitoneally injected with tamoxifen (2 mg/25 g) to trigger
endothelial-specific gene deletion. All animal protocols carried out in this study were
approved by the Case Western Reserve University Institutional Animal Care and Use
Committee.

Cell culture and a vascular cell co-culture model

Statistics

Human umbilical vein endothelial cells (HUVECS), human coronary artery endothelial cells
(HCAECSs), and human coronary artery smooth muscle cells (HCASMCs) were cultured in
EBM-2 supplemented with an EGM-2 bullet kit, EBM-2 supplemented with an EGM-2MV
bullet kit, and SmGM-2 supplemented with a SmMGM-2 bullet kit (Lonza, Basel,
Switzerland), respectively. Human umbilical vein smooth muscle cells (HUVSMCs) and
bovine aortic endothelial cells (BAECs) were obtained from Cell Applications, Inc. (San
Diego, CA, USA) and cultured in growth medium according to the manufacturer’s
instruction. All cells were cultured at 37°C and 5% CO». For a vascular cell co-culture
model, ECs were co-cultured with vascular SMCs on a Transwell(®) (24 mm) (Corning Inc.,
NY, USA) to allow a formation of MEJs, as previously described.11:24 SMCs were first
seeded on the lower part of the Transwell insert and cultured for 24 hours. In the same
Transwell insert, ECs were cultured on the upper part of the insert and grown for an
additional 24 hours. Following this initial period of growth, KLF2 or KLF4 expression was
manipulated by adenoviral infection.

All data are presented as mean + standard error of the mean (SEM). Statistical analyses were
done using the two-tailed Student’s £test and one-way analysis of variance (ANOVA) with
Bonferroni’s post hoc test to analyze the difference between two groups and among the
groups, respectively. A p-value of 0.05 or less was considered significant.
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KLF2 and KLF4 induce HBA expression in the endothelium

Given the importance of endothelial KLF2/KLF4 in maintaining endothelial homeostasis,
endothelial identity, and vascular integrity, we first investigated whether KLF2/KLF4
mediated endothelial HBA expression. Adenoviral overexpression of KLF2 or KLF4
strongly induced HBA mRNA in HCAECs (Figure 1A). Increases in KLF2and KLF4
MRNA expression were also confirmed in HCAECs (Figure S1, A and B). As a positive
control,18 mRNA expression of NOS3was examined and found to be significantly enhanced
(Figure 1A). Further, the effect of KLF2 or KLF4 deficiency on Hba mRNA expression was
examined in ECs isolated from adult mice with tamoxifen-inducible endothelial K/f2 (EC-
KIf2-KO), Kif4 (EC-KIf4-KO), or both K/f2and K/f4 (EC-DKO) knockout. While Hba
levels were not significantly affected by the loss of either KLF2 or KLF4, loss of both
factors resulted in a marked decrease of Hba expression levels compared to CRE control
mice (Figure 1B).

Next, we confirmed the induction of HBA as well as eNOS proteins by KLF2 or KLF4 in
ECs which were either cultured alone (Figure S2, A and B) or co-cultured with vascular
SMCs (Figure 2, A and B; Figure S3, A-C). For the latter study, HCAECs were co-cultured
with HCASMCs on a Transwell insert to allow a formation of the MEJ.1! These cell types
were chosen as they have previously been shown to allow for optimal MEJ formation.
Adenovirus carrying KLF2, KLF4 or empty vector control was then introduced into the ECs
on the top of the Transwell insert. EC, MEJ, and SMC proteins were collected according to a
previously reported method.11:24 A protein at the molecular weight of approximately 32 kDa
was recognized by anti-hemoglobin alpha antibody in the EC and MEJ that were infected
with adenovirus carrying KLF2 or KLF4, but not empty vector (Figure 2, A and B; Figure
S3, A-C). The size of this protein band is close to that of dimeric hemoglobin and mass
spectrometry analyses confirmed the presence of HBA (Table S3). In addition, expression of
hemoglobin beta protein was not detectable in the EC and MEJ (data not shown), suggesting
a specificity of endothelial hemoglobin alpha expression by KLF2/KLF4. Collectively, these
observations support a role for KLF2 and KLF4 to promote HBA expression in the EC and
the MEJ.

The transactivation of the human hemoglobin alpha gene promoter in ECs by KLF2/KLF4

To determine if KLF2/KLF4 could directly regulate the HBA promoter, we performed a
luciferase reporter assay in BAECs, which have high transfection efficiency when compared
to human ECs. As shown in Figure 3, co-transfection of either KLF2 or KLF4 or both KLFs
significantly increased the HBA promoter activity. Previous reports identified KLFs as
DNA-binding transcription factors that bind to GC-, GT-, and CACCC-box motifs in gene
promoters and other regulatory elements in order to mediate gene expression.17:20-23 We
therefore aimed to pinpoint the KLF recognition sites (GC-, GT-, and CACCC) of the HBA
promoter that are critical for KLF2/KLF4 binding to augment the transactivation of the
promoter in the endothelium. We first focused on four previously reported*® KLF-binding
sites of the HBA promoter (Figure 4A, site 1, =33 to —41 bp; site 2, —86 to —94 bp; site 3:
-115to —123 bp; site 4, —172 to —180 bp), which were mutated to prevent KLF-binding. In
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our study, the luciferase reporter was driven by a 953 bp fragment of the HBA promoter
plasmid. We found that the promoter induction by KLF2 (Figure 4B) or KLF4 (Figure 4C)
was significantly diminished with mutation of all four KLF-binding sites (Mutant 1234).

Next, to pinpoint the site(s) that is critical for KLF-mediated transactivation, we generated
single and multiple mutations within the four KLF-binding sites on the HBA promoter. In
the presence of KLF2 (Figure 5A) or KLF4 (Figure 5B), the HBA promoter mutants lacking
at least two of the three sites (sites 2, 3, and 4) had the lowest luciferase activity when
compared to other mutants, suggesting that three (sites 2, 3 and 4) out of the four KLF
binding sites on the HBA promoter are critical for KLF2 and KLF4 to transactivate the
expression of endothelial HBA. Interestingly, co-expression of KLF4 with the luciferase
reporter driven by the HBA promoter mutant 14 led to a significant increase in the luciferase
signals when compared to co-expression of KLF4 with the reporter driven by the wild-type
HBA promoter (Figure 5B). These observations suggest that binding sites 1 and 4 together
are not required for KLF4 — but suppress the ability of KLF4 — to activate the endothelial
HBA expression. Altogether, KLF2/KLF4 promotes HBA expressions in the endothelium by
transactivating the HBA promoter.

Direct binding of KLF4 to the endogenous hemoglobin alpha promoter in the EC

Next, we assessed whether KLF4 directly bound to the hemoglobin alpha promoter in the
endothelium by chromatin immunoprecipitation (ChIP). We focused on KLF4 in ChIP
studies because of the availability of a ChlP-validated antibody. We found a significant
enrichment of KLF4 (Figure 6A) on the promoter region of HBA in HUVECs
overexpressing KLF4. No enrichment was observed with control IgG. The specificity and
efficiency of quantitative PCR primers were confirmed by agarose gel electrophoresis
showing single amplicon of 190 bp (Figure 6B). These results indicate that KLF4 directly
binds to the HBA promoter in the EC.

Discussion

The fact that hemoglobins can exist outside of red blood cells has been appreciated for many
years, with recent studies suggesting that their functions extend beyond acting as oxygen
carriers to include regulating NO scavenging and blood pressure. An important gap in our
understanding centers on how the expression of hemoglobin is controlled in non-erythroid
cell types, including endothelial cells. Here we show that KLF2 and/or KLF4 regulate
endothelial HBA expression by binding directly to and transactivating the HBA promoter.

Transcriptional regulation of HBA in ECs by KLFs is most likely similar to mechanisms of
regulation in erythroid cells. KLFs have been shown to be responsible for hemoglobin
expression in erythroid and non-erythroid cells. In erythroid cells, KLF4 is shown to
recognize a CACCC motif in the promoter region of HBA and gamma-globin (HBG) genes.
4.6 gpecifically, Marini et al. reported four KLF-binding sites on the HBA promoter that are
important for KLF4-mediated hemoglobin alpha expression in erythroid cells.# A previous
study using microarray analysis in ECs showed that A#BA is in the top five genes regulated
by KLF2.25 Our study shows for the first time that both KLF2 and KLF4 transactivate HBA
expression in the EC, and that three of the four KLF-binding sites (sites 2, 3, and 4) are
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critical for KLF2/KLF4-mediated HBA expression. Besides KLF2 and KLF4, KLF3 has
also been shown to promote the adult alpha-globin genes in erythroid cells; however, it has
been shown to suppress HBA in non-erythroid cells.> KLF1 and KLF2 promote beta-globin
gene expression in embryos.2% This raises the possibility that a member of the KLF family
activates expression of hemoglobin in other non-erythroid cells in addition to ECs.

The free alpha hemoglobin molecule is unstable and precipitates.2” In erythroid cells, alpha
and beta hemoglobin subunits are held together by non-covalent bonds.28 In our study, we
observed a protein of 32 kDa in the EC and the MEJ, which represents dimeric HBA protein.
A dimerization of HBA observed in our study may be caused by aggregation of an excess
amount of free hemoglobin proteins in the cells. It will be interesting to further explore how
dimeric hemoglobin is assembled and the functional importance of hemoglobin dimer.
Furthermore, we detected a monomeric HBA form in ECs, MEJs, and SMCs, which is
similar to observations by Straub et al.11 However, significant changes in expression levels
of dimeric, but not monomeric, HBA were observed. We speculate that, when HBA protein
levels reach a high enough concentration in ECs, it may spontaneously form dimers. An
additional explanation is that KLFs induce proteins that confer a post-translational
modification to facilitate dimerization that is resistant to denaturation. This also explains
why the monomeric HBA bands appeared similar between control (empty vector) and KLF-
infected samples, as the extra amount of HBA has formed dimers.

Conclusion

Collectively, our work provides novel information regarding the transcriptional regulation of
endothelial expression of hemoglobin with implications for vascular function and
homeostasis. KLF2 and KLF4 promote eNOS expression, which subsequently leads to
increased NO production and vasodilation.1® Here we show that KLF2 and KFL4 induce
endothelial HBA expression. Previous reports demonstrated that endothelial HBA can
capture NO and thereby prevent diffusion of NO from ECs to SMCs, promoting
vasoconstriction.13 Thus, by virtue of their ability to increase eNOS and HBA, KLFs may
form an autoregulatory loop to control vasoreactivity and key physiological functions such
as blood pressure and tissue perfusion. The results of this study provide a better
understanding of transcriptional regulation of endothelial HBA, a fine-tuner of NO diffusion
to SMCs that contributes to maintenance of vascular homeostasis. Hence, our findings have
the potential to provide the foundation for developing novel therapies aimed at ameliorating
cardiovascular diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Hemoglobin alpha mRNA expression in the EC by KLF2/KLF4. (A) Overexpression of
either KLF2 or KLF4 induced an expression of hemoglobin subunit alpha (HBA) and
endothelial nitric oxide synthase (MVOS3) mRNA in human coronary artery ECs.
Representative data of three independent experiments are shown. (B) Cardiac microvascular
ECs were isolated from EC-specific deletion of K/f2 (EC-K/f2-KO), K/f4 (EC-KIf4-KO),
both K/f2and K/f4 (EC-DKO), and CRE control (/7=8-9 per genotype; each nwas pooled
from two mice). EC-DKO showed attenuated mRNA expression levels of Hba. Data are
presented as mean + standard error of the mean (SEM) values. **p < 0.01.) Ad-EV, control
(empty) adenovirus; Ad-KLF2, adenovirus carrying Kruppel-like factor 2; Ad-KLF4,
adenovirus carrying Kruppel-like factor 4; CRE, Cdh5(PAC)-CreERTZ2; EC, endothelial cell;
NS, not significant.
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Figure 2.

Hemoglobin alpha protein expression in the endothelial cell by KLF2/KLF4. (A) Schematic
picture showing a Transwell®) co-culture of HCAECS/HCASMCs. (B) Representative
western blot analysis obtained from HCAECs/HCASMCs co-culture where the endothelial
cells were overexpressed with either KLF2 or KLF4 (7=3-4 independent experiments). Ad-
EV, control (empty) adenovirus; Ad-KLF2, adenovirus carrying Kruppel-like factor 2; Ad-
KLF4, adenovirus carrying Kruppel-like factor 4; HBA, hemoglobin subunit alpha; eNOS,
endothelial nitric oxide synthase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
HCAECSs, human coronary artery endothelial cells; HCASMCs, human coronary artery

smooth muscle cells.
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Figure 3.

KLF2/KLF4 mediate transactivation of the HBA promoter. Luciferase reporter assay in

bovine aortic endothelial cells (7=3-4 independent experiments). The HBA promoter

activity was significantly enhanced in the cells when the HBA promoter was co-transfected
with KLF2 and/or KLF4. Data are presented as mean + standard error of the mean (SEM)

values. **p < 0.01. KLF2, Kruppel-like factor 2 plasmid; KLF4, Kruppel-like factor 4

plasmid; HBA, hemoglobin subunit alpha.
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Figure 4.
KLF2/KLF4 fail to mediate transactivation of the mutant HBA promoter. (A) Schematic

picture of the luciferase reporter driven by a fragment (953 bp, counting from the
transcription start site) of the human HBA promoter. Four positions of consensus recognition
sites for KLFs are indicated by white rectangles. (B and C) The mutant HBA promoter
lacking four KLF-binding sites was co-expressed with either KLF2 (B) or KLF4 (C) (7=3-4
independent experiments). Gray boxes denote mutant KLF-binding sites on the HBA
promoter. Data are presented as mean + SEM values. **p < 0.01. KLF2, Kruppel-like factor
2 plasmid; KLF4, Kruppel-like factor 4 plasmid; HBA, hemoglobin subunit alpha; Luc,
luciferase reporter; NS, not significant.
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Figureb.

Critical KLF-binding sites on the HBA promoter. Luciferase activity of wild-type or mutant
HBA promoter constructs co-expressed with either KLF2 (A) or KLF4 (B) were observed in
bovine aortic endothelial cells (/7~=3—-4 independent experiments). Gray boxes represent
mutant KLF-binding sites on the HBA promoter. Data are presented as mean + standard
error of the mean (SEM) values. *p < 0.05 and **p < 0.01 when compared with a co-
expression of wild-type HBA promoter with KLF2 or KLF4. KLF2, Kruppel-like factor 2
plasmid; KLF4, Kruppel-like factor 4 plasmid; HBA, hemoglobin subunit alpha; Luc,

luciferase reporter; NS, not significant.
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Figure6.
Direct binding of KLF4 on the HBA promoter in the endothelial cell. (A) Enrichment of

KLF4 on the HBA promoter was observed by chromatin immunoprecipitation (ChlP)
coupled with quantitative PCR (qPCR) in human umbilical vein endothelial cells that were
infected with KLF4 adenovirus for 48 hours (/7=3 independent experiments). (B)
Representative image of agarose gel electrophoresis showed the efficiency and specificity of
the gPCR HBA primer pair which produced single amplicon of 190 bp (/=3 independent
experiments). Data are presented as mean £ SEM values. **p < 0.01. Ad-EV, control
(empty) adenovirus; Ad-KLF4, adenovirus carrying Kruppel-like factor 4; HBA,
hemoglobin subunit alpha; NS, not significant.
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