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ABSTRACT 

Objectives: Vascular endothelial cells are exposed to an acidic pH, and CXC chemokine 

receptor type 4 (CXCR4) is a key protective molecule against acidosis. We investigated 

the effect of coupling factor 6 (CF6), a novel proton import activator, on CXCR4 

signaling and its molecular mechanism. 

Methods and Results: CF6 decreased CXCR4 expression in human umbilical vascular 

endothelial cells (HUVEC) in a time- and dose-dependent manner. Pretreatment with 

siRNA for hypoxia-inducible factor (HIF)-1 or PP1, a specific c-Src inhibitor, 

attenuated the CF6-induced decrease in CXCR4 without affecting CF6-induced 

intracellular acidosis. Chromatin immunoprecipitation revealed that CF6 enhanced the 

interaction between HIF-1 and the CXCR4 promoter at the hypoxia response element. 

CF6 also enhanced protein- protein interactions between phospho-c-Src and histone 

deacetylase 3 (HDAC3) but did not affect the binding of HADC3 HDAC3 to the 

CXCR4 promoter at the hypoxia response element. Apoptotic cells, as measured by an 

annexin-V-FITC propidium iodide kit, were increased by CF6 in normoxia and hypoxia 

at 24 hours; however, this increase  was abolished by pretreatment with either siRNA 

for HIF-1 or the CXCR4 ligand. The coronary arteries and perivascular tissues 

obtained from CF6-overexpressing transgenic mice showed a lower expression of 

CXCR4 in the heart, increased wall thickness, and infiltration of CD16-positive, 

CD206-positive cells, or apoptotic cells.  

Conclusions: CF6 decreases CXCR4 expression through both HIF-1 and 

c-Src-mediated mechanisms in vascular endothelial cells. Because CXCR4 plays an 

important role in survival function, CF6 may have a role in the progression of 

arteriosclerosis via these complex mechanisms.  
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INTRODUCTION 

CXC chemokine receptor 4 (CXCR4) is expressed in vascular endothelial cells as 

well as hematopoietic and epithelial cells; CXCR4 binds the chemokine CXCL12 

(stromal cell-derived factor-1, SDF-1), which is constitutively produced by bone 

marrow stromal cells and epithelial cells in several other organs, including the lymph 

nodes, liver, lung, spleen, heart, skin, kidney and brain (1). The binding of CXCL12 to 

CXCR4 activates several divergent intracellular pathways, such as extracellular 

signal-regulated protein kinase (ERK), Src family kinases, phosphatidylinositol 

3-kinase and Akt, through Gi protein and G protein-independent Janus kinase/signal 

transducers as well as activators of transcription 3 signal and p38 mitogen-activated 

protein (MAP) kinase (2-4). Activation of the chemokine receptor CXCR4 regulates 

chemotaxis, survival, proliferation, gene transcription, and intracellular calcium flux in 

various types of cells (1). Vascular endothelial cells are exposed to an acidic pH under a 

variety of pathological and physiological conditions, including ischemia and/or hypoxia 

and shear stress (5), and CXCR4 was recently reported as a key molecule in the acidosis 

response (6). 

We recently identified coupling factor 6 (CF6) as a novel activator for a proton 

importer that elicits a sustained decrease in intracellular pH (7). CF6 activates plasma 

membrane ATP synthase (F1Fo complex); the molecular rotary motor, F1-ATPase, 

forcefully hydrolyzes ATP in a mode that is the reverse of the mode used in 

mitochondria. This hydrolysis inversely rotates the Fo motor against the original 

clockwise direction, resulting in proton import (7). CF6 suppresses prostacyclin 

generation via inhibition of cytosolic phospholipase A2 (8) and suppresses nitric oxide 

(NO) generation via upregulation of asymmetric dimethylarginine, an endogenous 
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competitive inhibitor of NO synthase (9). Prostacyclin and NO are recognized as the 

major mediators of vascular homeostasis maintenance, and a decrease in these 

compounds is implicated in endothelial dysfunction. In the present study, we examined 

the role of CF6 in endothelial dysfunction via the CXCR4 signaling pathway. We report 

here that CF6 attenuates CXCR4 expression through hypoxia-inducible factor (HIF)-1 

and c-Src-mediated pathways and promotes apoptosis in vascular endothelial cells. In 

CF6-overexpressing transgenic mice (TG), wall thickness and inflammation are 

increased in small coronary vessels.  

 

MATERIALS AND METHODS 

Materials 

The QIA shredder and RNeasy Protect Mini Kit were obtained from QIAGEN, 

Valencia, CAL, USA. Human CXCR4, glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) primers, the TaqMan probe, TaqMan reverse transcription (RT) reagent, and 

TaqMan universal polymerase chain reaction (PCR) master mix were obtained from 

Applied Biosystems, Foster City, CAL, USA. HIF-1 annealed siGENOME SMART 

pool (Cat; L-004018-00-0005), siCONTROL Non-Targeting siRNA#1 (Cat; 

D-001210-01), and DharmaFECT 1 (Cat; T-2002-01) were all obtained from 

Dharmacon Inc., Lafayette, CO, USA. The HuMedia-EG2 kit was purchased from 

Kurabo Co., Ltd., Osaka, Japan. The AnaeroPack and hypoxic chamber were obtained 

from Mitsubishi Gas Chemistry, Tokyo, Japan. The Annexin V-FITC Apoptosis 

Detection Kit was obtained from Abcam, Cambridge, MA, USA. The ApopMark™ 

Apoptosis Detection Kit was obtained from Exalpha Biologicals, Inc., Maynard, MA, 

USA. Human CF6 was obtained from Phoenix Pharmaceuticals, Inc., Belmont, CAL, 
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USA. Human SDF-1 was obtained from R&D systems, Inc., Minneapolis, MN, USA. 

RIPA lysis buffer and human CXCR4, HIF-1, CD206, CD16, and GAPDH antibodies 

were obtained from Santa Cruz Biotechnology, Santa Cruz, CALCalifornia, USA. 

Human histone deacetylase 3 (HDAC3) antibody was obtained from Cell Signaling 

Technology, Inc., Danvers, MA, USA. Polyvinylidene difluoride membrane was 

obtained from Bio-Rad Laboratories, Hercules, CALCalifornia, USA. Enhanced 

chemiluminescence plus detection systems were obtained from Amersham Pharmacia 

Biotech, PiscatawayPiseataway, NJNew Jersey, USA. All other reagents were of the 

finest grade available from Sigma Chemical Co., St. Louis, MOMissouri, USA. 

Cell culture 

Human umbilical vein endothelial cells (HUVEC) were cultured in 

HuMedia-EG2 (complete media) at 37°C under 5% CO2. HUVEC from the second to 

sixth passages were used for the study. After treatment with various molecules, the 

viability of the cells, which was determined by trypan blue excretion, was generally 

>95%.  

Experimental Animals 

All procedures were approved by the ethics committee for animal 

experimentation of Hirosaki University Graduate School of Medicine. The investigation 

protocols conformed to either the Guide for the Care and Use of Laboratory Animals 

published by the United States National Institutes of Health or the Directive 

2010/63/EU of the European Parliament. TG were generated as reported elsewhere (10). 

Briefly, the introduced gene product was released outside of the cells by a secretion 

signal upstream from the mature human CF6 (Asn33-Ala108) and was expressed in 

overall tissues by the human elongation factor 1 promoter. CF6 mRNA expression was 

http://www.nap.edu/catalog.php?record_id=12910
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:276:0033:0079:EN:PDF
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:276:0033:0079:EN:PDF
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upregulated by 1.94±0.27 times in overall tissues, including the heart and kidney, in the 

TG compared with wild-type mice (WT), and the plasma level of total CF6 was twice as 

high  in the TG as in the WT (11). The intracellular pH value, as measured by 

31
P-magnetic resonance spectroscopy, was decreased by 0.1 unit in skeletal muscle and 

liver of the TG (11). For histological analysis, mice were sacrificed killed by cervical 

dislocation under anesthesia with intraperitoneal administration of 0.3 mg/kg 

medetomidine, 4 mg/kg midazolam, and 5 mg/kg butorphanol. Neither blood pressure 

nor heart rate differed between the TG and WT. 

Determination of gene expression 

Total RNA was extracted from the cells using the QIAamp RNA Kit. A two-step 

RT-PCR was carried out according to the protocol supplied with the TaqMan Gold 

RT-PCR kit. The standard curves for CXCR4 and GAPDH were linear between 0.1 and 

250 ng/l total RNA. Values were averaged from duplicate data and normalized to 

human GAPDH. 

Determination of protein expression and immunoprecipitation  

Tissue and cell samples were homogenized in RIPA lysis buffer (20 mmol/l 

Tris-HCl pH 7.5, 150 mmol/l NaCl, 1 mmol/l EDTA, 1 mmol/l EGTA, 1% Triton 

X-100, 1% glycerol, 1 mmol/l dithiothreitol and 0.5 mmol/l phenylmethylsulfonyl 

fluoride). Samples were mixed with Laemmli buffer that contained 5% 

β-mercaptoethanol and were loaded onto SDS-polyacrylamide gel electrophoresis. 

For immunoprecipitation, samples were incubated with anti-phospho-c-Src antibody 

and a protein A/G plus-agarose immunoprecipitation reagent overnight at 4°C. After 

centrifugation, the immunoprecipitates were applied to SDS-polyacrylamide gel 

electrophoresis. Protein was electrophoretically transferred to a polyvinylidene 
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difluoride membrane and incubated with the primary antibodies for CXCR4, HDAC3, 

and GAPDH at 4°C overnight. The protein bands were detected by enhanced 

chemiluminescence plus detection systems. Densitometric analysis was performed 

with Scion image software, and the relative ratio to the protein bands was calculated 

for each sample. 

Chromatin Immunoprecipitation assay (ChIP) 

ChIP assays were performed using HUVEC treated with subjected to CF6 at 

10
-7

M for 7 hours. Briefly, 5x10
6
 cells were fixed with 1% paraformaldehyde for 5 

min and crosslinked; the crosslinked chromatin was then sheared by sonication. The 

chromatin solution was incubated with 5 μg of anti-HIF-1 and anti-HDAC3 

antibodies or control IgG and protein A/G plus-agarose immunoprecipitation reagent 

overnight at 4°C. Immunoprecipitates were eluted from the protein A/G plus-agarose 

reagent, and supernatants were treated with RNaseRNAse A and proteinase K, 

extracted, and precipitated. The pellets were then resuspended in 30 μl of H2O and 

subjected to 40 cycles of PCR amplification with the following primers specific to the 

human CXCR4 promoter as follows: sense 5’-GGGCTTCCCAAGCCGCGCACCT-3’ 

and antisense 5’- CTGCCGCAGCCAACAAACTGAAGT-3’. 

Histological Analysis 

Histological analysis was performed by fixing hearts overnight in 10% 

phosphate-buffered formalin; the samples were processed into paraffin blocks for 

section. Serial 5-μm sections were stained with hematoxylin and eosin, Masson’s 

trichrome, or anti-CD206 and anti-CD16 antibodies. The wall thickness and 

infiltration of inflammatory cells were analyzed in small coronary mall vessels.  

Hypoxic stimulation 
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HUVEC were placed in the hypoxic chamber with the AnaeroPack and a 

disposable oxygen-absorbing and CO2-generating agent and incubated at 37°C for the 

indicated time. The control cells were incubated at 37°C in an atmosphere of 21% O2 

and 5% CO2 for the same duration as the hypoxic cells. The Anaeropack started to 

absorb oxygen within 1 minute; oxygen tension inside the box dropped to 1 mmHg 

within 1 hour (O2<1%, CO2 approximately 5%) and continued to decrease for 24 

hours. 

RNA interference 

HUVEC were transfected with HIF-1-annealed siGENOME SMART pool. 

We used a siCONTROL Non-Targeting siRNA#1 as a negative control. Cells were 

transfected by siRNA (final concentration 100 nM) at 70-80% confluency using a 

transfection reagent, DharmaFECT 1, in complete medium according to the 

manufacturer's instructions. The medium was changed at 40 hours after transfection, 

and the cells were stimulated by CF6 in the serum-free medium. In general, this 

procedure downregulated HIF-1 gene expression by 70-80% in HUVEC. 

Annexin V and propidium iodide (PI) assay for apoptosis 

Flow cytometric analysis with an apoptosis detection kit was used to assess 

apoptotic cells. Briefly, the cells were trypsinized, washed with cold phosphate 

buffered saline twice, and incubated in the binding buffer (10 mmol/l HEPES, 140 

mmol/l NaCl, 2.5 mmol/l CaCl2) with annexin-V-FITC and PI for 10 minutes on ice 

in the dark. The sample was analyzed using a dual-laser FACS VantageSE flow 

cytometer (Becton Dickinson, Mountain View, CAL) within a 1-hour period. The 

percentage of apoptotic cells was estimated for each sample.  

Staining for apoptotic cells 
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The recognition of apoptotic nuclei in paraffin-embedded tissue sections was 

performed using the ApopMark™ Apoptosis Detection Kit. Briefly, after 

permeabilizing the samples and inactivating the endogenous peroxidase, terminal 

deoxynucleotidyl transferase was added to bind to exposed 3’-OH ends of DNA 

fragments generated in response to apoptotic signals and to catalyze the addition of 

biotin-labeled deoxynucleotides. Biotinylated nucleotides were detected using a 

streptavidin-horseradish peroxidase (HRP) conjugate and were diaminobenzidine 

reacted with the HRP-labeled sample to generate an insoluble, colored substrate at the 

site of DNA fragmentation.  

Statistics 

All data are shown as the mean ± 1 SEM. A paired or unpaired t test for the 

comparison of two variables and a one-way ANOVA for multiple comparisons followed 

by Bonferroni’s test were used for statistical analysis. The level of significance was 

p<0.05. 

 

RESULTS 

Effects of CF6 on CXCR4 gene and protein expression 

As shown in Figure 1A, the ratio of CXCR4 to GAPDH mRNA by real-time 

quantitative RT-PCR was decreased by 65±14% (p<0.05) at 24 hours after CF6 

treatment at 10
-7

M and plateaued at 48 hours (69±20%). As shown in Figure 1B, the 

ratios of CXCR4 to GAPDH mRNA decreased in a dose-dependent manner during the 

24-hour exposure to CF6 (p<0.05). Figure 1C shows the effects of CF6 at 10
-7

M with or 

without anti- and anti- subunit antibodies and PP1, a specific c-Src inhibitor, on the 

ratios of CXCR4 to GAPDH mRNA. Pretreatment with anti- and anti- subunit 
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antibodies and PP1 inhibited the CF6-induced decrease in CXCR4 gene expression (all 

p<0.05). Treatment with siRNA for HIF-1 dampened the CF6-induced decrease in 

CXCR4 gene expression (p<0.05).  

Because hypoxia induces intracellular acidosis and HIF-1expression, we tested 

the hypothesis that like CF6, hypoxia may attenuate CXCR4 expression through the 

same pathway. As shown in Figure 1D, the ratio of CXCR4 to GAPDH mRNA was 

decreased by both hypoxia and CF6 at 10
-7

M to a similar degree (both p<0.05), but no 

additive effect was found.  

Figure 1E illustrates the representative bands for CXCR4 proteins in the presence 

or absence of CF6 at 10
-7

M for 24 hours. The immunoreactive band for CXCR4 at 

40-47kD was decreased after treatment with CF6. The ratio of CXCR4 to GAPDH 

protein was decreased by 41±10% in HUVEC treated with CF6 at 10
-7

M for 24 hours 

(p<0.05).  

Mechanism for CF6-induced decrease in CXCR4 

The hypoxia response element (HRE) (GCGTG), which is located at position -29 

to -25 relative to the transcription start site, is reported to be involved in 

acidosis-induced CXCR4 repression in HUVEC (6). To demonstrate whether CF6 

regulates endogenous binding of HIF-1 to the CXCR4 promoter, we performed a ChIP 

assay using primers encompassing the -29 to -25 site and adjacent flanking regions. As 

shown in Figure 2A, endogenous HIF-1 was bound to the CXCR4 promoter in 

anti-HIF-1/chromatin immunoprecipitates, and CF6 increased the amount of HIF-1 

bound to the CXCR4 promoter.  

Because protein-to-protein interaction between c-Src and HDAC3 has been 

reported to be responsible for CXCR4 repression (12), we examined the possible 
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interaction between phospho-c-Src and HDAC3 using an immunoprecipitation 

technique. As shown in Figure 2B, HDAC3 association with phospho-c-Src was 

increased by CF6 at 30 minutes (left panel). c-Src was also phosphorylated by CF6 at 

30 minutes (right panel). A ChIP assay using primers encompassing HRE at the -29 to 

-25 site was performed under stimulation with CF6 using anti-HDAC3 antibody. 

Endogenous binding of HDAC3 to HRE was not affected by CF6 at 30 minutes (Figure 

2C), suggesting that HRE is specific to the CF6-induced HIF-1 pathway but not to the 

c-Src pathway. 

Effect of CF6 on hypoxia-induced apoptosis in HUVEC 

The percentage of apoptotic cells was slightly but significantly increased from 

4.3±0.7% to 5.6±1.7% by CF6 at 10
-7

M in normoxia over 24 hours; the same percentage 

was increased from 5.3±1.8% to 7.0±1.3% in hypoxia (both p<0.05). As shown in 

Figure 3A, the increase in apoptotic cells by CF6 in both normoxia and hypoxia was 

blocked by siRNA for HIF-1. Administration of the CXCR4 ligand, SDF-1, also 

dampened the CF6-induced increase in apoptotic cells in both normoxia and hypoxia 

(Figure 3B).   

CXCR4 protein expression and histological analysis in TG heart 

Figure 4A illustrates the representative bands for CXCR4 proteins in the hearts of 

TG and WT at 50 weeks of age. The immunoreactive band for CXCR4 at 40-47kD was 

decreased in the TG hearts compared with the WT hearts, and the ratio of CXCR4 to 

GAPDH protein was decreased by 25±4% in the TG hearts (p<0.05). Figures 4BC (50 

weeks of age) and 4EF (20-25 weeks of age) illustrate the representative Masson’s 

trichrome staining and immunostaining for CD16 and CD206 in the small coronary 

arteries and perivascular tissues obtained from the TG and WT hearts. The increase in 
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wall thickness and infiltration of CD16-positive or CD206-positive cells in small 

coronary arteries and perivascular tissues was observed in the TG at the age of 50 weeks 

(all p<0.05) but not in the TG at the age of 20-25 weeks. The number of apoptotic cells 

in the coronary small arteries was greater in the TG than in the WT (Figure 4D). 

 

DISCUSSION 

The present study aimed to investigate whether CF6 regulates CXCR4 expression 

and function in vascular endothelial cells and to gain insights into the molecular 

mechanisms and in vivo role of CF6. The results showed that CF6 decreased the gene 

and protein expression of CXCR4 by enhancing endogenous HIF-1 binding to the 

hypoxia response element of the CXCR4 promoter and the interaction between 

phospho-c-Src and HDAC3. Apoptotic cells were increased at 24 hours by CF6 in 

normoxia and hypoxia; however, this effect was abolished by HIF-1 knockdown. Wall 

thickness and infiltration of inflammatory cells were increased in the coronary small 

arteries and perivascular tissues obtained from TG.  

Effect of CF6 and hypoxia on CXCR4 expression 

CF6 stimulates ATPase activity at the surface of HUVEC after binding to the 

-subunit of plasma membrane ATP synthase and induces intracellular acidosis by a 

flux of hydrogen ions through Fo (7). The present results showed that CF6 decreased the 

gene and protein expression of CXCR4 in vascular endothelial cells, and the expression 

was attenuated by anti- subunit antibody. Because anti- subunit antibody blocks 

CF6-induced acidification by blocking CF6’s receptor, the decrease in CXCR4 in 

response to CF6 may be associated with intracellular pH. This notion is supported by a 

previous report that direct administration of acid into the extracellular fluid decreased 



 14 

CXCR4 expression in HUVEC (6). Acidosis occurs in a variety of pathological 

conditions, including ischemia and/or hypoxia, which are known to stimulate HIF-1. 

Thus, we examined the effect of hypoxia on CXCR4 expression and the role of HIF-1 

in this change. Like CF6, hypoxia decreased the gene expression of CXCR4, but an 

additive effect on CXCR4 repression in response to CF6 was not found as expected. 

Either CF6 or hypoxia appeared to influence vascular function via the same signaling as 

acidosis and HIF-1, and the CF6-induced CXCR4 reduction was abolished by both 

anti-HIF-1 antibody and siRNA for HIF-1.  

CF6 decreased the gene and protein expression of CXCR4, but the decrease was 

only significant at a concentration of more than 10
-7

M. Like other vasoactive substances, 

the plasma CF6 level (10
-9

-10
-8

M) was lower than the critical concentration (10
-7

M) at 

which CXCR4 expression in cultured vascular endothelial cells was decreased in vitro 

(13,14). We previously showed that intravenous administration of anti-CF6 antibody to 

rats counteracted the biological effects of CF6 (15). Therefore, CF6 is active in vivo at a 

lower concentration compared with the concentration that was effective in vitro.  

Regulation mechanism for CXCR4 gene expression 

We next investigated the molecular mechanisms for CF6-induced CXCR4 

repression by analyzing the binding of transcription factors to the CXCR4 promoter and 

the protein-to-protein interaction with this promoter. HIF-1, which is activated by 

acidosis (16-19), binds to the HRE of the CXCR4 promoter (20,21). The present ChIP 

assay demonstrated that HIF-1 bound to the CXCR4 promoter at HRE position -29 to 

-25 after HUVEC were treated with CF6. Although HIF-1 acts as a transcriptional 

activator or repressor in a number of promoters (22,23), the CXCR4 promoter at HRE 

position -29 to -25 has been reported to be associated with CXCR4 repression (6). Thus, 
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one mechanism for CF6-induced CXCR4 repression is the binding of HIF-1 to the 

HRE at position -29 to -25 of the CXCR4 promoter.  

Recently, it was reported that tyrosine kinase c-Src interacts at the membrane 

level with the substrate HDAC3 (12) and regulates CXCR4 gene transcription. 

Furthermore, the complex formed by c-Src and HDAC3 was shown to downregulate 

NF-B and Ets1 activities, which are responsible for CXCR4 repression (24). Using 

PP1 as a specific c-Src inhibitor and anti-and anti- subunit antibodies as CF6 

receptor blockers, we examined whether CF6 receptor-mediated c-Src activation 

contributes to CXCR4 repression in HUVEC (25). Anti-and anti- subunit antibodies 

or PP1 attenuated the CF6-induced decrease in CXCR4, suggesting that CXCR4 

repression depends on CF6 receptor-mediated c-Src activation. We further investigated 

the interaction between c-Src and HDAC3 using the immunoprecipitation technique and 

showed that HDAC3 was bound with phospho-c-Src at 30 minutes after CF6 treatment 

in HUVEC. Because endogenous binding of HDAC3 to the HRE was unaffected by 

CF6, the interaction between c-Src and HDAC3 appeared to repress CXCR4 mRNA 

independently of the HIF-1-mediated mechanism. 

Effect of CF6 on cell death 

CXCR4 is a key receptor that regulates a number of downstream effectors related 

to endothelial function. CXCL12 binding to CXCR4 promotes the activation of multiple 

G protein-dependent signaling pathways, resulting in diverse biological responses, such 

as migration, adhesion, survival and/or proliferation and transcription activation. Of 

these responses, CXCR4 activation by its chemokine, SDF-1, may lead to the 

simultaneous activation of both anti- and proapoptotic signaling pathways; the balance 

between these pathways ultimately influences cell survival. The anti-apoptotic second 
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messenger signal is the Gi protein-dependent activation of Akt and ERK, whereas the 

proapoptotic signaling pathway is the Gi protein-independent activation of p38 MAP 

kinase (26). In the present study, we showed that apoptotic cells were slightly but 

significantly increased by CF6 treatment at 24 hours in normoxia and hypoxia, and this 

increase was abolished by pretreatment with either siRNA for HIF-1 or CXCR4 ligand. 

Because acidosis directly activates p38 MAP kinase (27), CF6 may upregulate the 

activity of p38 MAP kinase as proapoptotic signaling. Concerning anti-apoptotic 

signaling, we previously showed that CF6 downregulates Akt phosphorylation in the 

heart (28). Thus, it appears that the SDF-1/CXCR4 axis exerts an anti-apoptotic signal 

in HUVEC, whereas CF6 induces apoptosis via downregulation of CXCR4 signaling. 

Overall, these observations suggest that CF6 may function as a proapoptotic molecule 

through HIF-1-mediated suppression of the SDF-1/CXCR4 axis. 

To further investigate the in vivo role of CF6’s proapoptotic effect, we analyzed 

histological changes in TG-derived coronary small arteries. Endothelial dysfunction is 

an initial step for arteriosclerosis, and inflammation is closely related to arteriosclerosis 

progression. In the present study, an increase in wall thickness, infiltration of 

CD16-positive cells (inflammatory macrophages), CD206-positive cells 

(fibrosis-promoting macrophages), and apoptotic cells were observed in coronary small 

arteries and perivascular tissues obtained from 50-week-old TG. Thus, the proapoptotic 

signaling of CF6 may be involved in intimal thickness and inflammatory cell infiltration 

in vivo. 

Implications of linkage between CF6 and CXCR4 in cardiovascular disorders 

In clinical settings, we and others have shown that circulating CF6 is elevated in 

patients with hypertension, acute myocardial infarction, end-stage renal disease, stroke, 
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and diabetes (13,14,29-32), all of which are predispositions to arteriosclerosis. The 

present study showed that CF6 is involved in endothelial dysfunction and vascular 

impairment by downregulating CXCR4 signaling. Given the present finding and the 

widespread biological actions of CF6, such as inhibition of prostacyclin and NO (8,9), 

reduction in CF6 levels may be important and useful to prevent arteriosclerosis and 

eventually cardiovascular events. To date, we have reported that salt restriction, vitamin 

C, and vitamin B12 plus folic acid lower the plasma CF6 levels of  patients with 

hypertension and stroke (13,14) and that peroxisome proliferator-activated receptor  

ligand attenuate CF6 release from cultured vascular endothelial cells (33). Thus, the 

present findings may provide new insights into our understanding of the pivotal role 

played by CF6 in the mechanism underlying endothelial dysfunction. 

In conclusion, this report first showed that CF6 decreased CXCR4 expression 

through HIF-1 and c-Src-mediated pathways in vascular endothelial cells. Because 

CXCR4 plays an important role in endothelial survival function, CF6 may be involved 

in the impairment of vascular homeostasis under physiological and pathological 

conditions. In light of the current findings, it appears that CF6 plays an important role in 

the progression of arteriosclerosis atherosclerosis by complex mechanisms.  
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FIGURE LEGENDS 

 

Figure 1. Effects of human coupling factor 6 (CF6) on the gene and protein expression 

of CXC chemokine receptor type 4 (CXCR4) in human umbilical vein endothelial cells 

(HUVEC). 

A: Chronological changes after exposure to CF6 at 10
-7

M (n=6). p<0.05 vs 0 h. 

B: Dose-related changes after a 24-hour exposure to CF6 at 10
-9

-10
-7

M (n=6). p<0.05 

vs CF6 (-). 

C: Effects of CF6 at 10
-7 

M on the ratio of CXCR4 to glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) mRNA at 24 hours and the effect of various compounds on 

the CF6-induced decrease in CXCR4 gene expression (n=4-12). p<0.05 vs Control 

(without agonists).  

PP1 at 50 M, Ab: antibody for -subunit of ATP synthase (dilution of 1:1000), Ab: 

antibody for -subunit of ATP synthase (dilution of 1:1000), siRNA: after a 40-hour 

treatment with annealing siRNA targeting HIF-1 at 100 nM. 

D: Effect of CF6 and/or hypoxia on the ratio of CXCR4 to GAPDH mRNA at 24 hours 

(n=6).p<0.05 vs normoxia without CF6. 

E: Representative bands for CXCR4 protein and the ratio of CXCR4 to GAPDH in the 

presence and absence of CF6 at 10
-7

M for 24 hours (n=4).p<0.05 vs CF6 (-). 

 

Figure 2. Mechanism of coupling factor 6 (CF6)-induced decrease in CXC chemokine 

receptor type 4 (CXCR4) in human umbilical vein endothelial cells (HUVEC). 

A: Chromatin immunoprecipitation (ChIP) assay performed with primers 

encompassing the hypoxia response element (HRE) in the presence or absence of CF6 
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at 10
-7 

M for 7 hours. An anti-HIF-1 antibody (dilution of 1:40) was used to 

immunoprecipitate the associated chromatin.  

B: HDAC3 in immunoprecipitates using an anti-phospho-c-Src (pcSrc) antibody after a 

30-minute exposure of HUVEC to CF6 at 10
-7

M (n=4). PcSrc after a 30-minute 

exposure to CF6 at 10
-7

M (n=4). HDAC3 and PcSrc were normalized to GAPDH in the 

sample before immunoprecipitation. p<0.05 vs CF6 (-). 

C: ChIP assay performed with primers encompassing the HRE in the presence or 

absence of CF6 at 10
-7

M for 7 hours. An anti-HDAC3 antibody (dilution of 1:40) was 

used to immunoprecipitate the associated chromatin.  

 

Figure 3. Flow cytometric analysis of apoptosis with annexin-V-FITC and propidium 

iodide (PI) label in HUVEC. 

A: Representative charts under normoxia and hypoxia for 24 hours with or without CF6 

at 10
-7 

M and a 40-hour pretreatment with HIF-1 siRNA at 100 nM.p<0.05 vs 

Control (n=3). 

B: Representative charts under normoxia and hypoxia for 24 hours with or without CF6 

and stromal derived factor-1 (SDF-1) at 300 ng/ml.p<0.05 vs Control (n=3). 

 

Figure 4. Wall thickness and inflammation in coronary artery obtained from transgenic 

mice (TG) overexpressing coupling factor 6 (CF6) at the ages of 20-15 weeks and 50 

weeks.  

A: Representative bands for CXCR4 in the heart of wild-type mice (WT) and TG at 50 

weeks of age.p<0.05 vs WT (n=4). 

B: Representative Masson’s trichrome staining in the small coronary arteries of WT and 
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TG. Inside diameter and wall thickness of WT and TG at 50 weeks of age.p<0.05 vs 

WT (n=4). 

C: Representative immunostaining for CD16 and CD206 CD-16 and CD-206 in the 

small coronary arteries of WT and TG at 50 weeks of age. Solid column: CD16-positive 

cells, Open column: CD206-positive cells. p<0.05 vs WT (n=5). 

D: Representative staining of apoptotic cells in the small coronary arteries of WT and 

TG at 50 weeks of age.p<0.05 vs WT (n=4). 

E: Representative Masson’s trichrome staining in the small coronary arteries of WT and 

TG. Inside diameter and wall thickness of WT and TG at 20-25 weeks of age (n=4).  

F: Representative immunostaining for CD-16 and CD-206 in the small coronary arteries 

of WT and TG at 20-25 weeks of age. Solid column: CD16-positive cells, Open 

column: CD206-positive cells (n=4).  

 


