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Chronic kidney disease is a progressive disease that may lead to end-stage renal disease. Interstitial fibrosis develops as the disease progresses. Therapies that focus on fibrosis to delay or reverse progressive renal failure are limited. We and others showed that sphingosine kinase 2-deficient mice (Sphk2–/–) develop less fibrosis in mouse models of kidney fibrosis. Sphingosine kinase2 (SphK2), one of two sphingosine kinases that produce sphingosine 1-phosphate (S1P), is primarily located in the nucleus. S1P produced by SphK2 inhibits histone deacetylase (HDAC) and changes histone acetylation status, which can lead to altered target gene expression. We hypothesized that Sphk2 epigenetically regulates downstream genes to induce fibrosis, and we performed a comprehensive analysis using the combination of RNA-seq and ChIP-seq. Bst1/CD157 was identified as a gene that is regulated by SphK2 through a change in histone acetylation level, and Bst1–/– mice were found to develop less renal fibrosis after unilateral ischemia-reperfusion injury, a mouse model of kidney fibrosis. Although Bst1 is a cell-surface molecule that has a wide variety of functions through its varied enzymatic activities and downstream intracellular signaling pathways, no studies on the role of Bst1 in kidney diseases have been reported previously. In the current study, we demonstrated that Bst1 is a gene that is regulated by SphK2 through epigenetic change and is critical in kidney fibrosis.
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Introduction

Acute kidney injury (AKI), a potentially fatal disorder (1–3) can lead to chronic kidney disease (CKD) with progression to end-stage renal disease requiring dialysis or kidney transplantation (4, 5). CKD has other causes, such as primary glomerular disease, diabetes mellitus, hypertension, and aging, and its prevalence is increasing. CKD is accompanied by fibrosis regardless of the underlying cause, and fibrosis is irreversible (3, 6).

Sphingosine is derived from plasma membrane lipids and is phosphorylated by sphingosine kinase 1 (SphK1) and SphK2 to produce sphingosine 1-phosphate (S1P). Extracellular S1P, acting through its five G protein-coupled receptor subtypes (S1P1 to S1P5), exerts various functions such as vascular development and immune cell trafficking (7). We have focused on the function of S1P and its receptors in the kidney and have revealed a protective role for proximal tubule S1P1 (8) and endothelial cell S1P1 (9) and a detrimental role of dendritic cell S1P3 (6, 10, 11) in AKI.

SphK2 is located predominantly in the nucleus (12), in contrast to SphK1, which is largely cytoplasmic and produces S1P that acts primarily at S1P receptors (13, 14). S1P generated by SphK2 binds to and inhibits histone deacetylase (HDAC) activity (15). HDAC removes acetyl groups from histones, leading to a reduced histone acetylated status. Inhibition of HDAC, which enhances histone acetylation around genes, induces chromatin relaxation thereby enabling enhanced gene expression (16). Thus, SphK2-produced S1P induces gene expression of SphK2-regulated genes through epigenetic changes. In the absence of SphK2 in Sphk2–/– mice, HDAC activity is enhanced. This causes less histone acetylation around SphK2-regulated genes, which reduces their expression. We and others have shown that Sphk2–/– mice develop less fibrosis than WT or Sphk1–/– mice in folic acid-induced or unilateral ischemia-reperfusion injury (IRI)-induced kidney fibrosis models (17) and in the unilateral ureteral obstruction-induced model of kidney fibrosis (18), implying that expression of fibrosis-related genes is also suppressed. Considering that Sphk2–/– mice are protected from kidney fibrosis following injury and that SphK2 regulates histone acetylation status, we hypothesized that there are genes that induce fibrosis through SphK2-induced histone acetylation. Our analysis using RNA-seq and ChIP-seq of gene regulation and histone acetylation at histone 3 lysine 9 (H3K9ac) and histone 3 lysine 27 (H3K27ac) identified genes regulated by SphK2, and we found that one of these genes, Bst1 also known as CD157, is important in the progression of kidney fibrosis.



Results

Using a unilateral IRI (uniIRI) model of fibrosis, as shown in Figure 1A, we showed that Sphk2–/– mice develop less renal fibrosis. At day 14 following uniIRI, kidneys of Sphk2–/– mice had less collagen deposition as shown by picrosirius red staining (Figure 1C and representative photographs in Figure 1B) and reduced expression of Acta2 (αSMA), a fibrosis-related gene (Figure 1D), compared to WT or Sphk1–/– mice, which confirms previous findings in 2 models of kidney fibrosis (17). Nephrectomy of the right (uninjured) kidney was performed on day 13, and plasma creatinine was evaluated on day 14 as a measure of function of the remaining injured kidney (left). The increase in plasma creatinine observed in WT and Sphk1–/– mice on day 14 was suppressed in Sphk2–/– mice, indicating that kidney function was preserved in Sphk2–/– mice after uniIRI (Figure 1E). Maintenance of renal function 14 days after unilateral IRI was not observed in heterozygotes (Sphk2+/–) (Supplementary Figures 1, 2).
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FIGURE 1
Sphk2-deficient mice develop less renal fibrosis. (A) Experimental plan for b-e. (b-e) Nephrectomy (right; uninjured kidney) 13 days after renal unilateral (left) ischemia-reperfusion injury (UniIRI; 26 min ischemia); kidney injury evaluated 1 day later. (B) Representative photographs of picrosirius red staining of kidney sections. Interstitial collagen deposition is expressed as the percentage of the kidney tissue section surface area occupied by red/yellow pixels detected under polarized light microscopy. Sphk2 –/– develop less renal fibrosis as shown by tissue morphology (C), scored from polarized picrosirius red photographs in panel (B); % of kidney cross-sectional area) and RT-PCR of fibrosis markers [(D) RNA from whole kidney], and their kidney function is preserved (E) as indicated by reduced plasma creatinine. n = 7–13 in panels (B–E). Data were analyzed using one-way ANOVA in panel (E) and two-way ANOVA in panels (C,D) followed by post hoc multiple-comparison test (Tukey’s). *P < 0.05 and ***P < 0.001. In this and subsequent figures, only statistically significant differences of interest are marked. Scale bar = 1 mm in whole kidney, 200 μm in polarized view in panel (B).


To identify genes regulated by SphK2, we performed analysis by RNA and chromatin immunoprecipitation sequencing (RNA-seq and ChIP-seq, respectively) using primary renal fibroblasts isolated from kidneys of unoperated Sphk2+/+(WT), Sphk1–/– and Sphk2–/– mice. Characteristics of fibroblasts are shown in Figure 2A and an elongated, spindle-shaped morphology and strong vimentin staining were observed. RNA-seq analysis identified 203 genes in Sphk2–/– mice that were down-regulated (with expression level < 1/4) compared to Sphk2+/+ and Sphk1–/– mice (the overlap of 317 genes identified in a WT vs. Sphk2–/– comparison with 361 genes identified in a Sphk1–/– and Sphk2–/– comparison; Figure 2B, left). We paid particular attention to differences in these 203 suppressed genes and compared their histone acetylation status in fibroblasts derived from Sphk1–/– and Sphk2–/– using ChIP-seq. We analyzed differences in histone acetylation at 2 acetylation sites—acetylated histone 3 lysine 9 (H3K9ac) and acetylated histone 3 lysine 27 (H3K27ac), because these are two of the most commonly studied sites (19). ChIP-seq (summary data in Supplementary Table 1) revealed suppressed acetylation in 42 genes at H3K27 and in 92 genes at H3K9 only in Sphk2–/– and not in Sphk1–/–; the overlap in comparison of Sphk1–/– and Sphk2–/– fibroblasts shows 30 genes that have lower histone acetylation at these two sites (Figure 2B, right). Thus, the combination of RNA-seq and ChIP-seq analysis yielded 30 candidate genes that might be regulated by SphK2 through a change in histone acetylation status (Supplementary Table 2).
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FIGURE 2
Genome-wide analysis and in vivo screening identified Bst1 as a gene related with kidney fibrosis. (A) Characteristics of primary renal fibroblasts. Fibroblasts isolated from kidneys of untreated, unoperated mice, were cultured and passages 4–10 were used for all experiments. Immunocytochemistry was performed to confirm that the isolated cells were fibroblasts. An elongated, spindle-shaped morphology (phase contrast, top panels) and strong vimentin staining (red immunofluorescence, bottom panels) were observed. Anti-Vimentin Ab + : anti-vimentin, 1:250, rabbit monoclonal, ab92547, Abcam, followed by donkey anti-rabbit-Cy3, 1:500, Jackson ImmunoResearch; Anti-Vimentin Ab-: primary antibody omitted. Scale bar = 400 μm. (B) Venn diagram based on RNA-seq and ChIP-seq of primary renal fibroblasts isolated from kidneys of untreated, unoperated WT, Sphk1–/– and Sphk2–/– mice. From 203 genes identified by RNA-seq that have suppressed expression in Sphk2–/– cells (the overlap of comparison of Sphk2–/– cells to WT and Sphk1–/–cells, left), 30 genes that have lower histone acetylation at two sites (lysine 27 and lysine 9) on histone 3 (H3K27 and H3K9, respectively) in Sphk2–/– cells were chosen by ChIP-seq (the overlap of comparison of Sphk1–/– and Sphk2–/– cells, right). (C) In vivo screening. Heat map based on expression analysis of common fibrosis-related genes and the top 50% of selected genes in panel (A) (RT-PCR of RNA isolated from kidneys after unilateral IRI). Clustering was performed based on relative gene expression. Relative expression was calculated as the ratio of gene expression in the left kidney (IRI side) compared to the right kidney (non-IRI side) of wild-type mice. n = 5–7 in panel (C). Gene abbreviations defined in Supplementary Table 3 and Supplementary Figure 3.


To investigate fibrotic function of the selected candidate genes by in vivo screening, unilateral IRI (uniIRI) was used as a kidney fibrosis model (the same protocol was applied as Figure 1A). To examine the expression pattern of the selected genes, real time PCR was performed on day 14 on the kidney subjected to uniIRI. Expression of fibrosis-related genes, including Acta2 (αSMA), Col3a1, Col3a3, Vim and Fn1, was induced by uniIRI in WT and Sphk1–/– mice but was suppressed in Sphk2–/– mice (Figure 2C and Supplementary Figure 3). Some of the genes, such as Bst1 and Havcr1 (Kim1), which were among the genes selected by the genome-wide analysis, showed a similar expression pattern in the kidney as these known fibrosis-induced genes (Figure 2C and Supplementary Figure 3). This suggests that Bst1 and/or Havcr1 (Kim1) might be genes related with fibrosis. However, because Havcr1 (Kim1) is well known as a kidney injury marker and its role has been extensively studied (20, 21), we focused on Bst1 for further analysis.

Bst1 is a cell-surface molecule that has a wide variety of functions, through its varied enzymatic activities and downstream intracellular signaling pathways, including modulation of immune response (22). Bst1 has been associated with diseases, such as ovarian cancer (23), Parkinson’s disease (24), and rheumatoid arthritis (25). RNA-seq and ChIP-seq data showed that gene transcription and histone acetylation around the Bst1 gene are suppressed in Sphk2–/– mice (Figure 3A). ChIP-qPCR in addition to real time PCR (Figures 3C,D; with further confirmation of reduced expression of Bst1 by qPCR in Figure 3B) confirmed that histone acetylation level at the promoter region of Bst1 and gene expression of Bst1 were suppressed in Sphk2–/–-derived fibroblasts. SphK2 knock down in Sphk2+/+ fibroblasts suppressed Bst1 expression (Figure 4A) and SphK2 overexpression (Figure 4B) in fibroblasts from Sphk2–/– mice rescued Bst1 expression, showing that Bst1 gene expression is regulated by SphK2.
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FIGURE 3
Genome-wide analysis data around Bst1 gene. (A) RNA-seq and ChIP-seq were performed using RNA or DNA of fibroblasts isolated from kidneys of unoperated WT, Sphk1–/– and Sphk2–/– mice and showed suppressed gene transcription (top panel) and histone acetylation around Bst1 gene (bottom panel) in Sphk2–/–-derived cells. X-axis shows the locus of the genome. Top panel, Bst1 gene expression as Fpkm (fragments per kilobase of exon per million mapped fragments) across the genome including the Bst1 gene. Bottom panel: Localization and magnitude of histone marks on the genome around Bst1 gene. Y axis shows the statistical significance (p value) of the enrichment level of ChIP signals in the regions comparing to background. (B) Real time PCR of Bst1 confirmed RNA-seq data. ChIP-qPCR (expressed as% of input DNA) of H3K9ac (C) and H3K27ac (D) confirmed ChIP-seq data. n = 4 in panel (B). n = 3 in panels (C,D). Data were analyzed using one-way ANOVA in panel (B) and two-way ANOVA in panels (C,D) followed by post hoc multiple-comparison test (Tukey’s). * P < 0.05 and *** P < 0.001.



[image: image]

FIGURE 4
SphK2 regulates Bst1 expression. (A) siSphk2 suppresses Bst1 expression in Sphk2+/+ fibroblasts. (B) SphK2 overexpression rescues Bst1 expression in Sphk2–/– fibroblasts. n = 3 each in panels (A,B). Data in panels (A,B) were analyzed with Student’s t-test (2 tailed). * P < 0.05 and *** P < 0.001. siCtl, control siRNA.


To evaluate the role of Bst1 in the context of fibrosis, we subjected Bst1–/– mice to unilateral IRI, the same method applied to Sphk2–/– mice, and found that Bst1–/– mice developed less renal fibrosis than WT controls (Figures 5A,B and Supplementary Figures 4, 5). Expression of fibrosis-related genes was suppressed and the function of injured kidney was preserved in Bst1–/– mice (Figures 5C,D and Supplementary Figures 6, 7). These data indicate that Bst1 is a gene that is associated with fibrosis, as we expected.
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FIGURE 5
Bst1-deficient mice develop less renal fibrosis. Nephrectomy (right, unoperated kidney) was performed 13 days after renal unilateral (left, ischemic kidney) ischemia-reperfusion injury (IRI; 26 min ischemia; as in Figure 1A). One day later the extent of kidney injury was evaluated. (A,B) Representative images and quantification of kidney sections by Masson’s trichrome staining. The fibrotic area is expressed as the percentage of the kidney tissue section surface area occupied by blue trichrome stain. Bst1-deficient mice develop less renal fibrosis as shown by tissue morphology [(A) representative Masson’s trichrome staining of kidney sections, (B) scored from Masson’s trichrome stained sections] and RT-PCR of fibrosis markers [(C) RNA was isolated from whole kidney]. WT, Bst1+/+ mice; KO, Bst1–/– mice. (D) Kidney function of the injured (fibrotic) kidney (left) was evaluated by plasma creatinine 1 day after contralateral (right) nephrectomy. Kidney function was preserved in Bst1–/– mice after unilateral IRI. n = 7–10 in panels (B–D). Data in panels (B,C) were analyzed with two-way ANOVA. Means were compared by post hoc multiple-comparison test (Tukey’s). Data in panel (D) were analyzed with Student’s t-test (2 tailed). * P < 0.05, ** P < 0.01 and *** P < 0.001. Scale bar = 1 mm in whole kidney and 200 μm in inset.




Discussion

The essential new findings are as follows. The combination of genome wide analysis and in vivo screening identified Bst1/CD157 as a gene that is regulated by SphK2 through histone acetylation. Modifications of Sphk2 expression including SphK2 knock down and SphK2 overexpression experiments revealed that Bst1 gene expression is regulated by SphK2. We revealed that Bst1 is critical in the development of renal fibrosis.


Bst1 as a new downstream target of SphK2

Sphk2–/– mice develop less renal fibrosis than Sphk1–/– mice (Figures 1B–E), and S1P and SphK2 are part of a corepressor complex that influences histone acetylation and gene expression (15, 26); therefore we focused on identifying targets downstream of SphK2. A variety of cell types (e.g., kidney tubule epithelial cells, immune cells, endothelial cells) participate in kidney injury and fibrosis, but we focused our attention first on factors in fibroblasts that could contribute to fibrosis owing to their central role. RNA-seq identified the genes that have lower expression in Sphk2–/–-derived fibroblasts, and ChIP-seq on histone acetylation found the genes that have lower histone acetylation status around their promoter regions in Sphk2–/–-derived fibroblasts compared to Sphk2+/+ (WT) or Sphk1–/–-derived fibroblasts. We identified Bst1 as a new downstream target of SphK2 (Figures 2–4). There are other candidate genes that may be downstream of SphK2 as listed in Supplementary Table 2. Some of the genes also might have functions associated with fibrosis, especially the genes showing similar expression pattern as Bst1 and other fibrosis-related markers (Figure 2C) and will be the subject of future studies. HDACs can also deacetylate numerous non-histone proteins including transcription factors such as signal transducer and activator of transcription 1 (Stat1), Stat3, NF−κB and forkhead box P3 (Foxp3) (27), implying that downstream genes might be regulated by SphK2 through the change of acetylation on non-histone proteins. Further analysis will be needed to reveal the importance of these other genes in fibrosis and the differences between the roles of SphK1 and SphK2. In addition, although ChIP-seq data showed H3K9ac around Bst1 in wild-type and Sphk1–/– mice, ChIP-qPCR showed that acetylation of H3K9ac around Bst1 gene was suppressed in Sphk1–/– mice (Figures 3A,C). The location of histone tail acetylation, its relationship to gene expression levels, and its association with renal injury remain largely unknown and will require further investigation.



Bst1 is a multi-functional molecule

Bst1/CD157 was initially identified as a surface molecule of stromal cells involved in pre-B lymphocyte growth (25). This molecule also belongs to the ADP-ribosyl cyclase family that plays an important role in Ca2+ homeostasis (22, 28). Bst1 is an immunoregulatory molecule and could impact the innate response of kidney injury and serve as a potential therapeutic target (29). Bst1 is expressed widely in immune cells including bone marrow precursor cells (30) and leukocytes including neutrophils (31), basophils (32), monocytes (32), macrophages (33) and plasmacytoid dendritic cells (34). Furthermore, Bst1 is expressed in endothelial cells, cells that are important in mediating leukocyte migration and Bst1 appears to play a key role in leukocyte recruitment to the site of inflammation (35). Anti-CD157 and anti-CD31 mAb were used to block neutrophil interaction with the endothelium which led to the loss of diapedesis. These results and other findings indicate that Bst1 is a key player in the control of leukocyte adhesion, migration and diapedesis via phosphorylation of Akt and MAPKs (31, 35, 36). Other functions of Bst1 such as its roles in humoral immune response (37), regulation of intestinal homeostasis (38), regulation of behaviors related with depression and anxiety (39, 40) have been revealed. The links between CD157 and pathological conditions were reported in rheumatoid arthritis (41), acute myeloid leukemia (42–44), ovarian cancer (44), malignant mesothelioma (45) and Parkinson’s disease (46). In addition, scrapie responsive gene 1 (Scrg1) was identified as a ligand for Bst1 regulating stemness of mesenchymal stem cells (47).



A new role of Bst1 in kidney injury

While various functions of Bst1 were revealed as described above, the function of Bst1 in the context of organ fibrosis has never been reported. Although the expression of Bst1 in the kidney was documented in a few studies, the role of Bst1 had never been evaluated (25, 48). One paper showed that another ADP ribosyl cyclase, CD38, which is not Bst1, plays an important role in acute vascular responses to angiotensin II, endothelin-1, and norepinephrine (45, 49). The current study clearly showed a new role for Bst1 in uniIRI-induced kidney fibrosis using Bst1-deficient mice (Figure 5). It will be necessary to verify whether Bst1-deficient mice develop less fibrosis in other models of kidney fibrosis (e.g., folic acid-induced or unilateral ureteral obstruction-induced model of kidney fibrosis). The public single cell datasets from the Humphreys’ lab1 suggests that Bst1 is abundantly expressed in distal tubule and its expression is enhanced at 12 h after renal ischemia-reperfusion injury (50). Furthermore, there is a report that blocking Sphk2, which is highly expressed in the proximal tubules, improved cisplatin-induced nephropathy (51), suggesting that Bst1 may be related to other factors besides fibrosis.

There are some limitations to our study: the fibroblasts used to identify Bst1 were cultured primary cells and could have lost their in vivo identities. Also, since we used fibroblasts from kidneys of unoperated mice, histone modifications and gene expression status in the fibrotic state might be different than in the unoperated state. In addition, we could not confirm whether Bst1 is expressed in fibroblasts, tubules, immune cells, or endothelial cells in the kidney, and how it is altered by injury in this study. Bst1 research in the kidney has just begun and further research is needed on the localization of Bst1 in the kidney and the molecular mechanism of how Bst1 causes renal fibrosis. Recently Bst1 was identified as a marker of tissue-resident vascular endothelial stem cells in various arteries and veins of mouse organs, and single-cell RNA-seq technology was also applied in Bst1 research (52, 53). Utilizing these technologies, it is expected that the elucidation of the function of Bst1 in the kidney will be accelerated.

In summary, we have identified Bst1 as a downstream target of Sphk2 that has a previously unrecognized role in kidney injury and revealed that Bst1 deficiency leads to less renal fibrosis. These findings uncovered a new pathway in kidney fibrosis that highlights Bst1 as a potential therapeutic target.




Materials and methods


Mice

Male mice (8–12 weeks of age, 20–25 g) were used for all experiments. Sphk1–/– and Sphk2–/– mice (congenic on C57BL/6) were provided by Dr. Richard L. Proia (National Institutes of Health/National Institute of Diabetes and Digestive and Kidney Diseases, Bethesda, MD, United States) and were crossed with C57BL/6 mice to generate WT littermates (see Supplementary Figures 1, 2). Bst1–/– mice (congenic on C57BL/6) were provided by Dr. Katsuhiko Ishihara, a co-author (54), and were crossed with C57BL/6 mice to generate WT littermates (see Supplementary Figure 7). Wildtype littermates or progeny were used as controls for all the other experiments.



Fibroblast isolation

Unoperated, untreated mice were euthanized, and dipped in 70% isopropanol, and the kidneys were removed. Kidneys were rinsed with sterile PBS and were minced. The kidney tissue suspension was gently pressed and rinsed through a 40-μm filter (Thermo Fisher Scientific) with sterile PBS twice using the rubber end of a 5-ml syringe plunger and then centrifuged at 500 g for 5 min at 4°C. After cell pellets were resuspended in 10 ml medium (DMEM, 10% FBS, 1% penicillin-streptomycin-amphotericin B), cells were plated in a 10 cm dish and incubated overnight allowing some cells to adhere. The next day the medium and non-adherent cells in the plate was collected, combined with 20 ml fresh media, and divided into three 10 cm dishes to allow for additional cells to adhere to the plate; fresh media was added to the original plate. When adherent cells became confluent, they were combined and passed to generate passage 1. Cells from passages 4–10 were used for experiments. Immunohistochemistry using vimentin as a marker for fibroblasts (55) was performed and all cells cultured were confirmed to be vimentin positive. The characteristics of the cells are shown in Figure 2A.



Unilateral ischemia-reperfusion injury

Mice were anesthetized by the intraperitoneal administration of ketamine (120 mg/kg) and xylazine (12 mg/kg) and underwent renal ischemia-reperfusion injury (IRI), as previously described (56). Unilateral (left) kidney IRI was performed through flank incisions by clamping the kidney pedicle for 26 min. The clamp was then removed and the wound sutured after restoration of blood flow was visually observed. Sham-operated mice underwent the same procedure except that the kidney pedicle was not clamped. Nephrectomy (right; uninjured contralateral kidney) was performed 13 days after kidney IRI (contralateral kidney was saved for analysis) to reveal changes in kidney function (plasma creatinine) of the operated, ischemic (left) kidney. Mice were euthanized 24 h later, and kidney function was evaluated by measuring plasma creatinine.



Plasma creatinine and histological analysis

Plasma was prepared by centrifuging heparinized blood at 7,000 × g for 5 min. Plasma creatinine (mg/dl) was measured by using an enzymatic method with minor modifications from the manufacturer’s protocol (using double the sample volume; Diazyme Laboratories). We previously validated the enzymatic kit by comparing with analysis of creatinine by liquid chromatography–mass spectrometry (LC-MS) (57).

Kidney fibrosis was evaluated as we previously reported (58) using Masson’s trichrome stain, which detects collagen in all fibrotic processes (but does not discriminate collagen subtypes), and picrosirius red stain, with polarized light microscopy to view birefringence of large mature type 1 collagen bundles that account for a portion of the total collagen deposition; smaller collagen bundles are weakly birefringent. Kidneys were dissected and the capsule was removed. A center transverse section was cut and placed in 4% PLP (4% paraformaldehyde/1.4% DL-lysine/0.2% sodium periodate in 0.1 M sodium phosphate buffer, pH 7.4) for 24 h and then stored in 70% EtOH until paraffin embedding (UVA Research Histology Core). Paraffin-embedded kidneys were cut into 5 μm sections that were then stained with Masson’s trichrome or picrosirius red. The sections were observed under light microscopy (Zeiss AxioImager Z1/Apotome microscope, Carl Zeiss Microscopy). Photographs were taken with an AxioCam MRc camera (Zeiss) and brightness/contrast and white balance adjustments were made using StereoInvestigator software (Version 2017; MBF Bioscience). The extent of kidney tubulointerstitial fibrosis (Masson’s trichrome staining) in the whole kidney section, but excluding papilla, was assessed in an unbiased, systematic manner using design-based stereology to achieve statistically accurate random sampling of kidney sections and yielding the percentage of total area of the section occupied by tubulointerstitial fibrosis (Masson’s trichrome staining), as described (17, 57). The investigator was blinded to the experimental identity of the sections. Sections were imaged by using a Zeiss AxioImager Z1/Apotome Microscope fitted with motorized focus drives and motorized XYZ microscope stage and integrated to a workstation running StereoInvestigator software. The area fraction fractionator probe was used for stereological analysis of the fractional area of the section occupied by tubular necrosis. The following parameters were defined: counting frame, 400 × 400 μm2; sample grid, 1,200 × 1,200 μm2 and grid spacing, 85 μm. These values were determined empirically such that adequate numbers of sample sites were visited and adequate numbers of markers (indicating areas of trichrome staining) were acquired, in keeping with accepted counting rules for stereology. A total of 120 ± 6.8 (mean ± SEM) grid sites was evaluated per section.



Picrosirius red staining

Kidneys were fixed in 4% PLP for 24 h, changed to 70% ethanol, and subsequently embedded in paraffin and sectioned at 5 μm thickness. Sections were dewaxed in xylenes, rehydrated, and stained in picrosirius red solution (Electron Microscopy Services) for 1 h. After washing in acidified water, sections were dehydrated in three changes of 100% ethanol and cleared with xylene, and coverslips were applied. Stitched brightfield photos of whole kidney were captured using a Zeiss AxioImager microscope and StereoInvestigator software. Photomicrographs of picrosirius red birefringence were captured using a polarizing filter (Carl Zeiss GmbH). Quantification of the fibrotic area was done by measuring total red/yellow birefringent pixels per total kidney section surface area with ImageJ software2.



RNA-sequencing

RNA was isolated from fibroblasts using the RNeasy Micro Kit (Qiagen). Poly(A)-containing mRNA molecules were isolated from total RNA, then converted to cDNA with poly A primers using a TruSeq RNA Sample Preparation kit v2 (Illumina). Sequenced paired-end reads were mapped onto the mouse genome build mm10 using TopHat version 2.0.13 (59) and the FPKM (fragments per kilobase of transcript per million mapped fragments) were calculated as gene expression level using Cufflinks version 2.2.1 (60) along with the default parameter settings (61). High-throughput sequencing for mRNA-seq was carried out using a Hiseq2500 (Illumina) system. For analysis and visualization of the data generated by Cufflinks, we used the R package cummeRbund3.



Chromatin immunoprecipitation

ChIP assay was performed as previously described (62, 63). Two million fibroblasts were plated on a 10-cm culture plate and maintained in culture medium (DMEM, 10% FBS, 1% penicillin-streptomycin-amphotericin B). The cells were crosslinked for 10 min using 1% paraformaldehyde/0.1 M phosphate, pH 7.4 at the appropriate time thereafter. After neutralization using 0.2 M glycine, cells were collected, resuspended in SDS lysis buffer (10 mM Tris–HCl, 150 mM NaCl, 1% SDS, 1 mM EDTA; pH 8.0) and fragmented by sonication (Ultrasonic processor 130 W, amplitude 50%, turn on 1 s, turn off 1 s for 5 min; Cole Parmer). Samples were stored at −80°C before use. To perform ChIP, antibodies against H3K9ac (MA305B) and H3K27ac (MA309B; Takara Bio United States) were used in combination with magnetic beads (Thermo Fisher Scientific). Prepared DNA was quantified using Synergy HTX (BioTek Instruments) and more than 5 ng of DNA was processed for sequencing, as described below. Real time PCR (ChIP-qPCR) was performed using the obtained DNA and non-immunoprecipitated DNA (input DNA). Input DNA was used as a negative control to define non-specific binding, and data (Figures 3C,D) are expressed as% of input DNA. The ChIP primer sequences for negative control and Bst1 promoter (and respective results shown as Control and Promoter in Figures 3C,D) are listed in Supplementary Table 4.



ChIP-seq

ChIP-seq, or chromatin immunoprecipitation combined with DNA sequencing, was used to analyze protein interactions with DNA, in this case interactions of histones, identified by specific histone acetylation sites, associated with the Bst1 gene. All of the protocols for Illumina/Solexa sequence preparation, sequencing and quality control were provided by Illumina. Sequences were aligned using mouse genome build UCSC mm10 as the reference genome. Non-immunoprecipitated DNA (input DNA) was used as a negative control to define non-specific binding. All uniquely mapped sequences were analyzed by Quantitative Enrichment of Sequence Tags (QuEST) 2.4 software using the default parameters (KDE bandwidth = 100 bp, region size = 1,000 bp, ChIP seeding fold enrichment = 30, ChIP extension fold enrichment = 3, and ChIP-tobackground fold enrichment = 3) (64). WIG files were generated with QuEST, which were subsequently used for visualization purposes and for obtaining the average signal profiles. These signals were visualized using Integrated Genome Browser software4 with normalized profile wig files calculated by QuEST.



Real-time PCR

RNA was isolated using RNeasy Mini plus kit (Qiagen), and RNA concentration was determined based on spectrophotometric determination of 260/280 ratio. cDNA was generated from the resultant RNA using the iScript cDNA synthesis kit (Bio-Rad) as described by the manufacturer. Resultant cDNA was then used to determine relative mRNA expression of various genes using the iTAC Universal SYBR Green Supermix (Bio-Rad). Primer sequences are shown in Supplementary Table 3. Relative gene expression was calculated from RT-PCR data as the ratio of expression in the left kidney (IRI side) compared to the right kidney (non-IRI side) of wild-type mice Based on these relative expression values, clustering was performed using Cluster 3.0 (65), and a heat map was created with Java TreeView 1.1 (66) (Figure 2C).



Gene knockdown by siRNA

Fibroblasts were plated in a 24 well cell culture plate with 500 μl medium (DMEM, 10% FBS, 1% penicillin-streptomycin-amphotericin B) at a density of 2.0 × 105 cells/ml and cultured overnight. The cells were transfected with ON-TARGET plus siRNA for SphK2 (Dharmacon, J-041258-0) or ON-TARGET plus Control siRNA #1 (Dharmacon, D-001818-01-20) at a concentration of 25 nM using TransIT-X2 reagent according to the manufacturer’s protocol. 24 h after transfection, the cells were used for further analysis. The knockdown efficiencies of SphK2 were validated by qRT-PCR (CFX96, BioRad) using the same primers described in Supplementary Table 3 (Figure 4A).



Gene overexpression

Fibroblasts were plated in 24 well cell culture plate with 500 μl medium (DMEM, 10% FBS, 1% penicillin-streptomycin-amphotericin B) at a density of 2.0 × 105 cells/ml and cultured overnight. The cells were transfected with SphK2 plasmid (SphK2-pcDNA) or empty-GFP plasmid (Thermo Fisher Scientific, pcDNA3.1) at a concentration of 1 μg/ml using TransIT-X2 reagent according to the manufacturer’s protocol. 24 h after transfection, the cells were used for further analysis. The overexpression was confirmed by fluorescence microscopy of native GFP fluorescence.



Immunocytochemistry

One day after fibroblasts (1.5 × 105 cells/well) were plated in a 24-well plate, the cells were washed with PBS × 3 times, then the cells were fixed with 100% methanol/0.1% Triton X-100 for 10 min at room temperature. After the cells were washed again with PBS × 3 times, the cells were blocked with DAKO Protein Block Serum-Free for 5 min at room temperature. After the blocking buffer was aspirated, cells were incubated overnight with primary antibody (anti-vimentin, 1:250, rabbit monoclonal, ab92547 Abcam) in 1% BSA/PBS at 4°C. Next day the cells were washed with PBS × 3 times and the cells were incubated with secondary antibody (anti-rabbit-Cy3, 1:500, donkey polyclonal, Jackson ImmunoResearch) in PBS at room temperature for 1 h. After the cells were washed with PBS × 3 times, the cell images were captured with EVOS FL (Thermo Fisher Scientific) (Figure 2A).



Statistical analysis

All the data were analyzed using one-way or two-way analysis of variance (ANOVA) and Student’s t-test (2 tailed) for experiments with only two subgroups; a statistical significance was defined as P < 0.05. Repeated experiments were analyzed as a randomized complete block design. Means were compared by post hoc multiple-comparison test (Tukey’s or Sidak’s), and all values are presented as mean ± SEM and as individual values in dot plots. All the analyses were performed with GraphPad Prism version 8 (GraphPad Software).
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Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, GSE103062 and GSE103058.



Ethics statement

The animal study was reviewed and approved by University of Virginia, the University of Tokyo or Nagasaki University.



Author contributions

TI, YN, ST, AB, DR, KI, MN, YW, and MDO designed the research studies. TI, YN, ST, TK, LL, LH, JY, SK, RI (9th author), HN, DF, RiU, SH, RyU, C-HW, and HY conducted the experiments and acquired and analyzed the data. TI, DR, RI (14th author), MN, and MDO wrote the manuscript. All authors contributed to the article and approved the submitted version.



Funding

Research reported in this publication was supported by the National Institute of Diabetes and Digestive and Kidney Diseases of the National Institutes of Health (NIH) under award numbers: R01DK085259 and R01DK062324 (MDO) and by Japan Society for the Promotion of Science Postdoctoral Fellowships for Research Abroad (TI), Grant-in-Aid for Research Activity start-up, for Young Scientists and for Scientific Research (B) (JSPS KAKENHI grant 18H06192, 20K17242, and 22H03090 to TI) and AMED (JP22gm6210013 to TI). The stereology data described here were gathered on an “MBF Bioscience and Zeiss microscope system for stereology and tissue morphology” funded by National Institutes of Health grant 1S10RR026799-01 (MDO).



Acknowledgments

We would like to thank the University of Virginia Research Histology Core for their assistance in preparation of histology slides, and Akashi Taguchi and Mika Kobayashi at the University of Tokyo for their assistance in preparation of RNA-seq.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Author disclaimer

The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2022.993698/full#supplementary-material


Footnotes

1     http://humphreyslab.com/SingleCell/

2     http://imagej.nih.gov/ij/

3     http://compbio.mit.edu/cummeRbund/

4     https://software.broadinstitute.org/software/igv/


References

1. Mehta RL, Burdmann EA, Cerda J, Feehally J, Finkelstein F, Garcia-Garcia G, et al. Recognition and management of acute kidney injury in the international society of nephrology 0by25 global snapshot: a multinational cross-sectional study. Lancet. (2016) 387:2017–25. doi: 10.1016/S0140-6736(16)30240-9

2. Hsu RK, McCulloch CE, Dudley RA, Lo LJ, Hsu CY. Temporal changes in incidence of dialysis-requiring AKI. J Am Soc Nephrol. (2013) 24:37–42. doi: 10.1681/ASN.2012080800

3. Rockey DC, Bell PD, Hill JA. Fibrosis–a common pathway to organ injury and failure. N Engl J Med. (2015) 372:1138–49. doi: 10.1056/NEJMra1300575

4. Okusa MD, Molitoris BA, Palevsky PM, Chinchilli VM, Liu KD, Cheung AK, et al. Design of clinical trials in acute kidney injury: a report from an NIDDK workshop–prevention trials. Clin J Am Soc Nephrol. (2012) 7:851–5. doi: 10.2215/CJN.12811211

5. Chawla LS, Eggers PW, Star RA, Kimmel PL. Acute kidney injury and chronic kidney disease as interconnected syndromes. N Engl J Med. (2014) 371:58–66. doi: 10.1056/NEJMra1214243

6. Liu Y. Renal fibrosis: new insights into the pathogenesis and therapeutics. Kidney Int. (2006) 69:213–7. doi: 10.1038/sj.ki.5000054

7. Proia RL, Hla T. Emerging biology of sphingosine-1-phosphate: its role in pathogenesis and therapy. J Clin Invest. (2015) 125:1379–87. doi: 10.1172/JCI76369

8. Bajwa A, Jo SK, Ye H, Huang L, Dondeti KR, Rosin DL, et al. Activation of sphingosine-1-phosphate 1 receptor in the proximal tubule protects against ischemia-reperfusion injury. J Am Soc Nephrol. (2010) 21:955–65. doi: 10.1681/ASN.2009060662

9. Perry HM, Huang L, Ye H, Liu C, Sung SJ, Lynch KR, et al. Endothelial sphingosine 1phosphate receptor1 mediates protection and recovery from acute kidney injury. J Am Soc Nephrol. (2016) 27:3383–93. doi: 10.1681/ASN.2015080922

10. Bajwa A, Huang L, Ye H, Dondeti K, Song S, Rosin DL, et al. Dendritic cell sphingosine 1-phosphate receptor-3 regulates Th1-Th2 polarity in kidney ischemia-reperfusion injury. J Immunol. (2012) 189:2584–96. doi: 10.4049/jimmunol.1200999

11. Bajwa A, Huang L, Kurmaeva E, Gigliotti JC, Ye H, Miller J, et al. Sphingosine 1-phosphate receptor 3-deficient dendritic cells modulate splenic responses to ischemia-reperfusion injury. J Am Soc Nephrol. (2016) 27:1076–90. doi: 10.1681/ASN.2015010095

12. Igarashi N, Okada T, Hayashi S, Fujita T, Jahangeer S, Nakamura S. Sphingosine kinase 2 is a nuclear protein and inhibits DNA synthesis. J Biol Chem. (2003) 278:46832–9. doi: 10.1074/jbc.M306577200

13. Takabe K, Paugh SW, Milstien S, Spiegel S. “Inside-out” signaling of sphingosine-1-phosphate: therapeutic targets. Pharmacol Rev. (2008) 60:181–95. doi: 10.1124/pr.107.07113

14. Spiegel S, Milstien S. The outs and the ins of sphingosine-1-phosphate in immunity. Nat Rev Immunol. (2011) 11:403–15. doi: 10.1038/nri2974

15. Hait NC, Allegood J, Maceyka M, Strub GM, Harikumar KB, Singh SK, et al. Regulation of histone acetylation in the nucleus by sphingosine-1-phosphate. Science. (2009) 325:1254–7. doi: 10.1126/science.1176709

16. Falkenberg KJ, Johnstone RW. Histone deacetylases and their inhibitors in cancer, neurological diseases and immune disorders. Nat Rev Drug Discov. (2014) 13:673–91. doi: 10.1038/nrd4360

17. Bajwa A, Huang L, Kurmaeva E, Ye H, Dondeti KR, Chroscicki P, et al. Sphingosine kinase 2 deficiency attenuates kidney fibrosis via IFN-gamma. J Am Soc Nephrol. (2017) 28:1145–61. doi: 10.1681/ASN.2016030306

18. Schwalm S, Beyer S, Frey H, Haceni R, Grammatikos G, Thomas D, et al. Sphingosine kinase-2 deficiency ameliorates kidney fibrosis by up-regulating Smad7 in a mouse model of unilateral ureteral obstruction. Am J Pathol. (2017) 187:2413–29. doi: 10.1016/j.ajpath.2017.06.017

19. Sanyal A, Lajoie BR, Jain G, Dekker J. The long-range interaction landscape of gene promoters. Nature. (2012) 489:109–13. doi: 10.1038/nature11279

20. Yang L, Brooks CR, Xiao S, Sabbisetti V, Yeung MY, Hsiao LL, et al. KIM-1-mediated phagocytosis reduces acute injury to the kidney. J Clin Invest. (2015) 125:1620–36. doi: 10.1172/JCI75417

21. Arai S, Kitada K, Yamazaki T, Takai R, Zhang X, Tsugawa Y, et al. Apoptosis inhibitor of macrophage protein enhances intraluminal debris clearance and ameliorates acute kidney injury in mice. Nat Med. (2016) 22:183–93. doi: 10.1038/nm.4012

22. Quarona V, Zaccarello G, Chillemi A, Brunetti E, Singh VK, Ferrero E, et al. CD38 and CD157: a long journey from activation markers to multifunctional molecules. Cytometry B Clin Cytom. (2013) 84:207–17. doi: 10.1002/cyto.b.21092

23. Morone S, Lo-Buono N, Parrotta R, Giacomino A, Nacci G, Brusco A, et al. Overexpression of CD157 contributes to epithelial ovarian cancer progression by promoting mesenchymal differentiation. PLoS One. (2012) 7:e43649. doi: 10.1371/journal.pone.0043649

24. Satake W, Nakabayashi Y, Mizuta I, Hirota Y, Ito C, Kubo M, et al. Genome-wide association study identifies common variants at four loci as genetic risk factors for Parkinson’s disease. Nat Genet. (2009) 41:1303–7. doi: 10.1038/ng.485

25. Kaisho T, Ishikawa J, Oritani K, Inazawa J, Tomizawa H, Muraoka O, et al. BST-1, a surface molecule of bone marrow stromal cell lines that facilitates pre-B-cell growth. Proc Natl Acad Sci USA. (1994) 91:5325–9. doi: 10.1073/pnas.91.12.5325

26. Hait NC, Wise LE, Allegood JC, O’Brien M, Avni D, Reeves TM, et al. Active, phosphorylated fingolimod inhibits histone deacetylases and facilitates fear extinction memory. Nat Neurosci. (2014) 17:971–80. doi: 10.1038/nn.3728

27. Wang L, de Zoeten EF, Greene MI, Hancock WW. Immunomodulatory effects of deacetylase inhibitors: therapeutic targeting of FOXP3+ regulatory T cells. Nat Rev Drug Discov. (2009) 8:969–81. doi: 10.1038/nrd3031

28. Malavasi F, Deaglio S, Funaro A, Ferrero E, Horenstein AL, Ortolan E, et al. Evolution and function of the ADP ribosyl cyclase/CD38 gene family in physiology and pathology. Physiol Rev. (2008) 88:841–86. doi: 10.1152/physrev.00035.2007

29. Roark WH, Tinney FJ, Cohen D, Essenburg AD, Kaplan HR. Synthesis and biological activity of modified peptide inhibitors of angiotensin-converting enzyme. J Med Chem. (1985) 28:1291–5. doi: 10.1021/jm00147a030

30. Ishihara K, Kobune Y, Okuyama Y, Itoh M, Lee BO, Muraoka O, et al. Stage-specific expression of mouse BST-1/BP-3 on the early B and T cell progenitors prior to gene rearrangement of antigen receptor. Int Immunol. (1996) 8:1395–404. doi: 10.1093/intimm/8.9.1395

31. Funaro A, Ortolan E, Ferranti B, Gargiulo L, Notaro R, Luzzatto L, et al. CD157 is an important mediator of neutrophil adhesion and migration. Blood. (2004) 104:4269–78. doi: 10.1182/blood-2004-06-2129

32. Todd RF III, Roach JA, Arnaout MA. The modulated expression of Mo5, a human myelomonocytic plasma membrane antigen. Blood. (1985) 65:964–73.

33. Okuyama Y, Ishihara K, Kimura N, Hirata Y, Sato K, Itoh M, et al. Human BST-1 expressed on myeloid cells functions as a receptor molecule. Biochem Biophys Res Commun. (1996) 228:838–45. doi: 10.1006/bbrc.1996.1741

34. Hernandez-Campo PM, Almeida J, Sanchez ML, Malvezzi M, Orfao A. Normal patterns of expression of glycosylphosphatidylinositol-anchored proteins on different subsets of peripheral blood cells: a frame of reference for the diagnosis of paroxysmal nocturnal hemoglobinuria. Cytometry B Clin Cytom. (2006) 70:71–81. doi: 10.1002/cyto.b.20087

35. Ortolan E, Tibaldi EV, Ferranti B, Lavagno L, Garbarino G, Notaro R, et al. CD157 plays a pivotal role in neutrophil transendothelial migration. Blood. (2006) 108:4214–22. doi: 10.1182/blood-2006-04-017160

36. Lo Buono N, Parrotta R, Morone S, Bovino P, Nacci G, Ortolan E, et al. The CD157-integrin partnership controls transendothelial migration and adhesion of human monocytes. J Biol Chem. (2011) 286:18681–91. doi: 10.1074/jbc.M111.227876

37. Ishihara K, Hirano T. BST-1/CD157 regulates the humoral immune responses in vivo. Chem Immunol. (2000) 75:235–55. doi: 10.1159/000058772

38. Yilmaz OH, Katajisto P, Lamming DW, Gultekin Y, Bauer-Rowe KE, Sengupta S, et al. mTORC1 in the Paneth cell niche couples intestinal stem-cell function to calorie intake. Nature. (2012) 486:490–5. doi: 10.1038/nature11163

39. Lopatina O, Yoshihara T, Nishimura T, Zhong J, Akther S, Fakhrul AA, et al. Anxiety- and depression-like behavior in mice lacking the CD157/BST1 gene, a risk factor for Parkinson’s disease. Front Behav Neurosci. (2014) 8:133. doi: 10.3389/fnbeh.2014.00133

40. Kasai S, Yoshihara T, Lopatina O, Ishihara K, Higashida H. Selegiline ameliorates depression-like behavior in mice lacking the CD157/BST1 gene, a risk factor for Parkinson’s disease. Front Behav Neurosci. (2017) 11:75. doi: 10.3389/fnbeh.2017.00075

41. Lee BO, Ishihara K, Denno K, Kobune Y, Itoh M, Muraoka O, et al. Elevated levels of the soluble form of bone marrow stromal cell antigen 1 in the sera of patients with severe rheumatoid arthritis. Arthritis Rheum. (1996) 39:629–37. doi: 10.1002/art.1780390414

42. Goldstein SC, Todd RF III. Structural and biosynthetic features of the Mo5 human myeloid differentiation antigen. Tissue Antigens. (1993) 41:214–8. doi: 10.1111/j.1399-0039.1993.tb02007.x

43. Krupka C, Lichtenegger FS, Kohnke T, Bogeholz J, Bucklein V, Roiss M, et al. Targeting CD157 in AML using a novel, Fc-engineered antibody construct. Oncotarget. (2017) 8:35707–17. doi: 10.18632/oncotarget.16060

44. Ortolan E, Arisio R, Morone S, Bovino P, Lo-Buono N, Nacci G, et al. Functional role and prognostic significance of CD157 in ovarian carcinoma. J Natl Cancer Inst. (2010) 102:1160–77. doi: 10.1093/jnci/djq256

45. Ortolan E, Giacomino A, Martinetto F, Morone S, Lo Buono N, Ferrero E, et al. CD157 enhances malignant pleural mesothelioma aggressiveness and predicts poor clinical outcome. Oncotarget. (2014) 5:6191–205. doi: 10.18632/oncotarget.2186

46. Rudakou U, Yu E, Krohn L, Ruskey JA, Asayesh F, Dauvilliers Y, et al. Targeted sequencing of Parkinson’s disease loci genes highlights SYT11, FGF20 and other associations. Brain. (2021) 144:462–72. doi: 10.1093/brain/awaa401

47. Aomatsu E, Takahashi N, Sawada S, Okubo N, Hasegawa T, Taira M, et al. Novel SCRG1/BST1 axis regulates self-renewal, migration, and osteogenic differentiation potential in mesenchymal stem cells. Sci Rep. (2014) 4:3652. doi: 10.1038/srep03652

48. McNagny KM, Bucy RP, Cooper MD. Reticular cells in peripheral lymphoid tissues express the phosphatidylinositol-linked BP-3 antigen. Eur J Immunol. (1991) 21:509–15. doi: 10.1002/eji.1830210238

49. Thai TL, Arendshorst WJ. Mice lacking the ADP ribosyl cyclase CD38 exhibit attenuated renal vasoconstriction to angiotensin II, endothelin-1, and norepinephrine. Am J Physiol Renal Physiol. (2009) 297:F169–76. doi: 10.1152/ajprenal.00079.2009

50. Kirita Y, Wu H, Uchimura K, Wilson PC, Humphreys BD. Cell profiling of mouse acute kidney injury reveals conserved cellular responses to injury. Proc Natl Acad Sci USA. (2020) 117:15874–83. doi: 10.1073/pnas.2005477117

51. Xie D, Hu G, Chen C, Ahmadinejad F, Wang W, Li PL, et al. Loss of sphingosine kinase 2 protects against cisplatin-induced kidney injury. Am J Physiol Renal Physiol. (2022) 323:F322–34. doi: 10.1152/ajprenal.00229.2021

52. Wakabayashi T, Naito H, Suehiro JI, Lin Y, Kawaji H, Iba T, et al. CD157 marks tissue-resident endothelial stem cells with homeostatic and regenerative properties. Cell Stem Cell. (2018) 22:384.e–97.e. doi: 10.1016/j.stem.2018.01.010

53. Naito H, Wakabayashi T, Ishida M, Gil CH, Iba T, Rahmawati FN, et al. Isolation of tissue-resident vascular endothelial stem cells from mouse liver. Nat Protoc. (2020) 15:1066–81. doi: 10.1038/s41596-019-0276-x

54. Itoh M, Ishihara K, Hiroi T, Lee BO, Maeda H, Iijima H, et al. Deletion of bone marrow stromal cell antigen-1 (CD157) gene impaired systemic thymus independent-2 antigen-induced IgG3 and mucosal TD antigen-elicited IgA responses. J Immunol. (1998) 161:3974–83.

55. Meran S, Steadman R. Fibroblasts and myofibroblasts in renal fibrosis. Int J Exp Pathol. (2011) 92:158–67. doi: 10.1111/j.1365-2613.2011.00764.x

56. Gigliotti JC, Huang L, Ye H, Bajwa A, Chattrabhuti K, Lee S, et al. Ultrasound prevents renal ischemia-reperfusion injury by stimulating the splenic cholinergic anti-inflammatory pathway. J Am Soc Nephrol. (2013) 24:1451–60. doi: 10.1681/ASN.2013010084

57. Inoue T, Abe C, Sung SS, Moscalu S, Jankowski J, Huang L, et al. Vagus nerve stimulation mediates protection from kidney ischemia-reperfusion injury through alpha7nAChR+ splenocytes. J Clin Invest. (2016) 126:1939–52. doi: 10.1172/JCI83658

58. Perry HM, Gorldt N, Sung SJ, Huang L, Rudnicka KP, Encarnacion IM, et al. Perivascular CD73(+) cells attenuate inflammation and interstitial fibrosis in the kidney microenvironment. Am J Physiol Renal Physiol. (2019) 317:F658–69. doi: 10.1152/ajprenal.00243.2019

59. Trapnell C, Pachter L, Salzberg SL. TopHat: discovering splice junctions with RNA-Seq. Bioinformatics. (2009) 25:1105–11. doi: 10.1093/bioinformatics/btp120

60. Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, van Baren MJ, et al. Transcript assembly and quantification by RNA-Seq reveals unannotated transcripts and isoform switching during cell differentiation. Nat Biotechnol. (2010) 28:511–5. doi: 10.1038/nbt.1621

61. Anders S, Huber W. Differential expression analysis for sequence count data. Genome Biol. (2010) 11:R106. doi: 10.1186/gb-2010-11-10-r106

62. Inoue T, Kohro T, Tanaka T, Kanki Y, Li G, Poh HM, et al. Cross-enhancement of ANGPTL4 transcription by HIF1 alpha and PPAR beta/delta is the result of the conformational proximity of two response elements. Genome Biol. (2014) 15:R63. doi: 10.1186/gb-2014-15-4-r63

63. Maejima T, Inoue T, Kanki Y, Kohro T, Li G, Ohta Y, et al. Direct evidence for pitavastatin induced chromatin structure change in the KLF4 gene in endothelial cells. PLoS One. (2014) 9:e96005. doi: 10.1371/journal.pone.0096005

64. Valouev A, Johnson DS, Sundquist A, Medina C, Anton E, Batzoglou S, et al. Genome-wide analysis of transcription factor binding sites based on ChIP-Seq data. Nat Methods. (2008) 5:829–34. doi: 10.1038/nmeth.1246

65. de Hoon MJ, Imoto S, Nolan J, Miyano S. Open source clustering software. Bioinformatics. (2004) 20:1453–4. doi: 10.1093/bioinformatics/bth078

66. Saldanha AJ. Java treeview–extensible visualization of microarray data. Bioinformatics. (2004) 20:3246–8. doi: 10.1093/bioinformatics/bth349



OPS/images/fmed-09-993698-g002.jpg
A Anti-vimentin Ab-

Bright field

Cy3

Anti-vimentin Ab+

Genes depressed
in Sphk2” (203)

o

Relative expression

log,
-1.00
=
. 2.33
4.00
5.67 T &
m g i3
9.00 Ml 52

]

B RNA-seq _.~=~"|ChlP-seq
//’ Sphk2’vs Sphk1”-
, H3K27ac (42) 12K9ac (92)
WT vs Sphk2*(317) = ====mur__

Sphk17 vs Sphk2’-(361)

|
—rs

==
=

Col3a1

Vim

Col1a1

Fn1

Cdh13
Dcdc2a
Tshz2

Acta2 (aSMA)
Bst1

Havcr1 (Kim1)
Nitn1

Olfm1

L1cam

Igsf5

Agt

Slc35f3
Limch1
Arhgef16
Pdzk1ip1
Pou3f3





OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Bone marrow stromal cell antigen-1 (CD157) regulated by sphingosine kinase 2 mediates kidney fibrosis



		Introduction



		Results



		Discussion



		Bst1 as a new downstream target of SphK2



		Bst1 is a multi-functional molecule



		A new role of Bst1 in kidney injury







		Materials and methods



		Mice



		Fibroblast isolation



		Unilateral ischemia-reperfusion injury



		Plasma creatinine and histological analysis



		Picrosirius red staining



		RNA-sequencing



		Chromatin immunoprecipitation



		ChIP-seq



		Real-time PCR



		Gene knockdown by siRNA



		Gene overexpression



		Immunocytochemistry



		Statistical analysis



		Study approval







		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Author disclaimer



		Supplementary material



		Footnotes



		References

















OPS/images/fmed-09-993698-g001.jpg
A (2%'?“";[?8) B Contralateral IRI Polarized

(right side) (left side)

Contralateral IRI

Right kidney
was removed

Right  Left
. 13 d Co1d N

UnilRI or sham Nephrectomy Euth
(left kidney) (right kidney)

C ® Rightkidney B Left kidney (IRI)

Sphk17-

WT Sphk1 1 Sphk2+

I i
! !
| |

2 - ol
I I
I I
I I
i i
I I

Collagen deposition (%
Sphk2"

UnilRI
Sham
UnilRI

= 21§
e c I L
n SI1®

® Rightkidney  ® Left kidney (IRI) E

o
53

-1

D ©

O]

()]

o N\

g

p 4

m% .
23

= N

O ©

QG

X <

e Sham . UnilRI

w

wT Sphk1+

*

w
o
o

Plasma Creatinine (mg/dl)

UnilRI
Sham
UnilRI

1 €
£zl E
= & 1 =
U):)!U’J





OPS/images/fmed-09-993698-g004.jpg
>

1.2

0.8
0.6
0.4
0.2

Relative Expression
(/Gapdh)

] siCtl

k%%

-

g siSphk2

*

-

Sphk2

Bst1

B -
c :
T 2 -
2328
R
o5+« 11 :
oY u>j g
p O q
Cell type Sphk2-+
: Empty Sphk2
lagmid vector vector






OPS/images/fmed-09-993698-g003.jpg
>

Fpkm (0-600)

p-value (-logqoX) (10-100)

RNA-seq l k WT
i ll N A A
T h. Sonir”
1 _ -
Sphk2"
ChiP-seq
WT H3K9ac
'Y A_.
Sphk17” H3K9ac
l i _ll_-n
Sphk27’-H3K9ac
A . a
|| : ' : WT H3K27ac
Sphk1'- H3K27ac
A & - Al .- P
Sphk2’ H3K27ac
& i
Bst1
5, R o et s 3,
43,810,000 43,820,000 43,830,000 43,840,000
I Chr5 (mm10)

Primers at promoter Primers for control

Relative Expression
Bst1/Gapdh

=
&)

A~ o 0

N

% of Input (H3K27ac)

1.5 -

[
I 1 I_I_I 1
wT Sphk17”- Sphk2"
e Control = Promoter
: Ea
Ny
®
° __I;_ =
WwT Sphk1” Sphk2”"
e Control = Promoter
— ek
= "n
|
@ ®

o

il

m ﬂ
WT Sphk1”- Sphk2”"





OPS/images/fmed-09-993698-g005.jpg
IRI
(left side)

Contralateral

A

(right side)

+/+ hum m

%* k%

& *moo X

Bst1++ Bst1

0 o1 oY o
NN« O
(Jp/Bw) auluneal) ewse|d

(@]

I Bst1 Right
Left (IRI)
Fn1

=3 Bst1”-
Col3a1

Left (IRI)

C W Bst1** Right
3 Bst1**

= |RI

¢ (Contralateral

T m

[ O

= i LM

OM
1M

*%

1 coltat |

*
*
*

Acta2
(aSMA)

g

T r Ll 1

o O O O
© < N

(updeoy)
uolissaldxg aAneey

80

Bst1+-

Bst1**

—

(%) sisoiqi





OPS/images/cover.jpg
& frontiers | Frontiers in Medicine

Bone marrow stromal cell
antigen-1 (CD157) regulated by
sphingosine kinase 2 mediates

kidney fibrosis












OPS/images/logo.jpg
¥ frontiers | Frontiers in Medicine







