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Abstract

Objective: HIV-associated nephropathy (HIVAN) is characterized by the development of glomerulosclerosis and is associated with glomerular epithelial cell proliferation. It has recently been shown that activation of the Notch signaling pathway in podocytes results in glomerulosclerosis and podocyte proliferation. To determine whether Notch signaling is involved in renal disorder associated with HIVAN, we evaluated the expression of Notch receptors in HIVAN.

Design: We evaluated the expression of the Notch signaling pathway using an HIV-transgenic (HIV-Tg) rat model of HIVAN, and biopsy samples from HIVAN and normal controls.

Methods: Paraffin sections and kidney lysates were used for immunohistochemistry, immunofluorescence and western blot analysis.

Results: A collapsing variant of glomerulosclerosis and focal segmental sclerosis was observed in HIV-Tg rats. Glomeruli of HIV-Tg rats demonstrated activation of Notch1 and Notch4, as determined by the presence of the intracellular domains. In addition, we observed increased expression of the Notch target protein, hairy enhancer of split homolog-1 in glomeruli of these animals. The expression of the Groucho homolog transducin-like enhancer protein 4, a Notch effector protein, and the homeodomain protein cut homeobox 1 were also significantly increased in glomeruli of HIV-Tg rats, and this was associated with decreased expression of the cyclin kinase inhibitor p27. Intriguingly, renal biopsy samples from HIVAN patients also showed upregulation of cleaved Notch1 and Notch4 in the glomeruli compared with the expression in normal kidneys.

Conclusion: Our results demonstrate activation of Notch signaling pathway in HIVAN, thereby underscoring its role in disease pathogenesis.
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Introduction

HIV-associated nephropathy (HIVAN) is a prominent renal complication of HIV infection, characterized by heavy proteinuria and progressive renal failure with poor prognosis. It is the single most common cause of chronic renal disease in HIV-1-seropositive patients and is the third leading cause of end-stage renal disease in African–Americans [1–3]. Although the use of antiretroviral therapy has substantially improved the survival of HIV-infected individuals, morbidity and mortality rates among patients with kidney etiology remain high [4]. The disorders mediated by HIVAN include collapsing glomerulosclerosis that is associated with severe tubulointerstitial injury, microcystic dilatation, increased apoptosis in tubules and disruption of cell cycle regulation [2]. Normal mature podocytes express the cyclin kinase inhibitor p27, consistent with a quiescent cell phenotype [5]. In HIVAN, however, expression of this protein is decreased. In addition, there is a concomitant increase in cell proliferation in podocytes within the sclerotic areas of the glomeruli [6]. HIVAN is also accompanied by downregulation of the podocyte maturation markers such as Wilms tumor 1 (WT1), synaptopodin and podocalyxin [7]. Taken together, these findings suggest that HIV-1 infection leads to podocyte proliferation and dedifferentiation, a feature unlike other glomerular diseases in which podocytes apoptose and are lost. Although both clinical and experimental studies implicate direct viral infection of renal epithelial cells [8], the mechanisms of HIV pathogenesis in the kidney remain elusive.

The Notch signaling pathway is critical for normal kidney development. In mammals, Notch signaling is activated when Notch receptors (Notch1–4) bind to their cognate ligands (delta, Jagged1 and Jagged2) resulting in the proteolytic cleavage and release of the Notch intracellular domain. Notch intracellular domain translocates to the nucleus and associates with the transcription factor recombination signal sequence-binding protein-J kappa (RBP-jκ), resulting in transcription of Notch signaling effectors such as hairy enhancer of split (Hes). These newly synthesized proteins then recruit the corepressors such as Groucho-related genes/transducin-like enhancer (Grg/TLE) [9] to subsequently repress tissue-specific genes [10,11].

We have recently demonstrated that similar to the Hes, cut homeobox 1 (Cux1) can also associate with TLE protein 4 (TLE4) during kidney development to repress expression of the cyclin kinase inhibitor, p27 [12]. In keeping with the observation that Cux1 is upregulated by Notch intracellular domain, our findings suggested that Cux1 is also an effector of the Notch signaling pathway. Notch signaling is involved in multiple cellular processes, including cell fate determination, development, differentiation, proliferation, apoptosis and regeneration. During kidney development, Notch signaling is essential for initiating differentiation of podocyte progenitors; however, its suppression may be necessary for terminal differentiation [13]. Moreover, recent studies indicate that Notch1 is activated in the patients with diabetic nephropathy and focal segmental glomerulosclerosis (FSGS)[14,15]. Furthermore, conditional expression of Notch1 intracellular domain in mature podocytes in transgenic mice leads to the development of proteinuria and glomerulosclerosis [14,15]. Given the fact that HIVAN involves several kidney disorders, including FSGS, we hypothesized that Notch signaling may play a key role in the pathogenesis of HIVAN.

In the current study, we used a noninfectious HIV-1 rat model bearing a gag/pol-deleted provirus that expresses seven of the nine HIV-1 genes [16–18]. Herein, we report that adult HIV-1-transgenic (HIV-1-Tg) rats with high proteinuria develop kidney disorder similar to that of HIVAN, and report, for the first time, that the pathogenic events in HIVAN involve Notch pathway activation, upregulation of Cux1 and the repression of p27.
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Methods

Animals

HIV-Tg rats (HIV-1 Sprague–Dawley) and age-matched parental wild-type Sprague–Dawley rats were purchased from Harlan Laboratories (Indianapolis, Indiana, USA). Specific pathogen-free HIV-Tg and wild-type control rats were housed under pathogen-free conditions in microisolator cages on a high-efficiency particulate air-filtered ventilated rack. Generation of the HIV-Tg rat model, detection of the transgene and the description of its kidney disorder have been reported earlier [17,19,20]. Briefly, the HIV-Tg rat was generated using a 7.4-kb proviral DNA construct containing the 5′ and 3′ long terminal repeats, and the env, tat, nef, rev, vif, vpr and vpu genes. The proviral DNA construct also carried a deletion encompassing most of the gag and pol genes to render it noninfectious. The animal care was in accordance with the National Institutes of Health (NIH) Guide for care and use of Laboratory Animals at the Kansas University Medical Center.
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Human renal tissue

Paraffin-embedded human renal tissue biopsy specimens from three HIVAN patients and three transplant kidney donors were obtained from the Pathology Department of the Long Island Jewish Medical Center, New Hyde Park, New York, USA. Use of these samples has been approved by the Institutional Review Board, North Shore Long Island Jewish Health System.

Back to Top

Experimental design

Four HIV-Tg rats (one male and three females) within ages of 12–15 months and with the proteinuria at end-stage renal range of approximately 3000 mg/dl (measured by Multistix 10SG; Siemens, New York, USA) comprised the study group. Age-matched wild-type rats (one male and two females) with no proteinuria were used as controls. Rats were anesthetized with isoflurane and perfused with phosphate-buffered saline (PBS) with 0.25% sucrose solution, followed by excision of the kidneys. One of the kidneys was fixed in 4% paraformaldehyde overnight, followed by incubation in 70% ethanol, and the other was snap frozen for western blot analysis.
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Immunohistochemistry

The kidneys from normal and HIV-Tg rats were immersion-fixed in 4% paraformaldehyde and embedded in paraffin. Five-micrometer-thick tissue sections were deparaffinized with xylene and hydrated with graded ethanols. Sections were stained with either hematoxylin and eosin, periodic acid–Schiff reagent or Mason Trichrome stain, following standard techniques [21]. For antibody labeling, the slides from human patients as well as rats were treated with antigen unmasking solution (Vector Laboratories, Inc., Burlingame, California, USA) according to manufacturer's protocol. To block the endogenous peroxidase activity, sections were incubated with 3% hydrogen peroxide for 30 min. Sections were then washed in PBS and blocked with 10% normal serum (in PBS from the species the secondary antibody was raised in) for 1 h. The slides were incubated for 1 h with primary antibodies in a humidified chamber. Antibodies for Cux1, TLE4, WT1 and Hes homolog-1 (Hes1) were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, California, USA). Antibodies for Notch2 intracellular domain, Notch4 intracellular domain and p27kip1 were obtained from Abcam plc (Cambridgeshire, UK). Mouse antisynaptopodin was purchased from Biodesign International (Saco, Maine, USA). Antibodies against cleaved Notch3 and Notch1 (Val1744) were purchased from Millipore Corporation (Billerica, Massachusetts, USA). Rabbit anti-delta1 (DLL1) was obtained from Lifespan Biosciences (Seattle, Washington, USA). Mouse anti-proliferating cell nuclear antigen (PCNA) and rabbit anti-desmin were obtained from Sigma–Aldrich (St. Louis, Missouri, USA) and rabbit anti-Ki67 was purchased from Thermo Scientific Inc. (Fremont, California, USA). Antibody dilutions for Cux-1, TLE4, Notch2 intracellular domain, Notch3 intracellular domain, Notch4 intracellular domain, Jagged1 and delta1 were 1: 100 each. Antibodies for activated Notch1 (Val 1744), WT1, podocin and synaptopodin, and desmin were diluted at 1: 50. Antibody against PCNA was diluted at 1: 3000. All primary antibodies were diluted in 2% nonimmune serum (in PBS from the species in which the secondary antibody was raised). Immunohistochemistry was performed as described previously [22]. Control slides consisted of mounted tissue sections without primary antibodies. The tissue sections were viewed on a Leica DMR microscope (Leica Microsystems GmbH, Wetzlar, Germany) equipped with an Optronics Magnafire digital camera (Goleta, California, USA).
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Immunofluorescence

Slides were deparaffinized and treated as described above for antigen unmasking followed by incubation with 1 mol/l NH4Cl for 1 h to block endogenous fluorescence. Sections were blocked in 10% normal horse serum for 1 h followed by washings and incubation with rabbit anti-Notch4 intracellular domain or anti-Hes1 antibody (1: 50) and mouse antisynaptopodin (1: 50) overnight at 4°C. Labeling was performed as described previously [12]. Slides were counterstained with 4′-6-Diamidino-2-phenylindole (Vector Labs Inc., Burlingame, California, USA) and coverslipped. The tissue sections were viewed on a Leica DMR microscope equipped with an Optronics Magnafire digital camera.
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Morphologic analyses and statistics

The first 30 glomeruli from each rat kidney section were evaluated using the predominant staining intensity for scoring. Staining intensity was scored by manual counting and expressed as positive cells per glomerulus, except for synaptopodin for which image J software from the NIH was used and results were expressed as mean percentage of glomerular area stained. Results are expressed as mean value ± SEM. The difference between the two groups was compared by Student's t-test. A P value of less than 0.05 were considered significant. All immunolabeling experiments were repeated at least three times and the figures are a representative of three independent experiments.
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Preparation of tissue lysates

Lysates were prepared as described previously [12]. Briefly, frozen kidneys were chopped and suspended in ice-cold RIPA buffer (0.01 mol/l sodium phosphate, pH 7.2; 125 mmol/l sodium chloride; 50 mmol/l sodium fluoride; 0.1% SDS; 1 mmol/l EDTA; 1% sodium deoxycholate and 1% NP-40) with protease inhibitor cocktail (Thermo Scientific Inc.). Tissues were homogenized followed by centrifugation for 20 min at 15 000 rpm in a microfuge. The lysates were removed and stored in −80°C until use. Protein was measured using the bicinchoninic protein assay (BioRad Laboratories, Inc., Hercules, California, USA). Thirty microgram protein was loaded from each group and western blotting was performed on a 4–15% gradient gel as previously described [22]. Membranes were stripped and reprobed with an antibody against β-actin (Sigma–Aldrich) to normalize for protein loading. The intensity of bands was measured using NIH image J software. The band intensity for each Notch protein was normalized with the band intensity of the β-actin and presented as relative intensity. Western blots were repeated at least three times and the figures are a representative of three independent experiments.
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Results and discussion

Analysis of kidney disorder, proliferation and differentiation in HIV-transgenic rats

HIVAN is characterized by renal lesions, including collapsing glomerulosclerosis associated with severe tubulointerstitial injury, microcystic dilatation and increased apoptosis in tubules, and mononuclear infiltration [2]. In addition, HIVAN is also characterized by podocyte proliferation and dedifferentiation. The underlying molecular mechanisms resulting in the glomerular changes in HIVAN, however, remain unknown. Nevertheless, the increase in podocyte proliferation in HIVAN suggests the disruption of cell cycle regulation. To confirm the HIVAN phenotype, kidneys from HIV-Tg rats (12–15 months of age) were evaluated and compared with wild-type age-matched controls. HIV-Tg rats demonstrated a spectrum of pathological changes in the kidneys compared with the wild-type animals. Gross evaluation of the kidneys from HIV-Tg rats displayed a patchy, pitted external surface, as has been reported previously [19]. Morphological evaluation of transgenic kidneys revealed various types of glomerular lesions, including hypercellular glomeruli, sclerotic changes, as well as scarring. In addition, HIV-Tg rats also demonstrated focal segmental lesions and collapsed glomeruli (Fig. 1b and d). Kidneys from HIV-Tg rats demonstrated interstitial fibrosis with accumulation of extracellular matrix proteins in the sclerotic glomeruli (Fig. 1b) compared with the normal wild-type controls (Fig. 1a). Additionally, the dilated tubules of the kidneys of HIV-Tg rats demonstrated the presence of tubular protein casts [19]. Hence, the morphological evaluation of the adult HIV-Tg kidneys was in agreement with previous studies [19].

[image: Fig. 1]Fig. 1. HIV-transgenic rats display multiple glomerular phenotypes, disrupted cell cycle regulation and podocyte dedifferentiation and dysregulation. Panels (a–d) represent renal histology and panels (e–p) represent paraffin kidney sections from wild-type and HIV-Tg rats labeled with antibodies against markers specific for proliferation, podocyte dedifferentiation and dysregulation. (a and b) MT-stained kidney sections from HIV-Tg (b) and wild-type age-matched controls (a). Accumulation of extracellular matrix in HIV-Tg glomeruli was revealed by blue color. (c and d) H&E-stained kidney sections from HIV-Tg (d) and wild-type (c) rats. HIV-Tg rats show signs of podocyte hyperplasia and scarring in a collapsing glomerulus (arrow) compared with wild-type sections (c). (e and f) Labeling for Ki67 revealed cellular proliferation in both the glomeruli (left arrow) and tubules (right arrow) from HIV-Tg sections (f) compared with the wild-type controls (e). (g and h) PCNA-positive cells (arrows) were observed in both wild-type (g) and HIV-Tg (h) kidney sections. (i and j) Normal expression of p27 in quiescent wild-type cells (arrow in i), whereas HIV-Tg glomeruli had decreased expression of p27 (j). (k and l) Kidney sections from both wild-type (k) and HIV-Tg (l) rats were labeled with antibody directed against WT1. The HIV-Tg podocytes exhibited a loss of WT1 expression in the sclerotic glomeruli (l). (m and n) Focal expression of synaptopodin was observed in the sclerotic glomeruli (arrow) (panel n). Arrowheads define the boundary of glomeruli that has lost synaptopodin. Normal synaptopodin expression (m) was seen in wild-type controls. (o and p) Desmin was highly upregulated in dysregulated podocytes from HIV-Tg sections (panel p, arrow), whereas wild-type glomeruli showed no desmin expression (o) (original magnification ×40). H&E, hematoxylin and eosin; HIV-Tg, HIV-transgenic; MT, Mason Trichrome; PCNA, proliferating cell nuclear antigen; WT1, Wilms tumor 1.



To determine whether the adult HIV-Tg rats also exhibited other pathological features of HIVAN, we evaluated the extent of proliferation and differentiation in kidneys from these animals. It is well recognized that normal mature podocytes express synaptopodin and WT1, as well as the cyclin kinase inhibitor p27, features that are consistent with a differentiated, quiescent phenotype [5]. In HIVAN, loss of the podocyte markers synaptopodin and WT1 occurs, resulting in podocyte dedifferentiation. Furthermore, previous studies [6,23] on HIVAN kidneys have demonstrated increased proliferation in the sclerotic areas of glomeruli, suggesting disruption of cell cycle regulation. We thus sought to quantify the extent of proliferation in HIV-Tg rats. Cells positive for Ki67, PCNA and p27 within the glomeruli of HIV-Tg (Fig. 1f, h and j, and Table 1) and wild-type kidneys (Fig. 1e, g and i, and Table 1) were scored and counted. Although PCNA was detected in both the wild-type and HIV-Tg rats, the number of PCNA-positive cells was significantly higher in the HIV-Tg rats compared with the wild-type group (Fig. 1g and h). As expected, none of the cells in the wild-type glomeruli expressed proliferation marker Ki67 (Fig. 1e and Table 1). In contrast, expression of Ki67 was significantly increased in the glomeruli and tubules of the HIV-Tg rats (Fig. 1f and Table 1). To determine whether p27 expression correlated with the findings in human and animal models of HIVAN, glomerular cells from the HIV-Tg and wild-type animals were scored for expression of p27. In glomeruli from HIV-Tg rats, expression of p27 was downregulated (Fig. 1j and Table 1) compared with the wild-type controls (Fig. 1i and Table 1).

[image: Table 1]Table 1. Comparison of immunohistochemistry staining from the glomeruli of normal and HIV-transgenic rats.



We next sought to evaluate the changes in podocyte differentiation in the HIV-Tg rats. Sections of kidneys from wild-type and HIV-Tg rats were labeled with antibodies directed against WT1 and synaptopodin. As expected, glomeruli from wild-type rats showed intense expression of both WT1 and synaptopodin in the podocytes (Fig. 1k and m). The expression of WT1 and synaptopodin in the HIV-Tg sclerotic glomeruli, however, was significantly decreased (Fig. 1l and n, and Table 1). The decrease in the expression was due to focal loss of synaptopodin expression in the HIV-Tg glomeruli (Fig. 1n, arrowheads), suggesting that podocytes within these glomeruli may be undergoing dedifferentiation. We next examined expression of desmin, which is a marker of mesangial cell differentiation and is not expressed in podocytes anytime during normal glomerular development. Increased desmin expression, however, has been observed in other models of podocyte injuries [6]. Accordingly, we observed increased expression of desmin in the glomeruli of HIV-Tg rats (Fig. 1p) compared with the wild-type controls (Fig. 1o).

Thus, in addition to various histological lesions reported previously [19], we also found other characteristic features of HIVAN such as increased cell proliferation and podocyte dedifferentiation and dysregulation in the glomeruli of HIV-Tg rats. Having characterized the HIV-Tg rat model for features of HIVAN disorder, we next used the model to explore the role of Notch signaling in the disease process.
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Activation of Notch pathway in HIV-associated nephropathy

Activation of the Notch signaling pathway in glomerular epithelial cells has recently been described in both diabetic nephropathy and in glomerulosclerosis [14,15]. Upon binding to Notch ligands, the intracellular domain of the Notch receptor translocates to the nucleus and functions to activate transcription of Notch effector genes such as Hes proteins and, possibly, Cux1. We used antibodies directed against the intracellular domains of Notch2 and Notch3 to evaluate activated Notch signaling in the HIV-1-Tg rat and HIVAN patient kidneys. Using these antibodies, we observed an increased expression of Notch3 intracellular domain in both the glomeruli and tubules of HIV-Tg rat kidneys (Fig. 2c and d). Although the overall number of cells positive for Notch3 intracellular domain expression was not significantly increased in the glomeruli of HIV-Tg rats compared with wild-type rats (Table 1), western blot analysis of whole kidney lysates from wild-type and HIV-Tg rats showed increased levels of Notch3 intracellular domain in HIV-Tg rat kidneys (Fig. 2m and n). In biopsy sections from HIVAN and control patients, we did observe an increase in the number of Notch3 intracellular domain-positive cells (Table 2). In contrast, there was no change in Notch2 intracellular domain expression or distribution between the wild-type and the HIV-Tg rats, or between HIVAN patients and normal controls (Fig. 2a and b, m and n and Tables 1 and 2).

[image: Fig. 2]Fig. 2. Upregulation of Notch pathway members in HIV-transgenic rat kidneys. Kidney sections were labeled for Notch2 IC, Notch3 IC, Jagged1, delta1 and Hes1 expression. (a and b) Notch2 intracellular was expressed in both glomeruli and tubules from WT (a) and HIV-Tg rat sections (b). (c and d) Notch3 IC was upregulated in the HIV-Tg kidneys in both tubular and glomerular cells (d) compared with WT kidney sections (c). (e and f) Jagged1 was not expressed in the glomeruli; however, more tubules from HIV-Tg rats (f) expressed Jagged1 compared with WT controls (e). (g and h) Similar to Jagged1, delta1 was not expressed in glomeruli; however, expression was increased in tubules (arrow in h) in HIV-Tg sections compared with the WT controls (g). (i and j) Hes1 was minimally expressed in the WT kidneys (i), but was upregulated in the glomeruli from HIV-Tg kidneys (arrows in j). (k and l) To identify whether Hes1-positive cells are podocytes, double immunoflourescence was performed using antibodies specific for synaptopodin (red) and Hes1 (green), and counterstained with DAPI (k). Arrows indicate cells double positive for synaptopodin and Hes1 (l). All figures except panels (k) and (l) are original magnification 40×. Panels (k) and (l) are magnified from 40×. (m and n) Protein lysates prepared from WT and TG kidneys were subjected to western blot analysis for quantitation of Notch2 IC, Notch3 IC and Hes1. Notch2 IC did not vary between WT and TG samples, whereas Notch3 IC and Hes1 were increased in TG kidney lysates compared with WT lysates. Densitometric analysis of western blots from at least three experiments shows an increase in Hes1 and Notch3 expression in HIV-Tg kidneys. DAPI, 4-6-Diamidino-2-phenylindole; Hes1, hairy enhancer of split homolog-1; HIV-Tg, HIV-transgenic; IC, intracellular; TG, HIV-Tg; WT, wild-type.



[image: Table 2]Table 2. Comparison of immunohistochemistry staining for activated Notch receptors from kidney biopsies of normal verses the HIV-associated nephropathy patients.



As Notch activation is mediated by binding of Notch ligands, we evaluated the expression of the Notch ligands Jagged1 and delta1 in kidney sections from wild-type and HIV-Tg rats. Expression of both ligands was exclusively in the tubules, with no glomerular expression. Moreover, expression of both ligands was elevated in the tubules of HIV-Tg rats compared with the wild-type controls (Fig. 2 e–h).

The mechanism in which Notch signaling is activated in HIVAN remains unclear at present. The absence of the ligands Jagged1 and delta1 in the HIV-Tg rat glomeruli leads us to speculate that Notch activation in the glomerular cells is independent of these ligands. One possibility is that HIV proteins may directly bind to Notch receptors, thereby modulating their physiologic functions. This notion is supported by previous studies demonstrating that the HIV-1 Tat protein interacts with the epidermal growth factor repeats present on the extracellular domain of Notch receptors [24]. Alternatively, similar to the Epstein–Barr virus and Kaposi's sarcoma-associated herpes virus [25,26], it is possible that HIV-1 can use one or more of its regulatory proteins to bind to RBP-jκ and mimic Notch intracellular domain.

We next determined whether the conventional target of Notch signaling pathway, Hes1, was upregulated in HIV-Tg rat kidneys. Hes1 protein was observed in the glomeruli of both wild-type and HIV-Tg rats (Fig. 2 i–l). Moreover, Hes1-positive cells in HIV-Tg rats showed a swollen appearance (Fig. 2j) compared with wild-type controls (Fig. 2i). Colocalization of Hes1 and synaptopodin identified these cells as podocytes (Fig. 2l). Quantitation of western blots showed that Hes1 was significantly upregulated in the kidneys from HIV-Tg rats compared with wild-type rats kidneys (Fig. 2).

We next evaluated the role of Notch1 and Notch4 in HIVAN. Antibodies directed against Notch1 intracellular and Notch4 intracellular domains were used to evaluate activated Notch signaling in both the HIV-1-Tg rat kidneys and in kidneys from human HIVAN biopsies. As shown in Fig. 3(b), Notch1 intracellular domain was activated in the glomeruli, although weakly, from HIV-Tg rats compared with the wild-type controls (Fig. 3a). A similar increase in Notch1 intracellular domain was observed in kidney sections from human HIVAN patients (Fig. 3d, Table 2) compared with kidney sections from HIV-negative patients (Fig. 3c). However, we were unable to detect Notch1 intracellular domain expression from either wild-type or HIV-Tg kidneys by western blot analysis (not shown).

[image: Fig. 3]Fig. 3. Activation of Notch signaling in HIV-transgenic rats and in human HIV-associated nephropathy patients. (a and b) Detection of Notch1 IC in HIV-Tg rat and human HIVAN tissue. Paraffin sections from WT (a) and HIV-Tg rats (b) were labeled for the presence of Notch1 IC domain. Notch1 IC was upregulated in the glomerular cells of HIV-Tg kidneys (b), whereas the WT controls had no Notch1 IC expression (a). (c and d) Kidney biopsy sections obtained from age-matched patients with no kidney disease (c) or with HIVAN (d) were evaluated for the presence of Notch1 IC. The biopsy samples from HIVAN patients (d) showed cells positive for Notch1 IC expression (arrows), whereas the age-matched normal kidney (control) biopsies did not demonstrate any Notch1 IC (original magnification ×63). (e and f) Increased expression of Notch 4 IC in HIV-Tg rat and human HIVAN tissue. (e) Western blot analysis for Notch4 IC in total kidney lysates from TG and WT rats. Notch4 IC is not detectable in WT kidneys, but is abundantly expressed in TG tissue. (f) Relative densitometry of Notch4 IC expression in kidney lysates from WT and TG rats was obtained by NIH Image J program showed a statistically significant increase (**P < 0.0001). Western and densitometry data represent three independent experiments. (g and h) The expression of Notch4 IC was increased in both glomeruli and tubules of HIV-Tg rats (h) compared with WT age-matched controls (g). (i and j) Detection of synaptopodin (red) and Notch4 IC (green) in kidney sections from WT (i) and HIV-Tg (j) rats. Synaptopodin labeling in WT rat kidney sections appears very regular throughout the WT glomeruli (i) with no Notch4 IC-positive cells (green). In contrast, there is irregular labeling of synaptopodin in the sclerotic HIV-Tg glomeruli (j) with several Notch4 IC-positive cells (arrows), some of which are associated with a loss of synaptododin regions of the glomeruli (right arrow in j). (k and l) Notch 4 IC is elevated in glomeruli and tubules in kidney biopsy sections from HIVAN patients (arrows in l) compared with age-matched patients with normal kidney (k). HIVAN, HIV-associated nephropathy; HIV-Tg, HIV-transgenic; IC, intracellular; TG, HIV-Tg; WT, wild-type.



Similar to Notch1 intracellular domain, Notch4 intracellular domain expression was also increased in the HIV-Tg rat kidneys compared with the wild-type controls (Fig. 3g and h, and Table 2). Moreover, some of the Notch4 intracellular domain-positive cells from HIV-Tg glomeruli (Fig. 3j) also colabeled with synaptopodin (in red) indicating podocytes as the source of Notch 4. In contrast, glomeruli from wild-type rats exhibited very few Notch4 intracellular domain-positive cells (Fig. 3g and i). As synaptopodin expression was lost from sclerotic regions of glomeruli in HIVAN, it is likely that some of the cells positive for Notch4 intracellular domain and negative for synaptopodin are dedifferentiating podocytes. Western blot analysis confirmed the increase in the Notch4 intracellular domain protein (52 kDa) in kidneys from HIV-Tg rats. In contrast, Notch4 intracellular domain was not detected in lysates prepared from wild-type controls (Fig. 3e and f). To evaluate whether the increased activation of Notch 4 we observed in HIV-Tg rats is a common feature of HIVAN, we labeled human HIVAN kidney sections for Notch4 intracellular domain. As shown in Fig. 3l (arrows), there was a striking upregulation of Notch4 intracellular domain in the glomeruli, as well as in the tubules from patients with HIVAN. In contrast, kidney sections from controls without kidney disease lacked Notch4 intracellular domain-positive cells (Fig. 3k).

Taken together, our findings demonstrate that most of the key components of the Notch signaling pathway were elevated in both the HIV-Tg rat glomeruli and in human HIVAN biopsy samples, thereby underscoring the role of the Notch signaling pathway in HIVAN. The localization of Hes1 and Notch4 intracellular domain in the podocytes of HIV-Tg rats suggests these cells as the target cells for Notch activation in the pathogenesis of HIVAN. This is consistent with the observation that podocytes can also serve as the reservoirs for HIV replication [27]. We also observed increased levels of Notch1 intracellular domain in the Human HIVAN biopsy samples. Similarly, increased levels of Notch4 intracellular domain were observed in both glomeruli and tubules from human HIVAN biopsies, suggesting that Notch 4 signaling may play a major role in the pathogenesis of HIVAN. Notch4 transcripts have been found expressed in endothelial cells from adult mouse kidney in heart, lung and kidney [28]. Thus, it is likely that Notch 4 is being activated in endothelial cells in HIVAN glomeruli, leading to proliferation and dedifferentiation of podocytes.
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Cut homeobox 1 and transducin-like enhancer protein 4 expression is increased in HIV-transgenic rat kidneys

Cux1 is a cell-cycle-dependent transcription factor that represses the cyclin kinase inhibitors p21 and p27. We have previously shown that transgenic mice constitutively expressing Cux1 develop glomerulosclerosis and interstitial fibrosis [29]. In addition, it is known that Cux1 is regulated by the Notch signaling pathway and interacts with the corepressor TLE4 to repress p27 gene expression during kidney development [12]. Recent studies have demonstrated that ectopic Notch signaling in podocytes results in the development of proteinuria and glomerulosclerosis. Moreover, Cux1 expression is induced by activated Notch signaling [22]. Therefore, we evaluated the expression of Cux1, TLE4 and p27 in HIV-Tg rats. Kidney sections from wild-type and HIV-Tg rats were stained for the presence of Cux1, TLE4 and p27. Cux1 expression was markedly elevated in the glomeruli and tubules of HIV-Tg rats compared with the wild-type controls (Fig. 4a and b). Similar to Cux1, there was also an increase in TLE4 expression in the glomeruli of HIV-Tg rats (Fig. 4d). Western blot analysis confirmed the increases in Cux1 and TLE4 protein expression (Fig. 4e and f), and a decrease in p27 expression in the kidneys of HIV-Tg rats (Fig. 4g). These studies underscore the involvement of Cux1 and TLE4 in regulating p27 during the pathogenesis of HIVAN.

[image: Fig. 4]Fig. 4. Increased expression of cut homeobox 1 and transducin-like enhancer protein 4 in HIV-transgenic kidneys. (a–d) Paraffin sections of wild-type (a and c) and HIV-Tg (b and d) rat kidneys were labeled with antibodies directed against Cux1 (a and b) or TLE4 (c and d). Cux1 expression was minimal in both glomeruli and tubules in the wild-type kidney sections (arrows in a), but was markedly elevated in both glomerular and tubular cells in HIV-Tg rat kidneys (b). Similarly, TLE4 expression was increased in glomeruli from HIV-Tg kidneys (d) compared with the wild-type controls (c). (e–g) Western blots were performed on the kidney lysates for quantitative expression of Cux1 (e), TLE4 (f) and p27 (g). Although the expression of both Cux1 (e) and TLE4 (f) were significantly increased in the TG kidney lysates compared with the WT control, p27 was downregulated in HIV-Tg lysates (g). Cux1, cut homeobox 1; HIV-Tg, HIV-transgenic; TG, HIV-Tg; TLE4, transducin-like enhancer protein 4; WT, wild-type.



Although Notch signaling has been implicated in Kaposi's sarcoma and diseases associated with other viruses [25,26,30], this is the first report to our knowledge showing an involvement of Notch signaling in HIVAN pathogenesis. Moreover, it appears that viral replication is not required for the activation of Notch signaling in HIVAN and merely the expression of HIV-1 proteins is sufficient to induce activation as HIV-Tg rats are noninfectious. Our results, although associative, suggest a mechanism by which HIV-1 viral proteins can lead to the activation of the Notch signaling pathway, resulting ultimately in the upregulation of Cux1 and TLE4. Upregulation of Cux1 and TLE4 by Notch activation would result in the repression of p27 and, ultimately, cell cycle deregulation. In light of the previous reports demonstrating that Notch activation in podocytes results in glomerular disease, we conclude that Notch activation may be involved in the pathogenesis of HIVAN, and that inhibition of the Notch pathway could be an attractive target for therapeutic intervention in HIVAN.
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Normal rats HIV-1 Tg rats P
PCNA 25.1+£9.77 40.59+13.7 <0.0001**
Ki67 ND 3.26+2.56 <0.0001**
p27 50.8+14.2 35.0410.1 <0.0001**
WT1 16.18+4.3 13.524+5.2 0.017*
Synaptopodin 50.0+£6.8 26.26+13.5 <0.0001**
Desmin ND 14.84+19.2 <0.0001**
Notch1 IC 0.154+0.87 2.5+3.3 <0.0001**
Notch2 IC 51.4+13.4 49.3+14.4 0.28
Notch3 IC 4094117 44.5+14.6 0.15
Notch4 IC 24.00+9.5 47.0+£12.4 <0.0001**
Hes1 54.27 +£12.22 59.8+11.8 0.04*
Cux1 20.33+7.2 42.0+15.9 <0.0001**
TLE4 8.9+5.14 33.33+9.7 <0.0001**

Cells showing positive staining were counted manually in the first 30
random glomeruli from the three wild-type and HIV-Tg slides each.
Synaptopodin staining was measured by image ] program from NIH
and presented as percentage area of the glomeruli positive for the
staining. Values are represented as mean 4 SD. Cux1, cut-like homeo-
box; Hes, hairy enhancer of split; HIV-Tg, HIV-1 transgenic sections;
IC, intracellular; ND, not detected; NIH, National Institute for Health;
normal, wild-type kidney sections; PCNA, proliferating cell nuclear
antigen; TLE, transducin-like enhancer of split; WT1, Wilms tumor 1.

*P<0.05 was considered as statistically significant.

**P < 0.001 was considered highly statistically significant.





