
Expression of the Ammonia Transporter, Rh C Glycoprotein, in 
Normal and Neoplastic Human Kidney

Ki-Hwan Han*, Byron P. Croker†,‡, William L. Clapp†,‡, Dietrich Werner†, Manisha Sahni§, 
Jin Kim∥, Hye-Young Kim§, Mary E. Handlogten§, and I. David Weiner§,¶

*Department of Anatomy, Ewha Womans University, Seoul, Korea

†Department of Pathology, University of Florida

§Division of Nephrology, Hypertension and Transplantation, University of Florida

‡Department of Pathology, North Florida/South Georgia Veterans Health System, Gainesville, 
Florida

¶Nephrology Section, North Florida/South Georgia Veterans Health System, Gainesville, Florida

∥Department of Anatomy and Medical Research Center for Cell Death Disease Research Center, 
The Catholic University of Korea, Seoul, Korea

Abstract

Recent studies have identified the presence of a novel Mep/Amt/Rh glycoprotein family of 

proteins that may play an important role in transmembrane ammonia transport. One of the 

mammalian members of this family, Rh C glycoprotein (RhCG), transports ammonia, is expressed 

in distal nephron sites that are critically important for ammonia secretion, exhibits increased 

expression in response to chronic metabolic acidosis, and originally was cloned as a tumor-related 

protein. The purpose of our studies was to determine the localization of RhCG in the normal and 

neoplastic human kidney. Immunoblot analysis of human renal cortical protein lysates 

demonstrated RhCG protein expression with a molecular weight of approximately 52 kD. 

Immunohistochemistry revealed both apical and basolateral Rhcg expression in the distal 

convoluted tubule, connecting segment, and initial collecting tubule and throughout the collecting 

duct. Co-localization with calbindin-D28k, H+-ATPase, aquaporin-2, and pendrin showed that 

distal convoluted tubule and connecting segment cells, A-type intercalated cells, and non-A, non-

B cells express RhCG and that B-type intercalated cells, principal cells, and inner medullary 

collecting duct cells do not. In renal neoplasms, RhCG was expressed by chromophobe renal cell 

carcinoma and renal oncocytoma but not by clear cell renal cell carcinoma or by papillary renal 

cell carcinomas. These studies suggest that RhCG contributes to both apical and basolateral 

membrane ammonia transport in the human kidney. Furthermore, renal chromophobe renal cell 

carcinoma and renal oncocytoma seem to originate from the A-type intercalated cell.
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Renal ammonia metabolism is the primary component of net acid excretion and thereby is 

critical for acidbase homeostasis (1-4). Ammonia is produced by the proximal tubule and is 

secreted preferentially into the luminal fluid. The thick ascending limb of the loop of Henle 

reabsorbs the majority of luminal ammonia into the renal interstitium, where the collecting 

duct secretes it into the luminal fluid. Under normal conditions, 70 to 80% of total urinary 

ammonia is secreted by the collecting duct, and almost the entire increase in net acid 

excretion in response to chronic metabolic acidosis is due to increased ammonia excretion. 

Importantly, this increased renal ammonia excretion is associated with substantial increases 

in collecting duct ammonia secretion. Accordingly, understanding the regulation of 

collecting duct ammonia transport is important.

Recent studies have identified a Mep/Amt/Rh glycoprotein family of proteins, which we 

have termed the ammonia transporter family, that may mediate an important role in 

ammonia transport (5-7). The mammalian members of this family include the erythroid-

specific protein Rh A glycoprotein (RhAG/Rhag) and the nonerythroid proteins Rh B 

glycoprotein (RhBG/Rhbg) and Rh C glycoprotein (RhCG/Rhcg). Early studies identified 

that RhAG and RhCG were homologous to Mep/Amt proteins and that they restored 

ammonia-dependent growth in yeast that was deficient in endogenous ammonia transporters, 

suggesting that RhAG and RhCG could function as ammonia transporters (8). Further 

studies demonstrated that RhAG can transport ammonia and have characterized the transport 

as being functionally equivalent to facilitated NH3 transport and/or NH4
+/H+ exchange 

(9-11).

The nonerythroid Rh glycoproteins, RhBG and RhCG, also transport ammonia (10-16) and 

are expressed in a wide variety of tissues in which ammonia metabolism is important, 

including kidneys, liver, central nervous system, gastrointestinal tract, and skeletal muscles 

(17-23). In the kidney, RhCG is expressed in the distal convoluted tubule (DCT), connecting 

segment (CNT), initial collecting tubule (ICT), and collecting duct in both rat and mouse 

kidneys (19,21,24), and Rhcg expression in the outer medullary collecting duct (OMCD) 

and inner medullary collecting duct (IMCD) increases in response to chronic metabolic 

acidosis (24,25). Therefore, RhCG may be important in renal ammonia transport.

To understand the specific role of RhCG in renal ammonia transport, it is important to know 

both its cellular and its membrane expression in the human kidney. Studies in the mouse and 

rat have suggested that there may be species-specific differences in the location of RhCG. In 

the mouse kidney, only apical immunoreactivity for RhCG has been reported (19). One 

study in the rat kidney also identified only apical RhCG immunoreactivity (21), whereas 

other studies, using both light microscopic immunohistochemistry and immunogold electron 

microscopy, have demonstrated RhCG expression in both the apical and basolateral plasma 

membranes (24,25). Therefore, it is possible that RhCG/Rhcg may play a central role in both 

apical and basolateral ammonia transport in the mammalian kidney. However, no previous 

studies have examined the expression of these proteins in the human kidney. Given the 

important differences in the expression of Rhcg, apical versus apical and basolateral, in the 

rat and mouse kidneys, respectively, understanding RhCG’s expression in the human kidney 

is important for understanding its specific role in human ammonia transport. Therefore, the 

purpose of our studies was to examine RhCG expression in the normal human kidney. We 
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used nephrectomy specimens that were obtained as part of treatment for renal carcinomas 

and examined RhCG expression in uninvolved regions of the kidney and in neoplastic 

regions. To determine the specific cell types that express RhCG, we performed double-

labeling immunohistochemistry using antibodies against calbindin D28K, H+-ATPase, 

pendrin, and aquaporin-2 (AQP-2).

Materials and Methods

Antibodies

Affinity-purified antibodies to RhCG that were generated in this laboratory have been 

characterized previously (17,19,20,24,25). Antibodies to H+-ATPase were obtained from 

Santa Cruz Biotechnology (SC-20943; Santa Cruz, CA), and antibodies to AQP-2 and 

calbindin- D28k were obtained from Chemicon (Temecula, CA). Antibodies to pendrin were 

provided by Ines E. Royaux, PhD (National Human Genome Research Institute, National 

Institutes of Health, Bethesda, MD).

Human Kidney Tissue

Normal human kidney tissues were obtained from the pathology laboratory of the 

Gainesville Veterans Affairs Medical Center (GVAMC; Gainesville, FL). Samples were 

obtained from unused portions of nephrectomy specimens that resulted from treatment of 

renal cell carcinoma. Tissue was fixed in 10% buffered formalin. Tissue from a total of 15 

kidneys was used. These studies were approved by Subcommittee for Clinical Investigation, 

GVAMC, and the University of Florida.

Human Renal Cortical Protein Lysate

Normal human renal cortical protein lysates were obtained from Becton-Dickinson 

Biosciences (San Jose, CA).

Immunoblot Analysis

Immunoblot analysis was performed as described previously in detail (17,19,20,26). Briefly, 

renal tissue lysate protein (25 μg/lane) was electrophoresed on 10% PAGE ReadyGels (Bio-

Rad, Hercules, CA). Proteins were transferred electrophoretically to nitrocellulose 

membranes; membranes then were blocked and incubated for 5 h with 7 μg/ml affinity-

purified primary antibody. After washing, membranes were exposed to secondary antibody 

(goat anti-rabbit IgG conjugated to horseradish peroxidase; Promega, Madison, WI) diluted 

1:5000. Sites of antibody-antigen reaction were visualized using enhanced 

chemiluminescence and a Kodak Image Station 440CF digital imaging system (Perkin-

Elmer Life Sciences, Boston, MA).

Immunohistochemistry

Immunolocalization of RhCG was accomplished using immunoperoxidase procedures and a 

commercially available kit (Dako, DakoCytomation, Glostrup, Denmark) as we have 

reported in detail previously (17,19,20,24). RhCG antibody was used at either 1:1000 or 

1:2000 dilution. Similar results were obtained with each dilution. In some experiments, 
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sections were counterstained with hematoxylin. Sections were photographed using a Nikon 

E600 microscope equipped with DIC optics, a DXM1200F digital camera, and ACT-1 

software (Nikon USA, Melville, NY).

Double-Labeling Procedure

Co-localization of RhCG with other proteins was performed using sequential 

immunoperoxidase procedures and a commercially available kit (Dako, DakoCytomation). 

The tissue sections were dewaxed; had endogenous peroxidase quenched using DAKO 

Peroxidase solution for 30 min; then were washed, incubated with DAKO serum-free 

blocking solution, washed, and incubated with RhCG antibody overnight at 4°C in a 

humidified chamber. The sections then were washed, incubated with biotinylated anti-mouse 

and anti-rabbit secondary antibody (DAKO LSAB2 kit) for 30 min, washed, incubated with 

streptavidin for 30 min, washed, exposed to diaminobenzidine for 5 min, and then washed. 

The above procedure then was repeated with the substitution of a second primary antibody 

(H+-ATPase, 1:200; AQP-2, 1:200; or, calbindin D28K, 1:5000) and the substitution of 

Vector SG for diaminobenzidine.

Nomenclature

The term ammonia is used to refer to the combination of the two molecular species, NH3 

and NH4
+. When referring specifically to the molecular species NH3, we specifically state 

“NH3,” and when referring to NH4
+ we specifically state “NH4

+”. According to standard 

nomenclature, RhAG refers to the human Rh A glycoprotein, and Rhag refers to nonhuman 

Rh A glycoproteins, and we use a similar pattern for Rh B and C glycoproteins. In the initial 

report, the term RhGK (Rh glycoprotein kidney) was used (8). RhCG and RhGK are 

alternative names for the same protein and mRNA. RhCG is the term that is used most 

frequently currently and is used in this report.

Results

Immunoblot Analysis

Immunoblot analysis of normal human renal cortical protein lysate identified expression of a 

52-kD protein that was identical in apparent molecular weight to that observed in the normal 

mouse kidney (Figure 1A). A minor band with a molecular weight of approximately 48 kD 

also was present. This latter band is consistent with alternative glycosylation of RhCG, 

which was reported previously in the rat kidney (21). Specificity of the immunoblot 

immunoreactivity was confirmed both by using affinity-purified antibodies, which prevented 

the nonspecific immunoreactivity in mouse kidney protein that was reported previously 

when unpurified antisera were used (19), and by showing that preincubating the antibody 

with the immunizing peptide blocked protein recognition (Figure 1B).

RhCG Immunolocalization

Immunohistochemical localization of RhCG in human kidney revealed expression in the 

DCT, CNT, and ICT and throughout the collecting duct (Figure 2). Preincubating the 

affinity-purified antibody with the immunizing peptide blocked detectable immunoreactivity 
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(Figure 2B). Tissues that were treated with secondary antibody alone showed no detectable 

immunoreactivity (data not shown).

High-power observation of RhCG expression showed both apical and basolateral 

immunoreactivity. In the CNT and DCT, almost all cells expressed RhCG immunoreactivity 

(Figure 2C). In the cortical collecting duct (CCD), OMCD, and IMCD, only a minority of 

cells expressed detectable RhCG immunoreactivity (Figure 2, D through F). In general, 

basolateral RhCG immunoreactivity seemed more intense than apical immunoreactivity. No 

expression was observed in the glomerulus, proximal tubule, loop of Henle, or erythrocytes. 

The segmental distribution of RhCG in human kidney seems to be similar to the mouse and 

rat kidney (19,21,24).

Co-Localization with Calbindin-D28k

To confirm that the convoluted tubule segments that expressed RhCG were the DCT and 

CNT and not proximal tubule segments, we performed co-localization with calbindin-D28k, 

which labels DCT, CNT, and CCD but not the proximal tubule (27). Figure 3A shows 

representative findings in which calbindin- D28k–positive cells expressed RhCG, thereby 

confirming that RhCG is expressed by the DCT and CNT.

Co-Localization of RhCG with H+-ATPase

At least two fundamentally different cell types are present in the CNT and the collecting 

duct: The principal cell and the intercalated cell. Intercalated cells are involved in H+ 

secretion and are regulated by acid-base balance, are characterized by intense H+-ATPase 

expression, and in the mouse and rat kidneys are the sites of increased RhCG expression 

(19,21,24,25). Co-localization of RhCG with H+-ATPase in the human kidney showed 

increased RhCG expression in intercalated cells. CNT cells with apical H+-ATPase (A-type 

intercalated cells and non-A, non-B cells) expressed intense RhCG immunoreactivity 

(Figure 3B). Cells with diffuse H+-ATPase (B-type intercalated cells) did not express 

detectable RhCG immunoreactivity. H+-ATPase–negative cells expressed intermediate 

RhCG immunoreactivity. In the CCD, only intercalated cells with apical H+-ATPase 

immunoreactivity (A-type intercalated cells) expressed RhCG (Figure 3C). Cells with 

diffuse H+-ATPase immunoreactivity (B-type intercalated cells) did not express detectable 

RhCG immunoreactivity; neither was RhCG immunoreactivity identified in H+-ATPase–

negative principal cells. In the OMCD, only H+-ATPase–positive A-type intercalated cells 

expressed RhCG; H+-ATPase–negative principal cells did not (Figure 3D).

Co-Localization of RhCG with Pendrin

These observations suggest that A-type and/or non-A, non-B intercalated cells but not B-

type intercalated cells express RhCG. To confirm this, we co-localized RhCG with pendrin, 

an apical Cl−/HCO3
− exchanger that is present in the B-type intercalated cell and the non-A, 

non-B cell but not in the A-type intercalated cell (28-30). In the CNT, where the majority of 

pendrin-positive cells are non-A, non-B cells, the majority of pendrin-positive cells 

expressed RhCG immunoreactivity (Figure 3E). This, combined with the observation that 

cells in the CNT with apical H+-ATPase immunoreactivity express RhCG, identifies that 

CNT non-A, non-B intercalated cells express RhCG.
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In the CCD, where the majority of pendrin-positive intercalated cells are B-type intercalated 

cells, pendrin-positive cells did not express RhCG immunoreactivity (Figure 3F). This, 

combined with the observation that CCD intercalated cells with diffuse H+-ATPase 

immunoreactivity did not express RhCG, identifies that B-type intercalated cells do not 

express RhCG. We also observed that some CCD had many pendrin-positive cells, whereas 

other CCD had few, even in the same kidney. The explanation for this observation is not 

clear.

Co-Localization of RhCG with AQP-2

The observation that RhCG is not expressed by H+-ATPase–negative cells in the CCD, 

OMCD, and IMCD suggests that the principal cell and the IMCD cell do not express RhCG. 

To confirm this, we performed co-localization of RhCG with AQP-2, a principal cell and 

IMCD cell marker. AQP-2–positive cells in the CNT expressed RhCG (Figure 3G), whereas 

AQP- 2–positive cells in the CCD, OMCD, and IMCD did not (Figure 3, H and I). In the 

CNT, both principal cells and nonprincipal cells expressed RhCG. In contrast, CCD, OMCD 

principal cells, and IMCD cells did not express RhCG.

RhCG Expression in Renal Carcinomas

Because of the high level of RhCG expression in the kidney, we examined whether RhCG 

might be expressed in renal tumors. Both chromophobe renal cell carcinoma specimens (n = 

2) and renal oncocytoma (n = 2) specimens expressed plasma membrane RhCG 

immunoreactivity (Figure 4, A and B). Apparent tubule-like profiles occasionally were 

evident in renal oncocytomas in which all cells expressed both apical and basolateral RhCG 

immunoreactivity (Figure 4C). Tubular profiles were not observed in chromophobe renal 

cell carcinomas. RhCG immunoreactivity intensity in both chromophobe renal cell 

carcinoma and renal oncocytoma was less intense than in RhCG-positive cells in adjacent 

portions of uninvolved renal parenchyma.

No detectable RhCG immunoreactivity was observed in either papillary cell carcinoma (n = 

4) or clear cell renal cell carcinoma (n = 5). RhCG immunoreactivity was easily visible in 

adjacent normal renal structures, thereby providing internal validation that confirms efficacy 

of the labeling procedure in these studies (Figure 4, D and E). Thus, RhCG is expressed by 

chromophobe renal cell carcinoma and renal oncocytoma but not by either renal cell or clear 

cell renal cell carcinomas.

Discussion

These studies provide the first examination of the expression of the nonerythroid ammonia 

transporter family member, RhCG, in the normal and neoplastic human kidney. RhCG is 

present in the DCT, CNT, and ICT and throughout the collecting duct, and it exhibits both 

apical and basolateral expression. In the cortex, CNT cells, A-type intercalated cells, and 

non-A, non-B cells but not B-type intercalated cells express RhCG. In the CCD, OMCD, 

and IMCD, only A-type intercalated cells express RhCG; there was no detectable expression 

by either principal cells, B-type intercalated cells, or IMCD cells. This expression pattern 

has important differences from both the mouse and the rat kidney and has important 
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implications for the mechanisms of ammonia secretion by the human kidney. Finally, 

chromophobe renal cell carcinoma and renal oncocytomas, but not papillary renal cell 

carcinoma or clear cell renal cell carcinomas express RhCG.

The first major finding in this study is that RhCG is expressed in the human kidney in distal 

nephron sites involved in ammonia secretion. Ammonia is produced in the proximal tubule 

through glutamine metabolism, reabsorbed in the thick ascending limb of the loop of Henle, 

and then secreted by the collecting duct (1-3). Under normal conditions, the collecting duct 

secretes approximately 70 to 80% of total urinary ammonia, and collecting duct ammonia 

secretion is substantially stimulated in response to chronic metabolic acidosis (1,4). 

Moreover, RhCG expression is stimulated by chronic metabolic acidosis, at least in the 

OMCD and the IMCD, consistent with RhCG’s mediating a critical role in ammonia 

secretion (24). The finding that the human kidney expresses RhCG in distal nephron sites 

that are involved in ammonia secretion is consistent with RhCG’s contributing to renal 

ammonia metabolism.

The observation that RhCG is expressed in collecting duct intercalated cells supports 

existing hypotheses regarding ammonia secretion. In animal models, luminal acidification, 

including the generation of a luminal disequilibrium pH, results from apical H+ secretion by 

H+-ATPase and H+-K+-ATPase and is both necessary for and regulates transepithelial 

ammonia secretion (31-36). Collecting duct ammonia transport seems to involve both 

diffusive and transporter-mediated components (26,37), and the transporter-mediated 

component of apical transport is stimulated by luminal H+ (37). This may be relevant to 

maximizing the efficiency of ammonia secretion. H+ secretion in the absence of luminal 

carbonic anhydrase activity generates a luminal disequilibrium pH. This accelerates 

ammonia secretion to a greater degree than is explainable by the mean luminal pH 

(33,35,38). Because intercalated cells are the primary mechanism of collecting duct H+ 

secretion, the luminal disequilibrium pH is greatest in the region adjacent to the intercalated 

cell apical membrane. The close proximity of the greatest degree of luminal acidification 

with apical RhCG may increase apical membrane ammonia transport. Thus, the concomitant 

expression of both apical H+ and ammonia transport mechanisms in the same cells may 

enable synergistic H+ and ammonia secretion.

An important new observation is that the cellular expression of RhCG in the human kidney 

differs from that observed in rat and the mouse kidney. In the rat and mouse kidneys, 

principal cells in the CCD and OMCD express Rhcg (19,21,24), and principal cell Rhcg 

expression, at least in the OMCD, is stimulated by chronic metabolic acidosis (25). This 

contrasts with observations in the human kidney (our study) in which no detectable RhCG 

immunoreactivity was observed in these cells. This could reflect either fundamental 

differences in functional role of the CCD and OMCD principal cell in the rat and mouse as 

compared with the human kidney or RhCG expression in the human principal cells below 

the level of detectability. It is important to note that the H+-K+-ATPase isoforms HKα2a and 

HKα2c have been identified in rat and rabbit principal cells (39,40), that rabbit outer 

medullary collecting duct in the inner stripe (OMCDi) principal cells possess multiple 

physiologically regulated apical H+ transport mechanisms (41,42), and that chronic 

metabolic acidosis increases rat OMCDi principal cell RhCG expression (25). Thus, in the 
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rat, mouse, and rabbit kidneys, principal cells seem to contribute to transporter-mediated 

trans-epithelial H+ and ammonia secretion. It is possible that differences in principal cell 

RhCG immunoreactivity between human and rodent kidneys could reflect principal cells 

contributing to acidbase and ammonia metabolism in the rodent kidney but not in the human 

kidney.

A second important observation is that human renal RhCG expression is predominantly 

basolateral, with a lesser degree of apical immunoreactivity. In the mouse kidney, only 

apical immunoreactivity has been observed (18,19). In the rat, one study found only apical 

RhCG immunoreactivity (18), whereas we observed, using both light and immunogold 

electron microscopy, that rat collecting duct cells express both apical and basolateral plasma 

membrane RhCG (24,25) and that basolateral plasma membrane Rhcg expression in the 

OMCDi exceeds apical plasma membrane expression under basal conditions (25). Chronic 

metabolic acidosis increases rat basolateral plasma membrane Rhcg expression, suggesting 

that basolateral Rhcg mediates a physiologically relevant role in increased ammonia 

secretion in physiologically relevant conditions (25). Therefore, it is possible that basolateral 

RhCG in the human kidney contributes to basolateral ammonia uptake and, thereby, to 

transepithelial ammonia secretion.

Differences in RhCG expression in the B-type intercalated cell and the non-A, non-B cell 

may provide important insights into the physiologic role of these cell types. The B-type 

intercalated cell generally is believed to mediate important roles in both bicarbonate 

secretion in response to metabolic alkalosis and chloride reabsorption in response to chloride 

depletion and/or mineralocorticoid stimulation (30,43-45). The absence of RhCG in this cell 

type is consistent with the lack of necessity for transcellular ammonia secretion in any of 

these conditions. In contrast, the non-A, non-B cell expresses apical H+-ATPase in 

conjunction with apical pendrin and apical RhCG, suggesting that this cell type may 

contribute to both proton secretion and ammonia secretion and to regulation of Cl− 

homeostasis.

Another observation from these studies is that RhCG is expressed by chromophobe renal 

cell carcinoma and renal oncocytomas but not by either papillary renal cell carcinoma or 

clear cell renal cell carcinomas. Renal oncocytomas are benign neoplasms with a granular 

eosinophilic cytoplasm that contains numerous mitochondria (46). Chromophobe renal cell 

carcinomas are low-grade malignant neoplasms with a mixture of eosinophilic cells and 

cells with clear cytoplasm and numerous microvesicles and variable numbers of 

mitochondria (46,47). Each tumor accounts for up to 5% of renal neoplasms (48,49). Despite 

their different neoplastic potential, both express carbonic anhydrase II (CA II) and AE1 and 

lack immunoreactivity for high molecular weight cytokeratin, vimentin, CD10, and peanut 

lectin (50-53). RhCG expression by both of these tumors, as demonstrated in our study, in 

combination with previous evidence of CA II and AE1 expression, strongly suggests that 

they derive from collecting duct A-type intercalated cells. Because DCT and CNT cells, 

which express RhCG, do not express CA II or AE1, chromophobe renal cell carcinomas and 

renal oncocytomas are unlikely to originate from either DCT or CNT cells. Because 

differentiating chromophobe renal cell carcinoma from renal cell carcinoma using standard 

histologic criteria sometimes is difficult, examining RhCG immunoreactivity may be helpful 
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in selected cases. The lack of RhCG immunoreactivity in clear cell renal cell carcinoma and 

papillary renal cell carcinoma is consistent with previous studies, suggesting that these 

tumors likely derive from proximal tubule cells (54,55).

Although RhCG originally was cloned as a tumor-related cDNA (56), RhCG 

immunoreactivity in chromophobe renal cell carcinoma and renal oncocytoma was less 

intense than in adjacent uninvolved renal parenchyma. Decreased RhCG expression has 

been observed in other epithelial cancers (57). Therefore, decreased, not increased, RhCG 

overexpression may be characteristic of human tumors. It is interesting that the level of 

RhCG downregulation may have prognostic significance in the response of some tumors to 

treatment (58). Whether similar correlations between RhCG expression and treatment 

response will be possible for chromophobe renal cell carcinoma and renal oncocytoma is 

unknown at present.

It is important to recognize that RhCG has not been shown definitively to contribute in vivo 

to ammonia transport. Extensive in vitro evidence shows that all mammalian Rh 

glycoproteins, RhAG/Rhag, RhBG/Rhbg, and RhCG/Rhcg, can transport ammonia 

(8-16,59) and that collecting duct ammonia transport exhibits characteristics that are 

consistent with transport by Rh glycoproteins (26,37). However, disruption of the Rhbg gene 

does not detectably alter basal or acidosis-stimulated renal ammonia metabolism (60). 

Therefore, either Rhbg is not involved in renal ammonia transport, or compensatory 

mechanisms exist in its absence. An alternative role for Rh glycoproteins is CO2 transport, 

particularly in view of evidence in the green algae, Chlamydomonas reinhardtii, that the Rh 

glycoprotein Rh1 may be involved in CO2 transport (61,62).

Another potential limitation of these studies is that they use tissue from kidneys with 

coexisting carcinoma. Because patients with renal carcinomas generally have normal acid-

base balance and normal renal function, at least before surgical nephrectomy, systemic pH 

alterations or impaired GFR are unlikely to have altered RhCG expression in the tissues 

studied. It is possible but unlikely that there might be alterations at the molecular or cellular 

level of uninvolved kidney that predisposed to the development of renal carcinoma that 

could alter RhCG expression. Against this possibility, however, is that different 

abnormalities probably are present in differing renal tumors and the similarity of RhCG 

expression that we observed in kidneys with multiple different types of renal carcinomas.

Conclusion

Our study identifies several important features of RhCG expression in the normal and 

neoplastic human kidney. Similar to the mouse and rat kidney, human renal RhCG is found 

in the DCT, CNT, ICT, and the collecting duct, sites that are responsible for secreting the 

majority of renal ammonia secretion. In contrast to the mouse and rat, however, in the 

collecting duct, RhCG is found only in intercalated cells that express apical H+-ATPase, the 

A-type intercalated cell, and the non-A, non-B cell, suggesting that coordinated proton and 

ammonia transport and generation of a luminal disequilibrium pH are critically important for 

transepithelial ammonia secretion. RhCG is not found in the B-type intercalated cell, 

consistent with this cell type having a primary role in the human kidney in bicarbonate 
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excretion and chloride reabsorption and not in urine acidification or ammonia secretion. 

Finally, both chromophobe renal cell carcinoma and renal oncocytoma but not clear cell 

renal cell carcinoma or papillary renal cell carcinomas express RhCG, consistent with the 

former two but not the latter two originating from collecting duct intercalated cells.
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Figure 1. 
Immunoblot of normal human kidney protein. (A) Immunoblot of normal human and mouse 

renal cortical protein revealed expression of a 52-kD protein that was identical in size to 

mouse kidney Rh C glycoprotein (Rhcg). Lesser abundance of an approximately 48-kD 

protein also is observed, consistent with alternative glycosylation of RhCG. (B) Immunoblot 

specificity by showing the effect of preincubating the antibody with the immunizing peptide.
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Figure 2. 
Low-power micrograph of RhCG expression in the human kidney. (A) Low-power 

magnification of RhCG immunoreactivity in human kidney cortex. Immunoreactivity is 

present in a subset of convoluted tubule segment and in collecting duct epithelia. No 

expression is observed in proximal tubule epithelia (PT) or glomeruli (G). (B) Preincubation 

of the antibody with the immunizing peptide blocked immunoreactivity. (C) Rhcg 

expression in convoluted tubule segments in the human cortex. Both apical and basolateral 

Rhcg immunoreactivity is clearly present. Essentially all cells express Rhcg, and a subset of 

cells demonstrates increased immunoreactivity. (D) Expression in the cortical collecting 

duct (CCD). In contrast to convoluted tubule and initial collecting duct segments, only a 

subset of CCD cells expresses detectable RhCG immunoreactivity. These cells tend to be 

larger, protrude into the tubule lumen, and have morphologic characteristics suggestive of 

intercalated cells. (E) Expression in the outer medullary collecting duct in the inner stripe. 

Both apical and basolateral immunoreactivity is present in only a subset of cells (arrows). 

Basolateral immunoreactivity in these cells appears to be more intense than the apical 

immunoreactivity. (F) Expression in the inner medullary collecting duct. Only a minority of 

cells expresses Rhcg immunoreactivity (arrows); both apical and basolateral Rhcg 

immunoreactivity is present in these cells.
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Figure 3. 
Co-localization of RhCG with calbindin-D28k, H+-ATPase, pendrin, and aquaporin-2 

(AQP-2). (A) Co-localization of RhCG (brown) with the distal convoluted tubule (DCT)- 

and connecting segment (CNT)-specific marker calbindin-D28k (blue). Convoluted tubule 

segments that expressed calbindin-D28k (arrows) also expressed RhCG, whereas calbindin-

D28k–negative cortical segments (*) did not. (B) Co-localization of H+-ATPase (blue) with 

RhCG (brown) in the CNT. Both cells with apical H+-ATPase immunoreactivity (arrows; 

the A-type intercalated cell and non-A, non-B cell) and cells without detectable H+-ATPase 

immunoreactivity (arrowheads; DCT and CNT cells) express apical and basolateral RhCG 

immunoreactivity. Cells with diffuse H+-ATPase immunoreactivity (B-type intercalated 

cells) do not (white arrows). (C) In the cortical collecting duct (CCD), cells with apical H+-

ATPase immunoreactivity (blue) express RhCG (arrows), whereas cells with diffuse H+-

ATPase immunoreactivity do not (white arrow). In contrast to the CNT, H+-ATPase–

negative CCD principal cells do not express detectable RhCG immunoreactivity. (D) In the 

outer medullary collecting duct, H+-ATPase–positive cells (intercalated cells) express RhCG 

immunoreactivity (arrows), whereas H+-ATPase–negative cells (principal cells) do not. (E) 

In the CNT, both cells with apical (arrows) and without detectable apical pendrin (brown) 

express RhCG (blue). (F) CCD pendrin-positive cells (arrows) do not express detectable 

RhCG, and RhCG-positive cells do no express detectable pendrin (arrowheads). (G) Co-

localization of AQP-2 (blue) with RhCG (brown) in the DCT (left tubule) and initial 

collecting tubule (ICT; right tubule). In the DCT, both apical AQP-2–positive (arrowhead) 

and AQP-2–negative (arrows) cells express RhCG, although AQP-2– negative cells, in 
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general, express more intense RhCG immunoreactivity. Rare AQP-2–and RhCG-negative 

cells (yellow arrow) most likely are B-type intercalated cells. In the ICT (right tubule), 

AQP-2–positive cells (white arrows) do not exhibit significant RhCG immunoreactivity, 

whereas AQP-2–negative cells (white arrowheads) do. (H) A CCD in which AQP-2–

positive principal cells (arrows) do not exhibit detectable RhCG immunoreactivity. AQP-2–

negative cells (intercalated cells), in general, express intense RhCG immunoreactivity 

(arrowhead). Cells without either detectable AQP-2 or RhCG (white arrow) most likely are 

B-type intercalated cells. In the outer medulla (I), only AQP-2–negative cells (arrowheads) 

express detectable RhCG immunoreactivity; AQP-2–positive cells do not (arrows).
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Figure 4. 
RhCG expression in renal carcinomas. (A) Rhcg expression in chromophobe renal cell 

carcinoma and plasma membrane RhCG immunoreactivity in this pleomorphic tumor. No 

immunoreactivity was seen in tumor sections that were stained with an unrelated antibody. 

(B and C) Rhcg immunoreactivity in human oncocytoma. Occasional tubular profiles (*) 

demonstrated RhCG immunoreactivity in all cells, consistent with origin from collecting 

duct A-type intercalated cells (C), and expressed both apical and basolateral Rhcg 

immunoreactivity. RhCG immunoreactivity in both chromophobe renal cell carcinoma and 

in oncocytoma was less intense than in adjacent normal renal parenchyma (data not shown). 

(D and E) Immunohistochemical examination of RhCG immunoreactivity in papillary renal 

cell carcinoma (D) and clear cell renal cell carcinoma (E). No detectable RhCG 

immunoreactivity was observed in either tumor type. RhCG immunoreactivity in adjacent 

uninvolved renal parenchyma (arrow, D) was normal.
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