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Abstract

Renal tubular fluid in the distal nephron is supersat-
urated with calcium and oxalate ions that nucleate to
form crystals of calcium oxalate monohydrate (COM),
the most common crystal in renal stones. How these
nascent crystals are retained in the nephron to form cal-
culi in certain individuals is not known. Recent studies
from this laboratory have demonstrated that COM crys-
tals can bind within seconds to the apical surface of re-
nal epithelial cells, suggesting one mechanism whereby
crystals could be retained in the tubule. Adherence of
crystals to cells along the nephron may be opposed by
specific urinary anions such as glycosaminoglycans, uro-
pontin, nephrocalcin, and citrate. In culture, adherent
crystals are quickly internalized by renal cells, and reor-
ganization of the cytoskeleton, alterations in gene ex-
pression, and initiation of proliferation can ensue. Each
of these cellular events appears to be regulated by extra-
cellular factors. Identification of molecules in tubular
fluid and on the cell surface that determine whether a
crystal-cell interaction results in retention of the crystal
or its passage out of the nephron appears critical for un-
derstanding the pathogenesis of nephrolithiasis.
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Introduction

Renal tubular fluid in the distal nephron is super-
saturated with calcium and oxalate ions that nucleate to
form crystals of calcium oxalate (CaOx) monohydrate
(COM), the most common crystal in renal stones. How
these nascent crystals are retained in the kidney to form
calculi in certain individuals is unknown. Given known
rates of crystal growth and tubular fluid flow, calcula-
tions suggest that a single crystal would not become
large enough to occlude the lumen during its transit
through the nephron [13]. A recent study from this lab-
oratory indicates that renal epithelial cells rapidly and
specifically bind and internalize COM crystals, suggest-
ing one mechanism whereby these crystals could be re-
tained in the nephron [33, 35] and subsequently form a
kidney stone [17, 36, 37]. Here we present experimen-
tal results that support a new hypothesis: factors which
modulate the crystal-cell interaction are critical determi-
nants in forming of a renal calculus.

COM crystals and human kidney cells

Opportunities to study intracellular crystals in vivo
are limited in part because histological examination of
kidneys from patients with nephrolithiasis is notoriously
difficult, as calcifications often disrupt tissue architecture
during sectioning, and calcium deposits can be lost dur-
ing tissue fixation [45]. The existing evidence that crys-
tal-renal cell interactions occur in vivo is partially de-
rived from case reports of patients with disorders of ox-
alate metabolism. For example, deposition of CaOx
crystals in tubular cells of a transplanted kidney was ob-
served in a patient with primary hyperoxaluria days after
kidney-liver transplantation in association with marked
oxalate excretion [34]. In some tubular epithelial cells,
crystals were seen, whereas others exhibited prolifera-
tion or multinucleated giant cell formation. Human kid-
ney tubular cells containing CaOx crystals, in some in-
stances undergoing proliferation, have also been de-
scribed in other states of high urinary excretion of oxa-
late such as primary hyperoxaluria [50], malabsorption
secondary to Crohn’s disease and chronic pancreatitis
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Figure 1. Kinetics and crystal-type specificity of crystal adhesion to BSC-1 cells. High-density, quiescent cultures were
prepared, and COM crystals were added from a sterile suspension in water to the culture medium. (A) Association
of ['4cjcoM crystals with BSC-1 cells. At specified times after addition of [*4cjcoM crystals, the monolayer was
washed 3 times with phosphate-buffered saline, scraped into a scintillation vial, and radioactivity was measured.
Association of crystals was greater than control after 15 seconds, and maximal by 30 seconds (p < 0.001). (B) Cells
were examined under a polarizing microscope for the presence of associated particulates 2 minutes after addition to the
medium. Binding of COM crystals was significantly greater than for brushite (BR). Each value is the mean {error bars
are + the standard error (SE)} for at least 3 cultures. Adapted from Lieske et al. [37].

[40, 63], and following intestinal bypass surgery for
obesity [15]. These observations in human kidney tissue
suggest that renal epithelial cells can bind and internalize
CaOx crystals in vivo. Also, when high-density, quies-
cent cultures of non-transformed monkey renal epithelial
cells (BSC-1 line) were used as a model of the distal tu-
bular epithelium to study crystal-cell interactions, COM
crystals were internalized by the cells and stimulated
proliferation, thereby duplicating responses observed in
the human kidney [33, 35].

Adhesion and internalization of crystals by renal
epithelial cells

The apparent affinity of COM crystals for molecules
on the apical surface of renal epithelial cells favors the
binding of nascent crystals that form in supersaturated
tubular fluid. Furthermore, relatively slow flow at the
tubular fluid-cell interface as a result of hydrodynamic
forces would promote crystal-cell interactions, especially
in the predicted "dead zones" of very sluggish flow [51].

To define the time course of adhesion and internali-
zation of a typical urinary crystal by monkey kidney epi-
thelial cells, ['4C]JCOM crystals (300 pug/ml medium;
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70.8 ug/cm? cell surface) were added to the medium of
high-density, quiescent monolayer cultures (BSC-1 line).
Adherence of crystals to these cells was detected as early
as 15 seconds, and binding reached a plateau by 30 sec-
onds (Fig. 1A). Addition of crystal amounts from 25
pg/ml (5.9 pg/cm?) to 300 ug/ml (70.8 pg/cm?) was as-
sociated with a linear increase in binding from 2.3 +
0.3 to 43.2 + 1.0 pg/105 cells after 2 minutes [37].
The quantity of crystals adherent to confluent canine
kidney epithelial cells {Madin-Darby canine kidney
(MDCK) line} and fibroblasts (Balb/c3T3 cells) also in-
creased linearly as a function of the amount added. To
confirm that cell-associated radioactivity represented
adherent crystals, BSC-1 cells were examined under a
light microscope two minutes after addition of crystals
(200 pg/ml). Inspection revealed that 9.7 + 0.2% of
cells had adherent crystals compared to only 0.8 +
0.2% of cells exposed to calcium phosphate crystals
{brushite (BR); 200 ug/ml} two minutes after addition
(Fig. 1B). Thus, COM crystals rapidly and specifically
adhere to renal epithelial cells in culture, suggesting
inherent recognition characteristics on the crystal and
kidney cell surfaces.
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Figure 2. Scanning and transmission
electron micrographs showing adhesion
and internalization of COM crystals by
BSC-1 cells. High density, quiescent
cultures were exposed to COM crystals
for specified periods of time, then fixed
with half-strength Karnovsky solution.
For SEM (A and B), cells were air
dried, mounted on a stub, coated with
gold and examined with a scanning mi-
croscope at an accelerating voltage of
40 kV. For TEM (C), fixed cells were
dehydrated in increasing concentrations
of ethanol (35% to absolute) and em-
bedded in Epon epoxy resin. Ultrathin
sections were cut on an uitramicrotome,
stained for 1 hour with uranyl acetate
and for 3 minutes with lead citrate, and
then examined at an accelerating vol-
tage of 80 kV with an electron micro-
scope. (A) A high-magnification view
of a crystal on the cell surface demon-
strates multiple microvillar projections
(arrows) extending over the crystal at
15 minutes; photo width (P.W.) = 17
um. (B) A crystal under the plasma
membrane, after engulfment (30 min-
utes); P.W. = 5.7 um. (C) Multiple
intracellular crystal aggregates lie with-
in membrane-lined vesicles (V) at 6
hours. A lysosomal body (L) and the
nucleus (N) are seen; P.W. 10.2

pm.

The structural correlates of binding and uptake of
COM crystals by BSC-1 cells was first characterized by
scanning electron microscopy (SEM) in this laboratory
[36]. Microvilli on the apical cell surface appeared to
make the initial contact with a crystal (Fig. 2A). With
time, the number of microvilli interacting with the crys-
tal surface became more numerous. Eventually, the
crystal was seen immediately under the plasma mem-
brane (Fig. 2B). Alterations in brush border microvilli
of proximal tubular epithelial cells were also noted in a
rat model of oxalate nephropathy [27], providing evi-
dence in vivo of the importance of these structures for
the initial crystal-cell interaction.

521

The apparent intracellular location of COM crystals
observed with the polarizing microscope [35] was con-
firmed by transmission electron microscopy (TEM) [33].
After 30 minutes, many BSC-1 cells contained COM
crystals in a peripheral location just under the plasma
membrane [33], and at one hour, crystals were often in
a central location within the cell (Fig. 2C). In many
instances, a membrane-like structure appeared to sur-
round the crystal, suggesting that it was within a vesicle.
These studies indicate that endocytosis can occur as
early as 30 minutes after exposure of BSC-1 cells to
COM crystals.

These structural and functional studies of crystal-cell
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interactions in culture indicate that COM crystals rapidly
adhere to microvilli on the cell surface and are subse-
quently internalized. This cell behavior provides a dy-
namic model to explain the presence of intracellular
CaOx crystals in the kidneys of patients with hyperoxal-
uria [15, 34, 40, 50, 63] and suggests a potential mecha-
nism underlying the formation of kidney stones.
Adhesion of crystals to renal epithelial cells is
inhibited by specific anions

We sought to identify molecules that alter the rapid
adhesion of COM crystals to the surface of renal epithe-
lial cells. Heparin (molecular weight, MW = 18 kDa),
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Figure 3. Inhibition of COM crystal binding to BSC-1
cells by diverse anions. High-density, quiescent cultures
were prepared, the medium was aspirated and replaced
with buffer containing specified concentrations of the an-
jon under study, and ['4C]COM crystals (200 pg/ml)
were added. Two minutes later, crystals and buffer
were removed, the cell layer was rinsed three times, and
cell-associated radioactivity was measured. (A) COM
crystal binding was diminished when heparin (18 kDa,
closed circles) was present at concentrations greater than
0.006 uM. Lower molecular weight heparin (6 kDa,
open circles) also inhibited COM crystal adhesion when
present at concentrations in excess of 0.017 uM. (B)
The effect of diverse glycosaminoglycans on COM crys-
tal adhesion is shown. Crystal adherence was inhibited
by chondroitin sulfates A (open circles) and B (closed
circles), heparan sulfate (closed triangles), and hyalu-
ronic acid (open squares), but not by chondroitin suifate
C (open triangles). (C) The effect of human urinary
proteins is shown. Crystal adherence was inhibited by
nephrocalcin (open circles) and uropontin (closed cir-
cles), but not by THP (open triangles). #p < 0.05; “p
< 0.001 compared to control. Adapted from Lieske ez
al. [37].

a potent inhibitor of COM crystal growth [1], maximally
inhibited adherence of these crystals to cells by 95% at
concentrations above 0.03 uM [37] (Fig. 3A). Heparins
of lower MW (6 and 3 kDa) also inhibited COM crystal
adhesion. Neither monomeric subunits of the heparin
molecule nor six different heparin disaccharides were ef-
fective, suggesting that more than two repeating units of
this glycosaminoglycan are required for an inhibitory ef-
fect [37]. Adhesion of COM crystals to MDCK cells
and to 3T3 fibroblasts was also inhibited by heparin,
demonstrating that its inhibitory effect is not specific for
renal epithelial cells [37].

Although heparin is not found in urine, other sul-
fate-containing glycosaminoglycans are [55]. Chondroi-
tin sulfates A and B each inhibited COM crystal adher-
ence when present at concentrations above 1.4 uM and
0.4 uM, respectively, whereas concentrations of chon-
droitin sulfate C as high as 37 uM had no effect [37]
(Fig. 3B). Heparan sulfate at concentrations above 0.8
puM decreased crystal adherence, as did hyaluronic acid
above 0.01 uM [37] (Fig. 3B). Thus, several sulfated
and non-sulfated glycosaminoglycans found in urine can
block COM crystal adherence, but not all members of
this class of molecules can do so.

Other extracellular anions also reduced adhesion of
COM crystals to the cell surface. Polyaspartic or poly-
glutamic acid, anions that are potent inhibitors of COM
crystal growth [21], blocked adhesion of COM crystals
to cells at concentrations above 0.007 uM and 0.02 uM,
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respectively [37]; the cations polyarginine and polyly-
sine, employed as control molecules, had no effect when
present in concentrations as high as 1 uM [37]. Pento-
san polysulfate, a synthetic anion that strongly inhibits
COM crystal growth and appears in urine when admini-
stered orally [41, 56], blocked COM crystal adherence
to cells when present at concentrations above 0.33 uM
[37]. Polyvinyl sulfate and dextran sulfate, which are
not found in urine, also blocked crystal binding at con-
centrations in excess of 0.1 uM and 0.01 uM, respec-
tively; sodium sulfate was ineffective. The polyanion
citrate blocked adherence of COM crystals when present
at concentrations above 250 uM [37], a level similar to
that ordinarily found in human urine [43]. Therefore,
polysulfated and non-sulfated polyanionic molecules can
inhibit binding of COM crystals to renal epithelial cells.

Several urinary proteins that appear to play a role in
nephrolithiasis have been identified. Nephrocalcin and
uropontin are each potent inhibitors of COM crystal
growth [54, 65], whereas Tamm-Horsfall protein (THP)
inhibits aggregation of these crystals [19]. Nephrocalcin
inhibited COM crystal adhesion to cells by 28% at a
concentration of 0.025 M, with maximal inhibition of
84 % at 0.25 uM, whereas uropontin blocked COM crys-
tal binding by 73% at a concentration of 0.1 uM [37].
THP had no effect on crystal adhesion [37] (Fig. 3C).
The concentration range of each protein studied was
similar to that found in human urine [32, 42, 54].

To determine if polyanions that blocked crystal ad-
hesion exerted their effect on the surface of crystals and
cells, or both experiments were designed to coat cells or
crystals separately with the active compounds. Adhesion
of crystals previously coated with heparin, chondroitin
sulfate B, dextran sulfate, polyaspartate, polyglutamate,
nephrocalcin or uropontin was in each case lower than
the binding of uncoated control crystals [37]. When
coated with polyarginine, polylysine or albumin, crystals
bound to cells to the same extent as did uncoated crys-
tals [37]. Binding of uncoated COM crystals to cells
that had first been exposed to the molecules under study
did not differ from adhesion of crystals to the uncoated
monolayer [37]. Thus, the capacity of specific polyani-
ons to inhibit adhesion of COM crystals to BSC-1 cells
appears to be mediated by their ability to act on the
crystalline surface.

The relative inhibitory capacity of each of the anions
of interest was evaluated by using Langmuir-type iso-
therm analysis in which the reciprocal of the percent
maximal binding is plotted against the inverse of the in-
hibitor concentration [37]. For each of the anionic inhi-
bitors, the Langmuir isotherm plot was linear. This is
consistent with the interpretation that inhibitory mole-
cules bind to a single class of sites on the crystal surface
that is crucial for adhesion to the plasma membrane, and
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that once these sites on the crystal are coated with inhi-
bitory molecules, adhesion to the cell is blocked [1, 37].
Based on their calculated affinity constants, hyaluronic
acid, dextran sulfate, heparin, polyaspartic acid, poly-
glutamic acid, polyvinyl sulfate, uropontin and nephro-
calcin have the greatest affinities for the presumed bind-
ing sites on the crystal surface that mediate adhesion to
cells, with values ranging from 0.013 yM (hyaluronic
acid and dextran sulfate) to 0.107 uM (nephrocalcin)
[37].

Crystal-cell interactions are also modified by poly-
anions in other experimental systems. In a study of
crystal-induced lysis of red blood cells, the crystal
growth inhibitors citrate and pyrophosphate were shown
to decrease attachment of COM, hydroxyapatite (HA)
and monosodium urate crystals to the erythrocyte mem-
brane [39]. Cellular factors may influence crystal bind-
ing as well. The presence of specific cell-surface bind-
ing sites for COM crystals on rat medullary cells has
been proposed [46]. In primary cultures of these cells,
binding of COM crystals was a saturable process partial-
ly antagonized by HA crystals. Preferential binding of
COM crystals to areas of the culture monolayer in which
cells had spontaneously rounded up prior to addition of
crystals was observed, and cells that avidly bound crys-
tals expressed basolateral surface antigens on their apical
surfaces [47]. Additional evidence for the existence of
specific plasma membrane crystal-binding sites was ob-
tained when cells were pretreated with ethylene-bis(oxy-
ethylenenitrilo)tetraacetic acid (EGTA) to expose baso-
lateral epitopes which also increased binding of COM
crystals [47]. These experiments, and the observation
that COM crystals adhere to injured regions of rat blad-
der epithelium [28], suggest that crystal-binding sites
may be minimally exposed under physiological circum-
stances but are unmasked when cells are injured or pos-
sibly during repair after injury [47]. The identity of the
specific crystal-binding molecules on the renal cell sur-
face remains undefined, although it has been suggested
that membrane phospholipids may play a role [38].

Regulation of crystal endocytosis by renal epithelial
cells

Molecules have been identified that modulate inter-
nalization of COM crystals by BSC-1 cells. Epidermal
growth factor (EGF) and the nucleotide adenosine di-
phosphate (ADP) [20, 22, 61], mitogens that also stimu-
late migration of these cells in scrape-wounded mono-
layer cultures [23], each increased COM crystal uptake
by 55% and 52%, respectively [33] (Fig. 4A). Two
other mitogenic signals, raising the calf serum concen-
tration or exposing cells to low-potassium (low-K) medi-
um [24] each augmented uptake of crystals (Fig. 4A).
Thus, diverse signals that alter cellular function and are
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Figure 4. Positive and negative regulation of COM crystal endocytosis. High-density, quiescent cultures of BSC-1
cells were prepared, and the agent of interest was added to the medium. To assess the effect of reduced K concentra-
tion, spent medium was aspirated and replaced with fresh Dulbecco’s modified Eagle’s medium (DMEM) containing
0.5% serum, 1.6 uM biotin and a K concentration of 3.2 mM (low-K) or 5.4 mM (control, C). Fifteen minutes later,
a sterile suspension of COM crystals in water was added to achieve a concentration of 100 ug/ml. One hour afterwards,
the medium was aspirated, the monolayer was trypsinized, and cells were assayed for the presence of internalized crys-
tals. TEM confirmed that cell-associated crystals viewed under polarized microscopy were within the cell [33]. Tryp-
sinization did not visibly alter cell-associated crystals, although dislodgement of partially internalized crystals cannot
be excluded. (A) COM crystal uptake was enhanced 58 % by epidermal growth factor (EGF, 50 ng/ml), 68% by
adenosine diphosphate (ADP, 20 uM), 75% by calf serum (CS, 1%), and 26 % by low-K medium (K). (B) Crystal
uptake was decreased 52% by the tetrapeptide RGDS (RGD, 50 ug/ml), 32% by fibronectin (FN, 5 ug/ml), 41% by
heparin (H, 10 ug/ml) and 41% by TGF-62 (T, 2 ng/ml). (C) Tamm-Horsfall glycoprotein (THP) purified from
normal human urine inhibited COM crystal endocytosis at concentrations = 5 X 10 M. Each value is the mean
(+ SE) for at least 4 cultures. #p < 0.01; *p < 0.001. Adapted from Lieske and Toback [33].

mitogenic for BSC-1 cells stimulate endocytosis of COM blocking induction of early-response genes by agents that
crystals, although the pathways by which they do so activate protein kinase C [44]; uncoupling of the o-ad-
likely differ from each other. Two of these signals are renergic receptor from its G protein in rat liver [8]; and
known to modify cell structure: cytoskeletal changes inhibiting renal epithelial cell migration [23]. Thus, the
occur after exposure to ADP [24], and alterations in the mechanism(s) by which heparin inhibits COM crystal
plasma membrane and microvilli take place after expo- uptake is unclear. How TGF-[2 exerts its inhibitory ef-
sure to low-K medium [60]. These changes in cell fect on endocytosis is also unknown, but since this nega-
structure may contribute to enhanced uptake of crystals. tive autocrine growth factor is present in cells of the col-
Negative regulators of COM crystal uptake were lecting duct [12] and distal tubule [58], it is tempting to
identified by testing the hypothesis that agents which re- speculate that the protein, which is also found in urine,
tard cell migration might inhibit endocytosis. Heparin, might prevent endocytosis of crystals by epithelial cells
transforming growth factor-62 (TGF-£32), and the tetra- lining the urinary tract under physiological conditions.
peptide arginine-glycine-aspartic acid-serine (RGDS) The effect of THP on crystal endocytosis was inves-
each impede migration of BSC-1 cells in wounded mon- tigated because it is the most abundant protein in human
olayer cultures [23], the latter apparently by binding to urine [32], although its role in renal physiology remains
a cell-surface integrin receptor [48]. These three factors uncertain. The glycoprotein is synthesized in the thick
decreased COM crystal uptake by 36 %-41% [33] (Fig. ascending limb of Henle’s loop (TALH) and early distal
4B). The extracellular protein fibronectin which con- tubule where it is anchored to cell-surface lipids by a
tains an RGD sequence inhibited COM crystal uptake by phospholipase C-sensitive linkage from which it is
33 % (Fig. 4B), suggesting that RGDS might exert its ef- cleaved and released into tubular fluid [32]. THP is a
fect by binding to a fibronectin receptor on the cell sur- potent inhibitor of COM crystal aggregation in vitro [18]
face. Heparin exerts disparate effects on cell function, and binds to specific cytokines such as tumor necrosis
including inhibition of growth and extracellular matrix factor and interleukin-1 [52, 53]. It has been proposed
(ECM) protein synthesis in smooth muscle cells [64]; that THP defends cells of the nephron against bacterial
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Figure 5. Long-term effects of urinary crystals on growth of BSC-1 cells. Subconfluent cultures of BSC-1 cells were
prepared. (A) COM, hydroxyapatite (HA) or brushite (BR) crystals or latex beads were added to the culture medium
to achieve a final concentration of 10 ug/ml. The number of cells was counted 4 days later in a hemocytometer.
Multiplication was stimulated 19 % by addition of COM crystals and 17 % by HA crystals (p < 0.001); cont = control.
(B) COM crystals (50 ug/ml) were added to BSC-1 cells on day 0. Non-adherent crystals were removed by a fluid
change on day 1. One and 2 weeks later, the number of cells per culture and the presence of intracellular crystals was
assessed. The total number of cells in cultures exposed to COM crystals did not differ from the control (open circles)
7 or 14 days after exposure. The number of cells containing intracellular crystals increased from 0.7 X 10° on day 1
to 1.8 X 10% on day 7 (open squares). Each value is the mean + SE for 6 cultures. * p < 0.001 compared with
control. Adapted from Liekse et al. [35, 36].

adhesion and colonization, and maintains water imper- In summary, internalization of COM crystals by re-
meability of the TALH [32]. THP isolated from human nal epithelial cells can be positively and negatively regu-
urine decreased COM crystal endocytosis by 34% at a lated by diverse factors, some of which are constituents
10-fold lower concentration (5 x 108 M) than is found of normal urine. The impact of these factors on crystal-
in normal urine [18] (Fig. 4C). THP, as well as fibro- cell interactions could determine whether the crystal is
nectin and heparin, appear to inhibit endocytosis of retained in the nephron or passes out of it in tubular
COM crystals by acting on the cells, not by coating the fluid.
crystals, because crystal internalization was reduced by Internalization of crystals and cell proliferation
27-37% when cells but not crystals were pre-incubated Multinucleated giant cell formation and proliferation
with each agent. Thus, the capacity of THP in distal were prominent features in a human kidney 16 days after
tubular fluid to block uptake of COM crystals may play it was transplanted into a patient with primary hyperox-
a role in preventing renal stone formation. aluria [34]. This observation prompted us to test the hy-
Endocytosis of crystals is associated with changes in pothesis that COM crystals are mitogenic for renal epi-
specific components of the cytoskeleton. For example, thelial cells. We found that multiplication of BSC-1
actin filaments are necessary for phagocytosis by macro- cells increased progressively as the concentration of
phages, and in these cells uptake of particulates is COM crystals was raised to a maximum of 10 pug/ml
blocked by cytochalasin B [2]. Phalloidin, which selec- (Fig. 5A). When added to high-density, quiescent cul-
tively binds to F (filamentous)-actin but not to G (globu- tures of these cells, the crystals stimulated [’H]thymidine
lar)-actin, stained a domain of BSC-1 cells just beneath incorporation into DNA up to 3.5-fold. Importantly, the
adherent COM crystals one to three hours after their ad- kinetic profile of stimulated DNA synthesis differed be-
dition to the medium [36]. The staining appeared to fol- tween COM crystals and another mitogenic signal, 10%
low the crystal profile during its engulfment, suggesting calf serum. Maximal stimulation of [*H]thymidine in-
a role for actin during internalization. corporation by serum occurred after 16-21 hours, while
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enhancement by COM crystals was delayed until 24-29
hours. This eight-hour difference might represent the
time required for events that transpire between adher-
ence and endocytosis of the crystal, and the subsequent
generation of a signal that initiates cell proliferation.
Crystal- and cell-type specificity were observed. HA
crystals stimulated growth of BSC-1 cells, whereas BR
crystals and latex beads (used as a control particulate)
did not (Fig. SA) [35]. COM crystals also stimulated
growth of MDCK cells, but HA and BR crystals did not.
On the other hand, COM crystals were not mitogenic for
Balb/c3T3 fibroblasts, whereas HA crystals were [6,
35]. As COM crystals stimulated growth of renal epi-
thelial cells of both monkey and canine origin, but not
fibroblasts, the mitogenic effect of this crystal appears
to be relatively cell-type specific.

The duration of a crystal-cell interaction required to
stimulate mitogenesis is relatively brief. DNA synthesis
was not initiated if cells were exposed to crystals for 15
minutes and the crystals were then removed, whereas
exposure for 30 minutes stimulated an increment in
[*H]thymidine incorporation equivalent to that observed
after 24 hours [35]. Thus, adherence of a sufficient
amount of crystals to the plasma membrane for > 15
minutes but < 30 minutes, and/or engulfment of a crys-
tal may be sufficient to signal mitogenesis.

Other cellular functions appear to change after up-
take of crystals. Previous studies revealed that certain
mitogens for BSC-1 cells initiated surprisingly rapid al-
terations in a cytokeratin component of the intermediate
filament network [24]. Utilizing a monoclonal antibody
to cytokeratin 8 in control BSC-1 cells, staining was ob-
served most intensely in a perinuclear zone [36]. After
8 hours of exposure to COM crystals, cytokeratin 8-con-
taining intermediate filaments appeared to redistribute
throughout the cytoplasm [36]. Furthermore, cytokera-
tin 8 reorganization was observed in all cells after addi-
tion of COM crystals, i.e., it was not confined to cells
that internalized a crystal. Conversely, staining of cells
exposed to COM crystals with a monoclonal antibody to
tubulin did not reveal any morphologic alterations.
Therefore, exposure of cells to COM crystals is associ-
ated with alterations of two specific components of the
cytoskeleton: cytokeratin 8-containing intermediate fila-
ments and actin. However, while actin may participate
in crystal uptake, changes in cytokeratin 8 appear to oc-
cur later and could be a consequence of this process.
Furthermore, as all cells in the monolayer exhibited re-
organization of cytokeratin 8-containing filaments after
COM crystal exposure [36], cell-to-cell communication
as a response to the crystal-cell interaction is suggested,
possibly mediated by a secreted autocrine factor.

At higher concentrations, CaOx crystals may also be
toxic for renal epithelial cells. When 500 ug/ml of
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COM crystals were added to MDCK cells, some degree
of cell detachment and release of both intracellular and
brush border enzymes were detected (lactate dehydroge-
nase, N-acetyl-B-glucosaminidase, leucine aminopepti-
dase, and 7-glutamyl transpeptidase) [16]. Similar struc-
tural and functional changes were observed in MDCK
cells exposed to oxalate ions at concentrations similar to
those found in urine (200 uM) [16]. However, when
another group of investigators added a lower quantity of
COM crystals (32 pg/cm?) to cultured MDCK cells, no
evidence of cellular damage was observed: release of
brush border (7-glutamyl transpeptidase) and cellular
(lactate dehydrogenase) enzymes were not increased,
trypan blue and mannitol exclusion was preserved, and
mitochondrial metabolism was unaltered [59]. Cell in-
Jjury and death have been observed in rats made hyper-
oxaluric by oral administration of ethylene glycol [25].
Oxalate alone has also been observed to promote cell
growth at lower concentrations (80-320 uM), as assessed
by measurement of cell number and [*H]thymidine in-
corporation into DNA, as well as cell death at higher
concentrations (400-1600 uM) [31]. Together, these
studies suggest that the cellular response to CaOx crys-
tals or oxalate ions may be strongly concentration-de-
pendent. It is also possible that some of the secondary
cellular responses of renal epithelial cells following
uptake of COM crystals may be mediated by oxalate
ions subsequently released from the internalized crystal.

Long-term exposure to crystals

To determine the fate of a COM crystal within a
renal cell over a prolonged period, cell viability and
function were studied for two weeks after exposure to
crystals (Fig. SB). During this period, internalized crys-
tals did not adversely affect the growth of BSC-1 cells.
Furthermore, the number of cells in the culture contain-
ing one or more crystals increased between 1 and 7
days, despite a fluid change on day 2 to remove any
non-adherent crystals, demonstrating that internalized
crystals were allocated to daughter cells during division.
Electron microscopy has also been used to study inter-
nalization of COM crystals by cultured MDCK cells, as
well as possible dissolution of internalized crystals [59].

In summary, COM crystals rapidly adhere to the ap-
ical surface of renal epithelial cells, undergo internaliza-
tion and can subsequently stimulate proliferation. The
internalized crystals appear to reside in vesicles, need
not adversely affect cell growth and can be distributed to
dividing daughter cells. Thus, renal epithelial cells in
culture may possess the necessary metabolic machinery
to process COM crystals without apparent toxic effects
at low crystal concentrations.

Gene expression after uptake of COM crystals
Identification of specific genes expressed by renal
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Table 1. Kinetics of gene expression after exposure of BSC-1 cells to COM crystals.

0 minutes 15 minutes 1 hour 2hours 3 hours 6 hours 12 hours 24 hours

Immediate-early genes
c_myc sk 3k
EGR-l ek sk *
Nur-77 Hok
c-jun ok
Extracellular matrix genes
P AI_I * % * AHeokk Sk £t * *
u-PA * * * * % * * *
PDGF-A chain * * * ook ook ek s *

skk * * * * *

Connective tissue growth factor

Abbreviations: PAI-I: plasminogen-activator inhibitor-1; PDGF: platelet-derived growth factor; u-PA: urinary-type

plasminogen activator.

The number of asterisks (0 to 3) correspond to the relative hybridization intensity of the

[32P]cDNA probe used at each time. The asterisks present at 0 minutes indicate constitutive gene expression.

cells in response to COM crystals could provide fresh
insight into mechanisms that mediate pathologic changes
associated with hyperoxaluria and formation of kidney
stones. Thus, RNA was extracted from high-density,
quiescent BSC-1 cells after exposure to COM crystals
(200 pg/ml) and studied by Northern analysis [17]. Im-
mediate-early genes were examined first since expression
of these genes is low or undetectable in quiescent cells
but can be rapidly and transiently induced within minutes
without new protein synthesis. The early-growth-
response (EGR)-1 transcript was not detected under con-
trol conditions but was maximally expressed 1 to 2 hours
after addition of crystals to the culture medium (Table
1). The DNA-binding protein, Nur-77, was transiently
induced 2 hours after cells were exposed to COM crys-
tals. Expression of c-jun, a protooncogene that func-
tions as an immediate-early gene, was enhanced 1 to 2
hours after addition of crystals; c-fos, however, was not
expressed under control conditions or after addition of
crystals, suggesting that a JUN-JUN homodimeric tran-
scription factor and not a JUN-FOS heterodimer forms
in the nuclei of cells following exposure to crystals.
Another protooncogene that functions as a transcription
factor, c-myc, was induced in BSC-1 cells as early as 15
minutes after exposure to crystals, with maximal ex-
pression at 1 hour. As preliminary studies showed that
expression of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) or (-actin did not change when cells were
exposed to crystals, probes for these genes were used to
demonstrate equal loading of RNA. Therefore, COM

527

~ Plasminogen- Plasmin System

(PA < GEEREE
Plasminogen ‘PLASMINm Plasminogen

-

Figure 6. Regulation of plasmin production by plasmin-
ogen activator inhibitor-1 (PAI-1), urinary-type plasmin-
ogen activator (u-PA) and tissue-type plasminogen acti-
vator (t-PA). See text for details.
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crystals induce expression of specific immediate-early
genes (Table 1).

Interstitial fibrosis was a prominent finding in the
renal biopsy of the patient with primary hyperoxaluria
we described [34], and the association of interstitial
crystals, fibrosis and renal failure has been reported in
many other patients with primary or secondary hyperox-
aluria [4, S, 7, 9, 10, 11, 14, 15, 30, 40, 49, 50, 63].
Therefore, in addition to the immediate-early genes, sev-
eral genes that contribute to the formation and degrada-
tion of ECM via the plasminogen-activating system were
studied, as new knowledge about them could provide




insight into the pathogenesis of renal scarring in this
condition.

Plasmin is an extracellular broad-spectrum serine
protease activated when its precursor, plasminogen, is
cleaved (Fig. 6). Plasminogen is the target of two other
highly specific serine proteases, urinary-type plasmino-
gen activator (u-PA) and tissue-type plasminogen activa-
tor (t-PA); u-PA is primarily responsible for plasmin
generation in processes involving degradation of ECM
and basement membranes, whereas t-PA appears to me-
diate plasmin generation during fibrinolysis. Fast-acting
plasminogen activator inhibitor-1 (PAI-1) is also an im-
portant component of this system. PAI-1 regulates plas-
min levels by blocking the action of both the tissue- and
urinary-types of plasminogen activator which in turn de-
creases the formation of plasmin. Reduced plasmin pro-
duction could thereby result in accumulation of ECM
proteins. The constitutive expression of the gene encod-
ing PAI-1 was dramatically increased 2 to 6 hours after
exposure to crystals. In contrast, constitutive expression
of the gene encoding u-PA did not change (Table 1), and
t-PA was not expressed by these cells. Increased PAI-1
expression without a change in u-PA could result in de-
creased generation of plasmin (Fig. 6). Accumulation
of ECM proteins and eventual renal interstitial fibrosis
would be predicted results.

Platelet-derived growth factor (PDGF) is a potent
mitogen for cells of mesodermal origin such as fibro-
blasts. It also stimulates connective tissue-forming cells
to synthesize and release collagen, proteoglycans and
elastic fiber proteins and acts as a chemoattractant for
fibroblasts and monocytes. Increased availability of
PDGF would therefore favor fibrosis. PDGF-A chain
mRNA was constitutively expressed in BSC-1 cells un-
der control conditions and was maximally stimulated 2
to 6 hours after exposure to crystals (Table 1). The
gene encoding PDGF-B chain was constitutively ex-
pressed but not stimulated by crystals. Therefore, expo-
sure to crystals enhances expression of PDGF-A chain
mRNA and could increase production of this paracrine
growth factor which is known to stimulate proliferation
of renal fibroblasts and augment collagen production.
Connective tissue growth factor (CTGF) is a cysteine-
rich protein that exhibits PDGF-like biological and im-
munological activities [3]. Its transcript was not de-
tected under control conditions but was induced after 1
hour of exposure to crystals and expressed continuously
thereafter for up to 24 hours.

To evaluate whether particulates other than COM
crystals alter gene expression, BSC-1 cells were exposed
to two additional calcium-containing urinary crystals, BR
and HA, as well as to latex beads. After cells were ex-
posed to each particulate, Northern analysis revealed that
only COM crystals stimulated expression of PAI-1 and
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Table 2. Unaltered expression of genes after exposure
of BSC-1 cells to COM crystals.

Constitutive expression Not expressed or induced

not altered
Laminin Stromelysin
Collagen Collagenase
Fibronectin IL-1e, IL-13, IL-6
TGF-G1, TGF-(32 gro
Heat shock protein-70 t-PA

bFGF

aFGF

Abbreviations: aFGF: acidic fibroblast growth factor;
bFGF: basic fibroblast growth factor; IL: interleukin;
TGF: transforming growth factor; t-PA: tissue-type plas-
minogen activator.

PDGF-A chain mRNA. The cell-type specificity of
crystal-induced gene expression was also evaluated. In
canine renal epithelial cells of the MDCK line, enhanced
expression of the genes encoding EGR-1 and PAI-1 was
observed after exposure to COM crystals, whereas ex-
pression of neither gene was enhanced in 3T3 fibro-
blasts. Therefore, the capacity of COM crystals to stim-
ulate gene expression appears to be crystal- and kidney
cell-type specific.

The expression of other genes that regulate cell ad-
hesion and ECM production was sought in BSC-1 cells
after exposure to COM crystals. Many genes were con-
stitutively expressed under control conditions but not al-
tered by the crystal-cell interaction. These included
laminin, collagen, fibronectin and TGF-31 and -52
(Table 2). The genes encoding two proteases that can
degrade ECM components, collagenase and stromolysin,
were not expressed in BSC-1 cells under control condi-
tions. The gene encoding heat shock protein (HSP)-70,
an intracellular protein produced in response to various
forms of stress, was also studied. It was constitutively
expressed in BSC-1 cells but unaltered by addition of
crystals. This result supports the previous observation
that COM crystals need not damage renal epithelial
cells. Addition of crystals to synovial lining cells and
monocytes has been reported to induce expression of
genes that encode cytokines. However, the genes en-
coding interleukin (IL)-1a, IL-1G, IL-2, IL-6 and gro
were not expressed in BSC-1 cells under control condi-
tions nor after addition of crystals. The genes encoding
acidic or basic fibroblast growth factor, which are im-
portant regulators of the ECM, were also not induced by
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Figure 7. Sequential events {adhesion (A), to internalization (B), to cellular response (C)} describing the interaction
between COM crystals and renal epithelial cells that may result in nephrolithiasis. GAGs = glycosaminoglycans; THP
= Tamm-Horfall glycoprotein; TGF = transforming growth factor; EGF = epidermal growth factor; ADP = adenosine

diphosphate. See text for discussion.

exposure to crystals. Therefore, of the 12 genes studied
that are known determinants of ECM composition,
expression of only two were altered after exposure to
crystals. These results suggest that stimulated gene
expression after the crystal-cell interaction exposure is
highly targeted within the genome.

In summary, the response of renal epithelial cells to
COM crystals is characterized by increased expression
of specific genes that encode: transcriptional activators
(EGR-1, Nur-77, c-jun, c-myc), a regulator of the ECM
composition (PAI-1) and growth factors that could stim-
ulate fibroblast proliferation in a paracrine manner
(PDGF-A chain, CTGF). Interstitial scarring observed
in kidneys of patients with primary or secondary hyper-
oxaluria could be mediated by an interaction between
CaOx crystals that form in the nephron lumen and epi-
thelial cells of the tubular wall, with enhanced expres-
sion of specific genes whose protein products result in
accumulation of ECM proteins and subsequent fibrosis.
It is possible that similar changes in gene expression oc-
cur when CaOx crystalluria is present to a lesser extent,
as in patients with CaOx nephrolithiasis.

Discussion

Crystal retention in the kidney could result from a
specific interaction between urinary crystals and tubular
cells. Renal epithelial cells do not perceive COM crys-
tals as inert but respond to them by displaying a pro-
gram of specific events that include crystal binding to
the cell surface and endocytosis, altered gene expression,
cytoskeletal alterations and cell multiplication [17, 33,
35, 36, 37]. In addition, cells in human renal tissue in
vivo, and monkey and canine kidney cells in culture, ex-
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hibit similar responses to CaOx crystals [34, 35].

The encounter between a crystal formed in the ne-
phron lumen and a tubular epithelial cell appears to be
initiated by adhesion of the crystal to the apical cell sur-
face (Fig. 7). Specific sites on the COM crystal surface
that can be blocked by tubular fluid polyanions such as
glycosaminoglycans and glycoproteins [37], seem to me-
diate binding of crystal to cell. It is also possible that
specific sites such as an integrin fibronectin receptor on
the cell surface [33], perhaps located on apical microvilli
[36], mediate COM crystal binding. A series of cellular
responses follows crystal attachment including its inter-
nalization within a vesicle, cytoskeletal rearrangements,
altered gene expression, cellular proliferation and release
of extracellular factors (Fig. 7) [17, 35, 36]. Additional
studies will be required to delineate further this cascade
of cellular responses to COM crystals and confirm a role
for these processes in the pathogenesis of stone forma-
tion in humans.

Each step in the cellular response to COM crystals
appears to be under a distinct set of controls (Table 3).
Adhesion of COM crystals is inhibited by a diverse set
of molecules present in tubular fluid including glycos-
aminoglycans (chondroitin sulfates A and B; heparan
sulfate), glycoproteins (uropontin, nephrocalcin) and
small polyanions (citrate). Internalization of crystals af-
ter adhesion also appears to be modified by distinct sig-
nals, both positively (EGF, ADP, low extracellular po-
tassium) and negatively (THP, fibronectin, RGDS, TGF-
(2) (Table 3). That THP inhibits engulfment of COM
crystals suggests a specific role for this ubiquitous and
puzzling urinary glycoprotein in the pathogenesis of
nephrolithiasis. Finally, nephrocalcin appears to block
COM crystal-induced mitogenesis [35]. It is likely that




Table 3. Factors that modify adhesion and endocytosis
of COM crystals by BSC-1 cells.

Adhesion Endocytosis
Inhibitors Glycosaminoglycans Heparin
Uropontin Fibronectin
Nephrocalcin RGDS
Polyaspartate TGF-32
Polyglutamate THP
Citrate
Phosphocitrate
Dextran sulfate
DNA
Pentosan polysulfate
Stimulators EGF
ADP
calf serum
low-potassium medium

Abbreviations: ADP: adenosine diphosphate; EGF: epi-
dermal growth factor; RGDS: arginine-glycine-aspartate-
serine peptide; TGF: transforming growth factor; THP:
Tamm-Horsfall glycoprotein.

additional regulators of urinary crystal adhesion and/or
endocytosis will be identified in the future.

The relative importance of diverse potential pathoge-
netic mechanisms in the formation of kidney stones re-
mains to be determined. In pathological states associ-
ated with nephrolithiasis, it is possible that the factors
which prevent crystal adhesion and internalization by
cells have become ineffective and permit crystal reten-
tion by cells in the distal nephron, thereby providing an
anchored nidus for subsequent crystal growth and aggre-
gation that results in stone formation. The events that
ensue after a cell binds a crystal could also contribute to
stone formation. Alternatively, internalization of COM
crystals could be viewed as a separate defense against
stone formation. Once inside a cell, and no longer ex-
posed to supersaturated tubular fluid, growth of a crystal
would cease and its aggregation would be prevented. As
an interaction with COM crystals can stimulate prolifera-
tion of renal epithelial cells [35], and mitosis reduces ad-
hesion of cells to their ECM [57], thereby exposing pre-
viously masked plasma membrane basolateral receptors
to tubular fluid, this cell response could permit adhesion
of additional crystals [47]. Detachment of a crystal-la-
den cell could defend the kidney against crystal retention
by eliminating crystals from the nephron. After cell de-
tachment, however, the exposed tubular basement mem-
brane might serve as a site for binding and aggregation
of additional crystals, as has been demonstrated in de-
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nuded bladder epithelium [27]. Furthermore, renal epi-
thelial cell injury and death have been observed in rat
models of acute oxalate toxicity [26], so that direct in-
jury to cells by urinary crystals and oxalate ions might
facilitate binding of crystals to damaged plasma mem-
brane domains [16, 46] or result in cell detachment and
denudation of tubular basement membrane. Experimen-
tally-induced exposure of basolateral antigens in cultured
rat medullary collecting duct cells is associated with in-
creased binding of COM crystals [47], and injury to rat
uroepithelium also increases adhesion of crystals to this
surface of the cell [28]. Crystal binding and uptake is
associated with cellular release of proteolytic enzymes,
as described after integrin activation in monocytes [62],
and in this way, could mediate cell detachment followed
by crystal adhesion to and aggregation upon exposed tu-
bular basement membrane. Finally, plasma membrane
fragments released from injured cells into the tubular lu-
men could serve as crystal nucleation and aggregation
sites [29]. Further experiments are necessary to define
how these diverse pathogenetic pathways might converge
to retain urinary crystals in the kidney and thereby ini-
tiate the formation of calculli.

Endocytosis of urinary crystals does not appear to
kill kidney epithelial cells in culture [35], and an en-
gulfed crystal might be extruded by the tubular cell into
the renal interstitium in vivo. Thus, exocytosis of an en-
gulfed crystal could explain the long-known but ill-un-
derstood mechanism by which a urinary crystal finds its
way into the interstitium. Since certain crystals stimu-
late proliferation of fibroblasts in culture (e.g., HA) [6],
it is tempting to speculate that these translocated urinary
crystals could initiate renal interstitial fibroblast prolifer-
ation and contribute to subsequent scarring in patients
with nephrolithiasis.

In summary, crystals that nucleate in the nephron
lumen may be retained in the kidney to form stones by
binding to the apical surface of tubular cells and subse-
quently undergoing endocytosis. This formulation sug-
gests that factors in tubular fluid that regulate the crys-
tal-cell interaction could be critical determinants of ne-
phrolithiasis and deserve further study.

Acknowledgements

Research in this laboratory is supported by a NIH
Clinical Investigator Award (KO8 DK 02272 to JCL), a
NIDDK training grant (T32 DK 07510 to MSH) and an
O’Brien Kidney Research Center (P50 DK 47631 to
FGT). We are grateful to Prof. Hewson H. Swift for
valuable discussions and for graciously providing access
to transmission and scanning electron microscopes in the
EM-Cytomorphology Core Laboratory at the Univ. of
Chicago (supported by NIH Digestive Diseases Center
Grant DK 42086). We thank F. Coe, S. Deganello, R.




COM crystals and renal cells

Leonard, T. Martin, M. Moody, B. Patterson, S. Paul,
Y. Nakagawa, R. Sims and M. Walsh-Reitz for techni-
cal assistance, valuable advice and discussions.

References

[1] Angell AH, Resnick MI (1989) Surface interac-
tion between glycosaminoglycans and calcium oxalate.
J Urol 141: 1255-1258.

[2] Axline SG, Reaven EP (1974) Inhibition of pha-
gocytosis and plasma membrane mobility of the culti-
vated macrophage by cytochalasin B. Role of sub-
plasmalemmal microfilaments. J Cell Biol 62: 647-659.

[3] Bradham DM, Igarashi A, Potter RL, Groten-
dorst GR (1993) Connective tissue growth factor: A cys-
teine rich mitogen secreted by human vascular endotheli-
al cells is related to the SRC-induced immediate early
gene product CEF-10. J Cell Biol 114: 1285-1294.

[4] Brett F, Kealy WF, Murnaghan D, Hogan JM
(1990) Primary hyperoxaluria: A case report. Irish J
Med Sci 159: 78-79.

[S] Canos HJ, Hogg GA, Jeffery JR (1981) Oxalate
nephropathy due to gastrointestinal disorders. Can Med
Assoc J 124: 729-733.

[6] Cheung HS, Story MT, McCarty DJ (1984) Mi-
togenic effects of hydroxyapatite and calcium pyrophos-
phate dihydrate crystals on cultured mammalian cells.
Arthritis Rheum 27: 668-674.

[7] Das S, Joseph B, Dick AL (1979) Renal failure
owing to oxalate nephrosis after jejunoileal bypass for
obesity. J Urol 121: 506-509.

[8] Dasso LLT, Taylor CW (1991) Heparin and oth-
er polyanions uncouple alpha-adrenoreceptors from G
proteins. Biochem J 280: 791-795.

[9] Dezengher FE, Wolff ED, Heijn AJ, Sukhai RN
(1984) Oxalosis in infancy. Clin Nephrol 22: 114-120.

[10] Drenick EJ, Stanley TM, Border WA, Zawada
ET, Dornfeld LP, Upham T, Llach F (1978) Renal dam-
age with intestinal bypass. Ann Intern Med 89: 594-599.

[11] Ehlers SM, Posalaky Z, Strate RG, Quattle-
baum FW (1977) Acute reversible renal failure follow-
ing jejunoileal bypass for morbid obesity: A clinical and
pathological (EM) study of a case. Surgery 82: 629-634.

[12] Elingsworth LR, Brennan JE, Fok K, Rosen
DM, Bentz H, Piez KA, Seyedin SM (1986) Antibodies
to the N-terminal portion of cartilage-inducing factor-A
and transforming growth factor beta. J Biol Chem 261:
12362-12367.

[13] Finlayson B, Reid S (1978) The expectation of
free and fixed particles in urinary stone disease. Invest
Urol 15: 442-448.

[14] Fransino JA, Vanamee P, Rosen PP (1970)
Renal oxalosis and azotemia after methoxyflurane
anesthesia. New Engl J Med 283: 676-679.

531

[15] Gelbart DR, Brewer LL, Fajardo LF, Wein-
stein AB (1977) Oxalosis and chronic renal failure after
intestinal bypass. Arch Intern Med 137: 239-243.

[16] Hackett RL, Shevock PN, Khan SR (1994)
Madin-Darby canine kidney cells are injured by expo-
sure to oxalate and calcium oxalate crystals. Urol Res
22: 197-204.

[17] Hammes MS, Lieske JC, Pawar S, Spargo BH,
Toback FG (1995) Calcium oxalate monohydrate crystals
stimulate gene expression in renal epithelial cells.
Kidney Int 48: 501-509.

[18] Hess B (1992) Tamm-Horsfall glycoprotein: In-
hibitor or promoter of calcium oxalate monohydrate
crystallization processes. Urol Res 20: 83-86.

[19] Hess B, Nakagawa Y, Coe FL (1989) Inhibi-
tion of calcium oxalate monohydrate crystal aggregation
by urine proteins. Am J Physiol 257: F99-F106.

[20] Holley RW, Armour R, Baldwin JH (1978)
Density-dependent regulation of growth of BSC-1 cells
in cell-culture: Control of growth by low molecular
weight nutrients. Proc Natl Acad Sci 75: 339-341.

[21] Ito H, Coe FL (1977) Acidic peptide and poly-
ribonucleotide crystal growth inhibitors in human urine.
Am J Physiol 233: F455-F463.

[22] Kartha S, Toback FG (1987) Purine nucleotides
stimulate DNA synthesis in kidney epithelial cells in cul-
ture. Am J Physiol 249: F967-F972.

[23] Kartha S, Toback FG (1992) Adenine nucleo-
tides stimulate migration in wounded cultures of kidney
epithelial cells. J Clin Invest 90: 288-292.

[24] Kartha S, Atkin B, Martin TE, Toback FG
(1992) Cytokeratin reorganization induced by adenosine
diphosphate in kidney epithelial cells. Exp Cell Res 200:
219-226.

[25] Khan SR (1995) Calcium oxalate crystal inter-
action with renal tubular epithelium, mechanism of crys-
tal adhesion and is impact on stone development. Urol
Res 23: 71-79.

[26] Khan SR, Hackett RL (1991) Retention of cal-
cium oxalate crystals in renal tubules. Scanning Microsc
5: 707-712.

[27] Khan SR, Finlayson B, Hackett RL (1982) Ex-
perimental calcium oxalate nephrolithiasis in the rat. Am
J Pathol 107: 59-69.

[28] Khan SR, Cockrell CA, Finlayson B, Hackett
RL (1984) Crystal retention by injured urothelium of the
rat urinary bladder. J Urol 132: 153-157.

[29] Khan SR, Shevock PN, Hackett RL (1990)
Membrane associated crystallization of calcium oxalate
in vitro. Calcif Tissue Int 46: 116-120.

[30] Koten JW, Van Gastel C, Dorhout Mees EJ,
Holleman LWJ, Schuiling RD (1965) Two cases of pri-
mary oxalosis. J Clin Pathol 18: 223-229.

[31] Koul H, Kennington L, Nair G, Honeyman T,




J.C. Lieske et al.

Menon M, Scheid C (1994) Oxalate-induced initiation of
DNA synthesis in LLC-PK1 cells, a line of renal epithe-
lial cells. Biochem Biophys Res Commun 205: 1632-
1637.

[32] Kumar S, Muchmore A (1990) Tamm-Horsfall
protein-uromodulin (1950-1990): Editorial review. Kid-
ney Int 37: 1395-1401.

[33] Lieske JC, Toback FG (1993) Regulation of re-
nal epithelial cell endocytosis of calcium oxalate mono-
hydrate crystals. Am J Physiol 264: F800-F807.

[34] Lieske JC, Spargo B, Toback FG (1992) Endo-
cytosis of calcium oxalate crystals and proliferation of
renal tubular epithelial cells in a patient with type 1 pri-
mary hyperoxaluria. J Urol 148: 1517-1519.

[35] Lieske JC, Walsh-Reitz MM, Toback FG
(1992) Calcium oxalate monohydrate crystals are endo-
cytosed by renal epithelial cells and induce proliferation.
Am J Physiol 262: F622-F630.

[36] Lieske JC, Swift HS, Martin T, Patterson B,
Toback FG (1994) Renal epithelial cells rapidly bind and
internalize calcium oxalate monohydrate crystals. Proc
Natl Acad Sci 91: 6987-6991.

[37] Lieske JC, Leonard R, Toback FG (1995) Ad-
hesion of calcium oxalate monohydrate crystals to renal
epithelial cells is inhibited by specific anions. Am J
Physiol 268: F604-F612.

[38] Mandel N (1994) Crystal-membrane interaction
in kidney stone disease. J Am Soc Nephrol 5: S$37-845.

[39] Mandel NS, Mandel GS, Hasegawa AT (1987)
The effect of some urinary stone inhibitors on membrane
interaction potentials of stone crystals. J Urol 138: 557-
562.

[40] Mandell I, Krauss E, Millan JC (1980) Oxa-
late-induced acute renal failure in Crohn’s Disease. Am
J Med 69: 628-632.

[41] Martin X, Werness PG, Bergert JH, Smith LH
(1984) Pentosan polysulfate as an inhibitor of calcium
oxalate crystal growth. J Urol 132: 786-788.

[42] Nakagawa Y, Abram V, Kezdy FJ, Kaiser ET,
Coe FL (1983) Purification and characterization of the
principal inhibitor of calcium oxalate monohydrate crys-
tal growth in human urine. J Biol Chem 258: 12594-
12600.

[43] Parks JH, Coe FL (1986) Urine citrate and cal-
cium in calcium nephrolithiasis. Adv Exp Med Biol 208:
445-449.

[44] Pukac LA, Ottlinger ME, Karnovsky MJ
(1992) Heparin suppresses specific second messenger
pathways for protooncogene expression in rat vascular
smooth muscle cells. J Biol Chem 267: 3707-3711.

[45] Randall A (1937) The origin and growth of re-
nal calculi. Ann Surg 105: 1009-1020.

[46] Riese RJ, Riese JW, Kleinman JG, Wiessner
JH, Mandel GS, Mandel NS (1988) Specificity in cal-

532

cium oxalate adherence to papillary epithelial cells in
culture. Am J Physiol 255: F1025-F1032.

[47] Riese RR, Mandel NS, Wiessner JH, Mandel
FS, Becker CG, Kleinman JG (1992) Cell polarity and
calcium oxalate crystal adherence to cultured collecting
duct cells. Am J Physiol 262: F177-F184.

[48] Ruoslahti E, Yamaguchi Y (1991) Proteogly-
cans as modulators of growth factor activities. Cell 64:
867-869.

[49] Salyer WR, Keren D (1973) Oxalosis as a com-
plication of chronic renal failure. Kidney Int 4: 61-66.

[50] Saxon A, Busch GJ, Merrill JP, Franco V,
Wilson RE (1974) Renal transplantation in primary hy-
peroxaluria. Arch Intern Med 133: 464-467.

[51] Schulz E, Schneider H-J (1981) A new view of
stone formation under the aspect of flow dynamics. In:
Urolithiasis, Clinical and Basic Research. Smith LH,
Robertson WG, Finlayson B (eds.). Plenum, New York.
pp. 533-537.

[52] Sherblom AP, Decker JM, Muchmore AV
(1988) The lectin-like interaction between recombinant
tumor necrosis factor and uromodulin. J Biol Chem 263:
5418-5424.

[53] Sherblom AP, Sathyamoorthy N, Decker JM,
Muchmore AV (1989) IL-1, a lectin with high specifi-
city for high mannose glycopeptides. J Immunol 143:
939-944.

[54] Shiraga H, Min W, VanDusen WJ, Clayman
MD, Miner D, Terrell CH, Sherbotie JR, Foreman JW,
Przysiecki C, Neilson EG, Hoyer JR (1992) Inhibition
of calcium oxalate crystal growth in vitro by uropontin:
Another member of the aspartic acid-rich protein super-
family. Proc Natl Acad Sci 89: 426-430.

[55] Shum DKY, Gohel MDI (1993) Separate effect
of urinary chondroitin sulfate and heparan sulfate on the
crystallization of urinary calcium oxalate: Differences
between stone formers and normal control subjects. Clin
Sci 85: 33-39.

[56] Subha K, Baskar R, Varalakshmi P (1992) Bio-
chemical changes in kidneys of normal and stone form-
ing rats with sodium pentosan polysulphate. Biochem Int
26: 357-365.

[57] Terisma T, Tolmach LY (1963) Growth and nu-
cleic acid synthesis in synchronously dividing popula-
tions of HeLa cells. Exp Cell Res 30: 344-362.

[58] Thompson NL, Flanders KC, Smith JM, El-
lingworth LR, Roberts AR, Sporn AB (1989) Expression
of transforming growth factor-betal in specific cells and
tissues of adult and neonatal mice. J Cell Biol 108: 661-
669.

[59] Verkoelen CF, Romijn JC, DeBruijn C, Boeve
ER, Cao L-C, Schroder FH (1995) Association of calci-
um oxalate monohydrate crystals with MDCK cells. Kid-
ney Int 48: 129-138.




COM crystals and renal cells

[60] Waack S, Walsh-Reitz MM, Toback FG (1985)
Extracellular potassium modifies the structure of kidney
epithelial cells in culture. Am J Physiol 249: C105-
C110.

[61] Walsh-Reitz MM, Toback FG (1983) Kidney
epithelial cell growth is stimulated by lowering extracel-
lular potassium concentration. Am J Physiol 244: C429-
C432.

[62] Werb Z, Tremble PM, Behrendtsen O, Crow-
ley E, Damsky CH (1980) Signal transduction through
the fibronectin receptor induces collagenase and strome-
lysin gene expression. J Cell Biol 109: 877-889.

[63] Wharton R, D’Agati V, Magun AM, Whitlock
R, Kunis CL, Appel GB (1990) Acute deterioration of
renal function associated with enteric hyperoxaluria. Clin
Nephrol 34: 116-121.

[64] Williams SP, Mason RM (1991) Modulation of
proteoglycan synthesis by bovine vascular smooth mus-
cle cells during cellular proliferation and treatment with
heparin. Arch Biochem Biophys 287: 386-396.

[65] Worcester EM, Nakagawa Y, Wabner CL,
Kumar S, Coe FL (1988) Crystal adsorption and growth
slowing by nephrocalcin, albumin, and Tamm-Horsfall
protein. Am J Physiol 255: F1197-F1205.

Discussion with Reviewers

C.F. Verkoelen: Do the authors believe that renal
stones are formed from crystals that become attached to
the epithelium and grow into a stone at the location of
initial attachment or that renal stones are formed from
crystals that, after initial attachment, have left the uri-
nary tract by endocytosis to reappear at another location
in the urinary tract?

J.G. Kleinman: On the basis of their own data or that
of others, do the authors feel that the process of attach-
ment or the process of endocytosis is more relevant to
the pathophysiology of nephrolithiasis?

Authors: Our experimental results are consistent with
both possibilities suggested by Dr. Verkoelen. Further
study will be necessary to delineate the possible se-
quence of events that occur after crystal adhesion to the
epithelial cell surface and the relative role of each event
in nephrolithiasis. For example, the ultimate fate of an
internalized CaOx crystal remains to be determined. If
the cell can effectively metabolize the crystal, then crys-
tal endocytosis could be viewed as a defense against
stone formation. If crystal dissolution is a defense
against stone formation, then the rate of internalization
could be an important variable determining whether or
not the crystal is removed from the tubular fluid before
additional crystal growth and/or aggregation with other
crystals can occur. The relative supersaturation of tubu-
lar fluid at the time of crystal adhesion, as well as the

533

relative quantity of additional crystals in tubular fluid,
could strongly influence the ultimate fate of adherent
crystals. The impact of internalized CaOx crystals on
cellular function when present for a prolonged period of
time (weeks to months) are unknown, and the quantity
of crystal within a given cell could be an important vari-
able, too. At this time, as discussed in the paper, the
sequence of events whereby an internalized crystal could
be incorporated into a renal stone remains speculative.

C.F. Verkoelen: The renal nephron is composed of
many different segments each of which is composed of
different cell types that perform specific cellular func-
tions. In most of the experiments described in this
paper, BSC-1 cells were used. What is known about the
origin of this cell line and do the authors believe that
this cell line is representative for all these different cell
types with respect to their response to crystals?
Authors: BSC-1 cells are a non-transformed kidney
epithelial cell line derived from the African green mon-
key. Although the nephron segment from which BSC-1
cells originated is unknown, available evidence suggests
that their phenotype is closely related to cells of the dis-
tal nephron. For example, these cells respond to vaso-
pressin as a mitogen at concentrations 200-fold less than
do fibroblasts {Walsh-Reitz M, Toback FG (1983) Vaso-
pressin stimulates growth of renal epithelial cells in cul-
ture. Am J Physiol 245: C365-C370}, contain IGF-I
mRNA which is expressed by cells of the collecting duct
(as determined by PCR (polymerase chain reaction) in a
collaborative experiment with Dr. Donald Steiner, De-
pts. Biochem. and Mol. Biol., and Medicine, Univ. of
Chicago, unpublished results), but lack erythropoietin
mRNA, which is thought to be produced by proximal
tubule or interstitial cells (as determined by PCR in a
collaborative experiment with Dr. Eugene Goldwasser,
Dept. Biochem. and Mol. Biol., Univ. of Chicago, un-
published results). Many of our experimental ob-
servations have been duplicated in canine renal epithelial
cells of the MDCK line, also thought to be derived from
the distal nephron [33, 35, 37]. Therefore, we believe
that the response of BSC-1 cells to COM crystals is like-
ly similar to that of cells of the distal nephron in vivo,
which has been described in our previous publications.

C.R. Scheid: Your method for scoring crystal uptake
by cells requires trypsinization, which may affect bind-
ing; are similar results found with subconfluent cultures?
Authors: Similar experiments have not been attempted
in subconfluent cultures.

C.R. Scheid: Your data suggest that COM crystals
bind preferentially to renal epithelial cells and that other
crystal types bound less well, although comparable




amounts of crystals, i.e., similar in terms of ug/ml,
were added. Were all crystals in the same size range?
This could be a factor in successful endocytosis and also
present steric problems for binding. Did you determine
whether the binding was specific, i.e., could you prevent
binding by the addition of unlabeled crystals; alternately,
could COM crystals be displaced by HA?

Authors: All crystals were of a similar size (1-10 ym),
as documented in our cited publications. We have not
attempted to duplicate the experiments of Riese ez al.
[46] in which HA and COM crystals competitively in-
hibited the adhesion of one another.

C.R. Scheid: Your finding that cytokeratin 8 reorgani-
zation occurs in all cells after COM treatment, whether
cells took up crystals or not, is quite interesting. Is
there any further information as to the nature of the sig-
naling molecule(s) involved here?

Authors: The finding that cytokeratin 8 reorganization
occurred in all cells of a monolayer of BSC-1 cells after
COM crystal addition suggests that a secondary signal-
ling mechanism is triggered, but we do not have addi-
tional information regarding the identity of the signal(s).

C.R. Scheid: There is an apparent dissociation between
the mitogenic effects of crystals and the effects on gene
expression: HA was nearly as effective as COM at in-
creasing cell numbers but had no effect on PAI-1 or
PDGF. Do you have data that would explain this?
Authors: 1t is intriguing that although COM and HA
crystals are both perceived as mitogens by BSC-1 cells,
only COM crystals stimulated increased expression of
the genes we studied that could contribute to interstitial
fibrosis (e.g., PAI-1). We do not have additional infor-
mation on specific underlying signalling events, but the
results do suggest that crystals rely on different mecha-
nisms to stimulate proliferative and non-proliferative
responses by the cells.

S.R. Khan: Is it possible that crystal adherence and en-
docytosis are protective responses by cells of the renal
epithelium? Perhaps these are the means for the kidneys
to neutralize crystals by either the lysosomal activity
inside the cells or pushing it into the interstitium where
inflammatory processes take over.

Authors: We agree with Prof. Khan that the role of
crystal endocytosis in the pathogenesis of renal stone
formation remains to be determined. The ultimate fate
of internalized CaOx crystals is a key issue, and one
could hypothesize that, in some circumstances, crystal
uptake could serve as a defense mechanism to eliminate
crystals from the kidney. Additional study is required
to explore these possibilities.
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M.D.I. Gohel: Glycosaminoglycans are diverse in
terms of size and charge; please comment on the rela-
tionship of charge to the inhibition of COM crystals in
Figure 3?

Authors: No direct measurements of the net charge of
the glycosaminoglycans depicted in Figure 3 were made.
Although we agree with the reviewer that the anionic
character of these molecules appears to be crucial for an
anti-adherence effect, it is notable that diverse heparin
and chondroitin sulfate disaccharides had no effect on
COM crystal binding to BSC-1 cells [37]. Therefore, in
addition to charge, the structure of these molecules is
also an important determinant of their function.

M.D.I. Gohel: THP has a dual role of acting as a weak
inhibitor of crystal aggregation at concentrations of <
10% M and ionic strengths < 0.16 and a promoter at
higher strengths and concentrations. During the COM
attachment studies, did the authors notice this differential
role played by the THP?

Authors: THP was added directly to tissue culture me-
dium that had the following composition: pH 7.4, Na*
155 mM, Ca?* 1.8 mM. Under these conditions, the
glycoprotein would not be expected to self-aggregate, as
described by Hess [18].

M.D.I. Gohel: Could the mitogenic activity of the
internalized COM crystals be due too the toxicity effects
in the medium?

Authors: In control experiments, media exposed to
COM crystals but no cells for 3 days at 37°C in a
culture dish had no effect on proliferation of BSC-1 cells
when this conditioned medium was subsequently placed
on a cell monolayer [35]. Therefore, it appears unlikely
that dissolution of COM crystals and release of calcium
and/or oxalate into the medium mediates the proliferative
effect.

M.D.I. Gohel: Transient CaOx crystals in the renal
tubules are likely to be of the dihydrate-type (COD), as
frequently seen in urine samples. Have the authors
looked into the attachment of COD crystals, which may
have different attachment characteristics than COM and
is more likely to be the crystal in the in vivo situation?
Authors: It is noteworthy that the molecular array of
the (101) face of COM crystals is closely related to that
of the {100} face of COD {Deganello S (1993) The in-
teraction between nephrocalcin and Tamm-Horsfall pro-
teins with calcium oxalate dihydrate. Scanning Microsc
7: 1111-1118}. Therefore, similar atomic arrays could
mediate adhesion of both COM and COD crystals to the
tubular cell surface. However, quantitative studies of
adhesion of COD crystals to BSC-1 cells have not been
performed.
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