Available online at www.sciencedirect.com
The Journal of

SCIENCE @ DIRECT® Steroid Biochemistry
&
= | Molecular Biology
ELSEVIER Journal of Steroid Biochemistry & Molecular Biology 89-90 (2004) 507-511

www.elsevier.com/locate/jsbmb

1,25-Dihydroxyvitamin D downregulation of TGHEGFR expression
and growth signaling: a mechanism for the antiproliferative actions
of the sterol in parathyroid hyperplasia of renal failtre

Adriana Dussbd, Mario Cozzolino, Yan Lu, Tetsuhiko Sato, Eduardo Slatopolsky
Renal Division, Washington University School of Medicine, Campus Box 8126, 660 S. Euclid Ave., &. Louis, MO 63110, USA

Abstract

Elevated serum levels of parathyroid hormone (PTH) contribute to the increased morbidity and mortality in renal failure patients. Parathy-
roid gland hyperplasia is a major cause of high serum PTH. The present studies used the rat model of renal failure to address the mechanism:
underlying uremia-induced parathyroid hyperplasia and the antiproliferative properties of vitamin D therapy (1,25-dihydroxyvitamin D
(1,25(0OH}Da3) or its less calcemic analogs). Enhanced ®&GFR co-expression is the major mitogenic signal in uremic parathy-
roid glands. At early stages of renal failure, vitamin D therapy efficiently counteracts uremia- and high phosphorus-induced hyperpla-
sia by inhibiting the increases in parathyroid-TG8EGFR co-expression. In established hyperparathyroidism, characterized by highly
enhanced-TG&/EGFR co-expression, vitamin D therapy arrests growth by suppressing EGFR-growth signals from the plasma membrane
and nuclear EGFR actions as a transactivator of the cyclin D1 gene, an important contributor to parathyroid hyperplasia in humans. In
advanced renal failure, reduced-parathyroid vitamin D receptor levels limits the antiproliferative efficacy of vitamin D therapy. However,
non-antiproliferative doses of 1,25-dihydroxyvitamin D enhance the anti-EGFR actions of EGFR—-tyrosine kinase inhibitors (TKI). In fact,
combined 1,25-dihydroxyvitamin D/TKI therapy inhibits parathyroid hyperplasia more efficiently than phosphorus restriction, the most
powerful promoter of parathyroid growth arrest available at present.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction the Ca sensing receptor (CaSR) and the vitamin D recep-
tor (VDR) renders the parathyroid glands more resistant to
Secondary hyperparathyroidism is a frequent compli- suppression of cell growth and PTH synthesis in response
cation of chronic renal failure characterized by parathy- to Ca and 1,25(OHP3 [8-10] Lack of an appropriate
roid hyperplasia and enhanced synthesis and secretion oparathyroid cell line and the rapid de-differentiation of
parathyroid hormone (PTH|1-3]. High circulating PTH primary cultures of parathyroid cells have impeded direct
levels causes osteitis fibrosa and bone loss, typical featuresharacterization of the pathogenic mechanisms underlying
of renal osteodystrophy, as well as cardiovascular compli- uremia induced parathyroid hyperplasia. To address these
cations, which increase mortality in renal failure patients issues, we used the only experimental approach available
[4-6]. at present, the 5/6 nephrectomized rat model. The results
The three main direct causes of hyperparathyroidism areof these studies have implicated increases in parathyroid
hypocalcemia, hyperphosphatemia, and 1,25-dihydroxyvi- co-expression of the growth promoter T&BnNd its recep-
tamin D (1,25(0OH)D3) deficiency. Hyperphosphatemia and tor, the EGFR, in uremia-induced enhancement of prolif-
1,25(0OH)D3 deficiency also enhance parathyroid function erative activity and gland sizfl1,12] In addition, they
indirectly by lowering serum calcium (C§-3,7] As renal have revealed novel insights into the antiproliferative ac-
disease progresses, a reduction in parathyroid content oftions of vitamin D therapy in arresting growth driven by
overexpressed EGFR. This review present the most recent
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2. Enhancement of TFGa/EGFR co-expression is an serum creatinine, BUN, and pH. lonized Ca, total Ca, and
early event in parathyroid hyperplasia of renal failure P levels were similar in the uremic control group and the
AG1478-treated animals. AG1478 reduced the enlargement
Similar to secondary hyperparathyroidism in humfaraj, of the parathyroid glandg0] and the proliferative activity

TGFa expression is higher in uremic rats compared to nor- by 60% compared to uremic high P-controls. These find-
mal controls[11]. More importantly, when uremia-induced ings demonstrate that enhanced HHEGFR co-expression
parathyroid hyperplasia is worsened by a higH1R] or is a main contributor to uremia-induced parathyroid
low Ca intake[14], there is a temporal relationship between hyperplasia.

increases in parathyroid T@E the enlargement of the

parathyroid glands, and proliferating activity. Furthermore,

suppression of uremia-induced parathyroid hyperplasia by4. The antiproliferative properties of prophylactic

high dietary Ca (2% Ca diet) or P restriction prevented Vitamin D therapy in the parathyroid glands involve

the increases in parathyroid TGRnduced by the onset of ~ downregulation of TGFa/EGFR co-expression

renal failure by day 7 after 5/6 nephrectoifdyl,12] These

findings suggest a role for TGFas a mitogenic stimulus The efficacy of prophylactic administration of either
in the parathyroid glands, triggered by uremia and further 1,25-dihydroxyvitamin D or the less calcemic vitamin D
enhanced by high dietary [R1] or low Ca intake[14]. analog 19-Nor-1,25(OHP> (at doses of 4 or 30 ng, respec-

Since enhanced co-expression of kG&nd EGFR as-  tively) to arrest parathyroid cell growth and consequently,
sociates with more aggressive growth in normal and trans-the enlargement of the parathyroid glands induced by ure-
formed tissues[15], we examined whether uremia and mia and high dietary P, associates with prevention of the
dietary Ca and P manipulations also modulate parathyroidincreases in TGk [11,12]and EGFR expressiorfig. 1).
EGFR expression. Quantification of T@fand EGFR im- Several reports demonstrate a direct and cell specific regula-
munostaining, as previously describfdl], demonstrated  tion of EGFR mRNA by 1,25-dihydroxyvitamin [21,22]
an average increase of 2.3-fold above normal by high di- Since TGk activation of EGFR induces both T@Fand
etary P or low Ca intake by 7 days after the onset of uremia. EGFR-gene expressioff3,24] it is also possible that
Conversely, similar to their efficacy in preventing increases 1,25(0OH}D3 inhibition of EGFR activatior[25] mediates
in parathyroid TGl content, high dietary Ca and P restric- the suppressive effects of the sterol on ©G&d EGFR
tion prevented uremia-induced increases in EGFR content.expression.

The strong association between enhanced dJIGEFR

co-expression and high proliferative activity does not con-

stitute substantial evidence of its contribution to uremia 5. 1,25(0OH)2D3 antiproliferative propertiesin EGFR

induced parathyroid hyperplasia. To directly address the overexpressing cells involve downregulation of both

pathophysiological relevance of enhanced WHEHGFR classical EGFR-growth signals from the cell membrane

co-expression on parathyroid-cell growth, we utilized the and EGFR-transactivation of the cyclin D1 gene

EGFR-tyrosine kinase inhibitor AG1478, effective in in-

hibiting the autocrine TG&/EGFR-growth loop in vitro The efficacy of vitamin D therapy to arrest T&feriven

[16] and in vivo[17,18] hyperplastic growth in established secondary hyperparathy-
roidism and psoriasi$26,27] suggests that 1,25(0kD3
could downregulate TGFEGFR-growth signals.

3. Enhanced co-expression of TGFa and EGFR is Recent studies from our laboratd®b] in the human epi-
a major pathogenic mechanism for parathyroid dermoid carcinoma cell line A431, overexpressing &GF
hyperplasia and EGFR28,29] and in NR6 cells, normal human embry-

onic cells overexpressing exclusively EGFR, demonstrate

Similar to most EGFR-tyrosine kinase inhibitors that 1,25(OH)D3 treatment reduced growth by decreasing
(TKIs), AG1478 is a small molecule, highly selective for EGFR activation. In A431 cells, the main mechanism in-
EGFR-tyrosine kinas§l9], that competes with ATP bind-  volved in 1,25D-inhibition of EGFR activation is induction
ing and reversibly inhibits tyrosinerans-phosphorylation, of EGFR accumulation in early endosomes by prevention
thereby blocking downstream signaling. of its recycling to the plasma membrafi2s]. As a con-

5/6 nephrectomized rats (180-200 g body weight), fed a sequence, there is reduced membrane bound EGFR and a
high P diet (1.2% P), received intraperitoneal injections of ei- marked reduction in EGFR activation by tyrosine phospho-
ther vehicle (1 mlof DMSO:PBS, 1:1) or AG1478 (25 mg/kg rylation upon ligand binding. The ability of 1,25(04D3 to
body weight, every other day for 1 week). This dose is half inhibit autocrine EGFR activation in EGFR-overexpressing
of that effective to arrest the growth of aggressively growing cells results in reduced phosphorylation of ERK1/2, the main
tumors in mice (given daily) and was further adjusted con- downstream growth signal. In aggressively growing tumors
sidering a metabolic mouse:rat ratio of 2. This dose had no driven by enhanced TGFEGFR co-expression, prevention
adverse effect as judged by no differences in body weight, of nuclear P-ERK1/2 translocation is used as an index of
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Fig. 1. Enhanced parathyroid co-expression of &Gid EGFR correlates with high proliferative activity (PCNA). Representative photomicrographs of
immunohistochemical staining of parathyroid tissue from 5/6 nephrectomized rats fed a high P (0.9% P) (HP) or a low P (0.2% P) (LP) diet, which
received either vehicle or vitamin D therapy (D) (4ng 1,25(eBY) or 30 ng 19-nor(OH)D,) every other day for 1 week. Magnification 100

the efficacy of anti-EGFR therapjl7]. The potency of levels in colon carcinom§2] we examined potential syn-
1,25(0OHYD3 to downregulate TGE/EGFR autocrine sig-  ergistic effects of the sterol on TKI therapy.
nals in A431 cells is similar to that of EGFR—tyrosine ki- Dose response studies on the efficacy of EGFR-TKI to
nase inhibitors as shown by the lack in nuclear transloca- suppress A431 growth demonstrated that maximal inhibi-
tion of phosphorylated ERK1/2 in A431 cells treated with tion was achieved after a 20 h exposure to {MBAG1478.
1,25(0OHYD3 [25]. Simultaneous treatment with submaximal (QNI) and
In A431 cells, 1,25(OH)D3 inhibits classical EGFR-  maximal inhibitory (3w.M) doses of AG1478 and 100 nM
growth signals from the plasma membrane, common to 1,25(OH}D3 resulted in an additional suppression of the
most tyrosine-kinase receptors, and the novel EGFR nucleargrowth induced by AG1478 alone, as shown by the reduc-
actions as a transactivator (co-activator) of the cyclin D1 tion in thymidine incorporation to DNA ifable 1
gene, an important contributor to parathyroid hyperplasiain  These results demonstrate that mechanisms unrelated to
humans. The mechanism appears to involve impaired nu-inhibition of EGFR-growth signals also contribute to
clear translocation of the EGFR, possibly as a consequencel,25(0OH)»D3 suppression of growth in EGFR-overexpres-
of the stasis of the receptor in the endocytic compartment, sing cells. They also suggest the potential benefits of com-
since total EGFR levels are not affected by 1,25(&b4) bined therapy with TKIs and 1,25(0OD3 vitamin D in
treatment26]. the control of hyperplastic growth driven by EGFR over-
expression. We examined the persistence of the observed
synergistic/additive effects in established hyperparathy-
6. 1,25(0OH),D3 potentiates the growth arrest induced roidism. Sprague-Dawley rats (250 g body weight) were 5/6
by TKI in EGFR-overexpressing cells
Table 1
Carcinogenic cells overexpressing EGFR subvert the G1 1 250HyD; potentiates the antiproliferative actions of the EGFR-TKI
to S transition by decreasing the levels of cyclin-dependent AG1478

kinase inhibitor p27 and inducing cyclin D1, the two cell control 8838142027
cycle regulators more frequently associated with high prolif- 1,25D (100 nm) 62593+ 1045
erating activity in the parathyroid glands of renal failure pa- AG (0.1uM) 32478+ 2737
tients. Reports on the mechanisms mediating the inhibition ﬁg all\i)SD 18802723&i ig;’
of EGFR-driven growth by AG1478 demonstrate that upreg- I }I,st 53414 179

ulation of p27 protein levels is mandatory for the efficacy of
TKI therapy[17,30] Since 1,25(0OHD3 induces p21 and 3H-thymidine incorporated to DNA by A431 cells untreated or after a
p27 expression in several tissues including the parathyroid2° " treatment with 1,25(0Hs (1,25D), AG1478 (AG) or combination.

. . Results represent the meASEM of five determinations per experimental
glands[11,31] and reduces cyclin D1 protein and mRNA Condition.p perex®
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Table 2 also revealed the importance of 1,25(QHj} inhibition of
1,25(0OH}D3 potentiates the antiproliferative actions of the EGFR-TKI  TGFo/EGFR expression and growth signals for the efficacy
inhibitor Tarceva in established experimental hyperparathyroidism of vitamin D therapy in secondary hyperparathyroidism of

PTG weight (1g) renal failure. More importantly, they have shown the ability
Lp 395.2+ 315 (11) of non-antiproliferative doses of 1,25(0Off)z to enhance
HP + vehicle 527.24 46.7 (13) the potent growth inhibition by EGFR-TKIs in growth driven
HP + 1,25D 520.8+ 44.2 (9) by overexpressed EGFR in vitro and in vivo.
HP + Tarceva 421.0+ 29.4 (17)
HP + Tarceva+ 1,25D 335.5+ 39.8 (13)

Parathyroid gland weight of glands from 5/6 nephrectomized rats fed a Acknowledgements

high P (0.9% P) diet for 2 weeks followed by two additional weeks of low
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