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ABSTRACT

Using a human keratinocyte model of tumor progression, we have
examined the regulation of gene expression and secretion of a parathyroid
hormone-like peptide (PLP) that has been implicated in the pathogenesis
of hypercalcemia in cancer. A rapid and transient induction of PLP
mRNA in response to serum stimulation was demonstrated in both
established (HPK1A) and malignant (Ill'KI A-rav) cells; however the
dose dependent increases were greater in HPK1A than in lll'kl A-ra.v.

Significant inhibition of this induction was noted with the addition of
1,25-dihydroxyvitamin I), at a lower concentration in HPK1A than in
HPKlA-rai. Ammo-terminal PLP immunoreactivity and bioactivity cor
related well (r = 0.98) when measured in conditioned medium. In the
absence of mitogenic stimuli, malignant keratinocytes (HPKlA-ros) se
creted significantly more PLP than established (HPK1A) keratinocytes.
However, in response to increasing concentrations of epidermal growth
factor and fetal bovine serum, PLP release was far greater from HPK1A
(maximum 13 x basal) than from HPKlA-nu (maximum 3 x basal)
cells. In addition, 1,25-dihydroxy vitamin Di was more effective in inhib
iting both basal and stimulated PLP secretion in HPK1A than in HPK1A-
ra.v cultures. Reduction of extracellular (V* from 2.0 HIMto 0.5 HIM

appeared to be more effective at an early time point in reducing PLP
secretion from the established cells compared with the malignant cells.
These studies therefore demonstrate a progressive dysregulation of PLP
expression and secretion in human keratinocytes in the transformation
from established to malignant phenotype and may have important impli
cations for understanding the pathogenetic mechanisms involved in vivo
in the development of hypercalcemia in cancer.

INTRODUCTION

Hypercalcemia is a common cause of morbidity and mortality
in patients harboring cancer, and tumors of squamous epithelial
origin represent one of the largest subgroups associated with
hypercalcemia (1, 2). PLP,3 sharing 65% amino acid sequence

homology with PTH in the first 13 residues, has been purified
(3-5), cloned, and sequenced (6-9) from cancers associated
with hypercalcemia, and PLP specific radioimmunoassays (10-
12) have identified elevated levels of this peptide in the plasma
of hypercalcÃ©miepatients harboring a wide variety of tumors.
Synthetic NH2 terminal fragments of PLP were shown to bind
to the PTH receptor in both kidney and bone (13) and when
infused in vivo mimicked the actions of PTH (14). In addition,
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passive immunization of hypercalcÃ©mie,tumor-bearing rodents
with antisera directed against the NH2 terminus of PLP was
effective in normalizing plasma calcium (15, 16). Taken to
gether, these findings strongly implicate PLP as a pathogenetic
agent in the hypercalcemia associated with cancer. Identifica
tion of PTH-like bioactivity in squamous cell cancer (17, 18)
led to the examination of nonmalignant human keratinocytes
for the presence of this activity (19). Normal keratinocytes were
shown to secrete a factor with parathyroid hormone-like bioac
tivity that was distinct in size and immunoreactivity from native
PTH, and subsequent studies confirmed PLP production by
these cells. PLP has been detected in CM from normal keratin
ocytes (20) as well as in CM from a number of other normal
and neoplastic cells in culture (21-23). Production of PLP in
vitro has been reported to be regulated by a variety of agents
including growth factors and 1,25-(OH)2D3 (20), cycloheximide
(24), calcitonin and chromogranin A (25), phorbol esters (26),
glucocorticoids (27), and extracellular calcium (22, 28). Al
though normal keratinocytes in culture secrete PLP in a well
regulated manner (20), little is known regarding the develop
ment of PLP overproduction during the process of transfor
mation. In the present study, we have therefore used a recently
developed in vitro multistep model for human epithelial cell
carcinogenesis (29), to study PLP expression and secretion in
established and malignant human keratinocytes in culture in
response to EGF, FBS, 1,25-(OH)2D,, and calcium, factors that
have previously been shown to influence PLP expression (20)
in cultured normal keratinocytes.

MATERIALS AND METHODS

NHK and Culture Conditions. Normal human keratinocytes were
prepared from skin tissue removed during breast reduction according
to a previously published method (30). Briefly, cells were grown in
KGM (Clonetics Corp., San Diego, CA) supplemented with 0.15 mM
calcium, the complete medium required for clonal growth of primary
keratinocytes, and were used on the second or third passage. Cells were
seeded at a density of IO6 cells/well in 6 well cluster plates (Becton

Dickinson Labware, Lincoln Park, NJ). At 50% confluence, medium
was replaced with fresh KBM (Clonetics) supplemented with 0.5 ng/
ml hydrocortisone (Sigma Chemical Co., St. Louis, MO) and 5 /ig/ml
insulin (Sigma), and cultures were incubated for 24 h (basal conditions).
Medium was again replaced with fresh KBM supplemented with insulin,
hydrocortisone, and 10 ng/ml EGF (Sigma) in the absence or presence
of 10-" M 1,25-(OH)2D3 (a kind gift of Dr. M. Uskokovic, Hoffman-

LaRoche, Nutley, NJ). CM removed 24 h later was processed for
radioimmunoassay.

Cell Lines and Culture Conditions. Following transfection with
HPV16 DNA, using the calcium phosphate/glycerol shock technique,
human keratinocytes in culture acquired an indefinite lifespan (>60
passages) compared with control cells transfected with calf thymus
DNA, which senesced after 6 passages (31). Southern blot analysis
revealed that the immortalized HPK1A population had HPV16 ge
nomes stably (>2 years) integrated at a single site within the host DNA.
These immortalized cells were neoplastically transformed into the
malignant HPKlA-rai line following polybrene-induced transfer of
pSV2ras DNA containing the neoselectable marker (29). Geneticin-
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resistant transformants demonstrated integrated copies of the exoge
nous H-ras gene and expressed high levels of p21 compared with the
parental HPK1A cells. Table 1 summarizes the growth and differentia
tion properties of normal human keratinocytes compared with those of
the immortalized HPK1A and malignant HPKlA-ras cell lines. Apart
from attaining an indefinite lifespan in culture, immortalized cells
retained many features characteristic of normal keratinocytes, such as
contact inhibition, production of normal amounts of extracellular ma
trix proteins, and development of cell-specific differentiation markers
when triggered to differentiate by loss of contact with substrata. Trans
formation of these cells with an activated H-ras oncogene induced
changes associated with the acquisition of a malignant phenotype,
including loss of contact inhibition, colony formation in soft agar, and
production of invasive squamous cell carcinomas in nude mice. In
addition, the malignant HPKlA-/us cells produced increased quantities
of extracellular matrix glycoproteins (32), a feature that has been
associated with inhibition of terminal differentiation in human keratin
ocytes (33).

Cell lines were maintained as stocks in DMEM (Gibco Laboratories,
Grand Island, NY) supplemented with FBS (10%) (Gibco) and Ix
antibiotic-antimycotic (Gibco), and passaged once or twice weekly. For
all experiments, cells were seeded in DMEM containing FBS (10%) at
a density of 2 x 10s cells/well for HPK1A and 10s cells/well for

HPKlA-ras in 6 well cluster plates. At 50% confluence, medium was
replaced with fresh, unsupplemented DMEM (basal conditions) and
incubation continued for 24 h. Following this 24 h serum-free period,
medium was replaced with fresh unsupplemented DMEM or medium
containing various combinations of FBS, EGF, and 1,25-(OH)2D3.
Incubations were continued at 37Â°Cwith 5% CO2 for the appropriate

times. For experiments in which ambient calcium was varied, minimal
essential medium (Gibco) supplemented with CaCl2 was used in place
of DMEM.

Assay of iPLP in CM. CM, 1.5 ml/well, was removed at the appro
priate times and centrifuged to remove debris. Duplicate aliquots of
200-500 n\ were evaporated to dryness in a Speed-Vac (Savant Instru
ments Inc., Hicksville, NY) and stored at -20Â°C until assayed. Dried

medium was reconstituted with 300 n\ of outdated blood bank plasma
and radioimmunoassayed as described previously (11). Briefly, anti-
serum raised in rabbits against synthetic hPLP(l-34) (Institut Armand
Frappier, Montreal, Canada) was used at a final dilution of 1:35,000,
and synthetic hPLP(l-34). diluted in outdated blood bank plasma, was
used as standard. The detection limit of the assay was 0.1 ng equivalents
of hPLP(l-34)/ml of CM. PLP immunoreactivity was undetectable in
equivalent amounts of unconditioned medium containing FBS (10%)
or EGF (10 ng/ml) and treated in a similar manner. Results are
expressed as ng equivalents of hPLP(l-34)/lO6 cells.

To determine the stability of PLP-(l-34), 125I-TyrÂ°PLP-(l-34) was
added to 50% confluent cultures of HPK1A and HPKlA-ras cells and
to empty 6 well plates for control. CM was removed at timed intervals
up to 72 h and aliquots were tested for protein precipitable tracer using
10% trichloroacetic acid.

Assay of bioPLP in Conditioned Medium. Samples of CM kept frozen
at -20Â°C were defrosted at the time of assay and mixed 1:1 with

Table 1 Growth and differentiation properties of normal, immortalized, and
malignant human keratinocytes in culture

Benign NHK
Immortalized

HPK1A
Malignant

HPKlA-raj

Stratification"
Cell envelopes*
Involucrin*
Passages in culture"'
Saturation density"
Extracellular matrix*''
Agar colonies'
Tumor formation'

"Durstefu/. (31).
* Allen-Hoffmann et al. (32).
f Durst et al. (29).
" Adams and Watt (33).
'+++, high; ++, medium; +, low; -, absent.

minimal essential medium/Hanks' balanced salt solution (Gibco) con

taining bovine serum albumin (Gibco) and isobutylmethylxanthine
(Sigma) to give a final concentration of 0.2% bovine serum albumin
and 1 mM isobutylmethylxanthine. Following adjustment to pH 7.5
with dilute hydrochloric acid, samples were tested in the rat osteosar-
coma (UMR106) adenylate cyclase bioassay as described previously
(34). Briefly, confluent layers of cells incubated for 2 h with 0.5 pC'i/
well ['H]adenine (16 Ci/mmol; New England Nuclear, Boston, MA)
were washed twice with Hanks' balanced salt solution (Gibco) and
incubated for 10 min at 22Â°Cwith keratinocyte CM prepared as

described above. The reaction was stopped by aspiration of the medium
and addition of 0.5 ml of trichloroacetic acid (10%). Approximately
2500 cpm [14C]cAMP (53 mCi/ml; New England Nuclear) were added
to measure recovery when ['HJcAMP was isolated from other adenyl-
ated nucleotides by the method of Salomon et al. (35). hPLP(l-34),
assayed in multiple dilutions, was used as a standard. Bioactive PLP in
1.5 ml CM was corrected for cell numbers and expressed as ng equiv
alents hPLP(l-34)/10" cells.

Cell Counts. Following removal of CM, cells were trypsinized and
dispersed, and an aliquot was taken for counting in a Coulter Counter
(Coulter Electronics, Bedfordshire, United Kingdom). Remaining cells
were centrifuged at low speed; rinsed with phosphate buffered saline;
lysed with 4 M guanidine thiocyanate, 25 mM trisodium citrate, 1 mM
EDTA, and 1 mM 0-mercaptoethanol; and stored at -70Â°C for subse

quent analysis by Northern or dot blot hybridization.
RNA Analysis. For Northern blot hybridization, 4 M guanidine

thiocyanate, 25 mM trisodium citrate, 1 mM EDTA, and l mM ÃŸ-
mercaptoethanol (GTC) extracts were purified by cesium chloride gra
dient centrifugation (36), and 10 ^g of total RNA was electrophoresed
on a 1.1% agarose-formaldehyde gel (20). For dot blot hybridization,
samples were processed as described previously (37). Air dried filters
were baked for 2 h at 80Â°Cand then hybridized (38) with a 537 base

pair Sac\, Hindlll restriction fragment encoding exon III (coding
region) of the human PLP gene. This restriction fragment was labeled
with ["PJdCTP (ICN Biomedicals Canada Ltd., Mississauga, Ontario,

Canada) by the random primer method (Amersham Canada Ltd.,
Oakville, Ontario, Canada). Following a 24 h incubation at 42Â°C,filters

were washed twice for 30 min with 2 x standard saline-citrate, 0.1%
sodium dodecyl sulfate at 50Â°C(1 x standard saline-citrate is 0.15 M

sodium chloride, 0.015 M trisodium citrate). Autoradiography of filters
was carried out at â€”¿�70Â°Cusing XAR film (Eastman Kodak Co.,

Rochester, NY) with 2 intensifying screens. Dot blot intensity was
analyzed by laser densitometry (Ultroscan XL, LKB Instruments Inc.,
Gaithersburg, MD). Gels were stained with ethidium bromide to ensure
that equivalent quantities of RNA were loaded into all lanes. In addi
tion, filters were probed with an 800 base pair BamHl restriction
fragment of rat cyclophilin as a control for PLP mRNA changes.

Statistical Analysis. All results are expressed as the mean Â±SEM of
replicate determinations and statistical comparisons based on the Stu
dent's t test. A probability value of <0.01 was considered to be

significant.

RESULTS

Effect of FBS and 1,25-(OH)2D3 on PLP Gene Expression.
Northern blot analysis of total RNA from FBS stimulated
HPKlA-ras cells revealed the presence of a predominant 1.6
kilobase PLP transcript and a minor 2.1 kilobase transcript
that reached maximum expression at 6 h, returning to basal
levels thereafter (Fig. 1). Addition of 1,25-(OH)2D., (10~7 M) to

the culture medium produced a slight inhibition of this early
increase in PLP mRNA and an apparent enhancement at 24 h.
Similar results were observed for HPK1A cells, except that a
sustained inhibition was noted at 24 h. Dot blot analysis of
total RNA from HPK1A and HPKlA-ras cells treated with
FBS (10%) revealed a time-dependent increase in PLP mRNA
that was greater in HPKlA-ras than in HPK1A (Fig. 2A).
However, when these increases were expressed as a fold stim-
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Lane 1

1,25(OH)2D3 -

Time (hours) o

1.6 kb â€”¿�*-

2 345 6 789 1011

0.25 0.25 05 0.5 1 6 24 24

ras secreted significantly more iPLP than HPKIA at all times
tested.

Time Course of FBS and EGF Stimulated PLP Secretion:
Correlation of Immunoreactive with Bioactive PLP. The PLP
secretory response to exogenous growth factors was next ex
amined. Addition of FBS (10%) to cultures of HPKlA-rai
elicited a time dependent augmentation in iPLP that exceeded

Fig. 1. Northern blot analysis of PLP mRN A. Total cellular RNA was prepared
as described in "Materials and Methods" from HPKlA-rai cells removed at timed
intervals following stimulation with FBS (10%) in the absence (-) or presence
(+) of l,25-(OH)2Dj (10~7 M). Aliquots of 10 ng/lane were electrophoresed on a
1.1% agarose-formaldehyde gel, blotted onto Nytran filters, and probed with a
537-base pair restriction fragment encoding exon III of the human PLP gene.
Ethidium bromide-stained gels demonstrated equivalent quantities of RNA had
been loaded into all lanes. Cyclophilin probed filters showed little change from
basal levels of mRNA in all lanes. Data are representative of 2 different
experiments.

o i 'o 100 o 1 10 too

Time (hours)

Fig. 2. Dot blot analysis of the time course of PLP mRNA induction in
HPKIA and HPKlA-ros. GTC extracts (4 M guanidine thiocyanate, 25 mM
trisodium citrate, 1 HIMEDTA, and 1 HIMrf-mercaptoethanol) of equal numbers
of HPKIA (O O) and HPKlA-ros (â€¢ â€¢¿�)cells removed at timed intervals
following stimulation with FBS (10%) were subjected to dot blot analysis as
described in "Materials and Methods." Filters were hybridized with a 537 base

pair restriction fragment encoding exon III of the human PLP gene. Points, mean
Â±SEM of triplicate determinations representative of 3 different experiments.
mRNA levels are expressed in absolute densitometry units in A and as fold
stimulation above basal in panel /(. which in I II'K 1 \ ivn was 3-fold greater than

in HPKIA cells. The intensity of Cyclophilin mRNA showed little change from
basal at any time tested. *, Significant difference from HPKIA at that time point.

ulation above basal, values were far greater for HPKIA than
for HPKlA-roi (Fig. 2B). In addition, varying concentrations
of FBS elicited dose-dependent increases in the induction of
PLP mRNA that, in absolute units, were greater in HPK1A-
ras than in HPKIA (Fig. 3/1), but when expressed as a fold
stimulation above basal, these increases were far greater for
HPKIA than for HPKlA-ras (Fig. 3Ã„).Analysis of the inhibi
tion of FBS-stimulated PLP mRNA expression by varying
concentrations of 1,25-(OH)2D3 revealed significant inhibition
at lower concentrations in HPKIA cells than in HPKlA-ras
cells (Fig. 3C).

Stability of 125I-TyrÂ°PLP-(l-34) in Culture. After 72 h in
culture, 125I-TyrÂ°PLP-(l-34) was shown to be -70% protein

precipitable (Table 2). No differences were observed between
samples incubated in the presence or absence of cells or between
samples taken from HPKIA compared with HPKlA-ras
cultures.

Time Course of Unstimulated PLP Secretion. To determine
the characteristics of PLP secretion in established (HPKIA)
and malignant (HPKlA-ras) human keratinocytes, we first
measured iPLP in CM removed at timed intervals from cells
maintained under basal conditions (Fig. 4). PLP secretion
increased linearly in CM of both cell lines, however, HPK1A-

20 -,
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FBSConcentration(%)
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75-

50-

25.
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1,25 (OH) 2D 3Concentration (M)

Fig. 3. Effect of FBS and l,25-(OH)jD,on PLP mRNA in HPKIA and HPK1A-
ras. GTC extracts (4 M guanidine thiocyanate, 25 mM trisodium citrate, 1 mM
EDTA, and 1 mM /3-mercaptoethanol) of equal numbers of HPKIA (O) and
HPKlA-ras (â€¢)cells removed at 6 h following stimulation with varying concen
trations of FBS (A and B) or with FBS (10%) in the presence of varying
concentrations of l,25-(OH)jD3 (O were subjected to dot blot analysis as de
scribed in "Materials and Methods." Filters were hybridized with a 537 base pair

restriction fragment encoding exon III of the human PLP gene. Bars, mean Â±
SEM of triplicate determinations. Induction of PLP mRNA is expressed in
absolute densitometry units (A) and as fold stimulation above basal (0) (B), which
was 3-fold greater in HPKlA-raj than in HPKIA. Inhibition of PLP mRNA (C)
is expressed as a percent of control (C), which represents the level of PLP mRNA
in cells cultured in FBS (10%) in the absence of 1,25-(OH)2D3. Data are repre
sentative of duplicate experiments. Significant difference from 0 or control (*, P
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Table 2 Stability of'"I-Tyr''PLP-(l-34) in culture

% cpm protein precipitatile"

24 h
48h
72hControl74

Â±4*

69 Â±372
Â±4HPKIA81

Â±772
Â±4

67 Â±7HPKlA-ras80

Â±673
Â±4

70 Â±4
" -100,000 cpm '"I-TyrÂ°PLP-(l-34) were added to empty wells (Control) or

50% confluent cultures (HPKIA and HPKlA-ros) at time 0 as described in
"Materials and Methods" and aliquots were removed at timed intervals for

trichloroacetic acid precipitation. The tracer prior to incubation was 95.6%
protein precipitable.

* Values represent the mean Â±SEM of triplicate determinations and are

representative of 3 different experiments.

3 -

2-

10 20 30
Time (hours)

40 50

Fig. 4. Time course of unstimulated PLP secretion in HPKIA and HPKIA
ras. Following 24 h in basal conditions (no growth factors), fresh basal medium
was added to 50% confluent cultures of HPKIA (A A) and HPKIA raj
(O O). CM removed at timed intervals was assayed for iPLP as described in
"Materials and Methods." iPLP is expressed as ng equivalents (eq) of hPLP (1-
34)/10' cells. Values, mean Â±SEM of triplicate determinations representative of
3 separate experiments. *, Significant difference from HPKIA at the respective
time point (/><O.OI).

that seen in CM from HPK1 A-ras cultured under basal condi
tions (Fig. 5). Using adenylate cyclase stimulation in UMR 106
osteosarcoma cells as an index of bioactivity, bioactive PLP in
CM was shown to correlate highly significantly (r = 0.98, P <
0.01) with iPLP (Fig. 5, insert) although bioPLP at each time
point was approximately 50% of the immunoreactive value
(Fig. 5). A similar time-dependent enhancement of iPLP release
by FBS was seen in HPKIA cultures, and a similar correlation
between bioPLP and iPLP was seen in CM harvested from FBS
stimulated cultures of HPKIA over the same time course. In
all subsequent experiments, to facilitate multiple measure
ments, only iPLP was determined. Addition of EGF (10 ng/
ml) produced a time-dependent increase in iPLP secretion in
CM from HPK1 A-ras that was significantly greater than the
increase in iPLP in CM from HPK1 A-ras cultured under basal
conditions (Fig. 6), and similar results were also obtained for
HPKIA.

Dose Dependency of EGF and FBS Stimulated PLP Secretion.
The concentration dependent effect of EGF and FBS on PLP
secretion was next examined. Increasing concentrations of
either EGF (Fig. 7, A and B) or FBS (Fig. 7, C and D) produced
progressive increases in iPLP in CM from cultures of both
HPKIA and HPK1 A-ras. Although the level of iPLP after 48
h in basal conditions in HPKIA CM was 8-fold less than in
HPK1 A-ras CM (Fig. 7, A and C\ EGF- and FBS-stimulated
increases, when expressed as a fold stimulation above basal
(Fig. 7, B and D), were far greater for HPKIA (maximum 13
x basal) than for HPK1 A-ras (maximum 3 x basal).

Effect of 1,25-(OH)2D3 on EGF and FBS Stimulated PLP
Secretion. Addition of 1,25-(OH)2D3 (10~8 M) to EGF (10 ng/

ml) stimulated cultures of NHK and HPKIA produced a sig

nificant reduction in PLP secretion, which was greater in NHK
than in HPKIA cells (Table 3). No reduction in PLP secretion
was seen in EGF stimulated cultures of HPK1 A-ras cells treated
with IO"8 M 1,25-(OH)2D3 (Table 3). iPLP was next measured

in CM from unstimulated (basal conditions) cultures of HPKIA
and HPKlA-ros in the presence or absence of 1,25-(OH)2D3
(10~8 M) (Table 4). Basal secretion was reduced to a greater

extent in HPKIA than in HPKlA-ros. Increasing concentra
tions of 1,25-(OH)2D3 were next shown to inhibit PLP secretion
into CM in both EGF stimulated (Fig. 8/1) and FBS stimulated

0 10 20 30
Time (hours)

40 50

Fig. 5. Time course of FBS stimulated immunoreactive (i) and bioactive (bio)
PLP in HPKlA-ras. Fresh medium containing FBS (10%) was added to 50%
confluent cultures of HPKlA-ros at time 0. Conditioned medium removed
at timed intervals was assayed for immunoreactive (â€¢ â€¢¿�)and bioactive
(D D) PLP as described in "Materials and Methods." Values, mean Â±SEM
of triplicate determinations expressed as ng equivalents (eq) of hPLP (l-34)/106
cells. Data are representative of 2 different experiments. Insert, iPLP on the
vertical axis plotted against bio PLP on the horizontal axis. Pearson's correlation

coefficient equals 0.98, which is significant at P< 0.01.

12 1

10-

ÃŒ6-

a._j
3= 4

2-

10 20 30
Time (hours)

40 50

Fig. 6. Time course of EGF stimulated PLP secretion in HPK1 A-ras. Follow
ing 24 h in basal conditions, fresh medium without (O O) or with (â€¢ â€¢¿�)
EGF (10 ng/ml) was added to 50% confluent cultures of HPK1 A-ras. Conditioned
medium removed at timed intervals was assayed for iPLP as described in "Ma
terials and Methods." Points, mean Â±SEM of triplicate determinations repre

sentative of 3 different experiments. PLP is expressed as ng equivalents (eq) of
hPLP (l-34)/10' cells. *, Significantly different from unstimulated cultures at

that time point (P< 0.01).
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6 1 B

1 10 100 S 0 1 10 100
EGF Concentration (ng/ml) EGF Concentration (ng/ml)

2-

S 14
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.-r'"

.--1

r

/

0 1 10 0 10
FBS Concentration (%) FBS Concentration (%)

Fig. 7. PLP secretion in HPK1A and HPKlA-ras in response to varying
concentrations of EGF and FBS. Following 24 h in basal conditions (no growth
factors), fresh medium without or with varying concentrations of either EGF
(A and B) or FBS (C and D) was added to 50ri confluent cultures of HPK1A
(A A) and HPK1 A-ros (â€¢ â€¢¿�)at time 0. Conditioned medium removed 24
h later was assayed for iPLP as described in "Materials and Methods." Points,

mean Â±SEM of 4-6 determinations representative of 3 different experiments.
iPLP is expressed as ng equivalents (eq) of hPLP (1-34J/10* cells in A and C,

and as fold stimulation above basal activity in B and />. Basal activity represents
PLP secretion following 48 h in basal conditions.

(Fig. 8Ã„) cultures of HPK1A and HPKlA-ras, however a
greater degree of inhibition was observed in HPK1A than in
HPKlA-ras cultures. In addition, 1,25-(OH)2D, (l(Ta M) was

capable of sustained inhibition of PLP secretion at 72 h in
HPK1A (14% in EGF stimulated cultures and 35% in FBS
stimulated cultures) but not in HPKlA-ras, where there was a
small augmentation in PLP secretion in 1,25-(OH)2D, (10~8 M)

treated cultures at 72 h (+9% in EGF stimulated cultures and
+4% in FBS stimulated cultures).

Effect of Extracellular Calcium Concentration on EGF Stim
ulated PLP Secretion. A significant reduction in iPLP at 24 h
was noted in CM from both HPK1A and HPKlA-ras cells
when the calcium concentration of the culture medium was
reduced from 2.0 m\i Ca2+ to 0.5 IHMCa2*, the reduction in

HPK1A cells being greater than that in H PKI A-ras cells (Table

5). By 72 h, both cell lines maintained in 0.5 ITIMCa medium

produced approximately 50% of the PLP produced by the same
cell type maintained in 2.0 HIMCa.

DISCUSSION

We have examined the regulation of PLP production at the
level of gene expression and of secretion in a human keratino-
cyte model of tumor progression. PLP mRNA levels were
clearly increased by serum stimulation within 6 h in both
established and malignant cells and then quickly returned to
reduced levels. The rapid and transient induction of PLP
mRNA in response to mitogenic stimuli has previously been
observed by us in normal human keratinocytes in vitro (20) and
by others in mammary tissue in vivo in response to elevations
in serum prolactin (39). This time course is analogous to the
temporal response to growth factors of some "immediate-early
genes," such as c-myc, which have been implicated in cell cycle

regulation (40). The transience of PLP gene expression that we
observed has been noted previously (20, 27, 41) and may be a
function of decreased mRNA stability conferred by multiple
adenosine uridine (AU) motifs present in the 3' untranslated

region of the PLP gene (8,42). Superinduction of PLP message
expression following inhibition of protein synthesis by cyclo-
heximide (24), another characteristic of rapidly induced genes,
lends support to this hypothesis. These characteristics shared
with early response genes may therefore strengthen the postu
lated role assigned to PLP in modulating cell growth and/or
differentiation.

We have previously demonstrated the presence of as-acting
regions responsive to growth factors and serum within the PLP
promoter region in transient transfection studies with normal
human keratinocytes in culture (20). In the present study, both
established and malignant cell lines increased PLP gene expres
sion in response to serum, however the stimulatory response
was greater in the established than in the malignant cells.
Whether the site of altered PLP gene induction in the malignant
cells resides in altered activation of nuclear transcription or at
other regulatory loci remains to be determined.

Normal human keratinocytes in culture have been shown to
metabolize 25-(OH)2D, to its active metabolite 1,25-(OH)2D,
in vitro (43). In addition, 1,25-(OH)2D, receptors have been
identified in skin and in cultured keratinocytes (44, 45), and
1,25-(OH)2D3 has also been shown to inhibit growth and stim
ulate differentiation (46, 47) in normal human keratinocytes,
perhaps in an autocrine manner. In previous studies, we dem
onstrated that l,25-(OH)2Dj inhibited PLP gene expression

within hours in normal human keratinocytes, at least in part by
inhibiting gene transcription (20). A comparable reduction in
c-myc mRNA levels, within the same time frame, in response
to 1,25-(OH)2D, has been noted by others in these cells (47).

Table 3 Effect of 1,25-(OHhD, on EGF stimulated PLP secretion in NHK, HPKIA, and HPKlA-ras keratinocytes

Basal
EGF
EGF+ l,25-(OH)jD,NHK"ng

eq/10'cells1.05

Â±0.17
3.20 Â±0.36
1.25 Â±0.32HPKIA*%100305ng

eq/10*cells1.02

Â±0.09
2.90 Â±0.30
1.80 + 0.15%100284HPKlA-rai*ngeq/104

cells2.36

Â±0.23
4.30 Â±0.35
4.09 Â±0.25%100

182
ITS'

" Following 24 h in KBM supplemented with insulin, hydrocortisone, and 0.15 HIM calcium, fresh medium supplemented with 10 ng/ml EGF with or without 10 '
M l,25-(OH)2Dj, was added to 50% confluent cultures of NHK as described in "Materials and Methods." Values are mean Â±SEM.

'Following 24 h in DMEM, fresh medium supplemented with EGF 10 ng/ml with or without IO"8 M l,25-(OH)2Dj was added to 50% confluent cultures of
HPKIA and HPK1 A-raj cells. CM removed from all cultures at 24 h was assayed for immunoreactive PLP. which is expressed as ng eq hPLP-(l-34)/10' cells. Each

value represents the mean Â±SEM of 6 determinations and is representative of 2 different experiments.
'Significant difference from EGF (P< 0.01).
''Significant difference from NHK incubated with EGF + 1.2S-(OH)2D, (P< 0.01).
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Table 4 Effects of 1,25-(OH)2D} on unstimulated Â¡PLPsecretion in HPK1A
and HPKlA-ras

CelllineHPK1A

HPKlA-rasBasal

IO'8 M

1,25-(OH)2D3
Basal IO'8 M
1,25-(OH)2D3iPLPngeq/10'

cells"1.22

Â±0.06
0.88 Â±0.04*

2.08 Â±0.04
1.72 Â±0.12%

inhibition2817

Â°Following 24 h in basal conditions (no growth factors), medium was replaced
at time 0 with fresh basal medium with or without 1,25-(OH)2D3 (10~8 M) in 50%
confluent cultures of HPK1A and HPKlA-roi. Conditioned medium removed at
24 h was assayed for iPLP, which is expressed as ng equivalents (eq) of hPLPfl-
34)/106 cells. Each value represents the mean Â±SEM of 6 determinations and is

representative of 3 separate experiments.
* Significant difference from basal (P < 0.01).

100 i

50
T

O 10'" 10"7 10 "6 B B

1,25(OH)2D3 Concentration (M)

Fig. 8. Effect of I .:s (OH)..!Â»,on EGF and FBS stimulated PLP secretion in
HPK1A and HPKlA-raj cells. Following 24 h in basal conditions, fresh medium
containing either EGF (10 ng/ml) (A) or FBS (5%) (B) with or without varying
concentrations of 1,2S-(OH)2D3, was added to 50% confluent cultures of HPK1A
(A A) and HPKlA-roi cells (â€¢ â€¢¿�).Basal activity was 0.3 Â±0.02 and 1.1
Â±0.09 ng eq PLP-(l-34)/106 cells in A and 0.1 Â±0.01 and 0.5 Â±0.03 ng eq
PLP-(l-34)/106 cells in B for HPK1A ( ) and PHK1 A-ras (â€¢)cells, respectively;
100% activity was 1.56 Â±0.13 and 2.05 Â±0.17 ng eq PLP-(l-34)/106 cells in A
and 1.00 Â±0.09 and 1.46 Â±0.10 ng eq PLP-(l-34)/10' cells in B for HPK1A
and HPKlA-ras cells, respectively. Points, mean Â±SEM of 4-6 determinations
expressing Â¡PLPas a percentage of growth factor stimulated activity. Data are
representative of duplicate experiments. Significant difference from 100% activity
(*,/>< 0.01).

In the present study, an inhibitory effect of 1,25-(OH)2D3 on
inducible PLP gene expression was present in the established
cell line, HPK1A, but was markedly diminished in the malig
nant variant. Consequently, inhibitory as well as stimulatory
control loci of PLP gene expression appeared dysregulated in
the progression to the malignant state.

We next assessed the characteristics of PLP secretion in this
model. PLP concentrations were determined in unextracted
conditioned medium using an NH2-terminal radioimmunoassay
that correlated well with bioactive concentrations. Differences
in absolute levels found between the 2 methods may be due to
the molecular species of PLP released into conditioned medium
that might differ in reactivity, relative to the synthetic PLP-(1-
34) standard, in the radioimmunoassay relative to the bioassay.
Consequently, all PLP values were expressed as ng-equivalents
of the synthetic PLP-(l-34) standard rather than as absolute
units. The secretory rate of PLP from unstimulated cultures of

malignant HPK1 A-ras cells was approximately 3 times that of
the established HPK1A cells, however maximal concentrations
of PLP secretion in response to EGF and FBS were similar in
both cell lines. This occurred because the increment of stimu
lation above basal was far less for HPK1 A-ras than for HPK1A
cells, suggesting a decreased dependence on exogenous growth
factors by the malignant keratinocytes. This reduced augmen
tation of the secretory response to exogenous growth factors
therefore paralleled the reduced augmentation of PLP mRNA
that was observed in the malignant cells. Increased production
of endogenous growth stimulatory factors, for example trans
forming growth factor-a (48), could be one explanation for this
phenomenon. Alternatively, altered and/or constitutively active
EGF receptors might explain the relative independence from
exogenous ligand by the malignant cells.

We also demonstrated an increasing resistance to 1,25-
(OH)2D3 inhibition of both unstimulated and growth factor
stimulated PLP secretion in the progression from established
to malignant phenotype; 10~8M 1,25-(OH)2D3 was most effec

tive in reducing PLP secretion in EGF stimulated NHK. Al
though 1,25-(OH)2D3 (1(T8 M) was capable of a sustained,

significant reduction of both basal and growth factor enhanced
PLP secretion in HPK1A cells, a higher concentration of 1,25-
(OH)2D3 (10~7 M) was required to significantly inhibit PLP

secretion in HPK1 A-ras cultures. Furthermore, in these cells,
a small increase was observed in PLP secretion at 72 h preceded
by an increase in PLP mRNA at 24 h. Reduced responsiveness
to 1,25-(OH)2D3 at the secretory level therefore paralleled the
diminished responsiveness seen at the level of gene expression.
This resistance to the action of 1,25-(OH)2D3 may be due to
functional defects in either the steroid or DNA binding domains
of the receptor protein, to defects in other frans-activating
factors concomitantly required for vitamin D action at the level
of gene expression, or to alterations in the vitamin D response
elements in the PLP promoter or in the regulatory regions of
other genes involved in modulating effects of 1,25-(OH)2D3 on
PLP production. Further studies will be required to define the
precise mechanisms.

The concentration of extracellular calcium has been shown
to regulate both PTH and PLP secretion in vitro. However,
whereas low ambient calcium stimulates PTH and PLP secre
tion in parathyroid cells (22, 37, 49), rat Leydig tumor cells,
which release PLP in culture, respond to decreased levels of
calcium with diminished secretion of PTH-like bioactivity (28).
In the present studies we have shown that a reduction in
extracellular calcium results in a greater initial decrease in iPLP

Table 5 Effect of ambient Ca concentration on EGF stimulated iPLP secretion in
HPKIA and HPK1 A-ras

HPKIAHPKlA-roÃ®Calcium

concentration2.0

mM
0.5mM2.0

mM
0.5 mMiPLPngeq/

10'cells"24

h%*2.58

Â±0.20
1.37 Â±0.08Â°473.45

Â±0.21
2.47 Â±0.26c'rf 2872

h13.60+

1.20
6.82Â±0.71r11.90Â±

1.20
6.88 Â±0.49'**SO42

Â°Following 24 h in basal conditions (DMEM without growth factors), fresh

minimal essential medium containing either 0.5 mM Ca or 2.0 mM Ca, supple
mented with EGF (10 ng/ml), was added to 50% confluent cultures of HPKIA
and HPKlA-r<w at time 0. Conditioned medium was removed at timed intervals
and assayed for iPLP. Values represent the mean Â±SEM of 6 determinations
and are expressed as ng equivalents (eq) of hPLP(l-34)/10' cells. Data is
representative of 2 different experiments.

4 Inhibition (%).
' Significant difference from 2.0 mM Ca at that time point (P < 0.01).
d Significant difference from HPKIA 0.5 mM Ca at 24 h (/>< 0.01).
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secretion into the culture medium by established keratinocytes
than by malignant keratinocytes. This reduction of PLP secre
tion may be due to a change in differentiation/proliferation of
the cells induced by the low calcium or to a direct effect on
PLP production. As previous studies in normal keratinocytes
have failed to demonstrate effects of extracellular calcium on
PLP gene promoter activity, further studies will be required to
determine if the calcium induced modulation of PLP secretion
seen in these transformed cells is accompanied by modulation
at the transcriptional level.

Our studies therefore show, with respect to PLP production,
that several regulatory mechanisms present in normal, human
keratinocytes are altered in the progression to the malignant
phenotype. Since squamous cell cancers represent an important
component of cancers that overproduce PLP in vivo and are
associated with hypercalcemia, these findings may have impor
tant implications for understanding the pathogenetic mecha
nisms involved in vivo in the development of hypercalcemia in
cancer.

ACKNOWLEDGMENTS

We thank M. Mardon and J. Patel for their excellent secretarial
assistance in the preparation of the manuscript.

REFERENCES

1. Muggia, F. M. Overview of cancer-related hypercalcemia: epidemiology and
etiology. Semin. Oncol., 17: 3-9, 1990.

2. Broadus, A. E., Mangin, M., Ikeda, K., Insogna, K. I., Weir, E. C, Burtis,
W. J., and Stewart, A. F. Humoral hypercalcemia of cancer: identification of
a novel parathyroid hormone-like peptide. N. Engl. J. Med., 319: 556-563,
1988.

3. Moseley, J. Mâ€žKubota, M., Diefenbach-Jagger, H., Wettenhall, R. E. H.,
Kemp, B. E., Suva, L. J., Rodda, C. P., Ebeling, P. R., Hudson, P. J., Zajac,
J. D., and Martin, T. J. Parathyroid hormone-related protein purified from
a human lung cancer cell line. Proc. Nati. Acad. Sci. USA, 84: 5048-5052,
1987.

4. Stewart, A. F., Wu, T., Goumas, D., Burtis, W. J., and Broadus, A. E. N-
Terminal amino-acid sequence of two novel tumor-derived adenylate cyclase-
stimulating proteins: identification of parathyroid hormone-like and parathy
roid hormone-unlike domains. Biochem. Biophys. Res. Commun., 146:672-
678, 1987.

5. Strewler, G. J., Stern, P. H., Jacobs, J. W., Eveloff, J., Klein, R. F., Leung,
S. C., Roseblatt, M., and Nissenson, R. A. Parathyroid hormone-like protein
from human renal carcinoma cells. Structural and functional homology with
parathyroid hormone. J. Clin. Invest., SO: 1803-1807, 1987.

6. Suva, L. J., Winslow, G. A. A., Wettenhall, R. E. H., Hammonds, R. G.,
Moseley, J. M., Diefenbach-Jagger, H., Rodda, C. P. Kemp, B. E., Rodriguez,
H., Chen, E. Y., Hudson, P. J., Martin, T. J., and Wood, W. K. A parathyroid
hormone-related protein implicated in malignant hypercalcemia: cloning and
expression. Science (Washington DC), 237:893-896, 1987.

7. Mangin, M., Webb, A. C., Dreyer, B. E., Posillico, J. T., Ikeda, K., Weir, E.
C., Stewart, A. F., Bander, N. H., Milstone, L., Barton, D. E., Francke, U.,
and Broadus, A. E. Identification of a cDNA encoding a parathyroid hor
mone-like peptide from a human tumor associated with humoral hypercal
cemia of malignancy. Proc. Nati. Acad. Sci. USA, 85: 597-601, 1988.

8. Thiede, M. A., Strewler, G. J., Nissenson, R. A., Rosenblatt, M., and Rodan,
G. A. Human renal carcinoma expresses two messages encoding a parathy
roid hormone-like peptide: evidence for the alternative splicing of a single
copy gene. Proc. Nati. Acad. Sci. USA, 85: 4605-4609, 1988.

9. Yasuda, T., Banville, D., Rabbani, S. A., Hendy, G. N., and Goltzman, D.
Rat parathyroid hormone-like peptide: comparison with the human homo
logue and expression in malignant and normal tissue. Mol. Endocrinol., 3:
518-525, 1989.

10. Budayr, A. A., Nissenson, R. A., Klein, R. F., Pun, K. K., Clark, O. H., Diep,
D., Arnaud, C. D., and Strewler, G. J. Increased serum levels of a parathyroid
hormone-like protein in malignancy-associated hypercalcemia. Ann. Intern.
Med., Ill: 807-812, 1989.

11. Henderson, J. E., Shustik, C, Kremer, R., Rabbani, S. A., Hendy, G. N.,
and Goltzman, D. Circulating concentrations of parathyroid hormone-like
peptide in malignancy and in hyperparathyroidistn. J. Bone Min. Res., 5:
105-113, 1990.

12. Burtis, W. J., Brady, T. G., Orloff, J. J., Ersbak, J. B., Warrell, R. P., Olson,
B. R., Wu, T. L., Mitnick, M. A. E., Broadus, A. E., and Stewart, A. F.
Immunochemical characterization of circulating parathyroid hormone-re

lated protein in patients with humoral hypercalcemia of cancer. N. Engl. J.
Med., 322: 1106-1112, 1990.

13. Orloff, J. J., Wu, T. L., and Stewart, A. F. Parathyroid hormone-like proteins:
biochemical responses and receptor interactions. Endocr. Rev., 10:476-495,
1989.

14. Goltzman, D., Hendy, G. N., and Banville, D. Parathyroid hormone-like
peptide: molecular characterization and biological properties. Trends Endo
crinol. Metabol., /: 39-44, 1989.

15. Kukreja, S. C, Shevrin, D. H., Wimbiscus, S. A., Ebeling, P. R., Danks, J.
A., Rodda, C. P., Wood, W. I., and Martin, T. J. Antibodies to parathyroid
hormone-related protein lower serum calcium in athymic mouse models of
malignancy-associated hypercalcemia due to human tumors. J. Clin. Invest.,
82: 1782-1802, 1988.

16. Henderson, J., Bernier, S., D'Amour, P., and Goltzman, D. Effects of passive
immunization against parathyroid hormone (PTH)-like peptide and PTH in
hypercalcÃ©mietumor-bearing rats and normocalcemic controls. Endocrinol
ogy, 127: 1310-1318, 1990.

17. Stewart, A. F., Insogna, K. L., Goltzman, D., and Broadus, A. E. Identifica
tion of adenylate cyclase-stimulating activity and glucose-6-phosphate dehy-
drogenase-stimulating activity in extracts of tumors from patients with hu
moral hypercalcemia of malignancy. Proc. Nati. Acad. Sci. USA, 80: 1454-
1458, 1983.

18. Rabbani, S. A., Mitchell, J., Roy, D. R., Kremer, R., Bennett, H. P. J., and
Goltzman, D. Purification of peptides with parathyroid hormone-like bioac-
tivity from human and rat malignancies associated with hypercalcemia.
Endocrinology, 118: 1200-1210, 1986.

19. Merendino, J. J., Insogna, K. L., Milstone, L. M., Broadus, A. E., and
Stewart, A. F. A parathyroid hormone-like protein from cultured human
keratinocytes. Science (Washington DC), 231: 388-390, 1986.

20. Kremer, R., Karaplis, A. C., Henderson, J., Gulliver, W., Banville, D., Hendy,
G. H., and Goltzman, D. Regulation of parathyroid hormone-like peptide in
cultured normal human keratinocytes. Effect of growth factors and 1,25
dihydroxyvitamin D3 on gene expression and secretion. J. Clin. Invest., 122:
884-893, 1991.

21. Drucker, D. J., Asa, S. L., Henderson, J., and Goltzman, D. The parathyroid
hormone-like peptide gene is expressed in the normal and neoplastic human
endocrine pancreas. Mol. Endocrinol., 3: 1589-1595, 1989.

22. Ikeda, K., Weir, E. C, Sakaguchi, K., Burtis, W. J., Zimering, M., Mangin,
M., Dreyer, B. E., Brandi, M. L-, Aurbach, G., and Broadus, A. E. Clonal
rat parathyroid cell line expresses a parathyroid hormone-related peptide but
not parathyroid hormone itself. Biochem. Biophys. Res. Commun., 162:
108-115, 1989.

23. Deftos, L. J., Gazdar, A. F., Ikeda, K., and Broadus, A. E. The parathyroid
hormone-related protein associated with malignancy is secreted by neuroen
docrine tumors. Mol. Endocrinol., 3: 503-508, 1989.

24. Ikeda, K., Lu, C., Weir, E. C., Mangin, M., and Broadus, A. E. Regulation
of parathyroid hormone-related peptide gene expression by cycloheximide.
J. Biol. Chem., 265: 5398-5402, 1990.

25. Deftos, L. J., Hogue-Angeletti, R., Chalberg, C., and Tu, S. PTHrP secretion
is stimulated by CT and inhibited by CgA peptides. Endocrinology, 125:
563-565, 1989.

26. Rodan, S. B., Wesolowski, G., lanacone, J., Thiede, M. A., and Rodan, G.
A. Production of parathyroid hormone-like peptide in a human osteosarcoma
cell line: stimulation by phorbol esters and epidermal growth factor. J.
Endocrinol., 122: 219-227, 1989.

27. Lu, C., Ikeda, K., Deftos, L. J., Gazdar, A. F., Mangin, M., and Broadus, A.
E. Glucocorticoid regulation of parathyroid hormone-related peptide gene
transcription in a human neuroendocrine cell line. Mol. Endocrinol., 3:2034-
2040, 1989.

28. Rizzoli, R., and Bonjour, J. P. High extracellular calcium increases the
production of a parathyroid hormone-like activity by cultured Leydig tumor
cells associated with humoral hypercalcemia. J. Bone Min. Res., 4:839-844,
1989.

29. Durst, M., Gallahan, D., Jay, G., and Rhim, J. S. Glucocorticoid-enhanced
neoplastic transformation of human keratinocytes by human papillomavirus
Type 16 and an activated ras oncogene. Virology, 173: 767-771, 1989.

30. Boyce, T. S., and Ham, R. G. Cultivation, frozen storage and clonal growth
of normal human epidermal keratinocytes in serum-free media. J. Tissue
Cult. Methods, 9: 83-92, 1985.

31. Durst, M., Dzarlieva-Petrusevska, R. T., Boukamp, P., Fusenig, N. E., and
Gissmann, L. Molecular and cytogenetic analysis of immortalized human
primary keratinocytes obtained after transfection with human papillomavirus
type 16 DNA. Oncogene, /: 251-256, 1987.

32. Allen-Hoffmann, B. L., Sheibani, N., Hatfield, J. S., and Rhim, J. S. Use of
immortalized human keratinocytes for the study of squamous differentiation
and mutagenesis. //;.-J. Rhim and A. Dritschilio (eds.), Neoplastic Transfor
mation in Human Cell Systems in Vitro: Mechanisms of Carcinogenesis, in
press. Clifton, NJ: Humana Press.

33. Adams, J. C., and Watt, F. M. Fibronectin inhibits the terminal differentia
tion of human keratinocytes. Nature (Lond.), 340: 307-309, 1989.

34. Rabbani, S. A., Mitchell, J., Roy, D. R., Hendy, G. N., and Goltzman, D.
Influence of the amino-terminus on in vitro and in vivo biological activity of
synthetic parathyroid hormone-like peptides of malignancy. Endocrinology,
123: 2709-2716, 1988.

35. Salomon, Y., Londos, C., and Rodbell, M. A highly sensitive adenylate
cyclase assay. Anal. Biochem., 58: 541-548, 1974.

36. Chirgwin, J. M., Przybyla, A. E., MacDonald, R. J., and Rulter, W. J.

6527

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/24/6521/2445972/cr0510246521.pdf by guest on 19 M

ay 2023



DYSREGULATION OF PLP PRODUCTION IN CANCER

Isolation of biologically active ribonucleic acid from sources enriched in
ribonuclease. Biochemistry, 18: 5294-5299, 1979.

37. Kremer, R., Bolivar, I., Goltzman, D., and Hendy. G. N. Influence of calcium
and 1,25-dihydroxycholecalciferol on proliferation and proto-oncogene
expression in primary cultures of bovine parathyroid cells. Endocrinology,
125:935-941, 1989.

38. Thomas, P. S. Hybridization of denatured RNA and small DNA fragments
transferred to nitrocellulose. Proc. Nati. Acad. Sci. USA, 77: 5201-5205,
1980.

39. Thiede, M. A. The mRNA encoding a parathyroid hormone-like peptide is
produced in mammary tissue in response to elevations in serum prolactin.
Mol. Endocrinol., 3: 1443-1447, 1989.

40. Woodgett, J. R. Early gene induction by growth factors. Br. Med. Bull., 45:
529-540, 1989.

41. Thiede, M. A., Daifotis, A. G., Weir, E. C., Brines, M. L., Burtis, W. J.,
Ikeda, K., Dreyer, B. E., Garfield, R. E., and Broadus, A. E. Intrauterine
occupancy controls expression of the parathyroid hormone-related peptide
gene in preterm rat myometrium. Proc. Nati. Acad. Sci. USA, 87: 6969-
6973, 1990.

42. Yasuda, T., Banville, B., Hendy, G. N., and Goltzman, D. Characterization
of the human parathyroid hormone-like peptide gene: functional and evolu
tionary aspects. J. Biol. Chem., 264: 7720-7725, 1989.

43. Bikle, D., Nemanic, M. K., Gee, E., and Elias, P. 1,25-Dihydroxyvitamin D3
production by human keratinocytes. J. Clin. Invest., 78: 557-566, 1986.

44. Feldman, D.. Chen, T., Herst, M., Colston, K., Karasek, M., and Cone, C.
Demonstration of 1,25-dihydroxyvitamin D3 receptors in human skin biop
sies. J. Clin. Endocrinol. Metab., 51: 1463-1465, 1980.

45. Pillai, S.. Bilde, D., and Elias, P. M. 1,25-Dihydroxyvitamin D3 production
and receptor binding in human keratinocytes varies with differentiation. J.
Biol. Chem., 263: 5390-5395, 1988.

46. Smith, E. L., Walworth, N. C, and Holick, M. F. Effect of la,25-dihydroxy-
vitamin D3 on the morphologic and biochemical differentiation of cultured
human epidermal keratinocytes grown in serum-free conditions. J. Invest.
Dermatol., 86: 709-714, 1986.

47. Matsumoto, K., Hashimoto, K.. Nishida, Y., Hashiro, M., and Yoshikawa,
K. Growth inhibitory effects of 1,25 dihydroxyvitamin D3 on normal human
keratinocytes cultured in serum-free medium. Biochem. Biophys. Res. Com
mun., 166: 916-923, 1990.

48. Coffey, R. J., Derynck, R., Wilcox, J. N., Bringman, T. S., Goustin, A. S.,
and Pittelkow, M. R., Production and auto-induction of transforming growth
factor-a/pAa in human keratinocytes. Nature (Lond.), 328: 817-820, 1987.

49. Muffs, R., Nemeth, E. F., Haller-Brem, S., and Fischer, J. A. Regulation of
hormone secretion and cytosolic Ca2* by extracellular Ca2* in parathyroid
cells and c-cells: role of voltage-sensitive Ca2* channels. Arch. Biochem.
Biophys., 265: 128-135, 1988.

6528

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/24/6521/2445972/cr0510246521.pdf by guest on 19 M

ay 2023




