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Abstract:

Calcium sulfate (CaS) is an highly biocompatible material that has the character-

istic of being one of the simplest as well as one of the synthetic bone-like graft with the longest
clinical history, spanning more than 100 years. Solidified or crystallized CaS is very osteogenic
in vivo. As the surface CaS dissolves in body fluid, the calcium ions form calcium phosphate
that reprecipitates on the surface forming an osteoblast “friendly” environment. How this
“friendly” environment alters osteoblast activity to promote bone formation is poorly under-
stood. We therefore attempted to address this question by using microarray techniques to
identified genes that are differently regulated in osteoblasts exposed to CaS. By using DNA
microarrays containing 19,200 genes, we identified in osteoblast-like cells line (MG-63) cul-
tured with CaS (Surgiplaster, Classimplant, Roma, Italy) several genes that expression was
significantly upregulated. The differentially expressed genes cover a broad range of functional
activities: (a) immunity, (b) lysosomal enzymes production, (c) cell cycle regulation, (d) and
signaling transduction. It was also possible to detect some genes whose function is unknown.
The data reported are, to our knowledge, the first genetic portrait of CaS effects. They can be
relevant to better understand the molecular mechanism of bone regeneration and as a model
for comparing other materials with similar clinical effects. © 2004 Wiley Periodicals, Inc. J Biomed
Mater Res Part B: Appl Biomater 71B: 260-267, 2004
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INTRODUCTION

Several graft materials have been proposed in implant den-
tistry. Autogenous bone is the golden standard but usually
donor oral sites have limited amount of graft material. Con-
sequently, surgeons harvest bone from extraoral sites with
increased morbidity and the need of general anesthesia.'* An
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alloplastic material avoids the need of a second surgical field
but it should be safe, resorbable, able to maintain space, and
cheap.®* Calcium sulfate (CaS) is highly biocompatible, and
it is one of the synthetic graft with the longest clinical history
(more than 100 years).” "2 It has been utilized in periodontal
disease, endodontic lesions, alveolar bone loss, and maxillary
sinus augmentation.>*!3~1® CaS has been used as a mem-
brane to facilitate healing and to prevent loss of other grafting
materials.'” When associated with other bone-like grafts it
seems to have a favorable effect on osteogenesis.>*° CaS
rapidly resorbs and leaves a calcium phosphate lattice, which
promotes osteogenic activity.>'*? Ricci et al.>* demonstrated
that CaS induces new bone formation in dogs after 2 weeks,
and that it is almost completely resorbed after 1 months.
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Because the mechanism by which CaS stimulates osteo-
blast activity to promote bone formation is poorly under-
stood, we therefore attempted to address this question by
using microarray techniques.

DNA microarray is a molecular technology that enables
the analysis of gene expression in parallel on a very large
number of genes, spanning a significant fraction of the human
genome. Gene expression is performed by a process of (1)
RNA extraction, (2) reverse transcription, and (3) labeling of
cDNA. Reference (i.e., untreated cells) and investigated (i.e.,
cells cultured with CaS) cDNA are labeled with different
dyes and then hybridizated on slides containing cDNA frag-
ments. Then the slides are scanned with a laser system, and
two false color images are generated for each hybridization
with cDNA from the investigated and reference cells. The
overall result is the generation of a so-called genetic por-
trait.*=2° It corresponds to up- or downregulated genes in the
investigated cell system.

In the present study we define the genetic effect of CaS on
cells by using an osteoblast-like cell line (MG63) and mi-
croarray slides containing 19,200 different oligonucleotides.

MATERIALS AND METHODS

Cell Culture

Osteoblast-like cells (MG63) were cultured in sterile Falcon
wells (Becton Dickinson, Franklin Lakes, NJ) containing
Eagle’s minimum essential medium (MEM) supplemented
with 10% fetal calf serum (FCS) (Sigma Chemical Co., St.
Louis, MO) and antibiotics (Penicillin 100 U/mL and Strep-
tomycin 100 wg/mL, Sigma Chemical Co.). Cultures were
maintained in a 5% CO, humidified atmosphere at 37°C.

MG63 cells were collected and seeded at a density of 1 X
10° cells/mL into 9 cm? (3 mL) wells by using 0.1% trypsin,
0.02% EDTA in Ca**- and Mg-free Eagle’s buffer for cell
release. One set of wells were added with CaS (Surgiplaster,
Classimplant, Roma, Italy) at the concentration of 0.001
mg/mL. After 24 h, when cultures were subconfluent, cells
were processed for RNA extraction. Another set of wells
were added with 0.01 mg/mL of CaS, but this concentration
was toxic, and after 24 h all cells died. We try three times to
cultured MG63 at this CaS concentration, but the result was
always negative.

DNA Microarrays Screening and Analysis

The protocol was the same as a previous experiment.”® RNA
was extracted from the cells by using RNAzol. Ten micro-
grams of total RNA were used for each sample. cDNA was
synthesized by using Superscript II (Life Technologies, In-
vitrogen, Milano, Italy) and amino-allyl dUTP (Sigma).
Monoreactive Cy3 and Cy5 esters (Amersham Pharmacia,
Little Chalfont, UK) were used for indirect cDNA labeling.
RNA extracted from untreated cells was labeled with Cy3 and
used as control against the Cy5-labeled treated (CaS) cDNA
in the first experiment and then switched. Human 19.2 K

DNA microarrays were used (Ontario Cancer Institute, To-
ronto, Canada). For 19.2-K slides 100 wL of the sample and
control cDNAs in DIG Easy hybridization solution (Roche,
Basel, Switzerland) were used in a sandwich hybridization of
the two slides constituting the 19.2. K set at 37°C overnight.
Washing was performed three times for 10 min with 1X
saline sodium citrate (SSC), 0.1% sodium dodecyl sulfate
(SDS) at 42°C, and three times for 5 min with 0.1X SSC at
room temperature. Slides were dried by centrifugation for 2
min at 2000 rpm. The experiment was repeated twice and the
dyes switched. A GenePix 4000a DNA microarrays scanner
(Axon, Union City, CA) was used to scan the slides, and data
were extracted with GenePix Pro. Genes with expression
levels, after removing local background, of less than 1000
were not included in the analysis, because ratios are not
reliable at that detection level.

RESULTS

DNA Microarrays

After scanning of the two slides containing the 19,200 human
genes in duplicate, local background was calculated for each
target location. A normalization factor was estimated from
ratios of median. Normalization was performed, by adding
the log, of the normalization factor to the log, of the ratio of
medians. The log, ratios for all the targets on the array were
then calibrated using the normalization factor, and log, ratios
outside the 99.7% confidence interval (the median * 3 times
the SD = 0.52) were determined as significantly changed in
the treated cells. Thus, genes are significantly modulated in
expression when the absolute value of their log, expression
level is higher than 1.56, or else there is a threefold difference
in expression between treated cells and reference. GenePix
Pro software was used to report genes above the threshold
and with less than 10% difference in three different statistical
evaluation of the intensity ratio, thus effectively enabling an
automated quality control check of the hybridized spots.
Furthermore, all the positively passed spots were finally vi-
sually inspected. SAM (significance analysis of microarray)
program was then performed and SAM score was obtained
(T-statistic value).?*~2¢

The genes differentially expressed in cells treated with
CaS are reported in Tables I, whereas in Figure 1 is reported
the SAM plot.

DISCUSSION

CaS is an highly biocompatible material.'~** Solidified or
crystallized CaS is very osteogenic in vivo. As the surface
CaS dissolves in body fluid, the calcium ions form calcium
phosphate that reprecipitates on the surface forming an os-
teoblast “friendly” environment. How this “friendly” envi-
ronment alters osteoblast activity to promote bone formation
is poorly understood. We therefore attempted to address this
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TABLE I. Upregulated Genes

ClonelD Name Symbol Chromosome Score
128290 Homo sapiens-transcribed sequence with EST 203.180062
weak similarity to protein ref:NP_062553.1
(H.sapiens)
188230 ataxia telangiectasia mutated (includes ATM 11q22—q23 189.4630148
complementation groups A, C, and D)
182747 MAP/microtubule affinity-regulating kinase 1 MARK1 1g42.11 166.1802723
127592 transmembrane 9 superfamily member 1 TMOSF1 14q11.2 164.684725
130391 cathepsin S CTSS 1q21 146.4742615
138400 Homo sapiens-transcribed sequences EST 144.1357331
177612 RABG6A, member RAS oncogene family RAB6A 11q13.3 141.6334113
200918 CD58 antigen, (lymphocyte function- CD58 1p13 131.3135017
associated antigen 3)
37996 Sapiens, clone IMAGE:3957507, mRNA EST 130.5896109
5431259 glyceraldehyde-3-phosphate dehydrogenase GAPD 12p13 129.3363762
112831 Homo sapiens-transcribed sequence with EST 127.3618882
weak similarity to protein ref:NP_060312.1
(H.sapiens)
146234 protein phosphatase 2 (formerly 2A), catalytic PPP2CA 5q23-q31 125.7410337
subunit, alpha isoform
4746020 ubiquitin specific protease 3 USP3 15g22.3 123.1548725
141842 Sapiens cDNA FLJ35508 fis, clone EST 123.1413986
SMINT2011958.
156918 ATPase, H+ transporting, lysosomal 38kDa, ATP6VOD1 16q22 115.3472842
VO subunit d isoform 1
211361 Homo sapiens-transcribed sequences EST 115.3340398
146479 Sapiens, clone IMAGE:3929520, mRNA EST 112.7213263
503670 C3HC4-type zinc finger protein LZK1 17q21.1 111.6576297
4711393 ferritin, light polypeptide FTL 19q13.3—q13.4 110.959649
113150 lipidosin BG1 15q23—q24 109.94988
3916591 U5 snRNP-specific 40-kDa protein (hPrp8- HPRP8BP 1p35.1 109.782933
binding)
149286 similar to RAN-binding protein 2-like 1 Na 2pll.2 108.6257557
isoform 1; sperm membrane protein BS-63;
RAN-binding protein 2-like 1
135545 Sapiens, clone IMAGE:5288497, mRNA EST 107.3679651
137669 interleukin 1 receptor accessory protein ILIRAP 3q28 106.9939993
115376 Homo sapiens-transcribed sequence with EST 103.9013874
weak similarity to protein ref:NP_060190.1
(H.sapiens)hypothetical protein FLJ20234
[Homo sapiens]
5839943 disrupter of silencing 10 SAS10 4q13.3 103.6210568
206806 hyaluronoglucosaminidase 1 HYALL1 3p21.3-p21.2 97.96440077
146793 zinc-finger protein 317 ZNF317 97.37549663
182877 prickle-like 2 (Drosophila) PRICKLE2 3p21.1 97.08282314
202332 phosphodiesterase 2A, cGMP-stimulated PDE2A 11q13.3 97.0003003
150216 Homo sapiens-transcribed sequence with EST 96.32832313
moderate similarity to protein
ref:NP_060219.1 (H.sapiens)hypothetical
protein FLJ20294 [Homo sapiens]
206717 CHKI1 checkpoint homolog (S. pombe) CHEK1 11q924—q24 96.29710943
130974 Homo sapiens-transcribed sequences EST 94.57304528
283078 similar to zinc-finger protein Zec NA 19q13.43 94.56675564
157828 runt-related transcription factor 1 (acute RUNX1 21g22.3 93.08834526
myeloid leukemia 1; amll oncogene)
173188 pregnancy-induced growth inhibitor OKL38 16g23.3 90.53672503
147071 zinc-finger protein 294 ZNF294 21g22.11 89.7595522
295101 ferritin, light polypeptide FTL 19q13.3—q13.4 89.24437416
485058 basic leucine zipper transcription factor ATF- BATF 14q24.3 89.15756258

like
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TABLE I. (Continued)
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ClonelD Name Symbol Chromosome Score
158110 hypothetical protein MGC5395 MGC5395 11q12.2 88.42385136
261698 hypothetical protein FLJ13154 FLJ13154 16q13 87.60870133
304947 Sapiens cDNA FLJ39344 fis, clone EST 86.69067134
OCBBF2019108.
152226 spermidine/spermine N1-acetyltransferase SAT Xp22.1 85.80766474
172811 gem (nuclear organelle) associated protein 5 GEMINS 5q33.2 85.00656504
154604 plasmalemma vesicle associated protein PLVAP 19p13.2 82.45621216
134887 epithelial membrane protein 2 EMP2 16p13.2 78.54099109
179016 ribonuclease 6 precursor RNASEG6PL 6927 78.02007156
3002315 zinc-finger protein 255 ZNF255 19q13.2 77.67155417
146689 pregnancy specific beta-1-glycoprotein 3 PSG3 19q13.2 75.80046847
301007 mitochondrial ribosomal protein L54 MRPL54 19p13.3 74.95007578
153209 hypothetical protein DKFZp434N1923 DKFZP434N 1923 8q24.3 74.48433194
156726 cadherin-like 24 CDH24 14q11.2 72.72093835
129683 hypothetical protein DKFZp434K1421 DKFZP434K 1421 17q11.2 72.39493684
204258 Sapiens mRNA full-length insert cDNA EST 70.27008804
clone EUROIMAGE 200999.
150451 Homo sapiens-transcribed sequences EST 70.0586532
3907199 Wilms tumor 1-associated protein WTAP 6q25—q27 69.92274729
207199 heat-shock 70 kDa protein 4 HSPA4 5q31.1-q31.2 69.79101752
5239635 ribosomal protein S7 RPS7 2p25 67.09322958
203557 hypothetical protein FLJ31842 FLJ31842 1p22.1 65.6732234
488208 quinoid dihydropteridine reductase QDPR 4p15.31 65.10054965
491346 Homo sapiens-transcribed sequence with EST 64.84846564
weak similarity to protein
ref:NP_060312.1 (H.sapiens)hypothetical
protein FLJ20489 [Homo sapiens]
308924 hemoglobin, epsilon 1 HBEI 11pl15.5 64.82562116
146832 cadherin 11, type 2, OB-cadherin (osteoblast) CDH11 16q22.1 64.08069281
201514 Homo sapiens-transcribed sequences EST 64.04506263
204541 asialoglycoprotein receptor 1 ASGR1 17p13.2 63.59669971
204285 Homo sapiens-transcribed sequence with EST 62.41511489
moderate similarityto protein
ref:NP_060312.1 (H.sapiens)hypothetical
protein FLJ20489 [Homo sapiens]
154567 hypothetical protein LOC155036 LOC155036 7q36.1 62.01624562
3847469 US snRNP-specific 40 kDa protein (hPrp8- HPRPSBP 1p35.1 59.06658543
binding)
202712 hypothetical protein FLJ33817 FLJ33817 17p13.3 58.38702567
47723 fibroblast growth factor receptor 1 (fms- FGFRI1 8pl1.2—pll.1 58.30087504
related tyrosine kinase 2, Pfeiffer
syndrome)
46747 replication factor C (activator 1) 5, 36.5kDa RFC5 12q24.2 58.28282281
4891768 calcium/calmodulin-dependent protein kinase CAMKK1 17p13.3 56.95053377
kinase 1, alpha
111834 Homo sapiens-transcribed sequences EST 56.89418036
202492 Homo sapiens-transcribed sequence with EST 56.82799984
weak similarityto protein ref:NP_060265.1
(H.sapiens)hypothetical protein FLJ20378
[Homo sapiens]
137545 cortactin binding protein 2 CORTBP2 56.82035997
200611 hydroxymethylbilane synthase HMBS 11g23.3 56.70250989
204244 cytochrome P450, family 39, subfamily A, CYP39A1 6p21.1-pl1.2 56.56148438
polypeptide 1
417978 Homo sapiens-transcribed sequence with EST 56.40403369
moderate similarityto protein
ref:NP_054848.1 (H.sapiens)PRO0478
protein [Homo sapiens]
194400 Homo sapiens-transcribed sequences EST 56.35864512
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TABLE I. (Continued)

ClonelD Name Symbol Chromosome Score
239516 THO complex 2 THOC2 Xq25-q26.3 56.27577796
3930678 Homo sapiens-transcribed sequencewith strong similarity to EST 55.85788085
protein pir:S22655 (H.sapiens)S22655 translation
elongationfactor eEF-1 gamma chain—human
46977 Homo sapiens-transcribed sequence with weak similarity to EST 55.58310056
proteinref:NP_054848.1 (H.sapiens)PRO0478 protein [Homo
sapiens]
152746 Sapiens cDNA FLJ30137 fis, clone BRACE2000078. EST 55.50820159
417759 TAF10 RNA polymerase II, TATA box binding protein (TBP)- TAF10 11p15.3 55.10232199
associated factor, 30kDa
127657 Homo sapiens-transcribed sequences EST 54.9398604
300990 Homo sapiens-transcribed sequences EST 54.53667481
133274 solute carrier family 31 (copper transporters), member 1 SLC31A1 9q31-q32 54.37876775
295290 Homo sapiens-transcribed sequencewith weak similarity to EST 54.33303119
proteinref:NP_055301.1 (H.sapiens)neuronal thread protein
[Homo sapiens]
162406 Sapiens cDNA FLJ35653 fis, clone SPLEN2013690. EST 54.32927727
150304 inositol polyphosphate-5-phosphatase, 145kDa INPP5D 2q36—q37 54.27866481
147079 Homo sapiens-transcribed sequencewith weak similarity to EST 53.96268851
proteinref:NP_060265.1 (H.sapiens)hypothetical protein
FLJ20378 [Homo sapiens]
200247 Sapiens mRNA full-length insert cDNA clone EUROIMAGE EST 53.84314649
200247.
5839199 immunoglobulin kappa constant IGKC 2pl2 53.32970192
179923 Sapiens cDNA FLJ38931 fis, clone NT2NE2013189. EST 53.17099252
128023 ALLLI fused gene from 5q31 AF5Q31 5q31 53.14350374
44263 hypothetical protein FLJ20300 FLJ20300 9q31.1 52.76298657
4696228 tissue inhibitor of metalloproteinase 2 TIMP2 17925 52.42261996
178524 Homo sapiens-transcribed sequences EST 52.1763595
145946 zinc-finger protein 226 ZNF226 19q13.2 52.1396788
4450636 DKFZP56611024 protein DKFZP56611024 7qll.1 51.94750674
154568 nuclear mitotic apparatus protein 1 NUMAL1 11q13 51.85506409
5836188 hypothetical protein FLJ20312 FLJ20312 1p36.11 51.69272803
147932 Homo sapiens-transcribed sequencewith weak similarity to EST 51.50838243
protein ref:NP_060265.1 (H.sapiens) hypothetical protein
FLJ20378 [Homo sapiens]
126265 Homo sapiens-transcribed sequences EST 51.25882648
343096 zinc-finger protein 136 (clone pHZ-20) ZNF136 19p13.2—p13.12  49.97533595

question by using microarray techniques to identified genes
that are differently regulated in osteoblasts exposed to CaS.

We cultured MG63 with two concentration of CaS: 0.001
and 0.01 mg/mL. The last was toxic, and after 24 h all cells
died. It is not surprising because an in vitro system differs
considerably from an in vivo system. Probably the highest
concentration of CaS modifies the pH of the medium that has
not great amount of phosphate.

Hybridization of cDNA (derived form MG63 cultured with
0.001 mg/mL of CaS) to cDNA microarrays allowed us to
perform systemic analysis of expression profiles for thousands
of genes simultaneously and to provide primary information on
transcriptional changes related to CaS. We identified several
genes whose expression was definitely upregulated.

Upregulated Genes (Table I)

Among the upregulated genes some are involved in cell cycle
regulation and signaling transduction. ATM belongs to the

PI3/PI4-kinase family. This kinase is an important cell cycle
checkpoint. It functions as a regulator of a wide variety of
downstream proteins, including tumor suppressor proteins
p53 and BRCAL, checkpoint kinase CHK?2, checkpoint pro-
teins RAD17 and RAD9, and DNA repair protein NBSI.
ATM and the closely related kinase ATR are thought to be
master controllers of cell cycle checkpoint signaling path-
ways that are required for cell response to DNA damage and
for genome stability. Mutations in this gene are associated
with ataxia telangiectasia, an autosomal recessive disorder.?’

Among the signaling transduction upregulated genes there
is CAMKKI1. It belongs to the Serine/Threonine protein ki-
nase family, and to the Ca”*/calmodulin-dependent protein
kinase subfamily. This protein plays a role in the calcium/
calmodulin-dependent (CaM) kinase cascade.?®

FGFRI1 is a member of the fibroblast growth factor recep-
tor family, where amino acid sequence is highly conserved
between members and throughout evolution. FGFR family
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Figure 1. SAM (significance analysis of microarray) plot of MG63 treated for 24 h with calcium sulfate

at the concentration of 0.001 mg/mL.

members differ from one another in their ligand affinities and
tissue distribution. A full-length representative protein con-
sists of an extracellular region, composed of three immuno-
globulin-like domains, a single hydrophobic membrane-span-
ning segment, and a cytoplasmic tyrosine kinase domain. The
extracellular portion of the protein interacts with fibroblast
growth factors, setting in motion a cascade of downstream
signals, ultimately influencing mitogenesis and differentia-
tion. This particular family member binds both acidic and
basic fibroblast growth factors, and is involved in limb in-
duction. Mutations in this gene can lead to Pfeiffer syndrome
and Jackson-Weiss syndrome, syndromes characterized by
anomalies of craniofacial and limb skeleton.’

CaS acts also on a gene-related immunity system. CD58 is
an immunoglobulin superfamily receptor. It interacts with
CD2 receptor and aids the activity of helper T cells.*® Inter-
leukin 1 induces synthesis of acute phase and proinflamma-
tory proteins during infection, tissue damage, or stress, by
forming a complex at the cell membrane with an Interleukin
1 receptor and an accessory protein. ILIRAP encodes an
interleukin 1 receptor accessory protein,®’ and it is upregu-
lated when MG63 cells aretreated with CaS.

Several upregulated proteins are enzymes contained in
lysosomes. CTSS, a member of the peptidase C1 family, is a
lysosomal cysteine proteinase that may participate in the
degradation of antigenic proteins to peptides for presentation
on MHC class II molecules. The encoded protein can func-
tion as an elastase over a broad pH range in alveolar macro-
phages.> ATP6VODI encodes a component of vacuolar
ATPase (V-ATPase), a multisubunit enzyme that mediates acid-
ification of eukaryotic intracellular organelles. V-ATPase depen-
dent organelle acidification is necessary for such intracellular
processes as protein sorting, zymogen activation, and receptor-
mediated endocytosis. V-ATPase is comprised of a cytosolic V1

domain and a transmembrane VO domain.*® HYAL1 encodes a
lysosomal hyaluronidase. Hyaluronidases intracellularly degrade
hyaluronan, one of the major glycosaminoglycans of the extra-
cellular matrix. Hyaluronan is thought to be involved in cell
proliferation, migration, and differentiation. This enzyme is ac-
tive at an acidic pH, and is the major hyaluronidase in plasma.
Mutations in this gene are associated with mucopolysaccharido-
sis type IX, or hyaluronidase deficiency.**

TIMP2 belongs to the TIMP gene family. The proteins
encoded by this gene family are natural inhibitors of the
matrix metalloproteinases, a group of peptidases involved in
degradation of the extracellular matrix. Unlike the inducible
expression of some other TIMP gene family members, the
expression of this gene is largely constitutive.>

The genes discussed are only a limited number among
those differentially expressed and reported in Table I. We
briefly analyzed some of those with a better known function.

In conclusion, CaS is able to upregulate some functional
activities of osteoblast-like cells: cell cycle regulation, signal
transduction, immunity, and production of lysosomal en-
zymes. These last proteins act on components of immunity
system and on turnover of the extracellular matrix. It is not
clear, at the moment, the precise interaction among the dis-
cussed genes and, above all, which of them have the most
relevant role in bone formation.

It is worth noting that MG63 are a cell line and not normal
osteoblasts. Not withstanding the advantages of using a cell
line is related to the fact that the reproducibility of the data is
higher because there is not the variability of the patient
studied. Primary cell cultures provide a source of normal
cells, but they also contain contaminating cells of different
types and cells in variable differentiation states. Moreover,
we have chosen to perform the experiment after 24 h to get
information on the early stages of stimulation. It is our
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knowledge, therefore, that more investigations with other
osteoblast-like cell lines, primary cultures, and different time
points are needed to get a global comprehension of the
molecular events related to CaS action.

Finally, we believe that the reported data can be a model
to compare different substances (i.e., BMPs) with similar
effects.
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