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Abstract t 

Thee peripheral myelin protein (PMP22) gene is highly expressed in peripheral 
Schwannn cells and encodes an important constituent of the myelin sheath. It is also 
expressedd at lower levels in other normal tissues in which the protein is supposed 
too be involved in cell growth regulation. We recently reported frequent amplification 
andd overexpression of PMP22 in high-grade osteosarcoma. Here, we analyzed 
PMP22PMP22 expression in five osteosarcoma tumors and three osteosarcoma cell lines. 
Inn normal Schwann cells, transcription of PMP22 starts at three promoters, P1A, 
P1B,, and P2, which results in the synthesis of three alternatively spliced transcripts 
thatt all code for the same protein. We found a comparable expression pattern in 
normall osteoblasts. However, promoter P1A-driven transcripts were absent in all 
investigatedd tumors and cell lines and, compared to normal osteoblasts, the 
P1B/P22 transcript ratio was found to be increased in two of three cases with 
PMP22PMP22 overexpression and decreased in all five cases without overexpression. In 
normall Schwann cells and in NIH3T3 cells, PMP22 expression increases upon 
serumm starvation-induced growth arrest. In contrast to this, serum withdrawal 
causedd a considerable decrease of PMP22 expression in the osteosarcoma cell 
lines.. We conclude that the different PMP22 expression in osteosarcoma may 
resultt in alternative availability of the PMP22 protein during the cell cycle and 
aberrantt regulation of cell growth control in osteosarcoma tumorigenesis. 
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1.. Introduction 

Thee PMP22 gene in chromosome region 17p11.2 encodes the 22-kDa 
peripherall myelin protein, which is an important component of peripheral myelin. 
PMP22PMP22 is involved in the pathogenesis of the hereditary dysmyelinating peripheral 
neuropathiess Charcot-Marie-Tooth disease (CMT1A) and hereditary neuropathy 
withh liability to pressure palsies (HNPP). 

Inn CMT1A, as a result of the duplication of a 1.5-Mb region containing PMP22, 
threee instead of two copies of this gene are present in the constitutional DNA of 
patientss [1]. Deletion of the same 1.5-Mb region results in only one copy of PMP22 
inn the constitutional DNA of HNPP patients [2]. In both hereditary diseases, these 
copyy number aberrations cause a disturbance of the peripheral nerve myelination 
byy Schwann cells, suggesting that the level of PMP22 expression is a crucial factor 
inn the pathogenesis of these diseases and must be under strict control. PMP22 is 
expressedd at high level in myelinating Schwann cells. It is also expressed, although 
att lower levels, in many other tissues [3-5]. The precise functions of PMP22, 
besidess being a component of the myelin sheath, remain to be clarified. One of its 
functionss may be associated with cell growth control, as can be concluded from the 
inhibitionn of cell growth and induction of apoptosis after overexpression of PMP22 
inn NIH3T3 cells [6]. 

Littlee is known about PMP22 expression and function in tumors. A down-
regulationn of PMP22 expression has been reported for urethan-induced lung 
tumorss in mice [7]. Compared with normal fibroblasts, expression of GAS3, which 
iss another name for PMP22, was found to be lowered in two malignant 
histiocytomaa cell lines [8]. These findings suggest a potential tumor suppressor 
functionn for PMP22. In contrast to this, we found frequent amplification and 
overexpressionn of PMP22 in high-grade osteosarcoma and infrequent but high-
levell amplification of PMP22 in high-grade glioma [9-11]. Amplification of PMP22 
wass earlier reported to occur in rhabdomyosarcoma cell line RH30 and in glioma 
celll line SF763 [12,13]. The latter observations suggest a potential oncogenic 
functionn of PMP22 in these tumors. 

Too study PMP22 expression in osteosarcomas in greater detail, we determined 
promoterr usage and the effect of serum starvation on its expression. Transcription 
off PMP22 is normally regulated by three promoters, P1A, P1B, and P2, which 
resultss in the synthesis of three transcript variants. These variants differ in their 5'-
untranslatedd region but encode the same protein. [4,13,14]. We found that all three 
promoterss were used in normal osteoblasts, but that promoter P1A was no longer 
activee in the investigated osteosarcoma tumors and cell lines. In NIH3T3 cells, 
GAS3/PMP22GAS3/PMP22 expression increases upon serum depletion [15]. In contrast to this, 
wee found in osteosarcoma cells that serum starvation-induced growth arrest 
causedd a considerable decrease in PMP22 expression. Taken together, these data 
suggestt that, compared with normal osteoblasts, PMP22 gene expression is 
differentt in osteosarcoma, implicating alternative availability of the PMP22 protein 
andd cell growth control in osteosarcoma tumorigenesis. 
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2.. Materials and methods 

2.1.2.1. Samples and culture conditions 
Alll osteosarcomas were high-grade tumors, containing at least 70% of tumor 

cells.. Clinical data for these tumors have been given previously [9]. Characteristics 
off the osteosarcoma cell lines MG-63, MNNG-HOS, and SaOs-2 can be found in 
Witloxx et al. [16]. The tumor cell lines were maintained in Dulbecco's modified 
Eaglee medium, supplemented with 10% fetal calf serum (FCS), 50 lU/mL penicillin, 
500 lll/mL streptomycin, and 2 mmol/L l-glutamine (all from Invitrogen, Breda, The 
Netherlands)) at C in a 5% C02 humidified atmosphere. Human Schwann cells 
weree from a short-term primary human Schwann cell line established from 
peripherall nerves, as described by Kwa et al. [17]. Normal human osteoblasts were 
culturedd according to the supplier's instructions {Cambrex Bioproducts Europe, 
Verviers,, Belgium). Genomic DNA was extracted using proteinase K and 
chloroform,, and RNA was isolated using Trizol reagent (Invitrogen) according to 
standardd procedures [18]. 

2.2.2.2. Semiquantitative revere transcriptase polymerase chain reaction (RT-
PCR) PCR) 

Too determine and quantitate relative promoter usage for PMP22, total RNA was 
reverse-transcribedd with Superscript II enzyme (Invitrogen) according to standard 
procedures.. Next, semiquantitative PCR was performed by simultaneously 
amplifyingg the three transcript variants (1A, 1B, and 2) using transcript-specific 
forwardd primers (F1A, F1B, and F2) and a reverse primer (R) in exon 3 of PMP22 
(seee Fig. 1). The transcript-specific forward primers were those of Hühne et al. 
[13,14],, the sequence of the newly developed reverse primer was 5'-
CAGAGATCAGTTGCGTGTCCAT-3'.. The 3'-part of primer F2 is complementary to 
transcriptss 1A and 1B. However, the annealing temperature that was used in the 
PCRR reactions ) was far too high to allow efficient binding of primer F2 to 
thesee transcripts. PCR was performed in a total volume of 25 \A. with 40 ng cDNA; 
0.44 mmol/L of each primer; 10 mol/L Tris-HCI, pH 8.3; 1.5 mmol/L MgCI2; 50 mmol/ 
KCI;; 0.4 mmol/L each of dATP, dGTP, and dTTP; 4 mmol/L dCTP; 0.125 

32 2 

//L[occ P]dCTP (3000 Ci/mmol/L); and 0.5 units Taq polymerase (Roche 
Diagnostics,, Mannheim, Germany). PCR conditions were 3 minutes at , 
followedd by 25 cycles of 30 seconds at , 30 seconds at , 45 seconds at 

,, and one final incubation for 5 minutes at . After separation of the PCR 
productss on 6% polyacrylamide gels, the gels were dried and the resulting signals 
quantitatedd with a Fuji BAS 1800 Imager and AIDA software (Raytest Benelux BV, 
Tilburg,, The Netherlands). 
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2.3.2.3. Northern blot analysis 
Totall cellular RNA (15 pig) was elecrophoresed through 1% agarose gels 

containingg 6.7% formaldehyde. After electrophoresis, the integrity and amount of 
RNAA were analyzed by ethidium bromide staining, and the 18S and 28S rRNA 
bandss were quantitated with AIDA software (Raytest Benelux BV). RNA was 
blottedd onto a Hybond nylon membrane (Amersham Biosciences, Roosendaal, The 
Netherlands)Netherlands) in 16.9x standard saline citrate and 5.7% formaldehyde and cross-

32 2 

linkedd to the membrane by exposure to UV light. Hybridization with a [<* PjdCTP-
labeledd probe containing the complete coding sequence of PMP22 [19]was 
performedd in 0.5 mol/L NA2HP04, pH 6.8, 7% sodium dodecyl sulfate (SDS), and 
11 mmol/L EDTA at . Filters were washed twice with 40 mmol/L Na2HP04, pH 
6.8,, 1% SDS at C and once with 40 mmol/L Na2HP04, pH 6.8. PMP22 signal 
intensitiess were quantitated with a Fuji BAS 1800 Imager and AIDA software. To 
correctt for differences in sample loading, PMP22 signal intensity was normalized to 
thee signal intensity of the 18S and 28S rRNA bands. 

2.4.2.4. Cell cycle analysis 
Standardd fluorescence-activated cell sorter (FACS) analysis was used to 

determinee the proliferative activity of osteosarcoma cell lines after serum 
starvation.. In brief, the cell lines were cultured for 24 hours in normal medium 
containingg 10% FCS. When the cells were subconfluent, the medium was changed 
too 0.5% FCS and the ceils were left in that medium for 12, 48, or 72 hours. Nuclei 
isolatedd at the various time points were stained with propidium iodide and 
subjectedd to analysis on a FACS Calibur flow cytometer (Beckton Dickinson, 
Franklinn Lakes, CA). DNA histograms were obtained and analyzed with WinMDI 
2.88 software (Scripps Research Institute, La Jolla, CA). Proliferative activity was 
definedd as the fraction of cells in the S/G2/M-phase. 
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3.. Results and discussion 

3.1.3.1. PMP22 promoter usage in osteosarcoma tumors and cell lines 
Alternativee splicing of PMP22 transcripts results in three transcript variants (1A, 

1B,, and 2), starting at promoters P1A, P1B, and P2, respectively, which encode the 
samee protein (Fig. 1). Promoter 1A is highly active in myelinating Schwann cells, 
whilee promoter 1B is predominantly used in non-neural tissue [4,20]. Promoter P2 
wass originally ignored because transcript 2 was considered to be an aberrantly 
splicedd mRNA of low abundance in human peripheral nerves [4]. In later studies, 
however,, it was shown that promoter P2 is active in glioma cell line SF763, 
rhabdomyosarcomaa cell line RH 30, and in peripheral nerves [13,14]. Promoter P2 
directlyy precedes exon 2, which contains the translational start site for PMP22 and 
iss included in all transcripts. 

Too study the effect of PMP22 amplification and over-expression on its 
transcriptionall profile, we analyzed, by semi-quantitative RT-PCR, PMP22 
promoterr usage with transcript-specific forward primers (F1A, F1B, and F2) and a 
reversee primer (R) in exon 3 (Fig. 1). 

Exonn 1A / Exon IB / \ \ Exon 2 Exon 3 

P1AA - ^ P1B - ^ P2 -^> V " 

F1AA FIB F2 R 

Fig.. 1. Alternative splicing of transcripts starting at promoters P1A, P1B, or P2 of PMP22. Genomic 
organizationn of the exon 1A-3 region of PMP22. Arrows indicate positions of splice variant-specific 
forwardd primers (F1A,F1B,and F2) and the shared reverse primer (R). 

Too validate our experimental system, we first analyzed PMP22 promoter usage 
inn Schwann cells derived from a short-term culture of human peripheral nerve. In 
accordancee with data obtained for cultured Schwann cells of rat [21], we found that 
thee P1B-driven transcript was expressed at a higher level than the P1A-driven 
transcriptt (Fig. 2A). This is in contrast to the predominant P1A promoter usage in 
nonculturedd peripheral nerve of rat [21]. We also noticed significant usage of the 
P22 promoter, thereby confirming the data of Hunne et al [14]. Next, we investigated 
thee regulation of PMP22 expression in osteosarcoma tumors and cell lines with and 
withoutt amplification and/or overexpression and in normal osteoblasts (Fig. 2B). 
Thee PMP22 amplification and overexpression data for the osteoblasts and tumors 
weree taken from previous studies [9,11], those for the cell lines were determined 
heree using the methods detailed in these studies. In normal osteoblasts, all three 
transcriptt variants proved to be present. P1a-driven transcripts, however, were 
absentt in all investigated tumors and cell lines. The low level of P1A-driven 
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transcriptss in the normal samples (cultured normal Schwann cells and normal 
osteoblasts)) is understandable, given the myelination dependence of P1A 
expressionn and the absence of myelination in these cells. Apparently, P1A-
associatedd expression is no longer needed in the osteosarcoma tumors, 
irrespectivee of the amplification and overexpression status of the PMP22 gene. The 
quantitativee data in Fig. 2B demonstrate that the relative levels of the remaining 
P1B-andd P2-driven transcripts in the tumors and cell lines varied considerably 
(P1B/P22 transcript ratio of 1.6, 1.4, 3.2, 3.5, 0.5, 1.1, 0.9, and 0.9 for samples 41, 
66a,, 81, 109, 125, MNNG-HOS, SaOs-2, and MG-63, respectively) and deviated 
fromm the relative level in normal osteoblasts (P1B/P2 transcript ratio of 2.4). It is 
interestingg to note that, compared with normal osteoblasts, two of three cases with 
PMP22PMP22 overexpression had increased P1B/P2 transcript ratios and that all five 
casess without overexpression had lowered ratios. 

AA B 

P1A A 

PIBB | k 

1 1 

3 3 
X X 

2633 bp 

2299 bp 

160bp p 

Amplified d 
Overexpressed d 

P1A A 
PIB B 

P2 2 

21 1 
38 8 
41 1 

no o 
no o 
11 1 
63 3 
26 6 

yes s 
yes s 
0 0 
61 1 
39 9 

no o 
no o 
0 0 
31 1 
69 9 

yes s 
yes s 
0 0 
76 6 
24 4 

no o 
yes s 
0 0 
78 8 
22 2 

no o 
no o 
0 0 
58 8 
42 2 

no o 
no o 
0 0 
53 3 
47 7 

no o 
no o 
0 0 
47 7 
53 3 

no o 
no o 
0 0 
48 8 
52 2 

Fig.. 2. PMP22 promoter usage in various tissues. Total RNA was extracted from normal Schwann cells 
(A);(A); normal osteoblasts; osteosarcomas 41, 125, 81, 109, 66a; and osteosarcoma cell lines MNNG-
HOS,, SaOs-2, and MG-63 (B); and subjected to semiquantitative RT-PCR using PMP22 promoter-
specificc forward primers P1A, P1B, and P2 and shared reverse primer R. The P-labeled products of 
duplicatee experiments, except for tumor 81, were applied to a sequencing gel, separated on length, 
subjectedd to autoradiography, and quantitated. The lengths of the resulting PCR products are indicated 
onn the right. The relative levels of the transcripts, calculated from the signal intensities generated by the 
promoter-specificc PCR products, are indicated for each sample below the corresponding 
autoradiograph,, as are the PMP22 amplification and expression status. Note that the signal intensities 
off the transcripts are not representative for the overexpression status of each tumor, which was 
determinedd separately. 
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Inn a previous study [11], we found frequent overexpression, with or without 
concomitantt amplification, of PMP22 in high-grade osteosarcoma. Here, we 
demonstratee that in contrast to normal osteoblasts, the myelination-associated 
promoterr 1A is no longer used in osteosarcomas and that this absence of usage 
occurss in tumors with and without PMP22 overexpression. The relative levels of the 
remainingg P1B and P2-dependent transcripts showed some correlation with the 
PMP22PMP22 overexpression status in the investigated tumors and cell lines. However, 
thee functional significance, if any, of this differential promoter usage remains to be 
determinedd and requires the transcriptional analysis of a larger series of tumors. . 

3.2.Serum3.2.Serum dependence ofPMP22 expression in osteosarcoma cell lines 
Severall studies have indicated that PMP22 has a role in growth control and 

apoptosis.. Overexpression of PMP22 causes inhibition of cell growth and apoptosis 
off NIH3T3 cells [6]. In rat Schwann cells, overexpression of GAS3/PMP22 delayed 
theirr entry into S phase [22]. Serum starvation of NIH3T3 cells induces growth 
arrestt and an increase in GAS3/PMP22 expression [15]. GAS3/PMP22 expression 
wass also found to be associated with nonproliferating rat Schwann cells [3]. We 
investigatedd whether serum withdrawal induced a comparable effect on PMP22 
expressionn in osteosarcoma cell lines MNNG-HOS, SaOs-2, and MG63. As in 
NIH3T33 and normal Schwann cells, PMP22 was not amplified and/or 
overexpressedd in these cell lines (data not shown). The level of PMP22 expression 
wass determined by Northern blot analysis, using total RNA taken at various time 
pointss after replacing the culture medium with 10% FCS with 0.5% FCS (Fig. 3A). 
Thee Northern blots were hybridized with a probe containing the whole coding 
sequencee of PMP22 [19]. Normalization of PMP22 expression levels was 
performedd with the 18S and 28S rRNA bands, which were visualized by ethidium 
bromidee staining and then quantitated (Fig. 3B). The normalized PMP22 
expressionn levels in the cell lines at the various time points, as percentage of the 
expressionn level at the start of serum withdrawal, are shown in Fig. 3C. In the 48 
hourss after serum withdrawal, in which PMP22/GAS3 expression in NIH3T3 cells 
increasess from a very low level to a maximum level [15], the PMP22 expression 
levell decreased in all three osteosarcoma cell lines from 100 to 15-60% after 48 
hourss and 25-45% after 72 hours. This is accompanied by a considerable growth 
arrest,, as reflected by the decrease in the percentage of cells in S/G2/M phase 
fromm 40-50% at the start of serum withdrawal to 15-30% after 72 hours (Fig. 3D). 
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Fig.. 3. Expression of PMP22 after serum starvation-induced growth arrest in osteosarcoma cell lines. 
(A)(A) Total RNA was isolated from growing cell lines MNNG-HOS, SaOs-2, and MG-63 at the indicated 
timess after changing the medium from 10 to 0.5% FCS and separated on formaldehyde-containing 

32 2 

agarosee gels. After transfer to Northern blots, the RNAs were probed with a P-labeled clone containing 
thee complete PMP22 coding sequence. (8) Before transfer, the gels were stained with ethidium 
bromidebromide for visualization and quantitation of the 18S and 28S rRNA bands. (C) Normalized PMP22 
expressionn level at the indicated times as percentage of the normalized expression level at the time of 
changee of medium. Normalized expression levels were calculated from the PMP22 and 18S/28S RNA 
signall intensities in And B. (D) Proliferative activity of the cell lines at the indicated times expressed as 
percentagee of cells in the S/G2/M phase. The fraction of cells in S/G2/M phase was determined by 
FACSS analysis. 
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Comparablee data for other tumors are scarce. Serum starvation-induced PMP22 
expressionn was reported to be less up-regulated in two malignant histiocytoma cell 
liness than in normal fibroblasts [8]. In that study, it was found that in fibroblasts the 
up-regulationn of PMP22/GAS3 expression specifically correlated with GO growth 
arrest.. For that reason, the authors hypothesized that the absence of adequate 
PMP22PMP22 up-regulation upon growth arrest in the histiocytoma cell lines, and possibly 
inn other tumors, is caused by their failure to enter a true GO state. In the rat C6 
gliomaa cell line, PMP22 expression was not induced under conditions of cell growth 
arrestt [23]. The latter data and our data on the absence of growth arrest-induced 
expressionn suggest that, compared with normal cells, PMP22 expression is 
regulatedd differently in osteosarcomas and possibly in other tumors. Earlier studies 
havee indicated that PMP22 expression may be regulated by post-transcriptional 
mechanismss involving changes in the stability of PMP22 transcripts [15]. The 
differentt promoter usage that we noted in the osteosarcoma tumors and cell lines 
resultss in the generation of alternative PMP22 transcripts that may differ in stability 
andd possibly temporal availability. This may imply a different regulation of PMP22 
proteinn availability during the cell cycle and, therefore, aberrant regulation of cell 
growthh control, resulting in the oncogenic phenotype. 
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