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Abstract

Hsp27 Contributes to Estrogen Regulation
of Osteoblast Apoptosis

Korea University, College of Medicine, Dept. of Oral & Maxillofacial Surgery

Hyonseok Jang, Jaesuk Rim, Jongjin Kwon, Cheolmin Choi

Estrogen may promote osteoblast/osteocyte viability by limiting apoptotic cell death.
We hypothesize that hsp27 is an estrogen— regulated protein that can promote
osteoblast viability by increasing osteoblast resistance to apoptosis. The purpose of
this study was to determine the effect of estrogen treatment and heat shock on TNFa
—induced apoptosis in the MC3T3—E1 cell line. Cells were treated with O — 100 nM
17B estradiol (or ICI 182780) for O — 24 hours before heat shock. After recovery,
apoptosis was induced by treatment with O — 10 ng/ml TNFa. Hsp levels were
evaluated by Northern and Western analysis using hsp27, hsp47, hsp70c and hsp70i —
specific reagents. Apoptosis was revealed by in situ labeling with Terminal
Deoxyribonucleotide Transferase (TUNEL). A 5 — fold increase in hsp27 protein
and mRNA was noted after 5 hours of treatment with 10-20 nM 17 estradiol prior to
heat shock. Increased abundance of hsp47, hsp70c or hsp70i was not observed.
TUNEL indicated that estrogen treatment also reduced (50%) MC3T3—E1 cell
susceptibility to TNFa — induced apoptosis. Treatment with hsp27 —specific

antisense oligonucleotides prevented hsp27 protein expression and abolished the



protective effects of heat shock and estrogen treatment on TNFa — induced apoptosis.
Hsp27 is a determinant of osteoblast apoptosis, and estrogen treatment increases
hsp27 levels in cultured osteoblastic cells. Hsp27 contributes to the control of
osteoblast apoptosis and may be manipulated by estrogenic or alternative pathways
for the improvement of bone mass.

Key Words: Heat Shock, Bone, Oligonucleotide, TNF—a, TUNEL
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Az AZHR 2D ZARE 891319 11 normal goat serum 2 blockingd} 1L
A28k & affinity purified anti—-hsp27 antibody, normal rabbit serum <& PBSZ 1-24 A7t &<t
EH3det Alx & RE FE S 1:2509 horseradish peroxidase — conjugated goat anti — rabbit
antibody (Vector ) 2.2 &332 AEC chromagen (Zymed, South San Francisco, CA)S o] 83}
kel

2. AZuj¢F: 10% FCSC} penicillin/streptomycin 52 &YAE 283 aMEMS AF-8-3F
o] MC3T3 — E1 AlZ& 37°C, 5% CO, 9 7oA vk kit WA 10% charcoal
stripped serum (Hyclone) @} &2 A|E 32 &3t phenol red free media®l|A] 24417k &<t
AthulekS Alsld o ofgkg-o ¥3wE 10mM stock solutiong o] g3k wjekNeo] 0 —
100 nM9] sE% 343to] 17 Bestradiol(BE,, Sigma)S 0-24 A|7F EoF Foslio
W F8-715 42.5°C incubatorellAl 2A17F &<QF A A2 (heat shock) & A3 aF3lom AA
2] A 3AIZE Tt AlE9 BE7IE & § RNAS proteine FE8H3 . TNFas F
oJslo] AEAIE S F53%9+d 0 - 2.0 ng / mle TNFaS thz #ix e ]2 wjA]
747} gojaheiny.
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methanol — based buffers ©o]&de YERZAFZA  filtero] o]A&A’
Immunoblotting A ¥ rabbit anti—hsp27 antibody '® ¢} hsp47, hsp70 cognate,
hsp70 inducible, hsp90(StressGen: Vancouver, BC) ¢ tf$t monoclonal antibody & ©|
43to] BlottoE AFE3}3l9™  Horseradish — peroxidase conjugated secondary
antibody (Vector; Burklingame, CA)< ©]€3t9 immunocomplex (ECL, Amersham,
Arlington Heights, IL) 2] chemiluminescent dectectione A3 3+t vl kA EZ FE
acid phenol FEW& °|&3sto] RNAE FE5%+d cold PBSZE 33 AMH3 £
guanidine  isothyocyanate  buffere] {o] A& 3P RNAY FEES
spectrophotometry& ©]&3F] OD 2604 =% &tk 10 pgd RNAE 1.0%
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o], Z7PARA AFRLS #Yd8Ee] Scionics PC image analysis software (Scionics PC, NIH,
Bethesda, MD) & ©]&3s}to] 574st3itt.
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20(5° =CGCGGCGCTCGGTCATGT and 5 — GCAGCAGCGAGAAGGGCA) & &4 3ttt
80% A% confluentst AEjelA A5 PBSE Al #H#l AlHsa 0 - 20 nM %9
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6. DNA fragmentation & #4: A ¥AES #243517] 98] DNA fragmentation =

o] §-3+%l=Hl biotinylated nucleotides €] terminal deoxyribonucleotide transferase
incorporation(TUNEL, Trevigen, Rockville MD) & AF8-3}9] fragmented DNA &
S438k3l ot M3EES charcoal stripped serum & 333 phenol — red free media &
o] &3t 4 well glass W< slide & AFE3}o] estrogen, vehicle W A 2|& AP &
8—16 AJZF &<t 0 - 2.0 ng/ml TNFa ¥+ 0 - 600 nM staurosporine & A 2] 3} Th.
Coverslips & cold PBS & M &% ¥ 11743t3L fragmented DNA 2] enzymatic
labeling & A3 3}Qlch Well & A AE 7o A W32 Hol= Axe 5 AF

Al om AFAPE S Hol= Al HlES AL sHlthH(n = 5).
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Ao A= anti — hsp27 A2

2. MC3T3—-E1 A=A hsp27, hsp68, hsp86 mRNA 2] =3

Hsp27, hsp68 3} hsp86 2] [**P] —adCTP random primer labeled mouse cDNA
probe & ©]€-3}9] hsp27, hsp68 ¥} hsp86 mRNA & o&dg #za}3i),
= (O) ol = hsp o Walo] AEE A kARt A2l E A aqe 39 (HS) hsp27,

hsp68 ¥} hsp86 mRNA 2] w3lo] 4z ¥ et} (Figure 2).

A7 A MC3T3-E1 AlXZe] 5 A1k E<tk 0, 2, 20, 100 nM 178 estradiol (BE) =
Folatil 42.5°C oA 2 A1zt Bk AHAE ek wl hsp27 o o]

7 Aok (Figure 3).

4. Estrogen F9¢f 93t hsp27 9 7)€} hsp & &3
MC3T3-E1 A3 20 nM ¢] BE; & O(lane 1), 2(lane 2), 5(lane 3), 8(lane 4), 24
AlZk(lane 5) &<QF Folgt £ 42.5°C oA 2 AR BF AAEE Algstar 3 AI7F &<t

3 E715 = T hsp27, hspd7, hsc (heat shock protein 70 cognate), hsp70i (inducible



hsp70) 2} hsp90 o T3 o] #&¥ Q31 (Figure 4a), Exg A 5 A7F E¢F 2 nM °o]A+2]

off
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=
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I

ko A-(37°C) hsp27 o walo] #aw R ¢kgkt} (Figure 4b).

5. €x8¥ MC3T3-E1 AMXo|A hsp27 @&e] thdt estrogen antagonist & A
AlSE BjoFdle] 0 — 100 nM 52 ICI182780 & Fo 332 w 20 nM BE, o 23t
hsp27 o] 5717 #& = oy taxmoxifen & 5% Fof Alof= o]9 F77F &2

=2 ekt (Figure 5).

6. TNFau}t staurosporine &7} MC3T3—E1 A X2] AP nmx= g3k

M ErjoFe| A MC3T3-E1 Al¥S AES 58 4 3J+=d (Figure 5), 1%

F

TNFal} staurosporine Fo1 Al & F2F AEQ] =7} dAA3] FAhEHE 2 &3 &

A O (Figure 6a), estrogen * %= TNFaY staurosporine ©f 23 A|ZAE S

BN

2A7l= Aol #+& H Atk (Figure 6b).

7.Hsp27 9] &d A7} 338 & MC3T3-El1 AlX2 A& nx= Jg

Ax2] A MC3T3—-E1 Al3¥e] thdt antisense S—oligonucleotide *] X 2 hsp27 2]

wlsdo] A5 7F4 ¥9 09 (figure 7a), TNFa A& e ¢]d MC3T3-E1 AxZe Age
AT A2 Ho(Figure 7b).
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A 3E A EFo A hsp27 9
promoter & estrogen #Ado] Sl Aow d# A1 ¢l=d|, 20 nM BE2 &
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response element (ERE) &] Axk2 Q14 3sH SP1 H- 99 o] #83to] estrogen o o] gt
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o}y 2} hsp68, hsp 47, hsc, hsp 70i, hsp 90 ¥ hsp86 mRNA 2] @glo] =7}E o] glof

Estrogen ol &3t AlxAbE 2482 o8 714 7S Azdell= 5 d=d 42 7HA

E79 AlENA estrogen F7} TNFa 9 @d S A 7]E= Aoz dygon #

cytokine & & FQ3F AA3S &m] w3l vk Z A EZ S mechanical strain &3}l

3%

o

il

rr

Ao 7 AdHAI 3O estrogen ¢ AP-2 Nitric Oxide Synthase 9

12



WS DAAA MEAE G5 Zest= Aoz Wy 9k’ Estrogen 59
NO ¢ Z7}2F3° NO o 93t PC12 M¥ AFE W= @ 3o u)st Hu7}
QA HE3L o9} YA o7 HZo thE AFoA MC3T3-E1 AZejA= NO 7}

AZIAPES 2AA 7] A7 A7t Rusa 9o *? AA7A estrogen ©] A EAFE Q]

AAZ1E Zlo® defAT Qe P, ol olgh 2 AZANE V)l o3 I AE}

FEAE 50 WA £Ho] ool e wo Frh. £TAESL THEI A ¥
Age B A4 0E 23 /149 FE U 20E eAx Y A 94

PTH ¢ Folo] o9& =8 T7hs 22AEY F8S T7HAA ole wep AlEAE 9

Al o3t Aoleh=

rr
T
ki
~
30

o A A B FF T 280 QoA

13



ml
oy
i
[-l U

Peter ME, Heufelder AE, Hengarner MO. Advances in apoptosis research.
Proc. Natl. Acad. Sci. USA 1997;94:12736—-12737.

Brar BK, Stephanou A, Wagstaff MJ, Coffin RS, Marber MS, Engelmann G,
Latchman DS. Heat shock proteins delivered with a virus vector can protect
cardiac cells against apoptosis as well as against thermal or hypoxic stress.

J. Mol. Cell Cardiol. 1999:;31:135—-146.

Mosser DD, Caron AW, Bourget L, Denis—Larose C, Massie B. Role of the
human heat shock protein hsp70 in protection against stress—induced apoptosis.
Mol. Cell Biol. 1997;17:317—327.

Ito H, Shimojo T, Fujisaki H, Tamamori M, Ishiyama S, Adachi S, Abe S,
Marumo F, Hiroe M. Thermal preconditioning protects rat cardiac muscle cells
from doxorubicin—induced apoptosis. Life Sci. 1999;64:755—-761

DeMeester SL, Buchman TG, Qiu Y, Dunnigan K, Hotchkiss RS, Karl IE, Cobb
JP. Pyrrolidine dithiocarbamate activates the heat shock response and thereby
induces apoptosis in primed endothelial cells. Shock 1998;10: 1-6.

Wagstaff MJ, Smith J, Collaco—Moraes Y, de Belleroche JS, Voellmy R, Coffin
RS, Latchman DS. Delivery of a constitutively active form of the heat shock
factor using a virus vector protects neuronal cells from thermal or ischaemic
stress but not from apoptosis. Eur. J. Neurosci. 1998;10: 3343—3350.

Jilka RL. Weinstein RS. Bellido T. Parfitt AM. Manolagas SC. Osteoblast

14



10.

11.

12.

13.

14.

programmed cell death (apoptosis): modulation by growth factors and cytokines.
J Bone Miner. Res. 1998;13(5):793—-802.

Tomkinson A, Gevers EF, Wit JM, ReeveJ, Noble B. The role of
estrogen in the control of rat osteocyte apoptosis. J. Bone Miner. Res.
1998;13:1243—-1250.

Ohyama K, Farquharson C,  Whitehead CC, Shapiro IM. Further
observations on programmed cell death in the epiphyseal growth plate:
comparison of normal and dyschondroplastic epiphyses. J. Bone Miner. Res.
1997;12:1647—-1656.

Noble BS, Stevens H, Loveridge N, Reeve J. Identification of apoptotic
changes in osteocytes in normal and pathological human bone. Bone.
1997;20:273—-282.

Kitajima I, Nakajima T, Imamura T, Takasaki I, Kawahara K, Okano T,
Tokioka T, Soejima Y, Abeyama K. Maruyama [ Induction of apoptosis in
murine clonal osteoblasts expressed by human T —cell leukemia virus type [ tax
by NF—kappa B and TNF—alpha. J. Bone Miner. Res. 1996;11:200—-210.
Tomkinson A, Reeve J, Shaw RW, Noble BS. The death of osteocytes via
apoptosis accompanies estrogen withdrawal in human bone. J. Clin. Endocrinol.
Metab. 1997:82:3128—-3135.

Cooper LF, Uoshima K. Differential estrogenic regulation of small M(r) heat
shock protein expression in osteoblasts. J. Biol. Chem. 1994;18;269:7869—
7873.

Kosmidou L, Webb L, Cooper LF. Estrogenic control of hsp 27 expression in

15



15.

16.

17.

18.

19.

20.

21.

calvarial organ culture. J. Dent. Res. (special issue) 1995;74: 51,

Shakoori AR, Oberdorf AM, Owen TA, Weber LA, Hickey E, Stein JL, Lian JB,
Stein GS. Expression of heat shock genes during differentiation of mammalian
osteoblasts and promyelocytic leukemia cells. J. Cell Biochem. 1992;48:277—
287.

Shiina—Ishimi Y, Abe E, Tanaka H, Suda T. Synthesis of colony—stimulating
factor (CSF) and differentiation—inducing factor (D—factor) by osteoblastic
cells, clone MC3T3—E1. Biochem & Biophys Res Comm. 1996;134(1):400—406.
Towbin H, Staehelin T, Gordon J. Electrophoretic transfer of proteins from
polyacrylamide gels to nitrocellulose sheets: procedure and some applications.
Proc. Natl. Acad. Sci. U. S. A. 1979;76:4350—4354.

Schneider GB, Hamano H, Cooper LF. In vivo evaluation of hsp 27 as an
inhibitor of actin polymerization: hsp 27 limits actin stress fiber and focal
adhesion formation after heat shock. J. Cell. Physiol. 1998;177: 575—584.
Chomczynski P, Sacchi N. Single—step method of RNA isolation by acid
guanidinium thiocyanate—phenol—chloroform extraction. Anal  Biochem.
1987;162:156—159.

Nakano M, Knowlton AA, Dibbs Z, Mann DL. Tumor necrosis factor—alpha
confers resistance to hypoxic injury in the adult mammalian cardiac myocyte.
Circulation. 1998;97:1392—1400.

Gollapudi L, Oblinger MM. Estrogen and NGF synergistically protect terminally
differentiated, ERalpha— transfected PC12 cells from apoptosis. J. Neurosci.

Res. 1999;56: 471-81.

16



22.

23.

24.

25.

26.

27.

28.

Ercoli A, Scambia G, Fattorossi A, Raspaglio G, Battaglia A, Cicchillitti L,
Malorni W, Rainaldi G, Benedetti Panici P, Mancuso S. Comparative study on
the induction of cytostasis and apoptosis by ICI 182,780 and tamoxifen in an
estrogen receptor—negative ovarian cancer cell line. [Int. J. Cancer.
1998:;76:47—-54.

Damien E, Price JS, Lanyon LE. The estrogen receptor's involvement in
osteoblasts' adaptive response to mechanical strain. J. Bone Miner. Res.
199813:1275—-1282.

Mitchell KB, McAndrew KS, Cooper LF. Structural determinants affecting
heat shock inducible transcription of the rat hsp27 gene. J. Dent. Res. (special
issue) 1997;76: 49.

Porter W, Wang F, Wang W, Duan R, Safe S. Role of estrogen receptor/SP1
complexes in estrogen—induced heat shock protein 27 gene expression. Mol
Endocrinol. 1996;10:1371—-1378.

Oesterreich S, Lee AV, Sullivan TM, Samuel SK, Davie JR, Fuqua SA.

Novel nuclear matrix protein HET binds to and influences activity of the HSP27
promoter in human breast cancer cells. J. Cell Biochem. 1997;67:275—286.
Marin R, Landry J, Tanguay RM. Tissue—specific posttranslational
modification of the small heat shock protein HSP27 in Drosophila. Exp. Cell Res.
1996;223:1-8.

Srivastava S, Weitzmann MN, Cenci S, Ross FP, Adler S, Pacifici R. Estrogen
decreases TNF gene expression by blocking JNK activity and the resulting

production of c—Jun and JunD. J. Clin. Invest. 1996;104:503—513.

17



29.

30.

31.

32.

33.

34.

Berman JR, McCarthy MM, Kyprianou N. Effect of estrogen withdrawal on
nitric oxide synthase expression and apoptosis in the rat vagina. Urology.
1998:;51:650—-656.

Cicinelli, E, Ignarro LJ, Matteo MG, Galantino P, Schonauer LM, Falco N.
Effects of estrogen replacement therapy on plasma levels of nitric oxide in
postmenopausal women. Am. J. Obstet. Gynecol. 1999;180:334—339.

Kim YM, Chung HT, Kim SS, Han J., Yoo YM, Kim KM, Lee GH, Yun HY, Green
A, LiJ, Simmons RL, Billiar TR. Nitric oxide protects PC12 cells from serum
deprivation—induced apoptosis by cGMP—dependent inhibition of caspase
signaling. J. Neurosci. 1999;19:6740—-6747.

Mogi M, Kinpara K, Kondo A, Togari A. Involvement of nitric oxide and
biopterin in proinflammatory cytokine—induced apoptotic cell death in mouse
osteoblastic cell line MC3T3—E1. Biochem. Pharmacol. 1999;58:649—-655.
Hughes DE, Dai A, Tiffee JC, Li HH, Mundy GR, Boyce BF. Estrogen promotes
apoptosis of murine osteoclasts mediated by TGF—beta. Nat. Med.
1996;2:1132—-1136.

Jilka RL, Weinstein RS, Bellido T, Roberson P, Parfitt AM, Manolagas SC.
Increased bone formation by prevention of osteoblast apoptosis with

parathyroidhormone. J. Clin. Invest. 1999;104:439—446.

18



Figure 1

Immunohistochemical localization of hsp27 in bone. Adult male rat tibia was
decalcified and prepared for immunohistochemical localization of hsp27 using rabbit
polyclonal anti —hsp27 antiserum (1:50 dilution) and AEC chromagenic identification
via a biotinylated—conjugated secondary antibody. Hsp27 is localized within cells

lining bone (large arrows), but absent from osteocytes in bone (small arrows).

Figure 2

Expression of heat shock protein mRNAs in MC3T3—E1 cells. 15 pg aliquots of
total RNA extracted from MC3T3—E1 cells grown at 37°C (C) or heat shocked for 2
hours at 43°C followed by 3 hour recovery at 37°C (HS) were separated by
denaturing agarose gel (1.2%) electrophoresis and transferred to nitrocellulose
membranes. Hsp27, hsp68 and hsp86 mRNA was revealed by probing with [**P]—
labeled cDNAs encoding hsp27, hsp68 and hsp86. For each transcript, a constitutive

absence was revealed and induction was observed following heat shock.

Figure 3
Effect of BE, treatment on the steadystate abundance of hsp27 in heat shocked

MC3T3—EI cells. 10 pg aliquots of total RNA from cells pre—treated for 5 hours
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with 0, 2, 20 or 100 nM BE; (as indicated above lanes) were separated by
electrophoresis in a 1.0% agarose formaldehyde denaturing gel. The gel was stained
with ethidium bromide and the UV transilluminated image was photographed (bottom
panel). The gel was dried, rehydrated, prehybridized and hybridized with 0.5 x 10°
cpm / ml [**P]dCTP — labeled mouse hsp27 cDNA. After washing in 0.5X SSC at
65°C, hybridized RNA was identified by autoradiography. A 24 hour exposure on

Kodak XAR film is represented here.

Figure 4
Heat shock protein expression in MC3T3—E1 cells following estrogen treatment.

a) 10 ug of total protein lysates were separated on 10% SDS PAGE, transferred to
nitrocellulose and probed with antibodies specific for hsp27, hsp47, hsc (heat shock
protein 70 cognate), hsp70i (inducible hsp70) and hsp90. MC3T3—-E1l cells were
heat shocked for 2 hours at 42.5°C and allowed three hours recovery before lysing.
Prior to heat shock cells were pre treated with 20 nM BE, for O hours (lane 1), 2
hours (lane 2), 5 hours (lane 3), 8 hours (lane 4), and 24 hours (lane 5).

b) Estrogen enhancement of hsp27 expression is maximal between 2 and 10 nM BE..
Cells were pretreated with O — 100 nM BEZ for 5 hours preceding heat shock.
Unstressed cells (37°C) do not produce hsp27. When pre—treated with BE2, hsp27

abundance was increased.

Figure 5

Effect of estrogen antagonists on hsp27 and hsp70c abundance in BE, treated
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MC3T3—EI cells. 10ug total protein lysates prepared in RIPA buffer were separated
by SDS—PAGE (10% total acrylamide), transferred to nitrocellulose and
immunoblotted with anti—hsp27 or anti—hsp70c antibodies. Chemiluminescent (3 —
4 minutes) images are shown. Cells were treated for 5 hours preceding heat shock
with vehicle (O), BEg, ICI182,780 (ICD, BE,- + ICI, Tamoxifen (Txf) or Txf + BE,
(as indicated above lanes) and subsequently heat shocked for 2 hours at 42.5°C and

allowed to recover for 3 hours at 37°C.

Figure 6

Cells cultured in the presence or absence of 20nM BE, were subsequently heat
shocked and after 3 hour recovery the cells were challenged with O — 10 ng/ml TNFa
or O — 600 nM staurosporine. In the absence of TNFa or staurosporine, confluent
cultures were largely devoid of DNA fragmentation revealed by TUNEL (a). Either
inducing agent resulted in significant loss of adherent cells and the presence of DNA
fragmentation in the nuclei of adherent cells (b). BE: treatment (20 nM) limited
apoptosis following exposure to 400 nM staurosporine; At 600 nM, the loss of

adherent cells prohibited meaningful assessment of cell death.

Figure 7

a) Effect of antisense oligonucleotides on hsp27 expression in heat shocked MC3T3
cells. Cells were treated with antisense oligos in serum free media for 2 hours, then
overnight in complete media and subsequently heat shocked for 2 hours at 37 °C

(lanes 1 —4) or 42.5°C (lanes 5 — 8) and allowed to recover for 3 hours at 37°C.
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Cells were lysed into RIPA buffer and 10 pg total protein lysates were evaluated by
immunoblotting of hsp27 as described in Figure 2. Cells were treated with O nM
(lanes 1 and 5), 1 nM (lanes 2, and 6), 5 nM (lanes 3 and 7), or 20 nM (lanes 4 and
8) antisense oligonucleotide. The arrow identifies the hsp27 band.

b) Effect of antisense oligonucleotides on heat shock protection of TNFo-mediated
MC3T3—EL1 cell killing. Antisense oligonucleotides were added at O or 20 nM as
described above and viability of cells measured by counting of trypan blue excluding
cells after 24 hours growth in O or 1 ng/ml TNFa (n = 4 or 5 wells / point). Heat
shock alone killed cells, however, relative protection (28,000 vs 12,000 viable cells)

from TNFa mediated killing was noted. Antisense oligonucleotides had no effect on

unstressed MC3T3 — E1 cells which do not express hsp27. Antisense olignucleotides

reduced heat shock protection of TNFa mediated killing ( 28,000 vs. 17,000 viable
cells). Asterisk indicates significant differences (p < 0.05) evaluated by pair—wise

comparison.
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