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Thrombomodulin is a vascular endothelial cell trans- 
membrane protein that forms a 1:l complex with throm- 
bin, this interaction product forming the basis of a 
physiologically important natural anticoagulant sys- 
tem. Transcriptional down-regulation of thrombomodu- 
lin occurs following exposure of cultured endothelial 
cells to cytokines,  while up-regulation is induced by reti- 
noic acid and dibutyryl cyclic AMP. Thrombomodulin is 
also regulated developmentally, appearing in  the parie- 
tal endoderm of  7.5-day-old mouse  embryos. We deter- 
mined that cell surface functional thrombomodulin in 
cultured human  umbilical  vein endothelial cells 
(HUVEC) and A549 cells increased 3.2- and 6.7-fold, re- 
spectively, in response to 24 h of continuous 42 "C heat 
shock stress. Northern analyses of thrombomodulin 
mRNA accumulation also showed a delayed response 
that was characterized by an augmentation in mRNA 
levels that  started 12-18 h after the initiation of the 
stress, and continued to rise, without attenuation, dur- 
ing 48 h of continuous heat shock.  Nuclear run-on stud- 
ies confirmed that  the predominant mechanism of aug- 
mentation was transcriptional. Furthermore, the heat 
shock-induced up-regulation of thrombomodulin in 
HUVEC abrogated the suppressive effect of tumor ne- 
crosis factor.  Analysis of the 5' region of the thrombo- 
modulin  gene revealed six highly  conserved tandem 
copies of the five base pair recognition unit that is the 
consensus sequence for a heat shock  element. We hy- 
pothesize that the stress-induced augmentation in 
thrombomodulin  gene transcription is mediated via 
heat shock factors binding to  the heat shock  element 
and that  the  stress response of thrombomodulin may 
have a biological role to protect the vascular endothe- 
lium during a variety of stresses, including inflamma- 
tion,  infection, andfor development. 

Thrombomodulin is a vascular  endothelial cell transmem- 
brane  protein  that forms a 1:l stoichiometric complex with 
thrombin, this interaction product forming the basis of a major 
natural  anticoagulant  system. When  bound to thrombomodu- 
lin,  thrombin is able  to  activate  protein C which in  turn cleaves 
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factors Va and  VIIIa,  thereby  down-regulating  further  throm- 
bin  production  (1-4). Furthermore,  when  thrombin  is bound to 
thrombomodulin, the bound thrombin  is  less  available  to  act on 
its  substrates,  particularly  platelets  and fibrinogen (2,5). Stud- 
ies  in mice that  demonstrate  the prevention of thrombin-in- 
duced thrombosis by thrombomodulin administration,  and  its 
potentiation  with  anti-thrombomodulin  antibodies,  lend  fur- 
ther evidence as to  the in  vivo importance of thrombomodulin 
as an anticoagulant (6). 

Although  thrombomodulin is expressed  constitutively on the 
surface of vascular  endothelial cells, its in  vitro expression may 
be  altered by a variety of modulators  and  is known to  be regu- 
lated at several levels (7). Thrombomodulin  production may  be 
suppressed by the cytokine tumor necrosis factor (TNF)'  via 
both  transcriptional  and  internalization  mechanisms (8-10). 
Thrombin-induced  endocytosis of the thrombin-thrombomodu- 
lin complex with  degradation of thrombin has been invoked as 
a mechanism for clearing  thrombin from the circulation (11- 
13). Several  investigators  have  reported  that  agonists includ- 
ing retinoic  acid, CAMP, histamine, forskolin, phorbol esters, 
and  thrombin  may  enhance  transcription of thrombomodulin in 
human umbilical  vein endothelial cells (HUVEC), vascular 
smooth  muscle cells, megakaryocyte cell lines, HL60 cells, and 
F9 embryonal carcinoma cells (7, 14-26). Finally, post-transla- 
tional modifications, glycosylation, and oxidation of thrombo- 
modulin have  also been implicated in the  regulation of its func- 
tional cell-surface  expression (27-29). 

Recent studies  have begun to  identify  those 5' regions of the 
thrombomodulin gene  that  are  important  transcriptionally, 
providing  positive and  negative  regulatory  elements for  consti- 
tutive  and  modulated expression (30-32). One group (31) de- 
termined that the thrombomodulin promoter  starting  at -51 
and  including  the TATA box is sufficient  for response to  TNF 
but only in  those cells exhibiting  sensitivity to the cytokine. 
Furthermore,  this  same  group found  a  major  positive acting 
DNA sequence 30-70 nucleotides upstream of the RNA tran- 
scriptional start site  as defined by transient thrombomodulin 
promoter/chloramphenicol acetyltransferase  assays  and  DNase 
I "footprinting" experiments (31). Our preliminary  experiments 
revealed a heat-sensitive  increase of thrombomodulin  activity 
on cultured cells. Subsequent  examination of the -80 to -30 
region of the  promoter  revealed  multiple  tandem copies of a 
5-bp recognition unit, nGAAn, and its inverted  repeat,  that  is 
the consensus  sequence referred to as a heat shock element 

human umbilical vein endothelial cells; HSE, heat shock element; db- 
The abbreviations used are: TNF, tumor  necrosis  factor; HUVEC, 

CAMP,  dibutyryl cyclic AMP; PBS, phosphate-buffered  saline; bp, base 
pair(s); kb, kilobase(s); GAPDH, glyceraldehyde-3-phosphate dehydro- 
genase; HSF, heat shock  factors;  SMC,  smooth  muscle  cells. 
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(HSE) (33-40). Binding of heat shock factorb) to the HSE(s) of 
several genes in yeast and eukaryotic cells is known to enhance 
transcription rapidly, thereby providing a  fundamental mech- 
anism to  protect cells  from a variety of stresses (36, 41). 

In  this report we show that transcription of the thrombo- 
modulin gene is highly responsive to heat shock stress  in 
HUVEC and A549 adenocarcinoma cells. This mechanism, 
which heightens expression of thrombomodulin and  interferes 
with the suppressive effect of TNF on thrombomodulin, may  be 
critical in protecting the vascular endothelium from thrombotic 
tendencies in pathologic situations  and may  also be relevant in 
the developmental regulation of expression of thrombomodulin 
in mouse  embryos and F9 embryonal carcinoma cells (42). The 
unique nature of the stress-induced response of the thrombo- 
modulin  gene  may  provide a model to further our understand- 
ing of the biological  role and mechanisms of action of heat shock 
proteins. 

EXPERIMENTAL PROCEDURES 
Materials-Purified bovine protein  C  was  obtained  from  Enzyme 

Research  Laboratories  (South  Bend,  IN),  and  the chromogenic sub- 
strate, HD-Phe-Pip-Arg-pNA (S2238)  was provided by  Helena  Labora- 
tories  (Beaumont, TX). Bovine thrombin  and  human  thrombomodulin 
from placenta  were  purified  as  previously  detailed  (43-45).  Restriction 
enzymes  were  from  Boehringer  Mannheim  Canada  (Dorval, Quebec), 
nitrocellulose  membranes from Schleicher & Schuell, and 32P-labeled 
products  from  ICN  Biomedicals  (Canada).  All-trans  retinoic  acid  and 
dibutyryl cyclic AMP (db-cAMP) were  obtained  from  Sigma,  RNase  T1, 
yeast tRNA, and DNase I were from Life Technologies, Inc./BRL (Bur- 
lington,  Ontario,  Canada),  endothelial cell mitogen  from Biomedical 
Technologies Inc.  (Stoughton, MA), and  NTPs  from  Pharmacia  Biotech. 
Inc.  (Baie d'Urfe, Quebec, Canada).  Recombinant human  TNF-a  pur- 
chased  from  Boehringer  Mannheim  (Laval, Quebec, Canada)  has a spe- 
cific activity of IO8 unitdmg. 

Cell Culture-HUVEC were  harvested  and  cultured as previously 
reported  (46,471.  Experiments  were  performed on cells at passages 2-5. 
A549 cells  were  grown in  Dulbecco's modified Eagle's medium  supple- 
mented  with 10% fetal bovine serum. Cell cultures  were  incubated at 
37 "C (or exposed to  the specified "heat shock" temperature)  in a  hu- 
midified atmosphere of 5% CO, and 95% air. Cells  were exposed to 
retinoic acid and/or db-CAMP at final  concentrations of 1 p~ and 0.5 mM, 
respectively, at 37 "C for the noted  periods of time  and  washed  with  PBS 
prior  to  further  processing.  The  measurements of functional cell surface 
thrombomodulin, RNA isolations,  and  nuclear  extractions for run-on 
assays  were  conducted  after  cells  were  grown  to 2-3 days post-conflu- 
ence.  Media  was  changed  24 h prior  to  all  experiments. 

Protein CActiuation-Cells were  grown in  24-well dishes, exposed to 
heat shock  for  varying  periods of time,  and  the levels of functional cell 
surface  thrombomodulin  were  evaluated  using the  synthetic  amidolytic 
substrate,  S2238, by methods  previously  reported  (47).  Cells  were 
counted following the  reaction,  and  the  rate of change  in  absorbance a t  
405 ndviable cell was  determined. Viability of cells  was  evaluated by 
trypan  blue  exclusion. 

Preparation of  cDNA Probes-The plasmid  Bluescript  (pBS)  contain- 
ing a  6.4-kb genomic DNA fragment  spanning  all of the  transcribed 
human thrombomodulin  gene  was  prepared as previously  outlined (8). 
The DNA probe  used  to  detect  thrombomodulin mRNA was a XhoIIXbaI 
3.1-kb  fragment  from  the  thrombomodulin  gene  that  spans  the  entire 
coding region  for the  protein.  The cDNA probe for rat  brain  P-tubulin 
(RBT.3) was a gift from Dr. Matt  Fenton,  Cambridge, MA (48).  The 
plasmid pGAD28 containing  the cDNA for the glycolytic enzyme glyc- 
eraldehyde-3-phosphate  dehydrogenase  (GAPDH)  was  provided by Dr. 
Robert J. Schwartz,  Houston, TX (49). cDNA encoding human  tissue 
factor  was a gift of Dr. William  H.  Konigsberg (Yale University School of 
Medicine, New Haven, CT). The Sau3A-Hind111 fragment of this cDNA 
spanning  nucleotides 90-1364 (50) was  used for tissue  factor mRNA 
detection. DNA encoding the  human  heat shock  protein  HSP70  was 
provided by Dr. Jack Hensold  (Case  Western  Reserve  University, Cleve- 
land,  OH). All DNA inserts  were  subcloned  into  pBS  for  the  purposes of 
nuclear  run-on  experiments.  Plasmids  were  purified by alkaline  lysis 
and CsCl  gradient  centrifugation (51). The cDNA probes  were  purified 
on  a low melting  point  agarose  gel  and  radiolabeled  with [ ( u - ~ ~ P ] ~ C T P  
using  the  random  primer  synthesis  method (52). The specific activity of 
the probes  was  approximately  2 x lo6 countdmidng of DNA. 

RNA Isolation and  Northern Analysis-Total RNA was  isolated from 
the cells by the single  step  method of Chomczynski  et  al.  (53).  Northern 
analyses  were  performed as described  previously  (47, 51). 

Isolation  ofNuclei and Measurement of in Vitro Gene Dunscription- 
Following heat shock,  approximately 5 x lo7 celldsample  in  monolayers 
were  washed with ice-cold 1 x PBS.  The  cells  were  incubated on ice for 
5 min with cold lysis  buffer  containing 0.15 M NaCl, 10 mM Tris-HC1, pH 
7.9, 1 mM EDTA, 0.6% Nonidet  P-40, and  scraped  into  prechilled  cen- 
trifuge  tubes  in  which  the  lysates  were  spun  for 5 min at 500 x g .  The 
resulting  nuclear  pellets  were  gently  resuspended in  1 x storage  buffer 
(100 mM Tris-HC1, pH  7.9,4 mM MgCl,, 4 mM MnCl,, 200 mM NaCl,  0.4 
mM EDTA, 0.3 M(NH,),SO,,  40% glycerol, 0.1 m~ phenylmethylsulfonyl 
fluoride) and frozen in liquid  nitrogen. 

Nuclear  run-on  assays  were  performed by incubating  the  nuclei for 
30  min at 27 "C with 150 pCi of [(U-~~PIUTP (3000 Ci/mmol) in a reaction 
buffer  containing 100 m~ Tris-HC1, pH 7.9, 4 mM MgCl,, 4 mM MnCl,, 
0.2 M NaCl,  0.3 M(NH,),SO,, 1 mM each of  ATP,  CTP,  GTP, and  dithio- 
threitol, 10 mM creatine  phosphate,  and  40  units of RNasin  (8,  54, 55). 
The  reactions  were  stopped by addition of 125  pg of tRNA and 24  pg of 
DNase I a t  37 "C for 10 min.  Further  DNase I was  added as necessary 
until  the  solutions  were no longer viscous. To each 2 0 0 4  sample  was 
added 100 pl of a buffer  containing 30 mM "is-HC1, pH 7.9, 30 m~ 
EDTA, 1.5% SDS,  and  proteinase  K  to a final  concentration of 300 
pg/ml. This  mixture  was  incubated for 30  min at 42 "C, after  which  total 
RNA was  extracted as detailed above. 

Each  preparation of nuclei yielded 5-10 x lo6 counts/min of labeled 
nuclear RNA. Equal  numbers of counts of the labeled RNA were hy- 
bridized at 42 "C for 2-3 days  in  the  Northern  blot  hybridization  buffer 
with 5 pg of each of the  plasmid cDNA that were  denatured  and immo- 
bilized by dot-blotting  onto  nitrocellulose  filters.  The  filters  were 
washed  sequentially a t  55 "C in 1 x SSC, 1% SDS,  and  0.2 x SSC, 0.2% 
SDS for 15 min  each.  This  was followed by a  wash at 37 "C with  2 x SSC 
containing  RNase  A 10 pg/ml and  RNaseTl5  unitdml for 15 min,  prior 
to  final  washes in 2 x SSC.  The 32P-labeled RNA bound specifically to 
the  filters  was  visualized by autoradiography at  -70 "C using  intensi- 
fying  screens. Nonspecific hybridization  was  determined  to  be negligi- 
ble, as assessed by using  filters  containing  the  plasmid  Bluescript. 

Cyclic AMP Assay-Following incubation of cell monolayers at  42 "C 
for the noted  times,  the cells were placed on ice, washed  three  times 
with cold PBS,  scraped,  and  suspended  gently  in 1 ml of PBS.  Cells  were 
counted  and  assessed for viability. Ice-cold ethanol  was  added to a  final 
concentration of 65% (v/v), the  precipitated  proteins  were  pelleted a t  
2000 x g for 15 min at 4 "C, and  washed once with ice-cold 65% ethanol. 
The  supernatants  were pooled, cleared  again by centrifugation of any 
precipitate,  and  dried by speed-vac  lyophilization.  The  dried  extracts 
were  suspended  in a suitable volume of assay  buffer  prior  to  analysis 
using  the  Biotran  enzyme-immunoassay kit according  to the manufac- 
turer's  instructions  (Amersham,  Montreal, Quebec, Canada). 

Analysis of Data-Statistical  analyses of data  were  conducted by 
standard  techniques  (56)  with  the  aid of StatView  computer  program for 
the Macintosh  (Abacus  Concepts  Inc., CA). The  means  are provided 
with  associated  standard  errors (S.E.) or standard deviations (S.D.). 

RESULTS 

The 5' ends of both the human  and murine thrombomodulin 
genes contain a highly conserved sequence just upstream of the 
TATA  box that consists of six inverted repeats of a five  bp 
consensus element (nGAAn), referred to as  the HSE (Fig. 1). 
The two pairs of central pentads are perfect repeats  separated 
by an interval nucleotide. Flanking each side of these four, is an 
additional imperfect pentad with correct  nucleotide spacing. 
When in  arrays of two or more inverted repeats,  the HSE has 
been  shown to provide a  site of interaction with heat shock 
factors (HSF), thereby conferring on the  target gene a means of 
rapid  transcriptional up-regulation when  exposed to a variety 
of stresses, including exposure to heat (36, 57). 

We first examined the effect of heat shock on the cell-surface 
expression of functional thrombomodulin in H W E C  and A549 
cells, both of which are known to express thrombomodulin con- 
stitutively. Functional levels of thrombomodulin  were quanti- 
tated by chromogenically measuring the time-dependent con- 
version of protein C to its active form in  the presence of 
exogenously added thrombin. During continuous exposure of 
A549 cells to 42 "C heat shock,  cell surface functional throm- 
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Human 5' GCAATCCGAGTATGCGGCATCAGCCCTTCCC -80 
Mouse 5' GTAATCCGAGAACGCAGCTTCAGCCCTTCCC -88 

Human AC  CAGGC A m C   C m C  T T X K C  C W C  GTCCA -47 
Mouse AC CAGGC A m C   C m C  T m x C   C W C  GTGCA -5.5 
HSE NAAGN NCTTC NTTCN N T W N  NGAAN NTTCN 

Human GGGAGGGAGGGCCGGGCACTTATAAAC -20 
Mouse AAGAGGGAGGGCCGCGCATATAAAC -28 
HSE 

FIG. 1.5' regions of human and mouse  thrombomodulin genes. 
The  consensus  sequence for the classic heat shock element ( H S E )  is 
compared  with the highly conserved putative  HSE  in  the  thrombomodu- 
lin gene. Nucleotides in bold indicate  imperfect  repeats  that  flank  the 
central  four  perfect  repeats (bold and underlined). Numbering of hu- 
man  and  mouse  thrombomodulin  genes  is from Yu et al. (31)  and  Niforas 
et al. (321, respectively. 

bomodulin decreased by approximately 50% at 3 and 6 h,  but by 
24  h had increased 6.7-fold as compared with  parallel control 
cells maintained at 37 "C (Fig. 2 A ) .  A similar  early  transient 
decrease in functional cell-surface thrombomodulin was not 
detected in HUVEC, although by 24 h, thrombomodulin had 
increased 3.2-fold (Fig. 2B 1. Longer exposures of the HUVEC to 
42 "C led to loss of cell adherence to  the  culture plate,  prevent- 
ing reliable quantitative  studies a t  later  time points. Conse- 
quently, A549 cells, which maintained both viability and  adher- 
ence, were studied at periods of continuous heat shock of up  to 
48 h,  and exhibited a persistent  and continuous augmentation 
in thrombomodulin cell-surface functional  expression (Fig. 2 A )  
with no evidence of attenuation. 

Most classic heat shock up-regulatory transcriptional re- 
sponses occur within minutes (57), whereas both the  transcrip- 
tion of previously active  non-heat shock genes and  the  trans- 
lation of pre-existing mRNAs are usually  repressed (58). In  the 
preceding experiments,  functional cell surface thrombomodulin 
expression was  transiently suppressed in A549 cells during 
42 "C heat shock exposures of less than 6 h. However, in con- 
trast to  other non-heat shock proteins,  continued heat shock 
resulted  in  an  eventual  increase  in expression of the functional 
cell surface thrombomodulin, with  persistent  augmentation 
without  attentuation.  This complex response to  heat shock 
might be explained partially by alterations  in protein and/or 
mRNA stability  that may be dependent on the degree of ther- 
mal  stress. Alternatively, rapid changes in  transcription  during 
the course of the  heat shock stress,  partly as a result of HSF(s) 
binding to  the consensus HSE, could result  in  the  apparent 
biphasic observed response. 

In  order  to clarify the above, we determined  the effect of heat 
shock on the levels of HUVEC and A549 cell thrombomodulin 
steady-state mRNA  by Northern blot analyses. As seen  in Fig. 
3, the specific 3.8-kb thrombomodulin mRNA was readily de- 
tectable in cells maintained a t  37 "C. Within  2  h of transfening 
the cells to 42 "C, thrombomodulin mRNA decreased  markedly 
and remained suppressed  to almost  undetectable levels for over 
6 h,  the kinetics of which were similar  to those  seen  with A549 
cell surface  functional thrombomodulin expression. This  was 
subsequently followed  by a continuous and  dramatic accumu- 
lation of specific thrombomodulin mRNA, the  upward  trend 
continuing during  the  entire  48 h of heat shock stress applied 
(Fig. 4). The  magnitude of the mRNA response exceeded that 
seen for cell-surface functional  protein  expression, although 
the kinetics of the response in  theA549 cells were again  similar 
(Fig. 5). In parallel Northern blots, heat shock elicited no 
change in  the mRNA levels of GAPDH (Figs. 3 4 ,  thereby 
confirming the specific nature of the response. In  contrast  to 
the response seen with thrombomodulin, HSP70 mRNA re- 
sponded "classically," increasing  rapidly and  dramatically from 
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in response to heat shock. A549 cells (A) and HUVEC ( B )  were 
FIG. 2. Cell surface expression of functional thrombomodulin 

grown to post-confluence a t  37  and exposed to  42 "C for varying peri- 
ods of time. Cell-surface thrombomodulin  activity  was  determined as  
detailed  under  "Experimental Procedures." The  results reflect the mean 
of an experiment  done  in  triplicate  with  associated  standard  error  bars 
and  are  representative of three  independent  studies. 

1 2 3 4 5  

7 TM 

FIG. 3. Northern  blot analysis of HUVEC in response to heat 
shock. Post-confluent HUVEC were exposed to  continuous 42 "C heat 
shock for 0, 2,4.5, 7, and 20 h (lanes 1-5, respectively). 10 pg of total 
RNA from each  sample  were  separated on a denaturing formaldehyde- 
agarose gel as  detailed  under  "Experimental Procedures.". Accumula- 
tion of specific mRNA for thrombomodulin,  HSP70,  and GAPDH were 
evaluated  using  the  appropriate  radiolabeled cDNA probes. 

initially  undetectable levels within 1 h of the  stress  and sub- 
sequently attenuating  to a less elevated base line. When the 
cells were exposed to a transient  heat shock of 90 min followed 
by incubation a t  37 "C, the mRNA for HSP70 rose rapidly and 
again declined abruptly  to a lower plateau when the  heat  stress 
was withdrawn.  Under these conditions of transient  stress  to 
the cells, there  was no subsequent increment  in thrombomodu- 
lin mRNA level in HUVEC or A549 cells (data not shown). 

Abravaya et al. (59) has reported  a  differential effect of heat 
shock responses in HeLa cells that depends on the magnitude 
of the difference between growth and  heat shock temperatures. 
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1 2 3 4 5  

HSWO 

FIG. 4. Northern blot analysis of HUVEC in response to heat 
shock. HUVEC were exposed to  42 "C continuous heat shock for 0,18, 
24, 36,  and  48  h (lanes 1 3 ,  respectively)  and  evaluated  as  in Fig. 3. 

1 2 3 4 5  

FIG. 5. Northern  blot analysis of A549 cells in response to heat 
shock. Post-confluentA549 cells were exposed to 42 "C continuous heat 
shock for 0, 18,24,36,  and  48  h (lanes 1 5 ,  respectively)  and  evaluated 
as  in Fig. 3. 

We therefore considered the possibility that  altering  the degree 
of stress  might elicit a more  classical thrombomodulin heat 
shock response. However, although  the kinetics of thrombo- 
modulin mRNA accumulation  varied  somewhat, the  pattern of 
response as a result of exposing the cells to  41 or 43 "C was not 
different as compared with  the response following the 42 "C 
stress  (not shown). 

Our  results indicated that  heat shock leads  to a complex 
time-dependent variation  in  the expression of thrombomodulin 
mRNA in HUVEC and A549 cells, but direct support for the 
hypothesis that  this effect was  due to alterations  in  transcrip- 
tion was required.  Using  nuclear "run-on" experiments, we 
evaluated in  vitro transcription  in both control and  heat shock- 
treated HUVEC. As depicted in Fig. 6, HSP70  gene transcrip- 
tion was undetectable in  the control unstressed cells. Following 
continuous  42 "C heat shock, HSP70 mRNA transcription  was 
increased dramatically by 90 min, followed by a diminished but 
easily  detectable level as the  stress continued past 6 h. In 
contrast,  and  similar  to  the  Northern  analyses, thrombomodu- 
lin gene transcription  was  dramatically suppressed  within 1.5 
h of the  onset of heat shock. The diminished transcription per- 
sisted for over 18 h,  after which time  it began to  increase 
gradually  and  persistently for the 48 h  examined. We could not 
entirely exclude the possibility that  heat shock also altered  the 
stability of the mRNA thereby  further contributing to  the  pat- 
tern of accumulation of thrombomodulin mRNA and protein 
levels. However, the  similar  time  frame of changes in throm- 
bomodulin gene transcription, mRNA accumulation, and func- 
tional cell surface  expression of the receptor  suggested that 
transcription  was likely the  predominant mechanism.  Tran- 
scription of tubulin, GAPDH, and  human  tissue factor  genes 
remained unaltered  during  the course of the  heat shock stress, 
indicating the relatively specific nature of the thrombomodulin 
response (data not  shown). 

We have previously reported  that a rapid decline in throm- 
bomodulin gene transcription  in HUVEC is a major  mechanism 
by which the cytokine, TNF, suppresses cell surface  functional 
expression of the receptor (8). In  contrast,  TNF  causes  tissue 
factor  expression to be markedly  up-regulated in  vascular en- 
dothelial cells via transcriptional mechanisms (60). These two 
cell-surface proteins  therefore, by their action, enhance  the 
procoagulant  properties of the  vascular endothelial cell surface 
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genes in HUVEC exposed to heat shock. Post-confluent HUVEC 
FIG. 6. Nuclear run-on studies of thrombomodulin  and HSP7O 

were exposed to 42 "C continuous heat shock for 0,1.5,  18,24,  and 48 h 
(lanes 1 3 ,  respectively). In vitro transcription  was  evaluated  as de- 
tailed  under  "Experimental Procedures." 

when  modulated by  TNF. If the observed early heat shock- 
induced suppression of thrombomodulin was mediated by TNF, 
we  would therefore anticipate  that  tissue factor mRNA levels 
would be augmented  during  that  same period of time. Our 
Northern  analyses  and nuclear  run-ons  indicated that  heat 
shock does not alter  tissue factor expression (data not shown), 
largely excluding the possibility that  TNF  is mediating the 
down-regulation of thrombomodulin gene transcription  during 
heat shock. Further evidence to  support  our conclusion is  the 
fact that  the  heat shock response of A549 cells, a cell line that 
has been shown to be largely resistant  to TNF-induced sup- 
pression of thrombomodulin (31), is  similar  to  that of  HUVEC 
with respect to  an  early  transient decrease in thrombomodulin 
mRNA levels. 

Several  investigators have previously reported that throm- 
bomodulin may be up-regulated by retinoic acid and/or db- 
CAMP in a variety of cultured cells, including HUVEC, Dami 
cells, and  F9 embryonal carcinoma cells (16,17,19,20,23). The 
time course of elevation of thrombomodulin mRNA and cell- 
surface expression induced by heat shock was  reminiscent of 
the effect of these modulators on the expression of the receptor. 
This prompted us  to consider whether 1) heat shock might 
increase  intracellular cAMP levels, thereby  increasing  throm- 
bomodulin gene  transcription, and 2) modulation of the cells 
with retinoic acid andor db-CAMP might  enhance thrombo- 
modulin gene transcription via a heat shock element-depend- 
ent mechanism. To examine the  first possibility, A549 cells and 
HUVEC were exposed to varying periods of heat shock and 
were  subsequently  extracted for quantitation of intracellular 
CAMP levels. In parallel, cell surface  thrombin-dependent pro- 
tein C  activation was determined during  the  time course and 
found to be similar to that  seen  in Fig.  2. In a representative 
experiment performed in triplicate following 48 h of exposure of 
A549 cells to 37 or 42 "C,  CAMP levels were 864 fmol/106 cells 
(S.D. = 224) and 800 fmol/106 cells (S.D. = 267), respectively, 
while they were 1072 fmol/106 cells (S.D. = 237) and 828 fmol/ 
lo6 cells (S.D. = 261), respectively, in HUVEC. In  spite of a 
marked increase in thrombomodulin mRNA and cell-surface 
functional levels, there  was no significant difference ( p  > 0.5) in 
cAMP levels in HUVEC or A549 cells at all time points up  to 48 
h of exposure to 37 versus 42 "C. 

The second possibility, i.e. that following exposure of the cells 
to retinoic acid and/or db-cAMP heat shock factor binding to  the 
HSE might be enhanced  thereby augmenting thrombomodulin 
gene  transcription,  was not evaluated directly. However, this 
scenario was  not  felt  to be likely, since it has previously been 
reported that  F9 cells constitutively  express  high levels of 
HSP70 that  gradually diminish following differentiation  with 
retinoic acid and db-CAMP (61). Our findings indicated that 
there  was no detectable  change in HSP70 mRNA in HUVEC 
after 3 and 5 days of treatment with  retinoic acid and db-CAMP, 
during which time thrombomodulin mRNA increased  several- 
fold (not shown). We recognize, however, that  this does not 
exclude the possibility that  other  heat shock factors  may play a 
critical role in up-regulating thrombomodulin during exposure 
to  these "differentiating" agents. 

The  heat shock response is ubiquitous to essentially  all cells, 
and we therefore considered the possibility that non-thrombo- 
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modulin-producing cells might be induced to  transcribe  throm- 
bomodulin mRNA under  this  stress. MRC5 human embryonal 
lung fibroblasts (Connaught Laboratories, Toronto, Canada) 
were  consequently exposed to continuous heat shock of 43 “C 
following culture at 37 “C. Thrombomodulin mRNA remained 
undetectable  during  the  entire  48 h of continuous heat shock 
(data  not shown), suggesting  that  stronger negative regulatory 
forces were active in  preventing thrombomodulin  expression in 
these cells, or alternatively, that  the accessibility of the neces- 
sary  HSF(s)  to bind to  the  HSE of thrombomodulin  was re- 
stricted  within  the  chromatin  in  these normally  non-thrombo- 
modulin producing cells (62). 

Finally, we examined the effect of heat shock on the  regula- 
tion of thrombomodulin by TNF by exposing HUVEC to  either 
37  or 42 “C for a total of 24 h,  in  the presence or absence of TNF 
(100 unitdml) for the final  20 h.  In a representative  experiment 
performed in  triplicate at  37 “C, TNF  suppressed thrombo- 
modulin cell surface  functional  activity to 56.6 7.9% (S.D.) as 
compared  with control cells. Following heat shock alone, 
thrombomodulin  activity  increased to 222 2 41% (S.D.). Admin- 
istration of TNF while the cells were exposed to  42 ”C resulted 
in thrombomodulin  activity  levels of 205 -r 53% (S.D.), not sig- 
nificantly  different from heat shocked cells alone ( p  > 0.5). 
These  experiments  support  our hypothesis that  heat shock may 
protect  thrombomodulin from the down-regulatory forces of 
TNF  in HUVEC. 

DISCUSSION 

As part of an ongoing investigation  into mechanisms for the 
up-regulation of thrombomodulin, we had observed that  heat 
shock caused  a  progressive increase  in cell-surface functional 
thrombomodulin as evaluated by thrombin-dependent  protein 
C  activation. Subsequent  analysis of the DNA sequence of the 
thrombomodulin  promoter  revealed the presence of a putative 
HSE  spanning  the 5’ region of the  human thrombomodulin 
gene from -77 to -47 (CAGGCACTTCCTTCCTTTTCCCGAA- 
C G m A ) ,   t h a t  is  entirely conserved in  the  human  and mouse, 
except for a single nucleotide difference. Furthermore, Yu et al. 
(31) have shown that  the approximately 70 bp  upstream of the 
transcriptional start site  have positive functional  activity and 
that specific interaction products essential for thrombomodulin 
gene transcription protect the DNA sequence from -65 to -43 
on the coding strand.  The elucidation of the mechanism by 
which this region exerts a positive regulatory function has  hith- 
erto  not  been reported. We hypothesized that the  putative  HSE 
in  the thrombomodulin  gene  may confer heat  stress inducibility 
in those cells that express thrombomodulin  constitutively and 
that  heat shock would up-regulate expression  via transcrip- 
tional mechanisms. This was confirmed in HUVEC and A549 
cells by analyses of cell-surface functional  expression of throm- 
bomodulin, mRNA levels and in  vitro nuclear  run-on  assays. 
The observed augmentation  in thrombomodulin transcription 
was  particularly noteworthy  because of 1) the  strikingly de- 
layed  response, and 2) the absence of any recovery or  attenu- 
ation  during  48 h of continuous heat shock stress. 

In  eukaryotic cells, stress-induced up-regulation in  tran- 
scription is  mediated by HSF  that  in  unstressed cells are pres- 
ent  in  the nucleus and cytoplasm in a non-DNA binding  state. 
Under  stress,  the  HSF oligomerizes, accumulates  inside  the 
nucleus, binds  to  the HSE in  the 5”flanking  sequence of the 
responsive  gene, and  leads  to a rapid increase in  transcription, 
as exemplified by the response of HSP70 in  our  studies  using 
HUVEC and A549 cells (33, 34). This  is generally followed  by a 
“recovery” phase  in which gene transcription decreases upon 
return  to  pre-heat shock temperatures. As elucidated by Sorger 
(33), however, this classical  response is  not  the only response. 

Exposure of budding yeast cells to elevated temperatures also 
leads  to  sustained  and  persistent  changes  in HSF activity. Fur- 
thermore, COOH terminus deletion mutants  have revealed 
that  separate domains of the  HSF  are  required for transient 
versus sustained  heat shock transcriptional activation (631, and 
each  may  respond to different  stimuli. In eukaryotic cells, this 
dual mechanism is  not clearly evident,  although Abravaya et aZ. 
(59) have  demonstrated  that HeLa cells that were heat shocked 
at 42 “C showed transient  HSF  activation, while at 43 “C, HSF 
activity could be maintained  during  several  hours of continu- 
ous heat shock. 

To our knowledge, apart from  thrombomodulin, there  are no 
other examples in  mammalian cells in which continuous heat 
shock is  manifest by a transient decrease, followed  by a gradual 
increase  in gene transcription  and  sustained elevation. There 
are  several possible explanations for thrombomodulin’s unchar- 
acteristic response to  heat shock. 1) Although the HSE confers 
stress inducibility, multiple  cis-regulatory elements confer a 
range of constitutive and inducible transcriptional responses, 
and consequently, the kinetics and  magnitude of  DNA binding 
activity of HSF  to  the  HSE may be alternatively  regulated (57). 
2)  The specific HSF(s)  mediating  the  increment  in thrombo- 
modulin transcription may  bind particularly slowly to the  HSE 
either  due  to  intrinsic properties of the HSF, or due  to  the 
presence of negative transcription factor(s). The  latter may 
either  interfere with  binding or  variably  regulate  the  otherwise 
generally rapid effect of HSF on increasing  transcription.  3) 
Diversity in  the sequence of the HSE  may  also  play  a part  in 
altering  the  binding  and dissociation rates of HSFs (59). In  this 
respect, the promoter region of the thrombomodulin  gene has 
two pairs of consensus repeats  separated by a single thymidine, 
the effect of which has  not been examined, but may  play a role 
in  the  unusual response of this  gene  to  heat shock. 4) Lack of 
release of bound HSF from the HSE of thrombomodulin at  the 
temperatures  and  times  studied may  explain the extended  re- 
sponse that  has similarly  been observed for HSP70 in HeLa 
cells when exposed to 43 “C (59). 

Although its  natural  anticoagulant properties have been 
carefully characterized,  the multidomain structure of thrombo- 
modulin and  its presence in a variety of non-vascular tissues 
suggests  that it may have  other functions. Thrombomodulin 
appears  early  in  the organogenesis of vascular  tissue  in  parie- 
tal endoderm of 7.5-day-old mouse embryos (641, but at 10.5 
days is also present  in  other nonvascular structures (42, 64). 
Treatment of F9 mouse teratocarcinoma cells with retinoic acid 
followed  by  db-CAMP leads  to differentiation into primitive  pa- 
rietal endoderm accompanied by expression of thrombomodulin 
(also  referred to as fetomodulin)  (23, 42, 64). “Classic” heat 
shock protein  expression in  mammals is also  developmentally 
regulated,  and its constitutive  expression  may be critical  for 
normal development (for review, see Refs. 65, 66). A role for 
heat shock gene  expression has also been implicated in  the 
differentiation of several cells, including muscle cells, my- 
elomonocytic cells (67), and  in  the  human cell line K652 (68). In 
spite of this, we could not  demonstrate a definite relationship 
between  HSP70 synthesis  and  the expression of thrombomodu- 
lin in  F9 cells. The in vitro differentiation of F9 cells by treat- 
ment  with retinoic acid and db-CAMP is characterized by a 
steady decline in HSP7O  mRNA expression  (61) from otherwise 
spontaneously  elevated levels. This is in  contrast to thrombo- 
modulin, which is  absent  in undifferentiated F9 cells and  is 
markedly  increased  during differentiation by transcriptional 
mechanisms  (23, 42, 64). An indirect mechanism linking  heat 
shock proteins  and thrombomodulin synthesis  is possible, but 
evidence for such a connection is lacking. 
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Since the kinetics and intensity of the increment in throm- 
bomodulin in response to  either retinoic acid/db-CAMP or heat 
shock  were similar, we postulated that retinoic acid might act 
indirectly on the promoter by augmenting HSF binding to the 
HSE of thrombomodulin. Our experiments determined that 
HSP7O  mRNA was not responsive to  treatment with retinoic 
aciddb-CAMP. This, however,  does not exclude the possibility of 
a role of HSF in augmenting transcription of thrombomodulin 
following exposure to retinoic aciddb-CAMP.  More direct evi- 
dence for such  a role  will require in  vivo genomic footprinting 
analyses and/or gel mobility-shift assays (59, 69). 

Heat shock proteins and  their response to  stress comprises 
the most highly conserved system in evolution. This fact un- 
derlines the importance of their function in  the protection of 
cells and organisms from the harmful effects of a variety of 
stresses and supports  the contention that  the  heat shock re- 
sponse plays a critical role in several biological systems and 
disease states, including development, ischemia, inflammation, 
tissue damage, cancer, and aging (for reviews, see Refs. 35,36). 
In keeping with the functional significance of the  heat shock 
response, it  is intriguing to note that with few exceptions heat 
shock genes are intronless. This is otherwise a  rare finding in 
higher eukaryotes that  has been postulated to ensure  rapid  and 
accurate protein expression, without the need  for intron proc- 
essing. The fact that  the thrombomodulin gene is also lacking 
in  introns (70) further supports the physiologic importance of 
thrombomodulin. 

The heat shock-induced response of thrombomodulin  may  be 
important in situations more generally labeled as high stress. 
For example, studies by Fink et al. (71) have demonstrated that 
thrombomodulin function and  antigen levels decrease immedi- 
ately following  balloon injury t o  rabbit  aortas, which,  however, 
recover by 7 days. This “renewal” of thrombomodulin following 
tissue injury probably is due to induced thrombomodulin activ- 
ity on normally thrombomodulin-negative smooth  muscle  cells 
(SMC). This observation is consistent with in vitro data pre- 
sented by Soff et al. (21) who determined that in  situ in  the 
arterial wall, thrombomodulin is normally absent from the 
SMC layer, whereas in SMC cultures, functional thrombo- 
modulin and its mRNA are readily detectable. Fink et al. (71) 
postulated that  the SMC up-regulation of thrombomodulin fol- 
lowing injury might be related to enhanced access to  varied 
nutrients, growth factors or cytokines (71). We believe that  as 
a means of protecting the vasculature from thrombotic poten- 
tia1, the  “heat shock”-like stress response may be the underly- 
ing mechanism. 

Heat shock stress induction of thrombomodulin may also be 
relevant with respect to  recent in  vivo septic shock experiments 
by Drake and co-workers (72). Following injection of baboons 
with lethal doses of Escherichia  coli, vascular endothelial cell 
surface thrombomodulin antigenic expression remains  un- 
changed from normal in  spite of markedly elevated TNF levels. 
Cell culture in  vitro data would have predicted a down-regula- 
tion in expression of thrombomodulin in response to  these el- 
evated TNF levels (8, 73).  However, our in  vitro experimental 
findings support the hypothesis that  the forces driving to down- 
regulate thrombomodulin expression (e.g. TNF) in this case are 
offset by the inflammatory reaction, creating a heat shock re- 
sponse that augments thrombomodulin synthesis, and thereby 
serves to  protect the vasculature from further thrombotic dam- 
age. Furthermore,  this  is consistent with recent in vivo studies 
in which the lethal  effects of sepsis in mice are abrogated by 
hyperthermia (74). These investigators (74) have found that 
the protective effect of heat shock correlates with the  appear- 
ance of HSP72 and that  this is maximal at least 12 h following 
heat shock initiation. Based on our data, this  is suffkient time 

for augmentation of thrombomodulin synthesis to  have OC- 

curred, consequently providing a  means of protecting the vas- 
culature from thrombotic damage. 

There have been few other studies on the response of endo- 
thelial cell  molecules to  heat shock stress. One group, however, 
(75) has demonstrated that thrombospondin, a glycoprotein 
synthesized by platelets  and endothelial cells, and suggested to 
play a role in  the growth and proliferation of endothelial cells, 
increases in response to heat  stress. The time course of throm- 
bospondin’s increment following administration of the  stress  is 
later  than  that of HSP70, although detailed studies to  evaluate 
for eventual attenuation of the response were  not  performed. 
We speculate that  the  heat shock stress response might play a 
key  role in  “turning on”  responsive genes such as thrombo- 
modulin and thrombospondin, the purpose of which  may be to  
maintain  a thromboresistant surface under a variety of path- 
ological conditions. 

Finally, Udelsman and co-workers (761, using a unique in 
vivo model, have determined that vascular HSP70 levels rise 
dramatically in response to mild restraint  stress  in  spite of a 
lack of apparent  tissue or cellular damage. Furthermore, they 
have  also reported that  the HSP70 response diminishes with 
aging. We hypothesize that  the expression of thrombomodulin 
may  be similarly exquisitely sensitive to  minimal stress in vivo 
and therefore may  play a fundamental role in  maintaining 
homeostasis. For example, a dampened stress response of 
thrombomodulin in  the aging animal would  be consistent with 
the observed age-associated increased risk of thrombosis and 
vascular disease in humans.  Further  studies to explore these 
hypotheses and the up-regulation of thrombomodulin are un- 
derway, the results of which  may  provide  new insights into  the 
prevention and/or treatment of vascular thrombotic disease 
and atherogenesis. 
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