
pressed at the surface In a series of north-northeast 
promnent normal faults, ncudng  the Deep Spring 
fault, the fault boundng the narrow valley east of the 
Sane Range, and the fault west of the Cottonwood 
Mountains (Fg. 1). W t h n  the Saline Range, the defor- 
maton 1s d~stributed over several smaller faults con- 
necting w~th  Saline Valley across late Cenozo~c voca- 
nic deposts. The morphology of these faults, both n 
the f~eld and on sate te  imagery, as well as geodet~c 
measurements suggest recent act~vity v. A. Bryant, 
Cahf. Geol. 42 (1 989); M. Reh~s, n Crustal Evolution of 
the Great Basin and Sierra Nevada, Field Trip Guide, 
M. Lahren. J. Trexler, C. Spin~sa, Eds. (Unvers~ty of 
Nevada, Reno 1993): J. B. Mnster and T. H. Jordan, 
J. Geophys. Res. 92, 4798 (1987); T. H. D~xon, S. 
Robaudo, J. Lee, Tectonics, in press]. 

6 In the week after the earthquake, a portable seismc 
network was deployed In the Eureka Valley by ses- 
mologsts from the University of Reno, Reno, NV [A. 
M. Asad, J. N, Louie, S. K. Pullammanappall~l, Eos 
74, 425 (1 994)] 

7. The ground ruptures were observed along the base 
of two west-facing scarps emanating from the Sane  
Range and extended northward into the valley over a 
dstance of 3 to 4 km. They consisted of left-stepp~ng 
echelons, generally open f~ssures, some of them 
showlng a vertlcal separation of 5 to 20 mm, west 
sde down, wh~ch 1s consstent w ~ t h  the cumulat~ve 
displacement expressed ~n the scarps' topography 
(S. Hecker, personal commun~cat~on). 

8. ERS-I SAR data were acqured on 14 September 
1992, 23 November 1992, and 8 November 1993. 
Raw SAR data were processed directly to nteriero- 
grams (10). 

9. A. G. Gabr~el. R. M Godsteln. H. A. Zebker, J. Geo- 
phys. Res 94, 91 83 (1 989). 

10. In each SAR Image pxel the phasevalue representsa 
measure modulo-27i of the d~stance between the 
radar antenna and the ground. An interierogram 1s 
obtaned by averaging the product of one complex 
SAR Image and the complex conjugate of another 
image, aiter subpixe coregstration (3). The phase of 
each p ~ x e  ~n an interferogram 1s the d~fference of the 
phase of the corresponding pixels in the two SAR 
images. 

11. The nterierometric basellne IS the d~stance between 
the two orbits from whlch the data were acquired. In 
an ntetferogram, the amb~gu~ty he~ght 1s def~ned as 
the topographc elevaton dfference that would pro- 
duce a phase variaton of 2a  and s Inversely propor- 
tonal to the component ofthe baselme that is perpen- 
d~cular to the satelte Ilne of s~ght. In the coseismic 
ntetferogram, the ambguty he~ght IS about 78 m and 
varies by 7% across the scene. On the other hand, the 
line-of-s~ght surface d~spiacement that would pro- 
duce a phase variat~on of 27  is 28 mm (half the radar 
wavelength), Independent of the imaging geometry. 
Therefore, the sens~tiv~ty to suriace displacement 1s 
about 2785 tmes greater than to elevation variations. 

12. Differencng the phase of two nterierograms requres 
one phase f~eld to be scaled to the same frnge rate as 
the other (31, so at least one phase f~eld must be 
unwrapped [R. M. Goldste~n, H. A. Zebker, C.L 
Werner, Radio Sci 23, 71 3 (1988)l. The ab~lty to un- 
wrap the phase depends on the nolse level In the 
system and the frlnge rates in the image. Because the 
cosesmlc ~ntetferogram in Fg. 2, center, has a sma-  
erfrnge rate than that in F I ~ .  2, left, we unwrapped the 
cosesmlc phase, scaled ~t to the intrinsc fr~nge rate of 
ihe preseismc ntetferogram, and computed ther d~ f -  
ference. We then unwrapped the resulting interfero- 
gram, whch has many fewer frnges, and scaled the 
phase back to the coselsmlc rate (Fig 2, r~ght). 

13. For ERS-I, the satel~te n e  of sight s nearly perpen- 
dcular to the orb~t and has an inc~dence angle of 23" 
in the center of the scene [European Space Agency, 
ERS-1 System (ESA Publcatons Dvs~on ,  ESTEC, 
Noordw~jk, Netherlands, 1992)l 

14. Atmospher~c phase propagation delays est~mated 
for L-band microwaves by the Global Pos~t~onlng 
System can reach about 2 m through the onospher- 
IC and tropospher~c layers [D M. Trall~ and S. M 
L~chten, Bull Geod. 64, 127 (1 990)] SAR nteriero- 
grams probably dep~ct var~atons of thls s~gnal across 
a scene, but the d~st~ncton from effects due to other 
sources 1s unclear 

15. In the m~ddle of the depression, the displacement of 
the ground 1s essent~ally vert~cal, so ~ t s  magnitude 1s 
glven by the observed value of the range dsplace- 
ment divded by the cosne of the ncldence angle (13). 

16. A phase offset of 2.8 cm could arise from a phase- 
unwrappng error, wh~ch is most likely to occur n 
regons of sharp topography such as that of the 
Sallne Range. However, when following a close con- 
tour, a phase-unwrappng error must be balanced by 
a phase offset of opposlte slgn. The fact that ~t 1s 
poss~be to connect both ends of profle CC', f oow-  
n g  a smooth phase contour runnng around the 
zone of phase dscont~nuity, allows us to rule out t hs  
hypothess. 

17. Y Okada, Bull Seisrnol. Soc. Am. 75, 11 35 (1 985). 
18. The aftershock sequence ncudes four events of Ivl 

> 4.5 ( F I ~ .  1). One of them occurred near the north- 

east part of the subsidence basn and has the f oow-  
n g  parameters: strke = -1 79.3", dip = 74' to the 
west, rake = 1 0 I o ,  depth = 5 km, and moment = 
1.23 X lo i6 Nm (19). 

19. H. K. Tho  and H. Kanamor~, Bull Seisrnol. Soc. Am. 
In press. 
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Inactivation of the Type II TGF-P Receptor in 
Colon Cancer Cells with Microsatellite Instability 

Sanford Markowitz,* Jing Wang,? Lois Myeroff,? 
Ramon Parsons,l-LuZhe Sun, James Lutterbaug h, Robert S. Fan, 

Elizabeth Zborowska, Kenneth W. Kinzler, Bert Vogelstein, 
Michael Brattain, James K. V. Willson 

Transforming growth factor-p (TGF-P) is a potent inhibitor of epithelial cell growth. Human 
colon cancer cell lines with high rates of microsatellite instability were found to harbor 
mutations in the type II TGF-p receptor (RII) gene. Eight such examples, due to three 
different mutations, were identified. The mutations were clustered within small repeated 
sequences in the RII gene, were accompanied by the absence of cell surface RII receptors, 
and were usually associated with small amounts of RII transcript. RII mutation, by inducing 
the escape of cells from TGF-P-mediated growth control, links DNA repair defects with 
a specific pathway of tumor progression. 

T G F - P  inhibits the growth of multiple ep- 
ithelial cell types, and loss of this negative 
regulation is thought to contribute to tumor 
development (1-5). Studies have shown that 
TGF-P suppresses the growth of certain can- 
cer cell lines, that antisense inhibition of 
TGF-B enhances the tumorigenicitv of - 
weakly tumorigenic cancer cell lines, and 
that certain tumor cells can become unre- 
sponsive to TGF-P (2-5). T h e  TGF-P 
growth inhibitory signal is transduced 
through two receptors, type I (RI) and type 
I1 (RII), which f ~ ~ n c t i o n  as a heterorneric 
complex (6, 7). W e  investigated whether 
inactivation of TGF-P receptors is a mech- 

S. Markowtz, L. Myeroff, J. Lutterbaugh, E Zborowska. 
J K. V. Wlson, Department of Medicne and Ireland 
Cancer Center, Un~vers~ty Hosp~tals of Cleveland and 
Case Western Reserve University, Room 200,11001 Ce- 
dar Road, Cleveland, OH 44106, USA, 
J Wang, L.-Z. Sun, R. S. Fan, M. Bratta~n, Department of 
B~ochemstw and Molecular B~oloqy, Medical Colleqe of 

anisrn by which human colon cancer cells 
lose resnonsiveness to TGF-B. W e  found 
that RII receptors were inactivated in a sub- 
set of colon cancer cell lines. RII inactiva- 
tion was common in tumor cells exhibiting u 
microsatellite instability (hereafter referred 
to as RER', for "replication errors"), but not 
in RER- cells (8). 

W e  initially examined the expression of 
RI and RII transcripts in  38 human colon 
tumor cell lines using a ribonuclease 
(RNase) protection assay. RI transcripts 
were detected in all samples, whereas RII 
transcripts were undetectable or present at 
markedly reduced amounts in 12 (32%) of 
the samples (Fig. 1,  A and B). For unrelated 
purposes, we had independently assayed 
these cell lines for the RER phenotype. Nine 
of 11 RER' but only 3 of 27 R E R  cell lines 
showed reduced RII expression (Fig. 1B) 
(9-1 1 ). This correlation was highly signifi- 
cant I~robabilitv (P) <0.001 bv x' test]. -. , ,. 

Ohio,  oled do, OH 43699, USA 
R Parsons and K W. K~nzler, Johns Hopkns Un~vers~ty 

southern (DNA) blot analysis indicate2 

Oncology Center, 424 North Bond Street, Baltmore, MD that loss of the R1l transcript the RER' 
21 231. USA cells was unlikelv to  be due to deletions or 
B. Vogelsteln, Howard Hughes Med~cal nst~tute, 4000 rearrallgelnellts df tile RII gene (12). 
Jones Brdge Road, Chevy Chase, MD 20815, USA, and 
Johns Hopkns Unversty Oncology Center, 424 North T o  show that RII inactivation in the 
Bond Street, Baltmore, MD 21 231, USA RER' cells was not simply a trait selected for 

-To whom correspondence should be addressed during cell culture, we examined RII expres- 
:These authors contr~buted equally to thls work slon in tumor xenografts that had been de- 
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Fig. 1. (A) Expression of RI and RII transcripts in RER+ and RER- human colon 
cancer cell lines. Expression of RI 
assay (14). Total RNA (40 pg) fro 
single reaction to probe for RI, RII 
gram of a 7M urea-6% acrylamid 
probe (Rllp) protects a tight doublet of approximately 274 base pairs, and the RI 
probe (Rlp) protects a 222-base pair fragment. The control y-actin probe (Actin-p) 
protected a 126-bp fragment. The colon cancer cell lines are indicated above the 
lanes, with theVACO group of cell lines indicated by the prefixV. A control reaction 
displays the protection pattern generated by yeast tRNA. The two panels show - 
results from two independent experiments. The sizes of the molecular markers are .g 
given in base pairs. (B) Quantitation of RII and RI transcript expression in 38 human 5 
colon cancer cell lines. RNase protection patterns [as in (A)] were quantitated by P 2 
laser densitometry. The relative transcript expression in arbitrary optical density 
units is indicated for 11 RER+ and 27 RER- cell lines. Variations in sample loading 
were corrected by normalizing samples for their relative expression of human 
y-actin. Arrows show the mean level of receptor expression for RER+ (filled arrow) .s 
and RER- cells (open arrow). The broken line indicates the limit at which the naked 4 0- 
eye detects a protected transcript at maximally sensitive exposures. 

rived from 30 human colon cancers by im- 
plantation into athymic mice (1 3). RII tran- 
scripts were abundant in 25 of 27 RER- 
xenografts but absent in three of three RER+ 
xenografts (Fig. 2). These three RER+ xe- Colon cancer cell lines 
nografts were established from the same tu- 
mors as were three RER+ immortalized cell 
lines, which also lacked RII transcript ex- apparently do not affect TGF-$ binding to VAC0481 RII complementary DNA 
pression (Fig. 2). Loss of RII transcript was RII (7, 17). Thus, the absence of both RI (cDNA). This analysis revealed a G T  in- 
thus not an artifact of in vitro culture of the and RII cell surface receptors from sertion into a six-base pair (bp) GT- 
RER+ cell lines. VAC0481 cells is most easily explained by GTGT repeat at nucleotides 1931 to 1936 

To assay for the expression of cell surface an RII mutation. A presumptive mutation (Fig. 4)  and the absence of any normal 
TGF-P receptors, we performed cross-link- was identified in an assay of RII protein sequence (18). The resulting frameshift 
ing experiments with IZ5I-labeled TGF-$ synthesized in vitro (18) and then con- was predicted to substitute a highly basic, 
(14, 15). There was no detectable lZ5I- firmed by sequence analysis of the complete 29-amino acid COOH-terminus for the 
TGF-P binding to any of eight RER+ cell 
lines with reduced amounts of RII transcript 
(Fig. 3). The absence of RI surface receptors 1 2 3 4 5  6 7  

RER . * * - 
in these lines (Fig. 3) is consistent with S ~ ~ P ~ ~ . Y ~ . - L . _ X - . L ~ X  L x x x x !? r r t - r O  

previous reports that RII receptor is re- RII 1 ^" -"- Urn line X U . > > > = . > > >  
cett Ek,,;;;gge 

quired for TGF-P binding to RI (7, 14). A - 4 - - -- 0 - - - . . . . . * .  -_-< -.. 
third TGF-P receptor (RIII) is expressed in 
most RER+ and RER- cell lines (Fig. 3), but Fig. 2. RII transcript expression in colon cancer RI~ [  

it is likely without physiologic consequence, xenografts. RNase protection assays were used RII- 

as it is thought to function only in the to measure expression of RII and y-actin 
Rl- 

presentation of ligand to RI and RII (16). transcripts in xenografts (labeled X) established R11- 

RI- 

I 
The RI and RII cell surface receptors from seven different human colon tumors. Lanes -- L 

labeled L contain samples from immortal cell -4 
were in VAC0481 lines established from the same tumors as Fig. 3. Expression of cell surface TGF-P receptors 
One the two RER+ lines with the xenografts and are shown for comparison of in RER+ and R E R  human colon cancer cell lines 
amounts of RI and RII transcripts. Al- RII  expression. A control reaction displays (14). The VACO group of colon cancer cell lines 
though mutations in RII abolish TGF-P the protection pattern generated by yeast tRNA are indicated by the prefix V. The two panels show 
binding to both RI and RII, mutations in RI (labeled Y) .  results of two independent experiments. 
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Fig. 4. Mutant RII sequences in V481 -- V457 N ASLN 
RERf tumor cell lines. Mutant se- C T A G  C T A G G L  C T A G G A  

quences shown are for cell lines 9 - 9 @, 
VAC0481, which has a GT inser- t, - ---- 
tion at wild-type nucleotides 1931 I - 
to 1936, and VAC0457 and RKO, in which one ortwo bases, respectively, have been deleted at wild-type 
nucleotides 709 to 71 8. VACO cell lines are designated by the prefix V. The normal polyadenine sequence 
(nucleotides 709 to 718) is displayed in the lanes labeled N. Sequencing reactions were primed on the 
antisense strand; therefore, juxtaposed sequences are in register relative to their 3' ends. Sequences 
shown are those of the directly sequenced PCR-amplified products (VAC0481, VAC0457) or of a 
representative mutant clone of the PCR-amplified RII cDNA (RKO). 

slightly acidic 33-amino acid wild-type 
COOH-terminus (19). The same RII 
frameshift mutation was also detected in 
the primary colon tumor from which the 
VAC0481 cell line was established, but 
not in normal colon tissue from the same 
patient, indicating that the mutation was 
somatic and that it occurred before cell 
culture. 

Frameshift mutations located in the 5' 
half of mRNA transcripts have been associ- 
ated with decreased mRNA stability (20). 
To search for this type of mutation, we 
sequenced the 5' half of the RII cDNA from 
seven additional RER+ cell lines in which 
RII transcripts, though markedly reduced, 
could be recovered by reverse transcriptase- 
polymerase chain reaction (RT-PCR). In 
each of these cell lines an RII frameshift 
mutation was found (Fig. 4) (12). The mu- 
tations appeared homozygous (no wild-type 
5' sequences were detected) in four cell 
lines, and heterozygous in the three others. 
The mutations were all located within a 
sequence of 10 repeating adenines (nucle- 
otides 709 to 718), which was truncated by 
either one base (four cell lines) or two bases 
(three cell lines) (Fig. 4). The RII genes 
with these one- and two-base deletions were 
predicted to encode truncated receptors of 
161 amino acids and 129 amino acids, re- 
spectively. For three of these seven RER+ 
cell lines studied, there were primary colon 
tumors or tumor xenografts available. In 
each case, the same RII mutation present in 
the cell line was also present in the tumor 
sample. In two cases normal colon tissue was 
also available and was shown not to harbor 
an RII mutation. 

In contrast to the RER+ colon cell lines, 
only a minority of RER- cell lines showed 
inactivation of TGF-P receptors. The RER- 
cell lines had RI and RII transcripts in 90% 
(24 of 27) (Fig. I), RI and RII cell surface 
receptors in 86% (6 of 7) (Fig. 2), and 
growth inhibition by TGF-P in 100% (5 of 
5) of the samples studied (4, 12). 

The RER+ samples (cell lines and xe- 
nograft~) in this study were derived from 
predominantly right-sided (eight of nine 
evaluable), often metastatic (five of nine 
evaluable) colon' cancers. However, the 
RER- samples also included 17 right-sided 
colon cancers (none with RII loss) and 32 

metastatic colon cancers (only two with RII 
loss). Thus, loss of RII was characteristic of a 
cancer's RER phenotype rather than its site 
of origin or clinical stage. Included among 
our RER+ sam~les were two cell lines estab- 
lished from familial colon cancers (heredi- 
tary nonpolyposis colorectal cancer), six cell 
lines derived from sporadic colon cancers 
(8), five cell lines bearing mutations in a 
known mismatch repair gene, and four cell 
lines bearing only wild-type versions of these 
genes (1 0,  21 ). The type I1 TGF-P receptor 
was thus a target for inactivation in each of 
the currently identified subsets of RER+ co- 
lon cancers (8, 10, 21). 

Deletions and insertions in simale reaeat- - - 
ed sequences occur throughout the genome 
of RER+ tumors (8). However, inactivation 
of RII is likely to be a critical step in tumor 
progression rather than a simple correlate of 
the RER+ phenotype. TGF-P is expressed by 
normal colon epithelium (22), by malignant 
colon epithelium (22), and by most colon 
cancer cell lines (23). It also abolishes the in 
vitro proliferation of early colon neoplasms 
(2, 12). ,Concordantly, RII inactivation in- 
duces escape from TGF-@mediated growth 
inhibition in several cell types (5, 7, 17). 
Moreover, restoration of wild-type RII ex- 
pression by gene nansfection suppresses the 
in vivo tumorigenicity of receptor-negative 
breast and colon cancer cell lines (12, 14). 
RII inactivation should thus directly confer a 
growth advantage on RER+ tumors. 

Mutations in the type I1 TGF-P recep- 
tor thus link DNA repair defects with a 
demonstrable pathophysiologic event. We 
hypothesize that small repeat sequences in 
the RII gene make it a favorable target for 
RER+-associated mutator mechanisms. 
Once generated, the proliferative advan- 
tage of cells with inactivated RII would 
drive colon tumor progression. This path- 
way may also be operative in other human 
malignancies in which the RER+ pheno- 
type has been detected [reviewed in (24)l. 
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