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ackground & Aims: Colorectal tumors manifesting
igh-frequency microsatellite instability (MSI-H) develop
enetically as a consequence of mutations in genes
arboring repetitive DNA sequences. The activin type 2
eceptor (ACVR2), possessing 2 polyadenine coding se-
uences, was identified as a mutational target, but it is
ot clear if expression is abrogated. Here, we analyzed
SI-H colorectal cancers for ACVR2 mutation and ex-
ression to assess if biallelic inactivation occurs.
ethods: All 54 MSI-H colon cancers and 20 random
icrosatellite stable (MSS) tumors from a population-
ased cohort of 503 patients were analyzed for muta-
ions in 2 A8 tracts (exon 3 and 10) of ACVR2 and the A10

ract of transforming growth factor � receptor 2 (TG-
BR2). Additionally, we sequenced exon 10 of ACVR2 in
elect cancers. ACVR2 expression was determined by
mmunohistochemistry using an antibody targeting an
pitope beyond the predicted truncated protein. Results:
orty-five of 54 MSI-H cancers (83%) showed mutation
A8 to A7) in the polyadenine tract of exon 10 compared
ith no MSS tumors. Of tumors with mutant ACVR2,
2% lacked protein expression but all MSS and MSI-H
umors with wild-type ACVR2 expressed protein. We
ound no evidence of loss of heterozygosity at the
CVR2 locus in MSS tumors. Comparatively, 69% of
SI-H cancers had frameshift mutation in TGFBR2.
onclusions: ACVR2 mutations are highly frequent in
SI-H colon cancers and in most cases cause loss of
CVR2 expression, indicating biallelic inactivation of the
ene. Loss of activin signaling through mutation of
CVR2, similar to observations with TGFBR2, may be
mportant in the genesis of MSI-H colorectal cancer.

olorectal cancer develops as a consequence of
genomic instability. There are 2 known forms of

enomic instability that drive colon carcinogenesis: chro-
osomal instability (causing an aneuploid tumor) and
icrosatellite instability (MSI) (diploid tumors with
ultiple mutations as a result of inactivation of DNA
ismatch repair). Both forms may require alteration of

he WNT-signaling pathway, considered the “gate-
eeper” for initiation of neoplasia in the colon. However,
fter initiation, the 2 forms of genomic instability take
ivergent pathways. In chromosomal unstable cancers,
ctivation of K-RAS and inactivation of TP53 occur;
n microsatellite unstable cancers, a variety of genes
ith coding microsatellite repeat sequences, including
GFBR2, BAX, hMSH3, hMSH6, and more recently
CVR2, are targeted for frameshift mutation (reviewed
y Carethers and Boland1).

ACVR2 encodes a transmembrane receptor with serine
hreonine kinase activity. The protein transduces the
ignal when activin, a ligand from the transforming
rowth factor � superfamily, binds to the extracellular
omain of ACVR2.2 Once bound by activin, ACVR2
hosphorylates ACVR1,3 which causes a cascade of sig-
aling events via phosphorylation of Smad2 and Smad3
n the cytoplasm. Subsequently, a heterocomplex forms
ith Smad4 and translocates into the nucleus to regulate
ene transcription.4

The signaling cascade initiated by activin causes cel-
ular differentiation and growth suppression. For in-
tance, activin induces growth inhibition in T47D hu-
an breast cancer cells5 as well as in LNCaP prostate

ancer cells6 and increases cell adhesion proteins in
hicken limb buds.7 Downstream effectors of activin
nclude the proto-oncogene c-myc6 and the p38 mitogen-
ctivated protein kinase.5 Defective activin signaling also
rives carcinogenesis. Mutant ACVR2 abolishes activin-
ediated erythroid differentiation.8 Additionally, block-

ng activin signaling in breast cancer cells abrogates
ctivin-mediated growth arrest.5

A potential role for activin signaling in the colon
ecently came to light through a genome-wide search

Abbreviations used in this paper: MSI, microsatellite instability;
SI-H, high-frequency microsatellite instability; MSS, microsatellite
tability.
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March 2004 ACVR2 EXPRESSION IN MSI-H COLORECTAL CANCERS 655
“instabilotyping”).9 ACVR2, which is expressed in the
ormal colon,10 was found mutated in 58% of 46 colo-
ectal cancer cell lines with high-frequency microsatellite
nstability (MSI-H).9 A second study showed that 92%
f 17 colorectal cancer cell lines and 7 xenografts from
olon cancer lines with MSI-H had ACVR2 mutations.11

CVR2 mutations were primarily a frameshift in the A8

ract within exon 10. Another coding A8 tract located in
xon 3 was only affected in 2 of the cell lines. In that
eport, most cell lines had biallelic inactivation of the
eceptor based on allelic separation by cloning, but this
as not been examined at the protein level.
Here, we analyzed prospectively collected primary co-

on cancer specimens obtained from a population-based
tudy assessing MSI status for mutations in ACVR2. In
articular, we performed immunohistochemistry to ex-
mine protein expression of ACVR2 using a specific
ntibody targeted to an epitope of the protein that is
istal to the predicted truncation after frameshift muta-
ion in ACVR2. We found that ACVR2 is not expressed
n most MSI-H colon cancers with ACVR2 mutation.

Materials and Methods
Patient Samples

Colon tumor specimens were prospectively collected
nder Institutional Review Board approval as part of the
orth Carolina Colorectal Cancer Study, a population-based,

ase-control study comprising 503 patients.12 All tumor spec-
mens were formalin fixed and paraffin embedded and then
liced into 5-�m sections. A reference H&E stain was per-
ormed on one cut, and normal and tumor tissue were deter-
ined and marked for microdissection.

Tissue Microdissection and DNA Extraction

Enriched tumor tissue (minimally 75% tumor cells)
nd surrounding nontumor tissue were microdissected using a
terile scalpel blade. The microdissected tissue was then pre-
ipitated twice in 150 �L xylene and 350 �L 100% EtOH
ollowed by lyophilization. DNA was further purified with
eneReleaser (BioVentures, Murfeesboro, TN) and proteinase

digestion for 5 hours at 55°C. The proteinase K was
estroyed by heating the samples to 95°C for 15 minutes, and
he samples were immediately iced for future analysis.

Determination of MSI Status

MSI status was determined in all 503 cancers from the
orth Carolina Colon Cancer Study using 5 MSI markers

ecommended by a National Cancer Institute panel.13,14 Am-
lification and polymerase chain reaction analysis were per-
ormed as previously described.15 All MSI-H and randomly
elected microsatellite stable (MSS) tumors from the North
arolina Colon Cancer Study cohort were examined in this

tudy. MSI-H tumors were defined as having �2 of 5 markers
ith novel alleles compared with matched nontumor DNA,
hereas MSS tumors had 0 of 5 markers with novel alleles.

Amplification of the Polyadenine Tract in
Exons 3 and 10 of ACVR2

Specific primers were designed to amplify the poly-
denine tracts in exon 3 and exon 10 of ACVR2 (exon 3:
orward, 5�-TCTGCTTATTTATAGGACTGATTGTG-3�;
everse, 5�-CGCTGTGTGACTTCCATCTC-3�; exon 10: for-
ard, 5�-GTTGCCATTTGAGGAGGAAA-3�; reverse, 5�-
CTCTGAAAAGTGTTTTATTGGAA-3�). One primer

rom each set was radiolabeled with 32P, and DNA was am-
lified in a thermocycler (MJ Research, Waltham, MA) in a
eaction containing 1 �mol/L of each primer, 1� reaction
uffer, 100 ng DNA template, 200 �mol/L deoxynucleotides,
.5 �mol/L magnesium chloride, and 2.5 U Taq polymerase.
olymerase chain reaction was performed over 29 cycles of
4°C, 54°C, and 72°C of 1 minute each, preceded by a
-minute denaturing step at 94°C and followed by a 10-
inute extension step at 72°C. After polymerase chain reac-

ion, the product bands were analyzed on a 6% polyacrylamide
el and viewed with a phosphorimager (Molecular Dynamics,
unnyvale, CA) for band shifts comparing the tumor DNA
ith the paired normal DNA.

DNA Sequencing

Tumor DNA samples were amplified with specific
rimers surrounding exon 10 of ACVR2. The correct product
ize was verified on a 2% agarose gel. The polymerase chain
eaction product was purified using Microcon columns (Mil-
ipore Corp., Bedford, MA) and used in the presequencing
eaction according to the manufacturer’s protocol (Applied
iosystems, Foster City, CA) with either the specific forward
r backward primer. Before sequencing, another purification
tep using Centri SEP columns (Princeton Separations, Adel-
hia, NJ) was performed and the product sequenced in an
utomated ABI 310 Genetic Analyzer (Applied Biosystems).

Immunohistochemistry for ACVR2 Protein
Expression

Slides containing colon cancer tissue were deparaf-
nized in xylene and rehydrated in graded alcohols to water.
he slides were immersed in sodium citrate buffer (pH 6.0)
nd heated in a microwave for 4 minutes for 4 times for
ntigen retrieval. Slides were then processed using a DAKO
ignal Catalyzed Amplification System (DAKO Corp., Carpin-
eria, CA). Endogenous peroxidase activity was blocked by
ncubation with H2O2. Ten percent goat serum was added for
5 minutes to block nonspecific protein binding. Rabbit anti-
yrGly mACVR2 (482–494) (a generous gift from W. Vale,
alk Institute) was incubated overnight and then rinsed with
hosphate-buffered saline. Biotinylated anti-rabbit immuno-
lobulin G was added for 15 minutes, followed by incubation
ith peroxidase-labeled streptavidin for 15 minutes at room

emperature. The sections were washed with phosphate-buff-
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red saline, incubated with 3,3�-diaminobenzidine tetrahydro-
hloride and H2O2 for 1 minute, lightly counterstained with
ematoxylin, dehydrated in graded alcohols, cleared in xylene,
nd coverslipped. Two investigators read the slides blindly. A
umor was considered negative for ACVR2 staining if there
as no staining and positive if there was staining in �50% of

ells. There were no examples of intermediate (0–50%) stain-
ng.

Loss of Heterozygosity Analysis

Assessment of loss of heterozygosity at the ACVR2
ocus in MSS tumors was performed by polymerase chain
eaction using 2 32P-labeled primers for 2 markers (D2S1353:
orward, 5�-CCAGGGACATTGCTTAACAT-3�; reverse,
�-GAGCAGGATTTGTAACCCTG-3�; D2S1399: forward,
�-CATTGGTCCAGGTAAACTGC-3�; reverse, 5�-TTCA-
AAGGTTCCACAAGGT-3�) flanking ACVR2. Bands from
aired tumor and nontumor DNA were analyzed on a 6%
olyacrylamide gel, and intensity was quantified using a phos-
horimager (Molecular Dynamics).

Statistical Analysis

Statistical analysis was performed using the �2 test,
ith P � 0.05 indicating statistical significance.

Results
MSI-H Colon Cancers Frequently Harbor
Mutations in the A8 Tract of Exon 10 of
ACVR2, But Not in the A8 of Exon 3, and
Occur as Frequently as TGFBR2 Mutations

From the North Carolina Colon Cancer Study
ohort of 503 patients with colon cancer, 54 patients
11%) had tumors that were MSI-H. In this study, we
nalyzed all 54 patients with MSI-H tumors and 20
andomly selected patients with MSS tumors. Of the 54
SI-H colon carcinomas analyzed, 83% showed a frame-

hift mutation within exon 10, indicative of a deletion of
ne adenine from the A8 tract (Figure 1 and Table 1). In
ontrast, none of the 20 control MSS tumors showed this
hift (Table 1). None of the MSI-H or MSS colon tumors
howed frameshift mutations of the polyadenine tract of
xon 3 of ACVR2 (data not shown).

To verify the results observed on the polyacrylamide
els, we performed DNA sequencing to determine where
n exon 10 the frameshift mutation occurred. Wild-type

8 was detected in the MSS tumors (Figure 2A). The
SI-H tumors that showed frameshift mutations in exon

0 of ACVR2 displayed a 1–base pair contraction in the
mplified alleles at the A8 tract (Figure 2B). This type of
utation is predicted to cause a premature stop codon

esulting in truncation at amino acid 422 of the mature
rotein due to the shift in the reading frame at transla-
ion and loss of wild-type ACVR2 protein expression
ith biallelic inactivation.
We also analyzed the same samples for frameshift
utations within the coding A10 tract of TGFBR2,

reviously reported to be the most commonly mutated
ene in MSI-H colorectal cancers.16 The frequency of
utations in the polyadenine tract of TGFBR2 in our

umor samples was 69% (Table 1) (P � 0.07 vs. ACVR2
utations). Of the 9 MSI-H tumors (17%) without
CVR2 mutations, only 4 (44%) had TGBR2 muta-

ions.

Loss of ACVR2 Protein Expression Occurs
in MSI-H Colon Tumors With ACVR2
Mutations

We performed immunohistochemistry on the
SI-H and MSS colon samples using an ACVR2 anti-

ody whose epitope is beyond that of the predicted
runcated protein. Sixty-two percent of MSI-H colon
umors with mutations in the A8 tract of exon 10 lacked
CVR2 protein expression (Figure 3A and B). In some
SI-H tumors with mutated ACVR2, loss of expression
as observed in subpopulations of the tumor only (Fig-
re 3C). All MSS tumors expressed wild-type ACVR2
rotein in both normal and cancer tissues. However, 2
SS tumors (10%) showed partial loss of ACVR2 ex-

ression within some areas of the tumors (data not
hown). All 9 MSI-H tumors without mutation in
CVR2 expressed ACVR2 protein in both normal and

umor tissue (Figure 3D).

MSS Colon Cancers Lack Loss of
Heterozygosity at the ACVR2 Chromosome
Locus

We analyzed the ACVR2 gene locus for loss of
eterozygosity in the MSS tumors using 2 linked mark-
rs. None of the MSS tumors had loss of heterozygosity
t the ACVR2 site, including the 2 MSS samples that

igure 1. Frameshift mutation of the polyadenine (A8) tract in exon 10
f ACVR2 in MSI-H colon cancers. Seven representative MSI-H tumors
re shown. Matching normal (N) and tumor (T) DNA was amplified
sing specific primers surrounding the A8 tract of exon 10 of ACVR2
nd electrophoresed in adjacent lanes. A downward shift in band
ndicative of a deletion of one adenine in tumors is marked with
sterisks. Tumors with both A8 and A7 alleles could be heterozygous
or both wild-type and mutant alleles, or their DNA contains mixed
umor and nontumor cell populations.
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March 2004 ACVR2 EXPRESSION IN MSI-H COLORECTAL CANCERS 657
ad partial loss of ACVR2 protein expression (data not
hown).

Discussion
Genes with coding microsatellite tracts are targets

or frameshift mutation in MSI-H colorectal cancers, and
heir inactivation is believed to play a role in the patho-
enesis of these tumors. In particular, a key component
f transforming growth factor � signaling, TGFBR2, has
een shown to be inactivated at both alleles in MSI-H
olorectal cancers.17 Recently, ACVR2 was identified as a
arget for frameshift mutation in MSI-H colorectal can-
ers.9 In this study, we show that not only is frameshift

igure 2. DNA sequences of the exon 10 polyadenine tract of ACVR2
n MSS and MSI-H tumors. (A) Representative MSS tumor showing
nly wild-type T8 in the reverse strand. (B) Representative MSI-H tumor
hat showed a frameshift on the polyacrylamide gel (Figure 1) has a
–base pair contraction to T in the reverse strand.

able 1. Summary of the Frequency of ACVR2 Mutations, AC
Combined ACVR2 and TGFBR2 Mutations in MSI-H a

ACVR2
mutation (%)

Loss of ACVR
expressio

SI status
MSI-H 45/54 (83) 28/45 (
MSS 0/20 (0) 0/20 (
value �0.001 �0.00
7

utation of ACVR2 highly frequent in primary MSI-H
olon cancers but also that there is complete loss of
rotein expression of this receptor, clearly indicating that
oth alleles that encode this tumor suppressor are inac-
ivated.

We found that ACVR2 frameshift mutations are as
requently detected in MSI-H tumors as frameshift mu-
ations of TGFBR2. The consequence of this is not fully
nown. It is clear that both ACVR2 and TGFBR2 are
nvolved in signaling pathways that suppress growth,
ontrol differentiation, and may induce cell death.1,5,18

hus, mutation of either or both ACVR2 and TGFBR2
hould abate growth suppression and contribute to pro-
ression of colorectal cancer. Indeed, in our study, both
eceptors were mutated in 52% of MSI-H tumors and
GFBR2 mutations were less common (44%) if ACVR2
as not mutated. We speculate that both gene mutations

re contributing to the pathogenesis of MSI-H colorectal
ancers, may have some overlapping features on growth
haracteristics, and are acquired in a stepwise fashion. In
articular, mutation of TGFBR2 seems to occur at the
denoma-to-carcinoma interface, suggestive of a role in
alignant transition in MSI-H tumors.19 This has not

een studied with ACVR2.
ACVR2 has 2 coding polyadenine tracts: one in exon
and one in exon 10. Only the exon 10 tract is mutated

n our primary colorectal cancer samples, which is con-
istent with 2 previous reports.9,11 The predilection for
xon 10 as the main site for mutation is intriguing
ecause mutation in either adenine tract would be pre-
icted to truncate the protein and inactivate its signaling
unction. We can only surmise that there is an affinity for
he exon 10 tract to mutate in the absence of a functional
NA mismatch repair system.
The loss of expression of ACVR2 in our tumors can

ndicate problems at the level of DNA, transcription, or
ranslation. In our MSI-H tumors, frameshift mutation
f the exon 10 polyadenine tract (A8 to A7) is the cause
or loss of expression of ACVR2. We also found 2 MSS
nd 2 MSI-H tumors that had partial loss of ACVR2
xpression within cell subpopulations of those tumors. In
he MSI-H tumors, the area of ACVR2 protein loss
epresents clonal expansion of a subclone with biallelic

Protein Expression, Frequency of TGFBR2 Mutations, and
SS Colon Cancer Specimens in This Study

tein TGFBR2
mutation (%)

TGFBR2 and ACVR2
mutation (%)

37/54 (69) 28/54 (52)
0/20 (0) 0/20 (0)
�0.001 �0.001
VR2
nd M

2 pro
n (%)

62)
0)
1
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nactivation of ACVR2, whereas areas of expression may
ave heterozygous ACVR2 alleles leaving one wild-type
llele competent to encode protein. However, loss of
eterozygosity and DNA analysis of both exons 3 and 10
f ACVR2 from the MSS tumors did not yield a cause for
artial loss of expression. We suggest that either epige-
etic inactivation or mutation that does not involve the
olyadenine tracts of ACVR2 may be operative to cause
oss of ACVR2 expression from a clonal population of
ells within these MSS tumors.

Conversely, we identified 9 MSI-H tumors that fully
xpress ACVR2 protein. This suggests that one or both
lleles of ACVR2 are transcribed and translated appro-
riately. If activin signaling is a major target for inacti-
ation, then it is possible that other components of
ctivin signaling separate from ACVR2 mutation could
e affected, although this is not known at this time.
here are examples of other mechanisms to inactivate

ransforming growth factor � signaling in MSI-H colo-
ectal cancers aside from the dominantly observed mech-

igure 3. ACVR2 protein expression in MSI-H colon tumors. Tumors
erminus of the receptor, beyond the predicted truncation from a fram
howed ACVR2 frameshift mutation. Note the expression of ACVR
denocarcinoma. (C) MSI-H tumor with mutated ACVR2 showing loss
umor with wild-type ACVR2 expressing ACVR2 protein in both norma
nism of TGFBR2 mutation,20 and we suspect that
imilar mechanisms might occur with activin signaling.

In summary, our data show that the polyadenine tract
f exon 10 of ACVR2 is mutated in 83% of MSI-H
olorectal cancers and is as frequently mutated as
GFBR2. The frameshift mutation of ACVR2 is associ-
ted with loss of ACVR2 protein in most MSI-H tumors,
ndicating biallelic inactivation. MSS tumors do not
arbor this mutation and fully express ACVR2 protein,
lthough we found 2 examples of partial loss of ACVR2
xpression. These findings underscore the potential im-
ortance of loss of activin signaling in the pathogenesis
f colorectal cancer. Further studies to decipher the func-
ion of activin signaling in colorectal cancer will likely
ield important insight into colorectal tumorigenesis.
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