MG6P/IGF2R Tumor Suppressor Gene Mutated in
Hepatocellular Carcinomas in Japan
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Mannose 6-phosphate/insulin-like growth factor II receptor (M6P/IGF2R) tumor suppres-
sor— gene mutation is an early event in human hepatocellular carcinoma (HCC) formation in
the United States, but its role in hepatocarcinogenesis in Japan is unclear. We therefore
determined M6P/IGF2R mutation frequency in HCCs from patients who resided in the
southern, central, and northern regions of Japan. Ten single nucleotide polymorphisms were
used to identify HCCs and dysplastic liver nodules with M6P/IGF2R loss of heterozygosity.
The retained allele in these tumors was also assessed for point mutations and deletions in the
MG6P/IGF2R ligand binding domains by direct sequencing of polymerase chain reaction
(PCR) amplified DNA products. Fifty-eight percent (54 of 93) of the patients were heterozy-
gous at the M6P/IGF2R locus, and 67% (43 of 64) of the HCCs and 75% (3 of 4) of the
dysplastic nodules had loss of heterozygosity. The remaining allele in 21% of the HCCs
contained either M6P/IGF2R missense mutations or deletions, whereas such mutations were
not found in the dysplastic lesions. In conclusion, M6P/IGF2R is mutated in HCCs from
throughout Japan with a frequency similar to that in the United States. Loss of heterozygos-
ity in dysplastic liver nodules provides additional evidence that M6P/IGF2R haploid insuf-
ficiency is an early event in human hepatocarcinogenesis. (HEPATOLOGY 2002;35:1153-1163.)

epatocellular carcinoma (HCC) is one of the
most common cancers in the world, and it is
especially prevalent in Southeast Asia and sub-
Saharan Africa. The marked geographical variation in
HCC frequency has resulted in the identification of hep-
atitis B virus (HBV), hepatitis C virus (HCV), aflatoxin
By, and alcohol as etiologic risk factors for the disease. The
incidence of HCC is increasing in many countries, par-
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ticularly in regions in which HCV infection is more com-
mon than HBV infection.! Although the incidence of
HCC:s in the United States has almost doubled since the
1980s, it is still much greater in Japan where the liver
cancer mortality rate is now more than 23 deaths per 10°
persons per year.?

Genome-wide microsatellite analyses and comparative
genomic hybridizations show that genetic alterations in
HCCs occur at a number of chromosomal locations, in-
cluding 1p, 1q, 2q, 4q, 6q, 8p, 8q, Ip, 9q, 10q, 13q, 14q,
16p, 16q, 17p, and 19 (for review see Buendia’ and
Grisham?*). Some of these loci contain genes already
known to function as tumor suppressors. p53 loss of het-
erozygosity, at chromosomal location 17p13, generally
occurs late in HCC transformation with an allelic loss
frequency ranging from 25% to 60%.>4 In regions of
Africa and the southeast coast of Asia, in which chronic
HBV infection is endemic and aflatoxin B; exposure is
high, codon 249 of p53 is also a hot spot for mutation in
HCCs.>¢ Thus, p53-dependent intracellular pathways
are often disrupted in HCCs. The Rb pathway in HCCs
is also dysregulated by p16"™VK#4 (9p21) promoter hyper-
methylation.” In contrast, the Wz signaling pathway is
reactivated in about 40% of HCCs through mutations in
B-catenin and axin tumor suppressor genes that reside at
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chromosomal locations 3p21 and 16pl3.3, respec-
tively.>48 Nevertheless, to date only a few tumor suppres-
sor genes have been clearly identified to function in liver
carcinogenesis even though loss of heterozygosity occurs
frequently at a number of chromosomal locations.

The mannose 6-phosphatelinsulin-like growth factor 11
receptor (M6P/IGF2R) gene maps to 6q25-27,° a chromo-
somal location predicted to contain a liver tumor suppres-
sor gene.>* It encodes for a receptor that functions in
intracellular lysosomal enzyme trafficking, transforming
growth factor B activation, and IGF2 degradation.!?
Granzyme B internalization by the MG6P/IGF2R is also
required for cytotoxic T cells to induce apoptosis in cells
targeted for death, resulting in this receptor being referred
to as a “death receptor.”!! M6P/IGF2R deficiency during
embryogenesis results in cardiac abnormalities, cleft pal-
ate, fetal overgrowth, and perinatal lethality.’®!2 Further-
more, large offspring syndrome in cloned animals is
frequently associated with epigenetic changes in M6P/
IGF2R imprint regulation that result in decreased gene
expression.'> The M6P/IGF2R therefore plays a crucial
role in regulating mammalian fetal growth and develop-
ment.

The M6P/IGF2R is also mechanistically involved in
the genesis of human cancer.'41? M6P/IGF2R loss of het-
erozygosity coupled with intragenic loss-of-function mu-
tations in the remaining allele is a common event in
human breast, liver, and lung cancers.'*'7 Tumor cell
growth is also inhibited when M6P/IGF2R expression is
restored to normal, whereas it is increased when gene
expression is reduced.??> Thus, both mutational and
functional studies show that the M6P/IGF2R meets the
criteria required to be classified as a tumor suppressor
gene.??

Although M6P/IGF2R is mutated in 61% of HCCs in
patients from the United States,'4'7 its role in hepatocar-
cinogenesis in Japan is unclear’*?> because Wada et al.24
reported that HCCs in Japanese patients are not mutated
at the M6P/IGF2R locus. We therefore determined the
MG6P/IGF2R mutation frequency in HCCs from patients
residing in 3 geographically distinct regions of Japan (i.e.,
Fukuoka, southern Japan; Toyama, central Japan; and
Iwate, northern Japan). Our results show that M6P/
IGF2R mutation occurs in HCCs with a similar fre-
quency in American and Japanese patients irrespective of
their residential location in Japan.

Patients and Methods

Patient Population
Paraffin-embedded HCC tissue sections were obtained
from 56 patients that resided in the southern region of

Japan (Fukuoka University Chikushi Hospital, Fukuoka,
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Japan), 18 patients that resided in the central region of
Japan (Toyama Medical and Pharmaceutical University,
Toyama, Japan), and 19 patients that resided in the
northern region of Japan (Iwate Medical University;
Iwate, Japan). These 93 patients were used to determine
the M6P/IGF2R mutational status of 110 HCCs and 19
dysplastic nodules obtained from 95 needle biopsy speci-
mens, 25 surgical resections, 6 needle necropsies, and 3
autopsies. All patients had chronic liver disease resulting
from HCV infection (75 patients), HBV infection (11
patients), autoimmune hepatitis (1 patient), or alcohol-
induced hepatitis (1 patient); the cause of liver damage
was unknown in 5 patients. The size and grade of the
HCCs were obtained without knowledge of their M6P/
I/GF2R mutational status.

Laboratory Methods

Paraffin-Embedded Tissue Microdissection. Mi-
crodissection of tumor and surrounding normal liver tis-
sue from 7-um histology sections was performed as
previously described.?¢ Briefly, paraffin-embedded sec-
tions were deparaffinized in xylene (2 X 5 minutes), ex-
posed for 2 minutes to graded ethanol washes (z.e., 100%,
95%, 70%, and 50% ethanol) and rehydrated in H,O
before staining. The tissue sections were then stained for
30 seconds with 2% (wt/vol) methylene blue, and rinsed
in H,O before allowing them to air dry. Tumor and
surrounding normal tissues (>50 cells) were carefully
microdissected using a serial section stained with hema-
toxylin-eosin for comparison; the normal tissue used for
genotyping was always connective tissue. The dissected
tissues were then placed in 75 wL of Tris-ethylenediamine-
tetraacetic acid buffer (10 mmol/L Tris-HCI, pH 8.0 at
25°C and 0.5 mmol/L ethylenediaminetetraacetic acid,
pH 8.0 at 25°C) containing 5 uL of 20 mg/mL proteinase
K (Boehringer Mannheim, Indianapolis, IN). This mix-
ture was incubated at 52°C for 3 hours and then at 85°C
for 10 minutes. Polymerase chain reaction (PCR) analysis
was conducted using 5 uL of this mixture, as described
below.

Determination of M6P/IGF2R Loss of Heterozygos-
ity. Ten identified single nucleotide polymorphisms
were used to assess the HCCs for M6P/IGF2R loss of
heterozygosity (Table 1). The heterozygosity rate and al-
lelic frequency for these single nucleotide polymorphisms
in both the Japanese and American population are pub-
lished.?7:28 These polymorphisms were used for loss of
heterozygosity determination following 2 rounds of semi-
nested PCR amplification; exon specific forward and re-
verse primers are provided in Table 1. HCCs were
classified as having MG6P/IGF2R allelic loss if loss of het-
erozygosity was detected at 1 or more polymorphic sites.
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Table 1. M6P/IGF2R Loss of Heterozygosity Analysis of Paraffin-Embedded Tissues

Amplicon
Position Nucleotide * Genotype Size (bp) F1 Primer (5’ to 3') R1 Primer (5’ to 3’) Nested Primer (5’ to 3')t
Exon 6 901 C/G 91 CACCAGGCGTTTGATGTTGG gaaagtcaggtccttgetggag R2: aaacgccaacagcatcggagg
Intron 7 X8-22 T/G 139 gtggaaaatctgcattaagetge ctctgtggeaggeatactcag R2: gcaggcatactcagtaatccac
Exon 9 1197 A/G 123 actaagtaagactgtaatcttctaatacc CTGTATTTCAGTTTCTCCACAG F2: aatacctattcatataaaacaagcctc
Exon 12 1737 G/A 111 TATTTGTCACAGAGTGCTGCAGG ctaactcattccaaactggatgec R2: gaaaagcatcacctagatcttcc
Exon 16 2286 A/G 187 GAAGCTTTCATATTATGAT caccacaggcatgagtatcctc R2: gcatgagtatcctcagggage
Intron 22 X23-42 T/C 105 ctgcactgtgcttgtgggcetgce ccctgagtaaacatcatcattg R2: tcattgcaaacaaagcggacg
Exon 34 5002 G/A 86 GTCCCCTTGTCCCTCCAAATC GAGATGAGCATGGGCCTA F2: TCCAAATCCGGCCTGAGC
Exon 40 6206 A/G 118 GGGTGTGATGTGACATTTGAGTGG GCGGGTGGACTGGGAAGGC F2: GGAGTGCAAATTCGTCCAGAAAC
Intron 46 X47-107 A/G 103 gtcattcagaatgtgggagaaatgc gtggtcagcttacttatcact R2: tgtagagagggcatgggcag
Intron 46 X47-5 T/A 72 atgecctetctacactggagta CCTACAGCAAGTGGTCAGCTTAC R2: GTGGTCAGCTTACTTATCACTG

*Nucleotide position is based on Morgan et al.2° Intronic polymorphisms are numbered relative to nearest exon.

tNested primers F2 and R2 should be paired with R1 and F1, respectively.

The exons containing these polymorphisms were PCR
amplified from genomic DNA using 1.5 U Platinum Taq
DNA polymerase (Life Technologies, Baltimore, MD),
15 pmol primers, 1.5 mmol/L MgCl,, and 100 wmol/L
dNTPs in a 30-uL. PCR reaction volume (94°C X 15
seconds, 55°C X 5 seconds, and 72°C X 30 seconds for
35 cycles). Direct sequencing of gel-purified PCR prod-
ucts was performed according to the manufacturer’s pro-
tocol (Thermo Sequence; USB Corporation, Cleveland,
OH). All HCCs with M6P/IGF2R loss of heterozygosity
were confirmed by PCR amplification 2 or more indepen-
dent times.

Determination of M6P/IGF2R Mutations. HCCs
with MG6P/IGF2R loss of heterozygosity were also
screened for point mutations and deletions in the remain-
ing allele by direct sequencing of purified PCR products.
Because the MG6P/IGF2R is a large gene (i.e., complemen-
tary DNA, 9.1 kb; genomic DNA, >100 kb),2%:3° only
those regions of the receptor known to be involved in
ligand binding were screened for mutations. These re-
gions included exons 8 to 10 (repeat 3), exons 27 to 35
(repeats 9-11), and exons 37 to 39 (repeat 13); exon 40
was also assessed for mutations because it was previously
shown to contain mutations in other tumors.'4!* PCR
amplification of DNA extracted from formalin-fixed tis-
sue required multiple primer sets to efficiently span large
exons. The exon-specific PCR primers for 2 rounds of
seminested PCR amplification of DNA are provided in
Table 2. Each round of PCR normally consisted of 35
cycles at 94°C for 15 seconds, 55°C for 5 seconds, and
72°C for 30 seconds, however, annealing temperature
varied according to the primers used (Table 2). Direct
sequencing of gel-purified PCR products was performed
according to the manufacturer’s protocol (Thermo Se-
quence; USB Corporation). Because Taq polymerase in-
fidelity can introduce sequence errors during PCR
amplification, all mutations were confirmed by sequenc-

ing the DNA products of 2 or more independent PCR
amplifications.

MG6P/IGF2R Immunobhistochemical Staining. The
immunohistochemical technique used to detect M6P/
IGF2R in formalin-fixed, paraffin-embedded tissue sec-
tions was a modification of our previously described
method.3! After tissue section deparaffinization, rehydra-
tion, and antigen retrieval by microwave treatment (3 X 5
minutes at 750 W in 0.01 mol/L citrate buffer, pH 6.0),
the 4-um sections were incubated for 30 minutes at room
temperature with blocking buffer: 2% normal goat serum
and 1% milk diluent (Kirkegaard & Perry, Gaithersburg,
MD) in buffer (10 mmol/L phosphate-buffered saline,
pH 7.4, and 0.1% histochemical grade bovine serum al-
bumin). They were then incubated overnight at 4°C with
affinity-purified rabbit polyclonal antibody to bovine
MO6P/IGF2R (1:1,800 in blocking buffer, provided by
Dr. Peter Lobel). A protein concentration of nonimmune
rabbit immunoglobulin G (Rockland, Gilbertsville, PA)
equal to that of the diluted antibody was used as a control.
The tissue sections were then processed according to the
recommended procedures provided with the Vectastain
rabbit immunoglobulin G Elite ABC kit (Vector Labora-
tories, Burlingame, CA) using diaminobenzidine tetra-
hydrochloride as a substrate. The tissue sections were
counterstained with hematoxylin after immunohisto-
chemical staining.

Statistical Analysis
Statistical analysis was performed by the x? test; the
criterion for statistical significance was the 0.05 level.

Results
MG6P/IGF2R Loss of Heterozygosity
Fifty-eight percent (54 of 93) of patients were het-

erozygous at 1 or more M6P/IGF2R polymorphic loci
(Fig. 1). A total of 64 HCCs and 4 dysplastic nodules
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Table 2. M6P/IGF2R Mutation Analysis of Paraffin-Embedded Tissues

Amplicon Tm
Exon* Size (bp) (°c) F1 Primer (5’ to 3’) R1 Primer (5’ to 3’) Nested Primer (5’ to 3’)t
8-1 139 55 gtggaaaatctgcattaag CTCTGTGGCAGGCATACTCAG R2: GCAGGCATACTCAGTAATCCAC
8-2 158 54 CTAAATCCAACTGCCGCTATG aggaggcagaaageacctg F2: CAACTGCCGCTATGAAATTG
9-1 123 55 gactaagtaagactgtaatcttctaatacc CTGTATTTCAGTITCTCCACAGAC F2: aatacctattcatataaaacaagcctct
9-2 170 50 GATGGAAAAGAATATTTGTTITATIG gaaaatcgcacagaggttg R2: gcacagaggttgttgacg
10 166 55 ttctcccaaacacatttgtetgt gcaaagaggaggggctgaa R2: tgaactccagcgcacacttac
27-1 120 55 cccttcacttettccatgttettg CCCGGAAGTAATAAGTGTATTCGC R2: ATTCGCCAGCGCTCACGAT
27-2 112 55 CCTGGGCCTCAACGACAC GACATGAGGAGACCACCTTGGAC R2: GACCACCTTGGACTTGTCACTTG
27-3 124 55 GCTTTCCTCAGACGTCTGCCC ttgcaacaaaaggaaaacgacaaac R2: acaaaaggaaaacgacaaacaatggta
28 83 55 CTCAGAAGCTAACTTATGA CAGTAGAAGAAGATGGCTGTGGAGC R2: GGAGCGCTGATAAACCTTATGGC
29 139 46 atgtgectcttaacttttttag agttagtctgtccaaaaga R2: aacacatccatggacttac
30 185 55 acgaccaagcctaactaactg caccccacgaggagge F2: ctgcgggttttettettttcag
31-1 122 54 ctttcttgtgtetggtgctge CGTATITCAGGACAATTATGCCATCT R2: TTATGCCATCTCTCCACTGAG
31-2 90 54 GGCAGGGTAAGGGACGGAC CGGATGGTGGTTGACTTTITC R2: TITCCGAATCCCATCTGGAC
31-3 112 54 GGCATAATTGTCCTGAAATACGTTG gaaggtgcaggaacagtcect F2: CCTGAAATACGTTGATGGCGAC
32 175 55 caggacctgtctgtgetttgttg getggggttaacgactggeac R2: aacgactggcaccacctctc
33 165 55 cccatcttcttccaccctac ggacgggagagtcagacaac R2: acacgagagaccacagcactc
34-1 175 55 cgecttteecttgtggte GAGATGAGCATGGGCCTA R2: CTGCTCACGAAACTGATCACAC
34-2 169 55 GTCCCCTTGTCCCTCCAAATC tgcccatctgaaaactcac F2: TCCAAATCCGGCCTGAGC
35-1 150 48 agcagtctttcctacttaac GGCTGACAAATATTGATG R2: ATGTAGAAATCAGGGTTG
35-2 159 52 TGAGAGTGAGGATGATGCC caaaaattatctccacccttg R2: acccttggatttgtcatacttac
37-1 122 55 ttaagacccgtgctcettectgg CAGGGTACAGCCATCCATCC F2: cgtgctettectggeaacag
37-2 121 54 GTCGTCTGTCCTGATGAAGTG agcaacgcccagggtgaac R2: cccagggtgaacgcattac
38-1 98 55 actctgetgacggecacge CCTCCGTCCTTACAGCCTCCTTG F2: atggtttttgtccag
38-2 132 55 CCTTTGCAGTCGGGC CGTAACTTAAAACGACCGCTTCATCC R2: CGACCGCTTCATCCTGGTG
38-3 108 50 GCAATCAATGAAACTGGATTAC cttgaagtttatttacctcattge R2: gtttatttacctcattgcaaatatttac
39-1 121 55 cagctgccacactgataatgtt ACAGCTTCGCCCTGCTC R2: TTCGCCCTGCTCTCTATGA
39-2 121 55 TCATATTCAATGGGAAGAGCTACG geggagecgtectacte F2: GGAAGAGCTACGAGGAGTGCA
40-1 164 55 ctetettttcectacactceccag GTTTCTGGACGAATITGCACTCC R2: CTTCTTTGGAGGGCAGACAAC
40-2 118 55 GGGTGTGATGTGACATTTGAGTGG gegggtggactgggaagge F2: GGAGTGCAAATTCGTCCAGAAACAC

*Exon number based on Killian et al.3°
TNested primers F2 and R2 should be paired with R1 and F1, respectively.

from informative patients were analyzed for allelic loss.
The other liver lesions could not be analyzed for M6P/
IGF2R loss of heterozygosity because they either re-
sided in noninformative patients or the DNA could not
be PCR amplified. Because M6P/IGF2R loss of het-
erozygosity frequency in HCCs was found to be inde-
pendent of whether the patients lived in southern,
central, or northern Japan (data not shown), the data
from these 3 geographic regions were combined. Sixty-
seven percent (43 of 64) of HCCs and 75% (3 of 4) of
dysplastic nodules had M6P/IGF2R loss of heterozy-
gosity; there was no significant difference in the fre-
quency between HCCs and dysplastic nodules (P >
.1). Loss of heterozygosity frequency was also found to
be independent of the SNP used for its estimation (P =
.3) (data not shown), indicating that usually the com-
plete gene is deleted. As previously reported in Ameri-
can liver cancer patients,'® M6P/IGF2R allelic loss was
also found in 40% (2 of 5) of phenotypically normal
hepatocyte tissue microdissected from the liver adja-
cent to HCCs with M6P/IGF2R loss of heterozygosity.
There were no statistically significant associations be-

tween the frequency of M6P/IGF2R loss of heterozy-

gosity and the clinicopathologic parameters of patient
sex (P = .8), presence of cirrhosis (P = .4), tumor
grade (P = .5), and tumor size (P = .7) (Table 3). This
is consistent with our previous findings that M6P/
IGF2R loss of heterozygosity is an early event in liver
carcinogenesis, and the frequency of allelic loss in
HCCs is independent of cirrhosis.’416:2¢ The role of
disease etiology could not be assessed because the ma-
jority (i.e., 85%) of the patients were infected with
HCV.

M6P/IGF2R Mutations

Missense point mutations and single-base deletions
in the MG6P/IGF2R ligand-binding domains were
found in 21% (9 of 43) of HCCs with loss of heterozy-
gosity (Table 4, Figs. 2 and 3). In contrast, none of the
dysplastic nodules with M6P/IGF2R allelic loss con-
tained comparable second mutations. The frequency of
MG6P/IGF2R mutations is not significantly different
(P = .2) between dysplastic nodules (0 of 3, 0%),
well-differentiated HCCs (4 of 29, 14%), and moder-
ately to poorly differentiated HCCs (5 of 14, 36%),
but a trend of increasing M6P/IGF2R mutational fre-



HEPATOLOGY, Vol. 35, No. 5, 2002

A Normal Tumor

- 0 e v
— - ! e ,
| ‘ ‘
g -
ACGT ACGT
B Normal Tumor
- -
- e
- - 'J -
- | EE
ACGT ACGT
C Normal Tumor

‘vlr

ACGT ACGT

Fig. 1. M6P/IGF2R loss of heterozygosity in human hepatocellular
carcinomas. A single nucleotide polymorphism (c.1737A—G transition)
in exon 12 of the M6P/IGF2R (arrow) was used to determine loss of
heterozygosity in these representative HCCs. (A) Informative HCC without
MG6P/IGF2R loss of heterozygosity. (B) Informative HCC with M6P/IGF2R
loss of heterozygosity (arrowhead). (C) Noninformative HCC.
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Table 4. M6P/IGF2R Loss of Heterozygosity Versus Clinical
and Pathological Characteristics

Clinical/Pathological

Characteristics LOH/ Informative Percent LOH

Sex
Male 35/51 69
Female 11/17 65
Disease Etiology
HCV 40/58 69
HBV 2/5 40
AH 1/1 100
Alcohol 1/1 100
HCV + AIH 0/1 0
NBNC 2/2 100
Liver Histology
Chronic hepatitis 12/20 60
Cirrhosis 34/47 72
Nonspecific reaction 0/1 0
Tumor Grade
DN 3/4 75
Well HCC 29/40 72
Mod, poor HCC 14/24 58
Tumor size (cm)
<1.1 11/14 78
1.1-2.0 25/36 69
>2.1 8/12 66
Unknown 2/6 33
Total 46/68 68

Abbreviations: AlH, autoimmune hepatitis; DN, dysplastic nodule; LOH, loss of
heterozygosity; Mod, moderately differentiated; NBNC, non-HCV and non-HBY;
Poor, poorly differentiated; Well, well differentiated.

quency was observed with tumor grade. M6P/IGF2R
mutation frequency in HCCs was 43% (3 of 7) for
patients in northern Japan (i.e., Iwate, Japan), 20% (1
of 5) for patients in central Japan, and 16% (5 of 31)
for patients in southern Japan (z.c., Fukuoka, Japan).
These mutation frequencies did not vary significantly
(P = .3) with the geographical location of the patients
in Japan. Nevertheless, single G deletions in the poly
G region of M6P/IGF2R were only found in HCCs
from patients that resided in northern Japan (Table 3,
Fig. 3).

Table 3. M6P/IGF2R Mutations in Patients With Allelic Loss

Tumor
Age Disease Histology Tumor Size Liver Sample Source

Case # Sex (yr) Etiology (Grade) (cm) Histology M6P/IGF2R Mutation in Japan

1 M 47 HCV HCC (W) 1.5 Cirrhosis Exon 27 (3949)*: GAC (Asp) to AAC (Asn) Fukuoka

2 M 67 HCV HCC (M) 1.1 Cirrhosis Exon 34 (5020): ATG (Met) to TTG (Leu) Fukuoka

3 F 69 HCV HCC (M) 1.9 Cirrhosis Exon 31 (4477): CCT (Pro) to TCT (Ser) Fukuoka

4 M 58 HCV HCC (W) 1.0 Cirrhosis Exon 34 (5030): TCC (Ser) to TIC (Phe) Fukuoka

5 M 66 HCV HCC (W) 1.3 CH Exon 28 (4091): GGG (Gly) to GAG (GIn) Fukuoka

6 M 50 ALD HCC (M) 5.0 Cirrhosis Exon 38 (5781): CAC (His) to CAA (GIn) Toyama

7 M 83 HCV HCC (M) 6.1 Cirrhosis Exon 35 (5096): ACC (Thr) to AIC (lle) Iwate

8 M 70 HCV HCC (W) 2.0 Cirrhosis Exon 28 (4089 to 4096) G deletion Iwate

9 M 64 HCV HCC (M) 1.0 Cirrhosis Exon 28 (4089 to 4096) G deletion Iwate

Abbreviations: ALD, alcoholic liver damage; CH, chronic hepatitis; M, moderately differentiated; W, well differentiated.

*Nucleotide number based on Morgan et al.2®
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MG6P/IGF2R Immunobhistochemical Staining
M6P/IGF2R immunohistochemical staining inten-
sity of 51 HCC: relative to that in the adjacent liver
tissue is shown in Table 5; 17 of 68 informative tumors
were excluded from analysis because of methodologic
difficulties with the immunohistochemical staining.
MOG6P/IGF2R staining of HCCs was scored as being
either greater than or equal to that in the normal liver
(Fig. 4A) or less than that in the normal liver (Fig. 4B).
The frequency of HCCs without M6P/IGF2R allelic
loss (i.e., no loss of heterozygosity) that stained less
than normal liver was not significantly different (P =
.3) than HCCs with allelic loss but no evidence of
mutation in the remaining allele (i.e., loss of heterozy-
gosity, no mutation). In contrast, the frequency of
HCCs without M6P/IGEF2R allelic loss (i.e., no loss of
heterozygosity) that stained less than normal liver was
significantly less (P = .004) than HCCs with both
alleles mutated (i.e., loss of heterozygosity, mutation).

Therefore, the majority of HCCs with both alleles of
the M6P/IGF2R mutated have significantly reduced
MGP/IGE2R staining.

Discussion

We showed in this investigation that M6P/IGF2R al-
lelic loss occurs in 68% of HCCs developing in Japanese
patients. This frequency of allelic loss is independent of
the geographical location of patient residence in Japan
and is consistent with that previously reported for HCCs
in patients from the United States (61%).1¢ Therefore,
our findings contrast strikingly with those of Wada et al.?4
who found that the M6P/IGF2R is not mutated in Japa-
nese HCCs.

One possible reason for this discrepancy is that Wada
et al.?4 did not microdissect the tumor cells from the
tumor tissue before the assessment of M6P/IGF2R allelic
loss. The inclusion of normal stromal cells in the tumor
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Fig. 3. M6P/IGF2R deoxyguanine deletion in a poly(G) repeat se-
quence in hepatocellular carcinomas with loss of heterozygosity. (A) Case
8: a single G deletion in exon 28. There are 8 deoxyguanines in the
repeat region of normal stromal tissue (normal) and 7 deoxyguanines in
the repeat region of tumor tissue (tumor). The arrowhead shows a
¢.4092G—T transversion in the polyG repeat region that does not result
in an amino acid change. (B) Case 9: a single G deletion in exon 28.
There are 8 deoxyguanines in the repeat region of normal stromal tissue
(normal) and 7 deoxyguanines in the repeat region of tumor tissue
(tumor). DNA sequence for the tumor has double bands from the 3’ G
until the end of the sequence because normal tissue with an 8 G
sequence is contaminating the tumor tissue in which a single G has been
deleted from the sequence. Amino acids changed in tumor because of
G-deletion are underlined.

sample can easily mask genetic loss of heterozygosity, as
previously stressed.> To circumvent this technical prob-
lem, we only screened for M6P/IGF2R allelic loss and
mutations in microdissected tumor cells. Additionally,
the tetranucleotide insertion/deletion polymorphism in
the 3'-untranslated region of the M6P/IGF2R* used for
loss of heterozygosity analyses is only 27 base pairs away
from a GT dinucleotide repeat polymorphism.?3 The tet-
ranucleotide insertion/deletion polymorphism is there-
fore prone to DNA polymerase slippage artifacts during
PCR amplification, thereby reducing the accuracy of al-
lelic loss determination. Consequently, we used 10 re-
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cently identified single nucleotide polymorphisms for loss
of heterozygosity determination.?

HCCs with M6P/IGF2R loss of heterozygosity were
also screened for mutations in the mannose 6-phosphate
and IGF2 receptor-binding domains of the retained allele;
missense mutations and single-base deletions were found
in 21% of these tumors. As previously observed in lung
cancer, M6P/IGF2R mutations were not found in exons 8
to 11. This indicates that the mannose 6-phosphate bind-
ing site in repeat 3 is not commonly mutated in HCCs.!?
In contrast, 44% of the observed mutations were in the
mannose 6-phosphate binding site in repeat 9 (i.e., exons
27 to 29).10

Two of these mutations were missense mutations. A
¢.3949G—A transition that results in an Asn for
Asp1268 substitution was identified in exon 27 of an
HCC from a patient with HCV-induced cirrhosis. The
predicted secondary structure of repeat 9 from the 9
stranded flattened 8 barrel structure of the cation-depen-
dent mannose G6-phosphate receptor indicates that
Asp1268 resides in a conserved domain in the loop region
between 8 strands 2 and 3.3435 A c.4091G— A transition
that results in a Glu for Gly1315 substitution was also
identified in exon 28 of an HCC from a patient with
chronic HCV-induced hepatitis. The substitution of
Glul315, a negatively charged amino acid, for a small
uncharged polar amino acid in the putative loop region
between B strands 6 and 7°* would be expected to signif-
icantly alter the receptor tertiary structure and function.
The importance of this amino acid for receptor function is
further supported by the finding that Gly1315 has been
conserved throughout mammalian evolution.?>

The remaining 2 mutations identified in repeat 9 were
single-base deletions. The poly deoxyguanosine (poly[G])
region of exon 28 in the M6P/IGF2R is a target of micro-
satellite instability in replication/repair error-positive tu-
mors.'” We previously detected frameshift mutations in
this region in 27% of HCCs from United States pa-
tients.'® In contrast, several studies have reported an ab-

sence of mutations in this region of the M6P/IGF2R in

Table 5. M6P/IGF2R Immunohistochemical Staining of
Japanese HCCs

MG6P/IGF2R Mutation Tumor < Normal* Tumor = Normalt

No LOH 1 15
LOH, no mutation 7 21
LOH, mutation 5 2

NOTE. P = .004 by x? test.

*M6P/IGF2R immunohistochemical staining is less in tumor cells than normal
hepatocytes.

TM6P/IGF2R immunohistochemical staining in tumor cells is greater than or
equal to that in normal hepatocytes.
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Fig. 4. M6P/IGF2R immunohis-
tochemical staining in hepatocellu-
B lar carcinomas and adjacent normal
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HCC:s from Japanese patients.?43638 We found 2 HCCs
with single G deletions in the exon 28 poly(G) region, but
these frameshift mutations were detected only in patients
from northern Japan.

Interestingly, 11 cases of frameshift mutations in the
polyG region of the M6P/IGF2R have also been reported
in gastric, colorectal, and endometrial cancers in the Jap-
anese population.'®3%-41 The majority of these tumors
were also obtained from the northern part of Japan (i.e.,
Sendai, Iwate, and Sapporo, Japan).!83*-4! Historically,
there were 2 migrant groups of people that settled in
Japan, the Jomonese and the Yayoi.4>43 Genetic intermix-
ture between these 2 human populations has occurred
since their initial arrival in Japan. Nevertheless, a dual
genetic background is maintained even today between the
people in northern and southern Japan. Further studies
are required to determine if the apparent susceptibility of
the polyG region of M6P/IGF2R to mutation in tumors
results from differences in the genetics of the Japanese
who live in northern and southern Japan and/or environ-
mental factors.

Repeat 10 (i.e., exons 30 to 32) of the M6P/IGF2R
resides between the mannose 6-phosphate and the IGF2
binding domains of the receptor. A Ser for Pro1444 sub-
stitution (c.4477C—T transition in exon 31) was iden-
tified in Japanese HCC:s that is only 4 amino acids from a
Gly1449Val mutation frequently observed in HCCs

in a tumor with M6P/IGF2R loss of
heterozygosity and a ¢.5030C—T
transition in exon 34 of the remain-
ing allele (case 4). Hepatocellular
carcinoma (tumor); adjacent normal
liver (normal).

i?i
R "'!» ¢

(2] 4

a7

from the United States.'%1044 Pro1444 is conserved not
only in the 3 major mammalian groups (i.e., monotremes,
marsupials, and eutherians) but also in avians, strongly
indicating that it is important for receptor function.

High affinity IGF2 binding of the M6P/IGF2R re-
quires the presence of both the IGF2 binding site in repeat
11 (7.e., exons 33 to 35) and the enhancer site in repeat 13
(i.e., exons 37 to 39).1945 Two missense mutations were
found in repeat 11 of the M6P/IGF2R. A 5020A—T
transversion that results in a Leu for Met1625 substitu-
tion and a ¢.5096C—T transition that results in an Ile for
Thr1650 substitution were identified in exon 35 of HCCs
from patients with chronic HCV-induced cirrhosis. Fur-
thermore, a ¢.5781C—A transversion that results in a
Gln for 1878His substitution in repeat 13 was found in an
HCC from a patient with alcohol-induced cirrhosis. All 3
amino acids are highly conserved evolutionarily indicat-
ing their importance for receptor function.

The mutation frequency for the phosphomannosyl
and IGF2 ligand-binding domains of the M6P/IGF2R in
Japanese HCC:s is lower than the 55% mutation fre-
quency detected in HCCs from patients in the United
States.'® The spectrum of missense mutations is also
markedly different from those previously reported in both
liver and lung cancers from patients in the United
States.!41617 A ¢.4493G—T transversion in the M6P/
IGF2R gene that results in a Gly1449Val substitution is
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present in approximately 13% of HCCs in the United
States, establishing it as a HCC mutational “hot
spot.” 1416 In contrast, this mutation was absent in all the
analyzed HCCs from Japanese patients. Approximately
80% of M6P/IGF2R missense mutations detected in liver
and lung tumors in United States patients occur in gly-
cines located within predicted transition loop regions
between putative 3 strands of the receptor'416:17:46; how-
ever, only 10% of mutations in Japanese HCCs involved
glycine. These mutational differences between HCCs in
patients from the United States and Japan might be be-
cause of differences in size or grade of HCCs, the different
genetic backgrounds of the 2 human populations, or en-
vironmental factors.

We also immunohistochemically stained HCCs and
adjacent liver tissues with a MOP/IGF2R-specific anti-
body to assess receptor levels. MGP/IGF2R was detected
in most HCCs; however, the level in the HCC versus that
in the adjacent liver tissue was tumor dependent. As ex-
pected, MOP/IGF2R expression in HCCs was greater
than or equal to that in the adjacent liver in the majority
of tumors without MG6P/IGF2R loss of heterozygosity.
MGP/IGF2R expression in HCCs was also confirmed to
be significantly less than that in the adjacent liver in most
HCCs with both alleles mutated. However, approxi-
mately 25% of HCCs with M6P/IGF2R loss of heterozy-
gosity and no ligand binding site mutations in remaining
alleles also had lower receptor expression in the tumor
than in the adjacent liver. This indicates that approxi-
mately 1 quarter of Japanese HCCs have undetected
structure altering mutations residing in the 70% portion
of the M6P/IGF2R that was not sequenced in this study.
Interestingly, this still leaves about half of HCCs with
MG6P/IGF2R loss of heterozygosity with apparently only 1
allele inactivated.

One reason for only a single M6P/IGF2R allele being
inactivated in some HCCs is that there may be other
presently unknown tumor suppressor genes located on 6q
that are also mechanistically involved in HCC formation.
Alternatively, M6P/IGF2R haploid insufficiency may it-
self provide hepatocytes chronically infected with HBV or
HCV with a selective proliferative and/or survival advan-
tage, thereby resulting in the formation of clonal lesions of
preneoplastic cells from which HCCs ultimately de-
velop.'® This is consistent with haploid insufficiency of
other tumor suppressor genes, such as Nf2, p275%!, p53,
Ptch, Pten, and TGF-3, promoting tumor formation (re-
viewed in Islam and Islam47).

MG6P/IGF2R is normally imprinted in mice with only
the maternal copy of the gene being expressed.4® In con-
trast, both copies of the MG6P/IGF2R are expressed in
humans because genomic imprinting at this locus was lost

OKA ET AL. 1161

in a common ancestor to the primate lineage of mammals
approximately 75 million years ago.4® Importantly, resto-
ration of biallelic M6P/IGF2R expression in mice results
in a marked reduction in offspring weight late in embry-
onic development that persists into adulthood.5° These
findings show that M6P/IGF2R allelic loss or haploid in-
sufficiency significantly enhances cell growth during fetal
development. This predicts that the loss of even a single
MG6P/IGF2R allele may also promote cell growth in hu-
man somatic cells. This intriguing postulate can now be
experimentally tested by comparing liver cancer suscepti-
bility of wild-type mice, which are functionally haploid at
the M6P/IGF2R locus because of imprinting,® with that
of mice with 2 functional M6P/IGF2R alleles.>°

In conclusion, M6P/IGF2R mutation occurs in Japa-
nese HCCs with a frequency comparable with that found
in the United States, establishing its worldwide promi-
nence as a liver tumor-suppressor gene. The similar fre-
quency of M6P/IGF2R allelic loss in HCCs and dysplastic
nodules in Japanese patients provides further evidence
that haploid insufficiency at this locus is an early event in
human liver carcinogenesis.

Acknowledgment: The authors thank Peter Lobel for
kindly providing the M6P/IGF2R polyclonal antibody
used in this investigation. For further information on tu-
mor mutations in the MGP/IGF2R, visit the website
http://www.geneimprint.com.
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