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Abstract Classical MHC molecules present processed

peptides from endogenous protein antigens on the cell

surface, which allows CD8? cytotoxic T lymphocytes

(CTLs) to recognize and respond to the abnormal antigen

repertoire of hazardous cells, including tumor cells. The

light chain, b2-microglobulin (b2m), is an essential con-

stant component of all trimeric MHC class I molecules.

There is convincing evidence that b2m deficiency generates

immune escape phenotypes in different tumor entities, with

an exceptionally high frequency in colorectal carcinoma

(CRC) and melanoma. Damage of a single b2m gene by

LOH on chromosome 15 may be sufficient to generate a

tumor cell precommitted to escape. In addition, this genetic

lesion is followed in some tumors by a mutation of the

second gene (point mutation or insertion/deletion), which

produces a tumor cell unable to express any HLA class I

molecule. The pattern of mutations found in microsatellite

unstable colorectal carcinoma (MSI-H CRC) and melanoma

showed a striking similarity, namely the predominance of

frameshift mutations in repetitive CT elements. This review

emphasizes common but also distinct molecular mecha-

nisms of b2m loss in both tumor types. It also summarizes

recent studies that point to an acquired b2m deficiency in

response to cancer immunotherapy, a barrier to successful

vaccination or adoptive cellular therapy.
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Abbreviations

b2m b2-microglobulin

CRC Colorectal cancer

HLA Human leukocyte antigen

MHC Major histocompatibility complex

LOH Loss of heterozygosity

MMR Mismatch repair

MSI-H High microsatellite instability

MSS Microsatellite stability

Introduction

The classical MHC class I molecule is a trimeric complex

consisting of a variable heavy chain, encoded by human

HLA-A, HLA-B, and HLA-C genes, the processed antigen

peptide bound to the heavy chain groove, and the constant

b2m light chain. Specific recognition of this complex by

the T-cell receptor triggers cytotoxic T lymphocyte (CTL)

activity, which is currently exploited in active (vaccina-

tion) and passive (adoptive cellular therapy [ACT], anti-

body therapy) cancer immunotherapies. Although ACT and

antibody therapy achieved remarkable clinical responses in
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recent clinical trials, their efficacy is dependent on the

MHC class I expression level of the tumor. Various studies

have indicated that CD8-positive CTLs play a major role in

destroying virus-infected cells and tumor cells [1]. CTL-

mediated tumor rejection is not only observed in cancer but

also in allograft rejection, graft-versus-host disease, and

autoimmune diseases, in which identical molecular path-

ways lead to T-cell activation, suggesting the existence of

an immunological constant of rejection [2].

Evidence is accumulating that loss of MHC class I

expression is an obstacle to successful cancer immuno-

therapy [3, 4]. The implication of b2m gene in the gener-

ation of HLA class I-loss tumor variants is well established

[5], and different types of mutation can knock down the

capacity to synthesize the b2m protein required to produce

a functionally active HLA class I molecule [6–8]. A

number of these mutations have been detected in analyses

of cell lines and tumor tissue, ranging from insertions and

deletions of nucleotides in repetitive sequence motifs to

single base substitutions in one b2m allele in combination

with the loss of large segments of chromosome 15q21

encompassing the second b2m allele [9, 10]. These muta-

tions were found to modify b2m expression, inhibiting

transcription of the gene or, more frequently, by abrogating

translation of the mRNA in some cases or by the synthesis

of a nonfunctional protein.

Recent data obtained in our laboratory indicate that one

b2m gene copy is inactivated by loss of heterozygosity

(LOH) on chromosome 15 in various human tumors [11].

We also reported evidence in some tumors of LOH on

chromosome 15q21, which contains the b2m gene,

implying that these tumor cells, with an apparently normal

HLA class I expression, can already harbor one hit in one

b2m gene [11]. These tumor cells are therefore precom-

mitted to an HLA class I total loss phenotype. These

findings also suggest that the complete loss of HLA class I

antigen expression by this particular molecular mechanism

results from successive mutational events [8]. However,

other molecular mechanisms can be used by some tumor

cells to produce HLA class I total loss, for example, the

coordinated downregulation of the transcription of HLA

class I heavy chain b2m and antigen presentation

machinery genes in bladder carcinomas [12]. There are also

human tumors with a high frequency of HLA class I total

loss phenotype in which the b2m mutation is not involved,

for example, 40 % of prostate cancers [13] and 52 % of

breast cancers. (I. Maleno unpublished results), although

the precise molecular mechanism is not known.

The present review describes the different b2m mutations

reported in tumor tissues and cell lines and examines whether

they follow a particular distribution pattern. We focus on

data obtained from colorectal cancer (CRC) with mismatch

repair deficiency that exhibit the high microsatellite

instability phenotype (MSI-H) and melanoma, in which b2m

alterations are a common mechanism for generating the HLA

class I total loss phenotype. Our analysis reveals specific

b2m gene mutation patterns in MSI-H CRCs and melano-

mas, suggesting a possible mechanistic origin of these

mutations in the context of molecular cancer pathways.

Somatic b2-microglobulin mutations in human cancer

The b2m gene consists of 4 exons that encode a protein of

119 amino acids in length. Exons 1 and 2 contain a total of

4 repetitive nucleotide sequences: exon 1 harbors a [CT]4

motif, encompassing codon 13–15, and exon 2 harbors two

A5 repeats, ranging from codon 67–68 and 94–95, and one

C5 sequence encompassing codon 91–92. Tables 1 and 2

summarize the different deletions, insertions, and single

base substitutions that have been identified in the b2m gene

of tumor cells and associated with a total loss of HLA class

I expression.

Microdeletions/insertions in repetitive nucleotide motifs

of the b2-microglobulin gene

As shown in Table 1, frameshift mutations at coding

mononucleotide repeats have been most frequently detec-

ted in MSI-H CRC samples (Co), both in cell lines and

colon cancer tissues. There is a high frequency of nucle-

otide deletions (del) affecting repeat regions of exon 1 and

exon 2 (Fig. 1). The [CT]4 region of exon 1 has been

defined as a mutation hotspot in MSI-H CRC [7, 14].

Fourteen out of a series of 28 (including CRCs tumor

specimens and tumor cell lines) were found to harbor

deletions/insertions in this repetitive sequence [7]

(Table 1). Mutations in the CT repeat of exon 1 have been

associated with a mutator phenotype in CRC [7, 15],

reflecting an increase in genetic instability during tumor

development due to defects in the DNA mismatch repair

(MMR) system [16, 17]. These defects are generally caused

by a loss of mismatch repair (MMR) function in cancer

cells, secondary to inactivation of MMR genes such as

MLH1 or MSH2 [18, 19]. In sporadic CRCs, the MLH1

gene could be silenced by promoter hypermethylation [20].

In this context, it has been reported that most Lynch syn-

drome cases have germline mutations in MSH2 or MLH1

genes [21], favoring the development of CRC and other

tumors with microsatellite instability (MSI) [17, 22]. MSI-H

phenotype was detected in 18 out of the 28 CRCs listed in

Table 1.

Tumors with MSI are characterized by a form of genetic

instability that manifests as frameshift mutations, deletions,
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Table 1 Summary of deletion and insertion mutations in b2m gene in human tumors

Mutation1 Site2 b2m

expression3
HLA

expression3
LOH4 MSI5 References

Co1

(LoVo)

del CT, Homozygous 13–15 codons, Ex1 - - ? ? [36]

Co2

(SW48)

del CTCT, Heterozygous

del A, Heterozygous

13–15 codons, Ex1
a47 codon, Ex2

- - - - [36]

Co3 del CT 13–15 codons, Ex1 ± ± - - [36]

Co4

(HRA19)

del TCTT, Heterozygous 14–15 codons, Ex1 ± ± - - [36]

Co5

(C14)

del CT, Heterozygous 13–15 codons, Ex1 ± ± - [14]

Co6

(C108)

del CT, Heterozygous 13–15 codons, Ex1 ± ± ? [14]

Co7

(13971/92)

del CT, Homozygous 13–15 codons, Ex1 - - ? [14]

Co8

(H630)

del CT, Hemi- or

Homozygous

15 codon, Ex1 - - ? [69]

Co9

(CO-132)

del CT 13–14 codons, Ex1 - - ? [25]

Co10

(CO-135)

del CT 13–14 codons, Ex1 - - ? [25]

Co11 del TTCT 15–16 codons, Ex1 - - ? [48]

Co12 del CT 16 codon, Ex1 - - ? [48]

Co13 ins CC 13 codon, Ex1 - - [70]

Co14

(CRC-6)

ins TT 14–15 codons, Ex1 - - ? [71]

Co15

(StM185)

del A 67–68 codons Ex2 ?

Co16

(CO-86)

del CA, Heterozygous

del A, Heterozygous

25 codon, Ex2

67 codon, Ex2

- - ? [25]

Co17 del A 68 codon, Ex2 - - ? [48]

Co18 del A 95 codon, Ex2 - - ? [24]

Co19 ins A 68 codon, Ex2 - - ? [48]

Co20 ins A 95–96 codons, Ex2 - - ? [24]

Co21 del C 92 codon, Ex2 - - ? [24]

Co22 ins C 92–93 codons, Ex2 - - ? [24]

Co23

(CO-117)

del C, Heterozygous

del CCGTG, Heterozygous

91 codon, Ex2

101–102 codons, Ex2

- - ? [25]

Co24

(HCT)

del 11pb, Heterozygous 23–27 codons, Ex2 - - - [72]

Co25

(StM78)

del TG 8–9 codons, Ex1 - [14]

Co26 del C 34 codon, Ex2 - - ? [14]

Co27 del C 110 codon, Ex2 - - [70]

Co28

(CRC-16)

del ACTACACT 86–88 codons, Ex2 - - - - [71]

Me1

(Me1386)

del CT, Hemi- or

Homozygous

13–15 codons, Ex1 - - ? [26]

Me2

(GR-34)

del TTCT 15–16 codons, Ex1 - - ? - [7]

Me3

(1106Mel)

del CT, Hemi- or

Homozygous

13–15 codons, Ex1 - - ? [27]
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or insertions in microsatellite DNA and as short repetitive

sequences. DNA mononucleotide, dinucleotide, trinucleo-

tide, and tetranucleotide repeats are intrinsically suscepti-

ble to slipped-strand mispairing during replication,

producing a bulge composed of an unpaired repeat unit. If

the bulge is formed on the template strand, the result is a

deletion, whereas a bulge on the primer strand yields an

insertion [18, 23]. The b2m mutation frequency in MSI-H

adenomas is around 15 % and reaches about 30 % in MSI-H

CRCs [24].

The mononucleotide repetitive regions (two A5 and one

C5) in exon 2 of the b2m gene are also prone to accumulate

mutations (Fig. 1). Interestingly, some of the tumors of an

MSI phenotype were heterozygous and contained two

different deletions, each in a copy of the b2m gene [25].

Both Co16 and Co23 tumors harbored a microdeletion in a

mononucleotide repeat sequence of exon 2, while the other

mutation was located in a nonrepetitive regions of exon 2

(Fig. 1).

Although MSI-H mainly occurs in CRCs, the [CT]4

repeat is also a mutation hotspot in other types of tumor.

Half of the deletions (5 out of 10) detected in melanoma

(Me) cell lines were located in this repetitive region, as was

also the case for two renal carcinoma cell lines (Re), one

testicular diffuse large B lymphoma (LyT), and one cer-

vical cancer cell line (Cer) (see Fig. 1) [7, 26–30]. Mela-

noma cell lines have been investigated for the presence of

MSI [31–34], but only a small proportion of the primary

melanomas reported in the literature present a MSI-H

pattern, and widespread alterations in the genome have

been found [35]. Our group analyzed 30 melanoma cell

lines for the presence of an MSI phenotype, including five

Table 1 continued

Mutation1 Site2 b2m

expression3
HLA

expression3
LOH4 MSI5 References

Me4

(1180Mel)

del CT, Hemi- or

Homozygous

13–15 codons, Ex1 - - ? [27]

Me5

(1259Mel)

del CT, Hemi- or

Homozygous

13–15 codons, Ex1 - - ? [27]

Me6

(SK-MEL-33)

del G, Hemi- or Homozygous 96 codon, Ex2 - - ? [73]

Me7

(Mel249)

del AT, Hemizygous 62 codon, Ex2 - - ? [37]

Me8

(FO-1)

del 3 kb, Hemizygous First exon and a segment of first intron - - ? [9]

Me9

(Me9923)

del 14 bp, Homozygous 79–83 codons, Ex2 - - ? [26]

Me10

(UKRV-Mel-2b)

del 498 bp, Hemi- or

Homozygous

-426 to ?72 nt, including the whole

exon 1

- - ? - [8]

Re1

(fibroblastoid

RCC52)

del G, Heterozygous

del CT, Heterozygous

6 codon, Ex1

13–15 codons, Ex1

- - - [28]

Re2

(epitheloid

RCC52)

del CT, Hemizygous 13–15 codons, Ex1 - - ? [28]

LyT1

(T19)

del CT, Hemizygous 14–15 codons, Ex1 - - ? - [29]

LyT2

(T18)

del TG, Hemizygous 46–47 codons, Ex2 - - ? - [29]

Cer del TC or del CT 14–15 codons, Ex1 - [30]

1 Frameshift mutations affecting repeat sequences of the b2m gene were described by Yamamoto et al. [58] in gastric, colorectal, and hereditary

nonpolyposis colorectal cancers (HNPCC) (22, 26, and 19 frameshift mutations, respectively), but they have not been included in the table because of the

lack of immunohistochemical studies to characterize the HLA Class I expression
2 Site indicates codon number from ATG site, and exon in which it is located
3 b2m and HLA expression: ± (weak); -(negative)
4 LOH at chromosome 15q: ? (presence of LOH); -(absence of LOH)
5 MSI phenotype: ? (presence of MSI); -(absence of MSI)
a Site indicated by authors (Ref. [36]) did not correspond with our scheme of gene codons of b2m gene
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listed in Tables 1 and 2 (Me2, Me10, Me12, Me13, Me16);

we highlight the typical deletion in CT repeat observed in

Me2. However, none of the cases showed genomic insta-

bility according to the frequency of mutations at conven-

tional mono- and di-nucleotide microsatellite loci [19],

indicating that deletions/insertions at CT can occur in

melanoma in the absence of the MSI phenotype. Unlike

MSI-H CRCs, which contain insertions and deletions in

repetitive regions of exon 1 and exon 2, melanomas only

show deletions in repetitive regions of exon 1 of the b2m

gene (see Fig. 2).

Single nucleotide substitutions in the b2 -microglobulin

gene

In addition to microdeletion/microinsertions in repetitive

sequences, there have been reports of single nucleotide

substitutions in the b2m gene that lead to nonsense or

missense mutations or modify the splicing of the pre-

mRNA (Fig. 3). These three types of point mutation can be

generated by transversions (pyrimidine to purine exchange

and vice versa) or transitions (purine to purine or pyrimi-

dine to pyrimidine exchange). Transversions and transi-

tions have both been observed in colon carcinoma and

melanoma (Table 2).

Nonsense mutations that generate a premature stop

codon (Table 2) are highly frequent in CRCs and mela-

noma. These mutations lead to the production of truncated

b2m proteins that are generally undetectable by immuno-

histochemistry or ELISA (Fig. 3). One exception was

sample Co43, in which the change from C to A at codon

108 at the end of exon 2 generated a stop codon but did not

affect the HLA class I expression. This may be explained

by expression of the second intact parental copy of the b2m

gene, or it may be the case that deletion of the last 11

C-terminal amino acids does not severely impact b2m

stability and function.

Missense mutations leading to amino acid exchanges

have different effects on HLA class I cell surface expres-

sion (Table 2, Fig. 3). For instance, an alteration affecting

the start codon (ATG) prevents translation of the mRNA

into protein, as first described for a Burkitt lymphoma cell

line (Daudi) [5]. Remarkably, the ATG start codon was

affected by 5 out of 10 missense mutations found in exon 1

(Table 2). In contrast, other missense mutations can lead to

the synthesis of abnormal b2m variants that are merely

inefficiently processed, limiting the number of HLA class I

cell surface molecules (e.g., low HLA class I expression in

Co29, Co30, Co31, Co33, Co42, and Co43). The relevance of

the type of amino acid exchange is demonstrated by two

further examples: in Co36, the C to T exchange in codon 6

(Ala to Val) did not modify the b2m and HLA class I

expression; in melanoma cell line VMM5b (Me15), how-

ever, the C to G transversion at codon 45 of exon 2 caused

a Cys to Trp change, abolishing the formation of a disulfide

bond between residues 45 and 100 of the b2m protein and

leading to its degradation by the proteasome (Fig. 3).

Point mutations that disrupt the sites involved in the

splicing process of b2m pre-mRNA are another type of

mutation observed in colon carcinoma and melanoma cells

(Table 2, Fig. 3). These nucleotide exchanges were found

to produce the destruction of conserved elements in donor

(Me18, Co37) or acceptor (Me17) splice sites at intron I and

E1 E2 E3 E4
5’ 3’

Co31 ATG

Ly  Me11 Me12 
Co35 Lu1

Re1

Co25

Co38

13CTCTCTCTT15

Co1 Co2 Co3 Co4 Co5 Co6 Co7 
Co8 Co9 Co10 Co11 Co13 Co14
Me1 Me2 Me3 Me4 Me5 LyT1 Re1
Re2 Cer

Lu2

Me10 deletion

Me18

Me17

Co37

Me13 Me14

Co26

Me15

Co3

Co29 
Co32

LyT2

Me7

Co40

Co16Co17 Co19Co15

Me6

Me9

Co23
Co28

Co21 Co22 Co23

Co18 Co20

Deletion

Single base substitution

Insertion

Co24

Co36

Co42

Co12 Co33

Co41

Co34

Co43

Co27

Me8 deletion

Co39

Co30

STOP

67AAAAA68

91CCCCC92

94AAAAA95

Co42

Me16

Co16

Co24

Me9

Fig. 1 b2m gene alterations in human tumors. Summary of the

different b2m gene mutations found in tumor samples and cell lines of

melanoma (Me, n = 18), colon cancer (Co, n = 43), Daudi lym-

phoma (Ly, one case), lung cancer (Lu, 2 cases), sarcomatoid renal

carcinoma (Re, 2 cases), cervical cancer (Cer, one case), and

testicular diffuse large B cell lymphoma (LyT, 2 cases). The type of

mutation is indicated by color according to the legend
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to the utilization of downstream located cryptic splice sites

that result in the deletion or insertion of segments in the

mRNA [26, 36, 37]. In the Me18105 cell line (Me17), for

example, the A to G transition in the dinucleotide AG

splice acceptor site of intron I causes the use of a cryptic

splice site in exon 2, which leads to the deletion of 11 bp in

the b2m message, producing a frameshift mutation and

introducing a premature stop codon in exon 2 (see Fig. 3)

[26].

The molecular mechanisms that underlie the generation

of single nucleotide substitutions are not known. However,

the preference for G to C transversions (21/29) is com-

patible with deamination induced by activation-induced

cytidine deaminase (AID) [38]. Aberrant AID expression

has been detected in gastric cancer and human hepatocar-

cinoma [39, 40], while its expression under physiological

conditions is mainly restricted to activated germinal center

B cells, inducing somatic hypermutation and class-switch

recombination of immunoglobulin genes [41]. The muta-

genic action of AID consists of cytosine deamination in the

consensus recognition sequence, which results in the for-

mation of uracil for processing by the DNA repair system

[38]. In this regard, we analyzed the consensus sequence

for AID activity in 19 melanomas and CRCs tumors. Only

two melanomas (Me9 and Me16) showed the corresponding

consensus sequences close to the C or G changes, sug-

gesting that expression of this enzyme does not play a

major role in the generation of single missense and

a

b

Melanoma

Colorectal carcinoma

Deletion Insertion

EXON 1 EXON 2 EXON 3

EXON 1 EXON 2 EXON 3

13 15 67 68 91 92 94 95START STOP

13 15 67 68 91 92 94 95START STOP

Fig. 2 Distribution of

frameshift mutations in repeat

sequences of the b2m gene in

colon cancers (a) and melanoma

(b). Schematic codon sequence

of the b2m gene. Deletions and

insertions both affect mono (A,

C) and dinucleotide repeats

(CT, CC, TT), but

tetranucleotide sequences

(CTCT, TCTT, TTCT) are only

affected by deletions. In colon

tumors (a), deletions and

insertions were detected

throughout the gene repeat

sequences whereas in melanoma

samples (b), deletions were only

observed in the mutation

hotspot of exon 1 (CT repeat

sequence)

β2m GENE SINGLE BASE SUBSTITUTIONS

Nonsense Mutation Missense Mutation Splice Site Mutation

WT DNA   

Mutated DNA

GTT TAC TCA 

GTT TAA TCA

- - V - - Y - - S - -

- - V - -STOP

codon 30

WT protein   

Mutated protein

HLA expression Negative  

B2m expression Negative

codon 45

AAT TGC TAT

AAT TGG TAT

- - N - - C - - Y - -

- - N - - W - -Y - -

Positive

Negative  

Exon 1 Exon 2

Exon 1 Exon 2

GT

GT

AG

GG

AG Cryptic splice site used in 
pre-RNA processing

WT RNA

Mutated RNA

GUU UAC UCA 

GUU UAA UCA

AAU UGC UAU

AAU UGG UAU

Exon 1 Exon 2

Exon 1 Exon 2

Exon 3 Exon 4

Exon 3 Exon 4

STOP

STOP Loss of 11 bp in mRNA frameshift 
mutation premature STOP codon

Deletion of 68 amino acids

Negative  

Negative

Premature Stop codon Amino acid change

Fig. 3 Schematic

representation of single base

substitutions affecting b2m gene

in human tumors. Nonsense

mutation: a single nucleotide

substitution in tumor DNA

results in a premature stop

codon. Missense mutation: a

single nucleotide substitution

alters the codon sequence and

replace one amino acid by

another in the gene product.

Finally, a single nucleotide

substitution in the splicing

acceptor site (AG) activates a

new ‘‘cryptic splice site’’ and

introduces a premature stop

codon
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Table 2 Summary of single base substitution mutations in b2m gene in human tumors

Mutation1 Site2 Amino acid

substitution

b2m

expression3
HLA

expression3
LOH4 MSI5 References

Co29

(C84)

G ? A, Heterozygous 54 codon, Ex2 Asp54Asn ± ± - [36]

Co30

(C84T)

G ? A, Heterozygous Nonrepetitive

sequence, Ex2

± ± ? [14]

Co31

(C43)

G ? A, Heterozygous Upstream of ATG ± ± - [69]

Co32 G ? A 54 codon, Ex2 Asp54Asn ? [24]

Co33 G ? A 67 codon, Ex2 Glu67Lys ? H [70]

Co34 A ? G a68 nucleotide, Ex2 - - [70]

Co35 A ? G ATG Met1Val - - [70]

Co36 C ? T 6 codon, Ex1 Ala6Val ? ? [70]

Co24

(HCT)

C ? A, Heterozygous 30 codon, Ex2 Tyr10Stop - - - [72]

Co37

(HCT15/

DLD1)

C ? A, Heterozygous 30 codon, Ex2 Tyr10Stop - - ? [36]

Co38

(3624/91)

C ? G, Homozygous 11 codon, Ex1 Ala11Gly - - - [14]

Co39

(3822/93)

CT ? GG,

Homozygous

Nonrepetitive

sequence, Ex2

- - ? [14]

Co40 G ? T 63 codon, Ex2 Gly63Stop - - ? [24]

Co41 T ? A 50 codon, Ex2 Phe50Ile ? - [70]

Co42 T ? A

T ? G

5 codon, Ex1

2 codon, Ex1

Val5Glu

Ser2Ala

H H [70]

Co43 C ? A 108 codon, Ex2 Ser108Stop ? H [70]

Co37

(HCT15/

DLD1)

G ? T, Heterozygous Last base of IVS1b - - [36]

Me11

(1074Mel)

G ? A, Hemizygous ATG Met1Ile - - ? [27]

Me12

(LB1622-

Mel)

T ? A, Hemizygous ATG Met1Lys - - ? - [6]

Me13

(BB74-Mel)

C ? G, Hemizygous 31 codon, Ex2 Ser31Stop - - ? - [6]

Me9

(Me9923)

C ? G, Homozygous 86 codon, Ex2 Tyr86Stop - - ? [26]

Me14

(1174Mel)

C ? G, Hemizygous 31 codon, Ex2 Ser31Stop - - ? [27]

Me15

(VMM5b)

C ? G, Hemizygous 45 codon, Ex2 Cys45Top ? - ? [74]

Me16

(DNR-DC-

M010)

G ? T, Hemizygous 67 codon, Ex2 Glu67Stop - - ? [42]

Me17

(Me18105)

A ? G, Homozygous IVS1b - - ? [26]

Me18

(Mel499)

T ? A IVS1b - - [37]
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nonsense mutations in the b2m gene. However, we found

heterogeneous expression of the AID enzyme in three

CRCs but without the consensus sequence for AID.

The concurrence of gene mutations and gene loss

generates the b2-microglobulin-deficient cellular

phenotype

With the exception of three colon carcinoma samples, the

great majority of tumors listed in Tables 1 and 2 harbored

only a single b2m gene mutation, suggesting loss of the

second parental copy of the b2m gene. Loss of chromo-

somal DNA is detectable at the level of microsatellite

markers, which are repetitive sequences of varying length

spread over the whole genome. Primers located in the

conserved flanking regions of microsatellite markers can be

used for their PCR-based amplification, which gives rise to

a specific product pattern for each individual. Amplifica-

tion of microsatellite markers located in chromosome

15q21, to which the b2m gene maps, revealed an altered

PCR product pattern for 17 out of 18 melanoma samples in

comparison with autologous normal cells, pointing to LOH

(Table 1, 2, Fig. 4). In melanoma, therefore, b2m defi-

ciency is generally due to a mutation in one copy of the

b2m gene together with complete loss of the second b2m

copy [37].

One example is the cell line UKRV-Mel-2b (Me10)

(Table 1), obtained from the metastatic pleural effusion of

a melanoma patient [8]. These cells showed a total lack of

b2m expression due to a microdeletion of 498 bp in one

b2m gene, including the entire exon 1, and a macrodeletion

(LOH15q21) that included the entire second copy of the

gene. In another melanoma cell line M010-DC-DNR

(Me14) obtained from a melanoma patient during meta-

static progression (Table 2), b2m deficiency was caused by

a mutation in codon 67 of exon 2 in combination with LOH

on 15q21 [42].

The molecular mechanisms that lead to LOH on 15q21

appear to be heterogeneous. Comparative genomic

hybridization studies on the genome of b2m-deficient cells

revealed that the loss of one b2m copy occurred during

intra- or inter-chromosomal rearrangements or resulted

from the complete loss of one parental chromosome 15

[37]. It has not yet been elucidated whether b2m gene

mutation or b2m copy loss is the initiating event [43]. We

highlight that LOH on 15q21 can be found in melanoma

tumor tissues that still express HLA class I complexes [44].

For instance, analysis of metastases from a melanoma

patient revealed low HLA class I expression and LOH on

15q21 in progressing subcutaneous metastases but high

HLA class I expression and no LOH on 15q21 in regressing

metastases [45]. These data suggest that the loss of one

b2m gene copy might be the initial step toward an irre-

versible HLA class I loss, which is completed by a b2m

gene mutation [45].

Besides our findings in melanomas, we detected LOH on

15q21 in 44 % of primary bladder carcinomas, 53 % of

breast carcinomas, and 35 % of MSS colon carcinomas

[11]. However, this experimental technique is not suitable

for CRCs with the MSI-H phenotype, because the micro-

satellite instability also affects the LOH marker [19]. One

possibility to overcome this problem might be the use of

heterozygous SNPs within or adjacent to the b2m gene or

Table 2 continued

Mutation1 Site2 Amino acid

substitution

b2m

expression3
HLA

expression3
LOH4 MSI5 References

Lu1

(H2009)

A ? G, Hemi- or

Homozygous

ATG Met1Val - - ? [69]

Lu2

(C831L)

C ? T 22 codon, Ex1 Gln22Stop - - - [75]

Ly

(Daudi)

G ? C, Homozygous ATG Met1Ile - - [5]

1 Point mutations affecting b2m gene were described by Yamamoto et al. [58] in gastric, colorectal, and hereditary nonpolyposis colorectal

cancers (HNPCC), but they have not been included in the table because of the lack of immunohistochemical studies to characterize the HLA

Class I expression
2 Site indicates codon number from ATG start codon (= 1), and exon in which it is located
3 b2m and HLA expression: ? (positive); ± (weak); H (heterogeneous); - (negative)
4 LOH at chromosome 15: ? (presence of LOH); -(absence of LOH)
5 MSI phenotype: ? (presence of MSI); - (absence of MSI)
a Sites indicated by authors (Ref. [70]) did not correspond with our scheme of gene codons of b2m gene
b Single base substitutions in first intron affect splice sites resulting in microdeletions or insertions: Co4/5 (HCT-15/DLD-1 cell line) and Me7

(Me18105 cell line): deletion of the first 11 pb of exon 2; Me17 (Mel499): insertion of 27 and 407 pb in IVS1)
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the application of fluorescent in situ hybridization with

specific b2m-labeled probes [8].

In vivo selection of b2-microglobulin-deficient tumors

and impact on cancer immunotherapy

Evidences obtained in experimental mouse tumor models

indicates that the MHC class I phenotype of a metastatic

tumor clone can dramatically change depending on the

immune status of the host. Thus, a metastatic colony that

was MHC class I negative when the tumor metastasized in

a T-cell immunocompetent mouse was MHC class I posi-

tive when the tumor metastasized in a T-cell immunode-

ficient animal [46, 47].

Various studies in humans have demonstrated that tumor

cells acquire resistance to T-cell recognition by defective

HLA class I expression [48–50]. We have proposed to

distinguish between reversible (‘‘soft’’) and irreversible

(‘‘hard’’) alterations. Reversible HLA class I alterations are

caused by the transcriptional silencing of genes encoding

HLA class I heavy chains and antigen processing

machinery components. These phenotypes can be reversed

by cytokines [50, 51] or by agents that modify histone

acetylation or methylation, restoring the tumor’s suscepti-

bility to CTLs [52–54]. In contrast, irreversible alterations

usually result from the loss of one HLA haplotype affecting

chromosome 6p21, which generates tumor cells that

express only one HLA-A, HLA-B, and HLA-C set of genes

or from mutations in the b2m gene (hard lesions) [50].

Hence, the ‘‘soft’’ or ‘‘hard’’ nature of an alteration might

determine the success or failure of immunotherapy. For

instance, tumor escape variants with low HLA class I

expression but soft lesions will recover HLA expression

after immunotherapy through effect of cytokines released

locally in the tumor microenvironment. In contrast, HLA

class I-deficient tumor cells with hard lesions will not

recover HLA, regardless of the type of immunotherapy.

We propose that T-cell-based therapy may fail due to

the loss of HLA class I expression produced by irreversible

mechanisms. In particular, the lack of immunotherapeutic

efficacy in melanomas may in part be explained by the pre-

existence of metastatic tumor lesions that harbor b2m gene

mutations generated during tumor progression [6, 8]. In

fact, additional selective pressure may be exerted during

T-cell-based immunotherapy, favoring the outgrowth of

HLA class I-deficient tumor cells with ‘‘hard lesions’’ [55].

Our group previously reported that the poor clinical

response of two melanoma patients to vaccination with

HLA-A1-restricted MAGE-derived peptides (BB74-Mel

[Me12]) and LB1622-Mel [Me13]) correlated with the loss

of HLA Class I surface expression in tumor tissues and cell

lines due to the presence of LOH on chromosome 15q21

in combination with b2m gene mutations [6]. Like-

wise, another melanoma patient who did not respond to

immunotherapy with IFN-a showed total loss of HLA

class I surface expression caused by the concurrence of a

b2m gene mutation and LOH on chromosome 15q21

a    MSS Colon Carcinoma

SINGLE (a) AND DOUBLE (b) HIT OF THE ββ2m GENE

Autologous 
normal

D15S126

LOH

β2m-positive tumor tissue

normal
tissue

Tumor

b   Melanoma

D15S209 Autologous 
normal 

E1 E2

LOH β2m gene mutation
β2m-negative tumor tissue

E3

tissue

BB74-Mel 
(Me13)

Fig. 4 Schematic

representation of a single and a

double hit in the b2m gene. In

the first example, an MSS colon

carcinoma harbors an LOH in

the chromosome 15q21 region

but retains HLA class I

expression (a). In the second

example, a melanoma has

alterations affecting both b2m
genes (an LOH and a point

mutation generating a stop

codon) leading to a total loss of

HLA class I expression (b)
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(UKRV-Mel-2b [Me10]) [41]. In this context, we recently

reported a higher incidence of 15q21 chromosomal region

loss in high-risk BCG-treated bladder carcinomas that

relapsed than in those that did not, suggesting an associa-

tion between hard b2m lesions and tumor escape [56].

There is further evidence of the functional significance

of mutations in the b2m gene. First, the frequency of

mutations at mononucleotide repeats in the coding region

of the b2m gene is much higher than would be expected by

chance. The predicted frequency of mutations at micro-

satellites with a length of 5 nucleotides in MSI-H CRC is

lower than 1 % [24, 57], but the observed frequency

of b2m mutations reaches 30 % in MSI-H CRCs [24].

Second, no mutations are found at significantly longer

repeats in either coding or noncoding regions of other

genes, suggesting that b2m mutations may be under posi-

tive selective pressure in MSI cancers [58]. Third, muta-

tions that inactivate b2m appear to favor local tumor

growth, given the demonstration by immunohistochemistry

studies that metastatic lesions are homogenously composed

of b2m-negative tumor cells (see Fig. 4).

The data reviewed here suggest the need for strategies to

overcome tumor escape mechanisms. This requires a clear

definition of the precise molecular mechanisms responsible

for HLA alterations. In particular, it is necessary to dif-

ferentiate between reversible (soft) mechanisms, in which

the administration of cytokines (e.g., IFN) can be useful,

and irreversible (hard) mechanisms, in which HLA

expression can only be restored by transfer of the appro-

priate wild-type functional gene.

The b2m gene is widely implicated in the generation of

HLA class I-loss tumor phenotypes, underlining the

importance of developing therapies to correct defects in

this gene and thereby restore HLA class I expression [11].

Our group successfully restored HLA class I expression in

b2m-negative tumor cells by transduction with a nonrep-

licating adenovirus vector encoding the wild-type human

b2m gene, obtaining recognition of the b2m-transduced

tumor cells by cytotoxic T cells. In the same study, intra-

tumoral injection of the b2m recombinant adenoviral vec-

tor into a human tumor xenograft of a nude/nude mouse

resulted in the re-expression of HLA class I molecules [59].

It should also be taken into account that the level of

MHC/HLA class I expression in tumors can affect T- and

NK-cell effector mechanisms in an opposite manner

according to whether the tumor is growing locally or is in

metastatic dissemination. Thus, our group reported that

GR9 mouse fibrosarcoma clones expressing elevated levels

of H-2 class I molecules are highly immunogenic and

induce a T-cell-mediated rejection when growing locally as

a primary tumor mass, whereas the same H-2 positive

clones produce a large amount of spontaneous metastases

in different organs [60]. Conversely, H-2 negative clones of

the same mouse fibrosarcoma revealed a low local immu-

nogenicity and grew rapidly but with very few or no

spontaneous metastases [61]. Likewise, it has been reported

that the loss of HLA class I expression in human uveal

melanoma is associated with better patient survival, sug-

gesting that NK cells might play a major role in destroying

MHC class I-deficient tumor cells when ‘‘blood-borne’’ to

colonize distant tissues [62, 63]. In this context, it was

recently reported that the potential metastatic spread of

colon cancer cells to the liver is reduced when they carry

an HLA class I negative phenotype produced by b2m

mutations [64]. In a similar manner, a poor survival of

colorectal cancer patients has been associated with tumors

expressing intermediate HLA expression in comparison

with those with total loss or positive expression, indicating

that tumor tissues with ±HLA class I expression can

escape from T- and NK-cell cytotoxicity [65]. We favor the

proposition that the transfer of the b2m gene and the

consequent re-expression and/or enhancement of HLA

class I expression promotes T-cell-mediated tumor rejec-

tion in solid primary or metastatic lesions. NK cells play a

major role when tumor cells are migrating as single cells to

induce metastasis. Finally, it is important to note that b2m

has also been related to other nonimmunological functions,

including enhancement of epithelia/mesenchymal transi-

tion [66] and activity as a growth factor and signaling

molecule in cancer cells [67, 68].

Conclusions and future directions

Over the past two decades, several studies identified

mutations in the b2m gene to be causative for the HLA class

I total loss phenotype of tumors. In general, one type of b2m

mutation was reported to be present in a cell ranging from

single base substitutions to microinsertions/microdeletions.

Such mutations were predominantly detected in colorectal

carcinoma and melanoma. However, recent data suggest

that these b2m mutations coincide with extensive loss of

genetic material in chromosome region 15q21, to which the

b2m gene maps. LOH in 15q21 can be detected in tumor

tissues with apparently ‘‘normal’’ HLA expression. Thus,

we propose that in general, the LOH is the primary muta-

tional event that is then followed to the b2m gene mutation

as the second hit that produces the MHC class I negative

phenotype. Indeed, HLA class I negative tumor tissue

obtained from melanoma patients undergoing different

types of immunotherapy has been characterized for these

two successive mutational events affecting the b2m gene.

These HLA class I negative melanoma cells with irrevers-

ible ‘‘hard’’ lesions are immunoselected after immuno-

therapy since are resistant to T-cell recognition and

destruction. We have also obtained evidences that b2m

1368 Cancer Immunol Immunother (2012) 61:1359–1371

123



LOH also occur with high incidence in breast and bladder

carcinoma suggesting an important role of this gene in the

generation of tumor escape variants in different tumors.

There are tumor entities that acquire total HLA class I loss

by other molecular mechanisms. For instance, a coordinated

downregulation of the transcription of genes encoding HLA

class I heavy chains, b2m and components of the antigen

presentation machinery has been found in bladder carci-

nomas [12] or tumors in which the precise molecular

mechanism responsible HLA class I total loss is not known,

for example, 40 % of prostate cancers [13] and 52 % of

breast cancers. (I. Maleno unpublished data). So, it will be a

challenge for the future to define all these mechanisms and

to develop strategies to circumvent HLA class I downreg-

ulation in order to ensure maximal efficacy of T-cell-based

immunotherapy. We favor the idea that the b2m gene can be

a target for gene therapy by replacing the damaged gene by

a wild-type one, inducing HLA class I expression in HLA-

deficient tumor cells or event increasing HLA expression in

cells with a weak expression due to LOH in one b2m gene to

promote tumor rejection.
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Tallada M, Garrido F, Ruiz-Cabello F (2005) Coordinated

downregulation of the antigen presentation machinery and HLA

class I/b2m complex is responsible for HLA-ABC loss in bladder

cancer. Int J Cancer 113:605–610

13. Blades RA, Keating PJ, McWilliam LJ, George NJ, Stern PL

(1995) Loss of HLA class I expression in prostate cancer:

implications for immunotherapy. Urology 46:681–686

14. Bicknell DC, Kaklamanis L, Hampson R, Bodmer WF, Karran P

(1996) Selection for beta 2-microglobulin mutation in mismatch

repair-defective colorectal carcinomas. Curr Biol 6:1695–1697

15. Ionov Y, Peinado MA, Malkhosyan S, Shibata D, Perucho M

(1993) Ubiquitous somatic mutations in simple repeated

sequences reveal a new mechanism for colonic carcinogenesis.

Nature 363:558–561

16. Umar A, Kunkel TA (1996) DNA-replication fidelity, mismatch

repair and genome instability in cancer cells. Eur J Biochem

238:297–307

17. Imai K, Yamamoto H (2008) Carcinogenesis and microsatellite

instability: the interrelationship between genetics and epigenetics.

Carcinogenesis 29:673–680

18. Dietmaier W, Wallinger S, Bocker T, Kullmann F, Fishel R,
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