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A B S T R A C T

β2-microglobulin (B2M), a component of major histocompatibility complex class I, plays an important role in
host immune reaction to tumor, and inactivation of B2M is known to contribute to resistance to immune
checkpoint blockade (ICB) treatment. To further characterize the B2M alterations in tumors, we analyzed B2M
hotspot mutations in 2765 benign and malignant tumor tissues by Sanger sequencing and found B2M mutations
in 9 (7.5%) microsatellite-unstable (MSU) colorectal cancers (CRCs) and 3 leukemias (0.6–1.3%), but not in
other tumors. Targeted sequencing panel analysis for MSU CRCs showed that B2M-mutated MSU CRCs harbored
more driver mutations including TP53 than B2M-wild-type MSU CRCs. Of note, bi-allelic B2M alterations, which
had been known to be accumulated during ICB treatment, were frequently found (3/9) in ICB treatment-naive
CRCs. Clinicopathologic parameters including CD8+T cell numbers, cancer stages and patients’ survival,
however, were not significantly different between B2M-mutated and B2M-wild-type MSU CRCs. Our results
indicate that B2M mutation abundance is tissue type-specific (e.g., MSU CRCs) and that genetic makeup of B2M
mutation might possibly shape the MSU CRC genomes even before the ICB therapies. Our results show that B2M
mutation is common in MSU CRCs, which is one of the main targets for ICB treatment, suggesting that frequent
B2M mutation status should be reminded for MSU CRCs in patient selection of ICB.

1. Introduction

Cancer cells often have molecules on their surface that can be de-
tected by the immune system, known as tumor-associated antigens,
which can be targeted by immunotherapies [1–4]. Among the im-
munotherapeutic strategies, the immune checkpoint blockade (ICB)
represents a major breakthrough in cancer therapy and has successfully
revealed that a subset of tumors such as melanoma and mismatch repair
deficiency (dMMR) cancers are sensitive to the ICBs [5,6]. Cancer cells
may use the immune checkpoints to protect themselves from host im-
mune attacks [7], and thus ICB may increase antitumor immunity by
blocking immune inhibitions, including cytotoxic T-lymphocyte antigen
4 (CTLA-4), programmed cell death 1 (PD-1) and its ligand (PD-L1)

[1–4,7]. However, the ICB therapies remain ineffective in many cancers
for several mechanisms. For example, somatic loss of function muta-
tions in B2M, JAK1 and JAK2 as well as structural variations disrupting
the PD-L1 3′ region have been discovered as mechanisms underlying the
resistance [8,9].

Major histocompatibility complex (MHC) class I that consists of two
polypeptide chains (α and β2-microglobulin (B2M)) plays a pivotal role
in presenting antigens to cytotoxic T cells [10]. B2M is important in
proper MHC class I folding and transport to the cell surface, and in-
activation of B2M has been recognized as mechanisms for both MHC
class I inactivation and resistance to immunotherapies [5,8,11–14].
Intrinsic loss of B2M expression has been identified in pre-im-
munotherapy samples of colorectal cancers (CRC) and melanomas
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[14,15]. Also, B2M losses by homozygous mutation and/or B2M allele
deletion as acquired events have been found in recurrent CRC, mela-
noma and lung cancer after ICB [5,8,11]. Stepwise accumulation of
B2M alterations (‘single to double mutations’ or ‘one allele loss to two
allele losses’ or ‘one allele loss to one allele loss plus one allele muta-
tion’) has been addressed during the immunotherapies as well
[5,11,14].

One of the main issues in cancer genetics is to address whether
pathogenesis-associated or therapy-related mutation is specific to a few
cancer types or a general phenomenon. In order to further characterize
B2M mutations in human tumors, we investigated whether pre-im-
munotherapy cancer tissues of various histological types harbor B2M
mutations and found that microsatellite-unstable (MSU) CRC harbored
frequent B2M mutations in this study.

2. Material and methods

2.1. B2M gene analysis

The 2765 tissue specimens used in this study consisted of 1509
epithelial tumors, 295 mesenchymal tumors and 961 lympho-hemato-
poietic tumors that involved both benign and malignant tumors
(Table 1). Approval was obtained from the Catholic University of Korea,
College of Medicine’s institutional review board for this study. Tumor
cells and normal cells were selectively procured from hematoxylin and
eosin-stained slides of formalin-fixed paraffin-embedded (FFPE) tissues
by microdissection as described previously [16]. The previous work by
Zaretsky et al. [8] identified recurrent 4 basepair deletion (TCTT)
mutation of B2M in the exon 1 (c.del42_45, p.S16Afsx27) that would
result in truncation of the B2M protein. Thus, we focused our analysis
on this region of B2M gene by polymerase chain reaction (PCR)-based
single-strand conformation polymorphism (SSCP) analysis for the mu-
tation detection [16]. Genomic DNA each from tumor cells and normal

cells was amplified by PCR with a specific primer pair (forward and
reverse, respectively: 5′-CTGGCGGGCATTCCTGAAG-3′ and 5′-AGAGG
GTGCAGAGCGGGAGA-3′, product size: 161 bps) and mobility shifts in
the SSCP were further analyzed by Sanger sequencing as described
previously [16]. For microsatellite instability status analysis, we used
multiplex PCR for five quasi-monomorphic mononucleotide repeats
(BAT25, BAT26, NR21, NR24, and NR27). Cancers with no allelic size
variations in fewer than two of the microsatellites were considered
microsatellite-stable (MSS), while those with size variations in more
than two microsatellite markers were considered MSU.

2.2. Targeted deep sequencing

For the samples that were confirmed to harbor B2M mutations
through SSCP-based Sanger sequencing, a targeted deep sequencing
was performed to further characterize the genome structures of B2M-
mutated tumors. Because B2M mutations were mainly found in MSU
CRCs, we analyzed nine B2M-mutated and 10 B2M-non-mutated MSU
CRCs by targeted next generation sequencing (NGS). Acquisition and
processing of the sequencing data were performed as previously de-
scribed [17]. In brief, genomic DNA from tumor and matched adjacent
normal samples was subjected to target capture using the OncoChase
Hybrid Cancer Panel (ConnectaGen, Korea) consisting of 119 genes
(Supplementary Table 1). Targeted NGS was conducted using an Illu-
mina HiSeq4000 platform to generate 101-bp paired-end reads. A
Burrows-Wheeler aligner was used to align the sequencing reads onto
the human reference genome (UCSC hg19). Point mutations and indels
were identified using MuTect [18] and SomaticIndelDetector [19], re-
spectively. The ANNOVAR package [20] was used to select somatic
variants located in the exonic sequences and to predict their functional
consequences. DNA copy number profiling for these 19 CRCs was es-
timated on the basis of read depth difference between the tumor and the
normal using NEXUS software v9.0 (Biodiscovery Inc., USA).

Table 1
B2M mutations in 2765 tumors analyzed.

Type of tumors Number of
tumors

B2M

Wild type Mutation Mutation (%) Mutated case (detection method*)

Adulthood AML 250 250 0 0
Adulthood ALL 176 175 1 0.6 c.del43-44CT (S)
Childhood AML 21 21 0 0
Childhood ALL 251 250 1 0.4 c.-4C > T (S)
Multiple myeloma 75 74 1 1.3 c.del43-44CT (S)
Myelodysplasia 68 68 0 0
Lymphomas 120 120 0 0
Gastric carcinoma 190 190 0 0
MSU 34 34 0 0
MSS 156 156 0 0
Colorectal carcinoma 493 484 9 1.8
MSU 120 111 9 7.5 c.del43-44CT (S, T), c.16delG (S, T), c.42_45delTCTT (T), c.67+2T > C (S,

T), c.3 G > A (S, T)
MSS 373 0 0 0
Breast carcinoma 81 81 0 0
Prostate carcinoma 294 294 0 0
Ovarian stromal tumors 100 100 0 0
Ovarian carcinoma 23 23 0 0
Hepatocellular carcinomas 45 45 0 0
Hepatoblastoma 23 23 0 0
Leiomyoma 67 67 0 0
Adenocarcinomas, lung 100 100 0 0
Squamous cell carcinomas, esophagus 67 67 0 0
Squamous cell carcinomas, larynx 74 74 0 0
Squamous cell carcinomas, lung 119 119 0 0
Sarcomas 110 110 0 0
Meningioma 18 18 0 0
Total 2765 2753 12 0.43

AML: acute myelogenous leukemia, ALL: acute lymphoblastic leukemia, MSU: microsatellite-unstable, MSS: microsatellite-stable.
* S: Sanger sequencing, T: targeted NGS sequencing.
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2.3. Immunohistochemistry (IHC)

IHC for identifying CD8+T cells was performed using 19 CRC
tissues that consisted of the nine B2M-mutated CRCs and 10 B2M-wild-
type CRCs. We used ImmPRESS System (Vector Laboratories,
Burlingame, CA) with the mouse polyclonal antibody for CD8 (clone
C8/144B, dilution 1:4, DakoCytomation, Glostrup, Denmark) overnight
at 4 °C. The IHC procedure was performed as described previously.16

The reaction products were developed with diaminobenzidine and
counterstained with hematoxylin. After the IHC, resulting slides were
examined under a microscope by two pathologists. Numbers of stained
T cells were counted under 10x high power field (HPF) at 10 sites.

2.4. Statistical analysis

Statistical analyses were performed using R Statistical Software
(Foundation for Statistical Computing, Vienna, Austria). Fisher’s exact
test was used to compare categorical variables, whereas non-parametric
Wilcoxon-Mann-Whitney rank-sum test was used to compare con-
tinuous variables. P values less than 0.05 were considered to be sta-
tistically significant to test null hypothesis.

3. Results

3.1. B2M mutation analysis

Genomic DNAs of 2765 tumors were analyzed to detect mutations in
known hotspot sites of B2M by PCR-SSCP analysis followed by Sanger
sequencing, which revealed 14 somatic mutations in 12 cases (9 CRCs,
1 adulthood acute lymphoblastic leukemia (ALL), 1 childhood ALL and
1 multiple myeloma), but none in the other tumors (Table 1, Supple-
mentary Fig. 1). The mutations consisted of 11 frameshift mutations
and 3 substitution mutations (5′-untranslated region, splicing donor site
and start codon). CRC2 and CRC6 harbored 2 mutations each, while the
other 10 cases harbored one mutation each (Tables 1 and 2). Matched
normal samples did not harbor the mutations. Interestingly, all of the
mutations in CRCs were found only in MSU cases, but not in MSS cases.

3.2. Targeted deep sequencing

Since most of the B2M mutations in the Sanger sequencing analysis

were found in MSU CRCs (9/12), we attempted to analyze genomic
features of B2M-mutated MSU CRCs by comparing the 9 B2M-mutated
and 10 B2M-wild-type MSU CRCs with a targeted deep sequencing
panel consisting of 119 cancer-related genes. There was no significant
difference in the clinocopathologic characteristics, including patients’
survival between these two groups (p > 0.05, Fisher’s exact test)
(Supplementary Table 2). Median depth of coverage for the targeted
deep sequencing was 619.5x (range 327x-1103x) (Supplementary Table
S3). We identified 9–53 non-silent somatic mutations and indels per
sample (median: 16, average: 19) (Fig. 1). All of the mutations found in
the deep sequencing (Supplementary Table S4) were previously re-
ported in CRCs (COSMIC database). Seven mutated genes (APC,
PIK3CA, TP53, ATM, FBXW7, ARID1A and BRAF) overlapped the CRC
top 20 genes in the COSMIC database (http://cancer.sanger.ac.uk/
cosmic). Besides these 7 genes, we found that 10 genes were recurrently
mutated in more than two CRCs (Table 2).

Of the nine CRCs with B2M mutations, three (CRC2, CRC6 and
CRC9) harbored bi-allelic B2M mutations at different alleles, while the
other six harbored one B2M mutation each (Fig. 2). A newly detected
mutation of B2M by the targeted sequencing that had not been detected
by Sanger sequencing was c.42_45delTCTT in CRC9. In the CRC9, allele
frequency of this c.42_45delTCTT (0.9%) was much lower than the
c.43_44delCT (9.8%) (Supplementary Fig. 2) that had been detected by
Sanger sequencing. CRC2 and CRC6 harbored splicing site/frameshift
mutations and substitution/frameshift mutations, respectively (Sup-
plementary Table 4). B2M-mutated CRCs (average: 4.89 mutations)
harbored a significantly higher number of nonsynonymous mutations
than B2M-wild-type CRCs (2 mutations) (P < 0.05). In addition, B2M-
mutated CRCs tended to harbor more frequent TP53 mutations (4/9)
and less frequent APC mutations (1/9) than B2M-wild-type CRCs (2/10
and 5/10, respectively), although there was no statistical significance
(P =0.259 and P= 0.091, respectively).

3.3. Copy number profiles

By using the targeted sequencing data, we analyzed copy number
profiles of the 19 CRCs. There were somatic copy number gains on 8q
for 3 CRCs (CRC5, CRC13 and CRC18), on 8p for 2 CRCs (CRC13 and
CRC18) and on chromosome 12 for 2 CRCs (CRC11 and CRC17). The
other 14 CRCs did not reveal any distinguished copy number alterations
(CNA). There was no CNA encompassing chromosome 15q21.1 where

Fig. 1. The mutational feature of 19 colorectal cancers identified by a targeted deep sequencing with 119 genes. Number of somatic mutations of 19 CRC
genomes are shown with respect to the mutation types as well as the B2M mutation status.
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the B2M gene resides in the CRCs.

3.4. Immunohistochemical analysis

Because B2M is essential for antigen presentation and thus B2M
inactivation is known to play a role in the resistance of ICB treatment,
we attempted to find whether there would be any difference of cyto-
toxic CD8+T cell numbers in the cancer tissues between B2M-mutated
and B2M-wild-type CRCs. We identified 233–2637 CD8+T cell at 10
HPFs (average: 893) in 19 CRCs (Supplementary Table 5). However,
there was no significant difference in the CD8+T cell numbers be-
tween B2M-mutated and wild-type cases (P>0.05). The 9 B2M-mu-
tated MSU CRCs were either MLH1-negative (n= 7) or MSH2-negative
(n= 2) while the 10 B2M-wild-type MSU CRCs were either MLH1-ne-
gative (n= 8) or MSH2-negative (n=1).

4. Discussion

The aim of the present study was twofold. First, we attempted to
find the mutational distribution of B2M gene across diverse benign and
malignant tumors. Of the malignant tumors, B2M mutations in the
hotspot were detected only in MSU CRCs and hematopoietic tumors. In
benign tumors, there was no B2M mutation detected. We identified a
novel frameshift mutation (c.16delG) and a novel substitution mutation
in 5′-untranslated region (c.-4C > T) as well as previously known
frameshift mutations (c.del43-44CT, c.42_45delTCTT) and a splicing
site mutation (c.67+ 2T > C). Second, we attempted to address ge-
netic features of B2M-mutated MSU CRCs using a targeted NGS panel
and found that the mutated cases exhibited a relatively larger driver
mutation load and tended to harbor more TP53 mutations and less APC
mutations than B2M-wild-type MSU CRCs.

High incidence of frameshift mutations (80%, Table 1 and Supple-
mentary Table 4) and preferred tissue distributions (CRC and hemato-
poietic tumors) in our study are in agreement with the COSMIC data-
base (http://cancer.sanger.ac.uk/cosmic/), which currently catalogues
248 cancers with B2M somatic non-silent mutations that consist of
mainly inactivation-type mutations (57% as frameshift and nonsense
mutations) in CRCs and hematopoietic tumors. In the present study, we
discovered a characteristic of the CRCs with B2M mutations, i.e., MSU
phenotype, that had not been reported in previous studies [21–23].
Since MSU CRC is a main target for ICB therapies [5,6], our data may
provide valuable information for assessing resistance to ICB therapies in
MSU CRCs. Mutational abundance and TP53 mutation preference in
B2M-mutated MSU CRCs might pose a hypothesis that B2M mutation
could possibly shape the cancer genomes. For this, further functional
studies, as well as mutation studies in a larger MSU CRC cohort, will be
needed.

Cancers with MSU phenotype by dMMR share common features
irrespective of tissue origins (colon, stomach and uterus) such as high
incidence of somatic mutations in mono- or dinucleotide repeats and
low incidence of CNA as well as a favorable response to ICB [5,6,24].
Our and COSMIC data, however, suggest that MSU phenotype does not
directly seem to be related to B2M mutation status. For instance, MSU
stomach cancers in our data (Table 1) and endometrial cancers in the
COSMIC data displayed much lower B2M mutation incidences than
MSU CRCs. Also, the hotspot B2M frameshift mutations did not occur at
mono- or dinucleotide repeats (Table 1), suggesting that the high

Table 2
Non-silent somatic mutations identified in the 19 colorectal cancers.

Gene Case Exonic function cDNA change Amino acid Detection
method*

B2M CRC1 Frameshift c.43_44delCT p.L15fs S, T
CRC2 Frameshift c.43_44delCT p.L15fs S, T

Splicing c.67+2T > C S, T
CRC3 Frameshift c.43_44delCT p.L15fs S, T
CRC4 Frameshift c.43_44delCT p.L15fs S, T
CRC5 Frameshift c.16delG p.A6fs S, T
CRC6 substitution c.3 G > A p.M1? S, T

Frameshift c.43_44delCT p.L15fs S, T
CRC7 Frameshift c.43_44delCT p.L15fs S, T
CRC8 Frameshift c.43_44delCT p.A6fs S, T
CRC9 Frameshift c.43_44delCT p.L15fs S, T

Frameshift c.42_45delTCTT p.S16fs T
APC CRC9 Nonsense c. 1636C > T p.R546X T

CRC12 Missense c. 6610C > T p.P2204S T
CRC13 Nonsense c. 940C > T p.R314X T

Nonsense c. 4600 G > T p.E1534X T
CRC15 Missense c.5159 A > C p.H1720P T
CRC17 Missense c.5159 A > C p.H1720P T
CRC18 Frameshift c.4607dupA p.E1536fs T

TP53 CRC3 Missense c.302 A > G p.H101R T
CRC4 Missense c.421C > T p.R141C T
CRC5 Missense c.416 A > G p.E139G T

Missense c.431C > T p.A144V T
CRC9 Missense c.124 A > G p.R42G T
CRC11 Missense c.347 G > A p.R116Q T
CRC13 Missense c.334C > A p.G112S T

PIK3CA CRC3 Missense c.3140 A > G p.H1047R T
Missense c.2176 G > A p.E726K T

CRC8 Missense c.1258 T > C p.C420R T
Missense c.3193C > T p.H1065Y T

CRC9 Missense c.1345C > T p.P449S T
Missense c.241 G > A p.E81K T

CRC16 Missense c.1367 T > G p.L456R T
CRC17 Missense c.649C > T p.P217S T
CRC18 Missense c.278 G > A p.R93Q T

Missense c.1637 A > G p.Q546R T
ERBB2 CRC5 Missense c.649C > T p.R217C T

CRC8 Missense c.650 G > A p.R217H T
CRC9 Missense c.2033 G > A p.R678Q T
CRC19 Missense c.2264 T > C p.L755S T

Missense c.2033 G > A p.R678Q T
FGFR1 CRC3 Missense c.359 G > A p.R120H T

CRC4 Missense c.830C > T p.P277L T
CRC5 Missense c.1450C > A p.L484M T
CRC8 Missense c.1610C > T p.A537V T

TSC2 CRC2 Missense c.1319 T > C p.F440S T
CRC3 Missense c.212 G > A p.S71N T
CRC5 Missense c.1147 G > A p.A383T T
CRC8 Missense c.2062C > A p.L688M T

ARID1A CRC2 Missense c.1781 A > G p.Q594R T
CRC8 Missense c.2988 G > T p.K996N T

ERBB4 CRC6 Missense c.3347C > T p.P1116L T
CRC8 Missense c.2693C > G p.T898S T

ATM CRC2 Missense c.6491 A > G p.E2164G T
CRC4 Missense c.4610 A > G p.Q1537R T
CRC5 Missense c.5012 T > A p.V1671D T
CRC17 Missense c.4514C > T p.A1505V T

IGF1R CRC1 Missense c.709 G > T p.G237C T
CRC5 Missense c.2491 G > A p.A831T T
CRC6 Missense c.3578C > T p.S1193L T
CRC13 Missense c.4012 G > A p.A1338T T
CRC16 Missense c.3736C > T p.R1246C T

FBXW7 CRC2 Missense c.257C > T p.S86L T
CRC8 Missense c.1159C > T p.R387C T
CRC19 Missense c.1159C > T p.R387C T

PTEN CRC17 Nonsense c.740 T > A p.L247X T
CRC18 Frameshift c.795dupA p.L265fs T

BRAF CRC5 Missense c. 1799 T > A p.V600E T
CRC18 Missense c.1447 A > G p.K483E T

KDR CRC8 Missense c.2306 T > C p.V769A T
CRC10 Missense c.2836C > T p.R946C T

KRAS CRC1 Missense c.35 G > A p.G12D T
CRC10 Missense c.436 G > C p.A146P T

Table 2 (continued)

Gene Case Exonic function cDNA change Amino acid Detection
method*

SMAD4 CRC4 Missense c.1219 G > A p.V407I T
CRC8 Missense c. 396 C > A p.H132Q T

* S: Sanger sequencing, T: targeted NGS sequencing.
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incidence of the B2Mmutation might not come from CRC or MSU alone.
CRCs are frequently resistant to the ICB treatment compared with

other tumors, but better clinical responses just in the CRCs with MSU.
However, many of the CRCs with MSU still do not respond well to the
ICB [5]. The results in our study indicated that all of the B2Mmutations
in CRCs were found only in MSU cases, but not in MSS cases. Our data
suggest that B2M mutation is one of the mechanisms for resistance to
ICB treatment in MSU CRC, but may not be a mechanism for the re-
sistance in MSS CRC.

To identify biological significances of B2M mutations, we measured
the CD8+T cells in MSU CRCs, but found no significant difference in
the cell numbers between B2M-mutated and non-mutated CRCs
(without prior ICB therapies). This result is in agreement with an earlier
report that the presence of an adaptive immune signature is able to
predict responders for ICB therapy in early on-treatment biopsies, but
not in pre-treatment biopsies [25]. It could be that tissues in our study
were not treated with immunotherapy and therefore the immune re-
sponse had not yet been triggered. In addition, we did not find any
association of clincopathologic parameters with B2M mutations in the
CRCs. Together the data suggest that B2M mutation in CRCs might not
influence on biological behaviors of CRCs without ICB treatment, but
on those with the treatment.

Progressive accumulation of B2M alterations (mono-allelic to bi-
allelic alterations) has been observed during and after the ICB therapies
[5,8,11,14]. In the present study, we found that three cases (CRC2,
CRC6 and CRC9 without prior ICB therapies) showed bi-allelic B2M
alterations (Supplementary Table 4), suggesting that a careful evalua-
tion is needed for using B2M alterations as a biomarker for ICB thera-
pies. The second allelic alterations in our study are either a low-level
frameshift mutation or a substitution mutation at the start codon or a
splicing site mutation, functional consequences of which remain un-
determined.

In summary, we report here the genetic alterations of ICB treatment-
related B2M in a wide array of benign and malignant tumors and the
genomic structures of B2M-mutated CRCs, which may provide useful
information for understanding B2M-related immune alterations in
cancers. Our results showed that MSU CRCs harbored B2M mutations
more frequently and that B2M-mutated MSU CRCs harbored more
driver mutations than B2M-wild-type MSU CRCs. Also, our study sug-
gests that bi-allelic B2M alteration may not be uncommon and that its
potential clinical implications should be further considered. Practically,

when applying ICB therapies for CRC patients, clinicians should be
aware that B2M mutation is common in MSU CRC, which could lead to
resistance to the therapies.
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