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ABSTRACT

Background:  The  role  of  Human  Leukocyte  Antigen  (HLA)  alleles  in  colorectal  cancer

susceptibility,  development  and  progression  is  the  focus  of  ongoing  scrutiny.  MHC

polymorphisms in a Sudanese family with hereditary colorectal cancer were studied using an in

silico approach and the results were verified using The Cancer Genome Atlas (TCGA). In this

family study, we tested for sharing of nucleotide polymorphisms identified by whole exome

capture in  major histocompatibility complex region and carried out  in-silico prediction of their

effects in tumor and control samples. SNPs were analyzed to highlight identical by state sharing,

to identify runs of homozygosity, as well as to predict structural and functional effects using

homology modeling, damaging effect predictions, and regulatory changes prediction.  

Results: MHC II area showed significantly high degree of homozygosity in tumor samples. Non-

synonymous SNPs shared  identical by state  (IBS) between tumor samples were predicted to

affect HLA-DQB1 binding groove. A similar haplotype of these SNPs was identified in a TCGA

colonic  adenocarcinoma  tumor  sample.  No  significant  regulatory  effects  (in  the  form  of

transcription factor or miRNA binding site variants) were predicted. 

Conclusions:  The  results  demonstrate  IBS  SNP  sharing  of  markers  affecting  HLA-DQB1

binding specificity and probable loss of heterozygosity in MHC II region in colorectal cancer.

The significance of this sharing in cancer pathogenesis remains to be established.
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INTRODUCTION

Colorectal  tumors  range  from  benign  growths  to  invasive  cancer  and  are  predominantly

epithelial-derived tumors (i.e., adenomas or adenocarcinomas). Colorectal carcinoma (CRC) is a

leading cause of death in the world.   Genome-wide analysis  of gene mutations  in CRC has

identified acquired somatic  mutations  in several  genes,  highlighting the heterogeneity of  the

disease.  In  addition,  each  tumor usually  shows a distinct  mutational  gene signature  [1,2].  A

portion of colorectal cancers display microsatellite instability [MSI; 15% of CRCs) characterized

by defective DNA mismatch repair  (MMR) system [3,4].  Genetic susceptibility to colorectal

cancer  is  described  primarily  in  familial  colorectal  cancer  syndromes  like  hereditary

nonpolyposis  colorectal  cancer  (HNPCC).  Notably,  none  of  CRC  susceptibility  genetic

polymorphisms were found in the  major histocompatibility complex (MHC) region located in

chromosome 6 (6p21.3), which is one of the most polymorphic areas in the human genome. It

has been argued that human leukocyte antigens (HLA) polymorphisms can explain much of the

diversity in cancer predisposition, progression and prognosis. 

The loss of HLA gene expression owing to viral infection, somatic mutations or other causes

may have important effects on immune suppression and cancer development . It is well known

that some infection-related malignancies (e.g. Epstein–Barr virus, Human Papilloma Virus) show

HLA-related predisposition or protection. Bernel-Silva et al. found that HLA-DRB1*14 allele

seems to confer protection against cervical cancer [5]. However, other types of cancer with no

clear relation to infectious agents show HLA predisposition as well. Although large genome-wide

association studies have failed to demonstrate association between colorectal cancer and HLA

SNPs,  a  previous  study  reported  that  HLA-DQA1* 0201 was  significantly  less  common in

patients with colonic carcinoma than controls [6]. HLA DQB*03032 and HLA DRB1*11 alleles

may  have  a  protective  role  in  human  breast  cancer.  HLA  DRB1*11  alleles  were  found

significantly overrepresented (P<0.0001) in controls as compared with patients with early-onset

breast cancer [7]. HLA DRB1*0901 allele was found to be more prevalent in the patients of

esophageal carcinoma compared to healthy controls in Hubei Han Chinese, possibly indicating

higher susceptibility [8]. El-chennawi et al. found a significantly increased frequency of HLA-

DRB1*04, DRB1*07, and DQB1*02 in Hepato-Cellular Carcinoma Egyptian patients versus

control group, as well as a significantly decreased frequency of DQB1*06 and DRB1*15 [9]. It
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was  shown that  somatic  mutations  in  cancer  can  affect  the  binding  groove  of  HLA genes,

possibly  altering  the  binding  specificities  of  these  molecules.  Variants  showing  potential

epigenetic, peptide-loading function and T-cell immune response were correlated with the effects

of  HLA-A*11:01,  a  protective HLA-A allele  against  nasopharingeal  carcinoma in Malaysian

Chinese population. Most other HLA-A variants did not appear to possess any potential function

[10].

This study aimed to characterize MHC SNPs in HNPCC by analyzing MHC polymorphisms in a

Sudanese family with hereditary colorectal  cancer. Analysis  of exomes of tumor and control

samples from this family showed an interesting shared mutation pattern in tumor samples as

described by Suleiman et al. [11]. In this study, we focused on MHC genes and found features of

identical   by  state  SNP  sharing  affecting  HLA-DQ  binding  groove  and  thus  the  binding

specificity.

METHODS

Study Materials  and Exome Sequencing:  The study examined exome sequences  from an extended

Sudanese family with a history of hereditary colorectal cancer previously described by Suleiman et al.

[11]. We took two cancer patients and two related controls. DNA was extracted using standard techniques

from tumor samples obtained following surgical resection from the two cancer patients and control blood

samples  from two controls  (a  sister  to  one  patient  and another  distant  cousin  from a  branch of  the

extended family) . Quality of extracted DNA was assured and whole exome sequencing was performed

(BGI©, China) on Illumina HiSeq2000 platform (Illumina, USA) . Alignment was performed using BWA

[12]. SNP discovery and genotype calling was done using SOAPsnp [13]. INDEL calling was performed

using ATLAS2 [14]. This study utilized the results of called SNPs in MHC area on chromosome 6 by

filtering MHC genes from the total variant calls.

Variants Analysis: SNPs found in the MHC region in study samples were studied in terms of reported

association  to  cancer,  amount  of  variant  sharing,  homozygosity  and variants  effect  prediction.  SNPs

number, sharing, identity, heterozygozity, predicted structural/functional outcomes of observed variants,

possible effect on regulatory sites, as well as haplotype sharing was studied using In-Silico tools and

databases as detailed below.

Annotation and Effect  Prediction:  The identified SNPs were annotated using SNPNexus tool  [15].

Variants  were  tested  for  possible  Transcription  Factor  Binding  Sites  (TFBS),  miRNA binding  using
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SNPNexus. Genomic Evolutionary Rate Profiling (GERP++) conservation scores [16] were used to assess

if mutations affected conserved sequences of genome. Relation of SNPs to Sequence Feature Variant

Types  sites  (SFVTs)  were  checked  using  definitions  on  NCBI  protein  database.  NCBI  Genetic

Association Database [17] and Phenotype-Genotype Integrator [18] were searched for reported SNPs in

our  samples.  Damaging effects  of  non-synonymous  coding  variants  were  predicted  using  Consensus

Deleteriousness (ConDel)  scores [19].  iMutant2 [20] was used to predict  changes in protein stability

caused by single mutations with high probability of damaging effect reflected in predicted free energy

change (DDG) scores. Swiss-Model [21] was used to predict the 3D structure of mutated HLA proteins

using reference UniProtKB sequences. UCSF Chimera [22] was used to visualize modeled PDB files.

Regulatory effects of SNPs were assessed using multiple tools: RegulomeDB scores [23], Alibaba 2.1

[24] and TFSEARCH [24].

Marker sharing: Beagle/fastIBD [25] software package was used for Identity By Descent (IBD) and

Homozygosity By Descent (HBD) inference. Significance of marker sharing was tested by Chi-square

test at 1000 Monte Carlo permutations using Haploview [26]. Mantel statistic was used to test haplotype

sharing among individuals using Step-down adjusted p-values (adjusting for the Family Wise Error Rate)

calculated at 1000 Monte Carlo Permutations using  the software Tomcat v1.0 [27].

Homozygosity:  proportions  of  homozygous  SNPs  out  of  total  markers  seen  in  each  sample  were

calculated.  Chi square test with Monte Carlo simulations and Marascuilo procedure (using Microsoft®

Excel  2010/XLSTAT v.2014.2.07,  Addinsoft  Inc.,  USA)  was  used  to  test  significance  of  difference

between multiple proportions. Runs of Homozygosity (ROH) were estimated depending on the number of

consecutive homozygous markers. Siraj et al. [28] defined a Run of Homozygosity in colorectal cancer

patients as genomic regions where minimum of fifty consecutive SNPs were homozygous using SNP

arrays. However, because only roughly about 30% of SNPs captured in human genome are found in  areas

targeted by exome sequencing [29],  a run of 17 consecutive homozygous SNPs in exome sequences

would be expected to indicate homozygous genomic region. A rather arbitrary threshold of 20 SNPs was

set here as an indicator for the presence of Run of Homozygosity.

RESULTS

A total of 77 single nucleotide variants were seen in four samples (tumor samples P17 & P61;

control samples P26 & P39). Twenty seven of them were exonic SNPs while fifty two were

found in intronic regions. Those variants were located on one MHC I gene (HLA-A), and four

MHC II  genes  (HLA-DRB1, HLA-DRB5,  HLA-DQA1 and HLA-DQB1).  No variants  were
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found  in  MHC III  area.  Only  one  intronic  variant  located  in  HLA-DQB1 gene  was  novel

(g.32628745G>T). It was seen in control sample P26 . Table (1) summarizes SNPs found in HLA

genes. Apart from an exonic deletion of HLA-G gene (rs41557518) affecting one tumor sample

(P17)  there  were  no  other  exonic  deletions  in  MHC area.  Majority  of  exonic  SNPs  lay  in

evolutionary  conserved  areas  of  MHC  II  containing  HLA-DQA1  &  HLA-DQB1  genes

sequences. Figure (1) show MHC II region SNPs positions and sharing between study samples.

Figure (2) outlines SNVs sharing at four MHC II genes harboring variations. An area between

g.32629739 and g.32630014 with high conservation score (GERP++ RS score 596) contained

SNPs unique  to  control  samples  as  well  as  shared  SNPs among samples.  The shared  SNPs

between CRC tumors samples concentrated around conserved area in chromosome 6 between

g.32632609 and g.32632854 (GERP++ RS score 288). Called SNPs did not affect sites identified

as sequence features at NCBI protein database. HLA-A showed variations in tumor samples only.

Details of SNVs positions seen in each sample are provided in supplementary (1).

Comparing polymorphisms between samples: The average number of SNPs per haplotype in

each sample was 31, 31.5, 36.5, and 29 in samples P17, P61, P26 and P39, respectively. Sixteen

SNPs were shared between these four related subjects (Identical by Type). Five SNPs were found

to be shared only by both tumor samples. On the other hand, twenty one polymorphisms were

shared by P26 and P39 control samples. 

SNPs Identity and sharing: No marker was identified as IBD or HBD between samples. Chi-

square association and permutation testing for marker sharing failed to show significant P-values

at any marker. The Mantel haplotype sharing statistic using adjusted step-down p-values did not

show any significant haplotype sharing around markers (although these findings relate to the

small number of tested samples).

Homozygosity: tumor samples P17 and P61 showed homozygosity at 100% and 97% of markers

respectively.  Sample  P39  showed  29%  homozygous  SNPs  and  sample  P26  had  23%

homozygous SNPs. The observed difference was found significant between tumor samples and

related control samples (Monte Carlo simulations p-value < 0.0001 at 0.05 significance level).

Significant difference between homozygous SNPs percentages between each tumor sample and

control sample was shown using Marascuilo procedure.  Runs of homozygosity were seen in

Colorectal cancer samples. In sample P17, twenty six consecutive homozygous SNPs were seen
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in the MHC II region (6p21.32). Samples P61 had twenty five consecutive SNPs in the MHC II

region. In both related control samples, P26 and P39, the number of consecutive homozygous

SNPs did not exceed 7. Figure (1) and supplementary (1) show these runs of homozygosity in

tumor samples.

Validation by comparison with The Cancer Genome Atlas:  We used TCGA data portal to

query  somatic  mutations  in  colonic  adenocarcinoma  tumor  samples  and  identified  a  patient

harboring a similar HLA-DQB1 genotype (TCGA ID: TCGA-G4-6298). The patient had four

HLA-DQB1 missense SNPs (rs1130390, rs1071637, rs1063318, and rs1049069).  The patient

was of Black or African American race diagnosed with carcinoma caecum stage IIIb at 90 years

of age. He had no family history of colonic adenocarcinoma and no synchronous/metachronous

malignancies. There was no available data on microsatellite instability, kras/braf mutation status

or immunohistochemistry for MMR proteins.

Predicting  the  effect  of  observed  mutations:  To predict  the  effect  of  non-damaging  non-

synonymous SNPs on the protein, we visualized the position of those variants on canonical HLA

protein 3D models. Positions of four variants present only in both tumor samples were visualized

on HLA-DQB1 protein structure (figure (3)). All were located in close proximity to the binding

groove.  On the  other  hand,  All  SNPs  seen  in  controls  (whether  exclusively  or  shared  with

tumors) were found to be located relatively distant from the binding groove of HLA-DQB1.

Two coding SNPs were predicted to be deleterious on protein structure using ConDel. An HLA-

A  polymorphism  resulting  in  G80R  amino  acid  change  (rs1059449)  was  predicted  to  be

deleterious on two transcripts (2 and 201) of the HLA-A gene (gene has 10 transcripts). iMutant

predicted decreased stability (DDG score -0.52; SNP largely destabilize the protein if DDG<-0.5

Kcal/mol).  It  was  found  as  a  homozygous  polymorphism  in  tumor  sample  P61.  Another

polymorphism in HLA-DQA1 gene (rs10093) was predicted to  be deleterious  resulting in  a

Q30E amino acid change in gene transcript 008 (gene has 10 transcripts).  iMutant predicted

weak effect on protein stability (DDG scores of -0.09; SNP has a weak effect if -0.5<DDG<0.5).

The two tumor samples (P17 and P61) had homozygous polymorphism, while control samples

P26 and P39 had heterozygous polymorphism. Search for variations on TFBS using SNPNexus

predicted that rs1063318 affect TFBS for the transcription factor p300. This variant (rs1063318)

was mapped to both tumor samples. TFSEARCH confirmed the presence of a binding site for
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p300 that is affected by rs1063318 but with a slight change in score. On the contrary, Alibaba did

not  predict  a  p300  binding  site.  RegulomeDB scores  showed  only  three  variants  (rs12363,

rs1049053, and rs1064594) with relatively high score, all mapped to controls. No variants were

predicted to affect miRNA binding.

DISCUSSION

The role of MHC in colorectal cancer is not well understood. HLA variants have been linked to

many  types  of  malignancies  including  cervical,  lung,  breast  and  other  malignancies  [5–9].

However, a  search for phenotypic association of SNPs seen in this study with colorectal cancer

did not return a previously reported association. In fact,  only a small number of studies, if any,

have shown  a relation between HLA alleles and CRC risk. A previous study reported that HLA-

DQA1* 0201 was less common in 80 Italian patients with colonic carcinoma than controls (8%

vs.  18%, P-value  with Bonferroni  correction  = 0.027;  OR = 0.44)  [6].  Nonetheless,  antigen

presentation  pathway was found to be central  in  colorectal  cancer  pathogenesis  and showed

enrichment in relapsed tumors [30]. Systems Biology analysis also featured a central role for

HLA proteins [30]. In this study, identical by state sharing of HLA SNPs between tumor samples

in HLA-DQB1 was noted (figure (2)). 

High degree of homozygosity was seen in tumor samples in MHC II area (figure (1)). This Run

of Homozygosity seen in the MHC II is  likely to represent Loss of Heterozygosity (LOH). Runs

of Homozygosity (ROH) are not unusual in cancer genomes and in colorectal cancer specifically.

Ozaslan and Aytekin have shown LOH in colorectal cancer genomes at multiple chromosomes

[31].  Generally,  ROH  might  indicate  copy-neutral  loss  of  heterozygosity  or  copy  number

variation  and  subsequent  haploinsufficiency.  In  fact,  haploinsufficiency  was  found  to  drive

aneuploidy  patterns  and  shape  the  cancer  genome.  The  vast  majority  of  sporadic  tumor

suppressors  are  likely  to  be  haploinsufficient  [32].  High-frequency  LOH was  also  found  to

correlate  with  high  metastatic  potential  of  colorectal  cancers  [33].  These  events  seem to  be

somatic in origin. Siraj et al. studied the genome homozygosity in Saudi consanguineous families

with CRC family history and concluded that there is  no correlation between autozygosity in

germline genome and CRC risk [28]. Interestingly,  studies did not report LOH at MHC region

on chromosome 6p. Although LOH is a common phenomenon in a variety of human cancers, a

high frequency allelic loss at a specific chromosomal region indicates the location of a candidate
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tumor suppressor gene and micro-deletions. In this study it’s premature to conclude the presence

of a tumor suppressor locus based on current data alone without considering the frequency of

heterozygosity  loss.  Yet,  such a  high  degree  of  homozygosity  points  to  this  possibility. The

increased homozygosity was not seen in control samples.

The central feature of HLA proteins in biological processes remains their ability to recognize and

bind peptides. The binding specificity of HLA molecules is basically determined by variations in

the surface of the binding groove. The fact that all the non-synonymous coding variants seen

exclusively in tumor samples here are in close proximity to the binding groove of HLA-DQB1

emphasizes an active role for the observed haplotype in colorectal cancer pathogenesis (in fact

three of  them were  localized on the  surface  of  the binding groove;  figure  (3)).  This  spatial

position of shared variants was unique to tumor samples: all the shared variants in controls were

distant from the binding groove. 

In this study, the observation that SNPs seen in MHC II area are not predicted to be damaging (to

most of transcripts) possibly relates to an active role for MHC in CRC pathogenesis and negative

selection of damaging variants, making completely detrimental variants an unlikely occurrence. 

This role is unlikely to be mediated by a damaging effect on protein structure as we argued. For

surface MHC I, cells failing to express MHC I induce immune response, at least in early tumor

transformation, targeted to eliminate such cells for example by Natural Killer cells [34]. In this

sense, immune-editing in colorectal cancer is thought to occur at level of expression of classic

and non-classic HLA genes as shown by some studies [35]. However, stable class II MHC is

constitutively  expressed  only  in  Antigen  Presenting  Cells  surface.  Almost  all  normal

gastrointestinal epithelial cells lack surface MHC class II. Gastrointestinal cancer cells often do

not  express  MHC class  II  molecules,  which  are  associated  with  T-cell-mediated  anti-tumor

immune responses [36,37]. Several reports suggest that forced expression of MHC in cancer

cells leads to loss of tumorigenicity [38].  Non-viral tumors frequently lose expression of HLA

molecules such as the reduction or total loss in colorectal carcinoma [39]. This raises another

question on how do these observed variants in MHC II participates in cancer pathogenesis. They

are more likely to represent  a tumor-selected haplotype that  participates  in pathogenesis  and

immune response to cancer. How this can be achieved is likely beyond a classical explanation of

surface  expression  of  MHC,  especially  when  we  consider  the  lack  of  inducible  surface
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expression of MHC II in malignancies. One possibility is that the role of MHC II expression in

CRC relates  to  exosomes  and extracellualr  vesicle  transport.  Exosomes  are  rich  in  MHC II

proteins and have been demonstrated to carry certain markers  in  cancer  [40].  They are also

demonstrated  to  induce  tolerance  by  communication  with  the  dendritic  and  T-cells  in  many

models. It is plausible as well that exosomes bearing antigen/MHC complexes transmit death

signals that cause specific killing of the T cell clones that pose a threat to the exosome-producing

cell [41,42]. 

CONCLUSION

In this family study, an in-silico analysis was carried out on the results of whole exome capture

of two colorectal  cancer tumor samples and two control blood samples from healthy related

individuals. MHC II area showed high degree of homozygosity in tumor samples evidenced by

the presence of runs of homozygosity. This might represent a possibility of disease predisposing

or a tumor suppressor locus affected by neoplastic transformation. Shared markers were found

non-identical by descent. No marker or haplotype sharing was proved statistically significant

using  non-parametric  tests  of  significance,  but  this  might  be  explained  by  the  rather  small

number of studied samples. Sharing of three exonic non-synonymous variants was seen between

tumor  samples.  Tumor-shared  SNPs,  unlike  those  of  controls,  were  predicted  to  affect  the

binding  groove  of  HLA-DQB1  protein  and  thus  affect  its  binding  specificity.  The  results

demonstrate IBS SNP sharing and possible loss of heterozygosity in classic MHC II region in

cancer  tissues.  The significance of  this  sharing is  yet  to  be determined.  Changes in  binding

specificity and extracellualr  transport seem to be plausible explanations for HLA role in this

study.

Supplementary Data:

Supplementary (1) is a figure depicting unphased haplotypes of single nucleotide variations seen

in MHC area in this study, detailing the positions, sharing, and homozygosity.

List of Abbreviations: 

CRC: colorectal cancer.  GERP: Genomic Evolutionary Rate Profiling. HBD: Homozygous By

Decent. HLA: human leukocyte antigen. HNPCC: Hereditary Non-Polyposis Colorectal Cancer.
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IBD: Identical By Decent. IBS: Identical By State. LOH: loss of heterozygosity. MHC: major

histocompatibility  complex.  MMR:  Mismatch  Repair.  ROH:  run  of  homozygosity.  SFVTs:

sequence feature variant type sites. TFBS: transcription factor binding site. TCGA: The Cancer

Genome Atlas.

Competing Interests:

Authors declare no conflicts of interests.

Authors' Contributions:

MK,  SS,  MI:  contributed  to  the  conception  and  design.  SS,  MS,  MI:  participated  in  data

collection. MK, MA: carried out the analysis. MK, MA, MI: wrote the primary draft. All authors

revised the manuscript critically for intellectual content and approved the final version. 

Authors'  Information:  Mahmoud  E.  Koko  (Institute  of  Endemic  Diseases,  University  of

Khartoum,  mahmoudkoko@outlook.com),  Suleiman  H.  Suleiman  (Soba  University  Hospital,

University  of  Khartoum,  sul.hus.sul@gmail.com),  Mohammed  O.E.  Abdallah  (Institute  of

Endemic Diseases, University of Khartoum, melsiddig@gmail.com), Muhallab Saad (Institute of

Endemic  Diseases,  University  of  Khartoum,  muhallabs@gmail.com),  Muntaser  E.  Ibrahim

(Institute  of  Endemic  Diseases,  University  of  Khartoum,  11111  Khartoum,  Sudan,

mibrahim@iend.org).

Ethics statement: 

This study is an in-silico analysis of open-access published data that is cited inside manuscript.

The study was ethically approved by the ethical and scientific committees of the Institute of

Endemic Diseases,  University of Khartoum. Written informed consent was obtained from all

participants, in accordance with the Declaration of Helsinki.

REFERENCES

1. Sjöblom T, Jones S, Wood LD, Parsons DW, Lin J, Barber TD, et al. The consensus coding
sequences of human breast and colorectal cancers. Science. 2006 Oct 13;314(5797):268–74.

2. Ewing I, Hurley JJ, Josephides E, Millar A. The molecular genetics of colorectal cancer.
Frontline Gastroenterology. 2014;5(1):26-30. doi:10.1136/flgastro-2013-100329. 

3. Lengauer C, Kinzler KW, Vogelstein B. Genetic instabilities in human cancers.  Nature.
1998 Dec 17;396(6712):643–9. 

10

265

270

275

280

285

.CC-BY-NC 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted February 21, 2016. ; https://doi.org/10.1101/040436doi: bioRxiv preprint 

https://doi.org/10.1101/040436
http://creativecommons.org/licenses/by-nc/4.0/


4. Weisenberger DJ, Siegmund KD, Campan M, Young J, Long TI, Faasse MA, et al. CpG
island  methylator  phenotype  underlies  sporadic  microsatellite  instability  and  is  tightly
associated with BRAF mutation in colorectal cancer. Nat Genet. 2006 Jul;38(7):787–93. 

5. Bernal-Silva S, Granados J, Gorodezky C, Aláez C, Flores-Aguilar H, Cerda-Flores RM, et
al. HLA-DRB1 Class II antigen level alleles are associated with persistent HPV infection in
Mexican women; a pilot study. Infect Agent Cancer. 2013 Aug 30;8:31. 

6. Perri F, Piepoli A, Quitadamo M, Quarticelli M, Merla A, Bisceglia M. HLA-DQA1 and
-DQB1  genes  and  Helicobacter  pylori  infection  in  Italian  patients  with  gastric
adenocarcinoma. Tissue Antigens. 2002 Jan;59(1):55–7. 

7. Chaudhuri  S,  Cariappa  A,  Tang  M,  Bell  D,  Haber  DA,  Isselbacher  KJ,  et  al.  Genetic
susceptibility  to  breast  cancer:  HLA  DQB*03032  and  HLA  DRB1*11  may  represent
protective alleles. Proc Natl Acad Sci. 2000 Oct 10;97(21):11451–4. 

8. Lin  J,  Deng  C-S,  Sun  J,  Zheng  X-G,  Huang  X,  Zhou  Y,  et  al.  HLA-DRB1  allele
polymorphisms in genetic susceptibility to esophageal carcinoma.  World J Gastroenterol.
2003 Mar;9(3):412–6. 

9. El-Chennawi FA, Auf FA, Metwally SS, Mosaad YM, El-Wahab MA, Tawhid ZE. HLA-
class  II  alleles  in  Egyptian  patients  with  hepatocellular  carcinoma.  Immunol  Invest.
2008;37(7):661–74. 

10. Chin YM, Mushiroda T, Takahashi A, Kubo M, Krishnan G, Yap LF, Teo SH, Lim PV, Yap
YY, Pua KC, Kamatani N, Nakamura Y, Sam CK, Khoo AS; Malaysian NPC Study Group,
Ng  CC.  HLA-A  SNPs  and  amino  acid  variants  are  associated  with  nasopharyngeal
carcinoma in Malaysian Chinese. Int J Cancer. 2015;136(3):678-87. doi: 10.1002/ijc.29035.

11. Suleiman SH, Koko ME, Nasir WH, Elfateh O, Elgizouli UK, Abdallah MOE, et al. Exome
sequencing of a colorectal cancer family reveals shared mutation pattern and predisposition
circuitry along tumor pathways. Front. Genet. 2015;6:288. doi: 10.3389/fgene.2015.00288. 

12. Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform.
Bioinformatics. 2009 Jul 15;25(14):1754–60. 

13. Li R, Li Y, Fang X, Yang H, Wang J, Kristiansen K, et al. SNP detection for massively
parallel whole-genome resequencing. Genome Res. 2009 Jun;19(6):1124–32. 

14. Challis D, Yu J, Evani US, Jackson AR, Paithankar S, Coarfa C, et al. An integrative variant
analysis  suite  for  whole  exome next-generation  sequencing  data.  BMC Bioinformatics.
2012;13:8. doi:10.1186/1471-2105-13-8. 

15. Dayem Ullah AZ, Lemoine NR, Chelala C. A practical guide for the functional annotation
of genetic variations using SNPnexus. Brief Bioinform. 2013 Jul;14(4):437–47. 

16. Davydov EV, Goode DL, Sirota M, Cooper GM, Sidow A, Batzoglou S. Identifying a High
Fraction of the Human Genome to be under Selective Constraint Using GERP++.  PLoS
Comput Biol. 2010 Dec 2;6(12):e1001025. 

17. Becker KG, Barnes KC, Bright TJ, Wang SA. The genetic association database. Nat Genet.
2004 May;36(5):431–2. 

18. Ramos EM, Hoffman D, Junkins HA, Maglott D, Phan L, Sherry ST, et al. Phenotype–
Genotype Integrator (PheGenI): synthesizing genome-wide association study (GWAS) data
with existing genomic resources. Eur J Hum Genet. 2014 Jan;22(1):144–7. 

11

.CC-BY-NC 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted February 21, 2016. ; https://doi.org/10.1101/040436doi: bioRxiv preprint 

https://doi.org/10.1101/040436
http://creativecommons.org/licenses/by-nc/4.0/


19. González-Pérez  A,  López-Bigas  N.  Improving  the  assessment  of  the  outcome  of
nonsynonymous SNVs with a consensus deleteriousness score, Condel.  Am J Hum Genet.
2011 Apr 8;88(4):440–9. 

20. Capriotti E, Fariselli P, Casadio R. I-Mutant2.0: predicting stability changes upon mutation
from the protein sequence or structure. Nucleic Acids Res. 2005 Jul 1;33:W306–10. 

21. Biasini  M,  Bienert  S,  Waterhouse  A,  Arnold  K,  Studer  G,  Schmidt  T,  et  al.  SWISS-
MODEL:  modelling  protein  tertiary  and  quaternary  structure  using  evolutionary
information.  Nucleic  Acids  Research.  2014;42(Web  Server  issue):W252-W258.
doi:10.1093/nar/gku340. 

22. Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, et al. UCSF
Chimera--a visualization system for exploratory research and analysis.  J Comput Chem.
2004 Oct;25(13):1605–12. 

23. Boyle AP, Hong EL, Hariharan M, Cheng Y, Schaub MA, Kasowski M, et al. Annotation of
functional  variation  in  personal  genomes  using  RegulomeDB.  Genome  Res.  2012
Sep;22(9):1790–7. 

24. Heinemeyer T, Wingender E, Reuter I, Hermjakob H, Kel AE, Kel OV, et al. Databases on
transcriptional regulation: TRANSFAC, TRRD and COMPEL. Nucleic Acids Res. 1998 Jan
1;26(1):362–7. 

25. Browning SR, Browning BL. Rapid and Accurate Haplotype Phasing and Missing-Data
Inference  for  Whole-Genome  Association  Studies  By  Use  of  Localized  Haplotype
Clustering. Am J Hum Genet. 2007 Nov;81(5):1084–97. 

26. Barrett JC, Fry B, Maller J, Daly MJ. Haploview: analysis and visualization of LD and
haplotype maps. Bioinformatics. 2005;21(2):263–5. doi: 10.1093/bioinformatics/bth457. 

27. Beckmann L, Thomas DC, Fischer C, Chang-Claude J. Haplotype sharing analysis using
mantel statistics. Hum Hered. 2005;59(2):67–78. 

28. Siraj AK, Khalak HG, Sultana M, Al-Rasheed M, Bavi P, Al-Sanea N, et al.  Colorectal
cancer risk is not associated with increased levels of homozygosity in Saudi Arabia. Genet
Med. 2012;14:720-8. doi: 10.1038/gim.2012.27.

29. Zhao  Z,  Fu  Y-X,  Hewett-Emmett  D,  Boerwinkle  E.  Investigating  single  nucleotide
polymorphism (SNP)  density  in  the  human  genome and  its  implications  for  molecular
evolution. Gene. 2003 Jul;312:207–13. 

30. Madhavan S, Gusev Y, Natarajan TG, Song L, Bhuvaneshwar K, Gauba R, et al. Genome-
wide multi-omics profiling of colorectal cancer identifies immune determinants strongly
associated with relapse. Front Genet. 2013 Nov 20;4:236.

31. Ozaslan  M,  Aytekin  T. Loss  of  heterozygosity  in  colorectal  cancer. African  Journal  of
Biotechnology. 2009;8(25):7308–12. 

32. Davoli  T,  Xu  AW, Mengwasser  KE,  Sack  LM,  Yoon  JC,  Park  PJ,  et  al.  Cumulative
Haploinsufficiency and Triplosensitivity Drive Aneuploidy Patterns to Shape the Cancer
Genome. Cell. 2013 Nov 7;155(4):948–62. 

33. Chang  S-C,  Lin  J-K,  Lin  T-C,  Liang  W-Y. Loss  of  heterozygosity:  An  independent
prognostic factor of colorectal cancer. World J Gastroenterol. 2005 Feb 14;11(6):778–84. 

34. Chansac BLM, Moretta A, Vergnon I, Opolon P, Lécluse Y, Grunenwald D, et al. NK Cells
Infiltrating a MHC Class I-Deficient Lung Adenocarcinoma Display Impaired Cytotoxic

12

.CC-BY-NC 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted February 21, 2016. ; https://doi.org/10.1101/040436doi: bioRxiv preprint 

https://doi.org/10.1101/040436
http://creativecommons.org/licenses/by-nc/4.0/


Activity  toward  Autologous  Tumor  Cells  Associated  with  Altered  NK  Cell-Triggering
Receptors. J Immunol. 2005 Nov 1;175(9):5790–8. 

35. Menon AG, Morreau H, Tollenaar RAEM, Alphenaar E, Van Puijenbroek M, Putter H, et al.
Down-regulation  of  HLA-A expression  correlates  with  a  better  prognosis  in  colorectal
cancer patients. Lab Investig J Tech Methods Pathol. 2002 Dec;82(12):1725–33. 

36. McDougall CJ, Ngoi SS, Goldman IS, Godwin T, Felix J, DeCosse JJ, Rigas B. Reduced
expression of HLA class I and II antigens in colon cancer. Cancer Res. 1990;50(24):8023–
8027. PMID:2123744. 

37. Løvig T, Andersen SN, Thorstensen L, Diep CB, Meling GI, Lothe RA, et al. Strong HLA-
DR expression in microsatellite stable carcinomas of the large bowel is  associated with
good prognosis. Br J Cancer. 2002 Sep 23;87(7):756–62. 

38. Armstrong TD, Clements VK, Ostrand-Rosenberg S. MHC class II-transfected tumor cells
directly  present  antigen  to  tumor-specific  CD4+  T  lymphocytes.  J  Immunol.
1998;160(2):661–6. PMID:9551900. 

39. Watson  NF,  Ramage  JM,  Madjd  Z,  Spendlove  I,  Ellis  IO,  Scholefield  JH,  et  al.
Immunosurveillance is active in colorectal cancer as downregulation but not complete loss
of MHC class I expression correlates with a poor prognosis. Int. J. Cancer. 2006;118, 6–10.

40. Yang C,  Robbins  PD. The Roles  of  Tumor-Derived Exosomes in  Cancer  Pathogenesis.
Clinical and Developmental Immunology. 2011;2011:842849. doi:10.1155/2011/842849. 

41. Van Niel G, Mallegol J, Bevilacqua C, Candalh C, Brugière S, Tomaskovic-Crook E, et al.
Intestinal  epithelial  exosomes  carry  MHC class  II/peptides  able  to  inform the  immune
system in mice. Gut. 2003 Dec;52(12):1690–7. 

42. Karlsson M, Lundin S, Dahlgren U, Kahu H, Pettersson I, Telemo E. “Tolerosomes” are
produced by intestinal epithelial cells. Eur J Immunol. 2001 Oct;31(10):2892–900. 

43. Kent WJ, Sugnet CW, Furey TS, Roskin KM, Pringle TH, Zahler AM, Haussler D. The
human genome browser at UCSC. Genome Res. 2002 Jun;12(6):996-1006. 

44. Zhou, X. and Wang, T. 2012. Using the Wash U Epigenome Browser to Examine Genome-
Wide  Sequencing  Data.  Current  Protocols  in  Bioinformatics.  2012;40.
doi:10.1002/0471250953.bi1010s40

13

.CC-BY-NC 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted February 21, 2016. ; https://doi.org/10.1101/040436doi: bioRxiv preprint 

https://doi.org/10.1101/040436
http://creativecommons.org/licenses/by-nc/4.0/


Tables:

Table (1): Single nucleotide variations detected in HLA genes in study samples. Variations are reposted

as dbSNP rs IDs except for one novel variant (reported as hg19 genomic position and alleles).

Gene Sample SNVs

HLA-A P17 rs63225861

P61 rs1059449; rs41541222; rs63225861; rs14288; rs2975057

HLA-DRB5 P17 rs3205665

P39 rs113965088; rs41546317

P26 rs1060153; rs3200923; rs3205665; rs113965088; rs41546317

HLA-DRB1 P17 rs1064701; rs9269693; rs35985423

P61 rs9269693; rs35985423

P39 rs9269693

P26 rs142078339; rs1064701; rs12363; rs1064697; rs9269693; rs35985423; 
rs143082263

HLA-DQA1 P17 rs28437906; rs9272544; rs10093; rs4467816; rs9272851; rs8227; rs112931520; 
rs7143; rs28376734; rs28538060

P61 rs28636516; rs28437906; rs9272544; rs10093; rs4467816; rs9272851; rs8227; 
rs112931520; rs7143; rs28376734; rs28538060

P39 rs28435909; rs28636516; rs28437906; rs9272544; rs12722051; rs10093; 
rs36219699; rs4467816; rs9272718; rs35975014; rs62404092; rs1130116; 
rs36027005; rs9272851; rs7708; rs8227; rs112931520; rs77015062; rs7143; 
rs9492; rs28376734; rs36216730; rs28538060

P26 rs28435909; rs28437906; rs9272544; rs12722051; rs10093; rs36219699; 
rs4467816; rs9272718; rs35975014; rs62404092; rs1130116; rs36027005; 
rs9272851; rs7708; rs8227; rs112931520; rs77015062; rs7143; rs9492; 
rs28376734; rs36216730; rs28538060

HLA-DQB1 P17 rs17412886; rs9273671; rs9273677; rs9273713; rs9273723; rs36233043; 
rs9273912; rs1049107; rs1130397; rs17412833; rs1130392; rs1130390; 
rs1071637; rs1063318; rs1049069; rs9274526

P61 rs17412886; rs9273671; rs9273677; rs9273713; rs9273723; rs9273912; 
rs1049107; rs17412833; rs1130392; rs1130390; rs1071637; rs1063318; 
rs1049059; rs9274526

P39 rs1071639; rs17416274; rs28688207; rs17412886; rs9273671; rs9273713; 
rs117780937; rs36233043; rs9273912; rs75643968; rs701564; rs1130397; 
rs17412833; rs1130392; rs1049056; rs1049055; rs1049053; rs9274526

P26 rs1071639; rs28688207; rs117988605; rs117867884; g.32628745G>T; 
rs9273534; rs2854273; rs9273677; rs9273713; rs117780937; rs36233043; 
rs9273912; rs75643968; rs701564; rs1049133; rs1049130; rs1049088; 
rs1049107; rs28746795; rs1130397; rs17412833; rs1130392; rs1049059; 
rs67147537; rs9274526
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Figure (1): Position and homozygosity of SNVs in major histocompatibility II region in study samples. For each sample, variants are represented by 

short or long lines according to homozygosity. Annotation of MHCII area are show as well: RefSeq genes, TargetScan miRNA binding sites, 

conserved transcription factor binding sites (TFBS), CpG islands, microsatellites (with di/trinucleotide repeats), simple repeats, and genomic 

evolutionary rate profiling scores (as shading gradients). These annotations are obtained with modification from UCSC genome browser [43].
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Figure (2): Sharing of SNVs in MHC II genes between study samples. Variants are represented as vertical lines according to hg19 genomic 

coordinates. Four nonsynonymous exonic variants affecting HLA-DQB1 are seen in tumors only (arrow heads); three of them are present in both 

cases (solid arrow heads) as well as in a TCGA sample (TCGA ID: TCGA-G4-6298) indicating that they are identical by state. This image was 

produced with modification using Wash U Epigenome Browser [44].
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Figure (3): Identical by state SNPs affecting HLA-DQB1 binding groove. The three dimensional structure of HLA-DQB1 protein (ribbon and 

hydrophobicity models on the right and left respectively) is shown along with the secondary structure of the protein. The position of aminoacids 

affected by identical by state non-synonymous coding SNPs is highlighted in red (in the lollipop plot and 3D model) .  These SNPs are shared by 

tumor samples only  and affect the HLA-DQB1 binding groove. Positions of other aminoacids affected by exonic nonsynonymous SNPs in tumor 

and control samples (green) are shown for comparison. MHC_II_beta: major histocompatibility complex class II beta 1 region. C1_set: 

Immunoglobulin-like C1-type domain.
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