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Positional cloning and next-generation sequencing
identified a TGM6 mutation in a large Chinese
pedigree with acute myeloid leukaemia

Li-li Pan’25, Yuan-mao Huangz’s, Min Wangz, Xiao-e Zhuangz, Dong-feng Luo?, Shi-cheng Guo?,
Zhi-shun Zhang?, Qing Huang?, Sheng-long Lin? and Shao-yuan Wang!»?

An inherited predisposition to acute myeloid leukaemia (AML) is exceedingly rare, but the investigation of these families will aid
in the delineation of the underlying mechanisms of the more common, sporadic cases. Three AML predisposition genes, RUNX1,
CEBPA and GATA2, have been recognised, but the culprit genes in the majority of AML pedigrees remain obscure. We applied a
combined strategy of linkage analysis and next-generation sequencing (NGS) technology in an autosomal-dominant AML Chinese
family with 11 cases in four generations. A genome-wide linkage scan using a 500K SNP genotyping array was conducted to
identify a previously unreported candidate region on 20p13 with a maximum multipoint heterogeneity LOD (HLOD) score of 3.56
(P=0.00005). Targeted NGS within this region and whole-exome sequencing (WES) revealed a missense mutation in TGM6
(RefSeq, NM_198994.2:¢.1550T > G, p.(L517W)), which cosegregated with the phenotype in this family, and was absent in 530

healthy controls. The mutated amino acid was located in a highly conserved position, which may be deleterious and affect the
activation of TGM6. Our results strongly support the candidacy of TGM6 as a novel familial AML-associated gene.
European Journal of Human Genetics (2015) 23, 218-223; doi:10.1038/ejhg.2014.67; published online 23 April 2014

INTRODUCTION

Familial acute myeloid leukaemia (AML) pedigrees have been rarely
reported, partially due to the high mortality of leukaemia, significant
variability in the age at onset, and the small size of modern families.
These factors complicate researches on AML predisposition families.
Three genes have been causally linked to leukaemia susceptibility:
RUNXI, CEBPA and GATA2.'7 In addition, TERC and TERT
mutations have also been reported in patients of familial MDS/
AML.* However, familial AML is a genetically heterogeneous disorder,
and the culprit genes in the majority of AML pedigrees remain
obscure.> Moreover, accumulating experimental and epidemiological
evidence suggests that no single mutation is sufficient to produce
AML.® Thus, additional pedigrees are required to fully delineate the
underlying mechanism of leukaemia.

We report on an unusual AML-predisposed family with 11 cases
in four generations, which is the second largest number of AML cases
in a single family in the world. We identified a missense mutation in
TGM6 in this family that cosegregated with the phenotype and
predicted functional damage using a combined strategy of linkage
analysis and next-generation sequencing (NSG).

MATERIALS AND METHODS

Patients and materials

This study was approved by the Expert Committee of Fujian Medical
University Union Hospital in China (equivalent to an institutional review

board). All participants provided written informed consent before enrol-
ment. One family (Figure 1) with 40 members, including 11 AML patients
in four consecutive generations (Supplementary Table 1), was closely
followed for several years. Seven patients had been reported by He et al” in
1994, and we identified another four newly diagnosed cases, IV-19, IV-14,
II-15 and I-3, through a follow-up investigation of this family. All patients
were diagnosed according to FAB classifications. The criteria of ‘members
at potential preleukaemic phase’ were defined in Supplementary Material.
Blood samples were obtained from 2 patients (III-15 and IV-19),
6 members at potential preleukaemic phase (Table 1), 11 unaffected family
members and 2 spouses. Samples from 21 family members were not
obtained for that 8 members died in childhood from unknown causes,
4 members refused to be investigated and 9 patients died with AML
before samples were obtained for research. Healthy individuals (n=530)
of matched geographic ancestry were included. Patients III-15 and
IV-19 have been excluded of copy number variants (unpublished data) and
known causative variants in CEBPA, RUNXI and GATA2 via sequence
analysis.

Genotyping, linkage and haplotype analysis

Thirteen members of the family (Figure 1) were genotyped using the
Affymetrix GeneChip Human Mapping Array 500K set according to the
manufacturer’s recommended protocol (Affymetrix, Santa Clara, CA, USA).8
MERLIN (v1.1.2)° were used to perform multipoint linkage analysis under the
non-parametric model and dominant model (Supplementary Material). SNP
markers within the high-score regions were chosen to construct the haplotype
by the GENEHUNTER program v2.1.1
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Figure 1 Familial AML pedigree. Squares represent males; circles represent females. The proband is indicated by an arrow. Deceased subjects are indicated
by a diagonal line. Roman numerals denote generations. Arabic numerals indicate the position within the same generation. Open symbols represent
unaffected individuals; closed symbols represent affected individuals. Partially filled symbols denote subjects at potential preleukaemic phase
(Supplementary Material). Closed symbols with a diagonal line indicate that the individual died from AML. L517W represents subjects with the TGM6
missense mutation, including two patients and six members at potential preleukaemic phase. Triangles represent subjects with a TGM6 wild-type allele,
including 11 unaffected family members and 2 spouses. Genotyped individuals are indicated by an asterisk, including 2 patients, 6 members at potential
preleukaemic phases, 11 unaffected family members and 2 spouses. The most likely haplotype for the linked chromosome 20 markers is shown below each
genotyped individual: black symbols denote the disease haplotype, and white symbols represent a normal haplotype. The order of markers from
top to bottom is SNP_A-4231479, SNP_A-2205118, SNP_A-1879994, SNP_A-2105082, SNP_A-2172211, SNP_A-2266751, SNP_A-2227811,
SNP_A-2090041, SNP_A-2201493 and SNP_A-1967508. The markers spanned a genomic distance from chr20:2337295 to chr20:4544193, and TGM6
located within this region. Members who carried the disease haplotype also inherited the mutation in TGM6, which in turn prove the existence of the

haplotype in this family.

Targeted NGS and WES

NimbleGen 385K microarrays were produced to capture the critical region at
20p13 (7.8-13cM) in two patients (III-15 and IV-19). Libraries construction
and sequencing were completed according to the manufacturer’s instructions
(Roche 454 company, Branford, CT, USA).!! Sequence data were initially
mapped to a human genome reference sequence (hg19) and annotated using
the GS Reference Mapper software package (Roche). All variants were
identified using ALLDiff and more stringent HCDiff approaches.!> SNPs in
the dbSNP138 and 1000 genome project databases (2013) were removed. The
remaining HCDIiff variants that were shared by the two samples were selected.
We further explored the potential effects of these mutations using SIFT,!?
Polyphen software!* and phyloP conservation score. We also performed
whole-exome sequencing (WES) on the two patients plus a healthy family
member following the manufacturer’s instructions (Illumina, San Diego, CA,
USA),'® and an in-house bioinformatics pipeline similar to targeted NGS was
used for WES data analysis (Supplementary Material).

Mutation screening and molecular modelling

Sanger sequencing were performed to confirm the candidate coding variants
that were identified by the targeted NGS and WES. The TGM6 mutation was
screened in 13 genotyped members, 8 unaffected family members and 530
healthy controls. The 3D molecular models of TGM6 were built using
homology modelling (Supplementary Material).

RESULTS
Linkage and haplotype analysis
A total of 13 Affymetrix Mapping 500K arrays were processed, which
resulted in the generation of >6.5 million genotypes. The average
SNP call rate and heterozygosity for the 13 genotyped individuals
were 96.42% (93-98.34%) and 23.68% (24.06-24.42%), respectively.
A total of 6480 SNP markers remained for the final linkage analysis
after stringent tag SNP selection. The average information content for
each of the 23 chromosomes was ranged from 0.803 to 0.912.
Multipoint analysis using the dominant and non-parametric
models resulted in two potential linkage regions on 20p13 (maximum
multipoint heterogeneity LOD (HLOD) =3.56, P=0.00005; non-
parametric linkage (NPL) =2.69, P=0.0002, Z = 16.27; Figure 2 and
Supplementary Table 5) and 18q22.1-22.3 (maximum HLOD = 1.57,
P=0.007; NPL=1.28, P=0.008, Z = 3.24; Supplementary Figure 1).
A broad region on chromosome 20 extending from 7.84 to 13.04 cM
(2162598-4475430) was associated with an average HLOD score of
3.42 (average P=0.00009) and an average NPL score of 2.59 (average
P=10.0003) within the same region. Another region on chromosome
18, extending from 91.46 to 97.06cM (66127086—69342671), was
associated with an average HLOD score of 1.56 (average P=0.0074)
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and an average NPL score of 1.27 (average P=0.008). Markers within
these two regions were used to construct haplotypes for all of the
genotyped members. And all of the affected members shared the same
disease haplotype in the 20p13 linkage region, whereas the unaffected
family members did not exhibit this haplotype, which again support
this region as a candidate region. Affected members did not carry the
same haplotype on 18q22.1-22.3, which thus excluded this region.

Targeted capture and 454 sequencing

A total of 680540 and 740 628 HQ reads (quality values >Q20) with
an average length of 346-359bp were produced. We demonstrated
that 97.97-98.40% of the reads mapped to the human genome, and
78.2-87.5% mapped to the target region, which were included in our
downstream analyses. The average sequencing depths across the
targeted intervals ranged from 36.1 to 34.8*. The sequencing depth
was >5% for 93-95% and >10* for 86.7-88.5% of the targeted
regions. We finally generated a total of 17829-17 849 variants in the
target region, and 4166-4191 of these variants were high-confidence
variants (HCDiffs). There were 36 HCDiffs shared by the two
sequenced family patients after excluding synonymous and SNPs
(Supplementary Table 2). Two of them were exonic variants, 15
intronic variants, 15 intergenic variants and 4 UTR variants
(Supplementary Table 3). The exonic variants affected TGM6 and
CENPB, respectively.

Whole-exome sequencing

We generated an average of 57712134 reads per sample as paired-
end, 90-bp reads; 52299061 reads (90.62%) passed the quality
assessment and aligned to the human reference sequence; the coverage
of target region was 98.87% and the average sequencing depth on
target was 52.4-fold. The sequencing depth was >4* for 97.07% and
10* for 92.77% of the targeted regions. We detected 122—126 variants
per sample within the linkage region at 20p13 (Supplementary
Table 2). After excluding SNPs in dbSNP138 or 1000 Genome Project

LOD Score

-6 | Dominant
-7 4 model
-8 4 ====- Non-
9 parametric
model
-10 A

0 20 40 60 80
chromosome 20 position

100

Figure 2 LOD plots for chromosome 20. X axis represent genetic distance
(cM), and y axis represent the corresponding LOD score. LOD score peak
located within a region ranging from 7.84 to 13.04cM (chr20: 2162598~
4475430) with an average HLOD score of 3.42, and TGM6 was within this
region. The LOD score was significantly higher in dominant model than non-
parametric model, which support a dominant transmission of the disease in
the family we studied.
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databases (2013), only 8-12 variants remained and 4 of them were
shared by the two family patients but absent in the unaffected
member; 2 exonic variants and 2 intronic variants (Supplementary
Table 4). The exonic variants affected TGM6 and SIRPA, respectively.

TGM6 mutation screening and molecular modelling

One exonic variant in TGM6 (GRCh37/hgl9, NC_000020.10:g.
2398091T >G, NM_198994.2:c.1550T >G) (Figure 3) can be vali-
dated, which was identified by both of the targeted NGS and WES as
the sole coding variant within the linkage region. The exonic variants
in CENPB and SIRPA can not be validated by sanger sequencing and
may be NGS false positives. In addition, we observed that the TGM6
mutation was present in 2 patients and 6 members at potential
preleukaemic phase, but not in 13 unaffected individuals, and it was
also absent in 530 ethnically matched healthy controls. These data
suggest that the variant cosegregated with the disease in this family.
The mutation was located in a highly conserved position throughout
vertebrates including amphibians (Figure 4), and was predicted to be
functionally damaging using SIFT and PolyPhen software. Sequence
alignments by Promals3D revealed that TGM6 was highly similar to
TGM2 and TGM3, which therefore can be used as templates for
TGM6 modelling. We observed the L517W mutation located in the
first ff-barrel domain of TGM6 molecular structure (Supplementary
Figure 2), which was important for the conformational transition
from an inactive compact form to an active, extended ellipsoid
structure!® that exposes the TGM catalytic core. In addition, this

a c.1550T>G
G TGCTTGGCCAA

ﬂ

b WT
GTGCTTGGCCAA

N ﬂ

Figure 3 Validation of the TGM6 mutation. (a) Sanger sequencing of the
patient [1I-15 confirmed the presence of the TGM6 mutation. (b) Sanger
sequencing of an unaffected family member suggested a wide-type TGM6.
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Figure 4 Alignment of TGM6 amino acid sequences in 17 vertebrates,
which suggest the affected amino-acid L517 was located in a highly
conserved position. The left column represents the species and the right
shows the amino-acid sequence in the corresponding species; amino acids
that identical to those in Homo sapiens are highlighted in yellow;
conservative to homo sapiens are highlighted in blue; weakly similar or non-
similar are not highlighted.

mutation was near the GDP/GTP-binding pocket, which may
interfere with the allosteric regulation of GDP/GTP and affect
TGME6 activation.

DISCUSSION

Familial aggregation of AML is exceedingly rare. A large family with
13 cases in four generations was previously documented, but contact
with this family was lost in 1980.17 The family in our study
constituted the second largest reported pedigree worldwide, with 11
cases in four generations who transmitted AML in an autosomal-
dominant manner. The age at AML onset decreased with each passing
generation, which is consistent with previous reports'® and suggests
that the genetic factor was the primary pathogenic factor in this
family. We excluded common constitutional cytogenetic abnormalities,
such as —7, +8, —5q, +21, which frequently occurred in
MDS/AML. Besides, no known causative mutations were found in
patients of this family. These data strongly suggest that novel genetic
variants may be responsible for the disease in this family.

Owing to the high penetrance of AML in this family, we
hypothesised that the disease may result from single-gene inborn
errors. The combination of linkage analysis with recently developed
NGS technology have greatly accelerated the discovery of novel
susceptible genes in rare Mendelian disorders.”® Using this
combined strategy, we identified a previously unreported candidate
region linked to 20p13 in our family, with a maximum multipoint
HLOD score of 3.56 (P=0.00005). Subsequent targeted NGS of the
linkage interval revealed a missense mutation in TGM6 (L517W) that
cosegregated with the phenotype in this family, and was absent in 530
healthy controls and the dbSNP138 and 1000 Genome Project
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databases. These suggest that TGM6 may be a candidate gene for
familial AML.

However, we can not simply exclude other exonic variants within
the linkage region in terms of the coverage of all exons in the targeted
region. So we performed additional WES to further explore the
coding variants within the candidate region. Interestingly, WES
identified the same variant in TGM6 as the sole coding variant within
the linkage region, which again support its candidacy in familial AML.

This study is the first to implicate a TGM6 mutation in leukaemia,
however, reports on the role of the TGM family in tumours were not
uncommon. Numerous studies have demonstrated that TGM2
expression is downregulated in primary tumours. The upregulation
of TGM2 and intratumour TGM2 injections inhibit tumour growth in
mice.!® The reduction or loss of TGM3 expression is common in
oesophageal, laryngeal, oral, head and neck squamous cell
carcinomas, partially due to its important role in the regulation
of stratified squamous epithelia differentiation.’’ Research on
FXIII-A—/— mice suggests that factor XIII transglutaminase supports
haematogenous tumour cell metastasis.>! These results suggest that
TGM family members are widely involved in multistep tumour
development.

TGM6 is a newly identified member of the TGM family that
exhibits a high structural similarity to TGM2 and TGM3, which post-
translationally modify proteins by catalysing a Ca?*-dependent
transferase reaction, and are allosterically regulated by Ca?* and
GDP/GTP.!® Several studies demonstrate that retinoic acid
(RA)-induced differentiation of myeloid leukaemia cell lines, such
as HL60, HEL and THPI, is frequently accompanied by a marked
increase in transglutaminase activity, whereas transglutaminase is
nearly undetectable before RA treatment in these cell lines. The
knockdown of transglutaminase expression using specific siRNA
or a transglutaminase inhibitor abrogates the effect of RA.2*?
Transglutaminase activity is also greatly increased during induced
differentiation in various types of tumours.?® These data suggest that
transglutaminase activity has a significant role in cell differentiation.
Interestingly, the three genes, RUNXI, CEBPA and GATA2, which
have been identified in AML-predisposed families were transcription
factors that regulate myeloid differentiation. The patients in the
family we studied were diagnosed with different AML subtypes, which
suggest that the pathogenic genes may be implicated in the regulation
of early myeloid differentiation. Combining these findings, we
propose that TGM6 may participate in leukaemogenesis because of
the role of transglutaminase activity in cell differentiation.

The variation in TGM6 was at a highly conserved position, and
predicted as deleterious using SIFT and Polyphen software. The
affected amino acid was located in the first f-barrel domain and close
to the GDP/GTP-binding pocket, which is important for the
conformational transition from an inactive compact form to an
active extended ellipsoid structure.!® The amino-acid substitution
from leucine to tryptophan may interfere with the conformation
change and decrease or completely eliminate transglutaminase activity
of TGM6 and produce a haploinsufficiency of TGM6 function. Given
the apparent pattern of autosomal-dominant hereditary and the
absent of copy number variants in patients of our family
(unpublished data), the haploinsufficiency of TGM6 function may
be a possible mechanism underlying the leukaemia in this family.

Recently, TGM6 mutations have been identified in two autosomal-
dominant spinocerebellar ataxia (SCA) families using a combined
strategy of exome sequencing and linkage analysis.!®> In addition, we
also found a deleterious TGM6 mutation in an autosomal-dominant
AML family, which proved to be cosegregated with the disease



phenotype in the family. These facts suggested that TGM6 may be a
pathogenic factor for both familial AML and SCA; and there have
been numerous reports of mutations of one gene causing a disease
with a wide range of symptoms including ataxia and blood
malignancies, such as ATM mutations causing ataxia-
telangiectasia,”’ and TERC/TERT mutations causing dyskeratosis
congenital.28 In fact, two members of TGM family, TGM2 and
FXIII-A,'® have been recognised as pleiotropy genes and can affect
multiple traits. So we suggest that TGM6 may be another pleiotropy
gene, and contribute to both ataxia and leukaemia. However, no
ataxia patients have been found in our family and no leukaemia
patients found in the SCA families mentioned above. Owing to
limited literatures, more exhausted efforts are needed to determine
the TGM6 mutation distribution in different disorders and to explore
the potential modified genes that synergise with TGM6 in specific
disease.

In addition, we found that WES is a cost-effective solution to detect
exonic variants within the candidate region because it had a similar
performance like targeted NGS. They both detected 52-58 exonic
variants per sample in our study. However, WES would skip a large
number of intronic, regulatory and UTR variants that may also
contribute to the disease aetiology. So we suggest that targeted NGS
would be a preferable solution if specific candidate regions have been
identified. However, WES would be better if such regions were absent
and enough samples were available to filter a huge amount of SNPs.
In this study, we combined two approaches of NGS and detected a
large number of intronic, intergenic and UTR variants. Considering
most of causative variants occurred in exons, we primarily focus on
exonic variants and finally detected a coding variant in TGM6 after a
stringent process of filtration and validation.

In conclusion, we identified a previously unreported linkage region
on 20p13. Subsequent WES and targeted NGS identified a missense
mutation in TGM6 as the sole exonic variant within this region.
Combining bioinformatic analysis and literature reports, we suggest
TGM6 as a novel candidate gene that may be associated with familial
AML, and its discovery will promote the understanding of the role of
transglutaminases in leukaemogenesis. However, further studies are
required to expand on this theoretical foundation. Our study again
proves the efficiency of the combined strategy of linkage analysis and
NGS technology in identifying candidate genes in rare Mendelian
disorders, and targeted NGS and WES have advantages of their own
in specific conditions.
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