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Speculative Observations of Gene Function

Immunological Significance of NSUN6

NSUN6 has a distinctive repeat pattern in two respects. First, two long repeats of roughly equal length
are adjacent. Second, the two repeat units are reverse complements. The resulting palindromes have
the potential to form cruciform structures [S1], which lead to genetic instability [S2]. While the identity
between palindromic segments is relatively low, the sequence remains palindromic when shifted by a
multiple of five bases, giving many more opportunities for the formation of cruciform structures.

I queried the UCSC browser database to determine whether there were additional regions in the
human genome with similar characteristics, i.e., (a) at least 2kb and at least 50 units in each repeat, (b)
inverted orientation with at most 1kb between repeats, and (c) a repeat unit longer than 2bp but shorter
than 100bp. Besides NSUN6, there are three such regions in the human genome (Table S-1), two of which
are located in centromeric regions away from genes. The third example has the same pair of inverted 5bp
repeat units as NSUN6, and is located on chromosome 2 at a position 11kb upstream of immunoglobulin
kappa variable sequence [S3].

Table S-1. Human reference genome sequence containing pairs of STRs having: (a) at
least 2kb and at least 50 units in each repeat, (b) inverted orientation with at most 1kb
between repeats, and (c) a repeat unit longer than 2bp but shorter than 100bp.

Chrom. Location Unit size Copies Identity (%) Sequence

10 39076595 5 7271.6 65 TTCCA
10 39113854 5 8212.8 66 TGGAA

2 89850110 5 4789.2 68 TTCCA
2 89874086 5 1178.4 73 TGGAA

10 18842234 5 1830.4 67 TGGAA
10 18852502 5 1770.8 67 TTCCA

22 16565087 48 82.9 75 GGGACAAAC...
22 16569067 48 68.6 73 GTTTGTCCC...

NSUN6 encodes a putative methyltransferase with unknown function. Curiously, the repeat in NSUN6
is about 11kb away from the adjacent gene CACNB2. CACNB2 encodes an autoantigen in Lambert-Eaton
myasthenic syndrome [S4] and a susceptibility locus for several mental disorders [S5].

GALNT9

The GALNT9 gene contains a 7.7kb repeat with 94% identity (Figure 1). GALNT9 encodes a protein
responsible for O-glycosylation, with expression primarily in specific areas of the brain [S6], although
expression in B cells [S7] has been reported. Toba et al [S6]. speculate that GALNT9 may be involved in
the O-glycosylation of tenascin-R (TNR) and beta-amyloid precursor protein (APP). If so, then somatic
mutation at GALNT9 could influence processes that depend on the O-glycosylation of these proteins.

O-glycosylated TNR is a ligand for MAG [S8,S9], and is involved in myelination [S10]. Disruption of
O-glycosylated TNR could be relevant to multiple sclerosis and other demyelinating diseases.
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The maturation of APP involves the addition of several short O-glycans [S11]. O-glycosylation is an
important step during APP cleavage [S12], and influences amyloid beta processing [S13]. Dysregulated
O-glycosylation could be relevant to Alzheimer’s disease, in which amyloid plaques are the central disease
feature.

CLEC17A

The CLEC17A gene interacts with BLNK, a gene essential for B-cell receptor (BCR) signaling [S14].
CLEC17A appears to be responsible for recruitment of BLNK to the cell membrane [S14]. Somatic
mutations to CLEC17A could alter the BCR signaling pathway in some B cells. If those B cells are
autoreactive and selectively undergo expansion, autoimmunity could result.

Myelination Genes

Besides MAG, several other myelination-related genes have long tandem repeats or high repeat counts.
TRPM3 is a calcium-channel protein in oligodendrocytes that participates in central nervous system
myelination [S15]; calcium channel perturbation is associated with MS [S16]. GRM4 dampens the immune
response in mouse models of multiple sclerosis [S17]. MAL is involved in myelination in both the central
and peripheral nervous systems [S18].

Ankylosing Spondylitis

While there is no strong evidence of specific autoantibodies in AS [S19] the ACAN gene is an interesting
candidate because it is a T cell immune target in AS [S20]. ACAN has a 1.8kb coding minisatellite that
influences lumbar degenerative disc disease [S21].

Parkinson’s Disease

Parkinson’s disease (PD) is linked with inflammation and autoimmunity [S22–S24]. Two genes with
potential relevance to PD are RILPL1 (1519 repeat units) and PARK2 (741 repeat units). RILPL1 is
neuroprotective via binding to GAPDH [S25]; deprenyl, a PD drug, also binds to GAPDH to prevent
death cascade induction [S26]. Mutations and copy number variants in PARK2 [S27, S28], aberrant
PARK2 splicing [S29], and reduced PARK2 expression [S30] are associated with PD. Another candidate
gene is SNCAIP, a gene associated with Parkinson’s disease, that is regularly somatically duplicated in
medulloblastoma [S31].

Amyotrophic Lateral Sclerosis

Amyotrophic Lateral Sclerosis (ALS) also has links to inflammation and autoimmunity [S32–S34]. A
gene with potential relevance to ALS is VPS53, which contains a long (8683bp) tandem repeat. VPS53
encodes a subunit of the GARP complex [S35], and mutations in another GARP complex gene (VPS54 )
cause the wobbler mouse phenotype, reminiscent of ALS, with reduced VPS53 expression [S36].

Germ-Line Variation at STR Loci

Repetitive sequence is a marker of germ-line variability [S37, S38]; actual variability can be verified by
consulting data on structural variation. Wong et al. [S39] utilize high coverage data of 96 individuals to
obtain genomewide data about structural variation in the Malay population. The high coverage (30X)
data allowed roughly twice as many deletion variants to be detected as a low coverage (5X) version of the
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data [S39]. When an STR locus exhibits structural variation within the STR boundaries, “internal” germ-
line variation is apparent. Structural variation that spans an STR locus is termed “external” variation.
Any reported difference from the reference sequence is considered variation. Only differences exceeding
50bp were reported by Wong et al. [S39].

Table S-2. Germ-line variability according to Wong et al. [S39] at each of the STR loci of
Figure 1. The NBPF family of genes and several additional genes show only external variation; these
STRs occur in regions of complex segmental duplications that induce larger-scale structural variation.
Only MAGEA4 and ERC1 show no variation at all.

Gene Length Internal External
Variation Variation

NBPF20 75756 Y
NBPF10 56130 Y∗

TTC34 52937 Y
ANKRD36C 49539 Y Y∗

NBPF12 44470 Y∗

ANKRD36 39925 Y Y∗

TPO 15472 Y
PTPRN2 12668 Y
AHNAK2 11843 Y
BRF1 11321 Y
FLG 10828 Y
NBPF14 10798 Y
ABCG8 10788 Y
MUC17 10659 Y Y
NSUN6 10260 Y
NSUN6 9943
MUC4 9813 Y
TTC34 8941 Y
VPS53 8683 Y
IL3RA 8509 Y Y
SNTG2 8384 Y
HRNR 7794 Y
GALNT9 7757 Y
USP41,FAM230A 7516 Y
ROBO2 7169 Y
SPDYE3 7020 Y
MAGEA4 6627
SLC1A7 6572 Y
FAM198A 6551 Y
PLEKHB2 6521 Y
ANKRD36C 6410 Y∗

CACNG7 6321 Y∗

FAM182B 6292 Y Y
ERC1 5898
ASMT 5826 Y
DHRSX 5644 Y
ZNF717 5139 Y

∗These variants were uniform within the population studied by Wong et al. [S39] but different from the
reference sequence. All remaining loci exhibited multiple alleles in the population.
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Table S-3. Germ-line variability according to Wong et al. [S39] at each of the STR loci of
Figure 3. A minority of the genes, mostly those with the highest repeat counts, show germ-line STR
variability.

Gene Repeat Internal External
Count Variation Variation

MGAM 2296.5 Y
TTC40 2062.5 Y
RILPL1 1519 Y
ANKDD1A 1277.3
GRM4 1151.5 Y
MRPS22 1135
PLXNA4 1048.7 Y
MUSK 1003.5
MAG 997
TP53TG3C 945.5 Y∗

ATP8B4 891
C4orf22 880.5
MYO16 862
RTN1 849.5
ASMTL 844.2 Y Y
SHOX 834.5 Y
SLC9A9 826.5
TWIST2 814.5
COL22A1 807 Y
IQCA1 796
MAL 786.4
STK32B 785
COL5A1 763.5 Y∗

BCL2 752
DCC 750
PARK2 741.5
ZFPM1 715.5
ADAMTS3 713
XXYLT1 707.5

∗These variants were uniform within the population studied by Wong et al. [S39] but different from the
reference sequence. All remaining loci exhibited multiple alleles in the population.
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Table S-4. Germ-line variability according to Wong et al. [S39] at each of the STR loci of
Table 3. While structural variation at PGA4 is not observed in the population studied by Wong et
al. [S39], extensive structural variation is observed at PGA4 in other populations [S40]. Similarly,
structural variation around the STR in TTN has been observed in other populations (e.g., [S41]).

Gene Length Internal External
Variation Variation

NBPF20 76181 Y
NBPF8 65137
CR1 54708 Y
ANKRD30A 47663 Y
RBMY1A1 47081
NBPF12 44119 Y
PGA4 37662
TRPM3 35986
FCGBP 31945 Y
NEB 31782
NKG2-E 30864 Y
TBC1D3C/TBC1D3H 27063
HCAR1 26136 Y
TTC34 22675 Y Y
DAZ1 21690
NBPF1 12620 Y
NBPF12 12568 Y∗

BRF1 11321 Y
C2orf78 10103
CLEC17A 8924 Y
TTN 8521
SNTG2 8383 Y
IFI16 8282 Y
MUC5B 7627 Y∗

SPDYE3 7020 Y
ERC1 5850
HRNR 5637 Y
ACRC 4289 Y
SPRN 4144
TMEM132D 3907
HP/HPR 3431 Y

∗These variants were uniform within the population studied by Wong et al. [S39] but different from the
reference sequence. All remaining loci exhibited multiple alleles in the population.
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Table S-5. Internally variable STRs within long (>5kb) regions of self-alignment within
protein-coding genes (Table 4) according to Wong et al. [S39]. Unlike Table S-2, internal
variation is found in NBPF10, ERC1 and MAGEA4. The self-chain boundaries are more permissive,
allowing for gaps in the alignment. While variation within the STR in the LPA gene is absent for the
population of Wong et al. [S39], structural variation within the LPA STR has been observed in other
populations (e.g., [S41,S42]).

Gene Length
NBPF10 45133
FCGBP 30167
DMBT1 26579
MGAM 24595
KIR3DL1 22943
ANKRD30B 18603
KATNAL2 13368
HCAR1 12648
POTEJ 12480
MTUS2 10090
ANKRD36 8739
PTPRN2 8649
TTC34 8343
FLG 7934
BRF1 7650
ST3GAL4 6583
MUC12 6346
GALNT9 6290
TRHDE 6161
ERC1 5794
ROBO2 5789
TM4SF2 5498
CACNG7 5304
SNTG2 5229
MAGEA4 5091
ASMT 5021
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SQL Queries

Query 1 GENCODE V17 protein-coding genes containing long (≥1000bp) repeats as applied to the hg19
dataset in the UCSC MySQL database. To rank by repeat length, the phrase order by length desc

can be appended; to rank by repeat frequency, the phrase order by copyNum desc can be appended.

select distinct g.name2, s.*

from (select *, chromEnd-chromStart as length

from simpleRepeat

where chromEnd-chromStart>=1000) s,

wgEncodeGencodeBasicV17 g,

wgEncodeGencodeAttrsV17 a

where g.chrom=s.chrom and g.txStart<s.chromEnd

and g.txEnd> s.chromStart and

a.transcriptId=g.name and a.transcriptType=’protein coding’

Query 2 RefSeq protein-coding genes containing long (≥1000bp) repeats as applied to the hg19 dataset
in the UCSC MySQL database. The “NM” prefix indicates a protein-coding gene [S43].

select distinct g.name2, s.*

from (select *, chromEnd-chromStart as length

from simpleRepeat

where chromEnd-chromStart>=1000) s,

refGene g

where g.chrom=s.chrom and g.txStart<s.chromEnd

and g.txEnd> s.chromStart and

g.name like ’NM%’;
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Query 3 Long tandem segmental duplications within GENCODE V17 protein-coding genes.

select distinct g.name2, otherStart-chromEnd as gap,

chromEnd-chromStart+otherEnd-otherStart as totlen,

from (select *

from genomicSuperDups

where chrom=otherChrom and

otherStart+1 between chromStart and chromEnd+101

and fracMatch>=0.96 and strand="+") s,

wgEncodeGencodeBasicV17 g,

wgEncodeGencodeAttrsV17 a

where s.chrom = g.chrom and

(((g.txStart<s.chromStart and g.txEnd>s.chromStart) and

(g.txStart<s.chromEnd and g.txEnd>s.chromEnd)) or

((g.txStart<s.otherStart and g.txEnd>s.otherStart) and

(g.txStart<s.otherEnd and g.txEnd>s.otherEnd))) and

chromEnd-chromStart+otherEnd-otherStart > 3400 and

a.transcriptId=g.name and a.transcriptType=’protein coding’

order by chromEnd-chromStart+otherEnd-otherStart desc;

Query 4 Query used to identify long self-alignments within GENCODE V17 protein-coding genes.

select g.name2, g.chrom, max(f.matchLen)

from (select *, score/normscore as matchLen

from chainSelf

where tEnd-tStart>=5000 and qstrand="+"

and normscore >=60) f,

wgEncodeGencodeBasicV17 g,

wgEncodeGencodeAttrsV17 a

where g.chrom=f.tName and g.chrom=f.qName and g.txStart<f.tStart

and g.txEnd>f.tEnd and g.txStart<f.qStart and g.txEnd>f.qEnd

and a.transcriptId=g.name and a.transcriptType=’protein coding’

group by g.name2, g.chrom

having max(f.matchLen) > 5000

order by max(matchLen) desc;
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Query 5 Query used to identify long tandem repeats (at least 1000bp) within introns of GENCODE
V17 protein-coding genes. The intermediate query n contains all integers between 1 and 363 and is
abbreviated below; the number 363 is the number of exons in the GENCODE transcript with the most
exons.

select t.*, t.intronEnd-t.intronStart+1 as IntronLen,

s.chromEnd-s.chromStart+1 as ReptLen,

(1.0*s.chromEnd-s.chromStart+1)/(t.intronEnd-t.intronStart+1)

as Occupancy

from (select distinct g.name2, g.chrom,

CAST(REPLACE(SUBSTRING(SUBSTRING INDEX(exonEnds,’,’,n.i),

LENGTH(SUBSTRING INDEX(exonEnds,’,’,n.i-1)) + 1),’,’, ’’)

as UNSIGNED INTEGER) +1 as intronStart,

CAST(REPLACE(SUBSTRING(SUBSTRING INDEX(exonStarts,’,’,n.i+1),

LENGTH(SUBSTRING INDEX(exonStarts,’,’,n.i)) + 1),’,’, ’’)

as UNSIGNED INTEGER) -1 as intronEnd

from wgEncodeGencodeBasicV17 g, wgEncodeGencodeAttrsV17 a,

( select 1 as i union all

select 2 union all

...

select 363 ) n

where a.transcriptId=g.name

and a.transcriptType=’protein coding’

and n.i < g.exonCount ) t,

(select *

from simpleRepeat

where chromEnd-chromStart>1000 ) s

where t.chrom=s.chrom and t.intronStart <= s.chromStart

and t.intronEnd >= s.chromEnd

order by (1.0*s.chromEnd-s.chromStart+1)/(t.intronEnd-t.intronStart+1)

desc;

Query 6 Query used to identify long tandem repeats in the mouse (mm10).

select distinct g.name2, length, s.period

from (select *, chromEnd-chromStart+1 as length

from simpleRepeat

where chromEnd-chromStart>=1000) s,

refGene g

where g.name like ’NM%’ and g.chrom=s.chrom and (

(g.strand=’+’ and g.txStart-5000<s.chromEnd

and g.txEnd> s.chromStart)

or

(g.strand=’-’ and g.txStart<s.chromEnd

and g.txEnd+5000> s.chromStart))

order by length desc;
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Query 7 Query used to identify palindromic pairs of long tandem repeats.

select s.chrom, s.chromStart, s.chromEnd,

s.period, s.copyNum, s.perMatch,

s.length, s.sequence, t.chromStart,

t.chromEnd, t.period, t.copyNum,

t.perMatch, t.length, t.sequence

from (select *, chromEnd-chromStart as length

from simpleRepeat

where copynum>50 and chromEnd-chromStart>2000

and period<100) s,

(select *, chromEnd-chromStart as length

from simpleRepeat

where copynum>50 and chromEnd-chromStart>2000

and period<100) t

where t.chrom=s.chrom and t.period=s.period

and t.chromStart between s.chromEnd and s.chromEnd+1000

order by s.period asc, s.length desc;

Query 8 Query used to identify internal structural variation at STR loci using the data from Wong et
al. [S39], whose PubMed identifier is “23290073”.

select p.name2, p.chromStart, p.chromEnd,

p.length, p.copyNum, p.perMatch, p.period,

sum(sampleSize) as samples,

sum(observedGains) as gains,

sum(observedLosses) as losses,

count(*) as cnt

from (select distinct g.name2, s.*

from (select *, chromEnd-chromStart as length

from simpleRepeat

where chromEnd-chromStart>=1000) s,

wgEncodeGencodeBasicV17 g,

wgEncodeGencodeAttrsV17 a

where g.chrom=s.chrom and g.txStart<s.chromEnd

and g.txEnd> s.chromStart and a.transcriptId=g.name

and a.transcriptType=’protein coding’) p,

dgvMerged d

where d.pubMedId="23290073" and d.chrom=p.chrom

and d.chromStart>p.chromStart and d.chromEnd<p.chromEnd

group by p.name2, p.chromStart, p.chromEnd, p.length, p.copyNum, p.perMatch, p.period
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Query 9 Query used to identify external structural variation at STR loci using the data from Wong et
al. [S39].

select p.name2, p.chromStart, p.chromEnd,

p.length, p.copyNum, p.perMatch, p.period,

sum(sampleSize) as samples,

sum(observedGains) as gains,

sum(observedLosses) as losses,

count(*) as cnt

from (select distinct g.name2, s.*

from (select *, chromEnd-chromStart as length

from simpleRepeat

where chromEnd-chromStart>=1000) s,

wgEncodeGencodeBasicV17 g,

wgEncodeGencodeAttrsV17 a

where g.chrom=s.chrom and g.txStart<s.chromEnd

and g.txEnd> s.chromStart and a.transcriptId=g.name

and a.transcriptType=’protein coding’) p,

dgvMerged d

where d.pubMedId="23290073" and d.chrom=p.chrom

and d.chromStart<p.chromStart and d.chromEnd>p.chromEnd

group by p.name2, p.chromStart, p.chromEnd, p.length, p.copyNum, p.perMatch, p.period
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Query 10 Query used to identify internal structural variation at long tandem repeat loci (Table 3) using
the data from Wong et al. [S39].

select p.name2, p.chromStart, p.chromEnd, length, sum(sampleSize) as samples,

sum(observedGains) as gains, sum(observedLosses) as losses, count(*) as cnt

from (select distinct g.name2, s.*

from (select *, cast(chromEnd as signed integer)

-cast(chromStart as signed integer)

+cast(otherEnd as signed integer)

-cast(otherStart as signed integer) as length

from genomicSuperDups

where chrom=otherChrom and otherStart+1 between chromStart and chromEnd+101

and fracMatch>=0.96 and strand="+" and

cast(chromEnd as signed integer)

-cast(chromStart as signed integer)

+cast(otherEnd as signed integer)

-cast(otherStart as signed integer) > 2000) s,

wgEncodeGencodeBasicV17 g, wgEncodeGencodeAttrsV17 a

where g.chrom=s.chrom and

(((g.txStart<s.chromStart and g.txEnd>s.chromStart) and

(g.txStart<s.chromEnd and g.txEnd>s.chromEnd)) or

((g.txStart<s.otherStart and g.txEnd>s.otherStart) and

(g.txStart<s.otherEnd and g.txEnd>s.otherEnd)))

and a.transcriptId=g.name and a.transcriptType=’protein coding’) p,

dgvMerged d

where d.pubMedId="23290073" and d.chrom=p.chrom and

d.chromStart>p.chromStart and d.chromEnd<p.otherEnd

group by p.name2, p.chromStart, p.chromEnd, p.length

order by length desc;
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Query 11 Query used to identify external structural variation at long tandem repeat loci (Table 3) using
the data from Wong et al. [S39].

select p.name2, p.chromStart, p.chromEnd, length, sum(sampleSize) as samples,

sum(observedGains) as gains, sum(observedLosses) as losses, count(*) as cnt

from (select distinct g.name2, s.*

from (select *, cast(chromEnd as signed integer)

-cast(chromStart as signed integer)

+cast(otherEnd as signed integer)

-cast(otherStart as signed integer) as length

from genomicSuperDups

where chrom=otherChrom and otherStart+1 between chromStart and chromEnd+101

and fracMatch>=0.96 and strand="+" and

cast(chromEnd as signed integer)

-cast(chromStart as signed integer)

+cast(otherEnd as signed integer)

-cast(otherStart as signed integer) > 2000) s,

wgEncodeGencodeBasicV17 g, wgEncodeGencodeAttrsV17 a

where g.chrom=s.chrom and

(((g.txStart<s.chromStart and g.txEnd>s.chromStart) and

(g.txStart<s.chromEnd and g.txEnd>s.chromEnd)) or

((g.txStart<s.otherStart and g.txEnd>s.otherStart) and

(g.txStart<s.otherEnd and g.txEnd>s.otherEnd)))

and a.transcriptId=g.name and a.transcriptType=’protein coding’) p,

dgvMerged d

where d.pubMedId="23290073" and d.chrom=p.chrom and

d.chromStart<p.chromStart and d.chromEnd>p.otherEnd

group by p.name2, p.chromStart, p.chromEnd, p.length

order by length desc;
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Query 12 Query used to identify internal structural variation at Self-chain loci (Table 4) using the data
from Wong et al. [S39].

select p.name2, p.length, p.length2, matchlen, sum(sampleSize) as samples,

sum(observedGains) as gains, sum(observedLosses) as losses, count(*) as cnt

from (select distinct g.name2, g.chrom, s.*

from (select *, tEnd-tStart as length, qEnd-qStart as length2,

score/normscore as matchLen

from chainSelf

where tEnd-tStart>=5000 and qstrand="+" and normscore >=60 and tName=qName) s,

wgEncodeGencodeBasicV17 g, wgEncodeGencodeAttrsV17 a

where g.chrom=s.tName and g.txStart<s.tStart and g.txEnd> s.tEnd

and g.txStart<s.qStart and g.txEnd> s.qEnd

and a.transcriptId=g.name and a.transcriptType=’protein coding’) p,

dgvMerged d

where d.pubMedId="23290073" and d.chrom=p.chrom and

((d.chromStart>p.tStart or d.chromStart>p.qStart)

and (d.chromEnd<p.tEnd or d.chromEnd<p.qEnd ))

group by p.name2, p.length, p.length2, matchlen

order by matchlen desc;
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