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Patients with biallelic mutations for Huntington disease (HD)
are rare. We present a 46-year-old female with two expanded
Huntingtin (HTT) alleles with just one known affected parent.
This is the first reported patient with molecular studies per-
formed to exclude HTTuniparental disomy (UPD). The proband
had biparental inheritance of HTT alleles (42/44 CAG repeats).
Given the negative UPD results, the proband’s unaffected moth-
er either had a reduced penetrance allele that expanded into the
full mutation range during transmission to our patient or an
unknown full HTT mutation and died before symptom onset,
unlikely given no family history of HD and asymptomatic at age
59. We made the novel observation in our literature review
that most patients with biallelic HD did not have two full
HTT mutations. Most had one HTT allele that was in the
intermediate or reduced penetrance ranges or 40 CAG repeats,
the lowest limit of the full mutation range. Although the number
of patients is small, when an allele in these size ranges was
present, generally the age of HD onset was in the 50s. If the
second HTT allele had >45 repeats, then onset was typically 20s—
30s. While similar ages of onset have been reported for patients
with one or two HTT'mutations, patients with biallelic mutations
may have later onset if an expanded HTT allele has <40 CAG
repeats. Finally, we propose that “biallelic mutations” or “com-
pound heterozygosity” are more accurate descriptive terms than
“homozygosity” when there are two non-identical expanded
HTT alleles. © 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Huntington disease (HD) is an autosomal dominantly inherited
neurological condition with progressive cognitive, motor, and
psychiatric symptoms. The mean age of onset is 35-44 years
[Warby et al.,, 1998]. Huntington disease is caused by a CAG
trinucleotide repeat expansion in the HTT gene on chromosome
4 with repeat numbers defined as: full mutation (40 or more),
reduced penetrance (36-39), intermediate (27-35) and normal
(26 or less) [ACMG/ASHG Huntington Disease Genetic Testing
Working Group 1998; Potter et al., 2004]. Intermediate and
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reduced penetrance alleles are unstable and can expand into the full
mutation range when transmitted, primarily in paternal trans-
missions [Goldberg et al., 1993, 1995; Maat-Kievit et al., 2001a;
Semaka et al., 2006, 2010, 2013a; Brocklebank et al., 2009; Sequeiros
et al., 2010; Aziz et al., 2011; Semaka and Hayden, 2014].

The prevalence of HD is estimated to be 12-15/100,000 in
individuals of European descent [Warby et al., 1998; Evans et al.,
2013; Fisher and Hayden, 2014]. Patients with biallelic CAG
expansion alleles have previously been described as “homozygous”,
but we suggest that the terms “biallelic” or “compound heterozy-
gous” would be more accurate. Biallelic HD has occurred in diverse
ethnic groups (Table I) and the prevalence in two large family
studies of affected individuals ranged from 0.1%, N=1007
[Kremer etal., 1994] to 0.4%, N = 263 [Alonso et al., 2002]. Studies
of patients with biallelic HD have generally reported similar fea-
tures, age of onset, and disease course as heterozygous individuals
[Young et al., 1986; Wexler et al., 1987; Myers et al., 1989; Kremer
etal,, 1994; Durr etal., 1999; Laccone et al., 1999; Alonso et al., 2002;
Costa et al., 2003]. One study [Squitieri et al., 2003a] suggested that
the clinical course is more severe and progression more rapid in
patients with biallelic HD.

In the absence of a second known affected parent and after
excluding technical artifacts or limitations (e.g., primer issues,
somatic mosaicism, very long repeats requiring Southern blotting
for identification), possible explanations for biallelic HD include:
(1) non-paternity (non-maternity is implausible except in IVF cases
with egg donation or a father and present partner raising a child
from an undisclosed previous relationship) (2) an intermediate or
reduced penetrance HTT allele in the unaffected parent (3) a full
mutation allele in an asymptomatic parent who died prematurely or
has not lived long enough to develop symptoms (unlikely if no
family history of HD) or (4) HTT uniparental isodisomy.

Uniparental disomy (UPD) occurs in a number of genetic
conditions [Engel, 2006; Kotzot, 2008; Yamazawa et al., 2010].
Maternal UPD for chromosome 4 has been reported [Kuchinka
etal., 2001; Spena et al., 2004; Middleton et al., 2006; Cottrell et al.,
2012; Ding et al., 2012] and there is one published paternal
segmental UPD(4) clinical report [Elli et al., 2012]. No reports
of UPD for HD were identified in our literature review.

We present a 46-year-old female with biallelic HTT mutations
with one affected parent (father), in whom we performed UPD
testing to rule out the possibility that she inherited two paternal
HTT alleles. We also reviewed the literature and summarize the
genetic test results and ages of onset reported to date in individuals
with biallelic HD.

This study was approved by the University of Michigan Medical
School Institutional Review Board, which operates under 45 CFR
46. Both the subject of this report and her husband provided
informed consent.

The 46-year-old female patient was evaluated by a neurologist
(RLA) because ofa 1-2 year history of progressive incoordination
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and declining memory. She had a history of recurrent
depression requiring medical treatment. The patient reported
increasing difficulty with performing her manual labor job.
Family members noted involuntary limb movements. Saccadic
eye movements were slowed with involuntary head turning and
involuntary blinking during saccade initiation. There was a mild
intermittent rotatory head tremor. Rapid finger movements
were moderately slowed, tone and casual gait were normal,
with mildly impaired tandem gait. Choreoathetosis was noted
in fingers and toes.

Limited family history information (Fig. 1) and medical
records were available. The patient’s father was cared for by
RLA and had HD, confirmed by autopsy, with onset in his
early 50s and deceased at age 68. The patient had a brother
and a sister. Her brother, also followed by RLA, developed HD
in his late 20s and died at age 43; no genetic testing or autopsy was
performed. By family report, her asymptomatic 37-year-old sister
had positive presymptomatic genetic test results for HD. The
children of the patient’s siblings, two daughters and a son,
were reported to be asymptomatic. The patient’s mother died
at age 59 of a cerebral aneurysm and was not reported to have a
family history of HD or any other neurologic conditions. There
was no parental consanguinity. The patient was diagnosed with
manifest HD at age 46.

A blood sample was obtained from the patient and DNA was
isolated. The HTT gene was amplified in three separate reactions
using the polymerase chain reaction (PCR) followed by capillary
electrophoresis of the fluorescent PCR products to determine the
CAG triplet repeat lengths. The three reactions amplify the CAG,,
-+ CCGy, region, the CCG,, region alone and the CAG,, region alone.
These tests may not detect expansions of greater than 80 trinucleo-
tide repeats. A Coriell cell line (NA13510) with 15 and 44 CAG
repeats was used as a positive control (sequencing confirmed CAG
repeat numbers).

Molecular polymorphism studies were performed to rule out the
possibility that the patient had inherited two copies of the paternal
HTTallele as a result of UPD. The patient’s mother was deceased so
no maternal DNA was available. DNA was isolated from the
patient’s blood sample and her deceased affected father’s brain
tissue. Markers used (Supplemental Online Table SI) included
microsatellites flanking the HTT gene [primer information and
mapping data is available for all microsatellites through the
National Center for Biotechnology Information (NCBI)]. Markers
were genotyped by PCR using fluorescently labeled primers, with
PCR products quantified on an ABI 310 Prism Genetic Analyzer
(ABI, Foster City, CA).

The result from the first reaction amplifying the CAG,, + CCG,
region was 43 and 45 repeats. The result from the second reaction
amplifying the CCG,, region alone was seven repeats. Amplifying



AMERICAN JOURNAL OF MEDICAL GENETICS PART A

1154

(2] W

(17) 4
(+aquinu)
lapuag

SS
22

£

¥S

(v)se

0S

m__fwcm_ yeadal
|9|(eled o0y sieadde
1asuo jo ade,

(V)te
85
172
%43

¢

-1

|ewlou
fijjeaidojoinaN-T
sugIs 1os-T
aH aABIuUYaQ-T

¢

-5
sudis 140s-8
}3SU0-3|1UdAN[-2
19su0-)|npe-¢
(v) anewoydwfise
31 ipms jo awn
1e ade 10 13suo jo
(s1eafi) aBe/snieis

syeadal

B6E-TE 3l3lle pug
pey gE< 3l9j|e yum 12
EV/6E
29/6€

/ey

€5/0Y

2v/6€

EV/LE

papiaoid Jou siaquinu
yeadal aiy10ads ‘yodal
sishjeue gyJ 1sii4

adeyun

adeyui

Rjuo
uoneulwexa 2130j0inaN
(2 ala11e/T 3j2lle)
s1aqunu jeadas gy)

SuISNod 3sii4

sjueligeyul
002 o a3e||ia
awes woJj yyoq ing
pale[al ag 0) UMOUY JON

Jpaejal iy

salpnis
1axlew Ag pajejay

‘(Bunew auo) suisnod
puodas ‘(sdunew
OM}] SUISN0J 1Sli4

¢ Panowal
92U0 SUISN0I 1SIl4

Ryunwwod pajejosi
woJj ||e yng papiaoid JoN
épaiejal syualed

paldaye yiog

|ewsou Ajjeatul)d
Jayiey} ‘pajaayse Jaylop

ghioisiy Awey
aAlledau pue pajdayeun
Jaylow ‘paldayde Jayed -2
(soy ui paip) paidajeun
Jayley ‘paydajse JaYoN -T

paldaye yiog

paidaye yiog

paldaye yiog

paldaye yiog
snjels sjuailed

€e

Ajusey
uedlawy-T

, diysqis

ue|anzauap
awes ul g

(sdiysqis saiyy
ur ‘a|qissod] ¢

,(dsqis
awes ul) ¢

(s1qissod) 871
-QH 212]lelq
Yum syuaned

30 1aquinN

(puepiazIIMS

‘Auewag ‘elysny

ul Apms Ja1usaninp)
[666T] ‘1e 33 auodde]

(s0uely) [666T] I 38 4ing

(ureds)
[9667T] ‘e 32 zayoues

Lmvsum 3pIMPIOM)
[766T] ‘1e 19 Jaway

(vsn pue
ejanzaua) ‘ogiedelepy)

[€66T] dnoig
ydJeasay daAlel0qe||0]
aseas|q s,uoydununy

(vsn ‘puejdu3
maN) [686T] ‘le 10 sisf

(elanzauap ‘ogieselep)
[¢86T] 'le 12 Ja|xam

(elanzauap ‘ogieselep)

[9867] ‘le 18 3unoj
(uoneaoj) teafi/fipnis



1155

UHLMANN ET AL.

L= =

= uw =

D VI T NI T

L =

(+aquinu)
1apuag

(v)se

1105 19su0 pey

o7€2 2 FEESE
19su0

Jo a8e ueaw pey g/¢

- 'ST/E
0l T9F 5282
19suo0 jo

ade ueaw pey §T/27

Sv
15
09
or
85

6v
25
25

82
2€
0s
15
(v)ve
1€

2s

(uaipiiya pey) v
(98e aAnonpoudai) v
(uaippya pey) v
(v) anewordwhise
3 fipnis jo awn
e ade 1o )asuo jo
(s1eafi) a8e/smeis

2v/eE

1BE-SE 2lBlle T - 8
2v/2y

B6E-SE 33|e
puz pue oy < 3ja|le T-€

0 < Sal3|le Y30g-ST

2€/9€
vv/9€
0v/2€
EV/6E
Tv/0v

vv/0v
9v/0v
/ey

6¥/8¢
25/6¢2
2v/2e
EV/2E
2v/9€
15/6€

T¥/6€

S¥/9€
9v/9€

9/9€
(2 ai21e/3 8j3]Ie)
siaquinu jeadas gy)

pale|al ag 0) UMOUY JON

"sased
awos ul payiodal
fyun3uesuod
‘salpnys Jaljlea uj
‘Aylunwiwiod paje|osi

wolj |[e Ing papiaoid JoN

sjueligeyul

000'T> Yum umoy

awes woJj Yioqg inq
pale|as aq 0} umouy JoN

épaiejal syualed

(panunuaoy)

(¢1/2€)

99 a3e 1e paydayeun Jayed

‘(02/2%) payoaye Jayion

pa3dajje payiodal

a1am syualed yyoq salpnis
13]114ea u Ing papiaoid JoN

— _um

payoadsns Jayiow-y
paydaye paydadsns yiog-g
paldaye J1ayiow-g

¢

-y

Pa323jje 1aylow-g

paldaye yog-2
pa)23jje J3ylow-T

paydaye Jayjow -g
paydaje Jayies -G
pajdalje Jayiey -

paydaye Jayjow -g

paydaye Jaylow -2

pajdaye Jayow -7

paydaye payoadsns yiog

paydayje payoadsns

Jaylow ‘pardaye Jayie4
snieys sjuaied

(diysq
awes u

;aH dl2ilelq

(dnoJd auyrs uey
7 - euya) [2102] 1e 1 1ys

(vSn ‘snasnyoessep
‘AY1SI93Y
‘0H-121034d ‘140H02
07 ‘SdYIN-OH) [2T102] '[e 38 837

(ejanzauap
‘ogledelepy) 193(0ig
yaleasay aAleIoqe||o)
€|aNZauap-'SN
87 3yl/[¥002] ‘le 12 13jxam

(puepods ‘Aley
‘gauel ‘epeue) ‘eljensny
ur fipnys 1a1uaan|np)
8 [e€002] ‘e 12 Haninbs

(1e8n1i0d)
9 [€002] Ie 1 e3s0)

(o21xapy)
T [2002] ‘le 18 osuoly

s (spuepiayiaN ay|)

1) € [eT002] ‘Ie 38 uAaIy-leep
(uoneao|) seah/fipms

Yum syuaned

40 JaquinN



1156 AMERICAN JOURNAL OF MEDICAL GENETICS PART A

the CAG region alone yielded 42 and 44 repeats. No normal alleles
were seen. A second blood sample was obtained from the patient,
which confirmed these results. As two different allele sizes were

Gender
(number)

(T8
observed, a regional deletion or allele drop-out was unlikely. A
combination of allele drop-out and somatic mosaicism of the single
g § == paternal allele remained a possibility. The CAG studies performed
X3 -§’ & on the father’s brain tissue yielded 21 and 42 repeats. The patient’s
8 E f g asymptomatic son had presymptomatic genetic testing and had 18
r R and 44 CAG repeats; this sample was run concurrently with the
= E’ = f:p < mother’s sample. Therefore, analysis of samples from the patient’s
587 @7 father and son further confirmed the presence of two allele sizes of
42 and 44 repeats.

When testing for UPD in the patient, a non-paternal (presum-
2 = ably maternal) allele was noted for five chromosome 4 markers used
t o including D4S127, which is located less than 40 kb telomeric to the
F % {r first exon of the HD gene, and D45412. The D4S412 marker was
g i § informative on the centromeric side and is located approximately
23 100 kb from the centromeric side of the HD gene. Thus, segmental

2= UPD was essentially ruled out.

This is the first reported patient with biallelic HT T mutations where
UPD was excluded. The patient had two HTT alleles in the full
mutation range and one of the higher combinations of CAG repeat
numbers (42/44) reported to date (Table I). Only one parent had
diagnosed HD and the patient’s parents were not related and did not
come from a small community.

Given that only the patient’s father was known to be affected
with HD and the rarity of biallelic mutations for this condition, it
was important to confirm this finding and determine etiology.
Uniparental disomy was regarded as an unlikely cause because it has
not been documented for HD and all but one patient [Elli et al.,
2012] with reported UPD(4) to date have been maternal in origin
[Kuchinka et al., 2001; Spena et al., 2004; Middleton et al., 2006;
Cottrell et al., 2012; Ding et al., 2012]. We excluded full and
segmental paternal UPD. Non-maternity is quite rare and there
was no reason to consider it in this family. We believe that the
patient’s mother either had (1) a reduced penetrance allele that
expanded into the full mutation range during transmission to the
patient (a rare event) or (2) an unknown full HTT mutation and
died before symptom onset (unlikely given no family history of

Parents related?
Not known to be related

(Continued)

Parents’ status
Father affected (21/42).
59) and had negative family

history

Mother unaffected (died at
provided either to preserve patient confidentiality, the objectivity of researchers, or because participants were too young for symptom onset. CAG repeat ranges: Normal (<26), Intermediate (27—35), Reduced Penetrance (36-39), Huntington Disease (>39)

OMembers of Venezuelan kindreds manifest statistically significant earlier ages of HD onset in comparison to Americans and Canadians (p. 3502). Of note, age of onset was later when one HTTallele in the compound heterozygotes had 35-39 CAG repeats.

The studies are presented by publication date to provide a historic perspective. Given that several studies were on individuals from Maracaibo, Venezuela, some of the same patients may appear in multiple studies. In some studies, neurological status was not

12Asgmptomatic son was presymptomatic positive for HD (18/44 CAG repeats). Deceased brother (43) had HD onset late 20s. Asymptomatic sister had positive presymptomatic genetic test results for HD by report (results unavailable).

“Six continents, 43 national and ethnic groups including individuals of Canadian, European, Asian, black South African, Arab and Native American descent.

3Figure text states parents of homozygotes are second cousins once removed but pedigree shows they are 1st cousins once removed (Figure 1, p. 195).
8She was a 57-year-old control subject, with no family history of HD in >3 generations, and unexpectedly was found to have 39 CAG repeats.

!In the literature, these studies use the terms “homozygotes,” “homozygous” and “homozygosity” for Huntington disease.

=
o
&
3
£
8 E g
ER- 3
<4 @ S %
55 Tg 2 o HD and lack of symptoms at age 59).
oo B33 2
EG2 28w 5N o 2
S v @ 2 b o 2 )
Z%5 3 sE588c g
=5 55, € 278 2
BES L2 <
- = o o0 o . . . . . .
LegasR 3 When a patient with HD and biallelic HTT mutations has just one
k EEERER: 2 affected parent, the unaffected parent with no family history of
g § = = g HD could have a reduced penetrance or an intermediate HTT
€5 z % 52 E allele. This HTT allele could be stably transmitted, contract
g E Z ;é ; é E ) (less common) or gxpand, ever} into the full mu'tati.op range. In
=® Es8Lan 553 the general population, approximately 1-6% of individuals have
g o =8¢ ggﬂ §5 = an intermediate allele and approximtelyl-3% have a reduced
3 & = ER R E2% penetrance allele [Huntington’s Disease Collaborative Research
= = N o =) .
E % = (- §§a°’ g Group, 1993; Kremer et al., 1994; Goldberg et al., 1995; Raskin
wn O [ A oy Ealie

et al., 2000; Maat-Kievit et al., 2001a, b; Tassiker et al., 2006;
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(18/44)
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dx early 50s Cerebral
(21/42) aneurysm
Huntington 46 \ 43 37
disease (HD) onset 44 onset
(a2/44) late 20s

@

FIG. 1. Pedigree. The known CAG repeat numbers for each HTT allele are in parentheses.

Sequeiros et al., 2010; Squitieri and Jankovic, 2012; Semaka et al.,
2013b; Semaka and Hayden, 2014].

In our literature review, we noted a number of patients with HD
and biallelic mutations with just one affected parent and most of
these patients had an intermediate or reduced penetrance allele
(Table I). There were three reported patients with both HT T alleles
in the full mutation range and just one parent (mother) affected: 40/
53 repeats [Sanchez et al., 1996], 42/44 and 40/44 repeats [Squitieri
et al., 2003a]. Of note, one of Squitieri et al.’s patients had the
identical number of CAG repeats as the patient reported here, but a
later age of onset (57).

We think it is unlikely that the present patient’s mother had an
intermediate HTT allele because except for one reported patient
[Semaka et al., 2015], maternal expansion of an intermediate allele
into a full HD mutation has not been reported [Goldberg et al.,
1993; Kremer et al., 1995; Maat-Kievit et al., 2001a; Semaka et al.,
2006, 2010; Brocklebank et al., 2009; Semaka and Hayden, 2014].
Although rare, maternal expansions of reduced penetrance HTT
alleles into the full mutation range have been reported [Sanchez
et al., 1997; Laccone and Christian, 2000; Brocklebank et al., 2009;
Aziz et al, 2011] and this may have occurred with the patient
reported here.

In our review of the literature (Table I), we made the novel
observation that most patients with HD and biallelic mutations
(reported as homozygous HD) did not have two full mutations.
Most patients had one HTT allele in the reduced penetrance or
intermediate ranges or at 40 CAG repeats, the lower limit of the full
mutation range. Excluding the Venezuela cases (where overall age
of onset is thought to be earlier in this extended pedigree), there
were 12 patients with onset at age 49 or older and 11 had an allele
with 40 or less repeats (the exception is Squitieri et al., [2003a]
patient with 42/44 repeats). Five patients had onset at ages 22-33
and all had an allele >45 repeats. For the three patients with both
alleles >40, age of onset ranged from 33 to 57.

It was suggested in the literature that patients with biallelic
mutations have a similar age of onset as do heterozygotes [Young
et al., 1986; Wexler et al., 1987; Myers et al., 1989; Kremer et al.,
1994; Durr et al., 1999; Laccone et al., 1999; Alonso et al., 2002;
Costaetal., 2003]. Lee et al. [2012] concluded that the presence of a
second HTT allele did not significantly impact the age of onset of
motor symptoms of HD, which they found was primarily deter-
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mined by the larger expanded allele. In our compilation of reports
(Table I), patients who had biallelic mutations with an expanded
HTT allele <40 CAG repeats generally had symptoms starting in
their 50s, which is later than the mean age of HD onset [Warbyetal.,
1998]. This interpretation is based on a limited number of patients
and therefore should be corroborated with a larger number of
patients with biallelic mutations. While a later age of HD onset has
also been seen in individuals with large normal alleles [Snell et al.,
1993; Djousse et al., 2003; Aziz et al., 2009], our interpretation is
problematic because it would imply that patients with no normal
HTT alleles may have a later age of onset than those with just one
expanded allele; further investigation is warranted.

In our literature review, “homozygotes” was the term universally
used to describe individuals with two expanded HTT alleles. We
propose that “biallelic HD/mutations/expansions” (preferred) or
“compound heterozygotes” rather than “homozygotes” are more
accurate terms to describe individuals with two expanded HTT
alleles not identical by descent. The terms “biallelic mutations” and
“compound heterozygosity” are used with other autosomal domi-
nant conditions including familial hypercholesterolemia [Yao etal.,
2012; Youngblom and Knowles, 2014] facioscapulohumeral mus-
cular dystrophy [Scionti et al., 2012] and hereditary colorectal
cancer [Lindor, 2009].

Biallelic HD has significant risk implications for offspring (obligate
heterozygotes for an expanded HTT allele), the patient’s siblings
(75% risk to have one or both expanded HTT alleles), the patient’s
parents (obligate heterozygotes) and other relatives. There are
challenging counseling and ethical issues to consider when biallelic
HD is discovered [Alonso et al., 2002; Costa et al., 2003; Squitieri
et al., 2003b]. The ages of children, timing of disclosure, “do no
harm” and the preservation of the “right not to know” are signifi-
cant considerations.

When a patient with biallelic HD is identified with just one
affected parent (and parentage is certain) and the other parent has
no family history of HD, a likely explanation is that the unaffected
parent has an intermediate or reduced penetrance HTT allele that
has either been stably transmitted or expanded. If the patient with
biallelic HD has two full mutations and the mother is unaffected, it
is highly likely that she has a reduced penetrance allele. An unaf-
fected father could have a reduced penetrance (more likely) or an
intermediate allele that expands upon transmission.

Although the number of reports is limited, we noted in our
review that most patients with biallelic HD do not have two full
mutations and those with one expanded HTT allele of <40 CAG
repeats generally had onset in their 50s. This could have significant
implications for recurrence risks. Analyses of more individuals
with biallelic HD and comparison of both of their HTT alleles
to the known mean ages of onset for the CAG repeats will be
important for both assessing if patients with one or two HTT
mutations have differential ages of onset and providing accurate
onset information.
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