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Abstract

Background—Recessive mutations in the PTEN-induced putative kinase 1 (PINK1) gene cause
early-onset Parkinson's disease (EOPD). The clinical phenotype of families that have this PINK1-
associated disease may present with different symptoms, including typical PD. The loss of the

PINK1 protein may lead to mitochondrial dysfunction, which causes dopaminergic neuron death.

Methods—The clinical phenotypes of a large Polish family with EOPD and an identified PINK1
homozygous nonsense mutation were assessed. Ubiquitination and degradation of mitochondrial
parkin substrates as well as mitochondrial bioenergetics were investigated as direct functional
readouts for PINK1's kinase activity in biopsied dermal fibroblasts.

Results—A four-generation family was genealogically evaluated. Genetic screening identified
two affected subjects who were both homozygous carriers of the pathogenic PINK1 p.Q456X
substitution. Both patients presented with dystonia and gait disorders at symptom onset. Seven
heterozygous mutation carriers remained unaffected. Functional studies revealed that the PINK1
p.Q456X protein is non-functional in activating the downstream ubiquitin ligase parkin and
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priming the ubiquitination of its substrates, and that the RNA levels of PINK1 were significantly
reduced.

Conclusions—The PINK1 p.Q456X mutation leads to a decrease in mRNA and a loss of protein
function. The foot dystonia and gait disorders seen at disease onset in affected members of our
family, which were accompanied by parkinsonism had a similar clinical presentation to what has
been described in previous reports of PINK1 mutation carriers.

Keywords

PINK1 p.Q456X mutation; familial Parkinson's disease; autosomal recessive parkinsonism;
clinical characteristic; mitochondrial dysfunction

Introduction

Early-onset Parkinson's disease (EOPD) is a genetic condition closely resembling idiopathic
Parkinson's disease (PD). Mutations in the PARKIN (PARK2), PINK1 (PARK®), and DJ-1
(PARKTY) genes are causative for autosomal recessive EOPD. Approximately 50 pathogenic
mutations in PINK1 have been reported. In 2005, Bonifati et al. first reported a nonsense
mutation in exon 7 of the PINK1 gene (¢.1366C>T) in three Italian patients with sporadic
EOPD, which resulted in a premature stop codon (p.Q456X) [1]. Subsequently several
additional reports describing PINK1 p.Q456X mutation carriers have been published [2, 3,
4,5, 6]. PINK1 encodes a putative serine/threonine kinase that is widely expressed in the
human brain and is involved in the mitochondrial response to cellular and oxidative stress.
Recent studies have demonstrated that mitochondrial dysfunction plays a major role in
neurodegeneration, especially in the pathogenesis of PD [7]. The PINKZ1 response is
mediated by regulation of the calcium efflux process, which includes mitochondrial
trafficking, reactive oxygen species (ROS) formation, and mitochondrial respiration
efficacy. PINK1 also plays a role in regulating mitochondrial morphology and quality
control through the PINK1/parkin-directed pathway. In brief, upon the loss of mitochondrial
membrane potential, the PINK1 protein is stabilized on the outer mitochondrial membrane
and thereby activates and recruits the E3 ubiquitin ligase parkin. PINK1 not only
phosphorylates parkin, but it also primes its mitochondrial ubiquitination targets through
phosphorylation [8]. Upon decoration of damaged mitochondria with Ubiquitin, individual
substrate proteins are degraded through the proteasome, while eventually whole organelles
are cleared via the autophagy/lysosome system (mitophagy). Through this presumably
neuroprotective pathway, dysfunctional mitochondria (or their components) are eliminated
to prevent destruction of the remaining (functional) mitochondrial network. However, the
biochemical consequences are variable between different mutations in PINK1 [7]. The
homozygous PINK1 p.Q456X nonsense mutation leads to a premature stop codon and a
reduction in PINK1 mRNA levels, which is probably caused by nonsense-mediated mRNA
decay [7]. In a study of the mitochondrial function of skin fibroblasts derived from four PD
patients with the homozygous p.Q456X mutation, Grunewald et al. showed that the PINK1
p.Q456X was found to cause a significant depletion of steady-state ATP levels, but it had no
effect on ATP synthesis or enzyme activity of the respiratory chain [7]. These patients also
exhibited reduced mitochondrial membrane potentials [8]. Here, we present a clinical
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vignette and the results of functional studies completed on a Polish family who have EOPD
and a PINK1 p.Q456X mutation.

Material and Methods

The family was evaluated during three field trips. All twelve family members enrolled in the
study provided written informed consent for clinical examinations, molecular genetic
studies, and skin biopsies. The study protocol was approved by the IRB committees of the
Mayo Clinic, Johns Hopkins University, and Silesian Medical University. Standard
genealogical studies were performed. Clinical examinations were performed by movement
disorders specialists using the Unified Parkinson's Disease Rating Scale (UPDRS), the
Hoehn and Yahr Scale (H&Y), and the Schwab and England activities of daily living scale
(ADL). The Mini Mental State Examination (MMSE) and the Clock Drawing Test (CDT)
were used to assess cognitive functions. Major depressive symptoms were excluded by
applying the Beck Depression Inventory (BDI). The clinicians who assessed the subjects
were blinded to the genetic test results. The diagnosis of definite PD was established
according to the United Kingdom Parkinson's disease Brain Bank diagnostic criteria, with
the exception that a positive family history was not regarded as a criterion for exclusion.
Structural brain imaging was performed in symptomatic subjects with computerized axial
tomography (CT) and/or 1.5T (T1, T2, FLAIR) magnetic resonance imaging (MRI).
Genomic DNA was extracted from frozen peripheral blood samples by using standard
procedures. The eight exons and exon-intron junctions of PINK1 were amplified by using a
polymerase chain reaction (PCR). The products were then directly sequenced in at the 5" and
3’ ends. Dermal fibroblasts were obtained from skin biopsies taken from the arm under local
anesthesia. The Supplementary Material contains detailed information about primers,
fibroblast cultures [9], and conditions.

Results

Clinical and molecular studies

The resulting pedigree, without any known consanguineous loops, consisted of 33
individuals and spanned four generations. We identified six clinically-affected subjects in
the pedigree based on the detailed histories, chart reviews, and interviews with family
members (Suppl. Figure 1). For the present study, we were able to examine two affected
subjects who had EOPD (I11.5 and 111.8) and were homozygous for the PINK1 p.Q456X
mutation (Table 1, contains detailed descriptions of these cases' phenotypes and are
available in the Supplementary Material). We also have examined seven family members (4
men and 3 women) with a mean age at examination 40 years (range 19 to 72 years). These
individuals were heterozygous PINK1 p.Q456X carriers (Suppl. Table 1). Their
examinations were normal without any features of parkinsonism. Additionally, three family
members (2 men and 1 woman) were clinically unaffected and did not carry the PINK1
p.Q456X mutation. The remaining clinically-affected family members (1.1, 11.2s, 111.1, 111.2)
identified on genealogical studies were reported to have parkinsonism. Their blood samples
were not available for genetic studies. The spouse of 11.1 (I1.2s) also had a dementia of an
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unknown cause. The proband's maternal grandfather (1.1) was already deceased at the time
of our research.

Functional studies

Skin biopsies were obtained from 12 family members: two affected (PINK1 p.Q456X
homozygotes) and 10 unaffected (7 PINK1 p.Q456X heterozygotes and 3 wild-type
homozygotes). An analysis of the levels of PINK1 RNA in the fibroblasts from the two
p.Q456X homozygote patients showed significantly reduced PINK1 RNA levels. This was
approximately 4-6% of the control levels (Figure 1A). Supporting this, biochemical analysis
of PINK1 and mitochondrial parkin substrates from fibroblast cultures revealed that the
p.Q456X protein variant was weakly expressed and/or unstable, and it was only minimally
stabilized upon mitochondrial depolarization compared to the wild-type protein (Figure 1B).
Due to this and to potentially reduced kinase activity of the truncated PINK1 mutant, parkin
was not properly activated to ubiquitinate and degrade its mitochondrial substrates, e.g.,
Mitofusins (Mfn1/2) or Hexokinase I (HKI) in a mitophagy paradigm. Results from both
homozygous carriers showed that the PINK1 p.Q456X protein was non-functional in the
paradigm of activating parkin and priming the ubiquitination of its substrates (Figure 1B).
Because previous reports linked the loss of PINK1 to mitochondrial dysfunction, the
Seahorse XF analyzer was used to measure oxygen consumption rate (OCR) in these
patient-derived fibroblasts to evaluate electron transport chain function. PINK1 p.Q456X
fibroblasts showed no obvious defects in respiration compared to control fibroblasts (Suppl.
Figure 2A-B). Next, tetramethylrhodamine, methyl ester (TMRM) staining was used to
measure mitochondrial membrane potential, while mitotracker green was used as a control
for mitochondrial mass (Suppl. Figure 2C-D). PINK1 p.Q456X fibroblasts had a similar
membrane potential compared to wild type control cells. The loss of TMRM staining upon
depolarization of mitochondria by FCCP shows the specificity of TMRM staining in both
PINK1 p.Q456X and control cells (Suppl. Figure 2D-E).

Discussion

PINK1 mutations cause recessively inherited EOPD. In a recent systematic review, Kilarski
et al. estimated that the frequency of PINK1 homozygous mutations in EOPD patients was
3.7%, with a very low proportion in Caucasians, reaching 0.6% [10]. In a study of 150 early-
onset PD patients of Polish origin, the PINK1 mutations were also rare; the overall
frequency was 2.4% [11]. In general, parkinsonian patients with PINK1 mutations show
typical features of resting tremor, rigidity, and bradykinesia as the most common initial
symptoms; they typically have good levodopa responsiveness [1]. However, several clinical
presentations, such as younger age at onset, slower disease progression, and early levodopa-
induced dyskinesias may distinguish PINK1-disease from patients with late-onset PD [12].
PINK1 p.Q456X has been described in 16 homozygous mutation carriers from Italy,
Germany, and Tunisia (Table 1) [2-6]. Both homozygous mutation carriers in our family
developed bradykinesia, rigidity, and foot dystonia at a very young age, 16 and 27 years,
which is clinically indicative of EOPD. Whereas, in the first reported case of PINK1
p.Q456X [1] and also in other cases, the age of disease onset ranged from 24-61 years [4-8].
Besides having typical PD features, mutation carriers with PINK1-associated phenotypes
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have been reported to have presented with levodopa-responsive dystonia, restless leg
syndrome (RLS) with parkinsonism, and parkinsonism with cognitive and psychiatric
problems [12]. Atypical clinical features were also described in PINK1 p.Q456X mutation
carriers in addition to the typical clinical presentation of parkinsonism (Table 1). Our family
confirms that the PINK1-associated phenotype may be variable. In both our homozygous
PINK1 p.Q456X carriers, the first disease symptom was foot dystonia, and this was
followed by progressive gait difficulties and sensory symptoms in the lower limbs, but this
could have possibly been undiagnosed RLS, which is suggestive of atypical parkinsonism
rather than feature of typical PD. However, during the disease course there were no other
atypical features or signs of pyramidal system dysfunction, cerebellar syndrome,
supranuclear gaze palsy, cognitive impairment, or orthostatic hypotension that could fulfill
the atypical parkinsonism diagnostic criteria.

Although mild dystonia mainly in the feet was previously described as a clinical feature of
EOPD, mild foot dystonia was rarely seen at the onset of PINK1-associated disease [1,3,12].
Predominant disease onset in the lower limbs and early gait impairment has been previously
described in patients with homozygous p.Q456X and other PINK1 mutations [2,3,12]. It has
even been suggested that it could be recognized as a feature specific of PINK1-associated
parkinsonism. However, these phenotypic characteristics are not sufficient to clinically
distinguish PINK1 from PARKIN mutation carriers. We did not find any studies that
provided a direct comparison of gait disturbances in PARKIN and PINK1 mutation carriers
in our literature review. Therefore, we can only speculate that the gait dysfunction
associated with mutation carriers is related to other comorbidities, an earlier age of onset, or
some other genetic and environmental factors.

Levodopa treatment was started in our affected subjects late in the disease course, but the
subjects had a very good and sustained response to levodopa therapy. Besides mild motor
fluctuations with peak dose dyskinesias and foot dystonia, no other complications were
observed (Table 1). This is in concordance with the literature; EOPD is known to have an
excellent and lasting response to levodopa therapy [1].

Both of our patients were able to continue their daily tasks while maintaining a high quality
of life (ADL 100%). Despite a long disease duration, the UPDRS scores and H&Y stages
were low in both cases, which confirms that PINK1-associated PD has a more benign
disease course and milder symptoms than typical sporadic late-onset parkinsonism [2-6].

Similar to previous observations in leukocytes [9], our data suggests that the PINK1
p.Q456X mutation leads to an almost complete loss of PINK1 at the RNA level in patient-
derived fibroblasts. This leads to impairment in the ability of parkin to translocate to the
mitochondria and ubiquitinate mitochondrial substrates, such as mitofusins and hexokinase,
following treatment with the mitochondrial uncoupler CCCP. However, fibroblasts from
these patients showed no major defects in mitochondrial bioenergetics or membrane
potential. In accordance with these findings, another group found that there were no defects
in complex activity from patients with the same mutation. Abramov et al. described
decreased mitochondrial membrane potential in three of the four p.Q456X patient fibroblast
populations they studied [8], while no cells from the two patients studied here had decreased
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mitochondrial membrane potential. This suggests that the loss of PINK1 alone may not be
sufficient to cause decreased membrane potential in human fibroblasts, but it may make
cells more sensitive to other stressors. However, the loss of the PINK1 protein and its
function, as seen with p.Q456X, abrogates the mitochondrial quality control mediated by the
E3 ubiquitin ligase parkin. We can speculate that the loss of PINK1 may affect
mitochondrial bioenergetics in a cell type-specific manner. Supporting this, it has recently
been demonstrated that the PINK1 p.Q456X mutation may affect basal mitochondrial
respiration as well as respiratory capacity in human dopaminergic neurons that were
differentiated from induced pluripotent cells derived from patient fibroblasts [9]. Therefore,
more studies of the effects of the PINK1 p.Q456X mutation in human dopaminergic neurons
are warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
PINK1 p.Q456X fibroblasts showed reduced mRNA levels and a loss of protein expression.

A) Quantitative reverse transcription PCR shows that PINK1 RNA levels were reduced in
p.Q456X cells. Displayed are PINK1 RNA levels normalized to GAPDH and to average
control PINK1 levels. Error bars displayed represent standard error of the mean. p < 0.05 by
ANOVA with Tukey's post-hoc test. B) Control human dermal fibroblasts and fibroblasts
from homozygous PINK1 p.Q456X mutation carriers were treated with CCCP at the
indicated time points and analyzed by Western blot. A representative example is shown.
Endogenous full-length PINK1 WT protein (63kDa) is greatly stabilized over time upon
dissipation of the mitochondrial membrane potential. Moreover, PINK1 accumulation and
kinase activity results in Parkin-dependent ubiquitination and degradation of mitochondrial
substrates including the Mitofusins (Mfn1/2) and Hexokinase | (HKI). In contrast, the
truncated PINK1 p.Q456X mutant (48.8 kDa) is not efficiently stabilized on de-energized
mitochondria, likely due to the generally low expression levels caused by nonsense-
mediated mMRNA decay and/or general instability of the truncated protein. As a result of this
and potentially because of reduced PINK1 kinase activity, Parkin is not properly activated
and thus is not able to ubiquitinate its mitochondrial substrate proteins.

Parkinsonism Relat Disord. Author manuscript; available in PMC 2015 November 01.



Page 10

Siuda et al.

VN - - - - - - - - - Burreams 1ybiu elwouoInesAq

VN - Afpixue Kaixue - Apixue adoo - A1BIXUR 919N3S - - subis o110YdAsd

VN + + - + + + - + - - uoissaidag

VN VN VN VN VN VN VN VN VN T 4 1ag

6¢ VN VN VN 8¢ Le 6¢ Y4 VN 8¢ 0€ ASININ

VN VN VN VN %06 %06 %06 %08 VN %00T %00T pue|Buzgemyas

suolyenon|y
‘seIsauIysAp SeISauISAp SeIsauIsAp

‘e1uo1sAp pazijesauah ‘e1uo1sAp sbuis Jojow

VN 1004 se1saulysAp ‘sijjoo1uo} [njured | ‘etuoisAp By | seisaupisAp wioylaioyd pliw - - SeISaUIYSAp Wioy1a10yd pliw VN seisaulysAp asop->ead ‘suoirenonyy | 100y ‘suoiremonyy paonpui edopons

1U3]|99X%3 poob Asen poof Alan poofb poof Alan poof Alan poob Asen poob Alan VN poob Alan pooB Asen asuodsai edopona

VN 00€ 009 VN 00S 0ST 00€ 00S pajesn; jou 0ST 008 asop Ajrep edoponaT

0¢ VN VN VN 0€ S¢ 0¢ 0¢ VN 0¢ 0¢ JYEARUYS0H

0E/VN VN/VT VN/Z VN SeElve L2/1¢ 12/0C ¥€/8T VN/ST 8T/VN 9¢/VN 111S4Adn 440/NO

VN + + + + - - - VN + + SIaplosIp e

VN d'd L'y'g l'g Id'L'd'g Id'd'g Id'd'g Id'd'a 1L'Y'd d'd 1L'Y'g wisluosunyred

VN MO|S Mo|s MOJS Mols Mo|s MOJS MOJS MO|S MOJS MOJS uolssaifoid

€ 7 8T 0¢ 144 L 9 0€ 4 6T 0¢ uoneinp asessig

VN Ly [474 LS TL 09 L9 69 LE o 9¢€ avv

vN - + + + + + + - - + 195U0 ILBWASY

VN v a'v 1 Id'g Id'd'g Id'd'‘g <] ad a ad'dg swoydwAs 15114

8¢ 9€ 124 A Ly €9 T9 6€ 153 LZ 97 ovv

[e1jiurey [e1jiure) [e1jiure} dlpeJods [e1jiure) ad

alew alewao alewsy arew alewsy alewsy alewsay alew alewsy alewsy aew BETJIED)

ueiseoned | uerseone uelseane) ueiseaned ueIseINE) ueIseaNe) ueiseaned ueiseane)d uelseane) ueiseane)d uelseane) Jwoup3

(An11s) Aren Aley1/aoueay Alerifepeued Auewas Aren (e1sa|1s 4addn) puejod uibiio jo Aiaunod

[o] zT02 [¢] 9002
1 [€] 900z e 1] s00z 1
14ousIeUI00S ‘2 18 Zaueq| 18 Jyoipez ‘[¥] 900z "I 39 YoLIpaH 18 Nejluog Apms ssald

NIH-PA Author Manuscript

T alqel

NIH-PA Author Manuscript

SJ3144ed uoneInw THN Id snobAzowoy X950 d Jo erep adAlousyd

NIH-PA Author Manuscript

Parkinsonism Relat Disord. Author manuscript; available in PMC 2015 November 01.



Page 11

*310/e1 SIY) 03Ul PaJaIud 8 0} 31 B|eUd PINOM JeU) JBUUBLI B} Ul PASLIISI 10U SeM USAID uoIrewIoUl 8y} Jey) 108} 8y 0} anp ANDIULIS JogJag-grly JO S8sed Paurelund yolym ‘[S] 'Joy Woy elep apnjoul Jou saop a]qel SiyL
M

‘BuiBewi sourUOSa dNBUBERW [HIN ‘BWOIPUAS SB3] SsajIsal ST “4aplosip Aljeuosiad aaIs|Ndwoo-aAISsasqo ddDO ‘A10JusAu| uoissaldaq@ 3999 1Ag ‘UoNRUILIEXT 31RIS [BIUB|A
1UIAL ISININ ‘111 Med a[eas Buiiey aseasiq s,uosuiyied paiiun |11 SH¥Adn ‘e1qedtjdde Jou Jo passasse 10U “vN ‘BIsaule v ‘Aujigelsul jeinisod |4 “owas | “eluoisAp g ‘Aupibu Y ‘eisauiyApeiq g ‘aseasip s,uosuiyied dd ‘Uoieulwexs Je afe Jyy ‘19suo 1e abe OvY :puabs)

VN VN VN [ewJou JewJou JewJou [ewJou JewJou VN JewJou JewJou 149N
ured
sabueyd Awanxa swodwAs
VN Jeuowlioy yum swordwAs Jojow Jo asealoul ‘ured xoeq elwsodAy ‘eibfeAw elwsodAy ‘s | elwsodAy ‘elusodAy ‘eibreAw ‘son - rISayisaled squii| Jamo| uolneiuawbely desls pue subis Y10
leljiwe;} leljiwey [erjiure} o1peJods [erjiwrey ad
arew a[ews a[ewsy ajew a[ewsy a[ewsy ajewsy arew afewsy a[ewsy ajew J9pus
e1seone) uelseaned ueiseaned uelseane) ueiseone) uelseone) uelseane) ueiseone) ueliseaned ueiseone) ueiseaned Suoun3
Am_o_wv Are1 Aley1/aoueay Aleylfepeued Auewass Aren (e1sais Jaddn) puejod uibiao jo Aiaunod
a9l etoz [¢] 9002
e 19 [€] 900¢ e (1] 5002 ‘e
14oUsIeul09s ‘e 38 zaueq| 19 JJoyIpeZ ‘[¥] 9002 "Te 18 yoLIpaH 19 IejIUOg Apns 1uasaid

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Parkinsonism Relat Disord. Author manuscript; available in PMC 2015 November 01.



