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ARTICLE INFO ABSTRACT

Keywords: Adenosine 5’-triphosphate (ATP) is the principal source of cellular energy, which is essential for neuronal health

ZNHIT1 and maintenance. Parkinson’s disease (PD) and other neurodegenerative disorders are characterised by im-

;:f’teimlzs‘ pairments in mitochondrial function and reductions in cellular ATP levels. Thus there is a need to better un-
itochondria

Parkinson’s disease derstand the biology of intracellular regulators of ATP production, in order to inform the development of new

Dopaminergic neuroprotective therapies for diseases such as PD. One such regulator is Zinc finger HIT-domain containing

ATP protein 1 (ZNHIT1). ZNHIT1 is an evolutionarily-conserved component of a chromatin-remodelling complex,
which has been recently shown to increase cellular ATP production in SH-SY5Y cells and to protect against
impairments in mitochondrial function caused by alpha-synuclein, a protein which is integral to PD patho-
physiology. This effect of ZNHIT1 on cellular ATP production is thought to be due to increased expression of
genes associated with mitochondrial function, but it is also possible that ZNHIT1 regulates mitochondrial
function by binding to mitochondrial proteins. To examine this question, we performed a combined proteomics
and bioinformatics analysis to identify ZNHIT1-interacting proteins in SH-SY5Y cells. We report that ZNHIT1-
interacting proteins are significantly enriched in multiple functional categories, including mitochondrial trans-
port, ATP synthesis and ATP-dependent activity. Furthermore we also report that the correlation between
ZNHIT1 and dopaminergic markers is reduced in the PD brain. These data suggest that the reported beneficial
effects of ZNHIT1 on ATP production may be mediated, at least in part, by its direct interaction with mito-
chondrial proteins and suggest that potential alterations in ZNHIT1 in PD may contribute to the known im-
pairments in ATP generation in midbrain dopaminergic neurons in PD.

1. Introduction that there is a decline in neuronal energy production during the ageing

process, leading to a deficit in neuronal ATP generation (Blaszczyk,

Adenosine 5’-triphosphate (ATP) is the principal source of energy in
all cells, including neurons (Khakh and Burnstock, 2009). ATP, which is
essential for neuronal health, is generated through oxidative phos-
phorylation by the electron transport chain in the inner mitochondrial
membrane (Pathak et al., 2015). A growing body of evidence indicates

2020). Furthermore, the age-related neurodegenerative disorder, Par-
kinson’s disease (PD), is characterised by impairments in mitochondrial
function and reduced cellular levels of ATP (Li et al., 2021; Moon and
Paek, 2015). This is thought to contribute to the underlying pathology of
PD, that is, progressive neurodegeneration of dopaminergic neurons

Abbreviations: ATP, Adenosine 5’-triphosphate; BSA, Bovine serum albumin; Co-IP, Co-immunoprecipitation; FDR, False discovery rate; FBS, Foetal bovine serum;
GO, Gene ontology; HSP90B1, Heat Shock Protein 90 Beta Family Member 1; IP, Immunoprecipitation; LRRK2, Leucine rich repeat kinase 2; MPP™, 1-methyl-4-
phenylpyridinium; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; PBS, Phosphate-buffered saline; PBS-T, 0.02% Triton X-100 in 10 mM PBS; PD, Parkinson’s
disease (PD); PPI, Protein-protein interaction; RESP18, Regulated endocrine specific protein 18; SLB, Sample loading buffer; SN, Substantia nigra; SRCAP, SNF2-
related CBP activator protein; ZNHIT1, Zinc finger HIT-domain containing protein 1.
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which project from the substantia nigra (SN) to the striatum, and which
are critical for movement control. This neurodegeneration results in
reductions in striatal dopamine levels, leading to the cardinal motor
impairments that are characteristic of this disease (Bloem et al., 2021;
Goedert and Compston, 2018; Kordower et al., 2013). The underlying
neuropathological feature of PD is the accumulation of intracellular
aggregates of a-synuclein protein (Spillantini et al., 1998, 1997), which
is known to cause mitochondrial dysfunction (Park et al., 2020; Wang
et al., 2019).

The impact of reduction in cellular levels of ATP in PD on disease
progression has been demonstrated by several studies. For example,
treatment of PC12 cells or cultured embryonic mouse dopaminergic
neurons, with agents that can maintain cellular ATP levels, has neuro-
protective effects against ATP depletion and ER stress, as well as against
cell death induced by the dopaminergic neurotoxin, 1-methyl-4-phenyl-
pyridinium (MPP") (Nakano et al., 2017). These neuroprotective effects
were also shown in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced in vivo mouse model of PD (Nakano et al., 2017).
Other studies have shown that treatment with terazosin, which increases
brain levels of ATP, can slow or prevent dopaminergic neuro-
degeneration, partially restore striatal dopamine levels and improve
motor function, in the MPTP mouse model of PD (Cai et al., 2019). Thus
it is important to glean information about the biology of intracellular
regulators of ATP production, in the context of new therapeutic ap-
proaches to neuroprotection in PD.

Zinc finger HIT-domain containing protein 1 (ZNHIT1) is an
evolutionary-conserved component of the SNF2-related CBP activator
protein (SRCAP) chromatin-remodelling complex, which acts to replaces
histone H2A with the histone variant H2A.Z (Morrison and Shen, 2009).
The H2A.Z variant controls nuclear-encoded mitochondrial gene
expression which is essential for neuronal survival (Lowden et al.,
2021). We have recently reported a link between ZNHIT1 and ATP
production by showing that ZNHIT1 overexpression increases ATP
production in SH-SY5Y cells and protects these cells against a-synu-
clein-induced impairments in mitochondrial function and neurite
growth in a cellular model of relevance to PD (McCarthy et al., 2022).
This provided proof for a functional role of ZNHIT1 in neuronal growth
and in the regulation of cellular bioenergetic state, and suggested that
ZNHIT1 may be a therapeutic target for PD. Moreover, we have also
shown that ZNHIT1-co-expressed genes in the human SN were found to
be significantly enriched in genes associated with the multiple gene
ontologies that are linked to mitochondrial function (McCarthy et al.,
2022). In support of this, the SRCAP chromatin-remodelling complex (of
which ZNHIT1 is a key component) has been shown to promote oxida-
tive metabolism during prenatal development of the heart (Xu et al.,
2021a). These data show that ZNHIT1 plays a critical role in promoting
mitochondrial function and ATP production. Although the effect of
ZNHIT1 on cellular ATP production is thought to be due to increased
expression of genes associated with mitochondrial function (Xu et al.,
2021a), it is also possible that the effects of ZNHIT1 are mediated
through other non-canonical pathways, such as binding of mitochon-
drial proteins, as has been shown for other nuclear proteins (Lindenboim
et al., 2011). However there is limited information on ZNHIT1 expres-
sion in the human brain and it is important to investigate this.

In the current study, we analysed ZNHIT1 expression in the human
brain and performed ZNHIT1 immunoprecipitation followed by untar-
geted proteomics to identify ZNHIT1-interacting proteins in SH-SY5Y
cells, which are commonly used to model dopaminergic neurons in the
context of PD research. This analysis of the ZNHIT1-interacting proteins
revealed a significant enrichment in proteins associated with mito-
chondrial function and ATP production. This suggests that the reported
effects of ZNHIT1 on ATP production (McCarthy et al., 2022; Xu et al.,
2021a) may be mediated, at least in part, by its direct interaction with
mitochondrial proteins. Furthermore, we also show a loss of the
co-expression of ZNHIT1 with markers of dopaminergic neurons at the
transcript and protein level in the SN in PD.
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2. Methods
2.1. Gene and protein expression analysis of human brain

Gene expression data on ZNHIT1 expression in healthy control brains
was generated from the GSE:60863 dataset from UK Brain Expression
Consortium (Ramasamy et al., 2014a). This contains gene expression
data on multiple regions of the human brain, using post-mortem brain
samples obtained from 134 Caucasian neuropathologically and neuro-
logically normal individuals. Gene co-expression data was generated
from the GSE49036 dataset, which consists of gene expression data from
age- and gender-matched control and PD post-mortem SN samples
(Dijkstra et al., 2015). Gene expression and co-expression analyses were
performed using the R2 Genomics Analysis and Visualization Platform
(https://hgserverl.amc.nl/cgi-bin/r2/main.cgi). Data on ZNHIT1 gene
and protein expression in the human brain was obtained from the
Human Protein Atlas (Version 21.0) (https://www.proteinatlas.org)
(Uhlen et al., 2015). Image credits: Human Protein Atlas. The image of
ZNHIT1 staining and its intensity in the human cerebral cortex can be
found here: v21.proteinatlas.org/ENSG00000106400-ZNHIT1 /tissue/-
cerebral+cortex#img. The image of HSP90B1staining and its intensity
in the human cerebral cortex can be found here: v21.proteinatlas.
org/ENSG00000166598-HSP90B1 /tissue/cerebral+cortex#img.

2.2. Cell culture and transfection

SH-SY5Y cells were grown in a humidified incubator at 37 °C with
5% CO in medium consisting of DMEM-high glucose, supplemented
with 10% (v/v) foetal bovine serum (FBS), 1% (v/v) r-glutamine, 1% (v/
v) penicillin/streptomycin, 1% (v/v) non-essential amino acids and 1%
(v/v) sodium pyruvate (all from Sigma). For transfection experiments,
cells were plated at a density of 2.5-3 x 106 cells per well of 6-well plate
and grown for 16 h prior to transfection, which was performed with
TransIT-X2® reagent following the manufacturer’s guidelines. In brief,
each well was transfected with 2 pg of a plasmid coding human ZNHIT1
with an N-terminal flag tag (Flag-ZNHIT1) (a gift from Joan Conaway &
Ronald Conaway; Addgene plasmid #15332; http://n2t.net/addg-
ene:15332). Cells were allowed to grow for an additional 24 h before
immunoprecipitation (IP) was carried out.

2.3. Western blotting and Immunoprecipitation

For IP, growth medium was removed and cells were gently washed
two times with ice-cold 1xPBS supplemented with a cocktail of protease
inhibitors from Roche Molecular Biochemicals (Cat no. 11836170001).
Cells were then lysed in 500 pl of ice-cold co-immunoprecipitation (Co-
IP) buffer containing 50 mM HEPES, 150 mM NaCl, 1 mM EDTA, 0.1%
(v/v) Nonidet P-40, 1 mM sodium orthovanadate, 1 mM sodium fluoride
and the Roche protease inhibitor cocktail. Lysates were then centrifuged
at 18,000 g (12000 RPM) at 4 °C for 20 min. To confirm protein
expression, lysates were then mixed with 1 x sample loading buffer
containing (5xSLB: 70 ml glycerol, 30 ml ddH20, 2.5 g of SDS, 0.606 g of
tris base with 5-6% p-mercaptoethanol) and were resolved on a 10%
SDS-PAGE gel, transferred to a PVDF membrane, which was blocked in a
blocking buffer containing 5% BSA in 10 mM PBS/TBS with 0.1%
Tween20 for 2 h at room temperature. Membranes were washed three
times with washing buffer containing 10 mM PBS with 0.1% Tween20.
Following this, the membranes were incubated in either anti-GAPDH
(SCBT: SC-47724, 1:1000) or anti-FLAG (Sigma: A2220, 1:1000) and
incubated for 12-16 h at 4 °C. Following this, the blots were washed
three times with washing buffer. The blots were then labelled with
secondary antibodies in blocking buffer using the following HRP-
conjugated secondary antibodies: anti-mouse 1:10,000 (ThermoFisher:
Cat No. A27025) or anti-rabbit 1:2000 (ThermoFisher: Cat No. 31460).

To perform the IP, lysates were precleared for 2 h at room temper-
ature on an upright tube rotor with 25 ul of recombinant protein G-
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Sepharose beads (Invitrogen Cat no. 101242) pre-blocked with BSA. The
beads were precipitated by centrifugation at 1000 g (3000RPM) for 5
min at 4 °C, then the supernatant was transferred into a fresh tube. The
beads from the precleared lysates (designated as control beads) were
then used as control beads to identify proteins that bind to the beads
themselves. 5 pg of anti-Flag antibody (Sigma Cat no. A2220) was added
to the supernatant and samples were incubated at 4 °C for 1 h on an
upright tube rotor. 25 pl of pre-blocked recombinant protein G-
Sepharose beads were then added, and incubated overnight on an up-
right tube rotor at 4 °C. Following this, beads were precipitated by
centrifugation at 1000 g (3000RPM) for 5 min at 4 °C. Following this,
the beads were washed in a wash buffer containing 50 mM HEPES, 150
mM NaCl, 1 mM EDTA, 0.1% (v/v) (IGEPAL) Nonidet P-40, 1 mM so-
dium orthovanadate, 1 mM sodium fluoride and cocktail protease in-
hibitors, and then centrifuged at 1000 x g (3000 RPM) for 5 min at 4 °C,
this was repeated three times to ensure removal of any unbound proteins
from the beads. After the third wash, the wash buffer was removed and
50 pl of Co-IP lysis buffer was added. Following this, 1x sample loading
buffer (5 x sample loading buffer containing 70 ml glycerol 30 ml water
with 0.2 g of bromophenol blue, 2.5 g sodium dodecyl sulphate, 0.606 g
of Tris base with 5-6% v/v B-mercaptoethanol) was added, and the
samples were boiled at 95 °C for 5 min. The control beads from the
preclearing step were processed in the same way. The boiled IP samples
and control samples were resolved on an 10% SDS-PAGE gel and once
the dye front had migrated to 2 cm of the resolving gel, the electro-
phoresis was stopped, the gel lanes were excised using a sterile surgical
blade and stored in sterile distilled deionized water for label-free mass
spectrometry, following confirmation of pulldown using western blot-
ting as described above.

2.4. Label-free mass spectrometry

The excised gel lanes from the immunoprecipitation were shipped to
the Centre of Excellence for Mass Spectrometry in King’s College London
(London, UK) for analysis. Proteins were extracted from the excised gel
lanes, the proteins were subjected to digestion with trypsin, then passed
through a U3000 UHPLC Nano LC system for chromatography. Peptides
were resolved using a three-step linear gradient consisting of 80%
acetonitrile in 0.1% formic acid. The peptide elution was performed at a
flow rate of 250 nl/min over 60 min. Electrospray ionisation was per-
formed on an Orbitrap Fusion Lumos system (ThermoFisherScientific,
UK) with an Xcalibur v4.3. The Orbitrap method was set to a 3-s time
cycle between a full MS scan and an MS/MS fragmentation. The ac-
quired raw mass spectrometry data were analysed using Proteome
Discoverer v2.5 (ThermoScientific) and the peptide search was per-
formed using Mascot and Sequest search engines on the Uniprot Human
Taxonomy databases (50,351 entries), with the search stringency fixed
at a 1% false discovery rate. From the resulting data, proteins that
uniquely bind to ZNHIT1 were obtained by excluding proteins that
bound to the Control beads from the preclear step of the immunopre-
cipitation and excluding any immunoglobulins used in the IP.

2.5. Immunocytochemistry

For immunocytochemistry, the media was removed and the cells
were washed in 10 mM phosphate-buffered saline (PBS) and then fixed
by immersion in 4% paraformaldehyde for 25 mins at room tempera-
ture. Following removal of the fixative, the cells were washed in three
times for 5 min per wash in 0.02% Triton X-100 in 10 mM PBS (PBS-T).
The cells were then incubated in 5% bovine serum albumin (BSA) in 10
mM PBS-T for 1 h at room temperature to block non-specific binding
before they were incubated in primary antibody against ZNHIT1
(Thermo Fisher # PA5-53,903; 1:500) or FLAG (Sigma # A2220; 1:200),
diluted in 1% BSA in 10 mM PBS at 4 °C for 16 h. Following three 5-min
washes in 10 mM PBS-T, cells were incubated in 594-conjugated Alexa
Fluor® secondary antibody (Invitrogen; 1:500 A11005 or A11012) in
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1% BSA in 10 mM PBS, overnight at 4 °C, wash three times for 5 mins per
wash in PBS-T, before they were imaged using an Olympus IX71
inverted microscope.

2.6. Immunohistochemistry on human brain samples

Immunohistochemical staining was performed on formalin-fixed
paraffin-embedded coronal sections through the human midbrain from
PD cases and healthy age-matched controls. The tissue and associated
clinical and neuropathological data were supplied, with full ethical
approval, by Parkinson’s UK Brain Bank at Imperial College London,
funded by Parkinson’s UK, a charity registered in England and Wales
(258197) and in Scotland (SC037554). Sections were dewaxed in Cit-
roclear, rehydrated through a descending ethanol gradient (100%, 90%,
70%), then an antigen retrieval step was performed by incubation in
0.01 M sodium citrate buffer solution, pH 6.4, for 10 min at 90 °C.
Sections were washed three times for 5 min in tris-buffered saline con-
taining 0.02% Triton-X100. Non-specific staining was blocked by incu-
bation in 10% goat serum diluted in 1.2% tris-buffered saline (TBS) for 1
hr. Sections were incubated in a solution of primary antibody in TBS
containing 1% goat serum for 48 h at 4 °C. The following primary an-
tibodies were used for immunofluorescent double-labelling; tyrosine
hydroxylase (TH; 1:500; Merk Millipore; AB318) and ZNHIT1 (1:500;
Thermofisher; PA5-53903). Following primary antibody incubation,
sections were washed three times for 5 min in TBS, then incubated in
solution of secondary antibody in 1% goat serum in TBS overnight at
room temperature. For fluorescence staining, Alexa Fluor 488- or 594-
conjugated secondary antibodies were used (1:500; Invitrogen). Sec-
tions were washed three times in TBS and nuclei were stained by incu-
bation in DAPI (Sigma; 1:3000) solution for 5 min in the dark, followed
by three TBS washes, then cover-slipped using fluorescent mounting
media (Dako Diagnostics). Images were taken using an Olympus BX53
Upright Microscope.

2.7. Bioinformatics analysis

The list of proteins that were identified as interacting partners of
ZNHIT1 from the proteomics experiment was used to generate a protein-
protein interaction network using the STRING platform. Gene ontology
(GO) enrichment analysis was performed using Panther (http://pan-
therdb.org; Version 17.0). An enrichment was deemed significant at a
false discovery rate (FDR) adjusted p value of (p < 0.05).

3. Results

3.1. Expression and cellular localisation of ZNHIT1 in the adult human
brain

We first investigated the expression of ZNHIT1 transcripts in the
adult human brain, using available gene expression data (Gene expres-
sion Omnibus: GSE60863; (Ramasamy et al., 2014b)) for multiple re-
gions of the adult human brain from neuropathologically and
neurologically normal individuals. This analysis showed that the highest
levels of ZNHIT1 expression were found in the SN (mean log2 expression
= 7.60 + 0.026), followed by the putamen (mean log2 expression =
7.47 £ 0.017), with the lowest levels of ZNHIT1 in the cerebellar cortex
(mean log2 expression = 6.72 + 0.026) (Fig. 1A). We next interrogated
ZNHIT1 expression at the protein level using the Human Protein Atlas,
which revealed that ZNHIT1 was strongly expressed in neuronal cells
(Fig. 1B, C). This also revealed that, in addition to the expected strong
expression in the nucleus, ZNHIT1 was also expressed, albeit at lower
levels, in the cytoplasm and neurites of neurons (Fig. 1C, D). Given these
findings, we next aimed to identify ZNHIT1-interacting proteins in a
cellular model using immunoprecipitation of ZNHIT1, followed by
label-free mass spectrometry.
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Fig. 2. Immunoprecipitation of FLAG-tagged ZNHIT1 in SH-SY5Y cells.
(A, B) Representative photomicrographs of SH-SY5Y cells transfected with 500 ng of a plasmid expressing either FLAG (Addgene #31,385) or N-terminal FLAG-
tagged ZNHIT1 (Addgene #15,332), together with a plasmid expressing GFP, and immunocytochemically stained for (A) FLAG or (B) ZNHIT1, to show co-
localisation with GFP at 72 h post-transfection. (C, D) Western blots showing (C) ZNHIT1 or (D) GAPDH expression in SH-SY5Y cells at 24 h after transfection
with 2 ug of a plasmid expressing FLAG-ZNHIT1 (Addgene plasmid #15332). (E) Western blotting showing successful pulldown of FLAG-ZNHIT1 using anti-FLAG
antibodies at 24 h post-transfection. The full uncropped version of the Western blots are available in supplementary Figure 1.
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Fig. 1. Expression and cellular localisation of
ZNHIT1 in the adult human brain.

(A) Table showing the mean + SEM of log2
expression values for ZNHIT1 in seven distinct
regions of the human brain. Raw data was ob-
tained from the Gene Expression Omnibus
GSE60863 and analysed using the R2: Geno-
mics analysis and visualisation platform
(https://hgserverl.amc.nl/cgi-bin/r2/main.
cgi). (B) Image showing ZNHIT1 expression in
the human cerebral cortex. (C) Table showing
quantification of ZNHIT1 staining in different
cell types in the human cerebral cortex. (D)
Image and tracing of a single neuron showing
relative ZNHIT1 staining intensity in different
compartments of a neuron in the human cere-
bral cortex (+++ = high, ++ = moderate, + =
low). Image credits: Human Protein Atlas v. The
image of ZNHIT1 staining and the accompa-
nying data on the quantification of ZNHIT1
staining intensity in the human cerebral cortex
can be found here: v2l.proteinatlas.org/
ENSG00000106400-ZNHIT1/tissue/cere-
bral+cortex#img. Scale bar in (B) = 50 um and
in (D) = 25 um.

-—wn < |gG
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3.2. Establishment of a FLAG-tagged ZNHIT1 immunoprecipitation assay
in SH-SY5Y cells

To identify ZNHIT1 binding partners, we used SH-SY5Y cells which
are widely used in the study of molecular signalling pathways of rele-
vance to PD (Xicoy et al., 2017). SH-SY5Y cells were transfected with
plasmids expressing either FLAG (as a control) or N-terminal
FLAG-tagged ZNHIT1, together with a plasmid expressing GFP to iden-
tify the transfected cells. Immunocytochemistry showed the
co-localisation of GFP and the FLAG tag, which confirmed
co-transfection of GFP with FLAG or N-terminal FLAG-tagged ZNHIT1
(Fig. 2A). In agreement, immunocytochemistry confirmed that
GFP+ cells also expressed high levels of ZNHIT1 (Fig. 2B). We next
performed Western blotting using protein extracts from cells transfected
with either FLAG or FLAG-tagged ZNHIT1 and then carried out an
immunoprecipitation using anti-FLAG antibodies. Western blotting for
GAPDH confirmed equal protein expression in both groups (Fig. 2C, D),
while immunoprecipitation confirmed successful pull-down of
FLAG-tagged ZNHIT1 (Fig. 2E). This data confirmed the successful
immunoprecipitation of ZNHIT1 from SH-SY5Y cells.

3.3. Proteomics analysis identifies ZNHIT1-interacting proteins that are
associated with ATP generation and mitochondrial function

To identify ZNHIT1-interacting proteins, proteins were extracted
from the excised gel lanes from the immunoprecipitation and were
analysed by label-free mass spectrometry. The resulting peptides were
identified using Mascot and Sequest search engines against Uniprot
Human Taxonomy databases. An FDR of 1% was used to identify unique
peptides mapping to a specific protein. This analysis identified 25
ZNHIT1-interacting proteins (Table 1). We next examined this list of
ZNHIT1-interacting proteins to determine if it contained any proteins
that might be candidates involved in the regulation of mitochondrial
function. The list included mitochondrial proteins such as ‘ATP synthase
subunit alpha, mitochondrial’ (UniProtKB - P25705) and ‘ATP synthase
subunit beta, mitochondrial’ (UniProtKB - P06576), which are important
for the production of ATP. This suggested the ZNHIT1-interacting pro-
teins may be enriched in those associated with mitochondrial function,
therefore we investigated this further using a bioinformatics approach.

3.4. Bioinformatics analysis indicates that ZNHIT1-interacting proteins
are significantly enriched in proteins associated with mitochondrial
function

To investigate this further, we performed a number of enrichment
analyses using the Panther classification system (http://pantherdb.org;
Version 17.0), to identify functional categories overrepresented in the
list of ZNHIT1-interacting proteins. GO enrichment analysis revealed a
statistically significant overrepresentation of genes associated with the
multiple GO categories associated with mitochondrial function,
including ‘mitochondrial transport’ (GO: 0006839; FDR = 1.47 ><10'02),
‘mitochondrial  proton-transporting ATP synthase, catalytic core’
(GO:0005754; FDR = 2.06 x10°%) and ‘ATP-dependent activity’
(GO:0140657; FDR = 2.31 x10%) (Table 2). Furthermore, there was a
statistically significant overrepresentation of proteins associated with
two Panther pathways, ie. ‘Parkinson’s disease’ (P00049; FDR =
1.39 x10°%%) and ‘ATP synthesis’ (P02721; FDR = 2.92 x10°°%) (Table 2).
We sought to gain further insight by generating a protein—protein
interaction (PPI) network using STRING (https://string-db.org), to
determine if there were biological relationships among the list of pro-
teins that were found to interact with ZNHIT1. We used an interaction
score of 0.4, which is a ‘medium confidence’ setting. The resultant PPI
network generated with the ZNHIT1-interacting proteins had 22 nodes
and 18 edges (observed = 18; expected = 6, from a random list of the
same size), with a PPI enrichment p-value of 7.65 x 1079 (Fig. 3). This
PPI network analysis indicated that ZNHIT1-interacting proteins are
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Table 1
Proteomics analysis showing the list of ZNHIT1-interacting proteins.

Uniprot ID Accession Protein name Symbol

043257 ZNHIT1_HUMAN Zinc finger HIT domain- ZNHIT1
containing protein 1

P62258 1433E_HUMAN 14-3-3 protein epsilon YWHAE

P27348 1433T_ HUMAN 14-3-3 protein theta YWHAQ

P25705 ATPA_ HUMAN ATP synthase subunit ATPS5F1A
alpha, mitochondrial

P06576 ATPB_HUMAN ATP synthase subunit beta, ATP5F1B
mitochondrial

Q9UuQM7 KCC2A_HUMAN Calcium/calmodulin- CAMK2A
dependent protein kinase
type II subunit-a

Q9UBG3 CRNN_HUMAN Cornulin CRNN

P14625 ENPL_HUMAN Endoplasmin HSP90B1

P02751 FINC_ HUMAN Fibronectin FN1

075369 FLNB_HUMAN Filamin-B FLNB

P05062 ALDOB_HUMAN Fructose-biphosphate ALDOB
aldolase B

P17066 HSP76_HUMAN Heat shock 70 kDa protein ~ HSPA6
6

P54652 HSP72_ HUMAN Heat shock-related 70 kDa HSPA2
protein 2

AOA075B6P5 KV228 HUMAN Immunoglobulin kappa IGKV2-28
variable 2-28

AOA087WW87 KV240_HUMAN Immunoglobulin kappa IGKV2-40
variable 2-40

Q2M215 K1C24_ HUMAN Keratin, type I cytoskeletal KRT24
24

Q77406 MYH14_ HUMAN Myosin-14 MYH14

P41219 PERI_ HUMAN Peripherin PRPH

POCG39 POTEJ_HUMAN POTE ankyrin domain POTEJ
family member J

Q7L014 DDX46_HUMAN Probable ATP-dependent DDX46
RNA helicase DDX46

AOA075B6R9 KVD24 HUMAN Probable non-functional IGKV2D-
immunoglob. k variable 24
2D-24

Q02383 SEMG2_HUMAN Semenogelin-2 SEMG2

015020 SPTN2_ HUMAN Spectrin beta chain, non- SPTBN2
erthyrocytic 2

P31629 ZEP2 HUMAN Transcription factor HIVEP2
HIVEP2

P68366 TBA4A_ HUMAN  Tubulin alpha-4A chain TUBA4A

biologically connected, and that Heat Shock Protein 90 Beta Family
Member 1 (HSP90B1), which is an ATP-metabolising molecular chap-
erone with roles in stabilising and folding of other proteins (Lackie et al.,
2017), may be a potential hub protein. Collectively, these data show that
ZNHIT1-interacting proteins are enriched in those regulating ATP pro-
duction and mitochondrial function and support the suggestion that
ZNHIT1 can bind to cytoplasmic proteins that affect mitochondrial
function.

3.5. Alterations in co-expression of ZNHIT with the dopaminergic
markers TH and ALDH1A1 in the PD SN

Gene co-expression analysis is an bioinformatics approach used to
study disease genes of interest (van Dam et al., 2018; Yin et al., 2021),
based on the principle that the co-expression patterns of genes that
normally have a coordinated pattern of co-expression can be lost in
disease states (Torkamani et al., 2010; Zhang et al., 2013; Southworth
et al.,, 2009). We examined the co-expression of ZNHITI with the
dopaminergic markers TH and ALDHIAI in the SN of age- and
gender-matched control (n = 8) and PD (n = 15) samples (GSE49036)
(Dijkstra et al., 2015). In control samples, ZNHIT] expression was
significantly correlated with that of TH (r = 0.874, p = 0.0046) and
ALDH1A1 (r = 0.740, p = 0.036) (Fig. 4A). In contrast, the correlation
of ZNHIT1 with TH (r = 0.234, p = 0.401) and ALDH1A1 (r = 0.290,
p = 0.295) was lost in the PD samples (Fig. 4B). To further investigate
this, we also stained brain sections control and age-matched PD SN
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Table 2
Gene ontology categories that are overrepresented in the list of ZNHIT1-
interacting proteins identified in the proteomics analysis.

GObp term GO biological process n +/- p FDR
D (GObp) value
GO: 0009408  response to heat 4 + 6.62E- 3.46E-
06 02
GO: 0006839  mitochondrial transport 5 + 1.88E- 1.47E-
06 02
G0:0006996 organelle organisation 15 + 1.73E- 2.72E-
06 02
GOcc term GO cell compartment n +/- p FDR
ID (GOcc) value
GO0:0005754 mitochondrial proton- 2 + 9.16E- 2.06E-
transporting ATP synthase, 06 03
catalytic core
G0:0045098 type IIl intermediate filament 2 + 2.29E- 4.63E-
05 03
G0:0070062 extracellular exosome 17 + 1.83E- 1.83E-
11 08
GOmf term GO molecular function n +/- p FDR
D (GOmf) value
G0:0140657 ATP-dependent activity 7 + 4.72E- 2.31E-
06 02
Panther pathway Panther pathway n + /- pvalue FDR
ID name
P00049 Parkinson’s disease 7 4+ 8.71E- 1.39E-
06 03
P02721 ATP synthesis 2+ 5.48E- 2.92E-
05 03

samples for ZNHIT1 and TH. While TH+ neurons expressed ZNHIT1 in
control brain samples, this was reduced in the PD samples (Fig. 4 C).
Therefore the reductions in ZNHIT1 are consistent with impaired ability
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for ATP generation in the SN in PD, given our previous report showing
that ZNHIT1 overexpression increases ATP production (McCarthy et al.,
2022).

4. Discussion

We have previously shown that ZNHIT1 overexpression was suffi-
cient to prevent a-synuclein-mediated dysregulation of mitochondrial
respiration and neurite growth, and to increase cellular ATP (McCarthy
et al., 2022). This provided proof for a functional role of ZNHIT1 in
neuronal growth and in the regulation of cellular bioenergetic state, and
suggested that ZNHIT1 may be a therapeutic target for PD. However
there is limited information about ZNHIT1 expression in the human
brain and it is important to investigate this. Here we show that ZNHIT1
is expressed in multiple brain regions, with the highest level of expres-
sion in the SN. In agreement, semiquantitative RT-PCR analysis of
human tissue has previously shown that the highest levels of ZNHIT1
expression are in the foetal and adult brain, followed by the kidney,
heart and spleen (Cuadrado et al., 2007). Further analysis in our study
revealed that ZNHIT1 expression is strongest in neurons and is primarily
concentrated in the nucleus but is also present in the cytoplasm. This
agrees with a previous study showing perinuclear distribution of
ZNHIT1 in the nucleus of transfected Hela and HepG2 cancer cells
(Wang et al., 2007). Furthermore, endogenous ZNHIT1 has been shown
to localise to the nucleus in mouse embryonic fibroblasts (Cuadrado
et al., 2007). This is consistent with data showing that ZNHIT1 functions
within the nucleosome as a core component of the SRCAP
chromatin-remodelling complex to mediate H2A.Z exchange in the
regulation of transcriptional activation in mouse (Cuadrado et al., 2010)
and neuronal cellular models (McCarthy et al., 2022). Collectively, these
data show that ZNHIT1 is expressed in the nucleus of neurons but also

YWHAE

POTE)

SPTBN2

-/

Fig. 3. Protein-protein interaction network analysis indicates that ZNHIT1-interacting proteins are biologically connected as a group. This protein-protein inter-
action (PPI) network was generated from the list of ZNHIT1-interacting proteins, using the STRING platform (https://string-db.org).
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Healthy controls Parkinson's disease

T

Fig. 4. Alterations in co-expression of ZNHIT with the dopaminergic markers TH and ALDHIA]1 in the PD SN. Raw data were derived from dataset GSE49036, and the
R2 microarray platform was used to analyse the co-expression of ZNHIT1 in control and PD samples. (A, B) Linear regression analysis showing correlations between
ZNHIT1 and TH or ALDH1A1 in (A) Control (n = 8) and (B) PD samples. The r and associated p values are shown on each graph. (C) Representative photomicrographs
of TH and ZNHIT1 immunostaining (white arrows) in the SN in post-mortem sections of control and PD human brains. Scale bar = 100 um.

that ZNHIT1 is expressed, albeit at lower levels, in the cytoplasm,
indicating that ZNHIT1 may also function outside of the nucleus.

To investigate this further, we identified potential interacting part-
ners of ZNHIT1. Our analysis identified 25 ZNHIT1-interacting proteins.
Having obtained this list of proteins, we next performed a GO enrich-
ment analysis to identify any significant functional enrichments in this
interactome. This revealed that the ZNHIT1-interacting proteins were
involved in mitochondrial transport, mitochondrial protein transporting
ATP synthesis, ATP synthesis and in pathways associated with PD. These
findings agree with our previous data showing that ZNHIT1 regulates
ATP synthesis in SH-SY5Y cells (McCarthy et al., 2022). In support of
this, other studies have revealed a regulatory role for ZNHIT1 in gene
expression associated with mitochondrial function during prenatal heart
development (Xu et al., 2021b). Moreover, ZNHIT1 knockout (KO-ZN-
HIT1) mice show reduced ATP synthesis as a consequence of reduced
embryonic expression of several mitochondrial proteins in cardiac
myocytes (Xu et al., 2021b). Although that study reported reductions in
the expression of several mitochondrial proteins, here we found that
ZNHIT1 protein interacts with ATP-synthase5A1 and ATPS5B. This
protein-protein interaction could provide a mechanism for
extracellular-mitochondrial roles of ZNHIT1. Both ATP5A1 and ATP5B
form an integral part of mitochondrial ATP synthesis complex V
(Jonckheere et al., 2012). Thus if ZNHIT1 protein interacts with mito-
chondrial complex V, it could play a regulatory role in mitochondria.
The mitochondrial complex V (consisting of ATPA1A and ATPB5) and its
interaction with ZNHIT1 could be crucial for ATP synthesis, since
complex V is the ATP-synthesising machinery (Jonckheere et al., 2012;
Hamacher-Brady and Brady, 2016). This is consistent with our previous
study which reported increased ATP synthesis as a consequence of
ZNHIT1 overexpression (McCarthy et al., 2022), as well as with the
study by Xu and colleagues showing a decrease in ATP synthesis due to
ZNHIT1 knockout (Xu et al., 2021b). Collectively, these data suggest
that ZNHIT1 protein may play an extranuclear-mitochondrial role in
regulating mitochondrial complex V and ATP synthesis.

In support of this, our study also identified several other interacting
partners of ZNHIT1, which regulate mitochondrial respiration.
Furthermore, our STRING PPI analysis revealed HSP90B1 as a potential
hub protein. Interestingly, a link to PD comes from a study showing that
transcripts for HSP90B1 mRNA levels are upregulated in post-mortem
brain sections from patients with PD or dementia with Lewy bodies

(Bohush et al., 2019). That study also found that HSP90B transcripts
were upregulated in Lewy-positive neurons in frontal and temporal
cortex of PD brains, and in the Lewy-positive neurons in the SN of de-
mentia with Lewy bodies brains, and the authors suggest a potential
neuroprotective role for HSP90B1 in these diseases (Bohush et al.,
2019). Huang et al. reported an increase in HSP90B1 expression in
MN9D dopaminergic cells that had been exposed to the neurotoxin
MPP " (Huang et al., 2013). In addition, silencing of regulated endocrine
specific protein 18 (RESP18), which is a negative regulator of HSP90B1,
reduced cell death in MPP+-treated MN9D cells, through the upregu-
lation of HSP90B1 (Huang et al., 2013). HSP90BI1 is known to prevent
a-synuclein aggregation and to deter pathological progression in
SH-SY5Y models of PD, by increasing the solubility of a-synuclein
oligomers (Daturpalli et al., 2013). Furthermore, HSP90B1 is a known
interacting partner of Leucine rich repeat kinase (LRRK)2 (Ko et al.,
2009), and in the LKRR2 G2019S midbrain organoid model of PD,
HSP90BI1 protein levels were significantly reduced (Zagare et al., 2022).
In addition, HSP90B1 levels have been found to be upregulated
following treatment of PD patient-derived fibroblast cells with the
anti-oxidant, resveratrol (Vergara et al., 2017).

In our study, we assessed the expression of HSP90B1 in human brain
and found that in normal post-mortem SN samples, HSP90B1 mRNA,
like that of ZNHIT1, was highest in the SN. Their co-expression in these
brain regions hints at a possible functional association between ZNHIT1
and HSB90B1 in vivo, which potentially puts their interaction into
context in the human SN. Since the expression of ZNHIT1 restores
mitochondrial functioning in cellular models of PD (McCarthy et al.,
2022), and expression of HSP90B1 deters the progression of PD pa-
thology by enhancing the solubility of a-synuclein oligomers, this pre-
sents a potential role for dysfunction of ZNHIT1 and HSP90BL1 in the
molecular pathology involved in PD (Daturpalli et al., 2013). To study
this further, we investigated whether the gene co-expression patterns of
ZNHIT1 and the dopaminergic markers TH and ALDHI1A1 were altered
in the SN of control and PD samples. The rational was that co-expression
patterns break down in disease states, and such broken correlations can
indicate functional misregulation (Torkamani et al., 2010; Zhang et al.,
2013; Southworth et al., 2009). Our gene co-expression analysis
revealed a significant correlation between ZNHITI and both TH and
ALDH1A1 in control samples, and this correlation was lost in PD. This is
suggestive of a functional dysregulation of ZNHIT1 in PD.
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In summary, ZNHIT1 has been shown to promote mitochondrial
function and ATP production (McCarthy et al., 2022; Xu et al., 2021b).
Here we build on these reports by performing a combined proteomics
and bioinformatics analysis, which revealed that ZNHIT1-interacting
proteins are significantly enriched in those associated with mitochon-
drial function and ATP synthesis. This is consistent with previous studies
indicating a neuroprotective role for ZNHIT1 against a-synuclein-in-
duced mitochondrial dysfunction in PD (McCarthy et al., 2022). Our
results suggest that ZNHIT1 may mediate its neuroprotective effects
through an interaction with mitochondrial proteins in the cytosol of
dopaminergic neurons in the SN. Our gene co-expression studies suggest
a functional misregulation of ZNHIT1 in PD, which may result in func-
tional misregulation of its mitochondrial interacting proteins in the
cytoplasm, leading to mitochondrial dysfunction that is typically seen in
PD. These findings rationalise the continued study of the nuclear and
extra-nuclear effects of ZNHIT1 in the regulation of mitochondrial
function, in the context of development of neuroprotective therapies for
PD.
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