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A B S T R A C T   

CDKL5 deficiency disorder (CDD) is a rare neurodevelopmental disorder caused by pathogenic variants in the 
Cyclin-dependent kinase-like 5 (CDKL5) gene, resulting in dysfunctional CDKL5 protein. It predominantly affects 
females and causes seizures in the first few months of life, ultimately resulting in severe intellectual disability. In 
the absence of targeted therapies, treatment is currently only symptomatic. CDKL5 is a serine/threonine kinase 
that is highly expressed in the brain, with a critical role in neuronal development. Evidence of mitochondrial 
dysfunction in CDD is gathering, but has not been studied extensively. We used human patient-derived induced 
pluripotent stem cells with a pathogenic truncating mutation (p.Arg59*) and CRISPR/Cas9 gene-corrected 
isogenic controls, differentiated into neurons, to investigate the impact of CDKL5 mutation on cellular func-
tion. Quantitative proteomics indicated mitochondrial defects in CDKL5 p.Arg59* neurons, and mitochondrial 
bioenergetics analysis confirmed decreased activity of mitochondrial respiratory chain complexes. Additionally, 
mitochondrial trafficking velocity was significantly impaired, and there was a higher percentage of stationary 
mitochondria. We propose mitochondrial dysfunction is contributing to CDD pathology, and should be a focus for 
development of targeted treatments for CDD.   

1. Introduction 

CDKL5 Deficiency Disorder (CDD; OMIM 300203, 300672) is an X- 
linked disorder causing severe, early-onset and difficult to control sei-
zures leading to permanent and irreversible gross motor impairment, 
and severe intellectual disability, with an incidence of 
1:40,000–1:60,000 live births (Olson et al., 2019). Disease-causing 
mutations in the Cyclin Dependent Kinase-Like 5 (CDKL5) gene are 
the cause of CDD, and were originally identified in individuals who were 

believed to have a Rett Syndrome clinical phenotype (Weaving et al., 
2004). However, it was subsequently recognized that CDD is an inde-
pendent clinical disorder (Fehr et al., 2013), and the number of children 
diagnosed with CDD continues to rise. The impact of CDD on affected 
children, their families and the health system is profound, where severe 
seizures (Evans et al., 2005) result in a decline in motor, cognitive, and 
behavioural ability (Fehr et al., 2015, Fehr et al., 2016a, 2016b). 

The CDKL5 protein is critical for the proper development and 
maturation of the brain (Fichou et al., 2011; Williamson et al., 2012), 
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and is most abundant in the forebrain, cerebral cortex, hippocampus, 
striatum and olfactory bulb (Kilstrup-Nielsen et al., 2012; Wang et al., 
2012). At the cellular level, CDKL5 is present in both glutamatergic and 
GABAergic neurons, with no apparent expression in glial cells (Rusconi 
et al., 2008; Rusconi et al., 2011). It has been found that expression 
increases during neuronal maturation (Ricciardi et al., 2012; Valli et al., 
2012). 

CDKL5 is a critical protein kinase that modulates key phosphoryla-
tion events on target proteins to alter activity (Baltussen et al., 2018; 
Munoz et al., 2018). CDKL5 phosphorylates serine or threonine residues 
in the motif of amino acids RPX(S/T) [A/G/P] (Baltussen et al., 2018; 
Nasr et al., 2018). The large C-terminal region is vital for nuclear- 
cytoplasmic translocation (Lin et al., 2005; Bertani et al., 2006), and is 
believed to potentially refine kinase specificity (Canning et al., 2018). 

At the subcellular level, CDKL5 can actively shuttle between the 
nucleus and cytoplasm, with specific functions at each site (Rusconi 
et al., 2008). In the nucleus, CDKL5 directly interacts with and phos-
phorylates two proteins that regulate DNA methylation; MeCP2 (Mari 
et al., 2005; Bertani et al., 2006; Williamson et al., 2012) and DNA 
methyltransferase 1 (Kameshita et al., 2008). CDKL5 is also present in 
the cytoplasm, in neuronal growth cones (Rusconi et al., 2008; Barbiero 
et al., 2017), and regulates actin dynamics (Chen et al., 2010), synaptic 
vesicle endocytosis, excitatory synaptic stability, neurite outgrowth and 
dendritic spine development (Chen et al., 2010; Zhu et al., 2013). 
Conversely, a lack of CDKL5 expression impairs dendritic branching, 
and neuronal circuit connectivity is disrupted (Ricciardi et al., 2012; 
Wang et al., 2012; Amendola et al., 2014; Fuchs et al., 2014). 

In the cytoplasm, CDKL5 regulates neuronal architecture proteins 
including those forming microtubules and the actin cytoskeleton. The 
first handful of validated CDKL5 physiological phosphorylation targets 
(MAP1S, EB2, ARHGEF2, CEP131 and DLG5) have revealed new func-
tions of CDKL5 in microtubule dynamics and assembly, polarity, cell 
signaling and cilium regulation (Baltussen et al., 2018; Munoz et al., 
2018). Cargo transport movement in neurons is regulated by the 
microtubule network, where post-translational modifications to the 
cytoskeleton such as phosphorylation or acetylation can affect synaptic 
activity (Janke and Kneussel, 2010). Therefore, in addition to the 
established role of CDKL5 in maintaining correct neuronal architecture, 
there is an emerging role of the importance of CDKL5 in regulating 
neuronal microtubule dynamics and cargo transport. 

Of note, movement of cargo along the cytoskeletal network is an 
energetically demanding process heavily reliant on efficient mitochon-
drial energy production. Emerging evidence points to impaired mito-
chondrial function in CDD. Both a mouse model of CDD (Vigli et al., 
2019; Carli et al., 2021) and human iPSC-derived neural progenitors 
(Jagtap et al., 2019) showed impairment of mitochondrial bio-
energetics. However, this has not been explored in detail. To study the 
underlying biology of CDKL5 disorder, we generated human iPSC- 
derived neurons from a male patient with a truncating CDKL5 muta-
tion (p.Arg59*) as well as CRISPR-Cas-9 gene-corrected isogenic con-
trols. Using this cell model, we report impaired mitochondrial function 
and transport in CDKL5-deficient human neurons. 

2. Methods 

2.1. Patients 

All procedures followed were in accordance with the ethical stan-
dards and approved by the human research ethics committee of the 
respective participating institutes and in accordance with the Helsinki 
Declaration of 1975, as revised in 2000. Written informed consent was 
obtained from the parents individually and on behalf of their children. 

2.2. Cell culture 

Primary cultures of fibroblasts were established from skin biopsies 
and were cultured in basal medium (high-glucose DMEM (Gibco) with 
10% fetal bovine serum (Gibco), 100 units/mL penicillin, and 100 μg/ 
mL streptomycin) at 37 ◦C with 5% CO2 as previously described (Fowler, 
1984; Freshney et al., 2016). CDKL5 fibroblast lines were all from male 
patients and carried either the c.175C>T variant (4 year old male at the 
time of collection), c.183delT variant (16 year old male at the time of 
collection) or c.424_425insTA variant (2 year old male at the time of 
collection). All fibroblast control cell lines and samples were from pae-
diatric individuals without any suspected genetic disorders (2 month old 
female, 2 year old male, 15 year old male, <16 year old female at the 
time of collection). 

Human osteosarcoma cells 143B.TK- (National Institute of General 
Medical Sciences, Human Genetic Cell Repository) were cultured under 
standard conditions (37 ◦C, 5% CO2) in Basal Medium Eagle (BME) 
supplemented with 10% fetal calf serum (FCS), L-glutamine, 20 mM 
HEPES, an additional 90 μM pyruvate and 45 μM uridine. 143B.TK- cells 
devoid of mitochondrial DNA (143B.TK− ρ0 cell line) were previously 
generated (Trounce et al., 1994) and were a kind gift from Prof. Ian 
Trounce. 

2.3. Reprogramming and generation of isogenic gene-corrected control 
iPSC by CRISPR/Cas9 editing 

The CDKL5 mutation c.175C>T p. (Arg59*) was present in skin fi-
broblasts collected from a previously described male CDD patient (Fehr 
et al., 2013). Fibroblasts (passage <6) were reprogrammed into iPSC, 
and at the same time the pathogenic mutation was corrected using 
CRISPR/Cas9 gene editing as previously described (Howden et al., 2015; 
Howden et al., 2018). A repair template comprising approximately 0.3 
kb and 0.65 kb homology arms flanking the patient-specific mutation 
(C>T; mutation shown in red and correction in repair template shown in 
green, highlighted in blue in the Sanger sequence, Fig. 1A) was cloned 
into the pSMART-HCKan plasmid vector. A synonymous 3 base pair 
change was incorporated to act as a Cas9-blocking mutation and to 
facilitate the identification of targeted clones. The episomal-based 
reprogramming vectors and CRISPR-Cas9 were used to generate gene- 
corrected, isogenic matched uncorrected control iPSC lines efficiently 
and accurately following a single electroporation of patient fibroblasts. 
The gene editing approach used a small plasmid encoding a U6 
promoter-driven small guide RNA, pSMART-HCKan carrying the tem-
plate for homology-directed repair and mRNA encoding S. pyogenes Cas9 
fused to a Geminin peptide. The SpCas9-Gem fusion protein is degraded 
during the G1 phase of the cell cycle, minimizing non-homologous end- 
joining, resulting in gene-corrected human iPSC lines in about 2 weeks 
without drug selection or unwanted insertions or deletions (Howden 
et al., 2018). The repair template was specific to the c.175C>T muta-
tion, and also introduced two synonymous SNPs to aid in genotyping 
(Fig. 1A). 

2.4. sgRNA validation and cutting efficiency 

1 × 106 CDKL5 c.175C>T patient fibroblasts were transfected with 2 
μg of sgRNA plasmid into patient fibroblasts along with 5 μg of wtCas9 
plasmid using the Neon Transfection system. Cells were harvested 48 h 
post electroporation and gDNA extracted. PCR amplification of the 
CDKL5 target region was performed using primers that flank the patient- 
specific mutation (5′-gaagtactcaaagcagaagg-3′ and 5′-gccatattagataa-
cagtac-3′). The PCR product was Sanger sequenced and chromatograms 
uploaded into TIDE software (https://tide.nki.nl) to assess sgRNA effi-
ciency, with the total efficiency being 16.3%. 
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2.5. Gene-correction and reprogramming of patient fibroblasts 

1 × 106 CDD patient fibroblasts were electroporated (1400 V, 20 ms, 
2 pulses) using the Neon transfection system (Thermo Fisher Scientific) 
and plated over 4 wells of a matrigel-coated 6-well dish in fibroblast 
medium (DMEM +15% FBS, Thermo Fisher Scientific). Medium was 
switched to E7 media (Thermo Fisher Scientific) + butyrate after 3 days 
and changed every other day until the first iPSC colonies appeared (after 
~2 weeks). Medium was then switched to E8 (Thermo Fisher Scientific), 
and individual iPSC colonies were picked and expanded. To identify 
potentially targeted clone colonies were screened by allele-specific PCR 
using primers CDKL5F (5′-GTACTTCTTATGCAGAAGTAC-3′) and 
CDKL5gcR (5′-CAATGTTTTCCTGCTTTAAC-3′). The CDKL5gcR primer 
only binds the correctly targeted CDKL5 allele. 

2.6. Genotyping 

DNA for genotyping was extracted using the genomic DNA extraction 
kit (Qiagen), and PCR was used to confirm the gene-correction and/or 

absence of insertion or deletion mutations using the primers that flank 
the CDD patient-specific mutation. 

2.7. Molecular karyotype analysis 

Molecular karyotype analysis was undertaken using the Illumina 
Infinium CoreExome-24 v1.1 SNP array by the Victorian Clinical Ge-
netics Services (VCGS). 

2.8. PCR to confirm loss of reprogramming vectors 

PCR analysis was performed using primers specific for the EBNA1 
gene, which is present on all episomal vectors used for reprogramming. 
One pg of reprogramming plasmid was used in a positive control reac-
tion, and gDNA extracted from the CDD fibroblasts was used in a 
negative control reaction. 250 ng of gDNA from each iPSC clone was 
used in the PCR analysis (performed over 30 cycles). 

Fig. 1. Schematic diagram of the targeting strategy and generation of iPSC and isogenic controls. 
A) A repair template comprising approximately 0.3 kb and 0.65 kb homology arms flanking the patient-specific (c.175C>T) mutation (blue box) was cloned into the 
pSMART-HCKan plasmid vector. A synonymous 3 base pair change (yellow box) was incorporated to act as a Cas9-blocking mutation and to facilitate the identi-
fication of targeted clones. The sgRNA used is also indicated. B) Representative chromatograms of uncorrected (insertion and deletion free) and gene-corrected iPSC 
clones. C) Typical morphology of CDKL5 isogenic control and CDKL5 p.Arg59* iPSC clones. 
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2.9. Pluripotency assay 

All clones were analyzed for expression of pluripotency markers 
using commercially available antibodies (Anti-human TRA-1-81 AF647, 
BioLegend, Cat. 330,706; Anti-human EpCAM PE/Cy7, BioLegend, Cat. 
324222; Anti-human SSEA-4 AF647, BioLegend, Cat. 330408; Anti- 
human CD9-FITC, BD Biosciences, Cat. 555371) and analyzed using 
flow cytometry on an LSR Fortessa X20 cell analyzer (BD Biosciences, 
USA). 

2.10. Routine iPSC culture 

iPSC cells were maintained in either mTESR-E8 media (Stem Cell 
Technologies) or TeSR-E8 media (Stem Cell Technologies) on matrigel- 
coated wells (Corning). Cells were manually passaged in clusters by 
dissociation with 0.5 mM EDTA in PBS every 2–3 days and were fed 
daily. 

2.11. Differentiation of iPSC into neurons 

iPSC within 40 passages of the original generation of iPSC were 
patterned into cortical neurons as previously published (Denham and 
Dottori, 2011) with minor modifications (Alshawaf et al., 2017; D’Abaco 
et al., 2018; Nasr et al., 2018) (Supplemental Fig. 1A). Basal media used 
for neural induction and differentiation were N2B27 (50% Neurobasal 
medium (Gibco), 50% DMEM/F12 (Gibco) supplemented with N2 sup-
plement (Gibco), B27 supplement (Gibco), Insulin-Transferrin- 
Selenium-A (Gibco), Glutamax (Gibco), glucose to 0.3% final concen-
tration and penicillin/streptomycin) and NBM (Neurobasal medium 
(Gibco) supplemented with N2 supplement (Gibco), B27 supplement 
(Gibco), Insulin-Transferrin-Selenium-A (Gibco), Glutamax (Gibco), and 
Penicillin/ Streptomycin). Briefly, iPSCs were plated onto on poly D- 
lysine (Sigma) and laminin (Sigma) two days before neural induction 
with two inhibitors of SMAD signaling, with 10 μM SB431524 (Miltenyi 
Biotec) and 100 ng/mL LDN193189 (Bio-Scientific) in N2B27 media for 
7 days, changing media every second day. Colonies were then expanded 
in the presence of 20 ng/mL bFGF (Lonza) in N2B27 for 7 days, changing 
media every second day. After 14 days, areas containing neural rosettes 
were mechanically dissociated into small pieces (approximately 1–2 
mm2) using needles for dissection under a dissecting microscope in a 
biohazard hood. Dissected pieces were gently transferred into individual 
wells of low attachment 96-well plates (Corning). Manually dissected 
colonies were cultured for two weeks in NBM media supplemented with 
20 ng/mL bFGF and 20 ng/mL EGF (Lonza) to promote neurosphere 
formation, with media changed every second day. Individual neuro-
spheres were examined morphologically, and any that had abnormal 
morphology were discarded (<5% of all neurospheres). Neural matu-
ration was commenced by gentle manual dissociation of neurospheres, 
and for all experiments dissociated neurospheres were then plated onto 
poly D-lysine and laminin-coated plates or glass dishes, scaled at a ratio 
of ½ a neurosphere per 24-well dish. Neural maturation was commenced 
by culturing dissociated neurospheres in neurobasal media for up to 35 
days (total 63+ days since commencement of induction), with media 
changes every 2–3 days. Neuronal cultures were analyzed at time points 
as indicated in the text. 

2.12. Immunostaining and imaging 

Neurons were cultured on glass-bottomed slides. At designated time 
points the cell culture media was removed, cells were briefly washed 
with PBS, and then immediately fixed in 4% paraformaldehyde for 20 
min at room temperature. Slides were then washed with PBS, blocked in 
3% BSA + 0.1% triton X 100 in PBS for 1 h at room temperature. Cells 
were then probed with primary antibodies (Supplementary Table 3) in 
10% goat serum in PBS either for 1 h at room temperature or at 4 ◦C 
overnight. The following day slides were washed thrice with PBS, then 

counter-stained with appropriate Alexa- conjugated secondary anti-
bodies (Invitrogen) at 1:2000 for 1 h at room temperature. Coverslips 
were then mounted with Prolong Gold AntiFade with 4′,6-diamidino-2- 
phenylindole (DAPI; Invitrogen). Images were captured with a Zeiss 
LSM 780 confocal microscope under a 40×/1.4 oil immersion lens and 
captured with Zeiss Zen software or with a Zeiss Axio Imager under a 
20× objective. Phosphorylated EB2 was detected as previously pub-
lished (Baltussen et al., 2018) using pEB2 Ser222 (Covalab pab01032-P 
at 1:1000) and total EB2 (Abcam ab45767 at 1:1000). Images were 
captured with a Zeiss LSM 780 confocal microscope. Images were 
analyzed with either Zeiss Zen software or Fiji Image J. 

2.13. Quantitative proteomics 

Neurons from one well of a 12-well plate per sample were collected, 
cells washed twice in ice-cold PBS, and then 20 μg of protein from each 
sample was lysed, denatured, and digested into peptides with Trypsin 
and LysC using the PreOmics iST-NHS kit (PreOmics GmbH) with minor 
modifications as described below. Alkylated peptides from individual 
samples were individually labelled with TMT6plex Tandem Mass Tags 
(TMT; Thermo Fisher) at a ratio of 8 μg tag to 1 μg protein. Samples were 
then mixed at a 1:1 ratio, and peptides purified using the column pro-
vided by the PreOmics iST-NHS kit. Following elution and concentration 
of peptides in a CentriVap Vacuum concentrator (Labconco), 100 μg of 
pooled peptides were fractioned by offline high-pH fractionation using 
the Pierce High pH Reversed-Phase Peptide Fractionation Kit (Thermo 
Fisher Scientific) as per the manufacturer’s instructions, with additional 
fractions containing 14%, 16%, 19% and 21% (v/v) ACN, to a total of 12 
fractions. Individual fractions were subsequently concentrated, and 
peptides reconstituted in 2% (v/v) acetonitrile (ACN) and 0.1% (v/v) 
trifluoroacetic acid (TFA). Liquid chromatography (LC) coupled MS/MS 
was carried out on an Orbitrap Lumos mass spectrometer (Thermo 
Fisher Scientific) with a nanoESI interface in conjunction with an Ulti-
mate 3000 RSLC nanoHPLC (Dionex Ultimate 3000). The LC system was 
equipped with an Acclaim Pepmap nano-trap column (Dionex-C18, 100 
Å, 75 μm × 2 cm) and an Acclaim Pepmap RSLC analytical column 
(Dionex-C18, 100 Å, 75 μm × 50 cm). The tryptic peptides were injected 
to the trap column at an isocratic flow of 5 μL/min of 2% (v/v) ACN 
containing 0.1% (v/v) formic acid for 5 min applied before the trap 
column was switched in-line with the analytical column. The eluents 
were 5% DMSO in 0.1% v/v formic acid (solvent A) and 5% DMSO in 
100% v/v ACN and 0.1% v/v formic acid (solvent B). The flow gradient 
was (i) 0-6 min at 3% B, (ii) 6–95 min, 3–22% B (iii) 95-105 min 22–40% 
B (iv) 105-110 min, 40–80% B (v) 110-115 min, 80–80% B (vi) 115-117 
min, 80–3% and equilibrated at 3% B for 10 min before the next sample 
injection. The mass spectrometer was operated in positive-ionization 
mode with spray voltage set at 1.9 kV and source temperature at 275 
◦C. The mass spectrometer was operated in the data-dependent acqui-
sition mode, with MS spectra scanning from m/z 350–1550 at 120000 
resolution with AGC target of 4e5. The “top speed” acquisition method 
mode (3 s cycle time) on the most intense precursor was used, whereby 
peptide ions with charge states ≥2–5 were isolated with an isolation 
window of 0.7 m/z, and fragmented with high energy collision (HCD) 
mode with stepped collision energy of 35 ± 5%. Fragment ion spectra 
were acquired in the Orbitrap at 50,000 resolution. Dynamic exclusion 
was activated for 30s. Raw files were processed using the MaxQuant 
platform (version 1.6.5.0)(Cox and Mann, 2008), and searched against 
the reviewed UniProt human database (June 2019) containing canonical 
and isoform sequences, using default settings for a TMT 6plex experi-
ment with the following modifications: deamination (of asparagine and 
glutamine) was added as variable modification, and a fixed modification 
of +113.084 on cysteine was included as a fixed modification as per the 
directions of the PreOmics kit. All modified peptides were used for 
quantification. Correction factors for the relevant TMT batch were 
entered into the search parameters. The proteinGroups.txt output from 
the search was processed in Perseus (version 1.6.5.0) (Tyanova et al., 
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2016). Briefly, log2-transformed TMT reporter intensity (corrected) 
values were grouped into control (n = 3 unique differentiations) and 
CDKL5 (n = 3 unique differentiations). Entries annotated by MaxQuant 
as “potential contaminant”, “reverse” and “only identified by site” were 
removed from the dataset. Identified proteins were filtered to include 
100% valid values across all samples and normalized by subtraction of 
the median value. Profile plots were generated from the normalized 
log2-transformed reporter data. A two-sided t-test was performed be-
tween CDKL5 isogenic control and CDKL5 p.Arg59* groups and signif-
icance determined with Perseus Volcano plot analysis (two-sided t-test, 
250 randomizations, false discovery rate of 0.05 and S0 = 0.1) and 
additionally, a fold change of log2 > 1.5 (~2.8 fold change). The results 
of the t-test were expressed as a volcano plot plotted in Prism (version 
8.1.2, GraphPad). The mass spectrometry proteomics data have been 
deposited to the ProteomeXchange Consortium via the PRIDE (Perez- 
Riverol et al., 2019) partner repository. 

Gene ontology (GO) terms for significantly altered proteins were 
extracted, and overrepresented functional categories for differentially 
abundant proteins were determined by the Gene Ontology Resource 
(http://geneontology.org/) Enrichment Analysis Tool (Ashburner et al., 
2000; Mi et al., 2019; The Gene Ontology, 2019). The reference list was 
Homo sapiens (all genes in online database; data accessed 2019). All 
proteins that were subjected to SpI analysis served as the background 
list, and GO terms with at least five proteins were used for statistical 
calculations. A p value for each term was calculated via the one-sided 
Fisher’s exact test, and FDR was estimated by the software. 

. 

2.14. OXPHOS dipstick enzyme activity assays 

Protein from whole cell lysates was extracted in cell extraction buffer 
following the manufacturer’s instructions (catalogue numbers 
ab109720 and ab109876; MitoSciences, Eugene, OR, USA) plus protease 
inhibitors (Thermo Scientific) and protein concentration determined 
with BCA assay (Pierce). Complex I and complex IV dipstick activity 
assays were performed using 15 μg protein for complex I and 20 μg of 
protein for complex IV. The dipsticks were then scanned using a high- 
resolution flatbed scanner (Canon CS9000F MKii) for signal intensity 
quantitation. Data were normalized to protein concentration. Duplicate 
measurements were taken for each sample, and each cell line was 
assayed in at least triplicate. 

2.15. OXPHOS specific activity enzyme assays 

Protein from whole cell lysates from dipstick assays was used to 
measure specific activity of complexes II, IV and citrate synthase as 
previously described (Frazier et al., 2020). Data were normalized to 
protein concentration. Duplicate measurements were taken for each 
sample, and each cell line was assayed in at least triplicate. 

2.16. Blue Native polyacrylamide gel electrophoresis 

Blue Native polyacrylamide gel electrophoresis (BN-PAGE) analysis 
was performed as reported previously (Formosa et al., 2020). Briefly, 
protein concentration was quantified using a bicinchoninic acid (BCA) 
kit (ThermoFisher) and 30 μg whole cell protein was solubilized in 
detergent buffer (20 mM Bis-Tris pH 7.0, 50 mM NaCl, 10% (w/v) 
glycerol) containing 1% digitonin or 1% Triton X-100 to a final con-
centration of 1 μg/μL for 10 min on ice. Samples were clarified by 
centrifugation at 16,000g for 10 min, and supernatants were transferred 
to a fresh tube with the addition of 10× BN loading dye (500 mM 
ε-amino n-caproic acid, 100 mM Bis-Tris pH 7.0, 5% (w/v) Coomassie 
Brilliant Blue G-250) to a final concentration of 1×. Following gel 
electrophoresis, Western transfer was performed onto Immoiblon-P 
PVDF membrane (Merck Millipore) using the Power Blotter XL System 
(ThermoFisher) in accordance with the manufacturer’s instructions. 

Complex I was detected using anti-NDUFA9 antibodies (in-house; 
(Stroud et al., 2013)) and complex II using anti-SDHA antibodies 
(Abcam; ab14715). Horseradish peroxidase coupled secondary anti-
bodies (anti-mouse IgG; Sigma-Aldrich; A9044, anti-rabbit-IgG; Sigma- 
Aldrich; A0545) were used with Clarity™ Western ECL Substrate (Bio-
Rad) and Clarity Max™ Western ECL Substrate (Bio-Rad) for detection 
with the ChemiDocTM XRS+ System (BioRad) using ImageLab software 
(BioRad). 

2.17. Immunoblotting 

For mitochondrial OXPHOS protein expression, proteins were 
extracted in the same buffer as for the OXPHOS dipstick assays and 
protein concentration determined with BCA assay (Pierce). Cell lysates 
were then diluted in SDS-PAGE loading buffer, and SDS-PAGE was 
performed on 20 μg of cell lysate per sample on Tris-glycine-SDS poly-
acrylamide gels (Biorad) then transferred to Amersham PVDF using 
standard techniques. Primary antibodies used were against the mito-
chondrial respiratory chain subunits (mitochondrial OXPHOS antibody 
cocktail containing cytochrome c oxidase subunit 2 [COX2], cytochrome 
b-c1 complex subunit 2 [UQCRC2], succinate dehydrogenase [ubiqui-
none] flavoprotein subunit B [SDHB], NADH dehydrogenase [ubiqui-
none] 1 beta subcomplex subunit 8 [NDUFB8] and ATP synthase subunit 
alpha [ATP5A]; Cat. #ab110411, Abcam). Porin detection (antibody 
Cat. #529534, Calbiochem) was used to normalize for mitochondrial 
density, and GAPDH detection (antibody Cat. #G9545) was used to 
normalize for total cellular protein. Primary antibodies were detected 
with appropriate anti-mouse or anti-rabbit horseradish peroxidase- 
conjugated antibodies (GE Healthcare, NJ, USA), using enhanced 
chemiluminescence reagents (Biorad Clarity Western ECL substrate) and 
Amersham Hyperfilm. Protein band intensities were quantified using 
ImageJ software, and band intensity determined in the linear range was 
normalized to band intensity of GAPDH. A full list of antibodies is pre-
sented in Supplemental Table 1. 

2.18. Mitochondrial movement 

CDKL5 isogenic control neurons and CDKL5 c.175C>T neurons were 
grown on glass-bottomed confocal dishes (FluroDish, WPI) coated with 
poly-D-lysine and laminin for 35 days (total of 63 days) before imaging. 
On the day of imaging, neurons were incubated with 50 nM MitoTracker 
Red (Life Technologies) for 30 min at 37 ◦C/ 5% CO2 in a humidified 
incubator, then the media was replaced with fresh media pre- 
equilibrated under the same conditions. Mitochondrial dynamics along 
the neuron were recorded with a 100× oil-immersion objective using an 
Andor Dragonfly spinning disc confocal microscope with a sCMOS 
camera connected to Imaris software. The environment was controlled 
with a heated stage set at 37 ◦C and a CO2 chamber set to 5%. Time lapse 
images of mitochondrial movements were acquired every 5 s for 5 min 
(60 frames in total) as a Z-stack of up to 3 slices separated by 0.7 μm per 
slice. Neuronal cell bodies were distinguished from non-neuronal cells 
by phase contrast. During live-cell imaging, long thin straighter pro-
cesses with minimal branching and consistent thickness were inter-
preted to be axons, and shorter branched processes with tapering and 
sometimes branched processes were interpreted as being dendrites. 
After recording, cells were fixed with 4% PFA, stained with βIII-tubulin 
antibody for subsequent mitochondrial density analysis (described 
below). For neuronal cultures, >20 axons from each culture from 6 to 7 
independent cultures for each cell line were imaged, yielding a total of 
735 and 1078 mitochondria for CDKL5 isogenic control neurons and 
CDKL5 c.175C>T neurons, respectively. Images were processed in Fiji 
Image J (Version 1.52p, National Institutes of Health, USA). Images 
were converted to 8-bit. For each image, and 2–3 slices were merged into 
a single maximum projection image using Z-project in Image J. Axons 
were manually traced using a segmented line, then a kymograph was 
generated using the Multiple Kymograph function in Image J. Then from 
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the kymograph mitochondrial velocity was determined using “Step 3” in 
the Image J macro Mitochondrial Trafficking and Distribution 
(MiTrakD) analysis as described previously (Shahen et al., 2018). 
Mitochondria were classified as stationary if they did not move faster 
than 0.2 μm/s. For each imaged sample, the proportion of stationary 
mitochondria was determined for each sample. Data is presented as the 
proportion of stationary mitochondria per sample. For CDKL5 isogenic 
control neurons and CDKL5 c.175C>T neurons the data relating to the 
average speed were calculated by pooling the mitochondrial velocity 
from all the imaged axons per cell line. 

2.19. Mitochondrial density analysis 

From the same cultures used for live-cell mitochondrial movement, 
mitochondrial density and size distribution was determined as previ-
ously described (Nissanka et al., 2018). After staining with MitoTracker 
and live-cell imaging was completed, neurons were briefly washed with 
PBS then immediately fixed in 4% paraformaldehyde for 20 min at room 
temperature. Slides were then washed with PBS and blocked in 3% BSA 
+ 0.1% Triton X 100 in PBS for 1 h at room temperature. Cells were then 
probed with against βIII-tubulin (Covance, MMS-435P) at 1:1000 in 10% 
goat serum in PBS for 1 h at room temperature. Slides were washed 3×
with PBS, then counter-stained with goat-anti-mouse IgG-Alexa 594 
(Invitrogen) at 1:2000 for 1 h at room temperature. Coverslips were then 
mounted with Prolong Gold AntiFade with 4′,6-diamidino-2-phenyl-
indole (DAPI; Invitrogen). Images were captured with a Zeiss LSM 780 
confocal microscope under a 40×/1.4 oil immersion lens and captured 
with Zeiss Zen software. Images were analyzed with Fiji Image J soft-
ware. Briefly, images were converted to binary by setting a threshold of 
~130, allowing for measurement of the mitochondria via particle 
analysis. Using the free-hand selection tool, axons were outlined and the 
particles within the selection (mitochondria) were analyzed by area. 
Next, using the “Simple Neurite Tracer” plugin, the length of each axon 
in microns was measured. Mitochondrial density was calculated by 
dividing the number of particles (mitochondria) identified in an axon by 
the length of the segment. 

2.20. Mitochondrial DNA relative abundance 

DNA was extracted from cell pellets using a commercially available 
kit (Qiagen DNeasy kit), with an additional RNAse treatment, according 
to the manufacturer’s protocol. To determine relative mtDNA copy 
number, one PCR fragment in the mtDNA, MT-ND1, and one fragment 
from nDNA, Exon 24 of CFTR, was amplified by a forward and a reverse 
primer of the respective region as previously described (Pagnamenta 
et al., 2006), with minor modifications as detailed below. The fluores-
cent probes (FAM/BHQ1 and HEX/BHQ1) and primer pairs were as 
previously described (He et al., 2002). PCRs were run under the 
following conditions: 1 cycle of 50 ◦C for 10 min for UDG incubation, 95 
◦C for 10 min for first denaturation and then 55 cycles of 95 ◦C for 15 s 
and 60 ◦C for 1 min. Each reaction was 25 μL and consisted of 12.5 μL of 
2× Platinum Quantitative PCR SuperMix-UDG (Thermofisher), 200 nM 
of each primer, 100 nM of ND1-FAM/BHQ1 probe, 400 nM of CFTR- 
HEX/BHQ1 probe and supplemented with an additional 1 μl of 50 
mM Mg2+ per reaction with a Roche Real-Time PCR machine. The 
relative abundance of mtDNA was determined by comparing the amount 
of the mitochondrial gene MT-ND1 with the single-copy nuclear refer-
ence gene CFTR. 

2.21. Statistical analysis 

Normality of the data was estimated by the D’Agostino–Pearson 
omnibus normality test. For normally distributed data, statistical ana-
lyses were carried out using either a two-tailed student’s t-test (Graph-
Pad Prism® Software) or one-way ANOVA followed by Sidak’s multiple 
comparisons test was used to determine significance. If datasets were not 

normally distributed, the significance of the differences was determined 
using the Mann–Whitney test for two groups. Data are presented as 
cumulative frequency distribution and mitochondrial velocity for 
pooled data. Error bars represent the standard deviation of the mean 
(±SD). A p-value of <0.05 was considered to be statistically significant. 

2.22. Data availability 

The mass spectrometry raw data and MaxQuant output tables will be 
accessible using the PRIDE repository (https://www.ebi.ac.uk/pride/a 
rchive/). Proteomics data will be uploaded to PRIDE upon publication. 

3. Results 

3.1. Isogenic iPSC generated by CRISPR/Cas9 editing 

Induced pluripotent stem cell (iPSC) lines were generated from skin 
fibroblasts from a previously reported male CDD patient with the CDKL5 
mutation c.175C>T; p.Arg59* (Fehr et al., 2013). Fibroblasts were 
reprogrammed into iPSC (CDKL5 p.Arg59*), and at the same time the 
pathogenic mutation was corrected (CDKL5 isogenic control) using 
CRISPR/Cas9 gene editing (Howden et al., 2015; Howden et al., 2018) 
with a repair template specific to the c.175C>T mutation, which also 
introduced two synonymous SNPs to aid in genotyping (Fig. 1A). 
Sequencing of DNA from the iPSC lines confirmed that the CDKL5 
isogenic control clones were successfully corrected and did not carry the 
CDKL5 c.175C>T mutation but did carry the two synonymous SNPs 
introduced during the gene repair process. The CDKL5 p.Arg59* clones 
carried the c.175C>T mutation, were hemizygous for the mutation, and 
as expected did not carry the synonymous SNPs (Fig. 1B). PCR analysis 
was used to screen for positive iPSC clones. All iPSC clones were 
karyotypically normal by SNP array, negative for reprogramming 
episomal vectors, and were shown to express the pluripotency markers 
TRA-1-81, EpCAM, SSEA-4 and CD9 by flow cytometry analysis (data 
not shown). All iPSC had normal morphology by phase contrast micro-
scopy (Fig. 1C). One gene-corrected clone and one uncorrected iPSC 
clone were selected and expanded for further analysis. 

3.2. Generation of bona fide neurons 

We differentiated CDKL5 p.Arg59* and CDKL5 isogenic control iPSC 
lines into cortical neurons as previously published (Denham and Dottori, 
2011) with minor modifications (Alshawaf et al., 2017; D’Abaco et al., 
2018; Nasr et al., 2018) (Supplemental Fig. 1A). Neural induction was 
confirmed by morphological alterations of the cells including neuronal 
rosette appearance after approximately 10–12 days of neuronal induc-
tion (Supplemental Fig. 1B) and extension of axons and dendrites during 
neuronal maturation (Supplemental Fig. 1C). The cortical differentia-
tion method that we used in this study has been shown to robustly 
produce dorsal forebrain neural cells, which are the most affected 
neuronal cell type in CDD. 

These neurons at day 63 expressed protein markers of mature neu-
rons including MAP2, βIII tubulin, Synaptophysin, PSD95 and Synapsin 
1 (Supplementary Figs. 2 and 3). Very few instances (<1% of total cells) 
of GFAP-positive cells (an astrocyte marker) were recorded at day 63, 
indicating that the majority of cells present in the culture at this time 
were neurons. 

3.3. Recapitulation of CDD morphological features 

We demonstrated that the CDKL5-p.Arg59* human neurons reca-
pitulate morphological features of CDD including reduced branching 
(Supplemental Fig. 4A) and impaired neurite outgrowth (Supplemental 
Fig. 4B, C). EB2 was a recently identified phosphorylation target of 
CDKL5 (Baltussen et al., 2018; Munoz et al., 2018). We confirmed 
reduced EB2 phosphorylation by both western blot (Supplemental Fig. 
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4D, E) and immunostaining (Supplemental Fig. 4F, G) in CDKL5 p. 
Arg59* neurons. 

3.4. MS-based quantitative proteomics in CDKL5 p.Arg59* neurons 

To obtain an overview of the proteome changes between CDKL5 p. 
Arg59* and CDKL5 isogenic controls in the neuronal cultures, cell ly-
sates at 63 days after neuronal induction were subjected to tryptic 

digestion, TMT-6-plex labelling, high-pH reverse fractionation, followed 
by high-resolution tandem mass spectrometry (LC-MS/MS) analysis. In 
total, we identified 6799 proteins, of which 6054 were quantified in all 
samples. Next, to determine protein expression changes, we compared 
CDKL5 p.Arg59* to CDKL5 isogenic controls, and considered proteins 
with a FDR of <5% and a fold change of log2 > 1.5 as being significant. 
This resulted in 205 proteins of lower abundance in p.Arg59* neurons 
relative to isogenic control, and 251 proteins of higher abundance in 

Fig. 2. Proteomic analysis in CDKL5 neurons reveals significant differences in mitochondrial protein expression. 
A) Volcano plot depicting the results of a two-sample two-sided t-test between TMT reporter values in CDKL5 p.Arg59* neurons at day 63 relative to CDKL5 isogenic 
controls; significant values and FC > 1.5 (yellow), non-significant and FC < 1.5 (grey), mitochondrial proteins elevated in CDKL5 isogenic controls (green) and 
mitochondrial proteins elevated in CDKL5 p.Arg59* (red;. n = 3 per group from 3 independent differentiations). B) Gene Ontology (GO) Cellular Compartment 
analysis of proteins that are less abundant in CDKL5 p.Arg59* compared to isogenic controls revealed enrichment of many mitochondrial related GO terms (green), 
other GO enriched terms are in Supplemental Table 3 (black). C) StringDB network analysis of mitochondrial proteins found at lower abundance in CDKL5 p.Arg59* 
neurons relative to isogenic controls, clustered by local network cluster (STRING) as follows; CL:22641 – mitochondrial protein import (yellow), CL:22327 – 
oxidative phosphorylation enzyme subunits (red), CL:15361 – mitochondrial translation (green). 
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CDKL5 p.Arg59* neurons (Fig. 2A; Supplemental Table 2). 

3.5. Enrichment of mitochondrial-related terms in CDKL5 isogenic control 
neurons 

We then performed Gene Ontology (GO) enrichment analysis (Ash-
burner et al., 2000; Mi et al., 2019; The Gene Ontology, 2019) on the 
differentially expressed proteins to explore the dataset (Supplemental 
Table 3). Proteins of lower abundance in p.Arg59* neurons relative to 
CDKL5 isogenic controls were analyzed by GO enrichment analysis. The 
multiple terms enriched in GO Cellular Compartment terms associated 
with the mitochondrial were apparent (Fig. 2B). 

To further focus on the changes to the mitochondrial proteome 
evident in CDKL5 p.Arg59* neurons, we compared the list of signifi-
cantly altered proteins against the list of known mitochondrial proteins 
identified in the MitoCarta 2.0 dataset (Pagliarini et al., 2008; Calvo 
et al., 2016). Of the 205 proteins of lower abundance in CDKL5 p.Arg59* 
neurons, 31 of these are mitochondrial (GO:0044429, MitoCarta 2.0), 
representing 15% of all proteins in this group (Supplemental Table 4 and 
Supplemental Table 5). Analysis of these 31 proteins using StringDB 
cluster analysis (Szklarczyk et al., 2019) revealed strong clusters of 
interacting proteins (Fig. 2C). Major functional clusters of proteins were 
associated with the mitochondrial respiratory chain, protein import into 
the mitochondria and mitochondrial translation elongation. Eight 

proteins in these clusters are subunits or assembly factors for mito-
chondrial respiratory chain Complex I (NDUFA11, NDUFA7, NDUFAF4 
and NDUFS7), Complex IV (COA6, COX6C and COX7A2) and Complex V 
(ATP synthase; ATP5I). Of the 251 proteins of higher abundance in 
CDKL5 p.Arg59*, only 10 of these proteins are mitochondrial (Supple-
mental Table 5). None of these proteins had identifiable interactions 
according to StringDB cluster analysis (data not shown). 

3.6. Decreased mitochondrial OXPHOS expression and activity 

To address whether mitochondrial function is affected by CDKL5 
deficiency, we examined the expression of representative protein sub-
units of the mitochondrial respiratory chain, and mitochondrial respi-
ratory chain enzyme activity of complexes I and IV in neurons from 
CDKL5 p.Arg59* and CDKL5 isogenic controls. A premixed antibody 
cocktail for Western blotting was used to analyze the relative abundance 
of five OXPHOS complex subunits of the respiratory chain, with the 
cocktail containing one representative subunit of each OXPHOS com-
plex, with the subunits selected being labile when OXPHOS complex 
assembly is compromised. As can be seen in Fig. 3, there was a marked 
(Fig. 3A) and significant (Fig. 3B) reduction in the expression of 
NDUFB8 (complex I membrane subunit; 73% decrease, p < 0.002), 
SDHB (complex II subunit; 61% decrease, p < 0.0001), and COXII 
(complex IV subunit; 46% decrease, p < 0.0001) in CDKL5 p.Arg59* 

Fig. 3. Mitochondrial activity and protein levels are 
decreased in CDKL5-deficient neurons. 
A) Mitochondrial OXPHOS proteins from neuronal 
lysates at day 63 were separated by SDS-PAGE, 
probed for relative protein levels of key OXPHOS 
subunits by immunoblotting, and protein levels 
normalized to the mitochondrial protein porin as a 
loading control. There was a significant decrease in 
the protein levels of B) complex I subunit NDUFB8 
(CxI), complex II subunit 30 kDa (CxII) and complex 
IV subunit II (CxIV) protein levels in CDKL5 p. 
Arg59* neurons compared to CDKL5 isogenic control 
neurons. Mitochondrial OXPHOS enzyme activity 
was measured in cell extracts by immunocapture 
dipstick assays (n = 9 per group from 4 independent 
differentiations). There was a significant decrease in 
both C) complex I and complex IV activity [mono-
clonal antibodies (mAbs)/mg protein] in CDKL5 p. 
Arg59* neurons compared to CDKL5 isogenic control 
neurons. Mitochondrial respiratory chain activity 
was determined using a kinetic spectrophotometric 
assay (n = 5 or 6 per group from 3 independent 
differentiations). In CDKL5 p.Arg59* neurons there 
was a significant decrease in D) the activity of both 
complex II and complex IV when normalized to cit-
rate synthase (CS) activity compared to CDKL5 
isogenic controls. Specific activity data is shown in 
Supplemental Fig. 5. Data represents mean +/−
standard deviation. *, p < 0.05; **, p < 0.01; ****, p 
< 0.0001; Two-tailed student’s t-test for significance.   
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neurons compared to CDKL5 isogenic controls (Fig. 3B). 
We then determined whether the decrease in OXPHOS complex 

abundance also altered OXPHOS complex activity in CDKL5 neurons. To 
measure complex I and IV enzymatic activity we utilized lateral flow 
quantitative immunocapture dipsticks, which enrich for intact OXPHOS 
complexes in an active form from crude cell extracts. The dipstick is then 
immersed in activity buffer solution that forms a colorimetric precipitate 
which is proportional to the level of active complex in the sample. 
Interestingly, we found a significant reduction in both complex I NADH 
oxidation activity (21% decrease, p < 0.01) and complex IV cytochrome 
c oxidation activity (22% decrease, p < 0.05) in CDKL5 p.Arg59* 
compared to CDKL5 isogenic control (Fig. 3C). 

Given SDHB protein levels were reduced, a succinate dehydrogenase 
kinetic spectrophotometric assay was used to determine enzyme activ-
ity. There was a significant reduction in succinate dehydrogenase spe-
cific activity in CDKL5 p.Arg59* neurons compared to controls 
(Supplemental Fig. 5A; 35% decrease, p < 0.01) which was more 
significantly reduced when normalized to citrate synthase activity 
(Fig. 3D; 53% decrease, p < 0.001). Similarly, a cytochrome c oxidase 
kinetic spectrophotometric assay showed a trend for reduced specific 
activity (Supplemental Fig. 5B; 18% decrease, p = 0.067), which 
reached significance when complex IV activity was normalized to citrate 
synthase activity (Fig. 3D; 40% reduction, p = 0.0002), confirming our 
observations of decreased complex IV activity and COXII expression. 
Interestingly, citrate synthase activity was elevated in CDKL5 p.Arg59* 
compared to controls (Supplemental Fig. 5C; 38% increase, p < 0.0001). 

Blue Native (BN)-PAGE can be used to separate mitochondrial res-
piratory chain proteins as intact complexes on a single gel to determine 
if there is altered assembly of these complexes arising from genetic 
mutations, mtDNA depletion, disruptions to the assembly process or 
acute alterations in mitochondrial membrane conformation (Fernandez- 
Vizarra et al., 2009). We used BN-PAGE to determine whether the un-
derlying respiratory chain impairments were due to super-complex as-
sembly, or to holo-complex assembly. There was no significant 
difference in super-complex assembly or holo-complex assembly in 
CDKL5 p.Arg59* neurons compared to CDKL5 isogenic controls (Sup-
plemental Fig. 6). 

3.7. Mitochondrial density analysis 

Because there was a decrease in expression and activity of mito-
chondrial respiratory chain enzymes, we next assessed whether overall 
mitochondrial content and density were altered in CDKL5 p.Arg59* 
neurons. Firstly, we measured overall mitochondrial abundance in cell 
extracts by western blotting. Utilizing porin levels as a marker of 
mitochondrial abundance, normalized to the levels of tubulin, we saw 
no significant difference in porin, suggesting no gross changes in mito-
chondrial abundance in CDKL5 p.Arg59* neurons (Supplemental Fig. 7A 
and B). Additionally, we determined relative mitochondrial DNA 
(mtDNA) copy number as a proxy for changes in overall mitochondrial 
number by quantitative PCR. There was no significant difference in 
mtDNA copy number between CDKL5 isogenic controls and CDKL5 p. 
Arg59* neurons (Supplemental Fig. 7C). We confirmed the assay 
sensitivity with a positive control using 143B TK-cells depleted of 
mtDNA (ρ0). No mtDNA was detected in ρ0 cells, whereas mtDNA was 
clearly detected in the parental 143B TK- cells (data not shown). 

We then determined whether there was any change in mitochondrial 
size and distribution in neurons. Cultured neurons were stained with 
Mitotracker Red, fixed, then immunostained with βIII-tubulin (Supple-
mental Fig. 8A). There was no significant difference in the density of 
mitochondria along axon length (Supplemental Fig. 8B), nor was there 
any difference in the overall size of individual mitochondrial (Supple-
mental Fig. 8C). 

3.8. Mitochondrial movement is decreased in CDKL5 neurons 

Since we observed a significant decrease in mitochondrial bio-
energetics, we then sought to determine whether this impacted on 
mitochondrial movement and velocity in CDKL5 p.Arg59* neurons. To 
assess mitochondrial movement, we cultured neurons on glass-bottomed 
confocal culture dishes, then labelled live mitochondria with Mito-
Tracker Red and monitored mitochondrial movement using a spinning 
disc confocal microscope for fast velocity, high resolution live-cell im-
aging. Representative frame-by-frame snapshots demonstrated rapid 
mitochondrial movement (Fig. 4A). Individual axons were traced, from 
which kymographs were generated and used to measure the distance an 
individual mitochondrion moved within a fixed time period (Fig. 4B). 
All possible movement events were analyzed per kymograph, including 
actively moving mitochondria and stationary mitochondria. It is 
important to note that a large proportion of mitochondria are normally 
stationary in neurons. Therefore, we firstly assessed the overall distri-
bution pattern of stationary versus motile mitochondria. Quantitative 
analysis of mitochondrial velocity (μm/s) revealed a significant decrease 
in mitochondrial velocity in CDKL5 p.Arg59* neurons compared to 
CDKL5 isogenic controls (Fig. 4C and Supplemental Videos 1 and 2). We 
then sought to analyze the proportion of stationary mitochondria in each 
sample. Mitochondria were classified as stationary if they moved slower 
than 0.2 μm/s (Misgeld and Schwarz, 2017). Analysis of the proportion 
of stationary mitochondria revealed a significantly higher percentage of 
stationary mitochondria in CDKL5 pArg59* neurons compared to 
CDKL5 isogenic controls (Fig. 4D). Approximately 25% of mitochondria 
in CDKL5 isogenic controls were motile, whilst only approximately 5% 
of mitochondria were motile in CDKL5 p.Arg59* neurons (p < 0.0001). 

3.9. Mitochondrial abnormalities are pronounced in CDKL5 p.Arg59 
neurons 

Finally, to confirm whether the mitochondrial defect was limited to 
neurons, or more broadly affecting other CDKL5-deficient cell types, we 
measured the same aspects of mitochondrial function in fibroblasts from 
three male CDD patients, including the fibroblasts originally used to 
derive the iPSC line, compared to four paediatric control fibroblast lines. 
Firstly, we measured the relative abundance of five OXPHOS complex 
subunits of the respiratory chain, with the antibody cocktail described 
earlier (Supplemental Fig. 9A). There was no significant difference in the 
relative intensity of either complex-I, -II, -IV or -V when normalized to 
GAPDH (Supplemental Fig. 9B–E). We also measured OXPHOS complex 
I and IV enzymatic activity in cell lysates with quantitative immuno-
capture dipsticks and did not detect any difference between CDKL5 
patient fibroblast and controls (Supplemental Fig. 10A and B). 

4. Discussion 

In this study, we used novel human cellular models of CDD to show 
that a loss-of-function CDKL5 mutation in neurons leads to abnormities 
in mitochondrial respiratory chain function, mitochondrial respiratory 
chain subunit content, and mitochondrial trafficking. Our results suggest 
that impaired mitochondrial bioenergetics and delayed mitochondrial 
trafficking may contribute to CDD pathology. 

4.1. Novel stem cell models for CDD 

To our knowledge, this is the one of the first studies to use genetically 
matched iPSC (CDKL5 p.Arg59*) and CRISPR-Cas9 gene-corrected 
controls (CDKL5 isogenic controls) to examine the consequence of 
CDKL5 loss-of-function, on the same genetic background. Previous 
human iPSC-based studies of the CDKL5 disorder have used control cell 
lines genetically unmatched to CDKL5 patient lines, and as a conse-
quence the iPSC lines were on a different genetic background, poten-
tially adding confounders to robust analysis (Amenduni et al., 2011; 
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Ricciardi et al., 2012; Livide et al., 2015; Baltussen et al., 2018). Other 
researchers have taken an orthogonal approach, using female CDKL5 
iPSC with a heterozygous de novo CDKL5 mutation. In these iPSC cells, 
the researchers took advantage of random X-inactivation of the two al-
leles to isolate subpopulations of clonal lines either expressing the wild- 
type or mutant allele, such that only one copy of CDKL5 (truncated null 
mutant or wild type) was expressed in each clonal line (Livide et al., 
2015; Jagtap et al., 2019). However, dynamic reversal of random X- 
inactivation in female iPSC is a possible confounder in studying X-linked 
genes in heterozygous female cell lines. X-linked reactivation during the 
reprogramming process could lead to epigenetic heterogeneity in female 
pluripotent stem cells (Janiszewski, Talon et al., 2019). In addition, 
there may be different levels of susceptibility of silenced X-linked genes 
to reactivation (Cantone et al., 2016; Cantone et al., 2017) and, although 
this may be a rare event (Bar et al., 2019), it is possible that reactivation 
of X-linked silenced alleles may occur either during the reprogramming, 
clonal selection or differentiation stages due to specific selection 
pressures. 

By using male patient-derived fibroblasts in our study, we avoided 
the confounding factor of random X-chromosome inactivation, since 

male CDKL5 iPSC only have one copy of the mutant CDKL5 gene, 
therefore guaranteeing all iPSC derived from the affected male patient 
will carry the mutant allele. Using isogenic controls is crucial for iPSC 
studies, whereas the use of age-matched, unaffected controls, even 
within the same family pedigree, is suboptimal, due to confounders such 
as the genetic background variability, even siblings of affected in-
dividuals will only share ~50% of their genomes (Musunuru, 2013). The 
use of isogenic controls is an efficient and effective strategy to study the 
causality of CDKL5 in neuronal function, optimizing the opportunity to 
identify molecular perturbations subsequent to loss of CDKL5 function. 
We demonstrated that the iPSC we generated were pluripotent, did not 
have karyotype abnormalities, and could successfully differentiate into 
neurons. Importantly, we also demonstrated that our CDKL5 p.Arg59* 
neurons recapitulate recognized features of CDD, including reduced 
neurite outgrowth, reduced branching and decreased EB2 phosphory-
lation. We used these cells to study mitochondrial function and axonal 
transport in CDD. 

Fig. 4. Impaired mitochondrial trafficking in CDKL5 
p.Arg59* neurons. 
A) Representative frame-by-frame images of mito-
chondrial movement within single neurons labelled 
with MitoTracker Red CMXRos visualized with live 
cell imaging at day 63. Some representative mito-
chondrial movement plots are indicated with white 
lines between each frame. B) Kymographs (time vs 
distance) from neurons labelled with MitoTracker 
Red CMXRos. C) Quantitative analysis of mitochon-
drial velocity (μm/s) dynamics was calculated from 
kymographs (n = 735 mitochondria from 6 inde-
pendent cultures from 2 independent differentiations 
in CDKL5 isogenic control and n = 1078 mitochon-
dria in 7 independent cultures from 2 independent 
differentiations of CDKL5 p.Arg59*). A significant 
decrease in mitochondrial velocity was observed. 
Violin plot represents cumulative frequency distri-
bution (log-scale) of mitochondrial velocity, central 
bar represents mean +/− standard deviation for 
pooled data. D) The percentage of stationary mito-
chondria (movement <0.2/s) was calculated for each 
independent culture. There was a significant increase 
in the percentage of stationary mitochondria in 
CDKL5 c.175C>T when compared to controls. ****, 
p < 0.0001, Mann-Whitney test for two groups for 
mitochondrial velocity data and two-tailed student’s 
t-test for percentage of stationary mitochondria.   
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4.2. Impaired mitochondrial bioenergetics in CDD 

Pathogenic mutations in the X-linked methyl-CpG-binding gene are 
associated with Rett syndrome (RTT) (Weaving et al., 2003; Neul et al., 
2010), which shares clinical features with CDD, including intellectual 
disability and seizures. There are some functional overlaps in the 
cellular pathways regulated by both MeCP2 and CDKL5 (Tao et al., 
2004; Livide et al., 2015), and the temporal expression patterns of both 
Cdkl5 and Mecp2 overlap in the murine brain, which may explain some 
of the commonly shared clinical features between CDD and RTT. There 
is a significant body of evidence highlighting impairment of mitochon-
drial bioenergetics, increased oxidative stress and abnormal mitochon-
drial structure in MeCP2-deficient neurons (reviewed by (Shulyakova 
et al., 2017)). However, it is only very recently that evidence of mito-
chondrial impairment in CDD has emerged. The first evidence was 
elevation of the oxidative stress marker 4-hydroxynonenal plasma pro-
tein adducts (4HNE-PAs) in serum from both CDD (Pecorelli et al., 2011) 
and RTT patients with pathogenic mutations in MECP2 (Pecorelli et al., 
2011; Valacchi et al., 2017). Additionally, a Cdkl5-null mouse had 
reduced complex-IV driven ATP synthesis, which was restored by 
treatment with the serotonin receptor agonist LP-211 (Vigli et al., 2019). 
An unpublished patient summary in Coriell Cell Repositories showed 
evidence of impaired complex IV in lymphoblasts from a female CDD 
patient with a heterozygous deletion covering exons 17 and 18 (Coriell. 
org, 2020). Lastly, CDD neural progenitor cells showed aspects of 
impaired mitochondrial respiration, mitochondrial depolarisation, 
cristae abnormalities and altered mitochondrial and REDOX gene 
expression (Jagtap et al., 2019). Additionally, aspects of mitochondrial 
dysfunction, incluing decreased complex IV, have been shown in the 
Cdkl5-null mouse model (Vigli et al., 2019; Carli et al., 2021). Together, 
these studies showed aspects of mitochondrial bioenergetic impairment, 
however this has not been explored in detail, and importantly not in 
human iPSC-derived neurons. 

We differentiated CDKL5 p.Arg59* and CDKL5 isogenic controls into 
neurons to study several aspects of mitochondrial biology. Firstly, a 
global proteomics investigation revealed significantly decreased levels 
of proteins related to mitochondrial respiratory chain function in CDKL5 
p.Arg59* neurons, which was confirmed with western blotting. We then 
investigated whether this affected mitochondrial respiratory chain 
function. We clearly demonstrate a significant impairment in mito-
chondrial OXPHOS, in particular defects in the activity of complexes I, II 
and IV. Although we showed a significant bioenergetic defect, we did 
not observe any difference in the density of mitochondria in neurons, or 
changes in mitochondrial size, or expression of the mitochondrial 
marker porin. Importantly, these alterations were not observed in the 
fibroblasts from which our iPSC’s were derived, which further supports 
a neuron-specific mitochondrial defect in CDD. Our results indicate that 
the observed difference in OXPHOS enzyme activity and protein levels 
in CDKL5 p.Arg59* neurons is not due to changes in mitochondrial 
abundance, density or distribution, but rather a bioenergetic impair-
ment. We propose that the presence of the CDKL5 p.Arg59* mutation 
may contribute to an underlying mitochondrial bioenergetic pathology 
in CDD. 

4.3. Impairments in mitochondrial movement in CDD 

Neurons form a dynamic intracellular mitochondrial network, which 
will respond by changing mitochondrial size or distribution in response 
to cellular signals and stressors. Analysis of the global mitochondrial 
network in neurons can be a useful assessment of overall mitochondrial 
health, as neurons are particularly vulnerable to mitochondrial 
dysfunction. Mitochondrial transport is an active process, reliant on 
mitochondrial ATP generation by the respiratory chain. The long pro-
jections of neurons and high localized bioenergetic requirements pose 
unique problems for mitochondrial distribution and movement. Defec-
tive mitochondrial bioenergetics and transport have been associated 

with many severe inherited and age-related neurological disorders (De 
Vos et al., 2008). 

Since we had measured a significant decrease in mitochondrial bio-
energetics, we sought to assess whether this impacted on mitochondrial 
movement. We observed a significant decrease in global mitochondrial 
velocity in CDKL5 p.Arg59* neurons and a higher proportion of sta-
tionary mitochondria. Approximately 25% of mitochondria in CDKL5 
isogenic controls were motile, whilst only ~5% were motile in the p. 
Arg59* neuronal cells. The percentage of motile mitochondria in our 
CDKL5 isogenic controls is well within the range of normal mitochon-
drial populations, where commonly between 10 and 40% of the total 
population of mitochondria are motile, and this is consistent across a 
range of neuronal subtypes (Magrane et al., 2014; Misgeld and Schwarz, 
2017). Additionally, the average velocity of mitochondria in CDKL5 
isogenic controls was within the normal range of in neurons, with a 
reported average velocity of 0.25–1 μm/s (reviewed by (Misgeld and 
Schwarz, 2017)). Changes to neuronal activity or neuronal firing rates 
do not appear to significantly alter bulk mitochondrial transport rates 
(Faits et al., 2016; Lewis Jr. et al., 2016), which indicates the mito-
chondrial movement defects we observed may be primarily due to an 
underlying bioenergetic defect, rather than as a response to altered 
neuronal activity or firing rates. The mitochondrial movement disorder 
we observed in CDKL5 p.Arg59* neurons may be due to an OXPHOS 
bioenergetics defect, since mitochondrial movement is dependent on 
ATP production, primarily provided by mitochondria. We also provide 
evidence that this is likely a primarily bioenergetic impairment rather 
than due to a decrease in total mitochondrial numbers, as we observed 
no significant difference in mitochondrial distribution, number, size or 
amount. 

Defective axonal transport is a key aspect of RTT and may contribute 
to CDD. Normal axonal transport is an essential process for axon and 
neurite outgrowth and movement of critical cargo, e.g. BDNF and 
mitochondria. This movement is aided by motor proteins (kinesins and 
dyneins) that move along microtubule tracks constructed from alpha- 
and beta-tubulin. Reduced BDNF levels are a common feature in Cdkl5 
(Sivilia et al., 2016) and Mecp2 (Chang et al., 2006) mouse models, and 
further reductions in BDNF correlate with a more severe phenotype in 
Mecp2 deficiency mouse models (Chang et al., 2006), which could be 
related to impaired axonal transport. Mecp2 deficiency has been shown 
to lead to impaired trafficking of essential cargo such as BDNF (Roux 
et al., 2012). Microtubule trafficking defects could explain the reduced 
levels of BDNF reported in both CDKL5 and MeCP2 related disorders 
(Chang et al., 2006; Sivilia et al., 2016), but to date cargo transport of 
mitochondria has not been explored in CDKL5 disease. 

Altered microtubule dynamics have been previously identified in 
MeCP2 deficient cells (Gold et al., 2015) and CDKL5-deficient cells 
(Baltussen et al., 2018; Zhu and Xiong, 2019). In MeCP2-deficient cells, 
the histone deacetylase HDAC6 protein, which exists almost exclusively 
in the cytoplasm, is one known regulator of tubulin acetylation. We and 
others have shown that MeCP2 deficiency results in altered HDAC6 
expression and tubulin acetylation (Delepine et al., 2013; Gold et al., 
2015), leading to microtubule instability (Gold et al., 2015) and altered 
microtubule dynamics (Nectoux et al., 2012). 

Recent evidence suggests that CDKL5 directly regulates microtubule 
proteins through phosphorylation, in turn regulating the subsequent 
neuronal structure (Baltussen et al., 2018; Munoz et al., 2018). 
Together, the known impaired microtubule dynamics in CDD and the 
mitochondrial bioenergetic impairments we demonstrate here may 
partly explain the impairment of mitochondrial movement in CDKL5- 
deficient neurons. 

5. Conclusion 

Mitochondrial bioenergetic abnormalities have been identified in 
many neurodevelopmental and neurodegenerative disorders, and 
impaired mitochondrial localization, function and trafficking is a 
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common underlying feature (Misgeld and Schwarz, 2017; Mandal and 
Drerup, 2019). Proper mitochondrial localization in neurons is vital, as 
mitochondria provide energy and metabolites that are essential to form 
and maintain functional neural connections. Consequently, mainte-
nance of a healthy pool of mitochondria by long-distance active trans-
port to meet local energy requirements, and removal of damaged 
organelles, are essential processes for neuronal homeostasis. Our model 
system has been of value to study fundamental CDD disease mecha-
nisms. We demonstrate a clear mitochondrial bioenergetic defect and 
impaired mitochondrial movement in CDKL5-deficient neurons. This 
work contributes to unravelling the molecular complexity of CDD and 
may help to identify specific pathways for therapeutic intervention in 
this rare devastating neurodevelopmental disorder. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.nbd.2021.105370. 
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