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Highlights:

A  novel  heterozygous  DNM1L variant  causes  developmental 

encephalopathy.

This variant causes intron retention, leading to a mutant protein.

Mutant  Drp1  forms  aggregates,  disrupts  mitochondria,  and  induces 

cytotoxicity via a gain-of-function mechanism.

Mutant Drp1 can confer toxicity to the wild-type protein.
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Abstract:

Background: Variants in the dynamin 1-like (DNM1L) gene, which encodes 

dynamin-related  protein  1  (Drp1),  can  cause  encephalopathy  due  to 

defective  mitochondrial  and  peroxisomal  fission  1  (EMPF1)  and  optic 

atrophy  5  (OPA5),  two  neurodevelopmental  disorders  with  distinct 

symptoms.  Given the critical  role  of  Drp1 in  mitochondrial  fission,  it  is 

believed that disrupted mitochondrial fission is key to EMPF1 and OPA5 

pathogenesis. However, it is unclear whether other cellular defects also 

contribute to pathogenesis. 

Results: Here,  we report  a novel  DNM1L variant (c.1994+3T>G) in an 

EMPF1 patient with delayed psychomotor development, microcephaly, and 

hypotonia but without epilepsy. This  de novo, heterozygous, and intronic 

variant causes the retention of a DNM1L intron, leading to an aberrant Drp1 

protein  with  a  gain  of  toxicity.  Mechanistic  studies  suggested  that  the 

mutant Drp1 forms aggregates and disrupts mitochondrial morphology in 

cultured  cells.  Compared  to  expressing  the  mutant  protein  alone,  co-

expressing both wild-type and mutant Drp1 causes defects at a similar level, 

suggesting that the mutant Drp1 can confer toxicity to wild-type proteins. 

Conclusions:  Combined,  our  findings  broadened  the  spectrum  of 

pathogenic  DNM1L variants  and  suggested  protein  aggregation  as  a 

potentially novel pathogenic contributor.
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aggregate,
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BACKGROUND

Variants  in  dynamin  1-like (DNM1L)  can  cause  two  distinct 

neurodevelopmental  disorders:  encephalopathy  due  to  defective 

mitochondrial and peroxisomal fission 1 (EMPF1, OMIM #614388) and optic 

atrophy  5  (OPA5,  OMIM#610708).  EMPF1  is  characterized  by  delayed 

psychomotor  development  and  hypotonia,  sometimes  associated  with 

seizures, cerebral atrophy, lactic acidosis, etc. OPA5 is a nonsyndromic form 

of optic atrophy characterized by slowly progressive visual loss, sometimes 

also associated with central scotoma and color vision defects.

Depending on the function of the  DNM1L variants, EMPF1 can be either 

autosomal dominant or recessive. However, OPA5 is autosomal dominant. 

Both loss-of-function (LoF) and gain-of-function (GoF) variants of  DNM1L 

have  been  identified,  with  the  latter  sometimes  showing  a  dominant 

negative  effect,  suggesting  that  loss  of  DNM1L function  causes 

pathogenesis.

DNM1L encodes  dynamin-related  protein  1  (Drp1),  a  GTP-hydrolyzing 

dynamin protein conserved from yeast to human. It plays an essential role in 

mitochondrial fission (Kalia et al., 2018), a critical process for mitochondrial 

structure and function. Drp1 has an N-terminal GTPase domain, a middle 

domain, a variable domain (VD), and a C-terminal GTPase effector domain 
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(GED). More than 90% of the pathogenic variations are found in the GTPase 

and middle domains; the others are found in the VD and GED domains 

(Zhang et al., 2024). Most Drp1 variations are missense and dominant, with 

putative dominant-negative effects (Assia Batzir et al., 2019; Chao et al., 

2016;  Fahrner  et  al.,  2016;  Gerber  et  al.,  2017;  Vanstone et  al.,  2016; 

Waterham et al., 2007; Zhang et al., 2024). Only one missense (S36G) and 

two deletions in the GTPase domain are recessively inherited, suggesting 

LoF effects (Nasca et al., 2016; Yoon et al., 2016).

Here, we characterized a novel pathogenic DNM1L variant (NM_01206205: 

c.1994+3T>G),  which  was  found  heterozygous  in  a  child  patient  with 

delayed psychomotor development, microcephaly, hypotonia, etc., but not 

in his parents. cDNA analyses suggested retention of intron #17 in the 

mRNA, leading to a frame-shift and premature stop. When overexpressed in 

cultured cells, the predicted mutant Drp1 exerts strong cytotoxicity, forms 

intracellular  aggregates,  and  disrupts  mitochondrial  morphology. 

Furthermore,  co-expressing  the  wild-type  and  predicted  mutant  Drp1 

causes cytotoxicity similar to the mutant Drp1 alone, suggesting that the 

mutant Drp1 can convert wild-type proteins to be toxic. Combined, these 

data suggested a GoF mechanism. These findings expanded the genotypic 

spectrum of DNM1L-related disorders and suggested protein aggregation as 

a potential pathogenic contributor.
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METHODS

mRNA extraction and RT-PCR 

Total mRNA was extracted from peripheral blood samples using the TRIzol 

Reagent (Takara) and reverse-transcribed using iScript cDNA Synthesis Kit 

(Bio-Rad) following the manufacturer’s instructions. PCR amplification was 

performed  using  the  following  primers:  exon17-F: 

GGAGGTGGTGGGGTTGGAGAT  and  exon19-R: 

CCTCACAATCTCGCTGTTCCCGA.

Molecular cloning

The wild-type and mutant DNM1L cDNA sequences were PCR-amplified 

from a cDNA clone using the following primers:

DNM1L-WT-F: GATTCTAGAGCTAGCGAATTCATGGAGGCGCTAATTCCTGTC

DNM1L-WT-R: ATCCTTCGCGGCCGCGGATCCTCACCAAAGATGAGTCTCCCGG

DNM1L-mutant-R: 

TGCAACAGGAACTGGCTAAACCAAATTGTCATGGCTTAcCACATCTAGCAGGTT, 

and the cDNA fragments were then cloned into the pCDH-CMV-MCS-EF1-

copGFP-T2A-Puro vector using homologous recombination.

Cell culture

U-2 OS cells were cultured in DMEM media (Gibco) supplemented with 10% 

fetal bovine serum (Sigma) and 1% penicillin-streptomycin (Gibco) at 37 °C. 
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Transfections were performed using Lipofectamine 3000 (Thermo Fisher 

Scientific),  as  indicated  by  the  manufacturer’s  instructions.  Twenty-four 

hours after transfection, cells were fixed for immunofluorescent staining or 

harvested and lysed for Western blots.

Immunofluorescent staining

Cells were fixed with 4% paraformaldehyde for 20 minutes, followed by 

permeabilization in PBX (PBS containing 0.1% Triton X-100) for 10 minutes. 

Subsequently, cells were incubated with primary antibodies against Drp1 

(Proteintech, 26187-1-AP) and Tomm20 (Santa Cruz, sc-17764), each diluted 

1:100 in the PBST wash buffer (PBS with 0.05% Tween-20) supplemented 

with 3% donkey serum, and left overnight at 4 °C. After incubation, cells 

were washed in PBST at room temperature. Donkey secondary antibodies 

conjugated  with  Alexa-Fluor  568  or  647  (ThermoFisher)  were  used  at 

1:1,000 in PBST supplemented with 3% donkey serum for 3 hours at room 

temperature. The cells were then washed and stained with DAPI. Finally, 

samples  were  mounted  in ProLong  Antifade  Gold  containing  DAPI 

(Invitrogen) and imaged using a PLAPON 60x/1.42 oil immersion objective 

on an Olympus FV3000 confocal microscope. Images were analyzed using 

Fiji/ImageJ (NIH).

Protein extraction and immunoblot

For total protein extraction, cells were harvested and lysed in the Laemmli 
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buffer,  and the lysates were heated at  98 °C for  10 minutes.  For  Drp1 

aggregation assays, cells were lysed in the radioimmunoprecipitation assay 

(RIPA)  buffer,  and  the  supernatant  was  collected  as  the  RIPA-soluble 

fraction. The remaining pellet was washed once with the RIPA buffer and 

then redissolved in 2% SDS or the urea buffer (50 μM Tris, pH 7.4, 8 M urea, 

2%  SDS)  to  obtain  the  RIPA-insoluble  fraction.  Subsequently,  protein 

samples were separated on 4%–15% SDS Mini-PROTEAN TGX Precast Gels 

(Bio-Rad) and transferred to nitrocellulose membranes. Primary antibodies 

used were Drp1 (Proteintech, 26187-1-AP) and β-Actin (Millipore, MAB1501), 

diluted 1:1,000 and 1:5,000, respectively, in TBST (TBS with 0.05% Tween 

20)  containing  5%  milk.  HRP-conjugated  donkey  secondary  antibodies 

(Jackson ImmunoResearch) were diluted 1:2,000 in TBST with 5% milk.

MTT assay

The MTT assay was performed according to the manufacturer's protocol 

(Invitrogen).

Statistical analysis

Statistical  analyses  were  performed  using  the  GraphPad  Prism  9.5.1 

software.  Tests used and levels of significance for each experiment are 

explained in the figure legends.

RESULTS
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Clinical profiles of the proband

We  report  a  three-year-old  boy  with  no  family  neurological  history 

presenting  with  psychomotor  developmental  delay,  microcephaly,  and 

autism spectrum disorders. He was the second child in the family, with a full-

term vaginal delivery. He presented with delayed development in gross 

motor skills, language, cognition, and communication from birth. He could 

walk independently at around two years old, yet with an unsteady gait and 

frequent falls. At age three, he exhibited a positive Gowers' sign, no calf 

muscle hypertrophy, soft limb muscles with reduced muscle strength (level 

V-), and slight hypotonia, with overall growth parameters below age norms 

(height < -3 SD; weight between -2 and -3 SD). At the same age, he started 

expressing a few words, such as the names of family members, but his 

overall verbal expression is limited. In addition, he was emotionally unstable 

and afraid of strangers and exhibited significant crying and refusal to make 

eye contact during examinations. He could follow simple action instructions 

but exhibited poor cognition.

His head circumference at birth was normal (35 cm) but increased slowly 

over the past three years. At three years old, he exhibited microcephaly 

(head  circumference:  44  cm)  with  a  normal  head  shape  and 

electroencephalogram. Magnetic  resonance imaging showed no obvious 

structural abnormalities, but myelination was slightly delayed (Figure 1).
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Exome sequencing identified a  de novo heterozygous variant in the 18th 

intron of  DNM1L (NM_012062.5: c.1994+3T>G) (Figure 2A), suggesting a 

dominant inheritance. According to gnomAD, this variant has a frequency of 

3.40×10⁻³ and is designated as a variant of uncertain significance. No other 

likely pathogenic variations were noted.

The DNM1L c.1994+3T>G Variant Disrupts RNA Splicing

Given that the variation of the patient is within an intron, we hypothesize 

that it disrupts splicing. To test this hypothesis, we extracted whole mRNA 

from patient blood cells, generated the whole cDNA, and PCR-amplified a 

DNM1L cDNA fragment containing exons 17, 18, and 19. As shown in Figure 

2B,  agarose  gel  electrophoresis  analyses  showed  a  larger-than-normal 

fragment present in the patient but not in any parents, suggesting intron 

retention,  which  was  confirmed  by  Sanger  sequencing  (Figure  2C). 

Surprisingly, intron 17, but not 18, was retained in the variant cDNA despite 

the variation residing in intron 18.

DNM1L intron 17 encodes a seven-amino-acid peptide VSHDNLV, followed 

by a TAG stop codon. Thus, this DNM1L variant encodes a mutant protein 

truncated in the middle of the GED domain, with an additional VSHDNLV 

sequence at its C-terminus (Figure 2D), which we consider a GED domain 

variant.
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The Mutant Drp1 Causes Cytotoxicity and Mitochondrial Defects

Next,  we  examined  the  function  of  our  variant.  We  engineered  cDNA 

constructs expressing either the wild-type or our mutant Drp1, transiently 

expressed these proteins in U-2 osteosarcoma cells, and performed the MTT 

cell viability assay. As expected, the mutant Drp1 is ~10 kD smaller than the 

wild type (Figure 3A). When the two proteins were expressed at comparable 

abundance (Figure 3A), the mutant Drp1 reduced cell viability by ~60%, 

whereas  the  wild-type  Drp1  did  not  affect  cell  viability  (Figure  3B), 

suggesting that the mutant is GoF. Interestingly, co-expressing the wild-type 

and mutant Drp1 reduced cell viability by a similar level compared to the 

mutant Drp1 alone (Figure 3B), suggesting that wild-type Drp1 does not 

suppress  mutant  Drp1  toxicity.  In  summary,  our  mutant  Drp1  causes 

cytotoxicity that is not suppressed by overexpressing wild-type Drp1.

Drp1 localizes to the mitochondrial outer membrane, where it promotes 

mitochondrial fission (Otsuga et al., 1998). Defects in Drp1 cause disrupted 

mitochondrial morphology, as indicated by elongated, fused mitochondria. 

Thus, we examined mitochondrial morphology in cells expressing the wild-

type and/or our mutant Drp1 using immunofluorescent staining on Tom20, a 

mitochondrial outer membrane marker. As shown in Figure 4A, transiently 

overexpressing  the  wild-type  Drp1  causes  fragmented  mitochondria, 
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consistent with its  role in promoting mitochondrial  fission.  Furthermore, 

overexpressing the mutant Drp1 causes long, fused mitochondria (Figure 4A 

and B), a phenotype mimicking Drp1 LoF  (Taguchi et al., 2007), thereby 

suggesting a dominant-negative effect. Also, co-expressing wild-type and 

mutant  Drp1  causes  similar  effects  compared  to  mutant  Drp1  alone, 

consistent with our cell viability results. Combined, our findings suggest that 

the mutant Drp1 disrupts mitochondrial morphology and causes cytotoxicity 

via dominant-negative effects.

The Mutant Drp1 Forms Aggregates

To better understand how the mutant Drp1 causes cytotoxicity,  we co-

stained cells  overexpressing Drp1 with  Tom20 and Drp1 antibodies.  As 

shown in Figure 4A, the wild-type Drp1 forms a diffused pattern in cells, 

partially overlapping with Tom20 staining. Interestingly, the mutant Drp1 

forms  large  puncta  in  the  cytoplasm,  sometimes  in  the  vicinity  of 

mitochondria, suggesting protein aggregation (Figure 4A). Agreeing with 

this idea, the wild-type Drp1 is RIPA-buffer-soluble, whereas most mutant 

Drp1 proteins are RIPA-insoluble and SDS- or urea-soluble (Figure 5A and B). 

Furthermore, co-expressing wild-type and mutant Drp1 causes some wild-

type  proteins  to  become  RIPA-insoluble  but  SDS-soluble  (Figure  5A), 

suggesting that the mutant Drp1 causes wild-type proteins to aggregate, 

consistent with a dominant-negative effect.
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DISCUSSION

Impaired mitochondrial fission is a critical pathogenic event in EMPF1. Here, 

we identify  a de novo intronic  DNM1L variant  (c.1994+3T>G) affecting 

mitochondrial  morphology  in  an  EMPF1  patient.  Mechanistic  studies 

suggested that this variant causes cytotoxicity via a novel, GoF mechanism, 

as it causes intron retention, producing an aggregable, cytotoxic Drp1 that 

disrupts mitochondrial morphology. Remaining questions include whether 

Drp1  aggregates  contribute  to  pathogenesis  and  can  be  a  potential 

therapeutic target.

Previous studies identified most  DNM1L pathogenic variations within the 

GTPase and middle domains, with a few variations within the GED domain 

(Zhang  et  al.,  2024).  Variations  in  the  middle  domain  are  frequently 

associated  with  EMPF1  and  present  with  severe  defects  in  the  central 

nervous system (CNS), such as early-onset epileptic encephalopathy (Chao 

et al., 2016; Fahrner et al., 2016; Sheffer et al., 2016; Vanstone et al., 2016; 

Waterham et al., 2007). However, variations in the GED domain, including 

the one reported here, are associated with EMPF1 with mild symptoms, e.g., 

delayed psychomotor development with no obvious brain MRI defects (Assia 

Batzir et al., 2019; Nolden et al., 2022; Zhang et al., 2024). In addition, 

variations in the GTPase domain can be associated with either EMPF1 with 
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severe CNS defects or OPA5, an eye disease (Barbet et al., 2005; Gerber et 

al., 2017; Nasca et al., 2016; Yoon et al., 2016). Future studies can focus on 

the structure and function of Drp1 protein domains to better understand the 

genotype-phenotype correlation.

Most  DNM1L variants  associated with  EMPF1 exhibit  dominant-negative 

effects, as indicated by elongated, tubular mitochondria due to impaired 

mitochondrial fission (Berti et al., 2024; Hogarth et al., 2018; Javed et al., 

2024; Nolden et al., 2022; Tarailo-Graovac et al., 2019). Here, we identify a 

novel, intronic variant in DNM1L that produces an aberrant, cytotoxic Drp1. 

In addition to disrupting mitochondrial fission, this aberrant protein forms 

aggregates and co-aggregates with the wild-type protein, rendering the 

latter cytotoxic. Thus, these findings suggested a toxic GoF mechanism.

A  previous  study  showed  that  a  K679A  variation  in  the  GED  domain 

enhances Drp1 oligomer stability, likely by impairing disassembly rather 

than promoting assembly (Zhu et al., 2004). Consistent with this finding, we 

identified another variation within the GED domain,  which causes Drp1 

aggregation. Furthermore, Nolden et al. (2022) reported an EMPF1 patient 

with a p.Arg710Gly variation in the same domain, which causes aberrant 

Drp1  oligomerization  (Nolden  et  al.,  2022).  Hence,  these  findings 

collectively suggested the importance of the GED domain in Drp1 assembly 
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and disassembly.

Protein  aggregation  is  a  pathological  hallmark  in  many  neurological 

diseases. For example, Aβ and Tau aggregates are pathological hallmarks of 

Alzheimer’s  disease,  as  well  as  α-synuclein  in  Parkinson’s  disease  and 

TDP-43  in  amyotrophic  lateral  sclerosis  and  frontotemporal  dementia 

(Hardy,  2006;  Neumann  et  al.,  2006;  Ross  and  Poirier,  2004).  These 

aggregates sequester interacting proteins, thereby disrupting many cellular 

processes and organelles.  For  example,  Aβ and Tau cause endoplasmic 

reticulum (ER) stress, activate an unfolded protein response (UPR), and 

disrupt protein homeostasis in cells (Abisambra et al., 2013; Fonseca et al., 

2014; Soejima et al., 2013). TDP-43 sequesters nucleocytoplasmic transport 

factors,  disrupting  nucleocytoplasmic  transport  (Chou  et  al.,  2018). 

Furthermore, misfolded TDP-43 is present in mitochondria and impairs their 

function,  producing  excessive  reactive  oxygen  species  and  eventually 

causing apoptosis (Ruan et al., 2017). Drp1 aggregates may cause similar 

defects.

Protein aggregates could be disaggregated by molecular chaperones, such 

as Hsp70 and 90, or cleared by the proteasome or autophagy (Klaips et al., 

2018; Mogk et al., 2018). Thus, activating chaperones, the proteasome, or 

autophagy  mitigates  misfolded  protein  stress,  thereby  ameliorating 
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neurological defects in many disease models (Xilouri et al., 2013) (Mogk et 

al.,  2018).  It  is  promising to  test  whether  similar  approaches  suppress 

neurological defects in EMPF1 associated with protein aggregation.

CONCLUSION

Our  findings  identified  a  novel  pathogenic  DNM1L variant  causing 

neurodevelopmental  defects  and  suggested  protein  aggregation  as  a 

potential pathogenic contributor.

LIST OF ABBREVIATIONS

DNM1L: dynamin 1-like

Drp1: dynamin-related protein

EMPF1: encephalopathy due to defective mitochondrial and peroxisomal 

fission 1

OPA5: optic atrophy 5

LoF: loss of function

GoF: gain of function

VD: variable domain

GED: GTPase effector domain

CNS: central nervous system
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FIGURE CAPTIONS

Figure 1. Brain magnetic resonance images of the patient at age three.

Figure 2. The DNM1L variant causes intron 17 retention.

Figure 3. The mutant Drp1 causes cytotoxicity.

Figure 4. The mutant Drp1 causes mitochondrial defects.

Figure 5. The mutant Drp1 forms aggregates.

FIGURE LEGENDS

Figure 1. Brain magnetic resonance images of the patient at age 

three. (A) T1-weighted axial image. (B) T2-weighted axial image. (C) T2 

fluid-attenuated  inversion  recovery  (FLAIR)-weighted  axial  image.  Red 

arrowheads indicate delayed myelination.

Figure 2. The  DNM1L variant causes intron 17 retention.  (A) The 

DNM1L gene structure. The arrowhead indicates the patient variant. (B) 

Agarose gel electrophoresis of PCR-amplified cDNA from the patient and his 

parents, with the normal and abnormal bands indicated respectively by the 

black and red arrowheads.  (C)  Sanger sequencing of  an aberrant,  PCR-

amplified cDNA fragment from the patient. The blue part is intron 17. (D) 

Mutant Drp1 protein. The arrowhead indicates a stop codon.
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Figure 3. The mutant Drp1 causes cytotoxicity. (A) Western blots of 

U-2 OS cells that are non-transfected or transfected with wild-type (WT), 

mutant (Mut), or both WT and Mut Drp1 for 24 hours. (B) Cell viability was 

assessed  by  MTT  assay.  One-way  ANOVA  (B).  Means  ±  SEM.  ns,  not 

significant. **p < 0.01, ***p < 0.001, and ****p < 0.0001. 

Figure 4. The mutant Drp1 causes mitochondrial defects. (A) U-2 OS 

cells transiently expressing wild-type (WT, left), mutant (Mut, middle), or 

both WT and Mut (right) Drp1 were co-immunofluorescently stained with 

anti-Tom20 (green) and anti-Drp1 antibodies (red) and DAPI (blue). Inlets: 

GFP  (white)  indicates  transfected  cells.  (B)  Quantification  of  the 

mitochondrial morphology. N numbers on the graph. χ-square tests. ns, not 

significant. ****p < 0.0001.

Figure 5. The mutant Drp1 forms aggregates.  (A) Western blots of 

RIPA-soluble and SDS-soluble fractions of cell lysates. Quantified below. (B) 

Western blots  of  RIPA-soluble and urea-soluble fractions  of  cell  lysates. 

Quantified on the right. One-way ANOVA. Means ± SEM. **p < 0.01. 
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