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Autosomal-Recessive Mutations in the tRNA Splicing
Endonuclease Subunit TSEN15 Cause Pontocerebellar
Hypoplasia and Progressive Microcephaly

Martin W. Breuss,1,2 Tipu Sultan,3 Kiely N. James,1,2 Rasim O. Rosti,1,2 Eric Scott,1,2 Damir Musaev,1,2

Bansri Furia,4 André Reis,5 Heinrich Sticht,6 Mohammed Al-Owain,7,8 Fowzan S. Alkuraya,7,9,10

Miriam S. Reuter,5 Rami Abou Jamra,5,11 Christopher R. Trotta,4 and Joseph G. Gleeson1,2,*

The tRNA splicing endonuclease is a highly evolutionarily conserved protein complex, involved in the cleavage of intron-containing

tRNAs. In human it consists of the catalytic subunits TSEN2 and TSEN34, as well as the non-catalytic TSEN54 and TSEN15. Recessive

mutations in the corresponding genes of the first three are known to cause pontocerebellar hypoplasia (PCH) types 2A-C, 4, and 5.

Here, we report three homozygous TSEN15 variants that cause a milder version of PCH2. The affected individuals showed progressive

microcephaly, delayed developmental milestones, intellectual disability, and, in two out of four cases, epilepsy. None, however, dis-

played the central visual failure seen in PCH case subjects where other subunits of the TSEN are mutated, and only one was affected

by the extensive motor defects that are typical in other forms of PCH2. The three amino acid substitutions impacted the protein level

of TSEN15 and the stoichiometry of the interacting subunits in different ways, but all resulted in an almost complete loss of in vitro tRNA

cleavage activity. Taken together, our results demonstrate that mutations in any known subunit of the TSEN complex can cause PCH and

progressive microcephaly, emphasizing the importance of its function during brain development.
The production of functional tRNAs is highly regulated

and critical for every tissue and cell.1,2 Despite this ubiqui-

tous requirement, mutations affecting various aspects of

this process have been shown to cause distinct disor-

ders.2 For instance, mutations in various aminoacyl-tRNA

synthetases, which catalyze the loading of amino acids

onto tRNAs, cause, among other disorders, Usher syn-

drome (MIM: 614504),3 hereditary spastic paraplegia,4

and pontocerebellar hypoplasia (PCH [MIM: 611523]).2,5

Contrasting this heterogeneity, the latter phenotype is

also associated with other steps of tRNA biogenesis and

represents a case of connected biological processes that

converge on a common phenotype.

Together with Karaca et al. we described in two indepen-

dent studies that a single homozygous mutation in CLP1

(MIM: 608757), which encodes an RNA kinase, causes

brain atrophy and peripheral neurodegeneration (PCH10

[MIM: 615803]).6,7 The associated amino acid substitution,

p.Arg104His, abrogated interaction with the tRNA-splicing

endonuclease (TSEN) complex; this in turn caused a reduc-

tion in pre-tRNA cleavage and an accumulation of un-

spliced tRNA and linear fragments.6,7 Likewise, the TSEN

proteins themselves have been implicated in hindbrain

malformations.8–12 Budde and colleagues described a large

clinical cohort of 58 individuals suffering from different

classes of pontocerebellar hypoplasia.8 The majority car-
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ried the same homozygous mutation in TSEN54 (MIM:

608755), probably due to a common founder event.

Additionally, one person harbored a homozygous muta-

tion in TSEN2 (MIM: 608753) and one in TSEN34 (MIM:

608754). This genetic evidence later prompted the subdivi-

sion of PCH2 into PCH2A (caused by TSEN54 mutations

[MIM: 277470]), PCH2B (TSEN2 [MIM: 612389]), and

PCH2C (TSEN34 [MIM: 612390]) (see GeneReviews in

Web Resources).

The human tRNA splicing endonuclease consists of a

heterotetramer complex formed by the four TSEN proteins,

which were identified by homology with their yeast coun-

terparts.13,14 TSEN2 and TSEN34 are the catalytic subunits,

which form a compound active site, whereas TSEN54 and

TSEN15 are structural proteins.15 Although the other three

components have been implicated in human disease for

almost a decade, we only recently reported a recessive

TSEN15 (MIM: 608756) candidate variant in global devel-

opmental delay.16 Here we describe two additional inde-

pendent families with mutations in TSEN15 and redefine

the clinical phenotypes as pontocerebellar hypoplasia

with progressive microcephaly. We further demonstrate

that all three mutations affect the integrity and function

of the tRNA splicing endonuclease complex, thereby

providing evidence for the involvement of the reported

variants in the pathogenicity of disease.
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Figure 1. Characterization of Three Fam-
ilies with Progressive Microcephaly and
Intellectual Disability
(A) Family tree of the three families (I–III)
presented in this study. Consanguinity
(double bar) of families suggests a recessive
inheritance of the disease. Note that one
individual in family II has been described
previously.16 The procedures followed for
recruitment and data collection were in
accordance with the ethical standards of
the responsible committee on human
experimentation at the respective partici-
pating institute and proper informed con-
sent was obtained.
(B–E) Panels showMRIs for the affected girl
in family I (I-V-3). Shown are sagittal (B-C;
T2 weighted), coronal (D; FLAIR), and axial
(E; T2 weighted) images. Arrowheads indi-
cate pontocerebellar hypoplasia (B).
(F and G) Panels show T1 weighted MRIs
for the affected boy in family II (II-IV-7).
Shown are sagittal (F) and axial (G) images.
Arrowhead indicates pontocerebellar hy-
poplasia (F).
The affected individual from family I (I-V-3) was born to

consanguineous parents of Pakistani origin (Figure 1A and

Table 1). She was born via normal spontaneous vaginal

delivery (NSVD) at full term without complications. She

has one older and one younger sibling who were both

healthy. Weight, length, and head circumference at birth

were unremarkable, although the latter was slightly below

average (�1.4 SD). The affected girl was diagnosed with

microcephaly (�3.4 SD) and intellectual disability at 1.5

years of age. She was irritable at presentation and had

already experienced two episodes of seizures, the first

occurring at 11 months of age. She did not show any spas-

ticity, jitteriness, or hypertonia, but displayed hypotonia

and weak tendon reflexes. There was no central visual

impairment, but there was intermittent strabismus. At

2.5 years, she had poor language skills and was restricted

to non-specific sounds other than ‘‘mama’’ and ‘‘baba’’

(mom and dad). Her hand function was impaired without

hand preference, she was non-ambulatory, and she

was able to sit only with support. Brain MRI (Figures

1B–1E) revealed hypoplasia of the pons and cerebellum

(Figure 1B) and an increase in extra-axial CSF spaces (Fig-

ures 1C and 1D), indicative of bilateral atrophy of the

fronto-parietal cortex. Cortical architecture, white matter,

and corpus callosum appeared normal.

The affected individual and both parents were subjected

to whole-exome sequencing (WES) for genetic analysis.

Employing our internal pipeline for prioritization of
The American Journal of Hum
potentially disease-causing muta-

tions, we excluded all but two homo-

zygous single-nucleotide variants

(SNVs), one of which did not segre-

gate with the phenotype.17 The re-

maining candidate, located in
TSEN15 (GenBank: NM_052965.3; c.455A>G), was unique

both in our unrelated cohort of more than 5,000

sequenced individuals in the GME Variome and in the

ExAC database and resulted in a p.Tyr152Cys amino acid

substitution (Figures 2A, 2B, and S3B). This variant was

amid a stretch of extensive homozygosity (Homozygosity-

Mapper, Figure S1) and predicted to be disease causing by

the online program MutationTaster.19–21 Furthermore,

the altered residue was highly conserved in vertebrates

(Figure 2C).

We previously reported an individual withmicrocephaly

and global developmental delay harboring a candidatemu-

tation in TSEN15.16 The clinical presentation and variant

found in family I prompted us to revisit this affected boy

(family II; individual II-IV-7). He was born to consanguin-

eous Saudi parents and exhibited progressivemicrocephaly

(�9.7 SD), and his MRI at 16months showed hypoplasia of

the cerebellum and pons (Figures 1A, 1F, and 1G and Table

1). He suffered from severe epilepsy since the age of

8 months. At his last examination at 16 months, he was

not able to roll or sit. He showed no language development

and did not visually fixate or follow. He further presented

with appendicular hypertonia and axial hypotonia, and

his deep tendon reflexes were increased with positive Ba-

binski sign. The older sister presented with similar clinical

symptoms and the parents previously had three sponta-

neous first-term abortions. As reported, the affected indi-

vidual carried a homozygous missense mutation resulting
an Genetics 99, 228–235, July 7, 2016 229



Table 1. Clinical Information

Family ID I II III III

Mutation p.Tyr152Cys p.Trp76Gly p.His116Tyr p.His116Tyr

Evaluation

Gender female male male male

Ethnic origin Pakistani Saudi Syrian Syrian

Pregnancy duration full term full term full term full term

Polyhydramnios no no no no

Weight at birth 3.3 kg 3.0 kg ND 2.3 kg

Length at birth 50 cm ND normal (verbal) normal (verbal)

HC at birth 34 cm (�1.4 SD) 31 cm (�2.5 SD) normal (verbal) normal (verbal)

Diagnosis age 1.5 years at birth 18 months 2 years

HC at latest examination 1.5 years: 42 cm
(�3.4 SD)

16 months: 35 cm
(�9.7 SD)

5.5 years: 46 cm
(�4.4 SD)

12.5 years: 49.5 cm
(�3.0 SD)

Intellectual disability moderate severe mild/moderate mild/moderate

Irritability yes ND no yes

Seizures

Seizures yes yes no no

Seizure onset 11 months 8 months – –

Motor Findings

Spasticity no peripheral no no

Jitteriness/clonus no yes no no

Hypertonia no yes (peripheral) no no

Hypotonia yes yes (axial) no no

Deep tendon reflexes weak increased (þ3) ND ND

Visual Findings

Central visual impairment no no ND ND

Primary optic atrophy no no ND ND

Nystagmus no no no no

Strabismus intermittent no ND ND

Fixation and following yes no yes yes

Developmental Milestones

Gross motor delayed delayed delayed normal

Fine motor delayed absent ND ND

Language delayed absent delayed delayed

Cognitive delayed delayed delayed delayed

Social absent delayed normal normal

Diagnostic Tests

EEG yes yes ND ND

MRI Findings

Cerebellum hypoplasia hypoplasia ND ND

Pons hypoplasia hypoplasia ND ND

Cerebral cortex atrophy no structural abnormalities ND ND

(Continued on next page)

230 The American Journal of Human Genetics 99, 228–235, July 7, 2016



Table 1. Continued

Family ID I II III III

Mutation p.Tyr152Cys p.Trp76Gly p.His116Tyr p.His116Tyr

Ventricles increased extra-axial CSF
spaces

increased intra- and
extra-axial CSF spaces

ND ND

White matter normal normal ND ND

Corpus callosum normal thin ND ND

Abbreviations are as follows: ND, no data; verbal, information provided by the parents; SD, standard deviations; CSF, cerebrospinal fluid. Note that no detailed
clinical information was available for the affected girl in family II.
in a p.Trp76Gly substitution in this highly conserved resi-

due (Figures 2A–2C).16

The striking similarities of these two case subjects,

which both showed PCH2-like phenotypes including pro-

gressive microcephaly, supported the pathogenicity of

these mutations. To expand our clinical study, we re-

analyzed our cohort of individuals with neurodevelop-

mental disorders, which have undergone WES, for other

TSEN15 mutations.

Indeed, we discovered a third case in a consanguineous

family of Syrian origin (family III) with one healthy older

and two affected younger sons (III-IV-2 and III-IV-3),

both of whom were diagnosed with intellectual disability

and progressive microcephaly (Figure 1A and Table 1).

They were born via NSVD after a full-term pregnancy

with unremarkable length and head circumference, but

at last examination (5.5 and 12.5 years) their head size

was far below average (�4.4 SD and �3.0 SD). Epileptic sei-

zures, spasticity, jitteriness, and hyper- or hypotonia were

not reported. Nystagmus was absent and both displayed vi-

sual fixation and following. At the age of 12.5 years, the

older affected boy (III-IV-2) responded to simple questions

and orders. His pronunciation, however, was unclear and

he used incorrect grammar. His motor development ap-

peared unaffected: he crawled at the age of 5–7 months

and walked at 13 months. Individual III-IV-3 showed

similar speech development as his older brother. At the

age of 5.5 years he could crawl but did not walk. Due to

the ongoing conflict in Syria, we were not able to reach

the family or the original clinicians and could not confirm

a PCH phenotype by medical imaging.

The discovered homozygous TSEN15 SNV (GenBank:

NM_052965.3; c.346C>T) resulted in a p.His116Tyr substi-

tution (Figures 2A, 2B, and S3A). The mutations segregated

with the phenotype and whole-genome SNP homozygosi-

ty mapping of all three siblings further supported the path-

ogenicity of this variant (HomozygosityMapper and Cyto

Scan HD as described previously22) (Figure S2). Only three

candidate regions were detected (hg19: chr1: 165,644,864–

173,103,272; chr1: 179,756,638–185,885,630; chr4:

82,381,626–85,082,293), one of which encompassed the

TSEN15 locus. Furthermore, this mutation was predicted

to be disease causing by MutationTaster, and His116 is

highly conserved among vertebrates (Figure 2C).
The A
The three affected residues, although converging pheno-

typically, are structurally unrelated (Figure 2D; protein

work bench using the RCSB protein data bank).18 Trp76

is located in the hydrophobic core of the protein and is

critical for folding and stability (Figure 2E). His116, on

the other hand, is positioned on the surface (Figure 2F)

in an area that is putatively involved in TSEN34 interac-

tion and has been shown by NMR to associate with a

second TSEN15 molecule.14,18 It is disputed, however,

whether the latter has relevance for the endonuclease

function. Tyr152 is an absolutely conserved residue located

toward the carboxyl terminus, forming a critical b sheet via

a hydrogen bond with Asp69, pulling loop 7 toward the

carboxyl terminus of a helix 2 (Figure 2G).18 The archaeal

equivalent of this loop is critical for the dimerization and

configuration of the enzyme active sites.14,23

In order to understand the impact of these mutations on

protein function, we generated SHY5Y cell lines stably ex-

pressing N-terminally HisFlag-tagged wild-type or mutant

TSEN15. After cell lysis and tandem affinity purification us-

ing anti-Flag and Ni-NTA, we performed western blot anal-

ysis of the endonuclease complex.6When probedwith spe-

cific antibodies for TSEN54, TSEN2, CLP1, TSEN34, and

the tagged TSEN15, themutants showed distinct behaviors

and impacted two key features of the expression of the

TSEN complex (Figures 3A and 3B). First, whereas the

p.His116Tyr substitution had no effect on the level of

expression of TSEN15, the p.Trp76Gly and p.Tyr152Cys

variants exhibited greatly reduced abundance, the former

affecting protein levels more severely (Figure 3A). Second,

all three mutants altered the stoichiometry of the heterote-

trameric TSEN complex and its associations with the

CLP1 protein (Figure 3B). The p.His116Tyr alteration re-

sulted in a stark decrease of the TSEN partners and CLP1

relative to TSEN15 levels; in contrast, the other two substi-

tutions resulted in a relatively increased association. We

confirmed these results using a western blot variant (Peggy

Sue, ProteinSimple) and a cellular overexpression system

(Figure S4).

Previously, it has been shown that mutation of CLP1 re-

sults in a decrease in the association of the entire TSEN

complex, leading to impaired tRNA cleavage due to the

lack of TSEN complex.6,7 To determine the functional im-

plications of the altered stoichiometry of the purified
merican Journal of Human Genetics 99, 228–235, July 7, 2016 231



Figure 2. The Three Families Carry TSEN15 Missense Mutations that Affect Conserved Amino Acid Residues
(A) Schematic of TSEN15 depicting the coding sequence spanning 5 exons and the 50 and 30 UTR in exons 1 and 5, respectively. Red lines
indicate the position of the three identified mutations and their coordinates within the cDNA (GenBank: NM_052965.3).
(B) Schematic of the TSEN15 protein depicting the location of a helices (green) and b sheets (blue) using information from the previously
generated NMR structure from RCSB protein data bank.18 N and C indicate the N and C termini of the protein, respectively. Red lines
indicate the position and the coordinates of the three amino acid substitutions resulting from the described mutations (GenBank:
NP_443197.1).
(C) All three amino acids affected by the mutations are conserved in vertebrates.
(D) Ribbon model of TSEN15, as solved by NMR.18 Depicted are the three affected residues: Trp76, His116, and Tyr152.
(E) Magnification of Trp76, which is located in the core of the folded protein and might be critical for folding and internal hydrophobic
interactions.
(F) Magnification of His116, which is located on the surface of the protein.
(G) Magnification of Tyr152, which is located in the last b sheet C-terminal to a critical interaction loop with TSEN2.
TSEN complexes, we employed an in vitro tRNA cleavage

assay. Wild-type and mutant complexes were tested for

enzymatic activity using 32P-labeled intron-containing

tyrosine tRNA as substrate.6 The readout of this assay is

the cleavage of the pre-tRNA into 50 and 30 exon ‘‘halves’’

and the intron after a 2 hr incubation with purified TSEN

complexes. The wild-type complex, as well as a purified

yeast tRNA endonuclease control, catalyzed this reaction

as expected and produced the predicted RNA fragments

(Figure 3C). Purified complexes from all three mutants,

however, showed an almost complete loss of the enzy-

matic function and absence of cleaved substrate. These re-
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sults highlight the importance of proper heterotetrameric

assembly of the TSEN complex to achieve recognition

and cleavage of tRNA substrates.

Our data suggest a converging molecular phenotype

caused by mutations that affect the TSEN15 protein in

different ways. The p.His116Tyr substitution, consistent

with the residue’s location, did not affect the production

and stability of the protein. Nevertheless, the mutant

severely decreased assembly of stable endonuclease com-

plex, most likely due to reduced interaction with its bind-

ing partner, the active site containing TSEN34. The other

two residues are situated within the protein (Figures 2D,
16



Figure 3. The Three Described Amino Acid Substitutions Affect Complex Assembly and tRNA Cleavage
(A)Western blot analysis of purified samples obtained from stable cell lines expressing wild-type (WT) ormutant HisFlag-tagged TSEN15.
All lysates were subjected to tandem affinity purification (Ni-NTA and Flag M2, Sigma, cat# F1804, RRID: AB_262044) and probed with
antibodies detecting TSEN54 (Abcam, ab178696, 0.86 mg/mL), TSEN2 (Proteintech, cat# 13103-2-AP, RRID: AB_2272213; 4 mg/mL),
CLP1 (HEAB antibody, Abcam, ab172683, 0.4 mg/mL), TSEN34 (Abcam, ab68868, 1 mg/mL), and TSEN15 (Flag M2, Sigma, cat#
F1804, RRID: AB_262044; 0.2 mg/mL). Whereas the p.His116Tyr mutant TSEN15 can be recovered at levels comparable to WT,
p.Trp76Gly and p.Tyr152Cys result in lower protein levels and affect protein folding, stability, or both.
(B) Quantification of TSEN54, TSEN2, CLP1, and TSEN34 levels, normalized to the respective mutant TSEN15 and wild-type (equals 1).
1:1:1:1 stoichiometry of the complex, as well as relative levels of CLP1, are severely affected by the substitutions. Whereas the p.His116-
Tyr substitution results in destabilization of the purified complex and relative reduction of its components and CLP1 protein, the other
two mutants show a relative increase of the other proteins.
(C) tRNA cleavage assay using 32P-labeled tyrosine pre-tRNA (pre-tRNATyr) as substrate. Shown is an RNA gel of reactions incubated with
buffer, purified yeast complex (Yeast), the purified WT complex, and the mutants. Yeast, as well as WT complex, catalyze a cleavage re-
action that results in the production of a 50 and a 30 exon, as well as the intron. All three mutant complexes show near complete loss of
cleavage activity.
2E, and 2G) and their alteration probably affects proper

folding, stability, or both. Based on the location of Trp76

in the very center of the protein and the critical hydrogen

bond provided by Tyr152, we suggest that the variants

probably impair protein folding and result in degradation

of the misfolded product. The more pronounced impact

of the p.Trp76Gly substitution on TSEN15 stability seen

here may underlie the congenital and overall more severe

presentation of microcephaly in family II.

In all cases, however, the substitution resulted in changes

of the complex’s stoichiometry. TSEN2 and TSEN34 could

be detected in all three purifications at lower levels; never-

theless, the in vitro cleavage assay showed an almost com-

plete dearth of cleaved tRNA. This finding reiterates the

importance of the correct assembly of the tRNA splicing

endonuclease subunits for its enzymatic activity.13–15
The A
The conspicuous absence of homozygous null alleles for

the other three members of the TSEN complex suggested

early lethality upon complete loss of their function.8–10,12

This hypothesis was supported by compoundheterozygous

individuals, carryingonenonsense andonemissensemuta-

tion. These were classified as the more severe PCH4 (MIM:

225753) and PCH5 (MIM: 610204) or PCH2 with aspects

of PCH4.8,10,11 These findings imply an essential function

of the TSEN complex in humans, similar to what has been

found in S. cerevisiae.24

The in vitro assay employed here showed compromised

enzymatic activity of complexes purified by TSEN15 mu-

tants. However, the phenotype of the identified affected in-

dividuals was milder than those seen in most other PCH2

case subjects. We propose two possibilities for this discrep-

ancy. First, it is conceivable that the three TSEN15mutants
merican Journal of Human Genetics 99, 228–235, July 7, 2016 233



may retain tRNA splicing function in the cellular context.

All three enzyme variants alter the subunit stoichiometry

of the TSEN enzyme but do not completely abolish the

interactions between the TSEN subunits. Therefore, there

may remain sufficient TSEN activity within affected cells

to allow for a basal production of tRNA from spliced precur-

sors. Thus, the lack of in vitro cleavage activity might be a

reflection of the slower reaction kinetics. Second, other

members of the complex may have functions beyond the

catalysis of tRNA cleavage which contribute to the more

severe phenotype. Mutation of TSEN15 may only impair

tRNA splicing, which can be tolerated through develop-

ment, but ultimately leads to the described phenotypes.

As cells from affected members of these families become

available, it will be interesting to determine the levels of

tRNA derived from intron-containing tRNA genes.

Humans express approximately 600 tRNAs, 34 of which

undergo splicing (GtRNAdb). Of these, two isotypes are

exclusively represented by the spliced population: tRNACys

ACA and tRNAIle UAU. Although wobble base-pairing is

possible for the Cys-UGU codon, shifting the decoding of

all UGU to the tRNACys UGC isotype might still influence

the translation kinetics of certain proteins and ultimately

their folding. The recent observation that synonymousmu-

tations can result in non-optimal codons and affect protein

structure and function lends weight to this contention.1,25

The AUA codon, on the other hand, is exclusively decoded

by its corresponding tRNAIle UAU (GtRNAdb). Furthermore,

in S. cerevisiae, the modification of the U34/U36 in tRNAIle

UAU to pseudouridine requires the presence of the intron,

highlighting thecritical role splicingplays in theproduction

of this tRNA isotype.26 Although it is difficult to pinpoint

how alterations in the kinetics of translation will impact a

given protein, it has recently been demonstrated that alter-

ations of a brain-specific tRNA can cause neurodegeneration

caused by ribosome stalling.27

All TSENs show constant expression in the cerebellum

during and after development, which is comparable to

other brain areas, such as the dorsolateral prefrontal cortex

(BrainSpan Atlas). This suggests that pons and cerebellum

are generally more sensitive to aberration in tRNA biology,

an observation that is supported by previous work.5–7,28,29

Ultimately, the elucidationof thedeleterious effects of these

mutations will require mouse models for the individual

members of the TSEN complex. These will help to deter-

mine the origin of the PCH2phenotypes andwill shed light

on the hindbrain’s sensitivity to tRNA processing defects.

In this study we report pathogenic mutations in TSEN15

that cause pontocerebellar hypoplasia. Although we could

not confirm the pontine and cerebellar phenotype for fam-

ily III due to the lack of medical imaging, the similarity in

clinical presentation and the molecular evidence suggest

that the same structural abnormality underlies the pheno-

type. Thus, we propose to classify this phenotype as ponto-

cerebellar hypoplasia type 2 (PCH2) and, according to the

convention that uses genetic evidence as determinant, to

refine it as PCH2F (see GeneReviews in Web Resources).
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This additional subclass shares several features with other

cases of PCH2: hypoplasia of the hindbrain, progressive

microcephaly, and often epilepsy. In contrast to, for

instance, PCH2A, however, affected individuals did not

suffer from central visual impairment and the overall clin-

ical presentation was less severe.

The implicationof the last remainingmemberof the tRNA

splicing endonuclease complex inpontocerebellar hypopla-

sia underlines the importance of tRNA splicing in brain

development and neurological disease. Moreover, the sig-

nificant postnatal increase in clinical severity suggests a

potential treatment window for drugs or genetic therapies

that increase the function of this complex.
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