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Abstract Ribonucleases (RNases), essential for RNA metabolism, are implicated in human dis-
eases, including neurodevelopmental, developmental, hematopoietic and other dysfunctions
throughmutations that disrupt their enzymatic functions. Exploring RNasemutations across organ-
isms offers insights into Mendelian diseases, facilitatingmolecular dissection of pathological path-
ways and therapeutic development. By employing model organisms, our analysis underscores the
evolutionary conservation of RNase genes, facilitating deeper insights into disease mechanisms.
These models are vital for uncovering rare molecular dysfunctions and potential therapeutic tar-
gets, demonstrating the effectiveness of integrated research approaches in addressing complex
genetic disorders. Drawing from phylogenetic analyses, literature survey, and databases docu-
menting the effects of human disease-causing mutations, the review highlights the significance
and advantages of employing model organisms to study specific Mendelian disorders.
ª 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
Introduction

Ribonucleases (RNases) constitute a diverse group of en-
zymes that play a predominant role in RNA metabolism,
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encompassing degradation, steady-state turnover, quality
control, and maturation processes. RNases can be classified
into exoribonucleases and endoribonucleases based on their
mode of action. Exoribonucleases cleave RNA molecules
from either the 30 or 50 terminal, predominantly releasing
nucleoside monophosphates, though in rare cases, nucleo-
side diphosphates may also be produced. There are six major
superfamilies of exoribonucleases, including RNR, DEDD,
RBN, PDX, RRP4, and 5PX, with DEDD being the largest and
most diverse group.1 Endoribonucleases, on the other hand,
cleave RNA substrates internally, releasing RNA fragments of
various lengths. Eukaryotic endoribonucleases comprise a
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large group of enzymes from diverse families, such as RNase
A, RNase L, RNase III, MBL, RNase H, Schlafen, and multi-
protein complexes like RNase P/MRP.2 The classification of
RNases based on the mechanism of action and released
products, on the other hand, has been a subject of conten-
tion. The current description by the Biochemical Nomen-
clature Committee of IUPAC and NC-IUBMB categorizes them
as either hydrolases acting on ester bonds (EC 3.1) that
cleave phosphodiester bonds to produce 50 or 30 monoesters,
or phosphorous oxygen lyases (EC 4.6.1), which cleave the
same phosphodiester bonds to produce 20,30-cyclophosphate
intermediates and 30-phosphate as end-products.3

While each RNase plays a unique and important role in
global cell homeostasis, specifically some are of clinical in-
terest due to their established links to sporadic diseases like
cancers4 and a range of hereditary Mendelian disorders listed
in the Online Mendelian Inheritance in Man (OMIM) data-
base.5 Mutations, whether directly within the catalytic
domain or in any other key motif, are often ultimately linked
to a compromised catalytic activity of the protein. Moreover,
the genetic alterations have the potential to affect the
transcript encoding an RNase or the enzyme itself, a topic
which has been briefly discussed with suitable examples,
later in the review. Given their critical roles in maintaining
cellular homeostasis, it is evident that the disease-associ-
ated RNases, along with many others, are widely distributed
across various kingdoms of life, with their key motifs being
highly conserved. When discussing Mendelian disorders, their
rarity in the population restricts exploratory studies on
causal mutations, leading to many alterations going unno-
ticed. However, keeping in mind the ever-increasing
amounts of genetic and genomic data, it has been suggested
that an additional 6000 to 13,000 genes shall be added to the
list of genes associated with monogenic hereditary disorders
in the future.6 A common approach to studying and char-
acterizing previously undiagnosed or rarely diagnosed dis-
eases involves analyzing known or novel high-risk genetic
variants and their associated molecular phenotypes at the
level of non-mammalian model organisms. The conserved
nature of RNases indeed broadens the scope for modeling
RNase-associated Mendelian diseases in non-mammalian
systems, enabling deeper exploration of their molecular
mechanisms. Model organisms eliminate the dependency of
such studies on the availability of rare patient samples. The
significance of models in rare disease research has surged
globally, particularly with the establishment of the NIH-
common-funded Undiagnosed Diseases Network(UDN). This
initiative includes a Model Organism Screening Center
(MOSC) dedicated to studies on Caenorhabditis elegans
(nematode), Drosophila melanogaster (fly), and Danio rerio
(fish), among other resources.7

Building upon the existing knowledge base, this review
delves into the molecular pathologies of RNase-associated
hereditary Mendelian diseases. In doing so, we present
updated information on disease models, drawing from both
an in-house conducted phylogenetic study and available
literature. Additionally, we highlight the significance and
advantages of modeling rare genetic disorders in non-
mammals. This approach offers valuable insights into the
underlying molecular perturbations which shall aid in the
development of future therapeutic strategies.
Different types of mutations disrupting RNase
functions

The physiological function of an RNase can be altered via
various indirect and direct pathways. Alterations can occur
within or outside the protein-coding region. Such mutations
thus can directly affect the catalytic activity or indirectly
affect a regulatory pathway which in turn fine-tunes the
expression and action of the RNase. Below, we illustrate
various types of mutations by drawing examples from
the RNase group of proteins found across multiple kingdoms
of life.

The protein-coding part of a gene is the region that is
both transcribed and translated to finally synthesize the
polypeptide sequence which undergoes further post-trans-
lational modifications and folding events to form the
functional protein. In most cases, mutations in such regions
directly alter the amino acid sequence affecting the protein
function through multiple means, as depicted by the
following examples.

Mutations in one or all three subunits of the RNase H2
enzyme (H2A, H2B, and H2C) cause the genetic disorder
called Aicardi-Goutières syndrome (AGS). A missense mu-
tation in the catalytic subunit RNase H2A coding gene
causes severely reduced enzymatic activity leading to a
specific subtype of the disease.8 In the yeast RNase III
enzyme Rnt1p, depending on the type of mutation within
the dsRNA binding domain, the function of the enzyme is
impeded to varying degrees. The effects range from
disruption of enzymeesubstrate interaction to differential
dsRNA processing defects, in vivo and/or in vitro.9 Muta-
tions that impact protein folding can be exemplified by
Escherichia coli RNase HI. Substitution mutations in the
enzymatic core perturb the physiological balance between
folding intermediates and native folded proteins. Such
mutations can either lead to the accumulation or desta-
bilization of folding intermediates, which further interfere
with the proper folding of the mature enzyme.10 Mutations
can sometimes change the subcellular localization of an
enzyme. For example, a single mutation in the N-terminal
domain of the RNase III enzyme in yeast, Rnt1p, is suffi-
cient to prevent its accumulation in the nucleoplasm
leading to slower exit from mitosis.11 Certain highly
pathogenic mutations in RNase coding genes can signifi-
cantly alter their RNA transcripts. For instance, a homo-
zygous stop-gain mutation in the PARN-like ribonuclease
domain containing exonuclease 1 (PNLDC1) gene leads to
the production of abnormal transcripts, which are subse-
quently degraded through the nonsense-mediated RNA
decay (NMD) pathway. This process ultimately results in a
complete loss of protein function.12

Human RNases implicated in Mendelian
diseases

Mendelian or monogenic diseases are caused by the mu-
tation of a single gene and run through generations. The
disease-associated gene could be located on an autosome
or the sex chromosome and can be dominant or recessive
in terms of phenotypic manifestations. The diseases are
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categorized as follows: autosomal dominant/recessive; X-
linked dominant/recessive, and Y-linked.13

Currently, UniProt enlists 104 RNases, of which 13 pro-
teins are implicated in hereditary Mendelian disorders. But
with the advances made in the field of creation of viable
organisms carrying lethal gene knockouts using CRISPR-Cas9
method in a 2-cell embryonic system,14 it is likely that
essential RNases crucial for viability will be progressively
identified and studied. This could lead to the discovery of
various hereditarily transferred lethal mutations in essen-
tial RNases, providing new subjects for research.

When examining diseases caused by disorders in the genes
encoding RNases, an interesting pattern can be noticed, that
is, most of them are neurological or growth-related diseases.
This therefore raises the question about the existence of
certain similarities in disease pathogenesis resulting from
the common properties of these RNases. To provide an
insight into this phenomenon, we therefore present below
the key features of individual RNases in the context of the
main groups of diseases associated with them. The cellular
processes mediated by these RNases are shown in Figure 1.
The characteristics and molecular details of the genes
encoding these enzymes are summarized in Table 1.
Figure 1 Non-coding RNA metabolism pathways disrupted upon
diseases. SLFN14 was excluded as its mechanism of action has not
Neurological disorders

The nervous system poses both as a sensitive and robust
tissue system in the face of genetic insults occurring
throughout an organism’s lifespan. Hereditary mutation in a
single RNase encoding gene is enough to cause an array of
neurological malfunctions which are often elicited as neu-
rodevelopmental, neurodegenerative, and/or neuro-
inflammatory defects. The group of RNases whose
mutations lead to various neurological diseases include
ribonuclease H2 subunits A, B, and C (RNase H2), angioge-
nin, argonaute-2 (Ago-2), and ribonuclease T2 (protein
referred to here as RNase T2).

RNase H2 holoenzyme is composed of three subunits:
RNase H2A being the catalytic subunit, and RNase H2B and
H2C, the non-catalytic structural subunits.15 In humans,
the genes encoding each of the subunits are located on
different chromosomes, RNASEH2A on 19, RNASEH2B on
13, and RNASEH2C on 11. The enzyme acts as a surveil-
lance agent removing mis-incorporated ribonucleotides
from DNA and resolving DNA:RNA hybrids, formed during
replication and transcription, mainly in the nucleus.16,17

Heterozygous loss of function (LOF) mutations in either of
mutations of the 12 selected RNases implicated in Mendelian
yet been fully elucidated.



Table 1 Human ribonuclease genes associated with Mendelian disorders.

Gene
name

Protein name RNase family Substrate Cellular
localization

OMIM ID Disease name Disease type Disease
onset

Disease mechanism- current
view

RNASEH2A Ribonuclease H2
subunit A (RNase
H2A)

RNase H
family/
Retrovirus
Integrase
Superfamily
(RISF)

RNA:DNA hybrids Nucleus 610333 Aicardi-Goutières
syndrome 4

Neurological Early Mutations causing loss of
enzyme function lead to
chronic DNA damage and
replication stress. This triggers
severe immunogenic response
in the neuronal tissue causing
Aicardi-Goutières syndrome
(AGS). Chronic DNA damage
affects the central nervous
system because the bulk of the
tissue is comprised of long-
living neurons for which
genome maintenance is of
utmost importance.

RNASEH2B Ribonuclease H2
subunit B (RNase
H2B)

Nucleus 610181 Aicardi-Goutières
syndrome 2

Neurological Early

RNASEH2C Ribonuclease H2
subunit C (RNase
H2C)

Nucleus 610329 Aicardi-Goutières
syndrome 3

Neurological Early

RNASE5 Angiogenin RNase A
family

Mature tRNA;
snRNAs at
specific sites;
miRNA

Nucleus;
cytoplasm

611895 Amyotrophic lateral
sclerosis 9

Neurological Adulthood Angiogenin curbs stress by
generating stress-induced
tRNA fragments called 50-
tiRNA that reprogram global
protein translation thereby
promoting cell survival. In ALS,
mutation of the gene causes
progressive motor neuron
death, where it is also highly
expressed. The effect is
specific to motor neurons
because they are
morphologically very long and
highly active cells, for which
localized stress protection by
angiogenin via decentralized
translation control is crucial.

AGO2 Protein argonaute-
2 (Ago-2)

RNase H
family/
Retrovirus
Integrase
Superfamily
(RISF)

miRNA/siRNA:
Target RNA
hybrids

Nucleus;
cytoplasm

619149 Lessel-Kreienkamp
syndrome

Neurological Early Disease-causing AGO2
mutations result from the
prolonged binding of the
protein onto target mRNAs in
the RNA silencing pathway.
This leads to sequestration of
Ago-2 protein in dendritic P-
bodies further hampering RNA-
silencing mediated
translational regulation in
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neurons. Its function is
especially important in
neurons as much of their
dynamic functions rely on
compartmentalized
translation.

RNASET2 Ribonuclease T2
(RNase T2)

RNase T2
family

rRNA, mRNA Lysosomes;
mitochondria;
vacuoles; P-
bodies

612951 Cystic
leukoencephalopathy,
without megalencephaly

Neurological Early The lysosomal enzyme is
active against ssRNA,
especially rRNA. As the gene is
highly expressed in the brain,
deficiency of the enzyme
causes an overt immune
response in the brain similar to
that of congenital
cytomegalovirus infection or
AGS in the central nervous
system. This immune reaction
is due to the accumulation of
undigested ssRNAs in the
lysosome and their transport
to cytosol where they bind to
RNA-recognizing immune
receptors.

DICER1 Endoribonuclease
Dicer (Dicer)

RNase III
family

Premature
miRNAs (pri-
miRNA)

Nucleus;
cytoplasm

618272;
138800;
601200;
180295

GLOW syndrome, somatic
mosaic; multinodular goiter
1, with or without Sertoli-
Leydig cell tumors;
pleuropulmonary blastoma;
embryonal
rhabdomyosarcoma 2

Growth-
related

Early The enzyme is involved in the
generation of 3p and 5p-
miRNAs. Molecularly, DICER1
mutations in a specific region
result in the diminishing of 5p-
miRNAs and accumulation of
3p-miRNAs. Most of the
aberrantly accumulated 3p-
miRNA molecules negatively
regulate inhibitors and
positively regulate activators
of the central PI3K-AKT-mTOR
growth signaling pathway. This
results in the manifestation of
overgrowth or abnormal
growth of multiple organs.

DIS3L2 DIS3-like
exonuclease 2
(Dis3l2)

RNase II
family
(component
of RNA
exosome

rRNAs, snRNAs,
snoRNAs, tRNAs,
vault, 7SL, Y
RNAs, mRNAs,
lncRNAs,

Cytoplasm 267000 Perlman syndrome Growth-
related

Early Dis3l2-mediated decay is a
surveillance pathway for a
number of coding and non-
coding RNAs. Disease-causing
mutations in DIS3L2 cause the

(continued on next page)
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Table 1 (continued )

Gene
name

Protein name RNase family Substrate Cellular
localization

OMIM ID Disease name Disease type Disease
onset

Disease mechanism- current
view

complex) transcripts from
pseudogenes

accumulation of aberrant 30

uridylated 7SL ncRNA
component of signal
recognition particle (SRP).
Disturbed quality control of
7SL ncRNA harms ER-
associated translation and
disturbs cellular calcium
homeostasis by endoplasmic
reticulum calcium leakage.

ELAC2 Zinc
phosphodiesterase
ELAC protein 2
(Elac2)

RNase Z
family/MBL
superfamily

tRNA precursors
(pre-tRNA);
miRNA; piRNA;
snRNA; snoRNA

Nucleus;
mitochondria

615440;
614731

Combined oxidative
phosphorylation deficiency
17; susceptibility to
hereditary prostate cancer
2

Growth-
related;
prostate
cancer

Early Elac2 is involved in the 30 end
processing of pre-tRNAs.
Deficiency of the functional
enzyme leads to the
accumulation of unprocessed
mt-tRNA transcripts and
disruption of mitochondrial
protein translation, especially
of the mitochondrially
encoded OXPHOS proteins.
This leads to a mitochondrial
disorder with a deficiency in
ATP production, affecting
multiple organs.

PRORP Mitochondrial
ribonuclease P
catalytic subunit
(MRPP3)

Components
of RNase P
riboprotein
complex

tRNA precursors
(pre-tRNA);
mRNA with
modified 30

external guide
sequence

Nucleus;
mitochondria

619737 Combined oxidative
phosphorylation deficiency
54

Growth-
related

Early This protein is the catalytic
subunit of mitochondrial
RNase P which processes 50

ends of pre-tRNA molecules in
the maturation pathway of
functional tRNA. Loss of
function of this subunit leads
to the deficit of mature mt-
tRNAs inhibiting translation of
mitochondrial proteins, like
several OXPHOS pathway
components. This finally
causes mitochondrial
dysfunction affecting multiple
organs.

PARN Poly(A)-specific
ribonuclease PARN

CAF family rRNA; snoRNA;
scaRNA; mRNA;

Shuffles
between

616353;
616371

Autosomal recessive
dyskeratosis congenita 6;

Blood-related Early The enzyme is involved in the
biogenesis of TERC
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(PARN) TERC nucleus and
cytoplasm

telomere-related
pulmonary fibrosis and/or
bone marrow failure
syndrome 4

(telomerase RNA component).
It stabilizes TERC by removing
30 poly-A tails that serve as
RNA degradation signals and
mutation of the gene
destabilizes this process.
Maintenance of telomere
lengths by telomerase is
crucial for the survival of
various stem and progenitor
cell populations like
hematopoietic stem cells.
Hence, the bone marrow is
susceptible to
telomeropathies.

SLFN14 Protein SLFN14
(SLFN14)

Schlafen
family

rRNA Nucleus 616913 Platelet-type bleeding
disorder 20

Blood-related Early Platelets and erythrocytes
have minimal RNA load. The
protein is highly expressed in
immature platelets and
erythrocytes called
megakaryocytes and
reticulocytes, respectively. It
associates with ribosomes and
degrades rRNA to clear RNA
during blood cell maturation.
Therefore, loss of SLFN14
protein function could hamper
the blood cell maturation
process causing bleeding
disorder.

RNASEH1 Ribonuclease H1
(RNase H1)

RNase H
family/
retrovirus
integrase
superfamily
(RISF)

RNA:DNA hybrids Nucleus;
mitochondria

616479 Autosomal recessive
progressive external
ophthalmoplegia with
mitochondrial DNA
deletions 2

Muscular Adulthood The enzyme removes RNA
primers forming RNA:DNA
hybrids in mtDNA replication.
Loss of RNase H1 function
stalls mtDNA replication fork
causing mtDNA depletions and
deletions and resultant
mitochondrial dysfunction.
The major tissue system
affected are muscles as they
are known to have high energy
requirements.

RNASEL 2-5A-dependent
ribonuclease

Ribonuclease
2e5 A or

Microbial rRNA,
mRNA

Nucleus;
cytoplasm;

601518 Prostate cancer 1 Prostate
cancer

Adulthood RNase L is activated by
cleavage product of an

(continued on next page)
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Table 1 (continued )

Gene
name

Protein name RNase family Substrate Cellular
localization

OMIM ID Disease name Disease type Disease
onset

Disease mechanism- current
view

(RNase L) RNase L
family

mitochondria interferon-induced enzyme
called 20e50 oligoadenylate
synthetase (OAS). Activated
RNase L cleaves 28S and 18S
rRNA causing cellular
apoptosis. This pro-apoptotic
activity is both anti-viral and
anti-tumorigenic (apoptosis of
prostate cancer cells).
Prostate cancer is especially
implicated in RNase L
mutations because the gene
maps to hereditary-prostate-
cancer (HPC)epredisposition
locus (HPC1).

PNLDC1 Poly(A)-specific
ribonuclease
(Pnldc1)

CAF family mRNA; pre-piRNA Cytoplasm 619528 Spermatogenic failure 57 Reproductive
failure

Adulthood The protein trims 30 ends of
pre-piRNAs, required as a step
for piRNA biogenesis. Mature
piRNAs are essential in the
context of transposon
silencing and regulation of
spermatogenesis. Therefore,
dysfunction of the enzyme
leads to the accumulation of
30-untrimmed piRNAs and de-
repression of transposons in
the testes causing failure of
sperm production.
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the three subunits are associated with a severe autosomal
recessive neuroinflammatory disorder AGS, as briefly
stated before (AGS2 (RNase H2A); AGS3 (RNase H2B) and
AGS4 (RNase H2C)). Mutations in the genes coding for
these three subunits have been mapped within their
respective protein coding regions.18 The disease is man-
ifested by encephalopathy with calcification of the basal
ganglia and abnormalities of cerebrospinal fluid that
include lymphocytosis and high levels of interferon-a.19,20

Depending on which subunit of the holoenzyme is affected
by a mutation, the phenotype of the disorder has a
neonatal (RNASEH2A and RNASEH2C ) or later (RNASEH2B)
onset. The molecular mechanism of AGS involves chronic
DNA damage caused by the accumulation of mis-incorpo-
rated ribonucleotides, leading to an excessive immune
response.21 However, the exact DNA damage pathway
triggered by these progressively accumulating ribonucle-
otides remains to be clearly elucidated. Moreover, the link
between DNA damage and inflammation phenotype has
not been fully resolved yet.

Angiogenin is a secreted enzyme with relatively weak
catalytic activity and its in vivo substrates have been only
partially characterized.22 It is encoded by the RNASE5 gene,
which is located on chromosome 14 in humans. In physio-
logical conditions, the enzyme is associated with angio-
genesis via the promotion of cell growth, proliferation, and
survival. During growth, angiogenin is translocated into the
nucleus and acts as a transcription factor that binds rDNA
promoters, thus stimulating rRNA synthesis. This is a rate-
limiting step in ribosome biogenesis, which in turn is
required for translation and other growth-promoting func-
tions.23 During stress, on the other hand, angiogenin lo-
calizes to the cytoplasm to generate stress-induced tRNA
fragments called 50-tiRNA. These molecules trigger the
formation of stress granules and inhibit the global trans-
lation of housekeeping genes. Elsewhere, angiogenin might
promote the translation of certain anti-apoptotic mRNAs
like Bcl-2 during adverse conditions. All angiogenin’s stress-
responsive functions, taken together, ultimately promote
cell survival.24,25 Heterozygous LOF mutations in the
RNASE5 gene are associated with a familial form of amyo-
trophic lateral sclerosis (ALS), characterized by an onset
10e15 years earlier than ALS cases linked to mutations in
other genes.26 All ALS-causing mutations in RNASE5 identi-
fied so far have been mapped within the protein-coding
region of the gene and cause decreased enzymatic activ-
ity.27 Major mutations, such as substitutions of key residues
His13 and/or His114, lead to a 10,000-fold decrease in ac-
tivity.22 The major phenotype of this disease is a progres-
sive loss of motor neurons in the brain, brainstem, and
spinal cord.28 It is associated with insufficient rRNA syn-
thesis23 and the disturbance of tiRNA generation, followed
by impairment of neuroprotective pathways.29 However,
the link between the molecular phenotype and the brain-
centric disease pathology remains to be determined.

Ago-2 encoded by the AGO2 gene located on chromo-
some 8, is the only member of the argonaute protein family
with important catalytic activities. The protein has the
characteristic PIWI and PAZ domains of the family. Its major
function is the cleavage of target mRNAs guided by miRNA
and siRNA, as a part of the RISC complex.30 Within the RNA
silencing pathway, it can also process premature miRNAs in
a Dicer independent way.31 LOF heterozygous mutations in
AGO2 cause the autosomal dominant Lessel-Kreienkamp
syndrome (LESKRES). This disorder is manifested predomi-
nantly with developmental delay, as well as intellectual
and motor disability. The disease-causing mutations are
located in the protein-coding region and all the resultant
protein variants are inefficient effectors of the shRNA-
mediated RNA silencing. One of the key abnormalities
associated with LESKRES-causing mutations is the unavail-
ability of free forms of Ago-2, causing global impairment of
RNA interference and profound transcriptomic changes.
This mainly occurs as a result of the mutated protein get-
ting stalled at mRNA:miRNA hybrids which in turn are then
increasingly stacked into RNA degradative granules called
P-bodies.32 The precise identification of key events leading
to the development of the pleiotropic disease phenotype
however requires further research.

All the above three RNases are crucial for survival, and
homozygous null mutations or knockouts of their coding
genes are lethal in nature.32e34

Ribonuclease T2 from the RNase T2 family is a lysosomal
enzyme encoded by RNASET2 which cleaves ssRNA within
GU or AU motifs. In mammalian cells, it facilitates anti-
pathogen immune response and is also implicated in can-
cer35 by responding to hydrogen peroxide, ultraviolet ra-
diation, and inflammatory stimuli.36 LOF homozygous or
heterozygous mutations, again within the protein-coding
region of RNASET2, cause autosomal recessive cystic leu-
koencephalopathy which shows similar phenotypes to that
of AGS disorder. The causal mechanism of the disease is
attributed to the accumulation of uncleaved RNA substrates
like rRNA molecules in lysosomes. This is in line with one of
the main functional aspects of the enzyme in which it de-
grades exogenous or endogenous lysosomal RNAs, like
rRNAs, and therefore is an important factor in the ribosome
recycling pathway.35,37 It remains an open question to what
extent the pathomechanism of the disease is determined by
each of the two phenomena: disturbances in RNA turnover
and the toxic effect of accumulated RNA. Organisms
harboring RNASET2 homozygous null mutations most often
manifest stunted embryonic development that reduces
lifespan.38

Despite the comprehensive study of the functions of the
selected RNases and their mutation-associated diseases, an
obvious reason for the nervous system’s susceptibility to
the mutations of these particular enzymes does not seem to
emerge. Therefore, the next section provides an overview
of the many commonalities between the enlisted diseases
and their casual mutations, such as onset, immunological
response, and disruption of de-centralized translation in
neurons. Observing these signatures in patients with novel
and unstudied mutations may indicate a phenotypic
neurological vulnerability.

Due to the varied range of effects of heterozygous LOF
mutations on enzymatic function (in turn affecting the
neurons in this case), the resultant neurological disorders
could either be early onset (in utero or postnatal) or late
onset (adulthood). RNase H2, Ago-2, and RNase T2 muta-
tions are associated with early-onset disorders. These dis-
eases generally lead to non-fatal brain damage and the
disease progression diminishes with age for some of them.
In AGS caused by RNase H2 mutations, nuclear RNase H1
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cannot replace the H2 enzyme in patients, but in vitro
overexpression of RNase H1 in H2�/� cells can partially
compensate for enzyme function, particularly in the pro-
motion of long interspersed nuclear element-1 (LINE-1)
retrotransposition. In fact, accumulation of LINE-1
RNA:cDNA hybrids could be a source of immunostimulatory
nucleic acids detected in AGS patients.39 Therefore, it can
be hypothesized that the disease recession in the later
years of life might be due to the partial supplementary role
of RNase H1. On the other hand, angiogenin mutations
causing ALS represent the sole late-onset neurodegenera-
tive disorder within this group, characterized by progres-
sive motor neuron loss. Several compensatory mechanisms
functionally preserve neuron activity until approximately
50% are lost, explaining the disease’s delayed onset.40,41 It
can be implied that these compensatory mechanisms are
additional stresseresponsive pathways that get activated in
the absence of angiogenin.

Next, in three out of the four mentioned neurological
diseases, associated mutations lead to increased immu-
nological responses in the central nervous system. In AGS,
elevated type-I interferons trigger an innate immune
response due to the accumulation of DNA damage by-
products in the absence of functional RNase H2.42,43

Similarly, cystic leukoencephalopathy, caused by LOF
RNase T2 mutations, exhibits an increased immune
response like that observed in AGS. In fact, both these
diseases phenotypically mimic human cytomegalovirus
infection. This similarity can be reasoned out by the fact
that alike viral infections, mutations in both enzymes lead
to the accumulation of endogenous single-stranded
nucleic acid molecules that are recognized by immune
machinery.42,44 In familial cases of ALS caused by angio-
genin mutations, there are reports about severe inflam-
matory reactions mediated by innate immunity cells like
macrophages and mast cells.45 Hence, it can be stated
that elevated immune response takes place because of the
accumulation of undigested substrates present in the cell
in the absence of a functional RNase.

Neuronal processes like axons and dendrites, being
distant from cell bodies, rely on asymmetric proteome
distribution to maintain cellular health and dynamic func-
tionality. This asymmetry is achieved through localized
translation or concentrated protein import.46 In RNase
mutation-associated neurological diseases, disruption of
decentralized translation pathways in neurons is evident.
AGO2 mutations hinder the regulation of local translation
by reducing free Ago-2 protein availability in the cyto-
plasm, essential for translational regulation.46 Angiogenin
mutations in ALS disrupt the 50-tiRNA-triggered stress
granule formation, involved in stress-responsive translation
inhibition. Impeding stress granule formation can debilitate
the neuroprotective role of angiogenin by impacting local-
ized stress-induced translation.47 RNase T2 is involved in
mitochondrial rRNA degradation. This has a positive corre-
lation with nuclear and mitochondrial transcription, hence
modulating ribosome biogenesis and translation. Thus, its
disruption may interfere with localized protein synthesis.48

Collectively, disruption of asymmetric neuronal translation
is a common theme in neurological disease pathogenesis,
impairing synaptic plasticity.
Growth-related disorders

RNase mutations that alter normal embryonic development
and growth affect multiple organ and tissue systems at the
same time and very often predispose the affected patients
to various forms of cancerous and non-cancerous over-
growths. There are four human RNases, mutations in which
are associated with abnormal growth disorders, namely,
Dicer, DIS3-like exonuclease 2 (Dis3l2), zinc phosphodies-
terase ELAC protein 2 (Elac2), and mitochondrial ribonu-
clease P catalytic subunit (MRPP3).

Dicer exhibits a tissue-wide expression pattern and plays
a key role in normal organ development.49 In humans, it is
encoded by the DICER1 gene on chromosome 14. It pri-
marily processes dsRNA or pre-miRNA molecules, cleaving
them at specific sites to produce mature siRNA or miRNA
molecules typically 20e24 nt in length. These molecules
guide target binding within the RISC complex, contributing
to RNA silencing (mRNA degradation or translational inhi-
bition).50 Dicer generates mature miRNAs by cleaving the 50

and/or 30 arms of premature miRNA (pre-miRNA) duplex,
giving rise to miR-5p and miR-3p.51 One of them occurs at
higher concentrations in the cell than the other, and this
ratio has a functional significance. Homozygous DICER1
mutations are lethal to cells. Heterozygous LOF mutations
in the RNase IIIb domain cause GLOW syndrome with un-
known inheritance patterns (global developmental delay,
lung cysts overgrowth, and Wilms tumor), disrupting the
cellular 5p/3p miRNA ratio.52 The autosomal dominant
pleuropulmonary blastoma (PPB) is particularly significant
among all other DICER1-associated neoplastic conditions,
such as multinodular goiter with or without Sertoli-Leydig
cell tumors, and embryonal rhabdomyosarcoma stage 2.
Approximately 70% of the total number of children with PPB
carry DICER1 germline mutations. PPB stands out as the
most common and aggressive childhood lung malignancy.53

Mutations in both cases map to the protein-coding region of
the DICER1 gene. In fact, GLOW syndrome-specific muta-
tions are exclusively located at the RNase IIb domain coding
region.

Dis3l2, encoded by the DIS3L2 gene on chromosome 2, is
part of the DIS3 group of proteins. Unlike Dis3 and Dis3l1,
which are components of the RNA exosome complex
involved in mRNA degradation, Dis3l2 acts independently of
the exosome. It mediates RNA degradation of coding and
non-coding substrates, regulated by the addition of non-
template 30-uridine residues by TUTases.54 Homozygous
and/or heterozygous mutations in DIS3L2 cause the auto-
somal recessive Perlman syndrome, an overgrowth disease
with symptoms including organomegaly, hypotonia, and
renal abnormalities.55 Most of these mutations lead to
erroneous transcription, like complete deletion of one or
more exons, truncated transcript formation, splice site
mutations, and complete absence of the transcript or mRNA
instability.55 In LOF mutations associated with Perlman
syndrome, there is a notable accumulation of aberrant 30-
uridylated 7SL ncRNA which is a component of the signal
recognition particle (SRP) and is involved in ER-translation
regulation.56 The accumulation of uridylated forms of 7SL
ncRNA disrupts ER-targeted translation and calcium ho-
meostasis.57,58 However, several mechanistic details of the
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disease remain to be elaborated, including the role, if any,
of the affected pool of tRNA, rRNA, and miRNA.

Finally, zinc phosphodiesterase ELAC protein 2 (Elac2)
encoded by ELAC2, and mitochondrial ribonuclease P cat-
alytic subunit (MRPP3) encoded by protein-only RNase P
catalytic subunit (PRORP) are the catalytic effectors of the
mitochondrial pre-tRNA (mt-pre-tRNA) 30- and 50-end pro-
cessing pathways, respectively. While Elac2 itself functions
as an enzyme, MRPP3 serves as the catalytic subunit of the
RNA-protein complex RNase P. Together, they catalyze the
processing of mitochondrial polycistronic transcripts,
including mt-tRNAs, mRNAs, and rRNAs, into mature mole-
cules.59 The absence of functional forms of MRPP3 and
Elac2 causes autosomal recessive mitochondrial diseases
like combined oxidative phosphorylation deficiency COXPD-
54 and -17, in that order.60,61 Additionally, ELAC2mutations
might also be associated with hereditary prostate cancer 2
(HPC2). Causal homozygous or compound heterozygous
mutations for both diseases are predominantly located
within the protein-coding regions of their respective
genes.59,62 The manifestations of COXPD-54 are pleiotropic
and include sensorineural hearing loss, primary ovarian
insufficiency, developmental delay, and leukoencephalop-
athy.62 In contrast, the major symptom of COXPD-17 is hy-
pertrophic cardiomyopathy.59 The molecular mechanism of
both disorders is attributed to the impairment of mito-
chondrial translation. As proteins instrumental in ATP pro-
duction are exclusively encoded by mtDNA, disrupted
translation in these organelles abolishes the formation of
functional oxidative phosphorylation (OXPHOS) compo-
nents. However, it should be noted that the phenotypes of
both diseases are clearly different. Moreover, Elac2 has a
nuclear form, in addition to the mitochondrial one, and is
involved in the processing of nuclear ncRNAs.63 Further
research is required to gain a complete understanding of
the pathway initiated by the alteration of RNase function
ultimately leading to such diverse phenotypes.

The multiorgan phenotypic manifestations are the most
consistent and intriguing trend among the mentioned
growth abnormalities. Consequently, we delved deeper into
the molecular mechanisms and targets of the relevant RN-
ases to identify common traits across these diseases,
namely, mutated protein domain(s), molecular targets, and
phenotypic manifestations. Studying these factors in detail
using suitable model organisms could guide future research
and therapeutic strategies.

Disease-causing mutations in this group are all located in
the catalytic domain of each enzyme. Mutations in DICER1
that are concentrated only within one of the five key codons
of the metal-binding cleft of RNase IIIb ribonuclease domain
culminate into GLOW syndrome. This domain specifically
cleaves 5p-miRNA molecules which are in fact depleted in
the disease. However, the unaffected and still functional
RNase IIIa domain specific for 3p-miRNA cleavage may be a
cause for the signature increase in accumulation of the 3p
molecules.52,64 Mutations in the C-terminal catalytic metal-
binding metallo-b-lactamase (MBL) domain of Elac2 hinder
its 30-pre-tRNA processing RNase Z activity, resulting in the
development of COXPD-17.65 Similarly, LOF mutations in the
metallonuclease domain of the only ribonucleolytic subunit
of mt-RNase P cause yet another mitochondrial OXPHOS
deficiency, COXPD-54.62 Lastly, proteins from most of the
mutated DIS3L2 transcripts in Perlman syndrome are pre-
dicted to abolish the enzyme’s RNA binding domain, result-
ing in loss of enzymatic function. This RNA binding domain
serves as the catalytic domain for the entire ribonuclease II
enzyme family, which includes Dis3l2.55

All enzymes in the group target regulatory small ncRNAs,
and mutations causing inefficient cleavage of these targets
lead to deregulated translation machineries. Domain-spe-
cific DICER1 mutations in GLOW syndrome cause an
increased accumulation of various 3p-miRNA molecules,
antagonistically targeting key positive effectors of the
phosphoinositide 3-kinase (PI3K)-protein kinase B (AKT)-
mammalian target of rapamycin (mTOR)-mediated growth
signaling pathway. For instance, the 3p-miRNA molecules
negatively regulate mTOR inhibitors like TSC complex sub-
unit 1 (TSC1) and positively regulate the downstream pro-
proliferative driver, ribosomal protein S6 kinase (S6K).52

Protein products of both PRORP and ELAC2 genes are
involved in the maturation process of mt-tRNAs. Therefore,
mutations in both genes lead to an anticipated mitochon-
drial translation disruption. As gene products instrumental
in mitochondrial ATP production are exclusively encoded by
mtDNA, the translation of several OXPHOS-related mRNAs is
disrupted.59e62 Dis3l2 targets non-coding RNA molecules of
several types. Disease-causing homozygous/heterozygous
mutations lead to the accumulation of abnormal 30-uridy-
lated 7SL ncRNA ultimately manifesting the associated
molecular and phenotypic defects.56

The tissue-wide effects of these diseases can be traced
back to specific mutations and their impact on major or-
ganelles. Recurrent defects in certain organs like kidneys
and lungs owing to 5p- and 3p-miRNA imbalance in the case
of mosaic DICER1 mutations indicate that organ-specific
miRNAs are vital for the functioning of these organs.66 Next,
as mitochondria are the energy production unit of the cell,
multiple organs are also frequently affected in case of
mitochondrial disorders like COXPD-54 and -17.59,62,67 DIS3L2
mutations linked to Perlman syndrome disrupt the proper
development of multiple organs, especially those crucial for
inter-organ and environmental interactions, such as the
pancreas, nervous system, muscles, and kidneys.55,58
Hematopoietic disorders

Mutations in genes encoding two very functionally unre-
lated RNases, namely poly(A)-specific ribonuclease (PARN)
and Schlafen family member 14 (SLFN14), particularly
target the hematopoietic system.

PARN, encoded by the PARN gene on chromosome 16,
acts as a 30-poly A tail deadenylase. Traditionally known for
its role in mRNA degradation by removing adenine residues
from 30 tails, it has been recently revealed to be involved in
the processing and stabilization of various small ncRNA
classes. In certain ncRNAs like hTR, rRNA, Y RNAs, H/ACA
box snoRNAs, and scaRNAs, the addition of a 30-poly A tail
acts as a degradation signal, and PARN counteracts degra-
dation by removing these tails.68e70 In diseases associated
with PARN mutations, the stability of H/ACA box snoRNAs
and telomerase RNA component (TERC) is crucial. The
protein mediates the 30-end maturation of both H/ACA box
snoRNA and TERC, despite the latter lacking a 30-poly A tail.
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Subsequently, it was found that TERC has a 30- H/ACA box
snoRNA motif which is in fact recognized by the enzyme for
its activity.71 TERC stability is vital for telomerase activity
at DNA ends. Bi- or mono-allelic mutations in PARN lead to
impaired telomere replication and abnormal DNA damage
response, causing autosomal recessive dyskeratosis con-
genita-6 (DKCB6), characterized by bone marrow failure,
and the autosomal dominant disorder, pulmonary fibrosis
and/or bone marrow failure syndrome, telomere-related, 4
(PFBMFT4). Some mutations in the protein-coding region of
the gene lead to changes like the substitution of key amino
acid residues.71 Both diseases, DKCB6 and PFBMFT4, are
associated with bone marrow failure. This can be reasoned
out by the fact that maintenance of telomere length is
important for highly proliferative cells like stem and pro-
genitor cells to promote tissue renewal and longevity. Such
cells harboring PARN mutations undergo premature senes-
cence and death due to telomere shortening, particularly
affecting tissues with high replicative turnover like the
bone marrow and lung.72,73 Although several lines of evi-
dence directly link the diseases caused by PARN mutations
with telomere instability, the question arises as to how
much disturbances in the biogenesis of several other key
classes of ncRNAs contribute to the development and
course of the disorders.

SLFN14, encoded by the SLFN14 gene on chromosome
17, is an endoribonuclease that binds ribosomes to cleave
rRNA and ribosome-bound mRNA and thereby degrades ri-
bosomal subunits and represses translation. Homozygous or
heterozygous missense mutations in the protein-coding re-
gion of SLFN14 affect the AAA domain of the protein and
phenotypically cause an autosomal dominant disorder,
platelet-type bleeding disorder-20, with thrombocytopenia
due to dysregulated ribosomal homeostasis that is critical
for anucleate platelet and reticulocyte formation.74,75 This
AAA domain is predicted to bind to ATP/GTP molecules
during nucleic acid metabolism thereby enabling enzyme
function.76 Despite mutations, the protein still retains
ribosome binding and rRNA cleavage activity. However,
there is a reduced expression of the wild-type form, which
is caused due to the dominant-negative effect of the mu-
tation. The mutants form heterooligomers with the wild-
type counterparts leading to a partially unfolded form that
undergoes degradation by the cellular unfolded protein
response pathways. In the context of platelet biogenesis,
mature platelets and red blood cells are generally devoid of
RNA. From the current knowledge about the protein’s
function in rRNA degradation, a role of the enzyme in RNA
clearance during megakaryocyte and reticulocyte matura-
tion can be hypothesized.77
Other disorders

Mendelian disorders caused due to mutations in some RN-
ases like ribonuclease H1, 2-5A-dependent ribonuclease,
and poly(A)-specific ribonuclease PNLDC1 cannot be cate-
gorized into any of the above groups due to heterogeneity
in the type of tissue that is affected.

DNA:RNA hybrid targeting enzyme ribonuclease H1
(RNase H1), encoded by the RNASEH1 gene on chromosome
2, is targeted to the nucleus and mitochondria using
alternative translation initiation sites.78 In the nucleus, it is
functional in R-loop removal, processing Okazaki frag-
ments, DNA repair, and telomere elongation, and the
mitochondrial activities revolve around mtDNA replication
and transcription. Nevertheless, the functional mitochon-
drial isoform seems to be indispensable, as RNASEH1�/�

mutants are embryonic lethal due to severe dysfunction of
the mitochondria. Heterozygous RNASEH1 mutations in the
catalytic domain coding region cause autosomal recessive
progressive external ophthalmoplegia with mitochondrial
DNA deletions-2, commonly referred to as chronic pro-
gressive external ophthalmoplegia (CPEO), which is
phenotypically presented mainly with muscular weakness,
overall muscular dysfunction, dysphagia, and spinocer-
ebellar manifestations. Most CPEO-causing mutations in
RNASEH1 identified so far map to the catalytic domain.79

The mechanistic background of the disease is linked to
defects in mtDNA replication, which leads to the depletion
and deletion of mtDNA. This further results in a deficiency
in OXPHOS proteins and disrupted ATP production.80 As
muscle cells have very high energy demands, the inefficient
mitochondrial energy production pathway primarily affects
the muscle tissue.81 It is believed that nuclear deficiency of
RNase H1 can be compensated by RNase H2, which explains
why mitochondria are exclusively affected by RNASEH1
mutation.79 Nevertheless, why the phenotype of the dis-
ease varies from mild to more severe remains unclear.

RNASEL encodes 2-5A-dependent ribonuclease, an
enzyme regulated by antiviral interferon signaling. Inter-
feron cytokine signaling induces the expression of 20,50-
oligoadenylate synthetase (OAS) genes. Once activated by
dsRNA molecules, the OAS enzyme generates 20-50-linked
oligoadenylate molecules (2e5A) from ATP, promoting
RNase L dimerization and activation. RNase L then cleaves
viral and cellular ssRNA, inhibiting viral replication and
inducing host cell apoptosis.82 Additionally, recent studies
have unveiled its roles in regulating proliferation,
apoptosis, differentiation, and autophagy. These functions
are mediated by translational control mechanisms like rRNA
or mRNA cleavage or premature translation termina-
tion.83,84 The enzyme’s pro-apoptotic functions are espe-
cially implicated in its tumor suppressive roles. As a result,
RNASEL deficiencies are implicated in several cancer types,
most prominently in autosomal dominant hereditary pros-
tate cancer 1 caused by RNASEL homozygous or heterozy-
gous LOF mutations.83,85 A number of disease-causing
mutations affect the translation by either mutilating the
start codon to abolish translation or by adding stop codons
at various premature positions. Some mutations cause the
loss of the wild-type allele.86

Poly(A)-specific ribonuclease PNLDC1 (Pnldc1) encoded
by PNLDC1, is a deadenylase homologous to PARN that co-
exists alongside PARN in most lower eukaryotes and verte-
brates.87 It was first functionally characterized in silkworms
where it cleaves 30 tails of pre-piRNAs to produce mature
piRNAs.89 In mammals, mature piRNAs in complex with PIWI
proteins maintain germ cell development, fertility, and
genome integrity via the piRNA-guided RNA silencing
pathway. In line with that, the enzyme is specifically
expressed in the testes, namely, in meiotic spermatocytes
and embryonic stem cells. Also, its expression is tightly
regulated by promoter methylation during development,
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whereby it is abundantly expressed early in the process, but
later in differentiation, the expression gradually di-
minishes. Cumulatively, it can be concluded that PNLDC1 is
expressed in undifferentiated cell types where it is impli-
cated in lineage re-programming. Compound heterozygous
or homozygous mutations in PNLDC1 cause autosomal
recessive spermatogenic failure 57, which manifests with
male infertility due to error-prone meiosis and spermato-
genic arrest. Most mutations map to the evolutionarily
conserved CAF exonuclease domain of the protein.12 The
disorder is caused by the accumulation of pre-piRNA with
unprocessed 30 ends and the de-repression of specific
transposons like LINE-1 in spermatocytes.88,89 Notably, it
was found that Pnldc1 acts as a poly(A)-specific exonu-
clease in vitro and further studies in this direction are
required to reveal whether this activity is important for
poly(A) RNA processing in germ cells.88
Insights from model organisms

Although much has been learned about Mendelian genetic
diseases caused by mutations in RNase genes, many ques-
tions remain. They focus on how mutations connect to mo-
lecular phenotypes and impact the metabolism of all
substrate classes for a given enzyme. Answering these
questions is crucial for the development of biomarker-based
diagnostic methods, and, at least in some cases, also for the
design of therapeutic approaches. Studying human patients
to understand Mendelian diseases linked to RNases provides
limited insights due to ethical and technical constraints.
Although human cell lines offer a broader avenue for
investigation, they may not fully capture the intricate in vivo
dynamics of these enzymes. Given the evolutionary conser-
vation of RNases, model organisms are invaluable for un-
derstanding the genetic and molecular basis of diseases.90

Mutations in genes shared between humans and model or-
ganisms can lead to similar phenotypes, providing insights
into the disease mechanisms and potential therapeutic tar-
gets.91 Moreover, model organisms allow controlled studies
of gene knockouts or mutations, helping researchers to
decipher the roles of specific genes and pathways in disease
progression.92 Rodents with their close evolutionary relat-
edness and well-characterized biology offer the best model
for human diseases. However, for certain disorders, simpler
models are also favored, facilitating research using limited
resources and time. This enables the rapid generation of
molecular and phenotypic insights that can lead to ad-
vancements in diagnosis and therapy development. For
instance, while worms and flies are evolutionarily distant
from humans, approximately 83% and 85% of the w4000
genes associated with Mendelian diseases listed in OMIM
have homologs in C. elegans and D. melanogaster, respec-
tively. Their high fecundity and suitability for molecular
studies make them efficient for characterizing disease-
associated variants. For phenotypes involving vertebrate-
specific organs, tissues, and cells, the fish model D. rerio
offers a faster, cost-effective alternative.7

Discoveries from animal model studies, rather than cell
lines, often revealed the molecular basis of diseases.
Notably, even non-mammalian models, typically considered
less applicable, have contributed significantly in this
regard. Examples include the functional characterization of
Pnldc1 in the silkworm93 or the discovery of RNA accumu-
lation in lysosomes during RNASET2 disruption in zebra-
fish.112 Despite limitations due to evident physiological
differences, which can restrict the direct translation of
findings to humans,94 animal models complement studies in
human subjects and cell lines, offering a broader under-
standing of disease biology.

Studying homologous genes shared between two species,
inherited from a common ancestor, presents a powerful
means for understanding gene function and evolution. Of
particular interest are orthologous genes, which diverge
following a speciation event yet maintain their principal
function, offering insights into how conserved are the ge-
netic mechanisms that underpin specific biological pro-
cesses and diseases.90 Also, for human RNases associated
with Mendelian diseases, there are data obtained in animal
model studies that may contribute to a better under-
standing of the pathomechanisms.
Phylogenetic analysis

To provide cross-species insight into the fundamental bio-
logical functions of human RNases and their role in Mende-
lian diseases, we conducted a phylogenetic analysis using a
variety of model organisms. Trusted orthologs of these en-
zymes were retrieved from comprehensive databases like
the Alliance of Genome Resources.95 This selection includes
species such as mouse (Mus musculus), rat (Rattus norvegi-
cus), frog (Xenopus tropicalis), zebrafish (D. rerio), repre-
senting phylum Chordata, fruit fly (D. melanogaster, phylum
Arthropoda), nematode (C. elegans, phylum Nematoda),
and yeast (Saccharomyces cerevisiae, phylum Ascomycota),
reflecting the broad phylogenetic distribution and impor-
tance of these enzymes. We focused on RNases implicated in
Mendelian diseases, having homologs in at least five of the
eight selected model organisms, namely, RNase H2, Ago-2,
RNase T2, Dicer, Dis3l21, Elac2, MRPP3, PARN, and RNase H1.
The analysis focused on specific protein sequences selected
for their relevance and orthology. Notably, the selection of
RNase T2 and Ago-2 sequences required a tailored approach.
The mouse genome contains two orthologs of the human
RNASET2 gene, termed Rnaset2a and Rnaset2b, both of
which are identical at the protein level96; Rnaset2a protein
sequence was used in this analysis. It is also worth
mentioning that D. melanogaster Ago-1, unlike Ago-2, shares
functional similarities with human Ago-2 and is recognized as
a trusted ortholog to human Ago-2.97 Consequently, the fly
Ago-1 protein sequence was also chosen for alignment.
Similarly, C. elegans98e100 has two genes, alg-1 and alg-2,
both orthologous to human AGO2 and AGO1, sharing evolu-
tionary ancestry and functional similarities with both human
Argonaute proteins. For this analysis, we used the protein
sequence encoded by the alg-1 gene. To enhance the un-
derstanding and accessibility of the comparative analysis of
RNases across selected species, we have compiled a
comprehensive dataset. This dataset, presented in Table S1,
includes detailed information about the effects of RNase
changes and disease correlations across species.

We conducted a phylogenetic analysis of selected RN-
ases in model organisms to elucidate the evolutionary
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relationships. The phylogenetic trees were generated
based on amino acid sequences using the ClustalOmega tool
within the msa package in R for sequence alignment and for
neighbor-joining tree estimation, and the ggtree package
for visualization of the trees.101e104 To enhance the visu-
alization and analysis of RNase sequences and their disease-
associated mutations, a novel web tool, RNaseViz https://
norreanea.shinyapps.io/RNaseViz/, was developed in R
Shiny.105 It allows users to select specific RNases, visualize
their sequence conservation across species through multi-
ple sequence alignments, explore interactive phylogenetic
trees, and illustrate the potential molecular effects of
RNase mutations (Fig. 2). Additionally, users can download
global sequence alignments in FASTA format or enriched
PDF reports that include human mutations listed in Table
S1, color-coded based on their associated diseases, for
offline analysis. The source code and further details about
the tool can be accessed on GitHub (https://github.com/
Norreanea/RNaseViz-RNase-Sequence-Visualization-Tool).

The RNase H2 subunit A tree clusters all chordates
together, with separate branches for D. melanogaster,
Figure 2 Interactive analysis of RNase phylogeny and sequence co
a specific RNase for analysis from a list of available sequences (1) a
the selected organism (2), which will be highlighted in the alignm
tential molecular consequences of mutations is provided (3). The
two residues on either side (4) and an interactive phylogenetic tre
RNase sequences (5). The selected RNase sequence is aligned acros
reference. Users can highlight each residue (6). Global sequence a
C. elegans, and S. cerevisiae, indicating distinct evolu-
tionary paths (Fig. 3). In the RNase H2 subunit B tree, chor-
dates are divided into two clusters: one for non-mammalian
vertebrates (D. rerio and X. tropicalis) and another for
mammals (H. sapiens, M. musculus and R. norvegicus).
Notably, C. elegans (Nematoda) and D. melanogaster
(Arthropoda) form a single cluster, reflecting their close
relationship within the Ecdysozoa clade. The RNase H2 sub-
unit C tree mirrors the pattern in subunit B but separates C.
elegans and D. melanogaster. In the Ago-2 tree, C. elegans
and D. melanogaster share a common ancestor, and verte-
brates do not form a homogenous cluster. The RNase T2 tree
shows C. elegans and S. cerevisiae clustering together,
possibly due to convergent evolution or horizontal gene
transfer. In the Dicer tree, all chordates, except D. rerio, are
grouped together, while C. elegans and D. melanogaster
stem from a distinct node. The Dis3l2 tree places D. mela-
nogaster and C. elegans close to S. cerevisiae, with
mammalian and non-mammalian vertebrates forming sepa-
rate clusters, which suggests a fundamental and conserved
role for Dis3l2. In the Elac2 tree, mammals cluster together,
nservation across species (RNaseViz web tool). Users can select
nd input a residue position based on the reference sequence in
ent. Detailed information about the chosen RNase and the po-
sequence alignment highlights the specified residue along with
e displays the evolutionary relationships between the selected
s eight different species, with the human sequence used as the
lignments can be downloaded in FASTA or PDF formats (7).

https://norreanea.shinyapps.io/RNaseViz/
https://norreanea.shinyapps.io/RNaseViz/
https://github.com/Norreanea/RNaseViz-RNase-Sequence-Visualization-Tool
https://github.com/Norreanea/RNaseViz-RNase-Sequence-Visualization-Tool


Figure 3 Phylogenetic analysis of ribonucleases across diverse eukaryotic lineages. The length of the branches indicates the
evolutionary distance between sequences (longer branches indicate greater distance). The positioning of the nodes shows the
branching patterns and suggests common ancestors for groups of sequences.
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while X. tropicalis and D. rerio are placed on individual
branches, with D. rerio notably closer to Arthropoda, Nem-
atoda, and Ascomycota. Similarly, in the MRPP3 tree, chor-
dates are grouped together, with C. elegans and D.
melanogaster appearing on separate branches. In the PARN
tree, D. rerio is divergent within vertebrates, and the other
chordates form a cluster, while C. elegans is positioned on a
separate branch, underscoring a distinct evolutionary tra-
jectory of this gene in nematodes. Lastly, for RNase H1,
mammals form a cluster, and the other chordates, D. rerio
and X. tropicalis, are separated. D. melanogaster, C. ele-
gans, and S. cerevisiae cluster together.
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In general, as expected, chordate species tend to cluster
together, in line with a close evolutionary relationship.
Arthropods tend to be quite distinct across all RNases,
which reflects a significant evolutionary divergence from
the other phyla represented here. Ascomycota and Nem-
atoda vary in their placement but often are distinct from
chordates, reflecting their evolutionary distance.

The distance matrix, based on amino acid sequences,
complements the phylogenetic trees by quantifying the
evolutionary distances between the RNases of different
species and humans (Table 2). It adds a quantitative mea-
sure to the qualitative insights from the phylogenetic trees
(distance values indicate the genetic differences between
the RNase sequences of different species and humans; the
lower the value, the greater the similarity). Identifying
species with high similarity in RNase sequences to humans
helps in selecting appropriate model organisms for experi-
mental studies. Taking this analysis as a starting point, we
present below the information on human Mendelian dis-
eases gained from ortholog analyses.
A cross-species approach to understanding
human diseases

Studying RNase function and dysfunction across species
reveals how similar genetic alterations result in comparable
disease states aiding in understanding molecular mecha-
nisms and development of targeted therapies. To describe
the effects of RNase mutations in model organisms, in the
following sections, we refer to the residue positions in the
global alignments available in RNaseViz.

Amino acid substitutions in RNase H2A, RNase H2B, and
RNase H2C across various species underscore the critical
role of the RNase H2 complex in maintaining genomic sta-
bility, regulating immune responses, and controlling
developmental processes. In mouse models, the RNase H2A
G37S (corresponding to human RNase H2A G37S, globally
aligned at position 93, see RNaseViz) mutation leads to
perinatal lethality and activation of the innate immune
system via the cGAS-STING pathway, caused by the en-
zyme’s inability to effectively remove misincorporated ri-
bonucleotides and RNA:DNA hybrids106 (Fig. 4A). This
failure initiates a DNA damage response and cellular
senescence. Similarly, yeast cells harboring the corre-
sponding G42S mutation exhibit increased ribonucleotide
incorporation into the nuclear genome.8,18,107,108
Table 2 Comparative distance matrix of ribonucleases across s

RNase H1 RNase H2A RNae H2B RNase H2

M. musculus 0.46 0.37 0.43 0.59
R. norvegicus 0.47 0.39 0.43 0.59
X. tropicalis 0.67 0.62 0.67 0.78
D. rerio 0.70 0.61 0.72 0.79
D. melanogaster 0.78 0.72 0.83 0.85
C. elegans 0.77 0.90 0.87 0.88
S. cerevisiae 0.84 0.78

Note: Empty cells indicate that a particular RNase sequence has not be
particular RNase genes. Values in the table less than 0.5 are in bold.
Additionally, mouse models with the RNase H2B A174T
mutation, corresponding to human RNase H2B A177T
(globally aligned at position 203), do not show an immu-
nological abnormality, whereas RNase H2B E202X (globally
aligned at position 234) mutants display impaired prolifer-
ation and accumulation in the G2/M phase of the cell
cycle109 (Fig. 4B). This condition results from chronic DNA
damage response activation, marked by increased single-
strand breaks, elevated histone H2AX phosphorylation, and
activation of p53 target genes, such as the cyclin-depen-
dent kinase inhibitor 1 (p21). Deficiency in RNase H2B
function leads to excessive ribonucleotide incorporation
into DNA, triggering spontaneous DNA breaks and conse-
quent DNA damage responses. Furthermore, Rnaseh2c
knockout in mice causes severe DNA damage from ribonu-
cleotide misincorporation, leading to an extensive DNA
damage response and significant developmental anomalies
resulting in early embryonic death.21 Although the RNase
H2C ortholog for the yeast model has not been designated
as a trusted sequence by the Alliance for Genome Re-
sources, the yeast RNase H2C K46W mutation (corre-
sponding to human RNase H2C R69W) increases frequencies
of cytosine and guanine ribonucleotides (rC and rG),
particularly rCMP, at specific genomic sites.18 In AGS, DNA
damage due to RNase H2 dysfunction leads to neuro-
inflammation and chronic activation of neuroimmune
pathways, as demonstrated by the mouse models.110

AGO2 mutations in humans are linked to a broad spec-
trum of developmental and neurological abnormalities due
to impaired RISC formation or increased binding affinity of
Ago-2 to mRNA targets.32 Correspondingly, in the nematode
model, mutations or knockdown of alg-1 and alg-2 lead to
embryonic developmental arrests and specific defects in
vulval formation and hypodermal cell differentiation, along
with significant disruption of miRNA biogenesis.98e100 The
vulnerability of alg-2 knockout worms to oxidative stress or
heat shock reflects similar sensitivity to environmental and
physiological stressors in humans with LESKRES. In partic-
ular, the F180del and the G199S amino acid substitution in
C. elegans Ago-1 are linked to significant disruptions of
miRNA expression profiles. These residues, located in the
linker 1 domain, are involved in the interaction with the
miRNA and the target mRNA. Mutations here likely directly
translate into the various aspects of miRNA activity dysre-
gulation observed in LESKRES.32 Notably, the F180del mu-
tation in C. elegans Ago-1 corresponds to the F180del
mutation in human Ago-1, linked to neurodevelopmental
pecies relative to H. sapiens.
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disorder with language delay and behavioral abnormalities,
with or without seizures, and the F182del mutation in
human Ago-2. These mutations at conserved sites (globally
aligned at position 318) highlight the functional parallels
not only between C. elegans Ago-1 and human Ago-2 but
also between human Ago-1 and Ago-2, while underscoring
their roles in distinct disease contexts (Fig. 4C).

Studying RNASET2 mutations offers another compelling
example of how animal models can illuminate the patho-
genesis of complex human diseases. In humans, these
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mutations are linked to leukoencephalopathy, and the
resulting phenotypes are paralleled in worms, zebrafish,
mice, and yeast.38,96,111e113 For instance, C. elegans38 rnst-
2 mutants and zebrafish111,112 rnaset2 knockout show
enlarged lysosomes and increased microglia activation, as
well as systemic inflammation and brain-specific pathol-
ogies, such as neuroinflammation and cognitive impair-
ment. As detailed above, mutations in RNASET2 cause an
accumulation of uncleaved rRNA leading to lysosomal
dysfunction and storage disorders. This is observed in
zebrafish knockouts and C. elegans with G119E and P55X
substitutions. Similarly, the accumulation of rRNA disrupts
cellular stress responses and contributes to leukoence-
phalopathy by activating innate immune pathways,
including the up-regulation of interferon-1 and interferon-
stimulated genes in mouse models.96 This results in neu-
roinflammation and impaired phagocytosis by activated
microglia. Additionally, RNY1 deficiency in yeast113 leads to
stabilized tRNA levels and prevents the formation of tRNA
fragments, impairing oxidative stress responses and
inhibiting apoptosis. The consistent observation of impaired
autophagy and lysosomal dysfunction across these
species highlights these processes as potential therapeutic
targets. The inflammatory response, particularly the
up-regulation of interferon-stimulated genes, suggests that
modulating the immune response could be another strategy
for mitigating disease symptoms, providing multiple targets
for potential interventions in treating RNASET2-associated
disorders.

Moving from the impact of miRNAs in neural develop-
ment, our comparative analysis also delves into the Dicer
protein sequence across species, focusing on its association
with growth-related disorders. Specifically, we observed a
proximity of the Dicer Q1147X substitution in D. mela-
nogaster (globally aligned at position 1205) to the corre-
sponding human Dicer R944X substitution (globally aligned
at position 1206),114,115 both located in the PAZ domain
(Fig. 4D). This offers a robust model for understanding
conditions such as PPB. In flies, the Q1147X substitution
results in abnormal mitotic cell cycles and reduced cell
counts, mirroring the PPB phenotype. These flies also show
developmental anomalies and tissue overgrowth, similar to
the uncontrolled cell proliferation and tumorigenesis in
PPB, supporting D. melanogaster as a model for disease
study. The abnormal stress responses in mutant flies may
reflect the increased vulnerability of PPB tissues to physi-
ological stress, illustrating compromised resilience mecha-
nisms due to DICER1 mutations. Given the crucial role of
Dicer in miRNA processing, examining how the Q1147X
mutation influences neuroblast proliferation and differen-
tiation in flies can shed light on the enzyme’s function in
human stem cell populations, especially in the lungs where
PPB originates. In zebrafish116 and mouse,117,118 de-
ficiencies in Dicer lead to severe developmental abnor-
malities and embryonic lethality, mainly due to disrupted
miRNA maturation. This disruption often results in the
accumulation of 3p-miRNA molecules, akin to observations
in humans with heterozygous mutations. These miRNAs
aberrantly regulate the PI3K-AKT-mTOR pathway, critical
for cellular growth and proliferation. This highlights the
potential for further investigations into how DICER1 muta-
tions can impact critical growth-regulating pathways.
The phenotypes in fly119 and mouse120,121 models car-
rying DIS3L2 mutations closely align with the characteristics
of Perlman syndrome, particularly regarding overgrowth
and developmental challenges.55 These mutations include
the fly’s Dis3l2 V7GfsX10 and deletions of exons 10 and 11 in
mice, corresponding to deletions in exons 9 and 10 in the
human DIS3L2 gene (Fig. 4E). Furthermore, the failed
degradation of 30-uridylated-poly(A) mRNAs in these models
leads to up-regulation of the oncogene Igf2, which pro-
motes tumorigenesis. The targeted deletion of Dis3l2 in
mouse oocytes has elucidated the gene’s broader biological
implications, suggesting its impact on fertility could be
relevant to the condition, and opening potential pathways
for targeted treatments.

Exploring OXPHOS deficiency, the conserved nature of
mitochondria across species provides a platform to un-
derstand how mutations in ELAC2 and PRORP affect
mitochondrial RNA processing, translation, and respiratory
chain function. This investigation illuminates the under-
lying mechanisms of oxidative phosphorylation de-
ficiencies. Specifically, substitutions such as the Elac2
T513I (globally aligned at position 678) in yeast59 and
T494I (globally aligned at position 678) in flies, both cor-
responding to human T520I, as well as F155L (globally
aligned at position 198) in flies,122 corresponding to human
F154L, lead to impaired mitochondrial function and energy
production, suggesting potential treatments that could
enhance mitochondrial RNA processing or correct defec-
tive protein synthesis in disorders like COXPD17 might be
first tested in these models59,122 (Fig. 4F). In mice,63 Elac2
knockout is lethal in homozygous embryos and leads to
dilated cardiomyopathy and premature death in heart and
skeletal muscle-specific knockouts due to disrupted RNA
processing, production of unprocessed mitochondrial
transcripts and a novel class of tRNA fragments, impaired
protein synthesis, and gene expression. Furthermore,
mouse123 models reveal that substitutions in Elac2,
including the A537T (corresponding to human A541T,
globally aligned at position 700) and prostate-specific
A537T substitutions (corresponding to mutations linked
with HPC2 in humans), promote cellular proliferation and
tumorigenesis. These mutations lead to the accumulation
of unprocessed mt-tRNA molecules, disrupting mitochon-
drial protein synthesis and respiration, and consequently
decreasing OXPHOS complex levels. This results in reduced
ATP production and elevated levels of reactive oxygen
species, contributing to mitochondrial disorders by
impacting energy production and inducing cellular
stress.124 In conditions like HPC2, these disruptions impair
both mitochondrial and nuclear RNA processing, altering
cellular energy states and activating pathways associated
with inflammation and cancer. Models like the mouse
prostate-specific Elac2 knockout and the A537T substitu-
tion demonstrate how ELAC2 disruptions facilitate cancer
progression by modifying cellular metabolism and stress
responses, particularly through altered processing of
tRNAs and miRNAs. At the same time, however, reduction
of hoe-1 activity in C. elegans124 leads to cell cycle arrest
rather than increased proliferation typical of cancer
phenotypes. This discrepancy raises questions about
whether the observed effects are due to RNAi-mediated
knockdown rather than DNA mutations. Similar to ELAC2,
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mutations in PRORP, observed in both mouse61,125 (Prorp
EX3DEL) and fly126 (mldr, causing Y121D and W465R sub-
stitutions) models, lead to an accumulation of unpro-
cessed mt-tRNA molecules and mitochondrial
dysfunctions. They translate to developmental delays and
cardiomyopathy.61,126 Altogether, the insights from these
models provide a comprehensive framework for under-
standing the molecular basis of mitochondrial diseases in
humans.

In the context of hematopoietic disorders, mutations in
the PARN gene in humans, as has already been pointed out,
lead to DKCB6 and PFBMFT4. This is mirrored by the
essential role of Parn in embryonic viability observed in
mice, highlighting its crucial function in maintaining telo-
mere integrity.127,128 PFBMFT4 in humans is associated with
a decreased production of blood cells, manifesting as
anemia (a deficiency of red blood cells) and leukopenia (a
deficiency of white blood cells), symptoms that are also
observed in zebrafish models with targeted parn disrup-
tion.129 In these animal models, specifically, mice with
PARN knockdown and zebrafish, decreased RNA stability
and impaired hematopoietic RNA processing are observed,
respectively. These defects hinder effective blood cell
maturation, linking PARN dysfunction directly to the clinical
features of patients.

The phenotypes observed in organisms like C. elegans,130

D. melanogaster,131 M. musculus,80,132,133 and S. cer-
evisiae,134 due to mutations or depletions in RNASEH1-
related genes, reveal a pattern of developmental disruption,
mitochondrial dysfunction, and lethality, mirroring aspects
of CPEO in humans.110 In Rnaseh1-deficient mice, a lack of
the gene causes abnormal vacuoles and cristae structure,
stalled DNA replication, and cell death. This leads to
reduced mitochondrial DNA, buildup of DNA fragments,
inefficient energy production systems, and reduced ATP
generation. These similarities, especially in mitochondrial
dysfunction and developmental delays, highlight a conserved
role of RNase H1 in mitochondrial DNA maintenance and the
regulation of gene expression across species.
Concluding remarks

Model organisms, even those more evolutionarily distant,
can be extremely useful in unraveling the background of
human Mendelian diseases resulting from defects in RNases.
Although certain aspects of these disorders are well char-
acterized, many questions remain about the relevance of
profound changes in the pool of RNA molecules for the
molecular mechanisms and pleiotropic manifestations.
Further research in this direction requires the use of or-
ganisms, not just cell lines or organoids, for a comprehen-
sive understanding of the observed phenomena in genuine
in vivo systems. Many monogenic mutations causing
congenital diseases remain overlooked due to the lethality
of the causal mutations. However, the scientific commun-
ity’s interest in model organism biology will undoubtedly
facilitate the discovery of these genes, including RNases,
associated with rare genetic disorders that exhibit lethal
phenotypes in humans.

Beyond functional genetic screens, the integration of
findings from various high-throughput omics platforms has
emerged as a powerful tool in genetic disease-modeling
endeavors. Such approaches have the potential to illumi-
nate the epigenetic, genetic, transcriptomic, proteomic,
and/or metabolomic aspects of a particular disease, of-
fering a holistic perspective and aiding in the future
modeling of the disease in a non-human model organism.
Particularly important and promising are the rapidly
developing single-cell approaches, which help to discern
differential gene expression patterns specific to cell types
and/or different stages of life. Such techniques can provide
a clearer picture of the molecular landscape at a single-cell
resolution, enabling the discovery of novel aspects of dis-
ease pathomechanisms and refining the previously estab-
lished mechanistic overview. There is a surge in whole
organism single-cell transcriptomic atlases for various non-
human models like C. elegans, zebrafish, planarians, yeast,
Hydra, frogs, and flies. These atlases help reveal spatio-
temporal cellular heterogeneity and describe gene
expression patterns. Possessing such detailed cellular, mo-
lecular, and genetic information about an organism can
help assess its suitability as a model for particular disease
scenarios.135 Furthermore, the utilization of high-
throughput omics approaches will be instrumental in
generating comprehensive datasets across organisms,
enabling efficient disease mapping and prediction of
vulnerable individuals within high-risk families, in the
future.
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