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REVIEW

Human RNase P: overview of a ribonuclease of interrelated
molecular networks and gene-targeting systems

NAYEF JARROUS' and FENYONG LIU?

"Department of Microbiology and Molecular Genetics, The Hebrew University-Hadassah Medical School, Jerusalem 9112010, Israel
?Division of Infectious Diseases, School of Public Health, University of California, Berkeley, California 94720, USA

ABSTRACT

The seminal discovery of ribonuclease P (RNase P) and its catalytic RNA by Sidney Altman has not only revolutionized our
understanding of life, but also opened new fields for scientific exploration and investigation. This review focuses on human
RNase P and its use as a gene-targeting tool, two topics initiated in Altman'’s laboratory. We outline early works on human
RNase P as a tRNA processing enzyme and comment on its expanding nonconventional functions in molecular networks of
transcription, chromatin remodeling, homology-directed repair, and innate immunity. The important implications and in-
sights from these discoveries on the potential use of RNase P as a gene-targeting tool are presented. This multifunction-
ality calls to a modified structure—function partitioning of domains in human RNase P, as well as its relative
ribonucleoprotein, RNase MRP. The role of these two catalysts in innate immunity is of particular interest in molecular evo-
lution, as this dynamic molecular network could have originated and evolved from primordial enzymes and sensors of RNA,

including predecessors of these two ribonucleoproteins.
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EARLY STUDIES OF HUMAN RNase P

Initial biochemical studies of human RNase P, which were
conducted in parallel to those of bacterial RNase P by
Sidney Altman, revealed that this endoribonuclease had
enzymatic properties similar to those of its bacterial coun-
terpart, particularly in the use of divalent cations for phos-
phodiester bond hydrolysis and generation of tRNA with
5’-phosphoryl termini (Bothwell and Altman 1975; Koski
etal. 1976). These founding works were followed by those
of others who used autoimmune antibodies for immuno-
precipitation of human RNase P, leading to the identifica-
tion of H1 RNA and cloning its corresponding gene (Gold
et al. 1988; Bartkiewicz et al. 1989; Baer et al. 1990). The
gene, designated RPPH1, is transcribed by two polymeras-
es, Pol Il and Pol lll (James Faresse et al. 2012), possibly as
part of alternative defense strategies of the cell against
pathogens (see below).

Extensive biochemical purification of human RNase P
showed that numerous proteins copurified with the activity
of RNase P, which were each designated Rpp, for RNase P
protein, followed by their molecular mass in kilodaltons
(Ederetal. 1997). Rpp30 and Rpp38 were the first two sub-
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units to be characterized (Eder et al. 1997) and those were
followed by the characterization of Rpp14, Rpp20, Rpp21,
Rpp29, Rpp40 (Fig. 1; Jarrous et al. 1998, 1999a, 2001) and
Rpp25 (Guerrier-Takada et al. 2002). The subunits Pop1,
Pop5, and Pop4 (i.e., Rop29) were identified by using phy-
logenetic comparative sequence analyses with yeast ho-
mologs (Lygerou et al. 1994, 1996; van Eenennaam et al.
1999, 2000, 2001). In the case of the yeast Rpp20 and
Rpp30, they were identified based on their homology
with human counterparts and characterized by genetic
and functional studies (Stolc and Altman 1997; Stolc et al.
1998). The biochemical purification of the Saccharomyces
cerevisiae nuclear RNase P and subsequent genetic analy-
ses of its nine protein subunits were thoroughly carried out
by David Engelke and his team (Chamberlain et al. 1998),
who also characterized the RNA component several years
before (Lee etal. 1991). Except for Rpp21, and its yeast ho-
molog Rpr2p, the remaining protein subunits are shared by
RNase MRP, a mitochondrial and nucleolar rRNA process-
ing ribonucleoprotein endoribonuclease (Chang and
Clayton 1987, Lygerou et al. 1994, 1996; Chu et al. 1997,
Dichtl and Tollervey 1997; Lee and Clayton 1997,
Chamberlain etal. 1998; van Eenennaam etal. 1999, 2000).

© 2023 Jarrous and Liu This article, published in RNA, is available
under a Creative Commons License (Attribution-NonCommercial 4.0
International), as described at http:/creativecommons.org/licenses/
by-nc/4.0/.
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FIGURE 1. Functional modules of human RNase P. Human RNase P has 10 protein subunits
that associate with H1 RNA. A new functional arrangement of these protein subunits in the ri-
bonucleoprotein complex is shown. The approximate positions of the subunits are based on
the solved Cryo-EM structure of human RNase P. Traditionally, RNase P RNA is divided into
two functional units, the specificity domain and catalytic domain, which refer to binding and
cleavage of precursor tRNA by bacterial RNase P. However, following new roles of human
RNase P and its subunits in myriad biological processes, other than 5’ end cleavage of precur-
sor tRNA (see text), a new rough arrangement of the subunits in defined functional modules is
represented. The functional domains cover transcription, chromatin remodeling, innate immu-
nity, DNA damage repair, and ribonuclease module. Since molecular processes are intercon-
nected, such as chromatin remodeling and transcription, the cooperation of these conjoining
domains and sharing of subunits is expected. The Alba-like domain is composed of Rpp20 and
Rpp25 and shared by RNase MRP and MRP-TERT. In yeast, the homologs of these two proteins
are shared by the telomerase (Lemieux et al. 2016; Garcia et al. 2020).

HUMAN RNase P HAS A CATALYTIC RNA SUBUNIT

The cloning of the cDNAs coding for the protein subunits of
human RNase P enabled the preparation of recombinant
polypeptides for reconstitution of the endoribonucleolytic
cleavage of precursor tRNA by RNase P in vitro (N
Orlovetskie and N Jarrous, in prep.; Mann et al. 2003;
Reineretal. 2011). It has been shown that the combination
of an in vitro transcribed H1 RNA with recombinant Rpp21
and Rpp29 was sufficient to excise the 5’ leader of precur-
sor tRNA in the presence of >10 mM MgCl,. The cleavage
was site-specific, dependent on properly folded H1 RNA,
particularly its universally conserved P4 pseudoknot, and
produced a tRNA with 5-phosphoryl terminus (Mann
et al. 2003). The role of Rpp29 as a cofactor in RNA-based
catalysis has been corroborated by demonstrating that it
activates M1 RNA, the RNA subunit of Escherichia coli, in
a heterologous reconstitution system containing low con-
centrations of Mgz+ ions (Mann et al. 2003; Sharin et al.
2005). Awell-designed heterologous reconstitution system
has been established by combining M1 RNA with recom-
binant Rpp29 homolog of the soil-dwelling amoeba
Dictyostelium discoideum using Schizosaccharomyces
pombe pSupS1 as substrate (Stamatopoulou et al. 2010).
These reconstitution systems underscore the essential
role of the eukaryotic RNA subunits of RNase P in substrate
recognition and site-specific cleavage and that the protein
subunits serve as cofactorsin activating the RNA atlow con-

Alba-like chromatin

Rpp20

Rpp25

centrations of divalent ions. Direct ev-
idence that H1 RNA is catalytic was
provided by demonstrating that this
RNA alone excises the 5 leader of pre-
cursor tRNA under reaction conditions
of high concentrations of Mg®* ions
(Kikovska et al. 2007). A similar result
was obtained in the same study using
the RNase P RNA from the lower eu-
karyote Giardia lamblia (Kikovska
et al. 2007). The findings exclude the
requirement for any protein cofactor,
including Pop1, in hydrolyzing the
phosphodiester bond or recognizing
the precursor tRNA as substrate.
In fact, the formation of binary com-
plexes of H1 RNA-precursor tRNA
(pSupS1) was illustrated in vitro
(Mann et al. 2003). Thus, the 10 pro-
tein subunits of human RNase P serve
auxiliary roles in enzyme function,
such as proper folding of the RNA
or enhancing and diversifying re-
cognition of substrates, such as tRNA
and tRNA-like containing substrates
(Lyons and Robertson 2003; Wilusz
2016; Jarrous 2017). The diversifica-
tion of substrates for a catalytic RNase P RNA in the pres-
ence and absence of its protein cofactor has been
exemplified in vitro (Liu and Altman 1994).

binding module

HUMAN RNase P IS PART OF THE TRANSCRIPTION
COMPLEXES OF POL Il

The availability of recombinant Rpp polypeptides de-
scribed above allowed the preparation of rabbit polyclonal
antibodies, which were used for cell biology studies.
Indirect immunofluorescent analysis and expression of
fusion Rpp-reporter proteins have revealed that these pro-
teins are primarily localized in distinct nuclear compart-
ments in the cell (Jarrous et al. 1999b, 2001; Abu-Zhayia
et al. 2017). This implies that the catalytic ribonucleopro-
tein form is not confined to a single locale in the nucleus.
Importantly, some Rpp subunits rapidly mobilize to in-
duced DNA double-strand breaks (DSBs) sites (Abu-
Zhayia et al. 2017). Rpp21 and Rpp29 are promptly recruit-
ed to laser-induced and y-irradiated DSBs and are vital to
the subsequent homology-directed repair, but not non-ho-
mologous end joining. H1 RNA is implicated in the recruit-
ment of Rpp21 and Rpp29 to the damaged sites (Abu-
Zhayia et al. 2017). In contrast, Rpp14, Rpp25, and
Rpp38 do not respond to induced DSBs. Hence, an
RNase P with protein composition different from the con-
ventional ribonucleoprotein form is used for genome main-
tenance and preservation. The role of protein subunits of
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human RNase P, for example, Rpp29, Rpp21, and Pop1, in
chromatin assembly and transcriptional regulation has
been demonstrated (Newhart et al. 2016; Shastrula et al.
2018). Additionally, two protein subunits, Rpp20 and
Rpp25, of human RNase P belong to the Alba-like chroma-
tin binding proteins that regulate transcription (Aravind
et al. 2003) and are shared by the telomerase in yeast
(Lemieux et al. 2016; Garcia et al. 2020). Knockdown of
Rpp25 inhibits 5S rRNA gene transcription by Pol lll, but
not the tRNA processing activity of RNase P in extracts
(Serruya et al. 2015). Thereby, protein subunits of human
RNase P are not all dedicated to the endonucleolytic cleav-
age of precursor tRNA, but rather serve other linked
functions. Together, these results dictate a modified struc-
ture—function partitioning of human RNase P (Fig. 1),
broadening the classical division to specificity and catalytic
domains first described for the bacterial RNA counterpart
(Haas et al. 1991; Westhof and Altman 1994; Kazantsev
etal. 2005; Marquez et al. 2006; Mondragén 2013).

The above differential distribution of human RNase P sub-
units in the nucleus suggested that the assembly of this ribo-
nucleoprotein is dynamic and related to gene transcription
(Jarrous 2002,2017). RNase P could be immunoprecipitated
by monoclonal antibodies directed against specific protein
subunits of Pol Ill in coimmunoprecipitation experiments
(Reiner et al. 2006, 2008; Serruya et al. 2015). Knockdown
of Rpp subunit expression or targeted digestion of the H1
RNA leadsto a severe inhibition of transcription of small non-
coding RNA genes, including those coding for tRNA, 5S
rRNA, 7SL RNA and U6 snRNA. Moreover, subunits of
RNase P bind to genetic loci of transcriptionally active
tRNA and 5S rRNA genes in a cell cycle-dependent manner
(Reineretal. 2006,2008; Jarrous et al. 2010). These observa-
tions support a link between RNase P and Pol Il at these loci.
Proficient initiation complexes assembled on 5S rRNA and
tRNA genes in S100 cell extracts and then purified by gel fil-
tration chromatography and velocity sedimentation analy-
ses contain RNase P (Fig. 2; Serruya et al. 2015;
Ramanathan et al. 2020). These purified transcription com-
plexes have molecular weights of 1.5-3 x 10° and carry out
transcription and subsequent processing of the nascent pre-
cursor tRNA to mature forms. Hence, RNase P and other
tRNA processing enzymes coexist with the polymerase in
multifunctional transcription complexes (Fig. 2; Jarrous
et al. 2022). Knockdown of RNase P expression leads to a
severe inhibition of transcription by Pol Il (Reiner et al.
2006, 2008; Serruya et al. 2015). Hence, destruction of
RNase P leads to inhibition of formation of initiation com-
plexes of this polymerase in cells and extracts (Serruya
et al. 2015). In the budding yeast, however, transcription
and processing of tRNA are not linked (Chamberlain et al.
1998; Turowski and Tollervey 2015). Moreover, splicing of
intron-containing precursor tRNA occurs on the surface of
mitochondria (Yoshihisa et al. 2007; Wan and Hopper
2018), whereas knockout of protein subunits of nuclear
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RNase P showed no inhibitory effect on the synthesis of pre-
cursor tRNAs (Lee et al. 1991; Chamberlain et al. 1998).
Nonetheless, more localization studies may be needed to
determine the precise locales of tRNA splicing, following
the evidence for physical and functional contacts of the nu-
cleus to mitochondria (Eisenberg-Bord et al. 2021).

RNase P FUNCTIONS IN THE INNATE IMMUNE
SYSTEM: A PRIMORDIAL RNA-BASED SYSTEM?

Recent genetic and biochemical studies revealed that
human Pol Ill and RNase P are implicated in innate immune
responses against DNA and RNA viruses (Ramanathan et al.
2020; Jarrous and Rouvinski 2021). It has been shown that a
recessive mutation in the POLR3E gene, which codes for a
protein subunit of Pol lll, in a child patient impairs produc-
tion of interferon in response to infection of derived cells
with cytomegalovirus and herpes simplex virus type 1
(Ramanathan et al. 2020). The impairment of the antiviral re-
sponse is linked to compromised activity of mutated Pol |l
owing to assembly of structurally aberrant transcription
complexes. Unexpectedly, expression of protein subunits
of Pol Il and RNase P also responds to infection of the
cell with an RNA virus, the Sindbis virus (Ramanathan
et al. 2020). The latter virus has a positive single-stranded
RNA genome and belongs to the prevalent genus of alpha-
viruses. In fact, cells having defects in the biosynthesis of
tRNA display high sensitivity to infection with the Sindbis vi-
rus (D Mani and N Jarrous, in prep.). The cell responds to an
invading RNA virus via a signal transduction pathway that
engages the Pol lll/RNase P axis as a part of the innate im-
munity system (D Mani and N Jarrous, in prep.; Jarrous and
Rouvinski 2021). The role of RNase P and its subunits in in-
nate immunity appears to be wide-ranging. Thus, it has
been shown that the homolog of the Rpp30 subunit of
RNase P in rice confers resistance to fungal and bacterial
pathogens (Li et al. 2021). Additionally, a role of the evolu-
tionary related RNase MRP in viral infection has also been
studied (Jaag et al. 2011; Mattijssen et al. 2011). Notably,
transcription of the RPPH1 gene coding for the H1 RNA
by two polymerases, Pol Il and Pol Il (James Faresse et al.
2012), emphasizes the importance of this universally con-
served catalytic RNA for the cell defense against
invading pathogens (D Mani and N Jarrous, in prep.;
Jarrous and Rouvinski 2021). In a hypothetical RNA World
rich with protocells and viruses with genomic RNAs, an
RNase P RNA ancestor (Evans et al. 2006) might have
been crucial for the development of primitive innate im-
mune systems, possibly made of communicating RNAs.

HUMAN RNase P AND INACTIVATION OF GENE
EXPRESSION BY EGS

Recognition of precursor tRNAs by RNase P RNA is essen-
tially based on common structural features. This structural
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inhibiting commensal nonpathogenic
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strate the feasibility of using EGS tech-
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FIGURE 2. A model of human transcription complex of Pol lll assembled on intron-containing
tRNA gene. The depicted tRNA gene has two main regulatory elements, Box A and Box
B. These elements are bound by the transcription factors TFIIIB and TFIIIC that recruit Pol
lll. The polymerase initiates transcription from a start point (arrow) and terminates at a short
poly-T sequence (TTTT), the terminator. Pol Ill reinitiates via a facilitated recycling mechanism
by which it performs rounds of transcription without leaving the gene. Depending on the tRNA
gene, a nascent precursor tRNA can have 5’ leader (red), short intron (green), and 3’ trailer of
uridines. The positions of the polymerase, TFIIIB, TFIIIC, RNase P, tRNA splicing complex,
RNase Z, La protein, and others (e.g., nucleotide modifiers, helicases, transport factors) are

arbitrary.

basis of substrate recognition was used in the develop-
ment of a targeting system for inactivation of gene expres-
sion by RNase P (Fig. 3; Forster and Altman 1990). Thus,
RNase P is directed to recognize and cleave any target
RNA, pathogenic or otherwise, by use of a custom-de-
signed external guide sequence (EGS) that forms a
tRNA-like structure with the target (Fig. 3B-D). An EGS
can be separate or attached to an RNase P RNA, such as
the M1 RNA, for generating M1GS ribozymes. Both EGS
forms were used firstin Sidney Altman's laboratory to dem-
onstrate their potential use for gene-targeting applications
(Yuan et al. 1992; Yuan and Altman 1994; Guerrier-Takada
etal. 1995; Liu and Altman 1995). Subsequently, results in
many laboratories have shown that RNase P and the EGSs
effectively inhibit gene expression in gene-targeting appli-
cations, such as antiviral, antibacterial, antiparasitic, and
anticancer applications.

The EGS technology has been applied to inhibit expres-
sion of essential genes of several bacteria, including Salmo-
nella  typhimurium, Yersinia pestis, Mycobacterium
marinum, Staphylococcus aureus, and Francisella tularen-
sis, and achieve an antimicrobial effect for the infections
of several pathogenic bacteria (Altman 2014). Moreover,
it was demonstrated that EGSs were effective in inhibiting
gene expression and development of Plasmodium falcipa-
rum, the causative agent of malaria (Augagneuretal. 2012).
This technology can be used in antimicrobial therapy, its
ability to achieve species-specific inhibition of bacterial vi-
ability could become very useful in circumventing the cur-
rent limitation of narrow spectrum antimicrobials in

Trailer

RNase P RNA coupled with designed
external guide sequences effectively
inhibits the gene expression and rep-
lication of many human viruses such
as influenza virus, human immunode-
ficiency virus, human herpes simplex
1, human cytomegalovirus, and
Kaposi sarcoma associated herpesvi-
rus (Liu and Altman 1996; Kim and
Liu 2007; Jiang et al. 2011). When de-
livered in mice using a hydrodynamic
transfection procedure, a M1GS ribo-
zyme was expressed in the spleen and
liver, and effectively blocked cyto-
megalovirus gene expression and infection in vivo (Li
et al. 2018). In an additional study, a M1GS ribozyme
was delivered using a Salmonella-based vector and was
shown to effectively block cytomegalovirus infection and
improve animal survival. Furthermore, when EGSs capable
of directing mouse RNase P for gene targeting were deliv-
ered in the animal, they were found to be expressed in var-
ious tissues, and effectively inhibit cytomegalovirus gene
expression and block viral replication and pathogenesis
(Li et al. 2017).

The RNase P-EGS technology has also been applied to
anti-cancer applications. Sanchez-Garcia and colleagues
constructed M1GS ribozymes to specifically cleave chime-
ric RNA molecules originating from chromosomal abnor-
malities (Cobaleda and Sanchez-Garcia 2000). They used
a well-characterized model of BCR and ABL genes where
aberrant translocation results in BCR-ABL oncogenes that
cause chronic myelogenous leukemia and acute lympho-
blastic leukemias. M1GS RNAs specifically and efficiently
cleaved the target mRNA in vitro and inhibited the effect
of BCR-ABL function in cultured cells (Cobaleda and
Sanchez-Garcia 2000). In another study, Stein and col-
leagues constructed EGSs to induce RNase P-mediated
cleavage of the mRNA that encodes protein kinase C-o
(PKC-0) (Ma et al. 2000). Chemically synthesized 2'-O-
methyl modified EGSs were administered into T24 bladder
carcinoma cells and were shown to be effective in reducing
PKC-o. expression. These experiments provided direct evi-
dence that RNase P-mediated cleavage directed by EGS is
highly specific in targeting its mRNA (Ma et al. 2000).
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FIGURE 3. RNase P substrates and EGS technology. (A) Representation of a natural substrate (ptRNA). (B-D) A hybridized complex of a target
RNA (e.g., mRNA) and an EGS that resembles part of the structure of a tRNA and can be cleaved by RNase P. (C) results from B by deleting the
anticodon domain of the EGS, which is dispensable for EGS targeting activity. (D) represents an alternative design based on C. The arrow shows

the site of the cleavage by RNase P and RNase P catalytic RNA.

FUTURE DIRECTIONS AND CHALLENGES OF THE
RNase P-EGS TECHNOLOGY

Compared to other nucleic acid-based gene interference
approaches, the RNase P-EGS technology exhibits several
unique and attractive features as a gene-targeting tool.
First, the mechanism ofthe EGS technology for degradation
of a specific mRNA is different from other RNA- or DNA-
based gene-targeting approaches. It uses the endogenous
RNase P, which is one of the most ubiquitous, abundant, sta-
ble and efficientenzymesin all types of cells. RNase Pis also
highly expressed (5 x 10* copies per cell) and is responsible
forthe processing of all tRNA precursorsin the cell. Second,
the sequence specificity of the EGS technology is governed
by two different types of interactions between the EGS and
the target mRNA: (a) the base-pairing interactions in which
the sequence of 10-13 ntin the EGS hybridizes with the tar-
get mRNA, and (b) the interactions between the target
mRNA and the other part of the EGS sequence (equivalent
to the T-stem and T-loop, and variable regions of a tRNA)
which are required for folding of the RNase P-recognizable
tertiary structure. Thus, the EGS-basedtechnology is specif-
ic and does not generate nonspecific “irrelevant cleavage”
thatis observed in RNase H-mediated cleavage induced by
conventional antisense phosphorothioate molecules (Yuan
etal. 1992; Ma et al. 2000).

Tremendous progress has recently been made in using
nucleic acid gene-targeting tools, such as the CRISPR/
Cas9 system, for clinical applications. RNase P-associated
EGS and M1GS ribozyme represent promising gene-tar-
geting agents for both basic and clinical applications.
Future studies may be needed to address several challeng-
es and develop these agents with the following consider-
ations. The cleavage efficiency and specificity of the
RNase P guide sequence technology in vivo will be further
improved by better design of EGSs, such as in vitro selec-
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tion of EGSs and modeling of EGSs with its specific tertiary
interactions with the target mRNA and RNase P (Kim and
Liu 2007). Moreover, the delivery and expression of the
EGSs can be optimized with the recently developed novel
vectors and lipid carrier methods that have been shown to
be successful for clinical applications.

Further understanding of human RNase P should pro-
vide new exciting insight and challenge for the develop-
ment of this ribonuclease as a gene-targeting tool. For
example, recent studies suggest that human RNase P is a
part of the network for innate immune responses. Is the ex-
pression of RNase P or its activity modulated during innate
immune responses such as those induced by viral infec-
tions? If this is the case, how are the expressions of differ-
ent protein subunits and the H1 RNA coordinately
regulated during normal and induced conditions for the in-
nate immune responses? Little is currently known about
the effects of overloading of RNase P with the EGSs for
gene-targeting applications. Will the overloading stimu-
late the expression of RNase P and modulate innate im-
mune responses? These issues are highly relevant to the
RNase P-EGS technology. Further studies on these issues
will facilitate the development of the RNase P guide se-
quence technology in clinic for treatment of various human
diseases including infections and cancers.
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