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Introduction

Reactome is open-source, open access, manually curated and peer-reviewed pathway database. Pathway annotations 
are authored by expert biologists, in collaboration with Reactome editorial staff and cross-referenced to many 
bioinformatics databases. A system of evidence tracking ensures that all assertions are backed up by the primary 
literature. Reactome is used by clinicians, geneticists, genomics researchers, and molecular biologists to interpret the 
results of high-throughput experimental studies, by bioinformaticians seeking to develop novel algorithms for mining 
knowledge from genomic studies, and by systems biologists building predictive models of normal and disease 
variant pathways. 
The development of Reactome is supported by grants from the US National Institutes of Health (P41 HG003751), 
University of Toronto (CFREF Medicine by Design), European Union (EU STRP, EMI-CD), and the European 
Molecular Biology Laboratory (EBI Industry program).
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rRNA modification in the nucleus and cytosol ↗

Stable identifier: R-HSA-6790901

Human ribosomal RNAs (rRNAs) contain about 200 residues that are enzymatically modified after transcription in 
the nucleolus (Maden and Khan 1977, Maden 1988, Maden and Hughes 1997, reviewed in Hernandez-Verdun et al. 
2010, Boschi-Muller and Motorin 2013). The modified residues occur in regions of the rRNAs that are located in 
functionally important parts of the ribosome, notably in the A and P peptidyl transfer sites, the polypeptide exit 
tunnel, and intersubunit contacts (Polikanov et al. 2015, reviewed in Decatur and Fournier 2002, Chow et al. 2007, 
Sharma and Lafontaine 2015). The two most common modifications are pseudouridines and 2'-O-
methylribonucleotides. Formation of pseudouridine from encoded uridine is catalyzed by box H/ACA small 
nucleolar ribonucleoprotein (snoRNP) complexes (reviewed in Hamma and Ferre-D'Amare 2010, Watkins and 
Bohnsack 2011, Ge and Yu 2013, Kierzek et al. 2014, Yu and Meier 2014) and methylation of the hydroxyl group of 
the 2' carbon is catalyzed by box C/D snoRNPs (Kiss-Laszlo et al. 1996, Lapinaite et al. 2013, reviewed in Watkins 
and Bohnsack 2011). The snoRNP complexes contain common sets of protein subunits and unique snoRNAs that 
guide each complex to its target nucleotide of the rRNA by base-pairing between the snoRNA and the rRNA 
(reviewed in Henras et al. 2004, Watkins and Bohnsack 2011). Other modifications of rRNA include 5-
methylcytidine (reviewed in Squires and Preiss 2010), 1-methylpseudouridine, 7-methylguanosine, 6-
dimethyladenosine, and 4-acetylcytidine (reviewed in Sharma and Lafontaine 2015). In yeast most modifications are 
introduced co-transcriptionally (Kos and Tollervey 2010, reviewed in Turowski and Tollervey 2015), however the 
order of modification events and pre-rRNA cleavage events is not well characterized.
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Box C/D snoRNP methylates ribonucleotides in pre-rRNA yielding 2'-O-methylribo-
nucleotides ↗

Location: rRNA modification in the nucleus and cytosol

Stable identifier: R-HSA-6790907

Type: transition

Compartments: nucleoplasm

Inferred from: Box C/D snoRNP methylates ribonucleotides in pre-rRNA (Saccharomyces cerevisiae)

The Fibrillarin (FBL) component of Box C/D small nucleolar ribonucleoprotein complexes (snoRNPs) transfers a 
methyl group from s-adenosylmethionine to the 2' hydroxyl group of ribonucleotides in precursor rRNAs (pre-
rRNAs) in the nucleolus (Maden and Hughes 1997, inferred from mouse homologs in Cavaille and Bachellerie 1998, 
and inferred from homologues in Saccharomyces cerevisiae). The box C/D snoRNA component of the complex 
guides the methylation by base pairing with 10-21 nucleotide regions of the pre-rRNA (Filippova et al. 2015, 
inferred from mouse homologs in Cavaille and Bachellerie 1998). The protein components of the core box C/D 
snoRNP are FBL (homologous to NOP1 in yeast), NOP56, NOP58, and NHP2L1 (15.5K, homologous to SNU13 of 
yeast) (Lyman et al. 1999, Watkins et al. 2000, Watkins et al. 2002, Schultz et al. 2006, McKeegan et al. 2007). 
More than 100 nucleotide positions in human rRNAs are 2'-O-methylated and the human genome encodes more than 
250 box C/D snoRNAs (Lestrade and Weber 2006), which are 50-300 nucleotides in length and contain box C 
(RUGAGA) and box D (CUGA) elements.
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Box H/ACA snoRNP transforms uridine to pseudouridine in pre-rRNA ↗

Location: rRNA modification in the nucleus and cytosol

Stable identifier: R-HSA-6790905

Type: transition

Compartments: nucleoplasm

Box H/ACA snoRNP complexes convert uridine to pseudouridine at 97 sites in human 28S, 18S, and 5.8S rRNAs 
(Kiss et al. 2004, reviewed in Ge and Yu 2013). The box H/ACA snoRNA component guides the complex to specific 
residues of the rRNAs by base pairing between the regions of the snoRNA and the rRNA (Kiss et al. 2004, Xiao et 
al. 2009). The human genome encodes more than 80 box H/ACA snoRNAs (Lestrade and Weber 2006).

Followed by: EMG1 of the SSU processome methylates pseudouridine-1248 of 18S rRNA yielding N(1)-
methylpseudouridine-1248
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NOP2 (NSUN1) methylates cytidine-4447 of 28S rRNA yielding 5-methylcytidine-4447 
↗

Location: rRNA modification in the nucleus and cytosol

Stable identifier: R-HSA-6790944

Type: transition

Compartments: nucleoplasm

Inferred from: NOP2 methylates cytosine-2870 of 25S rRNA yielding 5-methylcytosine-2870 (Saccharomy-
ces cerevisiae)

NOP2 methylates the carbon at the 5th position of the cytosine ring at cytidine-4447 in 28S rRNA (Bourgeois et al. 
2015). NOP2 also has a role in rRNA processing that is independent of its methylase activity.
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EMG1 of the SSU processome methylates pseudouridine-1248 of 18S rRNA yielding 
N(1)-methylpseudouridine-1248 ↗

Location: rRNA modification in the nucleus and cytosol

Stable identifier: R-HSA-6790906

Type: transition

Compartments: nucleoplasm

Inferred from: EMG1 of the SSU processome methylates pseudouridine-1191 of 18S rRNA yielding N(1)-
methylpseudouridine-1191 (Saccharomyces cerevisiae)

EMG1 (NEP1) methylates a pseudouridine residue in precursor rRNA (pre-rRNA) to yield N(1)-
methylpseudouridine (Wurm et al. 2010 and inferred from the yeast homolog) in the nucleolus (Eschrich et al. 2002). 
Following further modification and nucleolytic processing, the N(1)-methylpseduouridine residue will become N1-
methyl-N3-(3-amino-3-carboxypropyl) pseudouridine-1248 of the 18S rRNA. A mutation in EMG1 causes Bowen-
Conradi Syndrome, which is characterized by growth retardation, microcephaly, severe psychomotor delay, and 
minor external abnormalities (Armistead et al. 2009). As inferred from the yeast homolog, EMG1 is a component of 
the small subunit processome (SSU processome) a large complex of proteins that binds the 5' region of pre-rRNA, 
processes and modifies the 18S rRNA, and assists the assembly of the small ribosomal subunit.

Preceded by: Box H/ACA snoRNP transforms uridine to pseudouridine in pre-rRNA

Followed by: TSR3 transfers aminocarboxypropyl group from S-adenosylmethionine to N(1)-methyl-
pseudouridine-1248 of 18SE rRNA yielding N(1)-methyl-N(3)-aminocarboxypropylpseudouridine-1248
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WBSCR22:TRMT112 methylates guanosine-1639 of 18S rRNA yielding 7-methyl-
guanosine-1639 ↗

Location: rRNA modification in the nucleus and cytosol

Stable identifier: R-HSA-6790982

Type: transition

Compartments: nucleoplasm

The WBSCR22:TRMT112 complex, homolog of the Bud23:Trm112 complex in yeast (Ounap et al. 2013), 
methylates guanosine-1639 of 18S rRNA at the N(7) position of the guanine base (Haag et al. 2015, Zorbas et al. 
2015). The WBSCR22:TRMT112 complex but not its methylase activity is required for efficient processing of 
precursor rRNA at site 2 and site 3 (Haag et al. 2015, Zorbas et al. 2015). Hemizygosity at the region containing 
WBSCR22 causes Williams-Beuren syndrome (Doll and Grzeschik 2001).

Followed by: DIMT1 dimethylates adenosine-1850,1851 of 18S rRNA yielding 6-dimethyladenosine-
1850,1851

Literature references
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DIMT1 dimethylates adenosine-1850,1851 of 18S rRNA yielding 6-dimethyladen-
osine-1850,1851 ↗

Location: rRNA modification in the nucleus and cytosol

Stable identifier: R-HSA-6790994

Type: transition

Compartments: nucleoplasm

DIMT1 (DIMT1L) dimethylates the N(6) position of adenosine-1850 and adenosine-1851 of a precursor to 18S 
rRNA in the nucleolus (Zorbas et al. 2015). Dimethylation is observed on the 21S precursor and therefore occurs at 
this stage of rRNA processing or prior. Dimethylation of adenosine residues appears to occur after N(7)-methylation 
of guanosine-1639 by WBSCR22:TRMT112 (Zorbas et al. 2015). PNO1 is required for the methylation activity of 
DIMT1 (Zorbas et al. 2015). DIMT1 protein but not DIMT1 methylase activity is also required for efficient 
concomitant cleavage of 47S precursor rRNA at site A0 and site 1 (Zorbas et al. 2015).

Preceded by: WBSCR22:TRMT112 methylates guanosine-1639 of 18S rRNA yielding 7-methylguanosine-
1639

Literature references
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NAT10 acetylates cytidine-1337 and cytidine-1842 of 18S rRNA yielding 4-acetylcytid-
ine-1377 and 4-acetylcytidine-1842 ↗

Location: rRNA modification in the nucleus and cytosol

Stable identifier: R-HSA-6790987

Type: omitted

Compartments: nucleoplasm, cytosol

NAT10 transfers an acetyl group from acetyl coenzyme A to the N4 positions of the residues that will become 
cytidine 1337 and cytidine-1842 in 18S rRNA (Ito et al. 2014, Sharma et al. 2015). (The point at which NAT10 acts 
during rRNA nucleolytic processing is unknown.) NAT10 also hydrolyzes ATP, presumably to provide helicase 
activity for the reaction (Ito et al. 2014, Sharma et al. 2015). NAT10 in a complex with THUMPD1 also acetylates 
tRNAs, however THUMPD1 is not required for acetylation of rRNA (Sharma et al. 2015).

Literature references
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TSR3 transfers aminocarboxypropyl group from S-adenosylmethionine to N(1)-
methylpseudouridine-1248 of 18SE rRNA yielding N(1)-methyl-N(3)-amino-
carboxypropylpseudouridine-1248 ↗

Location: rRNA modification in the nucleus and cytosol

Stable identifier: R-HSA-8868783

Type: transition

Compartments: cytosol

In the cytoplasm TSR3 transfers an aminocarboxypropyl group from S-adenosylmethionine (AdoMet) to the N(3) 
position of N(1)-methylpseudouridine at nucleotide 1248 of 18S rRNA yielding N(1)-methyl-N(3)-
aminocarboxylpropylpseudouridine-1248 (Meyer et al. 2016). Prior to this reaction, the SNORA13 or ACA13 
H/ACA snoRNP (homologue of the snR35 snoRNP in yeast) in the nucleus converts uridine-1248 to pseudouridine-
1248 and the EMG1 component of the small subunit processome in the nucleus methylates the N(1) position of 
pseudouridine-1248. The 18SE precursor of 18S rRNA containing N(1)-methylpseudouridine is then exported to the 
cytosol as part of the 40S pre-ribosomal subunit. TSR3 is believed to act on the 18SE precursor rather than the 
mature 18S rRNA because interference with the activity of TSR3 results in an accumulation of 18SE precursor 
(Meyer et al. 2016).

Preceded by: EMG1 of the SSU processome methylates pseudouridine-1248 of 18S rRNA yielding N(1)-
methylpseudouridine-1248
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