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Abstract

The human 7RMT1 gene encodes an RNA methyltransferase enzyme responsible for catalyzing
dimethylguanosine (m2,2G) formation in tRNAs. Frameshift mutations in 7RMT1 have been
shown to cause autosomal-recessive intellectual disability (ID) in the human population but
additional TRMT1 variants remain to be characterized. Here, we describe a homozygous 7TRMT1
missense variant in a patient displaying developmental delay, ID, and epilepsy. The missense
variant changes an arginine residue to a cysteine (R323C) within the methyltransferase domain
and is expected to perturb protein folding. Patient cells expressing TRMT1-R323C exhibit a
deficiency in m2,2G modifications within tRNAs, indicating that the mutation causes loss-of-
function. Notably, the TRMT1 R323C mutant retains tRNA binding but is unable to rescue m2,2G
formation in TRMT1-deficient human cells. Our results identify a pathogenic point mutation in
TRMT1 that perturbs tRNA modification activity, and demonstrate that m2,2G modifications are
disrupted in the cells of patients with TRMT1-associated 1D disorders.
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The post-transcriptional modification of tRNA has emerged as a critical modulator of
biological processes ranging from gene expression to development (Frye, Harada, Behm, &
He, 2018; Ranjan & Leidel, 2019). There are over 100 types of tRNA modifications that
range from simple methylation to complex modifications involving multiple chemical
groups (El Yacoubi, Bailly, & de Crecy-Lagard, 2012; Ontiveros, Stoute, & Liu, 2019).
Notably, defects in tRNA modification have emerged as the cause of diverse neurological
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and neurodevelopmental disorders, thereby highlighting the critical role of tRNA
modification in human health and physiology (Angelova et al., 2018; Ramos & Fu, 2018). In
particular, the brain appears to be sensitive to any perturbation in translation efficiency and
fidelity brought about by defects in tRNA modifications, as evidenced from the numerous
cognitive disorders linked to tRNA modification enzymes such as: the Elongator complex
(Hawer et al., 2018; Kojic & Wainwright, 2016); ADAT3 (Alazami et al., 2013; El-Hattab et
al., 2016; Ramos et al., 2019); NSUN2 (Abbasi-Moheb et al., 2012; Khan et al., 2012;
Martinez et al., 2012); FTSJ1 (Dai et al., 2008; Freude et al., 2004; Froyen et al., 2007,
Gong et al., 2008; Guy et al., 2015; Ramser et al., 2004; Takano et al., 2008); WDR4 (Chen
et al., 2018; Shaheen et al., 2015; Trimouille et al., 2018); KEOPS complex (Braun et al.,
2017); PUS3 (Abdelrahman, Al-Shamsi, Ali, & Al-Gazali, 2018; Shaheen, Han, et al.,
2016); CTU2 (Shaheen, Al-Salam, El-Hattab, & Alkuraya, 2016; Shaheen, Mark, et al.,
2019); TRMT10A (Gillis et al., 2014; Igoillo-Esteve et al., 2013; Narayanan et al., 2015;
Yew, McCreight, Colclough, Ellard, & Pearson, 2016; Zung et al., 2015); PUS7 (de Brouwer
et al., 2018; Shaheen, Tasak, et al., 2019) and ALKBH8 (Monies, Vagbo, Al-Owain,
Alhomaidi, & Alkuraya, 2019).

One of the very first tRNA modification enzymes to be discovered is tRNA
methyltransferase 1 (Trmlp) from yeast Saccharomyces cerevisiae (Hopper, Furukawa,
Pham, & Martin, 1982). S. cerevisiae Trm1p is imported into the nucleus and mitochondria,
where it catalyzes the methylation of a specific guanosine residue at position 26 in numerous
tRNAs to yield the N2,N2-dimethylguanosine (m2,2G) modification (Ellis, Hopper, &
Martin, 1987, 1989; Ellis, Morales, Li, Hopper, & Martin, 1986). Two human homologs of
yeast Trm1p have been identified by sequence homology that are encoded by the TRMT1
and 7RMTIL genes (Buckland, Maule, & Sealey, 1996; Liu & Straby, 2000; Vauti et al.,
2007). While the substrates of TRMT1L remain to be discovered, TRMT1 has been
demonstrated to be responsible for the majority of m2,2G modifications in the tRNA of
human cells (Dewe, Fuller, Lentini, Kellner, & Fu, 2017).

Notably, exome sequencing studies have implicated frameshift mutations in 7RM71 as the
cause for certain forms of autosomal-recessive intellectual disability (ID) disorders (Blaesius
et al., 2018; Davarniya et al., 2015; Monies et al., 2017; Najmabadi et al., 2011). The
deletion mutations are predicted to cause frameshifts that result in nonsense mediated decay
of the mRNA transcript and/or truncated proteins lacking the C-terminal RNA binding
domain. The ID-associated TRMT1 mutants have been shown to be defective in tRNA
binding and enzymatic activity (Dewe et al., 2017). While frameshift mutations in 7RMT7T1
have been identified in the human population, 7RMT1 missense alleles that help elucidate
the functional consequences of tRNA modification deficiency remain to be found. Moreover,
the extent to which m2,2G modifications are impacted in patient cells by the TRMT1
mutations is unknown. Here, we perform a functional characterization of a TRMT1 missense
variant in an individual presenting with ID disorder and epilepsy.

We have previously described a “genomics first” approach to patients with ID (Anazi et al.,
2017). When combined with the high prevalence of consanguinity in this group, this
approach led to a high yield where a likely causal variant was identified in the majority of
the >330 patients in that cohort. One of the reported variants in this cohort is a novel
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missense variant in the 7RMT1 gene (ClinVar Accession VCV000191099.1,
NM_001136035.3 (7RMT1):c.967C>T, p.Arg323Cys) (Figure 1A). The variant is absent in
>4,000 Saudi exomes and is present at a very low frequency in gnomAD (4 heterozygotes,
MAF 0.0000159). While samples from other members of the family could not be obtained,
subsequent Sanger sequencing confirmed the homozygous nature of the mutation in the ID-
affected index individual (Figure 1B, 13DG1615).

At last evaluation, the female patient was 8 years old with ID and generalized epilepsy
(Figure 1C). The patient was conceived via artificial insemination and pregnancy was
uneventful. She was delivered at term vaginally but meconium aspiration resulted in
respiratory distress and a short admission to neonatal intensive care for 5 days. Her motor
development was normal but cognitive development was slow. She scored 73 at the age of
6.5 years on the Vineland scale for adaptive behavior, and she is currently attending special
schooling with poor performance. Her medical history is notable for epilepsy that is partially
controlled with medications and bilateral sensorineural hearing loss. Physical examination
revealed normal head size (52 cm; 62nd percentile), height (127.6 cm, 50th percentile) and
weight (26.4 kg; 55th percentile). Brain MRI was also normal with no evidence of
pontocerebellar hypoplasia or white matter abnormalities. However, she displayed
strabismus and subtle dysmorphism in the form of deep set eyes, epicanthus, smooth
philtrum and pointed chin.

The ID-associated variant in the 7RMT1 gene mutates amino acid residue 323 in the SAM-
methyltransferase domain of TRMT1 from a positively charged arginine to a non-polar
cysteine residue (R323C) (Figure 1D). Based upon protein sequence alignment, the R323
residue of human TRMT1 is absolutely conserved in Trm1 homologs from the Archaea to
mammals (Figure 1E). Moreover, the variant has a consistently deleterious prediction by in
sificotools DANN, LRT, MutationAssessor, MutationTaster, PROVEAN, FATHMM-MKL
and SIFT (Choi, Sims, Murphy, Miller, & Chan, 2012; Chun & Fay, 2009; Quang, Chen, &
Xie, 2015; Reva, Antipin, & Sander, 2011; Schwarz, Cooper, Schuelke, & Seelow, 2014;
Shihab et al., 2015; Sim et al., 2012). Using the crystal structure of Trm1 from the Archaean
Pyrococcus furiosus (Ihsanawati et al., 2008), we found that the homologous arginine
residue is located within the methyltransferase domain near the putative tRNA binding
pocket (Supp. Figure S1A). Interestingly, the R323 residue is buried into the interior of
Archaeal Trm1 rather than on the surface, unlike most charged side chains which are on the
surface of proteins.

To gain insight into the potential effects of the R323C mutation on human TRMT1, we
generated a predicted tertiary structure of human TRMT1 using an /17 silico template-based
algorithm (Kallberg et al., 2012). Based upon this hypothetical structure, TRMT1 is
predicted to fold into two distinct domains coinciding with the SAM-methyltransferase
domain and the C-terminal CCCH-type Zinc finger motif (Supp. Figure S1B, TRMT1
methyltransferase domain). Notably, modeling of the R323C mutation using the most
favored rotamer conformation would predict a steric clash with a conserved tyrosine side
chain present at position 321 (Supp. Figure S1C). Thus, the R323C mutation is likely to be
deleterious by perturbing the core packing of the methyltransferase domain of TRMT1 that
is responsible for SAM binding, tRNA interaction and catalysis.
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To examine the molecular effects of the R323C mutation, we generated a lymphoblastoid
cell line (LCL) from the affected human patient harboring the homozygous missense
mutation in the TRMT1 gene (referred to as R323C-LCL). The R323C-LCL was compared
to control lymphaoblasts generated from ethnically matched, healthy, unrelated individuals
(WT-LCLs). We directly measured and compared the levels of more than 20 different tRNA
modifications in the patient R323C-LCL versus WT-LCLs through quantitative mass
spectrometry of modified ribonucleosides derived from cellular RNA (Cai et al., 2015; Dewe
etal., 2017) (Supporting Information, Materials and Methods). Strikingly, the m2,2G
modification exhibited a 32-fold decrease in the R323C-LCL compared to WT-LCL (Figure
1F). No other modification displayed a significant change between the WT versus R323C-
LCLs.

To validate the perturbation of m2,2G modification in cellular tRNAs, we used a primer
extension assay that detects RNA modification status at nucleotide resolution. In this assay,
the presence of m2,2G leads to a block of reverse transcriptase (RT) at position 26 of tRNA
while a decrease in m2,2G allows for read-through and an extended product up to a
subsequent RT-blocking modification (Figure 1G). We selected three nuclear-encoded
tRNAs that we have previously shown to contain m2,2G (Dewe et al., 2017), along with
mitochondrial tRNA-1le-GAU, which is the only known mammalian mitochondrial-encoded
tRNA to contain m2,2G (Clark, Evans, Dominissini, Zheng, & Pan, 2016; Dewe et al., 2017,
Suzuki & Suzuki, 2014). In the absence of RT, only background bands were detected in
reactions containing the probe and total cellular RNA from the wildtype LCL (Figure 1H,
lane 1 for all tRNAs, background bands denoted by *). Addition of RT led to the appearance
of an extension product up to the m2,2G modification at the expected position in both
nuclear- and mitochondrial-encoded tRNAs in both WT-LCLs (Figure 1H, lanes 2 and 3 for
tRNA-Ala-AGC and lle-UAU or lanes 2 and 4 for tRNA-Met-CAU and mito-tRNA-Ile-
GAU). In contrast, the RT block at position 26 was absent in the nuclear- and mitochondrial-
encoded tRNA of the R323C-LCLs (Figure 1H, lane 4 for tRNA-Ala-AGC and lle-UAU or
lane 3 for tRNA-Met-CAU and mito-tRNA-1le-GAU). Loss of m2,2G modification in the
tRNAs allowed for read-through and extension to the next RT-blocking modification. Thus,
LCLs from the ID-affected patient with the TRMT1 R323C mutation exhibit a severe deficit
in m2,2G formation in cellular tRNAs.

To elucidate the molecular defects associated with the TRMT1-R323C mutant, we
investigated the interaction between TRMT1 and tRNAs. As previously shown, human
TRMTL1 displays a stable interaction with substrate tRNAs that are targets for m2,2G
modification (Dewe et al., 2017). Using this system, we expressed a FLAG-tagged version
of TRMT1 variants in 293T human embryonic cells followed by affinity purification and
analysis of copurifying RNAs. The expressed proteins represent either: 1) wildtype (WT)
TRMTL, 2) the R323C mutant, and 3) Y445fs, a previously described, ID-associated
TRMT1 mutant that lacks RNA binding due to the truncation of the RNA recognition motif
(Figure 2A). Immunoblotting confirmed the expression and purification of each TRMT1
variant on anti-FLAG resin (Fig. 2B). In the control purification from vector-transfected
cells, we detected only background contaminating 5.8S and 5S rRNAs (Figure 2C, lane 5).
In contrast, the purification of WT-TRMT1 resulted in the considerable enrichment of
tRNAs along with rRNAs as we have previously shown (Figure 2C, lane 6) (Dewe et al.,
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2017). Interestingly, we found that similar levels of tRNA were enriched with either
TRMT1-WT or TRMT1-R323C mutant (Figure 2C, compare lanes 6 and 7). As expected,
the Y445fs mutant exhibited only background RNA signal indicative of defective tRNA
binding (Figure 2C, lane 8). Thus, the TRMT1-R323C mutant differs from other ID-
associated TRMT1 variants by retaining the ability to bind tRNA.

We next used a previously-described TRMT1-knock out (KO) cell line derived from 293T
human cells to dissect the effects of the R323C mutation on TRMT1 function (Dewe et al.,
2017). This human 293T cell line lacks TRMT1 expression resulting in the near complete
loss of m2,2G modifications in tRNA and the absence of m2,2G modifications in all tested
tRNAs. Using transient transfection of mammalian constructs, we expressed either WT-
TRMT1 or the R323 variant in the WT or TRMT1-KO 293T cell lines (Supp. Figure S2).
We then assessed for rescue of m2,2G formation in tRNA-Ala-AGC using the primer
extension assay described above. As expected, non-transfected or vector-transfected WT
293T cells exhibited an RT block at position 26 of tRNA-Ala-AGC indicative of the m2,2G
modification (Figure 2D and E, lanes 1 and 2). No read-through product was detected for
either tRNA in WT 293T cells suggesting that nearly all endogenous tRNA-Ala-AGC is
modified with m2,2G. Consistent with this observation, increased expression of TRMT1 in
WT 239T cells had no noticeable effect on m2,2G modification in tRNA-Ala-AGC (Figure
2D, lane 3). Intriguingly though, over-expression of the TRMT1-R323C mutant in WT 293T
cells led to increased read-through product indicative of decreased m2,2G modification
(Figure 2D, lane 4, quantified in 2E). The increase in read-through product suggests that
TRMT1-R323C could have a dominant-negative effect on m2,2G modification when over-
expressed in the presence of WT-TRMT1.

We next tested the TRMT1-R323C mutant for the ability to rescue m2,2G formation in the
TRMT1-KO cell line. As expected, the m2,2G modification was absent in tRNA-Ala-AGC
isolated from the non-transfected or vector-transfected TRMT1-KO cell line leading to read-
through to the next RT block (Figure 2D, lanes 5 and 6, quantified in 2E). Re-expression of
TRMT1-WT in the TRMT1-KO cell line was able to restore m2,2G formation (Figure 2D,
lane 7). Due to variable TRMT1 expression caused by incomplete transfection efficiency, the
level of m2,2G modification was increased but not completely rescued to the level of the WT
cell line. Notably, the TRMT1-R323 mutant displayed greatly reduced ability to reconstitute
m2,2G formation in the TRMT1-KO cell line (Figure 2D, lane 8, quantified in 2E). These
results indicate that even though TRMT1-R323C can retain binding to tRNAs, it is
compromised in its capacity to generate m2,2G in cellular tRNA. Thus, the TRMT1-R323C
alteration appears to be a loss-of-function mutation, consistent with the severe deficiency in
m2,2G modification in the tRNAs of the affected patient with the R323C mutation.

Previously characterized TRMT1-1D mutations result in translation frameshifting that lead
to truncation of the carboxyl-terminal zinc finger motif. These mutants have been shown to
be defective in RNA binding and reconstitution of methyltransferase activity /n vivo (Dewe
et al., 2017). Unlike the frameshift mutants, the R323C mutant is still able to efficiently
interact with tRNA substrates. The retention of tRNA binding by the R323C mutant is
consistent with the location of the R323 residue on the interior of TRMT1 within the
methyltransferase motif and outside of the putative zinc finger motif that interacts with
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tRNA. While the R323C mutant can still bind RNA, it exhibits a severe defect in the
reconstitution of m2,2G formation in TRMT1-KO human cells. Due to the location of the
R323 residue in the core of the TRMT1 methyltransferase domain, the R323C mutation
could severely distort the tertiary structure of TRMT1 leading to defects in substrate
orientation, SAM binding and/or catalysis.

The m2,2G modification has been predicted to prevent the folding of certain nuclear-
encoded tRNAs into alternative conformers found in mitochondrial tRNAs (Steinberg &
Cedergren, 1995). Moreover, previous studies in S. cerevisiae have found that certain tRNA
isoacceptors exhibit decreased accumulation in the absence of Trm1, suggesting that the
m2,2G modification plays a role in the proper folding of certain tRNAs (Dewe, Whipple,
Chernyakov, Jaramillo, & Phizicky, 2012; Vakiloroayaei, Shah, Oeffinger, & Bayfield,
2017). Interestingly, we have found that TRMT1-deficient human cells exhibit similar
steady-state levels of all tested nuclear- and mitochondrial-encoded tRNAs (Dewe et al.,
2017). However, it is possible that the m2,2G modification is more important for certain
human tRNA isodecoders in terms of their stability and accumulation, akin to the situation
in S. cerevisiae.

The m2,2G modification could also play a role in proper tRNA interaction with the ribosome
to ensure efficient translation. Indeed, studies in yeast S. cerevisiae have found that 7rm1
deletion mutants display alterations in ribosome profiles indicative of translation aberrations
(Chou, Donnard, Gustafsson, Garber, & Rando, 2017). Moreover, studies in human cells
have found that global translation is reduced upon ablation of TRMT1 (Dewe et al., 2017).
The alterations in translation are correlated with perturbations in redox homeostasis and
heightened sensitivity to oxidative stress. Future studies using ribosome profiling in patient
cells could provide insight into the biological pathways that are perturbed upon loss of the
m2,2G modification that contribute to the spectrum of neurodevelopmental phenotypes
exhibited by individuals with TRMT1 mutations.

Supplementary Material
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Figure 1.
Characterization of a missense mutation in TRMTL1 linked to ID. (A) Exon organization of

the TRMT1 locus with the location of the single C>T point mutation highlighted in red. (B)
Pedigree of the family harboring the missense mutation in the 7RMT71 gene and the patient
that is homozygous for the mutation. (C) Patient 13DG1615 who is homozygous for the
TRMT1 missense mutation. (D) Schematic of human TRMT1 with protein domains
denoted; MTS (mitochondrial targeting signal), SAM-methyltransferase, and Zinc-finger
motif. The location of the R323C mutation is denoted in red. (E) Protein sequence
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alignments of TRMT1 from human to Archaea. The R323 residue is boxed in red. (F)
Comparison of tRNA modification levels between R323C versus WT-LCLs. Nucleosides
from digested tRNA samples were analyzed by LC-MS. Y-axis represents the log2-fold
change in the levels of the indicated tRNA modification between the R323C patient and WT
individual. Samples were measured in triplicate. ****, P< 0.0001. (G) Schematic of primer
extension assay to monitor m2,2G in tRNAs. RT, reverse transcriptase. (H) Representative
gels of primer extension assays to monitor the presence of m2,2G in tRNA from the
indicated LCLs. >, labeled oligonucleotide used for primer extension; D, dihydrouridine;
m3C, 3-methylcytosine; m1G, 1-methylguanosine; *, background signal.
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Figure2.

The TRMT1-R323C mutant retains RNA binding but is impaired in reconstitution of tRNA
modification activity. (A) Schematic of TRMT1 domains and variants. WT, wildtype;

C
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Nucleic acid stain

R323C, ID-associated point mutant; Y445fs, TRMT1 variant encoded by an ID-causing

frameshift mutation. (B) Immunoblot of whole cell extracts prepared from each human cell

line transfected with the indicated constructs. Molecular weight in kiloDalton is denoted on
the right. (C) Nucleic acid stain of RNAs extracted from the indicated input or purified
samples after denaturing PAGE. The migration pattern of tRNAs, 5.8S and 5S rRNA is
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denoted. (D) Representative primer extension assay to monitor the presence of m2,2G in
tRNA-Ala-AGC from cell lines transfected with the indicated constructs. >, labeled
oligonucleotide used for primer extension; m2,2G, dimethylguanosine; D, dihydrouridine; *
background signal. (E) Quantification of m2,2G modification levels in tRNA-Ala-AGC.
Primer extensions were performed three times and error bars represent the standard error of
the mean. Comparison were performed using one-way ANOVA. *, £<0.05; **, P< 0.01,
*** P<0.001; **** P<0.0001.
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