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ABSTRACT

The deamination of adenosine to inosine at the wobble position of tRNA is an essential post-transcriptional RNA modifi-
cation required for wobble decoding in bacteria and eukaryotes. In humans, the wobble inosine modification is catalyzed
by the heterodimeric ADAT2/3 complex. Here, we describe novel pathogenic ADAT3 variants impairing adenosine deam-
inase activity through a distinctmechanism that can be corrected through expression of the heterodimeric ADAT2 subunit.
The variants were identified in a family in which all three siblings exhibit intellectual disability linked to biallelic variants in
the ADAT3 locus. The biallelic ADAT3 variants result in a missense variant converting alanine to valine at a conserved res-
idue or the introduction of a premature stop codon in the deaminase domain. Fibroblast cells derived from two ID-affected
individuals exhibit a reduction in tRNAwobble inosine levels and severely diminished adenosine tRNA deaminase activity.
Notably, the ADAT3 variants exhibit impaired interaction with the ADAT2 subunit and alterations in ADAT2-dependent
nuclear localization. Based upon these findings, we find that tRNA adenosine deaminase activity and wobble inosine mod-
ification can be rescued in patient cells by overexpression of the ADAT2 catalytic subunit. These results uncover a key role
for the inactive ADAT3 deaminase domain in proper assembly with ADAT2 and demonstrate that ADAT2/3 nuclear import
is required for maintaining proper levels of the wobble inosine modification in tRNA.
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INTRODUCTION

The human Adenosine Deaminase Acting on tRNA 3
(ADAT3) gene encodes a tRNA modification protein that
has been linked to an autosomal-recessive form of ID
(Alazami et al. 2013; El-Hattab et al. 2016; Salehi
Chaleshtori et al. 2018; Sharkia et al. 2019; Thomas et al.
2019). Human ADAT3 forms an essential enzyme complex
with its heterodimeric partner ADAT2 to catalyze the
deamination of adenosine to inosine at the wobble posi-
tion on a subset of tRNAs (Torres et al. 2015; Ramos
et al. 2019). The presence of inosine at thewobble position
is conserved in bacteria and eukaryotes (Gerber and Keller
1999; Wolf et al. 2002; Tsutsumi et al. 2007; Ragone et al.
2011; Zhou et al. 2014). The wobble inosine modification
plays an essential function in organisms by expanding

the decoding capacity of a tRNA thereby allowing a single
wobble inosine-containing tRNA to decode -C, -A, and -U
ending codons (Unger and Takemura 1973).

In E. coli, only tRNA-Arg-ACG is modified at the wobble
position with inosine by the homodimeric TadA complex
(Wolf et al. 2002). In contrast, eukaryotes contain multiple
tRNA isoacceptors that are deaminated by the ADAT2/3
complex to yield inosine, including eight tRNA isoaccep-
tors in human cells (Torres et al. 2015). This expansion of
wobble inosine-containing tRNAs in eukaryotes is hypoth-
esized to have occurredwith the increased usage of specif-
ic codons in eukarya (Rafels-Ybern et al. 2017, 2019). In all
cases, the inosine modification is essential for life in order
to decode specific -C and -A ending codons as the
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genome does not encode a cognate tRNA to decode ev-
ery codon (Rafels-Ybern et al. 2019).
A single base pair variant in the human ADAT3 gene is

the most common cause of autosomal recessive ID in
Saudi Arabia, with a carrier frequency of 1% (MIM
#615302) (Alazami et al. 2013; El-Hattab et al. 2016;
Sharkia et al. 2019). The ID-associated ADAT3 variant
leads to a missense mutation altering valine at position
144 of ADAT3 to methionine (NM_138422.3, c.430
G > A, p.V144M). We have previously shown that individ-
uals who are homozygous for the ADAT3–V144M variant
exhibit a severe decrease in inosine modification on
tRNAs (Ramos et al. 2019). Additionally, the ADAT3–
V144M variant can still associate with ADAT2 but forms
an adenosine deaminase complex that is greatly impaired
in enzymatic activity.
Besides the ADAT3 c.430 G>A (p.V144M) variant, only

two other ADAT3 variants have been reported in the hu-
man population that are associated with intellectual dis-
ability. These reports include an Iranian 6-yr-old girl
homozygous for the ADAT3 c.99_106dupGAGCCCGG,
p.(Glu36Glyfs∗44) (Salehi Chaleshtori et al. 2018) and
two siblings of European descent carrying the compound
heterozygous variants ADAT3 c.587C>T, (p.Ala196Val)
and c.586_587delinsTT, (p.Ala196Leu) (Thomas et al.
2019). However, the molecular and cellular effects of these
ADAT3 variants have not been characterized to any extent.
Here, we identify two novel compound heterozygous

variants inADAT3 in three siblings presentingwith intellec-
tual disability, absent speech, seizures, and strabismus.
Similar to patients with the ADAT3–V144M variant, we
find that these children exhibit severe deficiency in wobble
inosine modification. Notably, we identify a unique form of
ADAT3 etiology in which ADAT2–ADAT3 interaction is
perturbed leading to alterations in enzymatic activity and
subcellular localization. Strikingly, we find that overexpres-
sion of the ADAT2 catalytic subunit can recover tRNA
adenosine deaminase activity and wobble inosine modifi-
cation in patient cells. Altogether, these results uncover a
distinct form of ADAT3-associated ID that can be rescued
through expression of the heterodimeric ADAT2 partner
protein, thereby presenting a possible avenue for correct-
ing diminished wobble inosine modification in patient
cells.

RESULTS

Identification of compound variants in ADAT3 linked
to neurodevelopmental disorder

Through clinical referral for individuals with neurodeve-
lopmental disorders, we identified a family consisting of
nonconsanguineous parents and three children, one
boy and two girls of ages 13, 9, and 4, respectively
(Fig. 1A,B). Exome sequencing performed on the chil-

dren (II:1, II:2, and II:3) revealed two novel variants of un-
certain significance in the Adenosine Deaminase Acting
on tRNA 3 (ADAT3) gene (Fig. 1C). Follow-up Sanger se-
quencing validated the presence of the compound het-
erozygous variants in all three children (Supplemental
Fig. 1). The children were compound heterozygous for
a paternally inherited c.587C>T p.[A196V] variant and
a maternally inherited c.820C>T p.[Q274∗] variant (Fig.
1C, ADAT3 [NM_138422.3]). No individuals have previ-
ously been reported to contain both variants. Both the
single amino acid substitution and the frameshift variant
occur at highly conserved residues in the conserved
deaminase domain of ADAT3 (Fig. 1D; Supplemental
Fig. 2A). The c.587C>T p.[A196V] missense variant is
predicted to have a deleterious effect by multiple com-
putational tools (SIFT, PolyPhen-2, MutationTaster), and
there are seven heterozygous carriers in the gnomAD da-
tabase (v2.1.1; allele frequency: 8.976×10−5). The trun-
cating variant, c.820C>T p.[Q274∗], has been observed
in two heterozygous carriers in gnomAD (allele frequen-
cy: 8.933×10−6). RT-PCR of ADAT3 mRNA from blood
samples revealed expression of both allelic variants in
the two older siblings while the third child has not
been tested (Supplemental Fig. 2B).
All three siblings present with severe ID, absent speech,

absence seizures (onset at 3 yr of age) and sleep distur-
bances. Moreover, the siblings exhibit short stature, inter-
mittent strabismus and deeply set eyes. The ear lobes are
short and superior helix squared. They also have a notched
alae nasea, low hanging columella, a short and deep phil-
trum, prominent teeth and tapering fingers (Fig. 1A).
Comparison to previously characterized individuals with
ID linked to ADAT3 revealed a common set of features
that included both cognitive and dysmorphic characteris-
tics (Supplemental Table 1; Supplemental Information).
To determine the impact of the compound ADAT3 var-

iants, skin fibroblasts were harvested from both parents
and the two eldest children. Samples were not collected
from the third child due to the young age. Based upon im-
munoblotting of whole-cell lysates from skin fibroblasts,
the children (II:1 and II:2; A196V/Q274∗) exhibited a slight,
but significant decrease in ADAT3 protein levels com-
pared to the father (I:1-WT/A196V) (Fig. 1E,F, ADAT3).
Sincewe did not observe a truncated ADAT3 protein prod-
uct in the mother or children, the decrease in ADAT3 pro-
tein levels is consistent with reduced levels of full-length
ADAT3 caused by the ADAT3–Q274∗ allele. A decrease
in protein stability of the ADAT3–A196V protein and/or
global protein synthesis could also contribute to the re-
duced ADAT3 levels in the children. Interestingly, we
also detected a slight decrease in ADAT2 protein levels
in the children (Fig. 1E,F, ADAT2). The decrease in
ADAT2 levels suggests that ADAT2 stability could be
linked to ADAT3 protein levels or a perturbation in cellular
protein translation.
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Individuals harboring the compound ADAT3 variants
exhibit decreased wobble inosine modification
in tRNA

We next investigated whether the ADAT3 variants impact-
ed inosine modification status on endogenous tRNA sub-

strates. The levels of inosine tRNA
modification between the fibroblast
cell lines was compared using liquid
chromatography-mass spectrometry
(LC-MS) as previously described
(Ramos et al. 2019). After normaliza-
tion to an average tRNA, we found
that the fibroblasts from each child ex-
hibited a ∼50% reduction in inosine
levels compared to the parental fibro-
blasts (Fig. 2A, inosine/tRNA). As
comparison, no significant change in
the ratio of the abundant m1Amodifi-
cation was detected between the four
individuals (Fig. 2A, m1A/tRNA).
As additional verification for re-

duced wobble inosine modification,
we monitored wobble inosine status
in specific tRNAs using RT-PCR se-
quencing. Since inosine is aguanosine
(G) analog, the presence of inosine
can be detected by sequencing of
cDNA products generated by
RT-PCR of cellular tRNA (Motorin
et al. 2007; Kawahara 2012; Wulff
et al. 2017). Using this strategy, we
measured the wobble inosine status
of tRNA-Val-AAC and tRNA-Pro-AGG
in the fibroblast cell lines. We also se-
quenced additional inosine-contain-
ing tRNA isoacceptors but the high
sequence similarity between isode-
coder variants prevented clear inter-
pretation as previously noted by our
laboratory and others (Torres et al.
2018; Ramos et al. 2019).
Fibroblasts prepared from both pa-

rental familymembers exhibited nearly
complete adenosine to inosinemodifi-
cation at thewobble position on tRNA-
Val-AAC,as shownby thepresenceofa
G peak and the absence of an A peak
(Fig. 2B, Valine-AAC, parents I:1 and
I:2). In contrast, fibroblasts prepared
from the twoaffectedoffspring individ-
uals exhibited a reduction in inosine
modification as revealed by the A
peak signal being greater than the G
peak (Fig. 2B, Valine-AAC, children

II:1 and II:2). The presence of the C peak is due to tRNA-
Val-CAC, which is nearly identical to tRNA-Val-AAC and is
recognized by the same oligos used for RT-PCR amplifica-
tion (Wulff et al. 2017). We also detected a similar decrease
in inosine modification when examining the sequencing
chromatograms of tRNA-Pro-AGG. While the A peak is
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D

FIGURE 1. Biallelic heterozygous variants in ADAT3 linked to intellectual disability. (A) Front
and side views of each child at ages 12.5, 8.5, and 3.5 yr, respectively. (B) Pedigree of affected
family. All three children have intellectual disability. (C ) Whole exome sequencing identified
two heterozygous variants of ADAT3 in the children. The father is a heterozygous carrier of
the c.587C>T variant, the mother is a heterozygous carrier of the c.820C>T variant. (D)
Location of changes in the ADAT3 protein caused by biallelic variants identified here or a pre-
viously reported founder variant in ADAT3. The cytidine and deoxycytidylate deaminase zinc-
binding region is shown in light blue and the zinc chelating residues in dark blue. (E)
Immunoblot of the indicated proteins from fibroblast cellular lysates obtained from the parents
(I:1, I:2) and children (II:1, II:2) of the ID-affected family shown in Figure 1. (F ) Quantification of
ADAT3 and ADAT2 levels after normalization to actin. N=3. Ordinary One-Way Anova—
ADAT3/ACTIN: I:2 ns= 0.06, II:1∗ =0.04, II:2 ∗ =0.01. Ordinary One-Way Anova—ADAT2/
ACTIN: I:2 ns =0.11, II:1∗∗ =0.009, II:2 ∗∗ =0.002.
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absent from the chromatograms of the two parental hetero-
zygous controls, the two affected individuals with ID exhib-
ited a detectable A peak (Fig. 2B, tRNA-Proline-AGG).
Altogether, these results demonstrate that fibroblast cells
harboring biallelic variants of ADAT3 exhibit reduced ino-
sinemodification in at least twodifferent tRNA isoacceptors.
Moreover, the reduced inosine modification in the tRNA of
patient fibroblast cells suggest that additional wobble ino-

sine-containing tRNAs are likely to be impacted by the bial-
lelic ADAT3 variants.

Reduced tRNA adenosine deaminase activity
in patient fibroblasts harboring compound
ADAT3 variants

Wenextmeasured the levels of tRNAadenosine deaminase
activity between the fibroblast cell lines to elucidate the
cause for the reduced wobble inosine modification in the
children.Weperformedanadenosinedeaminaseactivityas-
say usingwhole cell lysates extracted from fibroblasts and in
vitro transcribed tRNA substrates internally radiolabeled at
adenosine nucleotides. As model substrates, we used
tRNA-Pro-AGG and tRNA-Thr-AGU, which are known to
contain the inosine modification at position 34 (Rafels-
Ybern et al. 2015; Torres et al. 2015). Moreover, these
tRNAsubstrates are known tocontain them1Amodification,
which can be used an internal control as noted below. After
incubationof radiolabeled tRNAwith the cellular lysates, the
tRNA was digested to nucleoside monophosphates and
separated using thin-layer chromatography (TLC) tomonitor
inosine formation based upon the detection of inosine mo-
nophosphate (IMP) (Grosjeanet al. 2004).As an internal con-
trol, adenosine deaminase activity was normalized against
the formation of 1-methyladenosine (m1A) in the tRNA sub-
strates, which is catalyzed by the separate TRMT6/TRMT61
complex in cellular extracts (Guy and Phizicky 2014).
Using this assay, no detectable formation of inosine or

m1A was observed when either tRNA substrate was incu-
bated with buffer alone (Fig. 3A,B, lane 1, Buffer). In lanes
where tRNA had been incubated with cell lysates derived
from parental fibroblasts, we detected the formation of
IMP along with 1-methyladenosine (m1A) (Fig. 3A,B, lanes
2 and 3, I:1 and I:2, parents). In contrast, only a background
level of inosine formation was detected in cell extracts de-
rived from the children with the compound ADAT3 vari-
ants (Fig. 3A,B, lanes 4 and 5, II:1 and II:2, children).
Quantification of IMP formation revealed a significant re-
duction in adenosine deaminase activity from cellular ex-
tracts prepared from the children compared to the
parents (Fig. 3C,D, % IMP formation). In contrast, the level
of m1A formation on the same tRNA substrates was not
significantly different between extracts derived from cells
of the parents or children (Fig. 3C,D, % m1A formation).
These results indicate that fibroblasts harboring the bial-
lelic ADAT3 variants exhibit defects in catalyzing inosine
formation on tRNA substrates, consistent with reduced
inosine modification in their tRNAs.

ID-associated ADAT3 variants exhibit defects
in ADAT2 interaction

Both the A196V missense variant and Q274∗ truncation lie
within the conserved noncatalytic deaminase domain of

B

A

FIGURE 2. Reduced wobble inosine modification in the affected chil-
dren harboring biallelic ADAT3 variants. (A) LC-MS analysis of nucle-
osides prepared from small RNAs from fibroblasts of the indicated
individuals. Inosine signal is normalized to an average tRNAmolecule.
Unpaired t-test (∗∗∗∗) P=<0.0001. (B) RT-PCR sequencing analysis of
the indicated tRNAs prepared from fibroblast cells harvested from
the parents and children. Both children exhibit reduced wobble ino-
sine signal compared to heterozygous parents. Gray highlights the an-
ticodon loop. Inosine is read as G, while a tRNA that is unmodified will
contain an A.
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ADAT3. Moreover, the Q274∗ variant would truncate
nearly half the entire deaminase domain. Previous studies
have shown that bacterial TadA forms a homodimer
through an interface within the deaminase domain that in-
cludes the A196 residue (Kim et al. 2006). The ADAT2
subunit is predicted to heterodimerize with ADAT3 to
form an active adenosine deaminase complex using a
similar interaction as the bacterial TadA dimer (Elias and
Huang 2005; Spears et al. 2011). Thus, we investigated
whether the compound ADAT3 variants impact heterodi-
merization with the ADAT2 subunit. To assay subunit in-
teractions, we expressed ADAT3 variants fused to a
Twin-Strep Tag along with His-tagged ADAT2 in 293T hu-
man embryonic cells (Fig. 4A, lanes 2 through 4). The

Strep-tag allows for purification of
proteins under native conditions us-
ing streptactin-conjugated resin, al-
lowing for maintenance of protein–
protein interactions (Schmidt et al.
2013). To accurately determine the
amount of copurifying ADAT2 and
ensure the signal was within the linear
range of detection, we loaded in-
creasing amounts of the purified
ADAT2/3 complexes for quantifica-
tion (Fig. 4A, lanes 6 through 14).
Notably, we detected a reduced
amount of ADAT2 that copurified
with ADAT3–A196V than with
ADAT3–WT (Fig. 4A, compare
ADAT2 in lanes 6–8 to lanes 9–11).
Quantification of the blots revealed
a ∼50% reduction in copurifying
ADAT2 with ADAT3–A196V com-
pared to ADAT3–WT (Fig. 4B). The
ADAT3–Q274∗ variant exhibited
greatly reduced copurification of His-
ADAT2 (Fig. 4A, Q274∗, lanes 12–14
and Fig. 4B). These results indicate
that the A196V variant impairs the in-
teraction of ADAT3 with ADAT2 while
the truncation of the ADAT3 carboxyl
terminus greatly diminishes interac-
tion with ADAT2.
In addition to monitoring the

interaction between ADAT2 and
ADAT3, we also tested whether ex-
pression of the ADAT3 variants
could cause dominant negative ef-
fects on ADAT2 levels or wobble
inosine modification. The ADAT3
variants were overexpressed in
293T cells using the same procedure
as above (Fig. 4C). Based upon
three independent replicates of

each transfection, we detected no major change in
ADAT2 levels between cells transfected with vector
alone versus the ADAT3 constructs (Fig. 4D). RT-PCR
analysis of wobble inosine modification in tRNA-Val-
AAC or Pro-AGG revealed no detectable increase in un-
modified wobble adenosine in cells expressing ADAT3–
WT, A196V, or Q274∗ compared to control cells (Fig.
4E). These results suggest that the newly identified
ADAT3 variants do not act in a dominant negative fash-
ion to affect ADAT2 protein levels or wobble inosine
modification. The lack of a dominant negative effect is
also consistent with the lack of unmodified wobble
adenosine in cells isolated from either parent who ex-
press the variant allele.

CA

B D

FIGURE 3. Individuals with the biallelic ADAT3 variants exhibit reduced adenosine deam-
inase activity. (A) Representative TLC plate of IMP formation after whole-cell extracts were
incubated with in vitro transcribed tRNA-Pro-AGG. (B) Representative TLC plate of IMP for-
mation after whole-cell extracts were incubated with in vitro transcribed tRNA-Thr-AGU.
(C ) Quantification of %IMP formation/total radioactive signal on tRNA-Proline-AGG.
Unpaired t-test: ns = 0.53, (∗∗) P=0.001. Quantification of %m1A formation in the two sam-
ples harvested from the affected siblings indicate the extracts are active. Unpaired t-test:
I:2 ns= 0.34, II:1 ns=0.20, II:2 ns= 0.25. (D) Quantification of %IMP formation/total radio-
active signal on tRNA-Threonine-AGU. Unpaired t-test: ns = 0.98, (∗) P=0.024. The forma-
tion of m1A in the two samples harvested from the affected siblings indicate the extracts
are active. Unpaired t-test: I:2 ns= 0.28, II:1 ns= 0.35, II:2 ns= 0.44. Each point is one bi-
ological replicate. Three biological replicates were performed. The column on the graph
represents the mean and the error bar represents the standard deviation of the three
replicates.
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ADAT3–A196V and Q274∗ exhibit alterations in
subcellular localization

The interaction of ADAT2 with ADAT3 is required for trans-
location of ADAT3 into the nucleus (Torres et al. 2015).

Since the newly identified ADAT3 var-
iants in this study exhibit weakened or
disrupted interaction with ADAT2, we
investigated whether the ADAT3 vari-
ants also exhibited perturbations in
subcellular localization. We used
green fluorescent protein (GFP) tag-
ging to visualize ADAT3 localization
due to the low levels of endogenous
ADAT3, which precludes accurate de-
termination of cellular localization by
microscopy (data not shown). We
fused the ADAT3–WT, A196V, and
Q274∗ variants to an amino-terminal
GFP tag which were expressed in
HeLa human cervical cells by transient
transfection. We then monitored
and binned GFP–ADAT3 localization
into three categories: primarily cyto-
plasmic, ubiquitous distribution be-
tween the cytoplasm and nucleus, or
primarily nuclear (see Materials
and Methods for quantification
parameters).

After transient transfection with the
ADAT3–WT plasmid, we found that
themajority ofHeLacells exhibited cy-
toplasmic distribution of GFP–
ADAT3–WT (Fig. 5A, quantified in
5B, column 1). Similarly, the majority
of cells expressing either GFP–
ADAT3–A196V or the Q274∗ variants
exhibited primarily cytoplasmic GFP
signal (Fig. 5A, quantified in 4B, col-
umns 2 and 3). As shown previously
(Torres et al. 2015; Ramos et al.
2019), coexpression of ADAT2 with
GFP–ADAT3–WT promotes the trans-
location of ADAT3 into the nucleus re-
sulting in the majority of cells
displaying GFP–ADAT3 localization
in the nucleus compared to GFP–
ADAT3 expression without ADAT2
(Fig. 5A,B, compare column 1 to col-
umn 4). ADAT2 coexpression could
also promote the partial localization
ofGFP–ADAT3–A196V into the nucle-
us as noted by the increase in percent-
age of cells with ubiquitous or nuclear
GFP localization (Fig. 5A,B, compare

columns 2 and 5). However, in contrast to GFP–ADAT3–
WT, the majority of cells expressing GFP–ADAT3–A196V
with ADAT2 exhibited a ubiquitous distribution rather
than being primarily nuclear (Fig. 5A,B, compare columns
4 and 5). The GFP–ADAT3–Q274∗ variant remained

A B

C

D

D

FIGURE 4. ADAT3 variants exhibit decreased ADAT2 interaction without detectable impact
on endogenous ADAT2 expression or wobble inosine levels: (A) Representative ADAT3-
Strep purifications with copurifying HIS-ADAT2. Input represents 5% of the starting extract
while purifications represent threefold dilutions of the final eluted samples. (B)
Quantification of ADAT3-STREP copurification. N=7 purifications. Unpaired t-test (∗∗∗∗) P=
<0.0001. (C ) Immunoblot of cellular extracts from 293T cells transfected with the indicated
constructs in triplicate and probed against the STREP tag for ADAT3 expression, ADAT2,
and ACTIN. (D) Quantification of ADAT2 signal relative to ACTIN signal. (E) RT-PCR sequenc-
ing chromatograms of tRNA-Val-AAC and tRNA-Pro-AGG harvested from cells transfected
with the indicated constructs in triplicate.
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primarily in the cytoplasmwithout orwithADAT2coexpres-
sion (Fig. 5A,B, compare columns 3 and 6). The decreased
nuclear localization of ADAT3–A196V and ADAT3–Q274∗

in the presence of ADAT2 is consistent with the reduced in-
teraction between ADAT3–A196V with ADAT2 and the
near lack of interaction between ADAT3–Q274∗ with
ADAT2 as shown above (Fig. 4A). Moreover, these results
suggest that the reduced inosine modification in patients
with the compoundADAT3variants couldbedue topertur-
bations in enzymatic activity as well as subcellular localiza-
tion caused by defects in ADAT2 interaction.

Since ADAT2 is limiting for formation of the ADAT2/3
heterodimer and subsequent nuclear translocation, we
hypothesized that overexpression of ADAT2 could poten-
tially rescue the localization defect of the ADAT3–A196V
variant caused by its reduced interaction with ADAT2. To
test this hypothesis, we performed transient transfection
of GFP–ADAT3–WT and the GFP–ADAT3 variants along
with increasing amounts of plasmid expressing ADAT2.
Increasing the amount of ADAT2 plasmid that was
cotransfected with ADAT3–WT had no major change in
the percentage of cells with nuclear localization, suggest-
ing that the lowest amount of ADAT2 plasmid resulted in
the stoichiometric expression of ADAT2 with ADAT3–WT

(Fig. 5B, compare column 4 to columns 7 and 10). As not-
ed above, only ∼5% of cells transfected with GFP–
ADAT3–A196V and the lowest amount of ADAT2 plasmid
exhibited nuclear localization of ADAT3 (Fig. 5B, column
5). Intriguingly, increasing the amount of ADAT2 expres-
sion was sufficient to elevate the percentage of cells with
primarily nuclear localization of GFP–ADAT3–A196V to
∼23%, and shifted the remaining cytoplasmic portion
from 30% to 12% (Fig. 5B, compare column 5 to columns
8 and 11). In contrast, increasing the amount of ADAT2
expression had no effect on ADAT3–Q274∗ localization
(Fig. 5B, compare column 6 to columns 9 and 12).
These results suggest that increasing the cellular concen-
tration of ADAT2 can promote interaction with ADAT3–
A196V to induce increased nuclear translocation of
ADAT3 while ADAT3–Q274∗ is completely abrogated in
interaction with ADAT2.

ADAT2overexpression in patient fibroblasts restores
tRNA adenosine deaminase activity and wobble
inosine modification

The heterodimeric ADAT2/3 complex has been shown to
catalyze inosine formation on nuclear pre-tRNAs,

B

A

FIGURE 5. ADAT3 variants exhibit perturbations in ADAT2-dependent subcellular localization which can be rescued through overexpression of
ADAT2. (A) Localization of GFP–ADAT3–WT and variants, without and with coexpression of ADAT2 in HeLa human cells. (B) Quantification of
ADAT3–WT and ADAT3–A196V without or with coexpression of ADAT2. Localization was binned into three groups, primarily cytoplasmic, ubiq-
uitous, and primarily nuclear. The amount of ADAT2 plasmid that was cotransfected with ADAT3 plasmid is indicated. Error bars represent stan-
dard deviation.
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consistent with the localization of the
ADAT2/3 complex in the nucleus
(Torres et al. 2015). The rescue of
ADAT3–A196V nuclear localization
via increased expression of ADAT2
suggests that overexpression of
ADAT2 could promote the associa-
tion between ADAT3–A196V and
ADAT2 to increase the levels of
ADAT2/3 complexes in the nucleus.
Encouraged by the above results, we
tested whether overexpression of
ADAT2 in patient fibroblasts is suffi-
cient to restore wild-type levels of en-
zymatic activity and consequently,
wobble inosine modification.
For stable recombinant protein ex-

pression in fibroblasts, we generated
lentiviral expression constructs ex-
pressing either GFP as a negative con-
trol or untagged ADAT2 (Fig. 6A).
After stable integration of the vectors
into parental or patient fibroblasts, we
monitored protein expression via im-
munoblot (Fig. 6B). Using this system,
recombinant ADAT2 was overex-
pressed by 5 to 10 times above en-
dogenous levels of ADAT2 in the
stable fibroblast cell lines compared
to control cell lines expressing only
GFP (Fig. 6C).
We next determined whether over-

expression of ADAT2 could impact
the levels of adenosine deaminase ac-
tivity in cellular extracts. Using the in
vitro adenosine deaminase activity as-
say described above, we monitored
IMP formation with tRNA-Pro-AGG
and tRNA-Thr-AGU, using whole-cell
extracts overexpressing either GFP
or ADAT2. As observed above, the fi-
broblasts harvested from the parental
cell lines exhibited both IMP andm1A
formation while fibroblasts from the
individuals with the biallelic ADAT3
variants displayed no detectable IMP
formation at the amount of extract
used in the assay (Fig. 6D,E, compare
lanes 1 and 2 to lanes 3 and 4). In con-
trast, extracts prepared from patient
fibroblasts overexpressing ADAT2 exhibited readily
detectable adenosine deaminase on either tRNA-Pro-
AGG or tRNA-Thr-AGU (Fig. 6D,E, compare lanes 3 and
4 to lanes 7 and 8).While the level of adenosine deaminase
activity in the patient fibroblasts overexpressing ADAT2

was still reduced relative to extracts prepared from the pa-
rental fibroblasts, there was significantly higher activity
compared to the control patient fibroblasts expressing
just GFP alone (Fig. 6F,G). These results indicate that over-
expression of ADAT2 is sufficient to restore adenosine

E

F

BA C

D

G

FIGURE6. Overexpression of ADAT2 restores adenosine deaminase activity in fibroblasts har-
boring biallelic ADAT3 variants. (A) ADAT2 overexpression strategy using lentiviral infection of
human fibroblast cell lines. (B) Immunoblot of the indicated fibroblast cell lines infected with
either control virus expressing GFP or untagged ADAT2. (C ) Quantification of ADAT2 overex-
pression. N=3. Error bar represents standard deviation. (D) TLC plate of IMP formation after
whole-cell extracts were incubated with internally radiolabeled in vitro transcribed tRNA-
Pro-AGG. (E) TLC plate of IMP formation after whole-cell extracts were incubated with internal-
ly radiolabeled in vitro transcribed tRNA-Thr-AGU. (F,G) Quantification of IMP product forma-
tion in tRNA-Pro-AGG and tRNA-Thr-AGU. The first graph is IMP formation over total
radioactive signal. The right graphs arem1A formation over total radioactive signal. Each point
is one biological replicate. Three biological replicates were performed. The bar on the graph
represents themean and the error bar represents the standard deviation of the three replicates.
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deaminase activity in patient fibroblasts harboring the
compound heterozygous ADAT3 variants.

The restoration of adenosine deaminase activity in pa-
tient fibroblasts via ADAT2 overexpression suggests the
possibility that inosine modification levels could also be
rescued. To compare wobble inosine modification levels,
we performed LC-MS on nucleosides from digested small
RNAs extracted from the fibroblast cells overexpressing
GFP or ADAT2. Quantification of inosine showed a signifi-
cant restoration of inosine in the patient cells overexpress-
ing ADAT2 (Fig. 7A, compare II:1 and II:2 without or with
overexpression of ADAT2). In contrast, ADAT2 overexpres-
sion had no significant effect on m1A levels in any of the
cell lines (Fig. 7B). As further validation for rescue of wob-
ble inosine modification in patient fibroblasts, we moni-
tored wobble inosine formation using RT-PCR
sequencing of tRNA-Val-AAC and Pro-AGG. In parental fi-
broblasts expressing GFP alone, we detected a predomi-
nant G peak for the inosine modification at the wobble
position of tRNA-Val-AAC and Pro-AGG that was not
detectably altered by ADAT2 overexpression (Fig. 7C,
Parents I:1 and I:2). In contrast, the patient cells containing
the biallelic ADAT3 variants infected with GFP alone ex-
hibited reduced inosine in tRNA-Val-AAC and Pro-AGG

as detected by the predominant A peak (Fig. 7C, GFP,
Children II:1 and II:2). Strikingly, overexpression of
ADAT2 in the patient fibroblasts resulted in the restoration
of wobble inosine in both tRNA-Val-AAC and tRNA-Pro-
AGG (Fig. 7C, ADAT2, II:1 and II:2, children). These results
demonstrate the potential to rescue the essential inosine
modification in patient cells with ADAT3 variants through
the overexpression of the ADAT2 heterodimeric binding
partner.

DISCUSSION

In this study, we identify and characterize novel compound
heterozygous variants in ADAT3 that underscore the key
role of wobble inosine modification in proper neurodevel-
opment. Three affected siblings carry a paternally inherit-
ed missense variant (c.587C>T; p.[Ala196Val]) and a
maternally inherited truncated variant (c.820C>T; p.
[Gln274∗]). The three siblings in our study share many of
the features previously described for ADAT3 deficiency
(Supplemental Table 1). In addition to ID, other commonly
reported features include hypotonia, short stature, feeding
difficulties, strabismus and microcephaly. In almost all cas-
es absent or limited speech and motor delay were also

B

A C

FIGURE 7. Overexpression of the ADAT2 subunit can rescue wobble inosine modification in patient fibroblasts from individuals harboring bial-
lelic ADAT3 variants. (A) LC-MS analysis of digested nucleosides from small RNAs of the indicated fibroblast cell lines. Inosine andm1A levels per
tRNA molecule were calculated. Unpaired t-test II:1 (∗) P=0.01, II:2 (∗) P=0.03. (B) m1A modification does not change with overexpression of
ADAT2. Unpaired t-test II:1 ns = 0.7, II:2 ns= 0.1. (C ) Sequencing of substrates tRNA-Val-AAC and tRNA-Pro-AGG. Gray shading highlights an-
ticodon. +GFP are fibroblasts overexpressing GFP and +ADAT2 are fibroblasts overexpressing ADAT2. In fibroblast cells expressing GFP, inosine
is reduced on the children, as seen by increased green peak over black peak. Fibroblasts overexpressing ADAT2 restore inosine formation on
these two substrates, as seen by lack of green peak in II:1 and II:2 +ADAT2.
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described. Microcephaly has also been identified in a sub-
set of previously described cases associated with ADAT3
variants and was only observed in the youngest sister of
this family, consistent with this sporadic occurrence.
All characterized patient cells with either the previously

described ADAT3–V144M variant or the compound het-
erozygous variants exhibit reduced wobble-inosine tRNA
modification. This observation supports the idea that re-
duced wobble inosine may be the major underlying cause
of ID in patients with pathogenic ADAT3 variants.
Considering the essential requirement for wobble inosine
modification for decoding of certain codons, it is not sur-
prising that reduced inosine modification could have
severe impact on neurodevelopment. Interestingly, a re-
cent study has found that human embryonic stem cells op-
timize translation of codons that are dependent upon
tRNAs containing the wobble inosine modifications
(Bornelov et al. 2019). Moreover, the study found that ino-
sine levels are highest in human pluripotent embryonic
stem cells before differentiation. Future studies using ribo-
some profiling of patient cells would yield further insight
into the mRNAs and the developmental pathways that
are impacted by reduced wobble inosine modification.
The A196V and Q274∗ variants we report here differ

from the previously characterized V144M variant in that
the amino acid residue alterations lie within the conserved
adenosine deaminase domain. The molecular and cellular
phenotypes of the ADAT3 variants described in this study
also differ from the biochemical defects observed with the
previously described ADAT3–V144M variant. In that case,
the V144M substitution alters ADAT3 protein folding with-
out any detectable change in ADAT2 interaction or
ADAT2-dependent nuclear localization (Ramos et al.
2019). In contrast, we found here that ADAT3–A196V
and Q274∗ exhibit decreased or severely reduced interac-
tion with ADAT2 and perturbations in ADAT2-dependent
nuclear localization. While alanine and valine are both hy-
drophobic, the additional two methyl groups in valine
could clash with residues in ADAT2 along the interaction
interface. Thus, the alanine-to-valine substitution could al-
ter the proper folding of the ADAT3 interaction interface
with ADAT2. In turn, the reducedADAT2 interaction would
result in a decreased population of ADAT3 which is shut-
tled into the nucleus to catalyze inosine modification in
pre-tRNAs destined for the cytoplasm.
Notably, we could suppress the nuclear localization

defect exhibited by the ADAT3–A196V variant by increas-
ing the expression of ADAT2. Interestingly, a previous
study has identified a point mutation in the fission yeast
Schizosaccharomyces pombe (S. pombe) homolog of
ADAT3, Tad3p, which also impairs interaction with the
ADAT2 homolog, Tad2p (Tsutsumi et al. 2007). Like the
ADAT3–A196V variant described here, the Tad3p point
mutation converts serine 275 in Tad3p to asparagine
(S275N) in the adenosine deaminase domain. Similar to

our findings, S. pombe cells expressing only Tad3-
S275N exhibit reduced wobble inosine modification that
can be rescued by Tad2p overexpression. The rescue of
wobble inosine modification levels in S. pombe and in hu-
man cells presented here could be due to increased
ADAT2 concentrations which shifts the equilibrium toward
formation of the heterodimer.
Intellectual disability represents a neurodevelopmental

disorder characterized by early onset cognitive impair-
ments and limitations in adaptive behavior that can be
caused by environmental or genetic factors (Patel et al.
2018; Bhaumik and Alexander 2020). In addition to
ADAT3, whole exome sequencing has identified numer-
ous variants in tRNA modification enzymes as the cause
of neurodevelopmental disorders such as ID (Torres et al.
2014; Pereira et al. 2018; Ramos and Fu 2019). These stud-
ies highlight the emerging role of tRNA modification in
proper gene expression and brain development
(Angelova et al. 2018; Tuorto and Parlato 2019).
The findings presented here suggest a potential thera-

peutic strategy for ADAT3-associated intellectual disability
disorders based on the overexpression of ADAT2 to rescue
inosine tRNA modifications. Similarly, coexpression of
ADAT2 to stoichiometric levels reduced the misfolding
properties of the previously characterized ADAT3–
V144M variant associated with ID (Ramos et al. 2019).
However, many challenges and questions remain before
this presents a viable option for therapy. For example, it re-
mains unknown where and when wobble inosine modifica-
tion is required for proper neurodevelopment. Based upon
the increased dependency of stem cells on inosine modi-
fication, the requirement for proper wobble inosine mod-
ification levels could be very early in development or
differentiation (Bornelov et al. 2019). Moreover, the re-
quirement for the wobble inosine modification to decode
a subset of codons suggests that certain proteins could be
more significantly impacted by reduced wobble inosine
levels in humans. However, it is unknown which mRNA
transcripts are dependent upon wobble inosine for proper
translation in human cells and whether ADAT2 overexpres-
sion is sufficient to rescue perturbations in translation.
Finally, the overexpression of ADAT2 could cause nonspe-
cific deamination of additional RNA substrates leading to
off-target effects. Despite these hurdles, our studies pro-
vide the first insight into a potential strategy for modulat-
ing inosine levels in cells harboring ADAT3 variants.

MATERIALS AND METHODS

Cell lines

Human primary epithelial skin fibroblasts were cultured in Eagle’s
Minimum Essential Media (EMEM) (ATCC) containing 15% fetal
bovine serum and 1% Penicillin/Streptomycin. Cells were grown
at 37°C, 5% Oxygen, and 5% CO2. HeLa S3 human cervical
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carcinoma and 293T human embryonic kidney cell lines were cul-
tured in Dulbecco’s Minimal Essential Medium (DMEM) contain-
ing 10% fetal bovine serum, 2 mM L-alanyl-L-glutamine
(GlutaMax, Gibco) and 1% Penicillin/Streptomycin. Cells were
grown at 37°C, 20% Oxygen, and 5% CO2.

Sequencing of tRNAs

Sequencing of tRNAs was performed identically to Ramos et al.
(2019). RNA extraction was performed on 1×106 human fibro-
blast cell lines using TRIzol LS reagent (Thermo Fisher). For RT-
PCR, total RNA (∼1.25 µg) was reverse transcribed for tRNA-Val-
AAC and Pro-AGG using Superscript IV enzyme followed by the
QIAquick PCR purification kit. cDNA was then PCR amplified us-
ing Herculase II DNA polymerase (Agilent Genomics). The PCR
product was gel extracted and analyzed by Sanger sequencing
(ACGT, Inc). The following primers were used:

Val RT primer: TGTTTCCGCCTGGTTTTG

Val PCR primer F: GAACTAAGCTTGTTCAGAGTTCTACAG
TCCGGACTACAAAGACCATGACGGTGATTATAAAGATCAT
GACATGTTTCCGTAGTGTAGTGGTTATCAC

Val PCR primer R: CACT TGTTTCCGCCTGGTTTTGATCCA
GGGACC

Pro RT primer: GGGCTCGTCCGGGATTT

Pro PCR primer F: GTTCAGAGTTCTACAGTCCGGACTAC
AAAGACCATGACGGTGATTATAAAGATCATGACATGGCTC
GTTGGTCTAGGGGTA

Pro PCR primer R: GGGCTCGTCCGGGATTT

Mass spectrometry of nucleosides

In the first step, the total RNAwas fractionated on an AdvanceBio
SEC column (300 A pore size, 2.7 µm particle size, 7.8 by 300mm;
Agilent) at 40°C using isocratic elution with 0.1 MNH4OAc buffer
at pH 7 to separate the total tRNA fraction from larger RNA spe-
cies. The tRNA was collected in 1 mL and lyophilized in the
SpeedVac, until 50 µL remained in the vial. By adding 5 µL ammo-
nium acetate (5 M) and 125 µL ice-cold and pure ethanol (100%),
the tRNA was incubated overnight and precipitated by centrifu-
gation (12,000g, 4°C, 30 min.). The tRNA pellets were resolved
in 30 µL MilliQ water and their concentrations were measured us-
ing an IMPLEN nano-photometer (Implen). A maximum of 500 ng
tRNAwas processed and analyzed by LC-MS using anMRMmeth-
od as previously described (Heiss et al. 2017; Ramos et al. 2019).
The level of each modified nucleoside (I, m1A) was normalized to
an average tRNA. The amount of injected tRNAwas calculated by
the detected amount of C in pmol and the average content of C in
an average tRNA.

Transient transfection

Transient transfection and cellular extract production were per-
formed as previously described (Dewe et al. 2017). In brief, 2.5
×106 293T HEK cells were transiently transfected by calcium
phosphate DNA precipitation with 10–20 µg of plasmid DNA fol-
lowed by preparation of lysate by hypotonic freeze-thaw lysis 48 h
post-transfection. For purification, whole cell extract from tran-

siently transfected cells cell lines (1 mg of total protein) was rotat-
ed for 2 h at 4°C in lysis buffer (20 mM HEPES at pH 7.9, 2 mM
MgCl2, 0.2 mM EGTA, 10% glycerol, 1 mM DTT, 0.1 mM PMSF,
0.1%NP-40) with 200mMNaCl. Resin waswashed three times us-
ing the same buffer followed by protein analysis. Strep-tagged
proteins were purified using MagSTREP “type3” XT beads, 5%
suspension (IBA Lifesciences) and eluted with desthiobiotin.

Western blotting

Western blots were performed as previously described (Ramos
et al. 2019). Briefly, cellular extracts and purified protein samples
were fractionated on NuPAGE Bis-Tris polyacrylamide gels
(Thermo Scientific) followed by transfer to Immobilon FL PVDF
membrane (Millipore) for immunoblotting. For analysis of skin fi-
broblasts, 1 ×106 cells were harvested and proteins were extract-
ed using radioisotope immunoprecipitation assay (RIPA) buffer
(50 mM TrisHCl, pH 7.5, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS, 150 mM NaCl, 2 mM EDTA). Antibodies were against
the following proteins : 6xHis tag (MA1-21315, Thermo Fisher),
GFP (sc-9996, Santa Cruz Biotechnology), Strep-tag II-tag
(NC9261069, Thermo Fisher), ADAT3 (Abcam, ab192987),
ADAT3 (H00113179-B01P, Abnova), ADAT2 (ab135429,
Abcam), and actin (CST). Primary antibodies were detected using
IRDye 800CWGoat anti-Mouse IgG (SA5-35521, Thermofisher) or
Rabbit (SA5-35571, Thermofisher) or Rat (925-32219, LI-COR
Biosciences), or IRDye 680RD Goat anti-Mouse IgG (926-68070,
LI-COR Biosciences) or Rabbit (925-68071). Immunoblots were
scanned using direct infrared fluorescence via the Odyssey
System (LI-COR Biosciences).

Overexpression of ADAT2

The open reading frame of ADAT2was PCR amplified with restric-
tion overhangs and cloned into PLJM vector (Addgene: 19219).
The vector was then cotransfected with packaging plasmids
(psPAX2 and pMD2.G) into 293T cells for lentivirus production.
The fibroblast cell lines were subsequently infected with the len-
tivirus in the presence of polybrene followed by stable clone se-
lection using 100 µg/mL puromycin

Enzymatic assays

Enzymatic assays were performed as previously described (Ramos
et al. 2019). Internally radiolabeled tRNA substrates were pre-
pared by T7 in vitro transcription of DNA templates generated
by PCR amplification. Oligonucleotides containing the T7 pro-
moter upstream of tRNA sequences were PCR amplified using
Herculase II DNA polymerase or Taq DNA Polymerase (New
England Biolabs) followed by agarose gel purification of PCR am-
plification products. In vitro transcription was performed using
Optizyme T7 RNA polymerase (Fisher Scientific) with 10 mM
each of UTP, CTP, and GTP, 1 mM of ATP, and 250 µCi of
[α-32P]-ATP (3000 Ci/mmol, 10mCi/ml). In vitro transcription reac-
tions were incubated at 37°C for 2 h followed by DNase treatment
and purification using RNA Clean and Concentrator columns
(Zymo Research). Full-length tRNA transcripts were verified on a
15% Polyacrylamide-urea gel stained with SYBR Gold nucleic
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acid stain (Thermo Fisher). Before conducting enzymatic assays,
all tRNA substrates were refolded by thermal denaturation at
95°C for 2 min in buffer containing a final concentration 5 mM
TRIS pH 7.5 and 0.16 mM EDTA, quick chilling on ice for 2 min
and refolding at 37°C in the presence of Hepes pH 7.5, MgCl2,
and NaCl.

For adenosine deaminase assays, ∼150 ng of refolded tRNA
substrate was incubated with either skin fibroblast extract or
Strep-purified ADAT3. Reactions were incubated at 37°C for
30min—1 h and RNA was purified using RNA Clean and
Concentrator columns. The tRNA was eluted in 10 µL of water
and was subjected to nuclease P1 digestion overnight in total vol-
umeof 13 µL and 0.125 units of P1 in 250mMAmmoniumAcetate
pH 5.35. Half of the P1-nuclease treated samples were spotted on
POLYGRAMpolyester CelluloseMN300 plates (MachereyNagel)
run in solvent B (0.1 M sodium phosphate buffer pH 6.8:NH4

sulfate:n-propanol (100∶60∶2 [v∶w∶v]). Phosphorimaging was
conducted on a Bio-Rad Personal Molecular Imager followed by
analysis using NIH ImageJ software.

Microscopy

Procedure was previously described (Ramos et al. 2019). Hela
cells were plated at 2.5×105 cells on a six-well plate. Cells were
transfected 1 d after plating with a 1.25–5 µg of DNA using
Lipofectamine 3000. Cells were imaged 24 h post-transfection
on an EVOS fluorescence microscopy imaging system
(ThermoFisher) quantification. For DNA staining, cells were
washed twice with PBS and then incubated for 30 min at 37°C
with PBS containing 10% FBS and 1 µM of Hoechst and then im-
aged. For localization quantification, five images were taken of
each well and the number of GFP-positive cells were counted in
each of the five frames.

Ethics statement and approvals

Ethical approval for whole-exome sequencing (WES) was re-
ceived from the Uppsala Ethical Review Board and informed writ-
ten consent was obtained from the parents.

Whole-exome sequencing

Exome enrichment was performed using SureSelect (Agilent) ver-
sion 4 following the manufacturer’s protocol and samples were
sequenced on Illumina HiSeq Sequencer. The sequencing was
performed to achieve at least 30× coverage of the captured
regions.

Sequence reads were mapped to human reference genome
Hg19 as previously described (Halvardson et al. 2016). Analysis
of the data was performed to identify disease-causing variants un-
der recessive and de novo dominant models. Identified variants
were verified by Sanger sequencing using standard protocols,
and subsequently classified according to the American College
of Medical Genetics and Genomics (ACMG) guidelines
(Richards et al. 2015). Patients’ data have been submitted to
DECIPHER. (https://decipher.sanger.ac.uk/).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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