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Summary

Viruses that are typically benign sometimes invade the brainstem in otherwise healthy children.
We report bi-allelic DBRI mutations in unrelated patients from different ethnicities, each of whom
had brainstem infection due to herpes simplex virus 1 (HSV1), influenza virus, or norovirus.
DBR1 encodes the only known RNA lariat debranching enzyme. We show that DBR1 expression
is ubiquitous, but strongest in the spinal cord and brainstem. We also show that all DBRI mutant
alleles are severely hypomorphic, in terms of expression and function. The fibroblasts of DBR1-
mutated patients contain higher RNA lariat levels than control cells, this difference becoming even
more marked during HSV1 infection. Finally, we show that the patients’ fibroblasts are highly
susceptible to HSV1. RNA lariat accumulation and viral susceptibility are rescued by wild-type
DBRI1. Autosomal recessive, partial DBR1 deficiency underlies viral infection of the brainstem in
humans through the disruption of tissue-specific and cell-intrinsic immunity to viruses.

Introduction

The incidence of viral infections of the central nervous system (CNS) is approximately 1-2
cases per 100,000 individuals each year (Jmor et al., 2008), corresponding to an estimated
cumulative lifetime incidence of ~1/1,000 births. At least 20 viruses, including common
viruses, such as herpes simplex viruses (HSV), influenza viruses (I1V), and noroviruses
(NV), can cause encephalitis (Stahl et al., 2011). Viral infections of the CNS often strike
children, resulting in high mortality and severe sequelae. Intriguingly, most of the causal
viruses are typically innocuous in human populations, rarely causing encephalitis. The
pathogenesis of viral encephalitis in otherwise healthy individuals remained elusive until our
discovery that isolated HSV1 encephalitis (HSE) can result from single-gene inborn errors
of TLR3-dependent, interferon (IFN)-a/p-mediated immunity (Casrouge et al., 2006; Guo et
al., 2011; Zhang and Casanova 2015). Consistent with the lack of HSV1 dissemination in
children with HSE, the TLR3 pathway is redundant for innate and adaptive hematopoietic
immunity, including responses to dsRNA and viruses in most leukocyte subsets (Casrouge et
al., 2006; Guo et al., 2011). By contrast, TLR3 is essential for human fibroblast and induced
pluripotent stem cell (iPSC)-derived cortical neuron and oligodendrocyte responses to
dsRNA and HSV1 (Lafaille et al., 2012). Interestingly, all children with HSE due to inborn
errors of TLR3 immunity only display lesions of the frontal and temporal lobes. This
suggests that HSE in these patients results from a disruption of cell-intrinsic immunity in the
forebrain.
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It remains unclear whether viral infections of other regions of the brain, including those
caused by HSV1, are due to other defects impairing intrinsic immunity in these specific
regions. Cells from other regions of the CNS may not rely on TLR3 to control HSV1
infection. In this context, we were intrigued by brainstem HSV1 infections, which occur in
about 5% of patients with HSE (Jubelt et al., 2011). In about half of these brainstem HSV1
infections, the brainstem is the only region affected (Jubelt et al., 2011). None of the patients
with TLR3 pathway deficiencies in our study had brainstem lesions. Moreover, other
common viruses, including IV, human herpesvirus 6, Japanese encephalitis virus, and
enteroviruses (especially enterovirus 71), can cause brainstem encephalitis (Jubelt et al.,
2011). In most patients with these devastating forms of viral encephalitis, the brainstem is
the only region of the CNS affected. We thus tested the hypothesis that brainstem viral
infections caused by a broad range of viruses may result from inborn errors of brainstem-
intrinsic immunity.

Biallelic DBR1 coding sequence mutations in patients with brainstem viral encephalitis

We evaluated seven patients from three unrelated families. Five had proven and two had
suspected brainstem viral encephalitis, caused by HSV1 (a dsDNA virus of the
Herpesviridae family), influenza B virus (IBV, a negative-stranded ssSRNA virus of the
Orthomyxoviridae family), or NV (a positive-stranded ssRNA virus of the Caliciviridae
family). We first evaluated a multiplex Arab kindred living in Israel (kindred A, Figure 1A),
and a multiplex family originating from and living in Portugal (kindred B, Figure 1A). In
kindred A, two first cousins (P1 and P2) suffered from brainstem HSV1 encephalitis at the
ages of 12 and 5 years, respectively. One of P2’s brothers (P3) and another relative of P1 and
P2 (P4) also died of suspected herpes encephalitis at the ages of seven years and 10 months,
respectively (Figure 1A, Data S1). The parents of P1 were consanguineous, as were those of
P2 and P3, and those of P4. In kindred B, which was not known to be consanguineous, two
siblings (P5, P6) died from brainstem encephalitis due to proven and suspected IBV,
respectively, at the ages of two years and one year, respectively (Figure 1A, Data S1, Figure
S1A-C). We hypothesized that brainstem viral encephalitis in these two families was due to
an autosomal recessive single-gene defect with complete clinical penetrance. Genome-wide
linkage (GWL) analysis revealed a single linked region with a LOD score of 4.11, spanning
10.58 Mb on chromosome 3 and common to all four patients (P1, P2, P5, P6) for whom
genomic DNA was available (Figure 1B, Table S1). We also performed whole-exome
sequencing (WES) for these four patients. We searched for genes harboring homozygous
non-synonymous or splice-site variations, with a minor allele frequency (MAF) below 0.01
in the 1000 Genome and ExXAC databases, and our own exome database (4,440 exomes to
date) containing data for patients with other types of infectious diseases. We identified
DBR1 as the only gene carrying such variants in both kindreds: ¢.359T>C (p.1120T) in P1
and P2, and ¢.49T>C (p.Y17H) in P5 and P6 (Table S2). This gene is located within the
linked interval on chromosome 3. Sanger sequencing confirmed that the familial segregation
of both mutations was consistent with an autosomal recessive trait with complete penetrance
(Figure 1A, Figure S1D). We then studied a third, non-consanguineous, kindred from Japan
with sporadic disease, in which one child (P7, a girl) developed brainstem encephalitis due

Cell. Author manuscript; available in PMC 2019 February 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 5

to NV infection at the age of six months (kindred C in Figure 1A, Figure S1C). P7 had
additional clinical manifestations, including intrauterine growth retardation, mental
retardation, curly hair, and congenital neutropenia (Figure S1E, Data S1). WES for P7
revealed missense (¢.37-38CT>GG; p.L13G) and nonsense (¢.589C>T; p.R197X) mutations
of DBRI, which were shown by Sanger sequencing to be inherited from her mother and
father, respectively (Figure 1A, Figure S1F). The four mutations are in three DBR1 exons,
L13G and Y17H in exon 1, 1120T in exon 3, and R197X in exon 5. The four mutations are
11bp, 3,070bp, and 4,471bp apart from each other. Moreover, no transcripts other than the
DBRI mRNA are known for the DBR1 locus. Overall, rare biallelic missense and nonsense
mutations of DBR1 were found in five patients from three kindreds of different ethnicities
with brainstem encephalitis caused by three different viruses, but not in the 29 healthy
relatives of these patients tested, consistent with an autosomal recessive trait with complete
penetrance.

The DBR1 mutations are predicted to be pathogenic

DBR1 encodes debranching enzyme 1 (DBR1), which was first discovered in yeast
(Chapman and Boeke, 1991). DBR1 is the only known RNA lariat-debranching enzyme in
humans. It hydrolyzes 2’5" -phosphodiester linkages at the branch points of intron lariat
RNAs, facilitating their rapid turnover (Chapman and Boeke, 1991; Jacquier and Rosbash,
1986; Nam et al., 1994; Nam et al., 1997). The L13G, Y17H, and 1120T mutations were
apparently private to kindreds C, B, and A, respectively, as they were not found in the 1000
Genomes Project, GnomAD, or in-house databases. The R197X mutation from kindred C
was heterozygous in only six individuals from the GnomAD database (MAF=0.0000217).
Fifty-three of the 138,632 individuals in GhomAD were homozygous for a rare (MAF<0.01)
non-synonymous DBRI mutation, but only one of these individuals was homozygous for a
mutation predicted to be deleterious by all three computational tools used: combined
annotation—dependent depletion (CADD), PolyPhen-2, and sorting intolerant from tolerant
(SIFT) (Adzhubei, 2010; Kircher et al., 2014; Kumar et al., 2009) (Figure S1G, Table S3).
Human DBRI1is a highly conserved gene, with a gene damage index (GDI) of 2.47,
suggesting that damaging mutations of this gene are likely to be pathogenic (Itan et al.,
2015). Based on inferences from the three-dimensional structure of the DBR1 protein in
Entamoeba histolytica (Montemayor et al., 2014), human DBR1 is predicted to contain a
metallophosphoesterase (MPE) core domain, into which a lariat recognition loop (LRL) is
inserted, and a C-terminal domain (CTD) (Figure 1C, D). The MPE domain, which contains
the four residues affected by the mutations in patients, is less tolerant of sequence variation
than the whole protein in the general population (Gussow et al., 2016) (Figure S1H). It has
also been strongly conserved throughout evolution (Montemayor et al., 2014). The L13G,
Y17H, and 1120T missense mutations affect highly conserved residues (Figure 1E). The
L13G and Y17H substitutions are predicted to destabilize the hydrophobic core in an area
adjacent to the key active site residues C8 and H10 (Clark et al., 2016; Montemayor et al.,
2014). The 1120T substitution is predicted to destabilize the hydrophobic core by
introducing a polar residue into a non-polar environment. The introduction of a stop codon
in place of R197 would result in a C-terminally truncated protein lacking key active site
residues and secondary structure elements (Figure 1C). All four mutations are predicted to
be highly damaging (Figure S1G) (Itan et al., 2016). The human DBRI mRNA is found
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throughout the body, but its levels are highest in the PNS and CNS (http://biogps.org/). We
found that DBR1 protein levels were highest in human spinal cord and brainstem (Figure
S2A-E). The brainstem contains the nuclei of secondary nerves projecting onto diverse
organs of the human body. The brainstem lesions in all five patients with DBRI mutations
are thus consistent with both the neurotropic nature of HSV1, IBV, and NV infections, and
the expression profile of DBR1 in humans. Collectively, these findings suggest that the bi-
allelic DBR1 mutations were responsible for the patients’ susceptibility to viral infections of
the brainstem.

Impaired expression and function of the mutant DBR1 alleles in Escherichia coli

We assessed the impact of the L13G, Y17H, 1120T, and R197X mutations on the production
and function of human DBR1 protein. We first produced His-tagged mutant and wild-type
(WT) DBRL proteins in Escherichia coli (E. coli). WT DBR1 was detected in the soluble
fraction of £. colilysates as two species of different molecular weights (MW) on western
blots with a DBR1-specific polyclonal antibody (pAb) (Figure 2A). A band at ~70 kDa
corresponded to the full-length DBR1, and a band at ~40 kDa corresponded to a cleaved
form of DBR1. The predicted MW of full-length DBR1 (544 aa) is ~60 kDa, and that of the
predicted MPE domain (from residues 1 to ~272) is ~30 kDa. When the L13G, Y17H, and
1120T DBRI1 alleles were expressed in £. coli, very little full-length DBR1 was detected
(only 5-10% the amount observed for the WT). R197X allele yielded no detectable full-
length protein. The 40 kDa form was produced in normal amounts from the three missense
alleles and in small amounts from the R197X allele (Figure 2A). A band of ~20 kDa from
the insoluble fraction of R197X-expressing £. colilysate was clearly visible on Coomassie-
stained gels (Figure 2A). The H85N variant is a synthetic allele encoding a protein that lacks
a key catalytic histidine residue but remains stable, as demonstrated by the similar amounts
of the 70 kDa protein for the WT and H85N alleles. We assessed the enzymatic activity of
the soluble lysates by measuring the debranching of a synthetic RNA lariat mimic (Katolik
etal., 2017). The function of the L13G mutant was highly impaired, with <1% the activity of
the WT, whereas the Y17H, 1120T, and R197X mutants had activity levels 13%, 9%, and 4%
those of the WT, respectively (Figure 2B). The H85N variant had 2% the WT level of
activity. Overall, enzymatic activity appeared to be correlated with the presence of the 70
kDa form on western blots. This suggests that the loss of enzymatic activity of the L13G,
Y17H, and 1120T mutant proteins results primarily from an impairment of protein folding
and/or lower thermodynamic stability of the full-length protein than of the WT enzyme. The
R197X allele resulted in a loss of expression of the full-length protein and was profoundly
hypomorphic in this system.

Lower levels of mutant DBR1 proteins in eukaryotic cells

We expressed C-terminal FLAG-tagged WT, L13G, Y17H, 1120T, and R197X mutant forms
of DBR1, and N-terminal (aa.1-272) or C-terminal (aa.273-544) fragments of DBR1, in
HEK?293T cells, to rule out the possibility that the mutant proteins were unstable in £. coli
but functional in human cells, and to resolve the ambiguity as to which protein product (70
kDa or 40 kDa) was active. The catalytically inactive H85N mutant was used as a control.
No human or mouse DBR1-knockout cell lines are available, consistent with the growth
defect observed following CRISPR/Cas9-mediated DBR1 knockout in human cells (Findlay
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et al., 2014). HEK293T cells have low levels of endogenous DBR1 protein (Figure 2C). By
contrast to the results obtained for £. coli, in which both the 70 and 40 kDa species were
observed, the 70 kDa band strongly predominated in HEK293T cells, consistent with
probable stabilization of the full-length DBR1 protein in mammalian cells. The
overexpression of WT DBR1 led to the detection of a clear 70 kDa band on western blots
probed with a FLAG-specific monoclonal antibody (mAb), and the DBR1-specific pAb
(Figure 2C). The same 70 kDa band was observed for the L13G, Y17H, 1120T, and H85N
mutants, whereas no protein product was detected for R197X and aa.1-272 DBR1. The
L13G, Y17H and 1120T mutants produced only small amounts of full-length protein (anti-
FLAG band intensities were ~25% those for the WT) (Figure 2C). The 40 kDa band was
very weak for WT DBR1, and barely detectable for the three missense alleles and the
nonsense alleles (Figure 2C). For aa.273-544, a ~45 kDa band was detected with antibodies
against FLAG or DBR1 (Figure 2C). We checked transgene expression levels, by
quantifying DBRI mRNA levels by RT-gPCR. These mRNA levels were found to be similar
in WT- and mutant DBR1-transfected cells (Figure S3A). These results suggest that the full-
length DBR1 protein is the predominant form in human cells. The four DBR1 mutations
result in a full (R197X), or partial loss of the full-length protein (L13G, Y17H, 1120T),
probably due to lower stability.

Impaired function of the mutant DBR1 proteins in eukaryotic cells

Robust debranching enzymatic activity was detected in the lysates of HEK293T cells
expressing WT DBR1, whereas non-transfected cells had ~2% the activity of cells
expressing WT DBR1. After the subtraction of background DBR1 activity, H85N-
transfected cells had 1% WT levels of activity, whereas R197X, 1-272, and 273-544 each
had ~5% WT levels of activity. Cells expressing the L13G, Y17H, and 1120T mutants
displayed ~11-14% WT levels of activity (Figure 2D). Overall, there was a clear
relationship between the amount of full-length 70 kDa protein produced and debranching
activity (Figure 2C,D). A semi-quantitative correction of activity according to protein levels
suggested that, if the mutant and WT proteins were produced in equal amounts, the mutants
would have ~50% WT levels of activity. Thus, the overall defect of the mutant DBR1 in
human cells results from both an enzymatic defect and lower protein levels (Figure 2C,D;
S3B). Similar results were obtained when the Y17H, 1120T, and WT DBRI alleles were
expressed in Sf9 insect cells (Figure S3C,D). Moreover, transformation of the dbri-2-null
yeast with the yeast 112IT dbr1 allele (corresponding to human 1120T) only partially
attenuated the intron lariat accumulation phenotype (Figure S3E), whereas WT abr1 fully
rescued this phenotype (Chapman and Boeke, 1991). Collectively, these data indicate that
the patients with DBR1 mutations from the three kindreds were homozygous for a
hypomorphic allele (1120T, Y17H) or compound heterozygous for two even more severely
hypomorphic alleles (L13G and R197X). The more severe and complex clinical phenotype
of P7 (kindred C) is consistent with the patient’s more severe DBRI genotype.

Low levels of DBR1 proteins in fibroblasts from human patients

We then assessed DBR1 protein and mRNA levels in SV40-transformed dermal fibroblast
cells (SV40-fibroblasts) and EBV-transformed B (EBV-B) cells from P1 and P2 (1120T/
1120T, kindred A), P5 and P6 (Y17H/Y17H, kindred B), and healthy controls. No cells were
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available for P7. Consistent with the data obtained for overexpression in E. coli, Sf9, and
HEK?293T cells, endogenous DBR1 was detected as two species of different MW by western
blotting with a DBR1-specific pAb (Figure 2E): a ~70 kDa and a ~40 kDa form. As
observed in HEK293T cells, the ~70 kDa species predominated in human fibroblasts. DBR1
protein levels were low in SV40-fibroblasts from P1, P5, and P6, as shown by western
blotting (Figure 2E). Low DBR1 protein levels were also observed in EBV-B cells from P1
and P2 (Figure 2E). However, DBR1 mRNA levels in DBRI-mutated SV40-fibroblasts or
EBV-B cells were similar to those in the corresponding healthy controls (Figure S3F).
Moreover, the stable transfection of P1 SV40-fibroblasts with L13G, Y17H, 1120T, or
R197X cDNA did not restore DBR1 protein levels to those detected after transfection with
WT cDNA, despite the production of similar amounts of DBRI mRNA (Figure 2F).
Collectively, these data for patient cells confirm the results obtained for the expression of
individual alleles. Patients with biallelic DBRI mutations had very low levels of DBR1
protein in the two cell types tested.

Impaired function of DBR1 in fibroblasts from patients

As DBRL1 is the only known RNA lariat-debranching enzyme, we hypothesized that biallelic
hypomorphic DBR1 mutations would lead to an increase in the abundance of intronic RNA
lariats in human cells (Figure 3A). We performed RNA-Seq on primary fibroblasts from a
DBR1 1120T/1120T patient (P1), two DBR1 Y17H/Y17H patients (P5 and P6), three healthy
controls, and two patients with AR complete TLR3 or STAT1 deficiency (TLR3™/~,
STAT177) (Chapgier et al., 2006; Guo et al., 2011). We used a lariat read-count analysis
strategy (Taggart et al., 2017) to identify and quantify intronic lariats. The abundance of
intronic RNA lariats was high in samples from patients, reaching a level about three times
that in healthy controls, and in TLR3~/~, and STAT1~/~ fibroblasts (Figure 3B). DBR1 has a
strong substrate specificity for ‘adenine (A)’ branchpoints (Nam et al., 1994). We therefore
also evaluated branchpoint nucleotide composition in the identified lariat sequences.
Samples from patients contained significantly more ‘A’ branchpoints than samples from
controls (Figure 3C), providing further evidence for lower levels of DBR1 activity in the
cells of patients. We also measured lariat abundance by the ‘LaSSO’ method (Bitton et al.,
2014), which, as applied, identifies ‘A’ branchpoint lariat sequences in RNA-Seq reads. This
approach also showed that there were more lariats in patient fibroblasts than in control cells
(Figure S3G). Lariat sequences derived from a diverse collection of genes were detected in
patient samples, but we also observed a large number of unique lariat events derived from
DKK1, and, to a lesser extent, /D1 transcripts (Figure 3D, Figure S3H). We then validated
our RNA-Seq findings by RT-gPCR for these two apparently abundant intronic RNA lariats
(derived from DKK1 and /D1 transcripts) in total RNA from SV40-fibroblasts. Both lariats
were present at higher levels in SV40-fibroblasts from P1, P5 and P6 than in cells from
healthy controls and TLR3™~ or STAT1~/~ individuals, despite the presence of similar
amounts of the corresponding mature mRNA transcripts (Figure 3E). The stable expression
of exogenous WT DBRI rescued this cellular phenotype in SV40-fibroblasts from P1
(Figure 3F). The overexpression of Y17H, 1120T, or L13G cDNA decreased DKK1 and ID1
lariat levels to intermediate levels, whereas the overexpression of R197X cDNA did not
(Figure 3F). Overall, our data demonstrate that homozygosity for the hypomorphic 1120T or
Y17H DBRI mutations, and, by inference, compound heterozygosity for the L13G and
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R197X mutations, decrease but do not abolish DBR1 protein levels and intron lariat
debranching activity. These bi-allelic mutations therefore underlie a partial form of AR
DBR1 deficiency, in terms of both expression and function, in patients from the three
kindreds.

and IFN-responsive pathways in the patients’ fibroblasts

The pathogenesis of brainstem viral encephalitis in patients with bi-allelic DBRI mutations
probably involves an impairment of cell- and brainstem-intrinsic antiviral immunity, rather
than a defect of the innate or adaptive immunity mediated by leukocytes. We investigated the
possibility that DBR1 deficiency might underlie viral encephalitis by a novel mechanism, by
comparing antiviral responses in SV40-fibroblasts derived from patients with DBR?
mutations, and patients with AR complete TLR3 or STAT1 deficiency, genetic etiologies of
childhood cortical HSE, either alone (7LR3) or in combination with mycobacterial disease
(STATI) (Chapgier et al., 2006; Dupuis et al., 2003; Guo et al., 2011). Unlike TLR3™~ cells,
fibroblasts from P1, P5, and P6 produced normal amounts of IFN-A1 and IL-6 following
stimulation with various concentrations of polyinosinic:polycytidylic acid (poly(l:C)), a
synthetic TLR3 agonist that mimics dSRNA (Figure S4A). DBR1-deficient fibroblast
responses to intracellularly delivered poly(l:C) (activator of cytosolic dsSRNA sensors RIG-I
and MDADb), or T7-GFP (agonist of RIG-I (Pichlmair et al., 2006), were also similar to those
of healthy control cells (Figure S4A,B). We performed a more comprehensive assessment of
TLR3 and IFN responses in DBR1-deficient fibroblasts, by using RNA-Seq to measure gene
expression in primary fibroblasts from P1, P5, P6, and corresponding controls, with and
without stimulation with poly(l:C) or IFN-a.2b. The stimulation of P1, P5 and P6 fibroblasts
with IFN-a2b or poly(l:C) induced changes in gene expression similar to those observed in
healthy control cells (Figure 4A,B; S5C). Furthermore, gene set (Molecular Signatures
Database, hallmark sets) enrichment testing revealed no obvious deficiencies in common
signaling pathway and/or transcription network induction (Figure S4D). TLR3™/~ and
STAT17/~ cells served as negative controls for poly(l:C) and IFN-a.2b responses,
respectively (Figure 4A,B). These data suggest that the TLR3- and IFN-a-mediated
signaling pathways remain intact in fibroblasts with AR partial DBR1 deficiency. Therefore,
the mechanism underlying the pathogenesis of brainstem viral encephalitis in patients with
DBRI mutations is different from that in patients with mutations affecting the TLR3 and
STAT1 pathways, consistent with the two different anatomical sites of infection within the
CNS.

Very high RNA lariat levels in patients’ fibroblasts following HSV1 infection

As a first approach to deciphering the mechanism of brainstem viral encephalitis in DBR1-
deficient patients, we assessed host RNA lariat levels upon HSV1 infection at a multiplicity
of infection (MOI) of 1, or following stimulation with IFN-a.2b or poly(l:C), in primary
fibroblasts from healthy controls or DBR1-deficient patients. Treatment with IFN-a2b or
poly(I:C) did not affect the levels of intronic RNA lariats in any of the control or DBR1-
deficient patient samples assayed (Figure 4C). As expected, HSV1 infection resulted in a
similar redistribution of RNA-Seq reads from host mMRNA to HSV1 mRNA in fibroblasts
from all healthy controls and patients (8 hours or 24 hours of HSV1 infection, Figure S5A).
After 24 hours of HSV-1 infection, the detected lariat levels had increased in both control
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and patient samples (3.2- to 3.8-fold increase relative to the corresponding non-infected
samples, Figure 4C). It has previously been reported that HSV1 interferes with the human
pre-mRNA splicing machinery, resulting in splicing inhibition or alternative splicing of
some genes (Roizman et al., 2013; Tang et al., 2016). Strikingly, these high lariat levels were
particularly marked in fibroblasts from DBR1-deficient patients. In addition, after 24 hours
of HSV1 infection, the enrichment in ‘A’ branchpoint lariats was found to be more marked
in DBR1-deficient fibroblasts than in healthy control, TLR3™~ or STAT17/ fibroblasts
(Figure 4D). Similar results were obtained by the ‘LaSSO’ method (Figure S5B,C).
Interestingly, intronic lariat reads derived from HSV1 transcripts were also found to be about
twice as abundant in fibroblasts from DBR1-deficient patients than in healthy control,
TLR3~/~ or STAT17/~ fibroblasts, after 24 hours of HSV1 infection (Figure S5D). We used
the Shapeshifter tool to perform 644 individual comparisons of intron abundance in samples
from controls and from DBR1-deficient patients. These comparisons included comparisons
for DKK1 and /D1 transcripts, for which the lariat was more abundant than the message
post-infection (Figure S5E and manuscript under review). Intron counts were higher in
samples from patients than in those from controls, probably at least partly due to the
accumulation of lariats, and this difference was particularly marked after 24 hours of HSV1
infection (Figure 4E). For DKK1- and /D1-derived lariats, an analysis for individual introns
(Figure S5F) reflected the trends observed in the overall data (Figure 4C,E). These results
suggest that DBR1 may control cell- and brainstem-intrinsic defenses by regulating cellular
and/or viral RNA lariat metabolism during viral infection.

Impaired control of viruses by the patients’ fibroblasts

We then studied susceptibility to viral infection in DBR1-mutated SVV40-fibroblasts. In
addition to HSV1, as in our previous studies of HSE, we also included VSV, as a neurotropic
virus capable of infecting and replicating in human fibroblasts, and exerting cytopathic
effects (Casrouge et al., 2006; Guo et al., 2011). Similarly high levels of replication were
observed for VSV (MOI of 1) and HSV1 (MOI of 0.01) in DBRI-mutated SV40-fibroblasts
from P1, P5, and P6, as high as in TLR3™/~ or STAT1~/~ SV40-fibroblasts, and much higher
than those in healthy control cells (Figure 5A, B, Figure S6A). Higher levels of virus-
induced cell death following VSV or HSV1 infection with various MOI were also observed
in SV40-fibroblasts from all patients tested (Figure 5C,D). The stable transfection of DBR1
1120T/1120T fibroblasts from P1 with WT DBR1 rescued both DBR1 protein levels (Figure
2F) and HSV1 replication phenotype, as demonstrated by the levels of GFP expression
following infection with a GFP-expressing HSV1, HSV1 genome copy number upon
infection with unmodified HSV1, and the titration of infectious HSV1 by the TCIDgg
method, on Vero cells (Figure 5E,F; S7B). No such effect was observed with the R197X
DBR1. Transfection with the 1120T allele partially rescued the HSV1 replication phenotype
(Figure 5E; Figure S6B). Together with the high intronic RNA lariat levels of DBR1-
mutated fibroblasts, which increased still further during HSV1 infection, these data
demonstrate that DBRI-mutated fibroblasts are intrinsically susceptible to viruses. These
data provide support for a causal relationship between partial DBR1 deficiency and
susceptibility to brainstem viral encephalitis through the impairment of a DBR1-dependent
mechanism operating in the cells of the brainstem or its afferent peripheral nerves. Our
findings therefore identify inborn errors of DBR1-dependent cell-intrinsic immunity as the
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first genetic etiology of brainstem viral encephalitis, as opposed to inborn errors of TLR3-
dependent immunity, which underlie forebrain viral encephalitis.

Discussion

This study provides experimental evidence of a causal relationship between a human DBR1
genotype and a recessive phenotype of brainstem viral encephalitis. A form of AR DBR1
deficiency that is severe but partial, is present in three unrelated kindreds with brainstem
encephalitis. This deficiency results both in accumulation of lariats and greater susceptibility
of the patients’ cells to viral infection. In yeasts, deletion of the dbrz gene results in the
accumulation of large amounts of intronic RNA lariats in both Schizosaccharomyces pombe
and Saccharomyeces cerevisiae. However, a growth defect was observed with S. pombe but
not S. cerevisiae, presumably because S. pormbe has more than 10 times more intron-
containing genes (40% of all genes) than S. cerevisiae (2.5%) (Chapman and Boeke, 1991;
Kim et al., 2000; Nam et al., 1997). Complete Dbr1 deficiency in mice is probably
embryonic lethal, as no homozygous Dbr1 null mouse has ever been reported (Zheng et al.,
2015; IMPC project: https://www.mousephenotype.org/). The four patients from kindreds A
and B, who are respectively homozygous for the 1120T and Y17H hypomorphic alleles,
developed brainstem encephalitis but were otherwise healthy. By contrast, the patient from
kindred C had a broader phenotype, as she carried the two most deleterious mutant alleles
(L13G and R197X). Residual DBR1 activity in patients from these three kindreds was
probably sufficient for normal pre- and postnatal development. Alternatively, there may be
DBR1-independent RNA lariat debranching and degradation pathways, compensating, to
some extent, for the defect of DBR1 function in these patients (Danin-Kreiselman et al.,
2003; Garrey et al., 2014; Tseng and Cheng, 2013). Either way, human DBR1 deficiency in
these patients was severe but partial and manifested as brainstem viral encephalitis in
childhood, indicating a requirement for full DBR1 activity for protective antiviral immunity
in the brainstem.

A remarkable feature of partial DBR1 deficiency is that it disrupts immunity in a small,
specific anatomical territory. The discovery of DBRL1 deficiency in children with brainstem
viral encephalitis adds weight to the emerging paradigm that single-gene inborn errors of
immunity can underlie severe infections in otherwise healthy individuals, especially in
children (Casanova, 2015a, b). It also supports the emerging notion that cell-intrinsic
mechanisms in non-hematopoietic cells can be critical for the control of viral illness.
Examples include forebrain HSV1 encephalitis, due to TLR3 pathway mutations that disrupt
CNS neuron- and oligodendrocyte-intrinsic immunity (Casrouge et al., 2006; Zhang and
Casanova, 2015), and severe influenza pneumonia, due to mutations in IRF7 that disrupt
cell-intrinsic immunity to influenza A virus in both fibroblasts and iPSC-derived pulmonary
epithelial cells (Ciancanelli et al., 2015). HSV1 infection of the frontal or temporal lobes in
the forebrain, and infections of the brainstem with various viruses, including HSV1, may
thus be due to single-gene inborn errors of antiviral immunity. TLR3 governs a pathway
controlling CNS- and cortical neuron-intrinsic immunity to HSV1, whereas DBR1 probably
defines another pathway controlling brainstem-intrinsic immunity to viruses as diverse as
HSV1, IBV, and NV. Host defense against other viruses capable of infecting the brainstem,
such as Japanese encephalitis virus and enterovirus 71 (Jubelt et al., 2011), might also
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normally require unimpaired DBR1 activity. A recent study proposed DBR1 as a potential
therapeutic target in amyotrophic lateral sclerosis (ALS), as the sequestration of TDP-43 by
intron lariats accumulating in the cytoplasm of neurons may abolish its ALS-causing
toxicity (Armakola et al., 2012). Our study suggests that caution is required when
considering this approach to ALS treatment.

Our findings reveal an unexpected connection between a ubiquitous, host cell pre-mRNA
processing mechanism and an antiviral, cell-intrinsic defense function in the brainstem.
Partial DBR1 deficiency did not disrupt the TLR3-IFN-a/p and IFN-a/BR-STAT1
pathways, which have been shown to be involved in the molecular basis of forebrain HSE
pathogenesis (Zhang and Casanova, 2015). Further studies are required to dissect the
mechanisms by which DBR1 governs host antiviral defense in the brainstem. At the cellular
level, DBR1 may be required in the brainstem, in TG cells, or both, and in neurons or other
cell types. At the molecular level, the accumulation of intron lariats due to DBR1 deficiency
may impair virus recognition by host cells, thereby damaging cell-intrinsic defenses against
viral invasion. DBR1 may also regulate the processing of some protein-coding RNASs or
non-coding RNAs (Han et al., 2017; Murray et al., 2014; Ooi et al., 1998; Petfalski et al.,
1998; Sedger, 2013) essential for the control of viral infection in the brainstem.
Alternatively, it may interfere with the processing of viral RNA lariats (Galvis et al., 2017,
Perng and Jones; Plotch and Krug, 1986), thereby controlling the switch between lytic and
latent infection in the viral life cycle. As HSV1 and 1V interfere with the host RNA
processing machinery, facilitating viral gene expression and replication (Rivas et al., 2016;
Roizman et al., 2013; Tang et al., 2016), DBR1 may protect host cells against these viral
processes. Finally, hitherto unknown functions of DBR1 might be involved. Elucidating the
human genetic basis of the various forms of viral encephalitis, as illustrated by the
deficiency of the dsRNA-sensing TLR3 pathway in forebrain HSE and deficiency of the
housekeeping protein DBR1 in brainstem infections with multiple viruses, has both clinical
and biological implications.

STAR Methods
KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit polyclonal anti-human DBR1 ProteinTech Cat# 16019-1-AP
antibody

Rabbit polyclonal anti-human DBR1 Santa-Cruz, Custom-produced | N/A

antibody

Mouse monoclonal anti-human GAPDH Santa-Cruz Cat# sc-365062
antibody

Mouse monoclonal anti-FLAG antibody SIGMA Cat# F1804
Goat anti-human polyclonal anti-IFN-A1 R&D Cat# AF1598
antibody

Human IFN-A1 biotinylated antibody R&D Cat# BAF1598

Bacterial and Virus Strains

Cell. Author manuscript; available in PMC 2019 February 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Page 13

REAGENT or RESOURCE SOURCE IDENTIFIER
HSV1 (KOS strain) ATCC Cat# VR1493
HSV1-GFP (based on KOS strain) Dr Desai laboratory, Desai et N/A

al., 1998
VSV (Indiana strain) This laboratory N/A
Escherichia coli (strain BL21) Life Technologies Cat# C600003
Biological Samples
Human Heart Protein Medley ClonTech Cat# 635302
Human Smooth Muscle Protein Medley ClonTech Cat# 635333
Human Stomach Protein Medley ClonTech Cat# 635313
Human Lymph Node Protein Medley ClonTech Cat# 635316
Human Spleen Protein Medley ClonTech Cat# 635312
Human Thymus Protein Medley ClonTech Cat# 635350
Human Fetal Liver Protein Medley ClonTech Cat# 635342
Human Kidney Protein Medley ClonTech Cat# 635303
Human Brain Cerebral Cortex Protein ClonTech Cat# 635323
Medley
Human Brain Hippocampus Protein Medley ClonTech Cat# 635319
Human Brain Frontal Lobe Protein Medley ClonTech Cat# 635318
Human Brain Temporal Lobe Protein ClonTech Cat# 635321
Medley
Human Brain Hypothalamus Protein Medley | ClonTech Cat# 635320
Human Brain Cerebellum Protein Medley ClonTech Cat# 635326
Human Brain medulla oblongata Protein ClonTech Cat# 635346
Medley
Human Brainstem Protein Medley ClonTech Cat# 635325
Human Spinal Cord Protein Medley ClonTech Cat# 635324
Human Skin Protein Medley ClonTech Cat# 635355
Human Brain medulla oblongata lysate ProSci-Inc Cat# XBL-10111
Human Spinal Cord lysate ProSci-Inc Cat# 1377
C57/BalbC mouse tissue lysates This manuscript N/A
Chemicals, Peptides, and Recombinant Proteins
Recombinant wild-type and mutant human This manuscript N/A
DBR1 proteins
Recombinant IFN-a2b Schering-Plough Intron® A

Polyinosine-polycytidylic acid (Poly(l:C))

GE Healthcare

Cat# 27-4729-01

Random hexamers Invitrogen Cat# N8080127
Multiscribe reverse transcriptase Applied Biosystems Cat# 4308226
TagMan universal PCR master mix Applied Biosystems Cat# 4304437

Extremgene 9 reagent

Sigma-Aldrich

Cat# XTG9-RO

Lipofectamine-3000

Life Technologies

Cat# 13000001

Critical Commercial Assays

miRNeasy Mini Kit

QIAGEN

Cat# 217004
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REAGENT or RESOURCE SOURCE IDENTIFIER
QuantiTect SYBR Green PCR kit QIAGEN Cat# 204141
Complete Lysis-M EDTA-free Sigma-Aldrich Cat# 4719964001
RiboZero TruSeq Stranded Total RNA Illumina Cat# RS-122-2201
Library Prep Kit

TruSeq DNA Sample Prep Kit Illumina Cat# FC-121-2001
Ilumina HiSeq 2000 Illumina Cat# HiSeq 2000
Illumina NextSeq 500 Illumina Cat# NextSeq 500
Genome-wide SNP 6.0 array Affymetrix Cat# 901182
SuperScript 111 Cells-Direct kit Life Technologies Cat# 18080200
Cell lysis buffer (10X) Cell Signaling Technologies Cat# 9803
Bac-to-Bac system Life Technologies Cat# A11099

Resazurin oxidoreduction (TOX-8)

Sigma-Aldrich

Cat# TOX8 Sigma

IL-6 ELISA kit

R&D

Cat# DY206-05

Deposited Data

Genome Reference Consortium Human
Build hg19

N/A

The Genome Aggregation Database
(gnomAD)

Large scale human genome
and exome sequencing
database

http://gnomad.broadinstitute.org/about

The Exome Aggregation Consortium
(EXAC)

Large scale human exome
sequencing database

http://exac.broadinstitute.org/

1000 Genome Project

International genome sample
resource

http://www.internationalgenome.org/

Raw and analyzed whole-exome sequencing
and RNA-Seq data

This manuscript

SRA: SRP130621

Experimental Models: Cell Lines

DBR1 1120T/1120T human fibroblasts This manuscript N/A
DBR1 Y17H/Y17H human fibroblasts This manuscript N/A
DBR1 1120T/1120T human EBV-B cell lines | This manuscript N/A
HEK293T cells ATCC Cat# CRL11268

Sf9 cells Expression Systems Cat# 94-006S

Dbr1-1 yeast Dr Boeke laboratory, N/A
Chapman and Boeke, 1991

Experimental Models: Organisms/Strains

N/A

Oligonucleotides

Primer for human 1D1 intron lariats RT- This manuscript N/A

gPCR (forward):

CCACTTCCGTCCCATCCTT

Primer for human 1D1 intron lariats RT- This manuscript N/A

gPCR (reverse, branch point):

GGTCGGATCTGGATCTCACTTGG

Primer for human DKK1 intron lariats RT- This manuscript N/A

gPCR (forward):
GAGGGAGTAGAACGTGCTGA
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REAGENT or RESOURCE SOURCE IDENTIFIER
Primer for human DKK1 intron lariats RT- This manuscript N/A
gPCR (reverse, branch point):

GCCCGACCCCTCTCACTGAG

Primer for human GUS mRNA RT-qPCR This manuscript N/A
(forward): CACCAGGATCCACCTCTGAT

Primer for human GUS mRNA RT-gPCR This manuscript N/A
(reverse): TCCAAATGAGCTCTCCAACC

Primer for HSV1 UL30 gPCR (forward): This manuscript N/A
CATCACCGACCCGGAGAGGGAC

Primer for HSV1 UL30 gPCR (reverse): This manuscript N/A
GGGCCAGGCGCTTGTTGGTGTA

Probe for HSV1 UL30 gPCR: 5"-6FAM- This manuscript N/A
CCGCCGAACTGAGCAGACACCCGCGC-

ZEN/lowa Black FQ

Primers for yeast Actin intron lariat Dr Boeke laboratory, N/A
Northern-Blot probe generation Chapman and Boeke, 1991
Recombinant DNA

pTRIP-DBR1-RFP plasmids containing This manuscript N/A
wild-type or mutant human DBR1 cDNA

pcDNA3-DBR1-FLAG plasmids containing This manuscript N/A
wild-type or mutant human DBR1 cDNA

PET expression plasmids containing wild- This manuscript N/A
type or mutant human DBR1 cDAN

pRS315 expression plasmids containing This manuscript N/A

wild-type or mutant yeast Dbrl cDNA

Software and Algorithms

Graph Pad Prism 5

GraphPad software

https://www.graphpad.com/scientific-software/prism/

GeneTools image analysis software

Syngene

http://www.syngene.com/genetools-software-download/

Genome Analysis Toolkit (GATK)

Genome variant call software

https://software.broadinstitute.org/gatk/

Affymetrix Power Tools

Genotype calling software

www.affymetrix.com/partners_programs/programs/developer/tools/p

Merlin

Parametric multipoint linkage
analysis software. Abecassis
etal., 2002

http://csg.sph.umich.edu/abecasis/merlin/reference.html

Iterative inverted alignment method for
branchpoint-traversing lariat reads
identification

Taggart et al., 2017

http://fairbrother.biomed.brown.edu/data/Lariat2016/

STAR RNA-Seq aligner

Dobin et al., 2013

http://code.google.com/p/rna-star/

HTseg-count (v0.6.1, Ensembl v75 transcript
annotations)

Anders et al., 2015

http://www-huber.embl.de/HTSeq

Gene-set enrichment testing for Hallmark
(H) gene sets (Molecular Signatures
Database v6.1)

Liberzon et al., 2015

http://software.broadinstitute.org/gsea/msigdb

DESeq2 package (v1.14.1)

Loveetal., 2014

http://www.bioconductor.org/packages/release/bioc/html/DESeq2.htr

voom/limma package (v 3.22.7)

Lawetal., 2014

https://bioconductor.riken.jp/packages/3.0/bioc/html/limma.html

Other

N/A
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and request for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Shen-Ying Zhang (shzh289@rockefeller.edu). The human
subject fibroblast and EBV-B cell lines generated from this study may require execution of a
simple material transfer agreement (MTA) with INSERM. The human DBR1 cDNA
containing plasmids generated from this study may require execution of a MTA with the
Rockefeller University.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects—All human patients were living in and followed up in their countries of
origin (Israel for P1-P4, Portugal for P5 and P6, Japan for P7). P1, P4-7 are females. P2 and
P3 are males. 29 other family members from their families, including 15 females and 14
males, also participated in the genetic study (see Figure 1A). Informed consent was obtained
in the home country of each patient, in accordance with local regulations and a human
subjects research protocol approved by the institutional review board (IRB) of INSERM.
Experiments using samples from human subjects were conducted in the United States and
France, in accordance with local regulations and with the approval of the IRB of The
Rockefeller University, and the IRB of INSERM and AFSSAPS, respectively.

Animals—C57/BalbC mice were obtained from the Jackson Laboratory. All experiments
were performed under approval of the UTHSCSA Institutional Animal Care and Use
Committee, in adherence with the Animal Welfare Act, the Guide for the Care and Use of
Laboratory Animals, and the Public Health Service Policy on Humane Care and Use of
Laboratory Animals.

Cell lines

Fibroblast cell lines and EBV-B cell lines from controls and patients: Primary human
fibroblasts were obtained from skin biopsy specimens from patients (P1, P5, P6, all
females), and were cultured in DMEM medium (Gibco BRL, Invitrogen) supplemented with
10% fetal calf serum (FCS) (Gibco BRL, Invitrogen). To create immortalized SV40-
transformed fibroblast cell lines (SV40-fibroblasts), 4 pg of a plasmid containing T antigen
DNA was used to transfect about 5 millions of cells by electroporation. The cells were then
placed into two fresh 75 cm2 flasks containing 12 ml of DMEM medium (Gibco BRL,
Invitrogen) supplemented with 10% FCS (Gibco BRL, Invitrogen). SV40-fibroblasts clones
appeared after about 15 days. They were then grown and passaged for experimental usage.
To create Epstein-Barr virus (EBV)-transformed B-cell lines (EBV-B), fresh blood samples
were obtained from patients (P1, a female; P2, a male), peripheral blood mononuclear cells
(PBMC) were isolated on Ficoll-Paque PLUS (GE Healthcare, USA). PBMCs were then
infected with EBV, and kept in culture in RPMI medium (Gibco BRL, Invitrogen)
supplemented with 10% FCS (Gibco BRL, Invitrogen). EBV-B clones will appear in about
15 days. They could then be grown and passaged for experimental usage. SV40-fibroblasts
from three healthy controls (2 females and 1 male) and EBV-B cell lines from other two
healthy controls (1 female and 1 male) have been generated using the same methods through
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previous studies (Casrouge et al., 2006; Chapgier et al., 2006; Dupuis et al., 2013; Guo et al.
2011) of the laboratory and also used in this study.

Other cell lines: HEK293T cells (ATCC) were maintained in DMEM supplemented with
10% FCS.

METHOD DETAILS

Genome-wide linkage analysis—Ten members of the Israeli family (P1, P2, their four
parents, their three healthy siblings including two sisters and one brother, a grandmother of
P1) and five members of the Portuguese family (P5, P6, their two parents, their healthy
brother) were genotyped with the Affymetrix genome-wide SNP 6.0 array. Genotype calling
was achieved with Affymetrix Power Tools (www.affymetrix.com/partners_programs/
programs/developer/tools/powertools.affx) for all the genotyped family members. We
discarded monomorphic SNPs, SNPs with a call rate lower than 100% and SNPs presenting
more than one Mendelian inconsistency in the family. SNPs were further filtered with
population-based filters. We then used the high-quality SNP markers to carry out linkage
analysis, assuming autosomal recessive inheritance with complete penetrance
(homozygosity mapping). Parametric multipoint linkage analysis was carried out with
Merlin (Abecasis et al., 2002).

Whole-exome sequencing—DNA (3 ug) was extracted from cells and sheared with a
Covaris S2 Ultrasonicator (Covaris). An adapter-ligated library was prepared with the
TruSeq DNA Sample Prep Kit (lllumina). Exome capture was performed with the
SureSelect Human All Exon 37 Mb kit (Agilent Technologies) for P1 and P2, the 50 Mb kit
for P5 and the 71 Mb kit for P6. Paired-end sequencing was performed on an Illumina HiSeq
2000 (lllumina), generating 100-base reads. The sequences were aligned with the human
genome reference sequence (hg19 build), with BWA aligner. Downstream processing was
carried out with the Genome Analysis Toolkit (GATK), SAM tools and Picard Tools (http://
picard.sourceforge.net). Variant calls were made with GATK UnifiedGenotyper. All calls
with a Phred-scaled SNP quality <20 were filtered out.

Molecular genetics—DNA was isolated by phenol-chloroform (Sigma-Aldrich, USA)
extraction, according to the kit manufacturer’s instructions. Total RNA was extracted from
primary fibroblast cells or Simian virus 40-immortalized fibroblast cell lines (SV40-
fibroblasts), with Trizol (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s
instructions. RNA was reverse-transcribed directly, with oligo-dT (Invitrogen). Polymerase
chain reaction (PCR) was carried out with 7ag polymerase (Invitrogen) and the GeneAmp
PCR System 9700 (Applied Biosystems, Foster City, California, USA). The exons of DBR1
were amplified by PCR. The PCR products were purified by ultracentrifugation through
Sephadex G-50 Superfine resin (Amersham-Pharmacia-Biotech) and sequenced with the
BigDye Terminator Cycle Sequencing Kit (Applied Biosystems). Sequencing products were
purified by centrifugation through Sephadex G-50 Superfine resin and sequences were
analyzed with an ABI Prism 3700 apparatus (Applied Biosystems). The mutation was
confirmed by the analysis of genomic DNA extracted from leukocytes and primary
fibroblasts, and of cDNA from SV40-transformed fibroblasts.
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Measurement of DBR1 transcript levels by RT-gPCR—Gene expression was
assessed by measuring transcript levels. Total RNA was extracted from SV40-fibroblasts,
EBV-B cells and HEK293T cells. RNA was reverse-transcribed directly, with random
hexamers (Invitrogen)(for RNA from SV40-fibroblasts or EBV-B cells) or with the
SuperScript 111 Cells-Direct kit (Life Technologies, for HEK293T cells), to determine
MRNA levels for DBR1. Reverse transcription-quantitative PCR (RT-gPCR) was performed
with Applied Biosystems 2 x universal Tagman reaction mixture and Assays-on-Demand™
probe/primer combinations, in an ABI PRISM® 7700 Sequence Detection System. The
GUS gene was used for normalization. Quantitative PCR efficiency was estimated at ~87%,
94%, and 102% for each of the probe/primer combinations, for DBRI (Hs01113902_m1 and
Hs01113907_m1) and GUS Hs00939627_m1, respectively. Results are expressed according
to the ACt method, as described by the manufacturer. Three independent experiments were
performed, for measurement of DBR1 transcript levels in S\V40-fibroblasts or EBV-B cells,
using SV40-fibroblasts from three patients (P1, P5, P6) and two healthy controls, and EBV-
B cells from two patients (P1, P2) and two healthy controls, technical duplicates were used
in each experiment. For measurement of DBRL1 transcript levels in HEK293T cells, one
experiment was performed using biological triplicates for each condition.

Heterologous expression of DBR1 and debranching activity measurements

E. coli experiments: The cDNA sequences encoding the WT, L13G, Y17H, H85N, 1120T,
and R197X DBR1 variants were inserted into a modified pET expression plasmid encoding
an 8x-histidine tag downstream from DBR, resulting in the production of a fusion protein
with a C-terminal His-tag. For R197X, the His-tag was at the N-terminus. The expression
plasmids were checked by sequencing and used to transform Escherichia coli (E. coli) strain
BL21 (Life Technologies). Strains were cultured in 10 mL of Terrific Broth, to an ODggq of
~1, at which point the temperature was reduced to 17°C, and IPTG was added to a final
concentration of 1 mM. After 18 hours of induction, the cells were harvested by
centrifugation and lysed with BugBuster reagent (EMD) supplemented with a cocktail of
protease inhibitors (Roche, USA). Soluble and insoluble fractions were analyzed by SDS-
PAGE followed by western blotting with a custom-produced rabbit polyclonal antibody
against DBR1. Debranching activity was measured by adding 2 pL of soluble lysate to 18 puL
of 2 uM AKS8S8 substrate (dissolved in 50 mM HEPES pH 7, 100 mM NaCl, 1 mM TCEP)
(Katolik et al., 2017). Fluorescence intensity (with excitation at 488 nm, and detection above
520 nm) was measured with a plate reader (BMG). The rates, in RFU/s were normalized
relative to the WT samples. The entire experiment was performed four to six times.

Human embryonic kidney 293T (HEK?293T) cell experiments: The cDNA sequences
encoding WT, L13G, Y17H, H85N, 1120T, and R197X, aa.1-272, and aa.273-544 DBR1
were subcloned into a pcDNAS3 plasmid modified to generate C-terminal FLAG-tagged
fusion proteins. HEK293T cells were purchased from ATCC, and cultured in OptiMem
media (Gibco, 51985034) supplemented with 5% FCS. Cells were transfected with lipid-
based transfection reagents according to the manufacturer’s instructions
(Lipofectamine-3000, Life Technologies), using 1.25 pg plasmid DNA/well (6-well plates).
They were harvested 48-hours post-transfection in either the Roche Complete Lysis-M
EDTA-free kit (Sigma-Aldrich) (for activity assays), or 2x Laemmli sample buffer (for

Cell. Author manuscript; available in PMC 2019 February 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 19

electrophoresis). Lysates were diluted 10-fold in assay buffer, (50 mM HEPES pH 7, 100
mM NaCl, 1 mM TCEP), and assayed as described above. The experiment was performed
twice, on different days, and a total of 5 biological replicates (individual wells of 6-well
plates) are plotted in Figure 2D. Gene expression levels were quantified by synthesizing
cDNAs from transfected cells (SuperScript 111 Cells-Direct kit, Life Technologies), and
quantifying DBRI expression relative to GUS, as described above.

Insect cell experiments: For the insect cell culture experiments, recombinant baculoviruses
were created with the Bac-to-Bac system (Life Technologies), according to the
manufacturer’s instructions. Sf9 cells were infected with high-titer viruses, harvested 48
hours after infection and assayed as described for the £. coli cultures. The entire experiment
was performed two times.

[121T phenotype in yeast—A dbrl-null (dbrl-1) yeast strain, KM196, was transformed
with three plasmids: the empty vector pRS315, a wild-type dbr1 expression plasmid,
pKC49, and a dbr1-1121T mutant (analogous to the 1120T mutation of DBRZ in humans,
derived from pKC49) plasmid, produced by site-directed mutagenesis. Total RNA was
prepared by the acid phenol method, with extraction in CHCI3 and electrophoresis in a 1.2%
agarose/formaldehyde-RNA gel. A northern blot was performed with the indicated 32P-
labeled probe recognizing the intron and flanking exon sequences of the yeast actin gene
(Chapman and Boeke, 1991). The probe was generated by PCR with the following primers:
forward primer: 5”-cctctctcttgtattcttccttec-3”, reverse primer: 5”-gacgtgagtaacaccatcacc-3”.
The experiment was performed once with biological triplicates for each condition.

Generation of the custom-made DBR1 antibody—Residues 1-502 of human DBR1
were produced in £. coliand purified to homogeneity. The purified protein was used as an
antigen for the immunization of rabbits (Rockland Immunochemicals), and the resulting
immune serum was purified against full-length recombinant human DBR1 covalently
coupled to agarose beads (Pierce AminoLink). This antibody was validated by blotting cell
lysates overexpressing DBR1 along with control cells, through the use of siRNAs targeting
endogenous DBRL in cultured cells, by cross-validation with commercial Dbrl antibodies
(Santa Cruz and ProteinTech), and through antigen-blocking experiments (Figure S2C). The
specificity of the custom-produced DBR1 antibody was confirmed by probing identical blots
of control samples with purified antibody, or purified antibody+soluble antigen (30-fold
excess of purified recombinant full-length human DBR1, Figure S2C). No visible bands
were present after preincubation of the antigen with the custom-made DBR1 antibody;,
demonstrating the DBR1-specificity of the epitopes identified in Figure S2A.

Western blotting of human tissues for DBR1—Human tissue lysates were purchased
from ClonTech (Figure S2A,B) or ProSci-Inc (Figure S2C and data not shown), and
separated by electrophoresis in a 4-20% gradient gel, which was then probed with the
custom-produced anti-DBR1 antibody (see above). The immunoblots were then stripped,
and reprobed with a GAPDH antibody. We used 15ug of ProSci-Inc protein lysate and 2 pg
of ClonTech lysate (Figure S2A, C). The hDBR1 signal was very strong in the medulla
oblongata and spinal cord. We therefore optimized the western blots to show these samples
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clearly, but this masked the ubiquitous expression of Dbrl detected at higher protein loads
(i.e. 15 pg), as the dynamic range of hDBR1 expression was too broad for capture on a
single western blot. Duplicate gels were stained with Coomassie blue to confirm equal
protein loading and normalization (Figure S2B). The western blotting was performed twice
with the lysates from ClonTech (Figure S2A) and twice with the lysates from ProSci-Inc
(Figure S2C and data not shown).

Western blotting of mouse tissues for DBR1—A six-month-old male C57/BalbC
mouse was Killed and its tissues were flash-frozen on dry ice. Tissues were homogenized in
PBS with protease inhibitors (Roche), a Bullet Blender and NAVY bead kits (Next-
Advance). After homogenization, a 1/10 volume of 10 x cell lysis buffer (Cell Signaling
Technologies) was added, and the homogenates were sonicated and centrifuged at 12,000 x
gfor 15 min at 4°C. The protein concentration of the resulting lysate was measured in a
Bradford assay (Pierce 23236), and adjusted to 2 pg/ul. We loaded 15 ug of protein per lane.
Proteins were separated by SDS-PAGE and transferred onto PVDF membranes. Duplicate
gels were stained with Coomassie blue for normalization (Figure S2E). Similar results were
obtained when the experiment was repeated with a three-month-old male C57BI/6 mouse
and commercially available lysates from AMS-bio (data not shown).

Western blotting for DBR1 in human cell lines—Total cell extracts were prepared
from SV40-fibroblasts or EBV-B cells from patients or healthy controls, or from HEK293T
cells (ATCC) with and without transfection of pPCDNA3 plasmids containing WT or mutant
human DBR1 cDNA. Equal amounts of protein from each sample were separated by SDS-
PAGE and blotted onto PVDF membranes (Bio-Rad). Immunoblots were then probed with
an anti-human DBR1 antibody (ProteinTech), the custom DBR1 antibody, or anti-FLAG M2
mADb (SIGMA). Membranes were stripped and reprobed with GAPDH antibody (Santa-
Cruz), to control for protein loading. Antibody binding was detected by enhanced
chemiluminescence (ECL; Amersham-Pharmacia-Biotech). The experiments were
independently performed three times, in SV40-fibroblasts and EBV-B cells, using SV40-
fibroblasts from three patients (P1, P5, P6) and two healthy controls; in EBV-B cells from
two patients (P1, P2) and two healthy controls; and twice in HEK293T cells.

Quantification of western blots—The GeneTools program (Syngene) was used to
quantify the western blots and Coomassie-stained gels shown in Figures 2 and Figure S2.
We boxed whole lanes for Coomassie gels, and an area around the ~70 kDa hDbr1 band on
the anti-FLAG blot. The hDBR1 antibody identifies multiple hDBR1 species (reflecting
processing/breakdown species that appear in mouse and human tissues), so we quantified
total immunoreactive material by boxing the ~80-30 kDa region for quantification. In all
cases, quantification was standardized by setting the value of an empty lane to 0, and that of
the darkest lane to 100 (arbitrary value). As the human tissues samples were too numerous to
be run on a single gel, the protein marker lane was used to scale the intensities of the two
gels. Before the plotting of graphs, values were normalized to 1 by dividing all quantified
values by the highest value in the series. We normalized blots for total protein loading, by
dividing the normalized quantities of immunoreactive material by the amount of Coomassie
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blue-stained protein to obtain a semi-quantitative immunoreactive material/total protein
ratio.

Total RNA sequencing and analysis—Total RNA was extracted from primary
fibroblasts from three DBR1-mutated patients (P1, P5, P6, all females), one TLR3-deficient
patient (a male, Guo et al., 2011) and one STAT1-deficient patient (a male, Chapgier et al.,
2006), and three healthy controls (two females and one male), with the miRNeasy Mini Kit
(QIAGEN), and treated with DNAse (Ambion) to remove residual genomic DNA. RNA-Seq
libraries were prepared with the Illumina RiboZero TruSeq Stranded Total RNA Library
Prep Kit (Illumina) and sequenced on the Illumina NextSeq platform in the 150 nt, paired-
end configuration. Each library was sequenced three times. For the identification of lariat
reads and the analysis of branchpoint nucleotides, we first identified branchpoint-traversing
lariat reads with an iterative inverted alignment method described elsewhere (http://
fairbrother.biomed.brown.edu/data/Lariat2016/) (Taggart et al., 2017). Lariat reads were
identified in three sequencing runs for each of the control, P1, P5, P6, TLR3™/~, and
STAT17/- samples, with and without 24 hours of HSV1 infection. Forward alignment was
conducted with the STAR RNA-Seq aligner (Dobin et al., 2013). Lariat read recovery rate
was plotted as the number of recovered lariat reads per million hg19-mapped reads in a
given sample. We used #tests to assess the significance of differences in lariat read recovery
rate. The branchpoint nucleotide was identified by correcting for RT skipping and removing
reads derived from template switches and fully circularized introns by the alignment of reads
to U2-premRNA interaction models, as previously described (Taggart et al., 2017). Chi-
square tests were used to assess the significance of differences in branchpoint nucleotides.

We determined the abundance of individual introns by the ShapeShifter method ( 7aggart et
al, submitted, 2017). Briefly, an unsupervised machine learning approach was used for
stabilized lariat intron read density shape. A k-means clustering approach over the 5" end of
all human introns was applied to publicly available ENCODE RNAseq samples (total RNA,
whole-cell fraction). The 5” end window of the intron consists of positions 5-50 of each
intron, with a minimum of 10 reads traversing this window. The learning curve was used as a
heuristic for the calling of stabilized introns in future samples. This pipeline was applied to
three sequencing runs of control, P1, P5, P6, TLR3™~, and STAT1~/~ samples with and
without 24 hours of HSV1 infection. If a given intron was called as having a stabilized
intron shape in two of the three replicates for a given sample, it was considered to be a stable
intron. Intron levels were calculated as the number of intronic reads per million mapped
reads per kilobase of intron. The change in a particular intron abundance was calculated as
the log2 fold-change in the mean of P1, P5, P6 replicates divided by the mean of the control
replicates. We performed £tests to assess the significance of differences in intronic coverage.

For intron lariat assessment, we also used a slightly modified version of the LaSSO approach
(Bitton et al., 2014). Briefly, we first created a sequence database containing all possible
lariats with an adenine (A) breakpoint located within 50 nucleotides of the end of an intron
(human reference genome hg19, Ensembl v75 transcript annotations). Following standard
RNA-Seq read mapping by TopHat with stringent alignment parameters, all unmapped reads
(single reads not mapping to the reference genome or mapping with an incorrect orientation
of paired-end mates) were mapped to the LaSSO lariat database. Lariat mapping results
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were then filtered such that only those alignments with a paired-end read mate that could be
aligned (BLAT) within the same transcript (intron or exon) and with distinct start-end
coordinates were selected as unique lariat events.

For RNA-Seq gene expression analyses, gene-level read counts were obtained with htseg-
count (v0.6.1, Ensembl v75 transcript annotations) (Anders et al., 2015) and analyzed with
the voom/limma package (v 3.22.7) (Law et al., 2014). Differential gene expression analysis
incorporated a linear model with a factor for genotype group (healthy control, DBR1-
mutant, TLR3~/~, STAT17/") and treatment conditions (mock, poly(I:C), IFN-a2b). Patient
blocking was applied with the duplicateCorrelation function. Genes were considered to be
differentially expressed in response to a given stimulus if they had an adjusted (Benjamini-
Hochberg) pvalue < 0.01 and log, fold-change >1 or <-1 in any genotype group (F test).
Gene-set enrichment testing for Hallmark (H) gene sets (Molecular Signatures Database
v6.1, http://software.broadinstitute.org/gsea/msigdb), (Liberzon et al., 2015) was performed
with the MROAST tool (Wu et al., 2010), incorporating the same linear model factors
described above. Gene sets were considered to display significant enrichment if the adjusted
(Benjamini-Hochberg) p value was < 0.01 in pairwise comparisons. Gene set activity scores
(Figure SAD) were generated as the proportion of the genes from the set contributing to
enrichment, as reported in MROAST output.

For principal component analysis (PCA, Figure 4A), read counts were normalized and
variance was stabilized by regularized log transformation with the rlog function from the
DESeq?2 package (v1.14.1, (Love et al., 2014)). Patient-specific effects were corrected with
the removeBatchEffect function in limma. PCA was performed on the 2000 expressed genes
displaying the greatest variance across all samples.

For gene expression heatmaps (Figure 4B), regularized log-transformed read counts (as
above, no correction for patient effects) for genes differentially expressed in response to the
indicated stimulus (significant in any healthy control or DBR1-mutated group, as described
above) were z-scaled and hierarchical clustering was performed on Euclidean distance
values, according to the complete method.

For stimulus response fold-change scatter plots (Figure S4C), moderated fold-change values
were extracted from limma TopTable output for the corresponding contrast.

For quantification of the relative levels of human and HSV1 transcripts (Figure S5A),
transcript levels (TPM) were quantified with the Salmon pseudo-alignment tool (v0.8.2,
(Patro et al., 2017)) with a combined reference transcriptome annotation incorporating
human and HSV1 RNAs (Ensembl v75 and JQ673480.1, respectively).

RT-gPCR on ID1 and DKK1 RNA transcripts and intron lariats—For the
quantification of ID1 and DKK1 intron lariats, total RNA was isolated from the patient’s
SV40 fibroblasts with the miRNeasy mini kit (Qiagene). We reverse-transcribed 100-500 ng
RNA with 0.5 pM branch point-specific reverse primer for ID1 and DKK1 or reverse
primers for B-glucuronidase (GUS) for standardization. The branch point-specific reverse
primers were complementary to the 5 sequence of the first intron of ID1 or DKK1, with the
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addition of four nucleotides at the 3" end of the primer, complementary to the branch-point
sequence, for specific reverse transcription of the lariat form. The cDNA samples were used
for real-time PCR (SYBR Green PCR kit, Qiagen). PCR amplification was performed with
the StepOnePlus real-time PCR system (Applied Biosystems). Primers for the ID1 lariat:
CCACTTCCGTCCCATCCTT (forward) and GGTCGGATCTGGATCTCACTTGG
(reverse, branch point). Primers for the DKK1 lariat: GAGGGAGTAGAACGTGCTGA
(forward) and GCCCGACCCCTCTCACTGAG (reverse, branch point). Primers for GUS
MRNA: CACCAGGATCCACCTCTGAT (forward) and TCCAAATGAGCTCTCCAACC
(reverse). Primers for the /D1 mRNA are: AAACGTGCTGCTCTACGACA (forward) and
CTCCAACTGAAGGTCCCTGA (reverse). Primers for the DKKZI mRNA:
CCTTGGATGGGTATTCCAGA (forward) and CCTGAGGCACAGTCTGATGA (reverse).
The gPCR products obtained with the /D1 or DKK1 lariats primers were separated by
electrophoresis in a 2% agarose gel and stained with GreenGlo™ Safe DNA Dye, to confirm
that the products were of the expected size. The qPCR products were further sequenced to
validate the specificity of lariat form amplification. The efficiency of gPCR for /D1 and
DKK1 lariats was about 107% and 118%, respectively, and that for /D1, DKKIand GUS
mMRNA was about 97%, 95% and 106%, respectively. The level of /D1 and DKK1 lariats and
transcripts was normalized relative to that of GUS transcripts, calculated according to the
ACt method. The data shown in Figure 3E-F was obtained from three to four independent
experiments, with biological duplicates for each condition.

Plasmid transfection of human fibroblasts—The WT DBR1 cDNA was inserted into
the pTRIP-RFP expression vector by the Gateway method (Invitrogen). Mutagenesis was
performed to generate the patient-specific 1120T, Y17H, L13G and R197X mutants, with the
pDNOR221 vector, and the mutant DBRI cDNA was then inserted into the pTRIP-DBR1-
RFP vector by the Gateway method (Invitrogen). All plasmids were Sanger-sequenced to
confirm the WT or mutant full-length DBR1 cDNA sequences. SV40-fibroblast cells from
P1 were transfected with pTRIP-RFP or pTRIP-DBR1-RFP vectors containing the wild-type
or mutant DBR1 cDNA, in the presence of Extremgene 9 reagent (Sigma-Aldrich). For
stable transfection, cells were cultured under puromycin selection pressure (Invitrogen, 0.4
pg/mL) for two weeks. RT-qPCR and western blotting were performed to confirm the
expression of the DBR1 gene used for transfection.

Stimulation and ELISA—We used a synthetic analog of dsRNA, polyinosine-
polycytidylic acid (poly(l:C)) (GE Healthcare), as a nonspecific agonist of TLR3 and
MDAS/RIG-I. We used T7-GFP RNA as an agonist of RIG-I (Pichlmair et al., 2006). SV40-
fibroblast cells were activated in 24-well plates, at a density of 10° cells/well, for 24 hours,
with various doses of poly(l:C) (1, 5 or 25 ug/mL). Cells were stimulated with 25 pg/mL
poly(I:C) in the presence of Lipofectamine 2000 to activate MDAS/RIG-I signaling. The
production of IFN-A1 and IL-6 was assessed by ELISA. The IFN-A1 ELISA was developed
in the laboratory. Briefly, plates were coated by incubation overnight at 4°C with 1 pg/mL
anti-human IFN-A1 pAb (R&D Systems, Minneapolis, MN), and the concentration of IFN-
A1 in the supernatant was determined by incubation with a secondary human IFN-A1
biotinylated antibody (R&D Systems) at a concentration of 400 pg/mL. The production of
IL-6 was assessed with the R&D IL-6 ELISA kit (R&D). The data shown in Figure S4A
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were generated from four independent experiments, and that shown in Figure S4B were
obtained from two independent experiments.

Quantification of viral replication—For VSV infection, 10° SV40-fibroblasts per well
were added to 24-well plates and infected with VSV (Indiana strain), at an MOI of 1, in
DMEM supplemented with 2% FCS. After incubation for 30 minutes, the cells were washed
and incubated in 500 pL of medium. Supernatants were obtained at the 2 h, 8 h, 24 h and 48
h time points and frozen. VSV titers were determined by calculating the 50% end point
(TCIDsp), as described by Reed and Muench, after the inoculation of Vero cell cultures in
96-well plates. For HSV-1 (KOS strain, ATCC) infection, 10° SV40-fibroblasts per well
were added to 24-well plates and infected with HSV-1, at an MOI of 0.01, in DMEM
supplemented with 2% FCS. After 2 hours, the cells were washed and incubated in 500 pL
of medium. Cells were collected at 2 h, 24 h, 48 h and 72 h and frozen. In addition,
supernatants were obtained at the 2 h, 8h, 24 h and 48 h time points and frozen. HSV-1 titers
were determined by calculating the TCIDg, as described by Reed and Muench, after the
inoculation of Vero cell cultures in 96-well plates. HSVV1 UL30 gene copy numbers for
HSV1-infected cells were also determined with a standard-curve based gPCR method
developed in the laboratory. The primers for HSVV1 UL30 gene amplification were
CATCACCGACCCGGAGAGGGAC (forward) and GGGCCAGGCGCTTGTTGGTGTA
(reverse). A TagMan probe labeled with 6FAM at the 5” end and with ZEN/lowa Black FQ
at the 3" end was used, the probe sequence is CCGCCGAACTGAGCAGACACCCGCGC.
The RNase P (4316844, Applied Biosystems) copy number for each sample was used for
normalization. QPCR was performed with Applied Biosystems 2 x universal Tagman
reaction mixture, in an ABI PRISM® 7700 Sequence Detection System. For HSV1-GFP
infection, 2x10 S\V40-transformed fibroblasts per well were added to 96-well plates and
infected with HSV1-GFP, at various MOI, in DMEM supplemented with 2% FCS. HSV1-
GFP was a gift from Dr. Desai. In this virus, GFPis fused to the HSV1 UL35 open reading
frame encoding a capsid protein designated VP26, resulting in a so-called K26GFP HSV1
(KOS7), in which the VP26-GFP fusion protein is incorporated into intranuclear capsids and
mature virions in infected cells. This virus can infect and grow in cell cultures as efficiently
as the parental virus, and the infected cells display fluorescence, which can be used as a
marker for the quantification of viral replication (Desai and Person, 1998). Cells were
incubated for two hours, then washed and incubated in 200 pl of culture medium. The GFP
fluorescence of the samples was quantified at the 24 h, 48 h, and 72 h time points. All
experiments were independently repeated at least three times.

Cell viability assay—The viability of SV40-fibroblasts was assessed by resazurin
oxidoreduction (TOX-8) (Sigma-Aldrich). Cells were plated, in triplicate, in DMEM
supplemented with 10% FCS, in 96-well flat-bottomed plates (2 x 10% cells/well); 18 hours
later, the cells were infected by incubation for 24 hours with VSV or for 72 hours with
HSV-1 at various MOI. Resazurin dye solution was then added, at a volume one tenth that of
the culture medium, and the samples were incubated for an additional two hours at 37°C.
Fluorescence was then measured at a wavelength of 590 nm, using an excitation wavelength
of 560 nm. Background fluorescence, calculated for dye and complete medium alone (in the
absence of cells) was then subtracted from the values for all the other samples; 100%
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viability corresponds to the fluorescence of uninfected cells. All experiments were
independently repeated at least three times.

QUANTIFICATION AND STATISTICAL ANALYSIS

For RT-gPCR, relative levels of gene mRNA expression or RNA lariats were determined
using the ACt method relative to that of a housekeeping gene (GUS). For RNA lariat level
assessment in primary fibroblasts total RNA-Seq data, an iterative inverted alignment
method (http://fairbrother.biomed.brown.edu/data/Lariat2016/) (Taggart et al., 2017) and a
LaSSO approach (Bitton et al., 2014) were used. More details are provided in the ‘Total
RNA sequencing and analysis’ section in METHOD DETAILS. For virus replication level
quantification, VSV or HSV1 titers were determined by calculating the 50% end point
(TCIDsp), as described by Reed and Muench. QPCR method was also used, by quantifying
HSV-1 UL30 gene copy numbers for HSV1-infected cells, as well as a GFP measurement
method by using a HSV1-GFP which provides GFP expression levels as a marker for the
quantification of viral replication (Desai and Person, 1998). More details are provided in the
‘Quantification of viral replication’ section in METHOD DETAILS. Results are presented as
meanszstandard deviation, unless stated otherwise. Mean values were compared between
control cells and cells from the patients, by two-tailed Student’s #tests, unless stated
otherwise. Chi-square tests were used to compare the proportion of ‘A’ branchpoints in
RNA-Seq data for control and patient fibroblasts. Information about number of cell lines
tested and number of experimental replication can be found in the legends to Figure 3B-F,
Figure 4C-D, Figure 5A-D, Figure S3G and Figrue S5B. Statistical analysis was performed
in Graph Pad PRISM 5, including normality tests of the data when appropriate. More details
about statistical analysis and adjustment, that have been used in fibroblast total RNA-
sequencing data analysis, are provided in “Total RNA sequencing and analysis’ section in
METHOD DETAILS. Statistical significance was denoted with * (p<0.05), ** (p<0.01), ***
(p<0.001), and **** (p<0.0001) in the figures and figures legends.

DATA AND SOFTWARE AVAILABILITY

The NCBI SRA repository accession number for the whole-exome sequencing and RNA-
Seq data reported in this paper is SRA: SRP130621.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Bi-allelic DBRI mutations are found in patients with viral infection of the
brainstem

The DBRI mutant alleles are severely hypomorphic in terms of expression
and function

The levels of RNA lariats levels are increased in DBR1-mutated patients’
fibroblasts

Cell-intrinsic immunity to viruses is impaired in DBR1-mutated patients’
fibroblasts
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Mus musculus MRVAVAGCCH GELDKIYETL GVVKYRGVRI GGISGIFKSH
Drosophila melanogaster MKIAVEGCAH GELERIYDTI GVVNVNGVRI AGISGIFKGH
Danio rerio MKVAVEGCCH GELDKIYESI GVIRYKGVRI GGLSGIFKSH
Entamoeba histolytica QHIAIVGCVH GKYREMYRQL SCININGLRI VGVSGIYKSF
Saccharomyces cerevisiae LRIAVQGCCH GQLNQIYKEV NVIWFKGIRI GSLSGIWKEW

Figure 1. Bi-allelic DBR1 mutations in patients with brainstem viral encephalitis from three
kindreds

A) Family pedigrees with allele segregation. The patients, in black, are homozygous for the
1120T (‘m’ in red) or the Y17H (*‘m’ in green) mutation, or compound heterozygous for the
R197X and L13G mutations (‘m1’ and ‘m2’, respectively, in blue). The other family
members were either heterozygous for one mutant allele or wild-type (wt). B) Whole-
genome linkage analysis for kindreds A and B. C) Predicted 3-dimensional structure of
human DBR1 protein. The residues affected by the three missense mutations found in viral
encephalitis patients are highlighted in red (1120), green (Y17H) or blue (L13). This human
DBR1 homology model was built from PDB 5K78. A 16-mer RNA substrate is shown as a
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yellow area. Residues 1-197 are shown in gray, and residues 198-363 are shown in black.
H10, shown in orange, is a key active site residue that binds the Zn cofactor and stacks with
the branch point adenosine of intron lariats. The Fe and Zn cofactors are shown in orange
and gray, respectively. D) Schematic representation of the structure of the human DBR1
protein, and location of the mutations. MPE: metallophosphoesterase core domain. LRL:
lariat recognition loop. (LRL). CTD: C-terminal domain. E) Human DBR1 gene sequence,
for the regions containing the three patient-specific missense mutations and the
corresponding regions for the other six species studied. The nucleotides affected by the
mutations are shaded in yellow.

See also Figure S1-2, Data S1, and Table S1-3.
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Figure 2. Impaired production and function of the patient-specific DBR1 mutant proteins
A) Wild-type (WT) and mutant DBR1 protein levels in £. coli. Levels of WT, L13G, Y17H,

1120T or R197X DBRL in the soluble fraction of lysates were assessed by western blotting
(upper panel), with an anti-DBR1 polyclonal antibody (pAb). The lower panel shows a
Coomassie-stained gel of the insoluble fraction of the lysate. B) Debranching activity of the
WT and mutant DBR1 proteins in the soluble fraction of £. colilysates. The results of 4-6
independent biological replicates are plotted. C) HEK293T cells were transfected with
plasmids containing C-terminal FLAG-tagged WT, L13G, Y17H, 1120T or R197X cDNA,
R197X cDNA with FLAG-coding sequences inserted in-between amino acid positions 196
and 197 (R197X-FLAG), or plasmids encoding C-terminal FLAG-tagged a.a. 1-272 or aa.
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273-544 DBR1. The cell lysates were analyzed for western blotting with an anti-DBR1 pAb
and an anti-FLAG monoclonal antibody. D) Debranching activity of HEK293T cell lysates
with and without transfection with various DBR1 constructs. E) DBRL1 protein levels, as
assessed by western blotting, in SV40-fibroblasts (upper panel) from healthy controls (C)
and patients with biallelic DBRI mutations (1120T/1120T for P1, Y17H/Y17H for P5 and
P6). DBR1 protein levels in EBV-B cells (lower panel) from healthy controls, P1 and P2
with homozygous 1120T DBRI mutations. F) DBR1 protein and mRNA levels, as assessed
by western blotting (upper panel) and RT-gPCR (lower panel), respectively, in SV40-
fibroblasts from a healthy control, from P1 with and without stable transfection with a
pTRIP-RFP vector without DBR1 cDNA, or with WT or mutant DBR1 cDNA. NT: non-
transfected, Luci: luciferase plasmid. In C), E) and F), the internal expression control was
GAPDH. Each experiment shown in E-F is representative of at least three independent
experiments.

See also Figure S3.
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Figure 3. AR partial DBR1 deficiency leads to intronic RNA lariat accumulation in patient
fibroblasts

A) Schematic representation of DBR1 activity in intronic lariat RNA debranching. B) Lariat
branchpoint-traversing read counts, obtained from total RNA-Seq data with the lariat read-
count method and normalized against hg19 mapped read pairs, for three healthy controls,
P1, P5, P6, and TLR3™/~ and STAT1~/~ patients. Each dot represents one technical replicate
for one sequenced sample. C) An analysis of DBR1 specificity for branchpoint nucleotide
composition. Pie charts depicting the ratio of ‘A’, ‘C’, ‘G’, and ‘U’ branchpoints in
recovered branchpoint-traversing reads. Chi-square test was performed to compare the
proportion of ‘A’ branchpoints to non-‘A’ branchpoints in aggregated control versus patient
samples (p<0.0001). D) /D1 and DKKI RNA lariat read counts, obtained from total RNA-
Seq data by the LaSSO method and normalized against unmapped singlets, for three healthy
controls, and three patients. E) mRNA (left panels) and intronic lariat levels (right panels)
for /D1 (upper panels) and DKK1 (lower panels), measured by RT-qPCR, in SV40-
fibroblasts from healthy controls, P1, P5, P6, and TLR3™~ and STAT1~/~ patients. F)
Intronic lariat levels for /D1 (upper panel) and DKKZ (lower panel), measured by RT-qPCR,
in SV40-fibroblasts from healthy controls, fibroblasts from P1 with and without stable
transfection with the pTRIP-RFP vector without the insertion of DBR1 cDNA, or expressing
WT or mutant DBRI. NT: non-transfected, Luci: luciferase plasmid. In E and F, each dot
represents one technical replicate, from three independent experiments. In B—F), * p<0.05,
** p<0.01, *** p<0.001, **** p<0.0001.

See also Figure S3.
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Figure 4. Intact TLR3- and IFN-responsive pathways, and very high RNA lariat levels in DBR1-
deficient fibroblasts following HSV1 infection

A) Principal component analysis (PCA) of RNA-Seg-quantified gene expression in primary
fibroblasts from three healthy controls, three DBR1-mutated patients (P1, P5 and P6), one
TLR37~ and one STAT1~/~ patient. Cells were mock-treated, stimulated with 25 pg/ml
poly(l:C) for 6 hours, or stimulated with 100 1U/ml IFN-a.2b for 8 hours. B) Heatmaps of
RNA-Seq-quantified gene expression (zscore scaled log, read counts per million, cpm) in
primary fibroblasts from healthy controls, DBR1-mutated patients, TLR3™~ and STAT17/~
patients, with stimulations as described in A). Each heatmap includes genes differentially
expressed (FDR 0.01, > 2-fold difference) in response to the indicated stimulus relative to
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mock-treated samples in the healthy control or DBR1-mutated groups. Hierarchical
clustering (complete method) on Euclidean distance values. C) Lariat branchpoint-traversing
read counts, obtained with the lariat read-count method and normalized against hgl19
mapped read pairs, for primary fibroblasts with or without stimulation with poly(1:C) or
IFN-a2b as described in A), or 24 hours of infection with HSV1, for three healthy controls
(C), three DBRI-mutated patients, and TLR3™~ and STAT1~/~ patients. We performed -
tests to compare intronic RNA lariat levels in samples from patients or healthy controls after
infection with HSV1 with the corresponding uninfected samples (p<0.0001 in each case).
**** p<0.0001. D) An analysis of DBR1 specificity in ‘A’, ‘C’, “‘G’, and ‘U’ branchpoint
nucleotide composition, for primary fibroblasts with or without 24 hours of infection with
HSV1, for controls (C) and patients. Chi-square test was used to compare the proportion of
‘A’ to non-‘A’ branchpoints in aggregated control versus patient samples after infection with
HSV1 (p<0.0001). E) Distribution of intronic read density enrichment for three healthy
controls versus three DBRI-mutated patients, in the absence of infection (top) and after
HSV1 infection (bottom).

See also Figure S4-5.
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Figure 5. Enhanced viral susceptibility in DBR1-deficient fibroblasts
A,B) Levels of VSV and HSV1 replication, at various time points, following infection with

VSV at a MOI of 1, or a MOI of 0.01 for HSV1-GFP, as measured in the TCIDsq assay and
GFP intensity assay, respectively, in SV40-fibroblasts from healthy controls (C1, C2), P1, P5
and P6, and TLR3™/~ and STAT1 ™/~ patients. NI: not infected. C,D) Viability of S\V40-
fibroblasts following 24 hours of infection with VSV or 72 hours of infection with HSV1, at
various MOI, in cells from healthy controls, P1, P5 and P6, and TLR3™/~ or STAT17/~
patients. T-tests were performed to compare the virus levels or cell viability in samples from
patients with that from healthy controls for the latest point during the time course (A,B) or
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the highest MOI tested (C,D) (p<0.05 in D, p<0.01 in each other case). E) HSV1-GFP
replication levels, as assessed on the basis of GFP intensity, in SV40-fibroblasts from
healthy controls, from P1 with and without stable transfection with the pTRIP-RFP vector
without the insertion of DBR1 cDNA, or expressing WT or mutant DBR1, following 24, 48
and 72 hours of infection with HSV1-GFP at a MOI of 0.01. F) HSV1 replication levels, as
assessed in the TCIDgg assay, in SV40-fibroblasts from healthy controls, from P1 with and
without stable transfection with the pTRIP-RFP vector without the insertion of DBR1
cDNA, or expressing WT DBRI, following 24, 48 and 72 hours of infection with HSV1 at a
MOI of 0.01. Mean values from at least three independent experiments are shown in each
panel of A-F.

See also Figure S6.
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