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ABSTRACT

Inappropriate stimulation or defective negative regulation of the type | interferon response can
lead to autoinflammation. In genetically uncharacterized cases of the type | interferonopathy
Aicardi-Goutieres syndrome, we identified biallelic mutations in LSM11 and RNU7-1,
encoding components of the replication-dependent histone pre-mRNA processing complex.
Mutations were associated with the misprocessing of canonical histone transcripts, and a
disturbance of linker histone stoichiometry. Additionally, we observed an altered distribution
of nuclear cyclic GMP-AMP synthase (cGAS), and enhanced interferon signaling mediated by
the cGAS-stimulator of interferon genes (STING) pathway in patient fibroblasts. Finally, we
established that chromatin without linker histone more efficiently stimulates cGAS production
in vitro. We conclude that nuclear histones, as key constituents of chromatin, are essential in
suppressing the immunogenicity of self-DNA.



The reliable discrimination of self from non-self is fundamental to immunological homeostasis.
Given that viral nucleic acids represent primary drivers of the host antiviral response, a
challenge exists to ensure that self-derived DNA and RNA is not misrepresented as foreign?.
Molecular definition of the type I interferonopathies, Mendelian autoinflammatory disorders
associated with a persistent enhancement of type | interferon signaling, has highlighted the
importance of such discrimination through the effective processing and regulated sensing of
endogenous nucleic acids?.

The recent observation that damaged DNA within micronuclei is immunostimulatory
emphasizes the nucleus per se as a source of nucleic acid capable of inducing an innate immune
response®®. Although shielded from cytoplasmic nucleic acid sensors by the nuclear
membrane, the double stranded (ds) DNA sensor cyclic GMP-AMP synthase (cGAS)
associates with chromatin when the nuclear membrane breaks down during mitosis®®.
Furthermore, cGAS enters the nucleus after nuclear membrane rupture®°, and can localize in
the nucleus outwith mitosis!'™®. These observations beg the question as to how the
immunogenicity of nuclear DNA, potentially in direct contact with cGAS, is regulated, so as
to limit the risk of auto-inflammation while maintaining the responsiveness of cGAS to DNA
in the context of an anti-viral response.

We have previously shown that mutations in any of the genes encoding the DNA exonuclease
TREX1 (AGS1)®, the three components of the RNase H2 endonuclease complex (RNase H2A
(AGS4); RNase H2B (AGS2); RNase H2C (AGS3)!¢, the deoxynucleoside triphosphate
triphosphohydrolase SAMHD1 (AGS5)Y, the double-stranded RNA (dsRNA) editing enzyme
ADAR (AGS6)*, and the cytosolic dsRNA sensor MDA5 (AGS7)® result in a spectrum of
type | interferonopathy phenotypes including Aicardi-Goutiéres syndrome (AGS)%. We now
describe mutations in components of the replication-dependent histone (RDH) pre-mRNA
processing complex as two further AGS-related genotypes. These mutations lead to a
dysregulation of histone mMRNA transcripts, a disturbance of histone protein composition, and
the induction of an interferon response through a cGAS-stimulator of interferon genes (STING)
dependent pathway.

RESULTS
Biallelic mutations in LSM11 and RNU7-1 in patients with AGS

Within our cohort of individuals exhibiting typical features of AGS ascertained over a period
of 20 years, a subset of patients has remained genetically undefined. Whole exome sequencing
of two such affected siblings, born to first cousin parents of Pakistani origin, identified a
homozygous ¢.631G>A transition in LSM11, leading to the substitution of an evolutionarily
conserved glycine at codon 211 for a serine (p.(Gly211Ser)) in the encoded protein LSM11
(Fig. 1, aand b ). This change is not recorded in publicly available databases, and is predicted
as damaging by in silico algorithms (table S1). LSM11 forms part of the U7 small nuclear
ribonucleoprotein (SNnRNP) complex involved in the processing of RDH pre-mRNAs (Fig.
1c)?t. We did not observe any other patients with pathogenic variants in LSM11. However,
using whole genome and targeted Sanger sequencing, 16 patients belonging to 11 independent
pedigrees were found to harbor biallelic variants, frequency of < 0.005 alleles in the Genome
Aggregation Database (gnomAD), in the gene RNU7-1 encoding the snRNA U7 (Fig. 1d, fig.
S1 and table S2). Parental genotypes and familial segregation were consistent with autosomal
recessive inheritance (fig. S2). A further seven molecularly unresolved probands
demonstrating a convincing AGS phenotype were negative for rare variants in both LSM11 and



RNU7-1. Screening of a panel of 663 controls did not identify any individuals with biallelic
rare variants in RNU7-1 (0 of 663 controls versus 11 of 18 probands: p < 5 x 10), and no
control individual carried a variant not already recorded in gnomAD (four of 22 patient alleles
were novel, versus 0 of 1326 control alleles: Chi-squared p < 5 x 10®)(tables S3 and S4).
Importantly, we observed putative mutant alleles to be shared across our cohort; specifically,
four rare variants were seen in two or more families, with the n.28C>T transition, a substitution
previously demonstrated to abrogate U7 processing of a chimeric mouse histone H4 in Xenopus
lagvis oocytes??, present in seven pedigrees (seven of 22 proband-related alleles versus 16 of
31,392 control alleles on gnomAD; Chi-squared p < 5 x 10°). These genetic data indicate that
mutations in LSM11 and RNU7-1 represent novel causes of AGS (tables S5 and S6), referred
to here as AGS8 and AGS9 respectively. Although AGS9 is a rare autosomal recessive trait,
we recorded neither parental consanguinity nor mutational homozygosity for this genotype,
suggesting that it is the combination of a severe and a mild mutation which leads to disease,
with biallelic severe mutations likely resulting in embryonic lethality, and the combination of
two milder variants causing no phenotype or a phenotype not ascertained here. This situation
is reminiscent of Mendelian disease-causing mutations observed in another small RNA, U8%,

Dysregulation of histone RNA processing due to LSM11 and RNU7-1 mutations

RDH genes encoding the four core histones (H2A, H2B, H3 and H4) and the linker histone
family (H1) differ from all other genes since they contain no introns and encode the only known
eukaryotic mRNAs without a poly(A) tail at the 3" end, terminating instead with a stem-loop
that has been conserved in all metazoans®*. This unique 3" end is formed by endo-nucleolytic
cleavage of the pre-mRNAs between the stem-loop and a purine-rich sequence termed the
histone downstream element (HDE)?>?® (Fig. 1c). Two transacting factors, stem-loop binding
protein (SLBP)?728 and the U7 snRNP?®, binding to the stem-loop and HDE respectively, are
essential for the processing of RDH pre-mRNAs. A failure of histone pre-mRNA processing
can lead to the production of aberrant mRNA isoforms that possess a poly(A) tail due to the
use of cryptic polyadenylation signals downstream of the U7-dependent cleavage site®.

To investigate the functional consequences of the LSM11 and RNU7-1 variants that we
identified, we performed reverse transcription quantitative PCR (RT-gPCR) in patient and
control fibroblasts. Polyadenylated RNA was reverse transcribed, and cDNA amplified using
a primer spanning the endo-nucleolytic cleavage site between the stem-loop and HDE to
determine the presence of misprocessed transcripts (Fig. 2a). Compared to controls, patient
cells were significantly enriched for misprocessed (i.e. aberrantly polyadenylated) forms of
RDH mRNAs derived from different histone clusters®® (Fig. 2b). Similar changes were
observed when we performed siRNA knockdown of LSM11 in HEK293T (Fig. 2c), HCT116
and U20S (fig. S3) cells. Using random hexamers for reverse transcription, we then examined
the expression of all replication-dependent linker histone genes and a set of core histone genes
in patient cells, compared to controls and to other AGS genotypes. Whilst equivalent mMRNA
levels derived from the replication-independent histone genes H1FX, H1FO and H3F3A,
transcripts which are normally polyadenylated, were seen in all four groups, we recorded
important differences in the expression of linker and core histone mRNAs in cells from patients
with mutations in LSM11 or RNU7-1 (Fig. 2d). In contrast to the other single gene-copy linker
histones, levels of HIST1IH1E, encoding H1.4, were significantly reduced in AGS8/9 patient
fibroblasts.

To extend these findings we went on to assess genome-wide transcript expression in patient
and control fibroblasts using RNA-Seq. In this analysis, transcripts remaining after an initial



selection for polyadenylated RNA were ribo-depleted, and both poly(A)+ and poly(A)-
fractions then sequenced (Fig. 3a). In doing so, we observed a global increase in
polyadenylated RDH mRNA transcripts in cells from patients compared to controls, with a
concomitant reduction in mature, non-polyadenylated, RDH gene transcripts (Fig. 3b). The
same pattern of increased polyadenylated and reduced non-polyadenylated transcript
expression was seen when linker and core histones were analyzed as sub-groups (fig. S4; table
S7), and when histone genes were considered individually (and compared to replication
independent genes, e.g. H2AFJ, whose expression did not change) (Fig. 3c). Taken together,
these data indicate that the LSM11 and RNU7-1 variants identified in this study represent
pathogenic loss-of-function mutations resulting in a disturbance of RDH pre-mRNA
processing.

RDH pre-mRNA misprocessing is associated with increased type | interferon signaling

AGS has been classified as a type | interferonopathy, in which enhanced type | interferon
production is considered as directly relevant to pathogenesis. Using a previously validated ex
vivo assay of interferon signaling status®, we recorded an upregulation of interferon stimulated
gene (ISG) expression in the blood of all 16 patients tested (Fig. 4a), with an abnormal result
seen on 44 of 45 occasions, including eight patients assessed three or more times over a period
of greater than two years (Fig. 4b, fig. S5). Similarly, we observed increased expression of
ISGs in patient fibroblasts, determined by targeted RT-gqPCR (Fig. 4c), protein levels (Fig. 4d)
and gene set enrichment analysis of the poly(A)+ fraction of our RNA-Seq experiment (fig.
S6). I1SG expression fell following the treatment of patient fibroblasts with the TANK-binding
kinase 1 (TBK1) chemical inhibitor BX795 and the JAK1/2 inhibitor ruxolitinib, which block
interferon induction and type | interferon receptor signaling respectively (fig. S7).

Increased type I interferon signaling is dependent on cGAS and STING

Having identified a link between mutations in the U7-snRNP complex, histone pre-mRNA
misprocessing and up-regulated interferon signaling, we wished to explore the pathway
mediating the observed interferon induction. In mammalian cells, immune responses to viral
infection involve host-encoded nucleic acid-binding pattern-recognition receptors. These
include endosomal Toll-like receptors (TLRs), the cytosolic sensors of RNA (melanoma
differentiation associated protein 5, MDA, and retinoic acid inducible gene I, RIG-I, both of
which signal through mitochondrial antiviral signaling protein (MAVS)) and dsDNA sensors,
most particularly cGAS signaling through STING3334,

Lentiviral transduction of THP-1 cells, a human monocytic cell line, with two different
shRNAs targeting LSM11, was associated with a reduction in LSM11 RNA (Fig. 5a), and
recapitulated an increase in misprocessed RDH mRNAs (assessed using random hexamers for
reverse transcription and primers spanning the endonucleolytic site; Fig. 5b). Further consistent
with data in patient cells, these changes were accompanied by the induction of 1SGs and
interferon beta (Fig. 5c; fig. S8). We then compared the results of knockdown of LSM11 in
wild-type (WT) THP-1 cells, and in functionally characterized THP-1 cells null for cGAS,
STING or MAVS. The enhanced interferon signaling seen in WT cells was preserved in THP-1
cells null for MAVS (Fig. 5d; fig. S9). In contrast, the absence of either cGAS or STING
abrogated the enhanced interferon response seen in WT THP-1 cells following LSM11
knockdown. Changes in RNA expression were mirrored by ISG15 protein levels and phospho-
STING (Fig. 5e; fig. S9; fig. S10).



To extend these findings to patient cells, we used siRNA knockdown of the key anti-viral
sensors in fibroblasts from individuals with mutations in LSM11 or RNU7-1. As in THP-1 cells,
we observed an abrogation of 1SG induction upon knockdown of cGAS and STING, whilst
knockdown of MAVS, and of myeloid differentiation primary response 88 (MYD88), which
transduces endosomal signaling of DNA via TLR9 (and RNA by TLR7/8), had no such effect
(Fig. 5f; fig. S11; fig. S12). Concordant with these data, we recorded increased levels of the
second messenger cyclic GMP-AMP (cGAMP), synthesized by cGAS upon binding of
stimulatory DNA, in patient fibroblasts compared to control cells (Fig. 5g).

Mutations in LSM11 and RNU7-1 are associated with a disturbance of chromatin-bound
histone stoichiometry and an altered distribution of nuclear cGAS

The above experiments indicated that it was DNA, rather than RNA, that was responsible for
increased interferon signaling upon dysregulation of histone pre-mRNA processing. This led
us to consider if a perturbation of cellular histone levels and chromatin structure might result
in cGAS induction. To explore this possibility, we first isolated protein from the nuclear
fraction of control and patient fibroblasts. By Coomassie gel staining, we noted an overall
reduction of linker histones in patient compared to control cells, while the level of core histones
was not obviously affected (fig. S13). Using histone sub-type specific antibodies, we went on
to measure the level of histone proteins in fibroblasts by western blot. Again, we observed no
difference in the total level of core histones in patient and control cells (Fig. 6a). In contrast,
an examination of chromatin-bound proteins revealed a marked reduction in the ratio of linker
H1.4 compared to H1.2 in patient cells (Fig. 6b; fig. S14), with HIST1IH1E (encoding H1.4)
and HIST1H1C (encoding H1.2) together representing the majority of linker histone transcripts
expressed in fibroblasts (fig. S4; table S7). Notably then, knockdown of H1.4 in THP-1 cells
led to a robust induction of ISGs (Fig. 6¢), suggesting that reduced levels of this linker histone
might contribute to cGAS-STING dependent inflammatory signaling.

The nuclear localisation of cGAS implies that genomic DNA is somehow rendered
immunologically inert. Of importance, we have previously shown that cGAS can bind to, and
be activated by, chromatin in vitro®. However, while nucleosomes have a higher affinity for
CGAS than naked DNA, they apparently confer a relative inhibition of DNA-dependent cGAS
activation®. We therefore postulated that the histone composition of nuclear DNA might affect
cGAS binding and/or activation. Consistent with this, wide-field microscopy and
immunofluorescence demonstrated an altered nuclear distribution of cGAS in AGS8/9
fibroblasts compared to control cells (Fig. 6d). Patient fibroblasts also exhibited an increased
frequency of misshapen nuclei (Fig. 6e), including nuclear membrane herniations which were
sometimes associated with the presence of intense foci of cGAS (Fig. 6f). Considering the
increased level of cGAMP in patient cells (Fig. 5g), and the induction of ISGs upon H1.4
knockdown in THP-1 cells (Fig. 6¢), we assembled chromatin in vitro with or without linker
histone. Consistent with our previous findings®, recombinant cGAS produced cGAMP in
response to chromatin in the absence of linker histone. In contrast, after incubation with
synthetic chromatin prepared in the presence of linker histone, cGAMP levels did not reach
above those seen for the negative control (Fig. 6g).

CONCLUSIONS
Here we demonstrate that autosomal recessive, loss-of-function mutations in LSM11 and

RNU7-1, encoding two components of the canonical RDH pre-mRNA processing complex,
result in a phenotype consistent with the type | interferonopathy AGS. We provide three lines



of evidence to support this assertion: 1. The observation of rare, biallelic sequence variants in
affected individuals, and the sharing of mutations across unrelated pedigrees; 2. The finding of
a disturbance of RDH mRNA expression and histone protein status in patient compared to
control fibroblasts. 3. The demonstration that knockdown of LSM11 in THP-1 cells results in
an increase in misprocessed RDH mRNA and interferon signaling.

Given a defect in RDH pre-mRNA processing, we initially hypothesized that interferon would
be induced through an RNA-mediated pathway, resulting from an accumulation of
polyadenylated histone pre-mRNAs. However, experiments in THP-1 cells and patient
fibroblasts indicated that aberrant interferon signaling was transduced by DNA via cGAS and
STING, rather than through the cytosolic RNA signaling accessory protein MAVS. Taken
together with the observation of a disturbance in the ratio of linker histone proteins in patient
fibroblasts, these data led us to consider the mechanism(s) by which changes in nuclear histone
protein composition might trigger chronic type | interferon signaling.

Combined depletion of H1.1 and H1.4 has been shown to result in a type | interferon response
in T47D cells, suggested to be driven by an increase in the expression of heterochromatic
repeats or endogenous retroelements®®. However, we found no evidence of increased LINE-1
element expression in patient fibroblasts, nor of increased retroelement-derived transcripts in
RNA-Seq data (fig. S15). As an alternative possibility, we took account of recent observations
that the dsDNA receptor cGAS is present in the nucleus®, that cGAS can bind to and be
activated by chromatin®, and that nucleosomes limit the activation of cGAS by naked DNA?S.
In doing so, we recorded an abnormal distribution of nuclear cGAS in patient fibroblasts, and
in vitro cGAMP production by recombinant cGAS when exposed to chromatin lacking linker
histone, but not chromatin containing linker histone. Altogether, these data support the
possibility that chromatin-bound histone stoichiometry plays an essential physiological role in
limiting cGAS activation in the nucleus (fig. S16).
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FIGURE LEGENDS

Fig. 1. Biallelic mutations in LSM11 and U7 snRNA in patients with Aicardi-Goutiéres
syndrome (AGS). (a) Family pedigree (AGS114, F1) where the affected individuals are
homozygous (hom) for a glycine to serine substitution at codon 211 in LSM11. Circles and
squares indicate female and male family members respectively. Black symbols represent
affected individuals. Diagonal line indicates deceased status. Double line indicates
consanguinity (first cousins in this case). WT = wildtype. (b) CLUSTAL Omega alignment of
LSM11 homologs. The position of the Gly211Ser substitution is indicated in yellow, and the
human LSM11 Sm motif 1 boxed in magenta. (c) Schematic illustrating the U7 snRNP
complex involved in the processing of replication-dependent histone (RDH) RNAs. SL = stem
loop; SLBP = stem loop binding protein; HDE = histone downstream element; PAS =
polyadenylation site. (d) Schematic of RNU7-1 encoding the small nuclear RNA (snRNA) U7,
with rare (< 0.005 allelic frequency on gnomAD) variants (red indicates point mutations;
brackets refer to deletions) identified in AGS probands annotated according to family.

Fig. 2. Misprocessing of replication-dependent histone (RDH) pre-mRNAs. (a) Strategy to
investigate the presence of misprocessed mRNAs. Upon selection of polyadenylated RNA by
oligo(dT) primed reverse transcription, primers surrounding the cleavage site were used to
assess the presence of polyadenylated RDH transcripts in patient-derived primary fibroblasts
(b) and after knockdown of LSM11 by siRNA in HEK293T cells (c). (d) Violin plots showing
the expression of total RDH mRNAs, measured by RT-gPCR, in primary fibroblasts derived
from controls and from patients carrying mutations in LSM11 (yellow), RNU7-1 (magenta) or
other known AGS-causing genes (TREX1, SAMHD1, ADAR, IFIH1; light grey). Mann-
Whitney U test was used to compare differences between two groups, while differences in
expression of RDH mRNA in D were assessed by Kruskal-Wallis H test, followed by Dunn’s
multiple comparison test. Experiments were performed with a minimum of 3 biological and/or
technical replicates. Error bars indicate standard deviation (SD). P values: * = <0.05; ** =
<0.01; *** =< 0.001.

Fig. 3. Global analysis of transcript expression using RNA-Seq. (a) Schematic of the RNA-
Seq sequential protocol for the analysis of poly(A)+ and poly(A)- transcripts. (b) Box plot
showing overall expression levels of polyadenylated and non-polyadenylated RDH transcripts
in patients (n = 3) and controls (n = 3). (¢) Genome Browser view of a selected RDH mMRNA
(HIST1H1C) compared to a non-canonical histone (H2AFJ). Error bars represent standard
deviation. P values were calculated using Wilcoxon rank-sum test. * = <0.05; *** = < 0.001.

Fig. 4. Interferon stimulated gene expression in whole blood and in fibroblasts from
AGSB8/9 mutation-positive patients. (a) Dot plot showing the interferon score calculated from
the median fold change of six interferon stimulated genes (ISGs) measured in blood. (b) Serial
ISG expression in three affected individuals (.1, .2, .3) from AGS520 (F3) with biallelic
mutations in RNU7-1. Numbers in brackets refer to decimalized age at sampling, followed by
interferon score. Colours denote individuals, with repeat samples represented by different bars
of the same colour. ISG mRNA expression in control versus patient-derived fibroblasts (c),
and protein expression of two representative ISGs (ISG15 and MX1) assessed by western blot
(d), with Cofilin and vinculin used as loading controls for low and high molecular weight
proteins respectively. Violin plots show distribution of the raw data, with data points indicating
the average value for each individual. Mann-Whitney U test was used to compare differences
between two groups. Experiments were performed with a minimum of 3 biological and/or
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technical replicates. Error bars indicate standard deviation (SD). P values are: * = <0.05; ****
=<0.0001.

Fig. 5. Interferon induction secondary to RDH pre-mRNA processing is mediated by the
CGAS-STING pathway. (a) Knockdown of LSM11 by lentiviral transduction of THP-1 cells
using either of two shRNAs. Following knockdown of LSM11, RDH mRNA processing was
assessed by RT-gPCR using primers surrounding the cleavage site of two representative
canonical histone genes HIST1IH2AC and HIST2H3A (b), and the expression of the ISGs IFI27
and IFI44L, and of IFNR, measured by RT-qPCR (c). mRNA expression of IF127, IF144L (d)
and expression of ISG15 protein (e) following knockdown of LSM1 in THP-1 cells WT or null
for cGAS, STING or MAVS. Cofilin was used as a housekeeping protein. The white asterisk
indicates a non-specific band. (f) IFIT1 and ISG15 gene (left), and MX1 and ISG15 protein
(right), expression in patient and control fibroblasts following knockdown of either STING,
cGAS, MYD88 or MAVS. (g) Measurement of cGAMP in patient and control fibroblasts
assessed by ELISA. Stimulation of a BJ-5ta fibroblast cell line with 1pug/ml DNA was used as
a positive control. Data points in the box plots show the value for individual replicates. Violin
plots show the distribution of experimental replicates, with data points representing the average
value per cell line. Mann-Whitney U test and Kruskal-Wallis H test (followed by Dunn’s
multiple comparison test) were used to compare differences between two or more groups
respectively. Experiments were performed with a minimum of 3 biological and/or technical
replicates. Error bars indicate standard deviation (SD). P values are: * = <0.05; ** = <0.01;
*** = <(0.001; **** =< 0.0001. ns = not significant. Scr = scrambled, shLSM11 = short hairpin
RNA against LSM11.

Fig. 6. Histone stoichiometry, nuclear morphology and cGAS distribution in patient and
control fibroblasts, and in vitro cGAMP production. (a) Quantification of core histone
proteins in total cell lysates and chromatin enriched fractions. (b) Western blot of linker
histones H1.4 and H1.2 in the chromatin enriched fraction of patient and control fibroblasts.
(c) Expression of IFI27 and IF144L following lentivirus-mediated knockdown of H1.4 in THP-
1 cells. (d) Quantification of cGAS signal at the nuclear periphery of patient fibroblasts. cGAS
signal was measured across a set of bins (rings) equally spaced within each nuclei (schematic).
The numbering of bins is from 1 (innermost) to 4 (outermost), where 4 is the total number of
bins specified for each object. FracAdT_4 indicates integrated total raw intensity at ring 4.
Numbers in brackets indicate numbers of cells analysed. Fluorescent microscopy shows
representative nuclear localisation of cGAS (yellow) in control and patient cells. Nuclei are
stained with DAPI (blue). (e) Solidity (area/convex area) and form factor (4*n*area/perimeter?)
measurements of patient and control fibroblast nuclei. Both parameters vary between 0 and 1,
with 1 indicating perfectly circularity. (f) Representative DAPI stained images and
immunofluorescent microscopy of control and patient-derived fibroblasts. Scale bar is 8 pm.
(9) Quantification of cGAMP production (mean: error bars SD) by recombinant cGAS
following exposure to 601 chromatin with (601 +H5) and without (601 -H5) chicken linker
histone H5. Experiments were performed using 1mM NacCl, and following glutaraldehyde-
induced crosslinking of DNA and chromatin. No DNA, negative control. Mann-Whitney U test
and Kruskal-Wallis H test (followed by Dunn’s multiple comparison test) were used to
compare differences between two or more groups respectively. Experiments were performed
with a minimum of 3 biological and/or technical replicates. Error bars indicate standard
deviation (SD). P values are: * = <0.05; ** = <0.01; *** = < 0.001; **** = < 0.0001.
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Figure 1. Biallelic mutations in LSM11 and U7 in patients with Aicardi-Goutiéres
syndrome (AGS).
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Figure 2. Misprocessing of replication-dependent histone (RDH) pre-mRNAs.
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Figure 3. Global analysis of transcript expression using RNA-Seq.
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Figure 4. Interferon stimulated gene expression in whole blood and in fibroblasts from
AGS8/9 mutation-positive patients.
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Figure 5. Interferon induction secondary to RDH pre-mRNA misprocessing is mediated
by the cGAS-STING pathway.
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Figure 6. Histone stoichiometry, nuclear morphology and cGAS distribution in patient
and control fibroblasts, and in vitro cGAMP production.
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