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RNA polymerase (Pol) Illl has a noncanonical role of viral DNA
sensing in the innate immune system. This polymerase transcribes
viral genomes to produce RNAs that lead to induction of type |
interferons (IFNs). However, the genetic and functional links of Pol
Il to innate immunity in humans remain largely unknown. Here, we
describe a rare homozygous mutation (D40H) in the POLR3E gene,
coding for a protein subunit of Pol lll, in a child with recurrent and
systemic viral infections and Langerhans cell histiocytosis. Fibro-
blasts derived from the patient exhibit impaired induction of type |
IFN and increased susceptibility to human cytomegalovirus (HCMV)
infection. Cultured cell lines infected with HCMV show induction of
POLR3E expression. However, induction is not restricted to DNA
virus, as sindbis virus, an RNA virus, enhances the expression of this
protein. Likewise, foreign nonviral DNA elevates the steady-state
level of POLR3E and elicits promoter-dependent and -independent
transcription by Pol lll. Remarkably, the molecular mechanism un-
derlying the D40H mutation of POLR3E involves the assembly of
defective initiation complexes of Pol lll. Our study links mutated
POLR3E and Pol lll to an innate immune deficiency state in humans.
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NA polymerase (Pol) III primarily transcribes small non-

coding RNAs, such as 5S rRNA and tRNA, which are im-
plicated in essential biological processes in the cell (1-9). This
polymerase is recruited to target genes by transcription factors
that facilitate initiation and reinitiation of transcription (1-3, 9). Pol
IIT is composed of 17 distinct protein subunits, some of which form
specialized subcomplexes, ie., RPC4/RPC5 (POLR3E), RPCS8/
RPCY, and RPC3/RPC6/RPC7 (10, 11). The first subcomplex is
close to the polymerase active center, enables open promoter com-
plex formation, and facilitates termination and reinitiation (12-14),
whereas the last subcomplex consists of three specific subunits aiding
in accurate initiation (11). Genes coding for protein subunits of Pol
II1, such as those of POLR3A, POLR3B, POLR1C, and POLR1D,
are heterogeneously mutated in systemic morphological and neuro-
logical diseases, including Treacher Collins syndrome (15, 16) and
demyelinating leukodystrophy (17-20). Part of these mutations leads
to defects in the nuclear import, assembly, and chromatin occupancy
of polymerase (19).

In addition to transcribing small noncoding RNA genes, Pol
III is capable of transcribing synthetic DNA templates, such as
poly [d(A-T)] and circular oligo-deoxyribonucleotides (coligos),
in vitro and in cells (21-24). Transcription of poly [d(A-T)] tem-
plates by Pol III generates 5’-pppRNA transcripts that activate the
cytoplasmic retinoic acid-inducible gene I (RIG-I) for downstream
activation of the IFN regulatory factor IRF3 and induction of type
I interferons (IFNs) (25-29). The latter IFNs act as primary me-
diators of antiviral responses initiated by macrophages and den-
dritic cells (25-29). The above transcription capability seems to be
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relevant to sensing and transcribing genomes of DNA viruses, €.g.,
human cytomegalovirus (HCMV) and herpes simplex virus-1, and
bacteria by a cytosolic form of Pol III in invaded cells (25, 26,
30-33). Additional DNA-sensing pathways that detect non-AT-rich
DNA templates for downstream induction of IFNs, but without
producing corresponding transcripts, coexist in mice and human
cells (26, 34-36). Recent studies link heterozygous inborn errors in
several protein subunits of Pol III, including POLR3A, POLR3C,
and POLR3E, to acute infections of susceptible children by the
varicella zoster virus (VZV) (37, 38). Leukocytes derived from some
of these unrelated children exhibit defects in type I IFN production
and virus replication (36). Here, we describe a rare homozygous
mutation (D40H) in POLR3E in a child that experienced lethal
infections by DNA and RNA viruses and Langerhans cell histio-
cytosis (LCH). Strikingly, this recessive mutation impairs in-
duction of type I IFN in response to viral infection and reduces
Pol III output owing to assembly of functionally defective initiation
complexes.
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Significance

The innate immune system constitutes the host defense
frontline against viruses. This system comprises several inter-
related signal transduction pathways, one of which implicates
the viral DNA sensor RNA polymerase (Pol) Ill. However, the
link of this polymerase to innate immunity in humans remains
largely unknown. Here, we describe a homozygous mutation
(D40H) in the POLR3E gene, coding for a protein subunit of Pol
11, in a child with disseminated viral infections and Langerhans
cell histiocytosis. This mutation is related to diminished inter-
feron induction and increased cell susceptibility to infection by
cytomegalovirus. Strikingly, the D40H mutation leads to for-
mation of functionally defective transcription complexes of Pol
lll. Our study links POLR3E and Pol Il to an innate immundefi-
ciency condition in humans.
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Results

A Mutation in the POLR3E Gene Is Identified in a Child with Systemic
Viral Infections and Langerhans Cell Histiocytosis. A 1-y-old female,
the third born to consanguineous parents, was suspected of
having an innate immune deficiency owing to recurrent systemic
viral infections and LCH (SI Appendix, Table S1). A search for
common homozygous regions in the DNA of the patient using a
single nucleotide polymorphism (SNP) array (39) identified nine
genomic regions (SI Appendix, Table S2) that spanned ~120 Mb
and encompassed hundreds of protein-coding genes. These re-
gions were not shared by the two unaffected sibs of the patient.
In parallel, whole exome sequencing of the patient’s DNA was
performed and analyzed, as previously described (40). Variant
filtering included removing those that were heterozygous, syn-
onymous, low covered (less than x7), off target, and those pre-
sent at 0.1% in the Genome Aggregation Database (gnomAD)
(https://gnomad.broadinstitute.org/) or in-house database dbSNP.
Thirty variants passed this process, but only five of them resided
within the linked regions and only two were predicted path-
ogenic by Mutation Taster software (41). The variants were
chr16: 22319499 G > C, p.Asp40His (D40H) in the POLR3E
gene (rs200525630) and chr2: 190328455 G > A, p.Ala325Thr
in the WDR?75 gene (rs149368656, minor allele frequency 0.04%)
(SI Appendix, Table S2). The WDR75 mutation was carried by 135

A D40H/N D40H/N C

N/N D40H/N D40H/H

(I |
G AC CTAC CATG ACAT

s s
C6 AT

Fig. 1.

of 138,452 healthy individuals subjected to exome sequencing
analyses available at the gnomAD, with no homozygous state
reported. Therefore, we focused on the POLR3E gene, which has
a recessive D40H mutation segregated with the disease in the
family (Fig. 14) and codes for a protein subunit of Pol III shown
to be implicated in the innate immune system (25, 26, 36). Of
note, a single case of homozygous D40H mutation was found in
the gnomAD, whereas the heterozygous state was carried by 49
out of 138,089 healthy individuals. Hence, the homozygous D40H
mutation describes a rare variant of POLR3E. Comparative
structural modeling analyses using the Rosetta software suite
(42) and the known three-dimensional (3D) structures of the yeast
POLR3E (RPC5) and Pol III (8, 43), delineated the D40H mu-
tation in the flexible domain of human POLR3E (Fig. 1B) and
exterior region of the polymerase bound to DNA (Fig. 1C).

Patient's Fibroblasts Exhibit a Deficient Antiviral Response. The re-
current viral infections described above prompted us to examine
if the D40H mutation of POLR3E affects type I IFN induction in
response to cell infection by HCMV (25, 26). Thus, cultured
primary fibroblasts derived from the patient and control indi-
viduals were subjected to infection with HCMV and expression
of the IFN-p mRNA was followed by quantitative real-time PCR
(Materials and Methods). An approximately fourfold decrease in
IFN-p mRNA levels was detected in the patient’s cells on the

The D40H mutation inheritance and its position in POLR3E and Pol Ill. (4) Segregation of the D40H mutation in the POLR3E gene in the patient’s

family pedigree. The genomic sequence around the mutation site (arrow) in the patient (Upper; G-to-C substitution), an obligatory carrier (Middle), and
control (Lower) are shown. (B) Structural model of POLR3E (RPC5) was generated by the Rosetta software suite for protein structure prediction. The structure
(in orange) is superimposed onto the solved structure of the yeast counterpart RPC5 (purple) (43). Arrow points to the D40H mutation, which seems to lie in a
structurally flexible region. (C) Structure of the entire complex of yeast Pol Ill (green) bound to DNA (orange) (8, 43), but the RPC5 subunit was replaced with
that of the human counterpart, POLR3E (pink). POLR3E interacts with RPC4 (blue). Arrow points to the D40H mutation.
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first and fifth day of infection, when compared with those mea-
sured in the control fibroblasts (Fig. 2 4 and B; P = 0.038). By
contrast, an approximately twofold increase in the viral imme-
diate early 1 (IE1) mRNA level was evident in the patient’s cells
(Fig. 2 A and B; P = 0.0035). These results point to impairment
of IFN-p mRNA induction and increased susceptibility of cells to
HCMYV infection. Comparable deficiency in IFN-p production
and enhanced vulnerability to VZV infection were reported in
peripheral blood mononuclear cells (PBMCs) obtained from
children with inborn mutations in the subunits POLR3A and
POLR3E (36).

The compromised response of IFN expression described
above was not due to a general failure of patient’s cells to re-
spond to external cues. Thus, dendritic cells (DCs) externally
treated with lipopolysaccharide (LPS) or synthetic dSRNA (poly
I:C) displayed normal induction of expression of HLA-DR and
costimulatory molecule CD86 (Materials and Methods), as well as
typical development of immature DCs (iDCs) (S Appendix, Figs.
S1 and S2). Therefore, the patient’s DCs have functional TLR3
and TLR4 signal transduction pathways of the innate immune
system (29).

Viral Infection Induces the Expression of POLRE3 in Cultured Cell
Lines. Because of shortage in the patient’s cells, we used hu-
man cell lines to assess the relationship between POLR3E/Pol
IIT and viral infections. We found that infection of the retinal
pigment epithelial cell line ARPE-19 by HCMV led to an ap-
proximately threefold increase in the steady-state level of
POLR3E (Fig. 34, ~80 kDa) (Materials and Methods). A com-
parable increase in POLR3E was observed in HEK293 cells in-
fected for 16 h with sindbis virus (Fig. 44, lanes 8 vs. 10; Fig. 4B
and SI Appendix, Fig. S3, lanes 8 vs. 10), a positive ssSRNA virus
with a 3’-sequence enriched with AU (44). By contrast, POLR3E
expression decreased in cells infected with a vesicular stomatitis
virus (VSV), when compared with that measured in uninfected
cells (Fig. 44, lanes 6 vs. 10; Fig. 4B; SI Appendix, Fig. S3, lanes
9 vs. 10), and remained largely unaltered after infection with
vaccinia virus and HIV-1 (Fig. 4, lanes 7 and 9 vs. 10; Fig. 4B;
SI Appendix, Fig. S3, lanes 6 and 7 vs. 10) (Materials and Methods).
VSV, a negative ssRNA virus, has been reported to activate
RIG-I, but not Pol III, in priming an innate immune response in
murine glial cells (31). An approximately fourfold increase in
the expression of Rpp25, a protein subunit of the ribonucleo-
protein RNase P shown to be associated with Pol III in initiation
complexes (45), was measured in cells infected for 16 h with
sindbis virus (Fig. 44, lanes 8 vs. 10; Fig. 4C; SI Appendix, Fig. S3,
lanes 8 vs. 10). All viral infections described above were per-
formed at low multiplicity of infection (MOI = 0.1 to 0.2; Materials
and Methods), thereby keeping the cells viable throughout the
experiment (SI Appendix, Fig. S4).
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The results demonstrate that POLR3E expression is induced
by DNA and RNA viruses in infected cells. However, induction
is not confined to this protein subunit of Pol III (see below).

Plasmid DNA Induces Expression of POLR3E. Induction of POLR3E
expression by different viruses as described above raised the
question of whether foreign nonviral DNA can induce the ex-
pression of this protein. Remarkably, cells that were transfected
with increasing amounts of plasmid DNA, pBluescript IT (SK),
exhibited elevated steady-state levels of POLR3E (Fig. 54, lanes 1
to 4 and Fig. 4F). Expression of the subunits RPC6 and RPC7
slightly increased in the presence of low amounts of plasmid DNA
(Fig. 5 C, D, H, and I). By contrast, the steady-state levels of
GAPDH remained unchanged (Fig. 5 E and J). The above in-
crease in POLR3E expression was independent of the transfection
reagent or plasmid backbone (see below). Strikingly, Pol III ca-
pability in transcription increased by several folds (approximately
sixfold), as manifested in the elevated transcription of 5S rRNA
gene in whole S20 extracts prepared from the transfected cells
(Fig. 5B, lanes 1 vs. 2 to 4; Fig. 5G) (Materials and Methods) (45,
46). Transcription peaked at a subconcentration of the plasmid
DNA (Fig. 5B, lanes 3 vs. 4) and partially coincided with the in-
duced expression of POLR3E (Fig. 54, lanes 3 vs. 4).

The results reveal that foreign DNA induces the expression of
POLR3E and activates Pol III transcription (see below). These
findings are consistent with previous studies demonstrating that
viral infections elicit Pol III activity, as judged from inhibition
assays using chemical inhibitors of the polymerase (26, 27, 37).

Activation of Pol Ill Transcription Is Precluded by Ectopic Expression
of a D40H Mutant POLR3E. The above transcription system was
utilized to check if exogenous expression of a D40H mutant
POLR3E affects activation of Pol III. Thus, HEK293 cells were
transiently transfected with expression vector carrying a cDNA
coding for a D40H mutant or wild-type POLR3E (Fig. 6; Ma-
terials and Methods). Low and high efficiencies of transfection
(Fig. 64, lanes 3 to 6 vs. 7 to 10, respectively), as assessed by
visualization of coexpressed GFP using fluorescent microscopy
(Materials and Methods), were carried out, and S20 extracts were
prepared at 24 and 42 h after transfection. A ~10-fold increase in
transcription of 5S rRNA gene was measured in extracts of cells
transfected with an empty vector, when compared with that
obtained in extracts of cells mock transfected without plasmid
(Fig. 64, lanes 3 vs. 4 and 7 vs. 8; SI Appendix, Fig. S54). Re-
markably, ectopic expression of the wild-type POLR3E had
partial or no effect on transcription of the 5S rRNA gene
(Fig. 64, lanes 4 vs. 5 and 8 vs. 9; SI Appendix, Fig. S54), whereas
that of the mutant protein reduced the increase in transcription
(Fig. 64, lanes 4 vs. 6 and 8 vs. 10; SI Appendix, Fig. S5A4). In fact,
expression of the mutant protein brought down transcription to
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Fig. 2. Patient’s fibroblasts exhibit impaired induction of the IFN-p gene and enhanced susceptibility to infection with HCMV. Cultured skin fibroblast from
the patient and control individual (Pt, patient; Con, control) were infected with HCMV strain TB40/E. Total RNA was extracted from cells at day 1 (A) and day 5
(B) after virus infection, and IFN-p mRNA and viral IE mRNA levels were analyzed by quantitative RT-PCR and normalized to the p-actin mRNA. The results
represent the mean values of five independent replicate wells. Error bars represent SD.
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Infection of cells with HCMV induces expression of POLR3E. (A) Cultured ARPE-19 cells were infected with HCMV for the indicated time points. Whole

cell extracts (520) were then prepared and subjected to Western blot analysis using antibodies against POLR3E and GAPDH (Materials and Methods). The
signal intensities of the POLR3E bands, normalized to those of GAPDH, were quantified and plotted. The y axis denotes arbitrary units. Similar results were
obtained in three independent experiments. Error bars represent SD. (B and C) Western blot analysis of the POLR3E (~80 kDa) and GAPDH (~38 kDa) that

were plotted in A.

low levels almost comparable to those obtained in the control
cells that were mock transfected without plasmid (Fig. 64, lanes
3 vs. 6 and 7 vs. 10; SI Appendix, Fig. S54).

The above inhibitory effect of expression of the D40H mutant
POLR3E on transcription was not limited to that of the 5S
rRNA gene. Thus, a similar outcome was obtained with the use
of a human tRNA”"® (UCU) gene (45), whose transcription was
low in S20 extracts of cells expressing the mutant protein, but not
the wild-type polypeptide (Fig. 6D, lanes 4 vs. 6 and 8 vs. 10; ST
Appendix, Fig. S5B). Likewise, transcription of a synthetic coligo
DNA template (Fig. 6C) was low in extracts derived from cells
expressing the mutant protein (Fig. 6B, lanes 4 vs. 6 and 8 vs. 10;
Upper band; SI Appendix, Fig. S5C), but high in those prepared
from cells expressing the wild-type protein (Fig. 6B, lanes 4 vs. 5
and 8 vs. 9; SI Appendix, Fig. S5C). The promoter-independent
transcription of coligo DNAs was shown to be primarily carried
out by a cytoplasmic Pol III (23), a form apparently involved in
sensing of DNA viruses (25, 26).

Expression of the D40OH Mutant POLR3E Leads to Formation of
Defective Initiation Complexes. The yeast homolog of POLR3E,
C37, and its interacting partner C53 are implicated in promoter
opening at initiation (13, 47, 48). Therefore, we asked if the
above inhibitory effect of expression of the exogenous D40H
mutant POLR3E on transcription (Fig. 74, lanes 3 vs. 4) was due
to formation of defective initiation complexes. To address this
issue, initiation complexes were assembled on the tRNA™" gene
in extracts having mutant or wild-type proteins (Fig. 7 B, Upper),
purified by velocity sedimentation in 15 to 40% glycerol gradi-
ents, and then examined for transcription (Materials and Meth-
ods) (45). Strikingly, initiation complexes that were assembled in
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the extract of cells expressing the mutant protein displayed low
transcription, when compared with those of the control extract
(Fig. 7C vs. Fig. 7D, F5-F15). Coimmunoprecipitation analysis us-
ing an antibody against the specific subunit RPC3 indicated that the
content of POLR3E in the peak fractions enriched with active Pol
IIT was less than that of the wild-type form (Fig. 7E, lanes 6 vs. 7).
This difference was not due to low expression of the D40H mutant
POLRS3E in the cells. In fact, expression of the mutant protein in
the cells was higher than that of the wild-type protein (Fig. 7B, lanes
3 vs. 4). Hence, the low transcription seen in extracts containing the
D40H mutant POLR3E (Fig. 74) was due to formation of func-
tionally impaired initiation complexes, as compared to proficient
complexes formed in the presence of the wild-type polypeptide.
Furthermore, the impaired initiation complexes mainly sedimented
in the upper fractions with a peak seen in fraction F5, when com-
pared to those of the control complexes that peaked in fractions
F9-F13 (Fig. 7C vs. Fig. 7D, F5-F15). Notably, coexpression of the
wild-type and mutant POLR3E in transfected cells (Fig. 7B,
lane 5 vs. 3 and 4) did not rescue transcription (Fig. 74, lanes
5vs. 3 and 4), possibly due to the transient expression of these
proteins or dominant-negative effect of the mutant form.

The above results uncover that the molecular mechanism un-
derlying the inhibitory effect of the D40H mutation of POLR3E on
transcription involves the assembly of structurally and functionally
defective initiation complexes of Pol III.

Discussion

We have described a rare recessive mutation in POLR3E in a
child with lethal viral infections and LCH. This D40H mutation
is linked to increased susceptibility of the patient’s cells to
HCMV infection and impaired induction of type I IFN. Even
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Expression of POLR3E in HEK293 cells infected by different viruses. (A) HEK293 cells were infected with the indicated viruses (Materials and Methods)

for the specified time points. Whole cell extracts (520) were then prepared and subjected to Western blot analysis using antibodies against POLR3E, Rpp25,
and p-tubulin. The positions of protein size markers (in kilodaltons) are depicted. A composite of two minigels (lanes 1 to 7 and 8 to 15; asterisk) of the same
electrophoresis analysis is shown. (B and C) The signal intensities of the POLR3E and Rpp25 (25 kDa) bands seen in A, and normalized to those of B-tubulin,

were plotted. The y axis represents arbitrary units.

though we could not find other patients to establish the genetic
inheritance of the rare D40H mutation and its link to the severe
clinical manifestations (SI Appendix, Table S1), we did show that
exogenous expression of a D40H mutant POLR3E in cells leads
to a marked reduction in activation of Pol III transcription by
foreign DNA, owing to the assembly of malfunctioning tran-
scription complexes of the polymerase. Moreover, we demon-
strate that expression of POLR3E, and possibly other protein
subunits, increases in response to the presence of viral and
nonviral nucleic acids in cells, while high expression of POLR3E
brings to a striking activation of Pol III transcription. The ob-
served accompanying fulminant infections of our patient with
RNA viruses, such as respiratory syncytial virus, human meta-
pneumovirus, and parainfluenza 3 (SI Appendix, Table S1) re-
main unexplained, but failure to respond to opportunistic or
primary infections with these viruses due to mutated POLR3E
should be taken into consideration. In this respect, we demon-
strate that POLR3E expression is induced in cells infected with
sindbis virus, a positive ssSRNA virus with a genomic 3’-terminal
noncoding sequence enriched with AU (~90%) (44). Therefore,
our study unveils that select DNA and RNA viruses induce the
expression of POLR3E.

Several DNA-sensing pathways have been reported to exist in
the human and mouse innate immune systems (25, 26, 34). One
pathway involves AT-rich DNA sensing and transcription by Pol
III for downstream activation of RIG-I and production of type I
IFNs, whereas a second pathway includes sensing of non-AT-rich
DNA, but without transcribing the DNA (25, 26). As to the latter
pathway, it has been demonstrated that induction of type I IFNs
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is achievable in cells transfected with poly [d(G-C)], PCR DNA
fragments, and plasmid DNA without being transcribed by Pol
IIT (25, 26, 34). In this study, we demonstrate induction of
POLR3E expression in response to transfection of cells with
circular or linear plasmid DNA (e.g., pBluescript, pcDNA3, and
pEGFP-C1) and that this induction is associated with activation
of Pol III transcription, thereby supporting a role of POLR3E
and Pol III in responding to nonviral DNA.

Whole exome sequencing analyses reveal that the homozygous
D40H mutation of POLR3E occurs in an apparently healthy
1-y-old child. Accordingly, this case raises the question of why
our child patient developed recurrent, lethal infections by viruses
(SI Appendix, Table S1). A predisposition variation to virus in-
fections is one possibility. A predisposition variation has been
described for VZV infection severity in healthy children carrying
heterozygous inborn errors in the subunits POLR3A, POLR3C,
and POLR3E (36-38, 49). Another possibility that could have
contributed to the lethal viral infections in our patient is a second
genetic hit, for instance, the occurrence of genetic changes in
nonexonic sequences that were not covered by the genetic
techniques utilized in this study. Nonetheless, the direct inhibi-
tory effect of the expression of exogenous D40H mutant
POLR3E on transcription and formation of aberrant initiation
complex (Figs. 6 and 7) argue against such a possibility. A third
option is the concurrent LCH, from which our patient suffered
along with systemic viral infections. LCH has a wide clinical
spectrum ranging from isolated bone or skin lesions that may
regress without treatment to life-threatening multiorgan lesions
(50-52). Current models relate the pathogenesis of LCH to the
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Expression of POLR3E and Pol IlI activity are enhanced in cells transfected with plasmid DNA. (A—-E) HEK293 cells were transfected with increasing

amounts of circular plasmid DNA, pBluescript (SK). Whole cell extracts were prepared at 42 h and subjected to Western blot analysis using antibodies against
POLR3E, RPC6, RPC7, and GAPDH, as indicated. Protein size markers (in kilodaltons) are shown. Asterisk points to nonspecific band or short POLR3E form. In B,
extracts were also assayed for 55 rRNA gene transcription (Materials and Methods) and the position of the 32P-labeled 55 rRNA in 10% denaturing poly-
acrylamide/7 M urea gel is indicated. Asterisk points to a nonspecific RNA or product of inaccurate initiation or termination of 55 rRNA gene transcription.
(F-J) The relative signal intensities of POLR3E, RPC6, and RPC7 described above were normalized to those of GAPDH and plotted. The signal intensities of the

labeled 5S rRNA band (120 nt) described above are presented in G.

proliferation of DCs due to a clonal neoplasm or an anomalous
immune response (53). In the former model, LCH is classified as
an inflammatory myeloid neoplasm predominantly caused by
mutations in the MEK/ERK pathway, frequently affecting BRAF
and MAP2K1 (50, 53-56). A role of viral infections in LCH
pathogenesis has been previously considered, but without having
definitive conclusions (57, 58). LCH patients have not been
reported to display innate immunodeficiency or defined suscep-
tibility to infectious agents (59). Therefore, our study supports the
option that the LCH had progressed to a life-threatening stage in
our patient due to recurrent primary or opportunistic viral infec-
tions and persistent activation of DCs taking place under an innate
immunodeficiency condition. The latter condition is apparently
linked to the D40H-mutated POLR3E and Pol III unable to
mount an antiviral immune response via type I IFN induction.
Our study shows that the molecular mechanism underlying the
inhibitory effect of the D40H mutation of POLR3E on Pol III
transcription involves the generation of functionally defective
initiation complexes, which could be gently purified and assessed
by velocity sedimentation analysis in glycerol gradients. This
functional defect is not linked to a lack in the expression of the
mutant POLR3E in transfected cells. On the contrary, the
steady-state level of the mutant protein is higher than that of
the wild-type form (Fig. 7 A, Lower). Instead, the position of
POLR3E in the Pol III complex (Fig. 1C) and the close prox-
imity of the mutation to the interacting partner RPC4 (Fig. 1C,
arrow) support the molecular interpretation that the replace-
ment of the negatively charged aspartic acid with histidine in
POLRGSE alters the assembly of Pol III in stably proficient ini-
tiation complexes. Clinically related mutations in the interacting
protein subunits POLR1C and POLR1D have been shown to
destabilize yeast Pol III complex integrity (16). Therefore, solv-
ing the structure of Pol III carrying the D40H-mutated

22118 | www.pnas.org/cgi/doi/10.1073/pnas.2009947117

POLR3E, or other pathogenic mutations (19, 20, 36-38, 49,
60), could be of general interest in understanding the mode of
action of this sensor polymerase in infectious and genetic dis-
eases in the future.

Materials and Methods

Cells, Virus Infection, and Transfection. Primary foreskin fibroblasts were used
to propagate HCMV strain TB40/E, as previously described (61). Virus titers of
the cleared supernatants were determined by the standard plaque assay on
human foreskin fibroblasts. For virus infection, skin fibroblasts from the
patient and controls were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum, 2 mM glutamine,
100 IU/mL penicillin, 100 pg/mL streptomycin (Biological Industries) and
0.25 pg/mL fungizone (Invitrogen), and at ~80% confluence cells were
infected with HCMV strain TB40/E at a MOI of 0.1 to 0.2.

The Vero adherent cell line was grown as a subconfluent monolayer in
DMEM and the T lymphocyte cell line Sup T1, provided by the NIH Reagent
Program (Division of AIDS, National Institute of Allergy and Infectious Dis-
eases, NIH), was grown in RPMI medium 1640 (Biological Industries). Vaccinia
(Lister), VSV (Indiana), and sindbis virus were propagated and titered by the
classical plaque assay on Vero cells. HIV-1 was generated by transfection of
HEK293 cells with pSVC21 plasmid containing full-length HIV-1HXB2 viral
DNA. Titration of HIV-1 was carried out by the multinuclear activation of a
galactosidase indicator (MAGI) assay.

Adherent Hela S3 and HEK293 cells were grown in 92 x 17 mm-style Petri
dishes in DMEM supplemented with 5% fetal bovine serum, streptomycin
(100 pg/mL), penicillin (100 units/mL), and nystatin (12.5 units/mL). Cells were
incubated in 5% CO, at 37 °C. ARPE-19 cells were grown in 92 x 17 mm-style
Petri dishes in DMEM/F12 supplemented with 1% L-glutamine, 1% penicillin/
streptomycin/nystatin, and 10% fetal bovine serum. For viral infections,
HEK293 at ~80% confluence were infected with the aforementioned vac-
cinia virus, VSV, sindbis virus, and HIV-1 at MOI of 0.1 to 0.2.

For cell transfection, HEK293 cells at 30 to 50% confluence were trans-
fected with an expression vector carrying wild-type or D40H-mutant POLR3E
cDNA (10 to 15 pg) in 10 mL medium using the polyethyleneimine (PEI) or
calcium phosphate method (45, 46). Optimal DNA:PEI ratio was 1:3. The
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Fig. 6. Exogenous expression of a D40H mutant POLR3E precludes promoter-dependent and -independent transcription of Pol lll. HEK293 cells were

transfected with expression vector encoding wild-type POLR3E or D40H mutant POLR3E, as shown. As controls, cells were mock transfected or transfected
with pBluescript alone for 42 h. Two sets of whole extracts (520) seen in lanes 3 to 6 and lanes 7 to 10 were prepared and transcription of human 55 rRNA gene
(A), coligo 19anbBR2 (B), and tRNAA™Y gene (D) was evaluated (Materials and Methods), as previously described (45). The positions of the precursors, mature
and cleaved exons of tRNA”', are denoted. In B, the major coligo RNA transcripts are demarcated by a bracket. In all panels, lane 2 represents transcription
reactions in control large-scale HelLa cell extracts. Lane 1 shows 110-nt RNA size marker. To fit the running order of all gels, a composite of three parts of gel
autoradiogram is seen in D. In A, the asterisk points to nonspecific RNA band. (C) Sequence and predicted secondary structure of the coligo 19anbBR2 DNA
(23) used as a template for promoter-independent transcription of Pol Ill seen in B. The coligo is made of two annealing synthetic deoxyoligonucleotides.
Arrowhead denotes the site of the coligo circularization, a ligation reaction executed in the extract via an unknown mechanism (23). Small arrow points to
DNA direction. The start (Tss) and termination (Stop) sites of transcription are indicated.

expression vector harbors a separate GFP reporter gene for assessment of (FITC) (R&D Systems). Cells were analyzed by a FACS Calibur flow
transfection efficiency by fluorescent microscopy and Western blot analysis. cytometer (BD).
After transfection, cells were harvested and extracts were prepared and
tested for transcription of human 55 rRNA and tRNA”" genes, as previously RNA Quantification. RNA was extracted from infected skin fibroblast cultures
described (45, 46, 62). Whole cell extracts (520) with protein concentrations using the NucleoSpin RNA Il Kit (Macherey-Nagel), according to the manu-
of 10 to 15 mg/mL were used (45, 46). For promoter-independent initiation, ~ facturer’s instructions. The purified RNA samples were subjected to reverse
the circularized coligo 19anbBR2 DNA was added as a template for tran- transcription using GoScript (Promega), followed by quantitative real-time
scription by Pol Ill (23). This coligo DNA is made of two annealing synthetic PCR of the immediate early 1 (IE1) HCMV mRNA, as previously specified (61).
deoxyoligonucleotides and mainly transcribed by cytoplasmic Pol Ill (24). Quantitative real-time PCR of IFN-p mRNA was carried out using primers and
probe designed by the Primer 3 program. The viral and IFN-8 mRNA copy
Dendritic Cells, Differentiation, and Activation. For the generation of = numbers were normalized to that of the housekeeping p-actin mRNA (61).
monocyte-derived dendritic cells, immature monocyte-derived dendritic cells A P value less <0.05 is statistically significant.
(iDCs) were generated from the CD14" selected fraction of PBMCs isolated Relative changes in POLR3E mRNA were calculated using quantitative real-
from deidentified fresh peripheral blood of the patient and nonrelated time PCR analysis. Total RNA was isolated from the patient and three
healthy controls. For iDCs, PBMCs were isolated using Ficoll-Paque (Amer-  healthy control fibroblasts. Samples of 15 ng of RNA were used as templates
sham Pharmacia Biotech) and anti-CD14 magnetic beads in order to isolate  for cDNA preparation using random primers (Promega, A3802). RT-PCR was
monocytes from PBMCs according to the manufacturer’s instructions (Becton ~ performed using Sybr green assay (Roche). The POLR3E mRNA was measured
Dickinson). iDCs were placed in wells at a concentration of 1.25 x 10%1.5 mL. at three different nucleotide positions: the boundary of exons: 4 to 5, 12 to
Culture medium consisted of RPMI 1640 with 1% L-glutamine, 1% penicillin/ 13, and 17 to 18. POLR3Eex4 to 5 (108 bp) forward primer: 5'-GGAGCAGAT-
streptomycin (Biological Industries), 1% autologous human plasma, and TGCGCTGAA-3', reverse primer: 5-TTACTGGTGGTCTGGGAAGA-3'. POLR3Eex12
recombinant human cytokines GM-CSF and IL-4 (R&D Systems or PeproTech). to 13 (77 bp) forward primer: 5'-CCAGAAGGTGGCGATGTT-3/, reverse primer: 5'-
Every 2 d, 0.15 mL was removed and 0.25 mL of media containing plasma, GGCTGGACGAGTCCTTG-3'. POLR3Eex 17 to 18 (100 bp) forward primer: 5'-CCG-
IL-4, and GM-CSF, 500 U/mL, was added. On day 6, iDCs were harvested, GTTGCAAGCAGATACT-3/, reverse primer: 5-TCACTCATGTCTCCAGACTCC-
washed, and counted. 3'. Delta Ct (2-AAct) values were calculated using the GAPDH gene as a
For activation of iDCs, the 6-d cultured cells described above were col- reference. GAPDH exons 2 to 3 (98 bp) forward primer: 5'-ATGGGGAAG-
lected, washed, and replated in 96-well plates at a concentration of 1 x 10® GTGAAGGTCGG-3/, reverse primer: 5'-TGACGGTGCCATGGAATTTG-3".
cells/mL. LPS and poly I:C (Sigma-Aldrich) were added to final concentrations
of 10 ng/mL and 50 pg/mL, respectively. After 24 h, cells were collected, In Vitro Transcription and Purification of Initiation Complexes of Pol Ill. Tran-
washed, and immunostained for HLA-DR and CD86 markers using mouse  scription reactions were performed for 1 to 3 h of incubation at 30 °Cin a
anti-human HLA-DR-PE and mouse CD86-PE and isotype control (Biolegend)  total volume of 25 ulL that contained 15 pL of whole cell extract (520), 1x
and for DC=sign using a mouse anti-human DC-sign-fluorescein isothiocyanate transcription buffer, nucleoside triphosphates (NTPs), 10 pCi of [«->2P]-UTP
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Fig. 7. Formation of impaired initiation complexes of Pol Ill in extracts derived from cells expressing a D40H mutant POLR3E. (A) HEK293 cells were
transfected with eukaryotic vector expressing wild-type POLR3E (lane 3), D40H mutant POLR3E (lane 4), or both (lane 5). As controls, cells were treated with
the transfection reagent PEI (lane 1) or PEI with pBluescript (SK) (lane 2). After 48 h, cells were harvested, whole S20 extracts were prepared and subjected to
in vitro transcription of human tRNA”™ gene, as described in Fig. 6D. The positions of the precursors, mature and cleaved exons of tRNA*™ in a 10% se-
quencing gel are indicated. Asterisk points to nonspecific band. (B) Western blot analysis of the S20 extracts described in A using antibody against POLR3E,
RPC3, and B-actin. (C and D) S20 extracts from transfected cells expressing wild-type POLR3E, mutant POLR3E, or both, as shown in A, were used for assembly
of initiation complexes on a human tRNA”"9 gene, as previously described (45). The resulted initiation complexes were then separated by velocity sedi-
mentation in 15 to 40% glycerol gradients by ultracentrifugation (Materials and Methods). Fractions were collected from the top of each gradient and
immediately were tested for tRNAA™ gene transcription for 3 h. Labeled RNA was then extracted and analyzed by electrophoresis in a 10% sequencing gel.
The positions of the precursors, mature and cleaved exons of tRNA™Y, are specified. The positions of RNA size markers, whose intrusive labels were erased, are
shown on the Left. Asterisk in D points to nonspecific band. (E) Coimmunoprecipitation of wild-type and mutant POLR3E with the specific subunit RPC3 of Pol
Ill. Fractions F5-F15 with peak transcription activities seen in C and D were combined and subjected to coimmunoprecipitation analysis using an antibody
against RPC3. The immunoprecipitates were then subjected to Western blotting using an antibody against POLR3E (lanes 6 and 7). The position of the POLR3E
is shown. As controls, the same F5-F15 fractions containing wild-type and mutant POLR3E (lanes 2 and 3) were analyzed by an IgG antibody (lanes 4 and 5).
For spotting the heavy chain of IgG, a sample of IgG antibody alone was blotted (lane 1).

(3,000 Ci/mmol; PerkinElmer), and 0.25 to 0.5 pg of plasmid DNA carrying
tRNA or 5S rRNA gene (45, 46) or circularized coligo 19anbBR2 DNA (23).
The reaction mixtures were then diluted 1:1 with H,0, passed through G-50
columns, diluted to 0.25 mL with 1x digestion buffer, and digested with
120 pg/mL Proteinase K for 30 min at 37 °C. Labeled RNAs were recovered
by phenol:chloroform:isoamyl alcohol extraction followed by ethanol
precipitation and analyzed by denaturing 8 to 10% polyacrylamide se-
quencing gels (45, 46). Labeled RNA bands were visualized by X-ray film
autoradiography. Quantitation of the values of the relevant RNA bands
was done by the use of the EZQuant-Gel software for densitometric
quantitation.

22120 | www.pnas.org/cgi/doi/10.1073/pnas.2009947117

For assembly and purification of initiation complexes of Pol Ill by velocity
sedimentation in glycerol gradient (45), 0.2 mL of whole cell extract (520) was
mixed with 1.25 pug of a human tRNA”" gene carried on plasmid in 1x as-
sembly buffer [10 mM Tris-HCI, pH 7.9 at 4 °C, 8 mM MgCl;, 20 mM
(NH4),504, 5 mM sodium creatine phosphate, 2 mM dithiothreitol (DTT) and
0.5 mM adenosine triphosphate]. The 0.4-mL mixture was then incubated at
30 °C for 10 min for formation of initiation complexes before it was layered
on a 4.4-mL volume glycerol gradient prepared in 12 x 51 mm polyallomer
tubes placed on ice in a cold room. The gradient was made of 15 to 40% vol/
vol glycerol, 20 mM Tris-HCl, pH 7.9, 6 mM MgCl,, 40 mM (NH4),504, 0.2 mM
EDTA, pH 8.0 and 2 mM DTT. Centrifugation was executed in an ultracentrifuge
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using a TST55.5 rotor at 250,000 x g (50,000 rpm) for 3.5 h at 2 °C. Fractions of
0.2 mL in volume were collected from the top of the gradient. Aliquots of 50 pL
from selected fractions were immediately examined for Pol Ill activity in tran-
scription reactions of 55 pL in the presence of 0.5 mM of INTP and 10 pGi of [a-32P]
UTP. Labeled RNAs were then extracted from the reaction mixtures, analyzed by
electrophoresis in an 8 to 10% sequencing gel, and quantified, as described above.

Whole Exome Sequencing. \WWhole exome sequencing was performed on DNA
from the patient using the SureSelect Human All Exon V.2 Kit (Agilent
Technologies) on HiSeq2000 (lllumina) as 100-bp paired-end runs. Reads
alignment and variant calling were performed with DNAnexus software
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