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A missense variant in the nuclear localization signal of DK CI
causes Hoyeraal-Hreidarsson syndrome
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Hoyeraal-Hreidarsson syndrome (HHS) is the most severe form of dyskeratosis congenita (DC) and is caused by mutations in genes
involved in telomere maintenance. Here, we identified male siblings from a family with HHS carrying a hemizygous mutation
(c.1345C > G, p.R449G), located in the C-terminal nuclear localization signal (NLS) of the DKCT gene. These patients exhibit
progressive cerebellar hypoplasia, recurrent infections, pancytopenia due to bone marrow failure, and short leukocyte telomere
lengths. Single-cell RNA sequencing analysis suggested defects in the NLRP3 inflammasome in monocytes and the activation and
maturation of NK cells and B cells. In experiments using induced pluripotent stem cells (iPSCs) from patients, DKC1_R449G iPSCs
had short telomere lengths due to reduced levels of human telomerase RNA (hTR) and increased cytosolic proportions of DKC1.
Treatment with dihydroquinolizinone RG7834 and 3’deoxyanosine cordycepin rescued telomere length in patient-derived iPSCs.
Together, our findings not only provide new insights into immunodeficiency in DC patients but also provide treatment options for

telomerase insufficiency disorders.
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INTRODUCTION

DKC1, which encodes a nucleolar protein called DKC1 (dyskerin),
is the first gene identified to play a role in dyskeratosis congenita
(DQ), which is a rare inherited disease that is estimated to affect
approximately one person per million people and is mainly
characterized by the triad of abnormal skin pigmentation, oral
leucoplakia, and nail dystrophy?. Hoyeraal-Hreidarsson syndrome
(HHS) is the most severe form of DC and has a very early age of
onset>*, Patients with HHS are characterized by very short
telomeres and manifest additional features compared to DC
patients, such as cerebellar hypoplasia®*. At the molecular level,
DC/HHS patients have characteristic accelerated telomere short-
ening®>. Recurrent infection is frequently seen in DC/HH patients
due to progressive bone marrow failure with compromised
immune function?. In addition, the mode of inheritance is
significantly associated with overall survival. The X-linked recessive
disorders have a higher cancer risk and the worst survival,
compared with autosomal dominant disorders®. A therapeutic
strategy for telomere disorder-related diseases remains to be
developed.

RESULTS

Clinical phenotype and genetic characterization of a family
with HHS

We identified siblings from a family with HHS. Whole-exome
sequencing (WES) of the patients identified a hemizygous
€.1345C> G (p.R449G) variant in the DKC1 gene (NM_001363)
(Supplementary Fig. 1a). This missense variant was considered to
be disease-causing (ClinVar variation ID: 235576), with an ACMG

classification of likely pathogenic (PS3 PM2 PP1 PP2 PP3 PP4).
Sanger sequencing confirmed that the elder and younger patients
had the same hemizygous variant, while the mother was a carrier
(Fig. 1a and Supplementary Fig. 1b). The patient’'s mother had a
brother who died at 3 years of age for unknown reasons (Fig. 1a).
The telomere lengths in gDNA from circulating leukocytes of the
siblings were shorter than those of age-matched controls in a
quantitative PCR assay (Fig. 1b). In addition, the telomere lengths
of younger brother shortened with time (Fig. 1c).

The elder patient presented with intrauterine growth restriction,
developmental delay, cerebellar hypoplasia (Fig. 1d), and hepa-
tosplenomegaly (Fig. 1e) since the ages of 1 year and 4 months.
Severe aplastic anaemia with progressive pancytopenia developed
at the ages of 2 years and 6 months. He died at 3 years old due to
Burkholderia cenocepacia bacteremia and Pneumocystis jiroveci
pneumonia (PJP) complicated with severe acute respiratory
distress syndrome (ARDS) (Supplementary Table 1). The younger
patient manifested developmental delay, ataxia, cerebellar hypo-
plasia (Fig. 1f), hepatosplenomegaly (Fig. 1g, h), progressive
leukopenia, lymphopenia, and thrombocytopenia since he was 1.6
years of age, and anaemia and leukopenia since he was 3.5 years
of age. He had recurrent viral (adenovirus pneumonia with severe
ARDS, herpes simplex virus), bacterial (Acinetobacter baumannii),
and fungal (PJP, Candida albicans) infections since he was 2.8
years old despite regular intravenous immunoglobulin (IVIG)
administration and prophylactic antimicrobial agent usage.
Unfortunately, there was no chance to perform hematopoietic
stem cell transplantation under stable conditions. He died at 5.7
years of age due to PJP with respiratory failure.
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Fig. 1

Clinical phenotype and telomere length measurement. a Pedigree of the family. Unaffected individuals are shown as open shapes.

The carrier is shown as a half-filled shape. Clinically affected individuals are shown as filled shapes. A deceased individual is shown as a shape
with a diagonal line. Squares represent males. Circles represent females. b Telomere length measurement by quantitative PCR (qPCR) of
peripheral blood cell genomic DNA from patients in the family and age-matched controls. Autosomal single copy gene (36B4) served as the
basis for normalizing the telomere quantitative PCR signal. Bar graph of mean fold change for telomere length of age-matched samples
relative to patients. Mean values were calculated from triplicate qRT-PCR experiments of three technical replicates, with bars representing SE.
c Telomere length measurement by quantitative PCR (qPCR) of peripheral blood cell genomic DNA from the younger patient in the family.
Autosomal single copy gene (36B4) served as the basis for normalizing the telomere quantitative PCR signal. Bar graph of mean fold change
for telomere length of samples as indicated age relative to the sample from 1.5 years old. Mean values were calculated from triplicate gRT-PCR
experiments of three technical replicates, with bars representing standard error of the mean (s.e.m.). Brain MRI showing cerebellar hypoplasia
in the elder patient at 2.5 years old (d) and the younger patient at 1 year old (f). An abdominal computed tomography scan revealed

hepatosplenomegaly in the elder brother at 1.3 years old (e) and in the younger brother at 3 years old (g and h).

Single-cell RNA-seq of PBMCs showing immunodeficiency in
the DC patient

Immunological studies for the younger patient revealed decreased
T, B, and NK lymphocytes, normal IgG and IgA levels, and transient
elevation of IgM levels (Supplementary Table 1). To dissect
complex immune cell functions in healthy individuals and DCs,
single-cell RNA sequencing (scRNA-seq) was performed on PBMCs
from the younger DC patient (DC) and the age-matched healthy
donor (HD) (Fig. 2a). Five major clusters (B cells, CD4™ T cells, CD8"
T cells, monocytes, and NK cells) were clustered based on known
cell-type-specific gene profiles” (Fig. 2a). The results indicated that
the size of the monocyte population was increased. However,
there were reductions in the proportions of B cells, CD4™ T cells,
CD8* T cells, and NK cells (Fig. 2b).

An integrated analysis of PBMCs was performed. Reactome
analysis indicated that immune system- and anti-pathogen-related
pathways were enriched (Fig. 2c). Genes involved in the anti-
microbial response were upregulated, including IFN-related genes
(IFNAR1, JAK1/2, TYK2, STAT1/2), genes involved in the OAS/RNase
L pathway (OAST1, PAS2, OAS3, OASL, and RNase L), and the RNA
sensor DDX58 (RIG-I) (Fig. 2d). Additionally, interferon-stimulated
genes (ISGs) and interferon-inducible (IFl) genes were upregulated
(Fig. 2d). The expression of anti-apoptotic survival factors, such as
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STAT5A and BCL-2, was increased (Fig. 2d). Expression of the
pleiotropic immune modulator LGALS9, which encodes Galectin-9
(Gal-9), was increased in all cells® (Fig. 2d).

The expression levels of IFN-y (IFNG) and genes involved in the
expression of IFN-y (FOS, JUN, TBX21) were reduced (Fig. 2d). IFN-y
is a critical cytokine that activates macrophages and links the
innate and adaptive immune responses®. We also observed
reductions in the expression levels of NF-kB genes (NFKBT and
NFKB2), which are crucial regulators of inducible gene expression
involved in the development and function of immune cells'.
Overall, the integrated analysis of single-cell RNA-seq data from
PBMCs in combination with recurrent and opportunistic infections
at initial presentation suggested that the immune system of the
DC patient was dysfunctional.

Single-cell RNA-Seq analysis reveals distinct contributions of
monocyte and NK-cell populations in the DC patient

A large proportion of monocytes was observed in the DC patient (Fig.
2b). To examine the function of monocytes, three distinct monocyte
subsets were grouped according to the expression of CD14 and CD16:
classical monocytes (CD14"MCD167), intermediate monocytes
(CD14"CD16™), and nonclassical monocytes (CD14-°“CD16") (Fig.
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Fig. 2 Single-cell RNA-seq of PBMCs showing immunodeficiency in the DC patient. a t-distributed stochastic neighbour embedding (tSNE)
analysis of PBMCs from the healthy donor (HD) and DC patient. A total of 4297 and 4286 single cells for the HD and DC subjects were
clustered into five major clusters (B cells, CD4+T cells, CD8+T cells, monocytes, and NK cells). Cells were annotated by independently
correlating each cell with reference transcriptomic datasets. T, Totality of cells analysed; HD, healthy donor; DC, DC patient. b Bar graph
showing the percentage of each cell type relative to the total cell numbers in the healthy donor or DC patient. ¢ Enriched pathways in the DC
patient by Reactome analysis in each immune cell subset. d Heatmap of anti-pathogen response genes in immune cells for the healthy donor
and DC patient coloured by average fold change.
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3a). Monocytes egress from the bone marrow as classical monocytes
(CD14"CD167), and a portion of them subsequently differentiate into
intermediate monocytes (CD14"CD16") and nonclassical monocytes
(CD14"%CD16M)"". Nonclassical monocytes have been suggested to
represent an aged monocyte subset due to detection of several
ageing markers, such as short telomere length'? and high expression
levels of CX3CR1'3. Since the DC patient exhibited shorter telomeres
than the age-matched control (Fig. 1b), we examined the monocyte
ageing marker CX3CR1. CX3CR1 was highly expressed on three types
of monocytes from the DC patient (Fig. 3b), suggesting that
monocytes derived from the DC patient prematurely undergo the
ageing process.

In contrast to nonclassical monocytes, classical monocytes
exhibit high expression of genes involved in responses to bacterial
infection and inflammation and genes involved in inflammasome
signalling’®. In the DC patient, reductions in the proportion of
classical monocytes (Fig. 3a) and the expression levels of NF-kB
(Fig. 2d), which is a transcription factor for many proinflammatory
cytokines, prompted us to speculate that proinflammatory
cytokine production/secretion was impaired in the DC patient.
As expected, the expression levels of genes involved in NLRP3
inflammasome formation'> (NLRP3, IL1B3, IL-18, TNF, NFKBI1, and
NFKB2) were dramatically decreased (Fig. 3b). The NLRP3
inflammasome triggers caspase-1 activation and secretion of the
proinflammatory cytokines IL-1B and IL-18'°. IL-18 is essential for
IFN-y production, which augments the cytotoxicity of NK cells and
T cells'. Low expression levels of NLRP3 inflammasome-related
genes (Fig. 3b) and IFN-y (Fig. 2d) suggest that downstream
immune responses are defective.

We grouped NK-cell subsets. The proportion of immature
CD56°"9Mt NK cells, which normally represent a maximum of 10%
of all peripheral blood NK cells, was increased (15.8%) concomi-
tant with a decrease in the proportion of CD56%™ NK cells (84.2%)
(Fig. 3c). The DC patient displayed high expression levels of CD56,
the major inhibitory receptor (CD94 and NKG2A), the activating
receptor NCR1 (NKp46), the cytokine receptor IL18RAP, and the
adhesion molecule CD2 but low expression levels of CD160, which
is mainly expressed by CD56%™ NK cells'®. The expression levels of
LGALS9, which has been shown to impair NK-cell functions by
affecting cell-mediated cytotoxicity and decreasing IFN-y produc-
tion, were increased'® (Fig. 3d).

The DC patient exhibits defects in B-cell function

T- and B-cell immunodeficiency was the predominant finding in
the DC patients at initial presentation (Supplementary Table 1).
Next, we analysed T and B cells in DC samples. The proportions of
CD4*1 and CD8™ T cells were not substantially different between
the healthy donor and DC patient (Fig. 4a). Additionally, the
expression of genes encoding exhaustion markers (PD-1, LAG3,
CTLA-4, TIGIT, KLRGT1) on T cells was not significantly different.
However, the DC patient showed a high percentage of naive B
cells (90%) (Fig. 4b). Supporting this observation, B cells from the
DC patient showed high expression levels of a naive B-cell marker
(TCL1A) and LGALS9 but low expression levels of CD19, CCR7 and
CXCR5. The threshold for B-cell receptor signalling pathways is
mediated by CD19%°. CCR7 and CXCR5 direct circulating B cells
into secondary lymphoid tissues, where they can be activated by
antigens. In contrast, the expression of genes involved in B-cell
activation (CD83, Jun, JunB, Fos, FosB, ICOSLG, STAT3, CD44,
NR4A17) and B-cell proliferation (EGR-1) was abolished or
dramatically downregulated, suggesting that B cells from the
DC patients have defects in activation, homing, or maturation
(Fig. 4d).
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DKC1_R449G iPSCs exhibit a shorter telomere length,
decreased levels of hTR, reduced telomerase activity, and
mislocalized DKC1

A missense variant (c.1345C>G) of DKC1 resulted in the
substitution of a highly conserved amino acid, p.Arg449Gly, which
is localized in the conserved nuclear localization signal domain of
DKC1 (Supplementary Fig. 2). DKC1 is required for the stability and
maturation of hTR?'"2. To study the effects of the DKCI
alterations on telomere maintenance, iPSCs were generated from
the PBMCs of the younger patient and his father. We obtained one
clone (WT_iPSC_F) of iPSCs from the patients’ father and two
independent clones (R449G_iPSC_1 and 2) of iPSCs from the
younger patient. Compared to iPSCs derived from a healthy donor
(WT_iPSCs), all the iPSCs we reprogrammed showed all the
hallmarks of pluripotency, including characteristic morphology
(Supplementary Fig. 3a) and gene expression (Supplementary Fig.
3b). Sanger sequencing analysis showed that both R449G_iPSC_1
and R449G_iPSC_2 but not WT_iPSC and WT_iPSC_F contained
the c1345C>G variant in DKC1 (Supplementary Fig. 3c).
Karyotype analysis of WT_iPSC, WT_iPSC_F, and R449G_iPSC_1
was normal and revealed 46 chromosomes with X and Y. However,
R449G_iPSC_2 had an abnormal chromosome karyotype at r(18)
(p11.31921.1) (Supplementary Fig. 3d).

We examined the effect of the R449G mutation on telomere
maintenance. The telomere lengths of R449G_iPSC_1 and
R449G_iPSC_2 (Fig. 5a, lanes 7~12) were shorter than those of
WT_iPSC and WT_iPSC_F (Fig. 5a). Although DKC1_R449G mutant
iPSCs did not show significant reductions in the levels of key
protein components of telomerase, including TERT, DKC1, NHP2,
and NOP10 (Fig. 5b), however, they showed a dramatic 70%
reduction in the steady-state level of hTR (Fig. 5¢) and a decrease
in telomerase activity (Fig. 5d). Cell fractionation of iPSCs revealed
that the cytoplasmic proportions of DKC1 and other core H/ACA
components (NHP2 and NOP10) increased in both R449G_iPSC_1
and R449G_iPSC_2 compared to WT_iPSC and WT_iPSC_F (Fig.
5e). The localization of DKC1_R449G was further confirmed by an
immunofluorescence assay (Fig. 5f, g). Compared to WT_iPSC_F,
the cytoplasmic proportion of DKC1_R449G was increased by
more than 3-fold in R449G_iPSC_1 (Fig. 5e, f). These data suggest
that the DKC1_R449G variant causes mislocalization of DKC1 to
the cytoplasm, leading to reduced levels of hTR and telomere
shortening.

Inhibition of oligoadenylation of hTR restores telomerase
activity and telomere length in DKC1 mutant iPSCs

Inhibition of PAPD5-mediated oligoadenylation has been sug-
gested to be a means of lengthening telomere length?'2427,
Therefore, we treated R449G_iPS cells with RG7834, a PAPD5
inhibitor, or cordycepin (3’ deoxyadenosine). RG7834 was
previously reported to reverse the molecular cause of DC, increase
hTR levels, and lengthen telomeres in iPSCs carrying DKC1
mutations?’?®, Cordycepin could induce chain termination due
to the absence of a 3/ hydroxyl moiety and therefore terminate
poly (A) tail formation?®. Analysis of hTR purified from RG7834- or
cordycepin-treated WT_iPSC_F and R449G_iPSC_1 demonstrated
minor effects on the steady-state levels of hTR (Fig. 6a) but caused
a reduction in the fraction of oligoadenylated hTR (Fig. 6b),
suggesting that PAPD5-mediated oligoadenylation was attenu-
ated. In addition, the increased levels of telomerase were
observed (Fig. 6¢). Remarkably, both RG7834 and cordycepin
partially restored telomere length in R449G_iPSC_1 (Fig. 6d, lanes
7 and 8). These data suggest that the inhibition of oligoadenyla-
tion mediated by PAPD5 is a strategy to attenuate telomere
shortening caused by telomerase dysfunction.
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DISCUSSION

In summary, our data indicate that the NLS domain of DKC1 is
important for telomerase accumulation and telomere mainte-
nance. A missense variant (R449G) causes Hoyeraal-Hreidarsson
syndrome. Biogenesis of human telomerase and degradation of
hTR undergo kinetic competition, which determines telomere
length homeostasis (Fig. 6e). The DKC1_R449G variant results in
the cytoplasmic accumulation of DKC1, causing reduced levels of
hTR (Fig. 5¢), reduced telomerase activity (Fig. 5d), and telomere
shortening (Fig. 5a). PAPD5 (TRF4-2) is a non-canonical poly(A)
polymerase and is responsible for oligoadenylation of hTR with
MTR4 playing a role downstream of oligoadenylation in the
degradation of hTR by the RNA exosome, which is in competition
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with PARN-mediated hTR maturation?®. In DKC1- or PARN-
deficient cells, hTR is not only destabilized, but also accumulates
in cytoplasmic puncta called cyTER bodies?’. Inhibition of
oligoadenylation by a PAPD5 inhibitors increases hTR levels,
reduces the fractions of 3’-end oligoadenylation of hTR, and
elongates telomeres?”-?%, In addition, subcellular localization of
hTR is corrected upon RG7834 treatment. Supporting the role of
PARN in competing PAPD5-mediated hTR degradation by the RNA
exosome, more obvious effect of PAPD5 inhibitors on hTR is
observed in PARN-deficient cells than DKC1-dificient cells?'?7-28,
Although our data indicate that treatment of R449G_iPSC_1 with
RG7834 or cordycepin reduced 3’ end oligoadenylation of hTR
(Fig. 6b), increased telomerase activity (Fig. 6¢), and elongated
telomere (Fig. 6d), there was no significant increase in hTR levels

Published in partnership with CEGMR, King Abdulaziz University



npj

C-M. Chu et al.
7
N ooy
a b d « S’
S A
I/
O QQ/ Qog) Qé) @ 0'7 Oq// %/\% éﬂé’
D D % 5 /Q(O Q(O Extract - §§ Q?Qy
F Y N 2 S LR 3
. & & S LLo'e el
iPSC _ = < & VA =
8 — g S
5839853 2088385
Passage saddnnoaoonnons TERTE
TE B S
Kb ' " 10 11 12 1.0
K01 [ e |
Y 1.0 1.1 1.0 09
a 10 12 14 12
21.2 64
NOP10 +581
10 1.1 1.2 1.1 +52-
im TUBULIN +46-
T2 3 4 +40
5.0 - +34]
N
4.3 c Y +28-
4 & %
o O/ R &
3.5 -+ D Dyl o/ +224
> L L L0
IO IR
mé\ & W W
N S +164 -
a 500 nt| .
hTR -
400 nt-| gy +104
2.0 -
1.6
144 - TSL 300nt| B g e e s
B
0.9 = - 1.0 0.7 0.3 0.3 +4- R
0.8 - Lane 1 2 3 4
SN il LC| oSSas
123456789101112 ——
Product 2235
Lane 12345
~ v
e / / f g O Nucleus

Hoechst

O O . w
5 % I
< g 09,,/ 09/ o
/ R S 2
< <& =
- =
NCNCNCNGC =

Lamin A/C| - - - | BRE Hoechst
o
GAPDH | | ¢
i
DKc1|- - - | 8
<
2

NHP2|— - - |

NOP10 (B

12 3 4 5 6 7 8

FITC Merge @@ Cytoplasm
100

Percentage of DKC1 levels

Fig. 5 DKC1_R449G iPSCs exhibit a shorter telomere length, decreased levels of hTR, reduced telomerase activity, and mislocalized
DKC1. a Telomere lengths determined by TRF analysis of gDNA prepared from WT_iPSC, WT_iPSC_F, R449G_iPSC_1 and R449G_iPSC_2 cells.
b Western blot analysis of cell lysates from WT_iPSC, WT_iPSC_F, R449G_iPSC_1 and R449G_iPSC_2 cells. TUBULIN served as a loading control.
¢ Northern blot analysis of hTR from WT_iPSC, WT_iPSC_F, R449G_iPSC_1 and R449G_iPSC_2 cells. A probe against 7SL RNA served as a
loading control. d Direct telomerase activity assay of cell lysates from WT_iPSC, WT_iPSC_F, R449G_iPSC_1 and R449G_iPSC_2 cells. 18-
nucleotide telomeric primers (TTAGGG)3 were used. A 32P end-labeled 18-nucleotide telomeric primers (TTAGGG)3 was added as loading
control (LC). The numbers on the left (+4, +10, +16, +22, +28, etc.) indicate the number of nucleotides added to the telomeric-primer for
each major band seen. e Western blot analysis of nuclear and cytosolic fractions from WT_iPSC, WT_iPSC_F, R449G_iPSC_1 and R449G_iPSC_2
cells. Lamin A/C served as a nuclear marker, and GAPDH served as a cytosolic marker. f Immunofluorescence of DKC1 in WT_iPSC_F and
R449G_iPSC_1 cells. The scale bar represents 10 um. g Bar graph illustrating the distribution of DKC1 in the cytosolic and nuclear fractions.

(Fig. 6a). In addition, there was no correlation between the
decrease in oligoadenylated hTR and the change in telomere
length upon RG7834 and cordycepin treatment (Fig. 6b, d).
Whether these discrepancies between our case and other cases in
previous studies are the DKC1 mutant type-specific remains to be
investigated. Further studies are still needed to examine the
effects of these small compounds on telomere disorder syndrome
and age-related degenerative disease.

We examined the transcriptomic profiles of immune cells in a
DC patient carrying a missense mutation (c.1345C>G) in the
conserved nuclear localization signal domain of DKC1 using single-

Published in partnership with CEGMR, King Abdulaziz University

cell RNA-seq. We found that the DC patient exhibited immuno-
logical features of defective NLRP3 inflammasomes in monocytes,
immature NK dominance with fewer cytotoxic NK cells (CD56%™
NK cells), and defective B-cell activation or maturation, suggesting
that the causes of poor immune responses in the DC patient are
caused by not only leukopenia but also dysfunction of immune
cells. The NLRP3 inflammasome plays a crucial role in modulating
the caspase-1-dependent release of proinflammatory cytokines,
which in turn controls the early phase of host defence,
inflammation, and subsequent activation of adaptive immunity.
To our knowledge, this is the first report of a clinical phenotype
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showing loss of function of NLRP3. Interestingly, the human NLRP3
gene resides in the subtelomeric region of chromosomes that are
deficient in DNA repair mechanisms. How telomere shortening
affects the expression of genes in the subtelomeric region remains

remain unclear. There are several limitations of our study. Our
sample size was small, and patients varied with respect to the
timing of clinical presentation during the progression of disease,
which could influence the transcriptional landscape. Whether
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NLRP3 deficiency in Hoyeraal-Hreidarsson syndrome could be a
novel component of innate immunity defects remains to be
investigated.

METHODS

Exome sequencing

Whole-exome sequencing (WES) was performed as previously
reported®®. In brief, after DNA extraction, exome capture was
performed with the TruSeq Exome Capture Kit (lllumina), and
sequencing for the three participants (patient and both parents)
was conducted using the NextSeq500 mid output system (lllumina)
with a 75-bp paired-end run. The sequences were aligned to the
human reference genome (GRCh37), and variant calling was
performed using the Genome Analysis Toolkit (GATK V3.5, Broad
Institute)®'. Variants were first annotated by Variant Studio (V3.0,
lllumina) and wWANNOVAR (http://wannovar.wglab.org/)*2. Candidate
variants were checked with ClinVar (https://www.ncbi.nlm.nih.gov/
clinvar/). The pathogenicity of variants was classified according to the
ACMG guidelines®,

Karyotype analysis

Karyotype analysis of iPSCs was conducted as follows: iPSCs that
reached eighty percent confluence in 35mm dishes were
harvested after adding 10 uL of colcemid for 15 hours. Then,
2ml 0.28% KCl was added twice for 50 minutes. Then, 2 mL
methanol/acetic acid (3/1) was added for fixation. G banding was
stained using 0.25% trypsin followed by Wright's solution (pH 7.0
Gurr buffer/Wright's = 3/1).

iPSC derivation, culture, and drug treatment

PBMCs from whole blood were separated by Ficoll-Hypaque
density gradients and stored in liquid nitrogen. iPSCs were derived
from the PBMCs of the patient and the patient’s father. PBMCs
were reprogrammed using Sendai virus according to the
manufacturer’s instructions. For feeder-free culture, iPSCs were
maintained in StemFlex completed medium containing Stem-
Flex™ Basal Medium (Gibco, Cat. No. A33493-01) and StemFlex™
Supplement (10X) (Gibco, Cat. No. A33492-01) on Matrigel hESC-
qualified Matrix (Corning, Cat. No. 354277) at 37 °C in a humidified
atmosphere containing 5% CO,. To prepare Matrigel-coated
dishes, Matrigel hESC-qualified matrix supplemented with 25 mL
of DMEM/F-12, HEPES (Gibco, Cat. No. 11330032) was added to
6-well plates (1 mL/well) or 100 mm dishes (7 mL/dish) and
incubated at 37 °C for 2 hours. iPSCs were subcultured when the
cells were in log phase, and the cells were detached by using
Accutase® (Innovative Cell Technologies, Inc,, Cat. No. #AT-104)
and incubated in an incubator at 37 °C and 5% CO, for 5 min. The
detached cells were centrifuged at 1000 rpm (Kubota 2010
tabletop centrifuge) for 5 min. Before seeding the cells, Matrigel
matrix supplemented with DMEM/F-12 was aspirated from the
culture dish. iPSCs were seeded on a Matrigel-coated dish
containing StemFlex complete medium and 10uM Y-27632
dihydrochloride (Rock inhibitor) (Sigma-Aldrich, Cat: Y0503-5MG)
at 37 °C with 5% CO,, and then the medium was changed every
day. For RG7834 and cordycepin treatment, iPSCs were main-
tained in StemFlex complete medium with 1puM RG7834
(MedChemExpress (MEC), Cat. No.: HY-117650A), 1 uM Cordycepin
(MedChemExpress (MEC), Cat. No.. HY-N0262) or dimethyl
sulfoxide (Sigma-Aldrich, Cat: D4540-100ML) as a control on
Matrigel hESC-qualified matrix. The cells were subcultured as
mentioned before.

DNA sequencing and genetic analysis

DNA sequencing of gDNA from PBMCs and iPSCs from healthy
donors and DC patients was performed by polymerase chain
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reaction (PCR) amplification of the specific region of exon 14 for
DKC1. The primers used for PCR and Sanger sequencing are listed
in Supplementary Table 2. Each PCR (100 pl) contained 100 ng of
DNA, 1X KAPA HiFi Fidelity Buffer, 0.3 mM KAPA dNTP, 0.3 uM each
primer, and 0.005 U/ul KAPA HiFi DNA Polymerase (Kapa
Biosystems, Cat: KK2102). The reactions were carried out in a
T100™ Thermal Cycler (Bio Rad) under the following conditions:
one cycle at 95 °C for 3 min, followed by 30 cycles of 20 s at 98 °C,
15s at 50°C and 30 s at 72 °C, with a final cycle at 72 °C for 1 min.

PCR products were purified using a PCR extraction kit (TOOLS, Cat:
TT-B14-3) according to the manufacturer’s instructions.

Genomic DNA extraction and qPCR

Genomic DNA was prepared from iPSC pellets (5 x 10° cells) with
GenElute™  Mammalian  Genomic DNA  Miniprep  Kits
(Sigma-—Aldrich, Cat. No: G1N350-1KT) according to the manufac-
turer’s instructions. To evaluate telomere lengths, polymerase
chain reaction (PCR)-based telomere length analysis methods
have been developed. In this study, telomere length was
quantified by comparing the amount of the telomere amplifica-
tion product (T) to that of a single-copy gene (S, 36B4). The T/S
ratio was then calculated to yield a value that correlated with the
average telomere length. Each reaction contained 5ng/pl
genomic DNA or standard templates mixed with iQ™ SYBR®
Green Supermix (Bio-Rad, Cat. No. 1708882) and primers. qPCR
was performed in a CFX96™ Real-Time System, C1000 Touch™
Thermal Cycler (Bio—-Rad), with the following cycling conditions:
initial denaturation at 95 °C for 10 min and 40 cycles at 95 °C for
15sec and 60°C for 1 min. Graphing and statistical analysis of
qPCR results were performed using Prism 8 (GraphPad). Standard
telomere oligonucleotides, standard single-copy gene (36B4)
nucleotides, and primers used for gPCR are listed in Supplemen-
tary Table 3.

Terminal restriction fragment (TRF) analysis

Genomic DNA (2.2 pug) from iPSCs was digested with Hinf | (New
England Biolabs, Cat. No: #R0155S) and Rsa | (New England
Biolabs, Cat. No: #R0167L) restriction enzyme in 10X CutSmart®
Buffer (NEB, Cat. No: #B7204S) at 37 °C overnight. The digested
gDNA fragments were separated on a 1% SeaKem® LE agarose gel
(Lonza, Cat. No: 50002) by electrophoresis at 120V for 12h,
followed by capillary transfer to a Hybond™-N* nylon transfer
membrane (GE Healthcare, Cat. No: RPN303B) in 10X SSC for
14.5 h. DNA was subsequently crosslinked to the membrane twice
at 120 mJ in a UV Stratalinker 1800 (Stratagene, 254 nm, 120 mJ).
The blot was prehybridized in Church buffer at 65 °C for an hour
and then hybridized with 32P-a-dCTP-labelled (TTAGGG); over-
night. The blot was exposed to a phosphor image screen (Fujifilm)
at room temperature overnight. Phosphor images were obtained
with an Amersham Typhoon 5 scanner (Cytiva). The telomere
length images were quantified and analysed by ImageQuantTL
software (Cytiva). All blots derive from the same experiment and
were processed in parallel.

Single-cell RNA sequence capture, library construction, and
sequencing

Single-cell capture and downstream library construction were
performed using Chromium Next GEM Single Cell 3/ Reagent Kits v
3.1 (10x Genomics; PN-1000121, PN-1000127, and PN-1000213) for
PBMCs from the DC patient and age-matched controls, according
to the manufacturer’s protocol. Briefly, a total of approximately
8600 single cells, 50ul of barcoded gel beads and 45l
partitioning oil were loaded into Chromium Next GEM Chip G to
generate nanoliter-scale gel beads-in-emulsion (GEMs). After-
wards, the polyadenylated mRNAs were reverse transcribed inside
each GEM, and the full-length cell-barcoded cDNA was amplified
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via PCR to generate sequencing libraries. Library quality was
assessed by using the Qubit 4.0 Fluorometer (Thermo Scientific)
and a Qsep100™ system (Bioptic, Taiwan) to determine the library
concentration and library size, respectively. In general, fragments
of approximately 450-500 bp in size were expected for single-cell
3’ gene expression libraries. The effective concentrations of the
library were assessed by Q-PCR. The qualified libraries were
pooled according to the effective concentration and expected
data volume. The library was sequenced on Illumina NovaSeq
6000 sequencers according to read length: 28 bp Read 1 (16 bp
single-cell barcode, 10x barcode; 12 bp unique molecular identi-
fier, UMI), 91 bp Read 2 (transcript insert or feature barcode in the
case of the cell hashing library), and 8 bp i7 Index (sample index).
TruSeq Read 1 and TruSeq Read 2 are standard lllumina
sequencing primer sites used in the paired-end sequencing of
single-cell 3" gene expression libraries.

Single-cell gene expression analysis

In the Chromium Single-Cell Software Suite, Cell Ranger (cellranger
count) was used to perform sample demultiplexing and generate
feature-barcode matrices. Sequences were mapped onto the human
reference genome (GRCh38) provided by 10X Genomics. Multiple
samples were aggregated by “cellranger aggr’ without depth
normalization. Unique molecular identifier (UMI) count matrices were
imported into R (v3.6.0) and processed with the R package Seurat
(v3.2.1)**3%, Log-normalized expression values were obtained by the
“NormalizeData" function of the Seurat package. Specifically, “Log-
Normalize” was set by default in this function, and the gene counts for
each cell were divided by the total counts and multiplied by the
scale.factor (default=10,000) and then natural-log transformed.
Further analysis, including quality control, the identification of highly
variable genes (HVGs), dimensionality reduction, and standard
unsupervised clustering algorithms, was performed using the Seurat
package. Cells were filtered out before downstream analysis if (1) the
percentage of mitochondrial genes was >20% or (2) the number of
genes was <200 or >Q3 + 1.5 IQR of the population. HVGs, which are
often used to keep the most informative variations in the scRNA-seq
data®**’, were set in the “FindVariableFeatures” function of the Seurat
package; the number of HVGs was defined by the median gene
number in the population, while “nfeatures = 2000" was defined if the
median was below 2000. Visualizing a high-dimensional single-cell
dataset is critical for interpretation of the results. Cell clustering was
performed by using dimensional reduction techniques and
t-distributed stochastic neighbour embedding (tSNE)*%3°, Note that
in Seurat, both tSNE and UMAP were performed after PCA (“RunPCA”
function). The “RunTSNE” and “RunUMAP” functions in Seurat were set
with “dims = 1:20". To evaluate the batch effect, batch mixing was
used to quantify the extent of intermingling of cells from different
batches®*!. If necessary, the mutual nearest neighbour (MNN)*
method was used for batch effect correction with the “fastMINN"
function of SeuratWrappers (v0.3.0). To identify the cell types captured
by scRNA-seq in an unbiased fashion, an automatic annotation
method, SingleR (v1.0.1), was performed’; this method correlates each
cell with reference transcriptomic datasets independently. Differen-
tially expressed gene (DEG) analysis of the two conditions was
performed in Python using sSeq* (total UMI count <900) and
edgeR*®* (total UMI count >900), which is based on negative
binomial distribution and asymptotic beta testing, respectively*>=**,
We followed the method as stated in Cell Ranger and the Loupe Cell
Browser, and the source code is available in the 10X Genomics GitHub
repository (https://github.com/10XGenomics/cellranger).

RNA extraction and reverse transcription PCR

Total RNA was isolated from the iPSC pellets (1 x 107 cells) using
Ambion TRIzol” Reagent (Life Technologies, Cat. No: 15596018)
according to the manufacturer’s instructions, followed by DNase |
(New England Biolabs, Cat: M0303 L) treatment at 37 °C for 60 min.
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For cDNA synthesis, the reverse transcription reaction was
performed according to the manufacturer’s instructions of the
SuperScript™ IV First-Strand Synthesis System (Thermo Fisher
Scientific, Cat. No. 18091050). In brief, 2 ug of total RNA was
primed with 50 uM Oligo d(T),0 primer or 50 ng random hexamers
in 10 MM dNTP mix and DEPC-treated water. PCRs were carried
out in a T100™ Thermal Cycler (Bio-Rad) under the following
conditions: one cycle at 65 °C for 5 min and 4 °C for 1 min. Then,
1 ul of SuperScript™ IV RT was added to the reaction mixture
containing ribonuclease inhibitor (TOOLS, Cat: TTG-RI01), 5mM
DTT, and 1X SSIV Buffer, followed by incubation at 50 °C for 1 h,
80 °C for 10 min, 37 °C for 1 min and 4 °C for 1 min. Finally, 1 pl of
RNase H (2 U/ul) was added to the samples to remove RNA at
37 °C for 20 min, 65 °C for 10 min, and 4 °C for 10 min. RT-PCR was
performed with primers targeting pluripotent stem cell markers
(OCT4, SOX2, NANOG) using a standard Taq Reaction Buffer Pack
(New England Biolabs, Cat. No. B9014S and M0273S) in a T100™
Thermal Cycler (Bio-Rad) under the following conditions: one cycle
at 95 °C for 2.5 min, followed by 35 cycles of 30s at 95°C, 30s at
55°C and 1 min at 68 °C, with a final cycle at 68 °C for 5 min. The
primers used for RT-PCR are listed in Supplementary Table 4.

qRT-PCR

Quantitative reverse transcription-polymerase chain reaction
(gRT-PCR) was performed with the SYBR Green method. The 25-
fold diluted oligo dT or random hexamer priming cDNA was
amplified with the primers shown in Supplementary Table 5 and
was performed with the CFX384™ Real-Time PCR System, in a
C1000 Touch™ Thermal Cycler (Bio-Rad) using iQ™ SYBR® Green
Supermix (Bio-Rad, Cat. No. 1708882). The results were normalized
to the GAPDH, ATP5f, and HPRT reference genes and measured
by CFX Maestro software (Bio-Rad). Graphing and statistical
analysis of gRT-PCR results were performed using Prism 8
(GraphPad).

Northern blotting

Total RNA (10 pg) was separated on a 4% polyacrylamide (29:1) gel
containing 8 M urea at 20W for 1 h and then transferred to a
Hybond-N* nylon transfer membrane (GE Healthcare, Cat. No:
RPN303B) at 400 mA for 1 h in 0.5X TBE buffer. RNA was cross-
linked to the membrane in a Stratalinker (Stratagene, 120 mJ). The
blot was prehybridized in Church buffer at 65°C (for hTR) or at
42 °C (for oligonucleotide probe) for an hour. Hybridizations with
radiolabelled probes were performed in Church buffer at 65 °C (for
hTR, probes were generated by nick translation of a polymerase
chain reaction (PCR) fragment with 32P-a-dCTP) and 42 °C (for
oligonucleotide probe against 7SL, which was labelled with 32P-y-
ATP by T4 PNK kinase). The oligonucleotide sequences are listed in
Supplementary Table 6. All blots derive from the same experiment
and were processed in parallel.

Cell lysis and Western blotting

All'iPSC pellets were lysed in lysis buffer containing 0.5% CHAPS,
50 mM Tris-HCI (pH 8.0), 50 mM KCl, T mM MgCl,, 1 mM EGTA, 10%
glycerol, 5mM DTT, and T mM PMSF. Total lysates were incubated
at4°Cfor 1 h on a rotator, and insoluble material was removed by
centrifugation at 21,130 x g at 4 °C for 10 min. Protein concentra-
tion was measured using the protein assay dye (Bio-Rad, Cat. No.
5000006). Twenty micrograms of protein were resolved on 4-20%
Bis-Tris gradient gels (GenScript, Cat. No: M00657) at 180V for
40 min and then transferred to polyvinylidene fluoride (PVDF)
membranes (BIO-RAD Immun-Blot®, Cat. #1620177) at 100V for
1 h. Five percent skim milk in washing buffer was used as a
blocking reagent. The prestained protein ladder (Omics Bio, Cat:
02101-250) was used as a marker; a-tubulin (1:5000, ABclonal, Cat.
No: AC012) was used as a loading control. Cytiva software was
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used. The antibodies used in this study are listed in Supplemen-
tary Table 7. All blots derive from the same experiment and were
processed in parallel.

Cytoplasmic/nuclear fractionation

iPSCs (2 x 10°) were washed with DPBS (Biological Industries, Cat.
No: 02-023-1A) and lysed in 50 pl of fresh buffer A (0.05% Triton X-
100, 10 mM HEPES-KOH, pH 7.9, 10 mM KCl, 1.5 mM MgCl,, 10%
glycerol, 0.34 M sucrose, 1 mM DTT, supplemented with protease
inhibitor cocktail) at 4°C for 10 min. The cytosolic fraction was
collected and clarified at 500 x g at 4 °C for 5 min twice. The cell
monolayer was then washed three times with DPBS and
resuspended in a new buffer A. Both nuclear and cytoplasmic
fractions were analysed by Western blotting as mentioned before.
The antibodies used in this study are listed in Supplementary
Table 7.

Immunofluorescence assay

The iPSCs were fixed with 4% paraformaldehyde at RT for 20 min,
permeabilized with 0.1% Triton X-100 at RT for 5 min, and blocked
with 1% BSA in DPBS at RT for an hour, followed by incubation
with the primary antibody against dyskerin (H-3) (Santa Cruz
Biotechnology, Cat. No. sc-373956, 1:500 dilution) at 4°C over-
night. The slide was washed three times with DPBS and then
incubated with fluorescein (FITC)-conjugated AffiniPure goat anti-
mouse IgG (H+ L) (Jackson ImmunoResearch, Cat. No. 115-095-
003, 1:100 dilution) secondary antibody at 37 °C for 1h. Nuclei
were stained with bisbenzimide H 33258 (Sigma-Aldrich, Cat. No.
B2883-1 g, 1:1000 dilution) for 10 min at 4 °C after washing the
cells with DPBS. After the indicated treatments, coverslips were
mounted on glass slides with Fluoromount™ Aqueous Mounting
Medium (Sigma-Aldrich, Cat. No. F4680-25ML) and photographed
under an Axio Imager 2 fluorescence microscope (ZEISS). Acquired
images were quantified by using Imagel/Fiji software. Graphing
and statistical analysis of the immunofluorescence assay results
were performed in Prism 8 (GraphPad). The antibodies used in this
study are listed in Supplementary Table 8.

Telomerase activity assay

Telomerase activity reactions were performed as 10 pl reactions
with: 50mM Tris-HCl pH 8.0, 50mM KCI, 1T mM MgCl,, TmM
spermidine, 5 mM DTT, 1 mM dATP, 1 mM dTTP, 10 uM dGTP, and
0.75uM 32P-dGTP (3000 Ci/mmol), 1uM telomeric primer
(TTAGGG)3, and 2 g cell extract at 37 °C for 2 hours. Reactions
were stopped with 10l of 1mg/ml proteinase K. DNA was
extracted with phenol/chloroform equilibrated with 50 mM NaOAc
(pH 7.0) and ethanol precipitated with 2.5 M ammonium acetate
and 10 ug of glycogen at —80 °C overnight. Reactions were then
centrifuged for 20 min at 14,000 r.p.m., and the pellets were
washed with 1 ml of 70% ethanol. The dried pellets were then
resuspended in 5 pl of 80% formamide loading buffer. Reaction
products were analysed on a 10% polyacrylamide (19:1) gel
containing 8 M urea. All blots derive from the same experiment
and were processed in parallel.

Reporting summary

Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

DATA AVAILABILITY

The data that support the findings of this study are available from the corresponding
authors on reasonable request. qPCR, RT-qPCR, and DNA sequencing data are
available in the supplementary information. Whole exome sequencing and single-cell
RNA-Seq datasets that support the findings of this study have been deposited to
NCBI SRA database with the BioProject ID: PRINA880366.
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The original code for Seurat is available at https://github.com/satijalab/seurat. Code
for scRNA processing pipeline is available at https:/github.com/phoebee-h/
MS_GenomeMedicine.
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