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Abstract

Telomere biology disorders (TBDs) are characterized by short telomeres, premature aging, bone marrow failure and cancer predisposi-
tion. Germline mutations in NHP2, encoding for one component of the telomerase cofactor H/ACA RNA binding complex together with
Dyskerin, NOP10 and GAR1, have been previously reported in rare cases of TBDs. Here, we report two novel NHP2 variants (NHP2-A39T
and NHP2-T44M) identified in a compound heterozygous patient affected by premature aging, bone marrow failure/myelodysplastic
syndrome and gastric cancer. Although still able to support cell viability, both variants reduce the levels of hTR, the telomerase
RNA component, and telomerase activity, expanding the panel of NHP2 pathological variants. Furthermore, both variants fail to be
incorporated in the H/ACA RNA binding complex when in competition with wild-type endogenous NHP2, and the lack of incorporation
causes their drastic proteasomal degradation. By RoseTTAFold prediction followed by molecular dynamics simulations, we reveal a
dramatic distortion of residues 33–41, which normally position on top of the NHP2 core, as the main defect of NHP2-A39T, and high
flexibility and the misplacement of the N-terminal region (residues 1–24) in NHP2-T44M and, to a lower degree, in NHP2-A39T. Because
deletion of amino acids 2–24 causes a reduction in NHP2 levels only in the presence of wild-type NHP2, while deletion of amino acids
2–38 completely disrupts NHP2 stability, we propose that the two variants are mis-incorporated into the H/ACA binding complex due
to the altered dynamics of the first 23 amino acids and/or the distortion of the residues 25–41 loop.

Introduction
Telomeres comprise thousands of TTAGGG duplexes bound by
the six-protein shelterin complex and folded back in the t-loop
structure (reviewed in 1). Due to the intrinsic inability of the
DNA replication machinery to duplicate the DNA until the very
end, telomeres progressively shorten during each cycle of cell
division until they reach a critically short length, and cells enter
into replicative senescence and/or apoptosis (reviewed in 2). The
telomerase holoenzyme solves the end replication problem by
adding TTAGGG repeats to the chromosome ends (3). The human
telomerase consists of the reverse transcriptase hTert, the telom-
erase RNA component hTR, two H/ACA RNA binding complexes,
the Cajal body protein TCAB/WRAP53 (reviewed in 2) and, as
recently shown, histones H2A–H2B (4).

Germline mutations affecting telomere stability are associated
with telomere biology disorders (TBDs) and are characterized
by short telomeres and a spectrum of conditions, including
premature aging, oral leukoplakia, skin pigmentation, nail

dystrophy and bone marrow failure in dyskeratosis congenita
(DC), intrauterine growth retardation and microcephaly in
Høyeraal–Hreidarsson syndrome (HHS), and aplastic anemia (AA),
idiopathic pulmonary fibrosis (IPF) and liver cirrhosis (reviewed
in 5). Furthermore, TBDs patients show an increased predisposi-
tion to hematological malignancies and, more rarely, solid tumors
(6–9). Due to the high heterogeneity of clinical features, TBDs are
often underdiagnosed, and when diagnosed, the identification of
the specific mutation/s involved fails in about 40% of patients,
leading to suboptimal treatment (2,10,11).

The H/ACA RNA binding complex is formed by Dyskerin,
NOP10, NHP2 and GAR1, and it binds H/ACA RNA hairpins co-
transcriptionally (12–15). It is essential for the maturation of
ribosomal RNA (rRNA) and small nuclear RNAs (snoRNAs) (16–21).
Furthermore, two H/ACA RNA binding complexes are part of the
telomerase holoenzyme, binding hTR and promoting its stability
and maturation (22–25). NHP2, but not the other components
of the complex, has also been associated with DNA damage
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response. However, the molecular mechanisms have not been
elucidated yet (26–28).

Mutations in all the H/ACA RNA binding complex components,
but GAR1, have been associated with TBDs (29–32). In particular,
seven different pathogenic NHP2 (OMIM #613987) variants have
been identified in unrelated TBDs patients (29,31). Patients diag-
nosed with HHS or DC had biallelic NHP2 mutations, whereas
patients diagnosed with AA or interstitial lung disease were het-
erozygous. The resolved structures of the telomerase holoen-
zyme indicate that NHP2 interacts with NOP10 and hTR directly
(4,24,25), and several TBD-associated mutations have been pre-
dicted to interfere directly with hTR binding. Consistently, reduced
hTR stability and telomerase activity have been demonstrated
with these variants (29,31).

In this study, we present two novel NHP2 variants (NHP2-A39T
and NHP2-T44M) identified in an adult patient diagnosed with DC
clinical features, bone marrow failure/myelodysplastic syndrome
(MDS) and gastric cancer, and we validate both of them as patho-
logical for hTR expression and telomerase activity in two cancer
cell lines. By molecular modeling and dynamics simulation, we
predict that the first 41 amino acids of NHP2 are either too
flexible or misplaced in both variants, potentially affecting their
binding to hTR or NOP10. We then show that protein expression
of both NHP2-A39T and NHP2-T44M is severely compromised
in the presence of endogenous NHP2 due to reduced binding to
NOP10 and Dyskerin and high proteasomal degradation, but it is
restored when endogenous NHP2 is deleted. A similar phenotype
is observed for an NHP2 mutant lacking the first 23 amino acids,
whereas the deletion of all the first 37 amino acids completely
compromises NHP2 protein levels. Therefore, we propose that all
the NHP2 not incorporated in the H/ACA RNA binding complex
is rapidly degraded by the proteasome and that the correct posi-
tioning of the first 24 amino acids of NHP2 plays a key role in the
kinetics of such incorporation.

Results
Identification of two novel NHP2 variants
The index patient with no family history of MDS was diag-
nosed at age 38 with gastric cancer and low-risk MDS, with
normal karyotype (46,XY[20]). Cancer was successfully removed
by surgery (Billroth II). After 7 years, his cytopenia (mainly
anemia) aggravated. Further clinical investigation revealed nail
dystrophies, gray hair, tooth loss and oral leukoplakia with a
bone marrow cellularity between 30 and 40%, which decreased
to 10–30% in the following 8 months, with normal karyotype
but erythro- and megakaryopoiesis dysplasia, suggesting TBDs.
Consistently, PCR showed short telomeres compared with same-
age controls (Fig. 1A). Family’s samples were not available, and
mutation analysis using Illumina TruSight Myeloid Sequencing
panel Sanger sequencing of TERT and TERC coding exons failed to
detect any pathogenic variant. The patient underwent allogeneic
bone marrow transplantations but rejected the graft and, after a
second transplantation, unfortunately died of Epstein–Barr virus
infection.

Subsequent whole-genome sequencing performed on DNA
extracted from the patient’s fibroblasts identified compound
heterozygote missense variants in NHP2 at c.115G > A (chr5:1775
80704) and c.131C > T (chr5:177580688) leading to p.Ala39Thr
(hereafter indicated as NHP2-A39T) and p. Thr44Met (NHP2-
T44M), respectively (Fig. 1B). The first variant is present in
the European population with the very low frequency of

0.9 × 10−4 (33). However, it has never previously been associ-
ated with TBD. The second variant has never been reported
before. No other variants of potential clinical significance were
detected.

These two mutations are located in the N-terminal region
of NHP2, in proximity to only one other previously identified
NHP2 mutation (R41H) (Fig. 1C) (29). Targeted genome BLASTp
identified the A39 residue as conserved in eukaryotes but not
in the archaea Ribosomal Protein L7 (RL7) paralogue, and T44 as
conserved only in Tetrapods (Fig. 1C and Supplementary Material,
Fig. S1). Although accordingly to the recently resolved cryogenic
electron microscopy (cryo-EM) structure of the H/ACA Ribonu-
cleoprotein (RNP) lobe of human telomerase (PDB ID: 7bgb (4)),
neither residue A39 nor T44 seems to be directly involved in
the interaction of NHP2 with NOP10 and/or hTR (Fig. 1D), both
substitutions were predicted in silico to be highly deleterious for
NHP2 protein function (SIFT tolerance score of 0.00 and PolyPhen
confidence score of 0.999 for both).

Both NHP2-A39T and NHP2-T44M affect hTR
stability and telomerase activity
This investigation started after the patient was deceased, and
no patient’s samples were available anymore. Therefore, we
characterized the effect of NHP2-A39T and NHP2-T44M variants
on telomerase activity in human cell lines. Because NHP2 is
essential, MYC-tagged wild-type NHP2 (NHP2-WT) or mutant
NHP2 (NHP2-A39T or NHP2-T44M) were expressed in telomerase-
positive HeLa cancer cell line first, and then the bulk endogenous
NHP2 was targeted with CRISPR/Cas9. The Myc-tag allowed to
differentiate between exogenous Myc-NHP2 (NHP2∗) and endoge-
nous NHP2 (endo-NHP2) on the immunoblot (Fig. 2A). Consistent
with previous reports (26,34,35), deletion of genomic NHP2 by
CRISPR/Cas9 caused a sudden arrest of growth (Fig. 2A and B).
NHP2-WT complemented NHP2 deletion, indicating that the
Myc-tag did not affect NHP2’s essential functions (Fig. 2A and B).
Although present at lower levels than NHP2-WT, both NHP2-
A39T and NHP2-T44M could also support cell survival as
wild-type NHP2 (Fig. 2A and B), indicating that their essential
function was not impaired. Nevertheless, both caused lower hTR
expression and a significant reduction in telomerase activity
compared with NHP2-WT (Fig. 2C and D and Supplemental
Material, Tables S1 and S2). Similar data were obtained with
the cancer cell line HT1080 (Supplementary Material, Fig. S2A–D
and Supplemental Material, Tables S3 and S4), validating
both NHP2-A39T and NHP2-T44M as new TBD-causing NHP2
variants.

NHP2-A39T and NHP2-T44M do not affect cell
survival after DNA damage
NHP2 depletion has been previously shown to affect DNA damage
response in cancer cells (26,27). However, neither of the two muta-
tions caused a significant reduction in the survival of HeLa cells
after treatment with the DNA-targeting drugs aphidicolin, neo-
carzinostatin or cisplatin when compared with NHP2-WT (Sup-
plementary Material, Fig. S3A–C). Similar results were obtained
after aphidicolin, γ -irradiation or cisplatin treatment in U-2OS
cancer cell line (Supplementary Material, Fig. S3D–G), which sur-
vive through a telomerase-independent alternative lengthening
of telomeres (ALT) mechanism (reviewed in 2,36), thus indicating
that neither mutations compromise NHP2’s role in DNA damage
response.
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Figure 1. Identification of two new NHP2 variants in a patient with short telomeres. (A) PCR for telomere length in the patient’s peripheral blood.
The Relative telomere length (RTL) value of each sample is plotted against the individual’s age. Controls as gray circles, patients with TBD mutations
as red triangles, arrow indicates the new index patient. (B) Visualization by Integrative Genomics Viewer of the NHP2 variants identified in the index
patient (antisense strand). c.131C > T (chr5:177580688) leading to pThr44Met (left) and c.115G > A (chr5:177580704) leading to p.A39T (right) are always
on separate sequence reads and all reads have one of the variants present. (C) Clustal Omega Alignment of NHP2 isoforms from human, mouse and
Saccharomyces cerevisiae, and RL7A from Pyrococcus horikoshii, with ClustalX coloring. Top arrows indicate the first amino acid resolved in the cryo-EM
structure (Q25), A39 and T44. Bottom arrows indicate the residues previously found mutated in TBDs (29,31). (D) Cryo-EM structure (PDB ID: 7bgb) of
H/ACA RNP lobe of human telomerase; blow-up shows NHP2 and NOP10 bound to hTR RNA. Highlighted are residues A39 and T44. The NHP2 structure
starts from Q25.
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Figure 2. Reduced telomerase activity in cells expressing NHP2-A39T or NHP2-T44M. (A) Immunoblot for NHP2 and (B) survival curve for HeLa
cells transduced with the empty vector (EV) or MYC-tagged NHP2-WT, NHP2-A39T or NHP2-T44M, before or after CRISPR/Cas9-mediated deletion of
endogenous NHP2. The signal for Myc-NHP2 (Myc-NHP2∗) or endogenous NHP2 (endo-NHP2) was normalized to the actin loading control and then to
the value obtained for endo-NHP2 in untreated conditions. Day 0 is set 4 days after endo NHP2 deletion. (C) qPCR for hTR and (D) Real-time quantitative
telomeric repeat amplification protocol (RQ-TRAP) for n = 3 independent experiments, with average and SD. Values were normalized on Myc-NHP2-WT.
Statistics: ordinary one-way ANOVA for multiple comparisons.

A39T and T44M are predicted to affect the
behavior of the NHP2 N-terminal tail
Because residues A39 nor T44 did not localize close to NOP10 or
hTR in either of the two H/ACA heterodimers resolved in the cryo-
EM structure of the telomerase (Fig. 1D), and both NHP2-A39T
and NHP2-T44M were expressed to lower levels than NHP2-WT,
we decided to investigate the possible effect of A39T and T44M
mutations on NHP2 structure in silico. First, we used RoseTTAFold
(37) to build initial structural models of full-length human NHP2,
including the first 24 N-terminal amino acids, which have not
been resolved in any structures so far and are predicted to be
highly disordered (Fig. 3A) (38). All five generated models identi-
fied a protrusion of the N-terminal (Supplementary Material, Fig.
S4A). However, the confidence was very low, with an estimated
error higher than 1.2 Å due to the lack of any reference structure.
Therefore, and considering the disordered nature of this region,
we performed molecular dynamics (MD) simulations. To reach the
wider exploration of the conformational space, five replicas, each
one starting from one of the different RoseTTAFold models, were
simulated for 1 μs each. The five independent resulting trajec-
tories partially overlap, indicating that the N-terminal region of
NHP2 could move from one starting point to the other during the
simulation, adopting all the conformations proposed by the struc-
ture predictor (Supplementary Material, Movies S1–S5). Cluster

analysis on the whole combined trajectories revealed that wild-
type NHP2 explored two prominent configurations (Supplemen-
tary Material, Fig. S4B), accounting for up to the 82% of simulation
time (Fig. 3B). From residue P33 both configurations were largely
overlapping with the resolved cryo-EM structure of NHP2 in the
telomerase holoenzyme (Fig. 3C and Supplementary Material, Fig.
S4C), whereas the upstream residues could assume two relatively
stable distinct conformations, neither of them interfering with
the interface between NHP2 and NOP10 or hTR (Fig. 3C–E and
Supplementary Material, Fig. S4B and C) and stabilized by a
network of interactions between the N-terminal residues and
the globular domain of NHP2 (Supplementary material, Fig. S5A).

In parallel, the five initial models predicted by RoseTTAFold
for either NHP2-A39T or NHP2-T44M (Supplementary Materials,
Fig. S4D and H) were also used as starting points for five 1 μs-
long MD simulations. Neither mutations affected the bulk of
NHP2 structure; however, there were substantial differences in the
MD simulations of the N-terminal, with several changes in the
hydrogen-bonds network (Fig. 3, Supplementary Material, Figs S4
and S5, and Supplementary Material, Movies S6–S15). Indeed,
NHP2-A39T was slightly more flexible than NHP2-WT, with the
most frequent conformation, accounting for 53% of all the struc-
tures adopted during the simulation, showing an aberrant torsion
of the amino acids 33–41 (Fig. 3B and F, Supplementary Material,
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Figure 3. In silico analysis of NHP2∗ conformations. (A) Schematics of the intrinsic disorder of NHP2 as generated by D2P2 database by consensus (B)
Frequency distribution of the first 10 clusters identified by five simulation trajectories of 1 μs each for the wild-type NHP2, NHP2-A39T and NHP2-T44M.
Superposition of the region between amino acids Q25 and R41 of the two most representative NHP2-WT clusters on NHP2 as resolved in (PDB ID: 7bgb)
(C). Superposition of the centroid of NHP2-WT cluster 1 (D) and NHP2-WT cluster 2 (E) on NHP2 interacting with NOP10 and hTR as in (PDB ID: 7bgb).
Superposition of two most representative clusters of NHP2-A39T (F–H) and NHP2-T44M (I–K) on NHP2 as resolved in (PDB ID: 7bgb) as described in (C–E).
The structures are shown in different orientation to highlight the positioning of the N-terminal.

Fig. S4E–G, and Supplementary Material, Movies S6–S10), while
the positioning of the upstream N-terminal tail was similar to
NHP2-WT (Fig. 3G). The second conformation, accounting for 14%
of the adopted structures, showed instead the first 24 amino
acids invading the interface between NHP2 and NOP10 and hTR
(Fig. 3B and H and Supplementary Material, Fig. S4E), whereas the
polypeptide chain folded as in NHP2-WT after residue P33 (Fig. 3F
and Supplementary Material, Fig. S4F). For NHP2-T44M, instead,
the MD simulation revealed a very broad cluster distribution, with
the first two conformations representing together only 41% of
the explored conformations (Fig. 4B and Supplementary Material,
Movies S11–S15). This broad distribution suggests a much higher
flexibility of the N-terminal in this mutant, probably caused by
the loss of the interaction between T44 and S40 (Supplementary
Material, Fig. S5). Notably, in this latter mutant, also residue R41,
reported as mutated to histidine in another TBD patient (29), loses
its recurrent interaction with E16. Furthermore, both the most
explored conformations for T44M caused the insertion of the N-
terminal 24 amino acids along NHP2 and NOP10/hTR without

affecting the Q25-R41 loop (Fig. 3I–K and Supplementary Material,
Fig. S4I and J).

In conclusion, this in silico analysis predicts that neither muta-
tions compromise the folding of NHP2 core. Instead, they alter the
behavior of the flexible N-terminal region of NHP2 by affecting its
hydrogen-bonds networks. Although this could potentially reduce
the intrinsic stability of NHP2, MD simulation suggests instead
that the torsion of residues 33–41 and/or the insertion of the N-
terminal in the interface between NHP2 and NOP10 would reduce
the affinity of both variants for NOP10.

NHP2-A39T and NHP2-T44M are outcompeted
and highly degraded in the presence of wild-type
NHP2
To test this hypothesis, we performed co-immunoprecipita-
tion (Co-IP) against Myc in HT1080 cells expressing either NHP2-
WT, NHP2-A39T or NHP2-T44M after deletion of endo-NHP2.
However, consistently with their ability to support cell survival
(Supplementary Material, Fig. S2B) and the relatively late onset
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Figure 4. Reduced affinity and stability of NHP2-A39T and NHP2-T44M in the presence of endogenous NHP2. (A) Immunoblot for NHP2, NOP10, Dyskerin
and GAR1 in HT1080 cells transduced with the indicated MYC-NHP2 alleles after CRISPR/Cas9-mediated deletion of endo-NHP2 before (input) and after
pull-down with anti-Myc antibodies (Myc IP) or no antibodies (no ab IP). (B) Quantification of NOP10, Dyskerin and GAR1 pulled down with Myc antibodies
as described in (A) for n = 3 independent experiments, with average and SD. NOP10, Dyskerin and GAR1 levels were normalized to the Myc-NHP2 levels
in the same lane. The values obtained for Myc-NHP2-WT were set to 1, and all the other values were calculated relative to it. (C) Immunoblot for NHP2
and (D) quantification of endo-NHP2 or Myc-NHP2∗ in HT1080 cells transduced with EV or the indicated MYC-NHP2 alleles before or after CRISPR/Cas9-
mediated deletion of endo-NHP2 using actin as loading control for n = 3 independent experiments, with average and SD. The signal for endo-NHP2 and
Myc-NHP2∗ was normalized to actin. The EV normalized value was set to 1 and all the other values were calculated relative to it. (E) Immunoblot for NHP2
and (F) quantification in HT1080 cells expressing the indicated MYC-NHP2 alleles, with or without treatment with bortezomib for 6 h. Quantification as
in (D) for n = 3 independent experiments, with average and SD. (G) Immunoblot for Dyskerin, NOP10 NHP2, and actin as loading control after depletion of
Dyskerin with two different shRNA. (H) Quantification as in (G) for n= 3 independent experiments with average and SD. For each protein, the levels were
first normalized to actin and then to the value obtained for the control (-).(I) Immunoblot of Dyskerin and endo-NHP2/Myc-NHP2∗ 6 h after bortezomib
treatment in HT1080 cells transduced with the indicated MYC-NHP2 alleles before and after pull-down with anti-Dyskerin antibody. (J) Quantification
for n = 3 independent experiments of the ratio of endo-NHP2 and Myc-NHP2∗ versus total NHP2∗ in each input and IP lane as shown in (G). Statistics:
(B) and (H) ordinary one-way ANOVA for multiple comparisons for each protein, (D) unpaired t-test, (F) ratio paired t-test for each Myc-NHP2 variant, (J)
two-way ANOVA for multiple comparisons for each Myc-NHP2∗.

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/32/19/2901/7223866 by guest on 27 Septem
ber 2023



Human Molecular Genetics, 2023, Vol. 32, No. 19 | 2907

of TBD in the index patient, both variants interacted with NOP10,
Dyskerin and GAR1 to similar, if not higher, levels than NHP2-WT
(Fig. 4A and B), demonstrating that neither of the substitutions
abolishes the possibility of NHP2 to be incorporated in the
complex per se.

Nevertheless, we noticed that before deleting endogenous
NHP2, the levels of NHP2-WT represented about 50% of the
total NHP2 extracted from HT1080 cells, whereas NHP2-A39T
and NHP2-T44M levels represented less than 1% and 10% of
total NHP2, respectively (Fig. 4C and D), and NHP2-WT expression
caused a reduction in the levels of endo-NHP2 of about 50%,
while the two mutated variants did not affect the level of endo-
NHP2 (Fig. 4C and D). Furthermore, deletion of endogenous NHP2
with lentiviral CRISPR Cas9/sgRNA caused a significant increase
in the levels of NHP2-A39T and NHP2-T44M, about 50- and 4-
fold, respectively, whereas only slightly affecting NHP2-WT levels
(Fig. 4C and D). Similarly, treatment with the proteasome inhibitor
bortezomib increased the levels of NHP2-A39T and NHP2-T44M
by about 20- and 3-fold, respectively, whereas it did not affect the
levels of endo-NHP2 or NHP2-WT (Fig. 4E and F), suggesting that
both NHP2-A39T and NHP2-T44M are subject to high proteasomal
degradation in cells expressing wild-type NHP2, whereas they are
stabilized when no wild-type NHP2 is present.

Because our in silico analysis predicted a reduction in the
affinity of the two NHP2 variants for NOP10 and depletion of
Dyskerin caused a reduction in NHP2 levels (Fig. 4G and H) (26),
we investigated the possible correlation between NHP2-A39T and
NHP2-T44M degradation in the presence of endo-NHP2 with the
lack of incorporation in the H/ACA RNA binding complex. To this
end, we stabilized Myc-NHP2 variants with bortezomib in cells
expressing endo-NHP2 before performing Co-IP against endoge-
nous Dyskerin. As expected, NHP2-WT was equally present in
the cell extract and in the Co-IP fraction, representing about 70%
of total NHP2 in both (Fig. 4I and J). On the contrary, the ratio
of NHP2-A39T and NHP2-T44M in the total cell extract versus
the Co-IP fraction decreased from about 50% to less than 15%
and from about 60% to about 40%, respectively (Fig. 4I and J),
demonstrating that both A39T and T44M substitutions reduce the
binding affinity of NHP2 for NOP10/Dyskerin and that the lack of
incorporation in the H/ACA RNA binding complex determines the
rapid degradation of NHP2.

Importantly, similar competition between endo-NHP2 and
exogenous NHP2 and the instability of NHP2-A39T and NHP2-
T44M was also observed in U-2OS, HeLa cancer cells and in normal
BJ fibroblasts (Supplementary Material, Figs S3D and S6A, B).
NHP2-WT levels could range from about 6% of the endo-NHP2
in HeLa cells to 90% in U-2OS cells, whereas the levels of endo-
NHP2 were almost unaffected by the expression of MYC-NHP2-
WT in HeLa or U-2OS cells but were reduced below detection in
BJ cells (Supplementary Material, Figs S3D and S6A, B). Although
the reason for this variability in the different cell lines is still
unknown, this indicates that NHP2 levels are highly regulated
post-transcriptionally independently of the telomerase status.

NHP2 N-terminal domain increases the binding
affinity of NHP2 for NOP10
Because both variants were predicted to affect the positioning/-
folding of the NHP2 N-terminal, we investigated the role of the
N-terminal in the formation of the H/ACA RNA binding complex
by expressing untagged NHP2 mutants deleted of amino acids 2–
24 (NHP2-�24) or amino acids 2–38 (NHP2-�38) before or after
deletion of endo-NHP2 (Fig. 5A). NHP2-�24 was expressed signif-
icantly less than full-length NHP2 in the presence of endo-NHP2,

but reached similar levels as MYC-NHP2-WT after deletion of
endo-NHP2 (Fig. 5A and B). On the contrary, NHP2-�38 remained
below detection in either the presence or absence of endo-NHP2,
and this was not due to reduced transcription (Fig. 5A and B and
Supplementary Material, Fig. S6C and Supplementary Material,
Table S5). Consistently, NHP2-�24, but not NHP2-�38, comple-
mented the lethality due to endo-NHP2 deletion (Fig. 5C). These
data suggest that the correct folding of the first 23 amino acids
of NHP2 is not strictly required for intrinsic protein stability,
but to increase NHP2 affinity for NOP10/Dyskerin. On the con-
trary, residues 25–40 are necessary for NHP2 stability, intrinsically
and/or by allowing the incorporation of NHP2 into the H/ACA RNA
binding complex.

Importantly, either NHP2-A39T or NHP2-T44M variants were
stabilized by the deletion of amino acids 2–24 (NHP2-A39T-�24
and NHP2-T44M-�24, respectively) (Fig. 5D and E), suggesting
that the primary stability defect associated with both mutations
is unlikely just due to the insertion of the N-terminal in the
interface between NHP2 and NOP10, but rather to the general
mis-positioning of the N-terminal. Consistently, �24 and T44M
mutations are epistatic, suggesting that T44M substitution
prevents the 23 N-terminal amino acids from promoting the
H/ACA RNA binding complex assembly. On the contrary, �24
mutation was additive to A39T mutation both in terms of protein
stability and cell survival (Fig. 5D–F), suggesting that the role
of the first 23 amino acids in the formation of the H/ACA RNA
binding complex is absolutely necessary in the presence of the
A39T mutation.

Discussion
Germline predisposition for bone marrow failure and hematolog-
ical disorders, including malignancies, is a major clinical chal-
lenge, and numerous novel mutations have been identified during
the last decade, including many associated with telomere biology
(6–9). Identifying such conditions is of primary importance both
for the patient and the rest of the family, preventing under-
diagnoses and mistreatment, especially considering that some
mutations can be asymptomatic in early years and lead to the
late onset of TBDs even in heterozygosis (39–41). Furthermore,
because for many of these disorders, including TBDs, there is
currently no other treatment than allogeneic hematopoietic stem
cell transplantation (42), the delay in the identification of the
causative germline mutation can fatally affect the choice of donor
and the conditioning regimen, as unfortunately it was in this case.

We herein report two novel variants in the NHP2 gene (OMIM
#613987), NHP2-A39T and NHP2-T44M, identified in a patient diag-
nosed with pancytopenia and signs of early aging. Both variants
affect hTR stability and telomerase activity, validating them as
pathogenic for TBDs. However, and consistent with the late onset
of TBD, neither of the variants compromises the essential func-
tions of NHP2. A specific impairment in binding hTR versus other
H/ACA RNAs could explain the different effect on telomerase
activity versus cell survival for both mutations. Another possi-
bility is that lower NHP2 levels, as observed for both mutants
even in the absence of wild-type NHP2, are sufficient to perform
NHP2’s primary functions but are not enough for the secondary
functions such as telomerase formation. Because NHP2-A39T is
highly unstable in the presence of wild-type NHP2 while NHP2-
T44M is still, at least partially, incorporated in the complex in the
presence of wild-type NHP2, the NHP2-A39T could be reasonably
considered recessive, whereas NHP2-T44M could be co-dominant.
Although further analysis on individuals carrying NHP2-T44M in
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Figure 5. The N-terminal region of NHP2 promotes the incorporation into the H/ACA RNA binding complex and protein stability. Immunoblot (A) and
quantification (B) for NHP2 expression in HT1080 cells transduced the empty vector (EV) or MYC-tagged NHP2-WT, NHP2-Δ24 or NHP2-Δ38, before and
after CRISPR/Cas9-mediated deletion of endo-NHP2. Actin was used as loading control. Graph shows n = 4 independent experiments with average and SD.
(C) Survival curve for HT1080 cells treated as in (A). Day 0 is set 3 days after endo NHP2 deletion. n = 4 independent experiments. Immunoblot for NHP2
(D), quantification of NHP2 over n = 3 independent experiment (E) and survival curve over n = 3 independent experiments (F) of HT1080 cells transduced
with the indicated MYC-NHP2 alleles before and after CRISPR/Cas9-mediated deletion of endo-NHP2 as described in (A–C). The three experiments shown
in (E) and (F) were performed together with three over four experiments shown in (B) and (C). Statistical analysis by unpaired t-test.

heterozygosity will be needed to confirm this hypothesis, this
proposed analysis would be in agreement with the previous identi-
fication of monoallelic NHP2 variants in adult patients diagnosed
with AA and/or IPF (29).

Differently from what was previously shown for NHP2
depletion (26,27), neither NHP2 variants affects sensitivity to DNA
damaging agents; therefore, further studies will be required to
elucidate if and how NHP2 mutations could have contributed to
malignancy. Indeed, while MDS may have occurred due to clonal
hematopoiesis caused by telomere shortening, as previously
reported (9), the etiology of the gastric cancer remains unknown,
although it reminds the rare occurrence of solid cancers detected
in male patients with Dyskerin mutations (9).

Importantly, our data present, for the first time, the relevance
of the N-terminal region (residues 1–41) of NHP2 in promot-
ing H/ACA RNA binding complex formation and NHP2 stabil-
ity. Residues 2–24 are the most divergent between species and
even absent in the archaea paralogue RL7. Furthermore, they
have never been resolved by X-ray crystallography, cryo-EM (4)
or NMR spectroscopy (43) due to their high disorder/flexibility
and their tendency to dimerize in solution. Residues 25–41 are

instead highly conserved and, although flexible, form a stable
loop on the top of NHP2’s core, with multiple contact points with
NOP10 (4). Here, we show that the first 23 amino acids of NHP2
promote the efficient incorporation of NHP2 into the H/ACA RNA
binding complex, whereas the loop 25–38 is absolutely required
for NHP2 stability. How this loop promotes NHP2 stability is still
undetermined. It could have an intrinsic role in forming the NHP2
core, for example by sequestering the solvent, or it could have an
indirect role by forming the interface with NOP10. Because, as we
showed here, unbound NHP2 is massively degraded, we cannot
discriminate between these two possibilities.

As for the first 23 amino acids, it is possible that they actively
promote transient interactions with NOP10 and/or Dyskerin.
Indeed, also Dyskerin has several unresolved regions that are
predicted to be highly flexible and could mediate such interaction.
Another non-mutually exclusive possibility is that the correct
binding of this flexible N-terminal tail to the external surface
of NHP2 stabilizes the folding of the 25–38 loop, therefore
promoting the formation of the interface with NOP10. Because the
addition of a Myc-tag before the N-terminal does not compromise
NHP2’s stability and/or functions, we do favor the second
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hypothesis, but further studies will be required to characterize
the dynamic mechanism underlying the interaction of NHP2 with
NOP10/Dyskerin.

In this context, the telomerase-deficient phenotype observed
in these new NHP2 variants could be explained by three non-
mutually exclusive hypotheses: defective binding to hTR (i), low
levels of active H/ACA RNA binding complex due to reduced
intrinsic stability of NHP2 (ii) and/or defective incorporation of
NHP2 into the complex (iii). In fact, both mutants are predicted
to have reduced interaction with hTR but are also less expressed
than wild-type NHP2. Furthermore, as discussed before, it is not
possible to discriminate between intrinsic instability due to mis-
folding and proteasome-dependent degradation of all the NHP2
not incorporated into the H/ACA RNA binding complex. However,
based on our in silico and genetic analysis, we would like to propose
that the main effect of the T44M mutation is to increase the
flexibility of the N-terminal aberrantly. This increased flexibility
would then compromise the correct positioning of the N-terminal
and its function in the formation of the H/ACA RNA binding
complex. Furthermore, mispositioning of the N-terminal could
also directly reduce the ability of NHP2 to bind hTR. The effect
of A39T substitution seems instead to be more deleterious since
the torsion of the P33-R41 loops could severely affect the interface
between NHP2 and NOP10, unless the correct positioning of the
first 23 amino acids compensates for it. This would explain why
the removal of the N-terminal tail in the NHP2-A39T variant
exacerbate NHP2 instability.

The lack of incorporation of NHP2 in the H/ACA RNA binding
complex promotes dramatic NHP2 degradation. Tight regulation
of NHP2 levels has been previously shown to be associated with
ALT (27) cells. Here, we demonstrate that it is also relevant in
untransformed fibroblasts and telomerase-positive cancer cell
lines. Because NHP2 has many potential ubiquitination sites (15
out of 153 amino acids), one intriguing possibility is that, once
bound to NOP10, these lysines would be hidden, whereas on free
NHP2 they would be accessible to ubiquitination and signal NHP2
to degradation. However, further studies will be required to inves-
tigate if and why free NHP2 could affect cell fitness regardless of
the telomerase status.

Materials and Methods
Telomere length analysis
Relative telomere length (RTL) was determined by quantitative
PCR on 17.5 ng DNA extracted from peripheral blood, as described
in (44), using single copy gene HBG as control and CFX96 instru-
ment (BioRad, Hercules, CA). A standard curve of the reference cell
line DNA is included in every run to monitor PCR efficiency,

TruSight myeloid panel sequencing
Sequencing libraries were prepared from 50 ng of genomic DNA
using TruSight Myeloid Sequencing Panel (FC-130-1010; Illumina,
San Diego, CA) according to the manufacturer’s instructions. Inge-
nuity Variant Analysis (Qiagen) was used to detect SNVs and small
indels with detection thresholds of 500× coverage, variant allele
frequency of 5% and minimum 50 reads for variant. No variants
met the conditions to be included in downstream analysis.

Whole-genome sequencing
Sequencing libraries were prepared from 1 μg DNA using
the TruSeq PCRfree DNA sample preparation kit (Illumina)
targeting an insert size of 350 bp. The library was sequenced
with paired-end 150 bp reads on NovaSeq S4 flowcell, with

v1 sequencing chemistry (Illumina). Raw sequence reads were
aligned to the human reference GRCh37.75 using bwa 0.7.12
(https://github.com/lh3/bwa). The alignments were deduplicated
(PicardMarkDuplicates), recalibrated and indel realigned using
Genome Analysis Toolkit, GATK v3.3.0 (https://github.com/
broadinstitute/gatk-docs). Small nucleotide variants and indels
were called using the GATK Haplotypecaller and annotated
using snpEff v4.1 (http://pcingola.github.io/SnpEff/). Variant files
and patient HPO term descriptions were uploaded to Moon
(Diploid, Leuven, Belgium) for variant prioritization. Highlighted
variants were inspected using Integrative Genomics Viewer (Broad
Institute, Cambridge, MA) (45).

Alignment and sequence analysis
Protein sequences were obtained from BLAST-Uniprot (https://
www.uniprot.org) and aligned in SnapGene (GSL Biotech) using
Clustal Omega or MUSCLE multiple sequence comparison.
Alignments were colored with ClustalX coloring (properties +
conservation) or by identity using Homo sapiens NHP2 as reference.

The functional effect of substitution was calculated by SIFT
(https://sift.bii.a-star.edu.sg) (46), where both substitutions were
predicted to ‘affect protein function’ with a score of 0.00, or
PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/dokuwiki/
start) (47), where they were predicted to be ‘Probably damaging’
with a score of 0.999.

Cell lines and cell treatments
HeLa S3, HT1080, U-2OS, BJ, 293T and Phoenix AMPHO (ATCC,
Rockville, MD) were cultured in Dulbecco’s modified Eagle
medium (DMEM) (Corning) supplemented with 10% fetal bovine
serum (FBS) (Gibco), l-glutamine (Gibco), non-essential amino
acids (Gibco) and penicillin–streptomycin (Gibco) at 37◦C and 5%
CO2. Bortezomib (PS-341; Selleckchem) was dissolved in DMSO
(Sigma) and added to the cells (final concentration of 100 nm) for
6 h before harvest.

Plasmid constructs and viral gene delivery
NHP2-WT was cloned in pWZL-MYC hygromycin-resistant retro-
viral vector (GenScript). The mutations G115A (NHP2-A39T) or
C131T (NHP2-T44M) were inserted by site-directed mutagenesis.
The gRNA against endogenous NHP2 (5′-CAAATGCATCAAGAAAG
GTG-3′) was cloned in pLentiCRISPR v2 puromycin-resistant
lentiviral vector. Depletion of Dyskerin was obtained using
shRNA cloned in pLKO.1 vector (shRNA.1: TRCN0000010324,
target sequence: 5′-CACTATACACCTCTTGCATGT-3′; shRNA.2:
TRCN0000352996, target sequence 5′-TATGTTGACTACAGTGAGT
CT-3′; Sigma). Phoenix AMPHO and 293T were transfected by
CaPO4 precipitation with 20 μg of plasmid DNA for Retroviral
and Lentiviral transduction, respectively. Viral supernatant,
supplemented with 4 μg/ml polybrene (Merck Millipore), was
filtered through a 0.45-μm filter and used for transduction of
target cells two/three times per day over 2 days. Target cells were
selected in 300 μg/ml Hygromycin B (CAS 31282-04-9; Sigma) or
300 nm Puromycin (CAS 58-58-2; Merck) for 3–6 days.

Deletions of amino acids 2–24 or 1–37 were performed by PCR
with the following primers:

NHP2—Rev: 5′-CATGGTGGCTGATCCGGCCGGC-3′.
NHP2-�24—For: 5′-CAGGAGCTGCTGGTCAACCAG-3′.
NHP2-�38—For: 5′-GCTTCTCGCCGCCTCACGCGG-3′.

Immunoblotting and co-immunoprecipitation
For immunoblotting, cells were trypsinized and lysed in 2×
Laemmli buffer (100 mm Tris–HCl pH 6.8, 200 μm DTT, 3% SDS, 20%
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glycerol, 0.05% bromophenol blue) at 5 × 103 cells/μl. The lysate
was denatured for 10 min at 96◦C, and genomic DNA was sheared
with 29-gauge needle. Proteins were separated by SDS/PAGE and
transferred to a nitrocellulose membrane. The membrane was
blocked in 5% milk dissolved in PBS with 0.1% Tween-20 and
incubated with primary antibodies for 2 h at RT. Secondary anti-
mouse or anti-rabbit IgG HRP antibodies (GE Healthcare) were
incubated for 1 h at RT. The signal was detected by ChemiDoc
(BioRad, Hercules, CA) after adding Chemilimunescence western
blotting reagents (GE Healthcare) and quantified using ImageJ
(48). Primary antibodies: Myc-tag (9B11, mAb 2276; Cell Signaling),
NHP2 (ab180498; Abcam), GAR1 (NBP2–31742; Novus Biologicals),
NOP10 (ab134902; Abcam), Dyskerin (ab156877; Abcam) and B-
actin (8H10D10, mAb 3700; Cell Signaling).

For co-immunoprecipitation, cells were harvested by trypsiniza-
tion, washed twice in PBS and then lysed in lysis buffer [50 mm
Tris–HCl, 200 mm NaCl, 0.05% IGEPAL, Complete protease inhibitor
mix (Roche) and PhosSTOP phosphatase inhibitor mix (Roche)]
(49). After sonication for 2 × 5 s (40 amp), the lysates were
incubated on ice for 10 min and then centrifuged at 4◦C at full
speed for 10 s. Then, 50 μl of the supernatant was saved as input.
The rest of the supernatant was pre-cleared with beads for 2 h
at 4◦C, and then incubated overnight at 4◦C with 6 μl of antibody.
Finally, 60 μl of beads was added for 3 more hours at 4◦C before
three washes with lysis buffer. Laemmli buffer (2×) was added
and samples were boiled for 10 min before gel loading.

RNA extraction and qRT–PCR
RNA was extracted from 106 cells using RNeasy Mini Kit (Qiagen).
RNA (500 ng) was reverse transcribed using First Strand cDNA
Synthesis Kit (Thermo Scientific). SYBR Green PCR Master Mix
(Applied Biosystems) was used for qPCRs. BioRad software was
used to automatically calculate thresholds. Primers used in this
study were as follows:

GAPDH-F: 5′-GTCTCCTCTGACTTCAACAGCG-3′ (OriGene).
GAPDH-R: 5′-ACCACCCTGTTGCTGTAGCCAA-3′ (OriGene).
hTR-F: 5′-AACCCTAACTGAGAAGGGCG-3′.
hTR-R: 5′-AGAATGAACGGTGGAAGGCG-3′.
NHP2-F: 5′-AGACACACTGCCCATTGAGG-3′.
NHP2-R: 5′-TCCAGGCACTCATCGTAAGC-3′.
hTR or NHP2 values were normalized on GAPDH mRNA.

Telomerase activity assay
Samples were prepared according to (50). Real-time quantitative
telomeric repeat amplification protocol (RQ-TRAP) was performed
as described in (51) in 20 μl final volume by two-step qPCR
for 35 cycles (95◦C, 30 s, 60◦C, 90 s), after incubating 200 ng of
protein extract with 10 μl 2× SYBR green master mix, 0.2 μm
ACX primer and 0.3 μm TS primer (52) at 25◦C for 20 min. The
negative controls were incubated before the RQ-TRAP assay for
15 min at 85◦C for telomerase inactivation. The standard curve
was prepared by dilutions of TSR8 template according to the
manufacturer’s instructions (Merck Millipore). BioRad software
was used to automatically calculate thresholds.

Colony assays
HeLa and U-2OS cells were seeded in 6-well plates in triplicate or
duplicate at 100 or 250 cells per well, respectively. After 24 h, cells
were incubated with aphidicolin (CAS 38966-21-1; Sigma) (50–
300 nm, whole growth), neocarzinostatin (CAS 9014-02-2; Sigma)
(12.5, 25, 50 ng/ml, 1 h), cisplatin (CAS 15663-27-1; Sigma) (0.5–
2 μm, 24 h) or their respective controls (154 mm NaCl or DMSO;
Sigma). For γ -irradiation, cells were exposed to 1–3 Gy/min. Cells

were incubated for 10–14 days with one change of medium at day
6. Plates were stained with 50% methanol/2% methylene blue and
colonies were scored manually.

Disorder prediction
The predicted disordered agreement for NHP2 was obtained
by entering hNHP2 sequence into the D2P2 disorder predictor
database (http://d2p2.pro/) (38).

Model generation and molecular dynamics
Five structures of full-length NHP2-WT, NHP2-A39T and NHP2-
T44M were modeled using RoseTTAFold (37) at the Robetta
webserver (https://robetta.bakerlab.org/), with no template pro-
vided and standard parameters. MD simulations were performed
using GROMACS 2020.3 software package (www.gromacs.org) and
CHARMM36m force field (53). Each model was solvated in a cubic
box using TIP3P water model with a minimum distance between
protein and box edges of 1 nm. Counterions K+ and Cl− were
added at a concentration of 100 mm to neutralize the net charge.
For each protein ensemble, five simulations of 1 μs were carried
out for each protein system (for a total time of simulation of 5 μs
for each protein variant) within NPT thermodynamic ensemble
at 300 K and 1 atm using a time step of 2 fs. Cluster analysis
was then performed on a skipped trajectory of 5000 frames for
each system. The RMSD matrices were computed on backbone
atoms and then processed using the Gromos (54) algorithm with
a cutoff of 0.50 nm. Hydrogen bonds were analyzed using the
GROMACS Hydrogen-bond tool, taking into account the entire
trajectory of 50 000 frames. The hydrogen bonds retrieved for the
N-terminal 40 aa were represented as a network of interactions
using Cytoscape 3.9.1. The representations of protein structures
were built with Pymol Molecular Graphics System, version 2.0
(Schrödinger, LLC).

Statistical analysis
GraphPad Prism was used to perform statistical analysis on at
least three separate experiments.

Significance was assessed by calculating the P-value using
unpaired t-test, ordinary one-way ANOVA for multiple compar-
isons, two-way ANOVA for multiple comparisons or ratio paired
t-test. P-Values ≤0.05 were considered statistically significant. ns,
not significant, ∗P ≤ 0.05, ∗∗P ≤ 0.01, ∗∗∗P ≤ 0.001, ∗∗∗∗P ≤ 0.0001.
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