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ABSTRACT

Aged hematopoietic stem cells (HSCs) exhibit compromised reconstitution capacity
and differentiation-bias towards myeloid lineage. While, the molecular mechanism
behind it remains not fully understood. In this study, we observed that the expression
of pseudouridine (¥) synthase 10 is increased in aged hematopoietic stem and
progenitor cells (HSPCs) and enforced PUS10 recapitulates the phenotype of aged
HSCs, which is not achieved by its ¥ synthase activity. Consistently, we observed no
difference of tRNA pseudouridylation profile between young and aged HSPCs. No
significant alteration of hematopoietic homeostasis and HSC function is observed in
young Pusl10” mice, while aged PuslO” mice exhibit mild alteration of
hematopoietic homeostasis and HSC function. Moreover, we observed that PUS10 is

ubiquitinated by E3 ubiquitin ligase CRL4P“A™

complex and the increase of PUS10
in aged HSPCs is due to aging-declined CRL4°““™-mediated ubiquitination
degradation signaling. Taken together, this study for the first time evaluated the role
of PUS10 in HSC aging and function, and provided novel insight for HSC

rejuvenation and clinical application.



INTRODUCTION

Hematopoietic stem cell (HSC) generates all of the blood cells throughout life-span*

2 During aging, the function of HSCs declines, featured as compromised

reconstitution capacity and differentiation skewing towards myeloid lineage * *.
Although previous studies have identified various molecular signaling promoting
HSC aging >® , the exact molecular mechanism is still not fully understood.

It has been known for several decades that more than 170 different types of chemical
modifications to RNA exist °. Pseudouridine (¥), known as “the fifth nucleotide” in
RNA, was first identified in 1951 and is the most abundant post-transcriptional RNA
modification (with an estimated c/U ratio of 7-9%) 2. W is generated from
isomerization of uridine, which is catalyzed by ¥ synthases **'°. ¥ plays important
role in various aspects of RNA biology, and therefore participates in many biological
process, including translational control '’ RNA folding **#, protein translation **?°,
and clinical diseases ?"*. A recent study revealed that dysfunction of PUS7 blocks the
differentiation of HSCs due to the lack of pseudouridylation of mTOG tRFs *.
Moreover, the expression of PUS7 is decreased in hematopoietic stem and progenitor
cells (HSPCs) of patients with myelodysplastic syndrome and delivery of
pseudouridylated mTOGs to HSPCs of myelodysplastic syndromes patients improves
their colony formation capacity and differentiation potential *. In addition, DKC1 is
required for accurate HSC differentiation and maintenance of HSC function ** . The
above studies reveal the importance of ¥ in modulating HSC differentiation and
malignancies, while whether ¥ participates in HSC aging has never been investigated.

In this study, we observed that the protein of W synthase 10 (PUS10) is increased in
aged HSPCs. By conducting in vivo functional assay, we observed that enforced
PUS10 impairs the reconstitution capacity of HSPCs, which is independent on their ¥
synthase activity. By profiling the ¥ landscape in HSPCs, we observed no difference
of ¥ between young and aged HSPCs at detectable locations. Moreover, we observed
that PUS10 interacts with E3 ubiquitin ligase CRL4°“*™ complex and is

DCAF1
4Pc

ubiquitinated by this complex. Aging-declined CRL results in the accumulation



of PUS10 in HSPCs. Taken together, this study for the first time elucidated the role of
PUS10 in HSC aging and function, and provided novel insight for HSC rejuvenation
and clinical application.

METHODS

Mice

C57BL/6 mice (CD45.2), C57BL/6-SJL (CD45.1) mice were from the Jackson
Laboratory. Pus10” mice were kindly provided by Dr. Mo Li, Peking University
Third Hospital, Beijing. Pus10” mice on C57BL/6N background were generated by
deleting the 2" exon using CRISPR-Cas9 system. The gRNAs used to generate
Pus10” mice were listed in Table S2. The genotyping primers were listed in Table S3.
The recipient mice (CD45.1/2) in the competitive transplantation assays were the first
generation of C57BL/6 (CD45.2) and B6.SJL (CD45.1) mice. All mice were housed
in specific pathogen-free conditions. All procedures were approved by the
Institutional Animal Care and Use Committee (IACUC) of Tsinghua University.

Small RNA DM—¥-seq

Small RNA (<200nt) was extracted and purified using miRNeasy Mini Kit (Qiagen)
and RNeasy MinElute Cleanup Kit (Qiagen). Purified small RNA fragments were
demethylated by wild-type and mutant AlkBs, purified by phenol/chloroform
extraction and ethanol precipitation, labeled by CMC. The demethylation reaction and
CMC labeling were performed as described **. Briefly, 50ng small RNA was
denatured at 65 °C for 5 min and demethylated by wild-type and D135S mutant
AlkBs. The purified small RNA was denatured at 80 °C for 5 min, added to BEU
buffer with or without CMC, incubated at 37 °C for 20 min, then purified by ethanol
precipitation.The purified RNA was dissolved in sodium carbonate buffer and
shaked at 37 °C for 6 h. The library was established as described ***° . Briefly, the
small RNA was dephosphorylated with CIP (NEB). The 3' adaptor ligation was added
with T4 RNA ligase2, truncated KQ (NEB), followed by 5' Deadenylase (NEB) and
RecJf (NEB) digestion. The RNA was reverse transcribed by SuperScript 111 reverse

transcriptase (Invitrogen), then digested by RNase H. The 5' adaptor ligation was



added with T4 RNA ligase 1, high concentration (NEB). The ligated cDNA was
amplified by Q5 High-Fidelity 2x Master Mix (NEB). The purified libraries were
sequenced on lllumina NovaSeq 6000.

I dentification of pseudouridine sites and levels on tRNA

For tRNA DM-W-seq data, the analysis was performed as described before ** %
Briefly, the adapter sequences of reads 2 were trimmed with Trim-galore v0.6.5
(parameters: -q 20--phred33--length 25-e 0.1--stringency 3). PCR duplication was
removed with Fastx_toolkit v0.0.14 before discarding the random barcode in the 5’
end. Processed reads were further mapped to the genomic tRNA sequences from
GtRNAdb atabase (http://gtrnadb.ucsc.edu/genomes/eukaryota/Mmusc10/)  with
Bowtie2 v2.3.5 (parameters: bowtie-a--best--strata--chunkmbs 2000). To identify the
pseudouridine sites of tRNA, the following criteria were considered: (1) the
pseudouridine sites appearing in all independent replicates; (2) stop rate<1% in the
BEU sample; (3) CMC coverage>50; (4) stop reads number>5 in the CMC sample; (5)
stop rate (CMC-BEU) difference>4%; (6) Fisher test adjusted P value <0.05. Finally,
the pseudouridine level change for tRNA between young and old HSPCs was
evaluated and visualized via R package ggplot2.

Statistical analysis

Data are shown as mean + SD. Student’s t test (Two-tailed unpaired) was used for

comparisons between the groups using GraphPad Prism 6.0 software.
Author Declarations

The approval by the IRB and/or ethics committee has been obtained.
RESULTS

PUSI0isincreased in aged HSPCs

Due to the scarcity of HSCs, we purified HSPCs by using the combination of
CD48°LSK (cKit" Scal® Lin) according to previous reports ¥*. The protein of
PUS10 between young and aged HSPCs was examined by western blot and it showed
that PUS10 is increased upon aging (Fig. 1A and B). To further confirm this result, we

investigated the expression of PUS10 in a database, wherein the researchers compared



the proteomic profile between young and aged HSCs (CD34 CD150*FIt3” LSK) “.
The result shows that PUS10 is indeed increased in aged HSCs (Fig. 1C).

Enforced PUS10 impairs the reconstitution capacity of HSPCs

To further investigate whether the increase of PUS10 plays a functional role on
HSCs, we cloned the cDNA of mouse Pus10 into a lentiviral vector 3, and it exhibited
efficient overexpression of PUS10 (Suppl. Fig. 1A and B). Freshly isolated WT LSK
cells were infected by PUS10-carrying lentivirus. 72 hours later, 2x10* GFP* cells
were purified and transplanted into lethally irradiated recipients together with 2x10°
competitor cells (Fig. 1D). Chimera in peripheral blood was evaluated every four
weeks until the 12" week by using this gating strategy (Suppl. Fig. 1C and D). The
results showed that enforced PUS10 severely impairs the reconstitution capacity of
HSPCs (Fig. 1E). Moreover, enforced PUS10 promotes HSPC differentiation bias
towards myeloid lineage (Fig. 1F), which is a classical phenomenon of aged HSCs.
Consistently, enforced PUS10 significantly inhibits HSPC expansion in vitro (Fig. 1G
and H).

To investigate whether the inhibitory function of enforced PUS10 on HSPCs
depends on its W catalytic activity, we mutated the key enzyme site of PUS10 to
generate catalytic dead PUS10”**** according to a previous study™. We firstly
measured the W/U ratio in WT and Pusl0™ lineagecKit" (LK) cells using liquid
chromatography-tandem mass spectrometry (LC-MS/MS). The result showed that
targeted dysfunction of PuslO leads to significant decrease of the W/U ratio. To test
whether PUS10P*#* is an inactive W synthase, we reintroduced wild-type PUS10 and
PUS10°** into Pus10” LK cells, and measured the ¥/U ratio for them. The result
showed that the decrease of the W/U ratio upon PuslO deletion is rescued by the
reintroduction of wild-type PUS10, but not PUS10°**?* (Fig. 11). This result indicates
that D342 residue is the key enzyme site for its W synthase activity.

To investigate whether the ¥ synthase activity of PUS10 modulates HSC aging,
freshly isolated WT LSK cells were infected by either PUS10 or

PUS10™**?_overexpressing lentivirus for 72 hours, and 2x10* GFP* cells were



transplanted into lethally irradiated recipients together with 2x10° competitor cells.
The chimera in peripheral blood was evaluated every four weeks until the 12" week.
The results revealed that both enforced PUS10 and PUS10°3*?* significantly impair
the reconstitution capacity of HSPCs (Fig. 1J), indicating that the destructive role of

PUS10 on HSPCs is independent on its enzymatic activity.

No difference of pseudouridylation profile between young and aged HSPCs

We then sought out to investigate whether aged HSCs exhibit aberrant ¥ profile
compared to young ones. Due to the limited cell number of HSCs and a large amount
of cells are required for W sequencing, we performed demethylase-pseudouridine
sequencing (DM-V¥-seq) by using freshly isolated lineage  cells, which are
hematopoietic stem and progenitor enriched cells, from 3-month-old and
29-month-old mice according to an elegant approach ** *® (Fig. 2A). The result
revealed no difference of the bulk ¥ profile between young and aged HSPCs (Fig.
2B). We then wondered whether the percentage of ¥ on certain sites of the tRNAs
exhibits difference between them. To address this question, we evaluated all of the Ws
on detectable tRNAs. The results revealed that the percentage of Was, W32, Ws3 and Ws4
of tRNA™-GTG holds static between young and aged HSPCs (Fig. 2C and D), and
the same to other detected tRNAs (Suppl. Fig. 2). Briefly, these results indicate that
not only bulk V¥ profile but also the percentage of each ¥ on tRNAs exhibit no
difference between young and aged HSPCs, which is consistent with the data that the

toxicity of enforced PUS10 on HSPCs is independent on its enzymatic activity.

Aging-declined CRL4°“*-mediated ubiquitination degradation signaling leads
to theincrease of PUS10

Given that PUS10 is increased in aged HSPCs and enforced PUS10 impairs the
reconstitution capacity of HSPCs, we then wondered how PUS10 is increased with
aging. Firstly, we examined the mRNA level of PuslO between young and aged
HSPCs (CD48LSK) by RT-PCR, and the result revealed no difference of PuslO

MRNA between them (Fig. 3A). To confirm this observation, we examined the mRNA



level of PuslO between young and aged HSCs by exploring published
RNA-sequencing data, and the result revealed that the mRNA level of Pusl0 holds
static between young and aged HSCs (Suppl. Fig. 3). Then, it is conceivable that the
increase of PUS10 might be modulated via post-transcriptional modification manner.
To test this hypothesis, we purified proteins interacting with PUS10 via affinity
purification and we observed that the CRL4°“*™* complex, including DDB1, DCAF1
and CUL4B, interacts with PUS10 (Fig. 3B). CRL4P“"™* complex is E3 ubiquitin
ligase targeting substrate for protein degradation **. To confirm this observation, we
performed co-immunoprecipitation (Co-IP) assay by infecting HEK293T cells with
S-protein, FLAG, and streptavidin-binding peptide (SFB)-tagged PUS10 together
with Myc-tagged DDB1, DCAF1 or CUL4B respectively. Cell lysates were incubated
with S-protein beads and probed with anti-Flag, anti-Myc antibodies. The result
showed that PUS10 exhibits strong interaction with DDB1, DCAF1 and CUL4B (Fig.
3C).

DCAF1

Previous study has shown that CRL4 complex participates in ubiquitin

dependent degradation *, we then set out to determine whether CRL4PA™

regulates
PUS10 ubiquitination. Plasmids encoding SFB-tagged PUS10, Myc-tagged DDB,
DCAF1, CUL4B and HA-tagged wild type ubiquitin (Ub-WT), mutant ubiquitin
(Ub-K48R) were co-transfected into HEK293T cells. 24 hours later, cell lysates were
collected to detect the ubiquitination of PUS10. The result revealed that CRL4P“A™
vigorously promotes the ubiquitination of PUS10 in cells expressing wild type
ubiquitin (Fig. 3D). Compared with wild type ubiquitin, the ubiquitination of PUS10
was completely abolished in cells expressing K48R ubiquitin, indicating that
CRL4P“**! promotes poly-ubiquitination of PUS10 via the formation of the K48
linkage.

Next, we set out to investigate whether the increase of PUS10 is due to the alteration
of CRL4"“™! in aged HSPCs. We first evaluated the expression of CRL4 PCAF
complex in young and aged HSPCs. The result showed that the expression of DDB1
and CUL4B is decreased in aged HSPCs (The expression level of DCAF1 is too low

to be detected) (Fig. 3E), which is negatively correlated with the alteration of PUS10



between young and aged HSPCs (Fig. 1A).

Given that the protein level of PUS10, but not mRNA level, is elevated in aged
HSPCs (Fig. 1A and 3A), and that PUS10 is poly-ubiquitinated by CRL4P¢A™
complex (Fig. 3D), and that DDB1 and CUL4B are decreased in aged HSPCs (Fig.

3E), we then wondered whether aging-declined CRL4P“A™

complex leads to the
increase of PUS10. To test this hypothesis, we generated two efficient ShRNAs
against Ddbl (Fig. 3F and H, Table S2), which is the key linker protein of CRL4P“A™
complex *. 32D cells were infected by shDdb1 carring lentivirus for 72 hours, and
GFP" cells were subjected to detect the protein level of PUS10 by western blot. The
result showed that PUS10 is elevated upon the knockdown of Ddbl (Fig. 3F and G).

DCAF1
4bc

Taken together, these data suggest that aging-declined CRL -mediated

ubiquitination degradation signaling leads to the accumulation of PUS10.

Young Pus10” mice exhibit no influence on hematopoietic homeostasis and HSC
function

The above results revealed the functional role of PuslO in modulating HSC aging,
we then wondered whether targeted dysfunction of Pusl10 plays a role in regulating
hematopoietic homeostasis and HSC function. To address this question, we generated
Pusl0 knockout mice on C57BL/6N background by deleting the 2™ exon using
CRISPR-Cas9 system (Fig. 4A, see details in Material and Method) and we achieved
efficient deletion of PUS10 in LSK cells (Fig. 4B and C).

We then performed complete blood count assay for Pus10” and age-matched control
mice. The result revealed no difference of white blood cell (WBC), lymphocyte
(LYM), neutrophil (NEUT), red blood cell (RBC) and platelet (PLT) between Pus10”
and WT mice (Fig. 4D). We then sought to investigate the lineage composition in
peripheral blood (PB) and bone marrow (BM) of Pus10” mice, including T cells, B
cells and myeloid cells (Suppl. Fig. 4A). The results revealed no difference of Pus10™
mice compared to WT in PB (Fig. 4E) and BM (Fig. 4F).

We next analyzed hematopoietic stem and progenitor cells of Pusl0” mice,

including common myeloid progenitor (CMP), granulocyte-macrophage progenitor



(GMP), megakaryocyte-erythroid progenitor (MEP), common lymphoid progenitor
(CLP), multipotent progenitor cell (MPP) and HSC (Suppl. Fig. 4B). The results
revealed no significant difference of the above populations between Pus10” and WT
mice (Fig. 4G-K).

To further investigate the reconstitution capacity of Pusl0” HSCs, 20 freshly
isolated Pus10” and WT HSCs were transplanted into lethally irradiated recipients
together with 3x10° competitor cells (Fig. 5A). The chimera in PB of recipients was
evaluated every four weeks until the 16" week (Suppl. Fig. 4C and D). The results
showed that the reconstitution capacity of Pus10” HSCs is comparable with WT ones
(Fig. 5B), while dysfunction of PuslO promotes the differentiation bias towards
lymphoid lineage (34.31% vs 48.43%, Fig. 5C). Donor-derived HSCs of recipients
revealed no significant difference between Pus10” and WT mice (Fig. 5D-F).

Aged Pus10™ mice exhibit mild alteration of hematopoietic homeostasis and HSC
function

We then investigated the phenomenon of aged Pusl0” mice. We performed
complete blood count assay for aged WT and Pus10” mice (26-month old). The result
showed no significant difference of WBC, LYM, NEUT, RBC and platelet between
aged WT and Pus10”" mice (Fig. 6A). We then analyzed the frequency of T cells, B
cells and myeloid cells in PB, BM, spleen and thymus of aged Pus10” and WT mice.
The results revealed no significant difference between them in PB (Fig. 6B) and
thymus (Fig. 6E). However, the percentage of T cells in BM (Fig. 6C) and the
percentage of myeloid cells in spleen (Fig. 6D) of aged Pus10™ mice are increased.
We next investigated hematopoietic stem and progenitor cells of aged Pus10” and
WT mice. The results indicated no significant difference of the CMP, GMP, MEP,
CLP and MPP, while the frequency of HSC is increased in aged PuslO’™ mice
compared to WT (Fig. 6F-J).

To further explore the reconstitution capacity of aged Pus10”™ HSCs, 150 freshly
isolated aged Pus10”" and WT HSCs were transplanted into lethally irradiated

recipients together with 3x10° competitor cells (Fig. 6K). The chimera in PB of



recipients was evaluated every four weeks until the 12 week. The results revealed
that the reconstitution capacity of aged Pus10” HSCs is comparable with WT ones,
while dysfunction of Pusl10 promotes the differentiation bias towards B lineage (Fig.

6L and M).

In brief, our study for the first time revealed that enforced PUS10 impairs the
reconstitution capacity of HSPCs. Howere, the hematopoietic homeostasis and
reconstitution capacity of young Pus10”" mice is comparable with control mice, while
aged Pus10” mice exhibit mild alteration of hematopoietic homeostasis and HSC

DCAFL mediated

function. In summary, these data suggest that aging-diminished CRL4
ubiquitination degradation signaling leads to the accumulation of PUS10, which

impairs HSPCs (Fig. 7).

DISCUSSION

Our study for the first time evaluated the role of PUS10 in HSC aging and function.
This study will expand our understanding of RNA modification on HSC function
regulation.

Post-transcriptional regulation in aged hematopoietic stem cells

An elegant study reported a proteomics resource from mass spectrometry of mouse
young and aged HSCs, and identified a subset of genes with apparent
post-transcriptional alteration during aging “°. This indicates that transcriptomic levels
may not reflect the functional change of aged HSCs. The alteration of protein level
achieved either by RNA or protein modification in aged HSCs might play an essential
role in promoting HSC aging. Our unpublished data confirmed this observation by
identifying a group of RNA modification genes which modulating HSC aging. In
addition, our study also identified CRL4°“*™-mediated ubiquitination participated in
regulating HSC aging by degrading PUS10 and other important proteins
(unpublished). Whether there are other proteins modified by ubiquitination lead to

their changes during aging, thereby regulating HSC aging and other cell aging is a



question worthy of study. It is also intriguing to investigate the molecular mechanism
why ubiquitin ligases are altered during aging.

Therefore, exploring the functional role of post-transcriptional modification (PTM)
in aging might strengthen the understanding of aging on HSCs and clinical relevance.
RNA epigenetics vs HSC aging

In our study, we observed the ¥ profile is not changed in aged HSPCs and the
aging-increased PUS10 promotes HSC aging, which is not achieved by its ¥ synthase
activity. Up to date, there are more than 170 RNA modifications have been identified
and some of them play essential role in various biological process and clinical

diseases “**

. Whether other RNA modification profiles are altered in aged HSCs and
whether the corresponding enzymes are involved in regulating HSC aging is a
question worthy of investigation. In this study, we performed W profiling by using
HSPCs, but not pure HSCs, due to the limitation of HSC number. Whether the V¥
profile of aged HSCs is identical as we observed in HSPCs is also a question worth

investigating, which depends on the development of sequencing technology.
Supplemental | nfor mation

The supplemental information includes four figures and three tables.
Accession number

All sequencing raw data were deposited into the National Center for Biotechnology
Information Gene Expression Omnibus. The accession code is GSE213422 with the

enter token atstusigpxmhvmj.
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FIGURE LEGENDS

Figure 1. Aging-activated PUS10 impairs the reconstitution capacity of HSPCs
independently on its enzymatic activity.

(A) Representative western blot showing the expression of PUS10 in HSPCs between
young (3 months) and aged (28 months) mice. (B) This histogram depicts the protein
level of PUS10 in young and aged HSPCs from quantitative western blot data (n = 2).
(C) The protein expression of PUS10 in the proteomics dataset of young and old
HSCs. (D) Experimental design of the transplantation assay. (E) These line plots
depict the changes in peripheral blood chimerism in recipients transplanted with
Vector or PUS10-OE LSK (n = 7 mice per group). (F) This histogram displays the
lineage distribution of myeloid, T and B cells among donor-derived cells in the
peripheral blood of Vector and PUS10-OE recipients at the 12" week (n = 7 mice per
group). (G-H) Freshly isolated WT LSK cells were infected by PUS10-carrying
lentivirus for 72 hours, and 50 GFP* HSPCs (CD48" LSK) were sorted into 96-well
plate and cultured in SFEM medium for 7 days. Then, the clones from Vector or
PUS10-OE HSPCs were photographed and the cell numbers of these clones were
analyzed. (G) These images show the expansion of Vector or PUS10-OE HSPCs. (H)
The scatter plots show the cell numbers of these clones. (I) The result of liquid
chromatography-tandem mass spectrometry shows the ¥/U ratio in WT and Pus10™

LK cells with overexpression of wild-type PUS10 or PUS10P%*%4

. (J) These line plots
display the changes in peripheral blood chimerism in recipients transplanted with
Vector, PUS10-OE or PUS10P***-OE LSK (n = 7-8 mice per group). All data are
shown as meanz SD; *P < 0.05, **P < 0.01, ***P < 0.001.

Figure 2. No difference of pseudouridine modification profile between young and
aged HSPCs.

(A-D) Lineage™ cells were isolated from young (3 months) and aged (29 months)
mice. Small RNA (<200nt) was extracted and purified to perform DM-¥-seq. (A)
Experimental design. (B) The scatter plot depicts pseudouridine levels in tRNA
between young and aged HSPCs (n = 2). (C) Schematic of tRNA-His-GTG-2-1 shows

pseudouridine sites W28, ¥32, ¥53 and ¥54. (D) Pseudouridine sites (red arrows) and



levels of tRNA-His-GTG-2-1 are identified in young and aged HSPCs. The x axis
represents nucleotide position. The y axis represents pseudouridine levels.

Figure 3. Aging-declined CRL4°“*"-mediated ubiquitination degradation
signaling leadsto the increase of PUS10.

(A) This histogram depicts the mRNA expression of Pusl0 in young (2 months) and
aged (31 months) HSPCs. (B) Affinity purification of PUS10 protein from HEK293T
cells stably expressing Flag- tagged PUS10. Proteins identified by Mass Spectrometry
are listed. The bait protein is marked in bold letters. (C) HEK293T cells were
co-transfected with plasmids encoding SFB-tagged PUS10 and Myc-tagged DDB1,
DCAF1, CUL4B followed by co-immunoprecipitation using anti-Flag, anti-Myc
antibody. Representative western blot shows that PUS10 interacts with DDBI,
DCAF1 and CUL4B. (D) HEK293T cells were co-transfected with plasmids encoding
SFB-tagged PUS10, Myc-tagged DDB1, DCAF1, CUL4B and HA-tagged Ub-WT or
Ub-K48R followed by co-immunoprecipitation using anti-HA, anti-Flag, anti-Myc
antibody. Representative western blot shows that PUS10 is ubiquitinated by the
CRLA4P“AF complex. (E) Representative western blot shows the expressions of DDB1
and CUL4B in young (3 months) and aged (28 months) HSPCs. (F) 32D cells were
infected by lentivirus carrying Ddb1-shRNA. 72 h later, GFP" cells were sorted for
western blot to validate the expression of PUS10 and DDB1. Representative western
blot shows the expression of PUS10 and DDBL1 in Vector and DDB1-KD 32D cells.
(G) This histogram depicts the protein level of PUS10 in Vector and DDB1-KD 32D
cells from quantitative western blot data (n = 2). (H) This histogram depicts the
protein expression of DDB1 in Vector and DDB1-KD 32D cells from quantitative
western blot data (n = 3).

Figure 4. Young Pus10”" mice exhibit no influence on hematopoietic homeostasis.
(A) Schematic illustration of the Pus10 knockout (Pus10™) mice. (B) Representative
western blot shows the expression of PUS10 in WT and Pus10” LSK cells. (C) This
histogram depicts the protein expression of PUS10 in WT and Pusl0” LSK cells
from quantitative western blot data (n = 2). (D) The scatter plots show the cell

numbers of white blood cell (WBC), lymphocyte (LYM), neutrophil (NEUT), red



blood cell (RBC) and platelet (PLT) between WT and Pus10” mice. (E-F) The scatter
plots depict the frequency of B cells, T cells and myeloid cells in peripheral blood (E)
and bone marrow (F) of WT and Pus10” mice. (G) The scatter plots show the cell
numbers of bone marrow in WT and Pus10™ femurs. (H-K) The scatter plots depict
the cell numbers and frequency of CMPs (common myeloid progenitors), GMPs
(granulocyte/macrophage progenitors), MEPs (megakaryocytic/erythroid progenitors),
CLPs (common lymphoid progenitors), MPP (multipotent progenitor cell) and HSCs
in WT and Pus10™ femurs. All data are shown as meanz+ SD; *P < 0.05, **P < 0.01,
***P < 0.001.

Figure 5. Young Pus10” mice exhibit no influence on HSC function.

(A) Experimental design of the competitive transplantation strategy. (B) These line
plots depict the changes in peripheral blood chimerism in recipients transplanted with
WT or Pus10” HSCs (n = 5 mice per group). (C) This histogram displays the lineage
distribution of myeloid, T and B cells among donor-derived cells in peripheral blood
of the recipients at the 16™ week (n = 5 mice per group). (D) The gating strategies for
the frequency of the test donor-derived HSCs. (E-F) The scatter plots depict the cell
numbers (E) and frequency (F) of donor-derived HSCs in recipients transplanted with
WT or Pus10” HSCs (n = 5 mice per group). All data are shown as mean+ SD; *P <
0.05, **P < 0.01, ***P < 0.001.

Figure 6. Aged Pus10™ mice exhibit mild alteration of hematopoietic homeostasis
and HSC function.

(A) The scatter plots show the cell numbers of white blood cell (WBC), lymphocyte
(LYM), neutrophil (NEUT), red blood cell (RBC) and platelet (PLT) between aged
WT and Pus10” mice. (B-E) The scatter plots depict the frequency of B cells, T cells
and myeloid cells in peripheral blood (B), bone marrow (C), spleen (D) and thymus
(E) of aged WT and Pus10™ mice. (F) The scatter plots show the cell numbers of
bone marrow in WT and Pus10” femurs. (G-J) The scatter plots indicate the cell
numbers and frequency of CMPs (common myeloid progenitors), GMPs
(granulocyte/macrophage progenitors), MEPs (megakaryocytic/erythroid progenitors),

CLPs (common lymphoid progenitors), MPP (multipotent progenitor cell) and HSCs



in WT and Pus10” femurs. (K) Experimental design of the transplantation assay. (L)
These line plots depict the changes in peripheral blood chimerism in recipients
transplanted with aged WT or Pus10” HSCs (n = 8-10 mice per group). (M) This
histogram displays the lineage distribution of myeloid, T and B cells among
donor-derived cells in peripheral blood of the recipients at the 12" week (n = 8-10
mice per group). All data are shown as mean+ SD; *P < 0.05, **P < 0.01, ***P <
0.001.

Figure 7. Aging-enforced PUS10 mediated by the decrease of ubiquitination
degradation impairs HSPCs.

The proposed model diagram illustrates the accumulation of PUS10 mediated by the

decrease of ubiquitination degradation during aging impairs HSPCs.
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Supplemental Methods

Lentivirus Production and Transduction

The mouse cDNA (Pus 10 or Pus10”*#?4) was cloned into the pPRRL-PPT-SF-newMCS-
IRES2-EGFP vector. The DdbI-shRNA sequence was cloned into SF-LV-miRE-EGFP
vector. Lentivirus was produced in HEK293T cells and concentrated by
ultracentrifugation at 25000 rpm for 2.5 h. For lentiviral transduction, LSK (cKit" Scal®
Lineage") cells were sorted and cultured in 96-well plate (~1 x 10° cells per well) with
100ul SFEM medium (Stem Cell Technology, 09650) containing 20 ng/ml mSCEF,
20 ng/ml mTPO and 1 % penicillin/streptomycin. Lentivirus was added to LSK cells.
72 h later, 2x10* GFP* cells were sorted and injected into lethally irradiated recipients.
Flow Cytometric Analysis and Cell Sorting

Bone marrow cells were harvested from femurs, tibias and pelvis. Viable cells were
counted by Vi-CELL XR Cell Viability Analyzer (Beckman Coulter). Bone marrow
cells were applied for hematopoietic cell and lineage cell analysis. Hematopoietic cells
(antibodies containing CD117, Scal, Lineage cocktail, CD34, CD150, CD127, CD135
and CD16/32) and lineage cells (antibodies containing CD3, B220 and CD11b) were
stained with fluorochrome labeled antibodies and identified by BD LSRFortessa flow
cytometer. For Chimerism analysis, red cells in peripheral blood were lysed by ACK
buffer (150 mM NH4Cl, 10 mM KHCO3, 0.1 mM NaEDTA, pH7.2-7.4). Lineage cells
stained with fluorochrome labeled antibodies (antibodies containing CD3, B220,
CDl11b, CD45.1 and CD45.2) and analyzed by flow cytometer. Data were analyzed
using FlowJo software. For hematopoietic stem and progenitor cells sorting, cKit" cells
were enriched, then stained with antibodies. LSK cells, HSPCs and HSCs were sorted
by BD Influx. The antibodies were listed in Table S1.

Transplantations and peripheral blood analysis

2x10* GFP* LSK cells (CD45.2) and 2x10° competitor cells (CD45.1) were injected
into lethally irradiated (10 Gy) recipient mice (CD45.2). 20 or 150 HSCs (CD45.2) and
3x10° competitor cells (CD45.1) were injected into lethally irradiated (10 Gy) recipient

mice (CD45.1/2). Peripheral blood of recipients was collected to analyze donor-derived



chimerism (myeloid, B, and T cells) every 4 weeks until the 12" or 16™ week.

HSPC:s in vitro cultures

50 HSPCs (CD48" LSK) were sorted into 96-well plate by BD Influx and cultured in
SFEM medium containing 20ng/ml mSCF, 20ng/ml mTPO and 1 %
penicillin/streptomycin for 7 days. Then, the clones were photographed and the cell
numbers of these clones were analyzed by BD LSRFortessa flow cytometer and FlowJo
software.

Quantification of ¥ by liquid chromatography-tandem mass spectrometry

RNA was extracted and purified using miRNeasy Mini Kit (Qiagen). The RNA was
digested into single nucleosides by Nucleoside Digestion Mix (NEB). These
nucleosides were detected by a label-free quantitation method. Finally, the /U ratio
was analyzed.

Real-time PCR

Total RNA was isolated using TRIzol reagent (Invitrogen) according to the
manufacturer’s instruction. Total RNA was reverse transcribed by PrimeScript RT
reagent Kit (Takara), followed by RT-PCR using PowerUp™ SYBR™ Green mix
(Applied Biosystems) with indicated primers on a QuantStudio-3 Real-time PCR
System (Applied Biosystems). The primers were listed in Table S3.

Western Blot

Freshly isolated HSPCs or 32D cells were lysed in sodium dodecyl sulfate (SDS)
loading buffer, sonicated for 5 cycles using Bioruptor (Diagenode) and denatured by
boiling at 100°C for 5 min. Samples were resolved on 10% SDS-PAGE, and the
separated proteins were transferred onto a PVDF membrane. Membranes were blocked
with 5% skimmed milk in Tris-buffered saline with Tween-20 (TBST) buffer for 1 h at
room temperature and then probed with primary antibodies overnight at 4 °C.

32D cells were harvested and lysed with NETN buffer (20 mM Tris-HCI, pH 8.0, 100
mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40, containing protease and phosphatase
inhibitors cocktail) on ice for 30 minutes followed by centrifugation at 12000 rpm for
5 min. The supernatant was mixed with 2x protein loading buffer and denatured by

boiling at 100 °C for 5 min. Samples were loaded onto 10% SDS-PAGE gel, and the



separated proteins were transferred onto a PVDF membrane. Membranes were blocked
with 5% skimmed milk in Tris-buffered saline with Tween-20 (TBST) buffer for 1 h at
room temperature and then probed with primary antibodies overnight at 4 °C.

Affinity Purification and Mass Spectrometry

HEK293T cells stably expressing Flag-tagged PUS10 were lysed in NETN buffer on
ice for 30 min followed by centrifugation at 12000 rpm for 5 min. The supernatant was
transferred to a fresh microcentrifuge tube and incubated with anti-Flag beads at 4 °C
for 4 hr. Beads were washed with NTEN buffer 3 times and boiled in 30 pL 2 x protein
loading buffer. Samples were loaded onto 10% SDS-PAGE gel and analyzed by mass
spectrometry.

Co-Immunoprecipitations

Plasmids encoding SFB-tagged PUS10 or Myc-tagged DDB1, DCAF1, CUL4B were
co-transfected into HEK293T cells. 24 hr later, the transfected HEK293T cells were
harvested and lysed with NETN buffer on ice for 30 minutes followed by centrifugation
at 12000 rpm for 5 min. The supernatant was transferred to a fresh microcentrifuge tube
and incubated with 20 pL. S-protein beads at 4 °C for 2 hr. Beads were washed with
NETN buffer 3 times, mixed with 2% protein loading buffer and denatured by boiling.
Samples were loaded onto 10% SDS-PAGE gel, and the separated proteins were
transferred onto a PVDF membrane. Membranes were blocked and then probed with
anti-Flag, anti-Myc antibodies.

Ubiquitination assay

Plasmids encoding SFB-tagged PUS10, Myc-tagged DDB1, DCAF1, CUL4B and HA-
tagged Ub-WT, Ub-K48R were co-transfected into HEK293T cells. 24 hr later, the
transfected HEK293T cells were harvested and lysed with 100 pL denaturing TS buffer
(50 mM Tris-HCL, pH 7.5, 1% SDS, 5 mM N-ethymaleimide). The lysates were boiled
at 100 °C for 10 min and sonicated for 5 cycles using Bioruptor (Diagenode). The
lysates were diluted with 900 uL TNN buffer (0.5% Nonidet P-40, 50 mM Tris-HCI,
pH 7.5, 250 mM NaCl, 5 mM N-ethymaleimide) followed by centrifugation at 12000
rpm for 10 min. The supernatant was transferred to a fresh microcentrifuge tube and

incubated with 20 uLL S-protein beads at 4 °C for 2 hr. Beads were washed with NETN



buffer 3 times, mixed with 2x protein loading buffer and denatured by boiling. Samples
were loaded onto 10% SDS-PAGE gel, and the separated proteins were transferred onto
a PVDF membrane. Membranes were blocked and then probed with anti-HA, anti-Flag,
anti-Myc antibodies.

Blood Cell Counts

Peripheral blood was collected from mice and analyzed using an Auto Hematology
Analyzer BC-5000 (MINDRAY).

Statistical analysis

Data are shown as mean + SD. Student’s t test (Two-tailed unpaired) was used for

comparisons between the groups using GraphPad Prism 6.0 software.



Supporting Tables

Table S1 Key resources table

REAGENT or RESOURCE | SOURCE _IDENTIFIER
Antibodies

Ter-119-Biotin BioLegend TER-119
Gr-1-Biotin BioLegend RB6-8C5
CD11b-Biotin BioLegend M1/70
CD11b-PerCP-Cy5.5 BioLegend M1/70
CD3e-Biotin BioLegend 145-2C11
CD3e-APC BioLegend 145-2C11
CD4-Biotin BioLegend GK1.5
CD8a-Biotin BioLegend 53-6.7
B220-Biotin BioLegend RA3-6B2
B220-V500 BioLegend RA3-6B2
B220-Pacific Blue BioLegend RA3-6B2
Sca-1-PE-Cy7 BD Biosciences D7
CD117-APC BD Biosciences 2B8
CD150-PE BioLegend TC15-12F12.2
CD48-FITC BioLegend HM48-1
CD48-PerCP-Cy5.5 BiolLegend HM48-1
CD34-AlexaFlour700 eBioscience RAM34
CD34-FITC eBioscience RAM34
CD135-CF594 BD Biosciences A2F10.1
CD135-PE BD Biosciences A2F10.1
CD16/32-FITC BD Biosciences 2.4G2
CD127-BVv421 BD Biosciences ATR34
CD45.1-FITC BD Biosciences A20
CD45.1-PE BD Biosciences A20
CD45.1-AlexaFluor700 BD Biosciences A20
CD45.2-FITC BD Biosciences 104
CD45.2-PE BD Biosciences 104
CDA45.2- PerCP-Cy5.5 BD Biosciences 104
Streptavidin-APC-Cy7 BioLegend

PUS10 Abcam ab185078
Myc Biodragon B1002
Flag Cell Signaling Technology 2368S
HA Cell Signaling Technology 3724S
CUL4B Abclonal A12696
DDB1 Abcam Ab109027
H3 Cell Signaling Technology 4499

H4 Cell Signaling Technology 13919
GAPDH Biodragon B1034




Actin Cell Signaling Technology 4970
Rabbit anti-mouse 1gG Cell Signaling Technology 58802
(HRP conjugate)

Mouse anti-rabbit IgG Cell Signaling Technology 93702
(HRP conjugate)

Chemicals, Peptides, and Recombinant Proteins

SCF Peprotech #250-03
TPO Peprotech #315-14
DMSO Sigma-Aldrich D2650
Fetal Bovine Serum GEMINI 900-108
DMEM Gibco C11995500BT
StemSpan serum-free medium Stem Cell Technologies 09650
DAPI Sigma-Aldrich D8417
Penicillin—streptomycin Gibco 15140122
D-Hanks Solarbio H1045
Hepes Solarbio H1095
PBS Solarbio P1022
TRIzol Invitrogen 15596018
Critical Commercial Assays

PrimeScript RT Reagent Kit Takara RRO47A
PowerUp SYBR Green mix Applied Biosystems A25780
miRNeasy Mini Kit Qiagen 217004
RNeasy MinElute Cleanup Kit | Qiagen 74204
RNase-Free DNase Set Sangon Biotech B618253
Deposited Data

Small RNA DM-¥-seq data

Experimental Models: Cell Lines

HEK?293T ATCC

Experimental Models: Organisms/Strains

Mouse: Pus10” mice Mo Li Laboratory N/A
Mouse: C57BL/6 (CD45.2) Jackson Laboratory N/A
Mouse: C57BL/6-SJL (CD45.1) | Jackson Laboratory N/A
Oligonucleotides

Primers for mouse genotyping This paper N/A

and gRT-PCR, see Table S3

Recombinant DNA

PRRL-PPT-SF-newMCS- This paper N/A
IRES2-EGFP (Vector)

pPRRL-mPus10 This paper N/A
SF-LV-miRE-EGFP (Vector) This paper N/A
miRE-Ddb1-shRNA1 This paper N/A
miRE-Ddb1-shRNA2 This paper N/A




SFB-hPus10 This paper N/A
HA-Ub-WT Yuancai Liu Lab N/A
HA-Ub-K48R Yuancai Liu Lab N/A
Myc-hDdb1l Yeguang Chen Lab N/A
Myc-hDcafl This paper N/A
Myc-hCul4b Qiang Ding Lab N/A
Software and Algorithms

FlowJo Software Becton, Dickinson and N/A

Company
GraphPad Prism 6 GraphPad Software N/A
Adobe Illustrator CS6 Adobe N/A
Adobe Photoshop CS5 Adobe N/A
Table S2 The sequence of Pusl0-gRNA and Ddb1-shRNA
Gene Sequence Application

Pusl10-gRNA A1

TAGGTGCTTGTTCTCCTCAGTCAG

Pus10”" mice

Pus10-gRNA A2

AAACCTGACTGAGGAGAACAAGCA

Pus10”" mice

Pus10-gRNA B1

TAGGGCACAGCTGTTGTTCAGTTC

Pus10”" mice

Pus10-gRNA B2

AAACGAACTGAACAACAGCTGTGC

Pus10”" mice

DdbI-shRNA1 | TAGCATGAGAACTCTTGTCTGG Knockdown DDB1
Ddb1-shRNA2 | TAGGTCTCTAGTGAACTGGTTT Knockdown DDBI1
Table S3 Primers for genotyping and RT-PCR

Gene Forward Reverse Application

PusiO CAGCACGTAGCTGT | GTTTGTAAGGTGCG | (.
AGAATACTG GGAAGA typing
TATTACGAAGGTGT | GGACTACATCATTTC

Pus10 GCCAAAAGG TTCCCAGG RT-PCR

. GTGACGTTGACATC | GCCGGACTCATCGT
Actin CGTAAAGA ACTCC RT-qPCR




Supplemental Figure Legends

Supplemental figure 1. Aging-activated PUS10 impairs the reconstitution capacity
of HSPCs independently on its enzymatic activity.

(A) Representative western blot shows the efficient overexpression of PUS10 in
lineage™ cells with lentivirus carrying cODNA of Pus10. (B) This histogram depicts the
protein level of PUS10 in lineage™ cells with lentivirus carrying cDNA of Pus10 from
quantitative western blot data (n = 5). (C) The gating strategies for the frequency of
indicated donor-derived GFP* cells. (D) The gating strategies for quantifying lineage
distribution of the test donor-derived GFP* cells (B, T, myeloid cells).

Supplemental figure 2. No difference of pseudouridine modification profile
between young and aged HSPCs.

Schematic of identified pseudouridine sites are marked in individual tRNA.
Pseudouridine sites (red arrows) and levels of individual tRNA are identified in young
and aged HSPCs. The x axis represents nucleotide position. The y axis represents
pseudouridine levels.

Supplemental figure 3. Aging-declined CRL4PCAFl-mediated ubiquitination
degradation signaling leads to the increase of PUS10.

The expression of Pus10 between young and old HSCs in the GSE27686, GSE39553,
GSE4332 and GSE6503 datasets.

Supplemental figure 4. Young Pus10”- mice exhibit no influence on hematopoietic
homeostasis and HSC function.

(A) The gating strategies for the frequency of B, T, myeloid cells in PB and BM of WT
and Pus107 mice. (B) The gating strategies for quantifying the progenitors and HSCs
in WT and Pus10™- mice. (C) The gating strategies for the frequency of indicated donor-
derived CD45.2" cells. (D) The gating strategies for quantifying lineage distribution of

the test donor-derived CD45.2" cells (B, T, myeloid cells).
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Supplemental figure 4
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Uncropped blot Images for Fig.1A, Fig.3C,D,E,F and Fig.4B.

For Fig. 1A For Fig. 3E

1 PUS10

¢ = == 1180 kD
—130 kD

—100 kD

— 70 kD
— 55 kD

- [—15 kD

H4

For Fig. 3C For Fig. 3D
HA-IP

- -

Myc-IP Flag-IP

Flag-Input

For Fig. 4B

af [] PUS10
- 130 kD

100 kD

—70 kD

— 55 kD

i —15 kD

H4




Uncropped blot Images for Supplemental Fig.1A

For Supplemental. Fig. 1A

PUS10

GAPDH






