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Hematopoietic stem cells (HSC) give rise to the cells of the blood system over the whole lifespan. N6-methyladenosine
(m°®A), the most prevalent RNA modification, modulates gene expression via the processes of “writing” and “reading”. Recent
studies showed that m°A “writer” genes (Mettl3 and Mettl(14) play an essential role in HSC. However, which reader deciphers
the m®A modification to modulate HSC remains unknown. In this study, we observed that dysfunction of Ythdf3 and Ccnd1
severely impaired the reconstitution capacity of HSC, which phenocopies Mett(3-deficient HSC. Dysfunction of Ythdf3 and
Mettl3 results in a translational defect of Ccndi. Ythdf3 and Mettl3 regulate HSC by transmitting m®A RNA methylation on the
5 untranslated region of Ccndil. Enforced Ccnd7 expression completely rescued the defect of Ythdf3”/- HSC and partially
rescued Mett{3-compromised HSC. Taken together, this study identified, for the first time, that Ccnd7 is the target of METTL3
and YTHDF3 to transmit the m®A RNA methylation signal and thereby regulate the reconstitution capacity of HSC.

Introduction

Hematopoietic stem cells (HSC) generate all blood cells
and themselves throughout life, a function that is
achieved through differentiation and self-renewal."?
Therefore, discovering the molecular mechanisms modu-
lating HSC differentiation and self-renewal is of great im-
portance to understand the nature of the blood system
and hematopoietic malignancies. Although some studies
have revealed several molecular mechanisms regulating
HSC,® the exact mechanisms are still not fully under-
stood. In recent years, post-transcriptional chemical
modifications, which are introduced at specific sites of
RNA, have become an emerging field of interest.* Among
the various RNA alterations, N6-methyladenosine (m°®A)
is the most abundant nucleotide modification in mess-
enger RNA (mRNA), which functions through the pro-
cesses of “writing”, “erasing” and “reading”.® A few genes
are responsible for the process of "writing" the m°®A code,
including Mettl(3, Mettl14, Wtap, Zc3h13, Kiaa1429, Rbm15

and Rbm15b°® with Mettl3 being the catalytic core;®°
m®A methylation can be reversed via active demethyl-
ation by m°A demethylases FTO or ALKBH5. YTH domain-
carrying genes, including Ythdf1, Ythdf2 and Ythdf3,° are
responsible for the process of “reading” the m®A code by
selectively binding to mfA-containing transcripts and
have the function of modifying m®A.°" Ythdfl regulates
the translation efficiency by binding m®A-modified
MRNA,”® Ythdf2 decreases mRNA stability by recruiting
the CCR4-NOT deadenylase complex,** and Ythdf3 fa-
cilitates translation or decay of mfA-modified mRNA
through cooperation with Ythdf7 or Ythdf2."'

Yao et al. reported that in the hematopoietic system, the
METTL3 and METTL14 complex regulates the self-re-
newal capacity of HSC."* Two more studies documented
that Mettl3 modulates the differentiation and symmetric
commitment of HSC by targeting Myc.""® Given that m°®A
methylation exerts its effects through reader proteins,
and that RNA m°®A modification participates in diverse
eukaryotic biological processes™?° and tumor initi-
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ation,?"?? elucidating the function of m°®A reader proteins
will probably be crucial to uncovering the biological sig-
nificance of the m®A modification. Two recent studies
have shown that loss of Ythdf2 promotes HSC expansion
and regeneration,?*?* which is completely different from
the phenotype of Mettl3 or Mettl14 dysfunctional HSC in
which loss of these genes severely impairs HSC func-
tion.*™ It would, therefore, be intriguing to know on
which gene(s) METTL3 writes the m°®A signal and which
reader recognizes this modification to regulate HSC
function.

In this study, we observed that dysfunction of Ythdf3, but
not of Ythdf1, impairs the reconstitution capacity of HSC,
recapitulating the phenotype of Mettl3 dysfunctional
HSC. The 5’-untranslated region (UTR) of Ccnd7 is the hub
of METTL3 and YTHDF3 to transmit the m®A signal to
regulate the translation of Ccnd7, and furthermore to
modulate the reconstitution capacity of HSC. Enforced
Ccnd1 expression completely rescued the functional de-
fect of Ythdf3”/- HSC, and partially rescued Mett(3-com-
promised HSC. Ectopic MYC only rescued the
differentiation skewing of Mett{3-compromised HSC, but
not the reconstitution capacity. Taken together, our study
reveals, for the first time, that Ythdf3 deciphers the m®A
modification on Ccnd7 to modulate HSC, and provides a
reference for how the RNA mfA modification regulates
stem cell function.

Methods

Mice

Mett(3"M", Ythdf1”/- and Ythdf3”- mice were generated in
Cyagen Biosciences Inc. (Guangzhou, China). All mice
were kept in specific pathogen-free conditions and all
procedures were approved by the Institutional Animal
Care and Use Committee of Tsinghua University. Full de-
tails are supplied in the Online Supplementary Methods.

Results

Dysfunction of Ythdf3, but not Ythdf1, mildly disturbs
the hematopoietic system

Given that m®A reader proteins are responsible for exerting
the action of m®A, and that Ythdf2-deficient HSC exhibit
increased self-renewal capacity,?* which is not consistent
with the phenotype of Mett(37/- HSC,*™ we generated
Ythdfl and Ythdf3 knockout mice to investigate the func-
tion of these two mPA readers in HSC (Figure 1A, B). Both
strains of mice develop normally and can reproduce. Com-
plete blood counts, including white blood cell, lympho-
cyte, neutrophil, red blood cell and platelet counts,
revealed no difference between Ythdf1/-, Ythdf3’/- and con-
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trol mice (Figure 1C, D). In addition, the bone marrow cel-
lularity of Ythdf1”/- and Ythdf3”- was indistinguishable from
that of control mice (Online Supplementary Figure S1A-D).
We then sought to investigate the lineage composition, in-
cluding T, B and myeloid cells, in peripheral blood and bone
marrow of Ythdf1”/- and Ythdf3”- mice. The results revealed
no difference between Ythdf1”/- and WT mice in either the
peripheral blood (Figure 1E) or the bone marrow (Online
Supplementary Figure S1G). As for Ythdf3”’- mice, the per-
centages of B and myeloid cells remained stable in periph-
eral blood and bone marrow compared to those in WT mice
(Figure 1F and Online Supplementary Figure STH), while the
percentages of CD4" and CD8" T cells decreased slightly in
bone marrow (1.58+0.24 vs. 1.11£0.14, 1.62+0.26 vs. 115+0.14),
but not in peripheral blood (10.94+1.50 vs. 10.54+1.65,
12.52+0.99 vs. 12.95%0.78) (Figure 1F and Online Supplemen-
tary Figure S1H). We then compared the frequencies of T
cells in spleen and thymus between Ythdf3”- and WT mice,
without finding a significant difference (Online Supplemen-
tary Figure S1l, J).

We next analyzed hematopoietic stem and progenitor cells
of Ythdf1”’- and Ythdf3”/- mice, including common myeloid
progenitors, granulocyte-macrophage progenitors, mega-
karyocyte-erythroid progenitors, common lymphoid pro-
genitors, multipotent progenitor cells and HSC. We
observed that the frequencies and absolute numbers of
these cells remained the same between Ythdf1”/- and WT
mice (Figure 1G, H and Online Supplementary Figure S1B,
C). Likewise, the frequencies and absolute numbers of
common myeloid, granulocyte-macrophage, megakaryo-
cyte-erythroid, and common lymphoid progenitors, as well
as multipotent progenitor cells in Ythdf3”- mice were com-
parable with those in WT mice (Figure 1l and Online Sup-
plementary Figure S1E). However, the frequency and
absolute number of Ythdf3”/- HSC were iincreased signifi-
cantly (64.31+£10.34 vs. 106.01£6.99, 1.90£0.31 vs. 2.82 vs.
0.23) (Figure 1J and Online Supplementary Figure STF), re-
sembling those of Mett(37- mice.®" Cell cycle analysis re-
vealed no difference between Ythdf3’- and WT HSC (Online
Supplementary Figure S1K, L).

The reconstitution capacity of Ythdf3-deficient
hematopoietic stem cells is impaired

To further investigate the reconstitution capacity of
Ythdf1/- and Ythdf3”/- HSC, 25 freshly isolated Ythdf1 /-,
Ythdf3”/- and WT HSC were transplanted into lethally ir-
radiated recipients together with 2.5x10° competitor cells
(Figure 2A). We observed no obvious differences of periph-
eral blood chimera and lineage distribution between
Ythdf1”/- and WT HSC (Figure 2B and Online Supplementary
Figure S2A). By contrast, the reconstitution capacity of
Ythdf3”/~ HSC was severely impaired (71.63+4.66 vs.
29.03%+10.82 at the fourth month), including B, T and mye-
loid lineages (Figure 2C). The lineage distribution exhibited
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Figure 1. Dysfunction of Ythdf3, but not Ythdf1, mildly disturbs the hematopoietic system. (A) Diagram of the production of Ythdf1
knockout mice. (B) Diagram of the production of Ythdf3 knockout mice. (C, D) The scatter plots show the differences in counts of
white blood cells, lymphocytes, neutrophils, red blood cells and platelets between wildtype (WT) and Ythdf1~’- mice (C), as well
as WT and Ythdf3”~ mice (D) (2 months old) as determined by an automatic peripheral blood analyzer. Six mice per group.
Data are shown as mean * standard error of mean (SEM). (E, F) The scatter plots depict the percentages of myeloid, B and T cells
in peripheral blood for WT and Ythdf7”- mice (E), as well as for WT and Ythdf3”~ mice (F) (2 months old). Six mice per group. Data
are shown as mean * SEM. (G-J) The scatter plots depict the numbers of common myeloid progenitors, granulocyte-macrophage
progenitors, megakaryocyte-erythroid progenitors, common lymphoid progenitors, and multipotent progenitor cells per 10° bone
marrow cells in WT and Ythdf1”- mice (G), as well as in WT and Ythdf3”- mice (I) (2 months old), and the number of hematopoietic
stem cells per 10° bone marrow cells in WT and Ythdf1”’- mice (H), and WT and Ythdf3”/- mice (J) (2 months old). Six mice per group.
Data are shown as mean + SEM. WBC: white blood cells; LYM: lymphocytes; NEUT: neutrophils; RBC: red blood cells; PLT: platelets;
CMP: common myeloid progenitors; GMP: granulocyte-macrophage progenitors; MEP: megakaryocyte-erythroid progenitors; CLP:
common lymphoid progenitors; MPP: multipotent progenitor cells; HSC: hematopoietic stem cells.
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Figure 2. The reconstitution capacity of Ythdf3-deficient hematopoietic stem cells is impaired. (A) Scheme of the competltlve
transplantation strategy for Ythdf1’- and Ythdf3’- hematopoietic stem cells (HSC). (B, C) Freshly isolated HSC (n=25) from 2-month-
old knockout mice or wildtype (WT) mice were transplanted into lethally irradiated recipients together with 2.5x10° competitor cells.
Engraftment of donor cells was determined in overall (CD45.2%), myeloid (Mac-1*), B (B220*) and T (CD3*) cells every month after
transplantation. The line plots depict the percentages of donor-derived cells (overall, B cells, myeloid cells, T cells) in recipient WT
and Ythdf1’- mice (B), and WT and Ythdf3”/- mice (C) at the indicated time points. Five mice per group. Data are shown as mean *
standard error of mean (SEM). (D) The scatter plots show the percentage of Ythdf3”- Lin~ Scal* cells that homed to the bone marrow
relative to control. Five mice per group. Data are shown as mean + SEM. (E) Freshly isolated LSK cells were infected by lentivirus
carrying Ythdf3 shRNA or control shRNA; 4 days later, 10° GFP* cells were purified for western blot to evaluate the expression of
YTHDF3. (F, G) Freshly isolated WT LSK cells were infected by lentivirus carrying Ythdf3 shRNA or control; 72 h later, 20,000 GFP*
cells were purified and transplanted into lethally irradiated recipients together with 2.5x10° competitor cells. Chimerism in
peripheral blood was evaluated every month until the fourth month. (F) Experimental design to evaluate the reconstitution capacity
of Ythdf3 shRNA-carrying HSC. (G) Line plots depicting the percentages of GFP* cells in donor-derived cells every month after
transplantation. Six or seven mice per group. Data are shown as mean = SEM. (H) Experimental design of the RNA-sequencing assay
(see Methods). (1) These figures show the gene set enrichment analysis of HSC fingerprint genes in Ythdf3”/- HSC versus WT HSC. The
normalized enrichment score is [>0.3; P<0.05 represents a statistically significant difference. KO: knockout; PB: peripheral blood;
HSCT: hematopoietic stem cell transplantation; NES: normalized expression score.
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no obvious differentiation bias between Ythdf3”/- and WT
mice (Online Supplementary Figure S2B). We also counted
the donor-derived HSC in the bone marrow of recipients
at the end of the fourth month after transplantation and
found no significant difference between Ythdf3’/- and WT
recipients (Online Supplementary Figure S2C, D).

In order to rule out the possibility that the impaired recon-
stitution capacity of Ythdf3”/- HSC was due to impaired
homing capacity, we performed short-term homing assays
for Ythdf3”/- and WT HSC according to standard proto-
cols.?®?¢ The results showed no significant difference in
homing efficiency between Ythdf3”/- and WT Lin~ Scal* cells
(Figure 2D).

To rule out the possibility that Ythdf3 is compensated for
during the embryonic stage of Ythdf3”- mice, we generated
two efficient short hairpin RNA (shRNA) against Ythdf3:
shYthdf3-2 and shYthdf3-4 (Figure 2E). Freshly isolated WT
LSK cells (Lin™ Scal* cKit*) were infected by Ythdf3 shRNA-
carrying lentivirus. Seventy-two hours later, 20,000 green
fluorescent protein (GFP)* cells were purified and trans-
planted into lethally irradiated recipients together with
2.5x10° competitor cells (Figure 2F). The results showed
that the reconstitution capacity of Ythdf3 shRNA-carrying
cells was severely impaired (shRNA-2: 6.13+2.82 vs.
60.51+8.33; shRNA-4: 6.74+4.55 vs. 60.51+8.33 at the fourth
month), including the rconstitituion of B, T and myeloid
lineages (Figure 2G and Online Supplementary Figure S2E).
To further investigate the transcriptional difference be-
tween Ythdf3”/- and WT HSC, we performed RNA sequenc-
ing for those cells (Figure 2H). With principal component
analysis, we found that the expression patterns of the
Ythdf3”/- HSC were distinct from those of WT ones (Online
Supplementary Figure S2F). Gene set enrichment analysis
(GSEA) revealed that the HSC fingerprint genes were no
longer enriched among Ythdf3”- HSC (Figure 2l), coinciding
with the impaired reconstitution capacity of Ythdf3”/- HSC.
Furthermore, we analyzed apoptosis-related genes be-
tween Ythdf3”/- and WT HSC by GSEA, and found no sig-
nificant difference (Online Supplementary Figure S2G). We
then wondered whether Ythdf3”/- HSC undergo cell death
during in vitro culture. Freshly isolated LSK cells from
Ythdf3’- and WT mice were cultured in serum-free expan-
sion medium with the cytokines, stem cell factor and
thrombopoietin. The percentage of annexin V-positive cells
was analyzed 24 h later (Online Supplementary Figure S2H)
and found to be significantly increased in Ythdf3”/- LSK
cells (Online Supplementary Figure S21,J). This result indi-
cates that Ythdf3”/- hematopoietic stem and progenitor
cells are more sensitive to replication stress.

Given that ribosomes are the site of protein synthesis, we
then evaluated protein synthesis-related signaling and ob-
served that ribosome pathway and ribosome-related genes
were downregulated in Ythdf3”/- HSC (Online Supplemen-
tary Figure S3A, B). To further investigate this, we sought
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to measure protein synthesis in Ythdf3”/- LSK cells. In this
assay, LSK cells were incubated with a puromycin analog
(OPP), which is incorporated into nascent polypeptide
chains and then fluorescently labeled via a “click reaction”.
The results showed that the protein synthesis of Ythdf3~/-
LSK cells was significantly decreased (Online Supplemen-
tary Figure S3C-E). Briefly, these data provide the confir-
mation that Ythdf3, but not Ythdfl, modulates the
reconstitution capacity of HSC.

YTHDF3, but not YTHDF1, modulates the translation of
CCND1

Our data indicate that the reconstitution capacity of
Ythdf3”/- HSC resembles that of Mett(37/- HSC,®"" and a pre-
vious study revealed that Ythdf3 plays a critical role in
translating m®A-modified mRNA." Moreover, two recent
studies found that Ythdf2”/- HSC exhibit enhanced recon-
stitution capacity®?®? and Ythdf3 shares targets with
Ythdf2" We speculated that Ythdf3 may modulate the tar-
gets of Ythdf2 oppositely to regulate the function of HSC.
We therefore investigated the six genes (MYC, CCNDT,
AXIN2, MCL-1, CD133 and BCL2) which were significantly in-
creased in Ythdf2”/- HSC,% determining their expression in
Ythdf3”- LSK cells by western blotting assays. The assays
showed that only CCND7 was decreased, while MYC, MCL-
1, CD133, AXIN2 and BCL2 remained stable compared to
those in the controls (Figure 3A). Moreover, we found that
knockout of Ythdf3 did not affect the mRNA expression
level of Ccnd7 in LSK cells (Figure 3B).

To further confirm this observation, we infected WT LSK
cells by lentivirus carrying shRNA against Ythdf3 to evalu-
ate the expression of Ccnd7 (Figure 3C). Knockdown of
Ythdf3 significantly reduced the protein level of CCND1
(Figure 3D), but not the mRNA level (Figure 3E). A previous
study showed that YTHDF3 promotes protein synthesis in
synergy with YTHDF1," so we wondered whether YTHDF1 is
involved in CCND1 translation. We evaluated the protein ex-
pression of CCND1 in Ythdf1/- LSK cells and found no dif-
ference of CCND1 between Ythdf1’- and WT LSK cells
(Online Supplementary Figure S4A), indicating that YTHDF3
modulates the translation of Ccnd7 via a YTHDF1-indepen-
dent manner. In brief, the above data suggest that Ythdf3,
but not Ythdfl, regulates Ccnd7 through post-transcrip-
tional modification.

YTHDF3 promotes the translation of CCND1 by binding to
the 5’ untranslated region

A previous study revealed that FTO demethylates m°®A-
modified Ccnd? mRNA? and our results indicated that
Ccnd1 is regulated post-transcriptionally by Ythdf3 (Fig-
ure 3A-E). We were tempted to speculate that Ccnd? may
be regulated by YTHDF3 through m®A modification. To
test our hypothesis, we predicted the putative m®A motif
on CcndT1 by using SRAMP.?® |n silico analysis predicted
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Figure 3. YTHDF3 promotes the translation of CCND1 through binding on the m°A site of the 5° untranslated region. (A) Representative
western blot showing the expression of YTHDF3, CCND1, CD133, BCL2, MYC, AXIN2 and MCL-1 in wildtype (WT) and Ythdf3”/- LSK cells.
Freshly isolated LSK cells from WT and Ythdf3”- mice were lysed in sodium dodecylsulfate loading buffer. Western blot analysis was
performed with the indicated antibodies. (B) Histogram depicting the mRNA expression of Ccnd? in WT and Ythdf3~”/- LSK cells. (C-E)
Freshly isolated LSK cells were infected by lentivirus carrying Ythdf3 shRNA or control, and 4 days later, GFP* cells were purified for
western blot (5x10* cells/well) and quantitative polymerase chain reaction (qPCR) (10° cells) to evaluate the expression of Ccnd1. (C)
Diagram showing the experimental design to evaluate the expression of Ccndl. (D) Representative western blot showing the
expression of YTHDF3 and CCND1. (E) Histogram depicting the mRNA expression of Ythdf3 and Ccnd1. Data are shown as mean *
standard error of mean (SEM). (F, G) Histograms showing the relative luciferase activity of Ccnd7-5’UTR-WT1 or Ccnd7-5’"UTR-Mut1 (F)
and Ccnd1-5’'UTR-WT2 or Ccnd1-5’UTR-Mut2 (G) luciferase reporter in 293T cells transfected with control or YTHDF3 plasmid (see
Online Supplementary Figure S3C and Methods). Firefly luciferase activity was measured and normalized to Renilla luciferase activity.
Data are shown as mean + SEM. (H, I) Freshly isolated LSK cells were infected by lentivirus carrying Pabpc? shRNA, e/F4G2 shRNA or
control, and 4 days later, GFP* cells were purified for western blot to evaluate the expression of Ccnd7. Representative western blot
showing the expression of PABPC1and CCND1 (H), and elF4G2 and CCND1 (l). (J, K) HEK293T cells were co-transfected with S-protein,
Flag, and streptavidin-binding peptide (SFB)-tagged-YTHDF3 and MYC-PABPC1 or MYC-elF4G2 plasmids for 24 h. Cell lysates were
immunoprecipitated with S beads, and western blot analysis was performed with the indicated antibodies. The results show that
YTHDF3 interacts with PABPC1 (J) and elF4G2 (K). gPCR: quantitative polymerase chain reaction; IP: immunoprecipitation; WB:
western blot.
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four putative DRACH motifs in which m®A occurs prefer-
ably: two are located at the 5’UTR and two are located
at the 3’UTR of Ccnd7 (Online Supplementary Figure S4B).
It is notable that the first putative m®A motif (-180 to -
184, GGATC) is completely conserved among mice, rats
and humans, while the second putative one (-102 to -106,
AGACT) is only conserved between mice and humans
(Online Supplementary Figure S4C). However, the two pu-
tative ones (GGACT) at the 3’UTR of Ccnd7 are not con-
served (Online Supplementary Figure S4C). This indicates
that an m®A motif at the 5’'UTR of Ccnd? might play an
important role in regulating Ccnd?7 mRNA translation.
We then cloned the 3’'UTR of Ccnd7 into psiCHECK2 vec-
tor (Online Supplementary Figure S4D) and conducted a
luciferase reporter assay. The results revealed that over-
expression of Ythdf3 promotes the translation of luci-
ferase reporters with both motifs (Online Supplementary
Figure S4F-H). We then mutated the A at positions 1631
and 1532 to G, which is the key site of the m®A motif. We
observed that the translation of luciferase reporter re-
mained unchanged (Online Supplementary Figure S4G, H),
suggesting that these two m®A motifs are not the direct
region where m®A modification occurs.

We next cloned the 5’UTR of Ccnd7 containing the afore-
mentioned DRACH motif into pGL3-Basic vector (Online
Supplementary Figure S4E), and performed luciferase re-
porter assays. The results revealed that overexpression
of Ythdf3 promoted the translation of luciferase activity
with both m®A motifs (-180 to -184 and -102 to -106) (Fig-
ure 3F, G). We then mutated the A at positions -182 and
-104 to G, and observed that luciferase activity was sig-
nificantly decreased in both situations, wherein the A (-
182) G mutation completely abolished the luciferase
activity, while the A (-104) G mutation slightly reduced
luciferase activity (Figure 3F, G).

A previous study indicated that two residues of YTHDF3,
W438 and W492, contribute to the specific recognition
of m®A modification.?® We therefore mutated the W438
and W492 to A (alanine) to generate a YTHDF3 mutant
(YTHDF3-Mut), and overexpressed YTHDF3-WT and
YTHDF3-Mut plasmids in 3T3 cells. RNA immunoprecipi-
tation (RIP) quantitative polymerase chain reaction (QPCR
for Ccnd1 revealed that YTHDF3 could bind to Ccnd1
MRNA (Online Supplementary Figure S4l).

These results suggest that YTHDF3 regulates the trans-
lation of CCND1 by directly binding to the 5 'UTR of Ccnd7,
in which the -180 to -184 region is essential.

YTHDF3 promotes the translation of CCND1 by
cooperating with PABPC1 and EIF4G2

Two previous studies showed that Ythdf3 plays a critical
role in translating m®A-modified mMRNA.""® We observed
that Ythdf3 deficiency resulted in a significant decrease of
protein synthesis in hematopoietic stem and progenitor
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cells (Online Supplementary Figure S3E). A previous study
revealed that YTHDF3 interacts directly with the translation
factor PABPC1 and elF4G2 to promote protein trans-
lation.?® We then explored whether YTHDF3 promotes the
translation of CCND1 by interacting with PABPC1 and
elF4G2. We generated two efficient shRNA against PabpcT
and Eif4g2 separately (Online Supplementary Figure S4dJ,
K). We infected WT LSK cells with lentivirus carrying
shRNA against Pabpcl and Eif4g2 to evaluate the ex-
pression of CCND1. The results showed that knockdown
of PABPC1 and elF4G2 significantly reduced the protein
level of CCND1 (Figure 3H, I).

To explore whether YTHDF3 interacted directly with
PABPC1 and elF4G2, co-immunoprecipitation was per-
formed using anti-Flag or Myc antibody in HEK293T cells,
which showed that YTHDF3 interacts directly with PABPC1
and elF4G2 (Figure 3J, K). In addition, using RIP-gqPCR as-
says, we found that PABPC1 and elF4G2 bind directly with
the mRNA of Ccnd1 (Online Supplementary Figure S4L, M).
Together, these results suggest that YTHDF3 promotes the
translation of CCND1 by cooperating with PABPC1 and
elF4G2.

Ccnd1 is indispensable for maintaining hematopoietic
stem cells

The above data indicate that Ccnd7 is the target of YTHDF3
to transmit the m°®A signal. To investigate whether Ccnd7
plays a role in regulating HSC function, we generated two
efficient guide RNA (gRNA) against Ccnd1 and cloned them
(8RNA 2 and 3) (Figure 4A) into a self-made lentiviral vector
(mCherry-labeled) (Online Supplementary Figure S5A).
Cas9"¥/flox GFP mice®*® were crossed with Vavi-cre to gen-
erate mice expressing CAS9 in the blood system:
Cas9fo¥/fex: ygy1-Cre mice (hereafter named Cas9** mice).
Freshly isolated LSK cells of Cas9** mice were infected by
Ccnd1 gRNA-carrying lentivirus and 72 h later, 10,000 GFP*
mCherry* cells were purified and transplanted into lethally
irradiated recipients together with 2.5x10° competitor cells
(Online Supplementary Figure S5B). It was found that
knockdown of Ccnd1 severely impaired the reconstitution
capacity of HSC (Figure 4B and Online Supplementary Fig-
ure S5D), which recapitulates the phenotype of Mett(3/¢
7 and Ythdf3”/- HSC (Figure 2C).

Forced Ccnd1 expression rescues the reconstitution
capacity of Ythdf3”/- hematopoietic stem cells

Given that our data revealed that Ccnd7 is the hub of
YTHDF3 to transmit the m®A signal in order to regulate its
translation, and that knockdown of Ccnd7 impaired HSC,
we wondered whether forced Ccnd7 expression could res-
cue the functional defect of Ythdf3”/- HSC. We, therefore,
cloned Ccnd1 complementary DNA into a lentiviral vector
(GFP-labeled), producing efficient overexpression of CCND1
(Online Supplementary Figure S5C). Ythdf3~”/- LSK cells were
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infected with Ccnd7-overexpressing lentivirus, and 3,000 HSC, including B, T and myeloid cells (Figure 4D and Online
CD48" Scal* GFP* cells were FACS-purified 72 h after in- Supplementary Figure S5E).

fection. These cells were then transplanted into lethally To further verify this finding, we simultaneously infected
irradiated recipients together with 3x10° competitor cells freshly isolated WT LSK cells with Ythdf3 shRNA-carrying
(Figure 4C). The results showed that enforced Ccnd7 ex- lentivirus (GFP-labeled) and Ccnd7-overexpressing lentivi-
pression rescued the reconstitution capacity of Ythdf3’- rus (mCherry-labeled); 2,000 CD48~ Scal* GFP* mCherry*
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Figure 4. Overexpression of CCND1 rescues the reconstitution capacity of Ythdf3”- hematopoietic stem cells. (A) 3T3 cells were
infected by lentivirus carrying Ccnd7 gRNA or control (GFP-labeled) and Cas9 virus (mCherry-labeled), and 6 days later, 10° GFP*
mCherry* cells were purified for western blot to evaluate the expression of CCND1. (B) Freshly isolated LSK cells of Cas9"* mice
were infected by Ccnd7 gRNA-carrying lentivirus, and 72 h later, 10,000 GFP* mCherry* cells were purified and transplanted into
lethally irradiated recipients together with 2.5x10° competitor cells. Engraftment of donor-derived cells was determined in overall
(mCherry*) cells every month after transplantation. Three or four mice per group. Data are shown as mean + standard error of mean
(SEM). (C, D) Freshly isolated LSK cells from wildtype (WT) or Ythdf3’- mice were infected with Ccnd7-overexpressing or control
virus (GFP-labeled), and 3,000 CD48" Scal* GFP* cells were FACS-purified 72 h after infection. These cells were then transplanted
into lethally irradiated recipients together with 3x10° competitor cells. (C) Experimental design to evaluate the role of CCND1 in
regulating the reconstitution capacity of Ythdf3”’- hematopoietic stem cells (HSC). (D) Line plots depicting the percentages of
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shYthdf3-carrying virus (GFP-labeled), and 2,000 CD48" Scal* GFP* mCherry* cells were FACS-purified 72 h after infection. These
cells were then transplanted into lethally irradiated recipients together with 3x10° competitor cells. (E) Experimental design to
evaluate the role of CCND1 in regulating the reconstitution capacity of shYthdf3 HSC. (F) Line plots depicting the percentages of
donor-derived cells in overall (mCherry*) cells every month after transplantation. Six or seven mice per group. Data are shown as
mean + SEM.
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cells were FACS-purified 72 h after infection and sub- the reconstitution capacity of Ythdf3 shRNA-carrying HSC
sequently transplanted into lethally irradiated recipients (Figure 4F and Online Supplementary Figure S5F), which is
together with 3x10° competitor cells (Figure 4E). It was consistent with the aforementioned results (Figure 4D and
found that enforced Ccnd7 expression completely rescued Online Supplementary Figure S5E). Taken together, the
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Figure 5. Dysfunction of Mettl3 disturbs hematopoietic homeostasis and severely impairs hematopoietic stem cell
reconstitution capacity. (A) Schematic illustration of the Mett(3 conditional knockout mice. (B) Representative western blot
showing the protein expression of METTL3 and CCND1 in Mettl3”- and control LSK cells. (C) Histogram depicting the mRNA
expression of Ccnd7 in Mettl3”- and control LSK cells. Data are shown as mean + standard error of mean (SEM). (D, E) Histograms
displaying the relative luciferase activity of Ccnd7-5’UTR-WT1 or Ccnd7-5’UTR-Mut1 (D) and Ccnd7-5’UTR-WT2 or Ccnd7-5’UTR-Mut2
(E) luciferase reporter in 293T cells transfected with control or METTL3 plasmid (see Online Supplementary Figure S4E and
Methods). Firefly luciferase activity was measured and normalized to Renilla luciferase activity. Data are shown as mean + SEM. (F)
RNA immunoprecipitation quantitative polymerase chain reaction analysis detecting the binding of METTL3-WT or METTL3-Mut to
the transcripts of Ccnd7 in 3T3 cells. (G, H) Thirty freshly isolated hematopoietic stem cells from Mett[3”7- or control mice were
transplanted into lethally irradiated recipients together with 3x10° competitor cells. Engraftment of donor cells was determined in
overall (CD45.2%), myeloid (Mac-1*), B (B220*) and T (CD3") cells every month after transplantation. (G) Scheme of the competitive
transplantation strategy. (H) Line plots depicting the percentage of donor-derived cells (overall, myeloid cells, B cells, T cells) in
recipients at the indicated time points. Seven mice per group. Data are shown as mean + SEM. cKO: conditional knockout; HSC:
hematopoietic stem cells; PB: peripheral blood; HSCT: hematopoietic stem cell transplantation.
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above results show that Ccnd7 is the direct target of
YTHDF3 to modulate HSC reconstitution capacity.

Mettl3 modulates Ccnd1 translation through the m°A
motif at the 5’ untranslated region of Ccnd1

Given that Ythdf3 promotes the translation of Ccnd7 by re-
cognizing the m®A modification at the 5’UTR, we next won-
dered whether METTL3 installs the m®A signal in the 5’UTR
of Ccnd7 and furthermore modulates the translation of

X. Zhang et al.

Ccnd1 through the same region. We performed a RIP-qPCR
assay which showed that knockdown of Mett(3 reduced the
binding of the m®A modification to Ccnd?7 transcripts (On-
line Supplementary Figure S6A, B), which revealed that
METTL3 installs the m®A signal on Ccnd? mRNA. We then
generated Mett(3"/"* mice (Figure 5A), and crossed
Mett(3Mo¥/flox with Mx7-cre mice to generate Mx7-Cre;
Mett(3"°¥/o mice. By administering polyinosine—polycyto-
sine to these mice every other day for 10 days, we achieved
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Figure 6. Ccnd1, but not Myc, is the target of METTL3 to regulate hematopoietic stem cell reconstitution capacity. (A, B)
Freshly isolated LSK cells from wildtype (WT) or Mettl3”/- mice were infected with Ccnd7-overexpressing or control virus
(GFP-labeled), and 1,500 GFP* CD48 Scal* cells were FACS-purified 72 h after infection. These cells were then transplanted
into lethally irradiated recipients together with 2.5x10° competitor cells. (A) Experimental design to evaluate the role of
CCND1 in regulating the reconstitution capacity of Mettl3”/- hematopoietic stem cells (HSC). (B) Line plots depicting the
percentage of GFP* cells in donor-derived cells every month after transplantation. Four to six mice per group. Data are
shown as mean * standard error of mean (SEM). (C) 3T3 cells were infected by lentivirus carrying Mett(3 shRNA or control,
and 4 days later, 10° GFP* cells were purified for western blot to evaluate the expression of METTL3: the quantitative plots
are presented. (D, E) Freshly isolated WT LSK cells were infected by lentivirus carrying Mett{3 shRNA or control and 72 h
later, 2,000 CD48 Scal®* GFP* cells were purified and transplanted into lethally irradiated recipients together with 3x10°
competitor cells. (D) Experimental design to evaluate the role of Mett(3 in regulating the reconstitution capacity of HSC. (E)
Line plots depicting the percentages of GFP* cells in donor-derived cells every month after transplantation. Five mice per
group. Data are shown as mean = SEM. (F, G) Freshly isolated LSK cells from WT mice were infected with Ccnd7-
overexpressing virus (mCherry-labeled) and shMettl3-carrying virus (GFP-labeled), and 2,000 CD48- Scal®* GFP* mcherry*
cells were FACS-purified 72 h after infection. These cells were then transplanted into lethally irradiated recipients together
with 3x10° competitor cells. (F) Experimental design to evaluate the role of CCND1 in regulating the reconstitution capacity
of Mettl3-compromised HSC. (G) Line plots depicting the percentage of donor-derived cells in overall (mCherry*) cells every
month after transplantation. (H-J) Freshly isolated LSK cells from WT mice were infected with Myc-overexpressing virus
(mCherry-labeled) and shMettl3-carrying virus (GFP-labeled), and 2,000 CD48  Scal® GFP* mCherry* cells were FACS-
purified 72 h after infection. These cells were then transplanted into lethally irradiated recipients together with 3x10°
competitor cells. (H) Experimental design to evaluate the role of MYC in regulating the reconstitution capacity of Mett(3-
compromised HSC. (I) Line plots depicting the percentages of mCherry* cells in donor-derived cells every month after
transplantation. (J) Scatter plot showing the lineage distribution of donor-derived mCherry" cells in recipients at the first
month. Five to seven mice per group. Data are shown as mean * SEM. The gating strategy to generate these line plots is
presented Online Supplementary Figure S5H. (K) This figure illustrates the proposed model of the reconstitution capacity of

HSC reduced by a Mett{3> RNA m®fA->Ccnd1->Ythdf3 pathway.

total deletion of Mett(3 in LSK cells (Figure 5B) (hereafter
named Mettl3”7"). Meanwhile, we investigated the mRNA
and protein expression of Ccnd7 in Mettl3”/- LSK cells and
found that deficiency of Mett(3 resulted in a significant re-
duction of protein level, but not of mMRNA level of Ccnd7, in
LSK cells (Figure 5B, C).

To further confirm this result, we infected WT LSK cells
with lentivirus carrying shRNA against Mett(3 to evaluate
the expression of CCND1 (Online Supplementary Figure
S6C) and found that knockdown of Mettl(3 significantly re-
duced the level of CCND1 protein (Online Supplementary
Figure S6D), but not mRNA (Online Supplementary Figure
S6E).

To further test whether Mett{3 modulates Ccnd7 through
m®A modification, we conducted a luciferase reporter
assay as for Ythdf3. The results showed that Mett(3 regu-
lated the translation of Ccnd7 through the 5’UTR region, es-
pecially the region from -180 to -184 (Figure 5D, E and
Online Supplementary Figure S6F, H). Furthermore, based
on published results, we constructed a plasmid to express
the catalytic mutant METTL3 (METTL3-Mut, D395A).%%"3
RIP-gqPCR for Ccnd7 revealed that METTL3 could bind to
Ccnd1 mRNA (Figure 5F).

Taken together, these data suggest that METTL3 modulates
the translation of Ccnd7? by binding directly to the m°®A
motif in the 5> UTR region.

Dysfunction of Mett(3 disturbs hematopoietic
homeostasis and severely impairs hematopoietic stem
cell reconstitution capacity

To determine the influence of Mett(3 on the production of
blood cells, we performed complete blood counts of Mett(3"

= and littermate controls, which revealed that the white
blood cell, lymphocyte, neutrophil, red blood cell and pla-
telet counts were significantly decreased in Mett(3”/- mice
(Online Supplementary Figure S6/). Meanwhile, we ob-
served that the frequency of Mettl3’/- HSC was increased
significantly compared to controls (Online Supplementary
Figure S6K). Considering that bone marrow cellularity of
Mettl3”- mice dropped significantly (Online Supplementary
Figure S6J), we then counted the absolute number of HSC
and found that the absolute number of HSC was still in-
creased significantly in Mett(3”’- mice (Online Supplemen-
tary Figure S6L), but not as dramatically as the frequency
(Online Supplementary Figure S6K). It is notable that the
expansion of HSC of Ythdf3”- mice was much less pro-
nounced than that of Mettl3”/- mice. The frequency of
Ythdf3”/- HSC increased by 1.65 times, while the frequency
of Mettl3’- HSC increased by 82.01 times (Online Supple-
mentary Figure S6M); the absolute number of Ythdf3’/- HSC
increased by 1.48 times, while Mett(3”/- HSC increased by
14.51 times (Online Supplementary Figure S6N).

To further investigate the reconstitution capacity of
Mettl3”/- HSC, 30 freshly isolated Mett(3”’- and control HSC
were transplanted into lethally irradiated recipients to-
gether with 3x10° competitor cells (Figure 5G). The results
showed that Mett(3”- HSC failed to reconstitute the blood
system (Figure 5H), which is consistent with previous re-
ports.'®-*®

To exclude the influence of homing, 30 freshly isolated
HSC from either Mx7-Cre; Mett[3"/"* or control mice were
transplanted into lethally irradiated recipients together
with 3x10° competitor cells. One month after transplan-
tation, all recipients were administered polyinosine—poly-
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cytosine every other day for 10 days (Online Supplementary
Figure S7A). It was found that deletion of Mett(3 severely
decreased the reconstitution capacity of HSC (Online Sup-
plementary Figure S7B1A, B). In brief, the above results in-
dicate that Mett(3 is indispensable for maintaining
hematopoietic homeostasis and the reconstitution capa-
city of HSC.

Ccnd1 is the target of METTLS3 to regulate
hematopoietic stem cell reconstitution capacity

Given that Ccnd7 is the hub of METTL3 and YTHDF3 to
transmit the m°®A signal to modulate HSC, and that forced
Ccnd1 expression rescued Ythdf3’/- HSC (Figure 4D), we
then investigated whether forced Ccnd7 expression could
rescue the reconstitution capacity of Mett[3/- HSC. We in-
fected freshly isolated Mett(3”/- LSK cells with Ccnd7-over-
expressing lentivirus (GFP-labeled), and 1,500 CD48" Scal*
GFP* cells were FACS-purified 72 h after infection and
subsequently transplanted into lethally irradiated recipi-
ents together with 2.5x10° competitor cells (Figure 6A). We
could not detect Mettl3/--derived cells in the peripheral
blood of recipients, while chimerism of the control group
was 52.66% at the second month (Figure 6B). Thus, forced
Ccnd1 expression could not restore the reconstitution ca-
pacity of Mett[3”/- HSC.

Both previous studies™™ and our current results (Figure
5H and Online Supplementary Figure S7B) showed that
Mettl3 deficiency resulted in severe impairment of HSC,
indicating that METTL3-mediated m®A modification is pi-
votal in maintaining HSC. Chen et al. found that the cell
function exhibited a Mettl3 dosage-dependent effect,®
which is an interesting observation for exploring the func-
tional target of Mett(3. We, therefore, generated one shRNA
against Mettl(3, which inhibited METTL3 by 71% (Figure 6C).
We then infected freshly isolated WT LSK cells with Mett(3
shRNA-carrying lentivirus and 2,000 CD48" Scal® GFP*
were FACS-purified 72 h after infection and transplanted
into lethally irradiated recipients together with 3x10° com-
petitor cells (Figure 6D). The results revealed that knock-
down of Mettl3 significantly impaired the reconstitution
capacity of HSC, but still retained ~36% chimerism at the
fourth month (Figure 6E). This result indicates that a cer-
tain amount of METTL3 can maintain HSC function to
some extent. We infected freshly isolated WT LSK cells
with Mettl3 shRNA-carrying lentivirus (GFP-labeled) and
Ccndi-overexpressing lentivirus (mCherry-labeled), and
2,000 CD48" Scal* GFP* mCherry+ cells were FACS-puri-
fied 72 h after infection. These cells were then trans-
planted into lethally irradiated recipients together with
3x10° competitor cells (Figure 6F). It was found that en-
forced Ccnd7 expression partially rescued the reconstitu-
tion capacity of Mett(3 shRNA-carrying HSC (7.44%2.07 vs.
40.05+12.7 at the fourth month) including B, T and myeloid
cells (Figure 6G and Online Supplementary Figure S7C).
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Forced Myc expression cannot rescue the
reconstitution capacity of Mett{3/- hematopoietic stem
cells in the long term

Previous studies showed that enforced Myc expression
rescues the differentiation defects of Mett(37/- HSC."” We
therefore wondered whether forced Myc expression could
rescue the reconstitution capacity of Mett[3/- HSC. We in-
fected freshly isolated Mett(3”- LSK cells with Myc-over-
expressing lentivirus (GFP-labeled), and 1,500 CD48" Scal*
GFP* cells were FACS-purified 72 h after infection and
subsequently transplanted into lethally irradiated recipi-
ents together with 2.5x10° competitor cells (Online Sup-
plementary Figure S7D, E). The results revealed that forced
Myc expression could not rescue the reconstitution capa-
city of Mettl37- HSC (Online Supplementary Figure S7F).
To confirm this result, we infected freshly isolated WT
LSK cells using Mettl3 shRNA-carrying lentivirus (GFP-la-
beled) and Myc-overexpressing lentivirus (mCherry-la-
beled), and 2,000 CD48" Scal®* GFP* mCherry* cells were
FACS-purified 72 h after infection. These cells were then
transplanted into lethally irradiated recipients together
with 3x10° competitor cells (Figure 6H). The results
showed that overexpression of MYC significantly im-
proved the chimera of donor-derived cells at the end of
the first month (Figure 6l), and lineage analysis showed
that enforced MYC expression rescued the differentiation
defect of Mett(3-compromised HSC (Figure 6J). However,
the chimera of MYC-overexpressing cells dropped rapidly
in the second and third months (Figure 61). These results
suggest that overexpression of MYC did indeed rescue
the differentiation defect in the first month, but was not
able to rescue the reconstitution capacity of Mett(3-com-
promised HSC in the long term.

Discussion

Our study provides the first experimental evidence that
the reconstitution capacity of HSC is regulated by the
Mett(3- Ccndi1-> Ythdf3 pathway (Figure 6K). The 5°’UTR of
Ccnd1is the hub for METTL3 and YTHDF3 to transmit the
mC°A modification. This study is of great significance in
revealing how a RNA m®A writer and reader cooperate to
modulate HSC. A more in-depth discussion is provided
in the Online Supplementary Information.
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