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SUMMARY

N6-Methyladenosine (m6A) on mRNAs mediates different biological processes and its dysregulation contributes to tumorigenesis. How m6A dictates its diverse molecular and cellular effects in leukemias remains unknown. We found that YTHDC1 is the essential m6A reader in myeloid leukemia from a genome-wide CRISPR
screen and that m6A is required for YTHDC1 to undergo liquid-liquid phase separation and form nuclear
YTHDC1-m6A condensates (nYACs). The number of nYACs increases in acute myeloid leukemia (AML) cells
compared with normal hematopoietic stem and progenitor cells. AML cells require the nYACs to maintain cell
survival and the undifferentiated state that is critical for leukemia maintenance. Furthermore, nYACs enable
YTHDC1 to protect m6A-mRNAs from the PAXT complex and exosome-associated RNA degradation. Collectively, m6A is required for the formation of a nuclear body mediated by phase separation that maintains mRNA
stability and control cancer cell survival and differentiation.
INTRODUCTION
The most prevalent chemical modification on mRNAs is N6methyl adenosine (m6A). The METTL3 writer complex co-transcriptionally methylates mRNAs. A set of ‘‘reader’’ proteins in
the nucleus (YTHDC1, etc.) and the cytoplasm (YTHDF1, 2,
and 3, etc.) bind directly or indirectly to m6A-mRNAs and thus
alter their fate. This regulatory process is tightly controlled, as
its dysregulation has been implicated in tumorigenesis (Chang
et al., 2020; Huang et al., 2020; Zhang et al., 2017).
A number of studies have highlighted the requirement of m6Amethylation program for myeloid leukemogenesis (Bansal et al.,
2014; Barbieri et al., 2017; Cheng et al., 2019; Lee et al., 2019; Li
et al., 2017; Shen et al., 2020; Vu et al., 2017a, 2019; Wang et al.,
2020; Weng et al., 2018). Both m6A writers (METTL3, METTL14,
and WTAP) and erasers (FTO and ALKBH5) have been reported
to contribute to myeloid leukemogenesis, suggesting m6A regulators as potential therapeutic targets in acute myeloid leukemia
(AML). Several inhibitors targeting FTO and METTL3 are
currently being developed (Bedi et al., 2020; Huang et al.,
2019; Su et al., 2020). In addition, various readers have been
also implicated in leukemia, including YTHDF2 and IGFBPs (Elcheva et al., 2020; He et al., 2018; Paris et al., 2019). However,
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it remains unclear how m6A directly determines the fate of
m6A-mRNAs to control leukemia cell growth, differentiation
state, and cell survival remains largely unknown.
RESULTS
YTHDC1 is highly expressed in AML
To explore how m6A mediates its effect in myeloid leukemia, we
examined the rankings of all the known m6A readers in a
genome-wide CRISPR-based screen for essential genes in 14
AML cell lines (Wang et al., 2017) and nuclear reader YTHDC1
scored as the top essential reader (Figures 1A and S1A). YTHDF2
was not found to be as essential even though recent studies have
implicated YTHDF2 as a critical regulator in leukemia stem cells
and not essential for normal hematopoietic stem and progenitors
cells (HSPCs) (Li et al., 2018; Paris et al., 2019). This could be explained by the fact that the other YTHDF paralogs could
compensate for YTHDF2’s function in normal HSPCs (Lasman
et al., 2020; Zaccara and Jaffrey, 2020). The CRISPR data suggest a role for nuclear m6A through YTHDC1 in leukemia cell
survival.
We next assessed YTHDC1 expression in human AML and
found significantly higher expression than the majority of other
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Figure 1. YTHDC1 is required for leukemia cell survival
(A) CRISPR score rank of the m6A ‘‘readers’’ in MOLM13 cells. m6A readers are highlighted in red and METTL3 was a control.
(B) YTHDC1 expression in human primary AML cases with inv(16), t(8; 21) t(15; 17), t(11; 19), or normal controls. Data are from GSE34184 and GSE30285.
(C) Immunoblot analysis YTHDC1 protein expression in AML cell lines compared with normal HSPCs (CD34+ cells).
(D) Immunoblot analysis of YTHDC1 protein abundance in primary AML patient cells and peripheral blood and bone marrow from healthy donors.
(E–H) MOLM13 cells were transduced with lentiviruses expressing control shRNA (shCtrl) or two independent shRNAs targeting YTHDC1 (sh1 and sh2; YTHDC1knockdown). n = 3 independent replicants. (E) Representative immunoblot for control and YTHDC1-depleted MOLM13 cells.
(F) Cell proliferation of control versus YTHDC1-depleted MOLM13 cells. (G) Myeloid differentiation of cells was quantified by flow cytometry. (H) Apoptotic cells
were determined by flow cytometry analysis of Annexin V and 7-AAD staining.
(I–L) OCIAML3 cells were transduced with lentiviruses expressing control shRNA (shCtrl) or two independent shRNAs targeting YTHDC1 (sh1 and sh2; YTHDC1knockdown). n = 3 independent replicants. (I) Immunoblot of YTHDC1 expression in OCIAML3 cells. (J) Cell proliferation of OCIAML3 cells upon YTHDC1
depletion. (K) Myeloid differentiation of OCIAML3 cells was determined by flow cytometry. (L) Apoptotic cells were determined by flow cytometry analysis of
Annexin V and 7-AAD staining.
(M) Survival curve of NSG mice transplanted with control or YTHDC1-depleted MOLM13 cells by shRNA. n = 10 for each group.
(legend continued on next page)
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cancer types (Figure S1B). We found that YTHDC1 expression is
increased in AML patients with different genetic backgrounds
compared with normal controls (Figure 1B). Moreover, YTHDC1
protein is more abundant in ten myeloid leukemia cell lines
compared with cord blood derived CD34+ (CB-CD34+) HSPCs
(Figure 1C). Furthermore, in eight primary AML patient samples,
we found higher YTHDC1 abundance in six of eight samples in
comparison with healthy human peripheral blood and bone
marrow or CB-CD34+ cells (Figures 1D and S1C; Table S1).
YTHDC1 expression is comparable across different AML subtypes and genetic mutations do not correlate with YTHDC1
expression (Figures S1D–S1F). These data suggest that
YTHDC1 expression is dysregulated across different subtypes
and diverse oncogenic drivers of myeloid leukemia. However,
we found that YTHDC1 is expressed at a significantly higher level
in M0 (undifferentiated acute myeloblastic leukemia; FrenchAmerican-British [FAB] classification) compared with other FAB
groups of AML patients (Figure S1G). These data suggest a
role for YTHDC1 in controlling myeloid differentiation. Interestingly, YTHDC1 expression was not enriched in the leukemic
stem cell fraction in AML (Figure S1H). Overall, our data suggest
that YTHDC1 is dysregulated in leukemia compared with normal
cells and is enriched in the most histologically immature
leukemias.
YTHDC1 is essential for maintaining myeloid cell state
With the increased expression of YTHDC1, we next depleted
YTHDC1 by short hairpin RNAs (shRNAs) and observed a
marked reduction in cell growth (from 3- to 100-fold), increased
differentiation (3- to 4-fold depending on the myeloid marker and
cell line), and apoptosis (2- to 3-fold) in multiple AML cell lines:
MOLM13 (MLL-AF9, FLT3-ITD) (Figures 1E–1H, S2A, and
S2B), OCIAML3 (NPM1 mut) (Figures 1I–1L, S2C, and S2D),
NOMO1 (MLL-AF9) (Figures S2E–S2J), THP1 (MLL-AF9) (Figures
S2K–S2P), and HL60 (MYC amplification) (Figures S2Q–S2V).
Similar to the results with shRNAs, we found decreased cell proliferation (>2-fold), increased cell differentiation (3-fold with
CD11b and CD13 markers) and apoptosis (2- to 3-fold) using
CRISPR-Cas9-mediated YTHDC1 knockout in MOLM13 cells
(Figures S3A–S3F). All these data suggest that the nuclear m6A
reader YTHDC1 is essential for maintaining the undifferentiated
state and survival of myeloid leukemia cells.
YTHDC1 is essential for leukemogenesis
To assess if YTHDC1 is required for leukemogenesis, MOLM13
cells were transduced with YTHDC1-shRNAs and transplanted
into immunodeficient recipient mice. These cells exhibited
significantly delayed leukemia development compared with
MOLM13 cells transduced with the control shRNA (Figures
1M, S3G, and S3H). Sorted engrafted human YTHDC1shRNA-transduced leukemic cells from mice showed equivalent abundance of YTHDC1 compared with the controls,
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indicating a negative selection of YTHDC1-depleted cells in vivo
(Figure S3I). In addition, in two patient-derived xenotransplantation (PDX) AML models, we found that shRNA-mediated depletion of YTHDC1 dramatically delayed leukemogenesis (Figures
1N–1Q; Table S1). We examined the leukemia cells that successfully engrafted in the YTHDC1 knockdown group and found
wild-type (WT) levels of YTHDC1 expression. These data indicate that the few cells that engraft were those that evaded successful knockdown (Figures 1N–1Q). Furthermore, in another
PDX model, we observed significantly reduced engraftment of
leukemia cells upon YTHDC1 depletion (Figures S3J and
S3K). Thus, these data support the requirement of YTHDC1
for leukemogenesis.
YTHDC1 forms more condensates in AML than HSPCs
To understand how YTHDC1 mediates its functional requirement
in leukemia, we first examined the amino acid sequence of
YTHDC1. Similar to the cytosolic m6A readers YTHDFs, YTHDC1
comprise a YTH domain that recognizes m6A and intrinsically
disordered regions (IDRs) (Figure S4A). Different from YTHDFs,
YTHDC1 contains a Glu-rich N-terminal IDR and an Arg/Prorich C-terminal IDR (Figure S4B). These IDRs share features
with the IDRs of several proteins known to facilitate condensate
formation (Alberti and Dormann, 2019; Banani et al., 2017; Shin
and Brangwynne, 2017).
Previous studies have found that YTHDFs direct m6A-mRNAs
to stress granules through condensates mediated by liquidliquid phase separation (LLPS) in the cytoplasm (Fu and Zhuang,
2020; Liu et al., 2020b; Ries et al., 2019). LLPS is a fundamental
process in cells that drives the formation of many biomolecular
condensates such as nucleoli, nuclear speckles, stress granules,
P bodies, and others (Feric et al., 2016; Molliex et al., 2015; Shin
and Brangwynne, 2017), and it is required for regulation of heterochromatin formation, gene expression, and nucleocytoplasmic transport (Larson et al., 2017; Lu et al., 2018; Sabari et al.,
2018; Schmidt and Gorlich, 2016). Dysregulation of LLPS is
correlated with development of many diseases including cancer
(Alberti and Dormann, 2019; Boija et al., 2021).
It was found that the m6A reader YTHDC1 forms nuclear YT
bodies (Hartmann et al., 1999; Nayler et al., 2000). Thus, we
postulated that YTHDC1 has intrinsic biophysical properties
that facilitate LLPS and this property contributes to its requirement for leukemia survival. We observed that YTHDC1 resembled a puncta-like staining pattern in normal and malignant cell
types, including in both suspension cells (cord blood CD34+,
MOLM13, and OCIAML3 cells) and adherent cells (HeLa, 293T,
and MCF7 cells) (Figures 2A and S4C). Surprisingly, we found
an increased number of YTHDC1 puncta and overall increase
in staining intensity in human leukemia cell lines (MOLM13 and
OCIAML3) compared with CB-CD34+ cells (Figures 2B, 2C,
and S4C). These data suggest that increased YTHDC1 expression also correlates with aberrant nuclear YTHDC1 puncta.

(N) Survival curves of NSG mice xeno-transplanted with human primary AML-deprived cells (AML 9 cells) that were transduced with control or YTHDC1-targeting
shRNA. n = 5 for each group.
(O) Immunoblot of PDX cells before injection to NSG mice or after xenograft in (N).
(P) Survival curves in of NSG mice xeno-transplanted with AML 10 cells that were transduced with control or YTHDC1-targeting shRNA. n = 10 for each group.
(Q) Immunoblot of PDX cells before injection to NSG mice or after xenograft in (P).
Error bars, SEM. *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed t test.
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Figure 2. YTHDC1 proteins undergo liquid-liquid phase separation in vitro and in vivo
(A) Immunofluorescence (IF) imaging of YTHDC1 in OCIAML3 cells shows nuclear YTHDC1 puncta. YTHDC1, green; DAPI, blue. Scale bars, 5 mm.
(B) Quantitative summary of YTHDC1 condensates in CB-CD34+, MOLM13, and OCIAML3 cells by IF. Mean + SEM. n = 21, 25, and 25 from three independent
experiments.
(C) Quantitative summary of fluorescence intensity per condensate in CB-CD34+, MOLM13, and OCIAML3 cells by IF. Mean + SEM. n = 304, 333, and 365.
(D) Time-lapse images to show phase separation of YTHDC1 protein. Scale bars, 5 mm.
(E) Top: quantification of FRAP data for YTHDC1-m6A RNA droplets. The bleaching event occurs at t = 0 s. Mean + SEM. n = 5. Bottom: representative images of
fluorescence recovery. Scale bars, 2 mm.
(F) Time-lapse images of YTHDC1-m6A RNA droplets showing a droplet fusion event at indicated time. Scale bars, 2 mm.
(G) Live imaging of endogenously tagged EGFP-YTHDC1 in OCIAML3 cells. The white line highlights the nuclear periphery. Left: 2D image. Right: 3D image. Scale
bars, 5 mm.
(H) Left: quantification of FRAP. Mean + SEM. n = 3. Right: representative images of fluorescence recovery. Scale bars, 5 mm.

We next sought to determine if these YTHDC1 nuclear puncta
are part of any known previously characterized nuclear bodies.
We found that YTHDC1-interacting proteins from the BioGRID
database were enriched in gene functional categories associated with splicing, RNA surveillance, and RNA transport (Figure S4D; Table S2). In addition, these factors were also known
to be a part of nuclear bodies, speckles, and RNA polymerase
II complex (Figure S4D). These data support that YTHDC1
puncta is involved in multiple steps of RNA metabolism. We

next quantified the relative association of YTHDC1 with known
nuclear bodies, including nuclear speckles (SRSF2), Cajal
bodies (COILIN), PML bodies (PML), super-enhancer condensates (BRD4), and NPM1 bodies (NPM1) in leukemia cells (Figure S4E). YTHDC1 puncta were rarely (1%–2%) colocalized
with Cajal bodies, PML bodies, and NPM1 bodies. However,
around 40% of YTHDC1 is colocalized with nuclear speckles
and 35% of YTHDC1 is colocalized with super-enhancer condensates, indicating that YTHDC1 puncta could function in
Cancer Cell 39, 958–972, July 12, 2021 961
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Figure 3. m6A-dependent nYACs are essential for leukemia cell survival and differentiation
(A) Top: graphs plotting intrinsic disorder for YTHDC1. PONDR (Predictor of Natural Disordered Regions) VSL2 scores are shown on the y axis, and amino acid
positions are shown on the x axis. Bottom: schematic of EGFP-fused WT YTHDC1 and different YTHDC1 mutants used in this study. Pink boxes indicate the YTH
domain. Green boxes indicate predicted IDRs.
(B) Live imaging of 293T cells expressing EGFP-fused WT YTHDC1 and different YTHDC1 mutants as indicated. The white line highlights the cell nucleus. Scale
bar, 5 mm.
(C) Quantitative summary of YTHDC1 condensates in 293T cells related to (B). ND, not detected. Mean + SEM. n = 16, 15, and 17 from three independent
experiments.
(D) Live imaging of WT and Mettl3 knockout (KO) MEF cells transfected with EGFP-YTHDC1 or EGFP as control. Scale bar, 5 mm.
(E) Quantitative summary of YTHDC1 condensates in WT and Mettl3 KO cells related to (D). Mean + SEM. n = 29 and 39 from 2 independent experiments.
(legend continued on next page)
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regulating gene transcription and mRNA processing. Thus, nuclear YTHDC1 condensates only partially overlap with these
well-characterized nuclear structures.
YTHDC1 undergoes LLPS
We then asked if the YTHDC1 condensates could be associated
with a phase transition. We purified full-length recombinant
EGFP (enhanced green fluorescent protein)-YTHDC1 and
observed droplet formation, suggesting a phase separation of
YTHDC1 (Figures 2D and S5A). We next tested whether the binding of m6A-RNA regulates phase separation of the YTHDC1
protein. Addition of an m6A-containing RNA triggered droplet
formation in minutes with increased number, size, and intensity,
showing much stronger phase separation than YTHDC1 protein
alone (Figure 2D). Compared with methylated RNA, the nonm6A-containing nucleotides induced YTHDC1 droplets to a
lesser extent with slower kinetics and made up of smaller sized
droplets (Figure S5B). Both protein concentrations and methylated RNA concentrations affected YTHDC1 phase separation
(Figure S5C). Compared with solid-like condensates, liquid-like
condensates are more dynamic with rapid fluorescence recovery after photo bleaching (FRAP). We found that these condensates have liquid-liquid-like properties since photobleaching of
the region of EGFP-YTHDC1 droplets containing methylated
RNA resulted in a rapid fluorescence recovery (Figure 2E; Video
S1). In addition, time-lapse imaging revealed droplets fusing to
form larger droplets dynamically (Figure 2F; Video S2). These
data suggest that m6A enhances YTHDC1 to form liquid-liquid
droplets through phase separation in vitro at low concentrations
that are likely to be physiologically relevant.
We then wanted to determine if endogenous YTHDC1 puncta
exhibits liquid-liquid-like properties by CRISPR-Cas9-mediated
tagging endogenous YTHDC1 with EGFP in OCIAML3 and
293T cells (Figures S5D and S5E). Live-cell imaging revealed
discrete nuclear puncta (Figures 2G and S5F; Video S3) that
resembled staining of endogenous YTHDC1 in unmodified cells.
These EGFP-YTHDC1 puncta recovered fluorescence rapidly
and exhibited liquid-liquid-like properties (Figures 2H). These
data suggested that YTHDC1 can from dynamic liquid-liquidphased condensates in cells.
IDR domains and m6A binding are essential for the
function of nYACs in AML
We next characterized the domains in YTHDC1 that are essential
for LLPS. We generated different YTHDC1 mutants including the
N-terminal IDR deletion (Dpoly E) and the C-terminal IDR deletion
(DR + P) (Figure 3A). EGFP-YTHDC1 formed distinct nuclear dynamic condensates with rapid fluorescence recovery in a FRAP
assay (Figures 3B and S5G; Videos S4 and S5). However, disruption of either of the YTHDC1 IDRs affected LLPS resulted in more
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irregular shaped and decreased number of condensates indicating impaired puncta formation capacity (Figures 3B and
3C). These results demonstrate that the IDR domains are critical
for proper YTHDC1 condensates in cells.
To determine if these nuclear condensates were regulated by
m6A, we generated two YTH domain mutants (W377A and
W428A) to disrupt the tryptophan cage required for m6A binding
(Xu et al., 2014) (Figure 3A). Consistent with our in vitro data that
m6A-containing mRNAs enhance LLPS of YTHDC1, we observed
that disruption of the YTH domain resulted in the disappearance
of puncta, which we have named as nuclear YTHDC1-m6A condensates (nYACs) (Figures 3B, 3C, and S5G). To further examine
whether m6A binding is required for YTHDC1-mediated LLPS, we
utilized m6A-deficient MEF cells generated by tamoxifeninducing expression of ERT-Cre in Mettl3 flox/flox MEFs (Figures
S5H). Overexpression of YTHDC1 in Mettl3 knockout MEF cells
rarely form puncta (Figures 3D and 3E).
We next purified YTHDC1 protein containing mutants in the
YTH domain or IDR domain and tested the effects of these mutants on YTHDC1 phase separation in vitro (Figure 3F).
Compared with the WT YTHDC1 protein, both YTH and IDR mutants exhibited attenuated capacity to form droplets in vitro.
Consistent with our in vivo data that m6A binding is essential
for nYAC formation, m6A-RNA cannot enhance phase separation of YTHDC1 containing mutants in the YTH domain
compared with unmodified RNA (Figure 3F). In contrast, m6A
RNA can still promote droplet formation of IDR mutant that contains a WT YTH domain. However, fluorescence recovery of
YTHDC1 proteins was reduced in IDR mutants and almost lost
in YTH mutants (Figure 3G). Overall, these data further support
that both the IDR domain and the YTH domain are essential for
YTHDC1 LLPS.
We then tested if the ability of YTHDC1 to form nYACs is
required for AML survival. Thus, we performed a set of rescue experiments with shRNA-resistant YTHDC1 constructs. Importantly, we were able to partially rescue both proliferation and the
increase of differentiation by overexpressing shRNA-resistant
YTHDC1 (Figures 3H–3J and S5I) indicating that our shRNAmediated depletion was an on-target effect. In contrast, all of
YTHDC1 mutants (YTH domain mutant and IDR deleted) that
were defective in forming nYACs failed to reverse the reduction
in proliferation and increase in differentiation induced by YTHDC1
depletion despite their equivalent abundance to the WT (Figures
3H–3J and S5I). These data suggest that nYAC abundance is
essential for leukemia growth and differentiation control.
YTHDC1 prevents myeloid differentiation of
human HSPCs
We next sought to address the role for YTHDC1 in normal hematopoietic cells to determine if there is differential dependency

(F) In vitro phase separation of YTHDC1 and its mutant proteins. Top: 2 mM YTHDC1 protein plus 40 nM 65-nucleotide non-m6A RNA. Bottom: 2 mM YTHDC1
protein plus 40 nM 65-nucleotide RNA containing 10 m6A nucleotides. Scale bar, 5 mm.
(G) Quantification of FRAP data for droplets of YTHDC1 and its mutants plus m6A RNA as indicated. The bleaching event occurs at t = 0 s. For YTHDC1 and Dpoly
E, n = 9; for W377A, W428A, n = 6.
(H–J) OCIAML3 cells overexpressed with EGFP (control), WT YTHDC1, or different YTHDC1 mutants as indicated were followed with endogenous YTHDC1
knockdown by viral transduction. n = 3 independent experiments. (H) Representative immunoblot probed with indicated antibodies. (I) Cell numbers measured
over time of OCIAML3 cells. (J) Quantitative summary of myeloid differentiation determined by flow cytometry using CD13 (left) and CD14 (right) in OCIAML3 cells.
Error bars, SEM. *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed t test.
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Figure 4. YTHDC1 contributes to human HSPC myeloid differentiation
(A–I) Human CB-CD34+ cells were transduced with lentiviruses expressing control shRNA or two independent shRNAs targeting YTHDC1. Cells were used for the
following experiments after puromycin selection. n = 3 independent experiments. (A) Immunoblot of YTHDC1 expression in CB-CD34+ cells. (B) Cell proliferation
of control and YTHDC1-depleted CB-CD34+ cells were determined. (C) Colony-forming assay of control and YTHDC1-depleted HSPCs. The total number of
colony-forming units (CFUs) was scored 2 weeks after plating. (D) Apoptotic cells were determined by flow cytometry at days 4 and 6 post-transduction. (E–G)
Myeloid differentiation of CB-CD34+ cells was measured by flow cytometry using CD11b, CD13, CD14, and CD33 as markers at the indicated time points.
Representative flow plot is shown in (E). (H and I) Erythroid differentiation of CB-CD34+ cells was measured by flow cytometry using CD71 and glycophorin A
(GYPA) as markers at the indicated time points.
(J–L) CB-CD34+ cells were transduced with lentiviruses expressing control, YTHDC1 and its different mutants as indicated. Sorted cells were used for following
experiments. n = 3 independent experiments. (J) Representative immunoblot of YTHDC1 expression in indicated CB-CD34+ cells. (K) Cell proliferation of CBCD34+ cells were determined. (L) Cells in (K) were plated on methylcellulose (5,000 cells for each replicate). The total number of colony-forming units (CFUs) was
scored 2 weeks after plating. Error bars, SEM. *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed t test.

for YTHDC1 in normal blood cells compared with leukemia cells.
Thus, we first depleted YTHDC1 using shRNAs in human CBCD34+ HSPCs (Figure 4A). Loss of YTHDC1 resulted in modest
964 Cancer Cell 39, 958–972, July 12, 2021

inhibition of cell growth (Figure 4B) and colony-forming units
(CFUs) in all lineages with no effect on apoptosis (Figures 4C
and 4D). Moreover, we observed a significant but modest
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Figure 5. YTHDC1 and nYACs are essential for maintaining mRNA abundance of its targets
(A) Significant differentially expressed genes upon YTHDC1 depletion in MOLM13 cells by RNA-seq are shown as a heatmap. n = 3 independent replicants.
(B) Gene set enrichment analysis of differentially expressed genes upon YTHDC1 depletion with differentially expressed genes upon METTL3 knockdown in
MOLM13 cells.
(C) Cumulative distribution (left) and boxplots (right) to show the abundance of m6A methylated and non-methylated transcripts upon YTHDC1 knockdown.
(D and E) Cumulative distribution (left) and boxplots (right) to show the abundance of YTHDC1 binding and non-binding transcripts upon YTHDC1 depletion.
These binding targets were identified by Hyper-TRIBE of YTHDC1 in (D) and by iCLIP in (E).
(F) Venn diagram shows overlapped genes: (1) genes containing YTHDC1 binding sites identified by iCLIP; (2) genes containing at least one m6A site mapped by
miCLIP; (3) downregulated genes upon YTHDC1 depletion.
(G) Transcription factors that enriched with overlapped 435 genes from (F).
(legend continued on next page)
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increase in myeloid differentiation ((Figures 4E–4G) and no effect
on erythroid differentiation (Figures 4H and I) after YTHDC1
depletion. These data indicate that leukemia cell survival and differentiation state is more dependent on YTHDC1 than
normal HSPCs.
Since YTHDC1 expression is lower in human HSPCs than AML
cells, we next overexpressed WT YTHDC1 and mutants that fail
to form nYACs in CB-CD34+ cells (Figure 4J). Forced expression
of YTHDC1 but not YTHDC1 mutants resulted in an increase in
cell proliferation and colony formation of CB-CD34+ cells (Figures 4K and 4L). These data indicate that ectopic YTHDC1
expression is sufficient to induce dysregulated cell growth of
HSPCs and that this effect depends on nYACs formation.
YTHDC1 and nYACs promote abundance of
target mRNAs
To understand the molecular basis for nYACs on leukemia survival, we performed RNA sequencing (RNA-seq) on MOLM13
cells after YTHDC1 depletion. We found large transcriptional
changes, which included 1,320 downregulated genes and 520
upregulated genes (Figure 5A; Table S3). Among the downregulated genes, we found genes enriched in DNA replication and
cell-cycle pathway and related transcription factors, including
E2F1, MYC, TP53, FOXM1, and SP1 (Figures S6A–S6C). In support of our cellular phenotypes, we also observed enrichment for
myeloid differentiation and a loss of the HOXA9-MEIS1 gene signatures (Figures S6D and S6E). These data suggest that
YTHDC1 maintains a cell growth and undifferentiated gene
expression program.
Given that nYACs are m6A dependent, we next examined how
YTHDC1 regulates the expression of m6A-containing transcripts.
Previously we found that METTL3 depletion resulted in reduced
translation of m6A-marked mRNAs with a concomitant of
increased mRNA abundance of these targets in the cytoplasmic
fraction in AML cells (Vu et al., 2017a). Increased cytoplasmic
mRNAs could be due to the block of cytoplasmic m6A reader
YTHDF2-mediated m6A-mRNA decay upon METTL3 depletion.
In contrast to METTL3 or YTHDFs depletion, we found that
YTHDC1 depletion has an opposite effect on the expression of
METTL3-regulated transcripts, as demonstrated by a negative
enrichment with the gene set in METTL3-depleted cells (Vu
et al., 2017a) (Figure 5B). Furthermore, by overlapping the
YTHDC1 shRNA-RNA-seq dataset with our m6A profiling dataset
by miCLIP (m6A individual-nucleotide-resolution crosslinking
and immunoprecipitation) (Vu et al., 2017a), we observed that
even one m6A site was sufficient for reduced expression of these
m6A mRNAs (45%) (Figures 5C and S6F).These data indicated
that YTHDC1 depletion reduces the expression of m6A marked
transcripts, which is opposite to the regulation of METTL3/
YTHDFs on transcripts, suggesting that the fate of m6A on
mRNA transcripts in the nucleus differs from the YTHDF-mediated effects of m6A in the cytosol.
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To identify the direct targets of YTHDC1, we then mapped its
transcriptome-wide RNA-binding sites using several approaches. Recently, we identified targets of RNA-binding proteins
in mammalian cells using Hyper-TRIBE (Nguyen et al., 2020).
Thus, we performed YTHDC1 Hyper-TRIBE and identified 300
significant sites representing 200 genes after filter (Figures
S6G and S6H; Table S4). We then compared data from YTHDC1
Hyper-TRIBE with YTHDC1-individual CLIP (iCLIP) data generated previously that identified over 9000 YTHDC1 potential
binding genes (Patil et al., 2016). Although these targets from Hyper-TRIBE were representing only a subset of YTHDC1 target
genes identified by iCLIP (Table S5), the de novo motif finder identified a similar m6A binding motif (DRACH) and an enrichment for
m6A sites from the miCLIP dataset (Figures S6I and S6J). Furthermore, both the YTHDC1-binding targets from our Hyper-TRIBE
and the YTHDC1-iCLIP enriched for YTHDC1, downregulated
genes by RNA-seq (Figures 5D and 5E). Thus, these data suggest
that YTHDC1 directly binds to m6A-marked mRNAs and this is
critical to maintain the mRNA expression of these targets.
We next overlapped YTHDC1 binding genes from iCLIP with
m6A-modified genes by miCLIP and downregulated genes
upon YTHDC1 depletion by RNA-seq to identify the YTHDC1
direct regulated gene signature (Figure 5F). High expression of
the YTHDC1-regulated gene signature predicted a poor prognosis in AML patients (Figure S6K). In contrast, expression of
the upregulated gene signature upon YTHDC1 depletion that is
indirectly controlled by YTHDC1 was not associated with patient
survival (Figure S6K). We then identified the minimal set of
YTHDC1 direct regulated genes (12 gene set) that could have
predictive value using three different AML cohorts (Figure S6L–
S6N). Overall, these data indicate that YTHDC1 promotes
expression of target genes, which is associated with clinical survival outcome of AML patients.
YTHDC1 indirectly regulates splicing in AML
As a previous study reported that YTHDC1 regulates mRNA
splicing (Xiao et al., 2016), we next assessed the impact of
YTHDC1 on global splicing in myeloid leukemia. We observed
over 4,000 different types of alternative splicing events representing 2,486 genes, and around 54% more spliced exons are
included upon YTHDC1 depletion (Figures S6O and S6P; Table
S6). About 43% of the genes with altered splicing upon YTHDC1
depletion contain m6A sites (Figure S6Q). However, the location
of m6A sites on the vast majority of these transcripts are far from
both donor and acceptor of spliced exons (>1 kb), suggesting
that these splicing events may be not directly regulated by
YTHDC1 binding to m6A (Figure S6R). More importantly, only
5% of these genes were downregulated and direct YTHDC1m6A targets (Figure S6Q). Therefore, these data demonstrate
that, although YTHDC1 is associated with m6A-related splicing
alterations, the YTHDC1 does not directly maintain the expression of these genes through a splicing mechanism.

(H) Gene tracks displaying the iCLIP (YTHDC1 binding sites) and miCLIP (m6A sites) read coverage at the MYC locus.
(I) Left: representative 3D image of MYC mRNAs (magenta) by FISH and YTHDC1 (green) by IF and DAPI (blue). Scale bar, 5 mm. Right: quantitative summary of
colocalization of total or nuclear MYC mRNAs with YTHDC1 protein.
(J) In vitro phase separation of YTHDC1 protein as well as YTHDC1 protein plus 200nt MYC RNA with no m6A sites or 4 m6A sites. Scale bar, 5 mm.
(K) Top: quantification of FRAP data for YTHDC1-m6A MYC RNA droplets in (J). The bleaching event occurs at t = 0 s. Mean + SEM, n = 7. Bottom: representative
images showing FRAP. Scale bars, 2 mm.
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MYC is a functional direct target of YTHDC1 in AML
Given that splicing does not explain how YTHDC1 controls m6A
target expression, we next sought to further understand how
YTHDC1 depletion reduces expression by focusing on specific
m6A-YTHDC1 direct targets. The downregulated YTHDC1-m6A
direct targets were strongly enriched in the MYC signaling
pathway, and the MYC transcript itself contains at least 20
m6A sites in MOLM13 cells (Vu et al., 2017a) (Figures 5G and
5H). Based on these data and the known role for MYC in the
RNA methylation pathway, we examined how MYC is affected
by YTHDC1. Colocalization of MYC mRNA (fluorescence in situ
hybridization) and the YTHDC1 puncta (immunofluorescence)
in the nucleus suggests that nYACs directly bind mRNA and
functionally affect the mRNA fate of specific targets (Figure 5I).
In addition, m6A-modified MYC RNA can promote droplet formation of the YTHDC1 protein in vitro, and rapid FRAP indicated the
liquid-liquid-like phase transition (Figures 5J and 5K). Overall, the
data associate YTHDC1 binding to its targets with condensate
formation and expression control.
To determine if nYACs directly regulate YTHDC1 targets in
AML cells, we next validated by qPCR the downregulation of
several critical cell survival targets including MYC, GINS1, and
FOXM1 in MOLM13 cells (Figure 6A). Corresponding with MYC
being an important target of YTHDC1 in AML patients, we found
that high YTHDC1 expression correlated with an increased MYC
expression (Figure S7A). Consistent with the effects on the
mRNA, MYC protein was reduced upon YTHDC1 depletion in
multiple AML cell lines (Figure S7B). Most importantly, MYC
was required for YTHDC1’s function, as MYC overexpression
could partially rescue the proliferation and differentiation effects
after YTHDC1 depletion (Figures 6B–6G). These data suggest
that MYC functionally contributes to YTHDC1’s effects in AML.
We next sought to assess if m6A binding is required for
YTHDC1-mediated gene regulation. YTHDC1 knockdown
reduced MYC luciferase activity and this effect was mostly abrogated if the m6A sites were mutated (Figures 6H, S7C, and S7D).
Furthermore, only WT YTHDC1 but not the YTHDC1 mutants
increased MYC luciferase activity (Figures 6I and S7E). These
data demonstrate that YTHDC1 can regulate MYC expression
in an m6A-dependent manner and that LLPS of YTHDC1 is
essential for this regulation.
YTHDC1 and nYACs protect target mRNAs from
degradation
Recent studies demonstrated that YTHDC1 can affect transcriptional activity by regulating chromatin states (Li et al., 2020; Liu
et al., 2020a). We find that nascent transcription of YTHDC1 targets (MYC, GINS1, and FOXM1) in leukemia cells were not
affected by YTHDC1 depletion (Figures 7A and S7F). These
data suggest that nYACs can maintain transcript abundance
through a post-transcriptional mechanism rather than altering
transcriptional activity of these targets. We then asked whether
YTHDC1’s direct targets were being downregulated through
reduced mRNA stability and nuclear mRNA degradation mechanisms. Decreased half-life of MYC and GINS1 mRNAs suggested
that YTHDC1 stabilizes its targets (Figure 7B). We next tested the
colocalization of MYC mRNAs to nuclear degradation pathways,
as assessed by RNA-FISH co-staining with nuclear exosome
component RRP6. We observed increased colocalization of

MYC mRNA with RRP6 (from 13% to 30%) upon YTHDC1
depletion (Figure 7C). These data suggest that loss of nYACs results in an increase in degradation of MYC mRNA matching with
the reduced mRNA half-life. As reported previously, the nuclear
exosome is essential for RNA elimination of aberrant transcripts
(i.e., intron-containing splice-defective mRNAs, export-defective
or improperly processed, etc.) (Singh et al., 2018). Our data raise
the possibility that nYACs protect m6A-mRNAs from the degradation machinery.
Depletion of YTHDC1 resulted in increased PAXTmediated nuclear m6A mRNA decay
There are two major known complexes NEXT (nuclear exosome
targeting complex) and PAXT (polyA tail exosome targeting complex) in the nucleus targeting RNAs to degradation (Wolin and
Maquat, 2019). The NEXT complex mediates decay of non-polyA
ncRNAs, whereas the PAXT targets polyadenylated RNAs for
degradation (Meola et al., 2016; Silla et al., 2018). Thus, we
tested if nYACs protect MYC mRNA from the PAXT complexmediated degradation. YTHDC1 depletion resulted in significantly increased colocalization of MYC mRNA with PAXT
components PABPN1 and MTR4 and this increase is not due
to their elevated protein abundance (Figures 7D, 7E, and S7G).
We also observed that PABPN1 binds (PABPN1-RNA-immunoprecipitation) to more m6A-modified RNAs upon YTHDC1 depletion, including MYC (Figures 7F–7G). These data support the
hypothesis that nYACs protect m6A-RNAs from the PAXT complex-mediated RNA degradation. Furthermore, this mechanism
was also associated with a reduction of nuclear MYC mRNAs,
a more pronounced reduction in cytoplasmic MYC mRNAs,
and an increase in the nuclear to cytoplasmic ratio of MYC
mRNAs (Figures S7H–S7J). As YTHDC1 was reported as an
important factor in facilitating mRNA export (Roundtree et al.,
2017), our data with reduced nuclear MYC mRNA suggest that
nYACs play a dominant role in mRNA surveillance.
To determine whether phase transition of YTHDC1 into nYACs
is essential for protecting or to ensure proper processing of
target mRNAs from degradation, we performed rescue experiments. We observed that only WT YTHDC1, but not nYACs mutants, could partially rescue MYC mRNA reduction and
increased colocalization of MYC mRNA with PABPN1 after
YTHDC1 depletion (Figures 7H, 7I, and S7K). Overall, these findings indicate that nYACs either maintain proper mRNA surveillance and/or protect mRNAs from the PAXT complex and the
exosome degradation machinery.
DISCUSSION
In this study, we identified a nuclear condensate formed by
YTHDC1 binding to m6A. This suggests that m6A could mediate
its effects on transcripts in two compartments, via YTHDC1 in
the nucleus first, and then in the cytoplasm via YTHDF2 or other
YTHDFs. We observed that YTHDC1 can be found in nuclear
speckles, super-enhancer condensates, and other nuclear
bodies. However, the specific functional roles for nYACs in these
specific complexes remain to be determined. Based on the lack
of known functional domains besides the YTH domain, YTHDC1
is made of N- or C-terminal IDRs. These stretches of repetitive
sequences are required for LLPS and for YTHDC1’s function in
Cancer Cell 39, 958–972, July 12, 2021 967
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Figure 6. MYC is a functional target of YTHDC1 in AML
(A) qPCR to measure mRNA expression of YTHDC1 targets in MOLM13 cells upon YTHDC1 depletion. n = 3 independent experiments.
(B–G) OCIAML3 cells overexpressing empty vector (EV) or MYC as indicated were followed with endogenous YTHDC1 knockdown by viral transduction. EV is used
as control for overexpression. shCtrl is used as control for shRNAs. n = 3 independent experiments. (B) Representative immunoblot in OCIAML3 cells probed with
indicated antibodies. (C) Cell proliferation of OCIAML3 cells. (D–G) Myeloid differentiation of OCIAML3 cells. (D and F) Representative flow plot to show expression
of myeloid marks CD13 and CD14. (E and G) Quantitative summary of myeloid differentiation using CD13 (E) and CD14 (G) determined by flow cytometry.
(H) Top: diagram of vector used in luciferase reporter assay. Bottom: luciferase reporter assay using the original MYC CDS or the m6A sites mutated MYC CDS in
293T cells. 293T cells were transfected with control or YTHDC1 shRNA constructs. Normalized luciferase activity was calculated. n = 4 independent experiments.
(I) Luciferase constructs are the same as (H). 293T cells were transfected with control vector (EGFP), YTHDC1, or the indicated YTHDC1 mutants. Normalized
luciferase activity was calculated. n = 4 independent experiments. Mean and SEM are shown. *p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001, two-tailed t test.

leukemia. However, it remains a possibility that the inability to
form nYACs abrogates a specific protein-protein interaction resulting in defect of YTHDC1 function. Future studies will help
to determine how disruption of LLPS alters the composition
and function of these protein complexes.
YTHDC1 has been linked to disparate effects on m6A mRNAs in
the nucleus, including the regulation of transcription, heterochro968 Cancer Cell 39, 958–972, July 12, 2021

matin, retrotransposons, splicing, RNA export, and homologous
recombination-mediated repair of DSBs (Li et al., 2020; Liu et al.,
2020a, 2021; Roundtree et al., 2017; Xiao et al., 2016; Xu et al.,
2021; Zhang et al., 2020). We find that the changes in m6A-mRNAs
after YTHDC1 depletion are not mainly due to changes in gene
transcription, splicing, or export, but from reduced mRNA stability
of its targets in AML cells. Mechanistically, our data demonstrate
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Figure 7. nYACs protect mRNAs from the PAXT complex and exosome-mediated degradation
(A) Analysis of nascent RNA synthesis of specific genes in control or YTHDC1-depleted MOLM13 cells. n = 3 independent experiments.
(B) The mRNA half-life (t1/2) of MYC and GINS1 transcripts in control and YTHDC1-depleted cells. n = 3 independent experiments.
(legend continued on next page)
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that nYACs prevent m6A-mRNAs from being degraded by
reducing PAXT-nuclear-exosome-mediated degradation. This
may reflect the ability of nYACs to promote nuclear export of
m6A-mRNAs by evading the mRNA degradation machinery. Our
data provide a framework to understand how YTHDC1 impacts
mRNA metabolism through nYACs and thus explain the disparate
previously reported effects of YTHDC1.
Our data support the idea that YTHDC1 could be a therapeutic
target in myeloid leukemia. However, it is important to expand our
study on nYACs and their contribution in primary AML patient
samples. Also, future work will determine the requirement of
LLPS and its clinical relevance. Importantly, similar to the m6A
writers, YTHDC1 could contribute to normal hematopoiesis and
blood stem cell function. Development of YTHDC1 selective inhibitors and in vivo models would clarify the therapeutic potential
(Li et al., 2019). We propose that nYACs phase separation provides a regulatory mechanism for controlling m6A-mRNA fate in
the nucleus and we link this to the functional requirements in
maintaining cell growth and differentiation state.
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(C–E) Left: representative 3D images of MYC mRNA (magenta) by FISH con-staining with exosome protein RRP6 (C), PAXT protein PABPN1 (D), or PAXT protein
MTR4 (E) (green) by IF and DAPI (blue) in control and YTHDC1-depleted cells. White dots indicate colocalization between MYC mRNA and protein as indicated.
Scale bars, 5 mm. Right: quantitative summary of colocalization of MYC mRNA with the indicated protein (n = 10).
(F) Left: m6A dot blot assays of PABPN1 binding RNAs by RNA-immunoprecipitation (RIP) from control and YTHDC1-depleted MOLM13 cells. Right: quantitative
summary of m6A level of PABPN1 binding RNAs by RIP. n = 3 independent experiments.
(G) qPCR of PABPN1-RIP recovered RNA at the MYC locus in control and YTHDC1-depleted MOLM13 cells. Immunoglobulin G served as a non-specific binding
control. n = 3 independent experiments.
(H and I) OCIAML3 cells overexpressed with control, WT YTHDC1 or different YTHDC1 mutants as indicated were followed with endogenous YTHDC1
knockdown by viral transduction. n = 3 independent experiments. (H) Quantitative summary of MYC mRNA by RNA-FISH. (I) Quantitative summary of colocalization of MYC mRNA and PABPN1 protein. Error bars. SEM. *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed t test.
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Materials availability
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Data and code availability
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell culture
MOLM13, OCIAML3, THP1, NOMO1 and HL60 cells were cultured in RPMI1640 medium containing 10% FBS and 1%L-Glutamine
PenStrep. 293T cells were cultured in DMEM medium containing10% FBS and 1%L-Glutamine PenStrep. All leukemia cells and 293T
cells were from ATCC and tested negative for mycoplasma contamination. Mettl3 flox/flox MEF cells were derived from Mettl3 flox/
flox embryo and immortalized by continuous passage(Cheng et al., 2019). Mettl3 flox/flox MEF cells were cultured in DMEM medium
containing10% FBS and 1%L-Glutamine PenStrep. For Mettl3 knockout, Mettl3 flox/flox MEF cells were transduced with puroCreER viruses and selected with puromycin. After selection, these cells were treated with 100nM tamoxifen for 24hr to induce
CRE expression.
Purification and culture of cord blood (CB) derived HSPC-CD34 + cells
CD34 + HSPCs were purified from at least 10 mixed CB units (each unit from one healthy donor) in each purification. After Hespan and
Ficoll-Hypaque Plus density centrifugation, mononuclear cells from CB units were performed positive selection using the Auto MACS
Pro Seperator and isolation Kit (Miltenyi). CD34 + cells were cultured in basic medium containing Iscove’s modified Dulbecco’s medium (IMDM, Cellgro) 20% BIT 9500 medium (Stem Cell Technologies) supplemented with SCF (100 ng/mL), FLT-3 ligand (10 ng/mL),
IL-6 (20 ng/mL) and TPO (100 ng/mL). To differentiate HSPCs, cells were cultured under the myeloid-promoting conditions: SCF
(100 ng/mL), FLT-3 ligands (10 ng/mL), IL-3 (20 ng/mL), IL-6 (20 ng/mL), GM-CSF (20 ng/mL) and G-CSF (20 ng/mL) or the
erythroid-promoting conditions: Epo (6 IU/mL) and SCF (100 ng/mL). Cytokines were purchased from Peprotech, NJ.
Primary patient samples
All primary patient samples were collected under the Biospecimen collection/banking study 09–141, and the use of the samples for
research purposes was covered under the Biospecimen research protocol 16–354. Briefly, frozen AML patient cells were thawed,
and cell lysis was used for immunoblotting.
Primary AML patient cells are cultured in IMDM medium containing 10% dialyzed FBS, beta-mercaptoethanol, 100 ng/mL SCF,
10 ng/mL IL-3, 10 ng/mL TPO, 10 ng/mL FLT-3, 10 ng/ml GM-CSF, L-Glutamine, Penicillin and Streptomycin. Cells were transduced
with concentrated virus expressing scramble or YTHDC1 shRNA together with GFP and 10 ug/ml polybrene. Cells were incubated for
6 hr and new media was added. Cells were then sorted by GFP 24hr after transduction for following transplantation.
In vivo transplantation of human leukemia cells
MOLM13 human leukemia cells were transduced with lentiviruses expressing puromycin resistance gene and shRNAs against
YTHDC1or a control scramble shRNA. Transduced cells were selected by 3mg/ml puromycin for 2 days. 500,000 selected cells
were injected via tail vein into female NSG (6–8 week old, Jackson Laboratories) recipient mice that had been sublethally irradiated
with 200 cGy one day before transplantation.
For patient-derived xenograft, the cells from primary patient were first transplanted in irradiated (200 rad) NSG mice at a dose of
3x106 cells/mouse in order to expand them. For secondary transplant, bone marrow cells from primary mouse was sacrificed and
transduced with lentiviruses expressing shRNAs against YTHDC1or a control scramble shRNA. 50K or 100K sorted PDX cells
were injected into irradiated (200 rad) NSG mice. Survival curve of mice was monitored. All animal studies were performed on animal
protocols approved by the Institutional Animal Care and Use Committee (IACUC) at Memorial Sloan Kettering Cancer Center.
Plasmid constructs and transfection
For YTHDC1 knockdown experiment, all shRNAs including shCtrl(Scramble), sh1 and sh2 were cloned in PLKO.1 backbone with puromycin selection or GFP. The sequences were: sh1: TGGATTTGCAGGCGTGAATT; sh2: TGCCTCCAGAGAACCTTATA. sgRNAs
were cloned in PLKO.5 backbone with GFP. The sequences were: sg4: GGAAGGAGTGGAAGAAGATG; sg7: GGATCCAC
GATACCAGGAAG.
For YTHDC1 overexpression, EGFP, EGFP-YTHDC1 and EGFP-YTHDC1 mutants including W377A, W428A, DpolyE and DR + P,
were cloned in lentiviral backbone with blasticidin selection.
For plasmid transfection, 293T cells or MEF cells were transfected with certain constructs using lipofectamine 2000 or lipofectamine 3000 (Invitrogen) following instruction.
METHOD DETAILS
Lentiviral production and transductions
Lentiviral packaging of shRNAs or overexpression constructs was performed in 293T cells as previously prescribed(Vu et al., 2017a,
2017b). Lentivirus was kept at 4 C and used within 2 weeks of production. For transduction, cells were transduced with high-titer
lentiviral supernatant and 10mg/ml polybrene followed with spin infection for 1.5 hr. Infected cells were changed with fresh medium
and cultured in incubator before downstream experiments.
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Proliferation assay
Human leukemia cells or CD34 + cells were transduced with viruses by spin-infection. After 48 hr of infection, cells transduced with
shRNAs against YTHDC1 or control scramble shRNA were treated with 3mg/ml puromycin for leukemia cells and 2mg/ml puromycin
for CD34 + cells. Two days after puromycin selection, cells were plated at 200,000 cells/ml for proliferation assay.
Colony forming unit (CFU) assay
Transduced CD34 + cells were plated in methylcellulose (MethoCult TMH4434 Classic – Stem Cell Technologies). CFU colonies:
erythroid progenitor cells (BFU-E and CFU-E), granulocyte-macrophage progenitor cells (CFU-GM, CFU-G and CFU-M), and multipotent granulocyte, erythroid, macrophage and megakaryocyte progenitor cells (CFU-GEMM) were scored 14 days after seeding.
Flow cytometry
To monitor the differentiation status, cells were stained with the following antibodies: APC-CD11b (ThermoFisher, CD11b 05), APCCD13 (ThermoFisher, MHCD1305), PE-CD14 (BD Pharmingen, 555398), PE-CD33 (BD Pharmingen, 555450). To measure apoptosis,
cells were washed with PBS and incubated with anti– PE-Annexin V (BD Pharmingen, 556421) and 7-AAD in the ANNEXIN-V binding
buffer in a reaction volume for 15 min based on manufacturer’s instruction. Cells were analyzed on a BD FACS LSR or Fortessa
instrument.
To monitor human leukemia cell engraftment, bone marrow cells from recipient mice were stained with PB-mouse CD45.1 (Invitrogen 110722) and PerCP-Cyanine 5.5-human CD45 (eBioscience, 45-9459-42). Immunoblot analysis of engrafted human cells was
performed using sorted human CD45 positive cells.
Immunoblot analysis
Cells were counted and washed twice with cold PBS prior to collection.  250,000 were resuspended and lysed in 40mL 1X Lamine
protein running buffer and boiled for 5 min. Whole cell lysates were run on 4%–15% gradient SDS-PAGE and transferred to nitrocellulose membrane. Membranes were blocked in 5% milk PBST for 30 min at room temperature (RT), incubated in a diluted primary
antibody solution at 4 C overnight, washed and incubated in a dilution of secondary antibody conjugated to HRP for 1h at RT. Antibodies used are shown in the resource table.
RNA isolation and qPCR
Total RNA was extracted from cells using TRIZOL (Life Technologies) following the standard manual. Equal amount of RNA from samples was reverse transcribed into cDNA with Verso cDNA Synthesis Kit (Thermo Fisher), and qPCR was performed using an ABI 7500
sequence detection system using primers together with SYBR green master mix (ABI systems). Primers are listed below:
MYC-F: TTCGGGTAGTGGAAAACCAG
MYC-R: CAGCAGCTCGAATTTCTTCC
GINS1-F: GGTCACTGGGAGGAGATGAA
GINS1-R: GCTCACATTTCCATCGAGGT
FOXM1-F: ACCCAAACCAGCTATGATGC
FOXM1-R: GAAGCCACTGGATGTTGGAT
YTHDC1-F: AAGGAGGGCCAAATCTCCTA
YTHDC1-R: CAGTGTTGTTCCCTTGCTCA
AHNAK-F: CAGGAGGTGACGCAGAACTC
AHNAK-R: GACTTCACGGGTCCAGGTCT
ACTIN-F: GGACTTCGAGCAAGAGATGG
ACTIN-R: AGCACTGTGTTGGCGTACAG
RNA-FISH in conjugation with fluorescent immunostaining
Control and YTHDC1 depleted cells were fixed with 4% paraformaldehyde and permeabilized with cold methanol. Fixed cells were
then cytospun onto glass slides. RNA in situ hybridization was performed using RNAscope multiplex fluorescent detection kit according to the manufacturer’s instructions (Advanced Cell Diagnostics). RNAscope probes targeting human MYC was designed and produced by ACDbio. After the in stiu hybridization was completed, slides were washed twice and subjected to immunostaining.
For immunostaining, cells were fixed with 4% paraformaldehyde 15 mins at room temperature and permeabilized with cold methanol. Fixed cells were then cytospun onto glass slides and were blocked (with buffer PBST+0.5%BSA) for 1h followed with staining on
slides with primary antibody and secondary Ab (Goat anti–rabbit Alexa flour 488, Invitrogen) with DAPI counterstaining. Antibodies
used are shown in the resource table.
mRNA stability assay
mRNA stability analysis is performed as previously described. Briefly, control and YTHDC1 depleted cells were treated with 5 mg/ml
actinomycin D (Sigma) for inhibition of mRNA transcription. Cells were harvested at indicated time points and total RNA was extracted and used for qRT-PCR. Relative mRNA levels are normalized to the starting point of treatment.
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YTHDC1 protein expression and purification
Full-length human YTHDC1 sequence with a non-cleavable C-terminal EGFP-His6 tag and an N-terminal MBP tag followed by a
tobacco etch virus (TEV) protease cleavage site was cloned into plasmid pVL1393 (AB vector). The pVL1393 containing MBPYTHDC1-EGFP sequence was co-transfected with ProGreen (AB vector) into Sf9 insect cells for protein expression, following the
manufacturer’s instructions. After 72h, 1L cells were collected and lysed in the buffer (50 mM Tris-HCl pH 8.0, 500 mM NaCl, 5%
(v/v) glycerol, 5 mM b-mercaptoethanol, and protease inhibitors cocktail (Roche)). After Ni2+ affinity chromatography, the proteins
were eluted with the buffer (50 mM Tris-HCl pH 8.0, 250 mM NaCl, 300 mM Imidazole, 5 mM b-mercaptoethanol), and directly loaded
on the Heparin column (GE healthcare). The target proteins were eluted with a linear gradient from 250 mM NaCl to 1 M NaCl monitoring with UV280/260/486. The target proteins were detected using SDS-PAGE, concentrated in the buffer (20 mM HEPES 7.3,
500 mM NaCl, 1mM DTT), flash-frozen in liquid nitrogen, and stored at -80 C. The expressions and purifications of YTHDC1 mutants
were the same as those for the wild-type proteins.
In vitro RNA transcription
The DNA sequences containing ten tandem GGACU consensus motifs or wild-type and m 6A sites mutated MYC CDS C-terminal
regions (sequences in resource table) were synthesized by Integrated DNA Technologies (IDT) and cloned into the pUT-7 vector
with a T7 promoter. The plasmid was amplified in DH5a cells and linearized with the HindIII restriction endonuclease to obtain the
DNA templates. Transcription of RNAs was performed by mixing the DNA templates with bacteriophage T7 RNA polymerase (lab
stock) as previously described(Pikovskaya et al., 2009). We added m6 ATP (TriLink) instead of ATP into the reaction to obtain the
m6A version of the RNA. All transcribed RNAs were digested with DNase for 30 min at 37 C, then purified with NucleoSpin RNA
set for NucleoZOL (MACHEREY-NAGEL) and then dissolved in DEPC water and stored at -20  C.
In vitro phase separation assay
Before droplet formation experiments, purified MBP-YTHDC1-EGFP protein stock was incubated with TEV protease (lab stock at
200:1 molar ratio) for 2 hours on ice to cleave off the MBP tag. All phase separation assays were performed in the phase separation
buffer (20 mM HEPES 7.3, 300 mM NaCl, 1mM MgCl 2, 1mM DTT, 5% Dextran T500 (Pharmacosmos). The YTHDC-EGFP1 proteins
were centrifuged at 13,000 g for 5 min to remove small protein pellets and diluted into the desired concentrations with phase separation buffer. The RNA samples were also diluted into the desired concentrations in phase separation buffer. To start liquid droplet
formation, 5 mL YTHDC-EGFP1 protein sample was mixed with 5 mL RNA sample into a 384-well glass-bottom microplate (Greiner
bio-one) pre-coated with 1 mg/ml BSA (Sigma). The final concentration of proteins and RNAs are indicated in the figures. The droplets
were visualized with confocal microscopy (ZEISS LSM 880). The time-lapse data were processed using FIJI/ImageJ.
CRISPR knockin of EGFP into the endogenous YTHDC1 locus
EGFP was inserted into the endogenous locus at N0 terminal of YTHDC1 in 293T and OCIAML3 cells using CRISPR. Knock-in by
CRISPR was performed as described previously (Ries et al., 2019). ssDNA containing 500- nucleotide-long homology arms flanking
an EGFP coding sequence was synthesized as template. The sequence of the guide RNAs used is gRNA1 (CTCCCGACTGTCAGCCGCCA) and gRNA2 (GAGCCATGGCGGCTGACAGT). 293T cells were transfected with RNP complex (Cas9 protein and
gRNAs) plus templates with lipofectamine 2000. OCIAML3 cells were transfected with RNP complex (Cas9 protein and gRNAs)
plus templates through electroporation using Neon transfection system (Thermo Fisher Scientific) under a condition:1375V, 25ms,
1 pulse. Successful incorporation was validated by western blotting using YTHDC1-specific antibody and GFP antibody for
EGFP–YTHDC1, which exhibited the expected mobility shift relative to YTHDC1.
Confocal microscopy
For immunostaining, confocal imaging was performed using Leica SP5 upright with 63x/1.4 Oil objective. For live cell imaging, cells
were plated on 4-well glass bottom chamber and transfected with constructs described above. Cells were incubated with a LiveCell
imaging chamber at 37 C and 5% CO2 and imaged in cell culture medium using Leica SP5 invert with 63x/1.4 Oil objective. z stack
images were captured with the interval size of 130 nm. Excitations were performed sequentially using 405, 488, 594 or 633 nm laser
wavelength and imaging conditions were experimentally optimized to minimize bleed-through. Images were prepared with the Leica
software and three-dimensional reconstruction was carried out using volume rendering with Imaris software (BITPLANE). Co-localization was also analyzed with Imaris software (BITPLANE).For in vitro YTHDC1 droplets imaging, ZEISS LSM 880 was used with
Airyscan super-resolution mode. Images were analyzed by FIJI software. Time lapse movies were captured using the same method
as described above. The movie is rendered at 10 frames per second.
Fluorescence recovery after photo bleaching (FRAP)
For in vitro FRAP analysis, the droplet was photobleached by ZEISS LSM 880 in three regions ROIs that were defined for these experiments. ROI-1 was the indicated circular region in the droplet, and ROI-2 was a similarly sized circular region in the same droplet
but in an area that was not photobleached. ROI-3 was defined as background and drawn outside the droplet and its signal was subtracted from both ROI-1 and ROI-2. Fluorescence intensity was measured using FIJI and plotted using Prism software.
For FRAP experiments in living cells, an area of diameter 1mm of YTHDC1 puncta was bleached with a 405 nm laser using Leica
SP5 invert confocal. GFP fluorescence signal was collected over time. Each data point is representative of the mean and standard
deviation of fluorescence intensities in three unbleached (control) or three bleached (experimental) granules. The prebleached fluorescence intensity was normalized to 1 and the signal after bleach was normalized to the prebleach level.
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Nascent RNA transcription of specific gene measurement by qPCR
Control and YTHDC1 depleted cells were incubated with EU (5-ethynyl uridine) for 1hr and harvested. Total RNA was purified by Trizol
and nascent RNA was captured by using Click-iT Nascent RNA Capture Kit (Invitrogen) following the manual instruction. Nascent
RNA was determined by RT-qPCR using primers targeting specific gens as indicated.
Luciferase reporter assay
For CDS and 30 UTR reporter, original CDS, 30 UTR near stop codon(200nt) or m6A sites mutated CDS and 30 UTR (A to T) of human
MYC were cloned downstream of Renilla luciferase reporter gene in pRL-CMV vector (Promega AF025843). For 50 UTR reporter,
50 UTR near initiation codon(200nt) or m6A sites mutated 50 UTR of human MYC was cloned upstream of Firefly luciferase reporter
gene in in PGL3 basic vector. Reporters or m6A mutant constructs was co-transfected with Firefly luciferase control, as well as
YTHDC1 knockdown constructs (shCtrl, sh1 and sh2) or the indicated YTHDC1 overexpression constructs (YTHDC1 and mutants).
48 hours post transfection, expression of Renilla and Firefly luciferase was determined by Dual-Luciferase Reporter Assay System
(Promega) following the manufacturer instructions.
RNA-immunoprecipitation (RIP)
Control and YTHDC1 depleted MOLM13 cells by shRNAs were collected (20 x 106 cells were used per IP reaction) and washed twice
with ice-cold PBS. Cells were lysed in ice-cold IP lysis buffer (50mM Tris-HCL pH 7.5; 300mM NaCl and 0.5% NP40) for 30 min on ice
and frozen down at 80 C immediately to aid the lysis. On the IP day, lysate was thawed out and spin down at max speed to precipitate the debris at 4 C. Supernatant was collected and incubated with 5ug anti-PABPN1 antibody (Abcam, ab75855) or equivalent
amount of Rabbit IgG (Millipore) by rotating overnight at 4 C. RNA-PABPN1-antibody complexes were pulled down using Dynabeads
Protein A/G (Millipore) and wash 5 times in 100% IP lysis buffer, 70% IP lysis buffer and 30% PBS, 50% IP lysis buffer and 50% PBS,
30% IP lysis buffer and 70% PBS, 100% PBS. RNA was extracted using phenol-chroloroform method and quantified for qRT-PCR.
Dot blot assay
PABPN1 binding RNAs from control and YTHDC1 depleted cells were purified by RIP as described above. RNA samples were quantified using Nanodrop. The m6A-dot-blot was performed on Amersham Hybond-N+ membrane (GE Healthcare, catalog number:
RPN203B). After RNA loading, the RNA was crosslinked to the membrane using a UV Stratalinker 1800 by running the auto-crosslink
program twice. The membrane was washed twice with 1XPBST and then block in PBST +5% milk for 1h. After blocking, the membrane was incubated with m6A primary antibody (Synaptic Systems, Cat. #202 003, 1:1000) overnight at 4 C. Next day, the membrane was washed 3 times in PBST, and incubated with the secondary anti rabbit antibody (1:1000 dilution) for 1h at RT. The membrane was washed again in PBST and exposed on an auto radiographic film using enhanced chemiluminescence substrate. RNA
levels were normalized with methylene blue staining.
RNA-seq
RNA from control and YTHDC1 depleted cells (sh1 and sh2) in 3 replicates was extracted with chloroform. Isopropanol and linear
acrylamide were added, and the RNA was precipitated with 75% ethanol. Samples were resuspended in RNase-free water. High
purity mRNAs were enriched from total RNAs using Dynabeads mRNA purification kit (Thermo Fisher). After PicoGreen quantification
and quality control by Agilent BioAnalyzer, mRNA input was used for library preparation (TrueSeq Stranded mRNA LT Sample Prep
Kit). Libraries were run on a HiSeq 4000 in a 100bp/100bp paired end run, using the HiSeq 3000/4000 SBS Kit (Illumina). The average
number of read pairs per sample was 100 million. Sequence data were aligned using STAR aligner to human reference genome
(version hg19). Fragments Per Kilobase of transcript per Million mapped reads(FPKM) were calculated and differential expression
analysis was conducted using the DESeq software package. Differentially expressed genes were identified as those with FPKM
greater than 1 showing differential expression greater than twofold (up or down) with an adjustment p value less than 0.05. Alternative
splicing analysis was performed as previously reported(Xiao et al., 2016). Briefly, RNA-seq reads were mapped to the EEJ (exon-exon
junction) libraries with BWA, and PSI (percentage spliced in) level of the exon was quantified.
YTHDC1 Hyper-TRIBE
YTHDC1 Hyper-TRIBE was performed as previously described(Xu et al., 2018). ADAR-YTHDC1 fusion was constructed by fusing the
A-I deaminase domain of the Drosophila enzyme ADAR containing a hyperactive mutant E488Q to the human YTHDC1 CDS, with a
linker. The construct was codon-optimized for expression in human cells before gene synthesis and cloning into lentiviral-blast vector. MOLM-13 cells were infected with virus expressing ADAR-YTHDC1 or vector controls. After incubation and selection, cells were
harvested and used for RNA extraction and sequencing. The expression of ADAR-YTHDC1 was confirmed by western-blot. The RNA
editing events identification was followed the workflow as previously reported(Nguyen et al., 2020). Briefly, paired-end RNA-seq
reads were aligned to human (hg19) genome using STAR aligner. Next we followed the GATK workflow for calling variants in
RNA-seq (https://software.broadinstitute.org/gatk/documentation/article?id=3891) to identify all the mutations in each RNA-seq library. We then restricted to the mutations within annotated mRNA transcripts, as well as restricting to A-to-G mutations in transcripts
encoded by the forward strand and T-to-C mutations in transcripts encoded by the reverse strand. We filtered out mutations found in
the dbSNP database. We then combined the filtered sets of RNA editing events from all RNA-seq libraries of the same experiment
and counted the number of reads containing reference (A/T) and alternative (G/C) alleles from each library at each site. To identify
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difference of edit frequencies between control and ADAR-YTHDC1, beta-binomial distribution was employed as we did before. Significant sites were determined by filtering for FDR-adjusted (Benjamin-Hochberg correction), using FDR <0.05.
QUANTIFICATION AND STATISTICAL ANALYSIS
Data were processed using GraphPad Prism v.7 and the R statistical environment. All analyses were performed using two-tailed Student’s t tests, except where stated otherwise. p values less than 0.05 were considered to be significant. Graphs and error bars reflect
means ± s.e.m., except where stated otherwise. For animal studies, survival probabilities were estimated using the Kaplan-Meier
method and compared with the log rank test. Image analysis was processed using FIJI and Imaris software.
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