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SUMMARY

MLL-rearrangements (MLL-r) are recurrent genetic events in acute myeloid leukemia (AML) and frequently
associate with poor prognosis. In infants, MLL-r can be sufficient to drive transformation. However, despite
the prenatal origin of MLL-r in these patients, congenital leukemia is very rare with transformation usually
occurring postnatally. The influence of prenatal signals on leukemogenesis, such as those mediated by
the fetal-specific protein LIN28B, remains controversial. Here, using a dual-transgenic mouse model that
co-expresses MLL-ENL and LIN28B, we investigate the impact of LIN28B on AML. LIN28B impedes the pro-
gression of MLL-r AML through compromised leukemia-initiating cell activity and suppression of MYB
signaling. Mechanistically, LIN28B directly binds to MYBBP1A mRNA, resulting in elevated protein levels
of this MYB co-repressor. Functionally, overexpression of MYBBP1A phenocopies the tumor-suppressor ef-
fects of LIN28B, while its perturbation omits it. Thereby, we propose that developmentally restricted expres-
sion of LIN28B provides a layer of protection against MYB-dependent AML.

INTRODUCTION

Acute myeloid leukemia (AML) is the most common subtype of

acute leukemia in adults, with increased predisposition coupled

to advancing age. In children, while acute lymphoblastic leuke-

mia is the most prevalent subtype, AML still constitutes �20%

of these cases, with approximately one-third of children not

reaching 5-year survival.1

AML arises in a single immature hematopoietic cell upon

acquisition of genetic events that lead to the formation of leuke-

mia initiating cells (LICs). LICs reside at the apex of the AML hi-

erarchy, and maintain disease progression through their high

self-renewal potential and compromised differentiation.2 The

prognosis associated with AML varies substantially, with the het-

erogeneity of the disease with regard to immunophenotype, cy-

togenetic, and molecular aberrancies rendering some subtypes

more aggressive. Chromosomal translocations that involve the

Mixed-lineage leukemia 1 (MLL1/KMT2A) gene generate some

of the most aggressive forms of AML, with an incidence of

MLL-rearrangements (MLL-r) in �15%–20% of pediatric and

�10% of adult AML cases.3,4

Despite similarities, AML in children and adults can be viewed

as two separate diseases.1,5 While secondary mutations drive

AML leukemogenesis, pediatric AML samples have one of the

lowest mutational rates among all cancers, which has chal-

lenged the generality of a two-step model of AML transforma-

tion.1,5 Furthermore, myeloid-lineage bias, genome instability,

clonal hematopoiesis, and myelodysplasia, are all well-known

predisposing factors exclusive to adult AML.5,6 Accumulating

evidence also supports a prenatal origin of many driver muta-

tions in pediatric AML, yet overt transformation usually occurs

postnatally.7–10 How fetal hematopoiesis and growth signals

contribute to the disease patterns in pediatric leukemogenesis

remains largely underexplored.

LIN28B is a highly conserved RNA-binding protein whose

expression is mostly restricted to embryonic development,

with a well-established role as a regulator of fetal hematopoie-

sis.11,12 While the best studied mechanism of LIN28B in hemato-

poiesis is its ability to negatively regulate let-7 microRNA (miR)

biogenesis, leading to de-repression of transcripts under let-7

miR control,11,13–15 LIN28B can also modulate translation by

direct binding to mRNAs.16–19 Several studies have highlighted

the oncogenic properties of LIN28B in various cancer con-

texts.20 However, in MLL-r AML, the role of LIN28B has been a

subject of debate, with some studies suggesting an oncogenic

role,21–23 and others proposing tumor-suppressor activities of

LIN28 24,25.

Here, using a dual-transgenic system for MLL-ENL and

LIN28B, we observed an inverse correlation between LIN28B ac-

tivity and AML progression. We found that LIN28B compromised

the LIC activity of both preleukemic and leukemic MLL-r AML,

which was underwritten by a suppression of MYB activity.
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Mechanistically, LIN28B bound directly to MYBBP1A mRNA,

which associated with enhanced protein levels of this negative

regulator of MYB. Thus, by providing details on the tumor-sup-

pressive roles of a fetal molecular pathway, our work contributes

to an increased understanding of the distinct patterns of pediat-

ric AML development and that can potentially be harnessed for

therapeutic benefit.

RESULTS

LIN28B expression is low in pediatric and adult human
AML
We initially investigated expression of LIN28B mRNA in cohorts

of adult (n = 579) and pediatric (n = 45) human AML. Samples

were obtained from the Cancer Genome Atlas (TCGA) database

and included several MLL-rearranged samples (18 and 10 of the

adult and pediatric samples, respectively).26,27 Both cohorts pre-

sentedwith clear expression, although somewhat variable, of the

prominent AML-associated genes HOXA9, MYC, MYB, and

CEBPA (Figures 1A and 1B). By contrast, expression of

LIN28B was absent in most samples (474 of 484, 97.9%) and

in the few cases that it was present (10 of 484, �2%), it was

very low (Figures 1A and 1B). Additional data from the BEAT

and LECEGENE cohorts,27–31 as well as interrogations of a panel

of 40 human AML cell lines revealed similar results. From these

data, we concluded that expression of the fetal regulator

LIN28B does not typically associate with either adult or pediatric

human AML, including MLL-r subtypes.

Lin28b is not induced by an MLL-ENL fusion oncogene
The results on LIN28B expression in human AML (Figures 1A

and 1B) contradicted those from a few previous studies, in

which LIN28B expression associated with poor AML prognosis

and enhanced leukemia aggressiveness.21–23 As MLL-fusions

in general associate with poor AML prognosis,3 we interrogated

the link between MLL-fusion expression and LIN28B exp-

ression further by evaluating the expression of Lin28b upon in-

duction of an MLL-ENL (ME) fusion oncogene. For this, we

used a transgenic mouse model (iME) in which ME can be

induced by doxycycline (DOX).32 We isolated Lin�Sca+Kit+

CD150�CD48+ (granulocyte/monocyte/lymphoid progenitors,

hereafter referred to as GMLPs/LICs) from iME mice, cultured

cells for 3 days in the presence of DOX, which was followed

by cDNA isolation and quantitative reverse-transcription PCR

(qRT-PCR). This revealed that ME failed to induce Lin28b

expression (Figure 1C).

Downregulation of miR-150 has been shown essential for

MLL-r driven AML, as it targets critical genes such as MYB,

and MLL-fusion expression was previously suggested to alle-

viate miR-150 expression through the induction of MYC and

LIN28.21 This was proposed to induce an auto-regulatory leuke-

mogenic circuit whereby elevated FLT3 andMYB expression led

to further induction of HOXA9, MEIS1, MYC, and LIN28B.21 In

other work, downregulation of let-7 miR family members, which

are direct targets of LIN28B,13 has been proposed to underlie

enhanced proliferation and leukemogenesis of AML cells.21–23

The links between LIN28B and miR regulation led us to explore

a potential connection betweenMLL-fusion andmiR expression.

miR sequencing of iME cells revealed that miR-150 was among

the top downregulated miRNAs upon ME induction (Figure S1A

andFigure 1D), along with pronounced downregulation of

miR-342 andmiR-146a, which represents two other miRs down-

regulated in AML33 (Figure 1D and Table S1). Conversely, miRs

previously shown to associate with higher expression in AML,

including miR-196b and miR-155,33 were strongly induced by

ME (Figure 1D). As for miRs of the let-7 family, we observed clear

expression of let-7b and let-7c upon ME induction (log2FC 1.3,

Figures 1D and S1A), while other let-7 members were less

affected (Table S1).

Taken together, our miR profiling corroborated previous ob-

servations on miRs induced and repressed in AML, including

for selected miRs of the let-7 family. However, our findings that

LIN28B was rarely associated with either human or preleukemic

murine AML indicated, in contrast to previous suggestions,21–23

less evidence for involvement of LIN28B in these processes.

Enforced LIN28B expression corrupts ME-mediated
AML initiation
MLL-fusions can arise in utero,7,8,10 which coincides with the

developmentally restricted expression of LIN28B (Figure S1B).

In light of this, and the discrepancy between previous reported

results and ours regarding LIN28B expression levels in human

and murine AML (Figure 1), we interrogated the role of LIN28B

in MLL-r AML. For this, we crossed the iME strain32 to mice

with a DOX-inducible LIN28B transgene34 (Figure 2A). Thereby,

we obtained primary cells that expressed only the MLL-ENL

fusion (referred to as ME), or that expressed LIN28B together

with ME (referred to as L28BME) following provision of DOX.

The expression of the inducible genes,ME and LIN28B, and their

functionally relevant target genes Hoxa9 and Hmga2, respec-

tively, was confirmed by qRT-PCR (Figures 2B and S2A), with

Lin28b levels of similarmagnitude as those in hematopoietic pro-

genitors from fetal liver (Figure S1B).

To investigate the consequence of LIN28B expression on ME

leukemia development, we competitively transplanted 1,000

GMLPs, isolated from either ME or L28BME mice (all dual-ex-

pressing CD45.1/2), into separate groups of lethally irradiated

CD45.2 C57BL/6 recipients. As reported,32 all mice receiving

ME cells developed leukemia within 3–6 months (Figure 2C).

By contrast, we observed a decrease in incidence and an in-

crease in AML latency upon co-expression of LIN28B (Fig-

ure 2C), translating into a complete abrogation of AML in

�60% of L28BME mice (Figure 2C). FACS analysis of periph-

eral blood (PB) cells 4 weeks after transplantation revealed

multilineage contribution from both ME and L28BME cells (Fig-

ure S2B), while PB analyses of healthy L28BME mice at the

experimental endpoint confirmed the presence of donor

derived cells, but these were now almost exclusively CD19+

B220+ B cells (Figure S2C). Most importantly, qRT-PCR anal-

ysis on L28BME cells from mice succumbing to disease re-

vealed a striking reduction/lack of LIN28B expression levels

and its target gene Hmga2. This contrasted clear expression

of ME and Hoxa9 in the same samples (Figure 2D), demon-

strating that in the instances when leukemic development

was observed from L28BME cells, the LIN28B transgene (and

its target Hmga2) had become silenced.
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Enforced expression of LIN28B potently abrogates RAS-
mediated AML transformation
In vivo leukemia development in the iME model depends on the

acquisition of relevant second hits.35 Activating mutations in the

RAS pathway are the most common secondary mutations found

in MLL-rearranged leukemias, and are sufficient for MLL-r AML

transformation also in the mouse.36 Therefore, to study the influ-

ence of LIN28B expression on this more aggressive AML, as

opposed to its influence on more spontaneous leukemia initia-

tion (Figure 2C), we transduced GMLPs from ME and L28BME

mice with an HRAS Q61L retrovirus. Transplantation of these

cells led to rapid leukemia development/mortality in the ME

group (Figure 2E). By contrast, in the group receiving L28BME

cells, we observed a dramatically reduced disease incidence

(Figure 2E). Noteworthy, in the only case in which an

L28BME + HRAS Q61L recipient succumbed to disease, it pre-

sented as a T-ALL (T cell acute lymphoblastic leukemia) rather

than AML (Figure S2D).

In vitro propagation of candidate ME leukemia-initiating
cells is compromised by LIN28B
To assess the intrinsic effects of LIN28B on ME activity, we

next evaluated the in vitro proliferative capacity of ME and

L28BME LICs by culturing preleukemic GMLPs. The prolifera-

tive activity was first evaluated after 6 days of culture, at which

time no difference in proliferation could be observed as a

consequence of LIN28B expression (Figure S2E). However,

when cells were subjected to serial replating, a pronounced

Figure 1. LIN28B and candidate miR expression in AML

(A and B) mRNA expression levels of prominent leukemia-associated genes in AML in comparison to LIN28B expression in (A) pediatric (n = 45) or (B) adult AML

patient (n = 579) cohorts. Individual samples are displayed with MLL-r samples marked in red. Dashed lines represent median.

(C) Expression levels of LIN28B andME in GMLPs isolated from iMLL-ENLmice in the absence (no DOX) or presence (DOX) of ME expression. ND = not detected.

Bars indicate mean values, and error bars represent SEM.

(D) Volcano plot showing the top differentially expressed miRNAs (red) upon ME induction. miRs with a minimum expression of 100 TMM in one group were

selected, and their corresponding log2FC and FDR values were plotted. Vertical lines indicate log2FC of�1 and +1 and the horizontal line a –log10 (FDR) of 2, with

n = 4 replicates/group.

See also Figure S1 and Table S1.
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Figure 2. LIN28B interferes with AML development and propagation

(A) Schematic description of the mouse models used.

(B) qRT-PCR was performed on GMLPs from mice with indicated genotypes, confirming the expression of ME and LIN28B following DOX-mediated transgene

induction. n = 5 replicates/group.

(C) Experimental outline of transplantation experiments of LICs to assess the impact of LIN28B expression on leukemia development (top), and Kaplan-Meier

survival curves of the transplanted mice (bottom). n = 20 mice per group. Log rank (Mantel-Cox) test was used.

(legend continued on next page)
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decrease in L28BME cell numbers was observed (Figure 2F).

These data suggested that the impaired capacity of LIN28B

to propagate ME-expressing (pre)leukemic cells is a direct ef-

fect on LICs.

Molecular profiling reveals that LIN28B dysregulates
Let-7 miRs and associates with diminished AML and c-
MYB signatures
During fetal development, LIN28B expression is a major driver of

lymphopoiesis and its enforced expression in adult hematopoi-

etic stem/progenitor cells is sufficient to instate a fetal-like

lymphoid program.11 This is, at least in part, mediated through

the ability of LIN28B to suppress let-7 biogenesis.14 We hypoth-

esized that themechanismswhereby LIN28B compromises AML

initiation and propagation from ME-LICs could be reflected in

their transcriptomes, which we explored by miR sequencing

(miR-seq) and RNA sequencing (RNA-seq).

In line with the notion that let-7miRs are the major miR targets

of LIN28,13 we observed their strong downregulation in L28BME

cells (Figure 3A and Table S2). By contrast, we failed to observe

changes in miR targets previously shown to be essential in MLL-

leukemogenesis, such as miR-150 and miR-196b (Figure S3A

and Table S2).

Approaching mRNA expression changes, we observed reas-

suringly that Lin28b was the highest differentially upregulated

gene in L28BME cells. This was accompanied by prominent up-

regulation of many fetal and/or lymphoid-associated genes,

including for instance Igf2bp3, Hmga2, Arid3a, Arid3b, Rag1,

and Rag2 (Figure 3B and Table S3). Several of these genes are

targets of let-7,18 which was further confirmed by applying an

miR-prediction tool on the most upregulated genes in L28BME

cells (Figure 3C).

For genes downregulated upon enforced LIN28B expression,

perhaps the clearest observation was reduced expression of

stem- and early myeloid-associated genes (Figure 3B and

Table S3). To further validate this, we applied the CellRadar

tool (https://karlssong.github.io/cellradar/). CellRadar uses pub-

licly available data on lineage-associated genes to identify cell

type enrichments from a list of genes. Again, this revealed that

L28BME cells, in contrast to ME cells, associated with reduced

transcript levels linked to stem/myeloid progenitors and an

enrichment of lymphoid-associated transcripts (Figure 3D).

To further mine the mRNA expression data, we applied gene

set enrichment analysis (GSEA).37,38 This revealed that

L28BME cells associated with a depletion of MLL-fusion leuke-

mia signatures39,40 and an AML leukemia stem cell (LSC) signa-

ture41 (Figure 3E, upper panel). This was accompanied by an

enrichment for fetal-lymphoid differentiation and an apoptosis

signature (Figure 3E, lower panel).42,43 Finally, we observed

repression of c-MYB target genes in L28BME cells44 (Figures

3E and S3B). This was of particular interest because MYB has

been previously shown to critically govern MLL-r AML develop-

ment, with its partial or transient suppression completely eradi-

cating MLL-fusion leukemia.44

The tumor-suppressor activity of LIN28B is independent
of Let-7 repression
Given the observed repression of c-MYB targets in L28BME cells

(Figure 3), we sought to interrogate the mechanisms whereby

LIN28B mediates this effect. LIN28B acts either via repression

of let-7 biogenesis, or via direct binding to individual mRNA

targets to subsequently enhance or repress their translation

(Figure 4A).16–19

We began by investigating the potential role of let-7 repression

in AML. For this, we introduced an let-7 sponge (or an empty vec-

tor as control) that targets the entire family of let-7 miRs to ME-

LICs45 (Figure 4B). To accelerate disease development, cells

from both groups were in addition co-transduced with an

R295C mutant version of Moesin (MSN), which dramatically ac-

celerates murine MLL-ENL-mediated AML progression.35 Dou-

ble-transduced cells were transplanted, and recipients were

monitored for disease development. We observed only a slight

delay in disease development in the let-7 sponge group that

failed to reach significance (Figure 4B). These results suggested

that repression of the canonical let-7 pathway is not the primary

mechanism whereby LIN28Bmediates its tumor-suppressor ac-

tivities, and instead entertained that this activity is mediated by

the mRNA binding capacity of LIN28B.

Mybbp1a is a direct target of enforced LIN28B
expression
To map the transcriptome-wide LIN28B-RNA associations in an

unbiasedmanner, we began by performing individual-nucleotide

resolution UV cross-linking and immunoprecipitation followed by

sequencing (iCLIP-seq)46 on L28BME GMLPs (Figure 4C), with

ME cells used as a control for nonspecific binding (Figure 4D).

In agreement with previous studies,16,19 the obtained reads

associated with an enrichment of the LIN28B consensus binding

motif (GGAG) (Figure 4E). Investigating the obtained reads more

broadly revealed a particular enrichment for mRNAs (30 UTR and

CDS regions), and only a minor association with 50 UTR and

mature miR binding (Figure 4F and Table S4), which is also in

line with previous CLIP studies on LIN28.17 One of these bound

mRNAs, Mybbp1a, presented with several LIN28B-binding

peaks in the coding and non-coding regions of itsmature/spliced

mRNA (Figure S4A). This was of immediate interest to us given

the previously reported ability of MYBBP1A to repress

c-MYB,47,48 as well as the high protein levels of MYBBP1A in

(D) qRT-PCR on leukemic BM (bone marrow) cells from diseased L28BME mice, demonstrating that leukemias have lost expression of the LIN28B transgene.

n = 3.

(E) Experimental outline to determine the impact of LIN28B onME+ active RAS-driven AML (top), and Kaplan-Meier survival curves of transplantedmice (bottom).

n = 5 mice per group. Log rank (Mantel-Cox) test was used.

(F) LIN28B compromises the in vitro serial replating ability of candidate LICs. A total of 10,000K GMLPs/condition were sorted, cultured, serially replated (1/10 of

the well at each split), and counted on day 12. n = 3 replicates/group. Bars indicate mean values, and error bars represent SEM. *p < 0.05, **p < 0.01, ***p < 0.001;

n.s., not significant. Student’s t test was used, unless otherwise stated.

See also Figure S2.
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(legend on next page)
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fetal hematopoietic progenitors in comparison with adults.49,50

To confirm these findings, we performed RNA Immunoprecipita-

tion (RIP)-qPCR from L28BMEcells againstMybbp1a (Figure 4G)

and a few other selected targets from our iCLIP-seq data (Fig-

ure S4B). This verified direct associations between LIN28B and

these mRNAs (Figure S4B).

Although context-dependent, MYBBP1A has been previously

described to have tumor-suppressor activities, with protein

levels inversely correlating with c-MYB activity.48 To determine

the impact of the LIN28B-Mybbp1a mRNA interaction on

MYBBP1A protein levels, we performed western blot on protein

lysates from ME or L28BME cells. This revealed a striking in-

crease in MYBBP1A in the LIN28B-expressing cells (Figure 4H),

which could not be deduced from the mRNA transcript levels

(Figure 4I).

Taken together, these experiments suggested that the tumor-

suppressor activities of LIN28B are mediated by its capacity to

bind distinct mRNAs and alter their translation, with the binding

to Mybbp1a mRNA emerging as a direct candidate target for

such a mechanism.

Enforced expression ofMYBBP1A repressesmurine and
human MLL-r AML
With MYBBP1A as a candidate mediator for the tumor suppres-

sor activity of LIN28B, we decided to directly investigate its

influence on ME-driven AML. For this, we retrovirally transduced

ME-LICs with an MYBBP1A overexpression vector, or with an

empty vector (EV) as a control. As expected, we observed an in-

crease in Mybbp1a mRNA levels following MYBBP1A overex-

pression (Figure 5A). However, this was not accompanied by a

rise in MYBBP1A protein levels (Figure 5B, left lane), which sug-

gested post-translational regulation/degradation of MYBBP1A.

Under normoxic conditions, Proline 693 of MYBBP1A can

become ubiquitinylated by von Hippel-Lindau (VHL), which leads

to MYBBP1A protein degradation.51 With this additional layer of

regulationofMYBBP1A,we interrogatedwhetherblockingprotea-

somal degradation would be sufficient to equalize MYBBP1A

levels in ME and L28BME. For this, we treated Kit+ cells from ME

and L28BME with the proteasome inhibitor MG132 for 4 h and

then measured MYBBP1A levels. MG132 treatment allowed for

the detection of MYBBP1A in ME cells; however, to a much lower

extent in comparison to MYBBP1A levels in L28BME cells (Fig-

ure S4C). This suggested that the LIN28B-mediated enhancement

ofMYBBP1A is not only the result of lack of proteasomal degrada-

tion, but also due to an overall increase in MYBBP1A translation.

Although in a different cellular context, substitution of Proline

693 with Alanine was shown to be sufficient to prevent this

degradation.51 Therefore, we transduced ME-LICs with

MYBBP1A A693 rather than wild-type (WT) MYBBP1A. Indeed,

overexpression of MYBBP1A A693 led to a pronounced increase

in MYBBP1A protein levels in ME-LICs (Figure 5B). With a way to

enforce expression of MYBBP1A protein, we first evaluated its

impact on ME-LIC differentiation in vitro. This revealed an in-

crease in the frequency of granulocytes/terminally differentiated

myeloid cells following introduction of MYBBP1A A693 (Fig-

ure 5C), in line with previous studies showing an increase in gran-

ulocytic differentiation following loss of c-Myb.52

To explore the impact of enforced expression of MYBBP1A on

human MLL-r driven AML, we transduced THP-1 cells, a human

cell line for infant MLL-AF9-driven AML, with MYBBP1A A693 or

EV as a control. Equal numbers of transduced cells were sorted

from each condition and maintained in culture for 20 days. This

revealed a dramatically reduced proliferation of MYBBP1A

A693 transduced THP-1 cells (Figure 5D).

Next, we explored the consequences of MYBBP1A overex-

pression on ME leukemia initiation in vivo. We transplanted

5,000 ME-LICs transduced with MYBBP1A A693 (or EV) into

lethally irradiated recipients (Figure 5E), which revealed a signif-

icant delay in leukemia incidence in the MYBBP1A A693 group

(Figure 5E).

Thus far, both our in vitro and in vivo experiments had indi-

cated compromised ME-LIC activity upon MYBBP1A expres-

sion. To assess the magnitude of deterioration in LIC function

further, we transplanted different doses of ME MSN R295C

LICs with or without MYBBP1A A693 (Figure 5F). Despite the

added aggressiveness of MSN R295C, all MYBBP1A A693

groups presented with higher overall survival compared with

their EV counterparts (Figure 5F). Moreover, disease latencies

of the 5,000 and 2,000 cell doses of MYBBP1A A693 corre-

sponded to those of the 1,000 and 500 cell doses of EV, respec-

tively (Figure 5F), suggesting �5-fold reduced LIC activity in the

MYBBP1A A693 group. The tumor-suppressor activity of

MYBBP1A became more evident in the groups with lower cell

doses, where leukemia penetrance dropped to 25% following

enforced MYBBP1A A693 expression (Figure 5F).

Finally, we used a CRISPR-Cas9 gene editing system to inves-

tigate whether the knockout (KO) of Mybbp1a in L28BME could

accelerate leukemia development.53,54 Ribonucleoprotein (RNP)

complexes of CAS9 and a mix of guide RNAs (gRNAs) against

Mybbp1a were delivered to GMLPs from L28BME with an

HRAS Q61L mutation. Sanger sequencing confirmed efficient

deletion of Mybbp1a, with an editing efficiency of �97%

(Figures S5A and S5B). A total of 5,000 cells with WT Mybbp1a

(control) or KO Mybbp1a were transplanted into lethally

Figure 3. LIN28B alters the ME-fusion associated miR and mRNA expression patterns

(A) Volcano plot showing the differentially expressed miRNAs (red) in L28BME GMLPs.

(B) Volcano plot highlighting the differentially expressed mRNA targets (red) in L28BME GMLPs. Gray lines in (A) and (B) represent log2FC of �1 and +1. n = 3

replicates/group.

(C) Overlap between the top predicted let-7 targets (TargetScan, aggregate PCT >0.85) and upregulated genes in L28BME (log2FC > 1). Analyses were con-

ducted using MIENTURNET (http://userver.bio.uniroma1.it/apps/mienturnet/).

(D) CellRadar analysis (https://karlssong.github.io/cellradar/) performed on the differentially expressed genes in each group, showing a reduced affiliation of stem

cell-associated transcripts in L28BME cells along with an increase in lymphoid lineage affiliated genes.

(E) GSEA plots on ME and L28BME cells for selected AML-associated gene signatures. Determination of significance were made according to the guidelines of

the respective analysis tools (see STAR Methods).

See also Figure S3 and Tables S2 and S3.
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irradiated recipient mice and AML development was assessed.

Indeed, KO ofMybbp1a associated with significant acceleration

and penetration of AML (Figures 6B and S5C). Taken together,

these data established that MYBBP1A expression interferes

with ME leukemia initiation and development.

DISCUSSION

The molecular intricacies of pediatric MLL-leukemogenesis

remain largely elusive. In this patient subgroup, MLL-fusions

appear for the most part to arise in utero. In contrast to the situ-

ation in adults, pediatric MLL-fusion leukemias have been pro-

posed to be sufficient to drive transformation, without the need

for additional molecular lesions.1,5,8,10 At the same time, the inci-

dence of congenital/neonatal AML leukemia is very low.9

Although it is well established that there exist distinct prenatal

signals that promote organismal growth and cellular prolifera-

tion,55 little is known about their relationship to oncogenesis.56

Here, we tried to approach this issue by focusing on LIN28B, a

master regulator of fetal hematopoiesis.11,12

Reactivation of LIN28 has been described in several human

cancers, where LIN28 has been proposed as an oncogene.20

In the context of leukemia, a few previous studies have proposed

that LIN28 acts as a downstream target of MLL-rearrangements,

where its expression associated with more aggressive dis-

ease.21–23 In a diametrically opposing view, more recent studies

have suggested that expression of LIN28 has a tumor-suppres-

sor function in AML.24,25 To reconcile some of these discrep-

ancies, we began our work by interrogating an available cohort

of AML patients.1,27 This revealed that the vast majority of both

pediatric and adult AML patient samples lack expression of

LIN28B mRNA. Similarly, we failed to observe elevations of

Lin28b mRNA levels in our inducible ME mouse model.

The role of Lin28 as a negative regulator of the let-7 class of

miRs is well established,13 and we confirmed this in our ME

model. However, we also observed that ME expression, in the

absence of Lin28, can elevate the expression of some let-7

miR family members. We interpret these results to be in line

with the previously reported correlation between high let-7 levels

and worse prognosis in pediatric AML patients,1 although let-7

miRs might act as tumor suppressors in other cancer types.13

Regardless, because we failed to observe any pronounced de-

lays in leukemic development upon reducing let-7 miRs, we

rather entertain that the tumor-suppressor activity of LIN28B is

largely let-7 independent.

It has previously been established that enforced expression of

LIN28B in adult hematopoietic stem/progenitor cells is sufficient

to reestablish several aspects of fetal hematopoiesis.11 Using

our dual-transgenic mouse model, LIN28B potently impeded

the development of ME-induced AML, with �60% of the mice

in the L28BME group failing to succumb to disease. Further-

more, when interrogating AMLdeveloping in this group, we failed

to observe expression of LIN28B. While it remains unclear how

the LIN28B transgene (but not ME) became silenced in these

samples, these observations further strengthen the view that

expression of LIN28B for the most part appears incompatible

with ME-driven AML initiation. In addition, although co-expres-

sion of activating RAS mutations with MLL-fusions establishes

very aggressive AML,36 we found that the enforced expression

of LIN28B in such settings also interferes with AML progression.

Thus, LIN28B can in addition to interfering with spontaneous

MLL-r AML formation also disrupt AML in settings involving rele-

vant secondary driver mutations.

To identify downstream targets of LIN28B responsible for its

tumor-suppressive activity, we initially subjected LICs to

genome-wide expression profiling. This revealed a striking

depletion of c-MYB target genes upon enforced expression of

LIN28B, which was accompanied by significant decreases in

MLL-leukemogenesis and LSC gene expression signatures

and an enrichment for expression signatures associated with dif-

ferentiation and apoptosis. Multiple studies have shown that

MYB is an essential target of MLL-rearrangements, with critical

roles for LSC maintenance.44,57 This includes the ability of

MLL-r to upregulate Myb levels by direct occupancy of the

Myb promoter,44 or indirectly through upregulation of Hoxa9

and Meis1 and repression of miR-150.21 Intriguingly, all of these

direct and indirect regulators of Myb, including for Myb itself,

were found to be unaltered upon LIN28B expression. Thus, we

sought for another mode of regulation.

Using protein-RNA-binding studies, we identified direct bind-

ing of LIN28B to Mybbp1a mRNA. Our choice to focus on

Mybbp1a was primarily based on the original demonstration

that MYBBP1A negatively regulates MYB activity.47 MYBBP1A

is critical for early embryonic development49 and its protein

levels in the hematopoietic system are higher in fetal as opposed

to adult progenitors.49,50 This is similar to the expression pat-

terns of LIN28B. While not extensive, previous studies have

demonstrated that MYBBP1A is degraded by VHL in a similar

manner as the hypoxia inducible factor HIF-1a,51 the latter of

which can also act as a tumor suppressor in AML.58 Regardless,

Figure 4. A direct interaction between LIN28B and Mybbp1a mRNA that associates positively with MYBBP1A protein levels

(A) Putative mechanisms whereby LIN28B has been shown to exert its gene regulatory activities.

(B) Experimental outline to assess the impact of let-7 miRNAs inhibition on leukemia development (top), and Kaplan-Meier survival curves of the transplanted

mice (bottom). n = 5 mice per group. Log rank (Mantel-Cox) test was used.

(C) iCLIP-seq strategy to identify genome-wide LIN28B-RNA interactions.

(D) Autoradiograph depicting the immunoprecipitated complexes of LIN28B-bound RNAs (lane 1) from L28BME and ME (nonspecific binding) cells (lane 2).

(E) Pie chart depicting the fractions of different RNA species bound to LIN28B in the iCLIP-seq experiment.

(F) The consensus LIN28B binding motif sequence extracted from the iCLIP binding peaks.

(G) RIP qPCR confirming direct binding of LIN28B to Mybbp1a mRNA.

(H) Western blot demonstrating exclusive expression of MYBBP1A following enforced expression of LIN28B.

(I) qRT-PCR demonstrating similarMybbp1amRNA levels in the presence or absence of LIN28B expression. n = 3 replicates/group. Bars indicate mean values,

and error bars represent SEM. n.s., not significant. Student’s t test was used.

See also Figure S4 and Table S4.
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the hypoxia associating with the prenatal state provides one

plausible mechanism for the higher expression of MYBBP1A

during this period.59 While MYBBP1A has not been extensively

studied in the context of AML, its tumor-suppressive activities

have been suggested in several other cancers, and where its

lower levels associate with worse disease prognosis.60 Mecha-

nistically, loss of MYBBP1A has been reported to increase

MYBactivity and induce ametabolic shift toward oxidative phos-

phorylation; both of which have also been proposed to be critical

for LIC maintenance.60,61

When overexpressed, we observed that MYBBP1A recapitu-

lated several of the tumor-suppressor phenotypes of LIN28B in

both murine and human cells. In addition, knockout of Mybbp1a

in L28BME interfered with the tumor-suppressor activity of

LIN28B. But howmight LIN28B elicit enhancedMYBBP1A levels?

While we can only speculate on this, it is well established that

apart from the ability of LIN28B to negatively regulate miRs,

LIN28Bcan also enhance translation of itsmRNAbinding partners

by accompanying them to ribosomes and P-bodies,62,63 and by

recruitment of RNA helicase A to increase translation efficiency.64

More recent structural studies have also suggested that LIN28

might reprogram translation by gaining access to dormant

mRNPs via co-association to YB-1.65 Thus, we propose that the

direct binding of LIN28B to the mature form of Mybbp1a mRNA

results in increased translation of MYBBP1A by any of these

mechanisms. In addition, our demonstration thatMYBBP1A is un-

der proteasomal control suggests that higher MYBBP1A levels

might also be the consequence of repressed proteasomal

Figure 5. MYBBP1A corrupts ME leukemia initiation and propagation by impairing LIC activity

(A) qRT-PCR analysis of Mybbp1a following retroviral transduction of ME GMLPs with EV or MYBBP1A overexpression vector. n = 3 replicates/group.

(B) Western blot following enforced expression of WT or P693A mutant MYBBP1A.

(C) Enforced MYBBP1A A693 expression associates with enhanced preleukemic cell differentiation into granulocytes, which are defined by Ly6G and CD11b

expression. n = 3 wells per condition.

(D) Cell counts of the AML human cell line THP-1 following transduction with EV or MYBBP1A A693 overexpression vector. n = 3 wells per condition.

(E) Experimental outline to determine the impact ofMYBBP1A A693 expression on leukemia initiation (top), and Kaplan-Meier survival curves of transplantedmice

(bottom). n = 5 mice per group.

(F) Experimental outline of LIC titration experiments to assess the impact of MYBBP1A on LIC function (top), with table of details and results (bottom). Log rank

(Mantel-Cox) test was used in (E) and (F). Bars indicate mean values, and error bars represent SEM. *p < 0.05, **p < 0.01, ***p < 0.001; n.s., not significant.

Student’s t test was used, unless otherwise stated.
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degradation mediated by LIN28B, which was, however, insuffi-

cient to raise MYBBP1A to the levels observed following co-

expression of LIN28B. Intriguingly, LIN28B was previously shown

to coimmunoprecipitate with MYBBP1A in embryonic fibro-

blasts,51 suggesting that these two proteins can also interact

physically. Finally, since LIN28B is regarded as a master regulator

of fetal hematopoiesis, where it exerts several functions and is

part of multiple interactomes, our results do not exclude the exis-

tence of other LIN28B-mediated interactions that might synergis-

tically contribute to its tumor-suppressor activities.

To conclude, our work illustrates an inverse correlation

pattern between LIN28B expression and AML development,

which given the specific ontogenic context of LIN28B should

be of relevance to the paradigm of pediatric AML (Figure 6).

We propose LIN28B/ MYBBP1A –| MYB as a tumor suppres-

sor axis that restricts MLL-r AML and perhaps also other AML

subtypes with an MYB involvement. In this view, the develop-

mentally restricted expression of LIN28B provides a natural

protection against MYB-dependent tumors, while its abrupt

decline a few weeks after birth presents an opportunity for

oncogenesis (Figure 6). Whether and how this can be exploited

also for therapeutic benefit across ages represents exciting av-

enues for future work.

Limitations of the study
Although we could narrow down the tumor-suppressor effects of

LIN28B and showed that it is largely mediated through binding to

MYBBP1A mRNA, the possibility of other targets that can syner-

gistically contribute to AML suppression remains to be explored.

In addition, while we focused on studying AML, little is known

about how the expression of LIN28B might affect ALL, the

most common leukemia in pediatrics. Further studies are

needed to address these questions.

While we validated our findings in a human cell line for child-

hood leukemia, a direct clinical link is still lacking. This is chal-

lenging to establish since most patients are usually admitted to

clinic at a relatively advanced disease stage, whichmakes it diffi-

cult to study the early steps of disease initiation. In addition, the

critical stages of development at which both LIN28B expression

andMLL-r coexists, and the natural decline of LIN28B shortly af-

ter birth, impose both technical and ethical challenges for obtain-

ing primary patient material.

STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

Figure 6. Knockout of Mybbp1a in L28BME interferes with the tumor-suppressor activity of LIN28B

(A) Experimental outline to determine AML development following Mybbp1a KO in L28BME LICs.

(B) Kaplan-Meier survival curves of recipient mice transplanted with L28BME LICs + HRAS Q61L and eitherMybbp1aWT or KO. n = 5 mice per group. Log rank

(Mantel-Cox) test was used.

(C) Model of the tumor-suppressor activity of LIN28B.

See also Figure S5.
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Jäeger, S., Erdjument-Bromage, H., Tempst, P., and Spiegelman, B.M.

(2004). Suppression of mitochondrial respiration through recruitment of

p160 myb binding protein to PGC-1a: modulation by p38 MAPK. Genes

Dev. 18, 278–289. https://doi.org/10.1101/gad.1152204.

69. Guzzi, N., Cie�sla, M., Ngoc, P.C.T., Lang, S., Arora, S., Dimitriou, M., Pim-
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Homozygous iMLL-ENL (CD45.1) mice32 were crossed to heterozygous iLIN28B (CD45.2) mice34 to obtain ME or L28BME mice. 8–

12 weeks old female C57 BL/6Nmice were used as recipients (Taconic, RRID: MGI:6196877). ME and L28BMEmice were used at 8–

14 weeks of age. Miceweremaintained in the animal facilities at the Biomedical Center of Lund University, and all animal experiments

were performed with the approval of a local ethics committee.

Cell line
THP-1 cells, a human cell line of a one-year-old male with an MLL-AF9 fusion oncogene, were obtained from ATCC. Cells were

cultured in RPMI 1640 (Thermo Fisher) containing l-glutamine and supplemented with 10% FBS and 100 IU/mL Penicillin.

Patient data
mRNA sequencing data of adult and pediatric AML patients (OHSU,27 GDAC Firehose, and TARGET26) and their associated clinical

information were obtained from the Cancer Genome Atlas (TCGA) database.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

C57 BL/6N Taconic RRID: MGI:6196877

Homozygous iMLL-ENL (CD45.1) Ugale et al.32 N/A

Heterozygous iLIN28B (CD45.2) Zhu et al.34 N/A

Oligonucleotides

See Table S5

Recombinant DNA

MigR1 plasmid Addgene RRID:Addgene_27490

Ms.HrasQ61L This study

pcDNA-p160MBP Addgene RRID:Addgene_41

Software and algorithms

FlowJoTM v10.8 Software BD Life Sciences RRID:SCR_008520

GraphPad Prism Software GraphPad RRID:SCR_002798

ImageJ Schneider et al.66 https://imagej.nih.gov/ij/

Inference of CRISPR Edits (ICE) Synthego https://icestage.synthego.com/#/

Gene Set Enrichment Analysis

(GSEA) Software

Subramanian,

Tamayo, et al.38
http://www.broad.mit.edu/gsea/;

RRID:SCR_003199

CellRadar tool Karlsson lab https://karlssong.github.io/cellradar/
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METHOD DETAILS

Development of ME AML from GMLPs
GMLPs were isolated from ME or L28BME mice (CD45.1+/CD45.2+) as described.32 Briefly, BM cells were enriched using MACS

magnetic enrichment for c-kit, followed by cell sorting (using FACS Aria II or III cell sorters, Becton Dickinson) and transplantation

together with 300,000 unfractionated CD45.2 + BM cells into lethally irradiated (900 rad) CD45.2 + mice. Recipients were put on

Doxycycline-containing diet 5 days prior to transplantation and throughout the whole experiment to ensure continuous expression

of the transgene(s). Mortality, rapid elevations in donor myeloid chimerism, and signs of morbidity according to ethical guidelines

were considered events for plotting event-free survival.

Retrovirus production and transduction
Hras cDNAwas retrieved from amurine cDNA library andGibson assembly (NewEngland Biolabs) was used to clone the product into

an EcoRI and XhoI linearized MigR1 retroviral vector.67 A Q5 Site-Directed Mutagenesis Kit (New England Biolabs) was used to

generate the HRAS Q61L GFP construct. MSN R295C mutant mCherry construct has been previously generated in our lab.35 The

pcDNA-p160MBP plasmid was a generous gift from Bruce Spiegelman (Addgene plasmid # 41 68) and was used to amplify the

MYBBP1A cDNA, which was subsequently cloned into the MigR1 vector. The MYBBP1A P693A vector was generated using a Q5

Site-Directed Mutagenesis Kit (New England Biolabs) from the MigR1 MYBBP1A construct.

Replication incompetent retroviruses were produced by transfecting the vectors into Plat-E packaging cells (RRID: CVCL_B488)

using Lipofectamine LTX Reagent with PLUS Reagent (Thermo Fisher). Virus-containing supernatants were harvested 48 h post

transfection. Retroviral transductions were performed by centrifugation of the retrovirus (2 h, 1,200 g, 32�C) over Retronectin (Takara

Bio) coated plates according to manufacturer’s instructions and co-culture of GMLPs over the virus-coated wells for 48 h at 37�C.
GMLPs were cultured in StemSpan serum-free expansion media (Stem Cell Technologies) supplemented with 100 mM

2-Mercaptoethanol (Thermo Fisher), 5 ng/mL mIL3, 10 ng/mL hFlt3, 10 ng/mL mSCF (all from Peprotech) and 1 mg/mL doxycycline

(Sigma-Aldrich).

Transplantation of transduced cells
48 h after transduction, GFP+ and/or mCherry + donor cells were sorted and competitively transplanted into lethally irradiated (900

rad) WT recipients together with 300,000 unfractionated WT BM cells per mouse. Recipients were put on a Doxycycline-containing

diet 5 days prior to transplantation to ensure continuous expression of the transgene(s). Survival rates were plotted using the Kaplan-

Meier method (GraphPad Prism). Mortality, rapid elevations in donor myeloid chimerism and signs of morbidity according to ethical

guidelines were considered events for plotting event-free survival.

Serial replating assay
10,000 GMLPs were cultured in OPTI-MEM (Thermo Fisher) supplemented with 10% fetal bovine serum (FBS), 100 mM

2-Mercaptoethanol (Thermo Fisher), 5 ng/mL mIL3, 10 ng/mL hFlt3, 10 ng/mL mSCF (all from Peprotech) and 1 mg/mL doxycycline

(Sigma-Aldrich). Cells were subjected to serial replating (1/10 of the well at each split) every third day. Cells were counted on day 12.

In vitro differentiation
Transduced cells were cultured under the previously mentioned conditions. Flow cytometry analysis was performed using CD11b-

APC (SONY, Cat# 1106060) and Ly-6G-APC/Fire 750 (BioLegend, Cat# 127652) on BD LSRFortessa and LSRFortessa X-20 Cell An-

alyzers (Becton Dickinson).

Proteasomal inhibition
BM cells were isolated from ME or L28BME mice then Kit enrichment was performed. Cells were cultured for 4 days under the pre-

viously mentioned conditions with 1 mg/mL doxycycline (Sigma-Aldrich) to induce transgenes expression. After that, cells were

treated with 10mM MG132 for 4h. Cells were then harvested, lysed, and WB was performed.

Western blotting
Cells were washed with ice-cold PBS then lysed in ice-cold RIPA lysis buffer (150 mMNaCl, 1%NP-40, 0.5% sodium-deoxycholate,

0.1% sodium dodecyl sulfate, 10mMTrisHCl pH 8) supplemented with a protease inhibitor cocktail (Roche). Lysates were cleared by

centrifugation at 15,000 rpm for 15min at 4�Cand supernatants were removed and assayed for protein concentration using theQuick

Start Bradford Protein Assay Kit (Bio-Rad). Samples were denatured by mixing with appropriate amount of NuPAGETM LDS Sample

Buffer (4x) (Thermo Fisher) containing 2.5% 2-mercaptoethanol and heated to 95�C for 5min. Equal amounts of proteins were loaded

on an SDS-PAGE and transferred to PVDF membranes (Bio-Rad). Antibodies used were: mouse b-Actin (1:1,000, Cell Signaling

Technology, 4970, RRID: AB_2223172), FLAG (Invitrogen, PA1-984B, RRID: AB_347227). and MYBBP1A (Proteintech Cat#

14524-1-AP, RRID:AB_2148137). Image analysis and quantification was performed using ImageJ.66
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miRNA sequencing
GMLPs were cultured for 3–4 days in OPTI-MEM (Thermo Fisher) supplemented with 10% fetal bovine serum (FBS), 100 mM

2-Mercaptoethanol (Thermo Fisher), 5 ng/mL mIL3, 10 ng/mL hFlt3, 10 ng/mL mSCF (all from Peprotech) and 1 mg/mL doxycycline

(Sigma-Aldrich). miRNA/small non-coding RNA sequencingwas performed byQIAGEN. Briefly, RNAwas isolated from1x107 cells us-

ing themiRNeasy for Animal Cells (QIAGEN) according tomanufacturer’s instructions. Library preparation was done using the QIAseq

miRNALibraryKit (QIAGEN).A total of 500ng totalRNAwasconverted intomiRNANGS libraries.AdapterscontainingUMIswere ligated

to theRNA.RNAwasconverted to cDNA. The cDNAwasamplified usingPCR (13 cycles) andduring the PCR indiceswere added.After

PCR the sampleswere purified. Library preparationQCwas performed. Libraries were pooled in equimolar ratios then sequenced on a

NextSeq550 sequencing instrument according to themanufacturer instructions.Rawdatawasdemultiplexed andFASTQfiles for each

samplewere generated using the bcl2fastq software (Illumina inc.). Analysis was carried out using CLCGenomicsWorkbench (version

20.0.2) and CLC Genomics Server (version 20.0.2). Data has been deposited under the accession number GSE201373.

mRNA sequencing
GMLPs were cultured for 72 h then total RNA was isolated using the Single Cell RNA Purification Kit (Norgen Biotek). Library prep-

aration was performed using TruSeq Stranded mRNA Library Prep (20020594, Illumina). Sequencing was performed on NovaSeq

6000 System (20012850, Illumina). Demultiplexing was performed using the bcl2fastq2 software. Read Mapping was performed us-

ing the HISAT2 software, and the reference genome sequencewas from the Ensemble database, theMouseGRCm38. Quantification

of the expression levels of each gene was carried out using StringTie. Differentially expressed genes (DEG) analysis was performed

using DESeq2. Data has been deposited under the accession number GSE201373.

iCLIP
iCLIP was performed as previously described with some modifications.69 GMLPs isolated from L28BME (or ME as control for

nonspecific binding) were expanded in vitro, 80 million cells per replicate were UV-crosslinked at 254 nm, with 200 mJ/cm2 using

UV Stratalinker 1800 (Stratagene) and pellets were snap frozen. Cells were harvested and lysed in iCLIP lysis buffer: 50 mM Tris/

HCl pH 7.4, 100 mM NaCl, 0.5% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 5 mM EDTA and protease inhibitors (Sigma).

Lysates were sonicated 43 10 s at 25 W using a Branson sonicator. Cell extracts were treated with 5 U/mL RNase I (Thermo Fisher)

and 1 U/mL TURBODNase (Thermo Fisher) for 3min at 37�Cwith shaking at 1100 rpm. Lysates were kept on ice for 5min and centri-

fuged at 15000 rpm for 10 min at 4�C. Supernatants were incubated with pre-washed anti-FLAG magnetic beads (Sigma) (40 mL per

replicate) for 2 h at 4�C on rotator. Samples were washed with lysis buffer and incubated on-beads with 10 U/mL RNase I for 5 min at

37�Cwith constant shaking 1100 rpm. Reactions were blocked adding 1 mL of high salt (HS) buffer: 50 mM Tris/HCl, 1000 mMNaCl,

0.5% Triton X-100, 0.25% sodium deoxycholate, 1 M Urea, 5 mM EDTA, 1 mM DTT). Each sample was washed twice with HS buffer

at 4�C, once with PNK/Tween buffer (20 mMTris/HCl pH 7.4, 10mMMgCl2, 0.2% Tween 20) and once with wash buffer (50 mM Tris/

HCl pH 7.4, 10 mMMgCl2). Subsequently, samples were resuspended in 20 mL PNK dephosphorylation mix (4 mL 5X PNK buffer pH

6.5 (350 mM Tris-HCl pH 6.5, 50 mMMgCl2, 5 mMDTT), 0.5 mL T4 PNK (NEB), 0.5 mL SUPERase-IN RNase Inhibitor (Thermo Fisher)

and incubated 15 min at 37�C. Samples were washed once with HS buffer, twice with wash buffer then resuspended in 20 mL of L3

adaptor ligation mix (2 mL 10X T4 RNA ligation mix (NEB), 1 mL T4 RNA ligase I (NEB), 0.5 mL SUPERase-IN RNase Inhibitor (Thermo

Fisher), 1.5 pmol pre-adenylated L3 linker, 4 mL PEG400) and incubated shaking overnight at 16�C. Next, samples werewashed twice

with HS buffer, wash buffer and subsequently radiolabeled in 20 mL of T4 PNKmix containing 2 mL of 10X T4 PNKBuffer (NEB), 1 mL T4

PNK (NEB), 0.5 mL fresh g-32P-ATP (PerkinElmer). Reactions were incubated 5 min at 37�C shaking at 1100 rpm and further washed

once in HS and twice in PNK/Tween buffers. Beads were resuspended in 20 mL of 1.53Nu-PAGE loading buffer (Thermo Fisher) and

incubated 10 min at 70�C, 1100 rpm. Supernatant was added to 1 mL 1 M DTT and boiled 3 min at 95�C. Samples were run on a

NuPAGE 4%–12%Bis-Tris gel (Thermo Fisher) and transferred to a nitrocellulosemembrane 0.45 mm (GEHealthcare). The remaining

iCLIP library preparation steps were performed as previously described 6. Briefly, membranes containing protein-RNA complexes

were excised and incubated in PK buffer at 37�C for 30 min with constant shaking at 1100 rpm. Reactions were terminated with

an equal amount of PK buffer supplemented with 7 M urea. RNA was extracted using Phase Lock Gel Heavy tube (VWR) and

ethanol-precipitated. cDNA synthesis was performed using using Superscript III (Thermo Fisher). cDNA was circularized using

CircLigase II in the presence of 1M Betaine (Epicenter), annealed with 0.25 mM Cut oligo and digested with BamHI (Thermo Fisher).

Digested cDNA was ethanol-precipitated and resuspended in 21 mL of water. 1 mL of cDNA was used for PCR amplification using HF

Phusion (Thermo Fisher) with 18–21 PCR cycles. Libraries were sequenced on an Illumina MiSeq machine, with single-end for 50

cycles using MiSeq Reagent Kit v2 (50-cycles) (Illumina).

iCLIP-seq data analysis
Totally, �23 million reads were obtained for read processing. The reads were classified into samples according to sample-specific

barcodes. The barcodes and UMIs, 5 nucleotide unique sequence identifiers introduced during RT step, were removed and ap-

pended to the read name using UMI-tools.70 The sequences were trimmed the 30 adaptor sequence (AGATCGGAAG

AGCGGTTCAG) by cutadapt v2.9 with parameter -m set to 18 and mapped to mouse genome mm10 using STAR v2.5.2b71 with

the following parameters: –outFilterMismatchNoverReadLmax 0.04 –outFilterMismatchNmax 999 –outFilterMultimapNmax 1

(unique mapping) or –outFilterMultimapNmax 100 (multiple mapping). PCR duplicates were removed based on UMIs using
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UMI-tools. Peak identification was performed using Piranha v1.2.172 and motif analysis was performed using the MEME.73 Peaks

were annotated using Gencode vM25, miRBase andGtRNAdb2. Data has been deposited under the accession number GSE201083.

RIP-qPCR
RIP was performed on in vitro induced GMLPs using Magna RIPTM RNA-Binding Protein Immunoprecipitation Kit (Sigma-Aldrich).

Approximately 2.03 107 cells were harvested, washed, and resuspended in complete RIP lysis buffer. Magnetic beads were washed

and incubated with FLAG antibody or control normal rabbit IgG. Using magnetic separator, supernatant was discarded, and beads

were washed. Magnetic beads were resuspended in RIP immunoprecipitation buffer and cell lysates were added to this mix. 10% of

the cell lysate were kept aside as an input RNA sample for RT-PCR. The cell lysate-magnetic beads mix was incubated overnight at

4�C. Supernatant was discarded and beads were washed with cold RIP Wash Buffer. Both input sample and immunoprecipitates

were treated with proteinase K buffer to digest the protein. Subsequently, supernatant was collected and washed with RIP Wash

Buffer. RNA purification was performed using phenol:chloroform:isoamyl alcohol followed by overnight and ethanol precipitation.

cDNA synthesis was carried out using SuperScript III First-Strand Synthesis System (Invitrogen).

Quantitative reverse-transcription PCR
Quantitative RT-PCR was performed as previously described.74 Briefly, total RNA was isolated using a Single Cell RNA Purification

Kit (Norgen Biotek) and converted to cDNA using SuperScript III First-Strand Synthesis System (Invitrogen). qRT-PCR reactions were

run with SYBRGreenER (Invitrogen) on a CFX96 Touch Real-Time PCRDetection System (Bio-Rad). All signals were quantified using

the DCt method and were normalized to b-actin mRNA expression levels.

THP-1 transduction
Phoenix-gp cell line was used to generate amphotropic MYBBP1A A693 retrovirus. Successfully transduced THP-1 cells were

sorted, maintained in culture, and counted at the indicated timepoints.

CRISPR-Cas9 deletion of Mybbp1a
1 mL of the recombinant S. pyogenes Cas9 nuclease (1 mg/uL) (IDT) was mixed with three gRNAs targeting Mybbp1a (Synthego) at a

final molar ratio of 1:6. The mix was incubated for 10 min at room temperature to allow for RNP complex formation. GMLPs from

L28BME, which had been previously transduced with a retrovirus carrying the HRAS Q61L GFP construct, were resuspended in

T-buffer for Neon electroporation (Thermo Fisher). The optimized Neon electroporation conditions were 1600 V, 20ms, and one pulse

for the 10 mL tip. For the control group, cells weremixed with a Cas9 nuclease that lacked any gRNA andwere electroplated using the

same conditions.

Mybbp1a gRNA sequences:

UCGCAGGCUCAGCUUUCGUG.

ACUCGCGGCUGUGCUCCAGC.

CGGAGCCGCGUUUCCUGAUC.

Genomic DNA isolation and analysis of knockout efficiency
gDNA was purified from electroporated cells using the PureLink Genomic DNA Isolation Kit (Thermo Fisher Scientific) and the edited

region of Mybbp1a was amplified using Q5 High-Fidelity DNA Polymerase (New England Biolabs) with the following cycling condi-

tions: 30 s at 98�C, 32 cycles of 10 s at 98�C, 30 s at 65�C, and 30 s at 72�C, followed by a final 2-min extension at 72�C. Primers used

were CCCACAGCCACAAGGGAAA (forward) andCGAATCCTACGGAACCAAGAAC (reverse). Following PCR, Sanger sequencing of

the barcodes was performed (Eurofins) using CCACAAGGGAAAGGCAAGGC as a sequencing primer. Finally, generated sequences

were analyzed using the Inference of CRISPR Edits (ICE) online tool (Synthego) (https://icestage.synthego.com/#/) to determine the

efficiency of Mybbp1a editing.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis was performed using GraphPad Prism (GraphPad Software) and Microsoft Excel. All FACS data were analyzed with

FlowJo. Significance values were calculated by Student’s two-tailed t test, ordinary one-way ANOVA, or the log rank test (Mantel-

Cox test) for Kaplan-Meier curves. Statistical details of experiments can be found in figure legends, including statistical tests

used and exact value of n. Bars indicate mean values, and error bars represent SEM. *p < 0.05, **p < 0.01, ***p < 0.001; n.s., not

significant.
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