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In vivo temporal resolution of acute
promyelocytic leukemia progression
reveals a role ot KIf4 in suppressing early
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Gloria Mas,” Fabio Santoro,”> Enrique Blanco,! Gianni Paolo Gamarra Figueroa,! Francois Le Dily,!
Gianmaria Frige,”® Enrique Vidal,' Francesca Mugianesi,"* Cecilia Ballaré,' Arantxa Gutierrez,!
Aleksandra Sparavier,* Marc A. Marti-Renom,"**° Saverio Minucci,” and Luciano Di Croce'"*>*

Centre for Genomic Regulation (CRG), Barcelona Institute of Science and Technology (BIST), Barcelona 08003, Spain;
’Department of Experimental Oncology, European Institute of Oncology (IEQ), Milan 20139, Italy; *Department of Oncology and
Hemato-oncology, University of Milan, Milan 20139, Italy; *Centro Nacional de Analisis Genémico (CNAG], Centre for Genomic
Regulation (CRG), the Barcelona Institute of Science and Technology, Barcelona 08028, Spain; *Universitat Pompeu Fabra (UPF),
Barcelona, Spain; ®Institucié Catalana de Recerca i Estudis Avancats (ICREA), Barcelona 08010, Spain

Genome organization plays a pivotal role in transcription, but how transcription factors (TFs) rewire the structure of
the genome to initiate and maintain the programs that lead to oncogenic transformation remains poorly understood.
Acute promyelocytic leukemia (APL)is a fatal subtype of leukemia driven by a chromosomal translocation between
the promyelocytic leukemia (PML) and retinoic acid receptor a (RARa) genes. We used primary hematopoietic stem
and progenitor cells (HSPCs) and leukemic blasts that express the fusion protein PML-RARa as a paradigm to
temporally dissect the dynamic changes in the epigenome, transcriptome, and genome architecture induced during
oncogenic transformation. We found that PML-RARa initiates a continuum of topologic alterations, including
switches from A to B compartments, transcriptional repression, loss of active histone marks, and gain of repressive
histone marks. Qur multiomics-integrated analysis identifies KIf4 as an early down-regulated gene in PML-RARa-
driven leukemogenesis. Furthermore, we characterized the dynamic alterations in the KIf4 cis-regulatory network
during APL progression and demonstrated that ectopic KIf4 overexpression can suppress self-renewal and reverse the
differentiation block induced by PML-RARa. Our study provides a comprehensive in vivo temporal dissection of the
epigenomic and topological reprogramming induced by an oncogenic TF and illustrates how topological architecture

can be used to identify new drivers of malignant transformation.
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The 3D organization of the genome, ranging from nucleo-
somes to heterochromatin/euchromatin compartments
and chromosome territories, provides a fundamental
mechanism for genome regulation (Schoenfelder and Fra-
ser 2019; Zheng and Xie 2019). Transcriptional regulatory
elements, including enhancers and promoters, are in phys-
ical contact to fine-tune the timing and magnitude of gene
expression, and perturbation of this contact can profound-
ly affect cell identity, differentiation, and tumorigenesis
(Groschel et al. 2014; Northcott et al. 2014; Lupidnez
etal.2015; Flavahan et al. 2016; Hnisz et al. 2016; Akdemir
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et al. 2020). Epigenetic changes often drive the initiation,
maintenance, and progression of cancer, and their revers-
ibility and plasticity make them attractive targets in the
clinical field (Dawson 2017). However, little is known
about how the genome structure is rewired during the ac-
quisition of oncogenic features, or whether structural
changes are functionally linked to epigenome and tran-
scriptome alterations during oncogenic transformation.
Acute promyelocytic leukemias (APLs) represent 10%-—
15% of acute myeloid leukemias (AMLs) and are charac-
terized by the presence of the t(15;17) chromosomal
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translocation between PML and RARa (de Thé et al. 1990;
Goddard et al. 1991). Expression of the oncofusion protein
PML-RARa in hematopoietic stem/progenitor cells
(HSPCs) results in a differentiation block at the promyelo-
cytic stage and in malignant transformation, as these cells
are able to recapitulate most clinical and morphological
features of human APL in transplantation mouse models
(Brown et al. 1997; Grisolano et al. 1997; He et al. 1997;
Grignani et al. 2000; Westervelt et al. 2003; Guibal et al.
2009; Wojiski et al. 2009). Mechanistic studies using
APL cell lines and primary blasts have shown that the
PML-RARa oncofusion protein competes with normal
RARa functions and recruits histone deacetylases
(HDACs), the NuRD chromatin remodeling complex,
and Polycomb-repressive complexes (PRCs) to constitu-
tively repress target genes of the TFs RARa and PU.1 (Pan-
dolfi 2001; Villa et al. 2007; Morey et al. 2008; Martens
et al. 2010; Wang et al. 2010; Mas and Di Croce 2016).
These epigenetic complexes mediate long-range interac-
tions to instruct gene expression programs during devel-
opment and in tumor cells (Denholtz et al. 2013;
Schoenfelder et al. 2015; Mas et al. 2018; Oksuz et al.
2018; Basu et al. 2020). In addition to its repressive func-
tions, PML-RARa binds superenhancer regions to directly
transactivate genes that encode key myeloid-determining
TFs or enzymes, including GFI1, MPO, WT1, and MYC
(Tan et al. 2021). PML-RARa also disrupts PML nuclear
bodies, which are structures involved in the control of
cell cycle, apoptosis, senescence, DNA damage, and anti-
viral immunity (Bernardi and Pandolfi 2007; Scherer and
Stamminger 2016; Chang et al. 2018). Induction of DNA
damage by PML-RARa results in increased mutability, fa-
voring the occurrence of cooperating secondary mutations
and development of full-blown leukemia (di Masi et al.
2016; Voisset et al. 2018). Recent reports using APL cell
lines and primary blasts showed that PML-RARa medi-
ates the formation of long-range interactions to repress
the expression of genes controlling myeloid differentia-
tion and maturation (Li et al. 2018, Wang et al. 2020)
and activate the GFI1 superenhancer (Tan et al. 2021).
However, these studies did not provide a dynamic per-
spective of how PML-RARa remodels the genome to im-
pair the function and differentiation of normal primary
HPSCs to generate fully transformed leukemic blasts.
Here, we used the PML-RARa model system as a paradigm
to temporally dissect the dynamics of epigenomic and
transcriptomic reprogramming occurring at the onset,
during progression, and in full-blown APL leukemias in
animal models that faithfully recapitulate human APL
clinical features. Our global profiling identified the Kif4
locus as one of the most extensively reorganized genes
during PML-RARa-driven APL progression. KIf4 encodes
a TF with important roles in myeloid differentiation (Fein-
berg et al. 2007; Park et al. 2016, 2019a). KiIf4 expression
has been shown to be lower in samples from AML patients
than in those from healthy individuals (Faber et al. 2013b;
Morris et al. 2016). However, the function of KIf4 in APL
has remained controversial, with a few studies reporting
that KlIf4 overexpression induces differentiation using
the APL cell line HL-60 (Feinberg et al. 2007; Alder et al.
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2008; Morris et al. 2016), and others showing that KIf4 ex-
pression supports cell growth and survival of the APL cell
line NB4 (Lewis et al. 2021). Using our integrative multio-
mics analysis, we temporally resolved the genomic alter-
ations induced by PML-RARa and showed that the Kif4
locus undergoes extensive reprogramming of enhancer—
promoter interactions, transcriptional down-regulation,
and gain of repressive histone modifications. We further
showed that ectopic overexpression of KIf4 partially re-
stored the phenotypic defects induced by the expression
of PML-RARa. This work provides a dynamic model of
the genomic reprogramming triggered by an oncogenic
TF in vivo and highlights the use of topological informa-
tion to identify new drivers of malignant transformation.

Results

PML-RAR« induces a progressive reorganization
of genome architecture

To dissect the dynamic changes induced by PML-RARa in
genome architecture and transcription during leukemia
progression, we infected primary mouse bone marrow he-
matopoietic stem/progenitor cells (lineage negative [Lin~|)
with lentiviruses carrying an empty vector control or a
Flag-tagged human PML-RARa and harvested cells at dif-
ferent stages of APL transformation (Fig. 1A). Stage 0 and
stage I corresponded to sorted GFP* cells transformed
with empty vector or PML-RARa-3xFlag vector, respec-
tively (Supplemental Fig. S1A,B). We followed the progres-
sive transformation of cells carrying PML-RARa by
culturing them in semisolid media and harvesting after 2
or 4 wk of serial replating (equivalent to stage II or III, re-
spectively). The final stage of APL transformation (stage
IV) corresponded to blasts isolated from mice that were
transplanted with cells carrying PML-RARq; mice devel-
oped leukemia after ~6 mo (Fig. 1A). We verified that cells
expressing PML-RARa-3xFlag showed increased serial re-
plating capacity, impaired differentiation, and promyelo-
cytic morphology, as compared with cells expressing
empty vector control (Supplemental Fig. S1C,D). We
then used multiple biological replicates of cells from stag-
es 0-IV to generate in situ Hi-C libraries (Rao et al. 2014),
RNA-seq libraries, and ChIP-seq libraries in order to com-
prehensively characterize the genome architecture, the
transcriptome, and the epigenome, respectively, during
the process of leukemic transformation.

We obtained high-quality maps of the 3D genome orga-
nization across all stages (Supplemental Fig. S1E), which
allowed us to examine the segregation of active (A, gene-
rich) and inactive (B, gene-poor) compartments (Lieber-
man-Aiden etal. 2009; Imakaev et al. 2012). Principal com-
ponent analysis (PCA) of the eigenvectors of all autosomes
revealed that PML-RARa induced genome-wide, cumula-
tive changes in A/B compartments (Fig. 1B,C). Overall,
7.1% of the genome changed compartment at some point
during APL transformation, with 3% of the genome stably
switching from the A to B compartment, and 1.1 % switch-
ing from B to A (Fig. 1D,E|. A greater proportion of switch-
ing events from stage O to III occurred from the A to B
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Figure 1. PML-RARainduces a continuum of A-to-B compartment switches. (A) Experimental strategy and definition of stages. Lineage-
negative cells (Lin~) were isolated from bone marrow of adult mice (6 to 8 wk old) and infected with lentiviruses carrying an empty vector
(Empty)or a vector containing a Flag-tagged PML-RAR < fusion gene; PML-RARa-3xFlag). Successfully infected Lin ™~ cells (GFP*) were sort-
ed and corresponded to stage O (carrying empty vector) or stage I (carrying PML-RARa-3xFlag vector). Stage I cells were then cultured in
methylcellulose media and harvested at the second replating (for stage IT) or fourth replating (for stage ITI). Stage I cells were also transplanted
into lethally irradiated recipient mice. Blast cells were harvested from bone marrow of mice developing leukemias, at ~6 mo after transplant
(stage IV). (B) Principal component analysis (PCA) based on Hi-C eigenvectors for all autosomes. (C) Scatter plots of first eigenvectors along
the time course for chromosome 7. The Y-axis represents the first eigenvector associated with replicate 1 of stage 0, and the X-axis repre-
sents the first eigenvector of the different stages (replicate 2 for stage 0, and replicate 1 for the remaining stages). Pearson correlations are
highlighted in red. (D) Proportion of the genome that changed compartment during the time course. We assumed that a region was A (or B) if
all replicates at the same stage were flagged as A (or B). Regions not consistent between replicates were considered ambiguous and repre-
sented 2% of the genome. About 5% of the genome was excluded due to low mapability. (E) Alluvial plot showing the dynamic A-to-B com-
partment switching of bins during the time course. Stages are represented along the X-axis, and the genomic size is represented on the Y-axis
as well as by the width of the ribbons. Bins that did not switch compartments or that were flagged as “ambiguous” at any point were ex-
cluded. (F) Stacked bar plots of the number of genes in bins that were (1) in compartment A at stage 0 and switched to compartment B at
another stage (left), or (2) in compartment B at stage 0 and switched to compartment A at another stage (right). Only genes that switched
compartments from one stage to the next and were stably maintained in the new compartment were considered (i.e., genes in bins that
switched compartments more than once during the time course were excluded). (G) KEGG analysis and WikiPathways analysis of 724 genes
that switched from A to B compartments. (H) Example of A-to-B compartment switching of chromosome 4. The left panel shows the first
eigenvector (compartments; Y-axis) along the genomic position in megabases (X-axis). Each row corresponds to one independent biological
replicate of the indicated stage. A compartments are depicted in yellow, and Bcompartments are shown in blue. The right panel corresponds
to an 11.4-Mb zoomed region of chromosome 4 that contains the KIf4 locus. (I) Aggregate genome-wide contact profiles centered on TAD
borders defined in stage 0. Data are the log, ratio of observed and expected contacts in 10-kb bins, pooling biological replicates.


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on April 22, 2022 - Published by Cold Spring Harbor Laboratory Press

Mas et al.

compartment (Fig. 1D,E; Supplemental Fig. S1F); this is in
agreement with the known role of PML-RARa as a tran-
scription repressor (Di Croce et al. 2002; Segalla et al.
2003; Villa et al. 2004, 2006, 2007; Carbone et al. 2006;
Morey et al. 2008; Saumet et al. 2009; Martens et al.
2010; Subramanyam et al. 2010; Saeed et al. 2011, 2012;
Cole et al. 2016). We found a cumulative total of 724 genes
in bins that stably switched from compartment A to B, and
223 genes in bins that switched from B to A (Fig. 1F). The
gene set that switched from A to B was enriched for genes
associated with MAPK signaling (including those encod-
ing Ras, Rapl, and cAMP), immune signaling via TGF-,
cellular differentiation, apoptosis, and transcriptional
misregulation in cancer, as shown by KEGG analysis
(Fig. 1G). In addition, this A-to-B gene set was significantly
enriched for SMAD4 targets, as shown by ChEA analysis
(adjusted P=0.00045) and Polycomb targets (enriched in
H3K27me3; adjusted P=0.00034); specific genes included
Mef2c, FIt3, Hmga2, Maf, Pax7, Met, Igf1, Wnt16, Aff1,
Ptk2, Runx?2, Rel, and Prom1. Of note, the A-to-B gene
set also included several genes with known roles in leuke-
mia development at compartment boundaries, such as
KIf4, Setbpl, Efl1, and Hhip (Fig. 1H; Supplemental Fig.
S1H; Alder et al. 2008; Kobune et al. 2012; Faber et al.
2013a; Schoenhals et al. 2013; Huang et al. 2014; Filarsky
et al. 2016; Morris et al. 2016; Seipel et al. 2016; Makish-
ima 2017; Park et al. 2019b; Tan et al. 2019). In contrast,
the set of genes that switched from the B to A compart-
ment was enriched for immune system processes, as
shown by KEGG pathway analysis (Supplemental Fig.
S1G); this included 1133, 1I9r, KIf5, and Mcm10. When ex-
amining Hi-C interactions with intra-TAD regions, we ob-
served minimal changes in TAD border strength (Fig. 1I).
Overall, our data showed that PML-RARa expression in-
duced a dynamic reorganization of the genome, affecting
a large set of actively transcribed regions of the genome
and causing their interaction patterns to switch toward
those in the inactive chromatin compartment.

PML-RAR« promotes dynamic changes in gene
expression that are linked to changes in genome topology

Ourinsitu Hi-C data indicated that PML-RARareorganized
long-range interactions in a cumulative manner across the
genome and was potentially accompanied by dynamic tran-
scription alterations. To confirm this hypothesis, we per-
formed RNA-seq on independent biological replicates
harvested in duplicate at all stages. Based on PCA of the
RNA-seq data sets, we observed a trajectory of transcrip-
tome alterations concurrent with PML-RARa expression;
of note, full-blown leukemias (stage IV) showed extensive
transcriptome reprogramming as compared with the other
stages (Supplemental Fig. S2A). We used two differential
gene expression analyses to identify (1) genes significantly
deregulated during APL transformation with respect to
stage O (control) cells, and (2) genes uniquely deregulated
(i.e., excluding genes that were also deregulated at other
stages) at each stage of APL progression as compared with
stage 0, which identified genes that are “transiently” altered
during the kinetic analysis (Supplemental Table S1). The
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first analysis revealed an increasing number of significantly
deregulated genes (Q-value <0.05) from stage 0 during leu-
kemic transformation (Fig. 2A). In addition, these differen-
tially regulated genes progressively increased or decreased
in expression along the time course (Fig. 2B), suggesting
that PML-RARa expression induced early alterations in ex-
pression (e.g., at stage I) that were maintained during APL
transformation. The second analysis revealed that a rela-
tively small subset of genes was uniquely up-regulated or
down-regulated at early stages of APL transformation, and
that a larger number of genes was transcriptionally deregu-
lated specifically at stages III and IV (Supplemental Fig.
S2B; Supplemental Table S1). These results put forward
the hypothesis that early expression of PML-RARa impaired
the expression of a relatively few genes encoding for key he-
matopoietic TFs, which subsequently altered the transcrip-
tional landscape genome-wide. Indeed, several genes
encoding TFs or enzymes were either significantly up-regu-
lated (e.g., Bcl2, Bmp2, Hes1, Mycn, Twist1, and Id2) or
down-regulated (e.g., Cdh1, Lef1, Rxrb, and Rarg) at stages
Tand II. Overall, more genes were found to be down-regulat-
ed thanup-regulated (Fig. 2A; Supplemental Fig. S2B), inline
with previous reports of PML-RARa driving transcriptional
repression (Morey et al. 2008; Gaillard et al. 2015; Li et al.
2018; Wang et al. 2020).

We next performed gene ontology and KEGG pathway
analyses to dissect the pathways perturbed by PML-
RARa. Genes with an increased expression in early stages
showed enrichment in pathways related to MAPK signal-
ing, regulation of cell proliferation and/or adhesion, or
pathways in cancer. In turn, genes with a reduced expres-
sion in early stages were mostly related to hematopoietic
cell lineage or immune response (Supplemental Table S1;
Supplemental Fig. S2C). GSEAs of genes during APL pro-
gression revealed increased expression of genes involved
in pathways related to cell cycle (E2F targets, G2M check-
point, and mitotic spindle) or DNA repair, and decreased
expression of genes involved in apoptosis and immune sig-
naling pathways (Fig. 2C). In the leukemic stage (IV), alarge
number of genes was deregulated with respect to their sta-
tus in stage O (Supplemental Fig. S2D); however, a large
proportion of these genes already showed altered expres-
sion at stage III (Supplemental Fig. S2E). Included in the
top transcriptionally deregulated genes were genes that en-
code TFs or enzymes that play fundamental roles in mye-
loid differentiation (Rosenbauer and Tenen 2007) and
HSPC function, including Gata2, Cebpa, Bcl2, Hoxal0,
Irf8, Myc, Spil, and KIf4 (Fig. 2D). These results were val-
idated in independent biological samples using qRT-PCR
(Supplemental Fig. S2F).

Overall, our Hi-C and transcriptomic data indicated that
cells expressing PML-RARa undergo progressive and pro-
found alterations in genome architecture that may be cor-
related to changes in gene transcription. To confirm this
hypothesis, we examined the transcriptional status of
genes located in bins that switch compartments during
APL transformation. Indeed, expression of genes in regions
that switched from the A compartment at stage O to the B
compartment at any later stage was significantly down-
regulated (Fig. 2E). Although not statistically significant,
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Temporal dissection of leukemia transformation
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Figure 2. PML-RARa promotes dynamic changes in expression of gene pathways that control cell cycle progression, immune signaling,
and DNA repair. (A) Number of differentially expressed genes (DEGs) obtained by DESeq2 (Q-value > 0.05) at each of the indicated stages,
using stage 0 as baseline. (B) Heat maps showing unsupervised clustering of expression levels (Z-score values) of genes at each stage, using
stage 0 as reference. The left heat map depicts all genes that were up-regulated with respect to stage 0, and the right heat map depicts all
down-regulated genes. (C) GSEA signatures of DEGs at each indicated stage with respect to stage 0. Gene expression signatures related to
cell cycle control and p53/DNA damage repair were positively enriched during the time course, while signatures related to immune sig-
naling were negatively enriched. (D) Heat map depicting the dynamic gene expression alterations (log RPKM values) of key hematopoietic
transcription factors and leukemia-associated genes at each stage. (E, left panel) Expression of genes in regions that were in compartment A
at stage 0 and switched to compartment B at another stage (724 genes). P =2 x 10~ between stages 0 and II; P= 1.1 x 1078 between stages 0
and I1I. (Right panel) Same as the left panel, but for genes in the B compartment at stage 0 that switched to the A compartment at another
stage (223 genes). P=0.79 between stages 0 and IT; P=0.11 between stages 0 and III. Genes in bins that switched compartments more than
once during the kinetic assay were excluded. P-values were computed using the Wilcoxon test (two-sided).

the opposite trend was observed for genes that switched at pre-existing boundaries between A and B compartments
from the B to A compartment. Genes that stably switched at stage 0(22.28 % of the total genes are located at +100 kb
from one compartment to the other were frequently found from A/B boundaries, whereas this proportion increases to
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66.58% and 66.97% for stable A-to-B and stable B-to-A
genes, respectively; P-value<2.2x1071%). Together, our
data indicated that PML-RARa induced early chromatin
topological alterations, and in particular switched the in-
teraction patterns of active regions of the genome to inac-
tive chromatin compartments, which correlated with
transcription repression.

PML-RAR« induces epigenomic alterations at enhancers,
which correlate with changes in expression of nearby
genes

PML-RARa induces important expression changes of key
genes involved in hematopoietic stem cell function and dif-
ferentiation (Fig. 2D; Supplemental Fig. S2F; Tan et al.
2021). Given that transcriptional output is controlled by
the activity of distal regulatory enhancers, we hypothesized
that PML-RARa influences transcription of these genes by
modulating enhancer activation. To comprehensively ex-
amine alterations of enhancer activity during APL progres-
sion, we collected samples at all experimental stages and
performed ChIP-seq to map the genome-wide distribution
of active enhancers (H3K4mel and H3K27ac), active pro-
moters (H3K4me3 and H3K27ac), and Polycomb-mediated
repression (H3K27me3). These experiments revealed inter-
esting patterns in both the number of peaks and their geno-
mic distribution (Supplemental Fig. S3A,B). First, while the
global number of H3K4mel -enriched regions was very sim-
ilar between stages, the number of regions enriched in
H3K4me3 and H3K27ac—hallmarks of active promoters
—substantially decreased during APL progression (stages
IMand IV) (Supplemental Fig. S3A). Second, regions decorat-
ed by H3K27me3 increased along the four stages (Supple-
mental Fig. S3A), suggesting that PML-RARa led to a
cumulative repression of the epigenome. Third, the reduced
H3K27ac and increased H3K27me3 levels mostly occurred
outside promoters of coding genes (i.e., in intergenic and in-
tragenic regions), suggesting that PML-RARa had a primary
role in epigenetic repression of putative enhancers (Supple-
mental Fig. S3B). Following these results, we next mapped
the dynamic loss of enhancer activity during leukemic
transformation (Fig. 3A). We identified 27,341 active en-
hancers at stage 0, of which 5%, 17%, 20%, and 21% lost
H3K27ac at stages I, II, I, and IV, respectively (Fig. 3A; Sup-
plemental Fig. S3C). We observed a striking progressive re-
duction of H3K27ac levels at enhancers with reduced levels
in one stage during the subsequent stages. For example, en-
hancers with reduced H3K27ac levels at stage II continued
to lose H3K27ac levels at stages IIl and IV (Fig. 3A). Impor-
tantly, loss of H3K27ac was accompanied by a gain in the re-
pressive histone mark H3K27me3 (Fig. 3B). Interestingly,
motif analysis of sequences of these enhancers revealed sig-
nificant hits for the PU.1/SPI1 and the myeloid-determin-
ing transcription factor GFI1B (Supplemental Fig. S3D).
These data align with previous literature (Wang et al.
2010; Tan et al. 2021) and confirm the role of the PML-
RARa-PU.1 and PML-RARa-GFI1B axes during APL pro-
gression. Moreover, the KLF4 motif was enriched at en-
hancers that are inactivated during leukemia progression,
suggesting that KLF4 down-regulation might be one of the
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key events that could induce decommissioning of enhanc-
ers at a later time point, although some of the observed
changes might be indirect. Together, our results indicate
that PML-RARa induced a vast reprogramming of the epige-
nome that involved the repression of active enhancers con-
comitant with a gain of Polycomb-mediated repression.

To closely examine the dynamic alterations of the epi-
genome during leukemic transformation, we next sub-
tracted the normalized signal intensity of H3K27ac and
H3K27me3 at each stage from the baseline signal at stage
0; we then inspected the regulatory landscape near key he-
matopoietic transcription factors. We observed that PML-
RARa expression induced a progressive loss of H3K27ac at
enhancers near Kif4 and Spil, which became transcrip-
tionally repressed during APL transformation (Figs. 2D,
3C). In contrast, Gata2 and its putative enhancers showed
progressively increased H3K27ac and reduced H3K27me3
levels (Fig. 3C), in line with its increased expression (Fig.
2D). These examples suggested that the epigenetic alter-
ations induced by PML-RARa at enhancers were associat-
ed with changes in nearby gene expression. To address
this question genome-wide, we examined the levels of ex-
pression of genes located within 5 kb from enhancers that
presented a significant decrease in the H3K27ac levels at
each stage (Supplemental Fig. S3C). Our data confirmed
that loss of enhancer activity correlated with a significant
decrease in expression of nearby genes (Fig. 3D).

Next, we used Hi-C to examine whether the overall
physical contacts within the same TAD (topologically as-
sociating domain; i.e., contacts with other promoters or
enhancers) were affected in promoters that lost or gained
H3K27ac during APL transformation. Notably, promoters
that had decreased levels of H3K27ac—and thus had be-
come repressed—showed decreased contacts during the
early phases of leukemic transformation (Fig. 3E). In con-
trast, activated promoters with increased H3K27ac levels
showed the opposite trend, whereas the contacts of stably
active or inactive promoters were maintained (Fig. 3E). Ex-
amples of intra-TAD reorganizations for a repressed gene
(KLF4) and an activated gene (GATA2) are shown in Figure
4 and Supplemental Figure S4, respectively. These results
suggest that changes in intra-TAD interactions may be re-
quired for transcriptional activation but not for transcrip-
tional deactivation. To generalize those observations, we
ranked TADs according to their changes in domain score,
which reflect internal reorganization and compartmental-
ization of TADs (Krijger et al. 2016; Stadhouders et al.
2018) between stage 0 and stage III. The 10% of TADs
with a higher increase in domain score at stage III showed
increased levels of H3K27ac (Fig. 3F, left panel), reflecting
intra-TAD reorganization and establishment of regulatory
contacts in TADs that become active, confirming previous
observations (Krijger et al. 2016; Stadhouders et al. 2018).
Changes in domain score did not correlate with changes
in H3K27me3 levels, and both TADs with a higher in-
crease or decrease in gene expression showed an increased
domain score at stage I, indicating a link between TAD
reorganization and gene expression changes and suggest-
ing complex reorganization of TADs upon PML-RARa ex-
pression. Collectively, our data indicated that PML-RARa
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Figure 3. PML-RARainduces epigenomic alterations at distal regulatory elements correlated with changes in expression of nearby genes.
(A) Intensity of H3K27ac signal at 27,341 stage 0 active enhancers (non-TSS regions with overlapping H3K4mel and H3K27ac peaks) that
lost H3K27ac during the time course. Box plots below correspond to the normalized H3K27ac ChIP-seq signal intensity of enhancers lost
at each stage. For H3K27ac, P=2.2 x 10~ between stages 0 and I, between stages 0 and II, between stages 0 and III, between stages 0 and IV.
For H3K27me3, P =0.33 between stages 0 and I, P=2.2 x 107!¢ between stages 0 and II, P =2.2 x 107° between stages 0 and III, and P=2.2 x
107! between stages 0 and IV. (B) Intensity of H3K27me3 signal at the same enhancers shown in A. Box plots show the normalized
H3K27me3 ChIP-seq signal intensity of enhancers lost at each stage. (C) UCSC genome browser snapshots of differential H3K27ac (pur-
ple) and H3K27me3 (green) ChIP-seq profiles at promoters and putative distal regulatory elements of the indicated genes. Each row cor-
responds to the ChIP-seq signal intensity at each indicated stage subtracted from the signal at stage 0 as baseline. (D) Expression of genes
within 5 kb around active enhancers at stage 0 that are lost in stage I (1464 enhancers; left graph), stage IT (4668 enhancers; middle graph),
or stage III (5406 enhancers; right graph). P-values were computed using Wilcoxon test (two-sided). (E) Dynamic changes of overall contact
enrichment (intra-TAD) of promoters depending on activation status from stage 0 to stage Il are as follows: Active (blue dots) maintained
H3K27ac in both stages, inactive (red dots) were not marked by H3K27ac in either stage, gain (purple dots) gained H3K27ac at stage III, and
loss (green dots) lost H3K27ac at stage III. Contact enrichments were measured as log, of observed contacts over expected (log, Obs/Exp)
and were corrected against background. (F) Box plots showing the changes in H3K27ac, H3K27me3, and RNA levels per TAD for the top
and bottom 10% of TADs with higher changes in domain score.
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promoted extensive epigenomic reprogramming of en-
hancer regions and induced transcriptional changes by re-
wiring promoter-promoter and promoter—enhancer
contacts, thus affecting genes that encode for critical regu-
lators of hematopoietic differentiation.

The K1f4 genomic locus undergoes progressive
rearrangement of long-range interactions during PML-
RARa-induced transformation

KLF4 is a master hematopoietic transcription factor that
acts as a tumor suppressor in leukemia by activating the
expression of genes that promote myeloid differentiation,
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[ 56 signal. Blue depicts interactions that de-

creased at stage III, and brown depicts inter-
actions that increased at stage III. The
insulation score track is shown below for
stages 0 and III. RNA-seq tracks (black)
show a progressive decrease of KIf4 gene ex-
pression. Differential H3K27ac (purple) and
K3K27me3 (green) ChIP-seq tracks show a
sequential loss of H3K27ac signal and gain
of H3K27me3. A/B compartment bins
showed progressive compartment switching
of the KlIf4 locus from A (orange) to B (blue).
RefSeq genes of this genomic region are
shown at the bottom.

apoptosis, and cell cycle arrest (Feinberg et al. 2007; Alder
et al. 2008; Huang et al. 2014; Filarsky et al. 2016; Morris
et al. 2016). Our data showed that the KIf4 locus under-
went an extensive regulatory reprogramming during APL
transformation with an A-to-B compartment switch (Fig.
1H) and transcriptomic and epigenomic repression (Figs.
2D, 3C; Supplemental Fig. S2F). To investigate whether
this reprogramming was accompanied by alterations in
long-range interactions, we inspected the temporal chang-
es in interactions centered around the KIf4 gene. The KIf4
locus is located at the boundary between two well-defined
TADs (Fig. 4A). During APL transformation, we observed a
progressive loss of long-range interactions of the Kif4 locus
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with the downstream TAD, with multiple interaction
loops profoundly decreased at stage III as compared with
stage 0 (Fig. 4A, middle Hi-C map). Simultaneously, the in-
sulation between the two TADs (Crane et al. 2015) de-
creased during the kinetic (Fig. 4B), leading to increased
interactions with the upstream TAD linked to the change
of compartment of the KIf4 locus. Interestingly, such
changes in long-range interactions were accompanied by
epigenetic and transcriptional reprogramming, as shown
by decreases in H3K27ac levels and gene expression to-
ward the downstream TAD (Fig. 4B).

Similar topological alterations were observed in the
Etv1 locus, a gene that is recurrently transposed in acute
leukemia (Sacchi et al. 1986) and that was also repressed
during APL progression (Supplemental Fig. S4A, left pan-
el). The Etv1 gene progressively lost contacts, H3K27ac
signal strength, and transcriptional output, concomitant
with a gain of H3K27me3 levels. We also inspected the
pattern of interactions around the Gata2 locus as an ex-
ample of a gene encoding a master regulator of myeloid
differentiation that is up-regulated in APL (Fig. 2D;
Zhang et al. 2008a; Li et al. 2018). The Gata2 gene
showed conspicuously increased contacts with neighbor-
ing genes in a region of ~0.5 Mb (Supplemental Fig. S4A,
right panel). In addition, we observed an enrichment in
H3K27ac levels and transcriptional output at the Gata2
locus during APL transformation (Supplemental Fig.
S4A, right panel).

Given the remarkable topological rearrangements ob-
served at the KIf4 locus, we next sought to identify poten-
tial cis-regulatory elements that interacted with the Kif4
locus and to examine their contact profiles during APL
transformation. To this end, we generated virtual 4C-seq
maps at stage 0 and stage III that were centered at the
KIf4 locus (Fig. 5A). These maps revealed that, in normal
hematopoietic stem/progenitor cells, the Kif4 promoter
had strong interactions with potential enhancers located
at ~119, 198, and 274 kb upstream of the promoter (Fig.
5A). These interactions were markedly reduced at stage
II of the time course, while interactions downstream
from the KIf4 promoter tended to increase. Notably, the
KIf4 putative enhancers identified at stage 0 were en-
riched in H3K4mel and H3K27ac in normal cells, and
these marks were reduced in stage III. In addition, the re-
gion spanning the +119-kb enhancer showed a conspicu-
ous increase in the levels of the Polycomb-repressive
mark H3K27me3 (Fig. 5A; Di Carlo et al. 2019). The virtu-
al 4C-seq map around the Etv1 locus also confirmed that
transcriptional repression was accompanied by loss of
contacts between the Etvl promoter and its downstream
enhancers, which decreased their activity from stage 0
to stage III, as shown by the loss of active histone modifi-
cations (Supplemental Fig. S4B). In contrast, the Gata?2 lo-
cus (which is up-regulated during APL progression)
showed a marked gain in interactions both upstream of
and downstream from the gene, including at Gata2 puta-
tive enhancers (Supplemental Fig. S4C). Furthermore, we
found a marked decrease in the Polycomb-mediated re-
pressive mark H3K27me3 around Gata?2. Altogether, our
data showed that PML-RARa expression induced exten-

Temporal dissection of leukemia transformation

sive rearrangements in long-range interactivity at loci en-
coding for master hematopoietic transcription factors.

KIf4 overexpression inhibits self-renewal and promotes
differentiation of PML-RARa-expressing cells

Our data indicated that PML-RARa progressively down-
regulated KIf4 expression by remodeling long-range interac-
tions at the KIf4 locus. Both tumor suppressor and oncogen-
ic roles have been reported for KIf4 in the context of APL
(Feinberg et al. 2007; Alder et al. 2008; Morris et al. 2016;
Lewis et al. 2021). KIf4 expression appears to be lower in
APL patient samples carrying the t(15;17) translocation as
compared with other AML subtypes or healthy bone mar-
row (Supplemental Fig. S5A). To determine whether
down-regulation of this TF contributes to leukemic pheno-
types, we examined whether ectopic KIf4 expression was
able to reverse the phenotypic alterations driven by PML-
RARa. To this end, we generated lineage-negative (Lin~)
cells expressing PML-RARa only, KIf4 only, or both using
a retroviral strategy (Supplemental Fig. S5B). Expression of
PML-RARa arrested cellular differentiation, as shown by
the decreased frequency of CD11b* cells and the increased
frequency of cKit" cells, as compared with an empty vector
control (Supplemental Fig. S5C). KIf4 overexpression alone
did not significantly change the frequency of cKit" or
CD11b* cells as compared with empty vector control (Sup-
plemental Fig. S5C). However, ectopic KIf4 expression in
cells simultaneously expressing PML-RARa substantially
increased differentiation (Fig. 5B; Supplemental Fig. S5C).
In addition, the self-renewal capacity of PML-RARa-ex-
pressing cells was completely abrogated when KIf4 was
overexpressed (Fig. 5C; Supplemental Fig. S5D,E). These re-
sults were further supported by RNA-seq analysis of cells
overexpressing KLF4 in the absence and presence of PML-
RARa (Supplemental Fig. S6A,B). By comparing the tran-
scriptome of cells co-overexpressing PML-RARa and
KLF4 with the one from cells overexpressing PML-RARa
only, we observed alterations in different processes that
are essential for cell growth and leukocyte function. Inter-
estingly, KLF4 expression in PML-RARa cells results in
up-regulation of cellular senescence programs (Supplemen-
tal Fig. S6C). Together, these results suggested that KIf4
down-regulation, which is induced by PML-RARGg, is in-
deed a leukemia-promoting event that can be reversed by
ectopic KIf4 expression.

Discussion

We have shown that the expression of the chimeric pro-
tein PML-RARa in primary HPSCs induces a rapid and ex-
tensive remodeling of contacts genome-wide as well as
reprogramming of both the epigenome and the transcrip-
tome. We showed that this process is, at least partially, dy-
namic and continuous, impacting transcription and the
enhancer landscape around genes that encode for key tran-
scription factors, which control the differentiation and
function of HPSCs. Among these alterations, we identi-
fied major changes and transcriptional repression at the
KIf4 gene and neighboring enhancers and showed that
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Figure 5. KIf4 overexpression restores the normal function of PML-RARa-expressing HSCs. (A) Virtual 4C-seq signal around the KIf4 ge-
nomic region. The top panel illustrates overall contact profiles at the gene promoter at stage O (red line) and stage III (black line) for the
region between 54.5 and 56.5 Mb of chromosome 4. The zoomed-in panel corresponds to the region between 55 and 56 Mb of chromosome
4. ChIP-seq tracks of the indicated histone modifications at stage 0 and stage IIT are shown. Shadowed regions highlight the regions span-
ning the KIf4 gene and the putative enhancers upstream of the KIf4 promoter (+119 kb, +198 kb, and +274 kb from the promoter). (B) Immu-
nophenotyping analyses of lineage-negative bone marrow cells overexpressing KLF4-GFP, PML-RARa-hCD4, or both (KLF4 OE + PML-
RARa). Cells were sorted and analyzed by flow cytometry using the indicated cell surface markers. P-values were calculated using a Stu-
dent’s t-test between PML-RARa and KLF4 OE + PML-RARa conditions. (**) P=0.016, (*) P=0.003. (C) Quantification of colony-forming
units (CFUs) during four consecutive replatings of sorted cells overexpressing KLF4-GFP, PML-RARa-hCD4, or both (KLF4 OE + PML-

RARG).

ectopic overexpression of KIf4 restored the differentiation
capacity of HPSCs that expressed PML-RARa. Our find-
ings add to recent studies addressing the role of PML-
RARa (Li et al. 2018; Wang et al. 2020; Tan et al. 2021)
and of other oncofusion proteins, such as RUNX1-ETO
(Ptasinska et al. 2019), in genome architecture by (1) using
a primary cellular and animal model system that closely
recapitulates clinical and morphological features of hu-
man APL, (2) providing the first temporal multiomics
analysis of the alterations driven by the chimeric protein
at both promoter and enhancer regions, and (3) identifying
specific changes that occur at KIf4 putative enhancers and
demonstrating a tumor suppressor role of this transcrip-
tion factor in promyelocyte leukemic transformation.
While our experimental system has been validated exten-
sively and is known to maintain two key functional as-
pects of PML-RARa function (inhibiting differentiation
and enhancing self-renewal), it is important to acknowl-
edge that using in vitro cultured cells to characterize early
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stages of PML-RARa function may not provide the com-
plete view of the molecular events or genetic mutations
required to develop leukemogenesis in vivo.

A few studies have mapped PML-RARa occupancy ge-
nome-wide using human APL cell lines or APL blasts
(Hoemme et al. 2008; Martens et al. 2010; Mikesch et al.
2010; Wang et al. 2010, 2020; Singh et al. 2018; Tan et al.
2021). Despite multiple attempts, we were unable to
map the fusion protein in primary mouse HSPCs by
ChIP-seq; however, our temporal analysis allowed us to
identify early (and potentially direct) alterations in the to-
pology, epigenome, and transcriptome driven by PML-
RARa expression. Such earlier changes are more likely
driven by the direct effect of the fusion protein and its pri-
mary targets, while stage IV alterations might reflect the
occurrence of additional genetic alterations and other
potentially cooperative effects that promote the fully
transformed leukemic phenotype. Among the early alter-
ations, we focused on those occurring at the Klf4 locus,
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which we characterized in depth. Furthermore, we cross-
validated our RNA-seq data by overlapping our differen-
tially expressed gene lists with known PML-RARa target
genes in the NB4 APL cell line (Tan et al. 2021), and with
known target genes of the TF PU.1 in HSCs (Pundhir
et al. 2018), which are reported to be coregulated by
PML-RARa (Wang et al. 2010; Yang et al. 2014). These
analyses showed that ~30% of differentially expressed
genes between stages 0 and II, and between stages 0 and
III, are bona fide PML-RARa targets in the patient-derived
NB4 cells. We also found that >52% or 60% of up-regulated
or down-regulated genes, respectively, were PU.1 targets
in HSCs. In addition, genes down-regulated during the ki-
netic analysis showed significant enrichment in PRC2
(Suzl12) as well as SMAD4 targets (adjusted P-values 1 x
2.5 and 1 x 1.057, respectively), confirming previous re-
ports (Lin et al. 2004; Villa et al. 2007; Morey et al. 2008)
and further validating our analyses. Interestingly, up-regu-
lated genes were enriched not only for Suz12 and SMAD4
targets (adjusted P-values 10x4.887% and 10x9.473, re-
spectively), but also for Gata2 targets (adjusted P-value
10x 4.8878). Expression of Gata2 increased very early dur-
ing the kinetic analysis (Fig. 2D; Supplemental Fig. S4A,C)
and in human APL patient samples (Sukhai et al. 2008;
Katerndahl et al. 2021). Notably, Gata2 up-regulation
was recently reported to suppress PML-RARa-induced leu-
kemic transformation, indicating that, in addition to KIf4,
Gata2 modulation might contribute to suppressing malig-
nant transformation (Katerndahl et al. 2021).

The temporal resolution of our data revealed that the
previously reported repressive functions of PML-RARa
occurred in a progressive manner as cells underwent trans-
formation (Figs. 2B,D, 3A). We found that the most pro-
nounced alterations in long-range interactions, the
epigenome, and the transcriptome occurred from stage III
to stage IV (full-blown leukemia). These observations inte-
grated other studies (Gaillard et al. 2015) that have shown
that the initial changes in gene expression driven by PML-
RARa are relatively subtle and related to metabolism, cell
cycle, and DNA damage response signatures (Fig. 2C),
which may be insufficient to terminally arrest differentia-
tion. This model is further reinforced by DNA methyla-
tion analyses that report only modest epigenome
alterations at early stages of APL development (Schoofs
et al. 2013; Gaillard et al. 2015). It is important to note
that stage IV leukemic blasts were isolated from live ani-
mals and thus were likely to be influenced by microenvi-
ronmental cues in the bone marrow. Furthermore, the
development of full-blown APL blasts requires secondary
mutations, which could further contribute to the diver-
gencein our stage IV samples. Future studies are warranted
to identify the contribution of secondary lesions and the
bone marrow microenvironment in the cellular pheno-
types observed during later stages of APL development.

Here, we focused on uncovering early alterations occur-
ring at regulatory enhancers encoding for key hematopoiet-
ic TFs, including KIf4, that can subsequently have major
impacts in the transcriptome, genome architecture, and
methylome of APL blasts. The role of K1f4 in hematopoietic
malignancies has remained controversial. Our study sheds
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new light on this issue by demonstrating a tumor suppres-
sor role of K1f4 in the context of APL, showing that the gene
is progressively down-regulated during APL progression
and that its ectopic overexpression counteracts oncogenic
transformation. Given that Klf4 is required for mesoderm
lineage commitment (Aksoy et al. 2014), we speculate
that KIf4 down-regulation rewires gene regulatory net-
works that promote HSPC differentiation, thus contribut-
ing to leukemogenesis. We found that the cis-regulatory
landscape within the KIf4 locus substantially changed its
pattern of long-range interactions and histone modifica-
tions concomitant with a reduction in KIf4 expression.
The increase in long-range interactions observed around
the KIf4 locus could be triggered by the switch from the
A to B compartment: As KIf4 is progressively embedded
into a larger B compartment, B-to-B interactions might be
facilitated. Although treatment of APL with all-trans reti-
noic acid in combination with chemotherapy results in re-
mission in >90% of patients, our data suggest that ATRA
combined with enhanced KLF4 expression may open a nov-
el avenue of therapeutic intervention. Indeed, we have ob-
served synergistic effects of ATRA in inducing apoptosis,
enhanced G1-phase arrest, and differentiation of cells coex-
pressing PML-RARa and KLF4 (data not shown), confirm-
ing the tumor suppressor role of KLF4 overexpression and
its molecular effects in the context of APL.

Our work delineates the dynamic mechanisms whereby
the oncogenic TF PML-RARa builds a network of chromo-
some interactions that repress transcription of master he-
matopoietic regulators. We propose that the dynamic
changes in the genome architecture mediated by PML-
RARa may serve as a general paradigm for other oncogenic
proteins that act as transcriptional repressors, bringing
new light to the molecular mechanisms by which these
transcriptional repressors drive malignant transforma-
tion, and possibly leading to the identification of novel
transformative therapeutic strategies.

Materials and methods

Murine APL model, bone marrow harvest, and cell culture

Bone marrow lineage-negative hematopoietic stem/progenitor
cells from 8- to 10-wk-old female 129SvEv mice were harvested
and infected with high-titer retroviruses expressing either an
empty PINCO-3xFlag vector or a PINCO-PML-RARa-3 x Flag
vector carrying human PML-RARa. PINCO plasmids expressing
human PML-RARa from the 5’ viral long terminal repeat (LTR)
and GFP from an internal promoter (cytomegalovirus [CMV])
were described previously (Grignani et al. 1998; Minucci et al.
2002) and were modified by cloning three copies of a Flag tag
(69 bp) at the C-terminal of the human PML-RARa sequence.
GFP" cells transformed with empty vector or PML-RARa-3xFlag
vector were sorted by FACS and correspond to stage 0 and stage I,
respectively. Stage I cells were then plated in methylcellulose
supplemented with cytokines and stem cell factor and serially re-
plated for 2 wk (stage II) and 4 wk (stage III). The GFP" cells that
were passaged on methylcellulose were not resorted at each pas-
sage. In parallel, ~1 million GFP* PML-RARa-3xFlag transduced
lineage-negative cells (stage I) were transplanted via tail vein in-
jection into lethally irradiated (9 Gy) syngeneic mice (129SvEv)
as previously described (Minucci et al. 2002). The animals were
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monitored periodically for signs of disease and the presence of
blasts as evaluated by complete blood counts (CBC) and peripher-
al blood smears. Leukemic mice were humanely euthanized, and
leukemic blasts were isolated from the spleen (with >95% of leu-
kemic cell infiltration) for subsequent experiments (stage IV).

Bone marrow lineage-negative cells were obtained and trans-
duced as described previously (Minucci et al. 2002). Serial replat-
ing assays of GFP* cells were performed by seeding 10,000 cells/
well in methylcellulose medium (Methocult, Stem Cell Technol-
ogies M3434) and replating every 7 d. Flow cytometry analyses
were performed by staining cells with antimouse CD11b (eBio-
science 25-0112-82) and using BD FACSCalibur 2.

Animal handling was performed following Italian laws (D.L.vo
116/92 and subsequent additions), which enforce EU Council Di-
rective 86/609/EEC of November 24, 1986, on the approximation
of laws, regulations, and administrative provisions of the Member
States regarding the protection of animals used for scientific pur-
poses. Mice were housed according to guidelines from the Co-
mmission Recommendation 2007/526/EC, June 18, 2007. The
protocol was approved by the Italian Ministry of Health (authori-
zation October 2013).

Western blotting

Whole-cell lysates of 293T cells infected with empty PINCO-
3xFlag vector, PINCO-PML-RARa (Minucci et al. 2002), or
PINCO-PML-RARa-3xFlag were obtained using RIPA buffer con-
taining protease inhibitors (Roche). Sixty micrograms of total pro-
tein was loaded per lane on an 8% SDS-PAGE. After blocking in
5% milk-TBST-1X, the following antibodies were incubated
overnight at 4°C: anti-Flag (mouse monoclonal, 1:500; Sigma
F1804) and anti-Tubulin (mouse monoclonal, 1:5000; Abcam
ab7291). Immunodetection was performed using ECL.

In situ Hi-C experiments

For in situ Hi-C experiments, 5 million to 10 million cells of each
stage were harvested at two independent biological replicates per
stage. Cells were cross-linked for 10 min at room temperature
with 1% formaldehyde and quenched during a 5-min incubation
at room temperature with 125 mM glycine, followed by a 15-min
incubation on ice and two washes with cold PBS; samples were
then pelleted and frozen at —80°C.

In situ Hi-C libraries were generated as previously described
(Rao et al. 2014) with minor modifications (Mas et al. 2018).
Two biological replicates were sequenced for all stages, with
one additional technical replicate for stage II, giving between 70
million and 400 million valid reads per replicate. Supplemental
Table S2 summarizes the statistics and reads obtained for all in
situ Hi-C samples.

RNA-seq and quantitative real-time PCR (qRT-PCR)

For RNA-seq experiments, 1 million to 3 million cells at each
stage were resuspended in 350 puL of Qiazol (Qiagen) and frozen
at —80°C. RNA was obtained by thawing the samples, adding
an additional 350 pL of Qiazol, and using the miRNEAsy mini
kit as recommended (Qiagen). After RNA extraction, contami-
nating genomic DNA was eliminated with DNase I digestion.
Two independent biological replicates per stage were used to gen-
erate RNA-seq libraries.

RNA samples were quantified using Nanodrop, and RNA qual-
ity was evaluated with an Agilent Bioanalyser (RIN > 9.9). Total
RNA (1 pL) was used to generate RNA-seq libraries with rRNA
depletion using TruSeq stranded total RNA library preparation
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kit (Illumina RS-122-2201). Libraries were sequenced in a HiSeq
2000 (75-bp, paired-end reads) to obtain ~300 million raw reads
per sample.

For qRT-PCR, 0.5-1 pg of total RNA obtained from indepen-
dent biological samples at each stage was converted to cDNA,
and qRT-PCR was conducted using SYBR Green (LightCycler
Roche) and the following primer sequences (5’ to 3'): KIf4 (Fwd-
CGGGAAGGGAGAAGACA, Rev- GAGTTCCTCACGCCA
AC), Spi1 (Fwd- GCGTGCAAAATGGAAGGGTT, Rev- GTGTG
CGGAGAAATCCCAGT), Irf8 (Fwd-CAATCAGGAGGTGGA
TGCTT, Rev-AGCACAGCGTAACCTCGTCT), Myc (Fwd-CC
TAGTGCTGCATGAGGAGA, Rev-TCCACAGACACCACAT-
CAATTT), FIt3 (Fwd-ATCTCCGAGGGTGTTCCAGA, Rev-T
GAACAGCTTGGTGCATTCG), Gata2 (Fwd-GCTTCACCCC
TAAGCAGAGA, Rev-TGGCACCACAGTTGACACA), Gatal
(Fwd-ACGACCACTACAACACTCTGGC, Rev- TTGCGGTTC
CTCGTCTGGATTC), c-Kit (Fwd-GATCTGCTCTGCGTCCT
GTT, Rev-CTTGCAGATGGCTGAGACG), and Bcl2 (Fwd-
GAACTGGGGGAGGATTGTGG, Rev- GGCCATATAGTTCC
ACAAAGGC). RpIp0 (Fwd- TTCATTGTGGGAGCAGAC, Rev-
CAGCAGTTTCTCCAGAGC) was used as housekeeping control
for KIf4, Gatal, c-Kit, and BcI2. For those genes, final values were
multiplied by 1000. For the rest of genes, f-actin (Fwd- GGCCCA
GAGCAAGAGAGGTATCC, Rev-ACGCACGATTTCCCTCT
CAGC) was used as housekeeping control.

ChIP-seq experiments

For ChIP-seq experiments, 5 million to 10 million cells were
cross-linked as described above. Experiments were performed as
previously published (Mas et al. 2018). Chromatin complexes
were immunoprecipitated using anti-H3K27me3 (Millipore 07-
449), anti-H3K4mel (Abcam ab8895), anti-H3K4me3 (Diagenode
C15410003), and anti-H3K27ac (Millipore 07-360). A small ali-
quot of ChIP DNA was used for ChIP-qPCR validations using
primers of transcriptionally active and repressed genes (Nucleo-
lin, Sox2, and Gapdh) to verify enrichment of the histone modifi-
cations. About 2-10 ng of ChIP or input DNA material was used
to prepare ChIP-seq libraries following the NEBNext Ultra DNA
library preparation kit for Illumina (NEB E7370L) as per the man-
ufacturer’s instructions. Final ChIP-seq libraries were size-select-
ed to remove fragments <100 bp and then amplified for 10 PCR
cycles. Libraries were sequenced on a HiSeq 2000 platform (Illu-
mina) to obtain ~30 million reads per library (50 bp, single end).

RNA-seq and ChIP-seq data analyses

RNA-seq replicate samples were mapped against the mm10 mouse
genome assembly using TopHat (Trapnell et al. 2009) with the op-
tion —g 1 to discard reads that could not be uniquely mapped to just
one region. DESeq2 (Love et al. 2014) was run to quantify the ex-
pression of every annotated transcript using the RefSeq catalog of
exons and to identify each set of differentially expressed genes. Ex-
pression values shown in the box plots correspond to the averaged
FPKMs across the two replicates in each stage. The rows of the heat
maps of gene expression were scaled to have mean 0 and a standard
deviation of 1 (Z-score). To define the set of unique differentially
expressed genes (up or down), only genes reported to significantly
change expression in a single stage as compared with stage 0
were included in the heat maps. Gene set enrichment analysis of
the preranked lists of genes by DESeq2 stat value was performed
with the GSEA software (Subramanian et al. 2005).

ChIP-seq raw reads were mapped against the mm10 mouse ge-
nome assembly using Bowtie (Langmead et al. 2009) with the op-
tion -m 1 to discard reads that did not map uniquely to one
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region. MACS (Zhang et al. 2008b) was run with the default pa-
rameters but with the shift size adjusted to 100 bp to perform
the peak calling of ChIP-seq experiments. The genome distribu-
tion of each set of peaks was calculated by counting the number
of peaks fitted on each class of region according to RefSeq anno-
tations (O’Leary et al. 2016). “Promoter” wass the region within +
2.5 kb of the transcription start site (TSS), intragenic regions cor-
responded to the rest of the gene not classified as promoter, and
the rest of the genome was considered to be intergenic. Peaks
that overlapped with more than one genomic feature were count-
ed in multiple categories. Active enhancers were defined by the
presence of overlapping peaks of H3K4mel and H3K27ac at stage
0 within intronic and intergenic regions. To define the set of ac-
tive enhancers at stage O that were lost along the rest of stages (I,
II, I, and IV), the ChIP-seq signal of H3K27ac was subtracted in
stage O from the rest of H3K27ac profiles, and enhancers were
identified in which the final value was less than one normalized
read. To identify examples of enhancers gaining H3K2.7ac signal,
the subtraction was inversely performed. The same procedure
was used to determine the gain or loss of H3K27me3 in the
same enhancer collection. Heat maps displaying the density of
H3K27ac and H3K27me3 ChIP-seq reads around the center of
each enhancer were generated by counting the number of reads
for each individual enhancer and normalizing this value with
the total number of mapped reads of the sample. The rows of
the heat maps were scaled to have mean 0 and standard deviation
1 (Z-score), and plots were generated using SeqCode (Blanco et al.
2021).

In all analyses, we used release 68 of the RefSeq annotations
(O’Leary et al. 2016) as provided by the UCSC genome browser
on the refGene.txt file (Tyner et al. 2017). This RefSeq version
contains 34,904 transcripts corresponding to 24,338 mouse genes.
No preprocessing filtering steps were performed on this file. The
UCSC genome browser was used to generate screenshots of the
genomic landscape of selected genes (Tyner et al. 2017). Enrichr
(Kuleshov et al. 2016) was used to perform gene ontology (GO),
KEGG, and other functional analysis (such as ChEA) of the
gene sets obtained from RNA-seq and genes in bins that switched
A/B compartments. Supplemental Table S1 lists all differentially
expressed genes and Enrichr results in each comparison. Graphi-
cal treatment and quantification of the ChIP-seq and the RNA-
seq experiments was performed using SeqCode (Blanco et al.
2021).

Hi-C data analysis

Hi-C data were processed using an in-house pipeline based on
TADDit (Serra et al. 2017). Reads were mapped according to a frag-
ment-based strategy: Each side of the sequenced read was mapped
in full length to the reference genome mouse December 2011
(GRCm38/mm10). TADDit filtering module was used to remove
noninformative contacts and to create contact matrices as previ-
ously described (Serra et al. 2017). PCR duplicates were removed,
and the Hi-C filters applied corresponded to potential nondi-
gested fragments (extradangling ends), nonligated fragments (dan-
gling ends), self-circles, and random breaks. Contact matrices
were normalized for sequencing depth and genomic biases using
OneD (Vidal et al. 2018). A and B chromatin compartment analy-
sis was performed at 100-kb resolution as previously described
(Lieberman-Aiden et al. 2009; Serra et al. 2017). Differential Hi-
C matrices were computed from normalized Hi-C matrices at 5-
kb resolution. Matrices of the specific regions were corrected
for read coverage, a Gaussian filter was applied for noise reduc-
tion, and the difference between maps at stage III and stage O
was plotted. Virtual 4C-seq profiles were generated from local
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coverage-normalized Hi-C matrices at 5-kb resolution, and
Gaussian filter was applied for smoothing. The 5-kb bin contain-
ing the TSS of the gene of interest was used as the viewpoint. The
domain score of consensus TADs was computed as previously de-
scribed (Krijger et al. 2016; Stadhouders et al. 2018). TADs were
ranked according to the ratio stage IlI/stage O of this score. The
normalized level of H3K27ac, H3K27me3, and RNA per TAD
was obtained using respective ChIP-seq and RNA-seq data sets.
The ratio of the levels of these marks between stage Il and stage
0 was compared between the 10% of TADs with higher changes
(higher at stage O or higher at stage III).

KIf4 overexpression experiments

The KLF4 (mouse) and PML-RARa (human) cDNAs were cloned
into MSCV-GFP and MSCV-hCD4 vectors (Addgene vector
35712) under the control of the EV promoter. The ecotropic phoe-
nix packaging cell line was transiently transduced with the retro-
viral vectors cited above, and the retroviral supernatant was
collected and filtered. Bone marrow lineage-negative cells were
obtained from C57/Bl6 wild-type mice and transduced with retro-
viruses carrying either MSCV-GFP-KLF4, MSCV-hCD4-PE-PML-
RARg, or both by two rounds of spinfection in nontissue culture-
treated plates (Corning 351147) coated with retronectin (Takara
T100A). Transduced Lin~ cells were sorted and serially replated
in methylcellulose medium (Methocult, Stem Cell Technologies
M3434) by seeding 10,000 cells/well and replating every 7 d. Flow
cytometry analyses were performed by staining cells with PE
anti-hCD4 (BD Pharmigen 555347), APC antimouse Cd11b (BD
53312), and APC-fluo780 antimouse c-Kit (Invitrogen 47-1171-
82) using FACSAria (BD).

Data availability

All sequencing data sets are available at GEO under accession
number GSE151837.

Competing interest statement

The authors declare no competing interests.

Acknowledgments

We are indebted to L. Morey and members of the Di Croce labo-
ratory for insightful discussions and critical reading of the manu-
script. We thank V.A. Raker for scientific editing, and the Centre
for Genomic Regulation Genomics Unit for their help in genomic
experiments. G.M. conducted this work with support from
“Becas Leonardo a Investigadores y Creadores Culturales” from
the Banco Bilbao Vizcaya Argentaria Foundation. The work in
the Di Croce laboratory is supported by grants from the Spanish
Ministry of Science and Innovation (PID2019-108322GB-100),
“Fundacién Vencer El Cancer” (VEC), the European Regional De-
velopment Fund (ERDF), Secretaria d’Universitats i Recerca del
Departament d’Economia I Coneixement de la Generalitat de Ca-
talunya (Programa Operatiu FEDER de Catalunya 2014-2020;
AGAUR, 2017 SGR and 2019 FI_B 00426), the European Union’s
Horizon 2020 research and innovation programme under Marie
Sktodowska-Curie grant agreement number 713673 “ChromDe-
sign,” and the Fondo Social Europeo (FSE). A.S. is supported by
a fellowship from “la Caixa” Foundation (ID 100010434). The
work was partially supported by awards from the European Re-
search Council under the 7th Framework Program (FP7/2007-
2013 609989), the European Union’s Horizon 2020 Research

GENES & DEVELOPMENT 13


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.349115.121/-/DC1
http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on April 22,

Mas et al.

and Innovation Program (676556), and the Spanish Ministerio de
Ciencia, Innovacién y Universidades (BFU2017-85926-P) to
M.A.M.-R. We acknowledge support of the Spanish Ministry of
Science and Innovation through the Instituto de Salud Carlos
IMI, the EMBL partnership, and the cofinancing with funds from
the European Regional Development Fund (FEDER), Centro de
Excelencia Severo Ochoa; Centres de Recerca de Catalunya Pro-
gramme/Generalitat de Catalunya. Work in S.M.’s laboratory
was funded by the Association for Cancer Research (IG20).

Author contributions: G.M., S.M., and L.D.C. designed the
study. F.L.D., E.V., and F.M. performed in situ Hi-C data analyses
and interpretation, with guidance from M.A.M.-R. E.S. and A.G.
prepared mouse primary samples for all NGS experiments.
G.P.G.F. and A.S. conducted the Kif4 rescue experiments. G.M.,
C.B., and G.F. carried out ChIP-seq experiments. G.M. and C.B.
conducted RNA-seq and in situ Hi-C experiments. E.B. performed
bioinformatic analyses for ChIP-seq and RNA-seq. All authors
contributed to the discussion and interpretation of the results.
G.M. and L.D.C. wrote the manuscript with input from all
authors.

References

Akdemir KC, Le VT, Chandran S, Li Y, Verhaak RG, Beroukhim
R, Campbell PJ, Chin L, Dixon JR, Futreal PA, et al. 2020. Dis-
ruption of chromatin folding domains by somatic genomic re-
arrangements in human cancer. Nat Genet 52: 294-305.
doi:10.1038/s41588-019-0564-y

Aksoy I, Giudice V, Delahaye E, Wianny F, Aubry M, Mure M,
Chen J, Jauch R, Bogu GK, Nolden T, et al. 2014. Klf4 and
Klf5 differentially inhibit mesoderm and endoderm differenti-
ation in embryonic stem cells. Nat Commun 5: 3719. doi:10
.1038/ncomms4719

Alder JK, Georgantas RW III, Hildreth RL, Kaplan IM, Morisot S,
Yu X, McDevitt M, Civin CI. 2008. Kriippel-like factor 4 is es-
sential for inflammatory monocyte differentiation in vivo. J
Immunol 180: 5645-5652. doi:10.4049/jimmunol.180.8.5645

Basu S, Shukron O, Ponjavic A, Parruto P, Boucher W, Zhang W,
Reynolds N, Lando D, Shah D, Sober L, et al. 2020. Live-cell
3D single-molecule tracking reveals how NuRD modulates
enhancer dynamics. bioRxiv doi:10.1101/2020.04.03.003178

Bernardi R, Pandolfi PP. 2007. Structure, dynamics and functions
of promyelocytic leukaemia nuclear bodies. Nat Rev Mol Cell
Biol 8: 1006-1016. doi:10.1038/nrm2277

Blanco E, Gonzalez-Ramirez M, Di Croce L. 2021. Productive vi-
sualization of high-throughput sequencing data using the Seq-
Code open portable platform. Sci Rep 11: 19545. doi:10.1038/
s41598-021-98889-7

Brown D, Kogan S, Lagasse E, Weissman I, Alcalay M, Pelicci PG,
Atwater S, Bishop JM. 1997. A PMLRARa transgene initiates
murine acute promyelocytic leukemia. Proc Natl Acad Sci
94: 2551-2556. d0i:10.1073/pnas.94.6.2551

Carbone R, Botrugno OA, Ronzoni S, Insinga A, Di Croce L, Pel-
icci PG, Minucci S. 2006. Recruitment of the histone methyl-
transferase SUV39H1 and its role in the oncogenic properties
of the leukemia-associated PML-retinoic acid receptor fusion
protein. Mol Cell Biol 26: 1288-1296. doi:10.1128/MCB.26.4
.1288-1296.2006

Chang HR, Munkhjargal A, Kim M]J, Park SY, Jung E, Ryu JH,
Yang Y, Lim JS, Kim Y. 2018. The functional roles of PML nu-
clear bodies in genome maintenance. Mutat Res 809: 99-107.
do0i:10.1016/j.mrfmmm.2017.05.002

Cole CB, Verdoni AM, Ketkar S, Leight ER, Russler-Germain DA,
Lamprecht TL, Demeter RT, Magrini V, Ley TJ. 2016. PML-

14 GENES & DEVELOPMENT

2022 - Published by Cold Spring Harbor Laboratory Press

RARA requires DNA methyltransferase 3A to initiate acute
promyelocytic leukemia. J Clin Invest 126: 85-98. doi:10
.1172/JC182897

Crane E, Bian Q, McCord RP, Lajoie BR, Wheeler BS, Ralston EJ,
Uzawa S, Dekker J, Meyer BJ. 2015. Condensin-driven remod-
elling of X chromosome topology during dosage compensa-
tion. Nature 523: 240-244. doi:10.1038 /nature14450

Dawson MA. 2017. The cancer epigenome: concepts, challenges,
and therapeutic opportunities. Science 355: 1147-1152. doi:10
.1126/science.aam7304

Denholtz M, Bonora G, Chronis C, Splinter E, de Laat W, Ernst J,
Pellegrini M, Plath K. 2013. Long-range chromatin contacts in
embryonic stem cells reveal a role for pluripotency factors and
polycomb proteins in genome organization. Cell Stem Cell 13:
602-616. doi:10.1016/j.stem.2013.08.013

de Thé H, Chomienne C, Lanotte M, Degos L, Dejean A. 1990.
The t(15;17) translocation of acute promyelocytic leukaemia
fuses the retinoic acid receptor a gene to a novel transcribed
locus. Nature 347: 558-561. doi:10.1038/347558a0

Di Carlo V, Mocavini I, Di Croce L. 2019. Polycomb complexes in
normal and malignant hematopoiesis. | Cell Biol 218: 55-69.
doi:10.1083/jcb.201808028

Di Croce L, Raker VA, Corsaro M, Fazi F, Fanelli M, Faretta M,
Fuks F, Lo Coco F, Kouzarides T, Nervi C, et al. 2002. Methyl-
transferase recruitment and DNA hypermethylation of target
promoters by an oncogenic transcription factor. Science 295:
1079-1082. doi:10.1126/science.1065173

di Masi A, Cilli D, Berardinelli F, Talarico A, Pallavicini I, Pennisi
R, Leone S, Antoccia A, Noguera NI, Lo-Coco F, et al. 2016.
PML nuclear body disruption impairs DNA double-strand
break sensing and repair in APL. Cell Death Dis 7: €2308.
doi:10.1038/cddis.2016.115

Faber K, Bullinger L, Ragu C, Garding A, Mertens D, Miller C,
Martin D, Walcher D, Dohner K, Dohner H, et al. 2013a.
CDX2-driven leukemogenesis involves KLF4 repression and
deregulated PPARy signaling. | Clin Invest 123: 299-314.
doi:10.1172/JC164745

Faber K, Bullinger L, Ragu C, Garding A, Mertens D, Miller C,
Martin D, Walcher D, Déhner K, Dohner H, et al. 2013b.
CDX2-driven leukemogenesis involves KLF4 repression and
deregulated PPARy signaling. | Clin Invest 123: 299-314.
doi:10.1172/JC164745

Feinberg MW, Wara AK, Cao Z, Lebedeva MA, Rosenbauer F, Iwa-
saki H, Hirai H, Katz JP, Haspel RL, Gray S, et al. 2007. The
Kruppel-like factor KLF4 is a critical regulator of monocyte
differentiation. EMBO ] 26: 4138-4148. doi:10.1038/sj.emboj
.7601824

Filarsky K, Garding A, Becker N, Wolf C, Zucknick M, Claus R,
Weichenhan D, Plass C, Dohner H, Stilgenbauer S, et al.
2016. Kriippel-like factor 4 (KLF4) inactivation in chronic lym-
phocytic leukemia correlates with promoter DN A-methyla-
tion and can be reversed by inhibition of NOTCH signaling.
Haematologica 101: €249-€253. doi:10.3324/haematol.2015
138172

Flavahan WA, Drier Y, Liau BB, Gillespie SM, Venteicher AS,
Stemmer-Rachamimov AO, Suva ML, Bernstein BE. 2016. In-
sulator dysfunction and oncogene activation in IDH mutant
gliomas. Nature 529: 110-114. doi:10.1038/nature16490

Gaillard C, Tokuyasu TA, Rosen G, Sotzen J, Vitaliano-Prunier A,
Roy R, Passegue E, de The H, Figueroa ME, Kogan SC. 2015.
Transcription and methylation analyses of preleukemic pro-
myelocytes indicate a dual role for PML/RARA in leukemia
initiation. Haematologica 100: 1064-1075.

Goddard AD, Borrow J, Freemont PS, Solomon E. 1991. Charac-
terization of a zinc finger gene disrupted by the t(15;17) in


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on April 22, 2022 - Published by Cold Spring Harbor Laboratory Press

acute promyelocytic leukemia. Science 254: 1371-1374.
doi:10.1126/science.1720570

Grignani F, Kinsella T, Mencarelli A, Valtieri M, Riganelli D,
Grignani F, Lanfrancone L, Peschle C, Nolan GP, Pelicci PG.
1998. High-efficiency gene transfer and selection of human
hematopoietic progenitor cells with a hybrid EBV/retroviral
vector expressing the green fluorescence protein. Cancer Res
58: 14-19.

Grignani F, Valtieri M, Gabbianelli M, Gelmetti V, Botta R,
Luchetti L, Masella B, Morsilli O, Pelosi E, Samoggia P,
et al. 2000. PML/RARa fusion protein expression in normal
human hematopoietic progenitors dictates myeloid commit-
ment and the promyelocytic phenotype. Blood 96: 1531-
1537. doi:10.1182/blood.V96.4.1531

Grisolano JL, Wesselschmidt RL, Pelicci PG, Ley TJ. 1997. Al-
tered myeloid development and acute leukemia in transgenic
mice expressing PML-RARa under control of cathepsin G reg-
ulatory sequences. Blood 89: 376-387. doi:10.1182/blood. V89
.2.376

Groschel S, Sanders MA, Hoogenboezem R, de Wit E, Bouwman
BAM, Erpelinck C, van der Velden VHJ, Havermans M, Avel-
lino R, van Lom K, et al. 2014. A single oncogenic enhancer
rearrangement causes concomitant EVI1 and GATA2 deregu-
lation in leukemia. Cell 157: 369-381. doi:10.1016/j.cell.2014
.02.019

Guibal FC, Alberich-Jorda M, Hirai H, Ebralidze A, Levantini E,
Di Ruscio A, Zhang P, Santana-Lemos BA, Neuberg D, Wagers
AJ, et al. 2009. Identification of a myeloid committed progen-
itor as the cancer-initiating cell in acute promyelocytic leuke-
mia. Blood 114: 5415-5425. doi:10.1182/blood-2008-10-
182071

He LZ, Tribioli C, Rivi R, Peruzzi D, Pelicci PG, Soares V, Cattor-
etti G, Pandolfi PP. 1997. Acute leukemia with promyelocytic
features in PML/RARa transgenic mice. Proc Natl Acad Sci
94: 5302-5307. d0i:10.1073/pnas.94.10.5302

Hnisz D, Weintraub AS, Day DS, Valton AL, Bak RO, Li CH,
GoldmannJ, Lajoie BR, Fan ZP, Sigova AA, et al. 2016. Activa-
tion of proto-oncogenes by disruption of chromosome neigh-
borhoods. Science 351: 1454-1458. doi:10.1126/science
.aad9024

Hoemme C, Peerzada A, Behre G, Wang Y, McClelland M, Nie-
selt K, Zschunke M, Disselhoff C, Agrawal S, Isken F, et al.
2008. Chromatin modifications induced by PML-RARa re-
press critical targets in leukemogenesis as analyzed by ChIP-
chip. Blood 111: 2887-2895. doi:10.1182/blood-2007-03-
079921

Huang Y, ChenJ, Lu C, Han ], Wang G, Song C, Zhu S, Wang C, Li
G, Kang], etal. 2014. HDAC1 and Kl1f4 interplay critically reg-
ulates human myeloid leukemia cell proliferation. Cell Death
Dis 5: €1491. doi:10.1038/cddis.2014.433

Imakaev M, Fudenberg G, McCord RP, Naumova N, Golobor-
odko A, Lajoie BR, Dekker J, Mirny LA. 2012. Iterative correc-
tion of Hi-C data reveals hallmarks of chromosome
organization. Nat Methods 9: 999-1003. doi:10.1038/nmeth
2148

Katerndahl CDS, Rogers ORS, Day RB, Cai MA, Rooney TP, Hel-
ton NM, Hoock M, Ramakrishnan SM, Srivatsan SN, Wart-
man LD, et al. 2021. Tumor suppressor function of Gata2 in
acute promyelocytic leukemia. Blood 138: 1148-1161.
do0i:10.1182/blood.2021011758

Kobune M, Iyama S, Kikuchi S, Horiguchi H, Sato T, Murase K,
Kawano Y, Takada K, Ono K, Kamihara Y, et al. 2012. Stromal
cells expressing hedgehog-interacting protein regulate the pro-
liferation of myeloid neoplasms. Blood Cancer ] 2: ¢87. doi:10
.1038/bcj.2012.36

Temporal dissection of leukemia transformation

Krijger PH, Di Stefano B, de Wit E, Limone F, van Oevelen C, de
Laat W, Graf T. 2016. Cell-of-origin-specific 3D genome struc-
ture acquired during somatic cell reprogramming. Cell Stem
Cell 18: 597-610. d0i:10.1016/j.stem.2016.01.007

Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, Duan Q,
Wang Z, Koplev S, Jenkins SL, Jagodnik KM, Lachmann A,
et al. 2016. Enrichr: a comprehensive gene set enrichment
analysis web server 2016 update. Nucleic Acids Res 44:
W90-W97. do0i:10.1093 /nar/gkw377

Langmead B, Trapnell C, Pop M, Salzberg SL. 2009. Ultrafast and
memory-efficient alignment of short DNA sequences to the
human genome. Genome Biol 10: R25. doi:10.1186/gb-2009-
10-3-125

Lewis AH, Bridges CS, Punia VS, Cooper AFJ, Puppi M, Lacorazza
HD. 2021. Kriippel-like factor 4 promotes survival and expan-
sion in acute myeloid leukemia cells. Oncotarget 12: 255-267.
doi:10.18632/oncotarget.27878

LiY,HeY, LiangZ, Wang Y, Chen F, Djekidel MN, Li G, Zhang X,
Xiang S, Wang Z, et al. 2018. Alterations of specific chromatin
conformation affect ATRA-induced leukemia cell differentia-
tion. Cell Death Dis 9: 200. doi:10.1038/s41419-017-0173-6

Lieberman-Aiden E, van Berkum NL, Williams L, Imakaev M,
Ragoczy T, Telling A, Amit I, Lajoie BR, Sabo PJ, Dorschner
MO, et al. 2009. Comprehensive mapping of long-range inter-
actions reveals folding principles of the human genome. Sci-
ence 326: 289-293. doi:10.1126/science.1181369

Lin HK, Bergmann S, Pandolfi PP. 2004. Cytoplasmic PML func-
tion in TGF-f signalling. Nature 431: 205-211. doi:10.1038/
nature02783

Love MI, Huber W, Anders S. 2014. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Ge-
nome Biol 15: 550. doi:10.1186/s13059-014-0550-8

Lupianez DG, Kraft K, Heinrich V, Krawitz P, Brancati F, Klo-
pocki E, Horn D, Kayserili H, Opitz JM, Laxova R, et al.
2015. Disruptions of topological chromatin domains cause
pathogenic rewiring of gene-enhancer interactions. Cell 161:
1012-1025. doi:10.1016/j.cell.2015.04.004

Makishima H. 2017. Somatic SETBP1 mutations in myeloid neo-
plasms. Int | Hematol 105: 732-742.. d0i:10.1007/s12185-017-
2241-1

Martens JH, Brinkman AB, Simmer F, Francoijs KJ, Nebbioso A,
Ferrara F, Altucci L, Stunnenberg HG. 2010. PML-RARa/
RXR alters the epigenetic landscape in acute promyelocytic
leukemia. Cancer Cell 17: 173-185. doi:10.1016/j.ccr.2009
.12.042

Mas G, Di Croce L. 2016. The role of Polycomb in stem cell ge-
nome architecture. Curr Opin Cell Biol 43: 87-95. doi:10
.1016/j.ceb.2016.09.006

Mas G, Blanco E, Ballare C, Sanso M, Spill YG, Hu D, Aoi Y, Le
Dily F, Shilatifard A, Marti-Renom MA, et al. 2018. Promoter
bivalency favors an open chromatin architecture in embryon-
ic stem cells. Nat Genet 50: 1452-1462. doi:10.1038/s41588-
018-0218-5

Mikesch J-H, Gronemeyer H, So CWE. 2010. Discovery of novel
transcriptional and epigenetic targets in APL by global ChIP
analyses: emerging opportunity and challenge. Cancer Cell
17: 112-114. doi:10.1016/j.ccr.2010.01.012

Minucci S, Monestiroli S, Giavara S, Ronzoni S, Marchesi F,
Insinga A, Diverio D, Gasparini P, Capillo M, Colombo E,
et al. 2002. PML-RAR induces promyelocytic leukemias
with high efficiency following retroviral gene transfer into pu-
rified murine hematopoietic progenitors. Blood 100: 2989—
2995. doi:10.1182/blood-2001-11-0089

Morey L, Brenner C, Fazi F, Villa R, Gutierrez A, Buschbeck M,
Nervi C, Minucci S, Fuks F, Di Croce L. 2008. MBD3, a

GENES & DEVELOPMENT 15


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on April 22, 2022 - Published by Cold Spring Harbor Laboratory Press

Mas et al.

component of the NuRD complex, facilitates chromatin alter-
ation and deposition of epigenetic marks. Mol Cell Biol 28:
5912-5923. d0i:10.1128/MCB.00467-08

Morris VA, Cummings CL, Korb B, Boaglio S, Oehler VG. 2016.
Deregulated KLF4 expression in myeloid leukemias alters
cell proliferation and differentiation through microRNA and
gene targets. Mol Cell Biol 36: 559-573. doi:10.1128/MCB
.00712-15

Northcott PA, Lee C, Zichner T, Stiitz AM, Erkek S, Kawauchi D,
Shih DJ, Hovestadt V, Zapatka M, Sturm D, et al. 2014. En-
hancer hijacking activates GFI1 family oncogenes in medullo-
blastoma. Nature 511: 428-434. doi:10.1038/nature13379

Oksuz O, Narendra V, Lee CH, Descostes N, LeRoy G, Raviram
R, Blumenberg L, Karch K, Rocha PP, Garcia BA, et al. 2018.
Capturing the onset of PRC2-mediated repressive domain for-
mation. Mol Cell 70: 1149-1162.e1145. doi:10.1016/j.molcel
.2018.05.023

O’Leary NA, Wright MW, Brister JR, Ciufo S, Haddad D, McVeigh
R, Rajput B, Robbertse B, Smith-White B, Ako-Adjei D, et al.
2016. Reference sequence (RefSeq) database at NCBI: current
status, taxonomic expansion, and functional annotation. Nu-
cleic Acids Res 44: D733-D745. doi:10.1093/nar/gkv1189

Pandolfi PP. 2001. Oncogenes and tumor suppressors in the mo-
lecular pathogenesis of acute promyelocytic leukemia. Hum
Mol Genet 10: 769-775. d0i:10.1093/hmg/10.7.769

Park CS, Shen Y, Lewis A, Lacorazza HD. 2016. Role of the repro-
gramming factor KLF4 in blood formation. ] Leukoc Biol 99:
673-685. d0i:10.1189/jlb.1RU1215-539R

Park CS, Lewis A, Chen T, Lacorazza D. 2019a. Concise review:
regulation of self-renewal in normal and malignant hemato-
poietic stem cells by Kriippel-like factor 4. Stem Cells Transl
Med 8: 568-574. doi:10.1002/sctm.18-0249

Park CS, Lewis AH, Chen TJ, Bridges CS, Shen Y, Suppipat K,
Puppi M, Tomolonis JA, Pang PD, Mistretta TA, et al.
2019b. A KLF4-DYRK2-mediated pathway regulating self-re-
newal in CML stem cells. Blood 134: 1960-1972. doi:10
.1182/blood.2018875922

Ptasinska A, Pickin A, Assi SA, Chin PS, Ames L, Avellino R,
Groschel S, Delwel R, Cockerill PN, Osborne CS, et al.
2019. RUNXI1-ETO depletion in t(8;21) AML leads to C/
EBPa- and AP-1-mediated alterations in enhancer-promoter
interaction. Cell Rep 28: 3022-3031.e3027. doi:10.1016/j
.celrep.2019.08.040

Pundhir S, Bratt Lauridsen FK, Schuster MB, Jakobsen JS, Ge Y,
Schoof EM, Rapin N, Waage J, Hasemann MS, Porse BT.
2018. Enhancer and transcription factor dynamics during my-
eloid differentiation reveal an early differentiation block in
Cebpa null progenitors. Cell Rep 23: 2744-2757. doi:10
.1016/j.celrep.2018.05.012

Rao SS, Huntley MH, Durand NC, Stamenova EK, Bochkov ID,
Robinson JT, Sanborn AL, Machol I, Omer AD, Lander ES,
et al. 2014. A 3D map of the human genome at kilobase reso-
lution reveals principles of chromatin looping. Cell 159: 1665—
1680. doi:10.1016/j.cell.2014.11.021

Rosenbauer F, Tenen DG. 2007. Transcription factors in myeloid
development: balancing differentiation with transformation.
Nat Rev Immunol 7: 105-117. doi:10.1038/nri2024

Sacchi N, Watson DK, Guerts van Kessel AH, Hagemeijer A, Ker-
sey J, Drabkin HD, Patterson D, Papas TS. 1986. Hu-ets-1 and
Hu-ets-2 genes are transposed in acute leukemias with (4;11)
and (8;21) translocations. Science 231: 379-382. doi:10.1126/
science.3941901

Saeed S, Logie C, Stunnenberg HG, Martens JH. 2011. Genome-
wide functions of PML-RARa in acute promyelocytic leukae-
mia. Br ] Cancer 104: 554-558. doi:10.1038/sj.bjc.6606095

16 GENES & DEVELOPMENT

Saeed S, Logie C, Francoijs KJ, Frige G, Romanenghi M, Nielsen
FG, Raats L, Shahhoseini M, Huynen M, Altucci L, et al.
2012. Chromatin accessibility, p300, and histone acetylation
define PML-RARa and AMLI-ETO binding sites in acute my-
eloid leukemia. Blood 120: 3058-3068. doi:10.1182/blood-
2011-10-386086

Saumet A, Vetter G, Bouttier M, Portales-Casamar E, Wasserman
WW, Maurin T, Mari B, Barbry P, Vallar L, Friederich E, et al.
2009. Transcriptional repression of microRNA genes by PML-
RARA increases expression of key cancer proteins in acute
promyelocytic leukemia. Blood 113: 412-421. doi:10.1182/
blood-2008-05-158139

Scherer M, Stamminger T. 2016. Emerging role of PML nuclear
bodies in innate immune signaling. J Virol 90: 5850-5854.
doi:10.1128/JV1.01979-15

Schoenfelder S, Fraser P. 2019. Long-range enhancer—promoter
contacts in gene expression control. Nat Rev Genet 20: 437~
455. doi:10.1038/s41576-019-0128-0

Schoenfelder S, Sugar R, Dimond A, Javierre BM, Armstrong H,
Mifsud B, Dimitrova E, Matheson L, Tavares-Cadete F, Fur-
lan-Magaril M, et al. 2015. Polycomb repressive complex
PRCI spatially constrains the mouse embryonic stem cell ge-
nome. Nat Genet 47: 1179-1186. doi:10.1038/ng.3393

Schoenhals M, Kassambara A, Veyrune JL, Moreaux J, Gold-
schmidt H, Hose D, Klein B. 2013. Kriippel-like factor 4 blocks
tumor cell proliferation and promotes drug resistance in mul-
tiple myeloma. Haematologica 98: 1442-1449. doi:10.3324/
haematol.2012.066944

Schoofs T, Rohde C, Hebestreit K, Klein HU, Gollner S, Schulze,
Lerdrup M, Dietrich N, Agrawal-Singh S, Witten A, et al.
2013. DNA methylation changes are a late event in acute pro-
myelocytic leukemia and coincide with loss of transcription
factor binding. Blood 121: 178-187. doi:10.1182/blood-2012-
08-448860

Segalla S, Rinaldi L, Kilstrup-Nielsen C, Badaracco G, Minucci S,
Pelicci PG, Landsberger N. 2003. Retinoic acid receptor a fu-
sion to PML affects its transcriptional and chromatin-remod-
eling properties. Mol Cell Biol 23: 8795-8808. doi:10.1128/
MCB.23.23.8795-8808.2003

Seipel K, Marques MT, Bozzini MA, Meinken C, Mueller BU,
Pabst T. 2016. Inactivation of the p53-KLF4-CEBPA axis in
acute myeloid leukemia. Clin Cancer Res 22: 746-756.
do0i:10.1158/1078-0432.CCR-15-1054

Serra F, Bau D, Goodstadt M, Castillo D, Filion GJ, Marti-Renom
MA. 2017. Automatic analysis and 3D-modelling of Hi-C data
using TADDbit reveals structural features of the fly chromatin
colors. PLoS Comput Biol 13: €1005665. doi:10.1371/journal
.pcbi.1005665

Singh AA, Petraglia F, Nebbioso A, Yi G, Conte M, Valente S,
Mandoli A, Scisciola L, Lindeboom R, Kerstens H, et al.
2018. Multi-omics profiling reveals a distinctive epigenome
signature for high-risk acute promyelocytic leukemia. Onco-
target 9: 25647-25660. doi:10.18632/oncotarget.25429

Stadhouders R, Vidal E, Serra F, Di Stefano B, Le Dily F, Quilez J,
Gomez A, Collombet S, Berenguer C, Cuartero Y, et al. 2018.
Transcription factors orchestrate dynamic interplay between
genome topology and gene regulation during cell reprogram-
ming. Nat Genet 50: 238-249. doi:10.1038/s41588-017-0030-7

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL,
Gillette MA, Paulovich A, Pomeroy SL, Golub TR, Lander
ES, et al. 2005. Gene set enrichment analysis: a knowledge-
based approach for interpreting genome-wide expression pro-
files. Proc Natl Acad Sci 102: 15545-15550. do0i:10.1073/
pnas.0506580102


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on April 22, 2022 - Published by Cold Spring Harbor Laboratory Press

Subramanyam D, Belair CD, Barry-Holson KQ, Lin H, Kogan SC,
Passegue E, Blelloch R. 2010. PML-RARa and Dnmt3al coop-
erate in vivo to promote acute promyelocytic leukemia. Can-
cer Res 70: 8792-8801. doi:10.1158/0008-5472.CAN-08-4481

Sukhai M, Thomas M, Goswami R, Xuan Y, Reis PP, Kamel-Reid
S. 2008. Deregulation of transcription factors GATA-1,
GATA-2 and C/EBPa in acute promyelocytic leukemia. Blood
112:2241-2241. doi:10.1182/blood. V112.11.2241.2241

Tan S, Kermasson L, Hoslin A, Jaako P, Faille A, Acevedo-Aro-
zena A, Lengline E, Ranta D, Poirée M, Fenneteau O, et al.
2019. EFL]1 mutations impair eIF6 release to cause Shwach-
man-Diamond syndrome. Blood 134: 277-290. doi:10.1182/
blood.2018893404

Tan Y, Wang X, Song H, Zhang Y, Zhang R, Li S, Jin W, Chen S,
Fang H, Chen Z, et al. 2021. A PML/RARa direct target atlas
redefines transcriptional deregulation in acute promyelocytic
leukemia. Blood 137: 1503-1516. doi:10.1182/blood
2020005698

Trapnell C, Pachter L, Salzberg SL. 2009. Tophat: discovering
splice junctions with RNA-seq. Bioinformatics 25: 1105-
1111. doi:10.1093/bioinformatics/btp120

Tyner C, Barber GP, Casper J, Clawson H, Diekhans M, Eisenhart
C, Fischer CM, Gibson D, Gonzalez JN, Guruvadoo L, et al.
2017. The UCSC genome browser database: 2017 update. Nu-
cleic Acids Res 45: D626-D634.

Vidal E, le Dily F, Quilez J, Stadhouders R, Cuartero Y, Graf T,
Marti-Renom MA, Beato M, Filion GJ. 2018. Oned: increasing
reproducibility of Hi-C samples with abnormal karyotypes.
Nucleic Acids Res 46: ¢49. doi:10.1093 /nar/gky064

Villa R, De Santis F, Gutierrez A, Minucci S, Pelicci PG, Di Croce
L. 2004. Epigenetic gene silencing in acute promyelocytic leu-
kemia. Biochem Pharmacol 68: 1247-1254. doi:10.1016/j.bcp
.2004.05.041

VillaR, Morey L, Raker VA, Buschbeck M, Gutierrez A, De Santis
F, Corsaro M, Varas F, Bossi D, Minucci S, et al. 2006. The
methyl-CpG binding protein MBDI1 is required for PML-
RARa function. Proc Natl Acad Sci 103: 1400-1405. doi:10
.1073/pnas.0509343103

Villa R, Pasini D, Gutierrez A, Morey L, Occhionorelli M, Vire E,
Nomdedeu JF, Jenuwein T, Pelicci PG, Minucci S, et al. 2007.
Role of the Polycomb repressive complex 2 in acute promyelo-
cytic leukemia. Cancer Cell 11: 513-525. doi:10.1016/j.ccr
.2007.04.009

Temporal dissection of leukemia transformation

Voisset E, Moravcsik E, Stratford EW, Jaye A, Palgrave CJ, Hills
RK, Salomoni P, Kogan SC, Solomon E, Grimwade D. 2018.
Pml nuclear body disruption cooperates in APL pathogenesis
and impairs DNA damage repair pathways in mice. Blood
131: 636-648. d0i:10.1182/blood-2017-07-794784

Wang K, Wang P, Shi ], Zhu X, He M, Jia X, Yang X, QiuF, Jin W,
Qian M, et al. 2010. PML/RARa targets promoter regions con-
taining PU.1 consensus and RARE half sites in acute promye-
locytic leukemia. Cancer Cell 17: 186-197. doi:10.1016/j.ccr
.2009.12.045

Wang P, Tang Z, Lee B, Zhu JJ, Cai L, Szalaj P, Tian SZ, Zheng M,
Plewczynski D, Ruan X, et al. 2020. Chromatin topology reor-
ganization and transcription repression by PML-RARa in
acute promyeloid leukemia. Genome Biol 21: 110. doi:10
.1186/s13059-020-02030-2

Westervelt P, Lane AA, Pollock JL, Oldfather K, Holt MS,
Zimonjic DB, Popescu NC, DiPersio JF, Ley TJ. 2003. High-
penetrance mouse model of acute promyelocytic leukemia
with very low levels of PML-RARa expression. Blood 102:
1857-1865. doi:10.1182/blood-2002-12-3779

Wojiski S, Guibal FC, Kindler T, Lee BH, Jesneck JL, Fabian A,
Tenen DG, Gilliland DG. 2009. PML-RARa initiates leuke-
mia by conferring properties of self-renewal to committed pro-
myelocytic progenitors. Leukemia 23: 1462-1471. doi:10
.1038/1eu.2009.63

Yang XW, Wang P, Liu JQ, Zhang H, Xi WD, Jia XH, Wang KK.
2014. Coordinated regulation of the immunoproteasome sub-
units by PML/RARa and PU.1 in acute promyelocytic leuke-
mia. Oncogene 33: 2700-2708. doi:10.1038/onc.2013.224

Zhang SJ, Ma LY, Huang QH, Li G, Gu BW, Gao XD, ShiJY, Wang
YY, Gao L, Cai X, et al. 2008a. Gain-of-function mutation of
GATA-2 in acute myeloid transformation of chronic myeloid
leukemia. Proc Natl Acad Sci 105: 2076-2081. doi:10.1073/
pnas.0711824105

Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein
BE, Nusbaum C, Myers RM, Brown M, Li W, et al. 2008b.
Model-based analysis of ChIP-seq (MACS). Genome Biol 9:
R137. d0i:10.1186/gb-2008-9-9-r137

Zheng H, Xie W. 2019. The role of 3D genome organization in de-
velopment and cell differentiation. Nat Rev Mol Cell Biol 20:
535-550. d0i:10.1038/s41580-019-0132-4

GENES & DEVELOPMENT 17


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on April 22, 2022 - Published by Cold Spring Harbor Laboratory Press

=8 1-8-3

dlevelopment

In vivo temporal resolution of acute promyelocytic leukemia
progression reveals arole of Klf4in suppressing early leukemic

transformation

Gloria Mas, Fabio Santoro, Enrique Blanco, et al.

Genes Dev. published online April 21, 2022
Access the most recent version at doi:10.1101/gad.349115.121

Supplemental
Material

Creative
Corr_lmons
License

Email Alerting
Service

http://genesdev.cshlp.org/content/suppl/2022/04/20/gad.349115.121.DC1

Published online April 21, 2022 in advance of the full issue.

This article is distributed exclusively by Cold Spring Harbor Laboratory Press for the first
six months after the full-issue publication date (see
http://genesdev.cshlp.org/site/misc/terms.xhtml). After six months, it is available under a
Creative Commons License (Attribution-NonCommercial 4.0 International), as described
at http://creativecommons.org/licenses/by-nc/4.0/.

Receive free email alerts when new articles cite this article - sign up in the box at the top
right corner of the article or click here.

Use CRISPRmod for targeted

modulation of endogenous gene
expression to validate siRNA data

Published by © 2022 Mas et al.; Published by Cold Spring Harbor Laboratory Press


http://genesdev.cshlp.org/lookup/doi/10.1101/gad.349115.121
http://genesdev.cshlp.org/content/suppl/2022/04/20/gad.349115.121.DC1
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://genesdev.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gad.349115.121&return_type=article&return_url=http://genesdev.cshlp.org/content/10.1101/gad.349115.121.full.pdf
http://genesdev.cshlp.org/cgi/adclick/?ad=56352&adclick=true&url=https%3A%2F%2Fhorizondiscovery.com%2Fen%2Fapplications%2Fcrisprmod%2Fcrispri%3Futm_source%3DGDJournal%26utm_medium%3Dbanner%26utm_campaign%3DCRISPRMod%26utm_id%3DCRISPRMod%26utm_content%3DM
http://genesdev.cshlp.org/
http://www.cshlpress.com

