Regular Article

MYELOID NEOPLASIA

'.) Check for updates

@€ blood

The EMT regulator ZEB2 is a novel dependency of human and murine

acute myeloid leukemia

Hubo Li,"®* Brenton G. Mar,*** Huadi Zhang,' Rishi V. Puram,*® Francisca Vazquez,® Barbara A. Weir,®

William C. Hahn,*® Benjamin Ebert,*® and David Pellman’-3

"Howard Hughes Medical Institute, Chevy Chase, MD; 2Department of Pediatric Oncology, Dana-Farber Cancer Institute and Pediatric Hematology/
Oncology, Boston Children’s Hospital, Boston, MA; ®Department of Cell Biology, Harvard Medical School, Boston, MA; “Division of Hematology, Department
of Medicine, Brigham and Women’s Hospital, Harvard Medical School, Boston, MA; and 5Broad Institute of MIT and Harvard, Cambridge, MA

Key Points Acute myeloid leukemia (AML) is a heterogeneous disease with complex molecular
pathophysiology. To systematically characterize AML’s genetic dependencies, we

e ZEB2 is a top hit of 2 short
hairpin RNA screens for novel
AML dependencies.

e ZEB2 regulates differentiation
in AML.

conducted genome-scale short hairpin RNA screens in 17 AML cell lines and analyzed
dependencies relative to parallel screens in 199 cell lines of other cancer types. We
identified 353 genes specifically required for AML cell proliferation. To validate the in vivo
relevance of genetic dependencies observed in human cell lines, we performed a
secondary screen in a syngeneic murine AML model driven by the MLL-AF9 oncogenic
fusion protein. Integrating the results of these interference RNA screens and additional
gene expression data, we identified the transcription factor ZEB2 as a novel AML

dependency. ZEB2 depletion impaired the proliferation of both human and mouse AML cells and resulted in aberrant differentiation of
human AML cells. Mechanistically, we showed that ZEB2 transcriptionally represses genes that regulate myeloid differentiation,
including genes involved in cell adhesion and migration. In addition, we found that epigenetic silencing of the miR-200 family
microRNAs affects ZEB2 expression. Our results extend the role of ZEB2 beyond regulating epithelial-mesenchymal transition (EMT)
and establish ZEB2 as a novel regulator of AML proliferation and differentiation. (Blood. 2017;129(4):497-508)

Introduction

Acute myeloid leukemia (AML) is a complex, heterogeneous
disorder with poor prognoses. Treatment strategies against AML
have remained largely unchanged for the last 3 decades, with the
majority of patients eventually succumbing to relapse after
induction chemotherapy.'” The development of effective next-
generation therapeutic options against AML relies on mechanistic
understanding of AML biology, especially molecular regulators of
AML pathogenesis and genetic dependencies of AML proliferation
and differentiation.

Recent advances in genomic technologies have led to the
generation of large-scale cancer data sets, such as the Cancer
Cell Line Encyclopedia (CCLE)* and The Cancer Genome Atlas
(TCGA).* The former provides copy number, mutation, gene
expression, and pharmacologic profiling of >1000 cancer cell
lines, including 34 AML cell lines. The latter profiles copy number,
mutation, mRNA/microRNA expression, and methylation in >30
types of cancer samples, including 200 AML samples. These
studies have revealed numerous genes and microRNAs that are
altered in AML. However, a major challenge to interpreting these
findings is to establish the functional relevance of these genes for
AML and other cancers.

To address this challenge, we combined cancer genomic data with
in vitro and in vivo RNA interference (RNAI) screens to systematically
interrogate the genetic dependencies of AML. Massively parallel
pooled short hairpin RNA (shRNA) screens coupled with next-
generation sequencing deconvolution have yielded critical insights
into a wide range of cancers and have demonstrated the value and
feasibility of loss-of-function screening in cancer models. For example,
such screens have led to the discovery of genotype-specific dependency
such as ARIDIB in ARIDIA-mutant cell lines® and lineage-specific
dependency such as PAXS in ovarian cancer.® Corroborating in vitro
screens, Zuber et al’ screened 824 inducible shRNAs in a murine MLL-
AF9/Nras®"* model, and confirmed the in vivo requirement of an
essential gene, Rpa3.

In this study, we identified novel genes regulating AML pro-
liferation using in vitro genome-scale shRNA screens in multiple AML
cell lines with diverse subtypes, in addition to an in vivo secondary
screen in a syngeneic murine AML model driven by the MLL-AF9
oncogenic fusion protein. We established the transcription factor
ZEB2 as a previously unknown regulator of AML proliferation and
differentiation. Although ZEB?2 is best known for its role in repressing
E-cadherin and promoting epithelial-mesenchymal transition (EMT),?
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Figure 1. shRNA screens for genes uniquely required by AML cell lines for survival. (A) Schematic representation of data analysis workflow. One hundred ninety-seven
genes with =2 significant shRNAs were selected, and 214 genes with significant ATARIS scores were selected. The 2 lists have 58 overlapping genes and 353 genes in total.
(B) The 353 screen hits are enriched of genes highly expressed in CCLE AML cell lines based on GSEA.2° (C) Examples of screen hits that are frequently altered in AML or
required by AML cells for survival compared with non-AML cancer cell lines. Lines indicate mean. FDR, false discovery rate; NES, normalized enrichment score.

our investigation uncovered its critical roles in regulating AML
development.

Methods

shRNA screens

The human cell line screens were performed as described.”'® The Probablility
Analysis by Ranked Information Score (PARIS) module of GenePattern (http:/
genepattern.broadinstitute.org/gp) was used to analyze Project Achilles data
v2.4.3. The in vivo screen was performed as described.'"'? All experiments and
procedures were conducted in the Children’s Hospital Boston animal facility and
were approved by the Children’s Hospital Institutional Animal Care and Use
Committee on protocol 13-04-2393R. Briefly, 2 million quaternary transplanted
mouse leukemia cells were infected by shRNA lentivirus pools in 5 replicates,
and ~1.2 million cells were injected into sublethally irradiated mice 1 day after
infection. Infected cells were harvested at day 1 after infection, and bone marrows

were harvest at day 14 after transplant (see supplemental Methods, available on
the Blood Web site).

Cell culture, virus production, and infection

HL-60, THP-1, MOLM-13, THP-1, SKM-1, U-937, and KASUMI-1 cells were
cultured in RPMI-1640 supplemented with 10% fetal bovine serum and Pen/
Strep. Mouse leukemia cells were cultured in RPMI-1640, 10% fetal bovine
serum, 10 ng/mL interleukin 3 (IL-3), and Pen/Strep. Phorbol myristate acetate
treatment was carried out at a concentration of 100 ng/mL and a duration of 4
days. For lentivirus production, 293T cells were cotransfected with shRNA
or single guide RNA (sgRNA) plasmids, psPAX2 (Addgene), and pMD2.G
(Addgene). Virus was harvested 48 and 72 hours after transfection and
concentrated by PEG-it Virus Precipitation Solution (System Biosciences).
Spin infection was performed at 2500 rpm for 2 hours at 30°C. Polybrene
(8 wg/mL) was used for human cell lines, and 5 pg/mL polybrene, 10 ng/mg
IL-3, 10 ng/mL IL-6, and 20 ng/mL stem cell factor was used for mouse
leukemia cells during infection. See supplemental Methods for shRNA/
sgRNA sequences.
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Figure 2. Secondary shRNA screen for genes required by MLL-AF9 AML in vivo. (A) Schematic of secondary screen. MLL-AF9 transduced mouse granulocyte
monocyte progenitors were serially transplanted into recipient mice. Quaternary transplanted leukemia cells (c-Kit"CD34 " FCRyRII™) were sorted and infected with 3 pools of
shRNAs in 5 replicates and transplanted into sublethally irradiated mice. Pretransplant cells (day 0 sample) and day 14 bone marrow samples were sequenced to determine
shRNA representation. (B) Positive control shRNAs are significantly more depleted than negative control shRNAs. Shown is the median log, fold depletion of 5 replicates.

Lines indicate mean. ***P < .001, *P < .05, t test. (C) List of 13 screen hits.

Cell proliferation, apoptosis, and differentiation assays

For shRNAs in vectors encoding puromycin resistance, cells were selected with
puromycin for 72 hours, 48 hours after infection. Cells were subsequently seeded
in 96-well plates for serial passage. An aliquot of cells was taken at different time
points to analyze viability by the CellTiter-Glo assay (Promega). For shRNAs or
sgRNAs in green fluorescent protein (GFP) or RFP657 vector, cells were infected
at <70% efficiency, and the proportion of infected cells was monitored by
flow cytometry. At day 6 after infection, apoptosis was measured by the
allophycocyanin (APC) Annexin V Apoptosis Detection Kit (eBioscience), and
BrdU incorporation was determined by the APC or fluorescein isothiocyanate
5-bromo-2’-deoxyuridine (BrdU) Flow Kit (BD Pharmingen) according to the
manufacturer’s instructions. CD11b and other cell-surface markers were stained
with fluorophore-conjugated antibodies (BD Pharmingen) and analyzed by flow
cytometry at day 6 after infection. May-Grunwald-Giemsa staining was performed
in HL-60 cells 10 days after infection (see supplemental Methods).

RNA sequencing and gene set enrichment analysis

THP-1 and U-937 cells were infected with sShRNA lentivirus in GFP vector, and
GFP™ cells were sorted at 72 hours after infection. Immediately after sorting,
cells were pelleted and RNA was extracted with the RNeasy Plus Mini Kit
(Qiagen). A library was prepared with the Illumina TruSeq mRNA Sample
Preparation Kit using poly-A selection and strand-specific cDNA synthesis and
sequenced with 50-bp paired-end sequencing on an Illumina HiSeq.
Differentially expressed genes were analyzed by DESeq.'* Gene sets were
created for genes upregulated and downregulated by ZEB2 knockdown and
incorporated into the C6 collection of MsigDB (http://www.broadinstitute.org/
gsea/msigdb/). Sample permutation was used for microarrays with >7 samples

in =1 group, and gene set permutation was used for other microarrays (see
supplemental Methods).

Motif analysis

Motif analysis using MsigDB was performed by the Investigate Gene Sets tool.
For CisFinder and Regulatory Sequence Analysis Tools (RSAT) analysis,
promoter sequences of all human genes were downloaded from The Eukaryotic
Promoter Database (http://epd.vital-it.ch/), and promoters for ZEB2-regulated
genes were retrieved. Both analyses used sequences of ZEB2-regulated genes as
query and the same region of all human genes as background.

AML genomic data

Mutation, microRNA expression, and methylation data of TCGA AML samples
were downloaded from The Broad Institute TCGA GDAC Firehose (http:/gdac.
broadinstitute.org/) or University of California, Santa Cruz Cancer Genome Browser
(https://genome-cancer.ucsc.edu). mRNA expression data of CCLE was down-
loaded from the CCLE data portal (http://www.broadinstitute.org/ccle/home).

Results

Genome-scale shRNA screens identify genetic dependencies of
AML cell lines

To explore novel genetic dependencies in AML, we performed
genome-scale shRNA screens in 17 AML cell lines (supplemental
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Figure 3.
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Table 1) in parallel with screens in 199 cancer cell lines from other
tissue origins (Project Achilles),9 including 2 chronic myeloid leukemia
blast crisis (CML-BC) cell lines. To identify genes that were uniquely
required by AML cell lines for survival, we compared the ATARiS
(Analytic Technique for Assessment of RNAi by Similarity) scores'*
and individual shRNA fold depletions of the 19 AML and 2 CML-BC
cell lines (hereafter referred to as AML) to 197 other cancer cell
lines and identified 353 genes, including 214 genes with significantly
smaller ATARIS scores (false discovery rate [FDR] <0.001) and
197 genes targeted by =2 significantly depleted shRNAs (FDR <0.01;
Figure 1A; supplemental Table 2). Notably, these candidates were ex-
pressed at higher levels in AML cell lines compared with other cancer
cell lines from the Cancer Cell Line Encyclopedia (CCLE)? (Figure 1B)
and were enriched for genes involved in hematopoietic cell develop-
ment (supplemental Figure 1A), which suggest their functional
relevance for AML. Moreover, we found several genes that are
frequently mutated or translocated in AML, such as NRAS, FLT3,
CEBPA, PTPNI11, CBFB, and ABL],4 or genes known to be
required for AML, such as SPI],IS’16 MYB,17 HOXAQ,18 JMJD]C,19
EED,*® and KDMIA*'?* (Figure 1C; supplemental Table 2). The
screen also unveiled the specific dependency of FLT3 in MLL-
rearranged AML, and NRAS in NRAS mutant AML (supple-
mental Figure 1B). These observations identify a set of candidate
genes uniquely required for the proliferation and survival of AML
cell lines.

Validation of novel AML regulators by an in vivo
secondary screen

To validate the cell line screening results, we performed an in vivo
secondary screen with pooled shRNAs targeting the murine homologs
of the 37 top primary screen hits in a recently established MLL-AF9
xenotransplantation AML model'' (Figure 2A). These 37 genes were
among the top depleting genes in the primary screen (Project Achilles;
see supplemental Methods), prioritized for those that are highly
expressed in AML cell lines, mutated in cancer, or having viable
knockout mice. The in vivo screen was very sensitive given its high
read depth (supplemental Figure 2A) and high consistency between
replicates (supplemental Figure 2B-D). In all 3 pools, shRNAs targeting
positive control genes were significantly more depleted than those
targeting negative control genes (Figure 2B), suggesting that the screen
was capable of detecting genetic dependencies in mouse AML. We
selected genes that have =3 shRNAs depleted by >8-fold or =2
shRNAs depleted by >16-fold as hits. Four positive controls (Hoxa9,
Ctmnbl, Mef2c, and Myc) but none of the negative controls were
selected (supplemental Figure 2E). Among the 37 genes tested, 13 were
selected as hits (Figure 2C; supplemental Table 3). We focused on
ZEB2, a transcription factor that is known to promote EMT by
repressing epithelial cell—cell junction genes.*>**

AML cells are sensitive to ZEB2 depletion

ZEB?2 is highly expressed in AML cell lines compared to non-AML
cancer cell lines (Figure 3A), and is specifically required for the
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proliferation of AML cell lines compared to non-hematopoietic cancer
cell lines (Figure 3B). It is expressed at similar levels in MDS, major
genetic subtypes of AML,* and normal human stem and progenitor
cells but is downregulated in most differentiated myeloid cells®>=
(Figure 3C). These findings suggested to us that ZEB2 might be essential
in AML due to a role in the maintenance of hematopoietic cells in a less
differentiated state.

To validate ZEB2’s requirement in human AML cell lines, we
suppressed ZEB2 using 3 shRNAs, including one that was not used in
the screen (ZEB2-382). ZEB2 depletion, as determined by immuno-
blotting (Figure 3D), strongly impaired the growth of 4 different AML
cell lines, including 2 that were not in the screen (SKM-1 and U-937)
(Figure 3E). Similar growth inhibitory effects were observed in GFP-
labeled competitive proliferation assays for all 3 ZEB2 shRNAs
(supplemental Figure 3A).

shRNA screens are frequently confounded by seed sequence-based
off-target effects.?” To ensure the specificity of the shRNAs, we
generated “seed control”®® for the shRNA that showed the highest
knockdown efficiency (ZEB2-531), by introducing a 3-bp substitution
in the middle of the shRNA. As expected, the seed control (ZEB2-531-
sc) was no longer able to suppress ZEB2 (supplemental Figure 2B).
ZEB2-531 showed significantly more proliferation—inhibitory effects
compared with ZEB2-531-sc (Figure 3F; supplemental Figure 3C),
indicating that ZEB2 knockdown is sufficient to impair cell proliferation.
Further supporting these findings, we showed that CRISPR-Cas9—
mediated depletion of ZEB2 consistently impaired the proliferation of
AML cell lines (supplemental Figure 3E-F). These results establish
ZEB2 as a critical requirement for the proliferation of multiple human
AML cell lines.

We next sought to validate ZEB2’s requirement in mouse MLL-
AF9 AML cells. Four of 5 shRNAs targeting Zeb2 were significantly
depleted in the in vivo screen (Figure 4A), and the effects of sShRNAs
correlated well with the knockdown efficiency at mRNA and protein
level (Figures 4B-C), demonstrating the specificity of the screen’s
results. In vivo depletion of AML cells might be due to impaired cell
proliferation or impaired homing and engraftment to the bone marrow.
To evaluate whether Zeb2 depletion affects cell autonomous growth,
we cultured MLL-AF9 AML cells with IL-3 in vitro and infected them
with 4 shRNAs that efficiently knockdown Zeb2. Indeed, all sShRNAs
quickly decreased cell proliferation (Figure 4D). To corroborate the
shRNA results, we infected MLL-AF9 AML cells stably express-
ing Cas9 with 2 Zeb2 sgRNAs. As expected, both Zeb2 sgRNAs
quickly suppressed cell proliferation, whereas the control sgRNA
targeting firefly luciferase did not (Figure 4F). The sgRNAs
generated mutations at ~55% to 60% of Zeb2 genomic loci
(Figure 4E; supplemental Figure 4A-B), of which only ~20%
were frameshift. The lower-than-expected rate of frameshift
mutations suggests that functional in-frame mutations were
selected for, providing additional evidence that functional ZEB2
is required for AML survival. Importantly, the inhibitory effects of
Zeb2 sgRNAs were comparable to 2 Hoxa9 sgRNAs tested in
parallel, highlighting the critical dependency of mouse MLL-AF9
AML cells on Zeb2.

Figure 3. Human AML cell lines are sensitive to ZEB2 inhibition. (A) Box plot showing mRNA expression levels of ZEB1 and ZEB2 in CCLE?® cell lines, comparing AML
cell lines vs non-AML cancer cell lines. ***P < .001; n.s., not significant, ttest. (B) shRNA fold depletions of ZEB2 shRNAs in the human cell line screen. ***P < .001; n.s., not
significant, PARIS analysis.® (C) ZEB2 expression in hematopoiesis®® and AML.* Error bars indicate 5% to 95% percentile. (D) Immunoblotting of ZEB2 at day 6 after shRNA
lentivirus infection. (E) Viability of AML cells after ZEB2 knockdown. Error bars, standard deviation (SD) (n = 3). (F) Competitive proliferation assays of AML cells infected with
ZEB2 shRNA (ZEB2-531) and its seed control (ZEB2-531-sc). Graph shows normalized cell number as a percentage of the first time point (4 days after infection). Error bars,
SD (n = 3). AML_Complex, complex karyotype; AML_Normal, normal karyotype; CMP, common myeloid progenitor cell; GMP, granulocyte monocyte progenitors; HSC,
hematopoietic stem cell; Luc, shRNA targeting firefly luciferase; MDS, myelodysplastic syndrome; MEP, megakaryocyte-erythroid progenitor cell; MPP, multipotential
progenitors; PM, promyelocyte; PMN, polymorphonuclear cells; ZEB2-382, shRNA targeting ZEB2.
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Figure 5. ZEB2 suppression induces aberrant differentiation of human AML cells. (A) (Left) Flow cytometric analysis of side-scatter profiles and the expression of
CD11b, CD13, CD14, CD16, and CD16 in HL-60 and THP-1 cells infected with ZEB2-531 and its seed control (ZEB2-531-sc) at day 6. (Right) Quantification of results from
the left shown as average fold change of marker expression comparing ZEB2 shRNA (ZEB2-531) and seed control (ZEB2-531-sc). Error bars, SD (n = 3). (B) Representative
May-Grunwald-Giemsa staining of HL-60 and THP-1 cells at day 10 after infection. Original magnification X200; original magnification for insets xX400. (C) Flow cytometric

analysis of BrdU incorporation in HL-60 and THP-1 cells at day 6 after infection.

ZEB2 suppression induces aberrant differentiation in human
AML cells

Based on the differential expression of ZEB2 in AML and normal
hematopoietic stem and progenitor cells, compared with more
differentiated cells, we hypothesized that ZEB2 is required to maintain
hematopoietic cells in a stem/progenitor state and that its loss depletes
AML cells through differentiation. To investigate this, we transduced
well-studied AML models known for their differentiation potential,
HL-60, THP-1, and U937 cells, with sShRNA to ZEB2 (ZEB2-531) and
negative controls (ZEB2-531-sc and Luciferase).

Compared with the more “physiologic” differentiation induced by
phorbol myristate acetate treatment (supplemental Figure 6),%° ZEB2

knockdown led to aberrant differentiation in the AML cell lines tested,
as shown by increased expression of cell surface differentiation markers
such as CD11b, CD13, CD14, CD16, and CD66, as well as moderately
altered side-scatter profiles (Figure 5A; supplemental Figure 6).
Specifically, ZEB2-531 caused induction of CD11b, CD13, and
CD14 in both HL-60 and THP-1 cells, as well as an increase of CD16
and CD66 in HL-60 cells and CD11b and CD13 in U937 cells. These
changes corresponded with morphological alterations, with cells
becoming larger and more granulated (Figure 5B), but not clearly
differentiating into macrophages or neutrophils. Consistent with
differentiation, these cells had decreased proliferation based on BrdU
incorporation (Figure 5C). In addition, in MOLM-13 and SKM-1 cells,
the frequency of CD11b"“BrdU™ cells decreased, whereas
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Figure 6. ZEB2 directly represses genes involved in myeloid differentiation. (A) Motifs with the CACCTG sequence are enriched in the promoters of ZEB2KD"® genes
based on CisFinder analysis. (B) Enrichment of CTCCTG sequence in different genomic regions of ZEB2KD"P genes as analyzed by the oligo-diff tool of RSAT. (C) GSEA
shows that ZEB2KD"P genes with CACCTG sequence in their promoters are highly expressed in epithelial cells and downregulated during EMT triggered by E-cadherin
knockdown or TWIST/SNAIL/TGF-B1 expression. (D) ZEB2 coimmunoprecipitate with CtBP1, LSD1, HDAC1, and EHMT1 in THP-1 cells. TSS, transcription start site; FDR,
false discovery rate; NES, normalized enrichment score; IP, immunoprecipitate; SN, supernatant.

CD11b"€"BrdU- cells increased, suggesting decreased proliferation was
coupled with increased differentiation (supplemental Figure 5B). In
contrast, we did not observe a significant difference in apoptosis between
cells infected by ZEB2-531 and its seed control (supplemental
Figure 5A).

To further understand ZEB2’s role in differentiation, we in-
vestigated the transcriptional program regulated by ZEB2. To this end,
we performed RNA sequencing in THP-1 and U-937 cells at 72 hours
after shRNA infection. We identified 438 genes that are significantly
differentially expressed in both cell lines (supplemental Figure 5C).
Importantly, the log, fold change of these 438 genes are highly
correlated between the 2 cell lines (R* = 0.69, P < 1X107), suggesting
ZEB?2 regulates a common transcriptional program in AML.
Specifically, 283 genes were upregulated (ZEB2KD"P) and 144 genes
were downregulated (ZEB2KD®*") in both cell lines, whereas only 11

genes (2.5%) were affected in opposite directions (supplemental
Figure 7A). Gene set enrichment analysis (GSEA)™ suggests that
ZEB2KD" genes were significantly associated with granulocytic
differentiation®'*? (supplemental Figure 7B), an unexpected finding in
these monoblastic leukemia cell lines, which emphasizes the aberrant
nature of differentiation due to ZEB2 loss.

ZEB2 directly represses genes involved in
myeloid differentiation

We hypothesized that ZEB2 might regulate the level of key myeloid
transcription factors and modulate myeloid differentiation through
these genes. However, known transcription factors regulating
granulocytic differentiation, such as CEBPa/p/d/e/y/C, PU.1, GFI-1,
and LEF-1,%* were not among the 438 differentially expressed genes
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Figure 7. ZEB2-targeting miR-200 family miRNAs are epigenetically silenced in AML. (A) gPCR of ZEB2, miR-200b, and miR-200c in a panel of AML cell lines and
epithelial cancer cell line MCF-7. (B) Expression of miR-200 family members and ZEB2 in cancer samples from TCGA RNA-Seq data; expression level is shown as log, of
reads per kilobase of transcript per million mapped reads. (C) Methylation of DNA sequences upstream of miR-200c and miR-141 in TCGA AML samples. Red arrows indicate
the relative position of miR-200c and miR-141. Each dot indicates average level of methylation in all patients. (D) miR-200c is upregulated after 3 days of 5-aza treatment as
measured by gPCR. (E) Viability of AML cell lines after miR-200c and empty vector infection. Cells were seeded at day 6 after infection, and cell viability was measured at day
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on ZEB2 knockdown. An alternative mechanism is that ZEB2 directly
targets multiple downstream genes involved in differentiation. To test
this possibility, we searched for the enrichment of transcription factor
binding motifs in the promoters of genes regulated by ZEB2 using
MsigDB.*® Intriguingly, the highest-ranked motif in promoters of

ZEB2KD"P genes is CACCTG, whereas CACCT(G) is the known
binding motif of ZEB2 in the promoters of E-cadherin® and other
cell—cell junction genes.>* The CACCTG motif was not enriched in
promoters of ZEB2KD®*" genes (supplemental Figure 8A), suggest-
ing that ZEB2 regulates its direct targets mainly by transcription
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repression, which is consistent with its known role as a repressor.>*
We therefore focused on the promoters of ZEB2KD'"? genes and
confirmed that the highest ranked motif cluster contains CACCTG by
CisFinder® (Figure 6A; supplemental Figure 8B). Moreover, using
the oligo-diff tool of RSAT,*® we found that the CACCTG/CACCT/
ACCTG motifs are enriched in regions close to the transcription start
sites of ZEB2KD"P genes, but not distant regions (Figure 6B;
supplemental Figure 8C). Further supporting these results, we found
that ZEB2KD"P genes with =1 CACCTG sequence in their promoters
were enriched of genes that are expressed in human mammary
epithelial cells, but are downregulated during EMT induced by
E-cadherin knockdown, or TWIST/SNAIL/TGF-B1 expression,’”
which is consistent with ZEB2’s known role in repressing epithelial
genes and promoting EMT. Finally, these putative ZEB2 direct targets
were enriched of cell movement and adhesion genes, several of which
are granulocytic differentiation markers, such as ITGAM (CD11b),
MPO, and CEACAM6 (CD66¢), or genes that are required for
granulocytic differentiation, such as CSF3R** and COROIA*
(supplemental Figure 8D-E). Taken together, these observations
suggest that ZEB2 may directly suppress multiple genes that are
critical for myeloid differentiation.

We next asked how ZEB2 represses these targets in AML cells.
ZEB2 is a component of the CtBP corepressor complex*!' and directly
interacts with CtBP1.>* Several components of the CtBP complex,
such as CtBP1,*' G9a,*' EuHMT,*! and LSD1,** have been shown to
mediate the transcription repression of E-cadherin. We therefore tested
the interaction between endogenous ZEB2 and the CtBP complex.
Indeed, in THP-1 cells, ZEB2 coimmunoprecipitated with CtBP1 and
several other epigenetic enzymes of the CtBP complex, including
LSD1, HDAC, and EHMTI1 (EuHMT) (Figure 6D). Similar results
were obtained in U-937 cells (supplemental Figure 9). Small molecule
inhibitors of LSD1,>"** HDAC,* and G9/EuHMT*" have all been
shown to induce myeloid differentiation. Therefore, it is possible that
ZEB?2 recruits these epigenetic regulators to the promoters of genes
involved in myeloid differentiation and repress their transcription.

ZEB2-targeting miR-200 family miRNAs are epigenetically
silenced in AML

Given the critical role of ZEB2 in AML growth and differentiation, we
hypothesized that negative regulators of ZEB2 might be repressed
in AML. The major known negative regulators of ZEB2 are the
microRNAs (miRNAs) of the miR-200 family, which include miR-
141, miR-200a, miR-200b, miR-200c, and miR-429.® miR-200 family
members are expressed in epithelial cells but silenced in mesenchymal
cells, whereas ZEB2 has opposite expression pattern.® We quantified
the expression of miR-200b and miR-200c in parallel with ZEB2 in a
panel of AML cell lines by quantitative polymerase chain reaction
(qPCR). As expected, ZEB2 was highly expressed in AML cell lines but
almost absent in epithelial cell line MCF-7. Interestingly, the expression
levels of miR-200b and miR-200c were 60- to 900-fold lower in AML
cells than MCF-7 (Figure 7A). In fact, all 5 miRNAs in the miR-200
family were expressed at significantly lower levels in TCGA AML
samples* compared with samples of 10 types of carcinomas, whereas
the opposite trend was observed for ZEB2 (Figure 7B).

Repression of miR-200c and miR-141 in breast cancer cell lines is
mediated by promoter methylation.* We therefore analyzed the TCGA
AML 450k methylation data and found high levels of DNA methylation
in nearly all of the CpG probes upstream of miR-200 family. By
contrast, the promoter of a highly expressed miRNA, miR-150, was not
methylated in AML (Figure 7C; supplemental Figure 10). When
treated with DNA demethylating agent 5-aza-2'-deoxycytidine,
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miR-200c-3p was upregulated by three- to eightfold in 3 different
AML cell lines (Figure 7D). We next directly tested the role of
miR-200 on AML survival and focused on miR-200c as it is the
most abundant member of the family. Introduction of a pre-miR-
200c reduced the expression of ZEB2 protein and inhibited the
proliferation of HL-60, MOLM-13, and THP-1 cell lines compared
with an empty vector (Figure 7E-F). Likewise, mouse miR-200c
significantly impaired the proliferation of mouse leukemia cells
(Figure 7G). Taken together, these data suggest miR-200 family
members negatively regulate AML growth and are epigenetically
silenced in AML, which supports the role of ZEB2 as a positive
regulator of AML.

Discussion

Using an unbiased genome-wide RNA interface screen in human cell
lines coupled with an in vivo validation screen in a murine AML model,
we identified ZEB2 as a novel essential requirement in AML. Our
genome-scale human cancer screening data have also suggested that
ZEB2 plays critical roles in the pathogenesis of a variety of human
leukemias including AML, CML-BC, and B-cell acute lymphoblastic
leukemia.’ Indeed, ZEB2 overexpression was reported to enhance the
development of murine B-cell acute lymphoblastic leukemia driven
by the CALM-AF10 chimeric oncogene.*® ZEB2 has also been shown
to drive the development of human early T-cell precursor acute
lymphoblastic leukemia through enhanced cytokine signaling.*” Our
results demonstrate that ZEB2 is an ongoing, critical AML depen-
dency: specifically, ZEB2 depletion appears to terminate AML
proliferation by triggering aberrant differentiation via ZEB2’s
transcriptional repression of elements of a myeloid differentiation
gene expression program.

Itis interesting to consider the relationship between ZEB2’s role
in AML and its better-studied role in promoting the EMT. EMT
transcription factors such as SNAI1 and SNAI2 have been shown to
induce AML in mouse models,“g’49 although it is unclear whether
their roles in AML are related to EMT pathways. Our data reveal
that the transcriptional program regulated by ZEB2 in AML
significantly overlaps with the genes that are known to be
downregulated by ZEB2 during EMT?* (Figure 6C). In AML cells,
we have shown that ZEB2 depletion results in upregulation
of multiple cell adhesion and migration genes, such as integrins
(ITGAM, ITGB5S, ITGB7), Toll-like receptors (TLR6, TLR9), and
other neutrophil adhesion molecules (FPR2, SELPLG, ICAM3)
(supplemental Figure 6D-E). Consistent with our findings, in the
murine hematopoietic system, Zeb2 knockout induces cell adhesion
genes integrin 31 and Cxcr4, resulting in the retention of
hematopoietic stem cells in the fetal liver.?® Thus, much of
the ZEB?2 regulatory circuit in epithelial cells is preserved in
AML cells.

Indeed, we found that the regulatory control of ZEB2 by
microRNAs (miRNAs) is also preserved in AML. ZEB2 is
regulated by the miR-200 family miRNAs during EMT: miR-
200 miRNAs are highly expressed in epithelial cells where they
block ZEB2 expression, but are silenced in mesenchymal cells
where high ZEB2 levels directly repress miR-200 family
miRNAs, potentially leading to their promote methylation.®*’
Consistent with this double-inhibitory feedback loop, we showed
that ZEB?2 is expressed at high levels in AML and miR-200 at low
levels (Figure 3A). Notably, this reciprocal expression pattern
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of ZEB2 and miR-200 is also conserved in normal mouse
hematopoiesis.”®>°

ZEB?2 is required for embryonic hematopoiesis with embryonic
lethality,?® but remarkably, mice with Zeb2 knockout in adult
hematopoiesis survive for many months, albeit with differentiation
defects that lead to cytopenias (V. Janzen, personal communication, 19
April 2016). This complementary work both confirms ZEB2’s
important role in hematopoietic differentiation yet also raises the
possibility that a meaningful therapeutic window exists as our studies
show that there is a rapid differentiation of AML cells with Zeb2
knockdown within days to weeks. Determining the extent to which
there is a window for therapeutic Zeb2 inhibition needs to be
rigorously evaluated in future work.

Although transcription factors represent historically difficult drug
targets, recent reports have demonstrated that they can be selectively
targeted for degradation through specific recruitment of E3 ubiquitin
ligases. Lenalidomide, a small-molecule drug with clinical efficacy in
multiple myeloma, has been shown to cause selective degradation of
lymphoid transcription factors IKZF1 and IKZF3.°'"* As a further
proof of concept, this strategy has been used to rationally target and
degrade the leukemia essential protein, BRD4, via the conjugation of
the small-molecule BRD4 inhibitor JQ1 to the aryl ring of thalidomide.
This compound, dBET1, was shown to selectively target BRD4 for
proteasomal degradation by recruiting E3 ubiquitin ligases.>

In summary, using unbiased screens, we identified ZEB2 as an
essential gene in AML, with its loss leading to aberrant differentiation
and a block in proliferation. ZEB2 appears to directly suppress genes
critical for myeloid differentiation and itself is repressed by the
miR-200 family of microRNAs. This and other studies demonstrate that
ZEB?2 is a critical regulator of normal and malignant hematopoiesis, and
further studies are needed to study if a therapeutic window for targeting
may exist.
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