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leukemic cells from moribund mice can be maintained and expanded in vitro and these cells maintain
leukemogenicity even after extensive cell culture passaging (Fig S5D and S5E). Characterization of surface
marker expression in the bulk in vitro culture revealed sustained proliferation of CD34*CD16/32™CD11b°Gr1°
cells, whereas more differentiated cells in the clonal hierarchy did not grow (Fig. S5F). Thus, we purified this
leukemogenic precursor population (CD34'CD16/32"™CD11b Gr1") from wildtype and Tet2-knockout cultures
for analysis of chromatin accessibility by ATAC-seq.

diffTF analysis of AML cells with Tet2 knockout versus wildtype identified decreased TF activity of

members of the HoxB gene cluster including HOXB7 and HOXBS8 as well as the TFs MITF and STAT6 (Fig. 5A).
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In addition, we detected a pronounced attenuation of the two homeodomain TFs CDX4 and EVX1.
Importantly, the decrease of CDX4/EVX1 activity upon loss of TET2 was observed in both MPP cells and AML
cells suggesting that TET2 supports TF binding at these sites in both normal and malignant hematopoiesis
(Fig. 5A). Due to the similarity of their reported DNA binding motif, the effects of CDX4 and EVX1 are difficult
to distinguish based on binding site predictions (Fig. 5B). To disentangle their effects, we performed
guantitative RT-PCR and found similar expression levels of CDX4 mRNA in wildtype and Tet2 deleted LSK cells,
whereas expression of EVX1 was not detectable in either (Fig. 5C). In addition, we observed similar levels of
CDX4 protein expression in wildtype and Tet2-null AML and ES cells (Fig. 5D and 5E). Finally, a role for CDX4
has been described in early hematopoietic development in the embryo as well as adult hematopoiesis (Bansal
et al. 2006; Wang et al. 2008; Koo et al. 2010; Rawat et al. 2012; McKinney-Freeman et al. 2008), whereas
EVX1 has yet to be implicated in these processes. Hence, we conclude that the reduced accessibility at
predicted CDX4/EVX1 sites in hematopoietic cells most likely stems from loss of CDX4 binding upon loss of
TET2. Reduction of CDX4 activity furthermore occurs predominantly at promoter-distal regions (Fig. S4A see
"AML.ProDistal") and is observed at sites of TET2 binding in AML cells (Fig. S4A see "AML.ChIP"). To assess
the functional role of the altered TF activity, we analyzed the relationship between TF activity differences
reported by diffTF and the differential expression pattern of predicted target genes in proximity to the TF
binding sites using RNA-seq data from MPPs. Importantly, we observed an overall decrease of CDX4/EVX1
target gene expression thus confirming the role of CDX4 as an activator of gene expression (Fig. S6E).

To investigate whether chromatin recruitment of CDX4 is promoted by catalytic activity-dependent
or -independent functions of TET2, we transduced AML cells with lentiviruses (LVs) expressing wildtype and
a catalytic dead (HxD) version of the TET2 catalytic domain (Fig. 5F). We then quantified chromatin
accessibility in predicted CDX4 binding sites by ATAC-seq. Despite higher expression of TET2-HxD compared
to TET2-WT in the Tet2 knockout cells (Fig. 5G), only TET2-WT was able to partially rescue CDX4 binding as
indicated by increased chromatin accessibility at a subset of predicted binding sites (left tail) (Fig. 5H). This
was furthermore confirmed by an overall increase in chromatin accessibility in cells expressing TET2-WT
compared to cells expressing TET2-HxD (Mann-Whitney non-parametric, P = 0.0024) (Fig. 5H). Thus, we

conclude that the catalytic activity of TET2 is necessary to sustain chromatin accessibility at a subset of
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predicted CDX4 binding sites, and that this, most likely, occurs by modulation of DNA methylation in the local

chromatin environment to support CDX4 chromatin binding.

Decreased CDX4 chromatin occupancy in Tet2 knockout ES cells

The lack of ChIP-grade antibodies for CDX4 makes it difficult to directly assess its chromatin occupancy in
hematopoietic cells. This prompted us to investigate Tet2-dependent CDX4 chromatin binding in ES cells, a
cell type with a well-described role for CDX4 in promoting hematopoietic differentiation (Wang et al. 2008;
McKinney-Freeman et al. 2008). We engineered a mouse ES cell line on a Tet2"". Rosa26-Cre* ™ genetic

background with stable expression of murine CDX4 with two copies of the FLAG tag (2xFL). This enables
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Figure 6: Decreased CDX4 chromatin occupancy in Tet2-deficient ES cells.

(A) Western blot for 2xFL-tagged CDX4, TET2, and Vinculin loading control in Tet2""; Rosa26+*°£"™> embryonic stem cells. Treatment with 4-OHT induces Cre-mediated
deletion of full-length TET2. Asterix denotes the N-terminal fragment of TET2 that is stably expressed after the catalytic domain in exon 11 has been deleted (Quivoron et al.,
2011). (B) Heat maps of CDX4 ChlIP-seq signal in ES cells with and without stable expression of 2xFL-CDX4 and inducible deletion of Tet2. The vertical axis contains all
CDX4-enriched regions and is ordered by decreasing differential enrichment in Tet2-deficient cells versus wildtype cells expressing 2xFL-CDX4. The mean CDX4 ChlIP-seq
signal for each cell line is shown below. (C) Representative ChIP-seq tracks showing loss of CDX4 ChlP-seq signal upon 4-OHT induced deletion of Tet2 at a region co-bound
by CDX4, TET2 and p300 in ES cells. (D) Box plot showing log10 of Reads Per Kilobase Million (RPKM) in top 500 CDX4 sites with decreased reads (down) or increased reads
(up) upon ablation of Tet2. Box whiskers represents 10-90th percentile. *, P < 0.0001 (paired two-tailed Student's t-test). (E) Histogram indicating the subset of CDX4 binding
sites as in (D) that overlap with a called TET2 peak (all 26,512 peaks) in ES cells. *, P < 0.0001 (Fisher's exact test). (F) Plots showing the average TET2 ChIP-seq signal in
the subset of CDX4 binding sites as in (D and E). TET2 is robustly associated with CDX4 sites that show a decrease in chromatin occupancy upon ablation of Tet2 (down)
compared to control regions (up) using both TET2-N (upper panel) and FLAG M2 epitopes (lower panel). (G) Pie chart (left panel) showing the average change in DNA methyla-
tion (5mC) upon Tet2 knockout in ES cells in CDX4 binding sites +/- 250bp. Only CpG sites covered by >10 reads were included in the analysis. Scatter plot (right panel) showing
individual CpGs in CDX4 binding sites with significantly (g-value < 0.05, min. diff. 10%) altered DNA methylation upon knockout of Tet2in ES cells.
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analysis of CDX4 chromatin occupancy before and after inducible deletion of Tet2 by addition of 4-
hydroxytamoxifen (4-OHT) (Fig. 6A). ChIP-seq analysis identified a total of 13,977 enriched regions in 2xFL-
CDX4 expressing cells compared to the parental cells without 2xFL-CDX4 expression (Fig. 6B). As a quality
control, we analysed DNA sequences at CDX4 enriched regions by TF DNA-binding motif enrichment analysis.
The top enriched motif (E-value = 1.1e-529) was highly similar to the DNA binding motif of the ParaHox class
of TFs (Cdx1, Cdx2, and Cdx4), thus providing an independent validation of the ChlIP results (Fig. S6F).

Next, we evaluated the ChIP signal within CDX4 peaks after Tet2 deletion. Although the effect on
CDX4 binding sites was highly locus-specific, we found an overall loss of CDX4 chromatin occupancy upon
Tet2 knockout, and quantification revealed a decrease in normalized read counts at a majority of CDX4-bound
regions (~83%) (Fig. 6B). An illustrative example of loss of CDX4 binding is shown for an enhancer region co-
bound by CDX4, TET2 and p300 in ES cells (Fig. 6C). To test for a direct effect of TET2, we selected the top
and bottom 500 regions with the strongest loss and gain of CDX4 binding, respectively (Fig. 6D), and
overlapped these with TET2 binding sites in ES cells. Importantly, we found a significantly higher overlap of
TET2-positive regions (Fig. 6E) as well as normalized read counts (Fig. 6F) in regions with loss of CDX4 binding
compared to the control (Up) region set. Finally, assessment of DNA methylation changes using a previously
published genome-wide analysis of DNA methylation in Tet2 knockout ES cells (Hon et al. 2014),
demonstrated that the majority of CDX4 binding sites are DNA hypermethylated upon ablation of TET2 (Fig.
6G). Together with the diffTF analysis, these results provide strong evidence that CDX4 chromatin occupancy

is adversely affected by Tet2 knockout likely through an increase in DNA methylation at CDX4 binding sites.

DISCUSSION

While DNA methylation landscapes in TET2-mutated cells have been extensively characterized (Ko et al. 2010;
Asmar et al. 2013; Hon et al. 2014; Rasmussen et al. 2015; Yamazaki et al. 2015), much less is known about
the functional consequences that ultimately drive hematopoietic stem cell expansion and malignancy. Here,
we resolve the inconsistency between regions reported to be bound by TET2 (Chen et al. 2013; Deplus et al.
2013; Peng et al. 2016) and those affected by TET2 catalytic function. We show that TET2 is predominantly

recruited to promoter-distal regions of open chromatin, including enhancers. Therefore, it is likely that it is
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epigenetic perturbation of these elements that results in dysregulated hematopoiesis of TET2-mutated stem
cells, possibly through pleiotropic effects on many genes that together derail homeostasis and
differentiation. Interestingly, a recent study has reported a direct biochemical interaction between the
histone acetyltransferase p300 and TET2 (Zhang et al. 2017). In ES cells, we find that approximately half of
high-confidence TET2 binding sites co-localize with p300-enriched regions (Fig. 1A) and nearly half of all p300-
enriched regions show evidence of TET2 binding (Fig. S2B). Taken together these results may suggest that
p300 is involved in recruiting TET2 to chromatin through direct protein-protein interactions. However, a
direct validation of this, as well as a comprehensive analysis of the role of additional potential recruiters,
such as WT1 (Rampal et al. 2014; Wang et al. 2015), remain an area of active investigation.

To dissect the impact of TET2 loss in hematopoiesis, we investigated genome-wide changes in
enhancer function using chromatin accessibility as a measure of activity in a native chromatin context. We
report widespread changes, of which a majority of differentially open regions in all tested cell types, except
GMP, were less accessible upon ablation of TET2 (Fig. S4B). This is consistent with a recent study showing
that most DNA methylation-sensitive regulatory elements (~88%) are inhibited by DNA methylation (Lea et
al. 2017). To perform an unbiased analysis of TF signatures that were globally enriched or depleted, we
developed a novel computational tool, diffTF, to assess differential TF binding from ATAC-seq profiles (Berest
et al, in revision). Importantly, we could detect signatures of aberrant activity of several hematopoietic TFs
in model systems of CH/CCUS and AML (Fig. S4A). It should be noted that additional TF binding events that
were not identified in this study may also require TET2 activity; however, such TFs may not show strong
global differences or are not detected from analysis of chromatin accessibility alone (e.g. because they lack
a known binding motif).

We found decreased activity of the regulator of hematopoietic development, CDX4 (Bansal et al.
2006; Wang et al. 2008; Koo et al. 2010; Rawat et al. 2012; McKinney-Freeman et al. 2008), in the absence
of changes in CDX4 mRNA or protein levels, in both native and malignant TET2-deficient hematopoiesis. Thus,
this suggests that TET2 promotes CDX4 chromatin binding, and hence CDX4-driven gene expression. In
support of this, we could detect a decreased expression of CDX4/EVX1 target genes in MPP cells upon

ablation of TET2 (Fig. S6E). In addition, we show that the catalytic activity of TET2 is required for CDX4 TF
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activity and demonstrate that loss of CDX4 chromatin binding in TET2-null ES cells coincides with increased
DNA methylation. It should be noted that the functional outcome of a DNA hypermethylation event caused
by impaired TET2 function is likely to be strongly influenced by locus-specific factors such as CpG density and
positioning, chromosomal conformation, properties of bound chromatin factors as well as redundant and/or
combinatorial enhancer function. Accordingly, only a small fraction of predicted CDX4 binding sites (~2.5%)
contained a CG dinucleotide in their motif. This suggests that it is aggregate remodeling of the chromatin
environment in and around the binding site, and not only direct DNA methylation at the motif, that disfavors
CDX4 binding. Thus, our results support a model by which TET2 recruitment and catalytic functions are
necessary to shape the chromatin structure for permissive TF binding at a majority of CDX4-bound enhancers
in hematopoietic cells. The precise molecular events that culminate in loss of CDX4 binding at these sites
remain to be determined.

Frequent mutations in the DNA methylation machinery have been found in patients suffering from
hematological diseases as well as solid cancers (Rasmussen and Helin 2016). Yet, whether DNA methylation
is causally involved in shaping gene expression patterns, rather than passively mirroring transcriptional
states, is still a matter of debate (Schiibeler 2015). Here, we present data in support of a role of TET2-
mediated cytosine modifications at enhancers to facilitate TF binding and fidelity of target gene expression
in hematopoietic cells. Rather than being an obligate activator, TET2 functions to reinforce binding of some
TFs and contributes in this manner to enhancer activity and gene expression. Analysis of chromatin
maturation after replication fork passage has indicated that open chromatin at cell-type specific enhancers
are only slowly re-established through competition of TFs with newly deposited nucleosomes
(Ramachandran and Henikoff 2016). Thus, cells that naturally divide rapidly and must undergo coordinated
cell state transitions (e.g. hematopoietic stem and progenitor cells) may be particularly sensitive to epigenetic
disturbances of TF binding kinetics. Comprehensive analysis of enhancer function in TET2-mutated
hematopoiesis will foster a greater understanding of the role of epigenetic dysregulation in disease and may

lead to discoveries of potential clinical significance.

METHODS
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Full description of methods and reagents used in this study can be found in the supplemental methods

section.
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