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SUMMARY
The methylcytosine hydroxylase Tet2 has been implicated in hematopoietic differentiation and the
formation of myeloid malignancies when mutated. An ideal system to study the role of Tet2 in
myelopoeisis is C/EBPa induced transdifferentiation of pre-B cells into macrophages. Here we
found that C/EBPa binds to upstream regions of Tet2 and that the gene becomes activated. Tet2
knockdowns impaired the upregulation of macrophage markers as well as phagocytic capacity,
suggesting that the enzyme is required for both early and late stage myeloid differentiation. A
slightly weaker effect was seen in primary cells with a Tet2 ablation. Expression arrays of
transdifferentiating cells with Tet2 knockdowns permitted the identification of a small subset of
myeloid genes whose upregulation was blunted. Activation of these target genes was accompanied
by rapid increases of promoter hydroxy-methylation. Our observations indicate that Tet2 helps C/
EBPa rapidly de-repress myeloid genes during the conversion of pre-B cells into macrophages.
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INTRODUCTION
The methylation of cytosines is a well-studied mechanism to stably repress gene expression
(Reik, 2007). While the enzymes involved in the establishment and maintenance of
methylated cytosines (MeC) have been studied for many years, enzymes with the potential
to remove or modify the mark were only recently discovered (Wu and Zhang, 2010). For
example, activation-induced cytidine deaminase (AID) has been shown to remove the
methyl-cytosine mark through an intermediate involving the DNA mismatch repair
machinery (Rai et al., 2008). In contrast, the Ten-eleven translocation (Tet) family of
dioxygenase enzymes can hydroxylate the methyl group, resulting in hydroxymethylated
CpGs (OH-MeC) (Tahiliani et al., 2009). Of the three members of the Tet family, Tet2 is
highly expressed in the hematopoietic system and peaks in macrophages (Ko et al., 2010).
Tet2 mutations have been described in several types of hematopoietic disorders (Tefferi,
2010), including acute myeloid leukemia (AML), chronic myelomonocytic leukemia
(CMML), and myelodysplastic syndrome (MDS) (Langemeijer et al., 2009; Tefferi et al.,
2009). Several of these mutations have been directly linked to Tet2 loss of function with
coordinated reductions in genome-wide hydroxymethylation (Figueroa et al., 2010; Ko et
al., 2010). Studies of Tet2−/− mice revealed expansion of the hematopoietic stem cell
compartment, biased differentiation down the myelomonocytic lineage, as well as myeloid
cell transformation resembling MDS (Moran-Crusio et al., 2011; Quivoron et al., 2011).
Therefore, Tet2 plays important functions in the steady-state maintenance of hematopoietic
stem cells as well as in commitment to the myeloid lineage. However, the mechanism by
which Tet2 functions remains largely elusive and target genes have not yet been described.

Several hypotheses have been proposed to explain the function of OH-MeC residues. First,
they might neutralize the silencing potential associated with MeCs since the modification
prevents association with methyl-binding domains (MBDs) (Jin et al., 2010; Valinluck et al.,
2004). Second, a role for the mark in regulating the steady-state fidelity of DNA methylation
has been proposed (Williams et al., 2011). Third, OH-MeC might serve as a docking site
itself to recruit additional transcription regulators (Yildirim et al., 2011). Finally, the
modification might represent an intermediate to complete demethylation, such as mediated
by DNA damage repair mechanisms (Wu and Zhang, 2010). Evidence in support of each of
these possibilities has been reported, with the majority of studies carried out in ES cells.
However, if Tet2 mediated OH-MeC plays an important role in gene activation remains to
be determined.

We have previously described the CCAAT/enhancer binding protein alpha (C/EBPa)
induced conversion of pre-B cells into functional macrophages (Bussmann et al., 2009; Xie
et al., 2004). Transdifferentiation occurs between homogenous populations of cells within a
matter of days, with essentially 100% efficiency and involving a single cell division
(Bussmann et al., 2009; Xie et al., 2004). Here we have used a beta-estradiol (bEst)
inducible pre-B cell line (called C10 or C11) in a knockdown approach to address the
function of Tet2 in myeloid cell fate decisions. We found that C/EBPa activates Tet2 and
that expression of the gene is necessary for rapid and complete transdifferentiation. Gene
expression analysis revealed the misregulation of nearly 100 genes of which the majority
represented myeloid genes with impaired activation. Tet2 directly binds to the methylated
promoters of its target genes, resulting in hydroxylation and correlating with the genes’
strong activation. Our findings suggest a mechanism by which repressed genes may become
activated during transdifferentiation.
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RESULTS
C/EBPa activates Tet2 during B cell to macrophage transdifferentiation and binds to sites
upstream of the gene

B cell to macrophage transdifferentiation occurs amidst a dynamic landscape of expression
changes encompassing thousands of genes, including the upregulation of myeloid genes that
are completely silenced in the starting cell population (Bussmann et al., 2009). In a previous
study we found that the genome wide distribution of DNA methylation remained largely
unaltered during transdifferentiation (Rodriguez-Ubreva et al., 2011). However, it seemed
possible that a conversion of MeC to OH-MeC by Tet enzymes plays a role in the gene
expression changes that accompany the lineage switch. We therefore decided to analyze the
role of these enzymes during pre-B cell to macrophage transdifferentiation. Our gene
expression array data (Bussmann et al., 2009) revealed that Tet2 is upregulated
approximately 4 fold during bEst induced reprogramming of C10 cells (data not shown).
This was validated by qRT-PCR confirming the rapid upregulation of Tet2 and revealing it
to be the major Tet enzyme expressed in the system when compared to Tet1 and Tet3
(Figure 1A). We next investigated whether C/EBPa directly associates with Tet2 regulatory
elements in transdifferentiating cells. For this purpose, we performed chromatin
immunoprecipitation (ChIP) experiments in uninduced, 9h-induced and 15h-induced cells.
We directed our analysis at the Tet2 promoter (Figure 1B, region 1), as well as two upstream
regulatory elements that are highly conserved between mouse and human and have been
previously implicated in Oct4-mediated Tet2 regulation in ES cells (Figure 1B, regions 2
and 3) (Koh et al., 2011). C/EBPa was not enriched at any of these sites in the uninduced
pre-B cell line (Figure 1C, blue bars). However, at 9h post-induction (p.i.) C/EBPa bound to
both enhancer regions and became further enriched at 15 hours at the region 3 (Figure 1C,
red and green bars) while the promoter remained negative at all time points. These data
show that Tet2 is upregulated during pre-B cell to macrophage transdifferentiation and
suggests that C/EBPa directly mediates this through binding to upstream regulatory
elements.

Knockdowns of Tet2 impair B cell to macrophage transdifferentiation
To assess the functional relevance of the C/EBPa-induced upregulation of Tet2 we infected
C10 cells singly or in combination with two different knockdown constructs (shTet2kd1-
puro and shTet2kd2-puro lentiviruses) followed by puromycin selection. Each shRNA
construct alone resulted in an approximately 40% reduction of Tet2 mRNA levels whereas
their combination led to an 80% reduction (Figure S1A) without affecting Tet1 and Tet3
(Figure S1B). Then we induced the cells with bEst and monitored the expression of Mac-1
and CD19 at 0h and 48h p.i. While the macrophage marker Mac-1 became expressed in
about 90% of control cells after 48 hours, this proportion was reduced by approximately
35% in cells expressing either shTet2kd1 or shTet2kd2, and by 55% in cells with both
constructs (Figure S1C, left panel). The observed complementation of the Tet2 knockdowns
suggests that their effects do not represent an off target artifact. In contrast to Mac-1
upregulation, silencing of the B-cell marker CD19 was not affected (Figure S1C, right
panel). To determine whether the effect on Mac-1 represents a block or a delay in
macrophage marker expression, cells were induced with bEst and analyzed by FACS at 24-
hour intervals (Figure 2A and S1D). These experiments again showed that the combined
knockdown constructs (herein referred to as Tet2 kd) resulted in a striking reduction in
Mac-1 expression levels that persisted throughout the five-day time course (Figure 2B, left
panel) while CD19 downregulation was not affected (Figure 2B, right panel). The reduction
of Mac-1 expression levels as determined by mean fluorescence intensity analysis was
accompanied by an approximately 1-day delay of Mac-1 upregulation (Figure 2A & S1D),
with the 48h time point showing the largest difference in Mac-1 positive versus Mac-1

Kallin et al. Page 3

Mol Cell. Author manuscript; available in PMC 2013 October 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



negative cells (Figure 2A, red box). The kd cells also differed from control 5 day-induced
cells by a more rounded morphology and fewer filopodia (Figure 2C). To test for
macrophage functionality we performed a phagocytosis assay by incubating 3 day-induced
and 5 day-induced C11 cells with or without Tet2 kd for 2 hours in the presence of green-
fluorescent 1 micron beads, followed by removal of free beads and FACS analysis. Fewer of
the kd cells were able to ingest the beads when compared to control induced cells at both
time points assayed (Figure 2D) and similar observations were made with bacteria as a
substrate (data not shown). Since we could not distinguish between cells expressing only
one or both sh constructs it is possible that the more inhibited cells correspond to the sub-
population containing both knockdown constructs. Our results show that Tet2 kds cause a
partial inhibition of C/EBPa induced transdifferentiation by reducing myeloid marker
upregulation as well as the ability to phagocytose bacteria in transdifferentiated cells.

To determine whether our Tet2 kd constructs affect myeloid differentiation, we sorted
LinnegKitposSca-1posFlt3pos bone marrow progenitors (Adolfsson et al., 2005) and infected
them with either shTet2kd2-egfp or sh control-egfp viruses. After one day in culture GFP+

cells were sorted and 60 single cells each were distributed into 96 well plates containing S17
stromal cells in media supplemented with GM-CSF, IL3, Flt3l, and IL7. At day 10
approximately 60% of the wells showed clonal expansion, revealing a significant increase
upon Tet2 kd in the proportion of Gr-1/Mac-1 double negative cells (DN; Wilcoxon test
P=0.01) as well as of immature myeloid cells (Mac-1lo; Wilcoxon test P=0.03) and a
concomitant reduction in the proportion of mature macrophages (Mac-1hi, Wilcoxon test
P=0.04). In addition, Gr-1/Mac-1 double positive cells, consisting of granulocytes and
macrophages, showed a slight reduction (Figures S1E, F). Together, these observations
indicate that a knockdown of Tet2 in hematopoietic progenitor cells results in a block of
myeloid differentiation, supporting earlier studies (Figueroa et al., 2010; Moran-Crusio et
al., 2011) and further validating the knockdown constructs used.

To unequivocally rule out off-target effects that may be associated with the knockdown
approach, we performed transdifferentiation assays with Tet2−/− and wild type pre-B cells.
To this end, CD19 positive cells were isolated from the bone marrow of knockout mice
(Moran-Crusio et al., 2011) as well as from wild type littermates and infected with C/
EBPaER-hCD4 retrovirus. Two days later CD19+hCD4+ cells were sorted, induced to
transdifferentiate and monitored by FACS for the expression of surface markers. Similar to
the kds described above, Tet2−/−B cells upregulated Mac-1 to lower levels than control cells
with no appreciable differences in CD19 downregulation (Figure 2E). However, the effect of
Tet2 loss of function was less dramatic as compared to the cell line. This may be attributed
to compensation by Tet3, which is also expressed in the primary cells and becomes further
upregulated following bEst induction (Figure S1G). Alternatively, it might be due to the
increased DNA methylation associated with cultured cell lines (Weber et al., 2005). Our
data reveal that Tet2 knockdowns partially inhibit the generation of the macrophage
phenotype in a pre-B cell line induced to transdifferentiate by C/EBPa and show that
primary cells with a complete knockdown also exhibit striking but smaller differences in
Mac-1 upregulation.

Tet2 knockdowns impair activation of myeloid target genes
The observed effects of Tet2 disruption on immune cell transdifferentiation prompted us to
search for gene expression defects during the process. We therefore performed a microarray
analysis of RNAs derived from control and Tet2 kd cells at 0 and 24h p.i. To explore the
effect of Tet2 knockdowns on genes that are specifically modulated during
transdifferentiation we first selected microarray probes that were up or downregulated ≥2
fold in control cells at 24 hours compared to uninduced cells, revealing 1586 upregulated
and 1546 downregulated genes (Data S1). Of the downregulated genes, only eleven were
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misregulated in Tet2 kd cells ≥1.5 fold at 24h p.i. (Fig. 3A, Data S1). In contrast, within the
upregulated cohort 88 unique genes were affected by Tet2 kd at 24h p.i. Fifty-eight of these
genes were less expressed in kd cells and 30 were more expressed compared to controls
(Figure 3A). We decided to concentrate on the group of 58 genes whose expression was
delayed because they were more strongly affected and represented the predominant
subgroup. A gene ontology analysis revealed that the top enriched terms associated within
this cohort of misregulated genes (designated as Tet2 responsive genes) were ‘Immune
response’, and ‘Response to virus’ (Benjamini corrected P = 3.7e-5 and 1.2e-2, respectively)
(Figure 3B). The median centered expression value of a representative selection of Tet2
responsive genes in control and Tet2 kd cells is shown for 0h and 24h p.i. in Figure 3C. The
expression defects detected by microarray were confirmed by qRT-PCR in 20 of the 22
genes assayed, including Ahnak, Itgb2, Mmp13, Fosl2 (Fra-2), Mmp8, and Hal (Figure 3D,
Figure S2A). Several of these genes are known to play a role in macrophages, such as
integrin β2, which is the partner of the α chain of Mac-1; Fosl2, which is essential for the
function of the macrophage-related osteoclasts (Bozec et al., 2008); MMP13, which has
been shown to be produced by scar associated macrophages (Fallowfield et al., 2007); and
MMP8, which is produced by myelomonocytic precursors (Prikk et al., 2001). In contrast,
no macrophage functions have been described for Ahnak and Hal, a histidine ammonia-
lyase. Of note, Tet2 kd did not impair the upregulation of several other genes known to be
important for macrophage function, such as Csf1r, Lyz1 and Fcgr4 (Figure 3C, right panel).
We refer to this group as ‘Tet2 unresponsive genes’. Together, our results indicate that Tet2
function is critical for the full activation of >50 genes that become upregulated during pre-B
cell to macrophage transdifferentiation.

Tet2 binds to the promoter of genes impaired by the knockdowns
To address whether the genes displaying incomplete activation upon Tet2 kd are direct
targets of Tet2, we performed ChIP experiments with control and Tet2 kd C10 cells induced
for 24 hours. After immunoprecipitation with anti-Tet2 antibody, qPCR was performed
using primers specific for the promoters of several Tet2 responsive genes. A gene desert
region and the promoter of a Tet2 unresponsive gene (Rasgrf1) were used as negative
controls. These experiments revealed specific Tet2 enrichment at the promoters of Itgb2,
Fosl2, Mmp8 and Hal (Figure 4A, Figure S3A, blue bars). In contrast, we did not observe
Tet2 binding at the gene desert control nor at the promoters of Rasgrf1 and the Tet2
responsive genes Ahnak and Mmp13. Perhaps in the latter Tet2 binding is at regions outside
of the proximal promoters assayed here or they might be indirectly affected. Tet2 binding to
the four target genes was found by ChIP assay to be significantly reduced in Tet2 kd cells
induced for 24 hours. (Student’s t-test: Hal, P=0.006; Itgb2, P=0.00016; Fosl2, P=0.0012;
Mmp8, P=0.0052)(Figure 4A, Figure S3A, red bars) while no Tet2 signal above background
was detected in uninduced pre-B cells (Figure 4A). In addition, the four target genes also
exhibited decreased expression in pre-B cells from Tet2 knockout animals induced to
transdifferentiate for 24 hours compared to Tet2+/+ cells (Figure S3B). These results show
that Tet2 binds directly to the promoters of several of the Tet2 responsive genes studied.

Promoters of upregulated Tet2 target genes are enriched for OH-MeC
If the enzymatic activity of Tet2 played a role in the activation of myeloid target genes we
would expect to see an enrichment of OH-MeC within their promoters after induction of
transdifferentiation. To assay for the appearance of OH-MeC at Tet2 targets, we performed
OH-MeC DNA immunoprecipitation (OH-meDIP) experiments followed by qPCR, using
the same primers as for the Tet2 binding assays. DNA was extracted from uninduced and
24-hour induced control and Tet2 kd cells, immunoprecipitated using an antibody specific
for the OH-MeC modification (Figure S3C), and the samples analyzed by qPCR. As a
background control we included primers that recognize the promoter region of the Gapdh
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gene. We observed a 2 to 4-fold enrichment of OH-MeC at target gene promoters in cells
induced to transdifferentiate for 24 hours compared to uninduced cells (Figure S3D). This
enrichment was Tet2 dependent as it was significantly reduced in Tet2 kd cells (Student’s t-
test: Itgb2, P=0.012; Fosl2, P=0.036; Mmp8, P=0.009; Hal, P=0.021) (Figure S3E). In
contrast, in uninduced cells the Tet2 target gene promoters showed little OH-MeC
enrichment compared to Gapdh (Figure S3D). These data demonstrate that promoter
hydroxymethylation accompanies the Tet2 dependent activation of myeloid target genes.

To investigate the timing of gene upregulation relative to Tet2 binding and OH-MeC
enrichment, we chose Hal and Itgb2 since these two Tet2 target genes gave the highest level
of OH-MeC enrichment compared to background controls in OH-meDIP experiments
(Figure S3D). For this analysis, control and Tet2 kd C10 cells were induced to
transdifferentiate and cell samples were collected at 0, 6, 12, and 24h p.i. At each time point
RNA and DNA was extracted and subjected to qRT-PCR and OH-meDIP, respectively.
qRT-PCR analysis revealed a dramatic upregulation of both genes between 6h and 12h and
this was impaired by the kd construct (Figure 4B). OH-meDIP analysis showed a
remarkably similar pattern of enrichment of OH-meC during upregulation that was inhibited
in Tet2 kd cells (Figure 4C). The Gapdh promoter, used as a negative control, showed low
enrichment through all time points (Figure 4C). In parallel with the OH-meDIP experiments
we also performed meDIP experiments with an antibody specific for methylated cytosine
residues (Figure S3C). This experiment revealed an enrichment of meC signal at both the
Hal and Itgb2 promoters relative to the control Gapdh promoter at all time points analyzed.
In addition, there was a slight depletion of the meC signal at both Tet2 target genes at 12h
p.i. (Student’s t-test: Hal, P=0.001; Itgb2, P=0.043) not seen in Tet2 kd cells (Figure 4D). In
summary, Tet2 function is required for promoter hydroxymethylation and full gene
activation during C/EBPa induced transdifferentiation. Furthermore promoters show a
partial depletion of methylation at 12h p.i..

Tet2 function during transdifferentiation requires DNA methylation
The above results suggest that Tet2 is required to relieve the silencing effects of MeC at the
promoters of a subset of upregulated genes. Supporting this finding, analysis of upregulated
genes revealed that Tet2 responsive genes are expressed at a significantly lower level in
uninduced cells than Tet2 unresponsive genes (Kolmogorov-Smirnov test P=1.029e-12)
(Figure 5A). In addition, analyses of a methyl-binding domain (MBD) pull down experiment
(MethylCAP-chip) performed in uninduced cells (Rodriguez-Ubreva et al., 2011) revealed
enrichment of MeC within the promoters of Tet2 responsive genes when compared to
unresponsive genes (Figure 5B). If Tet2 was indeed necessary to relieve MeC-mediating
silencing, then removal of the modification prior to induction of transdifferentiation should
preclude its necessity, thus rescuing the phenotype in Tet2 kd cells. Pretreatment of the
inducible cell line with the DNA methylation inhibitor 5-azacytidine (azaC) resulted in
about 30% global demethylation at 24h p.i as assessed by cytosine extension assay (Figure
S4A,B) (Fujiwara and Ito, 2002; Pogribny et al., 1999). Similar levels of gene specific
demethylation were observed at the Hal gene promoter, as assessed by bisulfite sequencing
analysis (Figure S4C). Furthermore, drug treatment partially rescued Mac-1 upregulation
(Figure 5C) after bEst induction of Tet2 kd cells and also rescued the impaired upregulation
of the Tet2 target genes Itgb2, Fosl2, Mmp8, and Hal at 24 hours p.i. (Figure 5D).

We next tested whether DNA methyltransferase 1 (Dnmt1) knockdown could likewise
rescue the phenotypes associated with Tet2 kd since Dnmt1 is responsible for maintenance
of DNA methylation in mammalian cells (Chen and Li, 2006) and loss of function results in
a dramatic decrease of MeC genome-wide (Chen et al., 2007). To this end, the inducible pre-
B cell line C11 was infected with shTet2 lentivirus, selected in puromycin and then super-
infected with an shDnmt1 lentivirus harboring GFP (Ventura et al., 2004). Doubly infected
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cells were FACS sorted and subjected to bisulfite sequencing to verify gene specific
demethylation (Figure S4D). Separate aliquots of cells were then induced to
transdifferentiate for 48 hours. FACS analysis revealed knockdown of Dnmt1 not only
enhanced Mac-1 upregulation in control cells (Figure 5E, blue bars; Figure S3E) but also
completely rescued the Mac-1 activation defect in Tet2 kd cells (Figure 5E; Figure S3E).
Together, these results indicate that DNA methylation is indeed required for the ability of
Tet2 to enhance the de-repression of macrophage genes, consistent with the idea that
methylated residues are a substrate of the enzyme.

Promoters of selected Tet2 target genes may become demethylated following
transcriptional activation

Previous reports have implicated methyl cytosine hydroxylation as an intermediate to
complete demethylation through DNA repair pathways (Guo et al., 2011; He et al., 2011; Ito
et al., 2011). Therefore, we investigated the timing of demethylation of promoters at the
direct Tet2 target genes Hal, Itgb2 and Mmp8. For this purpose C10 cells were treated with
bEst and cells sorted based on the extent of their reprogramming as measured by Mac-1
upregulation, generating Mac-1 low and Mac-1 high cells at 24 and 48h p.i. (Figure 6A).
DNA was extracted from these four cell fractions and subjected to Sequenom MassARRAY
analysis, a sensitive and quantitative method to measure CpG methylation (Ehrich et al.,
2005). This analysis revealed heavily methylated cytosine residues within the promoters of
all three genes studied. However, while there were no significant differences in the promoter
DNA methylation of the 24h p.i. samples (Figure 6B-D light blue and red bars), in the fast
responding 48 hour sample we found evidence that specific cytosine residues within the
Itgb2 and Hal promoters showed a decrease in methylation of the more rapidly
transdifferentiating cell fraction (Figure 6C and D). Notably this was not apparent in the
Mmp8 promoter (Figure 6B). These data show that the upregulation of the Tet2 target genes
Hal, Itgb2, and Mmp8 correlate with hydroxylation of methylated cytosine residues at the
corresponding promoters and that their sustained upregulation may be followed by
demethylation, with all but one promoter showing relatively small changes in DNA
methylation.

DISCUSSION
Two recent studies with Tet2 knockout mice have reported an increase in the number of
myelomonocytic cells and an impairment of Mac-1 expression in a portion of the myeloid
cells, leading to the hypothesis that the enzyme functions to inhibit premature differentiation
of the myeloid lineage (Ko et al., 2011; Moran-Crusio et al., 2011). Our Tet2 knockdowns
also induce a Mac-1 low phenotype in transdifferentiated macrophages as well as in normal
progenitors but we attribute this to a requirement of Tet2 for the de-repression of a subset of
macrophage genes. The fact that we do not see an expansion of the myeloid pool could be
because the process is direct and does not involve the formation of early progenitors (Di
Tullio et al., 2011). It will be interesting to determine whether the Mac-1 low populations
described in Tet2−/− mice are also impaired in their phagocytic capacity, as observed here.
Annotation of the 58 genes exhibiting defective activation reveals no genes that are overtly
involved in phagocytosis. However, 19 genes encode proteins integral or closely associated
with the plasma membrane, including Mmp8, Mmp13, Ahnak, and Itgb2, and may be
contributing to the altered phenotype.

It has been reported that HSCs from mice with reduced Dnmt1 activity cannot suppress key
myelo-erythroid regulators and exhibit a decrease in lymphoid progeny (Broske et al., 2009).
Together with our observations, these data suggest that both the functional neutralization of
DNA methylation by hydroxymethylation as well as demethylation are key events
controlling macrophage specification. This hypothesis is supported by our observation that
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the promoters of two out of three Tet2 target genes studied begin to show evidence of
demethylation after Tet2 mediated hydroxylation during the cell conversion process.

The idea that Tet2 alleviates the silencing effect of MeC is supported by several lines of
evidence: i) Tet2 responsive genes are promoter-hypermethylated in the starting pre-B cells.
ii) AzaC induced-demethylation or Dnmt1 kd prior to induction of the lineage switch
precludes the necessity for Tet2 function during the process. iii) Tet2 target gene promoters
become hydroxymethylated at a time when the effect of the kd on myeloid gene expression
is fully obvious yet before demethylation is observed.

The observation that at later time points during transdifferentiation target gene promoters
become demethylated supports previous findings suggesting that Tet mediated
hydroxylation serves as an intermediate to complete demethylation through DNA repair
pathways (Guo et al., 2011; Ito et al., 2011). This multi-step/multi-enzyme mechanism of
complete demethylation may not be rapid enough for the immediate activation of gene
transcription as a response to external signaling that may induce cell fate transitions. It is
therefore reasonable to assume that cells have two separate but interconnected mechanisms
of activation of MeC-silenced genes: a fast one involving hydroxymethylation and a slow
one involving complete demethylation. Whether this complete demethylation is active, such
as through the thymine-DNA glycosylase repair pathway or passive through DNA
replication is unclear. However, the fact that during pre-B cell to macrophage
transdifferentiation cells divide once within 24h p.i. and that we only observe demethylation
a day later in the fastest switching cell subpopulation suggests that demethylation involves
an active mechanism.

Perhaps surprisingly, only about 6% of all genes that become upregulated during C/EBPa
induced transdifferentiation are affected by the Tet2 kd. Also, the majority of the Tet2
responsive genes are upregulated to some extent even when Tet2 is knocked down. This is
consistent with the finding that there is very little change in the genome-wide distribution of
MeC upon induction of transdifferentiation (Rodriguez-Ubreva et al., 2011) and implies that
C/EBPa is able to overcome the silencing effects of DNA methylation at most myeloid
genes. Alternatively, methylation may not be important for the silencing of these genes in
pre-B cells. However, the observed and relatively subtle block of macrophage differentiation
in Tet2 kd cells might be sufficient to confer a selective growth advantage to Tet2 deficient
cells during the development of AML.

Collectively, our data show that the expression of myeloid genes in hematopoietic
precursors and in B lineage cells is subjected to two layers of regulation at the level of DNA
modifications. The first one is well-studied and consists in the addition of methyl groups to
cytosines by DNA methyltransferases and is responsible for long-term repression (also
known as ‘epigenetic memory’ (Reik, 2007)). The second layer, postulated here, consists in
the Tet2 mediated hydroxy-methylation of methylated cytosine residues. This layer may
afford the cells with the capacity to rapidly respond to lineage instructive transcription
factors activated by internal or external cues. Such a regulator could be PU.1, an obligatory
partner of C/EBPa in the activation of myeloid genes (Bussmann et al., 2009; Feng et al.,
2008; Laiosa et al., 2006; Xie et al., 2004) that is upregulated by M-CSF during the
induction of macrophage fate in granulocyte/macrophage progenitors (Rieger et al., 2009;
Sarrazin et al., 2009) or C/EBPa itself. The two layers of epigenetic gene regulation may
thus maximize the cell’s flexibility to adapt to changing requirements during differentiation.
It will now be interesting to determine how Tet2 is recruited to its target genes and whether
Tet-mediated hydroxymethylation plays a more general role in transcription factor induced
transdifferentiation in other cell systems.
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EXPERIMENTAL PROCEDURES
Cell culture and transdifferentiation induction

C10 cells and C11 cells (maintained in RPMI 1640 media (Lonza BE12-918F)
supplemented with 20mM L-Glutamine (Gibco 25030), 10%(v/v) FBS and 20μM 2-
mercaptoethanol) were cultured using standard methods. Transdifferentiation assays were
performed as in (Bussmann et al., 2009). CD19 positive primary B-cells were obtained from
bone marrow of Tet2+/+ and Tet2−/− littermates (Moran-Crusio et al., 2011) using MACS
separation (Miltenyi Biotec). Primary cells were induced to transdifferentiate as described
(Di Tullio et al., 2011).

FACS analysis and phagocytosis assay
Cells were washed in PBS+10%(v/v) FBS, incubated with Fc Block and antibody as
outlined in the Supplementary Table 1, washed in PBS+10% FBS, analyzed with an LSRII
or FACScanto machine or sorted on a FACSAria (all BD Biosciences). The data were
analyzed using FloJo version 8.8.7. Phagocytosis assays were performed with green
fluorescent carboxylated 1μ beads (Polysciences, Inc. 17154) as described in (Bussmann et
al., 2009).

Generation of knockdown cells
Lentiviral shRNA-puromycin constructs were obtained from Sigma-Aldrich (shTet2kd1,
TRC0000250893; shTet2kd2, TRC0000250896; shControl, SHC002). shRNA-EGFP
plasmids were constructed by standard PCR cloning methods which replaced puroR with
EGFP amplified from pET15-EGFP. shDnmt1 plasmid was constructed by cloning a hairpin
(Ventura et al., 2004) downstream of the U6 promoter in a lentiviral construct (He et al.,
2008) with a PGK promoter driven EGFP transgene. For virus production details see the
supplement. Tet2 knock-down and control C10 cells were generated through spinoculation
of lentivirus for 45 min at 1000×g and 32°C. Cells were kept at 37°C for 12–16 hrs prior to
washing and beginning selection in 1μg/ml puromycin or subjected to FACS sorting for
GFP expression.

Azacytidine experiments
C10 cells were pre-incubated in growth medium containing 0.5μM 5-azacytidine (Sigma
A3656) for 3h prior to induction of transdifferentiation and maintained in drug
supplemented medium throughout the time-course.

qRT-PCR, qPCR, and microarrays
RNA was isolated from cells using the RNeasy Mini Kit (Qiagen 74106) as per
manufacturer’s instructions and quality was assessed on a Bioanalyzer 2100 (Agilent) prior
to use. For reverse transcription, 1μg of RNA was processed using High Capacity RNA to
cDNA Master Mix (Applied Biosystems 4390712) following the manufacturer’s
instructions. For quantitative PCR, cDNA or ChIP DNA was mixed with appropriate
primers (Table S2) and 2X Power SYBR Green (Applied Biosystems 4367659), the
reactions were run on an ABI7900 Real Time PCR machine and data was imported into
Microsoft Excel for processing. Microarray experiments and data analysis are described in
the supplement.

DNA extraction and DNA immunoprecipitation (DIP)
DNA extraction and IP were carried out by a previously published protocol (http://
www.epigenome-noe.net/, PROT33) with the following alterations. Genomic DNA was
fragmented to a mean size of 350 bp using a Bioruptor (Diagenode) for 7×30sec cycles.
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DNA (resuspended in 1X IP buffer) was incubated with 5μg of anti-OHMeC antibody or
8μg of anti-MeC (Table S1) at 4°C for 2h and 40μl of a 1:1 mixture of BSA-blocked Protein
A (Millipore 16–125) and Protein G (Millipore 16–266) agarose beads were added, followed
by an additional 2h incubation at 4°C. After washing 3 times in 1x IP buffer, immune
complexes were released by incubation with 70μg Proteinase K, and DNA was extracted
once with phenol, extracted once with chloroform and recovered by EtOH precipitation for
qPCR analysis.

MethylCAP-chip array analysis
MethylCAP-chip data of uninduced C10 cells were generated in a previous study
(Rodriguez-Ubreva et al., 2011). Raw data were analyzed as outlined in the supplement.

Sequenom analysis
For a detailed protocol of Sequenom analysis see the supplement. Briefly, genomic DNA
from sorted cell populations was purified using Qiagen DNeasy columns (Qiagen 69506),
bisulfite treated (Zymo Research) and subjected to methylation analysis using Sequenom
MassARRAY technology by a protocol similar to that published (Ehrich et al., 2005). PCR
primers for amplification of the promoter regions of the Hal, Itgb2 and Mmp8 genes were
designed by using Epidesigner (Sequenom). Primer sequences are available in the Table S2.

Chromatin immunoprecipitation (ChIP)
1mg of crosslinked and sonicated chromatin (prepared as in (Morey et al., 2012)) was
incubated with 10μg of αTet2 antibody, 2μg of αC/EBPa (Santa Cruz) or an equal amount
of purified rabbit IgG overnight at 4°C in IP buffer. After a 2-hour incubation with BSA-
blocked protein A/protein G agarose, the beads were washed 3x in low salt buffer (50mM
Hepes pH 7.5, 140 mM NaCl, 1% Triton X-100), once in high salt buffer (50mM Hepes pH
7.5, 500 mM NaCl, 1% Triton X-100), reverse crosslinked at 65°C for 3 hours, purified over
columns (Qiagen #28706), and subjected to qPCR using primers outlined in Table S2.

Statistical Analysis
Parametric statistical testing in Figs. 4, 5 & 6 was carried out in Microsoft Excel using two-
tailed, homoscedastic Student’s t test. Nonparametric statistical testing was carried out in R
v2.11.1 using Wilcoxon rank sum test (Fig. S1F) or the Kolmogorov-Smirnov test (Fig. 5A).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• C/EBPa induces Tet2 upregulation during pre-B cell to macrophage
transdifferentiation

• Tet2 is required for efficient myeloid transdifferentiation

• Tet2 knockdown during transdifferentiation permitted the identification of target
genes

• Tet2 target gene activation correlates with hydroxy-methylation of methylated
promoters
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Figure 1. C/EBPa induces Tet2 expression during B cell to macrophage transdifferentiation and
binds to the Tet2 enhancer
A) qRT-PCR analysis of Tet1/2/3 expression levels in C10 cells. Data are presented relative
to Hprt expression as mean ±SD of three biological replicates.
B) Schematic representation of the Tet2 locus indicating the amplicons used for ChIP
analysis (black bars). Regions highlighted in red represent highly conserved sequences
between mouse and human (>60% conservation).
C) ChIP assay demonstrating C/EBPa enrichment at Tet2 upstream regulatory regions
during transdifferentiation. Data are presented as mean percentage of input ±SD of three
biological replicates.
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Figure 2. Disruption of Tet2 impairs B cell to macrophage transdifferentiation. See also Figure
S1
A) FACS plots of CD19 (x-axis) and Mac-1 (y-axis) marker levels in control (shCtrl, black)
and Tet2 kd (shTet2, blue) C10 cells at the indicated time points during transdifferentiation.
Dotted red outline indicates the time-point where the percentage of Mac-1 positive cells was
most inhibited in the Tet2 kd sample.
B) Mac-1 (left panel) and CD19 (right panel) mean fluorescence intensity (MFI) of control
(shCtrl, blue) and Tet2 kd (shTet2, red) cells at the indicated time points p.i. of
transdifferenitation. Data are presented as mean ±SD of three biological replicates.
C) Images of control (shCtrl) and Tet2 kd (shTet2) C10 cells taken 5 days after the
induction of transdifferentiation.
D) Histogram plot representation of the phagocytic capacity of control (shCtrl, dark grey)
and Tet2 kd (shTet2, blue) C10 cells at day 3 and day 5 of transdifferentiation to engulf
green fluorescent beads as determined by FACS analysis. The peaks represent cells that
have not ingested particles (far left) to cells that have ingested one or more particles
(subsequent peaks to the right). Data presented are representative of three biological
replicates.
E) Mac-1 (left panel) and CD19 (right panel) MFI as determined by FACS of wildtype
(Tet2+/+, blue) and Tet2 null (Tet2−/−, red) cells at the indicated time p.i. of
transdifferenitation. Data represent mean ±SD of three biological replicates.
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Figure 3. Disruption of Tet2 impairs the upregulation of myeloid specific genes. See also Figure
S2
A) Number of genes that are downregulated (DOWN) or upregulated (UP) during
transdifferentiation and misexpressed at least 1.5 fold in Tet2 kd cells versus the control.
Misexpressed genes are further subdivided into those that are expressed at higher levels in
Tet2 kd cells (KD>CTRL, grey) and those that are expressed at lower levels in Tet2 kd cells
(KD<CTRL, green).
B) Top Biological Process ontology terms associated with genes upregulated during
transdifferentiation and expressed lower in Tet2 kd cells when compared to controls. X-axis
represents the Benjamini-corrected P value of ontology term enrichment.
C) Bar plot of genes from the microarray that show a decreased expression upon Tet2 kd
(Tet2 responsive genes) compared to selected genes not affected by Tet2 kd (Unresponsive
genes). Median centered expression values are presented for the indicated gene (x-axis) in
uninduced (0h) and 24h induced control cells (shCtrl, blue bars) and Tet2 knockdown cells
(shTet2, yellow bars). Asterisks denote verified direct Tet2 target genes.
D) qRT-PCR validation of several genes identified by microarray at 24h p.i.. Samples were
normalized against Hprt and expression in Tet2 kd cells (shTet2, red bars) was set relative to
that in control cells (shCtrl, blue bars). Data are presented as the mean ±SD of three
biological replicates.
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Figure 4. Tet2 binding to the promoters of selected genes results in OH-MeC accumulation. See
also Figure S3
A) Tet2 binding at target gene promoters in 0h and 24h p.i. cells was analyzed by chromatin
immunoprecipitation (ChIP) followed by qPCR. The experiment was carried out in control
(shCtrl, blue bars) and Tet2 kd (shTet2, red bars) cells. Local background was determined
through IgG experiments carried out in shCtrl samples (IgG, black bars). Data presented as
mean percentage of input ±SD of three biological replicates. Student’s t-test P value
between shCtrl and shTet2 replicates < 0.01 (*), < 0.001 (**). Gene desert region, gd.
B) qRT-PCR analysis of Hal (left panel) and Itgb2 (right panel) gene expression in control
(shCtrl, blue lines) and Tet2 kd (shTet2, red lines) cells induced to transdifferentiate for the
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time indicated on the x-axis. Data presented as mean expression relative to Hprt ±SD of
three biological replicates.
C) Hydroxymethyl-DIP (αOH-MeC) assays followed by qPCR were performed at the
indicated gene promoters (Hal, Itgb2, Gapdh) in control and Tet2 kd (colored as in B) cells
at 0, 6, 12, and 24h p.i. of transdifferentiation. Data presented as in A.
D) Methyl-DIP (αMeC) assays followed by qPCR were performed at the indicated gene
promoters (Hal, Itgb2, Gapdh) in control and Tet2 kd (colored as in B) cells at 0, 6, 12, and
24h p.i. of transdifferentiation. Data presented as in A. Asterisks indicate Student’s t-test P
value between 0h and the indicated time in shCtrl cells < 0.05 (*), < 0.01 (**).
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Figure 5. DNA methylation contributes to Tet2 target gene silencing. See also Figure S4
A) Box plot representation of median-centered gene expression (log2 expression units) in
uninduced control cells for genes that are upregulated during normal transdifferentiation and
either respond to Tet2 kd (Resp., yellow, n=58) or do not respond to kd (Unresp., brown,
n=1447). Red line indicates the median expression value of each cohort. Asterisk denotes
Kolmogorov-Smirnov test P=1.029e-12.
B) Bar plot of average DNA methylation at the transcription start sites (TSS) of Tet2
responsive (yellow bars, n=58) and unresponsive genes (brown bars, n=1182) as determined
by MethylCAP-chip assay. Data are presented as the mean normalized signal from a methyl-
DNA binding domain pull down assay hybridized to promoter tiling arrays. Error bars
represent ±SD between aligned probes within a given group.
C) FACS plots of 48h p.i. pre-B cell to macrophage transdifferentiation of control (shCtrl)
and Tet2 kd (shTet2) cells carried out with or without treatment with 5-azacytidine (+azaC, -
azaC). Quadrant gates are set with respect to uninduced control cells. Mac-1 histogram plots
(right panels) colored with respect to FACS plots. Data presented are representative of three
biological replicates.
D) qRT-PCR analysis of Tet2 target genes 24h p.i. in control cells (shCtrl – azaC, blue) and
Tet2 kd cells with or without 5-azacytidine pretreatment (shTet2 + azaC, green; shTet2 –
azaC, red). Data represented as mean ±SD of Hprt normalized expression set relative to
shCtrl levels of three biological replicates. Asterisks indicate Student’s t-test P value < 0.05
between shTet2 kd +/− azaC.
E) Bar plots of Mac-1 expression in control (shCtrl, blue bars) and Tet2 knockdown
(shTet2, red bars) cells superinfected or not with a lentivirus containing an shDnmt1
knockdown construct. Data presented as mean ±SD of three biological replicates.
Representative FACS plots are presented in Figure S4C.
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Figure 6. Cytosines within selected Tet2 target gene promoters may become demethylated after
induced transdifferentiation
A) FACS plots of C10 cells induced for 24 or 48h prior and after sorting into Mac-1 low and
Mac-1 high populations.
B–D) Percentage of individual modified cytosines at the Mmp8 (B), Itgb2 (C) and Hal (D)
promoters as determined by Sequenom MassARRAY analysis at the indicated positions. X-
axis depicts the position of analyzed cytosines with respect to the TSS of the gene and y-axis
the percentage of methylation. Data represent mean ±SD of three biological replicates.
Asterisks, Student’s t-test P value < 0.05 between Mac-1 high and Mac-1 low populations
48h p.i.; Brackets below the x-axis, position of the qPCR amplicons used for DNA
immunoprecipitation and ChIP experiments in Fig. 4. The genomic coordinate of each TSS
is given in the graph and the arrow indicates the relative location within the individual CpGs
analyzed. CpGs that could not be analyzed, N.D. Color corresponds to the FACS plots
shown in A. Chromosome position of the assayed region: Mmp8, chr9:7557999-7558511;
Itgb2, chr10:76992548-76993258; Hal, chr10:92950958-92951420. Position data is relative
to mouse genome build mm9.
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