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Figure 25: +94 element acts as insulator in vitro. Enhancer blocking assay indicates that the +94 element
leads to a reduction of luciferase activity. Thus the +94 element is an insulator like the murine +71 homologue

region.

It has been shown for several discrete regulatory elements (Wilson et al., 2011a) as well as at
genome wide scale (Schmidt et al., 2012a)that conserved regions are coding for more vital
function. So it is interesting that the +71 (mouse) or +94 (human) insulators exert the same
functionality: this allows to switch easily between the two species for technical reasons, and
also suggests that the insulating effect of these region located downstream the PU.1 promoter
represents an evolutionary conserved mechanism to regulate the PU.1 gene in T cells.

After screening 12 different shRNA constructs (data not shown) for CTCF downregulation,
lines #2 and #12 were chosen for the best knock down (kd) of CTCF after 72 hours of
induction. Importantly, these lines did not show increased cell death in 72 hours compared to
the scramble (sc4) control line: we therefore assume, that the following results are indeed
CTCF-level dependent rather than apoptosis effects. In Figure 26, we confirmed the
downregulation of CTCF at protein level. In these induced cells, the loop between PU.1
promoter and +94 element was measured by quantitative 3C assay, as explained in chapter
3.1.3. The chromatin loop formation decreased down to 20-40% in a reproducible way (in
three biological independent experiments), strongly correlating the level of CTCF and the
insulating loop.

Since CTCEF plays distinct and crucial cellular functions, it is hard to distinguish whether this
effect is direct or indirect. The scramble cell lines controls only for side effect of the shRNA
vector, but not for a general knock-down of CTCF. In other words, is the reduction of the
insulating loop formation a specific effect or are all chromatin interactions affected upon
CTCF downregulation? Since “positive” and “negative” controls are impossible to be defined,
this issue was addressed by measuring a loop of a housekeeping gene as positive control, in

this case in the promoter of the TUBULIN gene (Hou et al., 2010), which entity didn’t
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significantly change, and which protein level also doesn’t change as shown in the western blot
(Fig. 26A, third panel). On the other side, a region between the +94 element and the PU.1
promoter, which doesn’t loop with the promoter, was chosen as negative control. Upon
downregulation of CTCF this chromatin interaction was still not detectable (data not shown).

Hence, the reduction of the +94/PU.1 promoter loop depends on CTCF levels, suggesting that

CTCEF physically mediates this chromatin interaction.
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Figure 22: Loop formation in kdCTCF human cell lines. A) western blot on total extracts confirm the
downregulation of CTCF at protein level compared to the tubulin loading control. B) Upon kd of CTCF, q3C on

PU.1 promoter / +94 element loop is reduced. On the contrary, housekeeping chromatin loop did not vary in C).

To investigate whether the PU.1 gene is directly regulated by the chromatin loop, PU.1
expression was measured at transcript level; but, as shown in Figure 27A, mRNA level of
PU.1 is not affected upon CTCF downregulation. Thus, the disruption of the insulating loop is
not sufficient to activate the PU.1 locus in Jurkat cells; but several epigenetic mechanisms
could occur concomitantly, and affecting only one of these (the high order chromatin structure
at local level) might be not sufficient to reprogram the regulation of the gene. Supporting this
hypothesis, histon acetylation did indeed increase in kdCTCEF lines (Figure 27B) compared to
scramble Jurkat cell line, indicating that the PU.1 promoter status is prone to be activated.
Another epigenetic mechanism, which is known to maintain PU.1 gene silenced, is DNA
methylation at the promoter and upstream regions. It has been shown that upon treatment of a
demethylating agent (5-AZA) PU.1 promoter loses its methylated status resulting in
upregulation of the PU.1 transcript (Amaravadi and Klemsz, 1999). Therefore kdCTCF lines
and scramble control were treated with low concentration of 5-AZA for 36 hours, and both
CTCF and PU.1 levels were measured at mRNA level (Fig. 27C and 27D): while CTCF

levels were not affected, PU.1 expression rose proportionally more in the kdCTCF lines. This
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result indicates that the loop formation is mediating by CTCF, that the PU.1 locus is silenced
by different and synergistic mechanisms and that upon demethylation of the promoter the

silencing effect of the chromatin loop in kdCTCEF lines was reduced.

B C

=
.

= 5 = 1z mNT c
= - 2 =

ﬁ :2 =5 ﬁ 1.0 Oaza ﬁ 125
& Ea 2 08 g 100
& 100 = i 5

- £ 3 w06 ~ 8
T 075 @ S T o
“ .80 2 o 04 o

£ 025 5 £ oz z 0
T 0 | L n 2 0
3 soA#Z #12 sed#Z #12 sod #Z #12 e sed #2012

Figure 27: PU.1 expression upon CTCF downregulation. All 4 panels’ results are derived from the same
representative experiment, which was repeated 3 independent times. In all panels, sc4=scramble cell line, #2 and
#12 are kdCTCEF cell lines. A) PU.1 transcripts, relative to gapdh expression, were normalized to the scramble
control. B) ChIP versus H3K9ac in indicated cell lines. Enrichment was calculated as fold over IgG control
antibody. Data were afterwards normalized for the scramble’s one. C) CTCF expression normalized for the not
treated scramble line. NT= not treated. AZA= 36h treatment with 1uM of demethylating reagent 5 AZA. D)

PU.1 mRNA normalized for the scramble cell line, not treated with AZA, as shown in panel A.

Does CTCF change its occupancy when downregulated? Figure 28A illustrates CTCF ChIP
assay on kdCTCEF lines. The positive control PCR demonstrated that is technically possible to
detect very low level of CTCF (even in the mentioned cell lines, where CTCF is drastically
downregulated); in fact, the enrichment doesn’t significantly varying between scramble and
kd. Notably both the PU.1 promoter and the +94 insulator are bound by CTCF in a level-
fashion way. Still, the results are hard to interpret since CTCF could exploit its function by
binding with different affinity, meaning that the observed outcome could have biological
functions or not (Splinter et al., 2006). To support our hypothesis that the loop is directly
mediated by CTCEF to silence PU.1 gene, we decided to employ the previous established EL-4
cell lines for the sequestering experiment. In these cell lines we observed a reduction of the
loop without changing CTCF expression; investigating CTCF binding in this setting will thus
provide the direct correlation between CTCF occupancy and loop formation. We designed
primers, which distinguished the endogenous promoter region from primers spanning both
endogenous and transgenic copy. As control we monitor the enrichment on the mouse +71
element. Interestingly, while the binding of CTCF on the insulator remained invariant, CTCF

occupancy didn’t vary at the insulator level, whereas it increases in the transgenic cell lines at
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the overall PU.1 promoter (endogenous plus transgenic) compared to the specific PU.1
promoter (endogenous only). These results suggest that CTCF occupancy shifted from the
endogenous to the transgenic promoter region (Fig. 28B).

Taken together, in this chapter we demonstrated that the loop is mediated by CTCF, which
binds to the insulator and promoter region. This chromatin loop contributes to silence PU.1

gene in T cells.
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Figure 28: CTCF binding correlates with the insulating loop formation. A) CTCF ChIP on kdCTCF cell
lines compared to the scramble control. The enrichment of CTCF binding is shown as percentage of the input.
Error bars indicate S.D. of one representative experiment. Experiments were performed at least on three
biological independent experiments. Positive and negative controls are on the MYC promoter gene and +55Kb
downstream the PU.1 promoter, respectively. +94 element and promoter region are indicated. B) CTCF ChIP on
mouse EL-4 cell lines comparing the mock control versus the stable cell lines containing transgenic copies of the
PU.1 promoter. Enrichment is illustrated as fold over IgG negative antibody control, error bars represent S.D.
between three pools each genotype of one representative experiment. Genomic region amplified by PCR are
indicated: in the first lane, primers spanning only the endogenous PU.1 promoter region are used, whereas in the
second primers amplifying a common region within the 2,1 Kb of he transgenic promoter and the endogenous

one are indicated. The third lane represents enrichment at the murine +71 element.

3.2.3 Chromatin architect SatB1 does not mediate the insulating loop

In chapter 3.2.1 it was shown that SatB1 binds both at promoter and insulator level. SatB1 is
essential for proper chromatin architecture, especially for establishing chromosome territories.
Moreover, SatB1 is crucial for T cell development; its loss compromises T cell differentiation
at the level of gene regulation and at nucleus architecture level (Galande et al., 2007). During
T cell differentiation SatB1 undergoes to gene downregulation, so it would be interesting to

follow the loop formation during T cell development. This experiment would require too
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many undifferentiated cells; thus, the same inducible loss in function approach as illustrated
in the previous chapter was applied for SatB1. To efficiently knock down SatB1, 18 different
shRNA constructs were tested in Jurkat cells and transcript level was measured after 48 hours
(data not shown). The best two cell lines were selected for further analysis, named #15 and
#18, as illustrated in the western blot in Figure 29A. Upon SatB1 downregulation, confirmed
both at mRNA and at protein level, PU.1 expression did not rise (Figure 29B). Also histon
acetylation did not change, suggesting that knocking down SatB1 did not modulate the histon
code at the promoter level (Figure 29C). For that reason, 5-AZA treatment effect is not shown

here, since no differences in PU.1 levels was observed between scramble and kdSatB1 lines.
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Figure 29: Validation of inducible Jurkat lines to knock down SatB1. A) Downregulation of SatB1 at
protein level compared to loading control. In the upper lane IP against SatB1 is shown; in the lower one, tubulin
control. Sc4 = scramble; #15 and #18 are the most effective shRNA used. B) PU.1 mRNA level in indicated cell
lines. Values are calculated as ACt related to GAPDH levels, then normalized for the scramble control. C) ChIP

against H3K9ac: enrichment is depicted as fold over IgG and then normalized to the scramble control.

Interestingly, insulating loop formation increased upon knock down of SatB1 (Figure 29A).
Chromatin loop at the TUBULIN promoter was used as housekeeping control and did not
significantly change, indicating that the differences observed in the +94 / PU.1 promoter loop
were not an artefact of downregulation of SatB1. As mentioned before, SatB1 downregulation
occurs during T cell maturation; the increase of the chromatin loop could be therefore
explained as a maturation of Jurkat cells with lower level of SatB1. Since CTCF levels were
also increasing upon kd of SatB1 (Figure 30C), the increased chromatin loop could be also be
a consequence of higher CTCF expression. Hence, in order to understand whether SatB1

directly mediates the loop, in vivo studies would be necessary; for that purpose, a valid SatB1
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antibody would be required. For all these reasons, we did not investigate the role of SatB1

further in this thesis.
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Figure 30: Loop formation upon kdSatBl. Relative crosslinking frequency is depicted for q3C assay
detecting in A) the chromatin loop between +94 element and PU.1 promoter and in B) the housekeeping loop on
the TUBULIN promoter in indicated cell lines. C) CTCF expression was measured at transcript level and

represented as fold of the scramble control.

3.3 Acute myeloid leukemia displays the insulating loop
between insulator and PU.1 promoter

In the previous chapters a lineage specific chromatin loop was described to silence the PU.1
gene in T cells, but not in B cells or myeloid cells where PU.1 is expressed at higher levels;
the T cell specificity of the loop was investigated in physiological hematopoietic populations,
where PU.1 is required for myeloid differentiation and its silencing is necessary for T cell
development.

But what happens to the local chromatin structure in a leukemic context? It has been shown in
mouse models that altering PU.1 levels in distinct lineages can lead to different leukemia. In
human patients, PU.1 dysregulation occurs very often in Acute Myeloid Leukemia (AML).
AMLs harbor a block in myeloid differentiation, in which leukemic blasts display lower
levels of PU.1 in respect to mature myeloid cells.

This chapter investigates the AML context of PU.1 locus chromatin structure.
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3.3.1 Insulating T cell specific loop adopted by AML cell lines

To test the hypothesis whether PU.1 downregulation in AML can be accomplished by the
insulating chromatin loop, two AML cell lines were tested for the loop formation: HL-60 and
U937, promyelocytic blasts and histiocytic lymphoma with monocyte morphology,
respectively. Two epithelial cell lines (non hematopoietic) were chosen as negative controls,
HeLa cells and HEK293T cells, deriving from an adenocarcinoma and embryonic kidney,
respectively. As illustrated in Figure 31, PU.1 expression, insulating loop formation and in
vivo CTCF binding were investigated. This were in line with the experiments of previous
chapters, where we showed a strong correlation between the transcriptional silencing of PU.1

gene, the formation of the CTCF-dependent insulating loop in mature T cells.
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Figure 31: Investigating the insulating loop in AML cell lines. A) PU.1 mRNA levels as fold of GAPDH
expression. B) q3C detecting the +94/PU.1 promoter loop on indicated cell lines depicted as crosslinking
frequency. All the values were normalized for the highest level, here in HL-60 cells. C) ChIP assay against
CTCF: enrichment was calculated as fold over the control antibody IgG. Primers are spanning the human

insulator region.

In tested AML cell lines PU.1 expression is very high compared to not hematopoietic cell
types or T cell line, but is still lower compared to peripheral blood myeloid cells (there are no
macrophages in the blood, just monocytes), which is at least 10 fold higher (Fig. 31A, data
not shown). Notably, the chromatin loop could be detected also in AML lines, where PU.1
regulation is altered (Fig. 31B); and interestingly, CTCF binds to the insulator region as in T
cells (Fig. 31C). From these results it could be observed that in an AML context the local

chromatin structure can mimic conformations specific for another lineage.
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As conclusion, AML lines were a suitable model for further experiments, and within them
HL-60 cells were selected as a model cell, since they harbor the chromatin loop with higher

frequency and lower PU.1 levels.

3.3.2 Chromatin conformation of the PU.1 locus shifts from inactive to

an active status upon induced differentiation

It has been reported that the HL-60 cell line can be differentiated into mature monocytes upon
several stimuli, like phorbol myristic acid (PMA, TPA), retinoic acid and butyrate,
hypoxanthine, dimethylsulfoxide (DMSO, 1% to 1.5%), actinomycin D. Here we made use of
this knowledge to track the chromatin conformational change upon induced differentiation.
This approach would let us monitor the local structure of the PU.1 locus when an AML cell
line is forced toward terminal differentiation and therefore forced to escape from the
malignant context of leukemia. HL-60 cells were thus treated for 72 hours with TPA, then

only adherent cells were collected and analyzed for expression, and chromatin conformation.

Both CTCF and PU.1 level were measured as transcript (Fig. 32 A and B): while CTCF didn’t
vary, PU.1 transcript increased compared to not-treated cells. Thus we can conclude that the
during the induced differentiation PU.1 gene regulation. In this set up, the local chromatin
structure of the PU.1 gene turned from a repressive state to a more active one (Fig. 31 C and
D). While the insulating chromatin loop between the insulator and promoter drastically

decreased, the loop of the promoter with the upstream regulatory cluster (URC) increased.
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Figure 32: Chromatin characterization of HL-60 upon induced monocytic differentiation. A) cytospin
stained with May/Griinewald-Giemsa after 72 hours of TPA treatment shows macrophage and granulocyte
morphology compared to the solvent not-treated control (N.T.). Cells were differentiated in 3 independent pools.
B) CTCF and C) PU.1 transcript as fold over GAPDH expression. Not-treated control was set to 1. D, E) q3C
assay in not-treated cells and 3 independent pool of HL-60 TPA treated: on the left the repressive loop between
+94 insulator and PU.1 promoter is depicted, on the right between the same promoter and the upstream cluster of
enhancers (URC). Crosslinking frequency was calculated as explained in chapter 3.1.3 and not-treated control

value was set to 1.

3.3.3 Chromatin insulating loop in AML patients

In the previous chapter it was shown that AML cell lines display the +94 / promoter loop,
found before only in T cells. This result was a prerequisite before analyzing primary cells
from AML patients. As already mentioned in chapter 1.3.2, acute myeloid leukemia are
extremely variable in regard to differentiation stage block, dysregulation of oncogene/tumor
suppressor genes, heterogeneous surface markers’ pattern, etc. It is therefore challenging to
purify only the leukemic blast from bone marrow aspirates: they do not only contain several
cell types, but even more strikingly their distribution could dramatically vary from patient to
patient. To overcome this issue, a negative selection approach was applied, trying to deplete

the bulk of bone marrow cells from undesired lineages: red blood cells were eliminated by
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basic osmolitic buffer (ACK buffer), lymphocytes were excluded by magnetic beads coupled
with antibodies against pan T and B cell determinants (CD3 and CD19, respectively). The
remaining cells comprised cancer blasts, but also progenitors and stem cells, even if in a very
minor percentage. In order to compare bone marrow with similar distribution of blasts, only
patients harboring blasts infiltration > 90% (more than 90% of the bone marrow are leukemic
cells) were analyzed. To exclude false positive signals deriving from the not-leukemic
population (progenitors and stem cells), stem cell were employed as undifferentiated control.
As already demonstrated in chapter 3.1.3, the insulating loop doesn’t take place in the stem
cell compartment in the mouse species; in this chapter the human counterpart was included
for the same reason. Human stem cells were purchased by Lonza manufacture as CD133+
cells: CD133 (prominin-1) is a hematopoietic stem cells marker, even more stem cell specific
than CD34, which is also present at progenitors stages; cells were expanded in vitro and
CD34+ cells were collected. Mature monocytes were collected from blood after erythrolysis
and lymphocytes depletion; they were chosen as control for the myeloid pathway; blood was

friendly donated from healthy donors from our institute.
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Figure 33: Graphic representation of cell collection’s approach. In the upper lane AML bone marrow
aspirates are depicted, in the lower blood sampling for healthy donors. At the side are illustrated the code colors
reflecting different lineage. Both bone marrow and blood were treated to deplete not-myeloid lineage. Note that
the percentage of blast is very high in bone marrow, but is not 100%: there could be some myeloid
contamination, differentiated and not, or stem cells and progenitors. On the contrary the blood cell content from
healthy humans after depletion of red blood cells and lymphocytes consists predominantly in circulating

monocytes.
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All collected samples were tested for two chromatin interactions, one insulating (+94 /
promoter loop) and the other enhancing (URE / promoter loop) PU.1 gene by quantitative 3C;
all samples underwent the initial controls as explained in chapter 3.1.3. Notably, the T cell
specific loop, already detected in AML cell lines, took place also in primary AML blasts.
Considering the variability of different acute myeloid leukemia, and also the heterogeneity of
the leukemic population within the same patient, the distribution of all 11 analyzed samples
was broad, as illustrated in Figure 34 A, but strikingly higher than physiological cell types at
earlier stages during hematopoietic development (stem cells,CD34+ cells) or later ones
(mature myeloid cells). Since acute myeloid leukemia is characterized by a differentiation
block during myeloid development, both these controls are required to state that the chromatin
loop is not related to differentiation, but indeed only occurs in cancer situation. As additive
control also the enhancing loop was investigated (Fig. 34B): as expected, mature myeloid
cells harbor the highest frequency, CD34 cells the lowest level and AML blast an intermediate
average within the patients. The reduction of the enhancing loop in AML blasts is
significantly lower than the mature myeloid counterpart. Importantly, there is no correlation
between the differentiation stage of leukemia subtypes and the insulating loop formation; for
instance, 4 patients classified as MO-2 (undifferentiated blasts) harbored very different

chromatin loop frequencies.
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Figure 34: Insulating chromatin loop was found in AML blasts. q3C assay detecting in A) the insulating
loop between +94 element and promoter and in B) the enhancing loop between the URE and the promoter. The
first analyzed AML treated sample was set to 1 in both cases. 13 AML samples are displayed with different
symbols for indicated subtype of leukemia (according to FAB classification). CD34+ cells were bought as
CD133+, shortly expanded in vitro, and then collected for further analysis. My = myeloid cells, purified from
blood sampling of healthy donors as mentioned in Figure 29. Horizontal bars represent S.D. for CD34 and
S.E.M. for the other groups, where n > 5. In C) quantitative PCR was employed to assure that the chromosome
11 at PU.1 locus was not duplicated or deleted. Genomic DNA was tested with three different primer pairs, two
located in the PU.1 locus on human chromosome 11 and the third on chromosome 17. ACt was indicated as ratio
between chr. 17 signal and each of the chr. 11 — PU.1 locus signal. Therefore the value 1 represent normal
diploid context (2n, two alleles per gene). DNA was extracted from all samples, patients and donors. Error bars
represent S.D. D,E) PU.1 levels were measured as fold over GAPDH by RealTime PCR on cDNA. While in D)
three different populations are shown (P value between AML blasts and myeloid cells is >0,001), in E) the AML
blasts were separated according to the loop formation entity in loophigh (n=5) or looplow (n=6) in respect with

the mean in panel A). Horizontal bars represent the mean within each group.

To exclude that the previous results were not artifacts due to macroscopic chromosomal
aberrations (e.g. duplication of the PU.1 locus), copy number of PU.1 locus located on human

chromosome 11 was compared to a random region on chromosome 17. Figure 34C shows that
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all the patient samples as well as the healthy donors contained normal (2n) chromosome
copies in the PU.1 locus.

Next, to link PU.1 expression to the chromatin conformation of the locus, PU.1 transcript
levels were measured (Figure 34D); as expected, mRNA differences between mature myeloid
cells and more immature cells (both blast and CD34+) are statistically significant using t
student method. But, dividing the AML samples in two groups according to the insulating
loop frequency (loophigh and looplow), PU.1 mRNA didn’t significantly change (Figure 34E;
p value = 0,148); however, in patients with high insulating loop frequency, PU.1 expression is
downregulated more than in patients with less loop formation. More detailed statistical
analysis with more patient samples are required to define whether the anti-correlation between
loop and mRNA is significant.

Last but not least, whenever the number of collected cells allowed to perform additional
assays, CTCF binding and histone acetylation status at the promoter level were investigated.
In Figure 35 illustrates the outcome with the first two analyzed patients. On the left a
summary of previous q3C results is depicted, in order to show the chromatin conformation of
the only two patients which could be processed also for ChIP. The patient 1# manifests a M4
subtype of leukemia (acute myelomonocytic leukemia), whereas patient 9* a M0-2 (minimal
differentiated acute myeloblast leukemia). Interestingly CTCF binds the PU.1 promoter in the
AML which harbors the insulating loop and not viceversa; on the contrary, acetylation of
H3KO9 reflects the lack of the insulating loop. CD34+ cells were used as not differentiated but
not leukemic cells: the PU.1 promoter is slightly acetylated and CTCF doesn’t bind. These
initial but very promising results suggested again that the insulating loop is present not only in
a specific lineage as T cells to silence PU.1, but this confirmation is also adopted in myeloid

leukemic onset, where PU.1 gene is downregulated.
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Figure 35: CTCF binding and histon acetylation was measured in two AML blasts and in CD34+ as

negative control. On the right side the summary of the chromatin loops is illustrated and which samples were

processed for ChIP assay. On the left enrichment of ChIP using CTCF and H3K9acetylated antibody is depicted

as fold over IgG negative control. Values are indicated, error bars represent S.D.
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4 Discussion

4.1 A novel insulator regulates the PU.1 gene in T-cells

The ETS-transcription factor PU.1 is a crucial lineage determinant in hematopoietic
development. PU.1 is already expressed in hematopoietic stem cells at a sub-threshold low
level, allowing a multilineage expression network. After reaching a critical threshold, for
example by overexpression in myeloid pathway or downregulation during T-cell
development, PU.1 determines commitment of multipotent progenitors to a specific lineage
(Rosenbauer and Tenen, 2007; Burda et al., 2010). Thus, giving its crucial role in cell fate
decision, its gene regulation has been intensively studied since its discovery (Klemsz et al.,
1990). However, many aspects of how PU.1 is differently regulated in different lineages
remain an open question. One of this, and thus aim of this thesis, is to clarify how PU.I gene
is silenced during the T-cell lineage, which is a prerequisite of early thymic progenitors for

correct progression of the multistep T cell differentiation (Rothenberg et al., 2008).

4.1.1 Local high-order chromatin structure of the PU.1 gene in different

hematopoietic lineages

Cell-type PU.1 gene regulation is achieved by an orchestrated action of several discrete
regulatory elements (Leddin et al., 2011; Zarnegar et al., 2010). However, up to now none of
them could exhaustively explain PU.1 regulation in T-cells. So far, these regions were mainly
identified based on two approaches: the evolutionary conservation of DNA sequences and
chromatin structure features like histone modifications or DNA accessibility, interpolated by
next generation sequencing coupled with either ChIP or DNase hypersensitivity (Wilson et
al., 2011b; Zhang et al., 2012). Here, we chose a different approach to investigate uncovered
layers of epigenetic regulation: the PU.1 promoter was screened for chromatin interactions in
T-cells by genome-wide assay It is now a common perspective, that long-range interactions
are directly involved in gene regulation, by which cis-acting elements can be recruited to their
respective promoters (as enhancers, silencers or insulator, see 1.1.2). As shown in Table 3,
intra-chromosomal interactions were detected with higher frequency (de and de, 2012),
supporting the theory that most chromatin contacts occur within the same chromosome. It is
worthwhile to notice, however, that also the inter-chromosomal interactions were differently

located in T-cells (on chromosome 17) in respect to macrophages (chromosome 1), suggesting
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that chromosomal territories are distributed in a cell-type specific fashion (Felsenfeld and
Dekker, 2012). Importantly, we could confirm that the URE contacts the PU.1 promoter in
macrophages, confirming by a genome-wide approach that this region is the dominant
enhancer in the myeloid pathway (Ebralidze et al., 2008). MEF here served only as negative
control: PU.1 expression is restricted within the hematopoietic system, therefore is absent in
MEF. The fact that no interactions could be detected within the PU.1 locus in MEF suggested
that in no hematopoietic cell type context PU.1 locus is most likely silenced by more global
high-order epigenetic mechanisms, as the heterochromatin spreading. In this case the locus
would be inaccessible for a proper digestion during the 3C assay, thus not forming any long-

range interactions.

Next we analyzed the chromatin structure in committed cells in more detail, in which PU.1 is
differently expressed: T-cells, B-cells and Macs representing low, intermediate and high level
of PU.1, respectively. We further confirmed the putative chromatin interaction along the PU.1
locus in a quantitative fashion by quantitative 3C (q3C), dissecting 100Kb around the PU.1
gene body and analyzing also intermediate genomic location. As illustrated in Fig. 15, the
local high-order chromatin structure of PU.I1 reflects its differential expression, showing
chromatin proximity of the URE and neighbor enhancers where PU.1 is expressed (Macs and
B-cells), whereas the only interaction with the PU.1 promoter in T-cells involves the +71
element. Only this interaction could be detected along the PU.1 locus, suggesting that the

chromatin assume a loop conformation.

PU.1 must be actively silenced in thymic progenitors, meaning that it has to be downregulated
from a basal expression level in HSCs. Thus, to prove that the +71/PU.1 promoter loop is an
active epigenetic mechanism, it is important to exclude its presence in more undifferentiated
stages. Since early thymic progenitors are a rare population, the required number of cells for
g3C could not be obtained. Here, we decided to take HSCs as multipotent cell population,
which is even more undifferentiated than thymic progenitors. We only analyzed the two most
prominent loops, the URE and the +71 with the promoter:indeed HSCs did not show high
frequency of any above mentioned loops, supporting the idea that the loop observed in mature
T-cells is established during differentiation. Curiously, in HSCs the loop formation was
detected at basal level, while in MEF it was absent. It is therefore tempting to speculate that in
the hematopoietic stem cell compartment PU.1 chromatin structure is bivalent, where both

enhancing and repressing loop are present at basal level. It would be very interesting to
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analyze the chromatin structure in CLPs (common lymphoid progenitors) as intermediate
differentiation stage between HSCs and thymocytes. Taken into account that the PU.1 gene is
transcribed at low level in HSCs, this suggests that not only histone modifications, but also
chromatin conformation could determine the multilineage potential of a priming transcription

factor.

4.1.2 The +71 insulator silences PU.1 expression by chromatin looping

In order to evaluate whether the PU.I promoter-interacting DNA fragments have a functional
role in PU.I gene regulation, we performed in vitro reporter assay. We chose two regions
which undergo intra-chromosomal interaction, locating both in proximity with the PU.1
promoter (-25 Kb and +71 element respectively). Since our goal was to identify regulatory
element of PU.1 gene in T-cells, we tested the above mentioned elements for insulating or
repressive function. For that purpose we made use of the reporter assay previously established
by Ishihara and colleagues (Ishihara et al., 2006). The -25Kb region was excluded from
further investigation, because it couldn’t affect the luciferase transcription in the tested
reporter assay; long-range interactions can in fact be just structural, hence chromatin
interactions studies have always to be carefully interpretated and supported by functional
assay (de and de, 2012; Splinter et al., 2006). The +71 element showed instead canonical
properties of insulator, being position dependent but orientation independent. We therefore
demonstrated that the +71 element is a potential enhancer blocking insulator (Bell et al.,

2001).

The next question which arose was whether the +71 element represses PU.1 expression in
vivo by chromatin looping. To address this crucial point, we first demonstrated that the
chromatin interaction is DNA-sequence specific regardless the genomic context by making
use of a transgenic mouse strain carrying the human PU./ locus, but lacking the homologue
region corresponding to the +71 element, in an endogenous PU.1%° background. Importantly,
we have previously shown that the human counterpart can efficiently rescue the endogenous
murine PU.1 loss in the hematopoietic system (Leddin et al., 2011). In this thesis, we were
able to prove the murine +71 element to co-localize with the transgenic human PU.!
promoter. Intriguingly, this finding indicates that both regulatory elements (+71 element and
PU.1 promoter) are able to undergo interactive cross-binding irrespective of their genomic
location, a phenomena which has been shown before for regulatory elements controlling

expression of odorant receptor genes in neurons or expression of the interferon y gene in
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immune cells (Apostolou and Thanos, 2008; Lomvardas et al., 2006). Next, we generated
transgenic T cell lines carrying exogenous copies of the PU.I promoter, aiming to disrupt the
endogenous loop by sequestering the insulator region by the transgenic promoter copies. First,
we validated the system by detecting the long-range interaction between the endogenous
insulator and the transgenic copies of the promoter. Then, we were able to detect a reduction
of the endogenous loop, concomitantly with an increased PU.1 expression, thus demonstrating
that the chromatin loop is responsible for maintaining the PU.! locus silenced. By this assay
we demonstrated the biological function of the chromatin loop as regulator of PU.I

transcription.

In conclusion, in a murine cell line context, a forced disruption of the endogenous loop is
sufficient to de-repress the PU.I gene. The increased transcription was demonstrated by a

histone acetylation rise on the promoter as well as at transcript level.

4.2 The +71 insulator function involves binding of chromatin
organizers

We discovered a novel insulator silencing PU.1 specifically in T-cells by chromatin looping.
We next questioned which factors mediate this loop: several proteins are responsible to
establish long-range interactions, determining a controlled high-order chromatin structure, at
global level for spatial nuclear organization and at local level regulating gene expression.
Within the insulator region the predicted binding sites of two of these chromatin organizer,
CTCF and SatB1 (Galande et al., 2007; Phillips and Corces, 2009), were found and further
confirmed by gel shift assay. Moreover, in vivo ChIP assay showed that both CTCF and

SatB1 binding on the +71 element is restricted to T-cells.

4.2.1 CTCF mediates the insulator function of the +71 element

CTCF binding site is located within the insulator region, identified as core by luciferase
reporter assay (see chapter 3.1.2). Thus, CTCF binding site was deleted in the construct
employed in the enhancer blocking luciferase assay; the mutation of CTCF binding site led to
a complete ablation of the repressing function on the luciferase gene, indicating that CTCF
binding is necessary to confer to the +71 element the enhancer blocking insulating function. It

is important to note that previously reported ChIP-seq experiments detected high frequency
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CTCF binding throughout the genome(Barski et al., 2007; Cuddapah et al., 2009; Jothi et al.,
2008; Kim et al., 2007; Schmidt et al., 2012b). It is an ongoing challenge in science to
understand which binding sites have a direct function on gene-specific regulation and which
are involved in maintaining the high order chromatin structure, sometimes being sufficient but
not necessary. An striking example in this direction is represented by the B-globin
conformation locus during erythroid differentiation: the B-globin gene must be induced, and
CTCF was found to establish several differentiation-stage specific long-range interactions.
Albeit many of them were altered upon loss of CTCF by knockout targeting, only few of them

were responsible for the transcriptional regulation (Splinter et al., 2006).

To investigate the biological function of CTCF in the insulation loop formation, we generated
a CTCF inducible knock-down system in Jurkat cells. Here, we detected a reduction of the
loop formation and a concomitant increase of histone acetalytion (H3K9ac) status on the PU./
promoter. H3K9ac is a hallmark of active transcription, but PU.1 transcript’s level remained
invariant in kdCTCF lines. However, it is known that the PU./ promoter is maintained in a
silenced state by DNA methylation (Amaravadi and Klemsz, 1999); it had also been shown
that the 5-AZA demethylating agent can de-repress PU.1 transcription by erasing its promoter
methylation pattern. Taken this knowledge into account, we combined the downregulation of
CTCF with the 5-AZA treatment, affecting in this way both chromatin looping and
methylation of the PU.I promoter. By this approach, PU.1 upregulation in kdCTCF lines was
more profound, indicating that the epigenetic regulation is achieved by a coordination of
different mechanism, as histone modification, chromatin conformation and DNA methylation.
In conclusion, we showed that the loop formation is CTCF-dependent based on a loss-in-

function approach.

It had been shown that CTCF binding can be methylation sensitive (Hark et al., 2000),
however, CTCF is very versatile in accomplishing different roles, and the methylation
inhibition on CTCF binding is not a universal feature: in fact, was mostly restricted to the
sequences where CTCF plays a role in regulation of imprinted loci or during X inactivation
(Ohlsson et al., 2010). Instead, in the two T-cell lines used in this thesis (EL-4 in chapter 3.1.3
and Jurkat in chapter 3.2.2) this effect could not been observed for two main reasons. First,
the insulating loop formation could occur in the physiological cellular context, where the
PU.I promoter region is methylated. Second, 5-AZA was sufficient for PU.I derepression in

both lines, and also necessary for Jurkat cells; on the other hand, the reduction of the
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insulating loop was sufficient for PU. reactivation in EL-4, but not in Jurkat cells. Thus there
is no direct correlation between methylation status of the promoter and CTCF occupancy.
Third, treating EL-4 transgenic and mock cells with 5-AZA affected PU.1 expression, but not
the entity of the loop disruption (data not shown). Taken together, our data strongly suggested
that DNA methylation and CTCF-dependent long-range interactions are two independent
mechanisms, whose cooperation result in a coordinated function on silencing PU.I

expression.

To gain new insights whether the CTCF mediation on this chromatin loop is dependent on
direct binding of CTCEF to the Pu.1 promoter, we used transgenic cell lines overexpressing the
PU.1 promoter region. In this cellular context CTCF levels don’t vary, but the endogenous
loop is reduced being sequestered by an exogenous promoter copy. This is the best model in
our hands to determine the occupancy change of CTCF. Indeed, CTCF binding was decreased
at endogenous promoter level, while remained invariant on the +71 insulator, which strongly
correlates CTCF binding and loop formation. Therefore we suggest that an induced disruption
of the endogenous insulating loop causes a shift in CTCF binding from the endogenous

promoter to the exogenous one.

Taken these findings together, we could demonstrate that CTCF directly mediates the
insulating loop, which regulates PU.1 expression in a coordinated fashion with other

epigenetic mechanism, as DNA methylation.

4.2.2 SatB1 binds the +71 element but is not necessary for insulation
activity

The SatB1 binding site identified on the +71 element does not locate in the core region
responsible for insulator function. However, taking into account that SatBl is not that
ubiquitous as CTCF, it was tempting to study whether CTCF and SatB1 could cooperate, and
if so, whether this cooperation would confer T-cell specificity of PU.1 gene regulation. On the
other hand, SatB1 was shown to bind the URE region in myeloid progenitors, mediating the
respective enhancing function (Steidl et al., 2007). In conclusion, little is known about the
role of SatB1 in gene regulation in hematopoiesis, motivating us to investigate the function of
SatB1 T-cell specific binding in the PU. 1 locus. Thus we first screened the perturbation of the
insulating loop by applying the same approach as for CTCF.
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Upon SatB1 downregulation, no significant changes were detected neither on PU.1 expression
levels, nor on the histone acetylation, and the loop formation significantly increased. Hence,
SatB1 is not responsible to directly repress PU.I transcription. But these results are
controversial to be analyzed: first, CTCF was upregulated, so the increasing of loop formation
could be an indirect effect of the increased levels of CTCF; second, SatB1 down-regulation is
necessary for T cell maturation, therefore our results could reflect a more mature status of
PU.1I gene. All these open questions are intriguing, but they have not been investigated further

in this thesis due to time constrains.

4.3 AML blasts adopt the T-cell specific insulating loop
conformation

PU.1 aberrant expression is observed in different hematopoietic malignancies. PU.1 is
overexpressed in erythroleukemia (Kosmieder 2005), its downregulation leads to AML in
mouse models (DeKoter, 2006?, Rosenbauer, 2004); lack of silencing PU.1 causes T-ALL
(Rosenbauer, 2006). Taken together, these studies performed on mouse models indicate that
PU.1 role is dosage-dependent and lineage-specific not only as master lineage determinant in
normal hematopoietic development, but also as tumor suppressor in leukemia. In human
leukemia, point mutations are found in PU.I promoter and gene body with very rare
probability (Bonadies et al., 2011; Mueller et al., 2002); one SNP in the URE region could be
involved in the leukemic progression of complex karyotype AMLs (Steidl, JCI 2007). Rather
than mutations in the DNA sequence, PU.l had been found to be blocked by other
mechanisms: it is a target of oncogenic fusion protein in AML (AMLI1-ETO, Flt3-ITD, PML-
RARA) (Gilliland et al., 2004), PU.1 promoter acquires an aberrant methylation pattern in
CML, especially evident during the blast crisis.

It is clear that epigenetic plays a major role in gene regulation of master transcription factors
as PU.1 in hematopoietic differentiation as well as in leukemia development. Therefore we
investigated whether the T-cell specific conformation we identified in this thesis could also be
present in the myeloid leukemic onset, where PU.1 is often downregulated. This hypothesis is
based on the expression levels of PU.1, which are silenced both in mature thymocytes and
myeloid blasts, respectively; this would reveal that the repressing loop between PU.I
promoter and insulator is a specific mechanism of PU.1 gene regulation, occurring when PU.1

transcription has to be inhibited. Here we show that AML (acute myeloid leukemia) cell lines
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harbor the chromatin loop and CTCF occupancy at similar levels found in Jurkat, T-cell lines,
suggesting that also in an AML context the insulating loop is CTCF-mediated. As control,
two not hematopoietic lines were analyzed and don’t show neither the same conformation nor
CTCF binding, suggesting, as for MEF in the mouse counterpart, that the PU.J locus is here
shut down likely by other more permanent epigenetic events, like heterochromatin spreading.
To our knowledge, this is the first evidence of a long-range chromatin interaction, which can
mark a specific gene for transcriptional silencing and can be adopted in an opposite lineage in

a malignant context.

4.3.1 The insulating loop is disrupted during differentiation of leukemic

blasts

To test the biological function of the insulating loop found in AML blast line, we decided to
induce differentiation of these cells and observe the chromatin changes during this process.
HL-60 cells derives from an APL-leukemia (acute promyelocytic leukemia), characterized by
the t(15;17) translocation, causing the formation of the PML-RARa oncogene (Rizzo et al.,
1998), which traditionally correspond to the FAB subtype M3 (even if Dalton WT Jr and
colleagues reporter in 1988 that HL-60 represent an M2 subtype, (Dalton, Jr. et al., 1988;
Mueller et al., 2006a)). For our purpose, anyway, the detailed classification is not crucial,
since we try here to identify a signature for AMLs unrelated to their differentiation stage;
what was relevant for this thesis, is the property of HL-60 to be differentiated in mature
monocytes upon phorbol ester (TPA) treatment. Thus HL-60 line represented a model to
observe epigenetic changes when the cells escape from the leukemic program to establish a
terminal differentiation cell fate. The chromatin conformation switched from a repressive
state of PU.1, harboring the insulating loop, to an active state, marked by an increased loop
with the URE enhancing region. This result strongly correlates with the previously analyzed
populations in 3.1.3, confirming that within the same system PU.1 expression could be
reflected by monitoring the two determinant loops of the PU.I promoter, the insulating and
the enhancing one. The current leading treatment of APL leukemia is all-trans retinoic acid
(ATRA), which functions as the TPA by displacing the fusion protein PML-RARa from its
targets. It had been shown that treating primary APL blast ex vivo with ATRA is sufficient to
restore PU.1 expression and drive differentiation. Hence we speculate that one of the
molecular mechanisms underlying this therapeutic effect could be the modulation of the long-

range interactions from the insulator to the URE enhancer.
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4.3.2 PU.1 expression block is associated with the insulating loop in

AML patients

AML is a very heterogeneous disease, and different subtypes present drastically different
prognostic prediction. The FAB classification was mainly based on morphological and
cytochemical characteristic, integrating also genetic aberration such as chromosomal
translocations. However, morphologic and genetic features don’t always correlate, or the
molecular defects underlying cannot be identified. It is thus required to consider different
levels to provide a more reliable classification, to close to gap between (epi)genome and
phenotype. Current efforts are focusing on the application of genome-wide techniques to
discovery new markers and tool for prognostication and prediction of response to therapy. In
fact, apart from rare cases, such as PML-RARa in M3, where therapeutic drugs could be
directed against one main oncogene, usually leukemia are treated by a combination of
therapies, as allogenic bone marrow transplant and chemotherapy. Recently, epigenetic drugs
are used in clinical treatment, as demethylating agents (citarabine) or inhibitors of histone
deacetylase (for instance, tricostatin A), after astonishing results during the clinical trials
(Estey, 2012a). It is therefore still challenging to investigate how genes are dysregulated and

by which mechanisms, including epigenetic ones, can be involved in leukemogenesis.

We therefore started to analyze primary AML blasts, asking whether the insulating loop we
observed in vitro in an APL cell lines could also be detect in human patients. We collected
blasts from 10 patients and compared them with 2 independent samples of CD34+ as
undifferentiated progenitors and 5 samples of human myeloid cells, including monocytes and
granulocytes. Intriguingly, the AML blasts assume the T-cell specific chromatin conformation
in a wide distribution fashion. Notably, the loop formation doesn’t correlate with the FAB
classification’s differentiation stage; in progenitors and mature myeloid cells, the loop was
very low or absent, respectively. On the other hand, the levels of the PU.I/URE interaction
anti-correlate with the insulating loop in AML patients; this difference is even more strikingly
in mature monocytes, where the enhancing loop is very pronounced. We also confirmed that
PU.1 transcripts is significantly lower than mature monocytes and is comparable to CD34+
cells, confirming a common knowledge of PU.1 expression in stem cells and overall leukemic
blast (Zhu et al., 2012). The number of cells and of patients doesn’t allow us to perform
statistically significant correlation studies between the chromatin loops and PU.1 expression.

For the same reason CTCF occupancy and histone acetylation status of the PU./ promoter
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could have been investigated only in two patients, one harboring high levels and the other low
ones of the insulating loop; the results of this pilot experiment again suggested the role of
CTCF as mediator of the loop. On the other hand the acetylation status was inversed
represented, indicating that the loop correlates with an inhibited state of transcription.
However, taken in account the heterogeneity of the AMLs, these conclusions remain

speculations due to limited number of the samples.

In addition to limitations in collecting samples and in blast numbers obtained per patient, it is
worthwhile to remind that the blasts must be considered heterogeneous (Dick, 2008) also
within the same leukemia and that 3C analysis are performed on the whole population.
Therefore these results, as every q3C outcome, have to be interpreted with particular care (de
and de, 2012) when aiming of establishing a correlation between different chromatin
conformations (here, the insulating and the enhancing loop): it is easy to compare loops levels
in different populations when one of them doesn’t harbor them, like in the case of mature
monocytes. Hence, it was possible to determine the threshold of the insulating loop to 0, and
consequently to state that the levels in AML are consistently relevant. But the difficulty
increases when samples present intermediate levels of loop formation, such as for the
enhancing loop: here we could only assume that the basal level of this loop is represented by
CD34+. Albeit these complications, by the analysis of two separate loops within the same
locus, which often anti-correlating one to another, our results clearly demonstrated the

coexistence of two opposite loops only in AML onset.

In this thesis, the chromatin structure description aimed to enlighten another layer of PU.1
gene regulation, therefore it would be interesting to quantify the association between local
structure and PU.1 expression in AML onset and physiological one. In this perspective, it
would be risky to correlate each loop with PU.1 expression; more informative would be
instead, to first investigate statistically the relations between the two chromatin loops, for
which we speculate in an anti-correlation, and subsequently associate the “local chromatin
structure” score to the PU.1 transcript level. However, for such statistically based
investigations the required number of samples should be incredibly higher. Moreover, the
complicated PU.1 gene regulation and its dysregulation in leukemia can only be achieved by a
coordination of several epigenetic mechanisms, as histone modification and DNA
methylation. Anyway, these results demonstrated the need to include chromatin conformation

studies in the epigenetic investigation. In fact, here we provide the first evidence how the

98



4 Discussion

chromatin structure of PU.1 can assume in AML context the long-range interaction of an

opposite lineage.

4.4 A conclusive model

The ETS-transcription factor PU.1 is one of the master driving differentiating gene in the
hematopoietic system. PU.1 dynamic and lineage-specific expression underlies its versatility
in lineage specification and cell fate decision; beyond that, a tight and coordinated
transcriptional regulation is required. In this thesis we described an uncovered layer of PU.1
gene regulation, the local chromatin structure. First, we identified a CTCF-dependent T-cell
specific insulator, which contributes to inhibit PU.1 transcription during T-cell commitment
and specification. Moreover we proposed that AML blasts silence PU./ gene by mimicking

the same chromatin loop, perturbing a myeloid-specific chromatin structure.
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Figure 36: Local chromatin structure of the PU.1 gene in opposite hematopoietic lineages and its
perturbation in AML condition. Schematic representation of the proposed role of chromatin conformation on
PU.1 gene regulation: H3 states for not-acetylated-histone; CpG are known to be methylated and unmethylated
in T cells and macrophages, respectively. In the AML situation are named undetermined, because of the
heterogeneity of AML disease. We demonstrated that the loop is mediated by CTCF binding; however, it is not

to be excluded, that other factors are involved, directly or indirectly.

4.5 Perspectives

In this thesis a novel molecular mechanism which regulates PU.I silencing in T cells was
identified; next, the hypothesis whether those could give new insight in PU.1 block in AML

was investigated. These findings opened very important consequent questions.

First of all, a subject for an ongoing project consists to validate the CTCF role for the
insulating loop formation in AML lines. We therefore planned to apply the same approaches
performed in T cell line also in AML context in vitro: insulating and enhancing PU.1 loops
will be monitored upon knocking-down CTCF and by sequestering the endogenous loop by
the mean of an exogenous PU./ promoter. In both contexts DNA methylation contribution

will be investigated by citarabine treatment.

Moreover, it would be interesting to increase the number of primary AML patients, screening
them for PU.I locus long-range interaction, PU.1 expression levels and CTCF occupancy; by

that, statistical approaches could be performed.

The correlation of these studies could be potentially developed a novel platform to better
define leukemia -classification, therefore improving prognostic prediction and ad hoc
therapies. As long term goal, the PU.1 gene could represent one reference gene for integrating

current genome-wide associations (GWAs) studies with epigenetic signatures.

Another aspect which was not conclusively investigated is the role of SatB1 in regulating the
insulating loop is the speculating interplay between the chromatin organizers CTCF and
SatB1. Their apparent opposite function in mediating and inhibiting the insulating loop leads
to speculate on the relevance of the interplay between the two chromatin organizers, both at
spatial nuclear architecture level and at local high-order chromatin structure. It would be very
informative to then study the perturbation of such potential coordinated function in a
neoplastic context. It had been shown that loss in function of CTCF can promote tumor
progression (Witcher and Emerson, 2009), whereas it is suggested than an overexpression of

SatB1 is associated with different malignancies, as some type of breast or colon cancer
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(Kohwi-Shigematsu et al., 2012). But, their role in cancer remains elusive. In a preliminary
study, we could show that CTCF and SatB1 co-occupy the insulator. Hence, it is fascinating
to investigate whether they interact at protein or DNA level, and if so, if they cooperate in a

synergistic, redundant or antagonist manner.
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% percentage

°C degree centigrade

3C chromatin conformation capture

AB antibody

a.m. above mentioned

ALL acute lymphoid leukemia

AML acute myeloid leukemia

APC allophycocyanin or adenomatous polyposis coli
ATCC american tissue culture collection
BCR B cell receptor

BM bone marrow

BMM® bone marrow derived macrophages
bp base pair

BS binding site

BSA bovine serum albumin

CDS coding determining sequence

CLP common lymphoid progenitor

CML chronic myeloid leukaemia

CMP common myeloid progenitor

c-Myc myelocytomatosis viral oncogene homolog
CTCF CCCTC-binding factor

DBD DNA binding domain

DMEM Dulbecco’s modified Eagle medium
DMSO dimethylsulfoxid

DNA desoxyribonucleic acid

dNTP deoxynucleotide triphosphate

DTT dithiotreitol

ECL enzymatic chemiluminescence

e.g. exempli gratia

EDTA ethylenediaminetetraacetate

Env envelope protein
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ES cells embryonic stem cells

F forward

FACS fluorescent activated cell sorting
FCS fetal calf serum

FITC fluoresceinisothiocyanat

GMP granulocyte-macrophage precursor
Gag-pol group antigen protein - polymerase
GFP green-fluorescent protein

h hour

HCI hydrochloric acid

HRP horseradish peroxidase

HSC hematopoietic stem cell

Ig immunoglobulin

IgG immune globulin gamma

Kb kilobase

kDakilo Dalton

KCl potassium chloride

KH,PO, potassium phosphate monobasic
KO knock out

kd knock down

Lin lineage

LSC leukemia stem cell

m or mm mouse, murine

M molar

mg milligram

MIG MSCV-IRES-GFP

min minutes

ml millilitre

mM milli molar

|g microgram

pl microliter

pM micromolar

mRNA messenger ribonucleic acid
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Na,HPO, Sodium phosphate dibasic
NaCl Sodiumchloride

NaOH sodium hydroxide

ng nano gram

nm nano meter

NLS nuclear localization sequence
p probability value

PAC phage artificial chromosome
PBS phosphate buffered saline

PcG polycomb group

PCR polymerase-chain-reaction
PFU Pyrococcus furiosus derived polymerase
pH potentia hydrogenii

PI propidium iodide

Pol polymerase

P/S penicillin/streptomycin

R reverse

RNA ribonucleic acid

rpm rotations per minute

RT room teperature

RT-PCR reverse transcription real time polymerase chain reaction

s.d. standard deviation

SDS Sodiumdodecylsulfat

Seq sequencing

SEM standard deviation of the mean
TAE Tris/acetate/EDTA buffer

Taq Tagman DNA polymerase

TE Tris/EDTA

U units

URC upstream regulatory cluster
URE upstream regulatory element

wt wild type
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