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UTX inhibition as selective epigenetic
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T-cell acute lymphoblastic leukemia (T-ALL) is a heterogeneous group of hematological tumors composed of dis-
tinct subtypes that vary in their genetic abnormalities, gene expression signatures, and prognoses. However, it re-
mains unclear whether T-ALL subtypes differ at the functional level, and, as such, T-ALL treatments are uniformly
applied across subtypes, leading to variable responses between patients. Here we reveal the existence of a subtype-
specific epigenetic vulnerability in T-ALL by which a particular subgroup of T-ALL characterized by expression of
the oncogenic transcription factor TAL1 is uniquely sensitive to variations in the dosage and activity of the histone 3
Lys27 (H3K27) demethylase UTX/KDMOG6A. Specifically, we identify UTX as a coactivator of TAL1 and show that it
acts as a major regulator of the TAL1 leukemic gene expression program. Furthermore, we demonstrate that UTX,
previously described as a tumor suppressor in T-ALL, is in fact a pro-oncogenic cofactor essential for leukemia
maintenance in TAL1-positive (but not TAL1-negative) T-ALL. Exploiting this subtype-specific epigenetic vulner-
ability, we propose a novel therapeutic approach based on UTX inhibition through in vivo administration of an
H3K27 demethylase inhibitor that efficiently kills TAL1-positive primary human leukemia. These findings provide
the first opportunity to develop personalized epigenetic therapy for T-ALL patients.
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T-cell acute lymphoblastic leukemias (T-ALLs) are aggres-
sive hematological malignancies resulting from the onco-
genic transformation of thymocytes at distinct stages of
differentiation. Different subtypes of T-ALL arise from
the aberrant expression of specific transcription factors
in T-cell progenitors (Van Vlierberghe and Ferrando
2012). One of the most prevalent oncogenic transcription
factors in T-ALL is the class II basic helix-loop-helix
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(bHLH) protein TALI (also called SCL) that is aberrantly
expressed in 40%—-60% of T-ALL patients (Lecuyer and
Hoang 2004; Van Vlierberghe and Ferrando 2012). Clini-
cally, the TAL1-positive T-ALL subtype displays a partic-
ularly poor prognosis compared with other subtypes that
do not express TALI (Ferrando et al. 2002). The oncogenic
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role of TAL1 has been demonstrated through forced ex-
pression of TALI in T-cell progenitors that leads to the de-
velopment of T-cell leukemia (Condorelli et al. 1996;
Kelliher et al. 1996). Furthermore, TALI is necessary for
the maintenance of leukemia, as shown by the dramatic
increase in apoptosis observed in T-ALL cells upon
TALI1 knockdown (Palii et al. 2011b; Sanda et al. 2012).
We (Palii et al. 2011b) and others (Kusy et al. 2010; Thoms
et al. 2011; Sanda et al. 2012) have previously identified
TAL1 genomic binding sites in T-ALL, revealing that
TALI controls the expression of specific genes necessary
for cell growth and maintenance of T-ALL. However, the
molecular mechanism through which TAL1 regulates
transcription of these genes remains unclear.

Results

To elucidate the function of TALI in leukemia, we immu-
noprecipitated the endogenous TALI1 protein from T-ALL
nuclear extracts (NEs) and identified TAL1-interacting
proteins by mass spectrometry (MS) (Supplemental Table
1). This experiment confirmed previously known TALI-
interacting partners (Hu et al. 2009) and revealed compo-
nents of the UTX complex (Cho et al. 2007; Issaeva
et al. 2007) as a novel set of TALI-interacting proteins
(Fig. 1A). Reciprocal immunoprecipitations using anti-
bodies (Abs) against endogenous TAL1 and UTX proteins
confirmed the interaction of TAL1 with subunits of the
UTX complex (Fig. 1B), and in vitro binding experiments
with recombinant proteins revealed a direct interaction
between UTX and the bHLH domain of TAL1 (Fig. 1C,
D). UTX (also called KDMG6A) is a Jumonji C domain-con-
taining demethylase that removes the repressive histone
mark trimethylated histone 3 Lys27 (H3K27me3) (Agger
etal. 2007; Hong et al. 2007). Previous studies have shown
that UTX plays important roles in embryonic develop-
ment (Lee et al. 2012; Welstead et al. 2012) and adult he-
matopoiesis (Thieme et al. 2013). Our identification of
an interaction between TAL1 and UTX (Fig. 1) suggests
that UTX could act as a coactivator for the TAL1-mediat-
ed oncogenic program in T-ALL.

To test this hypothesis, we first examined UTX bind-
ing to several previously characterized TALI-activated
genes, including RALDH? (also called ALDH1A2), the
proto-oncogene MYB, and genes involved in cell prolifer-
ation (e.g., ERG) and apoptosis inhibition (e.g., CD226)
(Palii et al. 2011b; Thoms et al. 2011; Sanda et al.
2012). Chromatin immunoprecipitation (ChIP) experi-
ments indicate that UTX is bound to all TALI target
genes that were examined (Fig. 2A,B; Supplemental Fig.
1). Furthermore, expression of these genes is significantly
reduced upon UTX knockdown, concomitant with an in-
crease in the level of H3K27me3 (Fig. 2A). Finally, the
knockdown of TALI1 leads to a significant loss of UTX
binding at its target loci accompanied by an increase in
H3K27me3 and a decrease in gene expression (Fig. 2B).
Collectively, these results indicate that TAL1-mediated
recruitment of UTX facilitates the expression of specific
genes involved in proliferation and apoptosis inhibition

UTX is oncogenic in TAL1-positive T-ALL

through active removal of the repressive histone mark
H3K27me3.

To evaluate the extent to which UTX contributes to the
TALI1 oncogenic program genome-wide, UTX genomic
binding was analyzed by ChIP combined with deep se-
quencing (ChIP-seq) and compared with TAL1 binding in
TALIl-expressing T-ALL cells. This experiment revealed
that the vast majority of TAL1-bound sites (>80%; P-value
<0.001) are co-occupied by UTX (Fig. 2C-E; Supplemental
Fig. 1). Furthermore, histone ChIP-seq experiments indi-
cate that genomic regions co-occupied by TAL1 and
UTX are depleted of the repressive mark H3K27me3
(Fig. 2F), confirming that UTX is enzymatically active at
these sites. Remarkably, the knockdown of TALI1 leads
to the re-establishment of H3K27me3 marks at the
TAL1/UTX-cobound sites (Fig. 2F, cf. dashed and solid
red lines), revealing that TALI1 is involved in actively
maintaining low levels of the repressive H3K27me3
mark at its genomic locations. Interestingly, examination
of H3K27me3 in a TAL1-negative molecular subtype of T-
ALL revealed that this repressive histone mark is enriched
at these same genomic locations (Fig. 2G). This suggests
that the depletion of H3K27me3 observed at TAL1/UTX-
cobound sites (Fig. 2F) is specific to TALI-positive T-
ALL. Consistent with this, ChIP experiments showed
that UTX is not bound to TALI sites in a TALI-negative
subtype of T-ALL (Fig. 2D, bottom panel for ERG; Supple-
mental Fig. 1 for other genes).

To determine whether UTX is functionally involved in
the regulation of genes cobound by TAL1 and UTX, RNA
sequencing (RNA-seq) analyses upon knockdown of each
factor were performed in TAL1-positive T-ALL. These ex-
periments reveal that TAL1/UTX-cobound genes (i.e., de-
fined as genes having a UTX/TALIl-cobound peak in a
region spanning 50 kb upstream of the transcription start
site [TSS] to the 3’ end of the gene) (Supplemental Table 2.
that are down-regulated upon TAL1 knockdown also tend
to be down-regulated upon UTX knockdown (Fig. 2H),
which confirms that UTX is required for the efficient acti-
vation of TALI1 target genes. Collectively, the above re-
sults show that UTX is a major coactivator of the TAL1
transcriptional regulatory program in T-ALL through re-
moval of the repressive histone mark H3K27me3.

Since TALI is a critical oncogene in T-ALL, we hypoth-
esized that its cofactor, UTX, may directly contribute to
the maintenance of leukemia. Furthermore, we reasoned
that if a potential proleukemic function of UTX in
TALIl-positive T-ALL is mediated through its specific re-
cruitment to TAL1 target genes, UTX would not signifi-
cantly contribute to leukemia maintenance in other
molecular subtypes of T-ALL that do not express TALI.
To address these questions, the knockdown of UTX was
induced in TAL1-positive T-ALL cells from multiple ori-
gins, including three cell lines (CEM-C1, PF-382, and
Jurkat ) (see Fig. 3A,B; Supplemental Fig. 2A,C,F) and three
primary blast samples from leukemia patients (M18, M69,
and 08h125) (see Fig. 3A,B; Supplemental Fig. 2B,1). In all
cases of TALl-positive T-ALL, we observed that the
knockdown of UTX leads to a strong increase in apoptosis
accompanied by a decrease in cell growth (Fig. 3C,D;
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Figure 1. Identification of the UTX complex as a TALI-interacting partner. (A) TALI-interacting proteins identified by MS after TAL1
immunoprecipitation in Jurkat NEs. (Proba.) Probability of identification determined by ProteinProphet (Nesvizhskii et al. 2003). (B)
Western blot analysis of reciprocal immunoprecipitations performed in Jurkat NEs with Abs against endogenous TAL1 and UTX proteins.
(SN) Supernatant; (El.) elution. (C) Western blot analysis of TAL1 and UTX pull-downs performed on recombinant purified Flag-UTX and
His-TALI fusion proteins. (D) Western blot analysis (right panel) of Flag pull-downs performed on recombinant purified Flag-UTX and the
indicated GST-TALI fusion proteins (left panel). The asterisk indicates the recombinant protein of expected size. (B-D) Molecular masses
are indicated (in kilodaltons). Representative examples of three biological replicates are shown.

Supplemental Fig. 2D,E,G,H,J), a phenotype similar to
that previously observed upon the knockdown of TALI
(Palii et al. 2011b; Sanda et al. 2012). Furthermore, gene
ontology (GO) analyses after RNA-seq confirm that proa-
poptotic genes are up-regulated, while proproliferation
genes are down-regulated, upon UTX knockdown (Fig.
3E; Supplemental Fig. 3; Supplemental Table 2). In strik-
ing contrast, the knockdown of UTX did not induce apo-
ptosis and had no effect on the growth of T-ALL cells
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that do not express TALI, including two primary blast
samples from leukemia patients (08h028 and 05h129)
(Fig. 3A-D; Supplemental Fig. 2B/1]J) and two cell lines
(DND-41 and SUP-T1) (Fig. 3A,B; Supplemental Fig. 2A,
F,G,H). Thus, the knockdown of UTX selectively kills
TALIl-expressing T-ALL cells.

Next, we reasoned that if UTX is truly pro-oncogenic in
the TAL1-positive subtype of T-ALL, its overexpression
should increase proliferation. Consistent with this, we
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Figure 2. TALI recruits UTX to aberrantly activate transcription of its target genes through H3K27me3 demethylation. (A) UTX binds to
and activates TAL1 target genes through active removal of H3K27me3. UTX knockdown (measured by Western blot) induced by doxycy-
cline (Dox)-mediated expression of an anti-UTX shRNA leads to a decrease in transcription of the indicated TAL1 target genes (measured
by quantitative RT-PCR [qRT-PCR]) and an increase in H3K27me3 (measured by ChIP-qPCR). (B) TALI1 recruits UTX to activate tran-
scription of its target genes. TAL1 knockdown (measured by Western blot) induced by Dox-mediated expression of an anti-TAL1 shRNA
disrupts UTX binding, which leads to an increase in H3K27me3 (measured by ChIP-qPCR) accompanied by decreased transcription of the
indicated genes (measured by qRT-PCR). (C) Venn diagram showing the overlap of TAL1 and UTX binding genome-wide. P-value < 0.001.
(D, top panel) ChIP-seq (ChIP combined with deep sequencing) density plots (normalized by reads per million mapped reads) for UTX and
TALI1 at the ERG gene locus in TAL1-positive T-ALL cells. The arrowhead indicates the region tested by ChIP-qPCR below. (Bottom pan-
el) Validation of the differential expression, H3K27me3 enrichment, and UTX and TAL1 binding at the ERG gene locus in TALI-positive
versus TAL1-negative T-ALL. (E) Pie chart of the genome-wide distribution of TAL1/UTX-cobound sites based on RefSeq in the TALI-
positive T-ALL. (F) TALI1 recruits an active H3K27me3 demethylase to its binding sites genome-wide in TAL1-positive T-ALL. Histone
H3K27me3 ChlIP-seq profiles are shown in control (Ctrl) and TAL1 knockdown (KD) Jurkat cells around the 2164 TAL1/UTX-cobound
sites. Randomly chosen sites not cobound by TAL1 and UTX are shown for comparison. (TPM) Tags per million. (G) Genomic locations
depleted of the H3K27me3 histone mark in the TAL1-positive T-ALL cell line Jurkat (shown in F) are enriched for the H3K27me3 mark in
the TAL1-negative T-ALL cell line DND41. Histone H3K27me3 ChIP-seq profiles around the same genomic locations as in F are shown in
the TALI-negative T-ALL cell line DND41. Randomly chosen sites (the same as in F) are shown for comparison. (TPM) Tags per million.
(H) UTX positively regulates the expression of TALI target genes that are cobound by UTX. Gene set enrichment analysis indicates the
degree to which genes that are associated with TAL1/UTX-cobound sites and down-regulated upon TAL1 knockdown are overrepresented
at the left (down-regulated upon UTX knockdown) or right (up-regulated upon UTX knockdown) of the entire ranked list (defined by RNA
sequencing [RNA-seq| upon UTX knockdown). (NES) Normalized enrichment score. (A,B) Molecular masses (in kilodaltons) are indicated
on Western blots. A representative example of three biological replicates is shown. (A,B,D), qRT-PCR results are expressed as mean values
relative to the internal control 82microglobulin (82M), with error bars corresponding to standard deviations (SDs). Mean ChIP-qPCR val-
ues are presented as a fraction of input, with error bars corresponding to SDs. n=3. (*) P <0.05; (**) P <0.01; (***) P<0.001.
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Figure 3. UTX is involved in leukemia maintenance of TAL1-positive but not TALI-negative T-ALL cells. (A) UTX is expressed in
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ues relative to the internal control 82M +SD. n=3. (***) P<0.001. (C) UTX knockdown decreases the growth of primary blasts from
TALI-positive but not TAL1-negative T-ALL patients. Viable cells after UTX knockdown (shUTX) relative to viable cells without knock-
down (shCtrl) are reported as mean = standard error of the mean (SEM). n = 4. (**) P < 0.01; (ns) not significant. (D) UTX knockdown triggers
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cated GO categories upon UTX knockdown (KD). RNA-seq was performed in duplicate in control and UTX knockdown Jurkat cells. (Bot-
tom panels) Validation of RNA-seq results by qRT-PCR. Fold changes in expression (knockdown/control) are presented as mean values
relative to the internal control 82M +SD. n = 3. (F,G) Overexpression (OE) of UTX wild-type but not its enzymatically dead mutant (mut)
counterpart increases the growth of TAL1-positive Jurkat T-ALL cells (F) but decreases the growth of TAL1-negative DND41 T-ALL cells
(G). (Top panels) QRT-PCR results are presented as mean values relative to the internal control 82M +SD. n = 3. (Middle panels) Western
blots are shown as representative examples of three biological replicates. (Bottom panels) Concentrations of viable cells are presented as
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observed that a twofold overexpression of UTX is suffi-
cient to strongly increase the growth of TAL1-positive T-
ALL cells (Fig. 3F). Furthermore, this effect is dependent
on the demethylase activity of UTX, since overexpression
of an enzymatically dead mutant has no effect on cell
growth (Fig. 3F). Interestingly, UTX overexpression in
TALIl-negative T-ALL leads to the opposite phenotype (i.
e., decreased cell growth), also in a demethylase-depen-
dent manner (Fig. 3G), which reinforces our previous con-
clusion that UTX is selectively pro-oncogenic in TALI-
positive T-ALL. Furthermore, this last result suggests
that UTX could have a tumor suppressor role in TAL1-neg-
ative subtypes of T-ALL. Taken together, these results
demonstrate for the first time that the mechanism of leu-
kemia maintenance differs between distinct molecular
subtypes of T-ALL, with UTX selectively acting as a pro-
oncogenic cofactor to maintain leukemia in TAL1-posi-
tive cases. This suggests that personalized therapies may
be required to efficiently treat the different subtypes of
T-ALL.

As UTX is important for leukemia maintenance in
TALI-positive T-ALL (Fig. 3; Supplemental Figs. 2, 3), we
sought to use pharmacological inhibition of UTX with
the H3K27 demethylase inhibitor GSK-J4 (Kruidenier
et al. 2012, 2014) as a potential therapeutic strategy to
eliminate TALI-positive leukemic blasts. The depend-
ency of TALI-positive (but not TAL1-negative) leukemias
on UTX level and activity for their survival and growth
(Fig. 3; Supplemental Figs. 2, 3) predicts that TALl-ex-
pressing leukemic cells will be more sensitive to UTX in-
hibition. Indeed, dose response curves measuring cell
growth and apoptosis at increasing concentrations of
GSK-J4 revealed a disproportionate sensitivity of TALI-
positive T-ALL cells compared with their TAL1-negative
counterparts (Fig. 4A,B; Supplemental Fig. 4A-C,E).
Specifically, alow dose of GSK-J4 is efficient at killing leu-
kemic blasts from four distinct TAL1-positive T-ALL pa-
tients without inducing apoptosis in TALIl-negative
blasts (Fig. 4B). The toxic effect of GSK-J4 observed at high-
er concentrations in blasts from TALI-negative T-ALL pa-
tients (Fig. 4A) may be due to the inhibitory effect of this
drug on another H3K27 demethylase (JMJD3, also called
KDMBG6B) or, to a lesser extent, on the H3K4 demethylases
KDM5B and KDM5C (Kruidenier et al. 2012, 2014).

To determine the extent to which the effect of GSK-J4
treatment in TALI1-positive cells is mediated through
UTX inhibition, changes in gene expression profile upon
GSK-J4 treatment were measured by RNA-seq and com-
pared with changes in gene expression after UTX knock-
down. This experiment revealed a strong correlation
between the two gene expression signatures (Fig. 4C), sug-
gesting that, in TAL1-positive cells, GSK-J4 acts mainly
through the inhibition of UTX. Consistent with this, over-
expression of wild-type UTX (but not its enzymatically
dead mutant) is sufficient to prevent GSK-J4-mediated in-
duction of apoptosis in TAL1-positive T-ALL cells, where-
as overexpression of JMJD3 is unable to rescue GSK-J4-
induced apoptosis (Fig. 4D). Therefore, the induction of
apoptosis by GSK-J4 in the TALI-positive T-ALL subtype
is mediated through inhibition of UTX demethylase activ-

UTX is oncogenic in TAL1-positive T-ALL

ity, a result that is consistent with our finding that TAL1
interacts with UTX but not JMJD3 (Fig. 1B). Importantly,
GSK-J4 treatment also leads to an increase in the repres-
sive H3K27me3 mark (Fig. 4E) and results in global repres-
sion of the TAL1-UTX gene expression program, with
87% of the TAL1/UTX target genes being down-regulated
upon GSK-J4 treatment (Fig. 4F), which confirms that
GSK-J4 acts at least partially through reversing TAL1-me-
diated aberrant gene activation. Collectively, these results
indicate that, in the TAL1-positive subtype of T-ALL, leu-
kemia is maintained through the TAL1-UTX axis, which
confers on these leukemic cells a disproportionate sensi-
tivity to the demethylase inhibitor GSK-J4. In this regard,
it is interesting to note that the leukemic blasts that we
used are resistant to dexamethasone (Supplemental Fig.
4F), a glucocorticoid that is currently used as a treatment
for T-ALL (Piovan et al. 2013). Thus, the disproportionate
sensitivity to GSK-J4 may provide a therapeutic window
to eliminate TAL1-positive leukemic cells, including dex-
amethasone-resistant blasts.

Since GSK-J4 has not yet been tested in vivo as a leuke-
mia treatment, we designed a novel therapeutic approach
in which the drug is administered to patient-derived xeno-
graft models of T-ALL. In this approach, immunodeficient
NOD-scid IL2Rg™!! (NSG) mice are first engrafted with
primary blasts from leukemic patients (TALI1-positive
and TAL1l-negative) and then treated by intraperitoneal
injection of 50 mg kg™' GSK-J4 for 3 consecutive weeks
(Fig. 5A). GSK-J4 treatment of TAL1-positive T-ALL-de-
rived xenografted mice results in a dramatic decrease in
the percentage of human leukemic blasts (CD45" CD7*)
in the bone marrow (BM) (Fig. 5B) while strongly reducing
infiltration of human leukemic cells in the spleen (Fig. 5C,
D). Furthermore, GSK-J4 significantly attenuates leuke-
mia-induced splenomegaly of TALI-positive T-ALL xeno-
grafted mice (Fig. 5E). In contrast, GSK-J4 has no effect on
TALI-negative patient-derived xenografts (Fig. 5B-E), pro-
viding in vivo validation of the drug selectivity for TALI-
positive T-ALL. Our finding in cell culture that the effect
of GSK-J4 is mediated through UTX inhibition in TAL1-
positive T-ALL (Fig. 4C,D) strongly suggests that GSK-J4
also works through UTX inhibition in vivo. How-
ever, we cannot exclude that, in the context of systemic
intraperitoneal injection, GSK-J4 may also inhibit other
demethylases, including JMJD3/KDMBG6B or, to a lesser ex-
tent, KDM5B and KDM5C (Kruidenier et al. 2012, 2014).
Importantly, GSK-J4 treatment is well tolerated in mice,
with no weight loss and no adverse effect detected in the
intestine, spleen, liver, kidney or the hematopoietic sys-
tem (Supplemental Fig. 5). Therefore, GSK-J4 is a novel,
highly promising epigenetic therapy against TAL1-posi-
tive T-ALL.

Discussion

T-ALL is a heterogeneous disease comprising several mo-
lecular subgroups characterized by the aberrant expres-
sion of distinct oncogenic transcription factors, unique
gene expression signatures, and different prognoses (Van
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Figure 4. The H3K27 demethylase inhibitor GSK-J4 represses TAL1/UTX target genes and selectively kills TAL1-positive T-ALL cells
through UTX inhibition. (A,B) TAL1-positive T-ALL cells are more sensitive to GSK-J4 treatment. (A) Dose-dependent effect of GSK-J4 on
the viability of primary blasts from T-ALL patients. Data are presented as mean values of the percentage of CD7-positive Annexin V-neg-
ative cells +SEM. n = 3. The reduction of apoptosis in TAL1-positive T-ALL is statistically significant compared with TAL1-negative
T-ALL (e.g., at 5 pM GSK-J4, P-value =0.016; at 10 uM GSK-J4, P-value = 8.8 x 1072 by t-test [unpaired, two-tail, nonequal variance]).
(B) GSK-J4 (5 nM) decreases growth (top panel) and increases apoptosis (bottom panel) of primary blasts from TAL1-positive T-ALL pa-
tients. (Top panel) Viable cell numbers after GSK-J4 treatment relative to viable cell numbers after vehicle control treatment are reported
as mean values + SEM. n = 4. (Bottom panel) Apoptosis is reported as the percentage of Annexin V-positive cells. Data are shown as mean =
SEM. n=4.(*) P<0.05; (***) P <0.001; (ns) not significant. Representative FACS plots are shown at the right. (C,D)In TALI-positive T-ALL,
GSK-J4 acts predominantly through UTX inhibition. (C) Correlation of changes in gene expression between UTX knockdown (shUTX)
and GSK-J4 treatment. RNA-seq was performed with pairs of duplicates for (1) control and UTX knockdown Jurkat cells and (2) vehi-
cle-treated and GSK-J4-treated Jurkat cells. (D) Overexpression (OE) of UTX, but not JMJD3, rescues GSK-J4-mediated apoptosis in
TAL1-positive T-ALL. Overexpression of UTX (wild type or enzymatically dead mutant) or JMJD3 (wild type or enzymatically dead mu-
tant) was induced in TAL1-positive Jurkat cells (top) or TAL1-negative DND41 cells (bottom) followed by treatment with GSK-J4 or a
vehicle control. (Left panels) Western blot analyses of UTX and JMJD3 overexpression. Representative examples of three biological rep-
licates are shown. (Right panels) The percentage of apoptotic cells (Annexin V-positive) after GSK-J4 treatment is reported relative to the
percentage of apoptotic cells after treatment with vehicle control. Data are shown as mean + SEM. n = 4. (E) GSK-J4 treatment increases
the repressive histone mark H3K27me3 globally (as measured by Western blot; representative example of three biological replicates) (left
panel) and on specific TAL1/UTX target genes (as measured by ChIP-qPCR) (right panel). Mean values are presented as a fraction of input =
SD. n=3. (**) P<0.01; (***) P<0.001). (F) GSK-J4 treatment leads to down-regulation of the TAL1-UTX transcriptional regulatory net-
work. (Left panel) Volcano plot showing genome-wide changes in gene expression upon GSK-J4 treatment in Jurkat cells as measured
by RNA-seq. Adjusted P-value (—log;o) versus fold change (log,). The entire set of TAL1/UTX target genes (defined as TAL1/UTX-cobound
genes that are significantly down-regulated upon TAL1 knockdown and UTX knockdown) are highlighted in red, with gene names shown
for representative examples. (Right panel) Validation of RNA-seq by qRT-PCR for a subset of genes. Results are reported as mean values
relative to the internal control $2M +SD. n=3. (**) P<0.01.
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Figure 5. The H3K27 demethylase inhibitor GSK-J4 is efficient in vivo against patient-derived xenotransplant models of TAL1-positive
T-ALL. (A) Experimental strategy. NSG mice were transplanted by intrafemoral (IF) injection of primary human T-ALL cells. When the
engraftment level reached 5%-10% of human leukemic blasts in the BM, mice were injected intraperitoneally with GSK-J4 or a vehicle
control. (B-D) In vivo administration of GSK-J4 strongly reduces the percentage of TAL1-positive human leukemic blasts in the BM (B) and
spleen (C,D) but has no visible effect on TALI-negative T-ALL transplanted mice. (B,C) The percentages of human CD45" CD7* leukemic
blasts are presented as mean values + SEM. (ns) Not significant (P > 0.5); four mice per group. Representative FACS plots are shown at the
right. (D) Immunohistochemistry using a human CD45 Ab on spleen histological sections. The results are representative of three biolog-
ical replicates. (E) In vivo administration of GSK-J4 significantly reduces leukemia-induced splenomegaly in TALI-positive but not TAL1-
negative T-ALL transplanted mice. Spleen weights are presented as mean values + SEM. (ns) Not significant (P > 0.5); four mice per group.

Vlierberghe and Ferrando 2012). While the existence of
specific molecular subtypes of T-ALL has long been estab-
lished (Ferrando et al. 2002), to date, there has been no de-
scription of functional differences between them,
and therefore therapeutic strategies (both clinical [van
Grotel et al. 2006] and preclinical [Palomero and Ferrando
2009]) are applied uniformly across subtypes, leading to
variable responses between patients coupled with high
toxicity (Pui et al. 2008; Liu et al. 2011).

Here we describe for the first time a functional differ-
ence between the TALI-positive and TAL1-negative sub-
types of T-ALL. Specifically, we found that, in the TAL1-
positive T-ALL subtype, UTX promotes cell growth and is
necessary for leukemia maintenance (both in vitro and in
vivo) through its ability to coactivate genes targeted by
the oncogenic transcription factor TAL1. Conversely, in
the TALIl-negative subgroups of T-ALL, even though
UTX is expressed, it does not participate in leukemia
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maintenance (Fig. 6). Furthermore, we showed that the
demethylase activity of UTX is essential for leukemia
maintenance in TALI-positive but not TALl-negative
T-ALL. Taken together, these results have important
therapeutic implications, as they point toward the need
for personalized therapies to treat distinct subtypes of
T-ALL. Consistent with this, we showed that pharmaco-
logical inhibition of UTX with the H3K27 demethylase
inhibitor GSK-J4 selectively ablates TAL1-expressing hu-
man leukemic blasts in both cell culture and xenograft
models of patient-derived leukemia, providing proof of
principle that subtype-specific therapy in T-ALL is not
only desirable but also feasible (Fig. 6). This is all the
more important, as TALI-positive T-ALL patients gener-
ally have a poor prognosis with current treatments (Fer-
rando et al. 2002), and TALI-positive leukemic cells
appear to resist treatment with other recently developed
anti-leukemia drugs, including the Brd4 inhibitor JQI
(Zuber et al. 2011), the DOT1L inhibitor EPZ004777 (Dai-
gleetal.2011), and the BCL2 inhibitor ABT199 (Peirs et al.
2014). Importantly, GSK-J4 is well tolerated in vivo at dos-
es that are therapeutically relevant, further supporting the
clinical potential of this class of inhibitory molecules
for selective epigenetic therapies against TAL1-positive

TAL1-positive T-ALL
(dependent on the TAL 1/UTX-gene nelwork)

T-ALL. Along those lines, a number of studies have noted
that, even though UTX and JMJD3 are required for devel-
opment and differentiation, these functions are largely in-
dependent of their demethylase activity (Miller et al.
2010; Shpargel et al. 2012; Wang et al. 2012; Thieme
et al. 2013). Furthermore, transgenic mice with a homozy-
gous knock-in of an enzymatically dead UTX mutant are
viable and fertile (C Wang and K Ge, unpubl.), confirming
that UTX enzymatic activity is dispensable for mouse de-
velopment. Thus, transient inhibition of H3K27 demethy-
lase activity in vivo would be expected to present limited
long-term secondary effects.

The disproportionate sensitivity of TALI1-expressing
T-ALL cells to variations in UTX activity, together with
the selectivity and efficacy of GSK-J4 to eliminate
TALI1-positive blasts while preserving nonleukemic cells
in vivo, supports the concept of “epigenetic vulnerabili-
ty,” according to which cancer cells are highly dependent
on a specific molecular axis for their survival (e.g., the
TALI1-UTX axis for TAL1-positive T-ALL), while normal
cells have several redundant mechanisms to attenuate or
bypass external perturbations of their regulatory path-
ways (Dawson and Kouzarides 2012). While we identified
the TAL1-UTX axis as the Achilles’ heel of the TALI-
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Figure 6. Model of UTX inhibition as a selective therapy in T-ALL. In TAL1-positive T-ALL, leukemia is maintained through a failure to
down-regulate the oncogenic transcription factor TAL1 that in turn tethers the H3K27me3 demethylase UTX to genomic sites that should
normally be silenced. Aberrant maintenance of an open chromatin configuration at these sites through active removal of the repressive
histone mark H3K27me3 permits the establishment of a TAL1-mediated leukemic gene expression program. As such, in the TAL1-pos-
itive molecular subtype of T-ALL, UTX is a major pro-oncogenic cofactor, and a therapy based on UTX inhibition is efficient at eliminat-
ing leukemic blasts through down-regulation of the TALI leukemic gene expression program. On the other hand, in TALI-negative
T-ALL, leukemia is maintained independently of UTX, which explains that, even though UTX is expressed in these cells, inhibition of
its enzymatic activity is not efficient as a therapy to eliminate TAL1-negative leukemic blasts. Thus, UTX inhibition may provide a useful
therapeutic strategy for TAL1-positive (but not TAL1-negative) T-ALL patients.
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positive T-ALL subtype, it remains to be determined
whether alternate axes of epigenetic vulnerability exist
in other T-ALL subtypes. Furthermore, since UTX is
part of a COMPASS-like protein complex that also con-
tains the H3K4 methyltransferases MLL3/KMT2C and
MLL4/KMT2D (Shilatifard 2012), one could envisage
that these enzymes may also be involved in TAL1 leuke-
mic function, a possibility that remains to be investigated.

Histone-modifying enzymes play complex roles in can-
cer as either oncogenes or tumor suppressors, depending
on the cellular context (Dawson and Kouzarides 2012;
Ezponda and Licht 2014). For instance, the H3K27 meth-
yltransferase EZH2 is oncogenic in a variety of cancers, in-
cluding prostate and lung, but acts as a tumor suppressor
in others, such as myeloid malignancies and T-ALL (Si-
mon et al. 2012; Ezponda and Licht 2014). In the same
way, UTX has been shown to act as an oncogene in breast
cancer (Kim et al. 2014) while playing a tumor suppressor
role in solid cancers (such as bladder) and hematological
malignancies (including T-ALL) (Van der Meulen et al.
2014). Surprisingly, our data have revealed yet another
level of complexity, as we show for the first time that
the same cofactor can play opposing roles as either a
pro-oncogene or a protumor suppressor within the same
cancer type. Indeed, our results indicate that UTX is re-
quired for the expansion of blasts in TALI-positive T-
ALL, whereas, in TAL1-negative T-ALL, UTX overexpres-
sion leads to a decrease in cell growth that is consistent
with its previously described role as a tumor suppressor
(Ntziachristos et al. 2014; Van der Meulen et al. 2015).
While we showed that the oncogenic function of UTX in
TALI-positive T-ALL is mediated by TALI1-directed acti-
vation of a leukemic program, the mechanism of UTX
function as a tumor suppressor in TAL1-negative subtypes
of T-ALL remains to be elucidated.

Recently, UTX mutations have been identified in a
small subset of T-ALL patients (De Keersmaecker et al.
2013; Ntziachristos et al. 2014; Van der Meulen et al.
2015). Interestingly, the described mutations are limited
to TALl-negative T-ALL patients (De Keersmaecker
et al. 2013; Van der Meulen et al. 2015). Furthermore,
we note that the presence of UTX mutations is not neces-
sarily mutually exclusive with a pro-oncogenic function
for UTX in TALIl-positive T-ALL. Indeed, our results
show that the presence of a heterozygous inactivating
mutation of UTX in the TALI-positive T-ALL cell line
PF-382 (van Haaften et al. 2009; Van der Meulen et al.
2015) does not eliminate the pro-oncogenic, TAL1 coacti-
vator function of UTX expressed from the wild-type allele
(Supplemental Fig. 6). Therefore, the presence of UTX mu-
tations does not preclude a pro-oncogenic activity for this
cofactor in TAL1-expressing T-ALL as long as the muta-
tions do not result in the complete absence or complete
inactivation of UTX demethylase activity.

In summary, using a mechanistic-based approach, we
identified UTX as a novel cofactor that mediates the leu-
kemic activity of TAL1 and showed that, by targeting
the oncogenic transcription factor TALI through its co-
factor UTX, it is possible to selectively kill leukemic cells
of the particular subtype of T-ALL that expresses TALI.

UTX is oncogenic in TAL1-positive T-ALL

Importantly, this finding was validated in vivo, showing
for the first time that a UTX inhibitor can be used systemi-
cally for the treatment of leukemia. Thus, our study has
given rise to the development of a promising therapeutic
approach to selectively treat a specific molecular subtype
of T-ALL, paving the way for personalized medicine in
T-cell acute leukemia.

Materials and methods

Cell culture, UTX knockdown, and in vitro drug treatment

Human T-ALL cell lines were purchased from American Type
Culture Collection, Deutsche Sammlung von Mikroorganismen
und Zellkulturen, or Invitrogen (Supplemental Fig. 2A) and cul-
tured in RPMI 1640 supplemented with 10% FBS and 100 U/
mL penicillin and 100 mg/mL streptomycin. All cell lines tested
negative for mycoplasma. Primary human leukemic T-ALL blasts
(Supplemental Fig. 2B) were obtained from the Quebec Leukemia
Cell Bank (Simon et al. 2012) and the Pflumio laboratory (Arm-
strong et al. 2009; Gerby et al. 2011) with informed consent
from patients or their legal guardians and according to protocols
approved by the Research Ethics Board of all participating institu-
tions. All analyses were approved by The Ottawa Hospital Re-
search Ethics Board. Primary T-ALL cells were cultured on MS5
stromal cells expressing the NOTCH ligand Delta-like-1 (DL1)
as previously described (Armstrong et al. 2009). Briefly, T-ALL
cells were plated in reconstituted a minimum essential medium
with 10% fetal calf serum (StemCell Technologies, 06450) and
10% human AB serum (Sigma-Aldrich, H4522) supplemented
with 50 ng/mL SCF (Prospecbio, CYT-255), 20 ng/mL Flt3-L (Mil-
tenyibiotec, 130-096-474), 20 nM insulin (Sigma-Aldrich, 19278),
10 ng/mL IL-7 (Miltenyibiotec, 130-095-367), and 100 U/mL pen-
icillin and 100 mg/mL streptomycin. Lentiviruses expressing an
anti-UTX shRNA (5-GCCTCAGGATGCCATTAAA-3') or a
control shRNA (5-GCCAGCCAATCCGTTGAGT-3') were pre-
pared as previously described (Palii et al. 2011a) and used to infect
T-ALL cell lines and primary cells. T-ALL cell lines were infected
by spinoculation (800 g for 30 min) at a multiplicity of infection
(MOI) of 50 in the presence of 8 ug/mL hexadimethrine bromide
(Polybrene, Sigma). The infection was performed twice at 24-h in-
tervals, and the cells were harvested 72 h after the first infection
or at the indicated time points for RNA extraction and phenotyp-
ic analyses. A similar protocol was used to infect primary T-ALL
cells (removed from their MS5-DL1 layer) except that the cells
were infected three times at an MOI of 100.

GSK-J4 was obtained initially from the Structural Genomics
Consortium and then from Cayman Chemicals (no. 12073) and
used at the concentrations indicated. T-ALL cell lines were treat-
ed with GSK-J4 for 48 h. Primary T-ALL cells were removed from
the MS5-DL1 layer and plated on Matrigel (Corning) followed by
72 h of treatment with GSK-J4 or a vehicle control (DMSO).

UTX and JMJD3 overexpression and drug rescue experiment

Lentiviral particles expressing UTX or an enzymatically dead
UTX mutant (H1146A and E1148) (Wang et al. 2012) were pre-
pared as previously described (Palii et al. 2011a). Retroviral parti-
cles expressing JMJD3 (Addgene plasmid no. 21212) or an
enzymatically dead J]MJD3 mutant (H1390A) (Addgene plasmid
no. 21214) (Sen et al. 2008) were generated in 293-GP cells using
the Retro-X universal packaging system with the Ampho enve-
lope protein vector (Clontech). For the drug rescue experiment,
cells were infected with lentiviruses or retroviruses expressing
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UTX or JMJD3 by spinoculation twice at 24-h intervals prior to
GSK-J4 treatment for 48 h (as described above).

Inducible knockdown of UTX in Jurkat cells

Two Jurkat cell lines stably expressing doxycycline (Dox)-depen-
dent shRNA sequences targeting UTX (5-GCCTCAGGATGC
CATTAAA-3 for shUTX#3 and 5-GCCAAAGGACAAGTTG
AAT-3 for shUTX#14) were established from TetR-expressing
Jurkat cells as previously described (Demers et al. 2007) and
maintained in RPMI 1640 medium supplemented with 10% (v/
v) Tet-free FBS, 100 U/mL penicillin and 100 mg/mL streptomy-
cin, 20 pg/mL blasticidin, and 1 mg/mL G418. The knockdown of
UTX was induced by incubation with Dox at 5 pg/mL for 72 h.

Drug treatment of patient-derived xenograft models of T-ALL

NSG female mice (8-10 wk of age) were purchased from The Jack-
son Laboratory and maintained under sterile conditions at the
University of Ottawa Animal Care Facility. Mice were irradiated
at 3 Gy and anesthetized with a solution of 10% ketamine and
5% xylasine in PBS. Leukemic blasts from patients (Supplemen-
tal Fig. 2B) were expanded in NSG mice by transplanting 0.5 x
10° to 2 x 10° cells via intrafemoral injection as previously de-
scribed (Armstrong et al. 2009). Engraftment of human leukemic
blasts in the BM was assessed by FACS staining for human CD45
and human CD7 (Gerby et al. 2011) using phycoerythrin (PE)-con-
jugated CD45 Ab (eBioscience, 12-0459-42) and allophycocyanin
(APCJ-conjugated CD7 Ab (eBioscience, 8017-0078-12) on a Bec-
ton Dickinson (BD) LSRFortessa system. Results were analyzed
using BD FACSDiva. Mice were euthanized when the engraft-
ment of leukemic blasts was >90%, and BM and spleen cells
were harvested.

For drug treatment experiments, NSG mice were injected with
1 x 10® leukemic blasts, and the BM was analyzed weekly. When
the percentage of human CD45* CD7" blasts reached 5%-10% in
the BM, mice were randomized and injected intraperitoneally
with either vehicle or GSK-J4 (50 mg kg™! diluted in 10:90
DMSO0:20% captisol) 5 d a week for 3 wk. Mice were euthanized,
the spleen and BM were harvested, spleens were weighed, and the
percentage of human CD45* CD7" leukemic blasts in the BM and
spleen was determined by FACS. Statistical analyses were per-
formed using GraphPad Prism software (version 4.0). A nonpara-
metric, one-sided Mann-Whitney test was used to assess
significance. To assess drug toxicity, nonengrafted NSG mice
were injected with GSK-J4 following the same protocol. The Uni-
versity of Ottawa Animal Care and Veterinary Service Commit-
tee approved all mouse procedures.

Nuclear extraction, immunoprecipitation, and protein
identification by MS

Nuclear extraction, immunoprecipitation, and MS were per-
formed essentially as described (Chaturvedi et al. 2012). Briefly,
AD cross-linked beads were incubated with a precleared NE over-
night at 4°C with rotation followed by two washes with 1 M im-
munoprecipitation buffer (25 mM Tris at pH 7.9, 5 mM MgCl,,
10% [v/v] glycerol, 0.1 % [v/v] NP40, 1 M KC], 0.3 mM DTT, pro-
tease inhibitors), and two washes with 150 mM immunoprecipi-
tation buffer (25 mM Tris at pH 7.9, 5 mM MgCl2, 10% [v/v]
glycerol, 0.1 % [v/v] NP40, 150 mM KCl, 0.3 mM DTT, protease
inhibitors). Bound proteins were eluted with 5% acetic acid, dried
by speedvac, and resolved by SDS-PAGE. Proteins were then iden-
tified by Western blot or MS. For MS identification, silver-stained
proteins were excised from the gel, digested with trypsin, and an-
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alyzed by liquid chromatography (LC)-tandem MS (MS/MS) on a
linear trap quadrupole (LTQ)-Orbitrap XL mass spectrometer
with a nanospray source and Surveyor high-performance liquid
chromatography (HPLC). Data analysis was performed using the
Trans-Proteomics Pipeline (TPP) (Deutsch et al. 2010) with
SEQUEST and the International Protein Index (IPI) human data-
base version 3.72. Data were also converted to the Ensembl pro-
tein human database. A probability of identification for each
protein was determined using the ProteinProphet algorithm
(Nesvizhskii et al. 2003) integrated in the TPP. We only report
proteins with a probability of identification >0.9. Proteins identi-
fied in a mock immunoprecipitation performed in parallel were
subtracted from the list. The TAL1 immunoprecipitation MS ex-
periment was performed twice, and we report results of both ex-
periments in Supplemental Table S1. For immunoprecipitation
experiments followed by Western blot analysis, we added 100
pg/mL ethidium bromide to the NE to prevent nucleic acid-medi-
ated protein interactions.

Histone extraction was performed as previously described
(Shechter et al. 2007).

UTX and TAL1 ChIP and high-throughput sequencing

UTX ChIP was performed from Jurkat cells as previously de-
scribed (Palii et al. 2011b) using the UTX antibodies described
below. For quantitative PCR (qPCR), chromatin-immunoprecipi-
tated DNA was quantified by real-time qPCR with SYBR Green
using a standard curve generated with genomic DNA and was
normalized by dividing the amount of the corresponding target
in the input fraction. For high-throughput sequencing, UTX
chromatin-immunoprecipitated DNA was amplified using the
TrueSeq DNA kit (Illumina), and paired-end sequencing was per-
formed on an Mlumina HiSeq 2000. Reads of 50 base pairs (bp)
were mapped to the NCBI build 37.1 (hgl9) human reference ge-
nome using BWA (version 0.6.2), allowing for a maximum of two
mismatches. Using this method, we obtained 122.5 million
unique reads. To detect regions of enrichment, we used model-
based analysis of ChIP combined with massively parallel se-
quencing (MACS) version 2.0.10 using default values with a
mock ChIP as a background and a P-value threshold for peak sig-
nificance of <1 x 1071°. At this P-value cutoff, 17,396 UTX peaks
were identified genome-wide.

For TAL1 genomic binding, we used our previously published
TALI1 ChIP-seq raw data from Jurkat cells (Gene Expression Om-
nibus accession no. GSE25000) (Palii et al. 2011b) that were rean-
alyzed using the same parameters as the UTX ChIP-seq. At a P-
value cutoff of <1 x1071°, we identified 2678 TAL1 peaks ge-
nome-wide from 7.6 million unique reads. Notably, we previous-
ly published an analysis of this TAL1 ChIP-seq data set based on
the rate at which background signal was converted to foreground
signal, demonstrating that this number of reads provides suffi-
cient sequencing depth for genome coverage (Palii et al. 2011b).
Furthermore, this number of TAL1 peaks in Jurkat cells is in
line with TAL1 ChIP-seq data published by others (Sanda et al.
2012).

H3K27me3 ChIP and high-throughput sequencing

Histone H3K27me3 ChIP was performed in Jurkat cells with and
without TAL1 knockdown using a native ChIP protocol (Brand
et al. 2008) with the H3K27me3 Ab from Millipore (catalog no.
07-449). For qPCR, chromatin-immunoprecipitated DNA was
quantified by real-time qPCR with SYBR Green using a standard
curve generated with genomic DNA and was normalized by
dividing the amount of the corresponding target in the input
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fraction. For high-throughput sequencing, chromatin-immuno-
precipitated DNA was amplified using the KAPA ChIP library
kit (KAPA Biosystems), and paired-end sequencing was per-
formed on an Illumina HiSeq 2000. Paired 50-bp reads were
mapped to the NCBI build 37.1 (hgl9) human reference genome
using Bowtie2 (version 2.2.4), resulting in 81,706,875 and
72,791,410 unique mapped fragments from wild-type and
TALI-knockdown Jurkat cells, respectively.

For H3K27me3 ChIP-seq in DNDA41 cells, we used the publical-
ly available data set from ENCODE (Gene Expression Omnibus
accession no. GSM1003521) (The ENCODE Project Consortium
2012) generated using the same H3K27me3 antibodies that we
used in Jurkat cells (Millipore, catalog no. 07-449). DND41
H3K27me3 ChIP-seq reads were downloaded from the University
of California at Santa Cruz Genome Browser and mapped to NCBI
build 37.1 using the same parameters as were used for the
H3K27me3 reads from Jurkat, resulting in 56,918,481 unique
mapped reads.

Global analysis of H3K27me3 at TAL1/UTX-cobound sites
in Jurkat and DND41 cells

H3K27me3 profiles were generated using the BEDTools suite
(version 2.17.0) (Quinlan and Hall 2010) to count mapped ChIP-
seq reads in extended windows around peaks. The center points
of TAL1 ChIP-seq peaks overlapping with UTX ChIP-seq peaks
were calculated, and BEDTools slopbed, makewindows, and mul-
ticov tools were used, respectively, to calculate extended regions
around each peak, divide the extended regions into windows, and
count H3K27me3 ChIP-seq reads mapping to each window. To
obtain H3K27me3 profiles for non-TAL1/UTX regions, the BED-
Tools shuffle tool was used to move the TAL1-UTX peaks to ran-
dom genomic locations, from which H3K27me3 reads were
counted in the same way. The H3K27me3 read counts were load-
ed into R (version 3.1.2) and scaled to account for differences in
library size. The mean read depth was calculated across corre-
sponding windows around each peak and background region
and used to plot profiles as illustrated. This analysis is shown in
Figure 2, F and G.

RNA-seq analyses

RNA was isolated from Jurkat cells using the RNeasy mini ex-
traction kit (Qiagen), including a DNase I digestion step (1) before
and after TAL1 knockdown (72-h time point), (2) before and after
UTX knockdown (72-h time point), and (3) before and after GSK-
J4 treatment (72-h time point), with two biological replicates per
library. Libraries were constructed using the TruSeq mRNA en-
rich stranded RNA library kit (Illumina), and paired-end sequenc-
ing was performed on an Illumina HiSeq 2000. Reads were aligned
to the NCBI build 37.1 (hg19) genome reference sequence using
TopHat2 (version 2.0.12) (Kim et al. 2013), guided by the Ensembl
release 75 transcript model, and reads were assigned to transcripts
using HTseq-count (version 0.6.1p1). Differential gene expression
analyses were performed using DESeq2 (Love et al. 2014), calcu-
lating size factors and dispersion estimates separately for each
set of control/treatment replicates. Differentially expressed genes
were identified using an adjusted P-value (Benjamini-Hochberg)
of 0.05.

Data deposition

Data are deposited in Gene Expression Omnibus under the fol-
lowing accessions: GSE64832 (UTX ChIP-seq), GSE25000

UTX is oncogenic in TAL1-positive T-ALL

(TALL ChIP-seq), and GSE72300 (H3K27me3 ChIP-seq and
RNA-seq for TAL1 knockdown, UTX knockdown, and GSK-J4).
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Itemized List of Supplemental Material

Supplemental Figure 1: Relates to Figure 2. Provides additional validation of the ChIP-

seq results shown in Fig. 2.

Supplemental Figure 2: Relates to Figure 3. Provides further characterization of the

phenotypic consequences of UTX knockdown in T-ALL presented in Fig. 3.

Supplemental Figure 3: Relates to Figure 3. Provides further characterization of the

phenotypic consequences of UTX knockdown in T-ALL presented in Fig. 3. Specifically,
it provides visualization of the genes GO terms enriched upon UTX knockdown as

analyzed by RNA-seq.

Supplemental Figure 4: Relates to Figure 4. Provides further characterization of the effect

of GSK-J4 in TAL1-positive and TAL1-negative T-ALL.

Supplemental Figure 5: Relates to Figure 5. Provides further assessment of the effect of

GSK-J4 administration in mice.

Supplemental Figure 6: Relates to Figure 2. Provides further characterization of the role

of UTX in the PF382 T-ALL cell line that expresses UTX from one allele only.

Supplemental Table 1: Relates to Figure 1. Provides the full list of TALI-interacting

proteins identified by mass spectrometry.
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Supplemental Table 2: Relates to Figures 2 and 3. Provides the full list of TAL1/UTX co-

bound genes identified by ChIP-seq, and the full list of GO terms enriched upon UTX

knockdown.

Supplemental Material and Methods
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Supplemental Figure 1. UTX-mediated activation of TALI1 target genes in T-ALL
Left panels: ChIP-seq density plots (normalized by reads per million mapped reads) for
UTX and TAL1 at the indicated gene loci in TAL1-positive Jurkat T-ALL cells. Right
panels: Validation of differential expression, UTX and TAL1 binding as well as
H3K27me3 enrichment at the indicated gene loci in TAL1-positive Jurkat vs. TALI1-
negative DND41 T-ALL cells.

qRT-PCR values are expressed relative to the internal control S2M +/- s.d. (n=3).
ChIP-qPCR values are expressed as a fraction of input +/- s.d. (n=3).

wx%p < 0,001
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Supplemental Figure 2. UTX is involved in leukemia maintenance of TAL1-positive
but not TAL1-negative T-ALL

A, Characteristics of T-ALL cell lines

B, Characteristics of T-ALL patients

A, B, * TAL1 expression analyzed by Western blot (Fig. 3A)

C, Dox-mediated expression of anti-UTX shRNAs (shUTX#3 and shUTX#14) in Jurkat
cells induces UTX knockdown as seen by Western blot (left) and qRT-PCR (right). Left:
Western blots shown as a representative examples of three biological replicates.
Molecular masses (in kDa) are indicated. Right: qRT-PCR results are presented as mean
values relative to the internal control f2M +/- s.d (n=3). ***p <0.001.

D, UTX knockdown by Dox induction leads to a profound defect in the growth of Jurkat
cells. Viable cells were counted and the data are presented as mean +/- s.e.m. (n=3).

E, UTX knockdown by Dox induction induces apoptosis of Jurkat cells. Apoptosis is
reported as the percentage of Annexin V positive cells. Data are shown as mean +/- s.e.m.
(n=3). **p <0.01; ***p <0.001. Representative FACS plots are shown on the right.

F, Knockdown of UTX by lentiviral delivery of anti-UTX shRNA in T-ALL cell lines.
Western blots shown as representative examples of three biological replicates. Molecular
masses (in kDa) are indicated.

G, Left panel: UTX knockdown decreases the growth of TAL1-positive but not TAL1-
negative T-ALL cell lines. The fold-change of viable cells with UTX knockdown
(shUTX) relative to viable cells without knockdown (shCtrl) is reported as mean +/-

s.e.m. (n=3). Right panel: UTX knockdown triggers apoptosis in TAL1-positive but not
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TALI-negative T-ALL cell lines. Apoptosis is reported as the percentage of Annexin V
positive cells. Data are shown as mean +/- s.e.m. (n=3). **p < 0.01; ***p < 0.001; ns,
not significant.

H, FACS plots measuring Annexin V staining are shown at different time-points after
UTX knockdown in Jurkat and DND41 T-ALL cell lines. Representative examples of
three biological replicates are shown. Mean data for these cell lines and other cell lines
are presented in panel G.

I, Knockdown of UTX by lentiviral delivery of anti-UTX shRNA in primary blasts from
T-ALL patients. Western blots shown as representative examples of three biological
replicates. Molecular masses (in kDa) are indicated.

J, FACS plots measuring Annexin V staining after UTX knockdown in primary blasts
from the indicated T-ALL patients. Representative examples of three biological replicates

are shown. Mean data for these patients and additional patients are presented in Fig. 3D.
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Supplemental Figure 3. Changes in gene expression upon UTX knockdown in
TAL1-positive T-ALL

Enrichment map of biological processes that are up- or down- regulated upon UTX
knockdown in TALI+ Jurkat T-ALL cells. Genes that are significantly up- or down-
regulated (adjusted p-value < 0.05) were identified by RNA-seq, analyzed by Gene
Ontology (GO), and visualized using the EnrichmentMap plugin in Cytoscape. Nodes
represent enriched biological processes (BP) terms with node-size being proportional to
gene set size and node color variations (from grey to black) being proportional to the
false discovery rate (FDR) of each node, as indicated. Edges represent associations
between enriched processes. Clusters of functionally related gene-sets were circled and

manually labeled.
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Supplemental Figure 4. Dose-dependent killing of TAL1-positive T-ALL by GSK-J4
A, B, The TALIl-positive T-ALL cell line Jurkat (A) is more sensitive to GSK-J4
treatment than the TALI-negative cell line DND41 (B). Left panels: Dose-dependent
effect of GSK-J4 on the induction of apoptosis. Data are presented as mean values of the
percentage of Annexin V-positive cells +/- s.e.m. (n=3). Middle panels: Dose-dependent
effect of GSK-J4 on cell growth. Data are presented as mean values of viable cells
concentration +/- s.e.m. (n=3). Right panels: Dose-dependent increase in global levels of
H3K27me3 upon GSK-J4 treatment. Western blots are representative of three biological
replicates. Molecular masses (in kDa) are indicated. 2 pM was determined to be the
optimal concentration of GSK-J4 for discriminating between TAL1-positive and TALI1-
negative T-ALL cell lines.

C, GSK-J4 (2uM) decreases cell growth (Left panel) and increases apoptosis (Right
panel) of the indicated TAL1-positive but not TAL1-negative T-ALL cell lines. Left
panel: Viable cell numbers after GSK-J4 treatment relative to viable cell numbers after
treatment with vehicle control are reported as mean values +/- s.e.m. (n=3). Right panel:
Apoptosis is reported as the percentage of Annexin V positive cells. Data are shown as
mean +/- s.e.m. (n=3). **p <0.01; ***p <0.001; ns, not significant.

D, Scatter plot summarizing genome-wide changes in gene expression upon GSK-J4
treatment in TAL1-positive Jurkat T-ALL cells (adjusted p-value < 0.05). RNA-seq was
performed in duplicate in vehicle-treated and GSK-J4-treated Jurkat cells. Left panel:
Genes that are downregulated upon UTX knockdown and are enriched in the GO term

category “Cell Cycle” are highlighted in orange. Right panel: Genes that are upregulated
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upon UTX knockdown and are enriched in the GO term category “Apoptosis” are
highlighted in blue).

E, Dose-dependent effect of GSK-J4 on the induction of apoptosis in primary blasts from
TALI-positive but not TAL1-negative T-ALL patients. FACS plots measuring Annexin
V staining are shown for the indicated patients at increasing concentrations of GSK-J4.
The plots are representative examples of three biological replicates. Mean data for these
patients and for additional patients are shown in Fig. 4A,B.

F, Primary blasts from TALIl-positive and TALIl-negative patients are resistant to
treatment with dexamethasone. Primary blasts from T-ALL patients were incubated with
increasing concentrations of dexamethasone. Data are presented as mean values of the

percentage of CD7-positive AnnexinV-negative cells +/- s.e.m. (n=3).
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Supplemental Figure 5. GSK-J4 is well tolerated in mice.

A, B, No significant differences in blood cells counts are observed upon GSK-J4
treatment at two different doses. NSG mice were treated with GSK-J4 or a vehicle
control as described in Fig. 5A except that mice were not engrafted with leukemic cells.
Blood cells were analyzed by FACS with the indicated Abs. Data are presented as mean
values +/- s.e.m. (3 mice/group).

C, No significant changes in body weight are observed upon GSK-J4 treatment. Mean
values of mice body weights are presented +/- s.e.m. (3 mice/group).

D, No adverse effects are detected in the indicated organs upon GSK-J4 treatment.
Histological sections of the intestine, spleen, liver and kidney were taken post-GSK-J4

treatment and stained with haematoxylin and eosin.
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Supplemental Figure 6. UTX is enzymatically active and regulates TALI1-target
genes in the T-ALL cell line PF-382

A, TALIl-target genes are expressed at higher levels in the TALI-positive PF-382 cell
line compared to the TAL1-negative DND41 cell line.

B, TAL1 is bound to its target genes in the TAL1-positive PF-382 cell line. The TALI1-
negative cell line DND41 is used as a negative control.

C, UTX co-occupies TAL1-binding sites in the TAL1-positive PF-382 cell line but is not
bound to these sites in the TAL1-negative DND41 cell line.

D, UTX knockdown in PF-382 cells leads to an increase in global levels of H3K27me3,
indicating that UTX is enzymatically active.

E, Dose-dependent increase in global levels of H3K27me3 in the PF-382 cell line upon
treatment with the H3K27 demethylase inhibitor GSK-J4.

F, G, UTX knockdown (F) or UTX inhibition via GSK-J4 (G) in the PF-382 cell line
decreases the expression of TAL1-target genes, indicating that UTX is functionally active
as a TAL1 co-activator in these cells.

A, F, G, Mean qRT-PCR values are presented relative to the internal control f2M +/- s.d.
(n=3). **p <0.01; ***p <0.001.

B, C, Mean ChIP-qPCR values are expressed as a fraction of input +/- s.d. (n=3). ***p <
0.001.

D, E, Western blots are representative of three biological replicates. Molecular masses (in

kDa) are indicated.
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Supplemental Material and Methods

Direct interactions between recombinant proteins

Full-length human TAL1 (Calkhoven et al. 2003) was cloned into pET15b to produce the
pET15b-His-TALI1 expression vector. His-tagged TAL1 was expressed in bacteria and
purified using TALON His-tag resin (Clontech). Flag-tagged UTX (Wang et al. 2012)
was expressed in baculovirus infected Sf-9 cells and purified using M2-Agarose resin
(Sigma). Equal amounts (1 pg) of purified His-TAL1 and Flag-UTX proteins were
incubated on ice for 2h, followed by TAL1 or UTX IP. After washing, bound proteins
were eluted by heating at 95°C for 5 min. in SDS-containing buffer and analyzed by
Western blot. Flag pull down experiments with GST-TAL1 (full length and deletion
mutants (Hu et al. 2009)) and purified Flag-tagged UTX were performed as follow.
Briefly, 8 pg of purified Flag-UTX and bacterial extract containing an estimated 8§ pg
GST-TALI (or mutants as indicated) were incubated overnight at 4°C with rotation in the
IP 100 buffer (25 mM Tris, pH 7.9, SmM MgCl,, 10% (v/v) glycerol, 0.1 % (v/v) NP40,
100mM KCl, 0.3 mM DTT and protease inhibitors). Flag beads were added to the
mixture and the incubation pursued for 2h. After washing, bound proteins were eluted by

heating at 95°C for 5 min. in SDS-containing buffer and analyzed by Western blot.

Histopathology
Organs were harvested, washed 3 times in phosphate buffered saline (PBS) and
immersion-fixed with Formalin (neutral buffered, 10%. ref: HT501128-4L) for 48h at

room temperature (RT). Samples were washed 3 times with PBS at RT and dehydrated



Benyoucef et al. Supplemental Material

by incubation in 50% ethanol for 2h at RT followed by overnight incubation in 70%
ethanol at 4°C. Samples were embedded in paraffin blocks. Sections (4-6 um thick) were
stained with hematoxylin and eosin (H&E) following standard procedures. Spleen
sections were stained by immunohistochemistry using standard procedures with a human

CD45 Ab revealed with a secondary HRP-conjugated Ab.

Apoptosis
Apoptosis was measured by Annexin V staining using the PE Apoptosis Detection Kit I

(BD-Pharmingen) as previously described (Palii et al. 2011).

TAL1 and UTX overlap genome-wide in Jurkat cells

To identify UTX/TALI1 co-bound sites we computed the number of TAL1 peaks whose
genomic interval intersects with any UTX peak. To estimate the statistical significance of
this overlap, we used two approaches:

As a first approach, we used the Fisher Exact test where:

Number of peaks in TAL1-UTX intersection = 2,164

Number of peaks in TAL1 but not UTX = 514

Number of peaks in UTX but not TAL1 = 15,232

Estimated possible peak locations = 159,753 (corresponding to the number of DNAsel
hypersensitive sites in Jurkat cells according to ENCODE).

The Fisher Exact test outputs a p-value of 0.

As a second approach, we repeatedly randomized the locations of each peak, and

estimated the probability of the observed intersection size. More specifically, we



Benyoucef et al. Supplemental Material

repeatedly reassigned each TAL1 and each UTX peak to a new chromosome and starting
location, retaining the peak width. In doing so, we ensured that no two moved TAL1
peaks overlapped and no two moved UTX peaks overlapped. (If any did, we reassigned
their locations again). We then computed the intersection of the moved peak sets. The
average number of overlapping peaks based on 1,000 random shufflings was 8.2720
(compared to 2,164 peaks overlapping in the real TAL1 and UTX locations). The
standard deviation was 2.8831. Thus, the observed number of intersecting peaks is
approximately 748 standard deviations above the expected amount by random shuffling -
- the probability of which by random chance is exceedingly remote.

Based on these two analyses, we estimate that the p-value for the TAL1 UTX overlap is

<0.001.

GSEA analysis

Gene Set Enrichment Analysis (GSEA) (Subramanian et al. 2005) was run using the
GSEAPreranked option with ‘classic’ enrichment scores, as recommended by the authors.
The gene set used for scoring comprised expressed genes with a TAL1/UTX co-bound
peak in the region spanning 50kb upstream of the TSS to the 3° end of the gene (i.e.
defined as “TAL1/UTX co-bound genes”- see Supplemental Table S2) that have
significantly decreased expression (adjusted p-value <0.05) in TALI-knockdown. The
ranked expression set was generated from the UTX-knockdown DESeq2 RNA-seq results
for protein-coding genes. Ranking for genes with an adjusted p-value < 0.05 was
calculated as logy,(p- value) X sign(log2FoldChange); genes with an adjusted p-value

>(0.05 were given a rank of zero. This analysis is shown in Fig. 2H.
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Gene signature correlation

Correlation between UTX-knockdown and GSK-J4 RNA-seq used the R cor.test function
to calculate the Pearson product-moment correlation between protein-coding genes that
are significantly changed (adjusted p-value <0.05) under both treatments, and to test

whether the correlation is significantly different from zero.

Gene Ontology analyses

Genes significantly up- or down- regulated in the shUTX treatment (adjusted p-value <
0.05) were submitted to DAVID Gene Ontology Analysis version 6.7 (Huang da et al.
2009). Results from DAVID were then imported with the EnrichmentMap plugin (Merico

et al. 2010) into Cytoscape version 3.2.1 (Shannon et al. 2003) for visualization.

Antibodies

For IP, we used: anti-TAL1 Ab (sc-12984) from Santa Cruz Biotechnology, and antigen-
purified anti-UTX Ab (Chaturvedi et al. 2009; Seenundun et al. 2010). For UTX ChIP,
we used a 1:1 (v/v) mixture of anti-UTX Ab (Chaturvedi et al. 2009; Seenundun et al.
2010) and commercial anti-UTX Ab (A302-374A) from Bethyl. For anti-H3K27me3
ChIP we used the H3K27me3 Ab (07-449) from Millipore. For immunohistochemistry,
we used anti-hCD45 (ab10559) from Abcam. For Western blot, we used: anti-TAL1 from
Millipore (clone BTL73); anti-TFyHp89 from Santa Cruz (sc-20697); and anti- RBBPS5
(A300-109A) and NCOAG6 (A300-410A) from Bethyl. In-house generated anti-ASH2L

(#1025) (Demers et al. 2007), anti-PTIP, -PA1 and -WDRS5 (Cho et al. 2007) Abs were
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described previously. Rabbit anti-JIMJD3 Ab was generated against murine His-tagged
JIMID3 (aa 902-1048) purified against the antigen and tested for specificity by Western

blot after IMJD3 knockdown.

Primers
For ChIP-qPCR:

RALDH? S'cagggaacactctcccacte3’ and S'tgataagcagecagtcaacg3’

NKX3.1 S'caaccgtcttgetgaggttt3’ and S'ggttagcatetgcattgeac3’
CD226 S'caggcattgaaggctatagga3’ and 5'gcttaaaagacaggtttgctgg3’
MYB S'cetteccccttecttagaca3’ and S'cetgtttectgtttgggaga3’

ERG S'cctectettaacggetgatg3’ and S'atcagggcetgaacactcgtt3’

PDGFC 5’tgtggctectttgtcactt3’ and 5’ getecttgagetgetgat3’

GFRAI 5’cagactctgtggtctaageatc3’ and 5’°ctaccetgctctcatgteattt3’
EPHA3 5’tgttggacggttcttctgttd’ and 5’tcagagagaagtgtgtagttagaatg3’
For qRT-PCR:

RALDH? 5’tgcattcacagggtctactga3’ and 5’ttttgcctccaagttccaga3’

NKX3.1 5’agaacgaccagctgagcac3’ and 5’taagaccccaagtgecttte3’
CD226 5’gctttaccgetgctacttge3’ and 5’tccagccacaaagagggtat3’
MYB S5’aattgactgttacaacaccatttca3’ and 5’tggggatgtcagaagaggtc3’
B2M 5’cacagcccaagatagttaagt3’ and 5’ccagecctectagage3’

ERG 5’aacgagcgcagagttatcgt3’ and 5’cgtctggaaggccatattct3’

PDGFC 5’cagcaacaaggaacagaacg3’ and 5’tgggctgtgaatacttccatt3’

GFRAI 5’ ttactggagcatgtaccagage3’ and 5’ccggaatatatctgacaatctge3’
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EPHA3 5’ttttggcaatgggcattta3’ and 5’ggtcttcatatgtatgtgggtcaal’
PLK] 5’aaccgagttattcatcgagacc3’ and 5’ ttggttgccagtccaaaatc3’
CDK6 5’ tgatcaactaggaaaaatcttgga3’ and 5 ggcaacatctctaggccagt3’
CUL44 5’ggacctcgcacagatgtace3’ and 5’cgatcgetgttccaaaagte3’
CDCA2 5’cctttggcacaagattctcc3’ and 5’tgactggaaggctgatattcg3’
CDCAS8 5’gctgacagcaaagagatettce3’ and 5’gccaataatcgeaggetet3’
CDK1 5’tggatctgaagaaatacttggattcta3’ and 5’caatccectgtaggatttgg3’
CCNB2 5’gaagattgggagaaccctca3d’ and 5’tgtgggtttatggactgcaa3’
GTSE] 5’cgatccctgttccaaacaa3’ and 5’ccttgegagattgetggtag3’
CCNA2 5’ggtactgaagtccgggaacc3’ and 5’gaagatccttaaggggtgcaa3’
AEN 5’tgcagaccggaagagacac3’ and 5’ggaagcectggggagtaatct3’
TP53 5’aggccttggaactcaaggat3’ and 5’ccctttttggacttcaggtg3’
CASPI 5’gcgaagcatactttcagtttca3’ and 5’tctecttcaggaccttgtcg3’

CASPI10 5’ggcaaaataagcatgcaggt3’ and 5’gagtgttagcagatgetecttg3’

HRK 5’tactggecttggetgtge3’ and 5’cacagggttttcaccaacct3’
JUN 5’tctgcatcatctgtagatcctagtet3’ and 5°tgagagtgattttatcgageatte3’
BBC3 5’gacctcaacgcacagtacga3’ and 5’ gagattgtacaggaccctcca3’

CASP4 5’gaatctgagagcccagggatatg3’ and 5’ccatgagacatgagtaccaagaa3’
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