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Summary

Loss or inactivation of the histone H3K27 demethylase U7X occurs in several malignancies,
including multiple myeloma (MM). Using an isogenic cell system, we found that loss of U7X
leads to deactivation of gene expression ultimately promoting the proliferation, clonogenicity,
adhesion and tumorigenicity of MM cells. Moreover, UTX-mutant cells showed increased in vitro
and in vivo sensitivity to inhibition of EZH2, a histone methyltransferase that generates
H3K27me3. Such sensitivity was related to a decrease in the levels of IRF4 and c-MYC, and an
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activation of repressors of IRF4 characteristic of germinal center B cells such as BCL6 and IRF1.
Rebalance of H3K27me3 levels at specific genes through EZH2 inhibitors may be a therapeutic
strategy in MM cases harboring U7X mutations.

Graphical abstract
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Ezponda et al. now demonstrate how the loss of UTX/KDMB6A, a factor that regulates chromatin,
contributes to multiple myeloma, conferring malignant properties to these cells. Moreover, they
show how the use of EZH2 inhibitors, currently in clinical trials, specifically affect MM cells
harboring UTX loss.
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Introduction

Epigenetic regulation of gene expression encompasses a variety of mechanisms that control
gene activity by modifying chromatin without perturbing DNA sequence. Advances in
genome sequencing have revealed a wide range of mutations in chromatin regulators that
lead to epigenetic deregulation in cancer. Alteration of methylation of lysine 27 on histone
H3 (H3K27me) is a recurrent theme resulting from mutations in epigenetic regulators
(Ezponda and Licht, 2014). Trimethylation of H3K27 (H3K27me3) is a repressive
chromatin mark placed by the Polycomb Repressive Complex 2 (PRC2), catalyzed by it
central component EZH2, and removed by the histone demethylases UTX/KDMB6A and
JMJID3/KDM6B. H3K27me has a critical role in spatial and temporal regulation of gene
expression, controlling key cellular processes including animal body patterning, cell
proliferation and stem cell differentiation. Alterations in cancer include both gains and
losses of the levels of H3K27me, underscoring the importance of a tightly regulated balance
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for cell homeostasis. Alterations of H3K27me are due to mutations in chromatin writers
(EZHZ2 an other PRC2 components mutations), erasers (U7X loss), alteration of other
chromatin marks (MMSET overexpression), or mutation of the histone H3 itself (Ezponda
and Licht, 2014).

The H3K27me2/3 demethylase UTX/KDMBGA is encoded by the X-chromosome and
escapes X-inactivation in females. This factor is part of a transcriptional activator complex
including the MLL2/MLL3 H3K4 methyltransferases, and P300/CBP histone acetyl
transferases (Shilatifard, 2012), suggesting a concerted mechanism by which repressive
H3K27me3 is removed and replaced by the activation-associated H3K27 acetylation along
with H3K4 methylation to activate transcription. Inactivating mutations/deletions
encompassing the U7X locus occur in hematologic malignancies and solid tumors. UTX
lesions tend to be homozygous in females and to be accompanied by the loss of its paralog
UTY in males, suggesting a tumor suppressor role (van Haaften et al., 2009). Supporting this
idea, loss of UTX promotes proliferation in many contexts, and accelerates NOTCHZ1-driven
T-ALL onset in vivo (Ntziachristos et al., 2014, Van der Meulen et al., 2015, van Haaften et
al., 2009, Wang et al., 2010). Nevertheless, the role of UTX in cancer seems to be tissue-
specific as overexpression of UTX in breast cancer promotes proliferation and invasion (Kim
et al., 2014). In agreement with this, UTX target genes seem to be very different among cell
types, suggesting a cell-specific role (Kim et al., 2014, Ntziachristos et al., 2014, Wang et
al., 2010).

UTX mutations/deletions are found in 3-4% of primary MM specimens (Pawlyn et al., 2016,
van Haaften et al., 2009) and are common features of MM cell lines, with 30-40% of them
presenting damaging lesions of this gene (www.cbioportal.org, www.keatslab.org). Most
MM cell lines were established from extramedullary MM and plasma cell leukemia cases,
suggesting that U7X loss may contribute to disease progression. Here, we characterized the
effect of UTXloss in the biology and gene expression profile of MM. Moreover, we wished
to determine whether such alterations could be targeted with the use of epigenetic drugs.

Results

Loss of UTX promotes the proliferation, clonogenicity and adhesion of MM cells

To model in vitro the loss of UTX in MM, we used a pair of cell lines derived from the same
MM patient (Hardin et al., 1994, Ridley et al., 1993): ARP-1 is UTX wild-type, while ARD
harbors an homozygous deletion encompassing the U7X locus, as determined by CGH and
MRNA sequencing. UTX expression was validated by immunoblot (Fig. 1A). A detailed
analysis of the cell lines, including spectral karyotyping and array-based CGH, detected
some other differences between the cell lines, the most important being the step-wise
rearrangement from Xp at the point of U7X loss in ARD (Xp/18q/1q) (Allen K, 2013). ARD
cells were transduced with a lentiviral construct that enabled U7X re-expression in a
doxycycline-inducible manner, and we selected the amount of doxycycline that generated
UTX protein levels similar to those observed in ARP-1 cells (25 ng/ml, Fig. 1A).

In some cell types, loss of UTX was associated with altered levels of H3K27me3 (Herz et
al., 2010, Ho et al., 2013). Mass spectrometry analysis of the inducible system and a panel
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of cell lines showed no difference in global H3K27me3 levels (Fig. S1A-C), suggesting that
H3K27me3 changes due to UTX loss might be loci-specific. Re-expression of UTX resulted
in a decrease of the proliferation of ARD cells (Fig. 1B) as determined by cumulative cell
counts over a 12-day period. In accordance with this, we observed a modest 5% increase in
the percentage of cells in G1 upon UTX repletion, and no increase in cell death (Fig. S1E-
F). To further test the potential growth suppressor activity of UTX, we performed high-
efficiency CRISPR-mediated knockout of the gene in the ARP-1 cell line (Fig. 1C) as well
as in the UTX-wild-type cell lines AMO-1 and Karpas-620 (Fig. S1D) by electroporation of
cells with guide RNAs complexed to CAS9 protein. The percentage of mutant alleles was
quantified in the transduced cells by next generation sequencing and disruption of UTX
protein expression was demonstrated by immunoblotting (Fig. 1C). In all three cell lines, the
initial mutant allele fraction was about 50%, but after a week of growth in culture the mutant
allele frequency rose to 90-100%, suggesting that U7X mutations confer a proliferative
advantage to MM cells (Fig. 1C). While ARD cells were more clonogenic than ARP-1 cells,
adding-back UTX partially reversed this phenotype (Fig. 1D, S1G). Moreover, ARD cells
showed increased adhesion to fibronectin compared to ARP-1 cells, which was reversed
when UTX expression was restored (Fig. 1E). None of these results were observed with the
control plasmid (Fig. S1H-J).

We also analyzed another pair of isogenic MM cell lines: SCC1 (U7X wild-type) and SCC2
(UTX-mutant), that were subcloned from the KMS34 cell line. UT.X status was analyzed by
DNA, gPCR, and RNA-seq (data not shown). UTX add-back into SCC2 cells (Fig. S2A) did
not alter global H3K27me3 levels or affect cell death, but decreased cell growth, adhesion to
fibronectin and soft agar colony formation (Fig. S2B-F), confirming the effect of U7X loss
on the biology of MM cells.

To determine the effect of UTX add-back in vivo, NOD-SCID mice were injected
subcutaneously with luciferase-tagged ARD cells harboring the inducible U7X system.
UTX re-expression led to a marked decrease in tumor growth (Fig. 1F-G), that was
accompanied by a striking reduction of proliferation as measured by Ki67 staining (Fig. 1H),
with no increase in apoptotic, cleaved caspase 3-positive cells. Collectively these data
suggest that UTX loss may accelerate MM cell growth and alter clonogenic and adhesive
properties that may accompany progression of disease.

Identification of the transcriptional program promoted by UTX loss in MM

To ascertain the subsets of genes altered following U7X loss in MM, we performed RNA-
seg. While many genes (4,301) were differentially expressed between ARP-1 and ARD cells
(FC>1.5, FDR<0.05), UTX add-back for 3 days altered the expression of 107 genes, with
most of these (100 genes) being upregulated, consistent with the role of UTX in gene
activation. At 6 days, 1,501 genes demonstrated altered expression, with only about half of
them (749) being upregulated. A significant overlap (p <107197, hypergeometric test) was
observed between genes showing differential expression in ARD and ARP-1, and genes
affected by re-expression of U7X for 3 and 6 days (Fig. 2A). This data is consistent with the
idea that the loss of UTX leads to a failure in the activation of some genes, which can be
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rescued by re-expression of this factor, whereas other genes may gain expression likely
through indirect mechanisms (Fig. 2B).

Consistent with the biological effects observed, genes regulated upon UTX add-back were
enriched in the following six processes: cell growth and proliferation, cell death and
survival, cell movement, cell cycle, gene expression and cell to cell signaling and
interaction, this latter category including adhesion genes (Fig. 2C). Moreover, they were
significantly enriched in several types of cancer, mainly hematological malignancies (Fig.
2C). Genes whose expression recovered upon UTX add-back included the epithelial marker
E-cadherin (CDH1), whose loss has been linked to MM progression (Azab et al., 2012), the
negative regulator of the JAK-STAT pathway PTPNG, and the cell cycle regulator RUNX3
(Fig. 2E). Among genes whose expression decreased upon UTX add-back were stimulators
of cell growth such the oncogene PIM1, and a range of adhesion molecules (NCAML,
AQC3, FLRT1 or CDHRS5) (Fig. 2F). The expression of many of these genes upon add-back
was similar to that observed in U7X wild-type ARP-1 cells, highlighting the relevance of the
loss of UTX to alter gene expression profiles and favor the malignant properties of ARD
cells (Fig. S3A). Analysis of SCC1 and SCC2, confirmed that many of these genes represent
UTX targets in MM cells (Fig. S3B).

Upregulated-genes upon UTX add-back were found by gene set enrichment analysis to
correspond to sets of genes previously annotated to be targets of PRC2 and the PRC2
components EED and SUZ12 (Fig. 2D), suggesting that UTX loss leads to abnormal PRC2-
mediated repression. Moreover, UTX-regulated genes were also corresponded to MLL2/
KMT2D target genes (Fig. S3C), highlighting the known ability of these two proteins to
cooperate to activate gene expression (Issaeva et al., 2007, Kim et al., 2014). Along these
lines, chromatin immunoprecipitation (ChlP) analysis of some of these loci showed
decreased presence of H3K27me3 and an enrichment of H3K4me3 and H3K27ac upon UTX
add-back (Fig. 2F). All these findings suggest that the lack of UTX leads to gene repression
through the action of PRC2. Restoration of UTX would then counteract PRC2 activity, and
induce active chromatin marks by the complex harboring UTX, KMT2D and histone
acetylases to ultimately reactivate gene expression.

Loss of UTX sensitizes MM cells to EZH2 inhibitors

We hypothesized that aberrant silencing promoted by UTX loss might be critical for the
biology of UTX-mutant cells. Thus, those cells may be more dependent on the PRC2
activity to maintain such repression and, therefore, be more sensitive to EZH2 inhibitors
(EZH2i). Therefore, we treated the ARD and ARP-1 cells with the EZH2i GSK343 (Verma
et al., 2012), or the inactive compound GSK669. GSK343 treatment produced a global
decrease in the levels of H3K27me3 in both cell lines (Fig. 3A-B), however, only U7X-null
cells showed a marked decrease in viability (Fig. 3C). GSK343-treated ARD cells displayed
a GO/G1 arrest, followed by an increase in apoptosis, whereas the agent did not affect ARP-1
cells (Fig. 3D-E, S4A). In a panel of MM cell lines treated with GSK343, all U7X-mutant
cell lines showing decreased viability (Fig. 3F), cell cycle arrest and increased cell death
(Fig. S4B-C). Intriguingly, when we tested our other isogenic cell system, both SCC1 and
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SCC2 were equally sensitive to EZH2i (Fig. S4D). The similar sensitivity may be explained
by their genomic profiles, as discussed later.

To validate the increased sensitivity of U7.X-mutant cells to EZH2i, we used another EZH2i,
GSK126 (McCabe et al., 2012b); and also observed decreased viability and increased cell
death of most U7 X“mutant cells (Fig. S5). Moreover, UTX-wild-type cells in which UTX
gene was disrupted using CRISPR showed a dose-dependent increased sensitivity to
GSK126 compared to control cells, further demonstrating the effect of U7X loss in
promoting sensitivity to these compounds (Fig. 3G and S5E). As an additional way of
inhibiting EZH2, we also transduced ARP-1 and ARD cells with a plasmid harboring wild-
type histone H3.3, or H3.3 harboring a K27M mutation, which sequesters and inhibits EZH2
leading to decreased H3K27me3 levels (Lewis et al., 2013). Both ARD and ARP-1 cells
showed a global reduction in H3K27me3 (Fig. S6A) upon transduction with the histone
mutant, but only UTX-null cells showed decreased viability and cell death (Fig. S6B-C).

To determine whether EZH2i affects the differentiation state of MM cells, as it does in
lymphoma (Knutson et al., 2012, Qi et al., 2012), we tested the surface expression of plasma
cell (CD38 and CD138) and B-cell GC (CD20) markers. GSK343 treatment promoted a loss
of CD38 and CD138 and a gain of CD20 in UTX-null cells, suggesting a de-differentiation
process into a more primitive B-cell stage (Fig. S4E). Wild-type cells did not show these
phenotypic changes or showed them to a much lesser extent (Fig. S4E). Analysis of
additional UTX-mutant and wild-type MM cells confirmed the specificity of this effect for
cells showing U7X loss (Fig. S4F).

Differential gene expression profile of UTX-mutant and wild-type cells in response to EZH2

inhibtion

To further study the effect of EZH2i on U7X-mutant MM cells, we performed RNA-seq on
ARP-1 and ARD cells treated for 7 days with GSK343 or GSK669. As expected, most
affected genes were upregulated upon inhibition of EZH2 (FC>1.5; p<0.05) (Fig. 4A, S7A).
There was a highly significant overlap (p < 107151, hypergeometric test) of genes
differentially expressed upon EZH2i treatment of ARD or UTX add-back (Fig. 4B),
suggesting that EZH2i can rescue many of the effects caused by U7X loss. Accordingly, the
genes affected by EZH2i in UTX-null cells were enriched in very similar pathways to those
regulated by UTX add-back (Fig. 4C), and were also involved in B-cell malignancies (Fig.
S7B). Examples of genes altered upon both UTX add-back and EZH2 inhibition included E-
cadherin, PTPNG6, TNF, PIM1 and adhesion molecules (Fig. 4D).

GSK343 treatment of ARD cells affected genes involved in differentiation of hematopoietic
progenitor cells, lymphocytes and maturation of plasma cells (Fig. 4E). Accordingly, GSEA
analysis showed that EZH2i treatment repressed genes that are up-regulated in plasma cells
(Fig. 4F). For example, GSK343 promoted the loss of plasma cell markers such as PRDM1,
CXCR4, CD38 or SDC1, and acquisition of germinal center (GC) B-cell markers, including
HLA genes, MS4A1, STAT5 and BCL6 (Fig. 4G), suggesting that EZH2i evoke a de-
differentiation process in MM cells, that is specific to U7X-mutant cells (Fig. S7C).
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To ascertain the cause underlying the differential response of U7.X-wild-type and mutant
cells to EZH2i, we compared the gene expression profiles of ARP-1 and ARD cells after
treatment with GSK343. About 1800 genes (FC>1.5; FDR<0.05) were exclusively
deregulated in UTX-mutant cells, and were enriched in processes such as cell death and
proliferation (Fig. 5A-B). Among these, we observed increased expression of cell cycle
arrest and apoptotic genes such as RUNX3 and BIK (Fig. 5C-D). Intriguingly, there was a
striking decrease in the levels of the transcription factor IRF4 and its downstream target c-
MYC, an effect exclusive to U7X-null ARD cells (Fig. 5C-D, S7D). IRF4 expression is a
hallmark of MM, and its knockdown is toxic to these cells (Shaffer et al., 2008). We
confirmed that knockdown of IRF4 killed ARP-1 and ARD cells, suggesting that its
decrease following EZH2i mediated the death of ARD cells (Fig. S7TE-F). As EZH2 is a
repressor, we hypothesized that EZH2i indirectly reduced IRF4 expression by induction of a
negative regulator of this factor. Indeed, EZH2i treatment of ARD but not ARP-1 cells
induced the expression of BCL6, IRF1 and BATF transcription factors (Fig. 5, 6F-G), all
reported to repress IRF4 expression (Ci et al., 2009, Piya et al., 2011, Kurachi et al., 2014).
To ascertain the underlying cause of BCL6 exclusive activation in U7.X-null cells upon
treatment with EZH2i, we performed ChlIP for H3K27me3 and H3K27ac in ARD and
ARP-1 cells. The BCL6 locus showed a marked decrease in the levels of H3K27me3 in both
cell lines upon treatment with EZH2i but, in agreement with the expression data, stronger
levels of H3K27ac were observed in U7X-null ARD cells than in ARP-1 cells (Fig. 5F). At
the /RF4 locus, a known previously characterized target of BCL6 repression, a decrease in
H3K27ac was observed exclusively in ARD cells (Fig. 5F), correlating with the decreased
expression observed at mMRNA and protein levels. These data suggest that upon EZH2
inhibition, differential regulation of histone acetylation takes place in U7X-null and wild-
type cells, leading to different gene expression regulation and ultimately different
phenotypes. Finally, we performed drop out experiments to prove that the upregulation of
IRF4 negative regulators was the cause of IRF4 knockdown and cell death in U7TX-null
cells.

Overexpression of BCL6 or IRF1 from a vector co-expressing GFP in ARD cells resulted in
a rapid loss of GFP+ cells from the population over time (Fig. 5G), whereas GFP+ cells
persisted when co-expressed with BATF. Expression of BCL6 in ARD cells led to a decrease
in IRF4 levels while IRF1 expression did not (Fig. 5H), suggesting that BCL6 induction in
response to EZH2i was the underlying cause leading to repression of IRF4 and c-MYC, and
loss of MM cell viability.

EZH?2 inhibitor-resistant ARD cells show decreased H3K27me3 but bypass IRF4 inhibition

To further study the mechanism by which EZH2i affect MM cells, we generated a GSK343-
resistant (ARD-R) cell line. The resistant cell line did not undergo cell death at 4 uM of
GSK343, which promotes death of EZH2i-naive cells (Fig. 6A). Mass-spectrometry showed
that ARD-R cells maintained low levels of H3K27me3, indicating that GSK343 was still
effective in blocking EZH2 activity (Fig. 6B). ARD-R cells proliferate more slowly than
parental cells, with growth recovering after removal of the drug from culture media (Fig. 6C-
D).
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RNA-seq analysis showed that ARD-R cells have an expression profile intermediate
between GSK343 treated and untreated cells, and upon removal of drug the expression
pattern reverts to that of untreated cells (Fig. 6E). Unlike acute treatment of ARD with
EZH2i, ARD-R cells showed levels of IRF4, c-MYC, BCL6 and IRF1 similar to control
cells (Fig. 6F-G), suggesting a failure in the EHZ2i-mediated gene activation that provokes
MM cell death. RNA-seq also showed that while acute treatment of ARD cells with an
EZH2i leads to a loss of plasma cell markers and gain of GC genes, the EZH2i-R cells
regained plasma cell genes and showed a partial loss of expression of GC markers,
suggesting a more widespread failure of EZH2i-mediated gene regulation. Upon removal of
the drug, B-cell gene expression returned to levels similar to that of control cells (Fig. S7G).

EZH2 inhibition decreases growth of UTX-null MM cells in vivo

To test the effect of the EZH2i in vivo, luciferase-tagged ARP-1 and ARD cells were
injected into the left and right flank, respectively, of immunosuppressed mice. Once tumors
were established half of the mice were treated with GSK126. In control mice, ARP-1 and
ARD tumors grew rapidly and animals were sacrificed at 4-5 weeks due to high tumor
burden. No significant difference was detected in the size of ARP-1 and ARD tumors in
untreated animals (Fig. 7A-C). In mice receiving GSK126, tumors formed by ARP-1 cells
grew similarly to those of control mice, while ARD tumor volumes were dramatically
reduced by bioluminescence signal and direct measurement (Fig. 7A-C). ARP-1 and ARD
tumors from GSK126 treated mice displayed decreased H3K27me3 compared to levels in
mice treated with vehicle (Fig. 7D). These results suggest that GSK126 effectively targeted
EZH2 in UTX wild-type ARP-1 tumors, but in accordance with in vitro results, growth
inhibition only occurred in UTX-deficient cells. Collectively, these data suggest that EZH2i
may represent a rational therapy for the treatment of MM cases showing U7X inactivation.

Discussion

Loss of UTX occurs in a variety of cancers (Jankowska et al., 2011, Jones et al., 2012, van
Haaften et al., 2009), being common in advanced urothelial carcinoma and high-risk acute
lymphoid leukemia patients (Jankowska et al., 2011, Mar et al., 2012, Ross et al., 2014),
suggesting it may be involved in the aggressive biological behavior of tumor progression.
UTX disruption is present at low frequency in newly diagnosed patients but is common in
MM cell lines (30-40%), many established from extramedullary MM and plasma cell
leukemia. This background information and our data suggests that U7X loss may contribute
to the progression and dissemination of MM. Loss of U7X leads to decreased levels of E-
cadherin, a hallmark of epithelial to mesenchymal transition (EMT) in solid tumors, but a
feature also linked to tumor progression in a mouse xenograft model of MM (Azab et al.,
2012). UTX loss also promotes the expression of adhesion factors such as NCAM1, AOC3
or CDHR5, which may be involved in cell re-attachment upon dissemination. Moreover,
UTX loss promotes the clonogenicity and presumably the self-renewal of MM cells, which
is needed for the growth of individual cells once a new niche is reached. The effect of re-
expression of UTX in MM cells was more profound in xenografted mice than in in vitro
experiments, with a more marked decrease in proliferation noted. This is consistent with the
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ability of UTX to influence the expression of cell surface proteins that may be critical for
tumor growth.

Intriguingly, not UTX loss, but UTX overexpression was associated with increased
proliferation and invasiveness of breast cancer (Kim et al., 2014), suggesting that its role in
tumorigenesis is context-specific. In accordance with this, UTX target genes also seem to be
cell-type specific, as the genes regulated in response to UTX re-expression in UTX-null MM
cells bore no similarity to those identified in human fibroblasts and breast cancer cells (Kim
etal., 2014, Wang et al., 2010). UTX associates with tissue-specific transcription factors
(TFs), directing the protein to specific genes (Miller et al., 2010, Shpargel et al., 2012).
Hence, it is likely that the DNA binding transcription factors that interact with UTX in MM,
yet to be identified, underlie tissue-specificity in the regulation of target genes in this
disease.

The loss of UTX in MM cells leads to the loss of expression of a number of genes. This may
be due to the failure of the activator complex of UTX, KMT2C/D and p300/CBP tp engage
enhancer regions, opposing the action of the PRC2 complex. This idea is supported by our
finding that nearly 45% of genes activated by UTX could also be activated by EZH2
inhibitors, which are in clinical trials and may soon enter clinical practice. EZH2 inhibition
may have utility in rebalancing gene repression produced by gain of function mutations of
EZH2 (Majer et al., 2012, McCabe et al., 2012a, Morin et al., 2010), loss of SWI/SNF
chromatin remodelers (Wilson et al., 2010) and redistribution of EZH2 due to displacement
by overexpression of MMSET/NSD?2 in t(4:14) MM cells (Popovic et al., 2014). In our
isogenic ARP-1/ARD cell system, we have observed a clear difference in EZH2i response,
with UTX-null ARD cells being much more sensitive than UT7X-wild-type ARP-1 cells.
Moreover, we have shown the same results for a panel of MM cell lines with the use of
different small molecules targeting EZH2. A notable exception was the isogenic pair
KMS34-SCC1 and SCC2 cells, which are t(4:14)+, a genetic alteration that we previously
showed also increased sensitivity to EZH2i (Popovic et al., 2014). Interestingly, in both
t(4:14)+ and UTX-mutant cases, this enhanced sensitivity seems to be associated with the
ability of EZH2i to decrease c-MYC levels, in t(4;14)+ cells due to de-repression of
miR-126* which inhibits c-MYC expression (Min et al., 2013, Popovic et al., 2014), and in
UTX-deficient cells by inhibition of IRF4 expression which normally stimulates c-MYC
expression in MM cells. In a recent paper, the association between {J7.X status and response
to EZH2i was not observed in MM cell lines (Hernando et al., 2016), suggesting that, similar
to what we observed with the t(4:14) translocation, other genetic alterations may also affect
sensitivity to these drugs. Importantly, a new set of cell lines we created in which UTX was
disrupted by gene editing also showed increased sensitivity to EZH2i. Furthermore, the
association between UTX loss and increased response to EZH2i was also observed in
bladder cancer cells (Ler et al., 2017). This suggests several cancer types harboring loss of
UTX may be susceptible of therapeutic intervention with these drugs.

The fact that EZHZ2i alter the differentiation state of MM cells is analogous to our previous
finding that EZH2-dependent germinal center B (GCB) lymphoma cells are sensitive to
EZH2i and differentiate towards plasma cells. By contrast, activated B-cell lymphoma cells
are not sensitive to EZH2i, and display modest transcriptional changes upon treatment
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(McCabe et al., 2012b, Beguelin et al., 2013). EZH2i have been recently described to
decrease the expression of oncogenes and promote the expression of miRNAs with tumor
suppressor functions in MM cells (Alzrigat et al., 2017). In our study, EZH2i activated a
large number of genes in both U7 X-mutant and wild-type MM cells, but a substantial
fraction of these genes were different, with enrichment of genes involved in cell death and
regulation of proliferation found exclusively in UTX-mutant cells. Furthermore, EZH2i
activated GC-specific genes only in UTX-deficient MM cells, which led to an apparent de-
differentiation, induction of BCL6 and subsequent cell death. This implied that a subset of
germinal center genes became rewired upon loss of UTX. Once a B-cell passes through the
GC-stage, key TFs such as BCL6 decrease in expression and late B-cell factors such as
PRDML1 and IRF4 are prominently expressed. PRDM1 represses the expression of BCL6,
but other epigenetic regulatory processes are likely to contribute silencing these genes as B-
cells mature. In UTX-deficient cells, we postulate that these more permanent silencing
mechanisms are defective. In fact, our ChIP data shows how BCL6 seems to be primed for
expression in UTX-null cells, showing higher H3K27ac levels at baseline and a more
marked increase in this modification upon treatment with EZH2i than U7X-wild-type cells.
The priming that BCL6 and some other GC genes may show in U7.X-null cells may explain
why they are able to de-differentiate upon EZH2i treatment. Further detailed studies of the
nature of such chromatin changes at germinal center and later stages in B cell genes in
normal differentiation and in UTX-deficient models will be required to further elucidate this
process.

All together, our data demonstrates that loss of the histone demethylase UTX alters the
transcriptional profile of MM cells contributing to a malignant phenotype. Importantly, the
altered transcriptional poise of U7.X-deficient cells offers a therapeutic opportunity in MM.
Rebalancing UTX/PRC2 activity with the use of EZH2i reactivates tumor suppressor
programs and alters differentiation states, ultimately leading to MM cell death. These data
highly motivate testing these agents in MM and potentially other tumors displaying loss of
UTX.

Experimental procedures

Cell Culture

The human MM cell lines (all gifts of M. Kuehl, National Cancer Institute) were grown in
RPMI-1640 medium, supplemented with 10% fetal bovine serum (FBS) (XG-6, MM.1S,
RPMI-8226, L363, KMS12, FR4, AMO-1 and MM.1R) or 20% FBS (Karpas-620); or
IMDM medium containing 10% FBS (EJM). The isogenic MM cell line pairs ARP-1 and
ARD and KMS34 SCC1 and SCC2 were cultured in advanced RPMI supplemented with 4%
FBS and glutamax. The matching genotype of ARP-1 and ARD was confirmed by short
tandem repeat (STR) profiling (Lab Corp Genetica). Additional details related to resistant
cell line generation, gain and loss-of-function systems, protein and RNA isolation and
detection, biological assays and ChlIP studies can be found in the Supplemental
Experimental Procedures.
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For gene expression profiling studies, RNA was extracted from ARP-1 and ARD cells, the
add-back system treated with doxycycline for 3, 6 and 9 days, and ARP-1 and ARD cells
treated with 4 pM of GSK343 or GSK669 for 7 days. Total RNA was sequenced on HiSeq
2000. Sequence reads were aligned to human reference genome (hg19) with STAR (v
2.3.0e_r291) and read counts per gene were calculated using HTSeq (v0.6.0). The R (v3.1.1)
Bioconductor package, edgeR (v3.8.5) was used to identify statistically significant
differentially expressed genes. Before differential gene expression analysis, genes with less
than one read per million of sequenced reads in three or more samples were filtered out.
Candidate genes at significance level of Benjamini and Hochberg false discovery rate < 0.05
and fold change > 1.5 were entered into Ingenuity Pathway Analysis software to identify
biological pathways involving these genes. The list of genes used in differential expression
analysis was ranked based on log2 fold change and was imported to Gene Set Enrichment
Analysis tool. Curated gene sets were obtained from MSigDB and were tested using
GseaPreranked module for enrichment in the list of genes.

Statistical Analysis

Data obtained from proliferation, soft agar, adhesion, apoptosis, cell cycle, tumor growth in
mice, fraction of GFP+ cells over time, real time PCR and ChIP assays were analyzed using
the Student's T test or Mann-Whitney U test, according to a parametric o non-parametric
distribution of data, respectively, Statistical analysis was done using the SPSS software
package, version 15.0 (IBM).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

UTX loss promotes MM proliferation, clonogenicity, adhesion
andtumorigenicity.

UTX loss confers sensitivity to EZH2 inhibition, both in vitro and in vivo.

Enhanced EZH2i sensitivity is associated with a decrease in IRF4 and c-
MY Clevels.

EZH2i induces BCL6 expression leading to IRF4 and c-Myc repression
inUTX-null cells.
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Figure 1. Loss of UTX does not alter global levels of H3K27me3 but promotes the proliferation,
clonogenicity, adhesion and tumorigenicity of MM cells

(A) Top: schematic of the isolation of ARP-1 and ARD cell lines from a MM patient and
their UTX status. Bottom: ARD cells were sthaly transduced with a lentivirus harboring
tetracycline-inducible UTX. Cells were treated with the indicated amounts of doxycycline
(ng/ml) for 3 days and nuclear extracts were obtained and immunoblotted with the indicated
antibodies. (B) The add-back system in ARD cells was grown in the absence (ARD) or
presence (add-back) of doxycycline to re-express UTX. Cells were collected every three
days, counted and the initial number of cells replated in fresh media with or without drug.
The cumulative number of cells at each time point of three independent experiments +/- SD
is represented. (C) CRISPR/Cas9-mediated gene editing was performed in ARP-1 cells
targeting the UTX locus using gRNAS targeting exon 4 and exon 6. Top: nuclear extracts
were obtained from ARD and ARP-1 cell lines as well as ARP-1 cells transduced with
CRISPR/Cas9 systems targeting the U7X locus, and immunoblotted with the indicated
antibodies. Bottom: mutant allele frequency as determined by next generation sequencing.
(D) ARP-1 and ARD cells harboring the inducible system and with or without doxycyline
were cultured in soft agar. The mean colony number per well of three biological triplicates
+/- SD is presented. (E) Calcein-AM labeled ARP-1, ARD cells and the add-back system
were cultured over fibronectin and adhesion determined by fluorescence intensity. Values are
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presented as percentage of those obtained for ARD cells. The average of three independent
experiments +/- SD is presented. (F) ARD cells harboring the inducible UTX add-back
system and stably expressing luciferase were subcutaneouly injected into NOD/SCID mice.
Once tumors were formed the mice were randomized and exposed to normal water or water
containing doxycycline to re-express UTX. Mice were monitored every week and tumor
burden measured using luminescence. Representative images of tumors 3 and 6 weeks after
injection are shown. (G) Total flux from mice described in A was quantified and presented
over time (weeks) for each group, depicted as means +/-SE. (H) Representative micrographs
of immunohistochemistry for Ki67 detection in tumors from control mice (No Dox) or mice
treated with doxycycline (Dox). Mann-Whitney U test: * p<0.05; ** p<0.01. See also Figure
S1and S2.
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Figure 2. Identification of UTX target genes in MM
(A) Venn diagram showing a significant overlap of genes differentially expressed between

ARP-1 and ARD and between ARD and UTX add-back. (B) Heatmap of RNA-seq analysis
in ARP-1 (left), ARD (middle) and add-back (right) (n=2). The genes resulting from the
overlap showed in A are depicted. (C) Ingenuity pathway analysis of the top six “Bio
Functions” and “Diseases and Disorders” of the differentially expressed genes between
ARD and add-back. (D) GSEA plots of datasets identified comparing ARD and add-back
RNA-seq signatures. (E-F) Validation of genes responsive to UTX levels by real time PCR.
Gene expression normalized to GAPDH, from three independent experiments (+/-SD), is
presented relative to that observed in ARD cells. (G) ARD cells harboring the inducible
system were treated with doxycyline for 6 days to add-back UTX. Chromatin from these
cells was immunoprecipitated with anti-H3K27me3, anti-H3K4me3, or anti-H3K27ac
antibodies. Immunoglobulin G was used as negative control. Eluted DNA was PCR
amplified with primers designed at LAXZ and CDH1 loci. Three independent experiments
are shown. Mann-Whitney U test: * p<0.05; ** p<0.01; *** p<0.001. See also Figure S3.
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Figure 3. Loss of UTX confers sensitivity to EZH2i
(A) Nuclear extracts from ARP-1 and ARD cells treated with GSK343 (+) or the control

small molecule GSK669 (-) for 7 days were immunoblotted with the indicated antibodies.
(B) Histones were extracted from ARP-1 and ARD cells treated with GSK669 or GSK343
for 7 days and analyzed by mass spectrometry. The percentage of each methylation state
from histone H3K27 is represented in biological duplicates +/- SD. (C) ARP-1 and ARD
cells were treated with GSK343 or GSK669 for 7 days. Viable cell counts of cells treated
with GSK343 are presented relative to counts of cells treated with GSK669. The average
from 4 biological independent experiments +/- SD is shown. (D) ARP-1 and ARD cells were
treated with GSK343 or GSK669 for 4 days and the cell cycle profile was analyzed by flow
cytometry using propidium iodide. The percentage of cells in each phase from 3 independent
biological experiments +/- SD is presented. (E) ARP-1 and ARD cells were treated with
GSK343 or GSK669 for 4, 7 or 10 days and Annexin V positive cells were detected by flow
cytometry. Values from 3 biological replicates +/- SD are presented as relative to values
obtained for GSK669. (F) A panel of U7X mutant and wild-type MM cell lines were treated
as in B. Viable cell counts of cells treated with GSK343 are presented as relative to cell
counts of cells treated with GSK669. The average from 3 biological independent
experiments +/- SD is shown. (G) UTX-wild-type MM cell lines were CRISPR/Cas9-
mediated gene edited in the U7X locus using gRNAs targeting two different exons. Cells
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were treated with GSK126 at the indicated concentrations for 6 days and the relative
proliferation was measured using Alamar Blue. Bars represent tehcnical triplicates +/- SD.
Biological replicates are found in Fig. S5E. Mann-Whitney U test: ** p<0.01; *** p<0.001.
See also Figure S4, S5 and S6.
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Figure 4. EZH2i partially restore gene expression deregulation mediated by UTX loss and
promote de-differentiation of UTX mutant cells

(A) Heatmap of RNA-seq analysis in ARD cells treated with the EZH2i GSK343 4 uM or an
inactive control compound (GSK669) for 7 days (n=2) (FC>1.5; p<0.05). The significantly
differentially expressed genes comparing both treatments are depicted. (B) Venn diagram
showing a significant overlap of genes differentially expressed between ARD and UTX add-
back and ARD treated with GSK343 and GSK669. (C) IPA of the top five “Bio Functions”
of the differentially expressed genes between ARD treated with GK343 and control cells.
(D) Validation of genes responsive to GSK343 by real time PCR. Gene expression
normalized to GAPDH, from three independent experiments (+/-SD), is presented relative to
that observed relative to that observed in GSK669-treated ARD cells. (E) IPA analysis of
differentiation processes in ARD cells treated with GSK343. Function anotations and p-
values are shown. (F) GSEA plots of datasets identified comparing ARD treated with
GSK669 or GSK343. (G) Heatmap of GC B-cell and plasma cell markers in ARD cells
treated with GSK669 or GSK343. Z-score is presented. Mann-Whitney U test: * p<0.05; **
p<0.01; *** p<0.001. See also Figure S7.
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Figure 5. EZH2i alter the expression of key MM survival genes exclusively in ARD cells
(A) Venn diagram showing the overlap of genes differentially expressed between ARP-1 and

ARD treated with GSK343 or GSK669. Genes exclusively altered in ARD cells are shown
in red. (B) Ingenuity pathway analysis of the top five “Bio Functions” of the genes altered in
ARD cells and not in ARP-1 cells after treatment with GSK343 (shown in red in A). (C)
ARD and ARP-1 cells were treated with GSK669 or GSK343 for the indicated times and
total proteins were extracted and immunoblotted with the indicated antibodies. (D) RNA was
extracted from cells treated as in C and gPCR was performed. Gene expression normalized
to GAPDH, from three independent experiments (+/-SD), is presented relative to that
observed in GSK669-treated cells. (E) Total RNA was obtained from cells treated as in D.
Gene expression normalized to GAPDH, from three independent experiments (+/-SD), is
presented relative to that observed in GSK669-treated cells. (F) ARD and ARP-1 cells were
treated with GSK343 or with DMSQO as control. Chromatin from these cells was
immunoprecipitated with anti-H3K27me3 or anti-H3K27ac antibodies. Immunoglobulin G
was used as negative control. Eluted DNA was PCR amplified with primers designed at
BCL 6and /RF4loci. Two independent experiments are shown. (G) ARP-1 and ARD cells
were transduced with GFP-tagged plasmids harboring BCL6 or IRF1 coding sequence, or a
control vector. The percentage of GFP+ cells was analyzed daily by flow cytometry. The
average from three independent experiments (+SD), is presented relative to that observed at
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day 3 post-infection. (H) Cells transduced as in H were selected 3 days after infection by
flow cytometry to isolate the GFP positive population. Total RNA was obtained and gPCR
was performed. Gene expression normalized to GAPDH, from three independent
experiments (+/-SD), is presented relative to that observed in cells transduced with empty
vector (Ctrl). Mann-Whitney U test: * p<0.05; ** p<0.01; *** p<0.001. See also Figure S7.
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Figure 6. GSK343-resistant ARD cells show low H3K27me3 levels but avoid critical gene
expression changes promoted by EZH2i

(A) Proliferation of parental and resistant cells treated with the indicated doses of GSK343
for 7 days (three biological replicates; +/-SD). (B) Histones were extracted from ARD cells
grown in the presence of GSK669 or GSK343 for 7 days, GSK343-resistant cells growing
contirnously in the presence of GSK343 4 uM, or resistant cells in released from the drug for
7 days. Histones were analyzed by mass spectrometry. The percentage of each methylation
state from histone H3.1 and H3.2 variants is represented in technical triplicates +/- SD. (C)
Proliferation of parental and resistant cells, and resistant cells upon release was measured at
3 and 6 days and values normalized to day O (three biological replicates; +/- SD). (D) The
percentage of Annexin V positive cells was detected by flow cytometry. (three biological
replicates; +/- SD). (E) Heatmap of RNA-seq analysis in ARD cells treated with the EZH2i
GSK343 4 mM or a inactive control compound (GSK669) for 7 days, ARD-R cells and
ARD-R after release from the drug for 7 days (n=2). The significantly differentially
expressed genes comparing treatment with GSK669 and GSK343 are depicted. (F) The
expression of the indicated genes was detected by real time PCR in cells described in (B).
Gene expression normalized to GAPDH, from three independent experiments (+/-SD), is
presented relative to that observed in control ARD cells. (G) Total protein extracts were
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isolated from cells described in (B) and immunoblotted with the indicated antibodies. Mann-
Whitney U test: * p<0.05; ** p<0.01; *** p<0.001. See also Figure S7.
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Figure 7. EZH2i specifically decrease tumorigenicity of UTX-null cells in vivo
(A) ARP-1 and ARD cells stably expressing luciferase were subcutaneouly injected into

NOD/SCID mice. Once tumors were formed were randomized treated with GSK126
50mg/kg or vehicle daily. Mice were monitored every week and tumor burden measured
using luminescence. Representative images of mice before (week 0) and after 3 weeks of
treatment are shown. (B-C) Mice were sacrifized and tumors were extracted and measured.
Representative tumors are shown in B and volumes for all tumors are presented in C. (F)
Nuclear proteins were extracted from mice treated with GSK126 or vehicle and blotted with
the indicated antibodies.
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