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Cancer Stem Cells Activate STAT3 the EZ Way

Shaun D. Fouse and Joseph F. Costello
Brain Tumor Research Center, Department of Neurosurgery, University of California, San
Francisco, San Francisco CA 94158, USA

Summary
Activated STAT3 and increased expression of the histone methyltransferase EZH2 are
independently associated with the most malignant subset of gliomas. In this issue of Cancer Cell,
Kim and colleagues discover that EZH2 enhances STAT3 activation by trimethylatinglysine 180
in STAT3 and does so preferentially in glioma stem-like cells.

Presuming that cancer stem cells are responsible for therapeutic resistance incancer patients,
the discovery of the molecular differences that drive cancer stem cell phenotypes holds
significant value for improving therapy. More valuable still would be the ability to
selectively inhibit these molecular drivers of stemness. In this issue of Cancer Cell, Kim and
colleagues (2013) employ cultures of glioma stem-like cells (GSCs) and their isogenic bulk
tumor cells along with intracranial xenografts and come one step closer to achieving this
ambitious goal.

Mutation or overexpression of enhancer of Zeste homolog 2 (EZH2) can drive the clonal
expansion of leukemias and growth of solid cancers, though individual EZH2 alterations
follow divergent paths towards malignancy. EZH2 is most known as an enzymatically active
component of the polycomb repressive complex 2 (PRC2), which is responsible for
depositing methyl groups onto lysine 27(K27) of histone H3 (H3K27). EZH2 plays an
important role in maintaining stem cell function. The most common EZH2 mutations in
cancer occur within the SET domain at Y641, which result in increased trimethylation
activity leading to an increase in global H3K27me3 levels in B-cell lymphomas (Yap et al.,
2011). In contrast, inbreast cancer cells, AKT-mediated phosphorylation of S21 reduces
EZH2 interaction with histone H3 leading to a decrease in global H3K27me3 levels (Cha et
al., 2005). In addition, in pediatric brain tumors, recurrent somatic mutation of K27 on
histone H3 variant H3F3A may deplete H3K27me3 on canonical H3 indirectly because of
increased interaction between mutant H3F3A and EZH2. However, this occurs concurrently
with increased H3K27me3 colocalized with EZH2 at specific genes associated with
tumorigenesis (Chan et al., 2013; Lewis et al., 2013). These and other studies suggest altered
EZH2 function contributes to tumor development by promoting aberrant expression of
cellular oncogenes and tumor suppressor genes, via cancer-associated changes in H3K27
methylation.
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Although not appreciated until recently, EZH2 also methylates non-histone proteins. EZH2
monomethylates transcription factors GATA4 and RORα, at lysinesresulting in a reduction
in their ability to activate transcription. (He et al., 2012; Lee et al., 2012). EZH2 also
functions in a PRC2-independent manner as a transcriptional co-activator with androgen
receptor in castration-resistant prostate cancer cells (Xu et al., 2012). This raises the
important questions of whether EZH2 methylation of non-histone proteins may contribute to
tumorigenesis, and how the balance of histone and non-histone methylation activityis
determined.

Kim and colleagues (2013) addressed these questions by first demonstrating that EZH2,
along with multiple members of the PRC2 complex, interacts with STAT3. Importantly, this
interaction exists preferentially in stem cells – specifically human neural progenitor cells
and GSCs but not in their differentiatedisogenic progeny, nor in established glioma cell lines
grown in serum. STAT3 has a well characterized role in cancer progression and its
activation in glioblastomamultiforme (GBM) is associated with the aggressive mesenchymal
subtype and poor overall survival (Carro et al., 2010). The activation of STAT3 is dependent
on phosphorylation of Y705 by the Janus kinases (JAKs), but STAT3 can also be
dimethylated at K140 by SET9, leading to a decrease in activated STAT3 (Yang et al.,
2010). As with EZH2, STAT3 also plays an important role in maintenance of GSCs.
Therefore, the newly discovered interaction between EZH2 and STAT3 might underlie a
shared functionin maintenance of GSC phenotypes. Inhibiting either of these proteins could
potentially help eradicate the GSC pool within a GBM.

As a consequence of their interaction, EZH2 trimethylates STAT3 on K180, which Kim and
colleagues found to be essential for STAT3 activation in GSCs and GBM xenografts. This is
incontrast to EZH2-mediated methylation of RORα or GATA4 or SET9-mediated STAT3
K140 dimethylation, as these methyl group modifications result in a decrease in
transcriptional activity of the modified protein. The exact mechanism by which
trimethylation at K180 contributes to STAT3 activation and how this might synergize with
Y705 phosphorylationare not yet known. Methylation at K140 on STAT3 can be removed
by LSD1 (Yang et al., 2010), but it is unknown at this point which if any protein(s) might be
involved with demethylation of K180. Temporal examination of the changing interaction
and posttranslational modifications during differentiation of GSCs into non-stem cells could
provide insight into the relative ordering of phosphorylation and methylation, the dynamics
of EZH2-STAT3 interaction, and whether the loss of interaction is a driving forceor a
consequence of differentiation. It is also not yet clear if the EZH2-STAT3 interaction leads
to robust STAT3 K180 methylation in normal neural progenitor cells and if this is important
for neural progenitor function. It should be noted that GSCs are specifically enriched and
maintained by culturing in EGF, which prior studies show is a potent inducer of STAT3
phosphorylation and activation.

Kim and colleagues (2013) show that AKT phosphorylates EZH2 at S21 in GSCs, and as
shown for breast cancer cells, may enable EZH2 to bind substrates other than H3K27. In
fact, approximately 90% of primary GBMs have AKT activation. In GSCs, AKT-induced
phosphorylation of EZH2 increased activation of STAT3 via K180 trimethylation and
decreased survival of mice bearing xenografts of GSCs. These results underscore the
importance of AKT activation in GBM and establish a pathway by which EZH2 can
contribute to tumor growth independent of, or in addition to, gain or loss of H3K27me3
(Figure 1). However, in primary tumors, AKT is presumably active in both GSC and bulk
tumor cell populations. Therefore, it will be important to determine why AKT-mediated S21
phosphorylation of EZH2 and subsequent K180 methylation on STAT3 occurs preferentially
in GSCs.
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Selective inhibition of STAT3 has been difficult to achieve in patients with cancer. The data
from this new study suggested that it might be possible to decrease STAT3 activation by
inhibiting EZH2. Emerging selective small molecule inhibitors of EZH2 (GSK126,
GSK343, GSK503 and EPZ005687) suppress the growth of lymphoma cell lines and
xenografts that have activating EZH2 mutations. Kim et al. (2013) found that GSK126
decreased levels of phosphorylated STAT3 in GSCs. Substantial additional research is
required to determine if this early experimental success will translate into notable clinical
response.

The findings by Kim and colleagues (2013) are important because they establish an H3K27-
independent role for EZH2 in GBM through K180 trimethylation of STAT3, which appears
to be involved in the aggressiveness of high-grade glioma (Figure 1). Furthermore, the
results provide a new understanding of regulatory pathways that drive GSC phenotypes. If
these findings are relevant to cancer stem cells in patients, STAT3 and/or EZH2 will become
even more attractive targets for improving therapeutic response and patient survival.
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Figure 1. pS21-EZH2 enhances STAT3 activation through K180 trimethylationin glioma stem-
like cells
In GSCs, AKT phosphorylates S21 on EZH2, switching its substrate preference from
H3K27 to STAT3 and potentially other non-histone proteins. K180 trimethylation of STAT3
results in increased STAT3 activation, via increased phosphorylation of Y705 by JAKs,
promoting tumor growth. In bulk tumor cells, AKT-mediated phosphorylation of EZH2 is
diminished; EZH2 with unphosphorylated S21 preferentially binds and trimethylates
H3K27. Inhibitors such as GSK126 or EPZ005687 selectively target the methyltransferase
domain of EZH2 and, thus, can block both histone- and non-histone-mediatedroutes for
GBM progression.
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