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particularly relevant to auto-Ags that consist
of DNA- or RNA-containing immune com-
plexes. Although Ab responses to some Ags
moderately increased following STAL treat-
ment, 100% effective depletion of Ag-specific
B cells may not be necessary, as a reduction
(vs. abolishment) in harmful auto-Abs may
be sufficient for clinical benefit. Considering
that most autoimmune disorders also con-
tain a significant T cell component, it may be
necessary to combine STAL treatment with
additional therapies aimed at inhibiting T
cell responses such as costimulatory block-
ade or Ag targeting to pDCs. Despite these
questions, the new platform introduced by
Macauley and colleagues opens an exciting
avenue for B cell manipulation, and adds to
an ever-growing body of work that seeks to
manipulate Ag-specific immune responses.
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Linking MLL and the HGF-MET signaling pathway

In liver cancer
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Mixed-lineage leukemia (MLL; also known as myeloid/lymphoid), the
human homolog of trithorax in Drosopbila, is a transcriptional coactivator
that plays an essential role during early development and hematopoiesis.
Furthermore, MLL is critically involved in the epigenetic regulation of cell
cycle, senescence, DNA damage, and stem cell self-renewal. Chromosomal
aberrations of MLL in acute leukemias are well documented, but the role
of this gene in solid malignancies remains unclear. In this issue of the JCI,
Takeda et al. describe a novel epigenetic link between MLL and the HGF-
MET signaling pathway conferring invasive and metastatic properties to

hepatocellular carcinoma cells.

The genomic landscapes of most com-
mon forms of human cancer have now
been defined (1). One of the most interest-
ing findings emerging from these studies
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was the identification of approximately
140 genes that, when altered by intra-
genic mutations, can promote or “drive”
tumorigenesis in human cancers. Impor-
tantly, these driver genes can be classified
into one or more of 12 signaling pathways
regulating three fundamental cellular pro-
cesses: cell fate, cell survival, and genome
maintenance (1). It is self-evident that
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better understanding and therapeutic use
of these signaling pathways promises to
improve both treatment and prevention of
human cancer.

Among the druggable driver genes are
several key oncogenic molecules, such as
EGFR, BRAF, and MET, motivating the
development of targeted agents that have
already improved the outcome of the sub-
groups of patients with malignancies har-
boring activating mutations in these genes.
However, in hepatocellular carcinomas
(HCCs), no such clear “oncogene addic-
tion” exists, highlighting a role for alterna-
tive modes of oncogene activation, such as
by epi-driver genes, which are epigenetical-
ly altered to be aberrantly expressed in can-
cer, conferring a growth advantage (1, 2).
HCC most often develops in the context
of a chronically inflamed microenviron-
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Clinical impact of MLL activation in human liver cancer. HCC is a molecularly heterogeneous disease. The present study by Takeda et al. (4)
indicates that a subclass of patients with activated HGF-MET signaling might also display induction of MLL expression. This induction stabilizes
the MLL-ETS2 complex and increases H3K4me3. Activation of this signaling cascade confers invasive tumor growth of HCC cells and seeding
of distant metastasis via MMP1 and MMP3 upregulation, which might explain the poor outcome associated with MET activation. Therefore, this
newly described engagement of HGF-MET and MLL might provide a promising approach for selection of HCC patients most likely to benefit from

targeted therapies with MLL, taspase-1, or MET inhibitors and ultimately improve patient survival.

ment, resulting in extraordinary pheno-
typic heterogeneity and dismal prognosis
of the affected patients (3). The underlying
genetic and epigenetic complexity is under-
appreciated by current histological classifi-
cations and imaging techniques. Therefore,
selection of patients most likely to benefit
from a specific therapy is a major challenge
for translational efforts in HCC. Here, we
summarize the role of activated HGF-MET
signaling in HCC and delineate the mecha-
nistic implications of the study in this issue
by Takeda et al. (4), which describes an epi-
genetic link between mixed-lineage leuke-
mia (MLL) and the HGF-MET signaling
pathway supporting invasion and metas-
tasis in liver cancer. We also highlight the
importance of this novel cooperation for
therapeutic approaches in HCC.

MLL in development and disease

The MLL protein and its Drosophila homo-
log, trithorax, are essential regulators of
development, required for proper homeo-
tic gene expression. MLL exerts its action in
part by encoding a DNA-binding protein
that methylates histone H3 lysine 4 (H3K4)
after proteolytic cleavage by taspase-1
(encoded by TASPI), thereby regulating
expression of targets that include multiple
Hox genes (5). Disruption of MLL is associ-
ated with Wiedemann-Steiner Syndrome
(characterized by hairy elbows, short stat-
ure, facial dysmorphism, and developmen-
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tal delay; OMIM 605130), and constitutive
loss of Ml leads to embryonic lethality in
mice (6). The affected animals show con-
siderable growth retardation, hematopoi-
etic abnormalities, bidirectional homeotic
transformation of the axial skeleton, and
sternal malformations, indicating the
importance of MLL in a variety of devel-
opmental processes. Furthermore, condi-
tional disruption of MIl in hematopoietic
cells leads to reduced self-renewal of hema-
topoietic stem cells (7). More importantly,
genetic alterations of MLL, in particular
translocations, are frequently observed in
acute leukemias and are associated with
a poor prognosis (8). In most cases, pro-
tumorigenic activity of MLL is caused by
loss of H3K4 methyltransferase activity.
The critical role of MLL for hematopoietic
stem cells may further explain the diverse
oncophenotypes associated with MLL
disruption, such as acute myeloid leuke-
mia (AML), acute lymphoblastic leukemia
(ALL), or mixed-lineage (biphenotypic)
leukemia (MLL). Another interesting find-
ing is the association of MLL with therapy-
related leukemias that develop on the basis
of previous treatment with a topoisom-
erase II inhibitor in other malignancies,
suggesting a role for MLL in carcinogenic
genetic recombination under selective pres-
sure (9). In addition to the activation of
Hox genes, MLL signaling leads to down-
stream activation of other key oncogenic
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factors, such as EPHA7, MEIS1, and FLT3,
as well as aberrant expression of GSK-3,
HSP-90, ERK, and RAS pathways (10). The
role of MLL in carcinogenesis beyond the
hematopoietic system is largely unknown.

Role of HGF-MET signaling in

liver physiology and disease

Despite the molecular and phenotypic het-
erogeneity of HCCs, several genetic and
epigenetic alterations in key molecules
and signaling pathways have been iden-
tified that promote hepatocarcinogen-
esis (2). Among the most prominent is the
HGF-MET pathway. HGF and its receptor,
¢c-MET, are crucial for liver homeostasis,
and the pathway is activated during virtu-
ally all acute as well as chronic liver pathol-
ogies (11). HGF-MET signaling is essential
for both hepatocyte- and stem cell-driven
liver regeneration and functions through
versatile interaction with a plethora of
downstream signaling molecules (12, 13).
Most importantly, high HGF-MET levels
lead to activation of stress- and survival-
associated molecules, including MAPK,
ERK, JNKs, PI3K-AKT, and STATs (14).
Additionally, tight interaction with NF-xB
upon liver damage is observed (15, 16).
More recently, it has been shown that MET
acts as a proto-oncogene in several tumors
by responding to pro-oncogenic stimuli of
altered tissue microenvironments frequent-
ly observed in the liver (e.g., in response
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to inflammation, injury, or hypoxia) and
activates invasive and metastatic programs
(17). Activated MET is significantly asso-
ciated with vascular invasion, neoangio-
genesis, and poor patient outcome in liver
cancer (18). Given the importance of MET
for hepatic stem cells, a progenitor cell
feature is frequently associated with MET
activation in HCC, making the pathway
an attractive target for therapeutic inter-
ventions. Results from two recently con-
cluded clinical trials further indicate that
inhibition of the pathway might provide
an effective and safe second-line option for
patients with advanced HCCs and activat-
ed MET signaling (19, 20).

Epigenetic convergence of MLL

with HGF-MET signaling

Our understanding of the genetic and
epigenetic landscape of HCC is still in its
infancy. Therefore, the discovery of novel
molecules leading to activation of key sig-
naling pathways is of major importance for
predicting individual susceptibility and for
identifying patients most likely to benefit
from a specific therapy. Takeda et al. now
demonstrate that MLL plays an intriguing
and unexpected role in hepatocarcinogen-
esis by promoting the invasive capability
of HGF-MET signaling (4). The authors
elegantly show that MLL-dependent epi-
genetic activation of MMPI and MMP3
via H3K4 trimethylation (H3K4me3) is
required for the HGF-MET-induced inva-
sive capacity of HCC cell lines. To circum-
vent embryonic mortality of MLL deletion,
the authors used a taspase-1-noncleavable
hypomorphic variant of Mil that displayed
asimilar phenotype to the previously gener-
ated Taspl~~ mouse (21). Interestingly, aside
from the expected homeotic defects in the
axial skeleton, genetic loss of Mll also led to
defective neurite outgrowth and myoblast
migration. This phenotype was previously
shown to result from HGF and MET defi-
ciency, but it is not seen in Hox-knockout
mice, suggesting a Hox-independent role
of HGF-MET signaling (22). The high
phenotypic overlap with defective migra-
tory capacity (i.e., neurite outgrowth and
myoblast migration) among MIl/~, Taspl~~,
and Hgf”~Met”~ mice led the authors to fur-
ther investigate the role of MLL as a critical
downstream component of HGF-MET in
HCC cells. Consistently, Takeda et al. found
that RNAi-mediated knockdown of MLL
had no effect on MET expression or cell
proliferation, but significantly affected the
invasive properties in HepG2 and HLE cells.
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Comparative analysis of HGF-MET signal-
ing in the HCC cells as well as the mouse
model convincingly showed that the link
between MLL and invasiveness was con-
ferred by direct transcriptional activation
of MMP1 and MMP3. The authors further
demonstrated that HGF-MET-induced
stabilization of the MLL-ETS2 complex
is responsible for H3K4me3 in a Hox-
independent manner. Finally, the authors
validated the critical role of this new mech-
anistic link by performing xenotransplan-
tation assays in highly immunocompro-
mised NOD-SCID II2rg/~ mice in vivo. In
agreement with the above findings, RNAi-
mediated knockdown of MLL in HepG2
cells significantly decreased the incidence
of metastasis from 86% to 25% (4), which
suggests that MLL plays a key role in inva-
sion of liver cancer cells and highlights the
molecule as a potential target for therapeu-
tic interventions.

Concluding remarks and

future directions

The conceptually novel and mechanisti-
cally well-performed study by Takeda and
colleagues (4) reveals a previously unrecog-
nized mode for HGF-MET-induced acti-
vation of invasive properties in liver and
potentially other cancer types (Figure 1).
Given the prognostic role of activated
MET signaling in HCC and the success of
recent clinical trials using MET inhibitors,
it will now be crucial to investigate wheth-
er activated MET signaling is required for
the established concerted action of HGF-
MET and MLL, or if activation of MLL can
induce invasion of HCC cells independent
of HGF-MET signaling, e.g., by genetic
alterations of MLL during hepatocarcino-
genesis (19, 20). This is particularly impor-
tant for clinical translation of the findings,
since recent studies using next-generation
sequencing approaches demonstrated that
chromatin regulators, including MLL, are
mutated in a substantial proportion of
HCCs (23). If MET-dependent activation
can be validated, it will also be essential
to determine whether MLL activation can
drive the development of metastasis. In this
case, a routine screen for MLL activation in
MET-overexpressing tumors and subse-
quent MLL- or taspase-1-based treatment
strategies might be warranted. If genetic
aberration of MLL leads to autonomous
regulation, screening of MLL would be nec-
essary to predict the benefit of MET-based
treatment modalities, similar to KRAS
status in other cancers (24). Given the
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abundance of malignancy-related genetic
alterations in molecules critical for chro-
matin remodeling (e.g., ARID1A, ARID1B,
ARID2, and MLL3), the importance and
potential redundancies of epigenetic modi-
fiers in the regulation of invasion should
be tested (25). Finally, the present study
convincingly demonstrates the coopera-
tion of HGF-MET and MLL engagement
in invasion. However, while therapeutic
targeting of this interaction might reduce
the incidence of distant metastasis, it
might not affect the proliferative capac-
ity of the original tumor. Notably, it has
been repeatedly demonstrated that con-
trol of the intrahepatic tumor load is an
essential determinant of patient outcome,
so the prognostic relevance of HGF-MET-
induced MLL activation still remains to be
determined (26).
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Mutation signature of adenoid cystic carcinoma:
evidence for transcriptional and epigenetic

reprogramming
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Adenoid cystic carcinoma (ACC), a relatively rare malignancy usually of
salivary gland origin, has a signature v-myb avian myeloblastosis viral
oncogene homolog-nuclear factor I/B (MYB-NFIB) gene fusion that acti-
vates MYB transcriptional regulatory activity. A new study in this issue by
Stephens et al. is a comprehensive genomic mutation profiling analysis
of this neoplasm and documents a common theme of alteration in chro-
matin regulatory genes. Also, mutations in SPEN (split ends, homolog of
Drosopbhila), which encodes an RNA-binding coregulatory protein, suggest
that other changes in transcriptional regulation may involve the NOTCH,
FGFR, or other signaling pathways in which SPEN participates. Since there
is alow prevalence of mutations in common oncogenes and tumor-suppres-
sor genes, it is likely that alterations primarily in specific transcriptional
regulatory genes, augmented by changes in chromatin structure, drive the

neoplastic process in ACC.

In this issue of JCI, Stephens et al. (1) report
the results of exome sequencing of 24 cases
of adenoid cystic carcinoma (ACC), a rela-
tively rare tumor, but one that is among
the most common malignancies arising
in salivary glands. ACC has distinctive
clinical and pathologic features, includ-
ing an often lengthy clinical course before
the majority of patients succumb to their
disease (2), a proclivity for tumor cells to

Conflict of interest: The authors have declared that no
conflict of interest exists.

Citation for this article: ] Clin Invest. 2013;
123(7):2783-2785. doi:10.1172/JC169070.

The Journal of Clinical Investigation

invade nerves, which may lead to incom-
plete surgical resection and recurrence,
and distinct myoepithelial/luminal epi-
thelial cellular differentiation. The elu-
cidation of the specific molecular events
that underlie ACC may lead to targeted
therapies for patients who have distant
metastases for whom there currently are
no effective chemotherapeutic agents.

MYB-NFIB is the signature molecular
alteration

The study by Stephens et al. (1) confirms the
presence of activation of v-myb avian myelo-
blastosis viral oncogene homolog (MYB)
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(on chromosome 6) in the majority of ACC
(19/24,79%); this occurs chiefly by chromo-
somal translocation and fusion to nuclear
factor I/B (NFIB) (on chromosome 9).
This key oncogenic event, first discov-
ered in 2009 by Persson et al. (3) in Goran
Stenman’s laboratory, appears to result
in increased concentration and activ-
ity of the MYB transcriptional regulatory
protein domains. The overexpression of
MYB, which may be dysregulated by other
mechanisms in ACC that lack MYB-NFIB
fusion (4), leads to altered expression of its
putative target genes involved in cell-cycle
control, apoptosis, cell growth, angiogen-
esis, and cell adhesion (3). Which of these
genes is the most critical for the growth and
maintenance of ACC remains to be proven
experimentally.

Aside from MYB alterations, Stephens
et al. (1) report a mean of 13 mutations
per exome in ACC, a mutation rate lower
than that reported in comprehensive
sequencing analyses of the most common
types of carcinoma. The relative stabil-
ity of the ACC genome at the nucleo-
tide level is in keeping with comparative
genomic hybridization (CGH) and array
CGH studies that have revealed relatively
few copy number alterations per genome
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