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Although the molecular differences between embryonal rhabdomyosarcoma (ERMS) and alveolar rhabdomyosarcoma
(ARMS) have been extensively interrogated, effective therapies tailored to a particular rhabdomyosarcoma subtype have
yet to emerge. Patients with ERMS have shown incremental improvement using current multimodal therapy, but survival
rates for metastatic ARMS remain poor. In this issue of the JCI, Durbin and colleagues demonstrate that integrin-linked
kinase (ILK) acts as a tumor suppressor in ERMS and as a proto-oncogene in ARMS, and that the opposing functions of
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commentaries

ments for this disease will quickly ensue
from these cutting-edge investigations. The
hundreds of thousands of patients with
already diagnosed IgA nephropathy and
the many more who will be diagnosed with
this very common disorder in the future
eagerly await these developments.
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Rhabdomyosarcoma (RMS) is an aggres-
sive muscle cancer and the most common
soft-tissue sarcoma of childhood (1). A
great paradox lies in the fact that 2 forms of
RMS have remarkably different potentials
for cure. Wherein embryonal RMS (ERMS)
accounts for more than half of RMS cases,
the long-term survival for the metastatic
form of this disease exceeds 40% (2). On the

other hand, alveolar RMS (ARMS) accounts
for one-quarter of RMS cases, but the cure
rate for its metastatic form is 20% or less
(2, 3). Although the Intergroup Rhabdo-
myosarcoma Study Group (IRSG) takes
histological subtype into account in risk
stratification, there is no substantial dif-
ferentiation between the 2 subtypes with
respect to the therapeutic approach, which
consists of surgery, chemotherapy, and radi-
ation (4). Despite encouragement that the
outcome for ERMS appears to be improv-
ing incrementally since the inception of
multimodality therapy, the long-term sur-
vival for metastatic ARMS has been dismal

and largely unchanged for decades (3, 5).

Tumor suppressor at times,
oncogene at other times
Integrin-linked kinase (ILK) is well rec-
ognized as an oncogenic protein and is
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highly expressed in numerous human can-
cers, including melanoma, lung, head and
neck, pancreas, and prostate cancers (6, 7).
Importantly, the degree of ILK expression
correlates with tumor stage and grade in
many of these malignancies, and strong
ILK expression is often a poor prognostic
indicator (8, 9). Previous work has defined
ILK as a key regulator of cellular events
critical to cancer progression, including
proliferation, survival, adhesion, migra-
tion, invasion, and angiogenesis (6, 7).
The inhibition of ILK expression and/or
activity using genetic and pharmacologic
strategies has established the requirement
of ILK for tumor growth. The necessity of
ILK for cancer progression, particularly
in carcinomas, has centered on the capac-
ity of ILK to phosphorylate and regulate
downstream signaling targets of the PI3K
pathway, notably Akt and glycogen syn-
thase kinase-3p (6, 7). ILK functionality
is dependent on cellular context, however,
and ILK is reported to suppress growth in
certain circumstances (6).

In this issue of the JCI, Durbin et al. (10)
present one set of fundamental biological
differences between ERMS and ARMS: the
levels of ILK, JNK1, and the phosphorylated
JNKI1 protein. The authors used a series of
model systems, including cultured human

The Journal of Clinical Investigation

1
1
Intermediates?
1 -

commentaries

Figure 1

Differential regulation of JNK by ILK in ARMS versus ERMS. Shown
are potential mechanisms of cell growth regulation in ARMS versus
ERMS tumor cells related to signaling through ILK, JNK1, and c-Jun.
ILK functions are regulated through signals initiated by ECM-inte-
grin interactions or growth factor (GF) stimulation (6). In more clini-
cally favorable cases of ERMS, Durbin et al. (10) demonstrate, in their
study in this issue of the JCI, that ILK suppresses phosphorylation
of JNK1 and c-Jun, thereby preventing accelerated cell proliferation.
While the exact mechanism remains to be shown, the repression of
JNK phosphorylation by ILK in this tumor subtype may occur through
additional intermediates, including a complex of ILK-associated serine/
threonine phosphatase 2C (ILKAP) with apoptosis signal-regulating
kinase 1 (ASK1). In ARMS, JNK1 levels are diminished by the PAX3-
FKHR oncoprotein, thereby leaving other pathways open to modulating
or inducing c-Jun phosphorylation and accelerating cell proliferation.
In these tumors, the oncogenic effects of ILK may involve regulation
of JNK1 phosphorylation, as suggested by Durbin et al., and/or ILK-

ERMS
(PAX3-FKHR negative)

cells, murine xenografts, and primary
human tumors, to demonstrate that ILK
functions as a tumor suppressor in ERMS,
whereas it acts as an oncogene in ARMS.
In contrast to many cancer models, Akt or
MAPK signaling remained unaffected by
inhibition of ILK, and the opposing func-
tions of ILK in these tumors were attributed
to the presence of a noncanonical target of
ILK, JNK1 (Figure 1). This work is intrigu-
ing because it attempts to provide a mecha-
nistic basis for the oncogenic versus tumor-
suppressive functions attributed to ILK. In
their report, Durbin et al. focus on JNK1 as
a mediator of proliferation (10) — yet much
of the literature highlights the role of JNK
as a proapoptotic factor that stabilizes p53
or promotes apoptosis by c-Jun-mediated
transcription of proapoptotic genes (11).
What biology underlies the difference in
JNK activity in these 2 subtypes of RMS?
An intriguing possibility may lie in the ratio
between ILK and JNK, wherein low JNK lev-
els result in c-Jun-mediated survival and
proliferation, but high and sustained JNK
(and c-Jun) levels lead to apoptosis.

Genetics could explain

how tumors tip the balance

Durbin et al. showed that for ERMS, ILK
expression resulted in inhibition of JNK
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phosphorylation, possibly through one or
more intermediate effectors (10). siRNA-
mediated depletion of ILK reversed the
suppression of JNK phosphorylation and
led to phosphorylation of c-Jun. Phos-
pho-c-Jun, as a presumed component of
a heterodimeric activator protein 1 (AP-1)
complex, regulates cell proliferation. Con-
sistent with the role of ILK as a tumor sup-
pressor in ERMS, the authors report that
ILK expression in primary tumor samples
from patients with invasive and metastatic
ERMS in unfavorable anatomical locations
(ie., stage Il or IV at diagnosis) was signifi-
cantly reduced compared with less invasive
or less metastatic ERMS in more favorable
anatomical locations (i.e., stage I or II at
diagnosis). ILK expression was also posi-
tively associated with survival for ERMS
patients at all disease stages at diagnosis.
Durbin et al. point out that chromosomal
locus 11p15 is a frequent site of loss of
imprinting/loss of heterozygosity in ERMS,
and this region also contains the ILK gene
(10). In ERMS, p53 loss of function is also
not uncommon — indeed, familial p53 hap-
loinsufficiency, or Li-Fraumeni syndrome,
was a description of familial ERMS (12).
Therefore, could loss of the ILK locus for
high-stage ERMS lead to increased levels of
phospho-JNK, and could concurrent p53
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loss result in phospho-JNK-mediated c-Jun
phosphorylation and proliferation, instead
of phospho-JNK/p53-mediated apoptosis?
This speculative scenario is one possible
way to integrate the present findings into
the genetics defined to date for ERMS.

In contrast to their results for ERMS,
Durbin et al. show in mouse xenografts that
ILK functioned as an oncogene in ARMS
and that ILK inhibition slowed tumor
growth (10). Previous work has shown that
55% or more of ARMS patients harbor a
translocation-mediated chimeric oncogene
resulting from the fusion of paired box 3
(PAX3) to forkhead homolog in rhabdomyo-
sarcoma (FKHR, also known as FOXO1A;
ref. 13). Introduction of the PAX3-FKHR
chimeric transcription factor into ERMS
cells resulted in decreased JNK1BI transcript
levels. In these PAX3-FKHR-expressing
ERMS cells, siRNA-mediated suppression of
ILK expression resulted in decreased tumor
cell growth in vitro, similar to the behavior
of ARMS cells when ILK was experimentally
depleted (10). The authors further showed
that restoration of JNK1 protein in ARMS
led to a situation more like ERMS, in which
decreased ILK expression led to increased
tumor cell growth. It may be that ARMS
cells escape phospho-JNK/pS3-mediated
apoptosis in this situation because p53 loss
of function is also not uncommon in ARMS
(14). Thus, JNK1 protein levels appear to be
at the crux of whether ILK acts as a tumor
suppressor in ERMS or as an oncogene in
ARMS (Figure 1).

There is perhaps a common biologi-
cal thread connecting human ERMS and
ARMS tumors. In the studies by Durbin
and colleagues (10), both ERMS cells with
experimentally decreased levels of ILK
(i.e., diminished tumor suppression) and
ARMS cells with native levels of oncogenic
ILK exhibited elevated levels of phospho-
c-Jun. In their work, a dominant-negative
c-Jun mutant suppressed tumor cell growth
in the former instance (10), and might be
assumed to do the same in the latter, which
suggests that phospho-c-Jun is helping to
drive tumor growth in ARMS and clinical
stage III/IV ERMS. Paradoxically, sustained
and very elevated levels of c-Jun, as seen
in response to the immunosuppressant/
mammalian target of rapamycin inhibitor
rapamycin, leads to c-Jun-mediated apop-
tosis when p53 is absent (15). Therefore,
phospho-c-Jun, as a component of an AP-1
complex, may act as a proliferative factor
when present at levels below a particular
threshold; however, high and sustained
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levels of phospho-c-Jun, as found during
periods of cellular stress, can lead to apop-
tosis of cells. While it is beyond the scope of
this commentary to address AP-1 signaling
(reviewed in ref. 16), a closer examination
of c-Jun heterodimerization partners (e.g.,
c-Fos and JunB) under conditions of stress
in ERMS and ARMS may be warranted.

Unanswered questions

The study by Durbin et al. (10) raises a num-
ber of important questions that remain to
be resolved. The authors provide compel-
ling evidence of the Jekyll and Hyde nature
of ILK: its tumor-suppressive function in
ERMS and its oncogenic role in ARMS. A
key issue, however, is the mechanism by
which ILK targets JNK activity. How does
ILK function to suppress JNK activation
in ERMS, yet activate JNK in ARMS? Ini-
tial investigations did not demonstrate the
presence of a direct interaction between
ILK and JNK (10), leaving open the possi-
bility that additional, as-yet-unidentified
proteins are required for effective signaling
between ILK and JNK. One potential medi-
ator is ILK-associated serine/threonine
phosphatase 2C, which is known to asso-
ciate not only with ILK, but also with an
upstream activator of JNK called apoptosis
signal-regulating kinase 1 (Figure 1 and
ref. 17). It is also possible that part of the
effect of ILK on JNK and c-Jun is mediated
by ILK-induced activation of the c-Jun tran-
scriptional coactivator nascent polypep-
tide-associated complex and coactivator o
(0-NAC; Figure 1). It has previously been
shown that ILK phosphorylates a-NAC at
serine 43, resulting in its nuclear accumu-
lation and potentiation of c-Jun-mediated
transcriptional regulation (18).

Durbin et al. used siRNA to transiently
suppress ILK expression in the ERMS and
ARMS cell lines prior to the inoculation
of these cells into a xenograft model (10).
Importantly, the cell lines were implanted
3 days after introduction of the siRNA into
the cells, a time point at which ILK expres-
sion was effectively inhibited (10). Howev-
er, the short-term depletion of target gene
expression afforded by the use of siRNA,
in contrast to the stable knockdown that
can be achieved using shRNA technolo-
gies, leaves open to debate the precise role
of ILK in tumor growth in this model. Cer-
tainly, depletion of ILK expression prior
to introduction of the ERMS and ARMS
cells into the mouse xenograft model
resulted in striking and sustained effects
on tumor growth, as well as on apoptosis
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and angiogenesis. However, ILK expression
ultimately returned in both tumor groups,
which suggests that ILK depletion may be
critical as much for early tumor establish-
ment as for signaling to the JNK pathway
during growth. The use of shRNA to stably
depress ILK levels and/or the use of induc-
ible systems to provide native ILK expres-
sion during tumor establishment may help
to further address this issue.

Returning to the bedside

The data presented by Durbin et al. (10)
suggest that prospective evaluation of the
ILK/JNK1/c-Jun signaling axis may be
worthwhile in the pursuit of molecular
diagnostics for risk stratification of RMS
patients at diagnosis. More importantly,
these studies allude to what we believe
to be a novel therapeutic strategy for the
treatment of ARMS — the inhibition of
the activity or expression of ILK. This can
be accomplished with small-molecule ILK
inhibitors that have been extensively char-
acterized in preclinical models of several
types of cancers (reviewed in refs. 6, 7). In
addition, genetic strategies involving silenc-
ing ILK expression can also be considered,
given the advances in shRNA and siRNA
delivery strategies. However, the effects
of ILK inhibitors would be untoward in
ERMS. Given the high rate of misdiagnosis
of ARMS versus ERMS (as high as 37%; refs.
4, 19) and the possibility that ILK signal-
ing may be different under nascent versus
stressed conditions such as chemotherapy,
it may be well worth additional time in the
laboratory to understand the basis of this
intriguing difference in ILK behavior in
RMS subtypes.

Address correspondence to: Charles Keller,
University of Texas Health Science Center
at San Antonio, 8403 Floyd Curl Drive,
MC-7784, San Antonio, Texas 78229-3900,
USA. Phone: (210) 562-9062; Fax: (210)
562-9014; E-mail: kellerc2@uthscsa.edu.

1. Arndt, C.A., and Crist, W.M. 1999. Common mus-
culoskeletal tumors of childhood and adolescence.
N. Engl. ]. Med. 341:342-352.

Breneman, J.C,, et al. 2003. Prognostic factors and
clinical outcomes in children and adolescents with
metastatic thabdomyosarcoma — a report from the
Intergroup Rhabdomyosarcoma Study 1IV. J. Clin.
Oncol. 21:78-84.

3. Williams, B.A,, et al. 2004. Metastatic rhabdomyo-
sarcoma: a retrospective review of patients treated
at the hospital for sick children between 1989 and
1999. J. Pediatr. Hematol. Oncol. 26:243-247.

Raney, R.B., et al. 2001. The Intergroup Rhabdo-
myosarcoma Study Group (IRSG): Major lessons
from the IRS-I through IRS-IV studies as back-
ground for the current IRS-V treatment protocols.

14

Ee

June 2009



Sarcoma. 5:9-135.
S.Maurer, H.M., et al. 1988. The Intergroup Rhab-
domyosarcoma Study — I. A final report. Cancer.
61:209-220.
6. McDonald, P.C., Fielding, A.B.,and Dedhar, S. 2008.
Essential roles of integrin-linked kinase in physiol-
ogy and cancer biology. J. Cell. Sci. 121:3121-3132.
7.Hannigan, G., Troussard, A.A.,and Dedhar, S. 2005.
Integrin-linked kinase: a cancer therapeutic target
unique among its ILK. Nat. Rev. Cancer. 5:51-63.

.Yau, C.Y., Wheeler, JJ., Sutton, K.L., and Hedley,
D.W. 2005. Inhibition of integrin-linked kinase
by a selective small molecule inhibitor, QLT0254,
inhibits the PI3K/PKB/mTOR, Stat3, and FKHR
pathways and tumor growth, and enhances gem-
citabine-induced apoptosis in human orthotopic
primary pancreatic cancer xenografts. Cancer Res.
65:1497-1504.

. Takanami, L. 2005. Increased expression of integ-

o

el

rin-linked kinase is associated with shorter survival
in non-small cell lung cancer. BMC Cancer. 5:1.

10. Durbin, A.D., et al. 2009. JNK1 determines the
oncogenic or tumor-suppressive activity of the
integrin-linked kinase in human rhabdomyosar-
coma. J. Clin. Invest. 119:1558-1570.

.Dhanasekaran, D.N., and Reddy, E.P. 2008. JNK
signaling in apoptosis. Oncogene. 27:6245-6251.

12.Li, F.P,, and Fraumeni, J.F., Jr. 1969. Rhabdomyo-
sarcoma in children: epidemiologic study and
identification of a familial cancer syndrome. J. Natl.
Cancer Inst. 43:1365-1373.

13. Sorensen, P.H., et al. 2002. PAX3-FKHR and PAX7-
FKHR gene fusions are prognostic indicators in
alveolar rhabdomyosarcoma: a report from the chil-
dren’s oncology group. J. Clin. Oncol. 20:2672-2679.

14. Keller, C., et al. 2004. Alveolar rhabdomyosarcomas
in conditional Pax3:Fkhr mice: cooperativity of
Ink4a/ARF and Trp53 loss of function. Genes Dev.

1

—_

commentaries

18:2614-2626.

15.Huang, S., et al. 2003. Sustained activation of
the JNK cascade and rapamycin-induced apop-
tosis are suppressed by p53/p21(Cip1). Mol. Cell.
11:1491-1501.

16. Shaulian, E., and Karin, M. 2002. AP-1 as a regulator
of cell life and death. Nat. Cell. Biol. 4:.E131-E136.

17. Tamura, S., et al. 2006. PP2C family members play
key roles in regulation of cell survival and apopto-
sis. Cancer Sci. 97:563-567.

18. Quelo, 1., Gauthier, C., Hannigan, G.E., Dedhar,
S., and St-Arnaud, R. 2004. Integrin-linked Kinase
Regulates the Nuclear Entry of the c-Jun Coacti-
vator {alpha}-NAC and Its Coactivation Potency.
J. Biol. Chem. 279:43893-43899.

19. Carli, M., et al. 2004. European intergroup studies
(MMT4-89 and MMT4-91) on childhood metastat-
ic rhabdomyosarcoma: final results and analysis of
prognostic factors. J. Clin. Oncol. 22:4787-4794.

Infantile parkinsonism-dystonia:
a dopamine “transportopathy”
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The dopamine transporter (DAT) retrieves the neurotransmitter dopamine
from the synaptic cleft at dopaminergic synapses. Variations in solute car-
rier family 6A, member 3 (SLC6A3/DAT1), the human gene encoding DAT,
have been implicated in attention deficit hyperactivity and bipolar disor-
ders, and DAT is a prominent site of action for drugs such as amphetamines
and cocaine. In this issue of the JCI, Kurian et al. report that an autosomal
recessive infantile parkinsonism-dystonia is caused by loss-of-function
mutations in DAT that impair dopamine reuptake (see the related article
beginning on page 1595). Though this might be predicted to result in dopa-
mine excess in the synaptic cleft, it likely also causes depletion of presynaptic
dopamine stores and possibly downregulation of postsynaptic dopamine
receptor function, resulting in impairments in dopaminergic neurotrans-
mission consistent with the clinical presentation. This is the first report of a
genetic alteration in DAT function underlying a parkinsonian disorder.

The complex interconnections in the ner-
vous system depend on synapses, special-
ized junctions at which a neuron contacts
a target cell, most frequently another neu-
ron. Synaptic transmission is mediated by
chemical neurotransmitters in the synap-
tic cleft (~20-25 nm wide) and is regulated
dynamically by presynaptic neurotrans-
mitter release and subsequent reuptake as
well as by other pre- and postsynaptic sig-
naling mechanisms. Many neurotransmit-
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ter receptors are ligand-gated ion channels,
including the predominant postsynaptic
excitatory and inhibitory receptors in the
central nervous system, which are gated by
glutamate and GABA, respectively. Other
neurotransmitter receptors are coupled
through G proteins to intracellular second
messenger systems, including receptors for
the biogenic amine dopamine.
Dopaminergic neurons are found in
relatively restricted areas in the brain,
but prominently within the substantia
nigra pars compacta, with projections to
striatum, and in the ventral tegmental
area of the midbrain, with projections to
the cerebral cortex as well as to limbic and
subcortical nuclei. Consistent with this
distribution, dopamine exerts modula-
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tory effects on human motor control,
affect, behavior, and cognition (1, 2).
Alterations in dopaminergic transmis-
sion have been implicated in a host of
neuropsychiatric and movement disor-
ders (3). These comprise both dopamine
deficiency states such as Parkinson dis-
ease as well as states of dopamine excess,
as proposed for Tourette syndrome and
schizophrenia. Furthermore, a large num-
ber of commonly prescribed neuropsychi-
atric medications as well as drugs of abuse
have major effects at these synapses. For
instance, L-dopa used to treat Parkinson
disease, methylphenidate and amphet-
amine used for attention deficit hyperac-
tivity disorder, and cocaine all promote
dopaminergic transmission, while neuro-
leptic medications commonly prescribed
for schizophrenia and Tourette syndrome
inhibit dopamine transmission.

The dopaminergic synapse comprises
a number of signature elements, situated
both pre- and postsynaptically (Figure
1A). Postsynaptic dopamine receptors
can be divided into two major subtypes
that are positively (D1 class) or negatively
(D2 class) coupled through G proteins to
regulate production of cAMP by adenylate
cyclase. D1-class receptors are also coupled
to phosphoinositide metabolism, and D2-
class receptors are coupled to Ca?*-depen-
dent intracellular signaling cascades (4).
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