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The von Hippel-Lindau (VHL) gene plays a central role in the pathogenesis of both
hereditary and sporadic renal cell carcinoma (RCC). VHL encodes a component of an E3
ubiquitin ligase complex that degrades hypoxiainducible transcription factors (HIFs)
HIF-1a and HIF-2a in an oxygen-dependent manner. The loss of VHL therefore resultsin
aberrant HIF stabilization under normal oxygen tension. HIF-2a. stabilization isakey stepin
the pathogenesis of rena cell carcinoma;1 however, the range of downstream target genes
responsible for HIF dependent tumorigenesis remainsto be fully elucidated. HIF targets that
have been implicated in renal cancer include angiogenic factors (VEGF, PDGF), mitogens
(EGF-R and itsligand TGFa.), aswell as glycolytic enzymes (GLUT1, LDH-A).
Identification of these downstream targets has led to the emergence of targeted therapy for
treating advanced RCC, including the use of sorafenib, sunitinib and bevacizumab to block
VEGF signaling, and sirolimusto inhibit the mTOR pathway.2,3

Several groups have recently shown that HIFs can modulate c-MY C transcriptional activity
in renal cancer cells viamultiple mechanisms. First, HIF-1a antagonizesc-MYC
transcriptional activity to cause cell cycle arrest and genomic instability.4,5 Second, HIF-2a
enhancesthe MY C-MAX interaction to promote c-MY C dependent cell cycle progression.6
Third, HIF-1a and HIF-2a. induce MX11 expression to suppress mitochondrial biogenesis
and c-MY C dependent apoptosis.7,8

The c-Myc oncogene is a basic loop-helix-loop-zipper (bHLHZ) transcription factor that
binds E-box DNA sequences in conjunction with its partners Max and Mad. The Mad family
of proteins consists of MAD1, MX11, MAD3 and MAD4. While Myc-Max dimers activate
transcription, the binding of Mad-Max dimers—including MXI1-MAX—to promoter E-
boxes leads to transcriptional repression due to the ability of Mad proteins to recruit histone
deacetylases as co-repressors.9 This ability of Mad family proteinsto inhibit c-Myc
dependent transcription is consistent with their putative roles as tumor suppressors. For
example, Mxi1 knockout mice are more prone to developing cancer and embryonic
fibroblasts derived from these mice undergo Ras-Myc transformation more efficiently
compared to wild type control.10 However, the role of MXI11 in tumorigenesis remains
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unclear because of conflicting reports on MX11 mutations and its expression in primary
human malignancies.11-13

It was recently discovered that MXI1 isadirect HIF target gene that regulates the metabolic
profile of RCC cells.8 In thisissue of Cancer Biology & Therapy, Tsao et al.14 provide
further evidence for the oncogenic role of MXI1in renal cell carcinoma. The authors first
observed that human RCC tissues overexpress MX11 in a pattern identical to that of HIF-2a
expression. They then used short hairpin RNA (shRNA) to deplete MXI1 in 786-O cells, an
RCC derived cell line that expresses HIF-2a. exclusively. Although MXI11 knockdown
increased proliferation in vitro, it significantly impaired xenograft formation in nude mice.
This discrepancy between MXI1 knockdown phenotypesin culture and in mice is consistent
with the observation that HIF-2a inhibition in these cells does not limit proliferation in
vitro, but is sufficient to impair xenograft growth.15,16 The introduction of a plasmid
encoding shRNA-resistant MXI1 into 786-O cells rescued the effect of MXI1 knockdown
on xenograft formation, indicating a specific role for MX11 in RCC tumorigenesis.

To determine the mechanism behind MXI1 effects on tumorigenesis, Tsao et al.14 showed
by immunohistochemistry that M X11 suppressed xenograft growth by inhibiting
proliferation, while caspase-dependent apoptosis was unaffected. Although MXI11
overexpression has been demonstrated to protect cells from hypoxia-induced apoptosis,
especialy in the context of increased c-MY C activity and growth factor deprivation,7 this
response does not seem to predominate in RCC xenografts. Supporting this argument, the
expression level of ornithine decarboxylase (ODC), which isinvolved in c-MY C dependent
apoptosis, 17 was unaffected by MXI1 knockdown in 786-O cells. Because MX |1 regulates
mitochondrial biogenesisin RCC cellsviathe c-MY C target gene PGC-1,8 the authors
next investigated the effect of depleting MXI1 on PGC-1p expression. Transcript levels of
PGC-1B were unchanged in 786-0 cells lacking MXI11, indicating that the effect of MXI1
knockdown on xenograft growth is unlikely to be due to increased mitochondrial respiration
and ROS production.

Apart from c-MY C induced apoptosis, other c-MY C dependent pathways, such as cell
proliferation and differentiation, are unlikely to account for the growth impairment observed
in RCC xenografts lacking M XI1. The authors thus hypothesize that MX11 may be acting
independently of c-MY C to promote tumorigenesis. Previous work has shown that HIF-1a
antagonizes while HIF-2a. enhances c-MY C transcriptional activity.4-6 However, the
findings of Tsao et al.14 predict that HIF-2a induction of MXI1 will inhibit c-Myc
dependent transcription. How can these two contradictory views be reconciled? One
possible explanation is that the effects of MXI1 activity are dependent on HIF protein status.
For example, in the presence of HIF-2a. alone, MXI1 may be functionally inactive because
of HIF-2a enhanced dimerization of Myc and Max. In contrast, when HIF-1a and HIF-2a
are stabilized, presumably both HIF-1a and MXI1 will promote the formation of repressive
Mad-Max complexes. The data presented by Tsao et al.14 are consistent with this model. In
786-0 cells, which express HIF-2a exclusively, MX11 suppression did not affect c-MYC
target gene expression. Conversely, in RCCA4 cells, which express both HIF-1a and HIF-2a.,
MXI1 knockdown resulted in the upregulation of both PGC-1p and ODC1. Although Tsao
et a.14 were unable to establish xenografts using the RCC4 cell line, it will be of interest in
the future to determine whether MX11 depletion impairs the growth of VHL deficient
tumors expressing both HIF-1a and HIF-2a.

The anti-tumor effect of MXI11 knockdown in 786-O xenograftsis strikingly similar to that
achieved with HIF-2a. suppression in a 786-O subclone.1 This result suggests that the
inhibition of MXI1 is sufficient to impair HIF-2a. driven tumorigenesis. Given that hypoxia
is acharacteristic of many cancers, it will also be important to test whether MX11 isinduced
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by HIF-1a or HIF-2a in VHL proficient tumors, and whether their growth can be slowed by
the suppression of MXI1.

IsMXI1 atumor suppressor or oncogene? Previous work had suggested arole for Mxilin
suppressing tumorigenesis.10 Tsao et al.14 now demonstrate that MXI1 inhibition
suppresses the growth of RCC xenografts. It is possible that MX11 can act as either
oncogene or tumor suppressor depending on the cellular context. In support of this view,
MXI1 regulates c-MY C, which is known to exhibit pro-oncogenic or anti-oncogenic
properties depending on molecular and cellular context. Although the mechanisms by which
MXI1 contribute to the RCC phenotype remain to be uncovered, the findings by Tsao et al.
14 extend our knowledge of the HIF transcription network and identify MX11 and its
downstream effectors as potentia therapeutic targetsin renal cell cancer.
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Figure 1. Model for MXI11regulation of VHL deficient RCC tumorigenesis

Theloss of VHL in RCC leads to normoxic stahilization of HIF-1a and HIF-2a.. HIF-2a
(and HIF-1a) induces the expression of MX11, which bindsto the c-MY C binding protein
MAX and thus displaces c-MY C from the transcriptionally active Myc-Max complex. The
binding of MXI11-MAX heterodimersto DNA E-boxes antagonizes c-MY C dependent
transcription, resulting in enhanced tumorigenesis via a number of possible mechanisms;
MXI11 may also exert c-MY C independent effects on cancer development.
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