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Bafilomycin Induces HIF-10! Expression

ABBREVIATIONS: HIF-1, hypoxia-inducible factor 1; EPO, erythropoietin; VHL, von
Hippel-Lindau protein; VEGF, vascular endothelial growth factor; SDF1, stromal-derived
factor 1; GLUT1, glucose transporter 1; ENO1, enolase 1; PGK1, phosphoglycerate
kinase 1; IGF2, insulin-like growth factor 2; TGFA, transforming growth factor a; CBP,

CREB binding protein; CREB, cAMP response element binding protein.
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ABSTRACT

In an article presented in this issue of Molecular Pharmacology, Lim et al. investigate the anti-
cancer effect of bafilomycin, an inhibitor of the vacuolar ATPase. The authors report that
bafilomycin inhibits cell cycle progression and tumor growth by inducing the expression of

hypoxia-inducible factor (HIF) 1o and the cyclin-dependent kinase inhibitor p21<™*"

, a surprising
result because HIF-la overexpression is associated with tumor growth and angiogenesis in
preclinical models and with increased patient mortality in clinical studies. However, the authors
demonstrate that bafilomycin-induced HIF-1a expression leads to increased CIPI gene

expression but does not lead to increased expression of other HIF-1-regulated genes that promote

tumor progression.

202 ‘/T |11dV uo speuinor 134S Y e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on September 25, 2006 as DOI: 10.1124/mol.106.031062
This article has not been copyedited and formatted. The final version may differ from this version.

MOL 31062
Rapid progress has been made in delineating the molecular mechanisms that underlie

oncogenesis. Most recently, this has included the generation of a comprehensive compendium of
the genes that are most commonly mutated in breast and colon cancers (Sjoblom et al., 2006).
Many of these mutations promote cancer formation by dysregulating one of a limited number of
key signaling pathways (Parsons et al., 2005; Vogelstein and Kinzler, 2004). In addition to
genetic and epigenetic (Baylin and Chen, 2005) modifications of the cancer cell genome,
responses to the tumor microenvironment play a critical role. In particular, the adaptation of
tumor cells to hypoxia (Kaufman et al., 2004) represents a major selective force (Graeber et al.,
1996) in the clonal evolution of human cancers (Nowell, 1976; Semenza, 2000).

A key transcriptional regulator that mediates adaptive responses of cancer cells to
reduced O, availability is hypoxia-inducible factor 1 (HIF-1). HIF-1 is a heterodimer composed
of a constitutively expressed HIF-1 subunit and an O,-regulated HIF-1a subunit (Wang and
Semenza, 1995; Wang et al., 1995). HIF-1 was originally identified as a transcriptional activator
of the EPO gene, which encodes the protein that controls red blood cell production, and thus,
blood O;-carrying capacity (Semenza and Wang, 1992). Dozens of genes are now known to be
transcriptionally activated by direct binding of HIF-1 under hypoxic conditions (Wenger et al.,
2005; Hirota and Semenza, 2006). Microarray analyses indicate that the expression of hundreds
of genes is activated or repressed by HIF-1 (Elvidge et al., 2006; Manalo et al., 2005).

Elevated HIF-1a protein levels are observed in the majority of human cancers, either as a
direct result of intratumoral hypoxia or secondary to genetic alterations in oncogenes or tumor
suppressor genes, and are associated with increased patient mortality (Semenza, 2003). The
most dramatic example of tumor suppressor loss-of-function resulting in HIF-1 gain-of-function
involves the von Hippel-Lindau (VHL) protein, which binds to HIF-lo under normoxic

conditions and targets the protein for ubiquitination and proteasomal degradation (Maxwell et al.,
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1999). VHL loss-of-function is observed in most sporadic renal cell carcinomas of the clear cell

type and in all renal cancers in patients with the hereditary von Hippel-Lindau syndrome
(reviewed in Kim and Kaelin, 2004). In these latter tumors, activation of HIF-1 transcriptional
activity is the earliest identifiable sign of cellular transformation (Mandriota et al. 2002).

HIF-1 activates the transcription of target genes that encode proteins with critical roles in
key aspects of cancer biology: VEGF and SDFI stimulate tumor angiogenesis; GLUTI, ENOI,
and PGK1 stimulate glucose transport and aerobic glycolysis; EPO, IGF2, and TGFA participate
in autocrine growth factor signaling; and multidrug transporters ABCBI and ABCG2 promote
chemotherapy resistance (Hirota and Semenza, 2006). In addition, HIF-1 activates the
transcription of genes encoding transcriptional repressors that extinguish the expression of E-
cadherin, an event that is required for invasion and metastasis of cancers derived from epithelial
cell types (Krishnamachary et al., 2006).

HIF-1a may also promote genomic instability by transcriptional repression of the MSH?2
and MSH6 genes, which encode subunits of the mismatch repair enzyme MutSa., through a novel
mechanism in which HIF-1a interacts, in the absence of HIF-1f, with promoter-bound Sp1 and
functions as a co-repressor (Koshiji et al., 2005). This mechanism is similar to the role of HIF-

lo in regulating the CIPI gene, which encodes the cyclin-dependent kinase inhibitor p21<™"

(Koshiji et al., 2004). In both cases, HIF-1a was shown to displace C-MYC from the promoter.
In the case of the MSH2 and MSHG6 genes, because C-MYC binding activates transcription, its
displacement by HIF-la results in transcriptional repression. In contrast, C-MYC binding
represses CIP] transcription and its displacement results in de-repression, an effect that does not
require either the DNA binding or transactivation functions of HIF-1a.

Given the important role of HIF-1 in cancer biology, there is great interest in identifying

inhibitors of HIF-1 and many novel anti-cancer agents appear to act in part by inhibiting HIF-1
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(Melillo, 2006; Semenza, 2006). Thus, Lim et al. (2006) investigated whether modulation of

HIF-1 activity might contribute to the anti-cancer effects of the macrolide antibiotics bafilomycin
A and concanamycin A. Surprisingly, they found increased HIF-1a levels following exposure of
cancer cells to these compounds, which are known inhibitors of the vacuolar ATPase that is
present in membranes of endoplasmic reticulum, Golgi, and vacuoles, where it generates an
electrochemical gradient for protons that is required for metabolite transport and pH regulation
(Bowman et al., 2006). Lim et al. (2006) showed that bafilomycin treatment increased the half-
life of HIF-1a protein by inhibiting its interaction with VHL, an effect that was independent of
any pH changes (Fig. 1). Further studies are required to determine whether the induction of HIF-
la by bafilomycin can be phenocopied by RNA interference targeting the vacuolar ATPase.

In a further surprise, the increased HIF-la protein levels were not associated with
increased transcription of HIF-1 target genes such as VEGF, PGKI, and ENOI. However, CIP1
gene transcription was induced by bafilomycin, an effect that was associated with increased
binding of HIF-1a and decreased binding of C-MYC to the CIP/ promoter. Low nanomolar
concentrations of bafilomycin induced cell cycle arrest in wild-type cells but not in cells that

lacked expression of p21<""!

or HIF-1a. Injection of bafilomycin into mice bearing wild type or
HIF-1o-null fibrosarcomas inhibited growth of the former but not the latter tumors. These
results provide convincing evidence that the mechanism by which bafilomycin inhibits tumor
growth is HIF-10- and p21"'-dependent (Figure 1).

What are the clinical implications of this fascinating study? Among the hundreds of
genes that are activated by HIF-1, many promote tumor progression whereas others (such as
CIPI) have the opposite effect. Since each tumor cell expresses a distinct subset of HIF-1-

regulated genes, the net effect of increased HIF-1a expression cannot be predicted with certainty

because it depends on which genes are expressed and what other genetic alterations are present
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within the cell (e.g. loss-of-function mutations in the CIP/ coding sequence that would render its

transcriptional regulation irrelevant). Koshiji et al. (2004, 2005) demonstrated that HIF-1a can
function as a transcriptional co-factor independent of its dimerization with HIF-1p to form a
DNA binding protein. The data of Lim et al. (2006) suggest that the functions of HIF-1a that are
HIF-1B-dependent and HIF-1B-independent may be pharmacologically separable. Further
studies are required to prove that the effect of bafilomycin on cell cycle progression and p21<™"
expression is HIF-1B-independent. In addition, it will be interesting to determine whether failure
of HIF-1a to dimerize with HIF-1p or to recruit the co-activators p300 and CBP underlies the
lack of HIF-1 transcriptional activity in bafilomycin-treated cells under non-hypoxic conditions.
Based on their results, the authors speculate that bafilomycin may be a useful therapeutic
agent. Their data also suggest that in cancer cells in which HIF-1a overexpression is driving
p21""! expression, administration of compounds that decrease HIF-lo. expression (Melillo,
2006; Semenza, 2006) may cause these cells to re-enter the cell cycle and thereby increase their
sensitivity to standard chemotherapy. The intriguing results presented by Lim et al. (2006)
underscore the complex regulatory networks that are controlled by HIF-1 in cancer cells and the

tremendous challenges associated with the clinical translation of molecular pharmacology.
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Figure Legend

Fig. 1. Bafilomycin induces HIF-1a-mediated de-repression of CIPI gene transcription and cell
cycle arrest. Bafilomycin also inhibits the vacuolar ATPase (V-ATPase) but it is not clear
whether this effect is required for its induction of HIF-1a expression. Despite increased HIF-1a
expression, HIF-1-dependent gene transcription (which requires HIF-1oi:HIF-1B dimerization

and the recruitment of coactivators) is not induced by bafilomycin.
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