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Fig. 4. Nuclear localization of HIF-la protein. Rati cells were exposed to 20% (A and C) or 1% (B and D) 02 for 6 h and analyzed by immunocytochemistry using affinity-purified
antibodiesagainstHIF-la, whichwerevisualizedby 3,3'-diaminobenzidinestaining(AandB)or immunofluorescence(C andD).

luciferase:f3gal ratio was determined and normalized to the value
obtained for cells transfected with plim and exposed to 20% 02.
Whereas expression of p1 1w was induced 3-fold in hypoxic cells,

there was no significant increase in the expression of p1 lm in hypoxic
compared to nonhypoxic Rat! cells (Fig. 6A). Compared to Rat! cells,
expression of p1 1w in v-Src/Ratl cells was increased 3- to 4-fold at 20
and 1% 02, such that expression of p11w in hypoxic v-SrclRatl cells
was 9-fold higher than in nonhypoxic Rat! cells. In contrast, V-SRC
had no effect on the expression of p1 im. Thus, V-SRC stimulation of
reporter gene transcription is dependent upon an intact HIF-! binding
site.

To further explore the effect of V-SRC- on HIF-!-mediated tran
scription, we cotransfected Rail cells with pSV/3gal and the reporter
plasmid p2.1, which contained a 68-bp HRE from the ENOJ gene
5'-flanking region cloned 5' to the SV4O promoter-luciferase tran
scription unit, or p2.4, which was identical to p2.! except for 3-bp
mutations in two HIF-1 binding sites within the HRE (21). Expression
of p2.!, but not p2.4, was induced 2-fold by exposure of Rat! cells to
1% 02 (Fig. 6B). Compared to Rat! cells, expression of p2.! in
v-SrcIRatl cells was increased approximately 2-fold at 20 and 1% 02,
such that expression of p2. 1 in hypoxic v-SrcIRatl cells was over
4-fold higher than in nonhypoxic Rat! cells. Because the sequences of
the VEGF and ENOJ HREs share only HIF-l binding sites in com
mon, these results provide further evidence that V-SRC increases the
expression of VEGF and ENO1 mRNA at the transcriptional level by
increasing HIF-1 activity in both hypoxic and nonhypoxic cells.

To demonstrate that the differences in reporter gene expression in
v-SrcfRatl and Rat! cells were in fact due to expression of V-SRC

rather than some other genetic difference between these two lines, we

transiently cotransfected NIH 3T3 cells with pSV@3gal,reporter p1 !w
or p2. 1, and an expression vector containing either no insert or V-SRC
coding sequences. Compared to reporter transcription in cells trans
fected with empty vector, in cells expressing V-SRC, transcription of
p11w and p2.1 was increased 2- and 3-fold, respectively, both at 20
and !% 02 (Fig. 6C), whereas expression of V-SRC had no effect on
transcription of p1 lm or p2.4 (data not shown). Fig. 6, Aâ€”C,demon

strate that in two different transformed cell lines, V-SRC expression
results in transcriptional activation that is dependent upon the pres
ence of HIF- 1 binding sites.

Hypoxia increases both HIF-la protein levels and the specific
transcriptional activity of HIF-lcx (43, 44). To determine whether
V-SRC expression affects transactivation domain function as well as
HIF-! a protein expression, Rat! and v-SrcIRatl cells were cotrans
fected with: pSVf3gal; reporter pGAL4E1bLUC, which contains five
GAL4 binding sites upstream of the adenovirus Elb minimal pro
moter and luciferase coding sequences; and expression vectors encod
ing either the GAL4 DNA-binding domain (pG.0) or the GAL4

DNA-binding domain fused to the HIF-la transactivation domain
(pG.HIF1A) (44). Transfected cells were exposed to 20 or 1% 02 for
24 h, and the luciferase:f3gal ratios were normalized to the value
obtained for pG.0 in cells at 20% Â°2â€¢Compared to Ratl cells trans
fected with pG.0, in cells transfected with pG.HIF1A, reporter ex
pression was 21- and 31-fold higher at 20 and 1% 02, respectively
(Fig. 6D). The effect ofpG.HIF1A on reporter expression in Rat I and
v-SrclRat! cells was not significantly different. These results suggest
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cells (32). A significant difference in tumor growth rate was again
observed in mice injected with wild-type Hepal as compared to C4
cells (Fig. 7B). In mice injected with RB 13 cells, the tumor growth

rate more closely resembled that of the wild-type Hepal cells, pro
viding further evidence that the level of HIF-l expression had a

significant effect on tumorigenesis.

DISCUSSION

Mechanisms of Hypoxia Signal Transduction and HIF-la In
duction. We demonstrated previously that the protein tyrosine kinase
inhibitor genistein completely blocked the induction of HIF-lca pro
tein and HIF-l DNA-binding activity in hypoxic Hep3B cells (60).
Genistein also inhibited hypoxic induction of VEGF mRNA expres
sion in U87 cells (46). C-SRC does not appear to be the target of
genistein based on the results presented here (Figs. ! and 2) and
elsewhere (56). The basis for decreased induction of VEGF mRNA in
C-SRC-deficient cells reported previously (46) is unclear but may
have been an artifact of the culture conditions used. In contrast,
V-SRC expression resulted in a marked increase in HIF-l, ENO!, and
VEGF expression, indicating that V-SRC activated a signal transduc
tion pathway leading to induction of HIF-!a expression, which de
termines HIF-l DNA-binding activity (21, 42, 43). These results
suggest that V-SRC may activate the downstream target(s) of a
tyrosine kinase that is normally active only under hypoxic conditions.
Furthermore, the positive effect of V-SRC on HIF-! expression sug
gests that hypoxia signal transduction begins at the cell membrane.

Previous studies have demonstrated that hypoxia stimulates both
HIF-l a protein expression and HIF- hr transactivation domain func
tion (33, 42â€”44).All known chemical inducers of HIF-la protein
expression (1% 02, cobalt chloride, and desferrioxamine) also in
duced HIF-lcr transactivation domain function, suggesting that these
two processes occur via the same signal transduction pathway (44).
The present data indicate that V-SRC activates a pathway that leads to
induction of HIF-la mRNA and protein expression but not HIF-la
transactivation domain function. V-SRC expression will thus provide
a useful tool for examining the effects of increased HW-!a protein
expression under nonhypoxic conditions.

V-SRC, HIF-1, and Hypoxic Adaptation by Tumor Cells. The
present study provides the first evidence that expression of an onco
gene is associated with induction of HIF-la protein and HIF-! DNA
binding activity under nonhypoxic conditions and superinduction un
der hypoxic conditions. This increased HIF-l activity is reflected in
the augmented expression of downstream target genes affecting an
giogenesis and cellular energy metabolism, two processes that are
subject to significant alteration during tumor progression. Experi
ments performed over 20 years ago demonstrated that RSV infection
of normal chick or rat cells resulted in an increased rate of aerobic
glycolysis, which was temporally and genetically correlated with
V-SRC-mediated transformation (61â€”63).Our present results suggest
a molecular basis for these observations. In contrast to the parental

Rat! line, v-SrclRatl cells are capable of anchorage-independent
growth in soft agar (57). Cells in the center of an expanding soft agar
colony are likely to encounter hypoxic conditions that require in
creased glycolytic activity for continued cellular proliferation and
survival (64). Taken together, the results of previous studies of RSV
infected cells and the data presented in this report suggest that in
addition to affecting cellular proliferation, V-SRC activates signal
transduction pathways that lead to the expression of HIF-! and down
stream genes, which provide a molecular mechanism for adaptation of
tumor cells to a hypoxic microenvironment.

V-SRC may not be unique among oncogene products with respect
to its effects on HIF-!. Expression of activated H-RAS has also been

V-SAC: +
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Fig. 5. Expression of VEGF and ENOI mRNA in V-SRC expressing and nonexpress
ing cells. RatI (Lanes 1â€”3)and v-Src/Ratl (Lanes 4â€”6)cells were exposed to 1% 02 for
0, 2, or 16h prior to isolation of total cellular RNA. Fifteen-@zgaliquots were analyzed by
blot hybridization using probes for VEGF mRNA (top), 18S rRNA (middle), or ENO1
mRNA (bottom).

that V-SRC selectively increases HIF-la protein expression without
affecting transactivation domain function.

Effect of HIF-1 Expression on Tumorigenicity of Rat Hepatoma
Cells. To obtain evidence for more general involvement of HIF- 1 in
tumorigenesis, we examined the in vivo growth characteristics of
Hepal rat hepatoma cells that were either wild-type or completely
deficient (clone C4) in their expression of HIF-l due to a mutation
affecting the expression of the HIF-!J3 (ARNT) subunit (37). We have
demonstrated previously that, compared to wild-type Hepal cells,
HIF-l DNA-binding activity is not detectable, and VEGF mRNA
levels are dramatically reduced in C4 cells incubated in 1% 02 (32).
Athymic mice injected with wild-type Hepa! cells formed large,
rapidly growing tumors that necessitated euthanasia by 4 weeks after
injection (Fig. 7A). Mice injected with C4 cells formed tumors that
grew at a significantly reduced rate. To demonstrate that this differ
ence in tumor growth was reproducible and was related to the expres
sion of HIF-l, the experiment was repeated with wild-type Hepa!
cells, HIF-l-deficient C4 cells, and RB!3 cells that arose as a spon
taneous revertant of C4 (37). HIF-l and VEGF expression was in
duced by hypoxia in RB13 cells but to a lesser extent than in wild-type

VEGFâ€”*
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shown to increase VEGF gene transcription, and this effect was also
dependent upon the presence of an intact HIF-! binding site in the
VEGF HRE (65). Introduction of an activated H-RAS gene into
murine endothelial cells transformed with SV4O T-antigen was asso
ciated with increased VEGF expression under both nonhypoxic and
hypoxic conditions in tissue culture and the formation of large, well
vascularized tumors when injected into nude mice (66). It is not
known whether activated H-RAS induces expression of HIF- 1 or

another transcription factor that binds (directly or indirectly) to the
same DNA sequence.

Oncogenes such as V-SRC and H-RAS activate signal transduction
pathways that have profound effects on many aspects of cell biology,
and this discussion is not intended to imply that HIP-! affects pro
cesses not directly related to Â°2homeostasis. However, tumors adapt
to hypoxia to maintain cellular proliferation, avoid apoptosis (67), and
undergo metastasis (24). These adaptations represent end points that
tumor cells can reach by multiple genetic pathways. Genes involved
in these processes can be activated independent of HIF-l , such as
amplification of the type II hexokinase gene in AS-30D hepatoma
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Fig. 6. Effect of V-SRC on transcription of reporter genes containing hypoxia response elements. A. expression of VEGF reporters. Rail and v@SrcIRatl cells were transfected with
pSV@galand p11w or pllm, which contain a wild-type and mutant copy of the 47-bp VEGF HRE, respectively (sequence at bottom with HIP-I binding site, 5'-TACGTGGG-3', is
indicated). Transfected cells were split on to two plates that were exposed to 20 or 1% 02 for 24 h. Luciferase:@gaI ratios were determined by analysis of constant protein aliquots
of cell lysates and normalized to the value obtained for cells transfected with p1 Im and exposed to 20% 02 (Relative J.sicsferase Activity). Bars, SE (n 3). B, expression of ENOI
reporters. Rat and v-SrcIRatl cells were transfected with pSV(3gal and p2.1 or p2.4, which contain a wild-type or mutant copy of the 68-bp ENOJ HRE (sequence at bottom with HIF-l
binding sites, 5'-GACGTGGG-3' and 5'-TACGTGAC-3', is indicated). C, cotransfection with V-SRC expression vector. NIH 3T3 cells were cotransfected with pSVf3gal, p1 1w or
p2.1, and an expression vector containing no insert or V-SRC coding sequences. D, effect of V-SRC on HIF-la transactivation domain function. Ratl and v-Src/Ratl cells were
cotransfected with pSV@3gal,pGAL4E1bLUC. and expression vector p0.0 or pG.HIFIA, which encoded the GAlA DNA-binding domain or a GAL4 DNA-binding domain/HIF-la
transactivation domain fusion protein. Luciferase:@gal ratios were normalized to the value obtained for cells transfected with p0.0 and exposed to 20% 02.

cells (68), transactivation of lactate dehydrogenase A by C-MYC

(64), or increased stability of VEGF and GLUT1 mRNA in tumors
with inactivated VHL genes (69, 70). Thus, multiple genetic mecha
nisms may account for the Warburg effect (20).

To provide evidence that HIF-l plays a general role in tumorigen
esis, we examined tumor formailon by mouse hepatoma cells express
ing different levels of HIF-l. Tumor growth paralleled the previously

determined expression of HIF-l and VEGF under hypoxic culture
conditions (32). Additional experiments that are beyond the scope of
the present study will be required to determine the basis for the
differences in tumor growth, but differences in cellular proliferation
were not seen under aerobic tissue culture conditions.4 Because the
HIF-lf3 subunit is common to other transcription factors, it will also
be important to repeat these studies in cells that are deficient in
HIF-!a (the subunit unique to HIF-l), when such cells become
available, to provide more definitive evidence for involvement of

4 F. A. and 0. L. S., unpublished data.
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Fig. 7. Tumor formation by HIF-I-expressing and HIF-1-deficient mouse hepatoma
cells. A, comparison of wild-type Hepal and HIF-l-deficient C4 cells. Nude mice (n 5)
were injected with I X l0@Hepal (â€¢)or C4 (0) cells on day 0, and tumor volume in cm3
(cc) was determined serially for up to 40 days. Mean values are shown; bars, SD. Hepal
data points after 19 days are based on three to four mice due to euthanasia of mice with
necrotic tumors. Differences between mean Hepal and C4 tumor volumes were statisti
cally significant (P < 0.0005) at all time points. B. comparison of wild-type Hepal,
mutant C4. and partially revertant RB13 cells. Nude mice (n = 5) were injected with
5 x 106 Hepal (â€¢),RB13 (A), or C4 (0) cells on day 0, and tumor volume was
determined serially for up to 47 days. Hepal and RBI3 data points after 25 days are based
on three to four mice due to euthanasia of mice with necrotic tumors. Statistical signif
icance of differences between mean tumor volumes are as follows: Hepal or RB13 versus
C4, P < 0.0005 at all time points; Hepal versus RBI3. 0.01 < P 0.025 at all time
points.

HIF-l. However, these preliminary results are consistent with the
hypothesis that because HIF-l coordinates multiple systemic, local,
and cellular responses to hypoxia (71), this transcription factor may be
an important target for up-regulation by V-SRC and other activated
oncogenes in tumor cells.
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