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The cellular response to hypoxia includes the hy-
poxia-inducible factor-1 (HIF-1)-induced transcrip-
tion of genes involved in diverse processes such as
glycolysis and angiogenesis. Induction of the HIF-reg-
ulated genes, as a consequence of the microenviron-
ment or genetic changes, is known to have an impor-
tant role in the growth of experimental tumors.
Hypoxia-inducible factors 1« and 2« (HIF-1« and HIF-
2a) are known to dimerize with the aryl hydrocarbon
receptor nuclear translocator in mediating this re-
sponse. Because regulation of the a chain protein
level is a primary determinant of HIF activity, our aim
was to investigate the distribution of HIF-la and
HIF-2a¢ by immunohistochemistry in normal and
pathological tissues using monoclonal antibodies
(mAb). We raised a new mAb to detect HIF-1«, desig-
nated 122, and used our previously validated mAb
190b to HIF-2«. In the majority of solid tumors exam-
ined, including bladder, brain, breast, colon, ovar-
ian, pancreatic, prostate, and renal carcinomas, nu-
clear expression of HIF-1a and -2« was observed in
varying subsets of the tumor cells. HIF-2a was also
strongly expressed by subsets of tumor-associated
macrophages, sometimes in the absence of any tumor
cell expression. Less frequently staining was ob-
served in other stromal cells within the tumors and in
normal tissue adjacent to tumor margins. In contrast,
in normal tissue neither molecule was detectable ex-
cept within subsets of bone marrow macrophages,
where HIF-2« was strongly expressed. (Am J Pathol
2000, 157:411-421)

The ability of cells to adapt to periods of hypoxia is
important for their survival in both physiological and
pathophysiological states.! Regions of hypoxia are
known to exist within many tumors, and the extent of
tumor hypoxia correlates with prognosis in a number of
tumor types.2*

A widespread oxygen sensing system exists in mam-
malian cells.* This regulates expression of a diverse
group of genes including erythropoietin, glucose trans-
porters, glycolytic pathway enzymes, vascular endothe-
lial growth factor (VEGF), transferrin, heme oxygenase,
and inducible nitric oxide synthetase,® many of which are
known to be up-regulated in cancer. The response is
mediated by a transcriptional complex termed hypoxia-
inducible factor-1 (HIF-1), which consists of a het-
erodimer of HIF-1a and HIF-1, identical to the previously
identified aryl hydrocarbon nuclear translocator (ARNT).®
Both are members of a family of transcription factors,
termed bHLH/PAS proteins, which control a variety of
critical embryogenic and physiological events.”® An al-
ternative dimerization partner for ARNT, which also trans-
activates genes via HIF DNA recognition sites, has been
identified and termed endothelial PAS domain protein 1
(EPAS-1),"° HIF-1a-like factor (HLF),"" and mouse HIF-
related factor (HRF).'? In keeping with its functional ho-
mology with HIF-1«a, we have used the term HIF-2a to
describe this protein. Recently another family member
with sequence homology to HIF-1a and the ability to act
as a dimerization partner of ARNT has been identified
and termed HIF-3a."®

Hypoxia in the tumor microenvironment is sufficient to
activate HIF-dependent gene expression.' A major role
for HIF in determining gene expression, tumor angiogen-
esis, and growth has been demonstrated in xenograft
experiments with a cell line deficient in ARNT (HIF-18)."°
These tumors grow more slowly and have reduced vas-
cularity compared to those from wild-type cells. Studies
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of HIF-1a knockouts and deficient embryonic stem cells
have affirmed its essential role in solid tumor vascular
formation and embryonic vascularization.® 1617

HIF can also be activated in cancer as a consequence
of tumor suppressor gene inactivation. For example, in von
Hippel-Lindau syndrome the genetic defect results in con-
stitutive stabilization of HIF « chains,'® contributing to the
highly angiogenic phenotype of tumors in these patients.

We previously reported that HIF-2a is widely ex-
pressed in a panel of human cell lines and demonstrated
concordance between the HIF-1a and HIF-2a response
to a range of experimental conditions.’ The critical de-
terminant of HIF activity is the level of HIF-1a or HIF-2«a
protein, since ARNT is constitutively present.®2%2" On
exposure to hypoxia, both HIF-1a and HIF-2a protein
accumulate rapidly in the nucleus and disappear on
reoxygenation. The protein levels of HIF-1a and HIF-2«
are determined mainly by their rate of proteasomal deg-
radation."®?? Although other mechanisms, including pos-
itive and negative regulation of co-activator recruitment,
phosphorylation, cellular redox state, and intracellular
compartmentalization,?® may also have a role in deter-
mining HIF activity, the dominant mode of regulation is
HIF o stabilization.?

Descriptions of the distribution within human tissue of
both HIF-1a and HIF-2a have primarily been of mRNA. In
situ studies have found HIF-1a RNA to be prevalent in all
tissues other than peripheral blood leukocytes,?* and
HIF-2a RNA to be highly expressed in vascular tissues
such as lung, heart, placenta, and kidney.'®'? We have
previously reported nuclear localization of these tran-
scription factors in hypoxic cells cultured on slides by
immunostaining.™ Immunostaining using a polyclonal
antibody to HIF-1« in frozen lung tissue and retina from
animal models of hypoxia has recently been described,
showing nuclear localization in a range of cells.?52¢

We now report the use of two monoclonal antibodies
that recognize HIF-1a and HIF-2a epitopes and that sur-
vive formalin fixation and paraffin embedding. This has
allowed us to study the expression and distribution of
both HIF-1a and HIF-2« protein in a wide range of normal
and pathological human tissues.

Materials and Methods
Cell Culture

Cell lines were cultured as recommended by the Euro-
pean Collection of Animal Cell Cultures. Medium was
obtained from Clare Hall (Imperial Cancer Research
Fund, London). Cells were plated 24 hours before exper-
iments such that they were approaching confluence at
the start of each experiment. Hypoxic exposure was for 4
hours in a NAPCO (Winchester, VA) incubator with 0.1%
oxygen, 5% CO,, and the balance nitrogen.

Antibodies

The antibodies used are described in Table 1. Immuno-
gens were prepared by cloning the indicated restriction

Table 1. Details of the Primary Antibodies Used

Antibody Immunogen Isotype Ref.

122 Human HIF-1a 329-530
190b Human HIF-2«a 535-631
PG-M1 Human CD68 Mouse 1gG3 41
KB 90 Human CD11c Mouse IgG1 42
RK5C1 S. cerevisiae GAL4 1-147 Mouse IgG2a
(Santa Cruz)
Rabbit polyclonal
antiserum

Mouse I1gG1
Mouse IgG1 19

PM 8  Mouse HIF-2a 337-439

fragments from human HIF-1a or human or mouse HIF-2a
in-frame into pGEX-4t-1 (Amersham Pharmacia Biotech,
Little Chalfont, UK) with a modified polylinker. Expression
of glutathione-S-transferase (GST) fusion protein was in-
duced by exposure of transformed Escherichia coli BL21
or DH5a cells to 0.1 mmol/L isopropyl b-D-thiogalacto-
pyranoside. After ultrasonic bacterial lysis, protein was
affinity purified with glutathione Sepharose 4B (Amer-
sham Pharmacia Biotech). Rabbit polyclonal and mouse
monoclonal antibodies (mAbs) were generated by stan-
dard techniques. Hybridoma supernatants were affinity
purified using protein A Sepharose (Pharmacia). The ab-
sorbed protein was eluted using 0.1 mol/L citrate buffer,
pH 3.0, and neutralized using 10 mmol/L NaOH and
desalted into phosphate-buffered saline (PBS).

Antisera and hybridoma supernatants were screened
by enzyme-linked immunosorbent assay against the GST
fusion protein and GST alone (0.1 ng of protein per well),
by immunolabeling of frozen and paraffin-embedded
transfected COS-1 cells and by immunoblotting (see
below).

Transient Transfections of COS-1 Cells

Immunostaining properties of antibodies were tested on
frozen and paraffin-embedded pellets of transfected
COS cells expressing fusion proteins consisting of
HIF-1a or HIF-2« fused to a portion of the yeast transcrip-
tion factor Gal4 in a subset of the cells. For these exper-
iments, the cells were electroporated with 10 ug of plas-
mids pGN/HIF-1a 28-826 or pGN/HIF-2a 19-870."°
After 48 hours, the cells were removed with EDTA,
washed with PBS, and either pelleted and fixed in 10%
neutral buffered formalin overnight before paraffin-em-
bedding, or snap-frozen in liquid nitrogen. The frozen cell
pellets were later embedded in Bright Cryo-M-Bed
(Bright Instrument Co. Ltd. Huntingdon, UK), and 8-um
sections were cut onto multiwell slides. A variety of fixa-
tives were tested on these: acetone, methanol, acetone/
methanol, and 4% formalin/PBS.

Tissues

Tissues were obtained from the Cellular Pathology De-
partment at the John Radcliffe Hospital (Oxford, UK).
Formalin-fixed, paraffin wax-embedded sections were
cut at approximately 5 um and floated on to X-Tra slides
(Surgipath Europe Ltd., Peterborough, UK).



Tumor sections were obtained from cases of carci-
noma of the bladder, brain, breast, kidney, liver, lung,
ovary, pancreas, and prostate. Normal tissue examined
included skin, bladder, thymus, spleen, tonsil, lymph
node, thyroid, adrenal, pancreas, salivary gland, liver,
kidney, heart, esophagus, colon, lung, ovary, testis,
uterus, placenta, umbilical cord, brain, prostate, and
breast. Sources were diagnostic samples identified from
reports as histologically normal, samples originating from
healthy individuals (wedge biopsies from living donor
kidneys or bone marrow trephines from allogeneic bone
marrow donors), and blocks of tissue reported as normal
but known to have been located adjacent to resected
tumors.

Immunocytochemical Staining

Three-stage peroxidase immunostaining of paraffin sec-
tions was performed after dewaxing and rehydrating
slides. Endogenous peroxidase was blocked with 0.5%
hydrogen peroxide in water for 30 minutes. Antigen re-
trieval was by pressure cooking in 50 mmol/L Tris and 0.2
mmol/L EDTA buffer, pH 9.0, for 180 seconds or incubat-
ing at 60°C for 16 hours in the same buffer (Simon Bid-
dolph, Pathology Department, John Radcliffe Hospital,
Oxford, UK, personal communication). To detect HIF-1«
and HIF-2«, concentrations of mAbs 122 and 190b were
applied at 15 pug/ml to the section and incubated at room
temperature for 90 minutes. Substitution of the primary
antibody with PBS was used as a negative control. The
secondary horseradish peroxidase (HRP)-conjugated
goat anti-mouse serum was used at 1/200 (DAKO,
Glostrup, Denmark) for 30 minutes and the tertiary HRP-
conjugated rabbit anti-goat antiserum 1/100 (DAKO) for
30 minutes. The peroxidase reaction was developed us-
ing diaminobenzidine and slides were washed and
mounted in agueous mountant (Aquamount; BDH Labo-
ratory Supplies, Poole, UK). When a rabbit polyclonal
serum was used as primary antibody a HRP goat anti-
rabbit antiserum 1/100 (DAKQ) was used as the second-
ary. For some of the CD68 immunostaining biotinylated
goat anti-mouse serum at 1/400 (DAKO) was used as the
secondary followed by streptABComplex/AP (DAKO).
The localization of any cellular staining and its intensity
were independently assessed by two observers. The in-
tensity of nuclear staining was compared to that seen in
parallel stained hypoxic cell pellet sections.

Western Blotting

For whole-cell extracts, adherent cells were washed and
removed by scraping and prepared as previously de-
scribed.” Proteins were resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
in 6% gels under reducing conditions and transferred to
Immobilon PVDF membrane (Millipore, Bedford, MA)
overnight in 20 mmol/L Tris, 0.1 mol/L glycine, 10% meth-
anol, and 0.05% SDS. The membrane was blocked with
PBS, 5% fat-free dried milk, 0.1% Tween 20. For HIF-1a
detection, purified mAbs 28b and 122 were used at 4
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wg/ml; for HIF-2a, the mAb 190b was used at 4 wg/ml. For
detection of the Gal4 DNA binding domain in fusion pro-
teins, RK5C1 (Santa Cruz Biotechnology, Santa Cruz,
CA) was used at 0.1 ug/ml. Detection was with HRP-
conjugated goat anti-mouse antibody diluted 1/1000 fol-
lowed by chemiluminescence with enhanced chemilumi-
nescence reagents (Amersham Pharmacia Biotech).

In Situ Hybridization

Sense and antisense probes were labeled with [3°S] UTP
using cDNA fragments of human HIF-1a 255 bp (nucle-
otides 764-1018, accession no. U22431), human HIF-2«
(nucleotides 2542 to 2762, U81984), and human VEGF
121 (590 nucleotides)?” as templates.

Eight-micron frozen sections and 4-um paraffin sec-
tions were cut onto Superfrost Plus slides (Surgipath
Europe Ltd.). The paraffin sections were dried at 37°C
overnight and then dewaxed and fixed in 4% paraformal-
dehyde in the same manner as the frozen sections. Serial
sections were also cut and stored for conventional im-
munostaining. Subsequent slide preparation and hybrid-
ization was by standard techniques as previously
described.™®

Results

Selection and Characterization of Antibodies
Reactive against HIF-1Ta and HIF-2a in
Immunostaining of Paraffin Sections

Screening our panel of mAbs, we found antibodies 122
and 190b were the best reagents for immunostaining
HIF-1a and HIF-2«, respectively, in formalin-fixed, paraf-
fin-embedded material.

Immunoblotting of extracts of COS cells transfected
with either pGN/HIF-1a 28-826 or pGN/HIF-2a 19-870
demonstrated that each antibody recognized a single
species with no cross-reactivity, which comigrated with
the anti-GAL4 signal. Furthermore, in Hela cell extracts,
known to express both HIF-1a and HIF-2«, a single in-
ducible species of the expected mobility was detected
by each antibody (Figure 1).

Transfected COS-1 cells were next used to demon-
strate the utility and specificity of these reagents for stain-
ing paraffin-embedded material. Cell pellets harvested
after transient transfection were processed in a manner
identical to that for routine diagnostic histopathological
material. Positive nuclear immunostaining was detected
in cells expressing GAL4-HIF-1a and GAL4-HIF-2«
fusion proteins by mAbs 122 and 190b, respectively
(Figure 2).

The level of endogenous hypoxically induced HIF-1«
and HIF-2«a protein was manyfold less than that ex-
pressed after episomal plasmid amplification in the sub-
set of COS cells that were transfected. Therefore, paired
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Figure 1. Western blots showing specificity of mAbs used for immunostain-
ing. Whole cell extracts were prepared from HeLa cells cultured in parallel for
4 hours in normoxia (N) and 0.1% hypoxia (H) and COS-1 cells transfected
with either pGN/HIF-128—826 (lane 1) or pGN/HIF-2a19-870 (lane 2).
Transfection resulted in the expression of fusion proteins between the N-
terminal Gal4 DNA binding domain and the indicated amino acids of the
respective HIF a chains. Preliminary analysis (not shown) using the Gal4
mAb established the amount of each COS extract required to give approxi-
mately equal Gal4 signal, indicating similar amounts of HIF-1a and HIF-2a
fusion proteins. These were loaded with 50 ug of Hela extracts and sepa-
rated by SDS-PAGE, transferred to PVDF membrane and analyzed in parallel
using mAb 122 (HIF-1a), 190b (HIF-2a), and RK5C1 (Gal4) as primary
antibodies. mAb 122 detects a single band in extracts from COS cells trans-
fected with pGN/HIF-1a28—-826 and no bands in extracts from COS cells
transfected with pGN/HIF-2a19-870, whereas the opposite pattern is seen
with mAb 190b. Detection of comigrating bands with an antibody to the
GAL4 DNA binding domain (RK5C1) confirms the identity of these bands as
the respective fusion proteins. The antibodies to HIF-1a and HIF-2« recog-
nize hypoxically inducible proteins of 135 kd and 110 kd, respectively, in the
HelLa cell extracts, compatible with the known migration of endogenous
HIF-1a and HIF-2a on SDS-PAGE.

cell pellets were prepared from a number of different
human cell lines cultured in parallel in normoxia or 0.1%
hypoxia for 4 hours. Although the number of positive cells
and the intensity of detectable nuclear staining varied
between cell lines, specific staining confined to the nu-
cleus was seen only after hypoxic exposure. Results for
HT1080 cells are illustrated in Figure 2.

HIF-1a and HIF-2a Protein Expression in
Human Tumors

HIF-1a and HIF-2a protein was detected in most types of
human tumors examined, including bladder, breast, co-
lon, glial, hepatocellular, ovarian, pancreatic, prostate,
and renal tumors. However, not all tumors stained with
both antibodies, and some stained with neither (Table 2).

Within positive tumors, the extent, intensity, intracellu-
lar location, and distribution of staining seen with both
antibodies was heterogeneous. The number of positive
tumor nuclei did not correlate with the intensity of staining
and ranged from <1% to 95% of tumor cells. In the cases
examined, HIF-1a and HIF-2a nuclear staining, respec-
tively, was found in <10% of tumor nuclei in 54% and
61% of the cases, between 10 and 50% of tumor cells, in
9% and 11% of cases, and in >50% in 36% and 28% of
tumors. To illustrate these points, examples of immuno-
staining are shown in Figure 3. Sections from a breast
adenocarcinoma show predominantly nuclear immuno-
staining that is of comparable frequency for both HIF-1«
and HIF-2« (Figure 3, A and B). However, the intensity of
nuclear immunoreactivity for each antigen in different
tumor cells was variable. A hepatocellular carcinoma is
used to demonstrate nuclear and cytoplasmic immunore-
activity for both proteins. Interestingly, in this example the
number of nuclei immunostaining for HIF-2a outnumber
those staining for HIF-1a (Figure 3, C and D). In the renal
cell carcinoma, illustrated nuclear and cytoplasmic immu-
noreactivity for HIF-1a is shown (Figure 3E), whereas
HIF-2a immunoreactivity was nuclear (Figure 3F).

To examine these differences further, we analyzed
tissue from a series of breast adenocarcinomas. In cases
of breast carcinoma with large areas of intratumoral ne-
crosis, strong expression of both proteins was observed
at the hypoxic necrotic/viable tumor margin (Figure 4,
A-D). However, protein was also demonstrable in other
areas including the tumor/stromal margin (Figure 4, B-D).
When serial sections of the same case were examined
HIF-1a and HIF-2«, expression was generally, but not
exclusively, found in overlapping regions of the tumor.
HIF-1a protein distribution tended to be more restricted
to the perinecrotic regions than HIF-2« protein.

Hypoxia up-regulates expression of a variety of genes
important in cancer biology, including VEGF. In situ hy-
bridization experiments were performed to see whether
the pattern of HIF « chain expression observed corre-
lated with the distribution of VEGF mRNA. Signal was
predominantly seen at necrotic/viable tumor margins
(Figure 4F), as has been previously reported.?® These
areas of high VEGF mRNA corresponded to the areas
where HIF-1a and HIF-2«a proteins were localized by
immunostaining (Figure 4, A, C, and D).

A number of the tumor blocks examined were from the
margins of tumors and included adjacent dysplastic and
morphologically normal tissue. We observed variable
amounts of nuclear expression of HIF-1a and HIF-2« in
both the dysplastic and normal cells, perhaps reflecting
perturbations of oxygenation (or other influences) ema-
nating from the tumor microenvironment.
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Figure 2. HIF-1a and HIF-2a protein detection by peroxidase immunohistochemistry on paraffin-embedded material. COS-1 cells were transfected with either
PGN/HIF-1028-826 (A and E) or pGN/HIF-2a19-870 (B and F) resulting in the expression of fusion proteins in a subset of the cells. Cells were then fixed in
formalin and processed into paraffin-embedded blocks in a manner analogous to the handling of diagnostic pathological specimens. Likewise HT1080 cells were
cultured in parallel for 4 hours in normoxia or 0.1% hypoxia and processed to produce a normoxic cell pellet (C and G) and a hypoxic cell pellet (D and H).
Nuclear staining was observed with mAb 122 (A—D) only in the HIF-1a transfectants (A) and the hypoxic cell pellet (D). mAb 190 detected only the HIF-2a fusion
protein (F) and HIF-2a was absent in the normoxic cell pellet (G), but hypoxically inducible (H). The intensity of nuclear staining observed within the hypoxic
cell pellet was heterogeneous for both antigens. Original magnifications, X100 (A, B, E, and F) and X400 (C, D, G, and H).

Figure 3. HIF-1a and HIF-2a expression in many common cancers. Immunostaining demonstrated heterogeneous patterns of HIF-1a and HIF-2a expression
within subsets of tumor cells in many common cancers. Panels illustrated are from a breast carcinoma (A and B), a hepatocellular carcinoma (C, positive nuclei
marked by arrows, and D), and a hypernephroma (E and F). Original magnifications, X200 (A—D) and X400 (E and F).
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Table 2. Expression of HIF-la and HIF-2a within Tumor Cell Nuclei

HIF-1a and HIF-1a- HIF-2a- HIF-1a and

No. of HIF-2« positive positive HIF-2«

Tumor type cases positive only only negative
Bladder adenocarcinoma 5 2 0 0 3
Glioblastoma multiforme 5 2 0 3
Breast adenocarcinoma 12 10 0 1 1
Colon adenocarcinoma 5 4 0 0 1
Hepatocellular carcinoma 5 2 0 0 3
Hypernephroma 5 2 2 0 1
Lung tumors (squamous cell, 5 0 0 0 5

adenocarcinoma)

Ovarian adenocarcinoma 5 5 0 0 0
Pancreatic adenocarcinoma 3 2 0 1 0
Prostatic adenocarcinoma 5 2 0 1 2
Buffy coat chronic myeloid leukemia 2 0 0 0 2
Totals 57 31 2 3 21

In addition, HIF-2a expression was detected within subsets of tumor-associated macrophages in all cases.

Expression of HIF-2a in Tumor-Associated
Macrophages

An unexpected finding in several tumor types was abun-
dant cytoplasmic 190b immunoreactivity within a subset
of cells morphologically identified as tumor-associated
macrophages (TAM; Figure 5, A and B, in breast carci-
noma). The cells expressing HIF-2a were confirmed as
TAM by immunostaining serial sections with mAb to
CD68 and HIF-2a and showing the colocalization of pos-
itive cells (Figure 5, C—F, in breast carcinoma). The
assignment of this immunostaining as being due to
HIF-2a was confirmed by showing identical patterns
when serial sections were immunostained with 190b and
the rabbit polyclonal PM8, which were raised against
different HIF-2a sequences (Figure 5, G—1). Furthermore,
in situ hybridization confirmed that in cases where there
was strong immunostaining of stromal macrophages with
190b, HIF-2a« mRNA signal was present over the same
areas (Figure 6, A—C), further supporting our interpreta-
tion that macrophage immunoreactivity with 190b repre-
sents HIF-2a protein. In contrast, HIF-1a« mRNA signal
was distributed equally over stromal and tumor areas
(Figure 6, D—F), consistent with previous in situ descrip-
tions.'?

The intensity of the TAM HIF-2« staining was usually
greater than that within tumor cells and in some cases
was observed in the absence of any intratumoral HIF-2a
expression. For example, no tumor nuclear positivity was
observed for either HIF-1a or HIF-2« in the 5 cases of
lung carcinoma examined (Table 2), but strong HIF-2«
expression was seen within TAM in all these cases (not
shown).

HIF-1a and HIF-2a Protein Expression in
Normal Tissue

Normal tissues examined included skin, bladder, thymus,
spleen, tonsil, lymph node, thyroid, adrenal, pancreas,
salivary gland, liver, kidney, heart, esophagus, colon,
lung, ovary, testis, uterus, placenta, umbilical cord, brain,
prostate, and breast. Very little expression of either pro-

tein was found in any normal tissue, with the exception of
bone marrow, where large numbers of cells morpholog-
ically identifiable as macrophages expressed HIF-2a.

The positive cells were confirmed to be macrophages
by demonstrating colocalization of CD68- and HIF-2a-
positive cells on immunostaining of serial sections (Figure
7, A and B). The staining was predominantly within the
cytoplasm with additional nuclear positivity in some mac-
rophages. A more extensive examination was undertaken
of HIF-2« expression in other populations of normal tissue
macrophages; lung, liver, lymph node, spleen and brain.
Some normal Kupffer cells were also found to express
HIF-2a (not shown).

Expression of HIF-2a in a Macrophage Cell Line

Experiments with untreated and phorbol 12-myristate 13-
acetate (PMA) differentiated U937 cells were undertaken
to explore further the HIF-2a immunostaining observed in
subsets of macrophages. After PMA treatment, cells
adopted the morphological phenotype of macrophages
and CD11c surface antigen expression. Immunoblots of
whole cell extracts show that HIF-2a was expressed and
hypoxically inducible in U937 cells. Greater expression
was seen after differentiation into macrophages, such
that normoxic levels were comparable with those seen in
hypoxia in undifferentiated cells. Hypoxic induction was
retained after differentiation, resulting in even higher lev-
els of expression (Figure 7C).

To examine HIF-2« localization and hypoxic inducibil-
ity by immunocytochemistry, PMA differentiated U937
cells were placed in parallel in normoxia or 0.1% hypoxia
for 4 hours. HIF-2a was undetectable in normoxia (Figure
7D). Hypoxic incubation resulted in both nuclear and
strong cytoplasmic staining (Figure 7E).

Discussion

A major finding in this survey of malignant and normal
tissues was the up-regulation of HIF-a protein levels in
cancers. The increase in expression was substantial,



such that positive nuclear staining was readily detected
in many cancers, whereas with one exception staining
was negative in normal tissues. This pattern extended
across a broad range of common human malignancies
and was observed for both HIF-1a and HIF-2a.

Though initial studies of HIF-2a mRNA in normal fetal
and adult tissues indicated a tissue-specific pattern of
expression with a strong endothelial bias, ' our previous
study of tissue culture cells demonstrated widespread
expression across a range of non-endothelial cell lines.™®
The current study extends these findings in demonstrat-
ing up-regulation of HIF-2a as well as HIF-1a in many
types of tumor in the native environment.

Since HIF-a subunits are labile in oxygenated cells, we
cannot be sure that these findings in fixed tissue will
represent the position in vivo in every detail. Nevertheless,
tumor and normal tissues were fixed and processed in
the same way, providing security that the overall contrast
in HIF-a expression represents an important biological
difference between the two types of tissue. This finding
raises important questions about both the mechanism of
HIF-a up-regulation and its consequences for the tumor.
Altered patterns of gene expression in cancer could arise
both from genetic alterations in the tumor cells and from
stimulation by an abnormal microenvironment within the
tumor. It is likely that both processes contribute to the
observed up-regulation of HIF-«a subunits. These proteins
are strongly induced by hypoxia, and tumor tissues are
commonly hypoxic. Perinecrotic patterns of expression
for HIF target genes or HRE-driven reporter genes in
experimental studies of tumor xenografts have provided
strong indirect evidence for induction of HIF activity by
the hypoxic tumor microenvironment.'®

In the current work, we observed expression of both
HIF-1a and HIF-2« in perinecrotic regions, providing di-
rect support for microenvironmental mechanisms of HIF
activation in diverse types of human tumor. Nevertheless,
by no means all positively staining cells were in perine-
crotic regions. Measurements of pO2 gradients and
blood flow within tumors have shown complex and dy-
namic patterns.?® Varying zones of tumor hypoxia could
well exist outside the perinecrotic regions, possibly ac-
counting for some of these signals. In the normal tissue at
some tumor margins, expression of both HIF-1a and 2«
was observed, which would be consistent with the pres-
ence of low pH and hypoxia.®° However, large differ-
ences in the staining pattern between apparently similar
tumors and incompletely overlapping patterns of expres-
sion for each HIF-a subunit suggest that mechanisms
other than microenvironmental hypoxia contribute to the
up-regulation of these proteins in cancers.

A clear example of genetic up-regulation of this system
is seen in the hereditary cancer syndrome von Hippel-
Lindau (VHL) disease.'® The VHL tumor suppressor pro-
tein targets HIF-a subunits for ubiquitin-mediated prote-
olysis. Thus, in cells bearing inactivating mutations of
both VHL alleles, HIF-a subunits are stabilized and ac-
cumulate at high levels irrespective of cellular hypoxia.
VHL mutations are common in both inherited and spo-
radic renal cell carcinoma and consistent with this the
frequency of tumor cell nuclear HIF-1a expression was
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higher in renal cell carcinoma than in other tumors and
positive tumor cells were distributed homogeneously
throughout the tumors. In contrast, VHL mutations are
uncommon in other sporadic cancers and unlikely to
account for HIF up-regulation.

Interestingly, recent studies in tissue culture monolay-
ers have defined a variety of trophic stimuli that amplify
the induction of HIF by hypoxia rather than activate the
pathway constitutively. In different settings these include
transformation with v-src,®' stimulation with serum, insu-
lin, or insulin-like growth factors,33% and activation of
p44/42 MAP kinase.®*2° Though the precise mechanism
of these interfaces with the hypoxia-sensitive pathway is
still not clear, the findings suggests a more general influ-
ence of growth-promoting stimuli on HIF activity, which
could be relevant to the observed up-regulation of HIF in
many different types of cancer.

Though HIF-a subunits were commonly up-regulated
in cancers, positive staining was not universal. Most tu-
mors stained positively for both « subunits, though some
were negative for one, and some were apparently nega-
tive for both. At present we have no certain explanation
for these findings. Assessment of the effects of duration
of fixation on pellets of hypoxic cells indicated that long
periods of fixation substantially reduced antigen detec-
tion, so that failure to stain some tumors might have been
artifactual. In surveys of tissue culture cells by immuno-
blot analysis, we have found that under maximal hypoxic
stimulation, all cells had detectable levels of at least one
subunit, though the levels were quite variable. It is
possible that relatively low levels of induced expression
were still below the detection threshold in this immuno-
histochemical analysis, or that some tumors were rela-
tively well oxygenated and that HIF was uninduced in the
sections examined.

Our findings are, overall, rather similar to those of a
survey of HIF-1a expression in human tumor samples that
was published while this manuscript was being re-
vised.®® That analysis concerned expression patterns for
HIF-1a rather than for both HIF-a subunits but also
showed that up-regulation was a common, though not
universal, finding in human tumors.

Despite some negative staining, the overall contrast in
HIF-a expression between normal and tumor tissues sug-
gests that the pathway could provide opportunities for
diagnostic or therapeutic exploitation. Studies in wild-
type and HIF-deficient cells have indicated a major role
for HIF activation in the promotion of tumor angiogene-
sis,’® 7 so that assessment of HIF activity in human
tumors might provide a guide to angiogenic potential, or
to other phenotypes which have been associated with
hypoxia, such as resistance to radiotherapy or chemo-
therapy. The differential activity between tumor and nor-
mal tissues also suggests that antagonism of the HIF
pathway could provide a new approach to treatment.'*

An unexpected finding in this study was dense staining
of a population of stromal cells both within and close to
the tumors with the anti-HIF-2a mAb 190b. Morphological
identification of these cells as macrophages was con-
firmed by CD68 expression. The specificity of the HIF-2a
immunoreactivity was confirmed by similar positive stain-
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Figure 6. HIF-2ae mRNA expression by tumor stroma. Serial paraffin sections of a case of breast carcinoma demonstrated to have abundant stromal HIF-2a protein
by immunostaining (Figure 5B) were hybridized with **S-labeled HIF-2« antisense RNA probe (A, bright field view; B, dark field view), 3*S-labeled sense control
probe (C, dark field illumination). In contrast, HIF-1ae mRNA signal was distributed equally over stromal and tumor areas (D bright field view; E dark field view),

338-labeled sense control probe (F dark field illumination). Original magnifications, X100.

ing with a polyclonal antiserum raised against a non-
overlapping portion of the HIF-2a immunogen. In situ
hybridization studies demonstrated high levels of HIF-2«
mRNA in the regions of strong HIF-2« immunoreactivity
suggesting that, in part, the mechanism of up-regulation
might be at the mRNA level. The role played by hypoxia
in this expression pattern is unclear, though some tumor-
associated property is presumably responsible for the
localization.

The interplay between tumor and stromal cells has
been highlighted in a recent study of transgenic mice
expressing green fluorescent protein (GFP) under the
control of the human VEGF promoter.®” Implanted tumors
were able to induce the transgene, strongly indicating the
potential for the tumor environment to induce this HIF-
responsive promoter in stromal cells of host origin. The
potential importance of gene expression patterns in tu-
mor-associated stromal cells is supported by the associ-
ation of high levels of macrophage infiltration with high
vascular grade and reduced relapse-free survival in
breast cancer.®®

Though positive cells were much less frequent outside
the tumor environment similar HIF-2a expression was
observed in some Kupffer cells and some normal bone
marrow macrophages, suggesting that it is a feature of
some stages of differentiation, or activation, in this cell
lineage. Within normal bone marrow areas of hypoxia
may have a role in determining stem cell differentiation.3°
Comparison of the levels of HIF-2a protein detected in
U937 cells before and after treatment with PMA supports
this concept. Interestingly, HIF-2«a staining patterns in
TAM, bone marrow macrophages, and PMA-treated
U937 cells were unusual in being distributed more uni-
formly throughout the cell, as has been reported in cul-
tured cells lines treated with proteasomal inhibitors. A
recent report has described the blocking of proteasomal
degradation of HIF-1a by a macrophage-derived pep-
tide.“® Whether a similar mechanism could account for
the current findings is unclear.

In conclusion, we have demonstrated that HIF-1« and
HIF-2a can be detected at the protein level in routinely
processed material from a subset of most, if not all,

Figure 4. HIF-1a and HIF-2a expression in breast carcinoma. HIF-1a and HIF-2a protein expression was observed in breast tumor cells adjacent to areas of tumor
necrosis. In some cases nuclear expression of HIF-1a was found exclusively at the necrotic/viable tumor margin (A; original magnification, X100, inset; original
magnification, X200; N, necrosis; S, stroma), but in other cases throughout the tumor (B; original magnification, X200, inset; original magnification, X300).
Nuclear expression of HIF-2a was observed throughout most tumors (C; original magnification, X200, D; original magnification, X400 higher power view of the
marked section of the field illustrated in C) though like HIF-1a can also be perinecrotic. There were no fundamental differences between the tissue distributions
of HIF-1a and HIF-2a. Serial sections of the case of breast carcinoma illustrated in A, C, and D above were hybridized with *>S-labeled VEGF antisense RNA probe
(E, bright field illumination; F, dark field view; original magnifications, X100) and *>S-labeled sense control probe (G, dark field view; original magnification,
X100). VEGF mRNA is strongly expressed around the large area of intratumoral necrosis (N) where HIF-1a and HIF-2« protein was present.

Figure 5. HIF-2a expression in tumor macrophages. In a variety of tumor types two overlapping distribution patterns were observed with mAb 190b: staining
within subsets of the tumor cells and also of stromal cells and macrophages, which was predominantly cytoplasmic. These features are illustrated in sections taken
from breast carcinoma. In A, nuclear staining within tumor cells is indicated by arrows and cytoplasmic staining of stromal cells by arrowheads. A further
example of stromal staining is shown in B. The immunoreactivity seen in tumor stroma with mAb 190b was investigated further. In serial sections of breast
carcinoma colocalization of CD68, using mAb PGM1 (C and D) and mAb 190b (E and F) confirms that the cells staining with 190b in the stroma are macrophages.
In serial sections of pancreatic carcinoma, cells shown to be macrophages by their expression of CD68 (detected using mAb PGM1, G) are also labeled by
polyclonal antibody PM8 (H) and mAb 190b (I). Because PM8 and 190b recognize different HIF-2a epitopes, this confirms that these macrophages are indeed
expressing HIF-2a. Original magnifications, X200 (A, D, and F=I) and X100 (B, C, and E)
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Figure 7. Expression of HIF-2a protein in normal bone marrow macrophages and U937 cell line. Normal bone marrow macrophages show immunoreactivity with
mADb 190b. In serial paraffin sections of normal bone marrow trephine staining with CD68 (using mAb PGM1; A), and mAb 190b (B) colocalize in macrophages
but not megakaryocytes. U937 cells were cultured with or without PMA (1.6 X 10~ M) and incubated in normoxia (N) or 0.1% hypoxia (H) for 4 hours. Whole
cell extracts (75 ug) were prepared, separated by SDS-PAGE, transferred onto PVDF membrane, and analyzed with mAb 190b (C). For comparison a hypoxic cell
extract of HIF-2a transfected HT1080 cells (50 pg) prepared after culture for 4 hours in 0.1% hypoxia was run in parallel (lane C). The dominant band detected
in each case comigrated at the mobility predicted for HIF-2a. In both differentiated and undifferentiated U937 cells the band detected showed hypoxic induction.
However, after differentiation the normoxic levels seen were comparable with those seen in hypoxia in undifferentiated cells. U937 cells were cultured with PMA
(1.6 X 107® M) to allow differentiation into macrophages, incubated in normoxia or placed in 0.1% hypoxia for 4 hours, and immunostained with mAbs to HIF-2a
(190b) and CD11c (KB 90). HIF-2a expression was absent after normoxic culture (D) but detectable after hypoxic culture (E). CD11c expression, confirming
macrophage differentiation, was unaffected by normoxic/hypoxic culture (not shown). Original magnifications, X400 (A and B) and X300 (D and E)

common types of cancers. Tumor cells showed nuclear
expression of one or both molecules, with or without
cytoplasmic staining. In addition, expression of HIF-2«
has been shown in tumor-associated macrophages. In
future studies it will be of interest to examine the relation-
ship of these expression patterns to tumor prognosis and
response to therapy.
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