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The von Hippel-Lindau gene product (pVHL) targets the o subunit of basic helix-loop-helix transcription
factor hypoxia-inducible factor (HIF) for proteasomal degradation. Inactivation of pVhl in the mouse germ line
results in embryonic lethality, indicating that tight control of Hif-mediated adaptive responses to hypoxia is
required for normal development and tissue function. In order to investigate the role of pVhl in T-cell
development, we generated mice with thymocyte-specific inactivation of Vhlh resulting in constitutive tran-
scriptional activity of Hif-1, as well as mice with thymocyte-specific repression of Hif-1 in a wild-type and
Vhih-deficient background. Thymi from Vhlh-deficient mice were small due to a severe reduction in the total
number of CD4/CD8-double-positive thymocytes which was associated with increased apoptosis in vivo and in
vitro. Increased apoptosis was a result of enhanced caspase 8 activity, while Bcl-2 and Bcl-X; transgene
expression had little effect on this phenotype. Inactivation of Hif-1 in Vhlh-deficient thymocytes restored thymic
cellularity as well as thymocyte viability in vitro. Our data suggest that tight regulation of Hif-1 via pVhl is
required for normal thymocyte development and viability and that an increase in Hif-1 transcriptional activity
enhances caspase 8-mediated apoptosis in thymocytes.

Thymocytes are exposed to regional hypoxia while they de-
velop into mature T cells (20); how they adapt to low levels of
oxygen is not well understood. Hypoxia-inducible factors
(HIFs) are key mediators of the cell’s response to hypoxia.
HIF-« subunits are targeted for ubiquitination and subsequent
proteasomal degradation by the ubiquitously expressed von
Hippel-Lindau gene product (pVHL), which is the substrate
recognition component of an E3 ubiquitin ligase (24, 25, 27, 38,
50). HIF-1 and HIF-2 facilitate both oxygen delivery and ad-
aptation to oxygen deprivation by regulating genes that are
involved in glucose uptake and metabolism, angiogenesis,
erythropoiesis, cell proliferation, and apoptosis (55, 65). Both
factors belong to the PAS (Per-ARNT-Sim) family of basic
helix-loop-helix transcription factors and bind DNA as het-
erodimers composed of an oxygen-sensitive o subunit and a
constitutively expressed B subunit, also known as the aryl hy-
drocarbon receptor nuclear translocator (ARNT) or HIF-B.
HIF-1a is ubiquitously expressed, while expression of HIF-2a
seems to be restricted to certain cell types including endothe-
lial cells, hepatocytes, and glial cells (66). Activation of HIF is
dependent upon stabilization of the oxygen-sensitive « subunit
and its subsequent translocation to the nucleus, where it forms
a functional complex with HIF-1B and cofactors such as CBP/
p300 (55, 65). Under normoxic conditions, iron- and oxygen-
dependent hydoxylation of specific proline residues within
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HIF-« is required for its binding to pVHL and subsequent ubiq-
uitination which in turn results in its proteasomal degradation
(12). Therefore, the loss of pVHL function, through stabilization
of HIF-a, leads to constitutively active HIF, an effect that can be
used to overexpress HIF experimentally (11, 19).

Functional studies of mice have shown that germ line inac-
tivation of either Vhlh (gene symbol for murine VHL) or
Hif-1a results in embryonic lethality (15, 26, 47), indicating
that tight regulation of Hif-1-mediated adaptive responses to
hypoxia are crucial for normal embryonic development and
tissue function. Strongly dependent on genetic background,
Hif-2oc knockout mice, on the other hand, can survive into
adulthood but display defects in their ability to efficiently scav-
enge reactive oxygen species (53).

Recent reports have shown that hypoxia seems to play an
important role in T-cell development and function (5, 35),
suggesting that pVHL and HIF may have a critical function
during thymic development. During this process, T cells follow
a specific sequence of defined maturation steps. Thymocytes
lacking CD4 and CDS surface antigens (double-negative [DN]
cells) mature to thymocytes expressing both CD4 and CDS8
surface antigens (double-positive [DP] cells). DP cells repre-
sent the largest thymocyte subset (~80%) and initiate expres-
sion of a fully functional af T-cell receptor (TCR) and then
undergo selection on the basis of signal strength received
through this receptor. The majority of DP cells die by pro-
grammed cell death, but a small proportion is positively se-
lected for maturation and migrates into the periphery as single-
positive (SP) cells, expressing either CD4 or CDS8 surface
antigen (54). The molecules and signaling cascades that un-
derlie programmed cell death in thymocytes have been and still
are subject to intense investigation (42, 45).



VoL. 24, 2004 Vhih DELETION INDUCES THYMOCYTE DEATH 9039
TABLE 1. Primers used in this study
Target Primers Product size (bp) Cycle no.

B-Actin Forward 5'-ACTGGGACGACATGGAGAAG-3' 290 19
Reverse 5'-GGCGTGAGGGAGAGCATAG-3'

Bax Forward 5'-ATCGAGCAGGGAGGATGG-3' 404 24
Reverse 5'-GGTCCCGAAGTAGGAGAGG-3'

Bnip3 Forward 5'-ACCTCGCTCCCAGACACC-3’ 495 26
Reverse 5'-CAAATAACACACATAGTGCAAACACC-3’

Hif-1a Forward 5'-GAGTTCTGAACGTCGAAAAG-3’ 171 26
Reverse 5'-CTCACACGTAAATAACTGATGG-3'

Hif-2a Forward 5'-GGACGCTCTGCCTATGAGTT-3’ 371 26
Reverse 5'-GGCTCCTCCTTCAGTTTGG-3'

Pgk Forward 5'-CAAACAACCAAAGGATCAAGG-3’ 535 21
Reverse 5'-CCCAAGATAGCCAGGAAGG-3’

Vegf Forward 5'-GAGACCCTGGTGGACATCTTC-3' 394 30
Reverse 5'-ATTTACACGTCTGCGGATCTTG-3'

Vhih Forward 5'-CTCAGGTCATCTTCTGCAACC-3’ 438 26

Reverse 5'-TCCTTCAAGGCTCCTCTTCC-3'

We have used Cre-loxP-mediated recombination to gain in-
sight into the role of pVHL during thymic development by
generating mice that are either deficient for Vhlh alone or that
lack both Vhlh and Hif-1a in thymocytes. Here, we show that
Vhih gene deletion in thymocytes results in increased Hif-1
transcriptional activity leading to increased apoptosis, and we
propose that Hif-1 exerts its proapoptotic effect via a caspase-
8-dependent mechanism.

MATERIALS AND METHODS

Generation and genotyping of mice. The generation of mice carrying Vhlh or
Hif-1a 2-lox alleles has been described elsewhere previously (19, 48). Mice
expressing a human BCL-2 transgene (Emu-bcl-2-25 [58]) were obtained from
the Jackson Laboratories (stock number 002320). Lck-Cre transgenic mice were
a gift from Christopher Wilson, University of Washington (33). Thymus-specific
Vhih and Hif-1o mutants were of mixed genetic background (BALB/c, 129Sv/J,
and C57BL/6). All procedures involving mice were performed according to
National Institutes of Health guidelines for use and care of live animals and
approved by the University of Pennsylvania Institutional Animal Care and Use
Committee.

The following primers were used to detect 1-lox and 2-lox alleles of Vhlh: Fwdl
(5'-CTGGTACCCACGAAACTGTC-3'), FwdIl (5'-CTAGGCACCGAGCTT
AGAGGTTTGCG-3'), and Rev primer (5'-CTGACTTCCACTGATGCTTGT
CACAG-3"). The Vhih 2-lox allele was identified as a ~460-bp band, the 1-lox
allele was detected as a ~260-bp band, and the wild-type allele was detected as
a ~290-bp band. Hif-Ia 1-lox and 2-lox alleles were detected with following
primers: Fwdl (5'-TTGGGGATGAAAACATCTGC-3"), Fwd2 (5'-GCAGTTA
AGAGCACTAGTTG-3'), and Rev (5'-GGAGCTATCTCTCTAGACC-3').
The wild-type allele was identified as a ~240-bp band, the 2-lox allele was
detected as a ~260-bp band, and 1-lox allele was detected as a ~270-bp band.

DNA isolation and Southern blotting. DNA from mouse tails and thymocytes
was isolated according to the method described by Laird et al. (31) and used for
PCR or Southern analysis. For Southern blot analysis, 10 to 20 pg of total DNA
was digested with Ncol and size fractionated on a 0.7% agarose gel and then
transferred to a nylon membrane by using an alkaline transfer method (51). The
membrane was probed with a 200-bp 5’ Ndel-Apal Vhlh probe as previously
described (19).

RNA analysis. Total RNA from flow-sorted DN, DP, or SP thymocytes or total
thymocytes was prepared with Trizol reagent (Invitrogen) according to the man-
ufacturer’s guidelines. Northern blot analysis was performed as described previ-
ously (19). Probes for Pgk, Bnip3, and LdhA were generated by reverse tran-

scription-PCR (RT-PCR) from mouse thymus ¢cDNA by using the primers
described in Table 1. RNase protection analysis was performed by using a
RiboQuant RNase protection assay kit (PharMingen) with mAng-1 multiprobe
template sets.

RT-PCR. cDNA was synthesized from 200 ng to 1 ug of total RNA from sorted
thymocyte subsets with a SuperScript first-strand synthesis system for RT-PCR
(Invitrogen). Two microliters of cDNA was subjected to PCR amplification with
gene-specific primers described in Table 1. The following thermal cycling profile
was used: a denaturation step at 95°C for 2 min followed by cycles consisting of
a denaturation step at 95°C for 30 s, an annealing step at 56°C for 35 s, and an
extension step at 72°C for 1 min, including a final extension step at 72°C for 7
min.

Protein preparation and Western blot analysis. Thymocytes were lysed in
buffer containing 50 mM Tris-HCI (pH 8.0), 1% Nonidet P-40, 150 mM NaCl, 5
mM EDTA, 1 pg of aprotinin/ml, 50 pg of phenylmethylsulfonyl fluoride/ml, and
complete protease inhibitor cocktail (Roche). Fifty-microgram samples were size
separated by sodium dodecyl sulfate-10 or 15% polyacrylamide gel electrophore-
sis and transferred to nitrocellulose membranes (Amersham Pharmacia Biotech,
Piscataway, N.J.). After incubation with either anti-Bcl-X antibody (Transduc-
tion Laboratories), anti-human BCL-2 (Upstate), or anti-caspase 3 antibody
(Cell Signaling), blots were washed and incubated with horseradish peroxidase-
conjugated secondary antibody (Amersham Pharmacia Biotech) and developed
with standard ECL reagent (Amersham Pharmacia Biotech) according to the
manufacturer’s instructions.

For detection of Hif-la and Hif-2a, cytoplasmic and nuclear extracts were
prepared as described previously (6). Thirty micrograms of either cytoplasmic or
nuclear protein extract was size separated by 3 to 8% gradient SDS-PAGE
(Invitrogen) and analyzed by Western blotting with rabbit anti-murine Hif-1a
antiserum (Cayman) or rabbit anti-Hif-2a antiserum (Novus Biologicals).

EMSA. Nuclear and cytoplasmic protein isolation and electrophoretic mobility
shift assay (EMSA) were performed by using erythropoietin-hypoxia response
elements (EPO-HRE) as described previously (6).

Fluorescence-activated cell sorter (FACS) analysis. Thymocytes from 5- to
6-week-old mice were counted and stained with fluorochrome-conjugated mono-
clonal antibodies (Pharmingen) by using standard procedures. Acquisition was
performed with a FACS Calibur (BD Biosciences).

Apoptosis and viability assays. The apoptosis DNA ladder assay was per-
formed as follows. DNA from thymocytes was isolated with an apoptosis DNA
ladder kit (Roche). Four micrograms of DNA was size fractioned by 1% agarose
gel electrophoresis and stained with ethidium bromide. DNA bands were visu-
alized by UV illumination and photographed by using a gel documentation
system from Alpha Innotech.
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7-AAD viability assay. A total of 10° trypan blue-negative thymocytes were
plated in 48-well culture plates containing RPMI 1640 medium supplemented
with 10% FBS. Samples were stained with 7-aminoactinomycin D (7-AAD;
Viaprobe; Pharmingen) and analyzed by FACS. Data were expressed as percent-
ages of the initial viable population. In addition to FACS staining with 7-AAD,
viability was also evaluated manually by trypan blue exclusion using a hemocy-
tometer. For caspase inhibition studies, caspase 8 inhibitor IETD-fmk, broad-
spectrum caspase inhibitor z-VAD-fmk, granzyme B inhibitor zZAAD-cmk, and
caspase 9 inhibitor zZLEHD-fmk were purchased from Calbiochem. Cell viability
was analyzed after 24 h by 7-AAD staining.

JC-1/TOPRO-3 staining. Thymocytes were cultured as described above and
harvested at the indicated times. Cells were washed and resuspended in 1 ml of
phosphate-buffered saline and stained with 1 pg of JC-1 (Molecular Probes)/ml
for 30 min at 37°C to examine mitochondrial membrane potential. To stain for
plasma membrane integrity, TOPRO-3 (Molecular Probes) was added at 1 uM,
10 min prior to acquisition. Data were acquired by using a FACS Calibur and
were presented as JC-1 multimer versus TOPRO-3 fluorescence.

TUNEL immunofluorescence microscopy. Frozen sections of thymic tissue
were air dried and fixed in 4% paraformaldehyde. Staining for terminal de-
oxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL)-
positive nuclei was carried out with an in situ cell death detection kit (Roche)
according to the manufacturer’s instructions. TUNEL-positive nuclei were visu-
alized by using a Nikon E600 fluorescent microscope equipped with IP Lab
image analysis software (Scanalytics Corp.).

Caspase 8 enzymatic activity colorimetric assay. Caspase 8 enzymatic activity
was evaluated with a colorimetric assay kit (R&D Systems) according to the
manufacturer’s instructions. The cleavage of synthetic caspase 8 substrate IETD-
pNA was detected spectrophotometrically by the formation of pNA.

Lectin staining of endothelial cells. Animals were anesthetized with tribromo-
ethanol (Avertin) and infused via the inferior vena cava with a 400-pg/ml solu-
tion of fluorescein isothiocyanate (FITC)-labeled Lycopersicon esculentum lectin
(Vector Labs) for 5 min. Paraffin sections were examined with a confocal laser
microscope (LSM 410; Zeiss).

RESULTS

Generation of mice that lack Vhlh in thymocytes. Inactiva-
tion of VAlh in the mouse germ line results in embryonic
lethality from a lack of placental vasculogenesis (15) and pre-
cludes the analysis of Vhlh gene function in the adult by con-
ventional gene targeting methods. In order to overcome this
problem with embryonic lethality, we have generated a condi-
tional Vhlh 2-lox allele (19). In this allele, the VAlh promoter
and exon 1 are flanked by loxP sites (Fig. 1A) and can be
deleted by Cre-mediated recombination to generate a Vhlh
null allele (1-lox allele). For the inactivation of VAlh in thymo-
cytes, transgenic mice expressing Cre recombinase under the
control of the proximal Lck promoter (33) were bred to mice
homozygous for the Vhlh 2-lox allele (Vhlh*°¥?'°%) or heterozy-
gous for the Vhlh 2-lox and Vhih 1-lox alleles (VAIR¥!°%),
Most studies presented here were performed with Valpox/21ox
Lck-Cre mice. Since results were similar to those obtained with
VR 1ck-Cre mice, we hereafter refer to these mice
collectively as Vhlh~'~ mice. Cre-negative, Vhlh?'*¥?1°% litter-
mates were used as controls. Vhlh~'~ mice developed nor-
mally, were fertile, and had a normal life span.

Efficient developmental stage-specific inactivation and in-
creased Hif target gene expression in Vhlh ™'~ mice. The ex-
pression of CD4 and CD8 surface markers divides thymocytes
into three major cellular subtypes (54). In the DN stage, thy-
mocytes are selected for their ability to recombine and express
an in-frame TCR B chain. Selected clones expand and enter
the DP stage. DP thymocytes rearrange their TCR « chain and
undergo a second round of selection based on the specificity of
the mature o/ TCR heterodimer for self-antigen plus major
histocompatibility complex. As a result of this process, a rela-
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FIG. 1. Generation of mice lacking VAlh in thymocytes. (A) Genomic
organization of Vhlh 2-lox and 1-lox alleles. loxP sites are represented by
triangles, and VAlh exons 1 to 3 are depicted as black boxes. Restriction
digestion with Ncol yields fragments of 5.4 kb for the 2-lox allele and 6.4
kb for the 1-lox allele. Open boxes depict the position of genomic PCR
primer annealing sites. Abbreviations for restriction sites: H, HindIII; N,
Ncol. (B) Detection of 2-lox and 1-lox alleles in nonsorted thymocytes by
Southern blot. Abbreviations for genotypes: 2, 2-lox allele; 1, 1-lox allele;
+, presence of Lck-Cre; —, absence of Lck-Cre. (C) Detection of 2-lox
and 1-lox alleles in thymic subsets of different genotypes (top) by genomic
PCR. T, tail DNA. (D) Analysis of V’4lh mRNA expression in nonsorted
thymocytes by Northern blot; 18S rRNA was used as the loading control.
(E) Hif target gene expression by semiquantitative RT-PCR in FACS-
sorted thymocyte subsets. 3-Actin is used to normalize mRNA. Data are
representative of three separate experiments. Abbreviations for genotypes
are the same as those described above (B).

tively small fraction of DP thymocytes mature to either CD4™
or CD8™ cells and then emigrate to peripheral lymphoid or-
gans as naive T cells. Thymocytes from Vhlh '~ mice showed
greater than 90% recombination of the Vhlh 2-lox allele as
determined by Southern blot analysis and genomic PCR (Fig.
1B and C). Only the 1-lox allele was clearly detectable in DN
and DP thymocytes by PCR, suggesting virtually complete re-
combination of the 2-lox allele (Fig. 1C, lanes 3, 7, and 9).
Higher levels of nonrecombined Vhlh were detected in SP
thymocytes as well as in FACS-sorted peripheral T cells from
spleen (PT) (Fig. 1C, lanes 14 and 16), indicating the presence
of T cells derived from thymocytes with an incomplete deletion
of Vhih.

Northern analysis of total thymus RNA indicated a >80%
reduction in VAlh transcript levels compared to the control by
densitometry (Fig. 1D). Vhlh mRNA in FACS-sorted Vhlh ™/~
DP thymocytes were practically undetectable by semiquantita-
tive RT-PCR analysis, while traces of the transcript were found
in Vilh~'~ DN thymocytes at the same cycle number (Fig. 1E,
lanes 2 and 4). Interestingly, the relative level of Vhlh mRNA
in Vhlh '~ SP and PT cells was much higher than that in DN
or DP cells but still significantly reduced compared to those of
the controls (Fig. 1E, lanes 6 and 8). These findings are con-
sistent with the level of Cre-mediated recombination detected
by genomic PCR.

Since pVHL is required for the degradation of oxygen-sen-
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FIG. 2. Vhilh deletion in thymocytes results in small and highly
vascularized thymi. (A) Gross photograph of mutant and control thy-
mus. (B) Reduced thymic cellularity in mutant and control mice.
Shown are mean values * standard deviations (SD) for 14 mice.
(C) Absolute numbers of thymocyte subtypes in millions. Note that
similar numbers of DN cells are observed in mutant and control mice.
Shown are mean values + SD for five mice. (D) Representative FACS
analysis of CD4 and CD8 surface expression in thymocytes and pe-
ripheral T cells from 5-week-old mice. Note the increase in the pro-
portion of mutant DN thymocytes indicating normal absolute DN
thymocyte numbers.

sitive Hif-a subunits by ubiquitination, we examined Hif target
gene expression in FACS-sorted thymocyte subsets. We found
a significant upregulation of representative Hif target genes
(Fig. 1E) such as phosphoglycerate kinase (Pgk) and vascular
endothelial growth factor (Vegf), the latter resulting in in-
creased thymic vascularization manifested in a reddish, discol-
ored thymus (Fig. 2A). As predicted, the degree of increase in
Hif target gene induction was directly proportional to the level
of Cre-mediated recombination and inversely proportional to
Vhih mRNA expression in theses cells.

Increased rates of apoptosis in Vhlh ™/~ thymocytes in vivo
and in vitro. Based on macroscopic inspection, thymi from
Vhih~'~ mice were small (Fig. 2A). This reduction in size is
reflected in a 5- to 10-fold decrease in total thymocyte numbers
(Fig. 2B). Analysis of thymocyte subsets by FACS showed that
while absolute numbers in the DN compartment were compa-
rable to those of the control, there was an ~80% reduction in
total DP thymocyte numbers. Similarly, the percentages and
numbers of SP thymocytes and peripheral T cells in spleen and
lymph node were greatly reduced (Fig. 2C and D). We ob-
served comparable reductions in thymic cellularity in Valh ™=/~
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FIG. 3. Inactivation of Vhlh induces apoptosis in thymocytes.
(A) Increased numbers of apoptotic cells and macrophages in Vhlh
mutant thymi. Shown are cortical fields from TUNEL staining on
frozen sections from mutant and control thymus. (B) Numerical rep-
resentation of TUNEL-positive (Tunel +ve) cells. Values represent
means = SD for five randomly selected cortical fields (magnification,
X20). (C) Time course of neglect-induced thymocyte death. Shown are
the percentages of viable cells in cultures of control and Vhlh-deficient
thymocytes stained with viability marker 7-AAD. Mutant cells are
represented by squares, and control cells are represented by circles.
Shown are the mean values * SD for six mice; individual experiments
were carried out in triplicate. (D) Detection of DNA fragmentation in
cultured thymocytes isolated from mutant and control mice. (E) Mi-
tochondrial membrane potential and viability of thymocytes from cul-
tures subjected to short-term neglect by staining with JC-1 and TOPRO-
3. JC-1"/TOPRO™, viable cells with strong mitochondrial membrane
potential (AW, ,); JC-17/TOPRO™, early apoptotic cells with loss of mi-
tochondrial polarity and intact plasma membrane; JC-17/TOPRO™, late
apoptotic-necrotic compartment-containing cells with loss of AW, and
membrane permeability. Note the increased numbers of JC-1"/TOPRO™
and JC-17/TOPRO™ cells in VAlh mutants. Shown are data representative
of five independent experiments.

mice of different ages, indicating that the thymic phenotype in
Vhih-deficient mice is not age restricted (data not shown).

To determine whether the reduction in thymocyte numbers
was due to a block in proliferation or increased cell death, we
used bromodeoxyuridine (BrdU) labeling to examine the rate
of cell proliferation and TUNEL staining to evaluate apoptosis
rates in VAlh '~ thymi. Vhlh-deficient thymi did not exhibit
significant differences in BrdU labeling (data not shown) of
different thymocyte subsets compared to the control (data not
shown); instead, we observed a statistically significant (P <
0.05) increase in TUNEL-positive nuclei (Fig. 3A and B),
indicating enhanced apoptosis. The increased rates of apopto-
sis with no significant changes in BrdU labeling and a severe
reduction in DP thymocyte numbers suggest that increased
susceptibility of DP thymocytes to apoptosis rather than a
problem with DN maturation or cell proliferation may have
resulted in the severe decrease of thymocyte numbers in
Vhih '~ thymi.

In order to exclude environmental effects on thymocyte vi-
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FIG. 4. Hif-1 dependence of target gene expression and angiogenic phenotype in Vhlh deficient thymi. (A) Highly efficient recombination of
the Hif-1a 2-lox allele in Vhlh~'~ DP thymocytes mediated by Lck-Cre. DP, FACS-sorted DP thymocytes; T, tail DNA from the same mouse.
Abbreviations for genotypes: 2, 2-lox allele; 1, 1-lox allele; +, respective wild-type (WT) allele. Bands representing Hif-1/« 2-lox, Hif-1a 1-lox, and
wild-type alleles are identified on the right. (B and C) Inactivation of Hif-I« in Vhlh-deficient thymocytes suppresses transcription of Hif target
genes completely. Shown are mRNA expression levels of Vhlh and classic Hif target genes LdhA and Pgk in nonsorted total thymocytes by Northern
blot (18S rRNA is shown as loading control) and results from semiquantitative RT-PCR studies with FACS-sorted DP cells. Note that the
reduction of Vhlh mRNA levels is similar in both the Vhih and the VAlh/Hif-1 double mutant. (D) Suppression of increased microvascular density
in Vhih/Hif-1 double-deficient thymi. Paraffin sections of thymi from control, VAlh mutant, and Vhlh/Hif-1 double mutant mice injected with
endothelial cell-specific FITC-conjugated tomato lectin are shown. Sections were analyzed with confocal laser microscopy. (E) Hif binding activity
to EPO-HRE in Vhih-deficient thymocytes is suppressed by Hif-/« deletion. Shown are the control, the Vhlh mutant, and the Vhlh/Hif-1 double
mutant. SS indicates a supershift of Hif-1-containing complexes with a Hif-1a. monoclonal antibody.

ability and apoptosis, we examined Vhlh-deficient thymocytes
in vitro. For these studies, single-cell suspensions of thymo-
cytes were cultured in RPMI 1640 medium supplemented with
10% fetal calf serum. Cell purity was confirmed by FACS
(>98% were Thyl.1 positive). In culture, Vhalh '~ thymocytes
exhibited greater than twofold accelerated death compared to
controls when examined by FACS with 7-AAD staining (Fig.
3C). DNA laddering was enhanced significantly by 16 h of
culture (Fig. 3D).

We next determined the degree of apoptosis with JC-1 (57),
a fluorescent compound that measures mitochondrial mem-
brane potential, in conjunction with TOPRO-3, a commonly
used viability marker (63). JC-1 enters charged mitochondrial
membranes, where it multimerizes and exhibits red fluores-
cence. Staining with TOPRO-3 is excluded from cells possess-
ing intact plasma membranes. A loss of mitochondrial
membrane potential in the absence of plasma membrane per-
meability is a classic feature of apoptotic cells, whereas plasma
membrane integrity is typically lost in necrotic or late apoptotic
cells, resulting in positive staining by TOPRO-3. After 24 h in
culture, Valh~'~ thymocytes showed an at least a two- to three-
fold increase in the percentage of cells undergoing apoptosis as
well as an increase in the late apoptotic-necrotic population
(Fig. 3E). Staining with Annexin-V (64) and TOPRO-3 gave
similar results (data not shown). These data suggest that
Vhih~'~ thymocytes are more susceptible to apoptosis in vitro.
In addition, bone marrow from VAlh~'~ mice was used to
reconstitute lethally irradiated mice. Thymi of these chimeric

mice showed similar reductions in thymocyte numbers and
increased apoptosis (data not shown). This finding suggests
that the observed increase in apoptosis in Valh~'~ thymocytes
is cell intrinsic.

Hif-1 is the key mediator of Hif target gene expression in
Vhih-deficient thymocytes. Increased transcriptional activity of
Hif-1 has been shown to promote angiogenesis as well as apo-
ptosis (recently reviewed by Harris [21] and Pugh and Ratcliffe
[44]). In order to examine the role of Hif-1 in the development
of the thymic phenotype associated with Vhlh gene deletion,
we generated mice that lack both VAlh and Hif-1 in thymo-
cytes.

For this purpose, we crossed the Hif-1a 2-lox allele (48) into
the Vhilh 2-lox background. In the Hif-1a 2-lox allele, Hif-1a
exon 2, encoding the basic helix-loop-helix domain, is flanked
by loxP sites and deleted by Cre-mediated recombination.
Since this out-of-frame deletion results in the absence of Hif-1
heterodimers, Hif-1a-deficient cells or mice are hereafter re-
ferred to as Hif-1 deficient. Offspring carrying floxed alleles for
both Vhlh and Hif-1a were then mated with Lck-Cre transgenic
mice to generate thymocyte-specific Vhlh/Hif-1o double-
knockout mice. Recombination efficiency was analyzed by
genomic PCR and RT-PCR. In VAIRZ¥ZOX Hif ]o2 ¥/
Lck-Cre mice (hereafter referred to as Valh/Hif-1~'~ mice), all
floxed alleles were recombined with high efficiency (Fig. 4A).
Semiquantitative RT-PCR analysis of Hif target gene expres-
sion in Vhih/Hif-1~'~ total and DP thymocytes showed virtually
complete suppression of Pgk, lactate dehydrogenase A (LdhA),
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and Vegf mRNA levels compared to Vilh /'~ thymocytes while
the reduction of A/h mRNA was similar (Fig. 4B and C) (see
Fig. S1 in the supplemental material). As a result of normal-
ized Vegf mRNA levels, the increase in thymic vascularization
found in VAlh~'~ mutants was completely suppressed in Vhalh/
Hif-17~ double mutants as demonstrated by staining with
endothelial cell-specific FITC-labeled tomato lectin (Fig. 4D).
Consistent with this finding is the return of Flt-1, endoglin, and
CD31 mRNA to baseline levels in Vhlh/Hif-1~'~ double mu-
tants compared to the VAlh '~ mutant and the control (Fig. S1
in the supplemental material). Interestingly, we could not de-
tect Hif-2a protein in the nuclear fraction of Vhlh ™'~ thymo-
cytes despite the fact that semiquantitative RT-PCR analysis
indicated increased Hif-1-dependent Hif-2« transcription (Fig.
S2 in the supplemental material). This finding together with
the absence of EPO-HRE binding by EMSA in Vhlh/Hif-1~/~
thymocytes (Fig. 4E) suggest that Hif-1 is the main regulator of
Hif target gene expression in VAlh~/~ thymocytes and that
Hif-2 does not seem to play a significant role in the transcrip-
tional regulation of Hif target genes examined here.

Conditional disruption of Hif-Ix in Vhlh ™'~ thymocytes re-
stores thymic cellularity and improves thymocyte viability in
vitro. Total thymocyte numbers in Valh/Hif-1~'~ mice were
significantly increased (~1.5- to 1.8-fold reduction in Vhlh/Hif-
17/~ thymi compared to a ~5- to 10-fold reduction in Vhlh =/~
thymi) but lower than those in wild-type mice (Fig. SA), while
a similar decrease in thymocyte numbers was found in mice
that were Hif-1 deficient but VAlh competent, indicating that
the absence of Hif-1 alone has a negative effect on thymocyte
development (Fig. S5A). Figure 5B shows a representative litter
from a cross that generated wild-type and VAalh~'~ mice which
were either Hif-/« competent or lacked one or both copies of
Hif-1a. It is interesting that total thymocyte numbers in
Vhih ™'~ mice lacking only one copy of Hif-Ia were already
significantly increased compared to those of Valh™'~ mutants
(Fig. 5A and B). These findings suggest that Hif-/a gene de-
letion improves VAalh /'~ thymocyte cell survival in a gene dose-
dependent manner. Vhlh/Hif-1~'~ thymocyte viability in cul-
ture was improved as shown by FACS analysis with 7-AAD,
and fewer JC-1- and TOPRO-3-negative apoptotic cells were
present compared to Vhlh-deficient cells (Fig. 5D and E). This
observation was also reflected in a reduction of DNA laddering
in Vhilh/Hif-1~'~ thymocytes (Fig. 5F). Our findings suggest
that impaired survival of Valh™'~ thymocytes in vivo and in
vitro is Hif-1 dependent.

Increased caspase 8 activity results in impaired survival of
Vhih™'~ thymocytes. Our in vivo and in vitro studies with
Vhih/Hif-1~'~ thymocytes clearly suggest that Hif-1 plays a key
role in mediating the proapoptotic effects of VAlh gene dele-
tion. This notion is supported by direct and indirect evidence
that increased Hif-1 activity under hypoxic conditions can pro-
mote apoptosis through mechanisms involving both classic
caspase 3-dependent intrinsic and extrinsic pathways and non-
classic Bnip3 (4, 7, 21).

In order to gain insight into the mechanisms that result in
increased apoptosis in Valh™/~ thymocytes, we first investi-
gated whether the expression levels of Bel-X; and Bcl-2, both
of which are critical for thymocyte survival and belong to the
intrinsic apoptosis pathway (reviewed by Gross et al. [17]),
were altered. While the expression of Bcl-2 is normally low in
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FIG. 5. Hif-1a gene deletion improves thymic cellularity and thy-
mocyte viability in vitro. (A) Thymic cellularity in Vhlh/Hif-1 double
mutants. Shown is the decrease in total thymocyte numbers expressed
as a percentage of littermate control values. Numbers represent mean
values = SD for 12 to 16 mice. Abbreviations for genotypes: 2, 2-lox
allele; 1, 1-lox allele; +, respective wild-type allele. (B) Actual total
thymocyte numbers in a representative litter (parents were both het-
erozygous for the Hif-Ia 2-lox allele). Note that thymic cellularity in
Vhih ™'~ thymi which lack one copy of Hif-I« is increased but does not
reach the level of Vhlh/Hif-1oo double-deficient thymi. (C) Represen-
tative FACS analysis of CD4 and CDS surface expression in thymo-
cytes from 5-week-old mice. (D) 7-AAD viability stain of Vhlh/Hif-1
double-deficient, Vhlh-deficient, Hif-1-deficient, and control thymo-
cytes (24 h of culture). (E) Mitochondrial membrane potential and
viability of control, Vhlh-deficient, and Vhih/Hif-1a double-deficient
thymocytes from 24-h cultures by staining with JC-1 and TOPRO-3.
(F) Apoptosis in thymocyte cultures from Vhlh-deficient, Vhlh/Hif-1
double-deficient, and control mice by DNA ladder assay.

DP cells and increases in SP cells (16), Bcl-X, is predomi-
nantly expressed in DP thymocytes (34). Transgenic studies
have suggested that both factors appear to be interchangeable
on a functional level (8). In Vhlh '~ mice, Bcl-X; mRNA and
protein levels were decreased in FACS-sorted DPs but were
not changed in Vhilh/Hif-1~'~ thymocytes (Fig. 6A), while Bcl-2
protein levels in DP thymocytes did not change (data not
shown). Protein levels for Bim, another important Bcl-2 family
proapoptotic factor in thymocytes (3), were not changed (data
not shown), while Bax mRNA was elevated (Fig. 6B). Al-
though our data suggest that the balance of pro- versus anti-
apoptotic Bcl-2 family gene expression in Valh '/~ DP thymo-
cytes is shifted towards a Hif-1-dependent expression pattern
which favors apoptosis, transgenic expression of BCL-2 or
BCL-X, (Fig. 6D and data not shown) did not significantly
improve survival of Vhlh-deficient thymocytes. Western blot
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FIG. 6. Hif-1 dependence of apoptosis gene expression in Vilh ™'~
thymocytes. (A) Normalization of Bcl-X; protein levels in Vhih/Hif-1
double-deficient thymocytes. (B) Normalization of caspase 8, Bax, and
Bcl-X; mRNA expression in Vhlh/Hif-1 double-deficient DP thymo-
cytes by RT-PCR. (C) Thymic cellularity in Vhlh-deficient animals and
control mice expressing a human BCL-2 transgene. Shown are mean
values * SD for 12 mice. Abbreviations of genotypes are as described
in the legends of Fig. 4 and 5. (D) FACS analysis of CD4 and CD8
surface expression in BCL-2 transgenic VAlh '~ and control thymo-
cytes. Shown is one representative FACS study of four studies per-
formed.

analysis confirmed that BCL-2 transgene expression was not
affected by Vhlh deficiency (Fig. S3 in the supplemental mate-
rial). Moreover, inhibition of caspase 9, an essential through-
put element in the mitochondrially gated pathway of apoptosis,
had no effect on Vhlh~'~ thymocyte survival (Fig. S4 in the
supplemental data). This finding suggests that Bcl-2-dependent
apoptosis pathways (intrinsic apoptosis pathway) do not play a
critical role in Hif-1-induced thymocyte death.

We next investigated whether key mediators of the extrinsic
pathway could be responsible for Hif-1-driven thymocyte death
in a Vhlh '~ background. In the extrinsic or death receptor
(DR) pathway, ligand binding to the DR (e.g., TNFR60, Fas/
Apol, or TRAIL-R/Apo2) leads to the recruitment and acti-
vation of caspase 8 through specific adaptor molecules such as
the Fas-associated death domain protein (FADD) (10, 61).
Besides ligand-induced receptor activation, the DR pathway
can also be induced by UV irradiation, DNA damage, or cell
detachment in a ligand-independent fashion (39, 49, 52, 56).
DR and FADD activation of caspase 8 leads to cleavage and
induction of effector caspase 3, resulting in cell death.

In Vhih-deficient thymocytes, we found a Hif-1-dependent
increase in caspase 8 mRNA (Fig. 6) and used specific small
peptide inhibitors to examine whether caspase-specific inhibi-
tion was effective in improving survival of Valh~'~ thymocytes.
Incubation of Valh~'~ thymocytes with caspase 8-specific in-
hibitor IETD-fmk restored the percentage of viable cells to
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FIG. 7. Vhih deletion induces thymocyte death through the caspase
8-dependent pathway. (A) Dose-dependent rescue of thymocyte via-
bility with caspase 8 inhibitor IETD-fmk. Shown are the percentages of
viable cells in cultures of control and Vhlh-deficient thymocytes treated
for 24 h with different concentrations of IETD-fmk and stained with
viability marker 7-AAD. Dimethyl sulfoxide-treated cells were used as
the control (Con). Shown are the mean values + SD for three mice;
individual experiments were carried out in triplicate. (B) Enzyme ac-
tivity assay of caspase 8 in cultured Vhlh-deficient, Vhlh/Hif-1 double-
deficient, and control thymocytes after 0 and 18 h. Dexamethasone
(100 nM)-treated thymocytes were used as positive controls (DEX).
Shown are the mean values = SD for four mice; individual experiments
were carried out in duplicate. (C) Protein levels of cleaved caspase 3 in
cultured Vhlh-deficient, Vhlh/Hif-1 double-deficient, and control thy-
mocytes after 0 and 18 h by Western blot analysis. Dexamethasone
(100 nM)-treated thymocytes were used as positive controls. Staining
with Ponceau S is shown to demonstrate equal loading. (D) Induction
of Bnip3 mRNA in Vhih-deficient thymocytes but not in Vhih/Hif-1-
deficient thymocytes. Total thymus RNA was analyzed by Northern
blot. 18S rRNA was used as the loading control.

control values (Fig. 7A). Since IETD-fmk can inhibit both
caspase 8 and granzyme B, a specific inhibitor for granzyme B
was used to address this possibility. We used zAAD-cmk, a
specific inhibitor of granzyme B, and found that inhibition of
granzyme B had no effect on Valh ™/~ thymocyte survival (Fig.
S4 in the supplemental material) (60). This finding suggests
that induction of caspase 8 enzymatic activity may have re-
sulted in decreased survival of VAlh™'~ thymocytes. We next
determined caspase 8 enzymatic activity with a colorimetric
assay kit (R&D Systems). The quantity of chromogenic com-
pound pNA, which is released from synthetic caspase 8 sub-
strate IETD-pNA, was used as an index of caspase 8 enzymatic
activity. Enzymatic activity was increased by at least twofold in
Vhih~'~ cells compared to that of the control, while caspase 8
enzymatic activity in Vhlh/Hif-1 double-deficient thymocytes
was not different from that of control cells. Our data suggest
that caspase 8 enzymatic activity is increased in Vhlh /'~ thy-
mocytes and that its increase is Hif-1 dependent (Fig. 7B).
Since activated caspase 8 results in the induction of caspase
3, we measured caspase 3 enzymatic activity in control,
Vhlh='=, and Vhlh/Hif-1 double-deficient thymocytes. We
found that caspase 3 enzymatic activity, as indicated by the



VoL. 24, 2004

increase in cleaved caspase 3, paralleled the increase in caspase
8 enzymatic activity in Vhlh /'~ cells (Fig. 7C).

Although the nonclassic proapoptotic gene Bnip3 is strongly
induced by Hif-1 (Fig. 7D), a complete rescue with inhibition
of caspase 8 indicates that Bnip3 may not play a significant role
in Hif-1-mediated thymocyte death. Taken together, our find-
ings suggest that the loss of Vhlh in thymocytes results in a
Hif-1-dependent increase in caspase 8 enzymatic activity re-
sulting in increased apoptosis.

DISCUSSION

The role of hypoxia as a modifier of differentiation and the
importance of HIF transcription factors in the regulation of
normal embryonic development have been well demonstrated
(1,26, 37, 47). Previous reports have documented areas of local
hypoxia in the normal thymus (20), suggesting that HIF-medi-
ated adaptive responses to lowered oxygen levels may play an
important role in thymic development and apoptosis. It is now
well established that the VHL tumor suppressor (pVHL),
which was initially identified as the protein mutated in patients
with von Hippel-Lindau familial tumor syndrome (29, 32), is a
global regulator of HIF-a subunit stability (24, 27, 38, 50) and
operates in tissues that are normally not affected by the disease
(11, 43). Experimental manipulations of pVHL can therefore
be used to provide clues to HIF function in adult tissues or
during development. Nevertheless, pVHL has other roles be-
sides that of controlling HIF activity, for example, regulating
fibronectin extracellular matrix assembly and microtubule sta-
bility (22, 41), which need to be taken into account when
interpreting mouse phenotypes resulting from Vhlh gene dele-
tion.

Here, we have investigated how inactivation of VAlh in wild-
type and Hif-1-deficient backgrounds affects thymic develop-
ment, and we provide evidence for a critical role of the pVhl/
Hif-1 pathway during thymocyte maturation. A 5- to 10-fold
reduction in DP thymocyte numbers without any change in DN
thymocyte numbers, normal distribution of DN subtypes, and
no changes in BrdU labeling (data not shown) suggested that
the reduction in total thymocyte numbers in Vhlh-deficient
thymi was a result of decreased DP cell survival. Indeed, we
found a ~2-fold increase in TUNEL-positive cells in vivo.
Since apoptotic thymocytes are usually rapidly cleared by local
macrophages (59), the degree of apoptosis in Vhlh-deficient
thymi may be underrepresented by this figure. Since it is pos-
sible that the phenotype of VAalh ™'~ thymi is much more com-
plex and probably involves additional defects such as abnormal
TCR signaling interfering with thymocyte selection, studies in
our lab are under way to address these questions. Nevertheless,
our in vivo and in vitro data showed a Hif-1-dependent in-
crease in apoptosis as demonstrated by TUNEL staining, DNA
laddering, the loss of mitochondrial membrane potential, and
Annexin V staining, indicating that one of the underlying fea-
tures of the Vhlh ™'~ phenotype is abnormal regulation of thy-
mocyte programmed cell death.

Hif-1 has been shown to induce cell death either by stabi-
lizing p53, through a Bnip3/Nix-dependent mechanism, or by
altering the expression of Bcl-2 family members (7, 21). While
we ruled out significant alterations in p53 levels as a cause of
enhanced apoptosis (data not shown), we found a Hif-1-de-
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pendent decrease in Bcl-X; , a well-established survival factor
for DP thymocytes (34). Although we initially hypothesized
that decreased Bcl-X; might have played a significant role in
the development of this phenotype, we observed only a minor
improvement in cell survival by BCL-2 or BCL-X, transgene
expression in Vhlh ™'~ mice. When the strong antiapoptotic
effect of BCL-2 on mitochondrion-dependent death is consid-
ered, our result argues that the proapoptotic phenotype in
VhiIh '~ mice is not mediated by classic mitochondrion-depen-
dent death mechanisms.

Our findings suggest that Hif-1 exerts its proapoptotic effect
through a caspase 8-dependent mechanism, and it is interest-
ing to speculate whether regional hypoxia in normal thymi can
modulate thymocyte susceptibility to apoptosis by enhancing
caspase 8 activity through an increase in Hif-1la expression.
Caspase 8/FADD has been shown to play an important role in
hypoxia-induced apoptosis, although a link to Hif had not been
established. In primary cardiomyocytes, apoptosis induced by
severe hypoxia can be prevented by use of caspase 8 inhibitor
CrmA or a dominant-negative mutant of FADD (9, 18). Fur-
thermore, in the presence of sufficient glucose, a caspase 8-de-
pendent rather than a mitochondrion-dependent death mech-
anism seems to be active in Jurkat cells (36), and caspase
§-mediated apoptosis in DP thymocytes seems to be important
for thymic maturation (28). Whether the increase in caspase 8
mRNA alone is sufficient or whether caspase 8 is activated by
a ligand-dependent or -independent mechanism in Vhlh '~
thymocytes remains to be investigated. Both mechanisms are
certainly a possibility, as VHL deficiency has been shown to
increase tumor necrosis factor alpha secretion in renal carci-
noma cells (13) and DR-independent activation of caspase 8,
for example, can occur through the formation of a Hip-1/Hippi
procaspase recruitment complex (14). The role of Bnip3 in
Hif-1-mediated thymocyte apoptosis at this point remains un-
clear. It has been suggested that Bnip3 induces apoptosis
through a nonclassic, caspase 3-independent mechanism (62).
Our in vitro studies, however, suggest that Bnip3 does not play
a significant role in thymocyte death induced by Vhlh gene
deletion, which may be different under hypoxic conditions.

Thymocyte subset distribution in Hif-I~/~ thymi obtained
from Rag-1~'~ chimeric mice was normal, while absolute num-
bers were not reported (30). We found that despite compara-
ble thymocyte subset distribution, absolute numbers and via-
bility in VAlh/Hif-1~'~ and Hif-1~'~ mice were not completely
normal (there was a mild to moderate decrease in absolute
thymocyte numbers), suggesting that the loss of Hif-1 by itself
may have a negative effect on thymic development. Efforts to
understand reduced thymic cellularity in Hif-I =/~ mice and
whether genetic background may play a role are currently
under way in our laboratory.

The second major target of pVHL-mediated ubiquitination
is HIF-2« (38, 40). We have shown that the expression of Hif
target genes such as Vegf, Pgk, LdhA, and others is increased in
Vhih-deficient thymocytes. Surprisingly, upregulation of these
genes and Hif binding to EPO-HRE by EMSA were com-
pletely suppressed in Vhlh/Hif-1a double-deficient thymi, ar-
guing that Hif-1, despite the presence of Hif-2ae mRNA, must
be the main effector of Hif-controlled gene expression in thy-
mocytes. Vegf, for example, is a well-established Hif-2 target
gene in VHL-deficient renal carcinoma cells and other cell
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types (38) but is not upregulated in Vhlh/Hif-1 '~ thymi, thus
resulting in their normal vascularity.

To our knowledge, abnormal T-cell development or function
has not been reported in patients with VHL disease or Chu-
vash polycythemia, a congenital form of polycythemia caused
by a specific germ line mutation in the VHL gene (2). It is
plausible that, according to Knudson’s two-hit hypothesis (23,
46), inactivation of the remaining wild-type allele in thymo-
cytes or T-cells may be a rare event in VHL patients or that
most VHL-deficient thymocytes are eliminated because of in-
creased susceptibility to apoptosis, therefore representing only
a minor population in peripheral lymphoid tissues. However,
investigations of T-cell function in patients with VHL germ line
mutations may be warranted.

In summary, in this report, we demonstrate that proper
regulation of Hif-1 transcriptional activity through pVhl is re-
quired for normal thymocyte development and we provide a
link between constitutively active Hif-1 and caspase 8-medi-
ated cell death. Our data suggest that Hif-1 may play an im-
portant role in regulating apoptosis during normal thymic de-
velopment.
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