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Abstract

Molecular oxygen is involved in hydroxylation and subsequent degradation of HIF-1a, a subunit of
HIF-1 transcription factor, therefore oxygen shortage (hypoxia) stabilizes this protein. However,
HIF-1a can also be stabilized by transition metal ions in the presence of oxygen, suggesting that a
different mechanism is involved in metal-induced hypoxic stress. Recently, we showed that the
depletion of intracellular ascorbate by metals may lead to the inhibition of hydroxylases. Since nickel
(1) has similarity to iron(ll), an alternative hypothesis suggests that iron substitution for nickel in
the enzyme inhibits hydroxylase activity. Here we investigated the induction of HIF-1 by another
metal, chromium, which can not replace iron in the enzyme. We show that chromium(V1), but not
chromium(I11) can oxidize ascorbate both in cells and in cell-free system. In agreement with these
data chromium(V1) stabilizes HIF-1o. protein in cells only until it is reduced to chromium(ll1l). In
contrast, nickel(1l) was found to be a catalyst, which facilitate continuous oxidation of ascorbate by
ambient oxygen. These data correlate with extended stabilization of HIF-1o following acute exposure
to nickel(1l). The HIF-1-dependent reporter assays revealed that 20-24 h was required to fully
develop HIF-1 transcriptional response and the acute exposure to nickel(ll), but not chromium(V1),
meets this requirement. However, repeated (chronic) exposure to chromium(V1) can also lead to
extended stabilization of HIF-1o. Thus, obtained data emphasize important role of ascorbate in
regulation of HIF-1 transcriptional activity in metal-exposed human lung cells.
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Introduction

Modulation of gene expression by metals in the respiratory system is an important factor
contributing to the disease development and progression [1]. Ni(ll) exposure activates a
number of transcription factors in lung epithelial cells including HIF-1, which plays a critical
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role in the induction of genes involved in inflammation and apoptosis [2-4]. A HIF-1 complex
contains an o and a B subunit [5]. Under normoxia, the HIF-1a subunit is rapidly degraded via
the von Hippel-Lindau tumor suppressor gene product (pVVHL)-mediated ubiquitin-proteasome
pathway [6,7]. The interaction of p\VHL and HIF-1a proteins is triggered by the hydroxylation
of two prolines in HIF-1a’s oxygen dependent degradation domain. Shortage of oxygen
(hypoxia) prevents hydroxylation and subsequent pVVHL interaction. This stabilizes HIF-1a
protein and results in formation of HIF-1 transcription complex.

Unlike under hypoxia, HIF-1a is stabilized by metals in the presence of oxygen, suggesting
that different mechanisms are involved in metal-induced HIF-1 activation. Two metals Co(ll)
and Ni(Il) were shown to be good inducers of HIF-1 [8]. Since they are similar to Fe(ll), it was
suggested that Ni(ll) could either replace iron in the hydroxylases or interfere with iron uptake
[9,10]. Alternatively it was suggested that reactive oxygen species (ROS) may play an
important role in HIF-1a stabilization and metals, which are known to generate free radicals
in cells, may stabilize HIF-1a through this mechanism [11]. However, there are sufficient data
to indicate that Ni(Il) and perhaps other metals do not require free ROS generation for
HIF-1a stabilization [12,13]. Recently, we showed that the depletion of intracellular ascorbate
by Ni(Il) or Co(ll) may lead to the inhibition of prolyl hydroxylases [8,14], which, along with
asparaginyl hydroxylase or factor inhibiting HIF (FIH), act as intracellular oxygen sensors
[15]. These enzymes are members of the Fe(ll)-, 2-oxoglutarate (20G)-, and ascorbate-
dependent family of dioxygenases. The role of ascorbate is to reduce enzyme-bound iron,
which is important for maintaining hydroxylases activity.

The active role of ascorbate in the hydroxylase reactions may explain the controversy about
the role of ROS in HIF-1 activation and reconcile previously obtained data. Indeed, ROS may
deplete through oxidation a variety of reducing molecules. However, since only ascorbate is
capable of maintaining iron in the reduced state its presence is critical for hydroxylase activity.
Transition metals like Ni(Il) and Co(lIl) can deplete intracellular ascorbate via oxidation and/
or by inhibiting ascorbate uptake by cells [14,16]. If ascorbate depletion is sufficient for HIF-1
induction by Ni(ll) or Co(ll), which can also substitute for Fe(Il) in prolyl hydroxylases, then
exposure to other transition metal ions, that can oxidize ascorbate, but would not be able to
replace iron, should also stabilize HIF-1a protein. Cr(V1), known to oxidize ascorbate directly,
is one of such metal ions [17]. Previous studies showed that Cr(V1) is a principal ascorbate
oxidant in rat lung, liver and kidneys [18,19]. Here we compared the accumulation of
HIF-1a protein in human lung epithelial cells following Ni(Il) or Cr(\VI) exposure. The results
show the difference in the time course of this accumulation. Thus, HIF-1a protein is induced
only by Cr(V1) and disappears after the latter is reduced to Cr(l11). Cell-free experiments show
rapid phase of ascorbate oxidation by Cr(V1), which ends after the completion of Cr(\V1)
reduction to Cr(l11). In contrast, Ni(ll) appeared to be a catalyst of such oxidation. This leads
to a complete depletion of cellular ascorbate and prolonged HIF-1a stabilization in Ni(ll)-
exposed cells. Since HIF-dependent transcriptional response requires time, prolonged
HIF-1a stabilization by Ni(Il), but not Cr(\V1) results in strong activation of HIF-dependent
genes.

Materials and Methods

Reagents

NiSOy4 - 6H,0 was obtained from Alfa Aesar (Ward Hill, MA). Protease inhibitors cocktail
was purchased from Roche (Indianapolis, IN). KoCrQy4, CrCls - 6H,0, L-ascorbic acid and
other chemicals were obtained from Sigma-Aldrich (St. Louis, MO).
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Cell Lines and Culture Conditions

The 1HAEo- cell line was obtained from Dr. D.C. Gruenert [20]. Cells were grown on plastic
coated with a mixture of BSA (Invitrogen Corporation, Carlshad, CA) and collagen (Cohesion,
Palo Alto, CA) in Minimum Essential Medium with Earle’s modified salts (Invitrogen)
containing 10% FCS, 2 mM L-glutamine, 100 pg/ml streptomycin, and 100 U/ml penicillin.
A549 cells were grown on F12K medium (Invitrogen) supplemented with 10% FCS, 100 pg/
ml streptomycin, and 100 U/ml penicillin. For exposure, cells were plated at a density 25—
30x108 cells/cm? in complete medium under 95% air, 5% CO», at 37°C. Cells were exposed
to metals 30-36 hours later.

HPLC Determination of Ascorbate Oxidation

Chromatographic separations were done on a Waters Alliance 2695 HPLC system (Milford,
MA, USA) with Waters 996 Photodiode array detector using a reverse-phase column Luna
C1g, 150x4.6 mm (Phenomenex, Torrance, CA, USA) equipped with C,g guard column
(4.0x2.0 mm, Phenomenex). The column was heated to 30°C, and the flow rate was 0.6 ml/
min. The composition of the mobile phase was modified from Lykkesfeldt [21]. Briefly, the
eluent consisted of 15% of methanol, 36.6 uM tetraoctylammonium bromide (Sigma-Aldrich),
0.189 mM n-dodecyltrimethylammonium chloride (Sigma-Aldrich), 1.0 mM Nay-EDTA,
(Sigma-Aldrich), 100 mM sodium acetate (EMD Chemicals Inc., Darmstadt, Germany), and
100 mM sodium phosphate monobasic. The pH of the mobile phase was adjusted to pH 5.4
with concentrated ortho-phosphoric acid (Sigma-Aldrich). The samples were incubated in the
internal thermostate of the HPLC at 37°C. They consisted of 50 uM ascorbic acid with 0, 100,
or 250 uM Ni(lIl), 0 or 25 uM Cr(l11), or 0, 5, or 25 uM Cr(V1) in 50 mM Hepes buffer pH 7.4.
Traces of other metal ions were removed from Hepes buffer by pre-treatment with Chelex 100
Resin (Bio-Rad Laboratories) for 24 h. Fifty-uL aliquots of samples were analyzed every 2 h.
All measurements were done in triplicate. Cellular samples for ascorbate measurements were
prepared as described by Lykkesfeldt [21]. In this case ascorbate was measured using
coulometric detector ESA Coulochem Il (ESA Inc., Bedford, MA) equipped with a Model
5010A analytical cell operated at +300 mV. All measurements were done in duplicates.

RNA Preparation and Microarray Analysis

Total RNA was extracted using an RNeasy kit (Qiagen, Valencia, CA) from 1HAEo- cells
treated with 5 uM Cr(VI) or 0.5 mM Ni(ll) for 4 h or 24 h. Cell density and conditions of
treatment were identical to conditions of nuclear extracts isolation. Synthesis of cDNA and
cRNA, hybridization of labeled cRNA to the human 133A 2.0 chips (Affymetrix Inc., San
Diego, CA), and measurement of signal intensities were carried out according to
manufacturer’s protocols. Two chips were used for each treatment and the experiment was
repeated twice. The results were averaged and the data were stored and analyzed using MS
SQL Server Database (Microsoft) and Data Mining Tool software (Affymetrix Inc., San Diego,
CA).

Western Blotting

Total cell protein extracts were obtained after lysing cells in the lysis buffer (Cell Signaling,
Beverly, MA) for 15 min at 4°C. Equal loading of protein was assured by prior quantitation
using the Bradford assay. Forty-ug protein extracts were separated by gel electrophoresis in
4-12% NuPage bis-tris minigels (Invitrogen) in MOPS buffer, pH 7.7 and transferred onto a
PVDF membranes (Invitrogen). Nuclei for nuclear extracts preparation were obtained as
described earlier [14]. Nuclei were resuspended in 50-150 pl of extraction buffer (0.42 M
NaCl, 25% glycerol, 2 mM MgCI2, 0.2 mM Nay-EDTA, 1 mM DTT, 20 mM Hepes, pH 7.9
plus 0.5 mM PMSF, 10 pg/ml Antipain, 1.5 ug/ml Aprotinin, 3 ug/ml Leupeptin, 3 pg/ml
Pepstatin, and phosphatase inhibitors) and incubated on ice for 15 min, followed by maximum
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speed centrifugation in the Eppendorf centrifuge for 15 min at 4°C. Supernatants were aliquoted
and stored at —70°C. Fifteen-ug of protein were separated by 4-12% gradient NuPage SDS
Bis-Tris gels (Invitrogen, Carlsbad, CA) in MOPS-SDS running buffer (Invitrogen), under
reducing conditions. Proteins were transferred onto PVDF membranes. The membranes were
blocked using 5% solution of dry milk (Blotting Grade Blocker Non-Fat Dry Milk, Bio-Rad
Laboratories, Hercules, CA) in the presence of 5% goat serum (Sigma, Sigma-Aldrich, St.
Louis, MO, USA). The protein bands were visualized in membranes using anti-HIF-1o (BD
Biosciences Pharmingen, San Jose, CA, USA), anti-HIF-1p, or anti-p-actin antibodies (Novus
Biologicals, Littleton, CO, USA). The secondary antibodies were goat anti-rabbit HRP-
conjugated antibodies, or goat anti-mouse HRP-conjugated antibodies (Cell Signaling,
Danvers, MA, USA). Chemiluminescent signal was detected using Super Signal kit (Pierce
Biotechnology Inc., Rockford, Il, USA). The anti-CA9 and NDRG1/Cap43 antibodies were
used as previously described [16].

The MTS assay (Promega, Madison, WI) was utilized for evaluation of cellular reducing
capacity. MTS is bioreduced by cells into a formazan product that is soluble outside of cells
in the tissue culture medium. The quantity of formazan product as measured by the amount of
490 nm absorbance is directly proportional to the reducing potential of cells. The assay was
performed in 96 well plates according to the manufacturer’s instructions in triplicate. Cell
number was counted in parallel wells. The results shown are the mean £ SD of one
representative experiment.

The cytotoxicity following metals exposure was assessed by MTT assay (Promega, Madison,
WI) according to the manufacturer’s protocol.

Uptake of ®1Cr(VI) by Human Lung Cells

For 21Cr(VI) uptake analysis 1HAEo- and A549, cells were plated into 96- well plates at a
density of 25x103 cells/well in complete medium. Aliquots of Nay,51CrO,4 (Perkin Elmer,
Boston, MA) corresponding to 5, 10 and 20 uM Cr(V1) were added to cell cultures for the time
periods shown in the Figure. The measurements were taken in triplicates. After incubation,
cells were washed 3 times with 200 pl cold Ca*2 and Mg*2 - free PBS, containing 1 mM EDTA.
Aliquots of 100 pl of 0.5% triton X-100 lysis buffer were added to each well and the content
of wells was taken for radioactivity counting. The experiment was repeated twice. Cell number
was counted in parallel wells. The results shown are the mean values + SD of one representative
experiment.

HRE-Luc Reporter Assay

Results

The transient transfection experiments were carried out as previously described [14]. The
transfection experiments were repeated at least twice and each condition has been tested in
quadruplicate. The results shown are the mean values + SD.

HIF-1la Stabilization by Cr(VI)

The time-course of accumulation of both HIF-1 o and B subunits in the nuclear fraction of
human lung 1HAEo- cells following Ni(ll) or Cr(V1) exposure is shown in Fig. 1A, C. The
analysis of dose-dependent induction of HIF-1a protein by Cr(VI) revealed no differences
between 1 and 10 pM, but enhancement by 25 uM Cr(VI) (Fig. 1B). Since 25 uM Cr(V1)
produced significant toxic effect, 5 uM, a concentration of Cr(\VI) which caused only 5-10%
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cell death measured by MTT assay, was chosen for the study. The 500 uM concentration of
Ni(1l) tested in the present study produced similar toxicity. Cr(V1) as the anion CrO4-2 quickly
enters cells where it is reduced by ascorbate to Cr(l11) [19,22]. Thus, it was expected that Cr
(V1) would deplete intracellular ascorbate faster than Ni(ll). Indeed, the comparison of time-
courses of Ni(ll)- and Cr(V1)-induced HIF-1a nuclear accumulation shows earlier
accumulation following Cr(V1) exposure (Fig. 1A, C). The HIF-1p subunit was not induced
by metal’s exposure (not shown), but was accumulated in the nucleus together with HIF-1a
(Fig. 1A, C). The maximal accumulation of both subunits in 1HAEo- cells exposed to 5 uM
Cr(VI) was observed between 4 to 8 h. After that the amount of both proteins in the nucleus
declined.

In contrast, in Ni(ll) exposed 1HAEo- cells nuclear accumulation of both HIF-1 subunits was
markedly increased by 4 h and remained high up to 24 h. To examine whether the drop in
HIF-1a protein level in Cr(V1) exposed cells was due to the reduction of all available Cr(V1)
and not due to other inhibitory mechanisms which could down-regulate HIF-1a protein in
exposed cells, we performed a combined exposure to Ni(Il) and Cr(VI). No suppression of
HIF-1a protein (Fig. 2A) or HIF-dependent transcription (Fig. 2B) was observed following 20
h of combined exposure to Ni(ll) and Cr(VI). Moreover, exposure to both Ni(ll) and Cr(VI)
resulted in additive effect on both HIF-1a protein level and HIF-dependent transcription. To
further confirm that the decline in the amount of HIF-1a protein after 8 h was due to the
reduction of available Cr(V1), a fresh aliquot of Cr(VI) was added to cells exposed to Cr(V1)
for 16 h. The addition of 5 or 10 uM K,CrOy4 resulted in reappearance of HIF-1a protein after
an additional 4 h exposure (Fig. 2C).

To further test whether the reduction of Cr(V1) is responsible for the decline of HIF-1a protein,
another lung epithelial cell line, A549 was utilized. Unlike 1HAEo- cells these are tumor cells
which have significantly higher glycolytic activity than 1HAEo- and therefore a higher
reducing capacity as detected by MTS assay (not shown). The higher extracellular reducing
capacity of A549 cells causes lower uptake of labeled °1Cr(VI1) into A549 cells as compared
with 1HAEo- cells (Fig. 3). Thus exposure of A549 cells to 5 uM °1Cr(V1) for 20 h resulted
in the accumulation of only one-third the amount of intracellular chromium when compared
with IHAEo- cells. The addition of 50 uM ascorbate to cell medium resulted in quick reduction
of all extracellular Cr(VI) into Cr(l11), which could not enter the cells (not shown).

The stabilization of HIF-1a protein following Ni(ll) exposure in A549 cells was similar to that
in 1HAEo- cells (Fig. 4A). However, exposure to 5 uM Cr(VI) did not result in the HIF-1a
protein accumulation in these cells (Fig. 4B). As expected from the experiments with

labeled 51Cr(VI), more Cr(VI) was required for A549 cells to have intracellular Cr(V1)
comparable with the amounts delivered into 1HAEo- cells (Fig. 3). Increasing Cr(VI)
concentration up to 20-25 pM resulted in a significant accumulation of HIF-1a protein in A549
cells (Fig. 4B). However, in these cells HIF-1a protein also disappeared after 8 h of exposure
suggesting complete reduction of Cr(V1) during this time by A549 cells (Fig. 4C). As in
1HAEOo- cells, the addition of fresh Cr(VI) to the medium caused reappearance of HIF-1a
protein (Fig. 4D).

Effect of Metal lons on Ascorbate Oxidation in Cell-Free System

In order to compare the effects of the investigated metal ions on the course of ascorbate
oxidation, we incubated 50 pM ascorbate in HEPES buffer, pH 7.4, in the absence or presence
of 5 or 25 pM Cr(VI), 25 uM Cr(l11), or 100 uM Ni(ll), under air, at 37°C (Fig. 5A, B). The
concentration of reagents were similar to those used in cell cultures; the 50 uM ascorbic acid
concentration corresponded to that found in cells in our previous experiments [14]. The HPLC
measurements revealed that in the absence of metals, the concentration of ascorbic acid
decreased gradually to 25% of the original level in 16 h of incubation (Fig. 5A). The addition
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of 5 or 25 uM Cr(VI) resulted in a marked acceleration of ascorbate oxidation (Fig. 5A).
However, as soon as all Cr(VI) was reduced (approximately 3 h) ascorbate oxidation slowed
down to the rate similar to that observed in the presence of Cr(lll) (Fig. 5A). Interestingly,
oxidation of ascorbate with ambient oxygen in the presence of Cr(I11) was significantly slower
than without the metal, suggesting that Cr(I11) may even stabilize ascorbate via unknown
mechanism (Fig. 5A).

In contrast, the nickel-mediated oxidation of ascorbate, though initially slower, was eventually
more efficient and resulted in a complete oxidation of ascorbate in 10 h of incubation (Fig.
5B). In the medium or inside the cell Ni(ll) can be bound to histidine or histidine-containing
peptides. The complex of nickel-histidine 1:1 facilitated ascorbate oxidation more efficiently
than nickel alone resulting in complete oxidation of ascorbate in 8 h of incubation (Fig. 5B).
Although the 1:2 nickel-histidine complex tended to slow the ascorbate oxidation down, it was
still more efficient than that of ascorbate alone. Histidine alone had no effect. Thus, these
experiments predicted that Ni(ll), or histidine-bound Ni(lIl) should deplete intracellular
ascorbate more efficiently than Cr(V1), which may be quickly and irreversibly converted into
inert (or even protective) Cr(lll).

Effect of Metal lons on Ascorbate Oxidation in Cells

The above data suggested that exposure to Ni(Il) or Cr(V1) could affect intracellular ascorbate
differently. To assess these effects in LTHAEo- cells, cells preloaded with 50 pM ascorbate for
2 h were exposed to 0.5 mM Ni(ll) or 5 uM Cr(V1) for 16 h. After this time, the intracellular
levels of ascorbate in untreated or Cr(V1)-exposed cells appeared to be similar, whereas in Ni
(1)-exposed cells ascorbate was not detectable (Fig. 5C). Taken together, these results provided
the first indication that ascorbate was irreversibly destroyed in cells by Ni(ll) exposure, but
only transiently by Cr(V1)-exposure.

To investigate further whether depletion of ascorbate causes inhibition of hydroxylase activity
and HIF-1o protein stabilization, two types of experiments were carried out. First, LHAEo-
and A549 cells were preloaded with 25 pM of ascorbate for 2 h, washed and exposed to Ni(ll)
for 1, 2, 4 and 8 h. The time of HIF-1a appearance was shifted by 4 h when compared with the
time-course without ascorbate preloading (Fig. 6A, B). These data suggested that additional 4
h were needed to destroy higher levels intracellular ascorbate by Ni(ll). Preloading cells with
50 uM of Fe(ll), followed by Ni(ll) exposure did not affect HIF-1a stabilization (not shown).
To further examine the involvement of intracellular ascorbate in HIF-1 o degradation the
protein was stabilized by exposure to Ni(ll) or Cr(V1) for 8 h, then cells were washed and
incubated in fresh complete medium with or without supplementation with 50 uM ascorbate
for additional 2 and 4 h (Fig. 7A, B). In 1HAEo- cells, change of culture medium following
Ni(Il) exposure did not decrease HIF-1a. levels, however, supplementation with 50 pM
ascorbate resulted in the decline of HIF-1a levels after 2 h and disappearance after 4 h (Fig.
7A). Change of medium following Cr(VI) exposure resulted in the disappearance of HIF-1a
protein 1 h later (Fig. 7A). In A549 cells, change of medium following Ni(Il) or Cr(V1) exposure
resulted in a decline of HIF-1a levels already after 2 h (Fig. 7B). In order to understand the
different response of 1HAEo- and A549 cells to a medium change, we compared ascorbate
accumulation in 1THAEo- and A549 cells following metals exposure. Significantly more
ascorbate was transported into A549 cells as compared with 1HAEo- cells during 2 h (Fig.
7C). The comparison of expression levels of the SVCT2 ascorbate transporter revealed 2.5
higher levels of expression in A549 cells (not shown), suggesting that these cells can more
efficiently acquire ascorbate. These experiments indicate that the addition of fresh medium
which contains low amounts of ascorbate was sufficient for A549 cells, whereas 1HAEo- cells
required supplementation of medium with 50 uM ascorbate. In both cases this resulted in
activation of hydroxylase activity and destruction of metals-induced HIF-1a protein.
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Time Requirement for HIF-1-dependent Transcription

Exposure to Ni(ll) or Cr(VI) revealed strong nuclear accumulation of both a and g HIF-1
subunits in both ITHAEo- and A549 cells after 4 h of exposure (Fig. 1B and 4C). However, in
the nuclear fraction of Cr(V1)-exposed cells these subunits were no longer detectable after 24
h. In order to assess the level of HIF-1-dependent transcription at 4 h and to compare it to the
level of transcription activity at 24 h, we first utilized the HRE-Luc reporter assay. In IHAEo-
cells Ni(ll)-induced HIF-1-dependent transcription activity was not changed at 4 h of exposure,
but was strongly induced in 24 h. In contrast, Cr(V1)-exposed cells demonstrated poor induction
of HIF-dependent transcription from 4 to 24 h of exposure (Fig. 8A). The comparison of
expression of two hypoxia-inducible proteins CA9 and NDRG1/Cap43 in Cr(VI)- or Ni(ll)-
exposed cells also demonstrated strong induction by Ni(Il) at 20 h, but not by Cr(V1) (Fig. 8B).
This data suggested that the stabilization of HIF-1a protein and nuclear accumulation of both
subunits of HIF-1 transcription factor in metal-exposed cells did not immediately initiate HIF-
dependent transcription.

In order to gain a global view on HIF-dependent gene response of 1HAEo- cells exposed to
Ni(Il) or Cr(V1) for 4 or 24 h, we performed GeneChip analysis. Gene expression profiling
was performed by using RNA samples isolated from cells exposed to both metals at 4 and 24
h in two independent experiments. We used Affymetrix human genome U133 plus 2.0 arrays
which contained probe sets allowing for the detection of over 50,000 transcripts representing
38,000 genes. Various computational and statistical algorithms were applied to identify genes
whose overall expression level in two independent batches of 1HAEo- cells was altered by
metals exposure at 4 and 24 h at least 2-fold compared with controls. When the results of two
experiments were averaged, 22,277 genes showed “present signal” in all groups. Following Ni
(11) exposure 1,093 genes were up-regulated at least two fold in 4-h and 790 were up-regulated
in 24-h. The exposure to Cr(VI) resulted in up-regulation of 1,354 genes in 4-h and 1,088 in
24-h. Next we analyzed top 40 genes which were up-regulated by Ni(ll) or Cr(VI) exposure
at 4 and 24 h. The analysis of the top 40 genes induced by 4 or 24 h of Cr(VI) or 4 h of Ni(ll)
exposure did not reveal presence of hypoxia-inducible genes (not shown). At the same time,
the analysis of the top 40 genes up-regulated by 24 h of Ni(ll) exposure revealed that at least
half of the genes were typical hypoxia-inducible genes. The top 40 genes are shown on Table
1. It is possible that the other genes may also be hypoxia-inducible. Among them are genes
coding for proteins involved in glucose metabolism, apoptosis, extracellular matrix
metabolism, as well as angiogenic growth factors and cytokines, transporters, signal
transducers, and transcriptional regulators.

Strong up-regulation of these genes by 24 h but not by 4 h suggested that the induction by
metals of the majority of hypoxic genes responding to hypoxia requires time. The exposure to
Ni(Il) permanently destroys ascorbate and keeps HIF-1a at high levels throughout the time of
exposure. In contrast, single exposure to Cr(V1) rapidly, but transiently depletes ascorbate,
causing stabilization of HIF-1a protein only for a short period of time.

Discussion

One of the mechanisms by which transition metals may induce inflammatory response and
apoptosis causing lung injury [2,3] is stabilization of HIF-1a protein and activation of HIF-1
transcription factor [5,23]. The HIF-1a stabilization by Ni(Il) or Co(ll) has been the subject of
recent studies [8]. The hydroxylation of two prolines in HIF-1a protein enables its binding to
the von Hippel-Lindau protein (pVVHL), a component of the ubiquitin ligase complex, followed
by ubiquitylation and subsequent proteasomal degradation. A family of HIF-specific
hydroxylases (Fe(Il)- and 20G-dependent dioxygenases) is involved in the hydroxylation
process [8,24]. Since Ni(ll) ion is similar to Fe(ll) ion it has been suggested that nickel may
replace iron in the hydroxylases and thus lower or abolish their activity [9,10]. Alternatively,
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we have suggested that the depletion of intracellular ascorbate is the key event in the HIF-1
induction by metals [14]. This is because ascorbate is responsible for maintenance of enzyme-
bound iron in the reduced state [14,25,26]. If ascorbate depletion is the primary event in HIF-1
induction by Ni(ll) and Co(ll) then exposure to other oxidatively active metals, which can
oxidize ascorbate, but can not substitute for Fe(ll), should also induce HIF-1 transcription
factor. Indeed, the induction of HIF-1a protein by Cr(V1) was shown in prostate cancer DU145
cells [27]. That paper indicated the involvement of oxidative stress in HIF-1a stabilization by
Cr(VI). Itis known that Cr(V1) quickly enters cells in vitro and in vivo where it can be reduced
by ascorbate or glutathione [17-19,22]. Thus, Cr(VI) will oxidize and deplete intracellular
ascorbate stores. This may cause oxidative stress observed by Gao etal., [27] in prostate cancer
cells. Other oxidatively active metal ions like arsenite or vanadate were also shown to stabilize
the HIF-1a protein [28,29].

In this work, for the first time, we used two cell lines representing human lung epithelial cells,
which are relevant target of exposure to Ni(ll) or Cr(VI). Both cell lines, when equalized for
Cr(V1) and ascorbate uptake, showed essentially similar results. The exposure of these cell
lines to both metals resulted in stabilization of the HIF-1a and HIF-2a proteins. When the time-
course of HIFa’s stabilization by two metals was compared, we observed remarkable
differences. Thus, in Ni(Il)-exposed cells HIF-1a protein was strongly induced by 4 h and
remained high during the 24 h exposure. In contrast, in Cr(VI)-exposed cells, HIF-1a protein
degraded after 8-16 h. This disappearance of HIF-1a protein at later time points in Cr(VI)-
treated cells provided first indication that reduced Cr(l11) could not stabilize HIF-1a protein.
The down-regulation of HIF-1a protein during the course of Cr(VI) treatment was not due to
any chromium-specific acceleration of the destruction of this protein, since co-exposure with
Ni(Il) did not manifest any destabilization of Ni(ll)-induced HIF-1a protein. Instead, the co-
exposure produced a slight increase of HIF-1a protein and HIF-dependent transcription.
Moreover, the repeated dosing of Cr(V1) caused reappearance of HIF-1a protein. These data
indicated that only Cr(V1) before it is reduced to Cr(l11) can cause HIF-1o. protein stabilization.
Since Cr(VI) can not substitute for Fe(ll) in the enzyme and only Cr(V1) is able to stabilize
HIF-1a protein the most likely explanation of the observed events is that the metals act by
targeting intracellular ascorbic acid.

Further evidence emphasizing the role of ascorbate in HIF-1a regulation was obtained in
experiments with preloading the cells with either ascorbate or iron. Only the preloading of
ascorbate significantly delayed the HIF-1o appearance suggesting that additional time was
needed for the metals to deplete intracellular ascorbate below levels sustaining activity of the
hydroxylases. Moreover, addition of ascorbate to the medium after metal exposure caused a
rapid destabilization of HIF-1a protein. Preloading cells with iron had no effect on HIF-1a
protein stabilization. Thus, some redistribution of iron following Ni(Il) exposure observed by
other [9] may be a result of iron oxidation in exposed cells. This is a subject of additional
investigations. In conjunction with our previous data that metals suppress ascorbate uptake and
inhibit intracellular hydroxylase activity [14,16] our data imply that modulations of ascorbate
levels by wide variety of transition metals, not necessarily iron-replacing metals, may cause
stabilization and activation of HIF-1 transcription factor.

To get more insights into the mechanism of ascorbate oxidation by Ni(Il) or Cr(V1), we
investigated effects of these metals on the rate of ascorbate oxidation in a cell-free system.
Indeed, we found that Cr(V/1) oxidized ascorbate quickly, but only until all Cr(VI) was reduced
to Cr(I11). The later, was found to even delay the spontaneous ascorbate oxidation by air. Since
Cr(I11) was inert or even had protective effect on ascorbate, it was conceivable that, after all
Cr(VI) was reduced, the dehydroascorbate (DHA) could be recycled to ascorbate. The
recycling of dehydroascorbate is a well known part of ascorbate metabolism in cells [30]. The
data obtained in cells were in agreement with cell-free experiments. The HPLC analyses of
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ascorbate levels showed that it can be recovered in Cr(VI)- but not in Ni(ll)-exposed cells.
Thus, from these experiments we concluded that ascorbate oxidation caused by Cr(VI) was
transient and led to only a temporary inhibition of hydroxylases and stabilization of HIF-1a
protein. When all Cr(V1) was reduced, DHA reduction by cells might lead to the reactivation
of hydroxylases and disappearance of HIF-1a protein. This scenario was in line with the results
of repeated addition of Cr(V1), which demonstrated further stabilization of HIF-1a protein.
Interestingly, ascorbate recycling may be strongly stimulated by ebselen [31] and it was
previously shown that ebselen abolished transcriptional activation of Co(ll)-induced hypoxic
genes [11]. Taken together, these observations emphasize active role of ascorbate recycling in
HIF-1a protein destabilization.

In contrast, Ni(ll) appeared to be a catalyst, which facilitates ascorbate oxidation by ambient
oxygen and histidine-Ni(Il) complexes demonstrated even stronger catalytic activity than Ni
(1) alone. Itis important to note, that, found in this study, Ni(ll) catalytic activity is specifically
exerted towards ascorbate. Other investigators did not find Ni(ll) to affect another abundant
cellular antioxidant glutathione under similar experimental conditions [32]. Thus, the exposure
to Ni(ll) has the capacity strongly and permanently deplete intracellular ascorbate that leads
to activation of hypoxic genes [14,16]. The proposed mechanism for the role of ascorbate in
the regulation of the HIF activity is presented schematically in Figure 9. Important feature of
Ni(Il) activity is irreversible destruction of ascorbate, whereas chromium is only active as Cr
(1), but inactive in Cr(I11) form.

The time-course of metal-induced HIF-dependent transcription is being reported for the first
time. The HIF-1 transcription complex is composed from two subunits, an o.and a . The
exposure metals resulted in translocation of both subunits to the nucleus. In agreement with
other observations we found that HIF-1 subunit was constitutively expressed and its protein
level was unchanged following Ni(Il)- or Cr(\V1)-exposure [27]; but it is also translocated to
the nucleus, where it dimerizes with regulatory subunits. It is interesting to note simultaneous
appearance and disappearance of both HIF-1 subunits in the nucleus following metals
exposure. Since Ni(ll) exposure stabilized HIF-1a protein permanently and Cr(V1) exposure
caused only a transient up-regulation of this protein, we compared the effect of both metals on
HIF-dependent transcription. It was conceivable that HIF-1-dependent transcription could
follow the pattern of HIF-1a stabilization, i.e. should be high at 4 h exposure to both metals,
but declined at 24 h of exposure in Cr(VI)-treated cells. In Ni(ll)-exposed cells, the transcription
should remain unchanged or even increase with time. Moreover, since exposure to Cr(V1)
causes nuclear accumulation of both subunits earlier than exposure to Ni(ll), it was expected
that Cr(V1) could activate HIF-1-dependent transcription earlier. However, the HRE-Luc
reporter assay revealed that the HIF-dependent transcription response was only weakly
activated at 4 h or even 8 h following exposure to both metals. Further testing has been done
by the analysis of gene expression using the Affymetrix GeneChip assay. Previously, we have
identified a number of genes that were induced by both hypoxia and Ni(ll) [4,33,34]. Among
them were genes coding for glycolytic enzymes and glucose transporters [33]. In this study the
strongest induction by Ni(ll) at 24 h was found for lysyl oxidase (LOX). LOX is a known HIF-
dependent gene [35,36]. In contrast, LOX was not induced by Cr(V1) at 4 or 24 h. Stanniocalcin
(STC1), also a known HIF-dependent gene [37], was strongly induced by Ni(ll) at 24 h, and
only moderately induced by Cr(V1) at 4, but not at 24 h. Other hypoxia-inducible genes that
are involved in glycolysis such as ALDOC, ENO2, HK2, PGK1, PDK1, and glucose transport
(SLC2A3) [36,38] were induced by Ni(ll) at 24 h, but not at 4 h. They were not induced by Cr
(V1) at both time points. Interestingly, CSF3R, the receptor for granulocyte colony-stimulating
factor, which is involved in stimulation of glucose and dehydroascorbate transport [39], was
induced by Ni(ll) at 24, but not induced by Cr(V1) at 4 or 24 h. The hypoxia-inducible genes,
NDRG1/Cap43 and BNIP3, which we showed previously to be induced by 20 h of Ni(ll)
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exposure in mouse fibroblasts [4,34], were also induced by Ni(ll) at 24 h in human lung cells.
They were, however, not induced by Ni(Il) at 4 h, or by Cr(VI) at 4 or 24 h.

Only a few hypoxia-inducible genes were induced by Cr(V1) after 4 h of exposure. Among
them were STC1, ENO2, CXCR4, TFR2, and PDE3A [40-42]. The transcription of all these
genes returned to normal or was even slightly downregulated at the 24th h of Cr(V1) exposure.

Our study indicates that although HIF-1 is undoubtedly important for activation of hypoxia-
inducible genes, the formation of active transcription complex takes longer than 4-8 h and may
involve many more signal transduction pathways which must be combined to allow for the
expression of hypoxia-inducible genes.

The expression analysis of hypoxia-inducible genes emphasize the ability of Cr(VI)-exposed
lung cells to overcome consequences of initial loss of ascorbate without the activation of HIF-1-
dependent transcription. However, we found that repeated exposure of human lung cells to Cr
(V1) resulted in reappearance of HIF-1, suggesting that chronic exposure to Cr(V1) may cause
prolonged activation of HIF-1 transcription factor and subsequent activation of hypoxia-
inducible genes. Prolonged exposure to metal ions is important for their damaging effects. For
example in vivo soluble Ni(ll), given to an animal, is rapidly cleared from exposed tissues and
therefore single exposure is less toxic and carcinogenic than exposure to sparingly-soluble
particulate nickel compound such as Ni3S,, which can be slowly solubilized in tissues thereby
maintaining steady levels of Ni(ll) over longer period of time. However, there is evidence that
chronic exposure to soluble Ni(Il) may also be carcinogenic [43].

The induction of HIF-1-dependent transcription by nickel may be important for the nickel-
induced carcinogenic process [33,44]. It triggers cellular reactions typical of hypoxia, including
the up-regulation of expression of genes involved in glucose transport, glycolysis,
neovascularization, and survival. This enables cells to overcome nutritive deprivation,
stimulates their escape from the hostile metabolic microenvironment and favors unrestricted
growth [45]. Activation of HIF-1 has been implicated in the pathophysiologic alterations of
both smooth muscle and endothelial cell biology in patients with pulmonary hypertension
[46]. These events, when combined with activation of proinflammatory cytokines in lungs can
significantly contribute to the development and progression of respiratory system disorders
found in nickel-exposed individuals. It has been shown that higher dietary intake and serum
concentrations of ascorbate maintain pulmonary function and protect against the development
of chronic respiratory symptoms [47]. The present work suggests that high levels of ascorbate
in lungs are important for alleviating harmfull effects of metals, particularly those mediated
through up-regulation of HIF-dependent genes.
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Figure 1.

Effects of Ni(ll) or Cr(\VI) exposure on HIF-1a, and HIF-1 levels in IHAEo- cells. A, 1HAEo-
cells were exposed to 0.5 mM NiSQO4 for the time periods shown in the Figure. Nuclear protein
extracts (15 pg) were prepared for immunoblotting as described in Materials and Methods and
probed with antibodies against HIF-1a, or HIF-1p, and were also probed with antibodies against
B-actin to provide loading control. B, 1HAEo- cells were exposed for 4 h to concentrations of
K,CrO4 shown in the Figure. The effect of 0.5 mM NiSQOy, is shown for comparison. The assay
was carried out as described in A. C, 1HAEo- cells were exposed to 5 pM K,CrOy4 for the time
periods shown in the Figure. The assay was carried out as described in A.
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Page 15

Induction of HIF-1 transcription factor in 1HAEo- cells by combined exposure to Ni(ll) and
Cr(VI1). A, 1HAEo- cells were exposed to 0.5 mM NiSO,4 and 5 uM K,CrO,4 for the time periods
shown in the Figure. Nuclear fractions were prepared for immunoblotting as described in
Materials and Methods and probed with antibodies against HIF-1o and HIF-1f, they were also
probed with antibodies against B-actin to provide loading control. B, 1HAEo- cells were
transfected with HRE-Luc reporter plasmid and exposed to 5 pM CrCls, 5 uM KyCrQy, or 0.5
mM NiSQO,4 alone or in combination as shown in the Figure for 20 h. Luciferase activity is
expressed as relative luciferase units (RLU). The data are presented as means + SD. C, IHAEo-
cells were exposed to 5 uM K,CrOy4 for 4 or 16 h; after 16 h of exposure, fresh aliquots of 5
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and 10 uM K,CrO,4 were added to the media for an additional 4-h period. The assay was carried
out as described in A.
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Figure 3. Comparison of Cr(VI) uptake into A549 and 1HAEo- cells

Uptake of Cr(V1) into A549 and 1HAEo- cells was assessed by monitoring accumulation of
labeled ®1Cr(V1) at time intervals shown in the Figure. Each measurement has been done in
triplicates. The data are presented as means + SD.
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Effects of Ni(ll) exposure on HIF-1a and HIF-1f levels in A549 cells. A, A549 cells were
exposed to 0.5 mM NiSO, for the time periods shown in the Figure. Nuclear protein extracts
(15 pg) were prepared for immunoblotting as described in Materials and Methods and probed
with antibodies directed against HIF-1a and HIF-1f3. The membrane was also probed with
antibodies against p-actin to provide loading control. B, A549 cells were exposed for 4 h to
various concentrations of Ko,CrO4 shown in the Figure. The assay was carried out as described
in A. C, A549 cells were exposed to 20 uM K,CrOy4 for the time periods shown in the Figure.
The assay was carried out as described in A. D, A549 cells were exposed to 20 pM K,CrOy4
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for 4 or 16 h, after 16 h fresh aliquots of K,CrO,4 were added to make 20 and 25 uM for an
additional 4 h. The assay was carried out as described in A.
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Figure 5.

Kinetics of ascorbate oxidation in the presence of metal ions. A, Ascorbate oxidation by Cr
(V1) or Cr(11) in cell-free system. 50 uM of ascorbate in Hepes buffer was incubated at 37°C
alone or in the presence of 25 uM Cr(111), or 5 uM, or 25 uM Cr (V1) for the time periods shown
in the Figure. The data are presented as mean values = the SD. B, Ascorbate oxidation by Ni
(1) in cell-free system. 50 uM of ascorbate in Hepes buffer was incubated at 37°C alone or in
the presence of 100 uM Ni(ll), 100 uM or 200 uM histidine, or all together for the time periods
shown in the Figure. The data presened are mean values + the SD. C, Ascorbate oxidation by
metals in IHAEo- cells. The cells were preloaded with 50 uM ascorbate for 2 h followed by
incubation with 0.5 mM NiSOy4 or 5 uM K,CrO, for additional 16 h. Levels of reduced
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ascorbate were measured at the end of incubation using HPLC as described in Materials and
Methods. The data are presented as means * SD.
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Figure 6.

Preloading of cells with ascorbate hinders HIF-1a protein stabilization by Ni(ll) exposure. A.
1HAEOo- cells, or B, A549 cells were preloaded with 25 uM ascorbate for 2 h, washed to remove
extracellular ascorbate and exposed to 0.5 mM NiSO, for various time periods shown in the
Figure. Right panel HIF-1a and HIF-1f induction in ascorbate preloaded cells. Left panel cells
without ascorbate preloading shown for comparison. Nuclear protein extracts (15 pg) were
prepared forimmunoblotting as described in Materials and Methods and probed with antibodies
against HIF-1a, HIF-1B. Antibodies against B-actin were used to provide loading control.
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Figure 7.

Ni(I)

Cr(Vl)

The addition of ascorbate destabilizes metal-induced HIF-1a protein. A, 1HAEo- cells were
exposed to 0.5 mM NiSO,4 or 5 uM K,CrOy4 for 6 h.. B, A549 were exposed to 0.5 mM
NiSOy4 and 20 uM K,CrOy4 for 6 h. The medium was changed to the fresh medium with or
without 50 uM ascorbate for the time periods shown in the Figure. Nuclear protein extracts
(15 ug) were prepared for immunoblotting as described in Materials and Methods and probed
with antibodies against HIF-1o and also probed with antibodies against B-actin to provide
loading control. C, The intracellular accumulation of reduced ascorbate following Ni(ll) or Cr
(V1) exposure. IHAEo- cells (dotted bars) were exposed to 0.5 mM NiSO,4 or 5 uM K,CrOy4
for 6 h, or A549 cells (striped bars) were exposed to 0.5 mM NiSOy4 or 20 uM K,CrO,4 for 6
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h, then washed and loaded with 50 uM ascorbate. The intracellular ascorbate level was

determined at 2 h of incubation with ascorbate using HPLC as described in Materials and
Methods. The data are presented as means * SD.
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Figure 8.

Exposure of cells to Ni(Il), but not Cr(VI), stimulates HIF-dependent transcription. A, Time-
course of HIF-dependent transcription induced by Ni(Il) or Cr(VI) in 1HAEo- cells. 1HAEo-
cells were transfected with HRE-Luc reporter plasmid and incubated with 5 uM CrCl3, 5 uM
K,CrO4 or 0.25 mM NiSOy for various time periods shown in the Figure. Relative luciferase
activity was detected and expressed as the fold increase over control. Data are presented as
mean values + SD. B, Induction of NDRG1/Cap43 or CA9 proteins by various concentrations
of Cr(VI) or 0.5 mM NiSO4. 1HAEO- cells were exposed to metals for 20 h. Total cell extracts
were prepared for immunoblotting and probed with antibodies directed against NDRG1/Cap43
or CA9 proteins. The same blot was probed with antibodies against -actin to provide loading
control.
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Figure 9.

Proposed model for the role of ascorbate in the modulation of HIF activity by metals. Ascorbate
(Asc) concentration inside the cell is significantly higher than outside. When Ni(ll) enters cells
it continuously and irreversibly oxidizes Asc to dehydroascorbate (DHA), diketogulonate
(DKG) and other degradation products. This results in prolonged hydroxylases inactivation
and HIF up-regulation. When Cr(V1) enters cells it can be reduced by Asc to inactive Cr(ll11).
This results in Asc oxidation to DHA and HIF up-regulation. After all Cr(V1) is reduced, DHA
can be recycled back to Asc leading to HIF down-regulation. Ascorbate also can reduce Cr
(V1) to cell-impermeable Cr(111) outside of cells.
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Table 1
List of top 40 genes induced by Ni(ll) or Cr(VI) at 4 and 24 h
FOLD CHANGE |
0.5 mM Ni(ll) 5 pM Cr(Vl) Hypoxia up regulated?
Unigene symbol 4 h 24 h 4h 24 h
LOX 0.4 66.7 0.4 0.7 Nad
STC1 1.1 36.6 7.1 0.7 A
C100rf10 2.1 27.1 15 0.6
TNERSE25 5 22.2 3 0.8
ANGPTL4 2.7 20.9] 1 0.8 Y?
ALDOC 0.6 15.8 0.5 0.5 Y?
ENO2 0.6 15.8 2.4 0.3 Y2°
GPM6B 2.6 11 7 1
NDRG1 0.9 10.8 0.6 0.7 Nl
HIST1H3B 0.5 8.7 1.1 13
C21orf7 0.4 8.5 3.5 0.6
ZBTB10 0 7.7 4 0.7
CXCR4 0.7 7.5 2.3 0.7 Y
HIG2 0.7 6.8 0.5 0.4 N
GAL3ST4 0.4 6.8 0.9 0.6
TFR2 1 6.6 2.6 1.2 A
PAHA?2 0.7 5.8 0.6 1.1 vt
EABP3 0.8 5.8 2.4 0.7
CDKN2D 0.4 5.6 2.5 0.6
BNIP3 0.4 5.5 0.9 1.2 vt
NAV3 2.2 5.4 1.2 1.2
MTSS1 0.6 5.3 2.4 0.7
PPP2R5B 0.6 5.2 1.1 0.7
HK2 0.7 5.1 1 0.7 vt
SLC2A3 1.1 5.1 1.3 0.9 Nl
NPAS?2 0.6 5 13 0.7
PDE3A 1.8 5 48 1.1 Nl
BCL9 0.2 5 8.8 0.7
PGK1 0.8 4.9 0.8 0.9 vt
PDK1 0.6 4.8 0.3 0.7 Yy
INSIG2 0.4 45 1.3 0.6 Y2°
RNASE4 0.4 4.5 0.8 0.7 Y?
CSF3R 0.8 4.3 13 1.1
ETV?2 0.4 4.2 0.3 0.7 Y?
PILRA 0.5 4.2 3.2 0.6
JUN 0.8 4.1 0.8 1.1 vt
PEKFB3 1.6 4.1 1.3 1.2 vt
E2IG5 0.5 4.1 0.8 0.9 Y%
BCL2L11 0.3 4.1 2.9 0.6
ETS1 0.8 4 1.9 0.8 Y®

a
Reference number, Y = Yes
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