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Abstract: In solid tumors, HIF1 upregulates the expression of hundreds of genes involved in
cell survival, tumor growth, and adaptation to the hypoxic microenvironment. HIF1 stabilization
and activity are suppressed by prolyl and asparagine hydroxylases, which require oxygen as a
substrate and ascorbate as a cofactor. This has led us to hypothesize that intracellular ascorbate
availability could modify the hypoxic HIF1 response and influence tumor growth. In this study,
we investigated the effect of variable intracellular ascorbate levels on HIF1 induction in cancer
cells in vitro, and on tumor-take rate and growth in the Gulo”™ mouse. These mice depend on
dietary ascorbate, and were supplemented with 3,300 mg/L, 330 mg/L, or 33 mg/L ascorbate in
their drinking water, resulting in saturating, medium, or low plasma and tissue ascorbate levels,
respectively. In Lewis lung carcinoma cells (LL/2) in culture, optimal ascorbate supplementation
reduced HIF1 accumulation under physiological but not pathological hypoxia. LL/2, B16-F10

/-

melanoma, or CMT-93 colorectal cancer cells were implanted subcutaneously into Gulo™ mice at
arange of cell inocula. Establishment of B16-F10 tumors in mice supplemented with 3,300 mg/L
ascorbate required an increased number of cancer cells to initiate tumor growth compared with
the number of cells required in mice on suboptimal ascorbate intake. Elevated ascorbate intake
was also associated with decreased tumor ascorbate levels and a reduction in HIF 1o expression
and transcriptional activity. Following initial growth, all CMT-93 tumors regressed spontane-
ously, but mice supplemented with 33 mg/L ascorbate had lower plasma ascorbate levels and
grew larger tumors than optimally supplemented mice. The data from this study indicate that
improved ascorbate intake is consistent with increased intracellular ascorbate levels, reduced
HIF1 activity and reduced tumor initiation and growth, and this may be advantageous in the
management of cancer.

Keywords: vitamin C, hypoxia inducible factor 1, C57BL/6 mice, B16-F10 melanoma, CMT-
93 colorectal cancer

Introduction

In a rapidly expanding tumor mass, the availability of oxygen and nutrients is compro-
mised, and this is known to drive the activation of the transcription factor HIF1, resulting
in the upregulation of hundreds of genes that support cell survival in the stressful tumor
microenvironment.'* HIF 1 activity is regulated via posttranslational modification of the
o-subunit, and involves the enzymatic hydroxylation of specific proline and asparagine
residues by the HIF hydroxylases, which target the structurally modified HIF 1o for
proteasomal degradation*® and reduce interaction with the transcriptional coactivator
p300/CBP: The hydroxylases are iron-containing dioxygenases that have a substrate
requirement for molecular oxygen and 2-oxoglutarate,”® and Fe*" and ascorbate are
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essential cofactors for this reaction. The HIF hydroxylases
require millimolar concentrations of ascorbate in order to
achieve optimal function in vitro, and these concentrations
are within the normal range for intracellular ascorbate.®!!
However, very few studies have measured the effect of varied
intracellular ascorbate availability on HIF1 activity.

The substrate and cofactor requirements of the HIF
hydroxylases allow them to function as metabolic sensors and
ensure that HIF1 responds to metabolic stress. This activity
is advantageous for normal tissues, but in a growing tumor
results in a more aggressive phenotype that is associated
with enhanced tumor growth and resistance to therapy.'*°
We and others have shown that ascorbate availability influ-
ences HIF 1 activation,”!'*'® and this is thought to be due to its
role as an essential cofactor for the HIF hydroxylases. Low
intracellular ascorbate levels decrease the activity of the HIF
hydroxylases, resulting in increased HIF 1 protein levels and
gene expression in vitro.”!!” These observations led to the
hypothesis that ascorbate availability could influence HIF1
activity in vivo, with consequent effects on tumor initiation
and growth.

Recently, we have used the Gulo™

mouse, a model of the
human vitamin C-dependency condition, to investigate the
effect of ascorbate availability on the growth characteristics
of subcutaneous tumors.'” We have shown that optimal dietary
intake levels of ascorbate resulted in tissue ascorbate levels
equivalent to those seen in wild-type animals that synthesize
their own ascorbate, and that are thus assumed to be at satu-
ration levels. Restoration of these optimal ascorbate levels
in Gulo” mice was associated with reduced HIF1 levels
and slower tumor growth." These studies were focused on
the growth of established tumors, and no information has
previously been published on the potential for ascorbate to
influence tumor initiation and rejection.

In this study, we used the Gulo” mouse to investigate
dietary ascorbate availability on the implantation take and
rejection rate, tumor-growth rate, and HIF 1-pathway activity
of lung, melanoma, and colorectal tumors in Gulo™ mice.
We show for the first time a significant association between
tumor ascorbate availability and tumor initiation, with higher
ascorbate resulting in decreased HIF1 activation and both
preventing and slowing tumor growth.

Materials and methods

Cells and cell culture

Lewis lung carcinoma (LL/2), B16-F10 melanoma, and
CMT-93 colon carcinoma cells are syngeneic tumor cell lines
for the C57BL/6 mouse strain, and were obtained from the

American Type Culture Collection (ATCC; Manassas, VA,
USA) and cultured in Dulbecco’s Modified Eagle’s Medium
(Thermo Fisher Scientific, Waltham, MA, USA) supple-
mented with 10% fetal calf serum (Thermo Fisher Scientific)
in a humidified incubator at 37°C, 5% CO,. Cells were pas-
saged using TrypLE Express (Thermo Fisher Scientific) and
used for in vitro experiments and tumor implantation when
they reached 60%—80% confluence. Only cells within the
first six to eight passages from ATCC were used.

Ascorbate uptake in vitro

Solutions of sodium L-ascorbate (Sigma-Aldrich, St Louis,
MO, USA) were made up fresh in phosphate-buffered saline,
filter-sterilized with 0.22 pum filters, and added to the media.
To investigate accumulation in LL/2, B16-F10, and CMT-93
cells over time, ascorbate was added to a final concentration
of 50 or 500 uM and samples taken over a 24-hour period.
After incubation with ascorbate, cells were washed with phos-
phate buffered saline to remove any extracellular ascorbate,
and pelleted (1,000 rpm, 5 minutes) before being extracted
in a 1:1 solution of 0.54 M perchloric acid (containing 50
mM diethylenetriaminepentaacetic acid) and H,0.?

Hypoxic conditioning

LL/2 cells were incubated for 8 hours in a HypoxyStation
(H35; Don Whitley Scientific, Shipley, UK) under condi-
tions of 0.1%-10% O,, with 5% CO,, balanced with N,.
Cells were preloaded with 0, 50, or 500 uM of ascorbate for
16 hours before and during hypoxic exposure. Media, plas-
tics, and supplements were left in the chamber for >3 hours
to equilibrate prior to experiments. For Western blot analysis,
cells were lysed with Tris-HCI lysis buffer (60 mM of 0.5
M Tris-HCI, pH 6.8, 20% glycerol, 2% w/v sodium dodecyl
sulfate, 0.1 M of 1 M dithiothreitol, protease inhibitors), in
the chamber to reduce loss of HIF1.

Animal ethics

Ethical approval for the study was obtained from the Uni-
versity of Otago Animal Ethics Committee (C04/11), and
animal welfare was monitored and maintained following
international guidelines.?*?!

Mouse model

C57BL6/] B6.129P2-Gulo™!UneVed mice, originally obtained
from the Mutant Mouse Resource Center, University of
California, Davis, CA, USA, were bred in the Christchurch

-

animal facility from homozygous Gulo™ adults and

genotyped by polymerase chain reaction after weaning.?!
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For colony maintenance, the animals were supplemented
daily with 1 g/L ascorbate in their drinking water; the mouse
chow did not contain any ascorbate. For these experiments,
groups of female mice were maintained on water supple-
mented with 33 mg/L, 330 mg/L, or 3,300 mg/L ascorbate
for 1 month prior to and following tumor inoculation."
Ascorbate solutions (Sigma-Aldrich) were made fresh twice
weekly and stabilized with 10 uM ethylenediaminetetraa-
cetic acid (EDTA). Tumors were implanted when mice were
6—10 weeks of age.

Tumor models

LL/2, B16-F10, and CMT-93 cells were injected subcutane-
ously into the flanks of Gulo”~ mice at variable initial cell
numbers (10*-107 cells/mouse). Tumor size was measured
using calipers every second day. The animals were killed by
isoflurane (Baxter, Deerfield, IL, USA) overdose and cervical
dislocation once tumors reached end point, i.e. a maximum
tumor volume of 1,000 mm? (tumor volume = width? X length
X 1/6) or after 60 days in the absence of harvestable tumors.
Tumors were excised, organs harvested, and blood collected.
Tumors and organs were weighed, immediately flash-frozen,
and were stored together with separated plasma at —80°C.

Tissue lysates

Frozen tissues were homogenized to a fine powder in liquid
nitrogen, weighed, and suspended in phosphate buffer,
followed by measurement of DNA concentration to stan-
dardize for cell content, as described previously.!*?>? The
homogenate was extracted with perchloric acid containing
EDTA for ascorbate measurements.

Measurement of ascorbate

Ascorbate concentrations in cell lysates, tissues, and plasma
were measured using reverse-phase high-performance liquid
chromatography (HPLC; Waters 600 HPLC; Waters, MA,
USA) with an ESA Coulochem II detector (Thermo Fisher
Scientific), as described before.!*?>2* A fresh standard curve
of 0—40 uM ascorbate was prepared for each HPLC run.

Western blot analysis

Western blot analysis was carried out on extracted cell-culture
and tumor samples,” and membranes were probed with
primary antibodies against mouse HIF1a (1/800, AF1935),
CAIX (1/800, AF2344), and B-actin (1/10,000) as loading
control; all antibodies were from R&D Systems (Minneapolis,
MN, USA). Secondary horseradish peroxidase-conjugated
antibodies were from Agilent Technologies (Santa Clara,

CA, USA). Protein bands were quantified using Alliance
2.7 software (Uvitec, Cambridge, UK) and the protein of
interest normalized against a positive control (hypoxia-treated
LL/2 whole-cell lysate) following confirmation of equal
loading using B-actin.

VEGF ELISA

Mouse tumor VEGF-protein levels were measured using a
Quantikine enzyme-linked immunosorbent assay (ELISA)
kit (R&D Systems), according to the manufacturer’s
instructions.

Statistical analyses

Data were analyzed using SPSS 19.0 and GraphPad Prism
version 5.08, with significance assumed at P<<0.05. All
data were analyzed by analysis of variance, followed by the
appropriate post hoc tests. The Kolmogorov—Smirnov test
determined the distribution of each variable, linear regres-
sion analysis was used for tumor growth and HIF 1 -pathway
score analyses, and Student’s #-test determined differences
in ascorbate levels.

Results
Uptake of ascorbate in murine cancer

cells in vitro

Intracellular accumulation of ascorbate uptake into LL/2, B16-
F10, and CMT-93 cells was investigated (Figure 1, A—C). Incu-
bation of LL/2 cells for 8 hours with 10—1,000 uM ascorbate
in the culture medium resulted in a concentration-dependent
intracellular accumulation, saturating at 4-5 nmol/10° cells
with a supply of 100 uM ascorbate or above (Figure S1).
Subsequently, uptake was evaluated in all three cell lines over
a 24-hour period, following incubation with either 50 uM
or 500 uM ascorbate (Figure 1, A—C). Maximum intracel-
lular concentrations of ascorbate were reached after 8 hours
of incubation, with levels reaching 4.3£0.8 nmol/10° LL/2
cells, 0.420.1 nmol/10° B16-F10 cells, and 0.5£0.1 nmol/10°
CMT-93 cells, following loading with 500 uM ascorbate.
Significantly lower levels were reached with 50 M ascorbate
loading. After 16 hours of incubation, the intracellular ascor-
bate content reduced, and no difference was seen between
50 uM and 500 uM ascorbate availability in the medium.
This may reflect a doubling of cancer cells during this period
(Figure 1, D-F) or changes in transporter status in response
to cell division or external stimuli. We did not determine the
intracellular water volume for these cells, and thus ascorbate
concentrations have not been determined, but we have previ-
ously noted that intracellular saturation results in low (0.5-10
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Figure | Uptake of ascorbate in murine cancer cells.

Time (hours)

Notes: Intracellular ascorbate concentration was measured in (A) LL/2, (B) BI16-FI10, and (C) CMT-93 cells incubated for up to 24 hours with either 50 uM (dotted lines) or
500 uM (solid lines) of ascorbate. Results show the intracellular ascorbate concentration, and are expressed as mean + standard deviation of three independent experiments.

The doubling time for LL/2 (D), BI6-FI10 (E), and CMT-93 cells (F) was ~16 hours.
Abbreviation: LL/2, Lewis lung carcinoma.

mM) ascorbate concentrations in a number of cancer cell lines,
with the extent of uptake varying with cell types.’

Effect of ascorbate on HIFl ot accumulation

in response to varied oxygen gradients

Preloading with either 50 WM or 500 UM ascorbate affected
the stabilization of HIF 1o in LL/2 cells in response to decreas-
ing oxygen tension, with higher concentrations decreasing
sensitivity to mild hypoxia (Figure 2). In the absence of ascor-
bate, HIF1 stabilization was seen when O, availability was
5% or below. In contrast, LL/2 cells preloaded with 500 uM
ascorbate showed a significant reduction in HIF 1o accumu-
lation under moderate physiological hypoxia (1%-5% O,)
compared to cells lacking ascorbate (P<<0.001). Preloading
with 50 uM ascorbate was also able to reduce HIF 1 levels
significantly at 5% O, (P<<0.05), but not at 1% O, (Figure

2). When O, became limiting, as under severe, pathological
hypoxia (0.1% O,), ascorbate had no effect on HIF1a: accu-
mulation. At 10% O, or normoxia, HIF 10 did not accumulate.
Overall, increasing intracellular ascorbate concentrations were
able to shift the HIFl o activation in response to hypoxia to
the left (Figure 2), with more severe hypoxia being required
before HIF Lo protein was stabilized.

Tissue ascorbate levels following dietary

supplementation in mice

Varying the dietary intake of ascorbate in Gulo” mice
resulted in achieving a range of plasma and tissue ascor-
bate levels from fully saturated (oral supplementation with
3,300 mg/L of ascorbate) to almost deficient (with water
containing 33 mg/L) (Table 1). The levels reported in this

study are in agreement with those reported previously.'**
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Figure 2 The effect of intracellular ascorbate on the hypoxic response in LL/2 cells.

Notes: LL/2 cells were preloaded with 0 uM, 50 uM, or 500 uM of ascorbate for 16 hours, before being incubated in 0.1%—10% oxygen for 8 hours. HIFl o accumulation
was measured by Western blotting. A representative immunoblot of HIFl . is shown with B-Actin as loading control. HIFI o levels vs percentage oxygen were quantified by
densitometry readings from Western blots. Normalized protein levels are shown as mean = standard deviation of three independent experiments. *P<<0.05, **P<<0.001 vs

0 1M ascorbate.

Tumor-take rate of LL/2,B16-FI10, and
CMT-93 tumors in Gulo™” mice

Gulo” mice inoculated with 10° or 10° LL/2 cells grew har-
vestable tumors, but further reductions in the cell inoculum
to 10* cells/mouse showed no tumor growth (Table 2). At the

Table | Plasma and tissue ascorbate concentrations in Gulo™~
mice inoculated with different starting numbers of LL/2 lung,
B16-FI10 melanoma, and CMT-93 colon carcinoma cells

Tumor  Tissue Ascorbate supplementation
inoculum 3,300 mg/L 330 mg/L 33 mg/L
LL/22 Plasma (LM) 50.4+7.9 14.5+2.84%* 0.86+0.49+*
10° Liver (umol/g) 0.96£0.2  0.61+0.1* BD
Tumor (umol/g) 0.60+0.17  0.21£0.1** BD
Plasma (uM) 50.2+18 10.4+5.4% BD
10° Liver (umol/g)  1.0140.24  0.57+0.09** BD
Tumor (umol/g) 0.56+0.29  0.31£0.11* BD
B16-F10° Plasma (uM) 55.6+13.2 13.0£2.9%F  1.22+1.22%*
10° Liver (umol/g) 1.16+0.17  0.4740.13** BD
Tumor (umollg) 0.62+0.22  0.21£0.16% BD
Plasma (M) 53.846.5 13.4+4.96%* 0.6810.18**
10° Liver (umol/g) 1.05+0.71  0.54+0.09% BD
Tumor (umol/g) 0.56+0.18  0.31£0.13* BD
CMT-93° Plasma (UM)  69.0+13.1  19.634.4% 0.14£0.1%*
10° Liver (umol/g)  1.13+0.31  0.450.13%** 0.02+0.02%*
Tumor (umol/g) NT NT NT

Notes: *Cells inoculated per mouse. Results shown as mean + standard deviation,
n=10 mice/treatment. *P<<0.05, **P<<0.00| compared to mice supplemented with
3,300 mg/L of ascorbate.

Abbreviations: BD, below detection limit, NT, no tumor harvestable; LL/2, Lewis
lung carcinoma.

lowest cell concentration, there was no histological evidence
of tumor growth up to 60 days postimplantation, when mice
were killed (Table 2). With B16-F10 cells, however, six
animals (of 30) grew tumors when injected with 10* cells,
with mice inoculated at either 10° or 10°cells all growing har-
vestable tumors (Table 2). In the B16-F10 low-implantation
group, more tumors grew in mice supplemented with 33 mg/L
than in animals kept on 330 mg/L, and more than on 3,300
mg/L, but low numbers precluded statistical assessment. For
CMT-93, tumor growth was initiated in all mice inoculated at
109 and 107 cells/mouse, but all tumors regressed, resulting
in a final take rate of zero (Table 2).

CMT-93 tumor rejection in ascorbate-

proficient mice

In mice implanted with CMT-93 cells, plasma and organ
concentrations of ascorbate were significantly increased
with increasing dietary supplementation (Table 1), reaching
levels we have previously reported in non-tumor-bearing
Gulo™” mice.?? In mice injected with 10° CMT-93 cells,
prior to complete regression, peak tumor growth was seen
on day 13, with mice supplemented with 33 mg/L of ascor-
bate having greater tumor volumes (39£26 mm?) than those
supplemented with either 330 mg/L (7.6+6.1 mm?, P<<0.05)
or 3,300 mg/L (4.2+2 mm?, P<<0.01) ascorbate (Figure 3A).
In mice injected with 107 CMT-93 cells, tumor development
was accompanied by an apparent localized inflammation
at the site of implantation, visible as redness and heat 3—4
days prior to complete regression. With this inoculum, peak
tumor growth occurred on day 10 (Figure 3B), with mice
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Table 2 The effect of varying dietary ascorbate on tumor-take A 50 ;
rate with different cell inocula ®- 3,300 mg/L
Ascorbate  LL/2* BI6-F10° CMT-93* T 40 # 330 mgll
< 33 mg/L
(mglL) 3,300 330 33 3,300 330 33 3,300 330 33 =
Tumor QE’
inoculum =]
(cells/mouse) g
107 - - - - ) 0 o E
108 10 10 10 10 10 10 0 0 0 S
10° 10 10 10 10 10 10 — - - =
10* 0 0 0 1 2 3 - - -
Notes: “Take rate is defined as the number of inoculated mice that grew tumors to
end point (1,000 mm?®); ten mice per group, except CMT-93 at 10%-cell inoculum, which 50 -
was 20 mice per group.®All CMT-93 tumors started growing, but regressed completely B
within 25 days. An en dash indicates not included in the experimental protocol. —_
Abbreviation: LL/2, Lewis lung carcinoma. %
E

. . . . Q
supplemented with optimal levels of dietary ascorbate having g
smaller palpable tumors (7.9£8.6 mm?®) compared to mice Tg
on 330 mg/L (24.8£21.3 mm®) or 33 mg/L (32423 mm?) )
(P=0.06) ascorbate supplementation. No tumors were evident §
at 60 days post implantation (Figure 3C).

: » :
. 0 10 20 30 40 50
Tumor-growth rates according to L .
. Time since implantation (days)

ascorbate supplementation
Tumor-growth rates of LL/2 and B16-F10 tumors varied Cc

with ascorbate supplementation, similar to our previous
report,' and showed some dependency on initial inocu-
lum. LL/2 tumors took significantly longer to grow to a
palpable mass (10°, P<<0.001; 10°, P<<0.05) and to reach
four times their size (10°, P<<0.05; 10°, P<<0.001) in 3,300
mg/L-supplemented mice, compared to 33 mg/L ascorbate-
supplemented mice.

In mice inoculated with B16-F10 cells, very few tumors
were initiated when mice were inoculated with 10* cells, and
increasing levels of ascorbate supplementation prevented
tumor initiation more effectively (Table 2). Those tumors
that did establish also exhibited slower growth (tumors taking
longer to reach 200 mm? and to grow from 200 to 800 mm?),
but low numbers precluded statistical analysis (data for
individual mice shown in Table 3). With higher numbers
of cells implanted, tumors also took significantly longer to
start growing (10°, P>0.05; 10°, P<<0.001) and to quadruple
tumor size (10%, P<<0.001; 10°, P<<0.001) in 3,300 mg/L- vs
33 mg/L-supplemented mice (Table 3).

It appeared that plasma ascorbate levels, and therefore
tissue saturation, influenced tumor initiation: mice that
produced tumors following implantation with 10* B16-F10
cells had plasma ascorbate levels that were notably lower
and outside the 95% confidence interval of the group mean
than those animals that did not produce tumors (Table 4).

Figure 3 CMT-93 tumor growth and regression in Gulo™ mice.

Notes: When (A) 10¢ or (B) 10" CMT-93 cells/mouse were implanted, tumors
began to grow in all mice, but they regressed within 2 weeks. Graphs show tumor
growth when Gulo™ mice were supplemented with either 33 mg/L (0), 330 mg/L
() or 3,300 mg/L () ascorbate in their drinking water. Results are mean =+ standard
deviation; n=10 mice per treatment; *P<<0.05 vs 330 mg/L ascorbate, and P<<0.01 vs
3,300 mg/L ascorbate. (C) Representative photo taken on day 60, arrow shows no
tumor growth at the site of inoculum.

Table 3 Growth characteristics of BI6-FI0 tumors in Gulo™
mice at different initial cell inocula and varying dietary ascorbate
supplementation

Tumor 3,300 mg/L 330 mg/L 33 mg/L
inoculum Lag“ Log" Lag"‘ LOgb Lag“ Log"
(cells/mouse)
10° 11.9£1.2% 3.9£1.1% 9.7+1.6 2.0£0.9 10.1+2.1 2.4+0.8
10° 12.4£1.9%F 4.1£1.1%% 9.910.86 2.4+£0.8 9.910.94 3.9£1.7
10* 44 13 28 4 33 4

40 6 31 4

30 4

Notes: *Time in days for tumor to reach 200 mm?® from inoculation; *time in days
for tumor to grow from 200 to 800 mm? n=10 mice/group inoculated; mean +
standard deviation shown, except for 10* inoculum, where data are from individual
animals. *P<<0.05, **P<0.001 vs 33 mg/L ascorbate.
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Table 4 Plasma ascorbate levels of Gulo™ mice implanted with
10* B16-FI0 cells and maintained on varying dietary ascorbate
supplementations

Ascorbate supplementation (mg/L)

3,300 330 33
+ - + - + -
n | 9 2 8 3 7
Plasma ascorbate (uM) 18.12 3399 191 IL.Il  0.09 042
95% Cl  Lower limit  NA 2455 NA 409 NA 0.8
Upper limit ~ NA 4344 NA 1814 NA 066

Notes: +, Tumor presence; —, tumor absence. Mean ascorbate concentrations in
plasma are shown.
Abbreviations: Cl, confidence interval; NA, not applicable.

However, due to the low number of animals growing tumors
in this group, the statistical significance of this could not be
confirmed.

Tumor-growth rates according to tumor

ascorbate levels

Tumor ascorbate content was associated with both tumor
initiation and growth rate. When measured levels of tumor
ascorbate were compared with the tumor lag and log-growth
phases of LL/2 and B16-F10 tumors, we found that there was
a significant correlation between tumor ascorbate levels and
increased lag- and log-phase growth, with the strength of the
association varying by cell inoculum (Table 5).

Even in Gulo™~ mice supplemented with 3,300 mg/L of
ascorbate, B16-F10 tumor-growth rates were highly variable
(Figure 4A). This was not dependent on whether 10 or 10°
B16-F10 cells were inoculated (Table 3) or on plasma ascor-
bate concentrations (Figure 4B), but was dependent on the
level of tumor ascorbate. Tumors with higher than the median
ascorbate concentration (>0.60 wmol/g) had significantly
longer lag (P<<0.05, t-test) and log phases (P=0.029, t-test)
compared to tumors whose ascorbate levels were less than
the median (<0.60 umol/g) (Figure 4B).

Table 5 Pearson’s correlation between individual tumor
ascorbate concentrations and tumor growth during lag and log

phase of LL/2 and B16-F10 tumors

LL/2 Bl6-F10
10¢ 10° 10¢ 10°
Lag phase? R 0.78 0.7 0.32 0.69
P <0.001 <0.001 0.08 <0.001
n 30 30 30 30
Log phase® R 0.31 0.03 0.51 0.48
P 0.10 0.88 <0.001  <0.0l
n 30 30 30 30

Notes: “Tumor growth 0-200 mm?; ®tumor growth 200-800 mm?>.
Abbreviation: LL/2, Lewis lung carcinoma.
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Figure 4 Relationship between tumor ascorbate and B16-FI0 tumors grown in
mice supplemented with 3,300 mg/L ascorbate.

Notes: (A) B16-FI0 tumor growth in individual Gulo™ mice supplemented with
3,300 mg/L of ascorbate and implanted with either 10 or 10° cells. Tumors with
above (light gray) or below (dark gray) the median ascorbate level of 0.60 umol/g
are indicated. (B) Tumor-growth rate is described both by lag phase (time from
implantation to reach 200 mm?®) and log phase (time to reach fourfold volume, ie,
growth from 200 to 800 mm?). Box plot of lag- and log-phase growth in B16-FI10 for
tumors above (light gray) or below (dark gray) the median ascorbate level of 0.60
umol/g. This analysis showed that tumors with higher than the median ascorbate
level had significantly longer lag and log phases, irrespective of plasma ascorbate
levels. n=20 mice; Data presented as mean + standard deviation; *P<<0.05.
Abbreviation: NS, not significant.

HIFl o levels and HIFI transcriptional
activity in B16-FI0 tumors

Levels of HIF1a, CAIX, and VEGF proteins detected in
B16-F10 tumors grown from 10° cells increased as dietary
ascorbate supplementation decreased (P<<0.001; Figure 5,
A and B). This is similar to our data in LL/2 tumors grown
from 107 cells (data not shown), and supports our previous
findings with LL/2 and B16-F10 tumors generated in mice
inoculated with 10° cells/mouse.!” There was a significant
inverse correlation between tumor ascorbate and each indi-
vidual HIF 1a-pathway protein in B16-F10 tumors, irrespec-
tive of cell inoculum, indicating that the tumor ascorbate
content was the driving factor (Figure 5C). A comparison
of VEGEF levels revealed that higher dietary ascorbate intake
resulted in significantly decreased tumor VEGF compared to
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Notes: (A) Western blot analysis of tumor lysates probed with anti-HIF I o. and CAIX antibodies; example shows two lysates from B16-FI0 tumors (T) and the positive
control (+; LL/2 cells exposed to 1% O,) per panel. (B) Densitometry of HIFI and CAIX protein levels from B16-FI10 tumors show that increasing tumor ascorbate was
associated with decreasing HIF| levels and activity. Gulo”~ mice were supplemented with either 33 mg/L (white), 330 mg/L (light gray), or 3,300 mg/L (dark gray) ascorbate
and implanted with 10° cells per mouse. Densitometry analyses from Western blots are expressed as mean + standard deviation; n=10/group. (C) Pearson’s correlation
between tumor ascorbate concentrations and HIF | o levels, as well as expression of downstream proteins. *P<<0.05, **P<<0.00|; n=30/mice per experiment.

those measured following lower levels of supplementation
(P<0.05, Table 6).

Discussion

Ascorbate has numerous potential roles in biological
systems, but is particularly known to be an important cofac-
tor for metalloenzymes with diverse functions.®!! In this
study, we investigated its role as a cofactor for the 20G-
dependent dioxygenases, which are involved in vital cellular
processes ranging from the hypoxic response to collagen
deposition and the regulation of epigenetic processes.'
This study has confirmed the fundamental importance of
ascorbate in the regulation of the hypoxic response in cancer
cells and tumors, and its ability to affect tumor initiation
and growth.

Ascorbate is routinely absent from cell-culture media, and
hence most cells in culture are maintained under ascorbate-
deficient conditions. We showed that the three cell lines read-
ily accumulated intracellular ascorbate from culture media,

Table 6 VEGF levels in tumors grown from different initial
inocula and with variable ascorbate supplementation

Tumor inoculum
(cells/mouse)

VEGF (pg/ig DNA)*

3,300 mg/L 330 mg/L 33 mg/L
10® 5.4+25 8.3£5.5% I1.1£2.9%
10° 7.1£1.8 12.3£3.1% 12.4+3.2*
10* 6.9 15.4 13.6

17.53 15.9
18.1

Notes: *Mean = standard deviation for ten tumors/group, except 10* inoculum,
which shows data for single tumors. *P<<0.05 from 3,300 mg/L mice.
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and that intracellular availability affected the HIF 1 response
of LL/2 cells to moderate levels of hypoxia (1%-5% O,), with
more extreme hypoxia being required for HIF1 stabilization
in the presence of physiological intracellular ascorbate. These
levels of oxygenation are frequently measured in normal
tissues (equivalent of 5% O,) and solid tumors (equivalent to
1% O,).>** These results extend previous findings by us and
others in which physiological intracellular concentrations of
ascorbate were able to suppress the HIF1 response in human
fibroblasts and endothelial cells under conditions of moderate
hypoxia (1% O,).'*!7 Our current results are the first dem-
onstration of the efficacy of ascorbate in the moderation of
the hypoxic response over a range of physiological oxygen
tensions. The ability of ascorbate to modulate the hypoxic
response thus occurs at the margins of hypoxic sensitivity, and
this varies with different cell lines.” Ascorbate did not affect
HIF 1o stabilization in response to severe hypoxia (0.1% O,),
and this likely reflects the absolute substrate requirement of
prolyl hydroxylases for molecular oxygen.” Accordingly,
prolyl hydroxylase activity is almost completely suppressed
at 0.1% oxygen.? Our data indicate that ascorbate can have
amarked impact on HIF 1 o stabilization under physiological
hypoxia, and studies that have used only extreme hypoxia
and low levels of ascorbate supplementation may have
underestimated the importance of ascorbate as a regulator
of the hydroxylases.?”’

We have identified an important relationship between
tumor initiation and the level of dietary ascorbate supple-
mentation. When tissue ascorbate loading was saturating or
optimal, more B16-F10 cancer cells were required to drive
tumor initiation, and initiation was significantly delayed
compared to that seen in animals with lower ascorbate intake.
Tumor ascorbate levels were inversely correlated with the
extent of HIF1 activation, as measured by both HIF 1o pro-
tein and downstream gene-expression levels. Our findings
with the CMT-93 tumor model, which has previously been
chosen for antitumor immunity studies,?® also indicate that
increased ascorbate supplementation could support effec-
tive tumor rejection. Taken together, our results indicate
that ascorbate uptake into tumor cells may influence HIF1
regulation, downregulating HIF1 activation and inhibiting
tumor initiation and subsequent growth.

These results are consistent with our previous findings in
Gulo” and wild-type C57BL/6 mice, where we showed that
increased levels of ascorbate supplementation significantly
reduced LL/2 HIF1 activation and tumor growth.” Others
have also reported reduced tumor growth in ascorbate-
supplemented Gulo”~ mice??*° and similarly deficient Sfx

mice,’! although in these studies supplemented mice were
compared with complete ascorbate withdrawal, resulting in
signs of scurvy. Decreased tumor growth associated with
lower ascorbate has also been reported, but once again only
in conditions of complete ascorbate deficiency.’>* Our
experiments provide information on the effects of more physi-
ologically relevant ascorbate intake, reflecting an optimal
or suboptimal but still adequate dietary intake that does not
result in scurvy-like conditions.

In addition, our data are the only measures available that
document tumor ascorbate levels and HIF1 activation, and we
were therefore able to determine whether there is an associa-
tion between inhibition of HIF 1 activity, tumor ascorbate, and
tumor growth. Our observed association between ascorbate
and HIF 1-pathway activity is supported by a previous report
in a human B-cell lymphoma model (grown in ascorbate-
generating wild-type mice).** Ascorbate inhibited lympho-
genesis in unmodified tumors, whereas cells overexpressing a
hydroxylase-resistant HIF 1o were no longer sensitive to the
effect of ascorbate.* These results support the hypothesis that
regulation of the HIF hydroxylases underpins the antitumor
activity of ascorbate, but in this study neither tumor ascorbate
levels nor tumor HIF1a levels were measured.

We have previously also measured ascorbate and HIF1
activation in human endometrial and colorectal cancer
clinical samples.?** These studies employed retrospective
analyses of tumor tissue taken at surgery, and ascorbate
levels in the patients and their tumors were not manipulated.
Our observations that tumor ascorbate levels were associ-
ated with HIF1 activity, and in the case of colorectal cancer
patient disease-free survival,??* together with the results of
our current studies with the Gulo”~ mouse model, suggest
that human clinical intervention studies are warranted to
determine whether changing tumor ascorbate levels would
influence the HIF1 pathway in cancer patients.

The determining factor in the ability of ascorbate to
influence tumor HIF 1 activation appears to be the achievable
concentration of ascorbate in the tissues rather than plasma
levels. This would appear to be the case for normal physi-
ological plasma concentrations, and this is well demonstrated
by our analysis of B16-F10 tumors from mice supplemented
with 3,300 mg/L ascorbate, which had saturating plasma
ascorbate levels. In these mice, measured tumor ascorbate
levels varied and were significantly correlated with HIF1
activity and tumor growth. Therefore, even when the highest
physiological levels of ascorbate were supplied, unknown fac-
tors in mice or the tumors modulated tumor ascorbate accu-
mulation and subsequently affected tumor growth. Similar
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patterns were observed in our analysis of patient clinical
samples: ascorbate uptake into tumor tissue showed marked
differences when compared with adjacent normal tissue, sug-
gesting impaired transport in higher-grade tumors.»**

In normal tissue, SVCT?2 is the major facilitative trans-
porter,*® but this may not be true for tumor tissue. A recent
report has suggested that facilitated transport via upregulated
GLUT1 in some colorectal tumors may influence tumor
ascorbate, although this would only involve uptake of dehy-
droascorbate, the oxidized form of ascorbate.’” Previous
reports have identified single-nucleotide polymorphisms in
both SVCT1 and SVCT?2 in humans that were associated with
increased risk of cancer,*** suggesting that ascorbate delivery
may be compromised in some cancer patients. In addition,
tumors may differentially express these transporters, due to
environmental changes.*’ Therefore, differences in ascorbate-
transporter status may explain some of the variation we have
seen in the uptake of ascorbate in B16-F10 tumors.

The delayed tumor initiation in LL/2 and B16-F10 tumors
and the spontaneous regressions of CMT-93 tumors also sug-
gest that ascorbate may play a role in antitumor immunity.
The potential of ascorbate to support the immune system is
multiple: as a potent antioxidant, it protects immune cells
from oxidative stress*! and promotes normal neutrophil
apoptosis,'” thus supporting both the innate and adaptive
immune response. A study comparing fully supplemented
with completely deficient Gulo”~ mice given an ovarian
cancer challenge showed a reduction in natural killer-cell
activity in deficient mice, which was accompanied by
reduced survival, compared to supplemented animals.*
These results, together with our own observations, suggest a
role for ascorbate in anticancer immunity, and this warrants
further analysis.

Recent meta-analyses have shown an inverse correlation
between ascorbate intake and risk of head and neck*** and
gastric cancer,* and there is substantial public interest in
dietary ascorbate as a cancer-preventive agent.*’ In our study,
the 330 mg/L dose produced plasma ascorbate levels halfway
between saturation and deficiency, which is similar to levels
in human populations,*® with mean ascorbate plasma levels
in the general population being 40-50 UM, substantially
below human saturation levels of ~80 M. *#” Tissue ascor-
bate status is dependent on plasma supply, and in humans
this depends on dietary intake and metabolic turnover.*6484
Low plasma ascorbate levels have been reported in cancer
patients, with levels of 15 uM in lung cancer and 18 uM
in oral squamous cell carcinoma patients.’*>! The notable
differences in tumor take and rejection, and in growth rates

seen in our study between mice supplemented at 330 mg/L
and 3,300 mg/L, is therefore of interest for further investiga-
tion, and supports the maintenance of body ascorbate status
at saturating levels for the prevention of chronic diseases,
including cancer.*

We have provided both in vitro and in vivo data that
indicate that saturating levels of ascorbate dampen the HIF 1
response under physiological hypoxia and optimal tumor
ascorbate levels lead to a reduction and delay in tumor
initiation and subsequent tumor growth. This coincided
with a reduction in HIF1 activity, and most likely reflects
the requirement for ascorbate as a cofactor for regulatory
HIF hydroxylases, providing direct evidence for a plausible
mechanism by which ascorbate can contribute to an anti-
cancer effect.
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Figure S| Intracellular ascorbate levels in LL/2 cells.

Notes: Intracellular ascorbate was measured in LL/2 cells exposed to increasing
ascorbate concentrations for 8 hours. Results are mean + standard deviation of
three to four independent experiments.

Abbreviation: LL/2, Lewis lung carcinoma.
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