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Abstract

Purpose—to determine late effects of radiotherapy on the VEGF, VEGFR2 and OPN expression
in cancer and stromal cells.

Methods and Materials—LS174T xenografted athymic mice were used as a tumor model.
Radiation was delivered in two equivalent fractionation schemes: 5x7 Gy and 1x20 Gy, the latter at
two dose rates.

Results—Tumor growth arrest was similar in all treatment groups with the exception of a better
response of small-sized tumors in the 5x7 Gy group. Host VEGF and OPN levels were directly
proportional to tumor doubling time (Tp) and were independent of the fractionation scheme. Host
and cancer cell VEGFR2 levels in tumor were also directly related to the tumor response to
radiotherapy.

Conclusion—Upregulated VEGFR2 in cancer cells suggest paracrine signaling in the VEGFR2
pathway of cancer cells as the factor contributing to the radiotherapy failure. The transient activation
of the host VEGF/VEGFR2 pathway in tumor supports the model of angiogenic regeneration and
suggests that radiation-induced upregulation of VEGF, VEGFR2, and downstream proteins may
contribute to the failure of radiotherapy by escalating the rate of vascular repair. Co-expression of
host OPN and VEGF, two factors closely associated with angiogenesis, indicate that OPN can serve
as a surrogate marker of the tumor recovery after radiotherapy. Taken together these results strongly
support the notion that to achieve optimal therapeutic outcome, the scheduling of radiation and anti-
angiogenic therapies will require patient-specific post-treatment monitoring of the VEGF/VEGFR2
pathway and that tumor-associated OPN can serve as an indicator of the tumor regrowth.
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Introduction

Interruption of the paracrine communication between tumor cells and tumor vasculature either
through the blockade of vascular endothelial growth factor receptor-2 (VEGFR2) or through
the neutralization of tumor-associated VEGF enhances antitumor activity of ionizing
radiation1—11, Although this concept is not new, the optimal scheduling of these two modalities
in relation to each other remains uncertain. Preclinical animal studies!=3:6:10 a5 well as
clinical trials®7-8-11 have called attention to the possibility that depending on the sequence
of the applied treatments, anti-VEGFR2 and anti-VEGF therapies combined with ionizing
radiation can be synergistic, additive, have no effect, and in some cases, can even compromise
the outcome of radiotherapyg!lo.

Total radiation doses, dose per fraction, overall treatment time as well as the amount of anti-
angiogenic therapy in combined treatments can impact the outcomel?2. However, timing and
the sequence of therapeutic regimens are key factors, which ultimately dictate the outcome.
Forexample, Williams et al. 13 used ZD6474, a potent VEGFR2 inhibitor, to augment radiation
therapy of non-small-cell lung cancer in concurrent and sequential regimens. The tumor growth
delay after the sequential schedule was significantly enhanced compared to the concurrent
treatment. Impaired tumor reoxygenation between fractions in the concurrent protocol was
suggested as the reason for these differences. Authors concluded that the clinical efficacy of
ZD6474 as the adjuvant to radiation therapy will strongly depend on the course of therapy. In
contrast, in a related study Brazell et al.l reported virtually identical tumor responses
regardless of the treatment scheme.

Radiation alone can result in the intensification of the angiogenic rocesses1® and contribute
to the direct up-regulation of the VEGF expression in cancer cells+. This is a manifestation of
the overall cellular response to stress associated with the induction of various genes,
transcription factors and the activation of growth factors, and allied receptors. Tumor-
associated host cells are attracted to cancer cells by VEGF and engage in a continuous exchange
of molecular information with cancer cells, affecting tumor response to therapy, tumor invasion
and metastasis. One of the outcomes of this complex communication is angiogenesis with
VEGF as a dominant proangiogenic protein16‘1

VEGF stimulates angiogenesis through cooperative mechanism involving VEGF-induced
proteins in endothelial cells including osteopontin (OPN)19. OPN has diverse functions such
as cell adhesion, chemoattraction, immunomodulation, and upregulation of the endothelial cell
migration induced by VEGF. OPN expression is also correlated with tumor hypoxiazo. Efforts
of the past 25 years to develop VEGF-and VEGFR-targeted imaging probes are yet to produce
clinically useful agents. Data suggest that surrogate markers are needed. Tumor-derived OPN
shows positive correlation with VEGF and can trigger VEGF-dependent tumor progression
and angiogenesislg*zo. The reported here studies were designed to evaluate if similar positive
correlation between OPN and VEGF exist in irradiated tumors and to establish the validity of
OPN as a surrogate marker.

Of the three recognized receptors for the VEGF family of ligands, the activation of VEGFR2
(KDR, FIk-1) is sufficient to elicit all proangiogenic, proliferation and survival effects
associated with VEGF21-23, The induction of VEGF by ionizing radiation is implicated in
processes protecting tumor blood vessels and contributing to tumor radioresistancel12,24,
VEGF mRNA levels in irradiated Lewis lung carcinoma persisted at elevated levels two weeks
after irradiationl. Anti-VEGF antibodies improved tumor response and this synergistic effect
was attributed to the increased radiation-induced death of endothelial cells. Similar conclusions
were derived from studies in glioblastoma cells, in which radiation-enhanced VEGF secretion
was attributed to their increased radioresistance12:24. These and other preclinical studies have
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shown that therapeutic benefits of radiation therapy may be greatly enhanced when used in
combination with the inhibitors of the VEGFR2 pathway. Based on these findings several
clinical protocols have been undertaken’,8,11,25-26 Early results are mixed. The emerging
sense is that because the mechanism of the VEGF-VEGFR2 interactions with ionizing radiation
is only partially defined, the design of some clinical studies may have been suboptimalgvlo. A
recent report on the effects of VEGF in several endothelial cell lines concluded that VEGF
does not confer any significant level of radioprotection to these cells2/ suggesting that not all
anti-VEGF therapies target tumor vasculature as it was previously hypothesized.

Here we demonstrate that irradiation of xenografts in athymic mice is associated with the
induction of VEGF and VEGFR2. We also show that the expression of OPN, which cooperates
with VEGF in proangiogenic processes, is significantly induced in response to ionizing
radiation and in its expression parallels levels of the host VEGF in tumor suggesting OPN as
an excellent alternative marker. This study reports for the first time the significant upregulation
of the VEGFR2 expression by ionizing radiation in cancer cells and its direct relationship to
the therapeutic response. Observations reported here also contribute the model of angiogenic
regeneration12*15’28, wherein the radiation-induced expression of VEGF, its allied receptor
and the downstream proteins are a factor in the failure of radiotherapy by intensifying the
vascular regrowth.

Methods and Materials

Animal and Tumor Models

Six-weeks old female mice (NCr-nu/nu) were from NCI. Subcutaneous tumors were produced
after the injection of 5x108 LS174T human colorectal adenocarcinoma cells in 0.2 mL
minimum essential medium (Invitrogen, Carlsbad, California). Cells were from sub-confluent
monolayers grown in MEM supplemented with 10% fetal bovine serum.

Radiation Therapy (SBRT)

Mice were randomized as follows: no treatment (n = 12); RT of 5x7 Gy (n = 18), RT of 20 Gy
at an instantaneous dose rate of 8 Gy/min (average 3 Gy/min; n = 15; 20-Gy-fast), and RT of
20 Gy at an instantaneous dose rate of 1.6 Gy/min (average 1.2 Gy/min; n =12, 20-Gy-slow).
Irradiations lasted ~2—17 min, depending on the dose and dose rate.

Axial computed tomography was used to provide the depth and electron density information
necessary for the treatment planning and dose computation. A custom bolus placed on
xenografts provided adequate buildup for the high energy beam. Radiation was delivered
through 15-mm or 17.5-mm circular collimators using x-rays produced by a 6-MV linear
accelerator (Novalis, BrainLAB AG, Feldkirchen, Germany). The collimator size was selected
to ensure complete coverage of tumor volume while producing a sharp radiation falloff for
optimal sparing of normal anatomy. Three non-coplanar arcs spanning a total of 150° ensured
uniform tumor coverage while minimizing peripheral dose.

Body weight and tumor sizes were measured three times per week; tumor volumes calculated
using the formula for ellipsoid. Necropsy was performed 3 weeks after the first dose of SBRT.
Gross evaluation of organs did not reveal any differences between groups. Hematocrit was
determined by standard techniques. HemoCue® was used to measure hemoglobin levels
(Angelholm, Sweden). The remaining blood was used to prepare plasma, which was stored at
—80°C until use. Tumors were frozen in liquid nitrogen and lysed as described below.
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Preparation of Tumor Lysates

Frozen tumors were minced and transferred into a volume of ice-cold lysis buffer equivalent
to two tumor weights (20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1%
Triton X-100, 2.5 mM NasO7P2, 1 mM B-glycerol-phosphate, 1 mM NazV Oy, 1ug/mL
leupeptin, supplemented with 1 mM PMSF). Minced tumor fragments were sonicated on ice
using a Vibra Cell Model VVC 375 ultrasonic processor (Sonics&Materials, Inc., Danbury, CT,
USA\) for 14 s with a 14-s break between sonications; total of 4 min at a 40% duty cycle.
Homogenates were centrifuged at 14,000xg for 10 min at 4°C. Supernatants were aliquoted
and stored at —80°C after the total protein content was determined using the micro-BCA assay
(Pierce Biotechnology, Rockford, IL).

Determination of Human and Mouse VEGF

Quantikine mouse VEGF (mVEGF) and human VEGF (hVEGF) quantitative sandwich
enzyme immunoassays from R&D Systems, Inc. (Minneapolis, MN) were used according to
the manufacturer's instructions. To measure mVEGF, aliquots of tumor lysates containing 0.08
mg total protein were diluted with RD1N and added to wells. Plasma was diluted at 1:1 (v/v)
ratio with RDS5T before adding to wells. Analyses of hVEGF required 0.01 mg total protein
diluted with RD1W. Plasma was diluted also at 1:1 ratio with RD6U before adding to wells.

Mouse and Human Osteopontin

TiterZyme® kits were from Assay Designs (Ann Arbor, Michigan) and were used as directed
by the vendor. Recombinant mOPN was used as a standard. ~Four % crossreactivity with
human OPN is observed. Recombinant hOPN was used to prepare the standard curve for human
OPN determination. There is no crossreactivity with mOPN.

Determination of mouse and human VEGFR2

Tumor lysates were prepared as described above. Protein samples were resolved on 4-20%
gradient minigels (BioRad, Hercules, CA) and transferred overnight onto Hybond™-P 0.45-
pm PVDF membranes (Amersham Biosciences, Piscataway, NJ) at 14 mV for 18 h at 4°C.
Membranes were incubated in 5% BSA, 10 mM Tris-HCI, pH 7.5, 100 mM NaCl, 0.1%
Tween-20 overnight at 4°C to reduce nonspecific binding. Blocked membranes were incubated
overnight at 4°C in the same buffer containing anti-human VEGFR2 antibody MAB3571
(R&D Systems, Minneapolis, MN) at 1:5,000 dilution followed by HRP-linked goat anti-
mouse IgG secondary antibody 31430 at a 1:150,000 dilution for 1 h at rt (Pierce
Biotechnology). Antigens were detected using ChemiGlow® according to the manufacturer
instructions (Alpha Innotech Corporation, San Leandro, CA). Membranes were stripped and
re-probed with rabbit anti-f-actin 13E5 (Cell Signaling Technology, Danvers, MA) at 1:5,000
dilution. Protein band intensity was measured using ImageJ (http://rsb.info.nih.gov/ij/) and
normalized to the B-actin band intensity as the internal standard. Several anti-mouse VEGFR?2
antibodies were also evaluated; all gave unacceptable levels of nonspecific binding. For this
reason the definite determination of mouse VEGFR2 was done using the ELISA assay (R&D
Systems, Minneapolis, MN).

Statistical Analyses

Tumor size and body weight changes were normalized to values on the day of the first SBRT
treatment and are expressed as either meanzstd dev or meantsem. Summary statistics were
performed using a two-sided, unpaired Student’s t-test with a significance level of P=0.05.
Tumor doubling times (Tp) were calculated from data of all mice in each group using the curve
fitting function of SigmaPlot/SigmaStat (Systat Software, Inc. Point Richmond, CA). Kaplan-
Meier survival analyses were done using MedCalc Software (Mariakerke, Belgium). The
Mann-Whitney rank sum test for tumor T analyses was done using the SigmaPlot/SigmaStat.
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Results

Radiotherapy

Radiation dose was prescribed at the 90% isodose volume, which completely encompassed the
xenograft (Fig.1). The use of clinical radiosurgery equipment in pre-clinical irradiation has
been described previously29!30. Dose equivalence was calculated from the linear-quadratic
model using a tumor o/p ratio of 10. Dose/fraction schemes were selected based on their
relevance to clinical practice of SBRT.

General health

Hemoglobin (Hb) and hematocrit (Hct) were measured for each mouse during the necropsy.
Both parameters were within the normal range. Body weight changes after treatment reflected
the overall health of mice and were essentially parallel to changes in blood parameters. In the
5%x7 Gy and 20-Gy-fast groups, mice with small tumors fared better compared to mice with
the initially larger sized tumors (Fig.2). However, these differences are not statistically
significant. On the whole mice were healthy, although some lost ~10-15% of their body weight
over a period of one week after treatment. This weight loss remained at the plateau for ~5-7
days and was followed by the gradual weight gains.

Tumor growth rates

Radiation doses delivered in five fractions produced significantly better response in tumors
that were <0.4 g on the day of the first radiation dose compared to tumors that were >0.4 g on
the same day. Tumor growth curves (Fig.3A) and the necropsy data coincide (Fig.3B-D). The
20-Gy-fast dosing scheme initially produced in small tumors good responses lasting ~10 days,
after which time the exponential growth resumed. Unlike small tumors in the 5x7 Gy group,
which produced far better responses compared to large tumors (Fig.4), small tumors in both
20 Gy groups responded at approximately the same rate as large tumors. Tps (Table 1) as well
as necropsy data confirm this result (Fig.3B,C,D). However, when at each dose level all
necropsied tumors are analyzed collectively, the differences between groups become less
apparent (Fig.3B). It is evident that any difference in tumor response to various dosing schemes
is derived from the superior responses of smaller tumors (Fig.3C). Tumor weights at necropsy
in groups with large initial tumors were 1.33+£0.34 g, 1.62+0.44 g, and 1.49+0.89 g in 5x7 Gy,
20-Gy-fast, and 20-Gy-slow groups, respectively, and are not statistically different (Fig.3D).
Respective Tps for these tumors in all treatment groups were ~15 days (Table 1). Tumor
weights in groups with the initially smaller tumors ranged from 0.49+0.21 g for the 5x7 Gy-
treated mice, t0 0.79+0.24 g and 1.12+0.56 g for the 20-Gy-fast and 20-Gy-slow treated mice,
respectively (Fig.3C). Tps calculated from the tumor growth curves also followed this trend,
with Tp=21+1.4 days in the 5x7 Gy group, and ~12 days in both 20 Gy groups. Average Tp
in the group of untreated control mice was ~3.6 days. Kaplan-Meier analyses using the
probability of tumor doubling as the end point yielded results similar to monoexponential
analyses of growth curves, and confirmed that tumors <0.4 g the initial size were the best
responders when treated with 5x7 Gy (Table 2 and Fig.4).

Expression of VEGF and OPN

Levels of VEGF of the human and mouse origin were measured in plasma and tumors obtained
during necropsy. Lysates were prepared either from individual tumors or from combined
samples of tumors exhibiting similar growth characteristics. The expression of mMVEGF in
tumor is directly proportional to Tp, i.e., the longer Tp (slower tumor growth), the higher the
levels of MVVEGF at necropsy. A comparable relationship is absent for hWEGF (Fig.5A). The
strong relationship between the mVEGF expression in selected xenografts and their individual
growth curves in several mice is illustrated in Fig.5B.
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In plasma, hVEGF was undetectable. Circulating levels of mVEGF were high and practically
identical in all mice independent of the radiation dose, Tp and the tumor size. The average
mVEGF in plasma was measured at 1,039+96 pg/mL.

High levels of mMOPN were detected in irradiated xenografts. The expression of mMOPN is
directly proportional to levels of mVEGF in tumor (Fig.5C) indicating that tumor-associated
mOPN can serve as the alternative indicator of the onset of the VEGF-stimulated angiogenesis,
which typically proceeds via a cooperative mechanism involving VEGF-induced proteins in
endothelial cells including OPN19. In contrast, hOPN is not present in LS174T xenografts.

Expression of VEGFR2 in tumor

Western blot analyses of hWVEGFR2 are shown in Fig.6A. It is evident that \WEGFR2 levels
are dependent on the tumor response and that these levels are directly proportional to Tp (Fig.
7A). Host m\VEGFR?2 is elevated in all tumors (Fig.6B) compared to untreated controls. The
exception were tumors in the 20-Gy-fast group with the initial size of >0.4 g (Fig.7B). However,
no clear association between mVEGFR2 and the individual tumor response is apparent.
Similarly, when levels of MVEGFR2 are analyzed relative to the expression of mMVEGR2 in
untreated tumors, only in the 20-Gy-fast m\VEGFR2 remains unchanged compared to controls
whereas all other groups have significantly elevated levels of MVEGFR2 (Fig.7B).

Discussion

While the pretreatment status of VEGF and VEGFR?2 is considered predictive of the tumor
response to various forms of therapy31—35, the post-treatment evaluation of VEGF and
VEGFR?2 expression does not seem to play any part in the follow up. The activation of the
VEGF/VEGFR2 pathway reported in these studies suggests that post-treatment longitudinal
evaluations of tumor-associated VEGF and VEGFR2 can provide significant insights into the
tumor response and can aid in planning of the follow up treatment. Moreover, the strong link
observed between host OPN and host VEGF in tumors indicates that in the absence of suitable
noninvasive methods to measure tumor-associated VEGF, OPN can serve as an excellent
surrogate marker.

VEGFR2 mediates the majority of the downstream effects of VEGF in angiogenesis. The
observed here upregulation of tumor-associated hVEGFR2 and increased levels of mMVEGF
indicate the paracrine activation of the tumor cell’s VEGF/VEGFR2 pathway. The direct
proportionality of Tp and levels of host VEGF (Fig.5A) and elevated expression of host
VEGFR?2 (Fig.6B,7B) are indicative of the process of the angiogenic regeneration. Results
presented here shed light on a unique aspect of the tumor regrowth and its relationship to
angiogenic activities in the host and cancer cells, and contribute further empirical support to
the angiogenic regeneration hypothesi515. In the tumors that responded better to radiation,
increased VEGFR2/VEGF levels appeared to correlate with delayed tumor regrowth (i.e.,
longer TD); however, in poor responders, with a shorter TD, the activation of VEGF/VEGFR2
was not apparent at necropsy, i.e., it probably occurred earlier in the post-treatment period,
and, at necropsy, it had already reached the untreated control levels (Fig.5B'Fig.6A'Fig.7A).
This relationship is also evident in the expression of tumor-associated mouse OPN, an
observation similar to the reported pre-treatment osteopontin expression in prostate
cancer36. Apparently, pre-treatment OPN is not a predictor of a shorter time to biochemical
failure in prostate cancer, whereas increased post-treatment levels of OPN are significantly
associated with a shorter time to biochemical failure36.

Endothelial cells in tumor vasculature exhibit the upregulated VEGFR2 expression. Té/pically,
VEGFR?2 is 3-5-fold higher in tumor vasculature compared to normal vasculature37:38 VEGF
stimulates VEGFR2 gene expression in endothelial cells via a positive feedback
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mechanism3®. Reports indicate that whereas tumor cells have high levels of VEGF, only rarely
is a notable VEGFR2 expression observed?041. The role of tumor-secreted VEGF in the
pathological angiogenesis via stimulation of VEGFR2 expressed on tumor endothelial cells is
well established and suggest a paracrine loop between tumor cells and vascular endothelial
cells3942. However, the role of VEGFR2 expressed by tumor cells is not fully understood,
although emerging evidence suggests that host VEGF plays a role in the cancer development
through VEGFR2 on tumors cells.

Studies described here demonstrate for the first time a strong and concomitant activation of
VEGFR?2 in cancer cells and VEGF and OPN in host cells in response to radiation therapy
suggesting a dual role for the upregulated host VEGF and cooperative interaction with OPN.
Tumor-derived OPN contributes to tumor progression and recurrence via VEGF-dependent
angiogenesi519’20’43. The paracrine signaling from the host VEGF to cancer cell VEGFR2
may be a significant component of radiation therapy failures. Furthermore, these results
indicate that monitoring of the post-treatment activation of VEGF/VEGFR2 pathway, either
directly or via OPN, may be important in assessing clinical response to multimodality
radiotherapy regimens. In conclusion, to achieve optimal therapeutic outcome, the scheduling
of radiation and anti-angiogenic therapies will require patient-specific noninvasive monitoring
of the post-treatment changes in the VEGF/VEGFR2 pathway.
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Fig. 1.

Axial CT scan with tumor and bolus indicated (A). Tumor is within the 90% isodose line. Note
the sharp dose fall-off medially and sparing of all non-tumor anatomy in the coronal
reconstruction (B).
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A. Tumor growth curves of LS174T xenografts implanted subcutaneously in athymic mice
after radiotherapy. Values (meantsem) are normalized to tumor volume on the day of the first
treatment. B. Average tumor weights for all subjects in a given treatment group determined
during necropsy. Solid line represents average tumor weights in untreated mice. Dotted lines
are £sem. C. Average tumor weights in mice with the initial tumor size of <0.4 g. D. Average

tumor weights with the initial tumor size of >0.4 g (meantsem).
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Kaplan-Meier analyses of tumor doubling times.
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Expression of VEGF and OPN in LS174T tumors collected at necropsy 21 days after treatment.
A. Relationship between Tp and host (m) and tumor (e) VEGF. Mouse VEGF levels are directly
proportional to Tp. B. Examples of normalized growth curves for individual LS174T
xenografts either irradiated with 20 Gy dose at 1.2 Gy/min (thick lines) or left untreated (thin
line). Several examples are shown to better illustrate strong relationship between mVEGF and
tumor response. Numbers to the right of each line represent pg mVEGF/mg total protein in
tumor lysates. C. Correlation between host OPN and host VEGF levels in tumor.

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2009 November 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnue\ Joyiny Vd-HIN

Solberg et al. Page 15

A IRRADIATED UNTREATED IRRADIATED UNTREATED
tunmars > 0.49 <0.4g =049 tumori <04 g “0dg Mg
To (d2ys) 169 324 215 106 537 36 236 45 162 450 108 127 36 36
wa: —— o —
RVEGFR2 ! . - e -
8 ,&al:fn S - - . .- W ——————
NN —
(=
T
(& o
c
w E 2
S o
o = 0
E ~— @ <+ o« o« o~ o @ L I — T S R~ S
oo d S 8 g = & R 2 gt ™mow

Tumor doubling time (days)

Fig. 6.

Expression of human and mouse VEGFR2 in LS174T xenografts 21 days after the first
radiation dose. Untreated control mice (NT) were killed on day 15. A. Western immunoblot
analyses of tumor lysates probed for human VEGFR2. B-Actin is the internal marker of the
protein load. B. ELISA analyses of mouse VEGFR2 in the same lysates.
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relative to untreated control xenografts.
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Table 1
Tumor doubling times derived from a single parameter, monoexponential tumor growth equation y = e(®)

TUMORS <0.4 g Tp (days) sem (days) R? Mann-Whitney
rank sum test
5x7 Gy 21.0 14 0.92 0.033
20 Gy fast 12.8 0.9 0.79 0.847
20 Gy slow 12.0 0.6 0.90 0.063
TUMORS >0.4 g
5x7 Gy 14.6 1.0 0.83
20 Gy fast 14.5 0.6 0.92
20 Gy slow 14.8 0.8 0.91
NT controls 3.6 0.2 0.87

*
P values comparing growth curves of tumors <0.4 g and tumors >0.4 g.
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Table 2
Kaplan-Meier analyses of the tumor doubling probability analyzed using the Gehan-Breslow test for the survival curves
with pair-wise multiple comparison procedures using the Holm-Sidak method.

TUMORS <0.4 g Tp (days) sem (days)

5x7 Gy 19.7 1.0

20 Gy fast 145 0.5

20 Gy slow 13.3 1.9
TUMORS >0.4 g

5x7 Gy 149 2.8

20 Gy fast 15.3 1.6

20 Gy slow 16.7 1.7

NT controls 4.9 0.6
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