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Introduction

Solid tumors typically contain hypoxic regions due reduced
angiogenesis and blood flow. Low environmental ,,p®y reducing
generation of chemotherapy-induced oxygen radmadsdecreasing cellular
proliferation, protects cancer cells from the cgknt effects of many
chemotherapeutic agents (environmental resistareg)lting in minimal
residual disease These regions are widely thought to be the site c
evolution of multidrug chemoresistant cancer phgoed although the
specific mechanism remains unclear. In this workdeeelop and analyze a
computational model that examines the role of hygpow the Darwinian
dynamics that lead to phenotypic chemoresistance.

We demonstrate that phenotypically resistant ogllk ordinarily be
rare In an untreated tumor when the physical mmoromenment is
physiologic. However, in conditions of hypoxia aazidosis the cancer cells
are subject to harsh selection pressure that pesmphenotypes with
disrupted apoptotic pathways and overexpressionhygoxia-inducible
factors. These pro-survival adaptations includavaion of xenobiotic
pathways. Furthermore, harsh microenvironmental dit@ms promote
evolution because tumor cells under chronic hypawicditions are subject
to higher genetic instablility than tumor cells mrmoxic conditions.

Goals
1. Propose a mechanismad novagohenotypic chemoresistance mediated by
hypoxia;
2. Study the dynamics of tumor progression submittdtypoxia and therapy;
3. Propose alternative protocols to avoid emergehceemoresistance;

Methods

We examine these dynamics using a chemoresistaatieematical
model that we previously developedith the addition of pathways that
respond to hypoxia and acidosis including stalimraof HIF-1alpha. Over
expression of HIF-1lalpha promotes survival in hypoand low pHe and
also increases expression of the multidrug ressstgene (MDR-1)

Based on the results from the simulations, we eegpddDAMB231
cells to chronic hypoxia cycles (5 days In hypo&a0.2% pQfollowed by
a period of recovery in normoxia) and exposed tloeds to chemotherapy
(in a 96-well plate with doxorubicin @ 50,000 cAillsll for 16h). The cells
were then incubate with CyQuant Direct and measurexdplate reader for
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Different degrees of quiescence

Figure 1 Solid avascular tumors present gradientsfgO,, pH and soluble factors from blood.Low pH and Hypoxia cause

apoptosis and necrosis will create a necrotic edrere cell survival depends on upregulation of medms of metabolism and
efflux of toxins produced by debris of dead ceblsagell as upregulation of apoptosis-resistance ar@sms such as changes in the
threshold of apoptosis mediated by hypoxia, lowagitd ATP depletion. These changes will increasentihmaber of necrotic cells

J guiescence and up-regulation of anaerobic glucagabuolism in cancer cells, respectively. In an@amlic regions of these tumors,
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and increase the need of survival mechanisms dgakiss.

/

-

N We propose that this mechanism will create a sullptipn of cancer cells that are environmentallg @henotypically
QiSRS resistant to chemo- and radiotherapy. The envirosahe&omponent is a natural factor of the distarroenfblood vessels which
reduces drug delivery and prevents proliferation.
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Once treated, the tumor will lose its outer laydr pyoliferative and sensitive cells (both phenotgily and
/ environmentally) and the remaining resistant papaa(minimum residual disease) will be allowed égrow. In the next round of

TOMOR— »H" + HCO, <> CO, + HO treatment the tumor will behave as more resistaart the first one.
R
/
kelection for chemoresistance J
L PGp level
| PGP_MAX
i 10 Original t t,+ 40 days Rx + 10 days
Gp,,..*Hifla| ™ | 0.8 7 40 days e
p pMaX __‘:.,_‘_“‘___,_,_l_.:_ _________________________ > After Rx Sy o X !}?il.ﬁip;ﬁ%{!‘m MDA-MB-231
NS | £ 06 == Regrowth (10d) N ?{;g N o e 140
N e, 3 kARt . ) . et
\ "‘ ....L et 0.4 ! ._.'I‘:_,ﬁ:- "_;:c' _r:itti - kg .'i 4 120—
N - o F | B ¢
N R 0.2 Arterial Blood SR ¥ Iﬁ i‘;# >\,_\1()()— sazizzcceceeanl
— - l (L00mmHg) e | X £t £ 9 5
; PO, 00 e . o | . & 5 £ 804
3 PO, = S / Y, TN N X Tk g3 .
’ Level of Expression / < . R i ) 60+ ™, >
/ (¢ ‘t. )'. ~
S 1 * 1 // | O E\O, 40- ..‘ ,“ X ~20
p u rV: g T 1 ¥ -l'a:'... = ‘ s ol ¥ “o “
1+ LRA 1+ PG, HIF_PO2_ACT // | ﬂ%-%},‘.-; ARSI J;&g@;;:z:aaﬁe HiAB G 20- :
; <o R & B R - Y ...
ICeo*(PGP+l) ~ pO,p*(Hifla+1) 0 Jha Orgina e o " i & 0 e T
. ) 0.8 7/ [ 40 days ﬁi-ﬁ _ f”; Eﬂ: E:
Figure 2 Model of hypoxia and chemotherapy 30 ,/ W After Rx a% v 53 {-*% 0.001 0.01 01 1 10 100 1000
. g - c U 1 L - L EETT i
resistance. The probability of cell survival wasg // = Regrowt (109 . ﬁ% ?#fe{ v E B, Doxorubicin(M)x16h
computed as a function of dissolved oxygen and dftg / “ed n%-}.'-.fi‘\- n{‘im,;;w.:;iﬁg% Figure 4 In vitro resistance of MDA-MB-231 to
Ievels. as well as the threshold fqr actlvatlon_ of.2 ) ,/ L doxorubicin. Cell viability was measured with
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response (Hifa) and the magnitude of the multidrug e &8 555 55 in media with drug for 16h. Before assay both cell
resistance response Initiated (pfzp). Cells were pO2(M) lines were culture in standard incubator at normoxi
aIIO\_/ved_ to mutate with a probability of 0.1% at gve conditions.
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Figure 3 Distribution of multidrug resistance, threshold for hypoxia response and magnitude of hypoxia

response during tumor progression and treatmentinitially all cells in the tumor have the same pbigmpic
values, but as the tumor grows, mutations occur lambxia is establishedypoxia activation thresholdnd
magnitude of hypoxia responaee selected whilmagnitude of multidrug resistancemains neutral. Notice how
therapy (Rx+10 days, right column) does not affbetcells in the hypoxic core (phenotypic and emvmnental
resistance) and increases their share in the typmpulation, making the tumor more resistant thaforieethe
treatment , eventually being selected for multidregstance (acquired resistance).
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Avoiding Emergence of Resistance
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/ Model Parameters \

IC, of sensitive cells to simulated drug: luM*h  CO, diffusion rate: 1.5x10-5c#s

Figure 5 Cells in hypoxic conditions are more
sensitive to energy depletion than when in
normoxia. We propose that combining anti
metabolites with chemotherapy in tim

| e Initial tumor number of cells: 5,000 * Blood [HCG]: 33.13 mM
_dependent manners may reduqe the pr.obabllny . Cell doubling time: 1 day +  Blood [CO): 1.66mM
Iif emergence of multi-drug resistance in solld .  simulation space dimension: 300 x 300 cell sbots Initial average pGp,, value: 0.5 (dimensionless)
tumors. Three different ways of combinin (7.5mmx7.5mm) « Initial pGR,,,« standard deviation: 0.1 (dimensionle
chemotherapy and 2-deoxy-glucose: (a) Firgt «  Blood [Glcl: 5mM * Initial average pQ),, value: 4% = 43uM
chemotherapy and later 2DG, (b) 2DG firs ¢  Glucose diffusion rate: 5x10-6 éfa « Initial pO, , standard deviation: 1% = 11uM
followed by Chemotherapy and (C) bot ° Bicarbonate diffusion rate: 5x10-6 éis ¢ poz,D:'O-Z% = Z-Z.EJM _ .
administered at the same time. Oxygen diffusion rate: 1.5x10-5¢éfm *  Mutation probability: 0.1% per replication;
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Results

1. MDAMB231 cells exposed to two rounds of chronypbxia
were culture in normoxia for two weeks before belagted
for chemoresistance to doxorubicin. The hypoxieeded
cells showed a I§; of ~ 2uM*16h while the “wild type” cells
had a 1G, 20 times lower (~0.1uM*16h);

2. Hypoxia selected cell lines showed the same daogiliime as
their sensitive counterparts what indicates thesiats of a
“cost of resistance’;

3. Simulations show that In an untreated tumor
environmentally resistant population protected by tumor
outer core and hypoxia induced survival mechanisres
selected for constitutive overexpression of hyposuavival
response, which In turn also increases multidrigystance.
These cells will bele novaresistant to therapy and will be th
basis of minimum residual disease after treatmeathicirawal.

Conclusion and Next Steps

The results from this work suggest that the hypoxi
areas of solid tumors may not only be environméntakistant
but also harbor a population @& novophenotypically resistant
cells and thus the re-oxygenation of solid tumogs the
destruction of outer cores with radiation or chdmodpy may
not be able to re-sensitize them.

We propose that the use of alternative strategies |
eradication by energy starvation combined with ddad
therapy might yield better results than maximumerated
doseé.

Our next steps will be to study which are the ma@ras
of survival used by hypoxia selected cells and camaphem to
our model predictions.
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