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Abstract 

 Down’s syndrome is a genetic disorder that is caused by trisomy of chromosome 21.  

Individuals with Down’s syndrome have an increase risk of leukemia (10-20 fold) and a 

decreased incidence of solid tumors.  It has been speculated that the genes on chromosome 21 

are responsible for this abnormal distribution of cancer.  One of such genes is copper zinc 

superoxide dismutase which catalyzes the dismutation of superoxide into hydrogen peroxide.  

Endostatin, a potent angiogenesis inhibitor, is also upregulated by trisomy 21.  The paper 

discusses the possible role of these two genes in the occurrence of cancer in Down’s syndrome 

subjects. 
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Introduction of Down’s Syndrome 

 Down’s syndrome (DS) is the most common genetic disorder with an incidence of 1 in 

700 births [1].  It is characterized by the physical features of short stature, hypotonia in the 

neonate, epicanthic eye folds, and a protruding tongue [2].  Cognitive impairment along with 

mental retardation are the defining characteristics of the disorder [1,2].  People with DS age 

quicker and typically do not live past their thirties.  Those who do live past thirty have a severe 

increase in Alzheimer’s dieseas [2].  These people also experience a myriad of medical 

complications, such as gastrointestinal malformations, congenital heart disease, and leukemia 

[1,3].   

 Down’s syndrome was first described in 1866 [3].  It was in 1959 that the disorder was 

first linked to trisomy 21 [3].  Cells that have trisomy 21 have a third copy of chromosome 21.  

The genes found on this chromosome have been hypothesized to cause Down’s syndrome and 

the complications of the disorder.  Prenatal screening tests are available to determine the 

karyotype of the child in utero, however, these tests are typically only administered to high-risk 

pregnancies. 

 This paper will discuss the increase incidence of leukemia and decreased occurrence of 

solid tumors in DS subjects, and look at some of the genes postulated to be involved.  We will 

discuss the implications of the upregulation of a handful of genes found on chromosome 21q22, 

including two genes that are often associated with cancer, copper zinc superoxide dismutase and 

endostatin, and two genes that act like oncogenes in lymphatic cells, Tiam1 and GATA1.  

Experimental hypotheses will also be proposed to examine whether reactive oxygen species 

(ROS) are involved in the occurrence of cancer in these individuals. 
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Incidence of cancer 

Increase in leukemia 

 Children with Down’s syndrome have a 10 to 20 fold increased risk of leukemia over 

non-DS children [1,3-5].  Moreover, they have a 500-fold increased risk of acute 

megakaryoblastic leukemia (AMKL) [1,3].  AMKL is a type of acute myeloid leukemia (AML) 

that arises from megakaryocyte precursor cells [3].  This specific type of leukemia makes up 6% 

of all AML cases in non-DS patients, whereas, is DS patients it accounts for 62% of AML cases 

[3].  Hasle and colleagues looked at the incidence of cancer in 2814 Down’s syndrome patients 

in the Danish Cytogenic Registry cross-referenced with the Danish Cancer Registry (Table 1).  

They found a large increase in all leukemia, standardized incidence ratio of 17.63 [4]. 

 Down’s syndrome patients not only have an increase in leukemia, they also have an 

earlier age of onset.  In fact, leukemia has been known to arise in a DS neonate [5].  Several 

newborns with DS also develop what is known as transient leukemia.  This may then develop 

into AMKL [1].   

Decrease in solid tumors 

 Hasle found that the incidence of solid tumors in DS patients was decreased as compared 

to the expected rate (Table 1).  However, there was an increase in solid tumors in the peritoneum, 

ovaries, bladder, testis, and eyes [4].  The increase in ovarian cancer is consistent with reports of 

increased germ cell cancers in patients with DS [6].  Additionally, Satge et al. looked at the 

incidence of neuroblastoma in 6724 DS children.  They did not find a single case of 

neuroblastoma in all of the subjects, although the expected frequency of the tumor was more than 

five [7].   
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 This decrease in solid tumors in DS subjects has been of great interest to the scientific 

community, particularly in cancer research.  However, this lack of solid tumor occurrence is very 

contradictory to the incidence in leukemia in these patients.   

 

Table 1.  Incidence of cancers in 2814 Down’s syndrome patients in 
Denmark.  Observed and expected values are used to calculate the 
standardized incidence ratio [4] 
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Trisomy 21 

 It has long been known that Down’s syndrome is cause by three copies of chromosome 

21.  As much as 95% of DS cases occur through nondisjunction during meiosis which leads to a 

third copy of chromosome 21 [3].  This can occur either during meiosis I or II.  Meiosis is a two 

cycle process similar to mitosis to form haploid gametes.  Nondisjunction can occur in meiosis I if 

the chromosome pairs fail to separate during anaphase I.  In meiosis II the sister chromatids fail to 

separate during anaphase II.  Nondisjuction in either stage will lead to a gamete that is diploid for 

chromosome 21 and haploid for all of the other chromosomes.  It has been shown that maternal 

nondisjunction (the ovary is the gamete with the extra chromosome) is more common and 

increases as a function of maternal age [3].  

 The other 5% of DS cases occur as a result of a chromosomal translocation that leads to 

an extra copy of chromosome 21q22 [3].  Chromosomal translocation occurs when two or more 

chromosomes have a double strand break.  The fragments that are broken off may rejoin to their 

original chromosome or to a different broken chromosome.  In the case of DS, the q22 end of 

chromosome 21 was translocated to a different chromosome.  In order for this to cause DS, the 

chromosome that received q22 from chromosome 21 must end up in the same gametic cell as an 

intact chromosome 21.  In this situation the gamete would have two copies of chromosome 

21q22.  It has been shown that and extra copy of only 21q22 is necessary to cause Down’s 

syndrome. 

 There are 127 known genes and 98 predicted genes of chromosome 21 [8].  This paper 

will discuss copper zinc superoxide dismutase, collagen XVIII/endostatin, Tiam1, and GATA1.  

CuZnSOD’s activity is increased 50% in DS patients due to its overexpression from trisomy 21.  
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Endostatin levels in the serum of DS subjects is also increased.  Tiam1 is also expression and 

activity is upregulated due to trisomy 21.  The GATA1 gene is not found on chromosome 21; 

however, it is mutated as a result of the trisomy.   

Copper Zinc Superoxide Dismutatse 

 Superoxide dismutase (SOD) is a primary antioxidant enzyme that catalyzes the 

dismutation of O2
•- to H2O2 (reaction 1) [9].  Two forms of SOD are found with in the cell.  

Copper zinc SOD (CuZnSOD) is found in the cytosol and nucleus, and manganese SOD 

(MnSOD) is found in the mitochondria.  An association between SOD and cancer has been 

recognized for many years.  In 1979, Oberley and Buettner hypothesized that SOD activity was 

down regulated in cancer cells [9].  All cancer cells have an altered activity of antioxidant 

enzymes, particularly SOD.  While the majority of cancer cells have a decrease in SOD, some do 

exhibit an increased activity as compared to their normal cell counterpart.  

O2
•- + O2

•- + 2H+ →H2O2 + O2 (1) 

 MnSOD has been shown to be a tumor suppressor gene.  Other studies suggest that 

CuZnSOD also exhibits tumor suppressive effects.  In one experiment, Zhang and colleagues 

[10] looked at the effect of overexpressing CuZnSOD in human glioma cells.  CuZnSOD 

overexpressing gliomoa cells that had not induced extra GPx (2.4 and 3.5 ratio CuZnSOD:GPx) 

exhibited a decreased growth rate.  All CuZnSOD overexpressing glioma cells had a decreased 

tumor volume in vivo as well.  Through this they showed that CuZnSOD could work to suppress 

tumor growth [10].  CuZnSOD was also found to inhibit the invasiveness of human tongue 

carcinomas.  Using antisense to CuZnSOD, Muramatsu and colleagues found an increase in 

invasion and mobility in low invasive cells [11].  These studies argue that overxpression of 
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CuZnSOD causes a tumor suppressive effect in that it decreases tumor growth rate and the 

ability to metastasize.   

 Tumor volume and invasiveness are not qualities that are of importance in leukemia.  We 

also know that cancers from different parental cells respond differently to experimental 

manipulations.  Therefore it is important to describe the effect of CuZnSOD in leukocytes.  Kato 

et al. [12] looked at the level of SOD activity in non-DS human leukemia cells.  They found that 

CuZnSOD activity in AML cells was significantly increased as compared to corresponding 

normal granulocytes; however, there was a decrease in MnSOD activity in the AML cells.  Acute 

lymphoblastic leukemia (ALL) cells did not significantly differ in either CuZnSOD or MnSOD 

activity levels when compared to its normal lymphocyte counterpart [12].  This study shows that 

AML, a common cancer found in DS patients, has a 1.7 fold increase in CuZnSOD.  Therefore, 

CuZnSOD was not found to suppress the cancerous phenotype in these cells.  This may explain 

why the incidence of AML is increased so drastically in DS. 

 Although it is thought that SOD has a protective effect to have a protective effect by 

scavenging O2
•-, just the opposite may be true.  It has been shown that normal human cells 

typically have a 1:1 ratio of SOD to catalase and glutathione peroxidase (GPx).  Since Down’s 

syndrome cells only have an increase in CuZnSOD, its ratio to catalase and GPx is 1.5 [13].  An 

imbalance of the antioxidant enzymes within the cell may lead to an accumulation of H2O2 

which causes damage to cellular components (Figure 1).  This imbalance has been hypothesized 

to be responsible for the etiology of Down’s syndrome.  Several studies have shown that this 

increase in CuZnSOD may be involved in the neurological abnormalities and cognitive 
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impairment in DS [14,15].  Groner et al. has shown that damage done to neurotransmitters in 

transgenic CuZnSOD overexpressing mice is similar to that of DS patients [2].   

 

O2
•- H2O2 H20

O2
•- H20

CuZnSOD Cat

GPx

CuZnSOD Cat

GPx

Cellular 
damage

 
Figure 1.  Model of 
antioxidant enzyme 
imbalance in Down’s 
syndrome cells.  An 
increase in CuZnSOD but 
not catalase or glutathione 
peroxidase will lead to an 
accumulation of hydrogen 
peroxide within the cell.  
This excess hydrogen 
peroxide may lead to 
cellular damage. 

H2O2

  

 

 

 CuZnSOD is susceptible to oxidative damage.  The excess hydrogen peroxide may  

attack the very enzyme that formed it.  When damaged, Cu(II) is released from the enzyme [16].  

The free Cu(II) can be reduced by hydrogen peroxide to form Cu(I) (reaction 2).  Via Fenton 

chemistry Cu(I) and hydrogen peroxide react to form the hydroxyl radical and ion.  The Cu(I) 

also gets oxidized back into Cu(II) and is ready to react with another H2O2 (reaction 3) [17].  

The hydroxyl radical is very harmful to the cell and will attack whatever is in its immediate 

vicinity.   

2Cu(II) + H2O2 → 2 Cu(I) + O2 + 2H+ (2) 

Cu(I) + H2O2 → 2 Cu(I)OOH + H+ → •OH + OH- + Cu(II)  (3) 
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 Midorikawa and Kawanishi [17] showed that CuZnSOD could induce DNA damage in 

the presense of H2O2.  The addition of MnSOD to Cu(II) and H2O2 only increased the DNA 

damage slightly.  However, a large increase in damage occurred in the presence of CuZnSOD.  

The damage in both cases was dependent on the H2O2 concentration.  (Figure 2A).  They then 

looked at DNA damage with increasing amount of CuZnSOD with Cu(II) and H2O2.  The 

addition of CuZnSOD severely damaged the DNA at the lowest concentration (Figure 2B) [17].  

These data show that oxidative damage to DNA can be mediated through CuZnSOD.  In the 

excess of CuZnSOD and H2O2, the cell is in danger of being severely harmed. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.  DNA damage induced by SOD, hydrogen peroxide, and Cu(II) in vitro.  
Autoradiograph of 5’ 32P labeled DNA fragment.  A.  The DNA was incubated with or 
without 20 µM CuCl2, 150 U/ml CuZnSOD or MnSOD, and the indicated about of 
hydrogen peroxide for 20 minutes.  B.  The DNA was incubated with or without 20 µM 
CuCl2 and the indicated amount of hydrogen peroxide and CuZnSOD for 60 minutes [17]. 
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 It has also been found that DS cells have a diminished ability to repair mitochondrial 

DNA [18].  At 6 h after treatment with menadione, repair of mitochondrial DNA (mtDNA) 

damage in DS cells was at 50 to 60% of that of normal cells.  Druzhyna et al. speculate that the 

decrease in repaired mtDNA may be in part due to the increase in CuZnSOD seen in these cells.  

Oxidative damage through the Fenton reaction, due to an increase in H2O2, may actually increase 

the initial damage done to the mtDNA in DS cells [18].  If the mitochondrial DNA is not 

repaired, it could lead to an increase is ROS levels within the mitochondria due to faulty electron 

transport proteins that are encoded for in the mitochondrial genome.  This would lead to a 

propagation of damage that may assist in the ROS mediated transformation of the cell.   

 The extra hydrogen peroxide that is being produced within the cells because of increased 

CuZnSOD activity is not being detoxified.  This may cause a prooxidant imbalance within the 

cell that disrupts or alters cellular processes.  Increased levels of hydrogen peroxide have been 

shown to induce proliferation in normal cells [19], and hydrogen peroxide can act as a second 

messenger for NF-κB, AP-1 and cyclic AMP [20].  This taken with the evidence of damage due 

to •OH, an overexpression of CuZnSOD may in fact lead to a cancerous phenotype.  

Collagen XVII and endostatin 

 The gene for type XVIII collagen is also increased in trisomy 21.  Type XVIII collagen 

works to maintain the integrity of the basement membrane, therefore, the overexpression of type 

XVIII collagen would help decrease the invasiveness of a tumor [21]. 

 Endostatin, an angiogenesis inhibitor, is found at the C-terminal globular domain of type 

XVIII collagen [22,23].  This noncollagenous domain is cleaved off by proteases such as 

cathepsin L or matrix metalloprotease [21].  Serum levels of endostatin in DS patients are 
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increased (38.6 ± 20.1 ng/ml) as compared to non-DS subjects (20.3 ± 11.5 ng/ml) [24].  

Endostatin works as an antiangiogenic factor by inhibiting the activity of vascular endothelium 

growth factor (VEGF) [22,23].  It does so by binding to the tyrosine kinase receptors on VEGF 

and thus blocking its stimulation [25].  Also, endostatin has been shown to induce apoptosis in 

endothelial cells in vitro [23].   

 When a tumor reaches a certain size, the cells in the core become hypoxic.  This 

stimulates the accumulation of the transcription factor hypoxia inducible factor-1 (HIF-1).  HIF-

1 can induce the expression of many hypoxia related genes, one of which is VEGF [26].  VEGF 

and other angiogenic factors are upregulated to stimulate the growth of new blood vessels to 

vascularize the tumor.  If the tumor is unable to become vascularized, it will not be able to grow 

in size.  In 1971, Folkman determined that angiogenesis to a tumor was necessary for its growth 

and for metastasis [27].  Together type XVIII collagen and endostatin work to inhibit the process 

of invasion and angiogenesis.   

 Sund et al. [22] showed that a 1.6 fold increase in endostatin levels (similar to that found 

in DS patients) in transgenic mice was able to reduce the rate of tumor growth in vivo by 3-fold 

(Figure 3A).  Then, they correlated this suppression of tumor growth with the decrease in blood 

vessels in the tumor (Figure 3B) [22].  Stimulation for angiogenesis is often thought of being a 

balance between inhibitors and activators.  Sund showed that by tipping the balances in favor of 

antiangiogenic factor, tumor growth could be modulated [22]. 
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 A. 

B. 

 
 
 
 
 
Figure 4.  Tumor suppression in 
endostatin transgenic mice.  A.  
Implated tumor volume growth in 
endostatin/VE-cadherin overexpressing 
and wild-type mice.  B.  Number of 
blood vessels found in implanted tumors 
of the double transgenic and wild-type 
mice.  Endothelial cells of the blood 
vessels were stained with CD31, an 
endothelial cell marker [22]. 
 

 

 

 

 

 

 

Tiam1 

Another gene found of chromosome 21q22 is Tiam1.  Tiam1 (T-lymphoma invasion and 

metastasis) is a specific guanine nucleotide exchange for Rac.  Rac is a Rho-like GTPase that is 

activated when it is bound to GTP and inactive when bound to GDP [28].  If Tiam1 is 

overexpressed due to trisomy 21, then Rac will be active more often, leading to an upregulation 

of Rac activity.  Rac is a downstream signaling molecule of Ras that is involved in cell motility 

by cytoskeleton rearrangement, cell cycle progression, and in transcription.  Rac has also been 
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noted to be a part of cellular transformation caused by Ras.  In this way, Tiam1 can be 

considered an oncogene that is upregulated in subjects with Down’s syndrome [28] 

GATA1 

 GATA1 is affected by trisomy 21, however it is not found on the 21st chromosome.  

GATA1 is encoded for on the X chromosome, and trisomy 21-specific mutations in this gene 

have been identified.  Down syndrome patients have a mutation in the transcriptional activation 

domain of GATA1 [29]. The exact cause of the mutations is not known; however, two 

transcriptional cofactors of GATA1, RUNX1 and ETS2, are encoded for on chromosome 21q22 

and are postulated to play a role in this mutation [3,29].  GATA1 is a hematopoietic transcription 

factor that helps with the differentiation of megokaryocytes [3,29].  Therefore, megakaroblasts 

with this mutation do not develop correctly, although they do proliferate. 

 Nearly all Down’s syndrome children with AMKL have a mutation in GATA1.  

Interestingly, no non-DS leukemia patients have been found to have this mutation.  However, 

non-Down’s syndrome children who acquire a trisomy 21 karyotype due to leukemia may get a 

mutation in GATA1 [29].  There also is evidence that these mutations occur in utero, accounting 

for cases of transient leukemia in newborns with Down’s syndrome [29].  Mutated GATA1 has 

been postulated to be an initiating event fr leukemia [29].  Therefore, other factors are needed to 

get the cancerous phenotype.  The imbalance of CuZnSOD could be the promoting event that 

leads to carcinogenesis of megakaryoblasts in DS subjects. 

Experimental hypotheses  

 CuZnSOD has been shown to have a tumor suppressive effect.  However, these studies 

have been done in already transformed cells [10,11].  It has also been shown an abundance of 
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CuZnSOD can cause damage to the cell [17].  Studies need to be done to tease out whether or not 

CuZnSOD has a causative role in leukemia progression due to increased ROS production or a 

protective role against solid tumors in Down’s syndrome patients.  

In vitro transformation of Down’s syndrome cells 

 This paper hypothesizes that the overexpression of CuZnSOD is acting to damage 

cellular component, as shown by Midorikawa [17], therefore increasing the rate of 

carcinogenesis.  To test this we propose to try to transform an in vitro culture of Down’s 

syndrome fibroblasts.  To determine whether CuZnSOD or endostatin help facilitate or deter the 

transformation process, RNA interference (RNAi) will be used to knock-down their expression.  

Antisense adenoviruses to these genes could also be used, however, RNAi gives the advantage 

because its effect can be permanent and reinfection every few days would not be necessary.  

Clones of the knockdown cells would be analyzed for relative gene expression using real-time 

PCR.  Clones that expressed CuZnSOD or endostatin at levels comparable to of non-DS 

fibroblast would be selected.  Real-time PCR could also be used on a few genes encoded on 

chromosome 21q22 to verify that these cultured cells still overexpressed the other DS genes.   

 To test for transformation frequencies, wild-type cells, CuZnSOD KD, endostatin KD, 

and CuZnSOD/endostatin KD cells would be immortalized with E6/E7.  Normal human cells are 

not easily transformed and the immortalized cells could help ease the process, as well as, extend 

the life of the cultures.  The cells that were successfully immortalized would be selected for and 

given a promoting event such as ionizing radiation.  The cells would be irradiated with 2 Gy of 

γ-irradiation and allowed to recover for a week.  The surviving cells would then receive a second 
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dose.  Four doses of irradiation would be given in this manner.  Other types of cancer promoting 

treatments, such as TPA, could be used instead of irradiation.   

 At the end of the irradiation scheme, the cells would be checked for transformation using 

the soft agar assay.  Transformed cells exhibit anchorage independent growth and are able to 

form colonies in soft-agar, whereas, nontransformed cell should not be able to.  By comparing 

the transformation frequencies of the cells, one should be able to tell if CuZnSOD or endostatin 

are important in carcinogenesis of DS cells.  I would expect to see about an equal transformation 

frequency between the wild-type DS and endostatin KD cells.  Endostatins involvement in 

cancer is probably not promoting and would not have an effect in vitro.  A decrease in the 

transformation frequency of the CuZnSOD KD and CuZnSOD/endostatin KD cells would be 

expected.  This would show that the excess CuZnSOD would help facilitate the transformation of 

the cell.  If the transformation frequency of the cells with decreased CuZnSOD was increased, 

then it could be argued that CuZnSOD had a tumor suppressive effect.  If this experiment was 

successful, other cell types may be tried to confirm that this phenomenon was not limited to the 

DS fibroblasts. 

 It would then, be necessary to determine if to demonstrate the antioxidant imbalance 

within the DS cell may be causing the transformation of DS cells.  To test this, GPx or catalase 

would be knocked down in normal human fibroblast.  Real-time PCR would again be used to 

determine the levels GPx, catalase, and CuZnSOD expression.  Clones that exhibited a 1.5 

CuZnSOD:GPx or CuZnSOD:catalase ratio would be selected.  These clones would mimic the 

antioxidant imbalance within the DS cells.   
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 The clones would then be immortalized and treated with radiation as previously 

described.  I would expect that the GPx KD and catalase KD cells would have a slightly higher 

transformation frequency as compared to wild-type cells.  If this were the case, then it would 

show that the excess H2O2 due to an antioxidant imbalance would be carcinogenic.  Hydrogen 

peroxide levels would be determined to verify that they were increased in the cells. 

 These experiments would determine whether or not CuZnSOD acts a tumor suppressor or 

a tumor promoter under these circumstances.   

In vivo test of solid tumor formation 

 It has previously been shown that tumor growth is inhibited in transgenic mice  

overexpressing endostatin at a level comparable to DS [22].  We believe that the decrease in 

solid tumor occurrence is due to excess endostatin and inhibition of angiogenesis, and not the 

inhibition of cellular transformation.  Therefore, solid tumor incidence may not be decreased, but 

rather undetectable.  To test this, we propose making double transgenic mice that overexpress 

CuZnSOD and endostatin, as well as, transgenic mice that overexpress one or the other.  The 

mice will be allowed to live normal lives until they are late in age.  At this point they will be 

screened for cancer.  Positron emission tomography (PET) scans will be preformed on the mice 

to detect any sign of a tumor.  F-DG, a radiolabled analog of glucose, is taken up more readily by 

cancerous cells.  Small tumors that are normally undetectable will “light up” on the PET scan.  

The animals will be sacrifice and histological sections of their tissues will be taken to determine 

whether a cancerous growth is found where the PET scan indicated one.  

 The mice overexpressing CuZnSOD are expected to have a higher incidence of tumor 

than wild-type mice.  Because these transgenic mice are not overexpressing endostatin their 
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tumors may be detectable to the naked eye.  Wild-type mice may also be bearing tumors.  The 

double transgenic mice would be expected to have the same number of tumors as the CuZnSOD 

only overexpressing mice.  However, because of the excess endostatin, the tumors on the double 

transfectant mice would be extremely small and otherwise undetectable.  These techniques could 

help determine whether it is the transformation event or just the tumor growth that is inhibited in 

Down’s syndrome. 

Conclusions 

 Down’s syndrome is a very prevalent disorder with many manifestations arising from 

trisomy 21.  The overexpression of the genes found on chromosome 21 has a profound effect on 

the cellular processes within these individuals.  Epidemiological studies have shown a large 

increase in the incidence of leukemia and a decrease in solid tumors in these individuals.  It 

seems almost paradoxical that DS patients have such a high increase in leukemia and a decreased 

occurrence of solid tumors.  This paper proposes that the transformation events throughout the 

body are actually increased in DS subjects; however, due to excess endostatin these cancers can 

not grow into a tumor that is of detectable size.  Since leukemias are circulating cancers, the 

inhibition of angiogenesis does not affect them.   

 Leukocytes in DS patients have a mutated GATA1 gene that is thought to be an initiator 

for carcinogenesis [29].  The increase in ROS due to an antioxidant imbalance may then act as a 

promoting event, thus making the overexpression of CuZnSOD a damaging agent to the cell.  

Leukocytes in DS patients also overexpress Tiam-1 which activates Rac in the Ras pathway [28].  

This could also help explain why leukemia is increased.  However, more research is needed to 

determine the role of CuZnSOD in cancer of Down’s syndrome patients.
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