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Abstract

Chromosome deletions are a hallmark of 
human cancers. These chromosome abnor-
malities have been observed for over than a 
century and frequently associated with poor 
prognosis. However, their functions and 
potential underlying mechanisms remain elu-
sive until recently. Recent technique break-
throughs, including cancer genomics, high 
throughput library screening and genome edit-
ing, opened a new era in the mechanistic 
studying of chromosome deletions in human 
cancer. In this chapter, we will focus on the 
latest studies on the functions of chromosome 
deletions in human cancers, especially hema-
topoietic malignancies and try to persuade the 
readers that these chromosome alterations 
could play significant roles in the genesis and 
drug responses of human cancers.
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9.1  Introduction

Copy number variation (CNV) is one of the hall-
marks of human cancers [1]. Deletions and 
amplifications of focal chromosome regions, 
chromosome arms or even whole chromosomes 
are frequent in both blood and solid cancers. 
Back to the end of the eighteenth century, German 
pathologist David Hansemann first observed 
asymmetric distribution of “chromatin loops” 
even though it was difficult to clearly see the 
chromosomes under the microscopes at his age 
[2, 3]. Following this seminal observation, 
another German pathologist Theodor Boveri pro-
posed that “a particular, incorrect chromosome 
combination which is the cause of the abnormal 
growth characteristics passed on to daughter 
cells” [4].

Hansemann and Boveri’s initial observations 
were further confirmed in the following more 
than 100 years. After the first chromosome abnor-
mality in cancer, the Philadelphia chromosome, 
was discovered in 1960, sophisticated cytogenet-
ics technologies have been developed to study 
the karyotyping of cancer, especially leukemia 
[5]. Given that CNVs are frequent and associated 
with poor prognosis, it is crucial to understand 
the functions of these chromosome alterations in 
tumorigenesis and drug response. It is generally 
believed that chromosome deletion regions con-
tain tumor suppressors while chromosome ampli-
fication regions contain oncogenes [6, 7].
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However, so far, majority of chromosome dele-
tions don’t contain obvious confirmed tumor sup-
pressors. It has been argued that most chromosome 
abnormalities, including chromosome deletions, 
are the consequences of genome instability of can-
cer. In other words, cancers first have loss-of-func-
tion mutations on genes critical for genome 
integrity, such as TP53 and BRCA1/2, and then, as 
a consequence, these mutant cells acquire largely 
randomly chromosome deletions, together with 
many other genome abnormalities [1]. Though this 
hypothesis has been widely accepted, there are 
emerging evidences suggesting that at least it 
might not be the entire story. First, there are mul-
tiple cases of human cancer have chromosome 
large deletions or chromosome losses, while no 
mutation on any known genome integrity regulator 
genes [8]. More importantly, there are emerging 
evidences demonstrating the functions of chromo-
some deletions, as a whole, on tumor initiation and 
progress [9–12]. More and more tumor suppres-
sors have been identified in these frequently 
deleted chromosome regions [13, 14]. Interestingly, 
co- deficiencies of these tumor suppressors in the 
same region promoted faster tumorigenesis than 
knockdown of any single tumor suppressor, sug-
gesting the synergy of these tumor suppressors [8, 
10]. Therefore, we propose a “synergy of multiple 
tumor suppressors” theory that there are multiple 
collaborating tumor suppressors in the common 
deleted regions in cancer, which make the chromo-
some large deletions more detrimental than single 
tumor suppressor mutations.

In this chapter we will focus on the studies of 
the functions and mechanisms of chromosome 
deletions on cancer and explain our “synergy of 
multiple tumor suppressors” theory.

9.2  Chromosome Deletions Are 
Frequent in Human Cancers 
and Associated with Poor 
Prognosis

9.2.1  The Boveri’s Hypothesis 
on the Origin of Cancer

David Paul Hansemann was the first person to 
report unbalanced anaphases and telophases in 

freshly isolated epithelial cancer cells in 1890 
[2]. He described in details the mitotic chromo-
somes of 13 cultured epithelial cancer cells and 
noted the aberrant multipolar mitoses and ana-
phases with asymmetrical distribution of “chro-
matin loops”. However, Hansemann considered 
that these features were not unique to cancers. He 
thought that these chromosome alterations in 
tumor cells were the same process as in normal 
embryonic development [2, 3].

Soon after Hansemann’s initial observation, 
Boveri made his own similar observations of hypo- 
and hyperchromacy and proposed his famous 
tumorigenesis hypothesis that “a tumor originates 
from a single cell in which there is a defined but 
incorrect combination of chromosomes” [4]. His 
work on sea urchin let him conclude that individual 
chromosome transmitted different inheritance fac-
tors. Therefore, Boveri is credited to the chromo-
some theory, together with Sutton [15]. Boveri 
applied his concept of chromosome to explain 
tumorigenesis and made many bold and accurate 
predictions, including the existence of tumour-sup-
pressor genes (“teilungshemmende chromo-
somen”) and oncogenes (“teilungsfoerdernde 
chromosomen”). Majority of Boveri’s hypothesis 
and concepts have been approved and widely 
accepted by subsequent scientists.

Though chromosome alterations were fre-
quently observed in cancers, Boveri’s hypothesis 
on tumorigenesis was not well appreciated until 
the historic discovery of the Philadelphia chromo-
some in 1960 [5]. Nowell described the 
Philadelphia chromosome as the first consistent 
chromosome alteration in human cancers. Now 
the Philadelphia chromosome has become the 
golden standard to diagnose chronic myeloid leu-
kemia and the resulting fusion protein BCR-ABL 
is the target of the first target therapy drug Gleevec 
[16–18]. The discovery of the Philadelphia chro-
mosome and the target therapy against it opened 
new era for cancer research and clinical practice.

9.2.2  Chromosome Deletions Are 
a Hallmark of Human Cancers

Cancer cytogenetics is a new field ushered by the 
description of the Philadelphia chromosome for 
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the diagnosis and prognosis of human cancer, 
especially hematopoietic malignancies [6]. Over 
the last half century, a series of technique 
advances have improved karyotyping with high 
resolution, accuracy and convenience. In the late 
1960s, Torbjorn Caspersson developed Q-binding 
staining to reveal unique banding patterns of each 
chromosome [19]. This staining is generally 
applied to detect multiple types of chromosome 
abnormalities, including translocations, deletions 
and inversions. Later molecular cytogenetics was 
developed with fluorescent- or radioisotope- 
labeled molecular probes. Labeled sequence- 
specific probes were hybridized with 
chromosomes with the techniques as fluores-
cence in situ hybridization (FISH) [20, 21]. In 
1990s, array comparative genomic hybridization 
(aCGH) was applied to analyze copy number 
variations of cancer cells compared to reference 
samples [22, 23]. Microarrays used for aCGH 
can contain limited customized probes or mil-
lions of probes for the whole genome. The 
increased number of probes will improve the 
resolution of CGH analysis and less than 100 kb 
focal copy number variations can be detected. 
With the introduction of high-throughput 

sequencing techniques, CNV-seq reaches the 
highest resolution to single nucleotides [24, 25]. 
With these advanced technologies, accumulating 
chromosome deletions in human cancers have 
been documented [26].

Right now, up to millions of human cancers 
have been analyzed for their chromosome altera-
tions (Table 9.1). It has been estimated that aver-
agely about 30% of the genome is affected by 
chromosome arm-level or focal deletions in a 
typical human cancer [24, 25]. It seems that chro-
mosome deletions in human cancers involve all 
regions of the genome. It is interesting that there 
are significant “peaks” of deletions and amplifica-
tions, while these peaks vary among different 
types of cancer. Some of these chromosome dele-
tions are common among human cancers or a spe-
cific type of cancer. For example, one third of 
human cancers contain chromosome 17 loss or 
17p deletions [10]. Chromosome 1p and 16q loss 
are common in solid cancer [27]. Acute myeloid 
leukemia (AML) frequently have chromosome 5 
loss or 5q deletions (-5/del(5q)) and chromosome 
7 loss or 7q deletions (about 10% in de novo AML 
and 50% in relapsed or treatment-related AML, 
respectively) [28, 29], while chromosome 3p 

Table 9.1 The common chromosome deletions and their frequencies in selected types of human cancers

Disease category
Chromosome 
abnormality

Frequency of 
occurrence References

Acute Myeloid Leukemia 
(AML)

-7/del(7q) ~10% Greenberg et al. [31]
-5/del(5q) ~10% Nimer et al. [32]
Del(20q) ~5% Haase et al. [33]
Del(17p) ~3%–4% Valerie Soenen et al. [34] and Yvon 

Sterkers et al. [35]
Therapy-related AML -7/del(7q)/-5/del(5q) ~75% Smith et al. [36]
Non-Hodgkin lymphomas Del(17p) ~19% Levine et al. [37]
B-chronic lymphocyte 
leukemia

Del(13q) ~30% Caporaso et al. [38]

Multiple myeloma -13/del(13q) ~40% Chng et al. [39]
Lung cancer Del(13q) ~32% Jun Yokota et al. [40]

Del(17p) ~25% Jun Yokota et al. [40]
Ovarian cancer Del(17q) ~39% Hiroko Saito et al. [41]

Del(8p) ~33% Mitsuru Emi et al. [42]
Breast cancer Del(17q) ~41% Hiroko Saito et al. [41]

Del(10q23) ~40–48% Garcia et al. [43]
Del(8p) ~9% Mitsuru Emi et al. [42]

Hepatocellular carcinoma Del(8p) ~47% Mitsuru Emi et al. [42]
Colorectal cancer Del(8p) ~46% Mitsuru Emi et al. [42]

9 The Role of Chromosome Deletions in Human Cancers



138

deletions are detected in almost all small cell lung 
cancers and 90% of non-small cell lung cancers 
[30]. The high frequent common chromosome 
deletions suggest that these phenomena might be 
important to these diseases and of clinical value.

9.2.3  Chromosome Deletions Are 
Associated with Poor 
Prognosis in Some Cancers

Chromosome deletions, and other chromosome 
abnormalities have been widely applied for can-
cer diagnosis, prognosis and guiding clinical 
treatments. Back to 100  years ago, Boveri has 
proposed to detect malignant cells with chromo-
some abnormalities [4]. The Philadelphia chro-
mosome is the golden marker for chronic myeloid 
leukemia [5].

Following Chromosome 5q deletion syn-
drome (5q- syndrome) is a hematopoietic disor-
der called myelodysplastic syndrome 
characterized with acquired interstitial chromo-
some 5q33.1 deletion and macrocytic anemia. 
In1974, Van den Berghe et al. reported the first 
5q- syndrome [44]. Though most of these patients 
have only moderate thrombocytosis, erythroblas-
topenia, and megakaryocyte hyperplasia with a 
good prognosis, 10% of them would transform to 
AML [45, 46]. Generally these patients have less 
than 5% blast count in their peripheral blood and 
lenalidomide is the standard therapy. Interestingly, 
-5/del(5q) are one of the most frequent chromo-
some abnormalities in AML, especially relapsed 
or treatment-related AML. -5/del(5q) is associ-
ated with very poor prognosis, with less than 
10% 5-year survival rate [47]. Of note, the chro-
mosome regions involved in 5q- syndrome 
(5q33.1) and -5/del(5q) AML (5q31) are close 
but exclusive [48]. Thus characterizing chromo-
some deletions in detail is critic for clinic diagno-
sis and prognosis.

-7/del(7q) is the most frequent chromosome 
abnormality in AML, found in more than 50% 
secondary and 10% de novo myeloid disorders 
[49, 50]. Two minimal deleted regions, 7q22 and 
7q35–36, have been mapped in -7/del(7q) AML 
[51, 52]. Both of them are associated with poor 

prognosis. While -7/del(7q) can happen indepen-
dently, they also frequently co-occur with many 
other chromosome alterations, especially -5/
del(5q) and -17/del(17p). When these multiple 
chromosome abnormalities happen together, 
these AML are called complex karyotype AML 
and have the worst prognosis with a 5-year sur-
vival of less than 5% [47].

Chromosome 17p deletions, generally involv-
ing the whole short arm of chromosome 17 and 
containing the well-known tumor suppressor 
TP53, are frequent in almost all human cancers, 
including AML, CLL and non-Hodgkin’s lym-
phoma [53, 54]. In all of these cases, del(17P) are 
associated with poor prognosis [49, 55].

9.3  Identifying Tumor 
Suppressors in Chromosome 
Deletions

9.3.1  Knudson Theory

Given the frequency and prognosis value of chro-
mosome deletions in human cancer, it is critical 
to understand the mechanisms of these chromo-
some abnormalities in cancer initiation, progress, 
metastasis and drug response. According to 
Boveri’s theory, chromosome deletions would be 
rich of tumor suppressors [4]. Great efforts have 
done to uncover these functionally important 
genes over the last 30 years.

Traditionally there were two major criteria to 
identify tumor suppressors in chromosome loss 
or deleted regions. First the candidate tumor sup-
pressors should located in the commonly deleted 
regions among multiple patients, echoing Koch’s 
postulates. Chromosome loss or deletions gener-
ally involve large chromosome regions of several 
hundreds of genes, or the whole arms and some-
times the entire chromosomes of up to thousands 
of genes. In these cases, identifying critical tumor 
suppressors in these chromosome loss and dele-
tions would be challenging [6, 10, 24]. To narrow 
down the candidate genes involved in specific 
types of cancer, a lot of work has been done to 
identify minimal deleted regions or commonly 
deleted regions among these patients, taking the 
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advantage of the variance of chromosome dele-
tions and focal deletions in rare patients [56]. 
Recently, GISTIC (Genomic Identification of 
Significant Targets in Cancer), a powerful algo-
rithm, is developed to identify tumor suppressors 
in chromosome deletion regions in cancer (and 
also oncogenic drivers in amplified regions) [57].

The second criterion is Knudson theory or the 
two-hit hypothesis. It was assumed that most of 
the mutations on tumor suppressors were loss-of- 
function mutations and recessive. Thus, both of 
the alleles of a putative tumor suppressor must be 
mutated. It is proposed that there is a first hit in a 
tumor suppressor, classically assumed to be a 
point mutation, and followed by a second hit, 
which is commonly thought as a chromosome 
deletion. This loss-of-heterozygosity hypothesis 
is called as the two-hit hypothesis, proposed by 
Alfred Knudson in 1971 [58]. Knudson theory 
has been the basis for identifying tumor suppres-
sors during the last four decades [59].

The first example of Knudson theory is the 
retinoblastoma gene RB1 on chromosome 13q14. 
Knudson observed that retinoblastoma patients 
with bilateral retinoblastoma were first diagnosed 
at significantly earlier age than those patients 
with unilateral disease and sufferers of bilateral 
Rb1 were six times more likely to develop other 
cancer than those of a unilateral Rb1 [58]. 
Knudson explained that in the case of a bilateral 
Rb1 (familial form), one allele is already mutated 
in all somatic cells and only a second hit is needed 
to mutate the second working allele, a process of 
loss of Heterozygosity [60]. Thus, Knudson pro-
posed his two-hit hypothesis through his studies 
on RB1.

Many negative regulators of cell cycle display 
similar mutation pattern as RB1. For example, 
cyclin-dependent kinase inhibitor 2A (CDKN2A) 
is a regulator of RB1 through inhibiting cyclin- 
dependent kinase 4 and 6, which in turn inhibiting 
RB1 [61]. Therefore CDKN2A blocks cells in 
from G1 phase to S phase. CDKN2A resides on 
chromosome 9p21, which is one of the most com-
monly deleted regions in human cancers, especially 
in melanoma, small cell lung cancer and lymphoma 
[62]. Similar to those with familial retinoblastoma, 
familiar melanoma patients are more likely to carry 

inherited mutations in one allele of CDKN2A 
gene, and the second allele of this loci is deleted 
through the loss-of- heterozygosity process.

TP53 is the most frequently mutated tumor 
suppressor in human cancers, which is also rec-
ognized as an example for Kudson theory. 
Interestingly, TP53 was first found to be overex-
pressed in many human cancers, which is in con-
trast to classic tumor suppressors. Therefore it 
was assumed to be an oncogene at the beginning 
instead of tumor suppressor. Later, it turned out 
that the overexpressed “TP53” is a  gain-of- 
function mutant and TP53 fits to the classic two-
hit tumor suppressor [63]. TP53 is located on 
chromosome 17p13. Generally one allele of 
TP53 carries missense or frameshift mutations, 
with hotspots on R175, R248 and R273, which 
have been confirmed as gain-of-function muta-
tions, and the second allele is generally deleted 
together with the whole short arm of chromo-
some 17 [64]. Familial TP53 mutations count for 
about half of Li-Fraumeni syndrome, almost all 
of these patients would develop multiple types of 
cancers, including sarcoma, leukemia, breast 
cancer and brain cancers as results of loss of het-
erozygosity of TP53 [65].

Following these examples, great efforts have 
been applied to reveal putative tumor suppressors 
in chromosome deletions through mapping mini-
mal deleted regions to narrow down the candidate 
genes and searching the point mutations or epi-
genetic silencing on the second allele as an evi-
dence of loss of heterozygosity [59]. A long list 
of tumor suppressors, including PTEN on chro-
mosome 10q23 [66], APC on chromosome 5q22 
[54], NF1 on chromosome 17q11 [67], BRCA1 
on chromosome 17q21 [68] and VHL on chro-
mosome 3p25 [69], have been identified.

9.3.2  Haploinsufficient Tumor 
Suppressors

Despite the large success of Knudson theory, 
there are two obvious puzzles about chromosome 
deletions in human cancers. First there are no 
verified classic tumor suppressors in many chro-
mosome deletions even after great efforts of 
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searching. And second, chromosome deletions 
generally contain several hundreds genes while 
only one or very few of them have been validated 
as tumor suppressors [24, 25]. These contradic-
tions suggest that classic tumor suppressors con-
sistent with the two-hit hypothesis might not be 
the whole stories. Around 2000, a novel type of 
tumor suppressors, haploinsufficient tumor sup-
pressor, has been proposed. Heterozygous loss of 
function of these genes, such as mutations or 
deletions on only one allele (and the second allele 
is still functioning), would contribute tumor gen-
esis and progression [70, 71]. The new concept of 
haploinsufficiency dramatically expands the can-
didate genes for tumor suppressors, especially in 
chromosome deletion regions.

One of the first identified haploinsufficient 
tumor suppressor is the cyclin-dependent kinase 
inhibitor p27Kip1 [72]. p27kip1, a regulator of 
RB1-E2F pathway, is in chromosome 12p12, a 
region frequently deleted in pediatric acute lym-
phoblastic leukemia. All deletions involved chro-
mosome 12p12 are heterozygous while  neither 
missense nor truncated mutations were detected 
in the retained allele [73, 74]. And expression of 
p27Kip1 was detected in the nuclei of these 
effected cancer cells by immunostaining though 
at a reduced levels [72], suggesting a non- 
Knudson mechanism. With a genetically engi-
neered mouse model, Fero et  al. clearly 
demonstrated that p27Kip1 heterozygous loss 
resulted in spontaneous multiple organ tumors at 
a penetrance of 32% in mice. When exposed to 
X-ray irradiation, these mice developed dramati-
cally more tumors than wildtype control mice, 
though fewer than those of p27Kip1 homozygous 
loss. More importantly, all of the tumors from 
p27Kip1+/− mice retained the wildtype allele 
and the expression of p27Kip1 were revealed by 
west blotting [72]. Thus p27Kip1 is a haploinsuf-
ficient tumor suppressor.

Haploinsufficent tumor suppressors may also 
residue in chromosome 7q, the most frequently 
deleted region in AML. Since its mapping by cyto-
genetics, great efforts of decades to identify classic 
tumor suppressors in this region have been in vain. 
By analyzing the big data of cancer genomics and 
in vivo function tests, we showed that the mixed 

lineage leukemia 3 gene, MLL3, was a haploinsuf-
ficient tumor suppressor in chromosome 7q36 
[13]. MLL3 is a member of the MLL protein fam-
ily with a SET domain capable of methylating 
lysine 4 on histone H3 and a core component of 
the COMPASS-like complex regulating transcrip-
tion elongation [75]. MLL3 is one of the most fre-
quently mutated chromatin modifiers in solid 
cancers. But all of these mutations are heterozy-
gous [76, 77]. 7q is the most commonly deleted 
region in AML but so far no loss- of- function muta-
tion of MLL3 (nor other genes) was found in 7q 
loss patients [49]. shRNAs knocking down Mll3, 
together with p53 and Nf1 loss, promoted full 
blown AML genesis, indicating Mlll3 as a tumor 
suppressor. Though these shRNAs could potently 
reduce the expression level of Mll3  in NIH3T3 
cells at 90%, the inhibition of Mll3 expression by 
the same shRNAs in the resulting AML cells were 
only about 50%. Further CRISPR/Cas9-mediated 
genome editing of Mll3 leukemia cells also 
remained one intact wildtype allele. All of these 
evidences demonstrated that Mll3 is a haploinsuf-
ficient tumor suppressor in AML [13]. These 
results are striking given that MLL3 is an epigen-
etic regulator, which affects the expressions of 
many downstream genes but at a moderate level. 
The remaining questions would be how the mod-
erate dosage change of an epigenetic gene would 
transform hematopoietic stem cells and whether 
restoring the expression of MLL3 (two-fold 
increase) in leukemia would be able to restrain the 
progression of the disease.

Interestingly, many of the putative classic 
tumor suppressors also show haploinsufficiency 
in preventing tumorigenesis. One example is 
PTEN, residing in chromosome 10q23 and 
encoding a lipid phosphatase that negatively reg-
ulates PI3K-AKT pathway [78]. It was estimated 
that up to 70% prostate cancer patients carried a 
heterozygous loss of PTEN, generally covered by 
a large deletion of one copy of chromosome 10 
similar to MLL3 in chromosome 7q, while only 
less than 10% of the patients had homozygous 
deletions or mutations at diagnosis [79]. 
Consistent with the human clinic genetics, Pten 
Heterozygosity dramatically increased the rate of 
prostate cancer progression in TRAMP mice 
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[80]. Later, with a Pten hypermorphic mouse 
model whose expression level of Pten was 80% 
of that in wildtype control mice Alimonti et  al. 
reported that even such subtle reduction of Pten 
dosage would promote the development of a wide 
spectrum of cancers [81]. Thus haploinsuffi-
ciency is a general principle for tumorigenesis.

Arguably all potential tumor suppressors in 
chromosome deletions without loss-of-function 
mutations on the second allele may be haploin-
sufficient tumor suppressors, which would strik-
ingly deep our understanding of the molecular 
mechanisms of chromosome deletions in human 
cancers. It is also interesting to test whether these 
haploinsufficient tumor suppressors might be 
valuable therapeutic targets for the cancers with 
the corresponding defects.

9.4  The Role of Chromosome 
Deletions as a Whole 
in Carcinogenesis

9.4.1  Modeling Chromosome 
Deletions with Genetic 
Engineered Mouse Models

Identifying tumor suppressors in chromosome 
deletions is very important to study the functions 
of chromosome deletions in tumorigenesis. 
However, given the broad effects of chromosome 
deletions with generally several hundreds genes 
and structural abnormalities, none of any single 
tumor suppressor could recapitulate all of the 
phenomena of a chromosome deletion in cancer. 
Thus the full functions of chromosome deletions 
must be studied as a whole. Investigating the bio-
logical roles of chromosome deletions as a whole 
has been significantly delayed due to lack of 
available techniques to precisely model these 
chromosome configurators and confused by the 
results of spontaneous aneuploidies. At odds to 
being a hallmark of cancer, aneuploidy, including 
chromosome loss and large chromosome dele-
tions, has been shown to be detrimental to normal 
cells, specifically yeast cells and mouse embry-
onic fibroblast cells, in some context [82]. It is 
argued that both gene-specific and general non- 

gene- specific effects of aneuploidy could inter-
fere cell proliferation through “aneuploidy 
associated stresses”. These experimental obser-
vations seem at odds with the frequent chromo-
some alterations associated with human cancers 
and Boveri’s chromosome theory of carcinogen-
esis [83]. Therefore it is critical to provide direct 
evidences that chromosome deletions are able to 
drive tumorigenesis.

Recent technique advances including sophisti-
cated genetically engineered mouse modeling, 
genome editing and high throughput library 
screening, made it possible to reveal the biologi-
cal consequences of chromosome deletions in 
cancer [14, 84–87]. The first example is chromo-
some 17p deletion [10]. 17p loss is one of the 
most, if not the most, frequently genetical abnor-
malities found in various cancers and associates 
with tumor aggressiveness and poor prognosis 
[88]. Given the well-studied tumor suppressor 
TP53 on chromosome 17p13, it was generally 
assumed that chromosome 17p loss is to loss of 
Heterozygosity of the second allele of TP53, fol-
lowing the classic Knudson theory [63]. However, 
by analyzing the CNV and mutation data of more 
than 4000 human cancers, we found that one 
third of cases with TP53 alterations had heterozy-
gous chromosome 17p loss but didn’t have any 
detectable mutation of TP53 on the other allele 
[10]. Therefore it is very important to investigate 
whether chromosome 17p has more tumor sup-
pression capacity beyond TP53 only. Taking the 
advantage of the high synteny between mouse 
chromosome 11B3 and human chromosome 
17p13, which share the exact same over than 100 
coding genes and noncoding microRNA genes 
even at the same order, we genetically engineered 
a conditional 11B3 knockout mouse model. 
Compared to p53 deleted tumors, heterozygous 
deletion of chromosome 11B3 can promote either 
Myc-driven lymphomagenesis or Nf1; Mll3- 
defective leukemogenesis with shorter tumor 
latency and overall survival. Moreover, the result-
ing 11B3-deleted tumor cells are more resistant 
to chemodrug like cyclophosphamide, vincristine 
and methotrexate. Interestingly, many lympho-
mas generated from heterozygous deletion of 
11B3 carry spontaneously missense or frame- 
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shift mutations on the wildtype p53 allele, likely 
resulting from the procession of Trp53 loss-of- 
heterozygosity. Other 11B3-deleted lymphomas 
keep wildtype Trp53 allele. Together, 11B3 
tumors represent the chromosome 17p deletion 
configurations in human cancers [10]. These 
findings would not only shed light on understand-
ing the molecular mechanisms under which chro-
mosome 17p deletions impact on cancer biology, 
but also provide a platform to develop new thera-
peutic methods.

Chromosome 7q22 is another frequently 
deleted region in AML and so far no classic tumor 
suppressor has been validated in the context of 
AML [89]. To shed light on the sealed function of 
7q22 deletions to Myelodysplastic Syndrome 
(MDS) pathogenesis, Wong et al. generated mice 
with a heterozygous germ line deletion of a 2 Mb 
interval of the murine chromosome band 5A3, 
which removing 13 genes correspondent to a 
commonly deleted segment of human 7q22 [12]. 
The resulting 5A3+/del mice exhibited typical 
characterizations of MDS. The 5A3+/del mouse 
model provided a novel platform for the studies of 
human 7q22 deletion MDS or AML.

These genetically engineered mouse models 
provide clear and direct evidences that chromo-
some deletions as a whole can be drivers of 
tumorigenesis and experimentally prove the 
100-year-old Boveri’s cancer theory. However, 
the big limitation of this strategy is that, though 
99% of human and mouse genes are identical, the 
synteny between human and mouse chromo-
somes are poor [90, 91]. Therefore it is difficult 
to model chromosome large deletions of human 
cancers in mouse models.

9.4.2  Modeling Chromosome 
Deletions in Human Cell 
Models

Obviously human cells can be the best model to 
study chromosome alterations in human cancers. 
The efficiency of genome editing made it feasible 
[92]. It is widely known that chromosome 8p loss 
recurrently occurs in human breast cancer 
patients and it is tightly associated with poor 

patient survival. In order to elucidate the role of 
8p loss in tumorigenic transformation, Cai et al. 
made a good use of TALEN-directed genomic 
engineering technology to generate human cellu-
lar models based on an non-malignant MCF10A 
mammary epithelial cell line, which mimicking 
8p loss of heterozygosity and avoiding introduc-
ing other genomic abnormalities [9]. Though the 
entire loss of 8p chromosome showed limited 
tumor transformation capacity alone or cooperat-
ing with other driver genes like MYC, ERBB2 or 
loss of TP53, these cells displayed abnormal fatty 
acid and ceramide metabolism. The shift of fatty 
acid metabolism led to actin filament reorganiza-
tion and further contributed to cell invasiveness. 
Besides, alterations in ceramide metabolism ren-
dered cells increased autophagy capacity and bet-
ter growth ability under hypoxia context. Primary 
human breast cancers with 8p loss deriving from 
clinical patients bear these metabolic changes as 
well. These discoveries suggest that models of 
chromosomal large deletions could be used to 
predict the responsiveness of cancer patients to 
anticancer therapies and could help to improve 
our understandings of human cancer [93].

Taking advantage of induce pluripotent stem 
cells (iPSCs), Papapetrou’s laboratory investi-
gated the biological consequences of chromo-
some 7q loss, the most frequent chromosome 
abnormalities in AML [11, 94]. First they gener-
ated iPS cells from chromosome 7q loss and 
intact cells from the same patients and showed 
that iPS cells with chromosome 7q deletions had 
defects to differentiate into hematopoietic cells 
and had increased apoptosis, similar to those 
observed in MDS patients with chromosome 7q 
deletions. Then using AAV-delivered CRISPR/
Cas9, they generated chromosome 7q deletions 
in normal human iPS cells. These genome edited 
iPS cells also displayed reduced capacity to dif-
ferentiate into CD45+ hematopoietic cells while 
increased percentage of CD34+ (a marker of 
hematopoietic stem and progenitor cells) popula-
tion. These phenotypes are consistent with those 
in chromosome 7q deleted MDS patients [11]. It 
is of interest that spontaneous correction of chro-
mosome 7q by a chromosome 7 trisomy largely 
rescued most of these abnormalities associated 
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with the disease [94]. These studies indicate that 
chromosome 7q deletions as a whole are respon-
sible for the pathology of MDS with chromo-
some 7q loss. The combination of iPS cells and 
genome editing opens a new era to study chromo-
some alterations in human cancers. In principle, 
this strategy could model all kinds of chromo-
some deletions in various types of human cancers 
[95]. A shortcoming is that in patients somatic 
chromosome deletions assumably occur in tissue- 
specific stem or progenitor cells while genome 
edited iPS cells are not physiologically related. 
Thus direct genome editing of cell-of-origin of 
human cancers might be more accurate to inves-
tigate the biological functions of chromosome 
abnormalities in the right context.

A new era in preclinical cancer research is 
emerging, in which human-based models are tak-
ing center stage and patient-derived cells are 
increasingly being used as primary discovery 
platforms. In this modern era of basic cancer 
research and precision oncology, iPSCs derived 
from patients with cancer can substantially 
expand the experimental repertoire applicable to 
human cells in ways that were hitherto restricted 
to model organisms. We envision that models for 
at least some cancers can be developed using 
iPSC technologies, and that these will occupy a 
unique place in this new era, bridging primary 
cells with immortalized cell lines by combining 
the physiological relevance of the former with 
the amenability to experimentation of the latter. 
Interdisciplinary collaborations between stem 
cell researchers, cancer researchers, physicians, 
translational scientists, bioengineers and drug 
developers will be paramount to harness the full 
potential of iPSCs as a new tool in this modern 
era of cancer research.

9.4.3  The Collaborative Effect 
of Multiple Tumor 
Suppressors in Chromosome 
Deletions

There are accumulating evidences indicating that 
chromosome deletions are powerful drivers for 
carcinogenesis and distinguishable to deficiency 

of single tumor suppressors. A plausible explana-
tion is that there are multiple tumor suppressors 
in a chromosome deletion region and these tumor 
suppressors collaborate to inhibit tumor genesis 
and progress. To dissect these cooperative tumor 
suppressors, shRNA, CRISPR/Cas9 and ORF 
library screening have been successfully per-
formed on several commonly deleted chromo-
some regions. Since chromosome 17p has tumor 
suppression capacity beyond TP53, it was pro-
posed that there were other tumor suppressors 
besides TP53 in this region. To identify potential 
new tumor suppressors in chromosome 17p, Liu 
et al. generated a shRNA library against all of the 
coding genes except p53 and performed a high 
throughput in vivo screening. Multiple candidate 
tumor suppressors, including a cluster of Alox 
genes, were scored. After validating Eif5a and 
Alox15b as tumor suppressors in lymphoma, 
they further showed that simultaneously knock-
ing down Eif5a and p53, or Alox15b and p53 led 
to shorter tumor-free survival of recipient mice 
compared to knocking down any single of these 
genes, indicating the collaboration between Eif5a 
and p53, and Alox15b and p53, respectively [10]. 
Kotini et  al. applied ORF screening to identify 
key players in chromosome 7q with an iPS cell- 
blood cell differentiation assay. Multiple candi-
date tumor suppressors were hit and further work 
is needed to validate them in the context of AML 
genesis (Fig. 9.1) [11].

More high throughput library screenings have 
been performed in multiple cancer types. Zender 
et  al. did in  vivo shRNA library screening for 
genes recurrently deleted in human HCC cells in 
a mouse HCC model and identified 12 novel 
tumor suppressors [14]. Further they showed that 
these tumor suppressors from chromosome 8p 
could synergistically restrained HCC growth at 
least in mice [96]. A survey of genes in 82 recur-
rently focal deletions from 3131 tumors, Solimini 
demonstrated that these regions are rich of so 
called STOP genes than GO genes, which nega-
tively and positively regulated cell growth and 
proliferation. They proposed that though major-
ity of these STOP genes were hemizygously 
deleted and each of them had moderate effects on 
tumorigenesis, the cumulative haploinsufficien-
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Fig. 9.1 (a) Knudson “Two-hit” theory of tumorigenesis. (b) “synergy of multiple tumor suppressors” theory on the 
role of chromosome large deletions in human cancers
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cies led to tumorigenesis, which explained the 
driver role of chromosome deletions in human 
cancer [8, 97].

9.5  Perspective

It has been over 100  years since Hansemann’s 
initial observations of chromosome abnormali-
ties in cancer and Boveri’s seminal hypothesis of 
chromosome alterations as drivers of cancer. 
Amounting data have documented them as a hall-
mark and association with pathology and progno-
sis of cancer. However, partially due to the 
technical challenges, we just start to understand 
the mechanisms of this critical phenomenon in 
cancer with both conceptual and technic break-
throughs. Solid evidences have provided that 
chromosome deletions are distinguishable and 
powerful drivers of cancers. These critical drivers 
display significant characteristics in terms of 
genetic configurations, biological consequences 
and more important, treatment vulnerabilities 
[98]. For example, passenger deletions of 
ENO1 in chromosome 1p36 give rise to sensitiv-
ity of the mutant GBM cells to ENO2 inhibition 
[99]. Chromosome deletions, together with other 
chromosome abnormalities, might also change 
the expressions of certain immune markers 
through unknown mechanisms, rendering the 
affected cancer cells resistance to immunothera-
pies [100]. Thus further efforts are in need to 
fully understand the biological functions, molec-
ular mechanisms and vulnerabilities for the treat-
ment of the diseases driven by these numerous 
and notorious chromosome abnormalities.
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