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Abstract. Background: Colorectal cancer is the most common
gastrointestinal carcinoma in western countries. Prognosis of
metastatic colorectal cancer has improved in the last decades,
but the disease continues to carry an adverse outcome in most
cases. An improved understanding of molecular pathogenesis
has provided incremental benefits in survival outcomes with the
introduction of targeted therapies for specific sub-types and
gives hope for further improvements. Materials and Methods:
Publicly available data from genomic series of colorectal
cancer published by the TCGA were analyzed with the aim of
characterizing the sub-set of colorectal cancers carrying
amplifications of chromosome 20qll1.21, compared with
cancers with no amplifications in this locus. Associations of
20q11.21-amplified cancers with other molecular lesions
commonly observed in colorectal cancer were explored. mRNA
expression of genes from the locus in amplified cases was
analyzed. An exploratory survival analysis was also performed.
Results: Amplifications of genes at chromosome arm 20q are
observed in 7% to 9% of colorectal cancers, representing the
most commonly amplified loci in this type of cancer. The
20ql11.21 presents the highest amplification rate in the 20q
arm. 20qll.21 amplified cancers display concomitant
mutations in the KRAS pathway and SMAD4 less often than
non-amplified cancers. Mutations in DNA repair genes are also
less often encountered in 20q11.21 amplified colorectal cancers
than non-amplified ones. Conclusion: Amplification of genes
at locus 20ql11.21, representing the most frequently amplified
locus in colorectal cancers, is associated with specific
molecular characteristics

and may have therapeutic

implications.
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Colorectal cancer is among the most prevalent cancers and
a major cause of cancer-related morbidity and mortality (1).
Colon and rectal cancers accounted for over 1.8 million
cases worldwide in 2018 and 860,000 deaths. Improvements
in survival of metastatic colorectal cancer have been
accomplished in the recent decades with incremental benefits
obtained by the introduction of more -effective
chemotherapies and targeted therapies. Targeted therapies
based on an improved understanding of the molecular
biology of colorectal cancer hold the promise for further
improvement in outcomes.

The molecular biology of colorectal cancer has been
elucidated and in-depth studies of the trajectory of neoplastic
lesions, from adenoma to in situ carcinoma and invasive
carcinoma with associated molecular defects accumulating
during these transitions, paints the picture of colorectal cancer
as a multistep process. Molecular lesions in different cancer-
associated pathways have been described in detail and include
mutations in genes encoding for tumor suppressors such as
APC, p53 and SMAD4 as well as activating mutations of the
KRAS oncogene (2). Some colorectal cancers present with
increased microsatellite instability due to mismatch repair
defects akin to the hereditary non-polyposis colorectal cancer
syndrome. Other cancers, which are more common, have
increased chromosomal instability with numerous gains and
losses. Genomic studies have established the heterogeneity of
colorectal cancer with several overlapping sub-types (3-8). A
meta-analysis of genomic studies has provided a unified
classification of genomic profiles in four consensus molecular
sub-types (9, 10).

Loci at chromosome arm 20q are frequently amplified in
colorectal cancers. Commonly these amplifications
encompass several dozen genes located in the chromosome
arm, even though the amplified areas are not always
continuous. This suggests that fragments of 20q are
independently and concomitantly amplified in colorectal
cancer. Genes at the 20q11.21 locus top the list of amplified
genes in colorectal cancer in published genomic series (11,
12). This study analyzed colorectal cancers with 20q11.21
amplifications and compared their characteristics with those
of cancers with no amplification of this locus.
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Materials and Methods

Genomic data of colorectal cancer patients from The Cancer Genome
Atlas (TCGA) study cohort and the Memorial Sloan Kettering Cancer
Center (MSKCC) IMPACT (MSK-IMPACT) cohort were extracted and
analyzed. The cBioCancer Genomics Portal (http://www.cbioportal.org)
was utilized for the analysis (13). The platform maintained by MSKCC
and other academic institutions is freely available on-line and provides
a user-friendly interface. Sub-sets of colorectal cancers with or without
amplifications of genes at the 20ql1.21 locus were analyzed for
defining clinical and genomic characteristics of each sub-set. The two
series used in the analysis employ different genomic protocols (11, 12).
TCGA employs whole exome sequencing, while the MSK-COMPACT
study uses a more targeted sequencing protocol that includes 341
cancer-associated genes (11, 12). TCGA presents an aneuploidy score
(AS), which is the sum of the number of chromosome arms in each
patient sample included in the study that display copy number
alterations (gains or losses). A chromosome arm is considered copy
number altered based on the length of alterations as calculated by the
ABSOLUTE algorithm from Affymetrix 6.0 SNP arrays (14). The
definition of a somatic copy number alteration was set at more than
80% of the length of the arm. Alterations in 20% to 80% of a given
arm length were considered inadequate to call, while chromosomal
arms with somatic copy number alterations in less than 20% of the arm
length were considered not altered. The OncoKB knowledgebase, a
database of cancer-related genes is used for classification of the genes
as cancer-related and for information on specific cancer roles of the
genes from the 20q11.21 locus (15).

Statistical comparisons of categorical data were carried using
Fisher’s exact test or the y? test. The Log-Rank test was used to
compare Kaplan-Meier survival curves. All statistical comparisons
were considered significant if p<0.05.

Results

The chromosome locus 20q11.21 is the most commonly
amplified genomic area in colorectal cancer. The frequency
of amplification of genes located in this locus ranges from
8.1% to 9.3% in the TCGA cohort. The three representative
genes from the locus that are included in the analysis of the
cohort of metastatic colorectal cancers from MSKCC show
a lower amplification rate (BCL2LI: 4.9%, ASXLI: 3.8%,
DNMT3B: 3.4%). Various other cancers in the MSK-
IMPACT study show a low rate of amplification of the
20q11.21 locus (as represented by amplification of the
ASXLI gene) of about 1% (Figure 1). The highest
amplification rate was observed in colorectal cancer (3.5%
in this study) and in head and neck carcinomas (2.5%).

The three genes at 20ql11.21 locus that are listed at
OncoKB database (BCL2L1, ASXLI and DNMT3B) are co-
amplified in a high percentage of cases in the TCGA
colorectal cancer group. Among cases with BCL2LI
amplifications, 94% and 86% of cases have co-
amplifications of ASXLI and DNMT3B, respectively. Other
genes across the entire 20q arm are also amplified in lower
frequencies overall (Figure 2). Co-amplification of these
genes with genes at 20q11.21 occur less frequently. For
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example, AURKA and GNAS genes located at 20q13.2 and
20q13.32 are amplified in 7.4% of colorectal cancers but
only 52% of BCL2LI amplified cases contain co-
amplifications in these genes.

Colorectal cancers with 20q11.21 amplifications did not
differ significantly from non-amplified cancers regarding stage
at presentation (XZ p=0.9, Figure 3). The prevalence of
mutations in the four most commonly mutated genes in
colorectal cancer, the KRAS oncogene and the APC, TP53 and
SMAD4 tumor suppressors displayed a balanced distribution,
with KRAS and SMAD4 mutations being more frequent in
non-amplified cases (42.7% and 14.1%, respectively) than in
amplified ones (20.5% and none, respectively Figure 4A). In
contrast, APC and TP53 mutations were more frequent in
amplified cases (79.5% and 75%, respectively) than in non-
amplified ones (71.8% and 57.3%, respectively). These
differences were statistically significant in the case of KRAS,
SMAD4 and TP53 (Fisher’s exact test p=0.003, 0.01 and 0.02,
respectively) but not for APC (Fisher’s exact test p=0.37).
Besides KRAS, other genes of the RAS-RAF-MEK and RAS-
PI3K-Akt pathway are also more commonly mutated in
20q11.21 non-amplified cases than in 20q11.21 amplified
colorectal cancers (Fisher’s exact test p=0.007, Figure 4B).
These genes are less frequently mutated than KRAS in
colorectal cancers, but several are included in clinical panels
as markers of anti-EGFR1 drug resistance.

Mutations in BRCAI and BRCA2 and other genes involved
in DNA damage response (DDR) are individually
comparatively rare in colorectal cancer. In the colorectal
cancer TCGA cohort, BRCAI mutations were observed in
3% of cases and BRCA2 mutations in 7.1%. However, in
cancers with no 20q11.21 amplifications, mutations in one
or more of the DDR genes are collectively present in 24%
of cases and are more common than DDR gene mutations in
20q11.21 amplified colorectal cancers (Fisher’s exact test
p=0.005, Figure 5A). Likewise, mutations in one or more of
the genes associated with microsatellite instability (MSI) or
mutations in the proofreading polymerases epsilon and deltal
(POLE and POLD1) are present in 18.2% of colorectal
cancers without 20q11.21 amplifications but only in 2.3% of
cases with 20q11.21 amplifications (Fisher’s exact test
p=0.003, Figure 5B). MSI related proteins and proofreading
polymerases are associated with higher tumor mutation
burden (TMB) and, consistent with their higher prevalence
in 20q11.21 non-amplified cancers, these cancers have a
TMB above 200 in 18.9% of cases while only 2.4% of
20q11.21 amplified colorectal cancers have TMB above 200
(Fisher’s exact test p=0.003, Figure 5C). In contrast,
20q11.21 amplified colorectal cancers present a higher
prevalence of chromosomal instability (CIN) with all the
cases having an Aneuploidy Score (AS) of 4 or above, while
cancers without 20q11.21 amplifications are CIN low with
an AS score below 4 in 23.9% of cases (Figure 5D).
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Figure 1. Frequency of amplification of 20q11.21 (as defined by amplification of ASXLI1) in various cancers. Cancers with 20q11.21 amplification
in more than 1% of cases are shown. Data are derived from the MSK-IMPACT study (12).
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Figure 2. Frequency of amplification of representative genes from chromosome arm 20q in colorectal cancer. Data are derived from the TCGA

colorectal cancer cohort.

Expression of 20q11.21 genes at the mRNA level varies
widely in cases with amplification of the locus. The genes with
the higher expression at the mRNA level in 20q11.21 amplified
colorectal cancers include the gene for fucosyl-transferase
POFUT1 which shows a z score above 2 compared with

diploid samples in 90.5% of 20q11.21 amplified cases and
ASXLI1 with a z score above 2 compared to diploid samples in
88.9% of 20q11.21 amplified cases (Figure 6). BCL2L1 and
DNMT3B show mRNA overexpression only in 43.4% and
58.5% of 20q11.21 amplified colorectal cancer cases.
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Figure 3. Distribution of stage at presentation in colorectal cancers with and without 20q11.21 amplifications. Data are derived from the TCGA

colorectal cancer cohort.

Genes of interest at locus 20q11.21 including BCL2L1,
DNMT3B, TPX2 and POFUT1 are expressed in colorectal
cancer tissues according to the human protein atlas, albeit
with variable staining intensity. ASXL1 expression has not
been investigated in human colorectal cancer tissues by
immunohistochemistry in the atlas but is expressed in the
colorectal cancer cell line CACO2.

Overall Survival (OS) of patients with 20q11.21 amplified
tumors was no different from the OS of patients without
20q11.21 amplifications in TCGA colorectal cancer cohort
(Log-rank test p=0.99, Figure 7A). However, in the MSK-
IMPACT series that included only metastatic colorectal
cancer patients the group with 20q11.21 amplifications had
a better OS than the non-amplified group (Figure 7B).

Discussion

Chromosome locus 20q11.21 is the most frequently amplified
locus in colorectal cancers, albeit with variable frequencies
in different series, possibly due to the variable purity of
samples included (16). Cancer related genes that map at this
locus and show the highest frequency of amplification in the
TCGA colorectal cancer data include BCL2L1, ASXLI and
DNMT3B. Other genes of potential interest located at
20q11.21 include TPX2, POFUTI and KIF3B. BCL2L]I (also
known as Bcl-x) is a BCL2 family member and a major
apoptosis regulator (17). The gene encodes for two alternative
protein isoforms, through alternative mRNA splicing. The
longer isoform is anti-apoptotic and is called Bcl-xL while
the shorter is a pro-apoptotic isoform, called Bcl-xS (18). Up-
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regulation of Bcl-xL provides a pro-survival signal for cancer
cells. Induction of BCL2L1 and other proteins of the intrinsic
apoptosis pathway results from DNA damage and oxidative
stress. The long isoform is preferentially expressed over the
shorter isoform when the BCL2LI gene is induced in
neoplastic cells (18). An increased Bcl-xL to Bcl-xS ratio
contributes to mitochondrial outer membrane potential
maintenance and prevents cytochrome ¢ from spilling into the
cytoplasm and from activating caspases, the executioners of
apoptosis enzymes (19).

The two other genes of the locus listed in the OncoKB
database as cancer associated genes, ASXLI! and DNMT3B
encode epigenetic chromatin modifiers. ASXL/, one of the
three human homologues of Drosophila ASX gene is a member
of the Polycomb group repressor complex and is involved in
methylation of histone 3 at position 27 (H3K27) which leads
to transcription suppression (20, 21). DNMT3B is a DNA
methyl-transferase that regulates CpG island promoter
methylation of various genes modulating transcription (22).
Up-regulation of DNMT3B results in epigenetic modifications
of expression of several proteins across the colorectal neoplasia
stages from adenoma to carcinoma, including the Wnt pathway
regulator SFRP2, the CDK inhibitor p16 and the mismatch
repair protein MLH1 (23). Thus, altered expression of ASXL1
and DNMT3B cancers with 20ql1.21
amplifications cause a global epigenetic dysregulation.

TPX2 is not listed at the OncoKB database but has been
discussed as a player in colorectal cancer, notably in
connection with Aurora A kinase (AURKA), whose gene is
also located in arm 20q, at the 20q13.2 locus (24). The

in colorectal
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Figure 4. Percentage of mutations: A. in the most common colorectal
cancer associated genes and B. in genes of the RAS-RAF-PI3K cascade
in colorectal cancers with and without 20q11.21 amplifications. Data
are derived from the TCGA colorectal cancer cohort.

expression of the two genes at the protein level correlates with
their amplification and promotes transition from adenoma to
carcinoma. The two genes positively influence anchorage
independent growth and invasion of colorectal cancer cell
lines (24). TPX2 is a microtubule associated protein and
directly interacts with Aurora A kinase during mitosis,
positioning the kinase on spindle microtubules where it
promotes microtubule formation and stabilization.
Dysregulation of the TPX2-AURKA functional unit leads to
defects in chromosome segregation and chromosomal
instability. The kinesin family member KIF3B, whose gene is
also located at 20q11.21, is a microtubule associated protein
and, interestingly, interacts with Wnt/ [-catenin regulator
APC, which is commonly mutated in colorectal cancers (25).

The fucosyltransferase POFUT1 located at 20ql11.21
regulates Notch signaling through fucosylation of the Notch
receptor (26). POFUT1 fucosylates serines or threonines
between the second and third cysteine in proteins with EGF-
like domains and, thus, may have other targets regulating
additional transduction pathways involved in colorectal
cancer (27). POFUT1 has been found to be up-regulated in
high-risk adenomas, suggesting a role in early pre-neoplastic
lesions and progression to colorectal cancer (28). Another
gene located next to POFUT1 at 20q11.21, pleomorphic
adenoma gene-like 2 (PLAGL2) is a regulator of the Wnt
pathway and may be co-regulated with POFUT1 by sharing
the same promoter (29). Combined increased expression of
the two genes affects stem cell maintenance, given that both
Notch and Wnt are critical stem cell pathways (30).

Colorectal cancers are categorized to four consensus subsets
according to their general molecular characteristics based on a
meta-analysis of molecular subtype studies (9, 10). These
consensus molecular subtypes (CMS) include MSI/ immune
(CMS1), the canonical subtype (CMS2) which is the most
common (37% of all cases), the metabolic subtype (CMS3) and
the mesenchymal subtype (CMS4). Colorectal cancers with
20q11.21 amplifications align with the CMS2 canonical
subtype characterized by high CIN and activated WNT
pathway, as underlined by high frequency APC mutations.
Moreover, MSI-associated abnormalities and BRAF mutations
that are observed in CMS1 and SMAD4 mutations leading to
TGFp pathway activation as observed in the mesenchymal
CMS4 subtype are absent in 20q11.21 amplified colorectal
cancers. KRAS mutations, which are more common in the
CMS3 metabolic subtype, show a lower prevalence in
20q11.21 amplified colorectal cancers. CMS2 cancers have an
intermediate overall prognosis, in between CMS1 ,(which have
a favorable prognosis) and CMS4 mesenchymal cancers
(which have the worst prognosis). The lack of prognostic
implications of 20q11.21 amplifications in TCGA is consistent
with their alignment with the intermediate prognosis CMS2
group. In contrast, in metastatic disease, CMS1 cancers behave
more aggressively, and thus, CMS2 cancers and, among them
cancers with 20q11.21 amplifications, have the best prognosis,
as confirmed in the MSK-IMPACT cohort that includes only
metastatic colorectal cancers. A study from MSK-IMPACT that
included both gains and amplifications of the whole
chromosome 20q showed better overall survival of the altered
patient group compared to 20q diploid patients (16).

The common occurrence of amplifications in 20q11.21 in
colorectal carcinomas suggests that high dosage of one or
more of the genes located in the area is beneficial for cancer
cells and may be a driver event. This assumption would be
strengthened if mRNA up-regulation accompanies gene
amplification. mRNA up-regulation of transcripts from the
20q11.21 locus in cancers with 20q11.21 amplifications is
variable and for some genes the percentage of mRNA up-
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Figure 5. A. Percentage of mutations of genes involved in DNA damage response and repair in colorectal cancers with and without 20q11.21
amplifications. B. Percentage of mutations of genes involved in mismatch repair (MMR) or encoding for the proof-reading polymerases ¢ (POLE)
and & (POLDI) in colorectal cancers with and without 20q11.21 amplifications. C. Percentage of total mutation burden (TMB) levels in colorectal
cancer patients with and without 20q11.21 amplifications. D. Percentage of patients with different Aneuploidy Score (AS) levels in colorectal cancer
patients with and without 20q11.21 amplifications. Data are from the TCGA colorectal cancer cohort.

regulation among amplified cases is low. In contrast, other
genes including ASXLI and POFUTI display a high
prevalence of mRNA up-regulation in 20q11.21 amplified
cases. This suggests that these genes may be important in the
pathogenesis of colorectal cancers with the amplification.
However, other cancer associated genes such as BCL2L1 and
DNMT3B, which are overexpressed in a lower percentage of
amplified cases, are not completely ruled out as contributors
on the pro-tumorigenic effect of amplification. Moreover,
additive effects of multiple genes are also a possibility, as
illustrated by the TPX2-AURKA case discussed above. A
feasible hypothesis is that the amplification of the 20q11.21
area is selected due to one or more resident genes that favor
cancer initiation or progression and neighboring co-amplified
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genes may or may not contribute; they are often co-amplified
due to their inclusion in an area that is contained between
two breakage-prone points.

The association of 20q11.21 amplified metastatic colorectal
cancers with a better survival argues for the presence of
additional molecular lesions in these cancers that improve
outcomes and counterbalance the higher dosage of genes at
20q11.21. Indeed, the alignment of 20q11.21 amplified cancers
with the CMS2 canonical subtype suggests that they constitute
a subset of a more extensive group of colorectal cancers
characterized by increased CIN, absence of MMR/ POLE
alterations, lower TMB, a lower frequency of KRAS pathway
mutations and absence of lesions in DDR genes. This group may
respond differentially to treatments. Advanced colorectal cancers



Voutsadakis: Chromosome 20q11.21 in Colorectal Cancer

100
90
80
70

6

5
4
3
2
1
0

ASXL1 BCL2L1 DNMT3B TPX2

% With mRNA z score above 2
o o o o o

o

MYLK2 POFUT1 KIF3B DUSP15

Figure 6. Percentage of patients with mRNA over-expression (z score above 2) of genes at the 20q11.21 locus among colorectal cancers with 20q11.21

amplification.

with increased chromosomal alterations have been reported to
respond better to capecitabine/ irinotecan-based chemotherapy
compared with counterparts bearing a lower number of
chromosomal alterations (31). Given the low prevalence of
KRAS pathway mutations, 20q11.21 amplified colorectal
cancers would be expected to respond to combination treatments
that include EGFR targeting therapies, such as cetuximab and
panitumumab. A study of 11 colorectal cancer patients with 20q
gains or amplifications that received cetuximab or panitumumab
showed only three responses (16). However, this study
considered amplifications of the whole arm and included patients
with gains in 20q, in addition to amplifications. Other targeted
therapies against targets over-expressed from locus 20q11.21 are
worth investigating in 20q11.21 amplified colorectal cancers.
The c-Met inhibitor tivantinib has pro-apoptotic effects mediated
by inhibition of Bcl-xL and another BCL2 family anti-apoptotic
protein, Mcll and could be effective in cancers with over-
expression of these members (32). BCL2 itself is currently a
therapeutic target following the introduction of the inhibitor
venetoclax in chronic lymphocytic leukemia and has been further
investigated in other malignancies. The putative dependence of
cancers with 20q11.21 amplifications to inhibition of the intrinsic
apoptosis pathway would also be worth exploring
therapeutically, especially in view of the absence of KRAS
pathway activation in these cancers. When activated by
oncogenic mutations, the KRAS pathway provides additional
anti-apoptotic signals (33, 34).

Amplifications of the microtubule associated protein
TPX2 and interacting AURKA kinase could be a marker of
sensitivity to AURKA inhibitors. The two interacting
proteins have also been proposed to co-amplify with the c-
MYC oncogene and participate in oncogenesis in ¢c-MYC
dependent colorectal cancers (35). Thus, AURKA inhibitors
could offer a therapeutic target in c-MYC amplified cancers
that are currently not directly targetable. In addition, Bcl-xL
antagonizes c-MYC induced apoptosis; inhibition of Bcl-xL
was able to restore apoptosis in cells of various types of
cancers, including colorectal cancer, with low c¢-MYC
activity (36).

Fucosyltransferase POFUT1 activates the Notch signal
cascade, a pathway implicated in proliferation and inhibition
of cancer cell differentiation (37). Thus, POFUTI1
amplification and up-regulation could sensitize colorectal
cancers to inhibitors of the Notch pathway. Notch signaling
leads to aggressive colorectal cancers in mice with increased
metastatic potential (38).

In conclusion, the presence of 20q11.21 amplifications in
a sub-set of colorectal cancers may provide opportunities for
development of targeted treatments. Candidate therapies
need to be studied in conjunction with the sub-set of cancers
that carry the corresponding target lesion. Designing
exploratory studies that pair targeted therapies with the
cancers that carry the target lesion could be the most rational
way to further advance targeted cancer therapeutics.
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