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Abstract

Background: Colorectal cancer (CRC) development is generally accepted as a sequential process, with genetic
mutations determining phenotypic tumor progression. However, matching genetic profiles with histological
transition requires the analyses of temporal samples from the same patient at key stages of progression.

Results: Here, we compared the genetic profiles of 34 early carcinomas with their respective adenomatous
precursors to assess timing and heterogeneity of driver alterations accompanying the switch from benign adenoma
to malignant carcinoma. In almost half of the cases, driver mutations specific to the carcinoma stage were not
observed. In samples where carcinoma-specific alterations were present, TP53 mutations and chromosome 20 copy
gains commonly accompanied the switch from adenomatous tissue to carcinoma. Remarkably, 40% and 50% of
high-grade adenomas shared TP53 mutations and chromosome 20 gains, respectively, with their matched
carcinomas. In addition, multi-regional analyses revealed greater heterogeneity of driver mutations in adenomas

compared to their matched carcinomas.

Conclusion: Genetic alterations in TP53 and chromosome 20 occur at the earliest histological stage in colorectal
carcinomas (pTis and pT1). However, high-grade adenomas can share these alterations despite their histological
distinction. Based on the well-defined sequence of CRC development, we suggest that the timing of genetic
changes during neoplastic progression is frequently uncoupled from histological progression.
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Background

It is estimated that the global burden of colorectal can-
cer (CRC) will reach 2.2 million new cases by 2030, lead-
ing to more than one million cancer-related deaths [1].
Most CRCs follow a well-defined adenoma-to-carcinoma
sequence, beginning as a polyp and progressing to inva-
sive metastatic disease. Adenomas are classified as low-
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or high-grade intraepithelial neoplasia depending on the
extent and severity of their histological changes. Some
adenomas undergo spontaneous regression, while others
progress to carcinoma [2]. The earliest and potentially
life-threatening stage of carcinoma is pT1, characterized
by the presence of cancer glands that have invaded the
submucosal layer of the bowel wall. These cancers are
preceded by high-grade, intra-mucosal neoplasia, which
may still grow in an adenomatous fashion or may
already share typical cytological and/or architectural fea-
tures of malignancy, including mucosal invasion. The
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latter are considered unable to metastasize, as indicated
by their categorization as high-grade intraepithelial neo-
plasia by the WHO and as carcinoma in situ (pTis) by
the UICC. Both pT1 and pTis carcinomas are occasion-
ally found in endoscopically resected polyps together
with remnants of their surrounding benign precursors.
Based on genome integrity and mutation load, CRC
tumors can be classified as either microsatellite stable
(MSS) or unstable (MSI). MSS CRCs typically harbor
mutations in APC, KRAS, and TP53 [3-6], and copy
number alterations (CNAs) in chromosomes 7, 8, 18,
and 20 [7]. In contrast, MSI tumors display fewer CNAs
and, particularly when sporadic, a much higher somatic
mutational load. Typical mutations include BRAF, an al-
ternative initiating mutation in the MSI progression
route involving serrated adenoma, and TGFBR2 [8, 9].
Long-standing evidence supports CRC development as a
stepwise progression that involves the accumulation of
CRC driver mutations [10, 11]. The Vogelstein and Fearon
MSS model identifies the loss of APC/S-catenin in the ini-
tial formation of adenoma polyps, mutations in KRAS in
the developing adenoma, and TP53, FBXW?7, TCF7L2, and
PTEN together with the loss of chromosome 18q in car-
cinomas. TP53 mutations have long been considered
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facilitators of the transition to malignancy in CRC and are
closely associated with the adenoma-carcinoma transition
[11, 12]. Although CRC driver alterations are well-
investigated in the late-stage disease, a key challenge re-
mains in identifying the order of their appearance during
the early stages of tumorigenesis.

Here, we sought to follow the transition of individual
adenomas into carcinomas and monitor the driver alter-
ations involved at the early stages of development. For
this, we used patient polyp and colonic segment resec-
tions with adenomas that were captured transforming
into carcinoma. These tumor-matched samples addition-
ally provided us with a valuable tool to investigate clonal
evolution and selection [13] at different stages of pro-
gression [14], accompanied by histological evidence of
oncogenic transformation. Our work combines multi-
regional adenoma-carcinoma samples, high-depth panel
sequencing, and evolutionary analyses to provide a de-
tailed view of the branching point between benign and
malignant colonic neoplasms.

Results
To compare early carcinomas with their adenomatous

precursors, we isolated matched adenomatous and
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Fig. 1 Matched adenoma-carcinoma samples. a Macroscopic view of a pedunculated polyp in the colon (sample AC20). b Microscopic view of a
bisected polypectomy specimen containing both adenoma and carcinoma components seen at low magnification. Hematoxylin and eosin (H&E)
staining. Scale bar 1000 um. The arrow points to a higher magnification (x 5) of the area marked where normal colon, remnant adenoma, and
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carcinomatous tissue from the same sample (Fig. 1a, b;
Additional file 1: Figure S1A). All samples were formalin-
fixed and paraffin-embedded (FFPE). A quality cutoff of
Q=50 and allele frequency cutoff of 8% were used to en-
sure FFPE artifacts were eliminated (see the “Methods”
section and Mamlouk et al. [7] for details). Cohort details
can be found in Table 1 and in Additional file 2. An over-
view of the different assays employed in this study is dis-
played in Fig. 1c.

Driver mutations can be shared by adenoma-carcinoma
pairs

To identify driver mutations responsible for CRC pro-
gression, we performed high-depth sequencing using a
CRC-specific panel [7] on 31 MSS and 3 MSI, and
whole-exome sequencing (WES) on 4 MSS samples.
APC was the most commonly mutated gene, identified
in 77% of the MSS cases, in line with its known role as
the adenoma-initiating mutation in CRC (Fig. 2a). Two
of the three MSI samples, but none of the 31 MSS
samples, contained an activating BRAF mutation
(Additional file 1: Figure S1B). The BRAF-negative ser-
rated adenoma (AC43) displayed a truncating ATM mu-
tation shared with the matched carcinoma. Initiating
APC and BRAF mutations were usually public (shared
between matched adenoma and carcinoma). Sample
AC9 displayed a hyper-mutated profile with several ad-
enoma- and carcinoma-specific APC missense muta-
tions, along with a public non-sense APC mutation.
Further results will focus solely on MSS tumors unless
otherwise stated.

To identify genetic alterations responsible for the
switch from adenoma to early-stage carcinoma, we com-
pared the mutational burden of adenomas and their
matched carcinomas using a 100-gene CRC-specific
panel. We found that 7P53 was mutated most often in
the carcinoma and not in the matched adenoma (32%
cases) (termed carcinoma-private henceforth), followed
by KRAS (19%) and FBXW7 (9.6%). However, these three
genes also harbored some adenoma-private mutations;
KRAS was mutated in the adenomatous regions of AC14
(p.G12D), AC30 (p.G12D), and AC39 (p.G12A) but not
in their matched carcinoma. In AC14, a different KRAS

Table 1 Cohort of adenoma-carcinoma pairs from 34 samples
investigated

Cohort Microsatellite stable (MSS) lesions
CRC Excision method Adenoma grade  Carcinoma stage
MSS 31 Polypectomy 22 Lowgrade 16  pTis 11
MSI 3 Resection 12 Highgrade 15 pT1 18
pT2 2

MSS samples were further grouped as primary tumor in situ (pTis), primary
tumor stage 1 (pT1), or primary tumor stage 2 (pT2)
MSS microsatellite stable, MSI microsatellite instable
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mutation was carcinoma-private (p.G12C) even though
these adenoma and carcinoma tissues shared a common
ancestor, as suggested by a public mutation in APC
(p-R1114*) (mutation list in Additional file 3). FBXW7
was mutated in four samples and was carcinoma-private
in three of these. The hypermutated AC9 sample had
both adenoma-private (p.S582L) and carcinoma-private
(p-R278Q) FBXW?7 alterations. Sample AC15 had a pub-
lic FBWX7 mutation (p.117delE). Several KRAS and
TP53 mutations were also public (7/17 for TP53 and 12/
18 for KRAS), indicating that these mutations occurred
before progression to carcinoma. We also found PIK3CA
mutations in three samples, two of which were aden-
oma-private (AC29, p.E545K; and AC40, p.E542K). We
found no obvious differences in mutational patterns
among carcinoma stages (pTis, pT1, and pT2) (Fig. 2a).

Adenomas can switch into early-stage carcinomas
without additional driver mutations

While the transition from adenoma to carcinoma has
been proposed to be accompanied by the acquisition of
new CRC driver mutations [15], we found this to be true
in only 52% of our matched samples, while 48% of the
samples showed no additional driver mutations private
to the carcinoma.

To validate these results, we investigated whether
cross-contamination between adenomas and carcin-
omas during sampling could have caused a private
mutation to appear public. For this, we compared the
allele frequencies (AF) of mutations shared between
adenoma-carcinoma pairs without carcinoma-private
alterations. Our analyses show that public mutations
are found at similar AF in both matched regions
(Additional file 1: Figure S2A and B), which suggests
that the lack of carcinoma-private mutations in these
pairs was not due to cross-contamination. Further-
more, we also explored whether driver mutations
were missed in samples without carcinoma-private
mutations due to the use of a panel with a limited
number of genes. For this, we performed whole-exome
sequencing (WES) on four samples (AC27, AC31, AC33,
and AC34), without finding additional cancer-private
driver gene mutations (Additional file 1: Figure S2C and
WES results in Additional file 4). Our results here show
that the lack of carcinoma-private mutations in CRC
driver genes does not seem to be due to experimental lim-
itations, such as cross-contamination of samples in close
proximity, nor due to limited coverage of the sequencing
panel.

Taken together, our results so far indicate that CRC
tumors may not necessarily accumulate additional driver
mutations during the switch from adenoma to carcin-
oma. However, in those cases where carcinoma-private
mutations were found, TP53 mutations were most often
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Fig. 2 Driver mutations are both private and shared between matched adenoma-carcinoma samples. a High-depth panel sequencing results of
100 most commonly altered CRC genes. Mutations in samples are public (gray) if the identical mutation is found in both the adenoma and the
carcinoma belonging to one sample (matched samples). Mutations found exclusively in the adenoma or the carcinoma are “private” and
depicted in orange or red, respectively (see insert on the right for color depiction). Each column represents one sample with matched adenoma
and carcinoma tissue. Four samples which contained no private mutations were further re-sequenced by whole-exome sequencing (WES; arrows).
Samples are grouped according to cancer stage at the time of isolation. b Samples grouped according to adenoma grade (low- and high-grade
dysplasia) from each sample, only alterations found in the adenoma are displayed (that is, public and adenoma-private mutations, in gray and
orange, respectively) (see insert bottom right for color depiction). Note: only microsatellite stable (MSS) samples are displayed. Only non-
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involved in the progression from adenoma to carcinoma,
followed by KRAS and FBXW?7.

Positive selection found in both adenoma and early
carcinoma

As no additional drivers were found in the four samples
investigated using WES, we asked whether we could de-
tect any selective advantage in these paired samples by
investigating the burden of non-synonymous and syn-
onymous mutations [13]. We found that in the WES
datasets, non-synonymous mutations were more abun-
dant than synonymous mutations in both adenomas and
carcinomas (Additional file 1: Figure S3A), hinting to-
wards the potential occurrence of positive selection in
both types of neoplasms. To broaden these analyses, we
estimated the ratio of the non-synonymous mutations
per non-synonymous site to the number of synonymous
mutations per synonymous site (dAN/dS) in 12 panel-
sequenced samples (only samples with matched healthy
control tissue were used here) by grouping all 12 aden-
omas together and comparing them to their matched 12
carcinomas. Our results showed similar dN/dS values of
2.5 for both adenomas and carcinomas, suggesting the
action of positive selection in both types of neoplasms
(Additional file 1: Figure S3B).

TP53 gene and protein are already altered in high-grade
adenoma

As TP53 was found to be the earliest driver gene mu-
tated in the switch from adenoma to carcinoma, we
next investigated its mutational pattern in greater de-
tail. Public TP53 mutations were seen in seven sam-
ples (Fig. 2a). A majority of these cases, with the
exception of AC10 with a CDX2 mutation, did not
have any additional driver mutations in the matched
carcinoma. Interestingly, when grouped according to
adenoma grade, we found that six out of seven sam-
ples with public TP53 mutations were high-grade dys-
plasia, as shown in Fig. 2b, where only alterations
found in the adenoma are displayed. In AC1, a TP53
alteration present in the adenoma (p.C141Y) was not
found in the carcinoma; rather, the latter contained
another cancer-private TP53 alteration (p.N310
Tfs*23). Therefore, we found public 7P53 mutations
occur more often in high-grade than in low-grade ad-
enomas (p =0.0373 Fisher’s exact).

While the wild-type TP53 protein is an unstable
protein with a short half-life displaying immunohisto-
chemistry (IHC)-based scattered or normal detection,
the mutant TP53 protein can bind to its wild-type
form, stabilizing it in the tumor cells. This leads to
its nuclear accumulation and therefore becomes easily
detected by IHC [16]. Complete loss of TP53 expres-
sion and, therefore, function (often the case in CRC)

Page 5 of 16

can also be detected by loss of IHC staining. To as-
sess the changes in TP53 activity during the transi-
tion to CRC, we used IHC to visualize protein
localization on tissue sections from all samples and
compared the changes in protein expression to muta-
tional patterns (Fig. 3 and Additional file 2). We
found that TP53 mutations were frequently accom-
panied by a strong nuclear staining pattern in the ad-
enomas, including in two low-grade (AC1 and AC17)
and five out of six high-grade adenomas with public
TP53 mutations. We also found two high-grade aden-
omas with no 7P53 mutation but with a TP53 nu-
clear staining pattern (AC7 and AC16), and a TP53
public mutation with a regular IHC pattern in sample
AC34. TP53 staining was lost in five carcinoma sam-
ples. The mutation patterns of TP53 corresponded to
changes in protein accumulation or localization,
which were more common in high-grade adenomas
(7/15 samples) and carcinomas (22/31 samples) com-
pared to low-grade adenomas (2/16 samples). Repre-
sentative cases are displayed in Fig. 3b, where a low-
grade adenoma (AC36) shows regular TP53 staining,
with the adjacent carcinoma tissue exhibiting in-
creased expression and nuclear accumulation. In high-
grade adenomas, we found nuclear accumulation of
TP53 (AC33) and complete loss of expression in the
adjacent carcinoma. Additionally, we show that the
localization of TP53 mutations is independent of tis-
sue type and staining pattern (Fig. 3c). These results
suggest that TP53 mutations together with altered
protein localization appear in high-grade adenoma.
Therefore, TP53 deregulation at multiple levels occurs
earlier than the adenoma-to-carcinoma transition.
Thus, although the transition between adenoma and
carcinoma is regarded as the key first step in CRC
progression, our data supports a refined model that
emphasizes a role for differences between low- and
high-grade adenomas, with the latter sharing key gen-
etic traits with carcinomas, such as 7TP53 mutation
accompanied with altered expression.

Chromosome 20 amplifications are found in high-grade
adenomas and early carcinomas

Upon investigation of copy number alterations
(CNAs), we found the most frequent changes in the
MSS samples occurred on chromosomes 19, 20, 12,
and 7 with chromosome 20 exhibiting a CNA that
was most frequently private to carcinoma (Fig. 4a;
Additional file 1: Figure S4A for gene information).
The results for MSI samples are shown in Add-
itional file 1: Figure S1C. We also looked at different
carcinoma stages to identify the onset of CNAs dur-
ing CRC progression and found that chromosome 20
amplifications were present in all the carcinoma
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stages analyzed, including pTis (Fig. 4a). This result
indicates that a gain in chromosome 20 is found in
the earliest stages of carcinoma development.

We grouped samples which displayed CNAs by grade
of adenoma dysplasia and found chromosome 20 ampli-
fications more frequently in high-grade adenomas com-
pared to low-grade adenomas (Fig. 4b). As CNA
information from panel sequencing is limited, we add-
itionally used WES, Chip Array, and fluorescent in situ
hybridization (FISH) to further analyze the observed
changes in chromosome 20. WES from four samples

showed that high-grade adenomas (AC33 and AC34) ex-
hibited chromosome 20 amplifications that were not
found in low-grade adenomas (AC27 and AC31). Add-
itionally, amplifications of chromosome 20 predomin-
antly involved its long arm. In contrast, loss of
chromosome 18q, a well-established cytogenetic aberra-
tion in CRC, was not correlated to adenoma grade
(Fig. 4c). We also analyzed CNAs using a bead array
(MethylationEPIC BeadChip) assay in four samples of-
fering a much higher resolution and a genome-wide view
of CNAs [17, 18]. High-grade adenoma samples
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displayed a clear amplification of chromosome 20, which
also extended to the carcinoma samples. In contrast, the
low-grade adenomas displayed no changes in chromo-
some 20 (Additional file 1: Figure S4B). FISH analyses
for chromosome 20 using a centromere probe and a
gene probe on the long arm of chromosome 20
(EDEM?2) also revealed higher chromosome 20 copy
number in high-grade adenomas (Fig. 4d, e). Our results
thus corroborate the CNA findings from panel sequen-
cing. Taken together, our data assigned progressive gains
of chromosome 20 from low- to high-grade adenoma.
Our results therefore suggest an important molecular
progression step from low- to high-grade adenoma that
can involve both gene mutations, such as in TP53, as
well as CNAs, such as gains of chromosome 20.

Multi-regional sampling reveals heterogeneity in CRC
driver genes in adenomas
To further investigate the extent of adenoma heterogen-
eity found in the matched samples, we sequenced mul-
tiple regions within adenomas and their paired
carcinomas. To that end, we dissected several histologi-
cally distinct areas in three of the MSS samples (Fig. 5;
see Table 2 for histological distinctions).

In sample ACI, we isolated three adenoma regions
and one carcinoma region (Fig. 5a, H&E panel). Custom
panel sequencing identified two public mutations in
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APC (p.E918* and p.R1450*) as well as a private muta-
tion in adenoma region 1 (Al) and cancer region (C)
(p-V617E). KRAS (p.G12C) is found mutated in all sam-
ples except A2, while KRAS p.G12D is found in Al and
A2 but not in cancer (Fig. 5a, Panel Seq.). Al contains
an additional TCF7L2 private mutation. Further, three
different TP53 mutations were also found. A1l harbored
p.C141Y, A3 p.P250L, and C p.N310fs*23, while A2 had
no TP53 mutation. In addition, A2 was characterized by
loss of TP53 expression (Fig. 5a, TP53 panel).

Sample AC6 was re-dissected into two adenoma re-
gions (A1, A2) of different grades and two carcinomas
(C1, C3) of different stages (Fig. 5b), with public muta-
tions of APC, KRAS, and PLK1 found in all four regions.
A2 had an additional SOX1I mutation, not found in C1
or C3. FBXW7 mutation was found in the high-grade
adenoma region (Al) and in both C1 and C3 carcinoma
regions and was similar with regard to CRC driver
mutations.

Sample AC30 was dissected into four adenoma regions
(A3, A4, A5, and A7) and two pTis carcinoma regions
(C2 and C6, with cribriform and tubular histology, re-
spectively) (Fig. 5c). Various RAS mutations with dis-
similar AF ranging from 4.5 to 30% were found in the
adenomas; however, these mutations were not found in
the carcinoma. A3 had NRAS (p.Q61K) and KRAS
(p-G12V) mutations, A4 and A7 carried KRAS (p.G12D),
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Table 2 Histology of samples isolated for multi-regional

sampling

Sample Tissue Grade (adenoma) Stage (carcinoma)

AC1 Adenoma 1 LG
Adenoma 2 LG
Adenoma 3 HG
Carcinoma pT1

AC6 Adenoma 1 HG
Adenoma 2 LG
Carcinoma 1 pT1
Carcinoma 3 pTls

AC30 Adenoma 3 HG
Adenoma 4 LG
Adenoma 5 IG
Adenoma 7 HG
Carcinoma 2 pTis
Carcinoma 6 pTis

LG low grade, /G intermediate grade, HG high grade, pTis tumor in situ, pT1
stage 1, pT2 stage 2

and A5 had KRAS (p.A146V). All RAS mutations were
validated using a smaller commercial panel with an aver-
age depth of 1922 reads (Additional file 3) (due to valid-
ation using two panels, we allowed a lower cutoff at 4%
AF, the clonal phylogeny AF cutoff remained at 8%).
Both carcinoma samples had one TP53 and one ERBB3
mutation; C2 additionally had a CSMD3 mutation that
was also present in A5. Thus, these multi-regional high-
depth panel sequencing results portray heterogeneous
adenomas, with several adenoma-specific CRC driver
mutations that are not found in the paired, adjacent
carcinomas.

Clonal evolution during adenoma to carcinoma
progression
As multi-regional sampling revealed intra-tumor hetero-
geneity of driver mutations, we next sought to explore
the clonal heterogeneity and evolution during CRC pro-
gression. We first attempted an evolutionary analysis
using panel and WES datasets. As a result, we detected a
maximum of three clones (Additional file 1: Figure S5),
which prevented conclusive evolutionary interpretations.
We then exploited the multi-regional mutational pro-
files obtained for samples AC1, AC6, and AC30 (Fig. 5).
Here, the clonal deconvolution algorithm revealed four
clones in sample AC1, with clone 4 presenting all four
regions sampled (Al, A2, A3, and C) (Fig. 5a, Clonal
Phylogeny panel). Interestingly, we found two clones (3
and 4) in the carcinoma that did not share a most recent
common ancestor; rather, clone 3 was also present in Al
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and was most closely related to clone 1, which was only
found in the adjacent adenoma region Al. Similarly, in
sample AC6, we observed that clones present in the car-
cinoma did not form a monophyletic group but instead
contained a clone (clone 1) not found in either aden-
omas or matched carcinoma C3 (Fig. 5b, Clonal Phyl-
ogeny and Clonal depiction panels). Note such clonal
relationship could not be observed using panel sequen-
cing results; for example, in sample AC6, the panel mu-
tations (Fig. 5b, Panel Seq. panel) indicate no differences
were found between C1 and C3, unlike the results from
clonal phylogeny investigation. In sample AC30, we
identified five clones, of which clones 1 and 5 found only
in cancer samples (C2 and C6) formed a clade. Here,
clone 4 was present in both adenoma and carcinoma re-
gions (A3, C2, C6) (Fig. 5¢, Clonal Phylogeny and depic-
tion panels), linking A3 to the rest of the sample, which
was not obvious from panel sequencing results alone.
Taken together, the results suggest carcinomas do not
necessarily originate from a single clone in the adenoma.
Additionally, the clones found in the adenomas appear
to be heterogeneous, with driver mutations not found in
the matched carcinomas.

Furthermore, these results underscore the power of
multiple sampling for the study of adenoma/carcinoma
evolution, where despite a limited number of mutations,
the multi-regional analyses allowed us to detect evolu-
tionary patterns that were not obvious in the analyses of
panel datasets for single samples.

Discussion
In this study, we analyzed DNA mutations and copy
number alterations in sets of matched adenoma-to-
carcinoma samples. We show that 7P53 mutations and
chromosome 20 copy gains distinguish matched aden-
oma and carcinoma pairs, but that the same mutations
are also frequently found in high-grade adenomas. Our
study shows that high-grade adenomas possess a mo-
lecular genotype that is strikingly similar to that of early-
stage carcinoma. In addition, our work suggests that se-
lective pressure might act on both, adenoma and carcin-
oma, and that the adenomas are usually multi-clonal
with particular clones shared between adenomas and
carcinomas. Importantly, our analyses show that in the
transition of adenoma to CRC, the molecular progres-
sion is frequently uncoupled from histological progres-
sion. Our data also draws a line between low-grade
adenomas, which likely harbor sets of mutations that are
insufficient for complete malignant transformation, and
high-grade adenomas that already contain a full set of
oncogenic drivers allowing transformation to carcinoma.
Among the cancer-specific mutational events com-
monly encountered in our samples, those predominantly
in TP53, and to a lesser extent in FBWX7, could
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discriminate between carcinoma and its precursors.
Interestingly, a majority of adenomatous precursors with
TP53 mutations displayed high-grade dysplasia, indicat-
ing that TP53 mutations may precede the morphologic-
ally visible switch from adenoma to carcinoma. This
hypothesis is in agreement with a previous study that
showed an association between TP53 expression in ad-
enomas and concurrent carcinomas [19], and with the
findings of Hao et al., that describe TP53 mutations in
colorectal adenomas to be dependent on the severity of
dysplasia [20]. We additionally find chromosome 20q
gains in high-grade adenomas. Gains in chromosome
20q copy numbers are an indicator of poor prognosis in
colorectal cancer [21] and are associated with an in-
creased chance of liver metastases [22]. Our samples
show both early TP53 mutations and chromosome 20q
gains can already be present in some adenoma and
therefore retain the ability to switch to carcinoma with-
out additional driver mutations, similar to the “born-to-
be-bad” model suggested by Sottoriva et al. [23].

Our study highlights the importance of using paired
adenoma-carcinoma samples to understand CRC pro-
gression. Previous studies have investigated large cohorts
of unmatched carcinomas and adenomas [20, 24], or ad-
enoma and carcinomas from the same patient isolated
from different locations in the colon [25]. While Hao
et al. concluded that 7P53 mutations in adenomas are
generally different from those seen in carcinomas [20],
we find that mutations in codons 248 and 175 are in-
stead often shared among them (Hao et al. identified
them to be quite rare in adenomas (1 adenoma and 108
carcinomas with codon 248; 6 adenomas and 83 carcin-
omas with codon 175)). Importantly, the fate of aden-
omas must be taken into account; a study for more than
3 years by Pickhardt and colleagues [26] revealed that
adenomas can undergo apparent resolution (10%), re-
main stable (50%), or continue to develop into carcin-
oma (22%). Thus, the cohorts chosen by Hao et al. and
other studies that used unpaired samples perhaps indir-
ectly selected for adenomas that are unable to progress
to carcinoma. A recent study by Druliner et al. highlights
such genetic differences between adenomas with and
without malignancy [27].

Other paired adenoma-carcinoma studies exist, albeit
with a limited number of samples. For example, Kim
et al. investigated four cancer-in-adenoma samples using
WES and concluded that the sequence of mutational
events can be different in each sample; however, they in-
vestigated only high-grade dysplasia and late-stage car-
cinoma samples [28]. Nonetheless, similar to our results,
they found similar mutational profiles in paired adenoma
and carcinoma samples. On the other hand, two studies
with paired adenoma and carcinoma samples but with
analyses of only TP53 [29] or APC, KRAS, and TP53 [30]
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concluded that TP53 was not singularly responsible for
switching an adenoma to carcinoma. Difficulties in dis-
secting adenomatous from cancerous tissue can hamper
a clear separation of both components, but comparative
analyses of paired adenomatous precursor tissue and its
subsequent carcinomatous descendants have been suc-
cessfully performed in previous studies (as discussed
above) and in this study. Our findings of significant and
recurrent differences between both isolated components
clearly show that the adenoma to carcinoma switch of
cytological and architectural features of malignancy go
hand-in-hand with genetic alterations typically found in
more invasive cancers.

The colonic tissue is made up of individual crypt
structures that can maintain unique genetic profiles [31].
When we sequenced multiple areas within paired sam-
ples, we found intra-tumor mutational heterogeneity in
important CRC genes such as KRAS and SOXII. In
some cases, these mutations were absent in the paired
carcinoma, indicating the ability of adenomatous tissue
to carry driver mutations that are either not inherited by
the subsequent carcinoma or arise after carcinoma pro-
gression but remain within histologically defined aden-
omatous tissue. Further whole-genome sequencing of
these samples could help to estimate the time of driver
acquisition during CRC progression. Our data suggests
that within separate crypts, the dysplastic colonic tissue
can harbor mutations in driver genes long considered
carcinoma-private.

Another advantage of using paired adenoma-carcinoma
samples is that they facilitate tracing clonal evolution
along with CRC progression. Importantly, here, we in-
ferred clonal trees, in contrast to the sample trees de-
scribed in a previous CRC paired sample study [32]. This
distinction is crucial, as tumors are composed of heteroge-
neous populations, and each sample should be treated as a
collection of clones [33]. Our analyses, albeit limited in
number, revealed complex patterns of clonal evolution,
suggesting that the various adenoma clones can independ-
ently become carcinomas, or in other words, that carcin-
omas may not necessarily be monoclonal in origin. These
findings suggest possible alternative treatment strategies
should be considered, for example, with handling polyps
which may have already taken a genetic, irreversible step
in CRC progression.

Notably, the carcinomas investigated here were still
embedded within the adenoma and, therefore, represent
the earliest step in the adenoma-to-carcinoma transition
process; yet, they already contained all common driver
mutations (APC, BRAF, KRAS, TP53, SMAD4, and
PIK3CA among others) at frequencies comparable to
that seen in more advanced carcinomas [5]. Despite
these significant observations, a sample size of 31 MSS
adenoma-carcinoma samples precludes meaningful
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statistical evaluation of less frequent mutations, for ex-
ample, in LRPIB and LRP2, which are mutated at inter-
mediate frequencies in advanced CRC, but were not
found mutated in our samples. This finding poses the
question whether progression to advanced cancer is a
matter of continuous growth, or if additional mutations
or other layers of genomic deregulation, for example, at
the epigenetic level, drive carcinoma development. Our
study is in agreement with models of tumor progression
that do not rely on the acquisition of further genetic al-
terations, for instance, on diminishing tumor-
suppressive effects by gradual deregulation of the cancer
microenvironment [34]. As our study finds evidence of
regional and divergent evolution within adenoma, but
no clear differences in gene driver mutations between
high-grade adenoma and carcinoma, we propose that
genetic driver mutations provide a necessary prerequisite
for CRC that have to be complemented by further levels
of deregulation, such as at the epigenetic level or due to
the changes in the micro-environment.

Conclusions

In conclusion, genetic changes in the colorectal adenoma
to carcinoma sequence are uncoupled from histological
progression, with high-grade adenomas being able to
mimic early-stage carcinomas at the molecular level
These findings emphasize that high-grade adenoma retain
genetic alterations required to transform into carcinoma,
unlike low-grade adenomas. Whereas large cohorts of
colorectal adenomas and unpaired late-stage carcinomas
have been repeatedly investigated, a closer look at paired
samples in early CRC transformation stages can enhance
our understanding of CRC transformation.

Methods

Samples and study design

Paired adenoma and carcinoma samples were ob-
tained from the colon and rectum during pathological
routine inspection. The samples are termed “matched”
as they co-exist in the same polyp or resection sam-
ple. All samples displayed histological evidence of
neoplastic progression upon microscopic investigation.
All patients provided signed consent as part of the
clinical documentation protocol of the Charité Uni-
versitaitsmedizin Berlin. From a total of 34 samples,
22 were excised during polypectomy (endoscopy via
colonoscopy) while 12 were obtained by surgical re-
section owing to polyp position (along the bending
colon) or size (too large to remove with polypect-
omy). We focused on microsatellite stable (MSS) CRC
(n=31); however, three microsatellite unstable (MSI)
cases were also analyzed for comparison. In several
samples, little or no healthy colon tissue could be iso-
lated because routine procedures for sample isolation
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during polypectomy require minimum disruption of
healthy tissue in the colon wall. When present,
healthy tissue was used to identify and discard germ-
line single nucleotide polymorphisms (SNPs), other-
wise information from the 1000 Genomes Project 1
[35] was used instead. Histologically, 11 MSS samples
were premalignant carcinoma in situ (pTis) while 20
submucosa samples were invasive carcinomas (18 pT1
and 2 pT2). Additionally, the paired adenoma compo-
nent was categorized as either low (n=16) or high
(n =15) grade dysplasia.

All samples were formalin-fixed and paraffin-
embedded (FFPE). Tissue samples were sectioned and
stained with hematoxylin and eosin (H&E). Pathologists
demarcated adenoma, carcinoma, and healthy tissue
areas in the H&E slides (Additional file 1: Figure S1A),
and depending on the size of the marked area in the
H&E slides, 5 to 10 sections of 5 um each were used for
DNA isolation. All histological assessments were con-
ducted independently by two pathologists from the insti-
tute of pathology at Charité Universitaetsmedizin Berlin.

DNA isolation

Tissue was macro-dissected from the slides, and DNA
was isolated using the GeneRead DNA FFPE kit (Qiagen,
Netherlands). The quality and quantity of DNA were de-
termined by TagMan RNaseP Detection Reagents Kit
(Thermo Fisher Scientific, USA). Microsatellite instabil-
ity was identified using a mononucleotide marker panel
(MSI Analysis System, Promega, Germany).

Targeted massive parallel sequencing

Where possible, 10 ng of DNA was used for panel se-
quencing with a custom CRC panel (described in Mam-
louk et al. [7]). Briefly, the CRC panel covers areas
within 100 CRC-related genes, using 793 amplicons cov-
ering 125-bp stretches of mainly exon regions. All sam-
ples were sequenced using the Ion Torrent PGM
technology (Thermo Fisher Scientific, USA). DNA li-
braries were made by multiplexed PCR amplification
with the Ion AmpliSeq Library Kit 2.0 (Thermo Fisher
Scientific, USA). Samples were ligated to Ion Xpress Bar-
code Adapters (Thermo Fisher Scientificc USA) and
purified using Agencourt AMPure beads (Beckman-
Coulter, USA). Pairs of samples were run on a 316v2
chip, resulting in an average read depth of 1641 (range
539-2955).

For selected results from targeted massive parallel se-
quencing, we performed Sanger sequencing on specific
mutations which we found required validation, for ex-
ample, due to sub-optimal amplicon performance or lo-
cation within long nucleotide repeat area. Primer
sequences for Sanger sequencing can be found in
Additional file 3.
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In the case of sample AC30, a smaller commercial
panel (Ion Ampliseq Cancer HotSpot Panel V2
(CHP)) (Thermo Fisher Scientific) was additionally
used for validation. A final list of mutations compris-
ing non-synonymous single nucleotide variants (SNVs)
and small deletions resulting in amino acid changes,
loss, or gain of stop codons was assembled (Add-
itional file 3). Fifteen samples displayed no additional
private cancer mutations; of these, we chose four
samples (AC27, AC31, AC33, and AC34) for whole-
exome sequencing (WES) to identify additional private
driver mutations.

Somatic variant calling from targeted massive parallel
sequencing
Variant calling was conducted as in [7]. Briefly, we used
the PGM variant caller, after which an in-house analysis
pipeline, Sofia [36], was utilized to obtain information
on nucleotide alterations which may have been called in
one sample and not in its paired sample (due to low
coverage or quality of DNA). This allows the detailed
comparative analysis of paired samples beyond the limi-
tation of investigating only those variants “called” by
commercial pipelines. We use a cutoff of 8% allele fre-
quency and quality (Q) score of at least 50. In multiple
sampling of AC30, we allowed a lower allele frequency
cutoff of 4% due to the utilization of two panels for taget
sequencing (allowing for extensive depth coverage).
Genetic alterations (somatic genomic alterations, in-
cluding point mutations, small deletions, and insertions,
and copy number aberrations) present in both the car-
cinoma and its paired adenoma were termed “public,”
whereas genetic alterations found exclusively in the ad-
enoma or the carcinoma were termed “private.”

Copy number analyses from targeted massive parallel
sequencing

We utilized panel sequencing results to identify copy
number alterations (CNAs) using CNVPanelizer [37] (re-
sults in Additional file 5). In short, CNVPanelizer infers
CNAs from regions covered by a panel that has been ex-
tensively validated previously [7].

Whole-exome sequencing

Several sample pairs displayed no unique driver muta-
tions in their carcinoma tissue compared with their
paired adenoma when using the CRC panel. To find out
if our CRC panel missed important driver alterations, we
conducted whole-exome sequencing (WES) on four
samples; AC33 and AC34 (adenoma, carcinoma, and ad-
jacent healthy) and AC27 and AC31 (adenoma and car-
cinoma without healthy tissue). DNA from samples (350
ng) was prepared with Low Input Exome-Seq Human v6
library preparation kit (Illumina, USA) according to the
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manufacturer’s protocol. We performed 125-bp paired-
end sequencing on the Illumina HiSeq 2000 v4 accord-
ing to the manufacturer’s protocol. One library was pre-
pared for each sample and distributed equally onto 3
lanes, with each lane carrying all the samples. The aver-
age sequencing depth was 70x (range 62—80x) for tumor
and normal samples (results in Additional file 4).

Somatic variant calling from whole-exome sequencing
Each of the sample was aligned to the reference human
genome GRCh37, and the sample BAM files from each
lane were merged to generate the starting BAM files of a
sample. Further pre-processing of the raw data was done
according to best practice by the Genome Analysis Tool-
kit recommendation. Briefly, the merged BAM files were
sorted and marked for read duplicates and then further
underwent base realignment and base score recalibra-
tion. The newly processed BAM file was then indexed
and utilized for the downstream variant analysis.

Private mutation calling

Somatic mutation calling of each adenoma tissue to its
matched cancerous tissue and vice versa was performed
using GATK’s Mutect2 software with an alteration to the
default settings. Specifically, the threshold of “max_alt_al-
leles_in_normal_count” parameter was set to allow the
presence of the alteration at 10% in the normal tissue, ac-
commodating for tumor contamination in the normal tis-
sue and contamination of the adenoma-carcinoma pairs in
each other. Elimination of most of the false positive was
performed in the downstream analysis:

1. Segmental duplication regions were discarded from
further analysis.

2. One thousand genome SNPs from the European
population with a frequency > 5% were removed.

3. Variant’s allele frequency must be 2 times higher in
tumor tissue compared to the control/comparing tissue.

4. There must be at least 3 reads supporting the
tumor variant.

5. Allelic frequency of the tissue under consideration
must be greater than 4%.

6. FFPE artifacts were also removed utilizing a custom
pipeline provided by the DKFZ facility (https://
github.com/DKFZ-ODCE/DKFZBiasFilter). In
general, the pipeline determines the variants that
are generated due to the bias or overrepresentation
of the variant on one strand. It also flags for PCR
bias, further eliminating false positives.

7. Finally, variants with a filter “PASS,” “homologous
mapping event,” and “clustered events” were kept
for annotation.
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A variant passing all the filtering parameters in the ad-
enoma (non-cancerous) tissue when compared to the
carcinoma (cancerous) tissue (variant calling: Mutect2
with the control tissue as carcinoma) of the same patient
is designated as “adenoma-private” variant. A variant
passing all the filtering parameters in the carcinoma
(cancerous) tissue (variant calling: Mutect2 with the
control tissue as adenoma) when compared to the aden-
oma (non-cancerous) tissue of the same patient is desig-
nated as “carcinoma-private” variant.

Public mutation calling

For samples with normal tissue (AC33 and AC34), som-
atic mutation calling of adenoma and carcinoma when
compared to normal was performed as described above.
For samples without normal tissue (AC31 and AC 27),
we used VarScan’s single-sample variant calling tools.
Pileup2snp and pileup2indel were used to determine any
changes in the tumor when compared to the reference
genome. The default setting was used for the initial vari-
ant calling, and further downstream analysis was per-
formed as follows:

1. Segmental duplication regions were discarded from
further analysis.

2. One thousand genome SNPs from the European
population with a frequency > 5% were removed.

3. Allelic frequency of the tissue under consideration
must be greater than 40%, potentially eliminating
many of the patient-specific SNPs.

4. Any SNP called due to a potential indel nearby was
also removed.

5. Variants passing these filters were considered
tumor-specific variants and were kept for
annotation.

Variants which pass all filtering parameters and are
present in both adenoma and carcinoma tissue within
the same patient were designated as “public” variants.

All the resulting variants were annotated with ANNO-
VAR software utilizing the human genome GRCh37.
Non-synonymous alterations included frameshift inser-
tion and deletion, stop gain, and only insertions and
deletions.

Copy number analysis from whole-exome sequencing

In order to determine segmental copy number varia-
tions from whole-exome data, CNVkit [38] software
was utilized using the two normal controls, pooled to-
gether, as reference. The tool was used in the default
setting with the default segmentation algorithm circu-
lar binary segmentation (CBS). Bins with low coverage
were dropped from the analysis to reduce potential
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false-positive predictions. Results can be found in
Additional file 5.

Immunohistochemistry

All MSS samples were subjected to immunohisto-
chemistry (IHC) for TP53 expression. Briefly, slides
were de-paraffinized using xylol, and antigen retrieval
was conducted using citrate buffer. Monoclonal
mouse antibody TP53 (Dasko cat#M7001, Agilent,
USA) was used at a concentration of 1:50 with over-
night incubation at 4°C, followed by secondary anti-
body (Dako cat# K500111-2) incubation at room
temperature for 1 h. Due to the heterogeneity of
TP53 expression, we used a “majority pattern” to de-
scribe the expression, as judged by pathologists from
our institute. Regular expression was defined as
“when not all tumor cells were stained but when
those that stained showed heterogeneous intensity, re-
sembling the expression pattern in non-dysplastic
colon.” Mutation-typical patterns were scored when
either all tumor cells were devoid of TP53 staining
(loss) or when TP53 was strongly present in at least
90% of tumor cell nuclei (nuclear).

Fluorescence in situ hybridization

Fluorescence in situ hybridization (FISH) was performed
on 3-um tumor sections from 10 samples. We used
commercially available, standardized, probes for detect-
ing EDEM?2 (Empire Genomics, USA), which is located
on the long arm of chromosome 20. Hybridization was
performed according to the manufacturer’s instructions.
Where possible, we scored 30 cells per sample using an
Olympus microscope. The analysis was conducted using
the “BioView System, Solo Software” (Abbott Molecu-
lar). T test with Welch corrections was used for statis-
tical analysis.

Copy number analyses from EPIC methylation bead chip
One hundred nanograms of FFPE DNA was used with
the Infinium HD FFPE DNA Restore Kit (Illumina, San
Diego, USA) and analyses performed using the Illumina
Infinium MethylationEPIC BeadChip (Illumina, San
Diego, USA) according to the manufacturer’s protocols.
We calculated the copy number profiles from Illumina
EPIC arrays using the “conumee” package for R (http://
bioconductor.org/packages/conumee).

Non-synonymous/synonymous alterations analysis

In order to estimate the ratio of the number of non-
synonymous mutations per non-synonymous site to the
number of synonymous mutations per synonymous site
(dN/dS), we used the dNdScv R package by Martincor-
ena et al. [39], a maximum-likelihood dN/dS method de-
signed to quantify selection in cancer and somatic
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evolution. This tool was designed to work with cohorts
of patients in order to have enough number of muta-
tions. Thus, we created one adenoma cohort and one
carcinoma cohort merging together all the samples se-
quenced by CRC panel with matched normal. We re-
moved those variants found in the matched normal
sample to keep only the somatic ones. Then, we ran
dNdScv passing the genes in the panel to the argument
“gene_list.”

Evolutionary analyses

Clonal deconvolution and phylogenetic analyses

After filtering non-diploid regions from panel sequen-
cing variants, we performed clonal deconvolution using
LICHeE [40] (details in the “Clonal deconvolution” sec-
tion). Next, maximum likelihood phylogenetic trees of
the clones were constructed using Paup [41], under a
Jukes and Cantor model [42] of nucleotide substitution.
We assessed the statistical nodal support using bootstrap
[43] with 1000 replicates and collapsed nodes with boot-
strap < 50%.

Clonal deconvolution

For all samples analyzed, we first conducted clonal
deconvolution using LICHeE [44]. Three samples
from the original panel sequencing cohort (AC13,
AC14, and AC35) were used together with their
healthy control samples. Two samples (AC33 and
AC34) from the samples analyzed by whole-exome se-
quencing were used because they had a healthy con-
trol while the others did not. Three samples from
multiple-sampling panel sequencing (AC1 and AC30
with healthy control tissue, and AC6 with reference
human genome as healthy control) were used. To se-
lect variants for the evolutionary study, we followed
the steps summarized below.

Selecting variants from panel sequencing We used
the variants called by the PGM caller. We selected the
PASS SNVs (removed indels and MNPs) in diploid re-
gions (using the copy number data provided by CNVKkit
(see above)). Then, we recovered the read counts in
those positions for all the samples (including the healthy
one if available) using GATK CollectAllelicCounts. We
selected variants reliable for clonal deconvolution fol-
lowing these criteria:

e Minimal depth of 20x in all samples. It is
possible for a variant to be present in one sample
but not be called due to the lack of sequencing
depth.

e Minimal VAF of 0.04 in at least one sample. This
threshold was selected according to the limit of
detection of the panel.
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e For patients without a healthy sample, variants
present in dbSNP are considered germline and thus
discarded.

e For those patients with a healthy sample, variants
with VAF above 0.1 in the healthy sample are
considered germline and thus discarded.

e For AC6 we included chr7:2976771.

e In the case of multi-allelic variants, if both
alternative alleles show similar frequencies (the
ratio of the read counts for minor_alt_allele/
major_alt_allele is higher than 0.2), the variant is
discarded. Otherwise, only the major alternative
allele is kept.

We ran LICHeE with the following parameters:

Parameter Value
-minVAFPresent 0.1
-maxVAFAbsent 0.04
-maxVAFValid 06
-minClusterSize 1
-maxClusterDist 0.2
-e 0.1

Next, we parsed the outputs from LICHeE to get the
sequences of the clones, using an in-house script.

Selecting variants from whole-exome sequencing We
used the variants called against that healthy by
Mutect2 in the adenoma and/or the carcinoma. Thus,
germline variants were excluded during the somatic
variant calling process. We selected the PASS SNVs
(removed indels and MNPs) in diploid regions (using
the copy number data provided by CNVkit (see
above)). Then, we recovered the read counts in those
positions for both adenoma and carcinoma using
GATK CollectAllelicCounts. We selected variants
reliable for clonal deconvolution following these
criteria:

e Minimal depth of 20x in all of the samples. It is
possible for a variant to be present in one sample
but not be called due to the lack of sequencing
depth.

e Minimal VAF of 0.05 in at least one sample.

e In the case of multi-allelic variants, if both
alternative alleles show similar frequencies (the
ratio of the read counts for minor_alt_allele/
major_alt_allele is higher than 0.2), the variant is
discarded. Otherwise, only the major alternative
allele is kept.
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e For AC34 we also removed the variant in
12:50745779 since it looks like a germline SNP not
detected by Mutect2. The allele frequency is 0.45 in
adenoma and 0.4 in carcinoma, and the tumor
purity of the sample is low. This alteration is
reported as a synonymous SNP in dbSNP
(rs766535208).

After the filtering, we obtained 110 variants for AC33
and 244 variants for AC34. We ran LICHeE with the
following parameters:

Parameter Value
-minVAFPresent 0.05
-maxVAFAbsent 0.025
-maxVAFValid 0.6
-maxClusterDist 0.15
-e 0.1
-minClusterSize 1

Next, we parsed the outputs from LICHeE to get the
sequences of the clones, using an in-house script.

All the scripts for the evolutionary analyses are
available at https://github.com/lauratl/AdeCar.
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