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Abstract

Micropapillary colorectal carcinoma (MicCRC) is a subtype of colorectal cancer (CRC),

characterized by poor prognosis, high lymphovascular, and perineural invasion. MicCRC

is defined as having at least 5% of micropapillary structure in the tumor. Histologically,

it is characterized by small papillary clusters of neoplastic cells that lack fibrovascular

cores and are surrounded by dense fibrous stroma and lacunar spaces. Micropapillary

carcinoma exhibits an “inside-out” pattern which shows reverse cell polarity. In this study,

we investigated the clinical and pathological characteristics of 49 MicCRCs identified

from 2128 resected CRC specimens at National Taiwan University Hospital from 2008 to

2012. Our results showed that MicCRC predominantly affects males and originates in the

left side of the large intestine. It is associated with high-grade differentiation, tumor

budding, and poorly differentiated clusters (PDCs). Tumor budding and PDCs share

similar morphology with MicCRC and are new prognostic indicators in CRC, being

associated with high tumor grade and advanced TNM stages. In multivariate analysis,

tumor budding was found to play a critical role as a prognostic indicator in our cohort,

rather than PDCs or diagnosis of MicCRC. Therefore, tumor budding should be given

high priority as a prognostic indicator in CRC patients.

Our current understanding of the molecular pathways involved in MicCRC is still

relatively preliminary. We submitted 12 MicCRCs to targeted next-generation sequencing
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to investigate the molecular features of MicCRC. The results demonstrated high mutation

rates in 7P53 (10/12 ,92%) and APC (8/12, 75%), low mutation rate in KRAS (2/12, 17%).

Therefore, we utilized immunohistochemical and sanger sequencing to validate the

results of NGS. We recognized that MicCRC exhibited high rate of aberrant p53

expression (47/49, 96%), preserved MMR expression (49/49, 100%), and low rate of

RAS/RAF hotspot mutations (RAS: 10/49, 20%; BRAF: 2/49, 4%) in our cohort. These

findings suggest that the molecular pathways involved in MicCRC differ from those in

conventional CRC.

Key words: Micropapillary carcinoma, colorectal carcinoma, tumor budding,

poorly differentiated clusters, 7P53, RAS/RAF
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1. Introduction

Colorectal cancer (CRC) has been reported as the third most-common cancer in the
world.! CRCs display different pathogenesis and molecular functions, indicating variable
incidence, phenotype, and prognosis.? Although part of the pathophysiology of CRC has
been completely studied, the molecular mechanism of certain phenotypes remains unclear.

The micropapillary pattern is a well-established histological subtype associated with
poor prognosis in CRCs, representing 9-19% of all CRCs.? Initially identified in breast
cancer, this pattern has subsequently been observed in cancers from other organs,
including the urinary bladder, lung, ovary, and salivary gland.> For a diagnosis of
micropapillary colorectal carcinoma (MicCRC), the micropapillary pattern must account
for at least 5% of the total tumor area. Histologically, micropapillary carcinoma is
characterized by small papillary clusters of neoplastic cells that lack fibrovascular cores
and are surrounded by dense fibrous stroma and lacunar spaces.*® These clusters are
separated by delicate strands of fibrous tissue, creating a sponge-like structure.>> The
arrangement of micropapillary clusters is regular and the neoplastic cells exhibit
eosinophilic cytoplasm and pleomorphic nuclei when stained with hematoxylin and eosin
stain. Furthermore, the clusters display an "inside-out" pattern in which the cell polarity
of the micropapillary nests displays a reverse configuration, with their apical surfaces

facing the periphery rather than the center.® %7 This reverse polarity is in contrast to the
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histology of conventional CRC patterns where the apical membrane lines the inside of
the lumen formed on the opposite side of the basal membrane and extracellular matrix.®
MicCRC has been identified as an aggressive subtype of CRCs with a poor prognosis.”
' While the TNM classification system remains the gold standard for predicting the
prognosis of CRCs patients, there is still considerable variability in outcomes among
patients with the same TNM stage. As such, there is a need of additional biomarkers to
improve prognostic accuracy. Commonly used indicators include differentiation,
lymphovascular invasion, perineural invasion, and molecular factors'?. Previous studies
have reported that MicCRC exhibits a higher proportion of vascular invasion compared

to conventional CRC,'> 13 4

and that the presence of micropapillary features has
independent prognostic significance in TNM stages 1 and 2.!! Recent researches have
identified several new indicators to improve the prognosis of CRC.'* Tumor budding is
one of new prognostic indicators in CRC, being associated with high tumor grade,
advanced TNM stage, lymphovascular invasion, and distant metastases.!® !’ Tumor
budding is defined as the presence of single cells or clusters of up to four cells under a
0.785 mm? microscopic field.'® In contrast, clusters of five or more cells are identified as
poorly differentiated clusters (PDCs). These clusters are more likely to be observed in the

invasive front of CRC. PDCs were first described by Ueno in 2012 as a new criterion for

evaluating the prognosis of CRC and are recognized as a poor prognostic factor.!” Recent
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research suggests that MicCRC and PDC may be a part of spectrum due to their
histological similarities, including reversed MUC1 expression of tumor cell.!*?° While
PDCs share morphological similarities with MicCRC, there are notable differences
between these phenotypes. Histological features such as cleft-like spaces and glandular
differentiation, are seen in MicCRC clusters but not in PDCs.”2! MicCRC usually appears
as a distinct group arising from conventional CRC while PDCs are more randomly
distributed. The percentage of MicCRC can vary from 5% to 100% while PDCs account
for a smaller proportion of CRC. Until now, it is not known whether tumor budding, PDCs,
and MicCRC are independent predictors of the prognosis of CRC. Further research is
required to determine the impact of tumor budding, PDCs and micropapillary histology
on the survival of CRC.

Molecular pathways play a significant role in the prognosis and occurrence of CRCs.*
A deeper understanding of the molecular mechanisms underlying the formation of
MicCRC can aid in predicting its prognosis. Previous studies have shown that the aberrant
activation of the RhoA/ROCK pathway plays a critical role in the inability to switch cell
polarity both in vivo and in vitro, potentially leading to the “inside-out” pattern observed
in MicCRC.® Additionally, clinical research has indicated that microsatellite instability is
uncommon in MicCRC patients. Gene mutations in MicCRCs frequently occur in KRAS

and 7P53. A 2022 study on invasive micropapillary carcinoma of the breast found that
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TP53 mutations were predominant in their whole exome sequencing results.>? Previous
research on micropapillary carcinoma of the urinary bladder has investigated its pathways
through whole-genome mRNA expression data. The findings suggest that genes
anomalies associated with the p53 and RhoA pathways are in micropapillary carcinoma
cells.?* Furthermore, several studies have identified P53 mutations using IHC methods
in MicCRC patients, with altered p53 expression being more common in MicCRC.?
KRAS mutations may also serve as a prognostic factor for CRC, as they are associated
with poorer prognosis and resistance to certain treatments. Previous results have indicated
that the frequency of KRAS mutations in MicCRC is similar to that of CRC without the
micropapillary phenotype.?* 26 Until now, our current understanding of the molecular
pathways involved in MicCRC remains elusive. In our current study, we utilized targeted
next-generation sequencing to gene mutations of MicCRC. Our goal is to identify unique
genetic mutations in MicCRC that could contribute to its phenotype and prognostic

outcome.
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2. Material and Methods
2.1 Tissue specimens.

We reviewed 2128 CRCs from 2008 to 2012 and identified 49 MicCRCs. We
specifically selected 12 MicCRCs that had sufficient micropapillary structures to ensure
enough tissue for targeted next-generation sequencing molecular analysis. Two hundred
conventional CRCs were randomly selected as a control cohort. All the patients
underwent complete staging surgery. Hematoxylin & Eosin stained slides were retrieved
from the archives of the Department of Pathology, National Taiwan University Hospital.
Our study was conducted in accordance with the regulations of the Ethics Committee,
and the specimens were analyzed anonymously and in a blinded manner. We staged the
tumors according to the 7th AJCC system,?” and we considered tumors to be on the right
side if they were located in the cecum, ascending colon, hepatic flexure or transverse
colon, and on the left side if they were located in splenic flexure, descending colon,
sigmoid colon, rectosigmoid colon, or rectum.

2.2 Morphologic review.

In this study, histologic sections of 4-um thickness were prepared and stained with
hematoxylin and eosin. These sections were examined to determine the percentage of
micropapillary clusters, histologic grading, presence of lymphovascular invasion,

perineural invasion, grading of tumor buddings, and PDC. Lymphovascular invasion
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was identified as the presence of cancer cells in lymphatic or blood vessels located
adjacent to or within the tumor. Perineural invasion was described as the invasion of
cancer cells into the nerves.

To assess tumor budding, the tumor histologic sections were scanned at low
magnifications (40x) on Olympus BX53 microscope in one hotspot at the invasive front.
The tumor buddings were assessed in a microscopic field of 0.785 mm?, and the tumor
bud count was normalized from a specimen area of 0.95 mm?.1® A 2-tier system was
used to grade tumor buddings based on the number of tumor cell clusters present in the
examined field. Tumor buddings with 10 or more cell clusters of < 4 tumor cells in the
examined field were classified as high-grade, while those with fewer than 10 cell clusters
were classified as low-grade. PDCs were graded in the same way as tumor buddings in
X20 objective lens but the clusters were aggregates of 5 or more cancer cells without
glandular formation.®

2.3 Statistical analysis.

Data were analyzed using SPSS 26.0 software (IBM Corp., Armonk, NY, USA).
Comparisons of categorical variables were performed using the Pearson x> method or
Fisher exact test when appropriate. Statistical calculation was applied using Student’s t
test for continuous variables. The survival curves were generated using the Kaplan—

Meier method, and the differences were calculated using the log-rank test. The Cox
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proportional hazards regression model was used to compare the differences in the

survival rates in univariate and multivariate analyses. All statistical results were

considered significant at P < 0.05.

2.4 DNA extraction and targeted next-generation sequencing.

For this study, targeted areas of tumor were marked on a representative H&E-stained

section of each tumor. These marked areas from 10-pum paraffin sections were dissected

using sterilized razors. Genomic DNA was extracted from those dissected area using a

QlAamp DNA FFPE Tissue Kit (Qiagen, Santa Clarita, CA, USA) fallowing the

manufacturer’s protocol. The study used a custom-designed amplicon-based panel for

targeted NGS that includes 275 genes known to be pathogenic in human cancers

(Supplementary Table 1). For library preparation, the study used a total of 100ng gDNA

per FFPE sample and generated sequencing libraries using QIAseq Comprehensive

Cancer Panel (Qiagen, cat. #DHS-3501Z), following the manufacturer’s

recommendations. The initial steps for preparing genomic DNA samples involve

fragmenting the DNA, repairing the ends, and adding an A-tail using a controlled multi-

enzyme reaction. Then, the prepared DNA fragments were ligated with a sequencing

platform-specific adapter containing UMIs and sample index at their 5' ends. Each

original DNA molecule is assigned a unique sequence called a UMI. The adaptor-ligated

DNA libraries are subject to several cycles of targeted PCR using one panel of loci -

doi:10.6342/NTU202301505



specific primers and one universal primer complementary to the adapter for target

enrichment. The study used a universal PCR to amplify the library and add specific

adapter sequences and additional sample index. The libraries were denatured and

sequenced on Illumina HiSeq x-ten platform and 150bp paired-end reads were generated

with an average depth is 2,000X coverage per sample by Genomics BioSci & Tech Co.

Sequence alignment to a reference genome was performed using Burrows-Wheeler

Aligner (BWA). Somatic mutations were detected using the smCounter workflow and all

detected variants with a minimum coverage depth of 100 reads were filtered for known

single nucleotide polymorphisms (SNPs) using the Exome Sequencing Project databases

and annotated by searching the Variant Effect Predictor

(https://asia.ensembl.org/info/docs/tools/vep/index.html).

2.5 Validation by Sanger sequencing method.

A subsequent search in the COSMIC catalogue was performed to identify driver

mutations. We validated missense mutations with unknown significance in the COSMIC

database. To determine the deleterious nature of the missense mutations, we used online

programs such as SNPs&GO (http://snps.biofold.org/snps-and-go/snps-and-go.html),

PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/), and COSMIC

(https://cancer.sanger.ac.uk/cosmic). To confirm the results of the mutations detected by

NGS, we validated some pathogenic mutations recorded in the COSMIC database, such
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as mutations in KRAS, BRAF, NRAS, and TP53 genes. We amplified our samples using

Touch-down PCR, followed by electrophoresis to check their base pairs. Primers we use

for PCR are summary in supplementary table 2. Then, we entrusted our samples to

Genomics Company (Taipei, Taiwan), where they underwent sanger sequencing using a

3730xl DNA Analyzer (ThermoFisher, Waltham, USA). Finally, we analyzed all the

sanger sequencing data using Chromas 2.6.6 (Technelysium Pty Ltd, South Brisbane,

Australia).

2.6 Immunohistochemical validation.

The tissue sections (4 pm) obtained from paraffin-embedded arrayed tissue were

subjected to deparaffinization using the Ventana Discovery XT platform (Ventana/Roche,

Mannheim, Germany). This was achieved by incubating the sections with EZ prep

solution (Ventana/Roche, Mannheim, Germany) at 65°C for 15 minutes. The sections

were then stained using the OptiView DAB IHC Detection Kit (Ventana/Roche,

Mannheim, Germany) on the Ventana Discovery XT platform fallowing the

manufacturer's protocol. The sections were subjected to antigen retrieval using Cell

Conditioning Solution (CC1, Tris-EDTA based buffer pH 7.8, Ventana/Roche, Mannheim,

Germany) at 95°C for a duration that depends on the primary antibody and the type of

tissue. After blocking with inhibitor at 37°C for 4 minutes, the sections were incubated

with primary antibodies against MSH6 (clone SP93, 1:1, Cell Marque - Sigma-Aldrich,
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Rocklin, USA), PMS2 (clone A16-4, 1:1, Ventana/Roche, Mannheim, Germany), and p53
(clone D07, 1:200, Cell Marque - Sigma-Aldrich, Rocklin, USA) for a duration that
depends on the primary antibody. Following incubation, OptiView HRP Multimer was
applied and incubated for 16 minutes. The slides were then incubated with DAB and
H,0, for 8 minutes and subsequently incubated with copper solution for 5 minutes.

Finally, the sections were counterstained with hematoxylin for 8 minutes.
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3. Results

3.1 Morphology of MicCRC & prognosis factors

Micropapillary structures were found from 5% to 100% of the tumors in MicCRC. The

percentage of MicCRC was 5% — 10% in 16/49 (33%), 10% — 50% in 12/49 (24%), and

>50% in 29/49 (59%). Figure 1a-f showed the typical features of these structures, which

are tightly packed invasive clusters within lacunar spaces with retraction-like spaces from

the stroma (Figure 1a 40x, 1b 200x). Micropapillary clusters do not have fibrovascular

cores. The tumor cells have a reversed polarity, with their apical surfaces facing the

stroma and an "inside-out" pattern. Tumor cells often displayed dense cytoplasmic

eosinophilic and nuclear pleomorphism. Other prognostic factors were also investigated

such as tumor buddings (Figure 1c), high-grade PDCs (Figure 1d), lymphovascular

invasion (Figure 1e), and perineural invasion (Figure 1f).

3.2 Clinical characteristic of MicCRC

The clinical characteristic of MicCRC were summarized in Table 1. In study cohort, men

were predominant, accounted for 67 percent of all cases (n=33/49, 67%). The average age

of MicCRC patients was 66 years old (range 34-86). Tumors originated in the left side of

the large intestine accounted for a substantial fraction of MicCRC patients (n=39/49,80%).

Subsequently, we interpreted the prognostic factors of H&E slides. Tumor differentiation

was classified as high-grade in 53% of MicCRC (n=26/49, 53%) and low-grade in 47 %

11
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(n=23/49, 47%). High-grade PDC was observed in all MicCRCs (n=49/49, 100%). The

frequency of high-grade tumor budding in the study group was approximately 67 %

(n=33/49, 67%). Lymphovascular and perineural invasion was shown in MicCRC at a

prevalence of 65% (n=32/49, 65%) and 39% (n=19/49, 39%). The distribution of TNM

anatomical stage in our study cohort was stage I in 14% (n=7/49), stage Il in 39%

(n=12/49), stage III in 41% (n=20/49), and stage IV in 20% (n=10/49). We compared the

clinical feature of our study cohort and investigated the difference between MicCRC

(n=49) and control cohort of conventional CRC (n =200). MicCRCs were more common

in male (Figure 2a), in contrast to conventional CRCs (P = 0.018). There were no

differences in the ages of two groups, both were approximately 65 years old (Figure 2b,

P = 0.453). Nearly 80 percent of MicCRCs had tumor patients at left side of the large

intestine (Figure 2¢, P = 0.024) higher than the control group (n=125/200, 63%). The

prognostic factors of the two groups were then compared. Tumor differentiation (Figure

2d, P < 0.001), PDC (Figure 2e, P < 0.001), and tumor budding (Figure 2f, P < 0.001)

displayed high degree of distinction between MicCRCs and CRCs. High-grade tumor

differentiation (n=31/200,16%), high-grade PDC (n=71/200, 36%) and high-grade tumor

budding (n=67/200,34%) were less commonly identified in the control CRC group. The

ratio of lymphovascular and perineural invasion did not show significant difference

between MicCRC and control group. Lymphovascular invasion was seen in 69% of all

12
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control cases (n=137/200, 69%), similar to MicCRC groups (Figure 2g, P = 0.668). No

differences were observed in perineural invasion (Figure 2h, P = 0.33). The distribution

of TNM anatomical stage also showed no differences between MicCRC and control group

(Figure 21, P=0.632). The control CRC cases were classified as stage [ in 17% (n=34/200),

stage 11 in 29% (n=57/200), stage III in 31% (n=62/200), stage IV in 24% (n=47/200).

The comparison was all summarized in Table 2.

3.3 Survival rates under different factors

In order to understand the influence of each factor in our study on the prognosis, we then

tracked and analyzed their survival rate. We divided the study cohort into groups with

different prognostic factors, we then estimated their survival curves using the Kaplan-

Meier (K-M) method (Figure 3a- 1). Gender had little effects on CRC prognosis (Figure

3a, log-rank, P = 0.263). Among the sides of the colon where CRCs developed, the left

side had a tendency of better survival than the right side (Figure 3b, log-rank, P = 0.064).

CRCs with high-grade differentiation exhibited worse survival than those with low-grade

differentiation in our cohort (Figure 3c, log-rank, P < 0.001). Survival rate analysis

showed no significant difference between MicCRC and CRC groups (Figure 3d, log-rank,

P =0.626). Both CRCs with high-grade tumor budding and CRCs with high-grade PDC

showed worse survival compared with CRCs with low-grade tumor budding (Figure 3e,

log-rank, P <0.001) and low-grade PDC (Figure 3f, log-rank, P <0.001). Lymphovascular

13
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invasion was an aggressive factor in assessing the prognosis of CRC (Figure 3g, log-rank,

P < 0.001). K-M curves from our cohort showed that survival of CRC patients with

perineural invasion was lower than that of patients without perineural invasion (Figure

3h, log-rank, P < 0.001). TNM anatomical stage was a strong prognostic factor in CRCs

(Figure 31, log-rank, P < 0.001). These data suggested that differentiation, tumor budding,

lymphovascular invasion, perineural invasion, and TNM anatomical stage but not

diagnosis of MicCRC were striking prognostic factors to predict prognosis.

3.4 Multivariate analysis

We collected data including their age, sex, tumor location, diagnosis of MicCRC, tumor

differentiation, tumor budding, PDC, lymphovascular invasion, perineural invasion and

TNM stages and submitted the factors into Cox regression analysis to evaluate the

multivariate survival analysis (Table 3).

In multivariate survival analysis, the statistics of sex, lymphovascular invasion, and

PDC were not significant. The hazard ratio for sex status was 1.003 (95% confidence

intervals: 0.661-1.524, P = 0.987), for lymphovascular invasion was 0.906 (95%

confidence intervals: 0.482-1.703, P = 0.759), and PDC was 0.718 (95% confidence

intervals: 0.419-1.231, P=0.228). In both univariate and multivariate analyses, age, tumor

differentiation, tumor budding, and perineural invasion are strong prognostic factors for

14
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survival in patients with CRC. In multivariate analysis, the hazard ratios for these factors

were 1.031 (95% confidence intervals:1.013-1.050, P = 0.001), 2.420 (95% confidence

intervals: 1.451-4.035, P = 0.001), 3.280 (95% confidence intervals: 1.924-5.591, P <

0.001), and 1.999 (95% confidence intervals: 1.224-3.266, P = 0.006), respectively. The

Hazard ratios for cancer stages I, I, and III (compared to stage IV) were 0.085 (95%

confidence intervals: 0.028-0.261), 0.120 (95% confidence intervals: 0.062-0.232), and

0.218 (95% confidence intervals: 0.133-0.356), respectively (P < 0.001). MicCRCs

histology was a significant prognostic factor in multivariate analysis. The hazard ratio for

the diagnosis of MicCRCs was 0.479 (95% confidence intervals: 0.258-0.888, P = 0.02),

indicating that patients with MicCRCs have a 52.1% lower risk of death than patients

with CRCs.

3.5 Targeted next-generation sequencing of MicCRC

In order to understand the molecular characteristic of MicCRC, we submitted 12

samples to targeted next-generation sequencing using QIAseq Comprehensive Cancer

Panel. The NGS results displayed gene annotation variants as shown in Figure 4. To

determine whether the gene alterations were pathological, we validated the data using

online databases, Sanger sequencing, and IHC methods. Our results after validation,

summarized in Figure 5, revealed that 7P53 (11/12,92%) and APC (9/12,75%) were the

two most-commonly mutated genes in MicCRCs. Our study found mutations in the
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MUYTH gene (2/12, 17%) in two samples of MicCRC. The mutation spot of 7P53 and
APC were displayed in Figure 6a-b. Other mutated genes of our results such like FBXW7
(3/12, 25%), AMERI (1/12, 8%), were also correlated with Wnt pathway.?® Our results
identified that SOX9 (1/12, 8%), a gene encoding a transcription factor, had a stop gained
mutation, indicating a loss of function. We also observed mutations in TGFBR2 (2/12,
17%) and SMAD2 (1/12, 8%), which encode proteins that participate in the TGF- 3
pathway. Our samples exhibited mutations in TGFBR2 and SMAD2, indicating that the
TGF- 8 pathway may also play a role in the development of MicCRC. Our findings
showed that mutations in the genes ARIDIB (2/12, 17%) and PBRM1(1/12, 8%) in
samples of MicCRC. Our study also found mutations in 7SC2 (2/12, 17%).
Supplementary Table 3 contains a detailed description of the genes that were found to
have mutations in our study. Supplementary Table 4 provides information on genes that
showed of uncertain significance.
3.6 Molecular features of MicCRC

Our NGS results showed that 7P53 is one of the prevalent mutated genes in MicCRC
cells. A previous study had also found that 7P53 was the most frequently mutated gene

in a micropapillary breast cancer.?

Based on these findings, we performed
immunohistochemistry (IHC) staining using anti-P53 to determine the aberrant rate in our

cohort (Figure 7a-c). The aberrant expression of p53 was classified as overexpressed
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(Figure 7a) or lost (Figure 7b), indicating a mutated type. The wild type showed weak
expression (Figure 7¢).”’ We found that 96% of MicCRC patients (47 out of 49) had
aberrant expression of p53, while only 66% of control CRC patients (33 out of 50) had
aberrant expression of p53 (Figure 7d, P<0.001). The aberrant expression of p53 was
found to be significantly higher in MicCRC patients, indicating a strong association
between p53 abnormality and MicCRC (Table 4).

In our NGS results, genes associated with mismatch repair proteins (MMRs) were not
mutated. Therefore, we performed MMR immunohistochemistry (Figure 7e-f) on our
MicCRC samples to investigate mismatch repair protein integrity. The data showed that
neither PMS2 (49/49, Figure 7¢) nor MSH6 (49/49, Figure 7f) showed loss of expression
in all MicCRC samples. These data suggested that MicCRC were mostly MMR proficient.

RAS and RAF genes are well-known tumor oncogenes in CRC. These mutations are
associated with a poorer prognosis and resistance to certain types of treatments. Our NGS
results (Figure 5.) revealed that few samples exhibited few mutations in KRAS mutations
(2/12, 17%) in MicCRCs with one concurrent mutation in NRAS (1/12, 8%). To
investigate this further, we performed Sanger sequencing to detect the hotspots of KRAS,
NRAS, and BRAF in our MicCRC samples. Our findings showed that 20% of MicCRC
patients (n=10/49) had KRAS mutations, including 3 cases of ¢.35G >A, p. Gly12Asp, 2
case of ¢. 38G >A, p. Glyl3Asp and 4 cases of ¢.35G >T, p. Gly12Val. One case had both
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KRAS (c.35G >A, p. Glyl12Asp) and NRAS (¢.35G >T, p. Gly12Val) mutation. In contrast,

only 2% of MicCRC had BRAF (n=2/49) mutations including 1 case of ¢.1799T >A, p.

Val600Glu, and 1 case of ¢.1780G>A, p. Asp594Asn. All of the sanger sequencing data

were summarized in Table 5.
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4. Discussion

Our research focused on investigating the clinical, pathological, and molecular
characteristics of MicCRC. We screened 2128 cases of resected CRC from 2008 to 2012
from National Taiwan University Hospital and identified only 49 MicCRCs (2.3%). The
prevalence was lower than the incidence reported in previous studies, which observed
MicCRCs in 9-19% of CRCs.? The discrepancy may result from criteria we used in this
study to diagnose MicCRC and our tendency to separate PDC from MicCRC.

Clinically, MicCRCs predominantly affects males and more often originate in the left-
side of the large intestine, as compared to control CRCs. Evaluating the side of the colon
can be used to predict the molecular function of CRC, as left-side CRCs are
predominantly associated with chromosomal instability pathway, and right-side CRCs
that are more associated with microsatellite instability-high tumors.>* MicCRC patients
in our cohort were all MMR proficient, which corresponds to only 20% of the right-side
tumor location.

MicCRC is considered a poor prognosis phenotype in previous research.* % ! Our data
demonstrated that MicCRCs were more commonly associated with poor prognostic
characteristics, such as high-grade differentiation, high-grade tumor budding, and high-
grade PDCs than control CRCs. High-grade differentiation and tumor budding were

associated with poor overall survival. Previous researches have also showed that tumor
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budding, *' PDCs, ** and high-grade tumor differentiation 3*

are indicators of poor
prognosis. However, our results demonstrated that the micropapillary phenotype shared
similar survival rate with the control group in the Kaplan-Meier analysis. In multivariate
survival analysis, the control CRCs even showed higher hazard ratio than MicCRC. High-
grade tumor budding remained a dismal predictor in multivariate survival analysis.
Because MicCRC displays morphologic similarity with tumor budding and PDCs,'* 17-2!
it is plausible that CRC with tumor budding or PDC might be mis-diagnosed as MicCRC
in previous studies. Because tumor budding and PDCs were both poor prognostic factors,
it is not surprised that MicCRC would be reported as an aggressive tumor if they were
actually CRC with tumor budding or PDCs." Histologic findings of high-grade PDCs
include the presence of over 10 cancer clusters in the invasive front composed of at least

five tumor cells in a defined field,!®> 3% 34

whereas tumor budding clusters are composed
of fewer than five tumor cells.!® PDCs are clusters of cancer cells without glandular
differentiation and with varying sizes, surrounded by desmoplastic stroma. In contrast,
classic micropapillary clusters may contain glandular structures and have noticeable
cystic spaces-like clefts.?! Upon screening the CRC slides, we observed that clusters of
MicCRC often appeared as distinct groups of micropapillary histology, in contrast to PDC
clusters which were more likely randomly located at the tumor invasive front. Therefore,

we diagnosed MicCRC not only in tumor with at least of 5% micropapillary pattern but
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also the classic micropapillary structures occurring as distinct tumor groups. In contrast,
CRC with PDC often displayed random distribution of PDCs without distinct aggregation.
In addition, MicCRC may account for more than 50% of all CRC tumor part while CRC
with PDC usually showed a minor proportion of PDC component. Furthermore, in a study

1.,2! it was observed that PDCs lacked MUC1 expression in the tumor

by Mineui Hong et a
center, whereas in MicCRC, MUCI1 was expressed in the all of the micropapillary
clusters.” Based on these findings, we propose that the micropapillary pattern is different
from both tumor buddings and PDCs. In particular, tumor budding should be given
priority as a prognostic indicator in CRC patients.

KRAS mutations are a crucial molecular feature in investigating the prognosis of CRC.
Previous studies have reported high KRAS mutation rates in MicCRC patients. For
instance, Gonzalez RS et al. reported a 45% (27/60) mutation rate in their MicCRC
cohort,* while Raul S. Gonzalez reported a 35% (11/31) mutation rate in their study.?
However, our research found a significantly low KRAS mutation rate with only 20% in
MicCRC. This discrepancy may be due to differences in the study cohorts. Interestingly,
PDC has been reported to exhibit a positive correlation between its grade and KRAS
mutation rate.*® It is possible that high KR4S mutations in MicCRC reported in previous

studies may be partially contributed from KRAS-mutated CRC with PDC. These findings

suggest that the difference in KRAS mutation rates between MicCRC and PDC could be
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attributed to variations in the study cohorts and the grade of PDC. This may also explain
the high occurrence rate of MicCRC in CRC in previous studies, which may include some
CRC with PDC but not actually MicCRC. Our study demonstrated different
clinicopathologic features and molecular features between MicCRC and CRC with PDC,
we considered that MicCRC and PDC should be considered as distinct phenotypes.
Next-generation sequencing of our study cohorts indicated that 7P53 mutations prevail
in MicCRC. High 7P53 mutation was also observed in micropapillary breast cancer.?
Additionally, an early study of MicCRC also found a higher proportion of 7P53
alterations by using IHC methods.* With aids of P53 IHC staining, our study identified
that most but not all MicCRCs harbored aberrant p53 expression. This finding was
consistent with previous researches. 42> Mutations of TP53 were closely associated with
tumorigenesis, as it encodes the protein p53, which is a crucial transcription factor. The
primary function of p53 is to regulate responses that are primarily responsible for
controlling the cell cycle.*® Recent research has revealed that the Rho/Rock signaling
pathway plays a critical role in reversing the cell polarity of MicCRC cells.® Aberrant
activation of RhoA promoted polarity switching of CRC glands, resulting in an “inside-
out” morphology pattern and micropapillary histology. On the other hand, tumor cells
with 7P53 mutations have been shown to alter cell polarity and morphological features,

resulting in increased migration.?> 37 Loss of p53 cooperates with activated Ras in
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colonic epithelial cells to synergistically induce RhoA activity, resulting in increased cell
motility.>* Gain of function of p53 mutants can also affect integrin signaling by increasing
integrin signaling and upregulating RhoA protein.® Based on these studies, we suggest
that 7P53 mutations are closely associated with aberrant RhoA activation and play a role
in reversing cell polarity with formation of micropapillary histology. This could be the a
reason that 7P53 mutations are highly frequent in MicCRCs.

Our study also found mutations in the MUTYH gene (2/12, 17%) in our samples of
MicCRC. MUTYH is a downstream gene that mediates p53 tumor suppression and
induces cell apoptosis under oxidative stress.*’ This suggests that one of the pathways
related to p53 may also be involved in the development of MicCRC. 4APC was another
common mutation in MicCRC. APC is known as a tumor suppressor gene, which
regulates cell proliferation and differentiation by inhibiting the Wnt signaling pathway.
Mutation of APC is the main driver of Wnt signaling in CRC. Other mutated genes of our
results such like FBXW7 (3/12, 25%), AMERI (1/12, 8%), are also correlated with Wnt
pathway.?® FBXW?7 encodes an E3 ubiquitin ligase that is involved in the ubiquitination
and degradation of several key components of the Wnt pathway. AMERI acts as a
negative regulator of the Wnt pathway by binding to the -catenin destruction complex,
which helps to regulate the levels of B-catenin in the cell. Our results have shown that
SOX9 (1/12, 8%), a gene encoding a transcription factor, has a stop gained mutation,
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indicating a loss of function. Previous research has demonstrated that SOX9 can act as an
inhibitor, down-regulating the Wnt pathway in colorectal cancer.*! Our data suggested
that mutations in the Wnt pathway also plays a significant role in the formation of
MicCRC. We also observed mutations in TGFBR2 (2/12, 17%) and SMAD?2 (1/12, 8%),
which encode proteins that participate in the TGF- pathway. In this pathway, TGFBR2
acts as a receptor that activates downstream proteins like SMAD?2, regulating the
transcription of target genes. This pathway can either promote cell cycle arrest and
apoptosis or induce tumor metastasis, depending on the stage of the tumor cell.*> MicCRC
also exhibited mutations in 7TGFBR2 and SMAD2, indicating that the TGF-f3 pathway may
also play a role in the development of MicCRC. Meanwhile, mutations in ARID 1B (2/12,
17%) and PBRM1(1/12, 8%) were present in a few samples of MicCRC. These genes
encode proteins that belong to different subunits of the SWI/SNF complex, which plays
a vital role in chromatin remodeling and transcriptional regulation. In recent years,
SWI/SNF complex has been found to be associated with tumor suppression, inactivating
mutations in these genes have been detected in various types of tumors.* Therefore, our
results suggest that SWI/SNF complex may also be involved in the development of
MicCRC. Previous research has demonstrated that TSC2 plays a crucial role in goblet cell
differentiation by inhibiting the mTOR pathway in intestinal cell lines.** Our study has
found mutations in 7SC2 (2/12, 17%). Overall, based on the above findings, this study
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identified 7P53 aberrations and Wnt pathway activation were the characteristic molecular

features of MicCRC. A low RAS/RAF mutation rate and MMR proficiency was also

observed in MicCRC. The distinct molecular phenotypes distinguish MicCRC from

conventional CRC.

Our study has some limitations regarding the molecular characteristics of MicCRC.

Firstly, the small sample size of only 12 submitted for NGS panel analysis may overlook

certain mutations specific to MicCRCs. Secondly, the mutation gene panel focuses on

genes commonly associated with cancer, potentially neglecting genes involved in

pathways that contribute to the unique phenotype of MicCRC and are not typically

associated with cancer.

In conclusion, in this study, we investigated the clinical features of MicCRC. MicCRC

is male predominant and tends to originate in the left side of the large intestine. In terms

of prognostic factors, MicCRC was associated with high-grade differentiation, tumor

budding, and PDCs. As for molecular characteristics, we recognized that MicCRC

exhibited a high rate of aberrant p53 expression, proficient MMR protein expression, and

a low rate of RAS/RAF hotspot mutations. This distinct clinicopathologic and molecular

features discern MicCRC from conventional CRC.
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Figure 1. Morphology of MicCRC & prognosis factors

(a, b) Morphology features of MicCRC in X4 object lens (a) and X20 object lens, red

arrows indicated the distinct group of micropapillary carcinoma. (c) Morphology of high-

grade tumor budding in X20 object lens, red arrows indicated the clusters of tumors
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budding (d) Morphology of high-grade PDC in X20 object lens, red arrows indicated the

clusters of PDC (e) Presence of lymphovascular invasion in X20 object lens (f) Presence

of perineural invasion in X20 object lens, red arrows indicated the perineural invasion.
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Figure 2. Comparison of clinicopathology features between CRCs and MicCRCs

(a- 1) Comparison of sex (a), age (b), tumor location (c), differentiation (d), PDC (e),

tumor budding (f), lymphovascular invasion (g), perineural invasion (h), and stage (i)

between CRC and MicCRC (* indicates P < 0.05, *** indicates P < 0.001)
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Figure 3. Univariate survival analysis of different prognosis factors.

(a-1) Kaplan—-Meier overall survival rate of sex (a), age (b), tumor location (c),

differentiation (d), PDC (e), tumor budding (f), lymphovascular invasion (g), perineural

invasion (h), and stage (i) (* indicates P < 0.05, *** indicates P < 0.001).
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Figure 5. Gene alteration of MicCRC (n=12)

An overview of the altered genes in MicCRC has been conducted following validation

through Sanger sequencing and IHC. For a detailed description of the alterations, please

refer to Supplementary Table 3.
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Figure 6. Mutation mapper of mutated genes

(a) Mutation mapper of APC gene (b) Mutation mapper of 7P53 gene. The mutation database was generated using the cBioPortal Mutation Mapper

tool (https://www.cbioportal.org/mutation_mapper).
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Figure 7. IHC results of MicCRC.

(a) P53 overexpression in MicCRC in X10 object lens. (b) P53 loss in MicCRC in

X 10 object lens. (c) Wild type P53 expression in MicCRC in X10 object lens. (d)

Comparison of p53 aberrant expression between CRC and MicCRC (*** indicate P <
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0.001). (e) MSH6 expression is preserved in MicCRC in X10 object lens. (f) PMS2

expression is preserved in MicCRC in X10 object lens.
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7. Table

Table 1. Clinicopathological features of MicCRC.

Table 1. Clinicopathological features of MicCRC.

Clinical features Number, n=49 (%)
Sex (male) 33 (67%)
Age (mean, range) 66 (34-86)

Tumor location
Right colon 10 (20%)
Left colon 39 (80%)

Prognosis Feature

Differentiation (High-grade) 26(53%)
Poorly differentiated clusters (High-grade) 49(100%)
Tumor Budding (High-grade) 33(67%)
Lymphovascular invasion 32(65%)
Perineural invasion 19(39%)
TNM anatomical Stage | 7(14%)
TNM anatomical Stage 11 12(39%)
TNM anatomical Stage III 20(41%)
TNM anatomical Stage IV 10(20%)
45
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Table 2. Correlation between clinicopathological between MicCRC and CRC.

Table 2. Correlation between clinicopathological between MicCRC and CRC.

Features MicCRC, n=49 CRC, n=200 P value
Sex (male) 33 (67%) 97(49%) 0.018
Age (mean) 65.9 (£12.6) 64.4(+£12.4) 0.453
Tumor location 0.024

Right colon 10 (20%) 75(38%)

Left colon 39 (80%) 125(63%)
Prognosis Feature
Differentiation (High-grade) 26(53%) 31(16%) <0.001
Poorly differentiated clusters (High-grade) 49(100%) 71(36%) <0.001
Tumor Budding (High-grade) 33(67%) 67(34%) <0.001
Lymphovascular invasion 32(65%) 137(69%) 0.668
Perineural invasion 19(39%) 93(47%) 0.33
TNM Stage 0.632
TNM anatomical Stage I 7(14%) 34(17%)
TNM anatomical Stage 11 12(39%) 57(29%)
TNM anatomical Stage III 20(41%) 62(31%)
TNM anatomical Stage IV 10(20%) 47(24%)
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Table 3. Survival analysis of MicCRC.

Table 3. Survival analysis of MicCRC.

Univariate analysis

Multivariate analysis

Features

HR (95% CI) P value HR (95% CI) P value
Sex-Male 1.256(0.843-1.873)  0.263 1.003(0.661-1.524) 0.987
Age 1.027(1.010-1.045)  0.002 1.031(1.013-1.050) 0.001
Diagnosis-Micropapillary 0.867(0.514-1.463)  0.593 0.479(0.258-0.888) 0.02
Differentiation-High grade 2.326 (1.528-3.543) <0.001 2.420(1.451-4.035) 0.001
Poorly differentiated clusters ~ 2.061(1.371-3.098)  0.001 0.718(0.419-1.231) 0.228
Tumor budding-High grade 4.149 (2.720-6.328)  <0.001 3.280(1.924-5.591) <0.001
Lymphovascular invasion 3.140 (1.834-5.376)  <0.001 0.906(0.482-1.703) 0.759
Perineural invasion 3.697(2.407-5.677)  <0.001 1.999(1.224-3.266) 0.006
Anatomical stage <0.001 <0.001

I
II
III
IV

0.049 (0.018-0.137)
0.126 (0.069-0.227)
0.270 (0.171-0.426)

0.085(0.028-0.261)
0.120(0.062-0.232)
0.218(0.133-0.356)
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Table 4. Molecular features of MicCRC

Table 4. Molecular features of MicCRC.

[HC staining

Number, n= 49 (%)

Aberrant P53 expression 47(96%)
MMR expression 49(100%)
Mutations Number, n=49
KRAS/NRAS 10(20%)
BRAF 2(4%)
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Table 5. RAS/RAF mutation in MicCRC

Diagnosis Genes Exon Nucleotide change  Protein change
MicCRC KRAS E2 c.38G>A p. Gly13Asp
MicCRC KRAS E2 c.35G>A p. Gly12Asp
MicCRC KRAS E2 c.35G>T p. Gly12Val
MicCRC KRAS E2 c.35G>A p. Glyl12Asp
MicCRC KRAS E2 c.35G>T p. Gly12Val
MicCRC KRAS E2 c.38G>A p. Glyl3Asp
MicCRC KRAS E2 c.35G>T p. Gly12Val
MicCRC KRAS E2 c.35G>T p. Gly12Val
MicCRC KRAS E2 c.35G>A p. Glyl2Asp

KRAS E2 c.35G>A p. Glyl2Asp
MicCRC

NRAS E2 c.35G>T p. Gly12Val
MicCRC BRAF El5 c.1799T>A p. Val600Glu
MicCRC BRAF EI5 c.1780G>A p. Asp594Asn
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8. Supplementary table

Supplementary table 1. Targeting genes included in QIAseq Comprehensive Cancer Panel

Supplementary Table 1. Targeting genes included in QIAseq Comprehensive Cancer Panel

ABL1 BIRC3 CREBBP EZH2 GNAS KMT2C NF1 POLE SMARCB1 WrTl1
ACVR1B BLM CRLF2 FAM175A GREM1 KMT2D NF2 PPM1D SMC1A XPOI1
AKT1 BRAF CSF1R FAM46C GRIN2A KRAS NFE2L2 PPP2R1A SMC3 XRCC2
AKT?2 BRCA1 CSF3R FANCA H3-3A LRP1B NFKBIA PRDM1 SMO XRCC3
AKT3 BRCA2 CTCF FANCC H3C2 MAP2K1 NKX2-1 PRKAR1A SOCS1 ZNF217
ALK BRIP1 CTNNA1 FANCD?2 HGF MAP2K2 NOTCH1 PRKDC SOX2 ZRSR2
AMER1 BTK CTNNB1 FANCE HNF1A MAP2K4 NOTCH2 PRSS1 SOX9
APC CALR CUX1 FANCF HOXB13 MAP3K1 NOTCH3 PTCH1 SPOP
AR CARD11 CXCR4 FANCG HRAS MAP3K14 NPM1 PTEN SRC
ARAF CBL CYLD FAS HSP90AA1 MAPK1 NRAS PTPN11 SRSF2
ARID1A CBLB DAXX FBXWY7 ID3 MCL1 NSD1 RAC1 STAG2
ARID1B CBLC DDR2 FGF4 IDH1 MDM?2 NSD2 RAD21 STAT3
ARID2 CCND1 DICER1 FGF6 IDH2 MDM4 NTRK1 RADS0 STK11
ASXL1 CCND3 DNM2 FGFR1 IGF1R MED12 NTRK2 RAD51 SUFU
ATM CCNE1 DNMT3A FGFR2 IKZF1 MEF2B NTRK3 RAF1 SUZ12
ATR CD274 DOTIL FGFR3 IKZF3 MEN1 PAK3 RB1 TAL1
ATRX CDT79A EED FGFR4 IL7R MET PALB2 RET TCF3
AURKA CD79B EGFR FH INHBA MITF PAX5 RHEB TERT
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AURKB CDC73 EGLN1 FLCN IRF4 MLH1 PBRM1 RHOA TET?2
AURKC CDH1 EP300 FLT3 JAK1 MPL PDGFRA RIT1 TGFBR2
AXIN1 CDK12 EPAS1 FLT4 JAK2 MRE11 PDGFRB RNF43 TNFAIP3
AXIN2 CDK4 EPHA3 FOXL2 JAK3 MSH2 PHF6 ROS1 TNFRSF14
B2M CDKG6 EPHAS FUBP1 KAT6A MSHG6 PIK3CA RUNX1 TP53
BAP1 CDKN2A ERBB2 GALNT12 KDM5C MTOR PIK3R1 SDHB TRAF3
BCL2 CDKN2B ERBB3 GATAlL KDMG6A MUTYH PIK3R2 SETBP1 TSC1
BCL2L1 CDKN2C ERBB4 GATA2 KDR MYC PIM1 SETD2 TSC2
BCL6 CEBPA ERG GATA3 KEAP1 MYCL PLCG1 SF3B1 TSHR
BCOR CHEK1 ESR1 GEN1 KIT MYCN PMS1 SMAD2 U2AF1
BCORL1 CHEK2 ETV6 GNA1l KMT2A MYD88 PMS2 SMADA4 U2AF2
BCR CiC EXO1 GNAQ KMT2B Name POLD1 SMARCA4 VHL
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Supplementary table 2. Sanger sequencing primer

Gene name Primer sequence (5°-3")
KRAS
Exon 2 F AGGTACTGGTGGAGTATTTGA
Exon 2 R TGTATCAAAGAATGGTCCTGC
NRAS
Exon 2 F GGCTCGCCAATTAACCCTGAT
Exon 2 R CGACAAGTGAGAGACAGGAT
BRAF
Exon 15 F TCATAATGCTTGCTCTGATAGGA
Exon 15 R GGCCAAAAATTTAATCAGTGGA
TP53
Exon 4 F1 TGCTCTTTTCACCCATCTAC
Exon 4 R1 ATACGGCCAGGCATTGAAGT
Exon 4 F2 TGCACCAGCAGCTCCTACAC
Exon 4 R2 CCCAAAGTTCCAAACAAAAGA
Exon 5 F GTTTCTTTGCTGCCGTCTTC
Exon 5 R ACCCTGGGCAACCAGCCCTGT
Exon 6 F TGGTTGCCCAGGGTCCCCAG
Exon 6 R GGAGGGCCACTGACAACCA
Exon 7 F CTTGCCACAGGTCTCCCCAA
Exon 7 R AGGGGTCAGAGGCAAGCAGA
Exon 8+9 F GGTGGTTGGGAGTAGATGGA
Exon 8+9 R AAGAAAACGGCATTTTGAGTG
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Supplementary table 3. Variants details of the mutated genes.

Sample|Chromosome|Function|Annotation Gene Exon|Nucleotide change Protein change
N35 [chrX exonic  |stop gained AMER1 |[E2 |c.1096C>T p. GIn366*
N31 |chr5 exonic _ |stop gained APC E16 |c.3340C>T p. Argl1114*
N31 |chr5 exonic  |stop gained APC E16 |c.4216C>T p. GIn1406*
N33 |chr5 exonic  |stop gained APC E16 |c.4012C>T p. GIn1338*
N33  |chr5 exonic _ |stop gained APC E6 [c.637C>T p. Arg213*
N34  |chr5 exonic  |stop gained APC E7 [c.694C>T p. Arg232*
N34  [chr5 splicing |stop gained &splice region variant  |APC E7 |[c.646C>T p. Arg216*
N35 |chr5 exonic  |frameshift variant APC E16 |c.4393 4394dupAG p. Ser1465fs
N36 |chr5 exonic  |stop gained APC E16 |c.2805C>G p. Tyr935*
N36 |chr5 exonic  |stop gained APC E16 |c.4012C>T p. GIn1338*
N37  |chr5 exonic  |stop gained APC E7 |c.706C>T p. GIn236*
N45  |chr5 exonic  |stop gained APC E16 |c.3493A>T p. Lys1165*
N52 |chr5 exonic  |frameshift variant APC E16 |c.3929delA p. Lys1310fs
N54  [chr5 exonic  |frameshift variant APC E16 |c.3927 3931delAAAGA |p. Glul309fs
N54  |chr5 exonic  |stop gained APC E16 |c.3925G>T p. Glu1309*
N52  [chrX exonic  |missense variant AR E1l |c.173A>T p. GIn58Leu
N31 |[chr6 exonic  |disruptive inframe deletion ARID1B |[E1 [c.980 985delGAGGAG |p. Gly327 Gly328del
N54  [chr6 exonic  |disruptive inframe insertion ARID1B [E1 [c.360 362dupGCA p. GIn121dup
N38 |chr3 exonic  |frameshift variant ATR E10 |c.2320delA p. lle774fs
N37 |chrl6 exonic  |missense variant CREBBP |[E14 |c.2849C>T p. Thro50Met
N52  |chr3 exonic  |missense variant FANCD2|E25 [c.2336G>A p. Arg779His
N31 |[chr4d exonic  |missense variant FBXW7 |E10 |c.1436G>A p. Arg479GIn
N51 |chrd exonic  |missense variant FBXW7 |E12 |c.1931G>T p. Gly644Val
N52  [chrd exonic  |missense variant FBXW7 |E10 |c.1513C>T p. Arg505Cys
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Sample|Chromosome|Function|Annotation Gene Exon|Nucleotide change Protein change
N52  |chr4 exonic  |stop gained FBXW7 |E12 |c.1922C>G p. Ser641*
N31 |chrl6 exonic  |missense variant GRIN2A |E12 |c.2456G>A p. Gly819Asp
N45  |chrll exonic  |missense variant KMT2A |E27 |c.9566T>C p. 11e3189Thr
N33  [chrl2 exonic  |missense variant KMT2D |E34 [c.9268G>A p. Glu3090Lys
N33 |chrl2 exonic  |missense variant KMT2D |[E6 |c.730T>A p. Cys244Ser
N35 |chrl2 exonic  |missense variant KRAS |E2 [c.35G>A p. Glyl2Asp
N45  |chrl2 exonic  |missense variant KRAS |[E2 [c.35G>A p. Glyl12Asp
N52  |chrl7 exonic  |missense variant MAP2K4|E5 [c.433C>T p. Argl45Trp
N37  |chr3 exonic  |missense variant MITF E10 |c.1199G>A p. Arg400GIn
N52  chrl exonic _ |stop gained MUTYH |[E2 |c.90G>A p. Trp30*
N55  chrl exonic  |stop gained MUTYH |[E2 |c.90G>A p. Trp30*
N54  |chrl9 exonic  |missense variant NOTCH3|E22 |c.3568C>T p. Arg1190Cys
N35 [chrl exonic  |missense variant NRAS [E2 |c.35G>T p. Glyl2Val
N37  |chr3 splicing |splice acceptor variant& intron variant PBRM1 |E6 |c.715-1G>T
N38 |[chrb exonic  |missense variant PIK3R1 |E12 |c.1703C>T p. Pro568Leu
N51  |[chr6 exonic  |missense variant PIM1 E4 |c.403G>A p. Glul35Lys
N31 [chr6 exonic  |missense variant PRDM1 |[E2 |[c.239A>T p. GlugOVal
N33 |chr9 exonic  |missense variant PTCH1 |E12 [c.1688C>T p. Ala563Val
N38 |chrl8 exonic |structural interaction variant SMAD2 |E8 |[c.992A>T p. His331Leu
N52  |chrl7 exonic  |stop gained SOX9 |E3  |c.886C>T p. GIn296*
N37  |chr3 exonic  |frameshift variant TGFBR2 |[E4 |c.458delA p. Lys153fs
N54  |chr3 exonic |frameshift variant TGFBR2 [E4 |c.458delA p. Lys153fs
N31 |chrl? exonic  [structural interaction variant TP53 E5 |c.380C>A p. Ser127Phe
N33  |[chrl7 exonic  |stop gained TP53 |[E6 |c.586C>T p. Arg196*
N35 |chrl7 exonic [structural interaction variant TP53 E5 |c.413C>T p. Alal38Val
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Sample|Chromosome|Function|Annotation Gene Exon|Nucleotide change Protein change
N36 |chrl7 exonic  |structural interaction variant TP53 |[E6 [c.641A>G p. His214Arg
N37  |chrl7 exonic  |frameshift variant TP53 E6 |c.599dupA p. Asn200fs
N38 [chrl7 exonic  |missense variant TP53 E4 c.332T>C p. Leull1Pro
N45 |chrl7 exonic  |structural interaction variant TP53 E8 [c.818G>A p. Arg273His
N51  |chrl7 exonic  |stop gained TP53 E7 |c.702C>A p. Tyr234*
N52 chrl7 exonic  |stop gained TP53 E6 |c.586C>T p. Argl96*
N54  |chrl7 exonic  |structural interaction variant TP53 E7 |c.713G>A p. Cys238Tyr
N55  |chrl7 exonic  |frameshift variant& missense variant |TP53 E4 [c.253 254delCCinsT  |p. Pro85fs
N31 |chrl6 exonic  |missense variant TSC2 E16 |c.1696G>A p. Gly566Arg
N36 |[chrl6 exonic  |missense variant TSC2 E22 |c.2366T>C p. Val789Ala
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Supplementary table 4. Variants details of the uncertain genes.

Sample | Chromosome | Function | Annotation Gene Exon | Nucleotide change | Protein change
N33 chr9 exonic stop gained ABL1 E4 c.840G>A p. Trp280*
N34 chr2 splicing | splice donor variant& intron variant ALK E28 | c.4164+1G>A

N54 chr2 exonic missense variant ALK E29 | c.4307G>A p. Argl436His
N52 chrll exonic missense variant ATM E58 | c.8450A>G p. Tyr2817Cys
N31 chr3 exonic missense variant ATR E3 C.164T>A p. LeuS5His
N36 chrx exonic missense variant ATRX E16 | c.4604C>T p. Thr1535lle
N45 chrl3 exonic missense variant BRCA2 E11 | c.4372C>T p. His1458Tyr
N54 chr7 intronic | downstream gene variant CARD11 C.*437G>A

N31 chrl9 exonic missense variant CiC E11 | c.5408C>T p. Ser1803Phe
N31 chr7 exonic missense variant EGFR El c.19G>A p. Ala7Thr
N33 chr2 exonic disruptive inframe deletion EPAS1 E10 | c.1329 1331delGAG | p. Arg443del
N52 chrl7 exonic missense variant ERBB2 E15 |c.1796G>A p. Argb99His
N54 chrl2 exonic missense variant ERBB3 E27 | c.3380G>A p. Argl127His
N55 chr2 exonic missense variant ERBB4 E24 | c.2936G>A p. Arg979GIn
N33 chr8 exonic missense variant FGFR1 E4 c.403G>A p. Vall35lle
N31 chrl3 exonic missense variant FLT3 E12 | c.1582C>T p. Leu528Phe
N45 chrb exonic missense variant FLT4 E30 | c.4061G>A p. Argl354His
N35 chr3 exonic missense variant GATA2 E5 c.1024G>A p. Ala342Thr
N55 chrl5 exonic structural interaction variant IGF1R E17 | c.3255C>T p. Leul086Phe
N52 chr8 exonic missense variant KAT6A E17 | c.4441A>G p. Serl481Gly
N52 chr8 exonic missense variant KAT6A E9 €.1492G>A p. Val498Met
N54 chrx exonic missense variant KDM6A E6 c.515G>C p. Argl72Pro
N52 chr4 exonic structural interaction variant KDR E20 | c.2736C>T
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Sample | Chromosome | Function | Annotation Gene Exon | Nucleotide change | Protein change
N36 chrl9 exonic missense variant KMT2B E37 | c.7978T>C

N31 chr7 exonic missense variant KMT2C E7 €.925C>T p. Pro309Ser
N33 chr7 exonic stop gained KMT2C E14 | c.2263C>T p. GIn755*
N34 chr7 exonic missense variant KMT2C E7 €.925C>T p. Pro309Ser
N35 chr7 exonic missense variant KMT2C E7 c.925C>T p. Pro309Ser
N38 chr7 exonic missense variant KMT2C E7 c.925C>T p. Pro309Ser
N45 chr7 exonic missense variant KMT2C E7 c.925C>T p. Pro309Ser
N51 chr7 exonic stop gained KMT2C E14 | c.2263C>T p. GIn755*
N51 chr7 exonic missense variant KMT2C E7 €.925C>T p. Pro309Ser
N52 chr7 exonic stop gained KMT2C E14 | c.2263C>T p. GIn755*
N52 chr7 exonic missense variant KMT2C E7 c.925C>T p. Pro309Ser
N55 chr7 exonic stop gained KMT2C E14 | c.2263C>T p. GIn755*
N33 chr2 exonic missense variant LRP1B E10 | c.1529G>A p. Gly510Glu
N31 chrl exonic missense variant MDM4 E5 c.358A>G p. Lys120Glu
N33 chrl exonic missense variant MDM4 E9 c.812G>A p. Ser271Asn
N52 chr7 exonic frameshift variant MET E19 | c.3704_3705delCA | p. Thr1235fs
N54 chr2 exonic missense variant MSH6 E10 | c.4068G>T p. Leul356Phe
N52 chr2 exonic missense variant MYCN E2 c.550G>T p. Alal84Ser
N31 chr9 exonic missense variant NOTCH1 | E23 | c.3743T>C p. Val1248Ala
N31 chrl exonic missense variant NOTCH2 | E4 c.590C>T p. Thri97lle
N31 chrl exonic missense variant NOTCH2 | E34 | c.6126G>A p. Met2042lle
N33 chrl exonic missense variant NOTCH2 | E4 c.590C>T p. Thrl97lle
N31 chrl9 exonic missense variant NOTCH3 | E11 | c.1630C>T p. Arg544Cys
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Sample | Chromosome | Function | Annotation Gene Exon | Nucleotide change | Protein change
N33 chrl9 exonic missense variant NOTCH3 | E24 | c.4189G>C p. Glyl397Arg
N37 chrl9 exonic missense variant NOTCH3 | E10 | c.1555G>A p. Gly519Ser
N52 chrl9 exonic missense variant NOTCH3 | E33 | c.6696G>T p. Lys2232Asn
N54 chrl9 exonic missense variant NOTCH3 | E22 | ¢.3568C>T p. Argl190Cys
N31 chrb exonic missense variant NSD1 E23 | c.7417C>T p. His2473Tyr
N35 chrl5 exonic missense variant NTRK3 E16 | c.1969C>G p. Leu657Val
N45 chrl5 exonic missense variant NTRK3 E7 C.755A>G p. Asn252Ser
N36 chrx exonic missense variant PAK3 E2 c.207G>T p. GIu69Asp
N31 chr3 splicing | splice acceptor variant& intron variant | PBRM1 E13 | c.1542-2A>G

N33 chrb exonic structural interaction variant PDGFRB | E3 c.136G>A p. Val46lle
N34 chr3 exonic missense variant PIK3CA E18 | c.2519C>T p. Ser840Leu
N54 chr3 exonic missense variant PIK3CA E2 C.334A>T p. lle112Phe
N51 chr7 exonic missense variant PRSS1 E2 c.107C>G p. Pro36Arg
N55 chr7 exonic missense variant PRSS1 E4 c.452C>T p. Thri51Met
N55 chrl7 exonic missense variant RNF43 E7 C.766C>T p. Arg256Trp
N31 chr6 exonic missense variant ROS1 E30 | c.4932G>C p. Trpl644Cys
N36 chré exonic missense variant ROS1 E24 | c.3716A>T p. Tyr1239Phe
N36 chré exonic missense variant ROS1 E42 | c.6639C>A p. Asp2213Glu
N34 chr22 splicing | splice acceptor variant& intron variant | SMARCB1 | E2 .206-2A>G

N34 chr22 splicing | splice donor variant& intron variant SMARCBL1 | E6 €.822+1G>C

N38 chr22 splicing | splice donor variant& intron variant SMARCB1 | E8 €.1145+2T>C

N38 chr22 splicing | splice donor variant& intron variant SMARCBL1 | E6 €.822+1G>C

N51 chr22 splicing | splice donor variant& intron variant SMARCBL1 | E6 €.822+1G>C
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Sample | Chromosome | Function | Annotation Gene Exon | Nucleotide change | Protein change
N52 chr7 exonic missense variant SMO E10 | c.1789G>A p. Asp597Asn
N33 chr20 exonic missense variant SRC E3 c.306C>A p. Aspl02Glu
N33 chrl7 exonic missense variant SUZ12 El c.101C>G p. Ala34Gly
N52 chrl exonic missense variant TALL E2 €.383C>T p. Alal28Val
N52 chrl exonic missense variant TAL1 E2 €.184G>C p. Gly62Arg
N38 chrl9 exonic missense variant TCF3 E18 | c.1592C>T p. Thr531Met
N51 chr4 exonic missense variant TET?2 E11 | c.4874C>T p. Alal625Val
N51 chr4 exonic missense variant TET2 E3 €.2667T>G p. Phe889Leu
N51 chr4 exonic missense variant WHSC1 E10 |c.1910C>T p. Ser637Leu
N31 chr7 exonic missense variant XRCC2 E2 c.85C>T p. Pro29Ser
59

doi:10.6342/NTU202301505



