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Highlights

e Meta-analysis evaluated the relationship between mutated KRAS/BRAF or MSI tumour
and tumour budding in colorectal cancer patients

e 17 potential studies were included in this review

e Mutated KRAS and MSS/pMMR tumour significantly associated with high-grade budding
phenotype



Abstract

Introduction: Despite a well-known prognostic role in colorectal cancer, the genomic
profiling of tumour budding remains to be elucidated. We aim to review the association of
common mutations with tumour budding.

Methods: A systematic review of studies relating to tumour budding and genetic
mutation in CRC was performed. The relationship between mutational status and tumour
budding was evaluated using meta-analysis.

Results: A total of 6153 patients from 17 articles were included. According to the meta-
analysis, high-grade tumour budding was significantly associated with KRAS mutation (OR
=1.52, 95%CI: 1.13-2.02, P=0.005) and MSS/pMMR (OR = 2.06, 95%CI: 1.42-2.97,
P=0.0001).

Conclusion: The significant association between high-grade tumour budding and
mutated KRAS or MSS/pMMR may suggest a role of these mutations in the development of the

tumour budding phenotype and be useful for stratifying patient outcome in CRC.

Keywords: Tumour budding, KRAF/BRAF mutation, MSS/pMMR tumour, Systematic Review,

Colorectal Cancer.



1. Introduction

Colorectal cancer (CRC) is the third most diagnosed cancer and the second most lethal
malignancy worldwide. In 2020, nearly 2 million new CRC cases were diagnosed and almost 1
million deaths from CRC were estimated (1). CRC is a biologically heterogeneous disease
comprising of many genetic alterations, which are thought to initiate the early development of the
adenoma. Mutations then accumulate in the adenoma and subsequently drive transformation into
a carcinoma (2). Tumour-Nodes-Metastasis (TNM) staging is a useful tool for staging CRC
patients and selecting them for a specific treatment, however, many patients experience variable
outcomes within the same TNM stage due to the disease’s heterogeneity (3). Biomarker discovery
is an ongoing area of interest within CRC research. There is an increasing demand to identify
molecular biomarker and improve patient’s risk stratification for a better treatment decision for
CRC patients, and some biomarkers are already used in current clinical studies (4, 5). However,
studies are still required to validate future markers which could potentially improve the outcome

for CRC patients (5).

Among the histopathological biomarkers studied to date, tumour budding (TB), the
presence of a single cell or small cluster of up to 4 cells at the tumour invasive front, is perhaps
the most promising prognostic marker in CRC as well as several other solid tumour types (6).
According to the International Tumour Budding Consensus Conference (ITBCC) in 2016 (7), TB
should be considered an independent prognostic marker and included in the pathological reporting
of CRC to aid clinical decision making. The prognostic role of TB is well-established with a large
body of evidence to support the significance of TB and its correlation with metastasis, recurrence
and poor prognosis (8-10). Despite the increased interest in risk stratification of CRC by TB, the
mechanisms underlying the budding phenotype are still unclear. One hypothesis is that TB could
represent the Epithelial-Mesenchymal Transition (EMT), a reversible cellular process that
transforms epithelial cells into mesenchymal cells, a key regulatory step in tumour progression

and metastasis (11-13).



Therefore, it is of interest that many studies have reported a possible correlation of TB with
genetic mutation in CRC, however, the results appear contradictory. Three biomarkers that are
most frequently proposed are mutations in KRAS (Kristen rat sarcoma virus) and BRAF (v-raf
murine sarcoma viral oncogene homolog Bl) as well as Microsatellite Instability (MSI).
Approximately 70-85% of CRC develop through the Chromosomal instability (CIN) pathway and
is characterised by mutations in APC, KRAS and the tumour suppressor 7P53 (14). Mutations in
KRAS result in constitutive activation of the RAS-RAF-MEK-ERK pathway which regulates cell
growth, differentiation, proliferation, and survival (15). Approximately 40% of CRC cases have
KRAS mutations with codons 12,13 or 61, the most commonly mutated sites, and less frequently
in codons 63, 117, 118 and 146 (16). RAS signalling has reported to be involved in the initiation
of EMT in CRC leading to tumour invasion and metastasis (17). In addition to RAS signalling
activation, mutated BRAF, a serine/threonine protein kinase, have been reported in about 10% of
CRC patients with metastasis (18). The most frequently mutated site on the BRAF gene is at codon
600 within exon 15 (V600E). Although clinical data about BRAF mutations are limited, the
available data suggests BRAF status as a promising prognosis marker in CRC (19).

Another important type of genetic alteration in CRC is MSI, which is observed in the early
stages of adenoma development and also through progression towards malignancy (20). MSI
tumours account for 15% of CRC and are known to arise through dysfunction of DNA mismatch
repair (MMR). Deficiency in MMR (dMMR) leads to the accumulation of a high number of
mutations, resulting in a hypermutated phenotype or MSI tumours (21). Tumours can be divided
into three different types based on microsatellite status: MSI-high (MSI-H), MSI-low (MSI-L) and
Microsatellite stable (MSS). Unlike MSI, MSS tumours are found in approximately 85% of CRC
patients and are proficient in MMR (pMMR) (22). High levels of MSI are classified as MSI-
H/dMMR and MSI-L tumours share similar molecular features to MSS/pMMR tumours, such as
the loss of heterozygosity (LOH) of genes mutation and the relatively high degree of chromosomal

instability (23-25)

The aim of this systematic review is to establish which genetic mutations are consistently
associated with TB and, therefore, build a genetic profile for further work relating to a budding
phenotype in patients with CRC.



2. Materials & Methods

2.1 Search strategy

An online literature search was performed between 19" April 2021 and 26" May 2021 to
assess the role of tumour budding in colorectal cancer. The published literatures in the PubMed
and Web of Science databases were filtered using the following keywords “tumour budding” or
“tumor budding”, “Colorectal cancer” or “CRC” and “KRAS”, “BRAF”, “MSS”, “MSI”. The titles
and abstracts of selected publications were used to determine the relevance of all searched

publications which were carefully reviewed afterwards.
2.2 Inclusion and exclusion criteria

To be eligible for inclusion in the present review, the following criteria were used; (1) The
manuscript examined the association of tumour budding with KRAS/BRAF, microsatellite status
in patients with colorectal cancer, (2) The manuscript provided data sufficient to estimate odd
ratios (ORs); (3). Only English language studies were included.

The following articles were excluded: (1) reviews, abstract, opinion and cases reports; (2)
studies that collected data from treated CRC patients who had undergone radical or chemotherapy
treatment before the collection, to eliminate factors that can induce a TB phenotype in CRC; (3)

non-human studies; (4) in vitro studies
2.3 Data extraction

To reduce the bias and to improve the reliability, 3 reviewers (PH, JE, JQ) checked all
relevant studies independently. Afterwards, the full texts were independently read and checked
carefully. Data on the following characteristics were also extracted from each study: first author,
year of publication, sample size, tumour budding status and mutational data. Finally, 17 articles

were considered eligible for inclusion in this systematic review.
2.4 Statistical analysis

All statistical tests were performed using Review Manager 5.4 software. The association
between TB and mutational genes evaluated by odd ratio (OR) with 95% confidence intervals

(CIs). The number of cases with high and low TB were obtained directly from the paper or



calculated using the parameters provided in the manuscript. I1? test was used to measure
heterogeneity between each paper. 12 <50% indicated no heterogenicity between studies as the

random-effects model was used. P <0.05 was considered statistically significant



3. Results

3.1 Study Selection and Characteristic

The search revealed a total of 87 publications from the databases and subsequently 57
articles were excluded after review of titles and abstracts. The full text was evaluated for the
remaining 30 papers. After review of the 30 papers, an additional three relevant studies were
identified by manual references search, and 16 studies were excluded for the following reasons:
four papers were reviews, five studies lack sufficient information, one was non-English, one was
an animal study, and five studies did not exclude treated samples. Ultimately, 17 studies were
included in the meta-analysis (Figure 1).

A total of 6153 patients were included for analysis, with study groups ranging from 80 -
952 patients. Eleven studies included less than 300 patients while the other six studies investigate
more than 300 patients. The studies were published between 2003 and 2021. Most studies included
patients with a variety of TNM stages (26-36) while two studies did not provide staging
information (37, 38), three studies include stage I-III (39-41) and one study investigated stage 11
only (42). The studies overlapped according to the mutational status. Eleven studies reported the
association between TB and KRAS/BRAF mutation and 13 studies examined the correlation

between TB with microsatellite status in CRC.
3.2 Definitions of tumour budding

There was a lack of standardisation of TB assessment between studies. Fifteen studies
assessed the budding phenotype in full sections whereas one study quantified TB in constructed
Tissue Microarrays (TMAs). Thirteen studies utilised haematoxylin and eosin (H&E) staining, and
cytokeratin staining were applied in four studies. The definition of TB was defined as an isolated
cancer cell or cluster of cells (four studies), up to 5 cells (four studies), less than five cells (six
studies) and up to 4 cells (three studies) at the invasive front of the tumour.

In addition to the stratification of budding status, three studies used ROC curves (38, 39,
41) and one study used median scores (27). Other studies identified high TB if there were >1
budding foci (42), >5 budding foci (29, 32, 37), >6 budding foci (26, 40), >10 budding foci (28,
30, 32). Four studies, conduct after 2018, quantified the number of buds as low, medium, and high

according to the ITBCC 2016 criteria (34-36, 43).



3.3 Tumour budding and KRAS/BRAF mutation status in CRC

KRAS mutation

Nine studies were evaluated in which 3216 patients were included (Table 1). High and low
budding was defined by either differently generated cut-off point by ROC curves (38, 39), median
(27), 5 buds (29), 6 buds (40), 10 buds (28, 30, 32) or ITBCC 2016 criteria (35). The total events,
according to the meta-analysis, showed a significant correlation between high-grade TB and KRAS
mutation (OR =1.52, 95%CI: 1.13-2.02, P=0.005) (Figure 2). Moderate heterogeneity was detected
using the random-effect model, with I2= 58% (Figure 2). It is noted that two studies from Lugli et
al. and Zlobec et al. included only CRC stage I-III (39, 40), and one study conducted in 2007 by
Zlobec et al. did not report the CRC stage (38).

BRAF mutation

A total of 2735 patients were investigated for association of TB and BRAF mutation
(Tablel). Budding phenotype were classified as high and low using median (27), 5 buds (29, 31),
6 buds (40), 10 buds (28) and ITBCC 2016 criteria (35, 41) as a cut-off point. The results showed
that, in relation to BRAF mutation, there was no significant association between high-grade TB
and mutated BRAF with OR 1.11 (95% CI: 0.66-1.89, P=0.69) and substantial heterogeneity was
shown across the studies (I?= 63%) (Figure 3).

3.4 The association between tumour budding and microsatellite status

Thirteen potential studies (3935 patients) qualified for the meta-analysis to assess the
potential link between TB and microsatellite status in CRC. The detailed characteristics of these
studies are shown in Table 2. High and low budding were defined using ROC curves (39, 41), 1
bud (42), 5 buds (31, 37), 6 buds (26, 40), 10 buds (28, 30) and ITBCC 2016 criteria (33-36). Lugli
et al. used a constructed TMA with areas representative of intense TB, as determined from the
corresponding slides (26), while others used full CRC sections. Most studies reported stage I-1V
CRC, four studies reported stage I-I11 (39-42), and one study from Jass et al. did not report tumour
stage (37). However, despite this variety, the meta-analysis showed a statistically significant

association between high-grade TB and MSS/pMMR status (OR = 2.06, 95%CI: 1.42-2.97,



P=0.0001), and the heterogeneity across studies was substantial in the random-effect model (12=

66%) (Figure 4).



4. Discussion

Metastasis is the major cause of CRC related death with multiple factors including genetic
mutations and dysregulation of signalling pathways modulating the metastatic route in patients
(44, 45). KRAS/BRAF mutations lead to the aberrant activation of the MEK—ERK pathway causing
tumour development, progression and drug resistance in CRC (46). It is becoming clear that
mutated KRAS and BRAF are involved in metastatic CRC and are associated with a worse outcome
in CRC (47, 48). The systematic study from Popat et al. also demonstrated that patients with MSI
CRC showed better survival outcomes when compared to MSS (49). CRC patients who exhibit
KRAS or BRAF mutation and MSS/pMMR tumour represented the poorest prognosis group (50,
51). Despite the widely accepted of TB as a marker of poor prognosis which strongly predicts
disease recurrence and metastatic progression in CRC (10, 43), the correlation of these mutations

with TB is not fully understood.

The results presented in our meta-analysis showed a significant correlation between high-
grade TB, mutated KRAS and MSS/pMMR tumour, suggesting a predictive role of genetic
alterations in the high-grade budding phenotype in CRC. There was no significant association
between TB and BRAF mutation. This is in line with some studies that report mutations in KRAS
and BRAF are mutually exclusive in CRC (52, 53). When BRAF and KRAS mutations co-occur, it
is possible that KRAS is the driver mutation, and that TB acquires BRAF' at a later stage. If this was
the case, then KRAS but not BRAF would be found in early-stage CRC and may lead to better
treatment options in patients with CRC. Therefore, further prospective TB work, including
transcriptomic and proteomic profiles of high- and low-grade budding phenotypes, is required to

tease out these relationships in patients with early-stage CRC.

The present systematic review has several limitations. First, this systematic review protocol
should be registered to an approved international database to avoid the duplicated works. However,
the authors have carefully reviewed all the publications regarding the genetic alterations associated
with TB. To our knowledge, none of them demonstrated the meta-analysis of TB with CRC
mutations. Secondly, there are only a small number of studies that investigated a correlation
between other CRC mutations and TB, therefore, this meta-analysis focused only on KRAS, BRAF
and microsatellite status where there was a relatively larger number of studies. Another caveat was

that there was no uniform methodology of TB assessment across all the studies. Most of the eligible



studies in the present review assessed TB phenotype using standard H&E section staining.
Yamadera et al. compared the use of cytokeratin immunohistochemical staining for TB
quantification with standard H&E staining, as high levels of inflammation can sometimes obscure
TB; despite promising results with the cytokeratin staining, further studies are required (54).
Moreover, it should be noted that there are differences in budding assessment due to the lack of
standard criteria. The different cut-off points used to determine high and low budding adds a
further level of complexity when comparing different studies and might result in contradictory
findings. To address this, the ITBCC 2016 has published an agreed standard criteria for the
assessment of TB (7). In this review, however, 13 studies were conducted before 2017, therefore
the standard criteria were not applied, and this should be taken into consideration. A
comprehensive study that investigates the relationship of TB, assessed using the ITBCC 2016

criteria, with gene mutations and cell signalling should be conducted.



5. Conclusion

The present meta-analysis revealed an association between common mutations in CRC and
TB. Although a variety of budding assessments were used, a consistent association between TB
and KRAS, as well as TB and MSS/pMMR mutations, were found. Local tumour aggressiveness
may depend on the complex interplay of multiple tumour-specific aberrations that occur not only
on a genetic level but also at the mRNA and protein levels and this warrants further study. Such

studies could potentially lead to a clearer understanding of the mechanism behind TB in CRC.

Compliance with ethical standards

Conflict of interest: All authors declare that they have no conflict of interest.

Ethical approval This article does not contain any studies with human participants or animals
performed by any of the authors. All analyses are based on previously published papers. Therefore,

no ethical approval and patient consent are requiring

Acknowledgements We thank Dr Gerard (University of Glasgow) for comments and edited

language on the manuscript.



References

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global
Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36
Cancers in 185 Countries. CA Cancer J Clin. 2021;71(3):209-49.

2. Armaghany T, Wilson JD, Chu Q, Mills G. Genetic alterations in colorectal cancer.
Gastrointest Cancer Res. 2012;5(1):19-27.

3. Puppa G, Sonzogni A, Colombari R, Pelosi G. TNM staging system of colorectal
carcinoma: a critical appraisal of challenging issues. Arch Pathol Lab Med. 2010;134(6):837-52.
4, Blank A, Roberts DE, 2nd, Dawson H, Zlobec I, Lugli A. Tumor Heterogeneity in
Primary Colorectal Cancer and Corresponding Metastases. Does the Apple Fall Far From the
Tree? Front Med (Lausanne). 2018;5:234.

5. Koncina E, Haan S, Rauh S, Letellier E. Prognostic and Predictive Molecular Biomarkers
for Colorectal Cancer: Updates and Challenges. Cancers (Basel). 2020;12(2).

6. Lugli A, Zlobec I, Berger MD, Kirsch R, Nagtegaal ID. Tumour budding in solid cancers.
Nat Rev Clin Oncol. 2021;18(2):101-15.

7. Lugli A, Kirsch R, Ajioka Y, Bosman F, Cathomas G, Dawson H, et al.
Recommendations for reporting tumor budding in colorectal cancer based on the International
Tumor Budding Consensus Conference (ITBCC) 2016. Mod Pathol. 2017;30(9):1299-311.

8. van Wyk HC, Park J, Roxburgh C, Horgan P, Foulis A, McMillan DC. The role of
tumour budding in predicting survival in patients with primary operable colorectal cancer: a
systematic review. Cancer Treat Rev. 2015;41(2):151-9.

9. Petrelli F, Pezzica E, Cabiddu M, Coinu A, Borgonovo K, Ghilardi M, et al. Tumour
Budding and Survival in Stage II Colorectal Cancer: a Systematic Review and Pooled Analysis. J
Gastrointest Cancer. 2015;46(3):212-8.

10. Rogers AC, Winter DC, Heeney A, Gibbons D, Lugli A, Puppa G, et al. Systematic
review and meta-analysis of the impact of tumour budding in colorectal cancer. Br J Cancer.
2016;115(7):831-40.

11. Bronsert P, Enderle-Ammour K, Bader M, Timme S, Kuehs M, Csanadi A, et al. Cancer
cell invasion and EMT marker expression: a three-dimensional study of the human cancer-host
interface. J Pathol. 2014;234(3):410-22.

12. De Smedt L, Palmans S, Sagaert X. Tumour budding in colorectal cancer: what do we
know and what can we do? Virchows Arch. 2016;468(4):397-408.

13. Grigore AD, Jolly MK, Jia D, Farach-Carson MC, Levine H. Tumor Budding: The Name
is EMT. Partial EMT. J Clin Med. 2016;5(5).

14. Worthley DL, Leggett BA. Colorectal cancer: molecular features and clinical
opportunities. Clin Biochem Rev. 2010;31(2):31-8.

15. Molina JR, Adjei AA. The Ras/Raf/MAPK pathway. J Thorac Oncol. 2006;1(1):7-9.

16.  Pylayeva-Gupta Y, Grabocka E, Bar-Sagi D. RAS oncogenes: weaving a tumorigenic
web. Nat Rev Cancer. 2011;11(11):761-74.

17.  Mafteis V, Nicole L, Cappellesso R. RAS, Cellular Plasticity, and Tumor Budding in
Colorectal Cancer. Front Oncol. 2019;9:1255.

18. Barras D, Missiaglia E, Wirapati P, Sieber OM, Jorissen RN, Love C, et al. BRAF
V600E Mutant Colorectal Cancer Subtypes Based on Gene Expression. Clin Cancer Res.
2017;23(1):104-15.



19. Caputo F, Santini C, Bardasi C, Cerma K, Casadei-Gardini A, Spallanzani A, et al.
BRAF-Mutated Colorectal Cancer: Clinical and Molecular Insights. Int J Mol Sci. 2019;20(21).
20. Shih IM, Zhou W, Goodman SN, Lengauer C, Kinzler KW, Vogelstein B. Evidence that
genetic instability occurs at an early stage of colorectal tumorigenesis. Cancer Res.
2001;61(3):818-22.

21.  Imai K, Yamamoto H. Carcinogenesis and microsatellite instability: the interrelationship
between genetics and epigenetics. Carcinogenesis. 2008;29(4):673-80.

22.  Kawakami H, Zaanan A, Sinicrope FA. Microsatellite instability testing and its role in the
management of colorectal cancer. Curr Treat Options Oncol. 2015;16(7):30.

23. Wright CM, Dent OF, Newland RC, Barker M, Chapuis PH, Bokey EL, et al. Low level
microsatellite instability may be associated with reduced cancer specific survival in sporadic
stage C colorectal carcinoma. Gut. 2005;54(1):103-8.

24, Asaka S, Arai Y, Nishimura Y, Yamaguchi K, Ishikubo T, Yatsuoka T, et al.
Microsatellite instability-low colorectal cancer acquires a KRAS mutation during the progression
from Dukes' A to Dukes' B. Carcinogenesis. 2009;30(3):494-9.

25. Tang R, Changchien CR, Wu MC, Fan CW, Liu KW, Chen JS, et al. Colorectal cancer
without high microsatellite instability and chromosomal instability--an alternative genetic
pathway to human colorectal cancer. Carcinogenesis. 2004;25(5):841-6.

26. Lugli A, Vlajnic T, Giger O, Karamitopoulou E, Patsouris ES, Peros G, et al.
Intratumoral budding as a potential parameter of tumor progression in mismatch repair-proficient
and mismatch repair-deficient colorectal cancer patients. Hum Pathol. 2011;42(12):1833-40.

27. Pai RK, Jayachandran P, Koong AC, Chang DT, Kwok S, Ma L, et al. BRAF-mutated,
microsatellite-stable adenocarcinoma of the proximal colon: an aggressive adenocarcinoma with
poor survival, mucinous differentiation, and adverse morphologic features. Am J Surg Pathol.
2012;36(5):744-52.

28. Steinestel K, Lennerz JK, Eder S, Kraft K, Arndt A. Invasion pattern and histologic
features of tumor aggressiveness correlate with MMR protein expression, but are independent of
activating KRAS and BRAF mutations in CRC. Virchows Arch. 2014;465(2):155-63.

29. Barresi V, Bonetti LR, Bettelli S. KRAS, NRAS, BRAF mutations and high counts of
poorly differentiated clusters of neoplastic cells in colorectal cancer: observational analysis of
175 cases. Pathology. 2015;47(6):551-6.

30. Graham RP, Vierkant RA, Tillmans LS, Wang AH, Laird PW, Weisenberger DJ, et al.
Tumor Budding in Colorectal Carcinoma: Confirmation of Prognostic Significance and
Histologic Cutoff in a Population-based Cohort. Am J Surg Pathol. 2015;39(10):1340-6.

31. Jang MH, Kim S, Hwang DY, Kim WY, Lim SD, Kim WS, et al. BRAF-Mutated
Colorectal Cancer Exhibits Distinct Clinicopathological Features from Wild-Type BRAF-
Expressing Cancer Independent of the Microsatellite Instability Status. J Korean Med Sci.
2017;32(1):38-46.

32. Jang S, Hong M, Shin MK, Kim BC, Shin HS, Yu E, et al. KRAS and PIK3CA
mutations in colorectal adenocarcinomas correlate with aggressive histological features and
behavior. Hum Pathol. 2017;65:21-30.

33, Dawson H, Galuppini F, Trager P, Berger MD, Studer P, Brugger L, et al. Validation of
the International Tumor Budding Consensus Conference 2016 recommendations on tumor
budding in stage I-IV colorectal cancer. Hum Pathol. 2019;85:145-51.



34, van Wyk HC, Roseweir A, Alexander P, Park JH, Horgan PG, McMillan DC, et al. The
Relationship Between Tumor Budding, Tumor Microenvironment, and Survival in Patients with
Primary Operable Colorectal Cancer. Ann Surg Oncol. 2019;26(13):4397-404.

35. Fujiyoshi K, Vayrynen JP, Borowsky J, Papke DJ, Jr., Arima K, Haruki K, et al. Tumour
budding, poorly differentiated clusters, and T-cell response in colorectal cancer. EBioMedicine.
2020;57:102860.

36. Mikula M, Najjar S, El Jabbour T, Dalvi S, Umrau K, Li H, et al. Increased Cytoplasmic
Yes-associated Protein (YAP) Expression in Mismatch Repair Protein-Proficient Colorectal
Cancer With High-grade Tumor Budding and Reduced Autophagy Activity. Appl
Immunohistochem Mol Morphol. 2021;29(4):305-12.

37. Jass JR, Barker M, Fraser L, Walsh MD, Whitehall VL, Gabrielli B, et al. APC mutation
and tumour budding in colorectal cancer. J Clin Pathol. 2003;56(1):69-73.

38. Zlobec I, Lugli A, Baker K, Roth S, Minoo P, Hayashi S, et al. Role of APAF-1, E-
cadherin and peritumoral lymphocytic infiltration in tumour budding in colorectal cancer. J
Pathol. 2007;212(3):260-8.

39, Lugli A, Karamitopoulou E, Panayiotides I, Karakitsos P, Rallis G, Peros G, et al. CD8+
lymphocytes/ tumour-budding index: an independent prognostic factor representing a 'pro-/anti-
tumour' approach to tumour host interaction in colorectal cancer. Br J Cancer. 2009;101(8):1382-
92.

40.  Zlobec I, Bihl MP, Foerster A, Rufle A, Lugli A. The impact of CpG island methylator
phenotype and microsatellite instability on tumour budding in colorectal cancer. Histopathology.
2012;61(5):777-87.

41. van Wyk HC, Park JH, Edwards J, Horgan PG, McMillan DC, Going JJ. The relationship
between tumour budding, the tumour microenvironment and survival in patients with primary
operable colorectal cancer. Br J Cancer. 2016;115(2):156-63.

42, Kevans D, Wang LM, Sheahan K, Hyland J, O'Donoghue D, Mulcahy H, et al.
Epithelial-mesenchymal transition (EMT) protein expression in a cohort of stage II colorectal
cancer patients with characterized tumor budding and mismatch repair protein status. Int J Surg
Pathol. 2011;19(6):751-60.

43.  Dawson H, Blank A, Zlobec I, Lugli A. Potential clinical scenarios of tumour budding in
colorectal cancer. Acta Gastroenterol Belg. 2019;82(4):515-8.

44, Pretzsch E, Bosch F, Neumann J, Ganschow P, Bazhin A, Guba M, et al. Mechanisms of
Metastasis in Colorectal Cancer and Metastatic Organotropism: Hematogenous versus Peritoneal
Spread. J Oncol. 2019;2019:7407190.

45. Javarsiani MH, Javanmard SH, Colonna F. Metastatic components in colorectal cancer. J
Res Med Sci. 2019;24:75.

46. Li ZN, Zhao L, Yu LF, Wei MJ. BRAF and KRAS mutations in metastatic colorectal
cancer: future perspectives for personalized therapy. Gastroenterol Rep (Oxf). 2020;8(3):192-
205.

47. Yaeger R, Cercek A, Chou JF, Sylvester BE, Kemeny NE, Hechtman JF, et al. BRAF
mutation predicts for poor outcomes after metastasectomy in patients with metastatic colorectal
cancer. Cancer. 2014;120(15):2316-24.

48. Laszlo L, Kurilla A, Takacs T, Kudlik G, Koprivanacz K, Buday L, et al. Recent Updates
on the Significance of KRAS Mutations in Colorectal Cancer Biology. Cells. 2021;10(3).

49. Popat S, Hubner R, Houlston RS. Systematic review of microsatellite instability and
colorectal cancer prognosis. J Clin Oncol. 2005;23(3):609-18.



50. Phipps Al, Buchanan DD, Makar KW, Win AK, Baron JA, Lindor NM, et al. KRAS-
mutation status in relation to colorectal cancer survival: the joint impact of correlated tumour
markers. Br J Cancer. 2013;108(8):1757-64.

51. Sinicrope FA, Shi Q, Smyrk TC, Thibodeau SN, Dienstmann R, Guinney J, et al.
Molecular markers identify subtypes of stage I1I colon cancer associated with patient outcomes.
Gastroenterology. 2015;148(1):88-99.

52. Rajagopalan H, Bardelli A, Lengauer C, Kinzler KW, Vogelstein B, Velculescu VE.
Tumorigenesis: RAF/RAS oncogenes and mismatch-repair status. Nature. 2002;418(6901):934.
53. Cancer Genome Atlas N. Comprehensive molecular characterization of human colon and
rectal cancer. Nature. 2012;487(7407):330-7.

54, Yamadera M, Shinto E, Kajiwara Y, Mochizuki S, Okamoto K, Shimazaki H, et al.
Differential clinical impacts of tumour budding evaluated by the use of immunohistochemical
and haematoxylin and eosin staining in stage II colorectal cancer. Histopathology.
2019;74(7):1005-13.



Figures legends:

Identified studies with an exclusion of duplicates {[*tum our budding™ or “tumor budding™,
between two database using described strategies (%=  “Colorectal cancer” or “CRC™]) AND
(N=87) ([KRAS] or [BRAF] or [MSS], [MSI])

Identification

Excluded upon reading the title and abstract
(N=57)

Screening

Remain studies evahuated in detail with full
text (N=30)

Additional relevant studies identified
4= through mannal reference search (N=3)

Z Exclnded stadies (N=16)
Z Not enough information (N=5)
& Review (N=4)
m . Non-English langnage (N=1)

Animal study (N=1)

Not exchided treated patients (N= 5)

Studies eligible for meta-analysis (N—=17)
e KRASIBRAF Microsatellite g
= ®=11) N=13) S
I I
.

Figure 1 Consorted diagram for the selection of studies. A total of 17 studies were selected to
determine the association between tumour budding and mutations in CRC.
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Figure 2 The association between tumour budding and KRAS mutation in colorectal cancer patient.
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Figure 3 The association between tumour budding and BRAFmutation in colorectal cancer patient.
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Figure 4 The association between tumour budding and microsatellite status in colorectal cancer
patient.



Table legends:

Table 1 Studies investigated the correlation

mutation in colorectal cancer.

between tumour budding and KRAS/BRAF

Author/Year |Country N Mutation |Stages |Staining Cut-off Magnification
511‘0(1’2%%71;‘ * | Canada 1164  |KRAS NA  |H&E iggsis NA
(Lz‘;)go“g’)A" ctallswitzerland 279 |KRAS LI |Cytokeratin igﬁysis 40X
zfi&%‘lgj  |usa 181 gﬁﬁand LIV |H&E median  |20X
fll,o(geoclej’, t | switzerland |127 gﬁjﬁand LI |Cytokeratin |6buds  |40X
S:eaif e(;tgi, 4I)<‘" Germany 117 gﬁjﬁ, and I-1v Cytokeratin |10 buds 20X
flaggsligy > aly 175 gﬁ‘j}iand LIV |H&E Sbuds 20X
gr:f?;a’é)' P lusa 553 |KRAS IV |H&E 10buds  [20X
g‘gf’;" etal. EZIE‘;:“C of 199 |kras |1V |H&E 10buds  |20X
i’;“né’ol\f?)}‘l" ot Ef};g:“c of 1340  |Brar LIV |H&E Sbuds 20X
‘éane\:;%k " UK 952 |BRAF LIV  |H&E ITBCC 1 h0x
(20 1 9) criteria
P T i e v e R s

H&E; Haematoxylin and Eosin
*ITBCC; International Budding Consensus Conference (BD1: 0-4; BD2: 5-9; and BD3: >10)




Table 2 Study characteristic and access of tumour budding in relation with microsatellite status in

colorectal cancer.

Author/Year |Country N Subtype Stages |Staining Cut-off Magnification
Jass, J.R., et

al. (2003) Canada 80 MSI/MSS  [NA H&E 5 buds 40X
Lugli, A., et . . |ROC

al. (2009) Switzerland |279 MSI/MSS | I-1IT Cytokeratin analysis 40X
Kevans, D., et 1 oland 122 |MSIMSS |11 H&E 1 bud 20X
al. (2011).

Lugli, A., et . dMMR/ .

al. (2011). Switzerland |289 MMR -1V Cytokeratin |6 buds 40X
Zlobec, L et g iierland 127 MSUMSS |I-IT | Cytokeratin |6 buds 40X
al. (2012).

Steinestel, K., dMMR/ .

etal. (2014). Germany 117 MMR -1V Cytokeratin |10 buds 20X
Graham, R.

P., etal. USA 553 MSI/MSS  |I-IV H&E 10 buds 20X
(2015)

van Wyk, H.

C., etal. UK 303 dﬁﬁﬁ/ I-111 H&E Snoalc sis 20X
(2016). P Y

Jang, M. H., |Republic of

etal. (2017). |Korea 349 MSI/MSS  |I-IV H&E 5 buds 20X
Dawson, H., . dMMR/ ITBCC

etal. (2019), Switzerland |376 MMR IV H&E criteria® 20X
van Wyk, H.

C., etal. UK 952 dﬁﬁﬁ/ -1V H&E gi]?ecr:ig* 20X
(2019) P

Fujiyoshi, K., ITBCC

et al. (2020). USA 915 MSI/MSS  |I-IV H&E criteria*® 20X
Mikula, M., et dMMR/ ITBCC

al. (2021). USA 81 PMMR LV H&E criteria*® 20X

H&E,; Haematoxylin and Eosin
*ITBCC; International Budding Consensus Conference (BD1: 0-4; BD2: 5-9; and BD3: >10)
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