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ARTICLE INFO ABSTRACT

Keywords: Objective: This study aims to analyze how changes in pathological diagnosis practice and molecular detection
Colorectal adenocarcinoma technology have affected clinical outcomes for colorectal cancer (CRC) patients in Fudan University Shanghai
Pathological features Cancer Center (FUSCC).

Molecular testing

Trends Methods: This retrospective cohort study analyzed 21,141 pathologically confirmed CRC cases diagnosed at
Prognosis FUSCC from 2008 to 2020. Patients were divided into five groups for different analytical purposes: (1) the before

vs. since 2014 groups to analyze the influence of the changes in the classification criteria of pT3 and pT4 staging on
the survival of patients; (2) the partial vs. total mesorectal excision (TME) groups to analyze whether evaluation
of completeness of the mesorectum have impact on the survival of patients; (3) the tumor deposit (TD)(+)NO
vs. TD(+)N1c groups to analyze the influence of the changes in the pN staging on the survival of patients with
positive TD and negative regional lymph node metastasis (LNM); (4) the before vs. since 2013 groups to analyze
the influence of the changes in the testing process of deficient mismatch repair on the survival of patients; and
(5) the groups with vs. without RAS/BRAF gene mutation testing to analyze the influence of these testing on
the survival of patients. Patients’ clinicopathological parameters, including age at diagnosis, sex, tumor size,
location, differentiation, mucinous subtype, TD, lymphovascular invasion, perineural invasion, tumor depth, LNM
and distant metastasis, and tumor-node-metastasis (TNM) stage, were compared between groups. Kaplan-Meier
analysis with log rank method was performed for patients’ overall survival (OS) and disease-free survival (DFS)
analyses.

Results: In pathological reports, there were three parameter changes that impacted patient outcomes. Firstly,
changes in the pT staging criteria led to a shift of the ratio of patients with stage pT3 to stage pT4 from 1: 110.9 to
1: 0.26. In comparison to patients admitted before 2014 (n = 4,754), a significant difference in prognosis between
pT3 and pT4 stages was observed since 2014 (n = 9,965). Secondly, we began to evaluate the completeness of
the mesorectum since 2016. As a result, 91.0% of patients with low rectal cancer underwent TME (n = 4,111)
surgery, and patients with TME had significantly better OS compared with partial mesorectal excision (PME,
n = 409). Thirdly, we began to stage TD (+) LNM (-) as N1c since 2017. The results showed that N1c (n = 127)
but not NO (n = 39) can improve the prognosis of patients without LNM and distal metastasis. In molecular testing,
there have been three and five iterations of updates regarding mismatch repair (MMR)/microsatellite instability
(MSI) status and RAS/BRAF gene mutation detection, respectively. The standardization of MMR status testing
has sharply decreased the proportion of deficient MMR (dMMR) patients (from 32.5% to 7.4%) since 2013. The
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prognosis of patients underwent MMR status testing since 2013 (n = 867) were significantly better than patients
before 2013 (n = 1,313). In addition, detection of RAS/BRAF gene mutation status (n = 5,041) resulted in better
DFS but not OS, for patients with stage I-III disease (n = 16,557).

Conclusion: Over the past few decades, updates in elements in pathological reports, as well as the development
of standardized tests for MMR/MSI status and RAS/BRAF gene mutations have significantly improved patient

outcomes.

1. Introduction

Colorectal cancer (CRC) is one of the leading causes of cancer-related
deaths worldwide. In China, it has become the second most common
cancer,! whereas two decades ago it was only the fifth.> While systemic
and precision therapies bring cancer patient management into multidis-
ciplinary team working, pathologists still have a pivotal role in assessing
patients’ prognosis and guiding their further treatment. Pathologists not
only give a definite diagnosis including all the essential parameters for
surgical pathology, but also provide the biomarker test results which are
valuable for postoperative treatment and follow-up strategies.

The diagnosis methods and report content for CRC have undergone
many changes over time worldwide. For example, the 7th edition of
the tumor-node-metastasis (TNM) Classification system by the Union
for International Cancer Control (UICC)/American Joint Committee on
Cancer (AJCC), which was implemented globally in 2009, introduced
“non-anatomical” predictors to determine the prognosis and effective-
ness of treatment,® such as circumferential resection margin (CRM), tu-
mor regression grade (TRG) score, KRAS gene status, and microsatellite
instability (MSI) status. In 2018, The AJCC-8 system improved upon this
by including additional factors such as tumor deposit (TD),* serum car-
cinoembryonic antigen (CEA) levels, lymphovascular infiltration, per-
ineural infiltration, MSI and RAS/BRAF gene status as the predictors for
both prognosis and therapeutic efficacy. Particularly, the AJCC-7 system
suggested that patients with positive TD and negative regional lymph
node metastasis (LNM) should be considered as venous invasion with
extramural spread (V1/2) and pNO.° Subsequently, these patients were
considered as pN1c stage in the AJCC-8 staging system.* For the detec-
tion of RAS/BRAF gene mutation, in 2008, the National Comprehensive
Cancer Network (NCCN) Colorectal Cancer Clinical Practice Guidelines
recommended testing all metastatic CRC (mCRC) patients for KRAS gene
status, and only those with RAS wild-type should be prescribed anti-
epidermal growth factor receptor (EGFR) monoclonals.® In 2010, the
guidelines were revised to include RAS/BRAF mutation analysis for CRC
patients,® and this test has since become a standard molecular assay in
Chinese pathology departments.” ! Then, the AJCC-8 suggested that
RAS/BRAF mutations not only predict the effectiveness of anti-EGFR-
mab, but also serve as a prognostic factor for CRC.# Subsequently, four
CRC guidelines published by NCCN, American Society of Clinical On-
cology (ASCO), European Society for Medical Oncology (ESMO), and
Chinese Society of Clinical Oncology (CSCO) all recommended muta-
tion analysis of these genes in surgically resected CRC and mCRC cases,
leading to a consensus on this issue. Moreover, patients newly diagnosed
with CRC should undergo mismatch repair (MMR) protein expression
testing was recommended by CSCO in 2020.'!

Timely updating the elements of standardized pathology reports, in-
cluding the biomarker detection, is crucial for patients with CRC to ob-
tain progressive personalized treatment and management. This study
aims to analyze how changes in pathological diagnosis practice and
molecular detection technology have affected clinical outcomes for CRC
patients in Fudan University Shanghai Cancer Center (FUSCC).

2. Materials and methods
2.1. Study registration and participants

The study protocol was approved by the Institute Review Board (IRB)
of FUSCC, which is a tertiary teaching hospital, and was performed in
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accordance with the Declaration of Helsinki. Each participant signed
an IRB-approved informed consent. The clinicopathological character-
istics and molecular testing results of each patient were retrieved from
the hospital information systems. Before analysis, we had reviewed and
extracted information including the depth of the primary tumor (pT),
the extent of spread to the nearby lymph nodes (pN), and the presence
of metastasis (pM) from all pathology reports, and then staged each case
according to the 8th AJCC TNM staging system. We selected December
31, 2020 as the administrative end date of the survey that traced back
to the launched year of the molecular testing.

The pathology registry includes all patients with CRC who were di-
agnosed or treated at FUSCC. The following information was collected:
time at surgery, sex, personal identification information, residential ad-
dress, age at diagnosis, and pathological diagnosis. Pathological param-
eters including tumor location, size, differentiation, TD, lymphovascu-
lar invasion, perineural invasion, tumor budding and tumor regression
grade (TRG). Right-sided colon cancers were defined as those located in
the cecum, ascending colon, hepatic flexure and proximal 2/3 of trans-
verse colon; left-sided colon cancers were defined as those located in
the distal 1/3 of transverse colon splenic flexure, descending colon, and
sigmoid colon.

2.2. Inclusion and exclusion criteria

The inclusion criteria of the study were as follows: (1) Patients with
pathologically confirmed colorectal adenocarcinoma, including hered-
itary CRC syndromes such as Lynch syndrome, familial adenomatous
polyposis, Peutz-Jeghers syndrome, juvenile polyposis syndrome, and
serrated polyposis syndrome; (2) Patients with registration data in-
cluded in FUSCC’s pathology registry; (3) Patients diagnosed with CRC
in FUSCC between January 1, 2008 and December 31, 2020. Changes in
pathological diagnosis practice and molecular detection technology in-
clude the classification criteria of pT3/T4 and pNO/N1c staging, evalua-
tion of the completeness of the mesorectum, testing of MMR/MSI status,
and RAS/BRAF gene mutation status (Fig. 1A). Therefore, for analysis of
the influence of these changes on the survival of patients, patients were
divided into five groups. Each group has specific inclusion and exclusion
criteria, as detailed in Fig. 1B.

2.3. Follow-up and quality control

Prognosis-related parameters included disease-free survival (DFS),
and overall survival (OS). The follow-up information of patients was
obtained from the department of Cancer Prevention, Clinical Statistics
Center. Quality control, conducted by the Department of Cancer Pre-
vention, involved checking the logic, effectiveness, and completeness of
survey data and dataset analysis.

2.4. Study groups

This retrospective cohort study included 21,141 patients with patho-
logically confirmed CRC from January 2008 to December 2020, using
FUSCC’s pathology registry. Based on the development and implemen-
tation of pathological parameters and molecular testing, we mainly di-
vided patients with CRC into five groups for retrospective cohort studies
in this study (Fig. 1B), as follows:

The classification criteria of pT3 and pT4 staging. Patients were di-
vided into the before vs. since 2014 groups to analyze the influence of
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* Due to the intersection of cases between each group, the number of cases for each group was not given.

Fig. 1. Flow chart of changes in pathological reports and patient selection process. (A) The progression of pathology reports, IHCs, and molecular tests in FUSCC
from 2004 to 2020. Sentences marked with colors are the key changes discussed in the present study. (B) Flow chart of patient selection process. ARMS-PCR, ampli-
fication refractory mutation system polymerase chain reaction; CRC, colorectal cancer; dAMMR, deficient MMR; EMR/ESD, endoscopic mucosal resection/endoscopic
submucosal dissection; IHC, immunochemistry; LPI, local peritoneal involvement; MMR, mismatch repair; MSI, microsatellite instability; MSI-H, MSI-high; MSI-L,
MSI-low; MSS,microsatellite stable; NGS, next generation sequencing; PME, partial mesorectal excision; pMMR, proficient MMR; pTNM, TD, tumor deposit; TRG,

tumor regression grade, yPTNM, post-neoadjuvant chemotherapy TNM stage .

the changes in the classification criteria of pT3 and pT4 staging on the
survival of patients.

The classification criteria of pNO and PN1c staging. Previously, we
diagnosed cases with TD and negative regional LNM as pNO. Starting
from January 2017, this type was redefined as pNlc. Therefore, the
prognosis of patients with TD (+) pNO were compared to those with
TD (+) pNlc.
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Evaluation of the completeness of the mesorectum. Since July 2016,
we have been evaluating the completeness of the mesorectum for the
lower rectum specimens. Therefore, patients with PME were enrolled for
comparison versus patients with TME to analyze whether the evaluation
has impact on the survival of patients.

Testing of MMR and MSI status. We divided patients undergo-
ing MMR/MSI status testing into before and since 2013 groups, and
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analyzed whether inclusion in the standardized testing process affected
the deficiency rate of MMR protein and the prognosis of patients.

Testing of RAS/BRAF status. We compared the prognosis of patients
who underwent RAS/BRAF gene mutation testing or not.

2.5. Statistical analysis

All statistical analyses were performed by using SPSS 24.0 (IBM, NY,
USA) or R 3.6.0 (https://mirrors.tuna.tsinghua.edu.cn/CRAN/) with de-
fault software parameters. Comparisons between groups were deter-
mined by paired t-test, Mann Whitney test, two-tailed y2 test, or one-
way ANOVA followed by Tukey’s multiple comparison tests, as appro-
priate. The Kaplan-Meier method was used to compare OS and DFS be-
tween the groups. Stratified Cox regression survival analysis was used
to explore the risk factors for OS and DFS using the backward stepwise
model (likelihood ratio). All P values were two-sided, and P values of
less than 0.05 were considered statistically significant.

3. Results
3.1. Patient characteristics and survival outcome

We conducted a retrospective analysis of 21,141 patients diagnosed
with CRC between 2008 and 2020 (Supplementary Table 1). Of those,
12,593 patients were male (59.57% of the cohort). The mean age at
diagnosis was 59.47 years (range: 16-96 years), with a median age of
60 years. Synchronous CRC was observed in 284 patients (1.34%). The
most common histopathological type was adenocarcinoma (n = 12,969),
which accounted for 61.35% of cases, while other types included muci-
nous adenocarcinoma, signet ring cell carcinoma, and high-grade in-
traepithelial neoplasia. Approximately 53.70% of patients had rectal
cancer (11,352 cases), and LNM was present in 43.2% of patients (9,136
cases). Synchronous distant metastases were observed in 16.39% of pa-
tients (3,465 cases), while postoperative recurrence or metastasis oc-
curred in 24.49% of patients (5,179 cases; Supplementary Table 2).

The follow-up period extended until September 30, 2022. We ex-
cluded a total of 1,016 patients who were lost to follow-up immediately
after their operation or followed up for less than one month from the
subsequent survival analysis. The median OS time was 152.033 months
(n = 20,125). By removing patients at distal metastasis (M1 stage),
13,972 patients were included for DFS analysis. The 1-, 3-, and 5-year
OS rates were 94.8%, 82.1%, and 73.4%, respectively, while the corre-
sponding DFS rates were 94.1%, 84.9%, and 80.8%, respectively.

3.2. Changes in pathological diagnosis criteria improved the prognosis of
patients

Following the suggestion from CRC Multi-Disciplinary Treatment
(MDT) of FUSCC, we revised several pathological parameters in the re-
port content as outlined in Fig. 1A. Among them, we analyzed the in-
fluence of changes in three parameters on the prognosis of patients as
follows: diagnostic criteria for pT3/pT4 and pNO/Nlc staging and as-
sessment of completeness of the mesorectum.

Previously, all tumors that were located close to the peritoneum
(<1 mm) with or without a fibrous rim were classified as pT4. From Jan-
uary 2014, we redefined local peritoneal involvement 2 (LPI2) tumors
as pT4a (Fig. 2A), while those without the above-mentioned peritoneal
involvement signs were defined as pT3. Based on this alternation, we
observed a sharp increase in the percentage of patients with pT3 tumors
and a rapidly decrease in the percentage of patients with pT4 tumors
since 2014 (Fig. 2B). There was a significant difference in the number
of patients classified as pT3 and pT4 before and since 2014; the ratio
of patients with pT3 and pT4 stage has changed from 1:110.9 to 1:0.26
(Fig. 2C).

To evaluate the significance of changing T staging for guiding clin-
ical practice, we excluded 690 patients without prognostic information
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or with survival time of less than one month, and divided all 14,719
patients with pT3 (n = 7,951) or pT4 (n = 6,768) stage into two groups
based on surgery time using year 2014 as the time node (Fig. 1B). The
group before 2014 consisted of 4,754 patients (with 42 cases at pT3
stage and 4,712 cases at pT4 stage), while the since 2014 group had
9,965 patients (with 7,909 cases at pT3 stage and 2,056 cases at pT4
stage). Of the 14,719 patients with pT3-pT4 stage, although patients
with pT3 tumors had better OS and DFS rates compared to those with
pT4 tumors in all patients (Supplementary Fig. 1), this difference was
only present in the since 2014 group (Fig. 2D-E). We did not observe a
statistically significant difference in OS and DFS rates between patients
with pT3 and pT4 tumors in the group before 2014 (Fig. 2F-G), indi-
cating that there may be confusion about the classification of pT3 and
pT4 cases before 2014, and the invasion depths of many tumors were
overestimated. All this suggest that since 2014, the revision of the pT
staging criteria for CRC has led to a significant decrease in the number
of CRC cases with pT4 stage, and patients at pT3 stage began to show
an appropriately different outcome compared to pT4 stage.

Secondly, to evaluate how including TD in N staging affects patient
outcomes, we selected 3,397 patients tested TD(+), excluded patients
with pT stage at pT4 or pTx, lymph node metastasis or distal metas-
tasis, and survival time less than one month or more than 36 months,
resulting in 166 patients whose postoperative clinical management may
be influenced by TD (Fig. 1B). Kaplan-Meier analysis revealed that pa-
tients in the TD(+)N1c group had significantly better OS (P < 0.001)
and DFS (P < 0.001) than those in the TD(+)NO group (Fig. 3). These
findings suggest that incorporating TD into N staging may improve the
prognosis of patients without LNM and distal metastasis, which may be
achieved by more proactive postoperative management on patients de-
fined as TD(+)Nlc.

Thirdly, we assessed the influence of mesorectum completeness on
the prognosis of 4,520 patients with lower rectal cancer. There were 409
cases of PME and 4,111 cases of TME (Fig. 1B, Supplementary Table 2).
To eliminate the impact of other factors on the survival, we excluded 93
cases who underwent endoscopic mucosal resection (EMR)/ endoscopic
submucosal dissection (ESD) surgery and 1,608 cases who underwent
neoadjuvant therapy. For survival analysis, we excluded 257 cases lost
to follow-up immediately after their operation or with a survival time
less than one month, as well as 3 cases with survival time more than 100
months (Fig. 1B). Out of the remaining 2,559 patients, the Kaplan-Meier
analysis results showed that patients with TME had significantly better
OS (P = 0.00024) than patients with PME (Fig. 4A), whereas there was
no significantly difference in DFS between the TME and PME groups
(Fig. 4B). The result suggests that TME operation may significantly im-
prove the clinical outcomes of patients with low site rectal cancer.

3.3. Development of testing for MMR and MSI status improved the
accuracy of detecting MMR status and the prognosis of patients with CRC

Since 2007, FUSCC has routinely performed immunochemistry (IHC)
evaluations of MMR proteins (Fig. 1A). Initially, we only tested for MutL
Homolog 1 (MLH1) and MutS Homolog 2 (MSH2) antibodies. Then,
we began routinely including MutS Homolog 6 (MSH6) and PMS1 Ho-
molog 2 (PMS2) antibodies in the MMR status detection panel since
2009 and 2012, respectively. Additionally, we introduced routine PMS2
expression detection, and implemented quality control measures and
set up positive control for every test in 2013 (Fig. 1A). Therefore, we
implemented standardized testing of MMR status in FUSCC in 2013.
From 2008 to 2020, a total of 16,858 cases underwent IHC testing for
MMR proteins, out of which 2,245 cases were identified as deficient
MMR (dMMR, 13.1%), 14,597 cases were identified as proficient MMR
(pPMMR, 86.6%), and 16 cases were unidentified.

We examined whether the inclusion of standardized testing process
affected the deficiency rate of MMR proteins. The deficiency ratios for
MLH1 (27.6% vs. 3.2%), MSH2 (14.4% vs. 1.5%) and MSH6 (2.75%
vs. 2.55%) proteins were significantly reduced in the since 2013 group
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Fig. 2. The impact of changes in diagnostic criteria for pT3/pT4 on the prognosis of colorectal cancer patients. (A) Schematic diagram of pT3 and pT4 staging
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compared to the before 2013 group (Fig. 5A). Additionally, the percent-
age of cases with dMMR also significantly decreased since 2013 (32.5%
vs. 7.4%), and the dMMR incidence from 2013 to 2020 ranged from
6.4% to 9.3% (Fig. 5A). These findings suggest that the use of a four-
antibody panel and quality control measures for MMR protein IHC test-
ing has significantly improved the accuracy of detecting MMR status in
CRC.

Since 2013, FUSCC has been able to use polymerase chain reaction
(PCR) or next generation sequencing (NGS) detection to determine the
MSI status of patients. Out of 804 cases that underwent MSI testing, 136
(16.9%) were identified as MSI, with 125 (15.5%) classified as MSI-high
(MSI-H) and 11 (1.4%) being MSI-low (MSI-L). Although the incidence
of AMMR/MSI-H cases varied based on different clinicopathological fea-
tures, the correlation of MMR/MSI-H status with clinicopathological pa-
rameters was not consistent across the four variables of sex, T stage,
or NRAS/BRAF gene mutation (Supplementary Table 3). This inconsis-
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tency might be due to non-standardized testing procedures for MMR
proteins before 2013. Of the 2,245 dMMR cases, MLH1 had the highest
proportion of deficiencies, accounting for 67.6% (Fig. 5B). However,
in the 703 cases who underwent both MSI and MMR status detection
(Fig. 5B-C), there were 117 MSI-H/dMMR cases, among which the pro-
portion of deficiencies of MLH1 was 54.7%, and PMS2 had the highest
proportion of deficiencies, accounting for 57.2% (Fig. 5B). Therefore,
standardization of the detection process significantly reduced the pro-
portion of deficiencies of MLH1.

There was a discrepancy found between the MMR and MSI status in
the 703 patients who underwent both tests (Fig. 5B-C, Supplementary
Table 4). Out of the 577 pMMR cases, 6 were identified as MSI-H. Out of
the 126 dMMR patients, 111 (88.1%) were identified as MSI-H, 14 cases
were identified as microsatellite stable (MSS), and 1 case was identified
as MSI-L (Fig. 5B-C). Among these 14 MSS cases (Supplementary Table
4), 2 showed deficiency of both MLH1 and PMS2 proteins, 5 showed
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only a deficiency of PMS2 protein, 4 showed only a deficiency of MSH6
protein, and 2 underwent neoadjuvant therapy, which might have af-
fected the expression of MSH6.'? Additionally, there were three cases
that only underwent testing of MLH1 and MSH2 antibodies, and all three
showed a deficiency of MLH1 protein (Fig. 5B-C, Supplementary Table
4). Among the 9 MSI-L cases in all 703 cases, only one case with a defi-
ciency of MSH6 protein was identified as AMMR (Fig. 5B-C). Therefore,
there were a total of 21 inconsistent cases, and the overall consistency
rate between MMR and MSI status was 96.7% (Fig. 5B-C). Moreover,
the inconsistency rate was 30.8% (4/13) before 2013, dropping to 2.5%
(17/690) after 2013 (Supplementary Table 4). This indicates that stan-
dardizing IHC testing methods can enhance the accuracy of MMR status
detection.

Regarding the impact of MMR status on patients’ prognosis, it was
found that the OS and DFS of patients with AMMR were significantly bet-
ter than those with pMMR (P < 0.0001, Supplementary Fig. 2A), which
was consistent with previous reports.'>!> Similarly, the OS and DFS of
patients with MSI-H were significantly better than those with MSS/MSI-
L (P < 0.0001, Supplementary Fig. 2B). This trend was observed even
in the since 2013 group (P = 0.00045, Supplementary Fig. 3A). How-
ever, in the before 2013 group, there was no significant difference in
DFS between the dMMR and pMMR groups (P = 0.084, Supplementary
Fig. 3B). These findings suggest that the prognostic value of MMR status
for tumor relapse and metastasis is influenced by the deficiency ratio of
MMR proteins, which was significantly decreased since 2013, due to the
standardization and quality control of IHC testing process. Therefore,
improving the detection process of MMR protein can help to improve
the prognosis of patients.

To examine whether the development of standard IHC testing pro-
cess influenced patients’ prognosis, we removed 65 patients who sur-
vived less than a month from all 2,245 dMMR patients, and then di-
vided them into the before 2013 (n = 1,313) and since 2013 (n = 867)
groups based on the year of their operation. The Kaplan-Meier analysis
results showed that the OS and DFS of dMMR patients admitted before
2013 were significantly worse than those admitted since 2013 (both P
< 0.001; Fig. 5D), and the stratified Cox regression survival analysis
showed a consistent result in most of subgroups (Supplementary Tables
5-6). Although there is no significant difference in prognosis among pa-
tients who received neoadjuvant therapy, those with TD(+), and those
with high tumor differentiation grade, the sample sizes of these three
groups are comparatively small (Supplementary Tables 5-6). These re-
sults indicate that standardizing MMR status detection may contribute
to improving the prognosis of patients with CRC, considering the signif-
icant decrease in dMMR rate since the implementation of the standard-
ized MMR protein detection procedure in 2013.

3.4. Development of testing for RAS/BRAF gene mutations improved the
prognosis of patients

In FUSCC, we have the capability to use Sanger sequencing, ampli-
fication refractory mutation system PCR (ARMS-PCR) and NGS to de-
tect the RAS/BRAF gene status in CRC patients. Sanger sequencing has
been routinely utilized in clinical practice since 2008 for detecting KRAS
(n = 3,553), BRAF (n = 3,287), and NRAS (n = 3,358) gene mutations,
while ARMS-PCR and NGS were introduced in 2017 and 2018, respec-
tively (Fig. 1 and Supplementary Table 7). The total number of tests and
the ratio of CRC patients gradually increased from 2008 to 2013, with
two sharp increases in 2014 and 2018 (Fig. 6).

Sanger sequencing was used to test 3,553 specimens, ARMS-PCR for
2,796 specimens, and NGS for 381 specimens (Supplementary Table 7).
The proportion of RAS/BRAF mutation tests using Sanger sequencing
gradually increased from 2008 to 2018, with a smooth growth tendency
before 2013. It then sharply increased in 2014 and 2018, with a growth
rate of 265% and 109%, respectively (Fig. 6, Supplementary Table 7).
However, the usage of Sanger sequencing gradually decreased from
2018 to 2020 due to the introduction of ARMS-PCR and NGS (Fig. 6,
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Supplementary Table 7). The proportion of RAS/BRAF mutation test-
ing using ARMS-PCR and NGS sharply increased in 2018 and 2019,
with a growth rate of 825% and 706%, respectively (Supplementary
Table 7).

We conducted a thorough investigation into the rate of KRAS muta-
tions using various methods and found that the average mutation rate
was 43.5% from 2014 to 2020, as determined by Sanger sequencing
(Supplementary Table 8). In comparison, the positive rates of KRAS
mutations were 44.7% in ARMS-PCR results and 41.0% in NGS results
from 2018 to 2020 (Supplementary Table 8). During the same time pe-
riod, the positive rate of NRAS mutations was 3.5%, 3.3%, and 3.5%,
and the positive rate of BRAF mutations was 3.9%, 3.8%, and 6.4%,
as detected by Sanger sequencing, ARMS-PCR, and NGS methods, re-
spectively (Supplementary Table 8). There was no significant differ-
ence in the mutation rate of KRAS and NRAS genes among the three
detection methods, while the mutation rate of BRAF was significantly
higher in the NGS group compared to the Sanger and ARMS groups
(Supplementary Table 8). Notably, among the 24 BRAF-mutant sam-
ples identified by NGS, 21 samples had BRAF exon 15 mutations, while
the other three had BRAF exon 14, both exon 15 and 17, and exon
18 mutations, respectively. Additionally, the mutation abundance of
three among the 12 BRAF exon 15 mutation samples was below 10%
(Supplementary Table 9). These results once again confirm the supe-
riority of NGS over the other techniques in terms of sensitivity and
specificity.'®

We finally conducted an analysis to determine the correlation be-
tween the detection of RAS/BRAF gene mutation status and patient
prognosis. Our data showed that patients who had their RAS/BRAF gene
mutation status detected had worse OS and DFS compared to patients
who did not undergo detection (all P < 0.0001, Fig. 7), and the strat-
ified analysis results showed a consistent result in most of subgroups
(Supplementary Tables 10-15). These results indicate that all patients
undergoing testing at FUSCC were clinically high-risk individuals. In-
terestingly, in patients at M1 stage and IV stage, patients who had their
RAS/BRAF gene mutation status detected (n = 1,323) conferred better
OS compared to patients who did not undergo detection (n = 1,336, Sup-
plementary Tables 10-12). These results indicate that RAS/BRAF gene
mutation detecting clinically improved the postoperative management
of these patients at advanced stages, and helped to delay the progression
of the disease. However, we found that detecting the RAS/BRAF status
(n = 5,041) only resulted in better DFS but not OS for patients at stages
L-III (n = 16,557, Supplementary Tables 10-12). This phenomenon is
likely because patients in stages I-IIl who underwent KRAS/BRAF gene
mutation testing after surgery will receive timely guidance for preven-
tion of recurrence and metastasis.
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Center, 2008-2020. (A-C) Kaplan-Meier curves with log-rank analysis of overall survival and disease-free survival in colorectal cancer patients with or without KRAS
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4. Discussion

This retrospective survey, with the longest time span and the largest
sample size to date, has showed the substantial development of patho-
logical assessment including biomarker tests of CRC in FUSCC from 2008
to 2020. The gradually updated elements in the formatted pathology
report, automated and standardized IHC tests with routine implemen-
tation of quality control, and significantly increased breadth and depth
of RAS/BRAF gene mutation detection truly reflected the continuous
progress with the needs of multidisciplinary and personalized manage-
ment of CRC patients.'® Based on a retrospective analysis of pathology
reports from the past 12 years, our study reveals that continuous de-
velopment in pathology report templates, IHC and molecular pathology
testing panels, protocols, and technology has resulted in significant im-
provements in treatment decisions and prognosis for CRC patients.

Since 2013, MDT has been widely developed in FUSCC, and has be-
come the routine diagnosis and treatment guidance for CRC patients.
Pathologists began to expand the “key features” in pathology reports
according to the needs of clinical practice. In CRC, the depth of tumor
invasion beyond the muscularis propria is a crucial prognostic factor.
According to AJCC-7, CRCs that invade the pericolic fat tissue are clas-
sified as pT3, while those that involve the serosa or adjacent organs or
structures are classified as pT4.2 However, different criteria have caused
confusion about the definition of the pT4a category. According to the
Shepherd’s 1997 LPI classification, mesothelial inflammatory and/or hy-
perplastic reaction with tumor close to, but not at, the peritoneal surface,
was classified as LPI2.!7 AJCC Prognostic Factors Group recommended
in 2000 that pT4a should include Shepherd’s LPI12,'® whereas LPI2 was
excluded from pT4a in the College of American Pathologists definition
since 2008.!° Before 2014, we diagnosed cases with tumors within 1 mm
of the serosal surface as T4, regardless of the presence of inflammatory
reaction, mesothelial hyperplasia and/or erosion/ulceration. However,
through retrospective observation of clinical cases and literature track-
ing,%? we gradually realized that this interpretation method is excessive.
Serosal scrape cytology results suggests that only tumors with inflamma-
tory reactions, mesothelial hyperplasia, and/or erosion/ulceration sug-
gest peritoneal involvement.?! Following continuous discussions with
surgeons and radiologists during the MDT, we diagnosed cases with-
out mesothelial inflammation and/or proliferative reactions as T3 since
2014. After conducting our analysis, our data strongly support the value
of accurate T staging for guiding clinical treatment and management.

In the AJCC-7 staging system, TD is included in N1c and only con-
sidered in the absence of LNM.® The AJCC-8 staging system” considers
TD as prognostic level information and includes it in evidence-based
medicine at an evidence level. TD can directly impact the clinical stage
and treatment options of patients at T3 stage. If isolated lesions are di-
agnosed as TD, the tumor stage is considered stage III (T3N1c), and
patients must receive postoperative chemotherapy. However, if TD is di-
agnosed as neurovascular invasion, the tumor stage is considered stage
II (T3NO) with high-risk factors, and patients may not require treatment
but instead require close surveillance.?? In clinical practice, we gradu-
ally realized that the presence of TD is an important prognostic factor
for CRC patients at stage III, and adding TD to N staging may help bet-
ter determine the duration of adjuvant therapy. After discussing during
MDT meetings, we included TD information in the pathology report for-
mat since 2017. Furthermore, our data provided supporting evidence
for the usefulness of TD as a prognostic indicator for patients with CRC.
By incorporating the prognostic adverse factor of TD into the N staging,
although it increased the overall TNM staging of the cancer, it also led to
more intense postoperative management for these TD(+) patients with-
out LNM and distant metastasis. Therefore, in general, defining these
patients as N1c could improve their prognosis.

Additionally, the surgical performance on circumferential radial
margin for rectal cancer also showed significant influence on patient
prognosis.>> Pathologists’ evaluation on the TME specimen is crucial
for assessing the quality of the mesorectal excision and providing feed-
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back to surgeons on their technique. This information is also important
in determining patients’ risk of local recurrence after surgery. To eval-
uate the completeness of the mesorectum in TME specimens, we added
this content to the standardized pathological report of CRC in 2017.

Using IHC to detect MMR proteins in CRC tissue samples is a straight-
forward and valuable method for identifying dMMR. Initially, FUSCC
only regularly tested for MLH1 and MSH2 proteins, which would over-
estimate the detection rate of MMR deficiency. However, in the last ten
years, we have added MSH6 and PMS2 to the panel. Since several stud-
ies have shown the prognostic and predictive value of MMR status in
chemotherapy efficacy,'®>!> we have been using IHC to detect all four
markers as our routine method for analyzing MMR status since 2013.

Although IHC is a simple and widely used method that can be imple-
mented in almost all pathology departments, it has some limitations re-
garding subjectivity in clinical practice. These limitations can be caused
by the quality of the antibody, detection process (fixation, staining),
and other factors, leading to low specificity and repeatability. More-
over, varying degrees of sample quality requirements result in different
detection accuracy among centers. To improve this, we implemented
routine quality control on the IHC process and set positive control for
every test. This significantly decreased the deficiency ratio of MMR
proteins and the percentage of dAMMR cases in FUSCC from 32.5% to
7.4%. Although the average occurrence of dMMR between 2008 and
2020 was around the same range (12-15%) of MSI-H incidences re-
ported by the Cancer Genome Atlas (TCGA) working group,?*?° the
incidences in FUSCC between 2013 and 2020 were consistently lower
(ranging from 6.4% to 9.3%). However, our findings are consistent with
a study by Middha et al.,’® which reported an incidence rate of 8%.
In addition, FUSCC observed slightly higher MSI-H incidences in colon
adenocarcinoma (20.4%) compared to that reported by Bonneville et al.
(19.72%), whereas our data for rectal adenocarcinoma (4.4%) was lower
than their report (5.73%).%” These differences may be due to a larger
percentage of advanced stages and rectal cases examined in our study
as well as the study conducted by Middha et al.>® While there was
excellent overall consistency between MMR and MSI status, samples
tested before 2013 showed lower consistency compared to those tested
after 2013.

It is acknowledged that EGFR is a key treatment target for CRC,
whereas EGFR blockers are less effective in patients with mutations
in the KRAS and NRAS genes or BRAF V600E, as these mutations lead
to resistance.?8->° However, the coverage of RAS/BRAF gene mutation
testing in CRC patients varies among hospitals due to differences in de-
tection methods, limited molecular detection platforms, and high costs.
The proportion of tests performed also differs between general hospitals
and specialized cancer centers or hospitals of different grades.”1%-3 In
response to the CRC MDT’s strong demand, our molecular pathology
laboratory developed Sanger sequencing procedures for KRAS, BRAF
and NRAS gene mutation testing in 2013, and subsequently initiated
RAS/BRAF gene mutation testing. As a result, the number of tests con-
ducted in FUSCC increased nearly fourfold in 2014. As RAS/BRAF gene
mutation testing became a consensus in clinical practice in 2018,* the
number and percentage of RAS/BRAF detections at FUSCC increased
dramatically in 2018. The detection of RAS/BRAF gene mutations has
become critical in guiding precision therapy for CRC, resulting in an in-
crease in the proportion of detection in CRC patients over the years. Pa-
tients who undergo testing have greater access to targeted treatment reg-
imens, such as FOLFOX/FOLFIRI + cetuximab regimen for KRAS wild-
type CRC patients and FOLFOX/CapeOx/FOLFIRI + bevacizumab regi-
men for RAS-mutated CRC patients.>! Since KRAS and BRAF mutations
are adverse prognostic factors for CRC, detecting these mutations can
help screen high-risk populations timely and enable clinicians to carry
out early and precise postoperative treatment to prevent recurrence and
metastasis. This ultimately improves both the quality of postoperative
management and the DFS rate among patients at TNM stages I-III.

However, it should be noted that our study has some limitations.
Firstly, despite being ranked as the leading pathology discipline in
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the “China Hospital Specialty Reputation Ranking” by the Hospital
Management Institute, Fudan University for 10 consecutive years from
2011 to 2020 (https://fdygs.q-health.cn/news222.aspx), we acknowl-
edge that this study only presents data from a single center and can-
not provide a comprehensive view of the overall development of CRC
pathology discipline in China. Secondly, while our study has a large
sample size, we were unable to collect patient therapeutic data for prog-
nostic analysis, which may lead to biased results. Thirdly, this study did
not include novel pathological parameters and molecular testing data
that are increasingly concerned, such as tumor budding, HER2, and Im-
munoscore.

With further research and advancements in molecular pathology
technology, genetic testing content is increasingly included in NCCN
guidelines, and the advent of the immunotherapy era calls for new cri-
teria for clinicopathological reports. Although NCCN Guideline version
V1 2021 includes only three multigene tests, namely Oncotype DX, Colo-
Print, and ColDx in the chapters on risk of recurrence after CRC surgery
and adjuvant chemotherapy, Immunoscore and circulating tumor DNA
(ctDNA) analysis are included in version V2.32 However, considering
limited economic and sample resources, pathologists should make in-
formed choices and trade-offs when selecting testing items. They should
focus on obtaining the most useful molecular data for patients through
a single molecular pathological test.

5. Conclusion

The 12-year period from 2008 to 2020 witnessed substantial ad-
vancements in the standardization of reporting and molecular detection
of CRC. This progress includes the development of MDT model, patho-
logical diagnostic techniques, and interpretation methods, which have
been effective in meeting the increasing medical needs of CRC patients.
These advancements also demonstrate the effectiveness of FUSCC’s con-
tinuous efforts in improving the diagnosis capacity of CRC, and can serve
as a useful reference for other centers in China looking to enhance their
MDT and pathological diagnosis capabilities. Moreover, given the un-
even development of histopathology across hospitals in China and the
varying geographic distribution of hospitals with molecular testing ca-
pability, our findings could inform future policies and strategies for the
pathological department.
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