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Abstract
One fourth of colorectal cancer patients having curative surgery will relapse of which
the majority will die. Lymph node (LN) metastasis is the single most important prog-

o . nostic factor and a key factor when deciding on postoperative treatment. Presently,
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LN metastases are identified by histopathological examination, a subjective method
analyzing only a small LN volume and giving no information on tumor aggressiveness.
To better identify patients at risk of relapse we constructed a gRT-PCR test, Colo-
Node, that determines levels of CEACAMS5, KLK6, SLC35D3, MUC2 and POSTN
mMRNAs. Combined these biomarkers estimate the tumor cell load and aggressiveness
allocating patients to risk categories with low (0, —1), medium (1), high (2) and very
high (3) risk of recurrence. Here we present result of a prospective, national multicen-
ter study including 196 colon cancer patients from 8 hospitals. On average, 21 LNs/
patient, totally 4698 LNs, were examined by both histopathology and ColoNode. At
3-year follow-up, 36 patients had died from colon cancer or lived with recurrence.
ColoNode identified all patients that were identified by histopathology and in addi-
tion 9 patients who were undetected by histopathology. Thus, 25% of the patients
who recurred were identified by ColoNode only. Multivariate Cox regression analysis
proved ColoNode (1, 2, 3 vs 0, —1) as a highly significant risk factor with HR 4.24
[95% confidence interval, 1.42-12.69, P = .01], while pTN-stage (lll vs I/1l) lost its

univariate significance. In conclusion, ColoNode surpassed histopathology by

Abbreviations: ACT, adjuvant chemotherapy treatment; CC, colon cancer; H&E, hematoxylin and eosin; LN, lymph node; gRT-PCR, quantitative reverse transcriptase-polymerase chain reaction;

TD, tumor deposit.
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1 | INTRODUCTION

Colorectal cancer is globally one of the most prevalent cancers and a
common cause of cancer-related mortality.! Histopathological staging
of surgically resected localized colon cancer (CC) specimens remains
mainly based on the depth of invasion in the intestinal wall (pT) and
the number of regional lymph node (LN) metastases (pN). Many stud-
ies have been performed to improve the tumor classification system,
but the pTN-stage, with various modifications over the years, still
forms the basis for risk stratification and decisions on adjuvant
chemotherapy treatment (ACT). The Union for International Cancer
Control (UICC) and American Joint Committee on Cancer (AJCC)
updated tumor staging manuals for TNM classification and comments
are described by Weiser.? European Society for Medical Oncology
(ESMO) and American Society of Clinical Oncology (ASCO) guideline
updates for diagnosis, treatment and follow-up after curative surgery
are presented by Argilés et al® and Baxter et al.*

LN metastasis is the single most important prognostic risk factor
and LNs have long been a focus of efforts to develop the staging sys-
tem. For example, the number of harvested LNs should be at least
12 per resected specimen to estimate the accurate pN-stage.>® How-
ever, there is a substantial risk of missing significant tumor cell dis-
semination to LNs in stage Il CC when only one or a few thin sections
are used for staining and light microscopy. Patients with undetected
occult tumor cell dissemination will not receive ACT and, thus, be
undertreated. Indeed, approximately 25% of patients with negative
LNs recure.”® Moreover, if LN metastases are detected in the
resected specimen in stage lll, the higher the ratio of LN metastases
to the total number of harvested LNs, the higher the risk of tumor
spread.* On the other hand, there will be a considerable number of
stage Il patients with low LN ratios where the selection of patients to
ACT is not obvious, as LNs then also may contain tumor cells with a
low-risk profile for distant metastases. In such cases, ACT is most
likely of no advantage since the patient may be cured by surgery

alone.

identifying a significantly larger number of patients with future relapse and will be a

valuable tool for decisions on postoperative treatment.

colon cancer, ColoNode, lymph nodes, prognosis, tumor markers

In colorectal cancer (CRC), lymph node metastases are a critical prognostic factor following cura-
tive surgery. Current approaches to lymph node analysis, however, remain suboptimal for asses-
sing recurrence risk. Here, the authors examined the utility of ColoNode, a novel test for mRNA
biomarker detection in lymph nodes, for assessing CRC recurrence risk. ColoNode successfully
identified CRC patients at risk of recurrence, doing so with significantly higher accuracy than
standard histopathology. ColoNode further allocated patients to different risk groups after cura-
tive surgery. The findings suggest that ColoNode can help guide CRC treatment decisions,
potentially improving patient quality of life and outcome.

Several reports have been published on additional histopathology
markers, for example, the importance of primary tumor grade, pT4,
lymphovascular invasion (tumor cells in lymphatics or blood vessels),
perineural invasion, and tumor deposits (TDs).*?21 Of these markers,
only TDs have emerged as an independent risk factor, which has been
incorporated into the TNM AJCC 8th edition as N1c.2?2 Commonly,
the number of positive histopathology markers is included in evaluat-
ing the risk of recurrence, where a higher number of risk factors corre-
lates with a higher risk of tumor metastases. It has been suggested
that combining the presence of TDs with the number of LN metasta-
ses improves the prognostic accuracy of stage Il CC.2*?! Many
attempts have been made to analyze LNs for small clusters of tumor
cells, that is, isolated tumor cells consisting of up to 20 cells
and <0.2 mm. Micrometastases measure 0.2 to <2.0 mm in diameter.
Adding immunohistochemistry, usually for CEACAM5/CEA and cyto-
keratins, has not improved their role in prognostication. However,
molecular analysis of such cells, usually using reverse transcriptase-
polymerase chain reaction (RT-PCR), has improved prognosis.”2% A
systematic review of 39 studies revealed that molecular tumor-cell
detection by RT-PCR in LNs was associated with poor overall survival,

disease-specific survival, and disease-free survival.?®

Real-time quanti-
tative RT-PCR analysis is a most useful method for assessment of bio-
marker mRNA expression. Important advantages compared to
histopathology are that the technique is objective and that large tissue
volumes, up to the entire LN, can be analyzed. The CEACAM5 mRNA
level has proven to be a particularly good proxy for tumor cells in LNs.
CEACAMS5 mRNA is expressed at high levels in tumor cells, not
detected in immune cells, and notably identified all LNs with metasta-
ses and/or micrometastases as LNs with high CEACAMS5 mRNA levels
in a side-by-side comparison between microscopic examination of
H&E-stained sections and determination of the CEACAMS level in an
RNA extract from the tissue juxtaposed to the microscopic sec-
tion.242¢ However, not all tumor cells have propensity to develop dis-
tant metastases. Hence, we argued that markers for aggressiveness

were needed to improve prediction of outcome. Genome-wide gene
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expression screening of metastases-positive LNs and primary tumors
of CC patients identified KLK6, SLC35D3 and POSTN mRNAs as indi-
cators of risk of recurrence.?”-? Additionally, we found that a high
MUC2:CEACAMS ratio in LNs is a sign of good prognosis.?? Analysis
of the five biomarkers in combination was shown to identify patients
at risk of recurrence with higher sensitivity than histopathology, and
combined in a formula, these biomarkers allowed allocation of colo-
rectal cancer patients to categories with different risk of recurrence.?®

The objective of the current study was to validate the findings
that detection and characterization of tumor cell aggressiveness in
LNs by determination of the expression signature of mRNA for the
five biomarkers CEACAMS5, KLKé, SLC35D3, POSTN and MUC2 can
identify patients who are at risk of recurrence with higher sensitivity
than histopathological examination, and, in addition, allows allocation
of CC patients to categories with different risk with respect to recur-
rence in a new, larger clinical material. Here we report the results from
a Swedish multicenter study in which LN-by-LN of patients operated
for CC were examined both for the signature of the five biomarkers
using the ColoNode kit and for presence of metastases by standard
histopathology. The capacity of the two methods to identify patients

at risk of recurrence was evaluated at 3-year follow-up.

2 | MATERIALS AND METHODS

21 | Study design

LNs were collected from patients in whom a locally radical tumor re-
section for CC was carried out. Eight Swedish hospitals (Umea Univer-
sity Hospital; Skellefted Hospital; Blekinge Hospital, Karlskrona;
Milarsjukhuset, Eskilstuna; the County Hospital in Sundsvall; Orns-
koldsvik Hospital; Gavle Hospital; Vrinnevisjukhuset, Norrképing) par-
ticipated in the study. Samples were collected from November 2017
to January 2021. All LNs examined for the presence of disseminated
tumor cells by routine histopathology were also analyzed by Colo-
Node in a double-blinded manner. Compilation of data from the two
methods was performed by different researchers (MLH and GL).
Codes were not broken until results from both methods were com-
pleted to ascertain that the results from one method did not influence
the interpretation of the other. LNs were divided into two halves and
were given an individual code at the clinical pathology laboratories
serving the respective hospital. One half of the LN was used in the
clinic for routine histopathology, and results were recorded in a
COLONODE-study histopathology form. The other half was sent to
the laboratory of the Pl of the COLONODE-study at Umea University,
recorded in a biobank, given a new code, and the RNA was extracted
and analyzed by ColoNode. Some LNs were too small to be bisected.
In these cases, all material that could be spared was cut into sections
from paraffin blocks and processed for ColoNode analysis. Samples
were stored at —80°C until RNA extraction. Patients received postop-
erative ACT according to present guidelines in which pN-stage is
based on histopathology. ColoNode results were not known to the

attending physicians.
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2.2 | Patients

Elective surgery for CC was carried out in 196 patients (88 men,
108 women, median age 75.0years; interquartile range [IQR]:
68.4-80.3; range: 38.1-91.7 years). Patients with other cancers within
3 years before the diagnosis of CC, except for skin cancers other than
malign melanoma, were excluded. Two CC patients had a synchronous
tumor in the rectum. A locally radical tumor resection was carried out
in all patients. The sample size was determined with regards to detect-
ing a difference between ColoNode and histopathology in the sensi-
tivity to predict cancer death or recurrence within 3 years based on
the findings in the previous study?® (with a target power of 80% and a
significance level of 5%; McNemar's-test). Fifty-eight tumors were
located in the left colon (descending/sigmoid colon) and 138 in the
right colon (cecum/appendix/transverse colon). Primary tumor stages
were: 12 pT1, 34 pT2, 114 pT3 and 36 pT4. Characterization of
tumors into the two categories, high grade (poorly differentiated) and
low grade (moderately/well differentiated), whether the tumor was
mucinous or not, occurrence of invasion into blood and lymphatic ves-
sels, including extramural venous invasion as well as perineural invasion,
was performed as part of the clinical histopathological evaluation
according to the recommendations of the Gastrointestinal Pathology-
Colon and Rectum—committee,*® and the Royal College of Pathologists'
Dataset for histopathological reporting of colorectal cancer.®? Ten
patients had preoperatively unknown, synchronous distant metastases
(M1). They were either found at the abdominal exploration or did small,
unspecific nodular changes observed at the preoperative CT scan of the
thorax and abdomen shortly afterwards developed into typical lung or
liver metastases. The median follow-up time was 35 (IQR: 29-40; range:
7-61) months. No patient was lost to follow-up. Fifty-three patients
received postoperative ACT of whom 3 had distant metastases.

23 | Lymph nodes

In total, 4698 LNs with a median of 21 LNs/patient (IQR: 16-29;
range: 6-77 LNs/patient) were harvested from the resected speci-
mens. Of these, 2450 LNs (median: 12 [IQR: 11-13; range: 3-30]
LNs/patient) were given individual codes by the pathologist, bisected,
and handled for pairwise comparison of ColoNode analysis of RNA
extract from half the LN and routine histopathology analysis of the
other half. These bisected LNs are referred to as half-LNs from now
on. Another 44 samples were handled in the same way but turned out
not to be LNs but TDs (n = 10), adipose tissue or vessels. Residual LN
samples contained more than one LN and/or tissue volumes less than
half of a LN, and they were mainly samples of sectioned paraffin
blocks containing embedded small LNs. Comparisons between the
capacity of ColoNode analysis and that of histopathology for
the detection of tumor cells in LNs were done on half-LNs with an
individual code, while comparisons of the capacity to identify patients
at risk of recurrence were based on analyses of all LN samples. Results
were based exclusively on investigations of LNs available for analyses
with both methods.
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Half-LNs were either collected directly after fixation in 10% buff-
ered formalin (n = 967), after formalin-fixation and GEWF-treatment
(n = 801), after formalin-fixation and paraffin-embedding (n = 656),
and formalin-fixation, GEWF-treatment, and paraffin-embedding
(n=170). Sections were from formalin-fixed only (n= 169) and
formalin-fixed, GEWF-treated (n = 455) paraffin-embedded LNs. The
weight of half-LNs with individual code was on average 46 mg with a
wide range of 1.5 to 1183 mg (IQR: 22-102 mg). The average weight
of formalin-fixed paraffin-embedded LNs was lower than that of LNs
that had not been paraffin-embedded (median 21 and 68 mg, respec-
tively; P <.0001), which most likely is the consequence of the dehy-
dration in the paraffin-embedding procedure.

24 | Primary CC tumors

Primary tumor tissue pieces were obtained from 171 patients. Ten of
the tumors were stage pT1, 25 pT2, 101 pT3 and 35 pT4. Ninety-five
samples were formalin-fixed only, 43 were formalin-fixed and GEWF-

treated, and 33 were formalin-fixed and paraffin-embedded.

2.5 | RNA preparation

RNA was extracted using High Pure FFPET RNA Isolation Kit
(Lifescience, Roche, Basel, Switzerland; Cat. No. 06650775001). Half-
LNs and primary tumor tissue samples were homogenized before
RNA extraction. Paraffin was removed from paraffin-embedded sam-
ples before homogenization. The same procedure was used for
formalin-fixed only and formalin-fixed GEWF-treated tissues. See
Supplementary Material and Methods for details of the homogeniza-
tion and RNA extraction procedure. Concentrations and purity of
RNA samples were determined by measuring optical density at
260 nm (OD260), OD280 and OD230 using a NanoDrop ND-2000
spectrophotometer V1.4.1 (Thermo-Fisher-Scientific, Waltham, Mas-
sachusetts). There was a 2-fold difference in yield of total-RNA per
mg tissue between formalin-fixed, paraffin-embedded half-LNs and
half-LN samples that were formalin-fixed only. The median yield was
1734 (IQR: 1027-2534) ng RNA/mg tissue for formalin-fixed paraffin-
embedded samples and 871 (IQR: 453-1485) ng RNA/mg tissue for
LN samples that had not been paraffin-embedded before RNA extrac-
tion. This difference was compatible with the overall lower weight of
formalin-fixed paraffin-embedded samples. Primary tumor tissue dis-
played the same pattern, with a median yield of 3224 (IQR:
2665-4435) ng total-RNA/mg tissue from biopsies that had been
paraffin-embedded and a median of 1925 (IQR: 1373-2263) from
biopsies that had not been paraffin-embedded. The purity, determined
as OD260/0D280 and OD260/0D230, was generally high and simi-
lar for all the LN sample types (Table S1). The OD260/0D280 value
for all LN sample RNA extracts was on average 2.00 (IQR: 1.96-2.03)
and the OD260/0D230 value was 2.07 (IQR: 1.86-2.18). The
0OD260/0D280 and OD260/0D230 values of tumor samples were
2.01 (IQR: 1.98-2.04) and 2.20 (IQR: 2.15-2.24). RNA was stored at

—80°C in RNase-free water containing RNasin ribonuclease inhibitor

(Promega, Madison, Wisconsin).

2.6 | Gene expression analysis by real-time
gRT-PCR

Quantification of 185 rRNA and mRNAs for CEACAMS5, KLK&,
SLC35D3, POSTN and MUC2 was done in total-RNA extracts using a
ColoNode two-triplex gRT-PCR kit (Cat. No. CN201604, HiloProbe,
Ume3, Sweden). Design and technical performance of the ColoNode
assay are described in Supplementary Material and Methods. RNA
extracts with concentrations <1000 ng total-RNA/uL were analyzed
undiluted. Samples with higher RNA concentrations were diluted
1:10 with RNase-free water. Emission from reporter dyes released
from the specific probes was measured by a QuantStudio 5 Real-
Time PCR System (Applied Biosystems, Waltham, Massachusetts).
RT-PCR results are delivered as mean concentration of RNA cop-
ies/uL. CEACAMS5 mRNA levels were calculated by normalization to
the 18S rRNA content in the sample. Risk group value was calcu-
lated for all samples with CEACAMS5 mRNA levels above background
(1 x 1078 CEACAM5 mRNA copies/18S rRNA copy) according to the
formula: SLC35D3  (expressed = 1/not  expressed = 0) + KLK6
(expressed = 1/not expressed = 0) + POSTN/18S rRNA (level above
cut-off = 1/level below cut-off =0) — MUC2/CEACAMS5 (level
above cut-off = 1/level below cut-off = 0) which gives either of the
values —1 and O = Low risk, 1 = Medium risk, 2 = High risk and

3 = Very high risk.2®

Based on 18S rRNA concentrations, the quality of
the extracted LN samples was generally high. Ninety-eight percent
of the samples (3180/3246) had 185 rRNA concentrations >108
copies/pL. The average yield of 185 rRNA was 1.8 x 107 copies/ng
total-RNA with a median of 1.5 x 107 (IQR: 7.2 x 10%-2.6 x 107;
n=1772), 2.8 x 107 (IQR: 1.3 x 107-5.8 x 107; n = 826) and 1.2
x 107 (IQR: 4.4 x 10%-2.9 x 107; n = 630) 185 rRNA copies/ng
total RNA in formalin-fixed half-LNs, formalin-fixed and paraffin-
embedded half-LNs, and sections of formalin-fixed paraffin-

embedded samples, respectively.

2.7 | Histopathological examination

Standard histopathology examination was done by light microscopic
inspection of one to three 4 um H&E-stained sections of formalin-
fixed, paraffin-embedded LNs. These sections were used in routine
histopathology for determination of pN-stage of the patients at the
Clinical Pathology units of six Swedish hospitals serving the hospitals
where surgery was performed (Umea University Hospital, Sundsvall
Hospital, Linképing University Hospital, Blekinge Hospital, Gavle Hos-
pital, and Unilabs in Eskilstuna). Stained sections from all LNs fulfilled
the criteria for identifying tumor cells in LNs, as described in the eval-
uation protocols for CC tumor resections given in the Swedish
National Health Care Program for Colon Cancer.>°32 Analyses were

performed in a double-blinded manner relative to ColoNode analyses.
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In addition to the 4698 LNs analyzed by both H&E and Colo-
Node, 267 LNs (5.4%) were analyzed by H&E only. They were from
91 patients with an average of 2 (IQR: 1-4) LNs/patient. The results
from these additional analyses were disregarded here since they did
not follow the study protocol and it is unknown which features these
LNs would have shown in the ColoNode analysis.

2.8 | Statistical analysis

GraphPad Prism 6 (GraphPad Software, San Diego, California) was
used for statistical analysis of differences in CEACAM5 mRNA levels
and RNA yields by Mann-Whitney U test and for cross-sectional com-
parisons between CEACAMS5 levels and H&E result as well as identifi-
cation of CC patients who had recurrence. The ColoNode risk group
was compared to H&E by two-tailed Chi-square test. SPSS version
27 (IBM Corporation, Armonk, New York) was used for statistical ana-
lyses of differences in disease-free survival and risk of recurrent dis-
ease after surgery between patient groups. Calculations were
performed according to the Kaplan-Meier survival model in combina-
tion with the Mantel-Cox log rank test and univariate Cox's regression

analysis. The risk group low (0, —1) was used as baseline in analyses
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FIGURE 1

of ColoNode results. Variables such as covariates of survival were
evaluated using the backward elimination model in multivariate Cox's
regression analysis. Variables were selected by two strategies: (1) vari-
ables that had a hazard ratio >2 and a P-value <.05 in univariate analy-
sis and (2) the panel of variables examined in clinical routine
examination plus age and gender. The criterion for transfer from one
level of multivariate analysis to the next was a hazard ratio >2 and a
P-value <.1. Missing values for variables was <2.3%. Patients who died
from causes other than CC were considered disease-free. Descriptive
values of risk and survival time are given as mean and 95% confidence
interval (Cl). Other descriptive values are given as median and IQR.
Two-tailed analysis was used throughout. A P-value <.05 was consid-
ered statistically significant.

3 | RESULTS

The ColoNode assay determines: (1) if the patient's regional LNs har-
bor tumor cells derived from the large intestine or not, and (2) if the
tumor cells in the LNs are aggressive, that is, could cause relapse, or
not. A CEACAMS5 mRNA level >1 x 108 copies/18S rRNA copy indi-

cates the presence of tumor cells.?®?° Tumor aggressiveness is

CEACAMS levels
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Comparison between CEACAMS5 positivity and H&E positivity in bisected lymph nodes from colon cancer patients. (A) 2393

lymph nodes from 196 colon cancer patients were analyzed by ColoNode and histopathology. One half of each node was homogenized, RNA-
extracted, and an aliquot was analyzed by the ColoNode-assay. The other half of the node was subjected to histopathology. The cut-off value for
the ColoNode assay was 1.0 x 108 mRNA copies/18S rRNA copy. Black bars indicate H&E-negative lymph nodes, gray bars indicate H&E-
positive lymph nodes. The P-value for comparison between ColoNode and histopathology was determined by two-sided Chi-square test.

(B) CEACAMS levels in lymph nodes, the primary tumor, and tumor deposits from colon cancer patients. The number of lymph nodes in each
category is indicated in the figure. Note that 637 half lymph nodes were judged to be negative by ColoNode. Horizontal bars indicate median
CEACAMS levels. Hatched line indicates the previous “clinical cut-off” for CEACAMS5. CEACAMS5(+), CEACAMS level 21.0 x 108 RNA
copies/18S rRNA copy; CEACAMS5(—), CEACAMS level <1.0 x 10~ mRNA copies/185 rRNA copy; H&E(+), metastasis detected by
histopathology; H&E(+), micrometastasis detected by histopathology; H&E(—), no metastasis or micrometastasis detected.
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determined by the expression levels of four biomarker mRNAs com-
bined in a formula.?® Each individual LN from a patient is assigned a
risk factor, where (—1) and (0) combined = low risk; (1) = medium
risk; (2) = high risk; and (3) = very high risk. The patient is then
assigned a risk group based on the highest risk group found among

the LNs of the patient.

3.1 | Sensitivity of tumor cell detection in LNs
from CC patients

The results obtained by ColoNode were compared to those obtained
by routine histopathology. For comparison between the two methods,
only LNs that had been bisected were included. A total of 2393 LNs
from 196 CC patients were compared. Figure 1A shows that Colo-
Node is much more sensitive than histopathology in detecting tumor
cells. Thus, tumor cells were detected in 73.3% (1754/2393) of the
LNs by ColoNode compared to 7.1% (169/2393) by histopathology.
The difference is highly significant (P < .0001). Whether in fact all
regional LNs contain tumor cells but in very low numbers cannot be

determined because the lower limit for detection is set by the highest

Patient P333

Very high risk (3)

High risk (2)-

Medium risk (1)

12345678 91011121314151617181920212223242526272829
Lymph node

Patient P173

*%

Very high risk (3) - Very high risk (3) -

High risk (2) High risk (2) 4

Medium risk (1) Medium risk (1)

Low risk (0) Low risk (0)
12345678 910111213141516171819

Lymph node

CEACAMS5 mRNA level in LNs from control patients.?®? The
CEACAMS5 mRNA levels in half-LNs are distributed over a very wide
range from 1 x 1078 to 8 x 1072 mRNA copies/185 rRNA copy with
a median value of 1.2 x 10~ (Figure 1B). Note that the CEACAM5
levels of the LNs in which metastases were detected by histopathol-
ogy had high CEACAMS levels in almost all cases (median 1.1 x 10~4
CEACAMS5 mRNA copies/18S rRNA copy). Moreover, a large fraction
of the histopathology-negative LNs (353/1754 = 20.3%) had CEA-
CAMS5 levels above the “clinical cut-off*2? (dashed line in Figure 1B),
and were undetected with by histopathology.

3.2 | Risk group analysis of CC patients

The distribution of risk factors in LNs varies considerably from one
patient to another. Figure 2 shows the patterns of four patients with
very high risk and one patient with low risk. LNs identified as meta-
static by histopathology are indicated. One risk factor (3) node, one
risk factor (2) node and 11 risk factor (1) nodes were not detected by
histopathology in the four high risk patients. Note that in almost all

patients there were a few LNs that lacked tumor cells as determined

Patient P60

Very high risk (3) 4

High risk (2)-

Medium risk (1) 4

Low risk (0)
12345678 9101112131415161718

Lymph node
Patient P185 Patient P151
*% *
Very high risk (3)
L *
High risk (2)
Medium risk (1)
Low risk (0)
12345678 9101112 12345678 91011121314
Lymph node Lymph node

FIGURE 2 Risk group classification of colon cancer patients—five examples. Four patients were classified as group (3) and one patient as
group (0) based on the value of the highest lymph node risk group. The risk group value of individual lymph nodes is shown as black bars. Lymph
nodes identified by histopathology are indicated by a star above the bar. Lack of a black bar indicates that the lymph node lacked tumor cells as

detected by ColoNode.
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by the CEACAMS5 mRNA level. Ninety-six patients (49.0%) were
group (0, —1), 42 patients (21.4%) group (1), 30 patients (15.3%) group
(2) and 28 patients (14.3%) group (3).

Using relapse of cancer or cancer-specific death after on average
3 years as the primary outcome measure, we compared ColoNode
with histopathology for ability to identify patients at risk of relapse. A
patient was judged to be at risk of relapse if the risk group was (1) or
higher while patients with risk group (0, —1) were assessed as likely
cured by surgery alone. Figure 3A shows cumulative recurrence
curves for patients without distant metastasis at surgery according to
Kaplan-Meier using risk groups (1-3) as the positive group and risk
group (0, —1) as the negative group. At 36 months, 97% of the
risk group (0, —1) patients had no detectable recurrence while 30% of
risk group (1-3) patients had tumor recurrence. This difference is sta-
tistically highly significant (P < .0001) with a hazard ratio of 6.84 (95%
Cl, 2.37-19.71) (Table 1).
11 months (P < .001).

In comparison to histopathology, ColoNode was more sensitive in

The mean survival difference was

detecting patients who recurred, as it identified 9 patients who
relapsed that were undetected by histopathology. Four of these
patients were risk group (2) and 5 were risk group (1). Histopathology
did not identify any patient who relapsed that was not identified by
ColoNode. Twenty-one patients were detected by both methods, of
which almost all were risk group (2) or (3). Six patients (3.1%) had
recurrence even though no aggressive tumor cells were detected by
ColoNode, and the patients hence were allocated to risk group
(0, —1). None of these patients were judged to have metastatic LNs
by histopathology either.

Univariate analysis for covariation to survival showed that both
the ColoNode-positive risk group and TNM-stage Ill were strong indi-
cators of poor prognosis (Table 1). However, multivariate analysis
including factors that are examined during histopathological examina-
tion, that is, primary tumor stage, pTN-stage, mucinous primary tumor,
TDs, lymphovascular invasion and perineural invasion, revealed that
ColoNode is the strongest prognostic factor of all the variables
(Table S2) as well as among those that were significant in univariate
analysis (Table 1). Thus, ColoNode turned out to be superior to pTN-
staging giving a P-value of .01 with a hazard ratio of 4.24 (95% Cl,

FIGURE 3 Cumulative recurrence curves according to Kaplan-
Meier for colon cancer patients belonging to ColoNode low-risk group
(0, —1) and the medium and high-risk groups (1), (2) or (3). All colon
cancer patients except 10 TNM stage IV patients were subjected to
analysis (n = 186). (A) Comparison between the low-risk group (0, —1)
and risk groups (1, 2, 3). The difference between the two groups had a
P-value of <.001 by the log rank test. Hazard ratio was 6.84 (95% ClI,
2.37-19.71). (B) Comparison between low-risk group (0, —1), medium-
risk group (1) and combined high and very high-risk group (2, 3).

(C) Comparison between all four risk groups. The numbers next to the
curves indicate the number of patients in the risk group. The
difference between mean survival time without recurrence between
the risk groups and the low (0, —1) group are given as A-values. The
dashed line indicates 3 years of observation.
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TABLE 1  Cox proportional hazard regression analysis of demographic, clinical and prognostic factors for patients with colon cancer.
Univariate analysis Multivariate analysis 1? Multivariate analysis 2°
Hazard ratio Hazard ratio Hazard ratio
Variable n (95% Cl) P-value n (95% Cl) P-value n (95% Cl) P-value
ColoNode risk group 92/94 6.84(2.37-19.71) .0001 91/92 3.24 (0.94-11.20) .06 91/92 4.24 (1.42-12.69) .01
Medium-very high (1, 2,
3) vs low (0, —1)

pTN-stage® (11l vs I/11) 51/135 5.84(2.68-12.69) .0001

Lymphovascular invasion 74/112 4.86(2.12-11.12) .0001

(yes vs no)

Perineural invasion 24/160 4.52(2.08-9.83) .0001

(yes vs no)

Primary tumor stage 33/153 3.05(1.40-6.61) .005

(T4vsT1, T2, T3)
Tumor deposit (yes vs no) 15/169 3.14 (1.27-7.74) .013
Age (<75 vs >75 years) 93/93 0.48(0.22-1.05) .07

Mucinous primary tumor 36/148 1.77 (0.78-4.02) 17

(yes vs no)

Site of lesion (left colonvs  52/134 1.51(0.70-3.27) .30

right colon)
80/106 1.45(0.69-3.06) .33
53/129 1.16(0.53-2.57) .71

Gender (male vs female)

Primary tumor grade (high
vs low)

24/159 2.29(0.96-5.49) .06

33/150 1.18(0.50-2.78) .70

51/132 1.54(0.55-4.29) 41
73/110 2.25(0.88-5.73) .09

73/110 2.66(1.10-6.46) .03

24/159 2.52(1.09-5.80) .03

33/150 1.32(0.56-3.09) .52

14/169 1.68(0.66-4.27) .28

2Criterion for selection for multivariate analysis was a hazard ratio >2 and a P-value <.05 in univariate analysis.
bCriterion for selection for follow-up multivariate analysis was a hazard ratio >2 and a P-value <.1. Primary tumor stage was selected as representative of

nonsignificant parameter for estimation of hazard.

“pTN-stage is based on presence (lll) or absence (I/11) of lymph node metastasis.

1.42-12.69; Table 1). Multivariate analysis further revealed that lym-
phovascular invasion and perineural invasion of the primary tumor
were independent risk factors while primary tumor stage (pT4 vs
pT1-pT3) was not (Table 1).

3.3 | Micrometastases

Seventeen CC patients had one or more LNs with micrometastases as
detected by histopathology. The total number was 42 of 3153 investi-
gated LNs (1.3%). Does the presence of micrometastases affect the
risk group classification by ColoNode? It did not upgrade the risk
group in 15 of 17 patients because one or more LNs from the patient
had the same or higher risk group. However, in two patients the LN
with micrometastases did upgrade the risk group of the patients. In

both cases the risk group was upgraded from (1) to (2).

34 | Tumor deposits

A total of 10 TDs from 8 patients were detected by histopathology
among samples marked with individual code. The median CEACAM5
level in the TDs was almost identical to that of the LNs judged
metastases-positive by histopathology (median: 1.24 x 10~* and 1.14
x 10~* mRNA copies/18S rRNA copy, respectively) but 7 times lower

than that of the primary tumors (median: 8.32 x 10~* mRNA
copies/18S rRNA copy) (Figure 1B). The difference between CEA-
CAMS levels in TD and primary tumor was significant (P = .0036). In
four patients the risk group was the same for TD and the highest LN,
in two patients the risk group was higher in LNs than in TDs and in

two patients lower. Thus, TDs show great similarity to metastatic LNs.

3.5 | Postoperative adjuvant treatment
Figure 3B,C show the same dataset as in Figure 3A now divided into
individual risk groups. In Figure 3B, risk group (2) and (3) are combined
showing the expected pattern with the two high-risk groups having a
worse prognosis with shorter disease-free survival time and higher
hazard ratio compared to the medium-risk group (Figure 3B and
Table S3). Unexpectedly, further division showed that risk group
(3) patients had a lower frequency of recurrence than risk
group (2) patients (Figure 3C and Table S3)!

Figure 4 shows the result when patients who had received ACT
(n = 50) and those who had not (n = 136) were analyzed separately.
Both groups showed a significant difference in disease-free survival
time between patients with low risk (0, —1) and patients with higher
risk, that is, groups (1), (2) and (3) (P-values .013 and .011 for ACT
treated and untreated patients, respectively).The difference in recur-

rence between risk group (2) and (3) was only marginal in the
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FIGURE 4 Cumulative recurrence curves according to Kaplan-Meier
of colon cancer patients who did or did not receive postoperative
adjuvant chemotherapy. (A) Colon cancer patients who did not receive
adjuvant chemotherapy and who were not in TNM stage IV were
analyzed (n = 136). Note that the severity grading by ColoNode is as
expected. (B) Colon cancer patients that had received adjuvant
chemotherapy and who were not in stage IV were analyzed (n = 50).
Note that risk group (3) patients appear to have been more successfully
treated than risk group (2) patients. The difference between mean
survival time without recurrence between the risk groups and the low
(0, —1) group are given as A-values in (A). The number of patients in the
risk groups of those who had received ACT were too small to allow
calculations of disease-free survival time according to the Kaplan-Meier
model. See legend to Figure 3 for further information.
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untreated group (Figure 4A) while risk group (2) had a worse prognosis
compared to risk group (3) in the ACT treated group (Figure 4B).
Unfortunately, the clinical material was not large enough to allow sta-
tistical analysis of risk groups (1), (2) and (3) separately. The observed
unexpected pattern could be a consequence of ACT treatment or that
patients selected for ACT treatment have specific features.

3.6 | Risk group classification of the primary tumor
in comparison to classification of LNs

It could be argued that it would be enough to perform the ColoNode
risk group classification of the patient's primary tumor. As shown in
Figure 5, there is no correlation between the risk group of the
patient's primary tumor and the risk group of the highest LN. Usually
the risk group of the primary tumor is high while it varies considerably
in LNs.

4 | DISCUSSION

The most important finding in our study is that classification of LNs
by ColoNode risk group surpassed pTN-stage by histopathology in
identification of patients at risk of recurrence. The main reasons for
this are that ColoNode is a highly sensitive and reliable test to deter-
mine (1) if tumor cells are present in the patient's LNs, and (2) if the
tumor is prone to give rise to distant metastases. ColoNode detected
approximately 10 times as many LNs harboring tumor cells compared
to histopathology due to the volume factor and the high sensitivity of
the CEACAMS5 mRNA assay. The higher sensitivity of ColoNode com-
pared to histopathology is underscored by the finding that as much as
20% of the H&E(—) LNs had the same or higher CEACAMS5 levels

304 Risk group of primary tumor
-~ Low(0,-1);n=8
25+ -~ Medium(1); n=38

-+ High(2); n=70
-»- Very high(3); n=55

204

154

104

Number of patients with indicated
risk group in the highest lymph node

o

1 2
Risk group of highest lymph node

FIGURE 5 Comparison between patient's risk group of the
primary tumor and the risk group of the lymph nodes. One hundred
and seventy-one primary tumors from the group of 196 colon cancer
patients included in the study group were available for analysis. There
is no correlation between the risk groups determined in the two
tumor cell sources. Analysis of primary tumors by the ColoNode
aggressiveness factors cannot substitute for lymph node analysis.
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as those in LNs where metastases were observed (P < .0001). Colo-
Node characterizes the tumor cells in the LN plus the tumor cell
environment with respect to propensity to form distant metastases.
Tumor-cell-derived KLKé6 and SLC35D3 and fibroblast-derived
POSTN promote formation of distant metastases while MUC2 proba-
bly has the opposite effect.?°?® These biomarker mRNAs provide
another quality to LN-analysis, namely measurement of functional
properties such as ability to leave the intestine and the regional LNs
and go to secondary sites like the liver and lungs to multiply there.

Ideally, one should homogenize the entire LN to avoid that one or
more metastasis/micrometastasis/tumor cell cluster is missed because
it is in the half that is not subjected to analysis. However, analysis
of half a node goes a long way and can suffice in comparative
studies. Homogenates can be stored in a frozen state for a long
time allowing for reanalysis if needed. A drawback of the tech-
nique is that homogenization and RNA extraction is relatively
labor intense and requires qualified laboratory personnel. We
experienced that the workload is less if extraction is initiated
directly after harvest from the formalin-fixed specimen, that is,
before dehydration and paraffin embedding. Automation of RNA
extraction would be desirable for large scale implementation of
ColoNode analysis.

In a situation where only micrometastases are detected the cli-
nician faces a demanding situation: should this patient be recom-
mended ACT or not? ColoNode results may be very helpful here.
Even relatively few cells may be of the aggressive type giving rise
to distant metastases. These cells will eventually be identified as
risk group (1), (2) or (3) and hence classifying the patient as a risk
patient.

The finding that TDs show great resemblance to metastatic LNs
suggests that TDs could be handled by ColoNode risk group classifica-
tion without need of discriminating between TDs and LNs. However,
the number of TDs studied here is limited and further investigations
are needed.

ColoNode, like histopathology, did not detect 6 patients that
relapsed within the 3-year follow-up period. In five of the six patients,
LNs with suspected metastases on preoperative abdominal CT scan
were described by the radiologist (cN1-2), but no such positive LNs
could be identified in the resected specimens and were therefore not
available for analysis by ColoNode and histopathology. Four of the six
patients had lymphovascular invasion known to be a risk factor for
CC.138 |t is possible that in these cases aggressive tumor cells had
bypassed the regional LNs by hematogenic dissemination, causing
relapse at secondary sites. However, this explanation seems less likely
because the frequency of patients with lymphovascular invasion was
the same as in the entire clinical material (66%). Finally, LNs with
aggressiveness factors may have been undetected because of lack of
CEACAMS5 mRNA in the tumor cells. This cannot be the case here. All
six patients had CEACAMS5 mRNA in the majority of the analyzed LNs
and three of them had LNs with very high levels. It is a possibility that
other biomarkers indicating risk of recurrence are expressed in tumor
cells in these LNs, for instance the stem cell marker LGR5 or the che-
mokine CXCL16.3%%4 Further studies may shed light on this question.

A patient without distant metastasis at surgery with risk group
(2) or (3) is at very high risk of recurrence (frequency: 37%) while a
patient with risk group (0, —1) has a low risk of recurrence (4.3%)
(Table S3). Thus, ColoNode analysis proved to have high efficiency in
identifying patients with both types of outcomes. The frequency of
recurrency in risk group (1) was 11%. It would be desirable to increase
the accuracy in identifying risk patients in this risk group. This could
possibly be achieved by taking the number of LNs with risk factor
1 into consideration. However, frequency of recurrence in all three
risk groups are likely to increase with longer follow-up time. Obvi-
ously, ACT treatment also impacts on these frequencies.

In conclusion, we anticipate that ColoNode will be used as an
important complement to histopathology for LN analysis, possibly

replacing the latter in the clinical routine.
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