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Abstract: DNA ploidy, tumor stroma, and chromatin organization have important implications in tumorigenesis and
patient outcome. Automated image cytometry tools were developed to quantitatively measure DNA ploidy (P), stro-
ma fraction (S), and chromatin organization or Nucleotyping (N). This study aimed to discover their clinical value in
different stages of colorectal cancer (CRC) in a Chinese patient population. A total of 496 CRC patients of stages I,
Il, and LMCRC (liver metastatic CRC) were enrolled in this study. Stage Il CRC patients with diploidy, low-stroma, or
chromatin homogenous status predicted significantly higher 5-year OS and DFS. We constructed a PSN-panel en-
abled the stage Il patients to be further stratified into low-, middle-, high-risk groups, the 5-year OS (89.5% vs 67.9%
vs 60.9%, P<0.001) and DFS (86.0% vs 62.3% vs 53.6%, P<0.001) were stratified significantly. In addition, when
combined the PSN-panel with T stage or MSS status in stage Il patients, the PSN-low risk patients showed significant
longer 5-year OS and DFS than the PSN-high risk patients in T3 (0S: 86.3% vs 65.3%, P=0.015; DFS: 83.5 vs 59.8%,
P=0.013) or MSS (0S: 86.4% vs 63.9%, P=0.005; DFS: 85.5 vs 57.8%, P=0.003) patients. Finally, in the group of
stage Il patients with at least one high-risk factor (non-diploidy, high-stroma, chromatin heterogenous), patients who
received adjuvant therapy showed significantly longer OS (72.1% vs 48.3%, P=0.007) and DFS (64.5% vs 43.9%,
P=0.015) than those who did not receive adjuvant therapy. In contrast, P, S, N couldn’t predict the prognosis of
stage | and LMCRC patients. Overall, our data demonstrate that the PSN panel is an accurate prognostic tool that
can guide treatment decisions for Chinese stage |l CRC patients.
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Introduction is estimated that there are over 376,000 new

CRC cases and 191,000 attributable deaths
Colorectal cancer (CRC) is one of the most com- every year [1]. Pathological features are impor-
mon malignant gastrointestinal tumors with tant factors to guide clinical decisions, but

high incidence and mortality rates. In China, it patients with identical pathological staging
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and receiving similar treatment may experience
different clinical outcomes [2]. Especially in
stage Il CRC patients, the postoperative treat-
ment decision is based on the Microsatellite
Instability (MSI) status and clinical high-risk
factors. However, in a previous study, no signifi-
cant benefits from adjuvant chemotherapy
were observed with regard to RFS or DSS
in 1286 high-risk stage Il CRC patients [3].
Therefore, it would be critical to developing
complementary biomarkers to more accurately
stratify patients who may benefit from certain
clinical treatment schemes and improve patient
outcomes.

The DNA-ploidy status of tumor tissue is a use-
ful prognostic indicator of disease progression
risk in many tumors [4]. Danielsen et al. devel-
oped an automatic tool, which could automati-
cally group the nucleus into different galleries,
and analyze the DNA ploidy status of epithelial
cells based on more than 1000 cell nucleus.
The prognostic value of ploidy status detected
by this method was demonstrated to be signifi-
cantly stronger than that associated with MSI
status in CRC stage Il patients [5].

Another biomarker is the stroma-tumor fraction
that measures the proportion of surrounding
stroma relative to tumor tissue based on HE
stained tissue sections. A series of older stud-
ies have identified that a high stroma ratio is
associated with a high risk of recurrent disease
and poorer survival in colorectal cancers [6, 7],
especially in CRC stage Il and Il [8]. The tradi-
tional tumor-interstitial ratio analysis is per-
formed by a pathologist under a microscope
and the results are relatively rough. Later on,
David et al. developed an automated analysis
tool to quantify the stroma ratio [5]. The combi-
nation of automated ploidy and stroma analy-
ses proved to be useful in providing an accu-
rate prognosis in stage Il CRC patients [5].

Meanwhile, the high mutation frequency in
tumor cell DNA [9] and epigenetic modifications
that occur during tumor development [10]
would likely be reflected in the disruption of
chromatin organization. Based on this theory,
Kleppe and colleagues [11] developed an auto-
mated machine learning algorithm to deter-
mine chromatin organization based on tumor
cell nuclei image texture analysis, named
Nucleotyping. The Nucleotyping method was
demonstrated to be a powerful pan-cancer
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prognostic tool and in direct comparison to MSI
status in CRC patients, was shown to more
accurately predict patient survival [11].

The biomarkers of DNA ploidy, stroma-tumor
ratio, and Nucleotyping have been clinically
validated to predict patient survival in stage Il
colorectal cancer within a European patient
population [5, 11], but the DNA ploidy, stroma
could not predict the prognosis of Stage Ill CRC
patients (HR=1.43, P=0.14) [5]. Recently, a
Chinese study proved that these three markers
could predict the prognosis of patients with
high-risk pathological stage Il colon cancer
[12]. However, the role of these three markers
in stage | and IV CRC patients is still unclear.

In this study, we sought to validate the predic-
tive value of DNA-ploidy status (P), the stroma-
tumor fraction (S), and Nucleotyping (N) in CRC
patients of stage I, Il, and IV from a major
Chinese hospital. Firstly, we will verify the prog-
nostic value of these three biomarkers in stage
Il colorectal patients and the relationship
between them and the efficacy of postopera-
tive adjuvant therapy. On the other hand, the
5-year survival rate for stage | CRC patients
can reach as high as 91% [13], there were still
some patients with poor prognosis. We tried to
explore whether P, S, and N can help screen
stage | patients with poor prognosis. Lastly, the
5-year survival rate of stage IV colorectal can-
cer is only 12%, and the incidence of liver
metastasis is high [13]. This research analyzes
the status of P, S, and N in CRC patients with
liver metastasis, providing a basis for exploring
biomarkers related to liver metastasis.

Material and methods
Patients

The specimens in this study were collected
from the patients who underwent the surgic-
al resection between 2006 and 2012 at Can-
cer Institute & Hospital, Chinese Academy of
Medical Sciences, Peking Union Medical Co-
llege. Patient diagnoses were confirmed accord-
ing to the 7th edition AJCC TNM Classification
criteria. All cases had complete clinical infor-
mation including age, gender, tumor location,
gross pathological type, histological grading,
TNM classification, adjuvant therapy, regular
follow-up information until December 31%,
2017. This study was approved by the Clinical
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Research Ethics Committee of Cancer Insti-
tute & Hospital, Chinese Academy of Medical
Sciences. The inclusion criteria of the BJCH
cohort were shown in the Supplementary
Information.

There were 143 patients in stage | and 179
patients in stage I, and these cases did not
receive systemic neoadjuvant chemotherapy
before the surgery. In addition, the primary
tumor specimens from 174 stage IV CRC
patients with liver metastatic (LMCRC) were
used to establish another LMCRC group, out of
which 27 (15.52%) patients received neoadju-
vant therapy before surgery.

Tumor tissue sampling

The pathologist selected one tumor block
deemed representative from each patient and
a 5-um section stained with H&E was used to
define the tumor region and analyze the stroma
fraction. For Ploidy and Nucleotyping analysis,
one or two 50-um sections containing more
than 90% representative tumor tissue marked
by a pathologist were cut from paraffin-embed-
ded blocks. Nuclear monolayers were prepared
from 50-um sections, and stained by the
Feulgen method as previously described [14].

Measurement of DNA ploidy

Tumor DNA ploidy analysis by image cytome-
try was performed with DNA Ploidy Working
Station (PWS, Room4, Kent, UK) according to
the previously reported technique [15]. Briefly,
images of Feulgen-stained nuclei were cap-
tured by a high-resolution digital scanner
(Aperio AT2, Leica, Germany), and the nuclear
images were automatically grouped into di-
fferent galleries for tumor nuclei, reference
nuclei, and discarded nuclei by the PWS classi-
fier. DNA ploidy histograms were created from
the integrated optical density (IOD) of the tu-
mor nucleus and reference nucleus. The refer-
ence nucleus was used as an internal diploid
control, and DNA ploidy of tumor nucleus was
classified into three groups: diploidy, aneuploi-
dy and tetraploidy, according to the previous
report [16].

Nucleotyping analysis
The Nucleotyping tool was developed based on

the machine learning algorithm, and it could
automatically assess the chromatin organiza-
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tion [11]. Firstly, the image of the tumor nucleus
was imported into the PWS Classifier (Room 4,
Kent, UK), and then the nucleus was grouped
into 11 groups according to the areas of the
nucleus. Then the chromatin organization was
quantified by computing the entropy of pixel
grey levels in a subregion of a nucleus. The fre-
quency in which each pair of entropy and center
grey levels occur throughout a nucleus was
stored in a two-way table, known as the grey
level entropy matrix (GLEM). GLEMs stratified
on the nuclear area and subregion size was
concatenated to form a four-dimensional
expansion of the GLEM called GLEMA4D. In a
previous study [11], an adaptive machine-learn-
ing algorithm was applied to quantify the asso-
ciation between each element of the GLEM4D
and the outcome of the patient. In the current
study, these pre-trained weights were directly
applied to predict the outcome of a patient
based on the GLEMA4D representation of its
tumor. The result is a continuous value termed
the chromatin value, which describes the over-
all amount of chromatin disorder in a given
patient sample. As determined in the previous
study [11], the chromatin values less than
0.044 were labeled as heterogeneous, while
those with chromatin values higher than or
equal to 0.044 were labeled homogeneous.

Stroma-tumor fraction

The stroma-tumor fraction was automatically
calculated by the software of Stroma Analyzer
(Room 4, Kent, UK) [5]. The H&E histological
images were scanned with the 40x lens selec-
tion on an Aperio AT2 digital slide scanner
(Leica, Germany). The tumor regions in the H&E
images were annotated by a pathologist. The
tumor area and the stroma area were automati-
cally identified by the software Stroma Analyzer.
Then the stroma fraction was calculated
according to the ratio of stroma area to the
area of the annotated regions. Tumors with
stroma fraction less or equal to 50% were
labeled low stroma, while those with stroma
fraction greater than 50% were labeled high
stroma [5, 8].

Statistical analysis

The endpoints were overall survival (0S) for
stage |, OS, and disease-free survival (DFS) for
stage Il, and progression-free survival (PFS) for
LMCRC. OS is defined as the days from the date

Am J Cancer Res 2021;11(12):6119-6132



Predictive value of ploidy, stroma, and nucleotyping in stage Il CRC

Table 1. Demographic and clinical characteristic of patients in the
CAMCH cohort

. Stage | Stage Il Stage IV
Variables
N (%) N (%) N (%)
Age, years
Mean + SD 60.4949.99 58.54+11.05 57.48+10.84
Range 23-78 30-77 21-81
Gender
Male 77 (53.8) 109 (60.9) 107 (61.5)
Female 66 (46.2) 70 (39.1) 67 (38.5)
Tumor site
Colon 38 (26.6) 91 (50.8) 97 (55.7)
Rectum 105 (73.3) 88 (49.2) 77 (44.3)
Histological grade
High 38 (26.6) 21 (11.7) 3(1.7)
Middle 100 (69.9) 149 (83.2) 25 (14.4)
Low 5(3.5) 9(5.1) 146 (83.9)
Lymph nodes sampling
>12 99 (69.2) 179 (100) 174 (100)
<12 44 (30.8)
pT stage
pT1 143 (100)
pT2 2(1.1)
pT3 156 (87.2) 100 (57.5)
pT4 23(12.8) 72 (41.4)
Adjuvant therapy
YES - 112 (62.6) 174
No - 67 (37.4) 0
Mismatch repair status
MSI-H 3(2.1) 16 (8.9) 17 (9.8)
MSS/MSS-L 140 (97.9) 163 (91.1) 157 (90.2)
Ploidy
Diploid 39 (27.3) 73 (40.8) 45 (25.9)
Non-diploid 104 (72.7) 106 (59.2) 129 (74.1)
Stroma
Low-stroma fraction 140 (97.9) 136 (76.0) 107 (61.5)
High-stroma fraction 3(2.1) 43 (24.0) 67 (38.5)
Nucleotyping
Chromatin heterogeneous 38 (26.6) 54 (30.2) 47 (27)
Chromatin homogeneous 105 (73.4) 125 (69.8) 127 (73)

Total 143 179 174

Note: Stage IV patients only included the liver metastasis Colorectal cancer pa-
tients.

of the first surgery to the date of death for any
reason or the date of the last follow-up. DFS is
defined as the days from the date of the first
operation to the date of death for any cause or
first local recurrence or metastasis.

Correlation between ploidy
and Nucleotyping was ana-
lyzed using a cross-tab chi-
square test. Kaplan-Meier su-
rvival curves were plotted
with log-rank tests to com-
pare the OS and DFS. Uni-
variate and multivariate anal-
ysis was undertaken using
Cox proportional hazards re-
gression model. The clinically
relevant variables of T stage,
MSI-status, and adjuvant
therapy were included in the
multivariate analysis. The cor-
rection for multiple compari-
sons was performed and
P<0.05 was considered sig-
nificant for each multivariable
model. The calculations were
performed with R version
3.6.1. A value of P<0.05 was
considered significant.

Results

Demographic and clinical
characteristic

The patient clinical character-
istics are summarized in Table
1. The median age at the time
of surgery was 58 years (range
21-82 years), a male prepon-
derance (59.1% vs 40.9%), a
higher proportion of rectal
cancer patients (54.4% vs
45.6% colon cancer), a major-
ity of patients (91.1%) had
>12 lymph nodes samplings.
Stage | patients were all T1
(100%), most stage Il patients
were T3 (87.2% vs 12.8% T4),
only 2 patients were T2 in
stage IV (1.1% vs 57.5% T3
and 41.4% T4). None of the
stage | patients received adju-
vant therapy, 62.6% Stage II,

and all of the stage IV patients received adju-
vant therapy.

The fraction of MSI-H patients in stage |, Il, and
LMCRC stages were 2.1%, 8.9%, and 9.8%,
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Overall Survival HR(95%CI)
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T stage (T4/T3) H—

1.227 (0.638-2.172)
1.083 (0.487-2.407)
Adjuvant treatment (- / +) —8— 1.704 (0.978-2.969)
MSI (MSSEMSI-L / MSI-H) Hi— 0.906 (0.363-2.263)
Ploidy (Non-diploidy / Diploid) 2.057 (1.109-3.816)
Stroma (High / Low) 2.244 (1.267-3.976)
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PS (Middle / Low-risk) —— 2.808 (1.283-6.144)
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Figure 1. Forest plot of potential prognostic factors for stage Il CRC patients, including tumor Ploidy, Stroma and

Nucleotyping status.

respectively. The highest proportion of diploid
patients was observed in Stage Il patients
(40.8% vs 27.3% in stage | and 25.9% in stage
IV). The proportion of patients with a high-stro-
ma fraction increased with the higher staging
groups (2.1% in Stage | vs 24% in Stage Il vs
38.5% in Stage IV). The proportion of chromatin
heterogeneity, as measured by Nucletyping,
was similar in the three stages.

Prognostic significance of ploidy, stroma-tumor
fraction, and Nucleotyping for stage Il CRC
patients

Firstly, we verified the prognostic value of
Ploidy, Stroma, and Nucleotyping for OS and
DFS in stage Il CRC (n=179). The median follow-
up was over 59 months, during which 50
patients died, and 60 patients relapsed. Uni-
variate analysis of ploidy (P=0.022; HR=
2.057, [95% Cl: 1.109-3.816]), stroma-tumor
fraction (P=0.006; HR=2.244, [95% Cl: 1.267-
3.976]), and Nucleotyping (P=0.036; HR=
1.821, [95% Cl: 1.038-3.194]) showed that all
three are significant prognostic markers for
OS in stage Il patients (Figure 1 and Table S1).
The 5y OS of patients with non-diploid, high-
stroma-fraction, and chromatin heterogenous
was 14.8%, 21.4%, and 15.7% lower than the
diploidy, low-stroma-fraction, and chromatin
homogenous patients, respectively (Figure S1
and Table S1).
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When applying univariate analysis for DFS, the
5y DFS of patients with non-diploid, high-stro-
ma-fraction, and chromatin heterogenous was
17.3%, 14.1%, and 23.6% lower. Patients with
either non-diploid tumors (P=0.012; HR=2.063,
[95% CI: 1.176-3.618]) or chromatin heteroge-
neous status (P=0.003; HR=2.163, [95% CI:
1.300-3.601]) was associated with higher mor-
tality risk. However, stroma-tumor rate did not
have a significant predictive value in DFS (High
stroma vs Low stroma: P=0.082; HR=1.621,
[95% CI: 0.940-2.794]). The results were shown
in Figure 1 and Table S1.

We then performed the multivariate analysis
with Cox regression. Besides P, S, N, our analy-
sis included the clinical factors of T stage, MSI-
status, and adjuvant therapy as these were key
clinical factors for stage Il patients. Ploidy and
Nucleotyping were confirmed as independent
prognostic factors for both OS and DFS (Table
2).

The prognostic value of the combina-
tion of ploidy, stroma-tumor fraction, and
Nucleotyping in stage Il CRC patients

A previous study demonstrated that combin-
ing ploidy-stroma marker improved prognostic
accuracy among stage Il tumors [5]. Hence, we
tested the prognostic accuracy of different
combinations of ploidy, stroma-tumor fraction,
and Nucleotyping in our stage Il patient cohort
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Table 2. Multivariate analysis of Ploidy, Stroma and Nucleotyping as standalone or combined factors

as predictors of OS and DFS in Stage Il CRC patients

) 0S DFS

Independent variables

HR (95% ClI) P-value HR (95% ClI) P-value
Ploidy 2.099 (1.109-3.973) 0.023 2.188 (1.222-3.918) 0.008
Nucleotyping 1.922 (1.089-3.394) 0.024 2.273 (1.358-3.804) 0.002
Stroma 2.33(1.313-4.137) 0.004 1.668 (0.966-2.88) 0.067
PN 1.618 (1.137-2.302) 0.007 1.738 (1.26-2.396) 0.001
PS 1.999 (1.337-2.99) 0.001 1.747 (1.213-2.515) 0.003
PNS 2.371 (1.467-3.832) <0.001 2.195 (1.418-3.397) <0.001

All variables were separately adjusted with T stage, MSI status and adjuvant treatment; A two-sided P-value of less than 0.05

was considered statistically significant.

(Figure 1 and Table S1). The high stroma ratio,
non-diploidy, and chromatin heterogeneous
were the high-risk factors. In the combined
PS-panel the patients were divided into the low-
risk, middle-risk, and high-risk groups, which
contained zero, one/two, and three high-risk
factors, respectively. Patients classified as
PS-low-risk group had a better OS, compared to
the PS-middle-risk group (HR=2.808, [95% ClI:
1.283-6.144]) and PS-high-risk group (HR=
4.228, [95% CI: 1.751-10.209]).

The Ploidy and Nucleotyping biomarkers indi-
cate the changes in DNA content or organiza-
tion, respectively. So, the correlations between
them were analyzed. In the 157 patients with
diploid tissue, 150 patients were with chromo-
some homogeneous tumors. And in the 139
patients with chromatin heterogeneous tissue,
132 patients were non-diploidy (Table S2). The
combination of Ploidy and Nucleotyping may
improve the value in prognostic stratification.
The patients were divided into three groups in
the PN panel as the PS panel. The PN-low risk
group showed a better OS compared to the
PN-middle-risk group (HR=2.994, [95% CI:
1.424-6.294]) and PS-high-risk group (HR=
2.752, [95% Cl: 1.260-6.011]). At the same
time, the above panels also showed good prog-
nostic values when using DFS as the endpoint
(Table _S1 and Figure S2). For the PS-panel
showed a good group trend and the association
of Ploidy and Nucleotyping, the Nucleotyping
and Stroma were also used to construct a
model. The SN-panel could stratify the OS and
DFS of the patients (Table S1 and Figure S2).

When the three biomarkers were combined into
a single panel (PSN), the prognostic value
became even stronger than the combination of
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the two factors panel. Based on the PSN panel,
patients were segregated into the PSN-low-risk,
PSN-middle-risk, and PSN-high-risk groups,
which contained zero, one/two, and three high-
risk factors, respectively. Importantly, the PSN-
middle-risk and PSN-high-risk groups both
showed additive mortality risk for both 0S
(PSN-middle-risk: HR=3.547, [95% Cl: 1.398-
9.000]; PSN-high-risk group: HR=4.554, [95%
Cl: 1.879-11.040]) and DFS (PSN-middle-risk:
HR=3.184, [95% CI: 1.402-7.232]; PSN-high-
risk group: HR=4.147, [95% Cl: 1.909-9.007])
when compared to PSN-low-risk patients (Table
S1 and Figure 2). In the multivariable cox
model, the PSN was the dominant contributory
factor on DFS, patients in the PSN-high-risk
group may have the worse OS and DFS com-
pared with the PSN-low-risk group (0S: HR=
2.371, [95% CI: 1.467-3.832], P<0.001; DFS:
HR=2.195, [95% CI: 1.418-3.397], P<0.001)
(Table 2).

To further validate the prognostic significance
of this PSN panel, we carried out the survival
analysis on patient samples collected from
BJCH-cohort (Table S3). As shown in Figure S3,
the PSN panel could separate PSN-high-risk
patients from the other low- and middle-risk
patients (PSN-middle-risk: HR=1.099, [95% CI:
0.386-3.135]; PSN-high-risk group: HR=3.551,
[95% CI: 1.411-8.938]) when using DFS as an
endpoint.

The PSN could stratify the prognosis of stage Il
patients with T3 or MSS/MSI-L status

T staging is an important guiding factor for
postoperative adjuvant treatment of patients
with stage Il colorectal cancer. According to
NCCN guidelines [17], stage Il CRC patients

Am J Cancer Res 2021;11(12):6119-6132
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A OS of stage Il CRC in CAMSCH cohort
1.00

0.75

Survival probability
o
g

Survival probability

P=0.0005
0.25| PpSN_L HR 1
PSN_M HR 3.547 (1.398-9.000)
PSN_H HR 4.554 (1.879-11.040)
0.00
0 20 40 60 80
Number at risk
PSN-L | 53 49 39 22 0
PSN-M { 69 64 51 29 0
PSN-H { 57 56 53 31 0
0 20 40 60 80
Time

B DFS of stage Il CRC in CAMSCH cohort
1.00
0.75
0.50
P=0.0002
0.25 PSN_L HR 1

PSN_M HR 3.184 (1.402.7.232)
PSN_H HR 4.147 (1.909-0.007)

0.00
0 20 40 60 80
Number at risk
PSN-L { 53 43 34 19 0
PSN-Mm { 69 55 40 19 0
psN-H 1 57 55 51 28 0
0 20 40 60 80
Time

Figure 2. The prognostic significance of PNS panel in CAMSCH cohort. Kaplan-Meier plots illustrating (A) overall
survival (OS) and (B) disease free survival (DFS) of CAMSCH cohort stage Il CRC patient with tumors classified ac-
cording to the Ploidy-Nucleotyping-Stroma (PSN) panel.

with T4 tumors are classified into the high-risk
group that should receive adjuvant chemother-
apy. However, in our patient cohort, the 5-year
OS and 5-year DFS between the T3 and T4
patients showed no statistically significant dif-
ference (Table S1). As the PSN could stratify
the prognosis of stage Il CRC patients, we
investigated whether the combination of PSN
and T stage could further stratify the patients’
risk. The results showed that the T3 patients
with  PSN high-risk factors, the 5-year 0S
(65.3%) and DFS (59.8%) of patients are close
to those of T4 patients (0S, 69.6%; DFS 60.6%).
The 5y OS (86.3%) and DFS (83.5%) of low-risk
T3-PSN patients were significantly higher than
those of T4 patients (Figure 3A, 3B and Table
S4).

The NCCN guidelines also indicate that patients
with MSI-H have a better prognosis compared
to MSS/MSI-L patients [17]. This study com-
bined microsatellite instable status and PSN
factors to analyze the OS and DFS of patients.
The results found that the PSN factors could
stratify the prognosis of MSS/MSI-L patients.
The MSS/MSI-L combining with PSN-low-risk
factor patients, 5-year OS (86.4%) and 5-year
DFS (85.5%) were even better than MSI-H
patients (0S, 81.3%; DFS 68.8%), while MSS/
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MSI-L & PSN high-risk patients had the worst
0S (63.9%) and DFS (57.8%) (Figure 3C, 3D and
Table S4). Overall, these results demonstrate
that the PSN panel may have a superior prog-
nostic value compared to either T staging or
MSI status.

The PSN-panel could predict the efficacy of
postoperative adjuvant therapy in stage Il CRC
patients

In stage Il CRC patients, 67 did not receive
adjuvant therapy and 111 received postopera-
tive adjuvant therapy. Adjuvant therapy did not
improve the patient’s 5 years 0S (HR=1.702,
95% Cl: 0.977-2.966, P=0.06) or 5 years DFS
(HR=1.407, 95% Cl: 0.844-2.345, P=0.190)
(Table 3 and Figure S4).

We analyzed whether the three markers of P,
S, and N could predict the efficacy of adjuvant
therapy. As shown in Table 3, patients with
nondiploid (Figure S5) or chromatin heteroge-
neity (Figure S6) who received adjuvant therapy
had higher 5y OS and DFS than patients who
did not receive adjuvant therapy. The 5y OS
improved 21.4% (P=0.022) in nondiploid pa-
tients and 24.9% (P=0.05) in chromatin hetero-
geneity patients.
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Figure 3. Kaplan-Meier plots illustrating the overall survival (OS) and disease free survival (DFS) of stage Il CRC
patients when classified by the combination of Ploidy-Nucleotyping-Stroma (PNS) panel status with T stage (A, B) or

microsatellite instability status (C, D).

We further analyzed the effect of adjuvant ther-
apy on OS and DFS in patients when stratified
by the combined PSN panel. For patients with
low risk factors (PSN-L), adjuvant therapy did
not improve OS (HR=0.669, [95% Cl: 0.123-
3.657], P=0.643) or DFS (HR=0.435, [95% CI:
0.088-2.153], P=0.307), and may even be det-
rimental for these patients (Figure 4A, 4C).
However, for patients with at least one high-risk
factor (PSN-M & PSN-H), adjuvant therapy
significantly improved 5y 0S (23.8%) and 5y
DFS (20.6%), while the patients who did not
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receive adjuvant therapy would have worse 0S
(HR=2.252, [95% ClI: 1.245-4.071], P=0.007)
and DFS (HR=1.973, [95% CI: 1.142-3.407],
P=0.015).

Prognostic significance of ploidy, stroma-tumor
fraction, and Nucleotyping for stage | CRC pa-
tients

Next, we analyzed the prognostic value of

Ploidy, Stroma, and Nucleotyping in our stage |
patient cohort (n=143). We found that all three
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Table 3. Kaplan-Meier analysis on overall survival and disease-free survival of stage Il CRC patients
who recieved (+) or did not receive (-) postoperative adjuvant therapy, classified by T stage, MSI,
ploidy, stroma and Nucleotyping status

Variables Total (-/+) oS DFS
Events (-/+) 5y 0S% (-/+) P-value Events(-/+) by DFS% (-/+) P-value

Adjuvant therapy 67/112 24/26 62.9/76.6 0.06 26/34 61/69.6 0.19
T

T3 55/101 21/22 59.9/78.1 0.023 21/30 61.7/70.2 0.24

T4 12/11 3/4 75.0/63.6 0.675 5/4 58.3/63.6 0.607
MSI

MSI-H 8/8 3/0 62.5/ 0.063 2/3 75.0/62.5 0.513

MSS 59/104 21/26 62.9/74.8 0.121 24/31 59.1/70.1 0.098
Ploidy (P)

Diploid 29/44 6/8 76.6/81.4 0.813 6/11 79/74.9 0.634

Non-diploid 38/68 18/18 52.1/73.5 0.022 20/23 47.1/66.1 0.031
Nucleotyping (N)

Homogenous 49/76 14/15 69.9/80.1 0.268 15/18 69.3/76.3 0.409

Heterogeneous 18/36 10/11 44.4/69.3 0.05 11/16 38.1/55.3 0.098
Stroma (S)

Low-stroma 53/83 16/15 68.4/81.8 0.092 18/23 66/72.2 0.356

High stroma 14/29 8/11 42.9/62.1 0.234 8/11 40.8/62.1 0.241
PS

PS-L 26/34 4/4 82/87.9 0.71 4,7 84.4/79.3 0.604

PS-M&H 41/78 20/22 50.7/71.7 0.016 22/27 46/65.3 0.024
PN

PN-L 27/41 4/6 82.3/85 1 4/8 84.9/80.4 0.594

PN-M&H 40/71 20/20 49.4/71.8 0.015 22/26 44.7/63.3 0.028
PSN

PSN-L 24/33 2/4 88.8/87.6 0.643 2/6 91.5/81.7 0.307

PSN-M&H 43/79 22/22 48.3/72.1  0.007 24/28 43.9/64.5 0.015

variables had no impact on five years of DFS or
OS (Figure S7). As expected in this group, the
overall prognosis is better. The median follow-
up was 58.5-months, and only ten patients
died.

Prognostic significance of ploidy, stroma-tumor
fraction, and Nucleotyping for stage IV liver
metastatic CRC patients

In the liver metastasis CRC (LMCRC) group
(n=174), 123 patients died, and 149 patients
relapsed, within a median 34-month follow-up
period. Again, Again, not OS or DFS showed sig-
nificant differences between LMCRC patients
classified by ploidy, stroma-tumor fraction, and
Nucleotyping characteristics (Eigure S1). MSI-H
is an important biomarker in stage IV patients
and is used to help select the patients who
may benefit from PD-1/PD-L1 immunotherapy.
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Excluding the 17 MSI-H patients in the stage
IV patients, the P, S, N factors were used to
stratify the prognosis of the MSS/MSI-L pa-
tients. Interestingly, it was found that the non-
diploidy patients, had worse OS (HR=1.604,
[95% CI: 1.030-2.499], P=0.036) and DFS
(HR=1.535, [95% CI: 1.022-2.306] in MSS/
MSI-L patients, P=0.039) compared with dip-

loidy patients (Eigure S8).

Discussions

In the present study, we evaluated the charac-
teristics and prognostic values of three patho-
logical biomarkers in different stages of CRC
tumor development. The DNA ploidy, chromatin
organization, and stroma-ratio have been
reported to have independent prognostic val-
ues in many epithelial cancers, including CRC.
Aneuploidy in cancer represent an abnormal
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Figure 4. Kaplan-Meier plots illustrating overall survival (OS) and disease-free survival (DFS) in stage Il CRC patients
who received (+) or did not receive (-) adjuvant therapy, based on Ploidy-Nucletyping-Stroma (PNS) status. (A) OS
and (C) DFS in PNS-low-risk patients. (B) OS and (D) DFS in PNS-middle/high-risk patients.

state of cellular DNA content and can be detect-
ed by DNA cytometry [15, 16]. Previous studies
have established that abnormalities of cellular
DNA content were associated with tumorigene-
sis [18-20]. Vermeulen et al. suggested that
stroma supplied the tumor with growth factors,
cytokines, and metabolites, and stimulated
blood vessel formation, which could cause
tumorigenesis and induction of epithelial-mes-
enchymal transition (EMT) [21]. Thus, high stro-
ma-tumor content likely represents the meta-
static phenotype of cancer cells. The DNA ploi-
dy/chromatin organization and stroma-tumor
ratio were measured by automated digital
image analysis of nuclear monolayer [5, 11]
and H&E [8] slides respectively. These tools
could rapidly and quantitatively detect the
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changes in DNA level and tissue level. Most
previous studies focused on the prognostic sig-
nificance of these factors in CRC stage Il
patients [5, 12], the ploidy and stroma were not
suitable for prognosis analysis in Stage Ill CRC
[5]. Thus, our study aimed to determine if these
biomarkers were broadly applicable to stage |
and liver metastatic CRC, and to a Chinese
patient population.

We evaluated the three biomarkers as stand-
alone prognostic parameters of stage Il CRC
patients and found that our results are consis-
tent with previous studies [5, 11, 12]. In con-
trast, we found no association between 5-
years OS and any of the three indexes in stage
| patients. Similarly, in LMCRC patients, we
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found that there was no association between
5-years PFS and any of the three biomarkers if
no prior patient classification was carried out.
However, a prior study pointed out that Nu-
cleotyping could stratify the prognosis in stage
Il patients after MSS/MSI-L or MSI-H classifica-
tion [11]. In current clinical practice, patients
with advanced solid tumors who are MSI-H
could accept immunotherapy. However, only
5% of mCRC patients have MSI-H and have a
poor prognosis [22]. Considering the impor-
tance of MSI status on patient treatment deci-
sions, we wanted to determine whether DNA
ploidy and Nucleotyping could further differen-
tiate advanced CRC patients who were MSS or
MSI-L and assist in the treatment decision for
these patients. Specifically, we demonstrated
that ploidy classification could predict the prog-
nosis of LMCRC patients after MSS/MSI-L clas-
sification (Figure S2). A recent study has shown
that melanoma patients with diploidy had lon-
ger survival after immunotherapy [23]. And we
found that ploidy status can stratify the survival
of MSS patients in this study. Ploidy may be a
candidate marker to select MSS patients who
could benefit from immunotherapy.

While both ploidy and Nucleotyping reflect
changes in DNA, the ploidy indicates the DNA
content and Nucleotyping indicates the chang-
es in chromatin organization. Our data showed
that chromatin heterogeneous patients are
more likely to have non-diploid phenotypes,
and diploid patients are also more likely to be
chromatin homogenous, suggesting that both
biomarkers correlated on a cellular level. Ac-
cording to this result, we attempted the combi-
nation of these two markers. The PN model
could better stratify the OS and DFS, and the
prognosis of patients in the high-risk group was
worst.

In a previous study, the combination of ploidy
and stroma could predict the prognosis in stage
Il CRC patients [5]. As recently reported that
the PS panel and the Nucleotyping could pre-
dict the prognosis of stage Il colon cancer
patients with high-risk clinical characteristics in
the Chinese population [12]. In this study, we
also collected rectal cancer patients, which
was nearly half of the patients. These would
supplement rectal cancer patients from the
Chinese population and proved the prognosis
value of the automated analysis of ploidy,
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nucleotyping, and stroma fraction in Stage Il
CRC patients. In addition, we constructed a
new model of PSN panel by combining the
Ploidy, Stroma, and Nucleotyping. In this model,
patients with diploidy, low-stroma, and chroma-
tin homogeneous tumors were classified as the
low-risk group, patients with three high-risk fac-
tors (non-diploidy, high-stroma, or chromatin
heterogeneous) were classified into the high-
risk group. The high-risk group patients had the
shortest five years survival outcomes. These
results indicated that the PSN panel could pre-
dict the prognosis of stage Il CRC patients. We
sought to validate our PSN panel in a separate
cohort of 188 patient samples obtained from
BJCH. Unlike the CAMSCH cohort, the PSN
panel was only able to statistically distinguish
the PSN-high-risk group (HR=3.551 [95% CI
=1.411-8.938]), but not the PSN-middle-risk
group in DFS. In the OS analysis, the stratifica-
tion showed similar trends but was not statisti-
cally reliable. The key difference is likely due to
the difference in clinical-pathological features
between the two cohorts. The cases included
from the BJCH-cohort were clinical-high-risk
stage Il cancers patients with at least one clini-
copathological-high-risk feature, whereas the
CAMSCH cohort includes all stage Il CRC
patients. This data proves that additional clini-
cal features likely augmented the prognostic
value of the PSN panel.

The T stage and microsatellite instability status
are important clinical prognosis factors in CRC
therapy. In this study, the combination of PSN
factors with the T stage or MSI status could
change the prognosis stratify of stage Il CRC
patients. The OS and DFS of T3 patients with
PSN-high-risk factors were similar with T4
patients, and the prognosis of MSS patients
with PSN-low-risk factors was better than that
of MSI-H patients. These may indicate that the
PSN factors can predict the prognosis of stage
CRC Il patients better.

The benefit from postoperative adjuvant thera-
py in Stage Il CRC was less than 5% [24, 25].
The adjuvant treatment decisions for stage Il
colorectal cancer are currently dependent on
the clinicopathological risk factors, which
include the T stage, mismatch repair status,
histological grade, lymph nodes samplings,
etc. However, even high-risk patients grouped
according to these risk factors cannot benefit
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from postoperative adjuvant therapy or have
limited benefits [3]. Therefore, the postopera-
tive treatment of stage Il patients is complex,
and many researchers are also looking for bio-
markers that can predict the efficacy of chemo-
therapy. In this study, postoperative adjuvant
therapy did not improve OS or DFS in 179 stage
Il patients. When divided the patients accord-
ing to the T3 or MSI status, the T3 patients who
received adjuvant therapy showed a better 0S
(P=0.023), but the DFS was not significant in
both T3 and MSS patients (Table 3). However,
when patients were stratified using the PSN
panel, postoperative adjuvant therapy signifi-
cantly improved OS and DFS in patients with
PSN-high-risk factors. In contrast, patients
receiving postoperative adjuvant therapy in the
PSN-low-risk group showed poorer survival,
although this result was not statistically signifi-
cant. According to these results, we infer that
stratification of patients based on Ploidy,
Stroma, and Nucleotyping would help select
patients who may benefit from postoperative
adjuvant therapy. In future studies, the sample
size needs to be expanded to further confirm
the role of PSN in guiding postoperative adju-
vant therapy.

In the malignant tumor cells, the chromatin is
less stable and the DNA is easier to access for
the small molecular [26]. As shown in Figures
S7 and S8, the adjuvant would significantly
improve the OS in non-diploid (P=0.022) and
chromatin heterogeneous (P=0.05) patients.
The adjuvant chemotherapy drugs for stage Il
colorectal cancer are mainly fluorouracil and
oxaliplatin, which target the DNA. Fluorouracil
can inhibit the synthesis of DNA and RNA [27],
while platinum drugs can inhibit the replication
and transcription of DNA [28]. The chromatin is
unstable in non-diploid or chromatin heteroge-
neous tumor cells; therefore, the small mole-
cules and gamma-irradiation may exert anti-
cancer activity easily. These may help us to
understand the correlation between therapy
efficacy and DNA status.

However this study did not find the role of stro-
ma ratio in predicting the efficacy of adjuvant
therapy. Recently, the function of the tumor
stroma in chemotherapeutic resistance has
attracted attention. Over the past decade,
studies have profound the importance of the
tumor microenvironment (TME) as a driving
force in tumor development and progression.
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Not only does the desmoplastic stroma create
a protective shield from therapeutics [29], it
also aids in the process of epithelial to mesen-
chymal transition (EMT) and causes tumor cell
dissemination into surrounding tissue. A recent
study showed that the patients will get a better
prognosis if the stroma fraction was deceased
by neoadjuvant therapy [30]. The association
between stroma ratio and therapy efficacy
needs to be investigated further.

In a previous study [5], DNA ploidy and stroma
stratification did not indicate the differences in
the cancer-specific survival of Stage lll CRC
patients (HR=1.43, P=0.14). Besides, the sta-
ge lll patients will receive adjuvant therapy
after surgery according to the clinical guide-
lines, and the relationship between Ploidy,
Stroma, Nucleotyping and adjuvant therapy
was not clear. We were not sure about the pos-
sible value of PSN in stage lll patients, so this
study did not enroll stage Il patients.

However, according to this study, stage Il pa-
tients in the group of PSN-high risk group may
benefit from adjuvant therapy and this provided
us with some clues to explore the predictive
value of PSN for adjuvant therapy.

Conclusion

Our study demonstrated that non-diploid, high-
stroma, and chromatin heterogeneous were
poor prognostic factors for stage Il colorectal
cancer patients. The ploidy, stroma-tumor-frac-
tion, and nucleotyping as standalone parame-
ters or combined panel are useful prognostic
tools that can predict patient survival. In addi-
tion, patients with high-risk factors can benefit
from adjuvant therapy, while patients without
high-risk factors cannot. In future studies, the
PSN panel can be further evaluated as a pre-
dictive biomarker to guide chemotherapy deci-
sions. Lastly, the methods used in these stud-
ies are low cost and fairly easy to perform.
Based on these factors, we believe that the
PSN panel has the potential to be integrated
into a routine pathology examination to aid in
clinical-decision making for treating stage Il
CRC patients.
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Supplementary Information

The inclusion criteria of the BJCH cohort

188 cases that had been diagnosed as high-risk stage Il colon cancer in the Peking University Cancer
Hospital from 2009 to 2015 were retrospectively enrolled. Patients in this cohort were with at least one
of the following clinical pathology high risk features: lymph nodes sampling less than 12, poorly differ-
entiated tumor, vascular or perineural invasion, pathological T4 stage, and clinical presentation with
intestinal occlusion or perforation [10]. None of the patients received neoadjuvant chemotherapy or
radiotherapy. Some patients received conventional adjuvant chemotherapy after surgery. The baseline
comparison between BJCH-cohort and CAMSCH stage Il cohort is summarized in the following Table.
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Table S1. Univariate analysis of potential prognostic factors on 5-years overall survival and disease-
free survival in the stage || CRC cohort

0S DFS
Factor N 5(y%?)s HR(95% C)  Pvalue 5y(02)FS HR(95%Cl)  Pvalue
Age (years) 0.483 0.573
<65 93 753 1 68.8 1
>65 86 68.6 1.227(0.639-2.172) 64.0 1.163(0.688-1.966)
Gender 0.149 0.55
Male 109 67.9 1 65.1 1
Female 70 786 0.641(0.350-1.173) 68.6 0.852 (0.504-1.44)
Tumor location 0.252 0.681
Rectum 88 705 1 60.2 1
Colon 91 73.6 1.518(0.744-3.099) 725  1.414(0.609-2.138)
Gross pathological type 0.685 0.592
Prominence 105 70.5 1 64.8 1
Ulceration & infiltration 74 74.3  0.889 (0.502-1.573) 68.9 0.867 (0.515-1.460)
T stage 0.845 0.579
T3 156 72.4 1 67.3 1
T4 23 69.6 1.083(0.487-2.407) 60.9 1.222(0.601-2.484)
Histological grade 0.766 0.567
High 21 66.7 1 571 1
Middle 149 73.2 0.766(0.343-1.711) 0.516 67.8 0.667 (0.327-1.359)
Low 9 66.7 0.998(0.258-3.858) 0.997 66.7 0.682(0.185-2.518)
Adjuvant treatment 0.0598 0.187
Yes 112 76.8 1 69.6 1
No 67 64.2 1.704 (0.978-2.969) 61.2 1.41 (0.846-2.351)
MSI status 0.833 0.833
MSS/MSI-L 163 71.2 1 66.3 1
MSI-H 16 81.3 0.906 (0.363-2.263) 68.8 0.906 (0.363-2.263)
Ploidy 0.022 0.012
Diploidy 73  80.8 1 76.7 1
Non-diploidy 106 66.0 2.057 (1.109-3.816) 59.4  2.063(1.176-3.618)
Stroma 0.006 0.082
Low stroma fraction 136 772 1 69.9 1
High stroma fraction 43 55.8 2.244(1.267-3.976) 55.8 1.621(0.940-2.794)
Nucleotyping 0.036 0.003
Chromatin homogeneous 125 76.8 1 73.6 1
Chromatin heterogeneous 54 611 1.821(1.038-3.194) 50.0 2.163(1.300-3.601)
Ploidy-Stroma 0.0019 0.0046
Diploid and low stroma (PS-L) 60 86.7 1 81.7 1
Non-diploid or high stroma (PS-M) 89 674 2.808(1.283-6.144) 0.0096 59.6  2.594 (1.320-5.097) 0.0057
Non-diploid and high stroma (PS-H) 30 56.7 4.228(1.751-10.209) 0.0014 56.7 2.984 (1.335-6.667) 0.0077
Ploidy-Nucleotyping 0.0044 0.0009
Diploid and chromatin homogeneous (PN-L) 68 85.3 1 82.4 1
Non-diploid or chromatin heterogeneous (PN-M) 62 629 2994 (1.424-6.294) 0.0038 58.1 2.91(1.468-5.772) 0.0022
Non-diploid and chromatin heterogeneous (PN-H) 49  65.3 2.752(1.260-6.011) 0.0111 55.1  3.103(1.534-6.274) 0.0016
Stroma-Nucleotyping 0.0035 0.0025
Low stroma and chromatin homogeneous (SN-L) 96 823 1 78.1 1
High stroma or chromatin heterogeneous (SN-M) 69 623 2.415 (1.310-4.452)  0.0047 53.6 2.415 (1.392-4.192) 0.0017
High stroma and chromatin heterogeneous (SN-H) 14  50.0  3.407 (1.412-8.223) 0.0064 50.0 2.809(1.193-6.618) 0.0181
Ploidy-Stroma-Nucleotyping 0.0005 0.0002
PSN-L 57 89.5 1 86.0 1
PSN-M 53 679 3.547(1.398-9.000) 0.0077 62.3  3.184(1.402-7.232) 0.0057
PSN-H 69 60.9 4.554(1.879-11.040) 0.0008 53.6  4.147 (1.909-9.007) 0.0003

PSN-L: Diploid and low stroma and chromatin homogeneous; PSN-M: Including one or two factors of Non-diploid, high stroma and heterogeneous; PSN-H: Non-diploid, high

stroma and heterogeneous.
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Figure S1. Kaplan-Meier plots of OS and DFS in stage Il CRC patients based on the ploidy (A, B), stroma-tumor frac-
tion (C, D), and chromatin organization (E, F).

Table S2. The correlation analysis between ploidy and nucleotyping

Variable Chromatin homogeneous Chromatin heterogeneous  Total Coefficient P-value
0.336 <0.001
Diploid 150 7 157
Non-diploid 207 132 339
Total 357 139
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Figure S2. Kaplan-Meier plots illustrating OS and DFS for stage Il CRC patients using different combinations of
ploidy, stroma-tumor fraction and Nucleotyping. PS: the combination of ploidy and stroma-tumor fraction (A, B); PN:
the combination of ploidy and Nucleotyping (C, D); SN: the combination of stroma-tumor fraction and Nucleotyping
(E, F); L: low risk; H: high risk; M: middle risk.

Table S3. Comparison of demographic information between stage I| CRC CAMSCH cohort and BJCH
cohort

Factor CAMSCH cohort stage Il BJCH cohort Statistics P value

Age (years) 0.323 0.570
<63 91 90
>63 88 98

Gender 0.416 0.519
Male 110 121
Female 70 67

Grade 42.460 <0.001
High 21 7
Middle 149 123
Low 9 55

T stage 21.820 <0.001
T3 156 125
T4 23 63

Adjuvant therapy 1.219 0.270
YES 112 107
No 67 81

MSI status 7178 0.0074
MSS/MSS-L 163 153
MSI-H 16 35

Ploidy 1.352 0.245
Diploid 73 88
Aneuploid + Tetraploid 106 100

Tumor-stroma fraction 1.601 0.206
>0.5 43 35
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Figure S3. Kaplan-Meier plots illustrating DFS (A) and OS (B) of BJCH cohort when plotted according to the PSN
panel classifier. L: low risk; H: high risk; M: middle risk.

Table S4. Kaplan-Meier analysis of the stage Il CRC patients when stratified by the combination of
Ploidy-Stroma-Nucleotyping (low-risk or middle-risk/high-risk)_with T staging or microsatellite instabil-
ity status

Variables Total oS DFS
Events 5y 0S(%) P-value Events 5y DFS (%)  P-value
T&PSN 0.015 0.013
T3&PSN-LR 49 6 86.3 49 83.5
T3&PSN-MR&HR 107 37 65.3 107 59.8
T4 23 7 69.6 23 60.6
MSI&PSN 0.005 0.003
MSS/MSI-L&PSN-LR 49 6 86.4 7 85.5
MSS/MSI-L&PSN-MR&HR 114 41 63.9 48 57.8
MSI-H 16 3 81.3 5 68.8
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Figure S4. Kaplan-Meier plots illustrating OS (A) and DFS (B) of stage Il patients who received adjuvant therapy
versus those who did not.
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Figure S5. Kaplan-Meier plots illustrating the impact of adjuvant therapy on OS and DFS in stage Il patients with
tumors that were diploid (A, B) or non-diploid (C, D).
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Figure S6. Kaplan-Meier plots illustrating the impact of adjuvant therapy on OS and DFS in stage Il patients, with
tumors that were chromatin homogeneous (A, B) or chromatin heterogeneous (C, D).
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Figure S7. Kaplan-Meier plots illustrating overall survival of stage | (A-C) or liver metastatic CRC (D-F) patients, based on ploidy, stroma-tumor fraction, and chromatin
organization.
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Figure S8. Kaplan-Meier plots illustrating OS (A) and DFS (B) for LMCRC patients with tumors that were microsatel-
lite stable (MSS/MSI-L) and either diploid or non-diploid.
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