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Abstract
DNA mismatch repair protein deficient colon cancer frequently displays reduced CDX2 expression, and recent literature has
suggested that negative CDX2 expression is a poor prognostic biomarker in colon cancer. We have recently demonstrated
that SATB2 is an immunohistochemical marker that is complementary to CDX2. Using a tissue microarray approach, we
evaluated SATB2 and CDX2 immunohistochemical expression in 514 patients with colonic adenocarcinoma including 146
with mismatch repair protein deficient tumors and correlated expression with histopathologic variables, molecular
alterations, and survival. Overall, SATB2-negative and/or CDX2-negative expression was identified in 33% of mismatch
repair protein deficient tumors compared with only 15% of mismatch repair protein proficient tumors (p < 0.001) and in 36%
of BRAF V600E mutated compared with only 13% of BRAF wild-type tumors (p < 0.001). Both SATB2-negative and
CDX2-negative colonic adenocarcinomas more often displayed lymphatic invasion, venous invasion, and perineural
invasion (all with p < 0.05). SATB2-negative expression was also more frequently identified in tumors with mucinous or
signet ring cell differentiation (p < 0.01 for both). In a multivariable analysis of survival in patients with mismatch repair
protein deficient tumors (n= 131), only tumor stage (p= 0.01) and SATB2-negative and/or CDX2-negative expression
(p= 0.009) independently predicted disease-specific survival. Of the 99 patients with stage II or III mismatch repair protein
deficient tumors, death from disease only occurred in patients with either SATB2-negative or CDX2-negative tumors, and no
patients with SATB2-positive/CDX2-positive tumors developed recurrence or died of disease. SATB2 and CDX2
expression had no effect on patient survival in mismatch repair protein proficient, BRAF-mutated, or KRAS-mutated tumors.
In summary, our results suggest that SATB2 and CDX2 are prognostic biomarkers in patients with mismatch repair protein
deficient colon cancer and that inclusion of SATB2 and CDX2 immunohistochemistry may be helpful as part of a
comprehensive pathologic risk assessment in mismatch repair protein deficient colon cancer.

Introduction

An estimated 140,000 individuals are diagnosed with
colorectal carcinoma each year, and ~50,000 will die

from this disease, making colorectal carcinoma the third
leading cause of cancer deaths in the United States [1].
The treatment and prognosis of colorectal carcinoma is
determined primarily by TNM staging but significant
prognostic heterogeneity remains within each stage
category, particularly in stage II and stage III carcinomas
[2]. For example, in stage II colon cancer the 5-year
survival after complete surgical resection ranges between
65 and 85% [3]. The wide range of survival calls for
robust prognostic markers that can identify patients with
an increased risk of disease recurrence and death from
disease. To date, markers identified for poor prognosis
include certain histopathologic variables and molecular
alterations such as BRAF V600E mutation in the setting
of proficient DNA mismatch repair protein expression/
microsatellite stability [4–6] while mismatch repair
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protein deficiency/high-level microsatellite instability
has generally been associated with improved survival [4,
5, 7–12]. However, a subset of patients with mismatch
repair protein deficient tumors can develop relapse and
die of disease. This suggests additional biomarkers are
needed to stratify patients with mismatch repair protein
deficient tumors into prognostic groups.

Both the caudal type homeobox transcription factor 2
(CDX2) and the special AT-rich sequence binding pro-
tein (SATB2) are immunohistochemistry markers for
normal colorectal epithelium and colorectal carcinoma.
CDX2 has been identified as a prognostic biomarker in
colonic adenocarcinoma; patients with CDX2-negative
adenocarcinomas have reduced survival [13–15]. SATB2
is a transcription factor regulating chromatin remodeling
and transcription [16]. It has only recently been identified
as a tissue type-specific protein in the gastrointestinal
tract with selective expression in benign and neoplastic
epithelial cells of colorectal origin [17]. SATB2 has been
shown to be complementary to CDX2 as a diagnostic
immunohistochemistry biomarker [17–23]. Limited lit-
erature data suggest that SATB2 suppresses the pro-
gression of colorectal carcinoma in vitro and in vivo [24]
and that patients with SATB2-negative colonic adeno-
carcinomas have reduced survival [25, 26].

Loss of CDX2 expression in mismatch repair protein
deficient colorectal carcinoma has been well-documented
in the literature [27–30]. Loss of SATB2 expression
in mismatch repair protein deficient colorectal carcinoma
has been recently reported by Eberhard et al. [26] and
in an analysis by our group [18]. In particular, in a
survey of 246 colorectal carcinomas, we demonstrated
that, similar to CDX2, loss of SATB2 expression is also
preferentially seen in colorectal carcinomas with mis-
match repair protein deficiency [18]. In addition, while
most mismatch repair protein proficient colorectal
carcinomas exhibit dual positive expression of
SATB2 and CDX2 (SATB2+/CDX2+), half of the mis-
match repair protein deficient colorectal carcinomas
demonstrate negative expression of either SATB2 or
CDX2 (SATB2−/CDX2+, SATB2+/CDX2−) or both
(SATB2−/CDX2−) [18].

Based on these findings, we hypothesized that loss of
either SATB2 or CDX2 immunohistochemical expression is
associated with poor prognosis in mismatch repair deficient
colonic adenocarcinoma. To test this hypothesis, we
assessed the association between SATB2 and CDX2
immunohistochemistry expression with mismatch repair
protein status, status of KRAS and BRAF mutations, histo-
pathologic variables associated with poor prognosis, and
patient survival in 514 colon cancers collected from two
tertiary care medical centers.

Materials and methods

Study group

The clinicopathologic records of 514 patients with surgi-
cally resected primary colonic adenocarcinoma were
reviewed, including 302 resected at the University of
Pittsburgh Medical Center and 212 resected at Stanford
University Medical Center. The 302 colonic adenocarci-
nomas from University of Pittsburgh Medical Center
included a consecutive series of 191 mismatch repair pro-
tein proficient colonic adenocarcinomas resected between
2011 and 2012 and a consecutive series of 111 mismatch
repair protein deficient colonic adenocarcinomas resected
between 2010 and 2015. The 212 colonic adenocarcinomas
from Stanford University Medical Center were con-
secutively resected between 2005 and 2009, and SATB2
and CDX2 expression and mismatch repair protein status in
tumors from these patients have been previously reported
by our group [18]. Patients with rectal adenocarcinomas
were specifically excluded given their different therapeutic
management compared with colonic adenocarcinoma. The
type of initial surgical procedure, extent of disease, demo-
graphic information, and clinical follow-up were obtained
from medical records under the guidelines of the Institu-
tional Review Board (PR016040136).

For each tumor, representative areas of the tumor were
selected for tissue microarrays from paraffin blocks based
on hematoxylin and eosin-stained sections. Each tumor was
represented by two or three cores on the tissue microarray.
For tumors with more than one morphologic growth pattern,
tissue cores were selected to include all morphologic pat-
terns present within an individual tumor. The tissue
microarrays were created using 1.0 mm tissue cores using a
tissue arrayer (Beecher Instruments, Silver Spring, MD)
according to a previously described method [31].

Immunohistochemical analysis

SATB2 (clone EP281, Cell Marque, Rocklin, CA) and
CDX2 (clone CDX2-88, Biogenex, Fremont, CA) immu-
nohistochemical stains were performed on all available
tumor samples. Mismatch repair protein immunohis-
tochemistry was performed using primary monoclonal
antibodies against MLH1 (Stanford: clone G168-728,
Ventana, Tucson, AZ; University of Pittsburgh Medical
Center: clone M1, Ventana), MSH2 (Stanford: clone FE11,
Oncogene Research Products, Cambridge, MA; University
of Pittsburgh Medical Center: clone G219-1129, Ventana),
MSH6 (Stanford: clone 44, BD Biosciences, San Jose, CA;
University of Pittsburgh Medical Center: clone 44, Ven-
tana), and PMS2 (Stanford: clone A16-4, BD Biosciences;
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University of Pittsburgh Medical Center: clone EPR3947,
Cell Marque, Rocklin, CA).

SATB2 and CDX2 were scored semiquantitatively for
both staining intensity and proportion of tumor cells with
nuclear staining. Staining intensity was scored as 0, absent;
1+, weak nuclear staining visible with ×10 or greater
objective magnification; 2+, strong nuclear staining visible
at ×2 or ×4 objective magnification. Percentage of tumor
cells with nuclear staining was estimated by visual inspec-
tion in increments of 5%. A modified H-score for SATB2
and CDX2, defined as intensity score × percentage of tumor
cells with nuclear staining, was calculated. Positive SATB2
and CDX2 results were defined as nuclear staining in tumor
cells, regardless of either staining intensity or the proportion
of tumor cells with nuclear staining.

For MLH1, PMS2, MSH2, and MSH6, preserved
expression was defined as nuclear staining within tumor
cells, using infiltrating lymphocytes as a positive internal
control. Loss of protein expression for MLH1, PMS2,
MSH2, and MSH6 was defined as complete absence of
nuclear staining within tumor cells with concurrent positive
labeling in internal non-neoplastic tissues. Proficient mis-
match repair protein expression was defined as preserved
nuclear expression of all four mismatch repair proteins.
Deficient mismatch repair protein expression was defined as
loss of protein expression of at least one of the four mis-
match repair proteins. For tumors resected at the University
of Pittsburgh Medical Center, mismatch repair protein
immunohistochemistry was performed on whole tumor
sections at the time of initial pathologic assessment as part
of routine evaluation, and all mismatch repair protein results
were confirmed by re-review of the mismatch repair protein
immunohistochemical stains. For tumors resected at Stan-
ford University, mismatch repair protein immunohis-
tochemistry was performed on the tissue microarrays with
any tumor demonstrating loss of mismatch repair protein
expression on the tissue microarray examined by whole
tissue sections of the tumor to confirm loss of mismatch
repair protein expression.

To validate the SATB2 and CDX2 immunohistochem-
istry results in mismatch repair protein deficient tumors
from the tissue microarrays, mismatch repair protein defi-
cient colon cancers with negative SATB2 expression
(n= 11) or negative CDX2 expression (n= 26) with
available tumor blocks were re-evaluated by immunohis-
tochemistry on whole tumor sections. Whole tumor section
immunohistochemistry confirmed the tissue microarray
results in 34 of 37 (92%) cases. Negative SATB2 expres-
sion was confirmed in all 11 tested cases with internal
positive control expression in non-neoplastic colonic crypt
epithelium. For the 26 tumors with negative CDX2
expression on the tissue microarray analysis, evaluation of
whole tissue sections confirmed the negative expression of

CDX2 in 23 (88%) tumors with internal control positive
expression in non-neoplastic colonic crypts. In remaining
three tumors, heterogenous and weak CDX2 expression in a
minority of tumor cells was identified on whole section
immunohistochemistry, and these three tumors were
reclassified as having CDX2-positive expression given the
whole tissue section analysis.

Pathologic evaluation

Histologic examination of all pathology slides from 362
(70%) cases was performed and the following histologic
features were re-evaluated for each case: histologic grade,
stage, mucinous component, signet ring cell component,
lymphatic invasion, venous invasion, perineural invasion,
tumor infiltrating lymphocytes, and tumor budding. All
histologic features were assessed using routine hematoxylin
and eosin-stained slides. Tumor location was stratified into
three categories: cecum, right colon (which encompasses
the ascending colon, hepatic flexure, and transverse colon),
and left colon (which encompasses the splenic flexure,
descending colon, and sigmoid colon).

A two-tier tumor grading scheme was employed. Low-grade
was defined as > 50% gland formation. High-grade was
defined as <50% gland formation and/or the presence of signet
ring cell differentiation. The presence of tumor infiltrating
lymphocytes was assessed using the criteria outlined by
Greenson et al. [32]. Briefly, each histologic section of tumor
was assessed at low-power (×2 or ×4) objective magnification
to identify the “hotspot” area with the most tumor infiltrating
lymphocytes. In the “hotspot” area, the number of tumor
infiltrating lymphocytes was counted in five consecutive high-
power (×40 objective) fields. If on average ≥3 lymphocytes per
high-power field were identified within the tumor, the tumor
was scored as positive for tumor infiltrating lymphocytes. If on
average < 3 lymphocytes per high-power field within the tumor
were identified, the tumor was scored as negative for tumor
infiltrating lymphocytes. Tumor budding was assessed using
the method advocated by the International Tumor Budding
Consensus Conference [33] and adopted by the College of
American Pathologists colorectal carcinoma protocol [34].
Tumor buds were defined as isolated cancer cells or a cluster of
< 5 neoplastic cells at the invasive front of the tumor. The
tumor invasive front was assessed at a scanning (×10 objective)
magnification for the area with maximal tumor budding. In this
area, the number of tumor buds was determined at the invasive
front in a 0.785mm2 area. Tumors were classified using the
College of American Pathologists colorectal carcinoma proto-
col three-tier scheme as follows: low tumor budding if 0 to 4
tumor buds were identified per 0.785mm2, intermediate tumor
budding if 5–9 tumor buds were identified per 0.785mm2, and
high tumor budding if ≥ 10 tumor buds were identified per
0.785mm2 [34].
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KRAS and BRAF V600E mutational analysis

For tumors from Stanford University Medical Center, tumor
targets were manually microdissected from 4-micron
unstained histologic sections. DNA was extracted from
paraffin sections, using the DNeasy tissue kit (Qiagen,
Valencia, CA), according to the manufacturer’s instructions.
Detection of BRAF mutations was performed as previously
described [35]. Briefly, real-time polymerase chain reaction
was performed using allele specific primers designed to
selectively amplify the wild-type (T1799) and mutant
(A1799) BRAF alleles, i.e., to detect BRAF c.1799T>A
(V600E) mutation. After amplification, samples were sub-
jected to a temperature ramp from 60 to 99 °C, increasing 1
°C at each step. For wild-type samples, single peaks were
observed at 80 °C, whereas samples containing mutant
alleles produced single peaks at 85 °C. Detection of KRAS
mutations were performed as previously described [35],
using a validated KRAS mutation kit (Entrogen, Tarzana,
CA) that identifies the common somatic mutations located
in codons 12, 13, and 61 of the KRAS gene. Molecular
testing for tumors resected at Stanford University was per-
formed after the initial pathologic evaluation and was not
part of routine evaluation.

For tumors from the University of Pittsburgh Medical
Center, detection of BRAF mutations was performed using
real-time polymerase chain reaction and post-polymerase
chain reaction fluorescence melting curve analysis on Light-
Cycler (Roche Applied Science, Indianapolis, IN), as pre-
viously described [36]. This assay detects BRAF mutations in
codons 599, 600, and 601. However, only BRAF mutation
status at codon 600 which corresponds to the c.1799T>A
(V600E) mutation was correlated with status of CDX2 and
SATB2 expression and patient survival. Detection of KRAS
gene mutations in exon 2 (codons 12 and 13) and exon 3
(codon 61) were performed as previously described [6].
Molecular testing for tumors resected at the University of
Pittsburgh Medical Center was performed at the time of initial
pathologic assessment as part of routine evaluation.

Colon cancer data in the Cancer Genome Atlas Pan
Cancer Atlas

Normalized Illumina HiSeq mRNA expression data of
SATB2 and CDX2, microsatellite status, and status of KRAS
and BRAF mutations in the colon cancer dataset in the Cancer
Genome Pan Cancer Atlas were obtained by searching and
downloading through the cBioPortal for Cancer Genomics
[37, 38]. Clinical follow-up data were obtained from the NCI
Genomic Data Commons (GDC) [39]. mRNA expression
levels of SATB2 and CDX2 were stratified by microsatellite
status, the presence of BRAF V600E, and the presence of
KRAS exon 2 and/or exon 3 mutations.

Statistical analysis

Chi-square or Fisher exact tests were used to characterize the
relationship between categorical variables, as appropriate.
Kruskal–Wallis tests were used to characterize the relation-
ship between continuous variables. Disease-specific survival
and disease-free survival were the primary endpoints. Death
occurring within one month of the initial operation was
attributed to operative mortality and was not included in the
survival analysis. Disease-specific survival was defined as the
time (measured in months) from the date of initial diagnosis to
the date of death from disease and censored at the date of last
clinical follow-up or death from an unrelated cause. Disease-
free survival was defined as the time (measured in months)
from the date of initial diagnosis to the date of distant disease
recurrence (i.e., tumor involving the peritoneum and/or other
organs) and censored at the date of last clinical follow-up or
death. Patients with stage IV disease at initial presentation
were not included in the disease-free survival analysis. Sur-
vival rates were determined by the Kaplan–Meier method and
differences between groups were evaluated by log-rank test.
Hazard ratios were calculated from a Cox proportional hazard
model to identify individual predictors of disease-specific
survival. Multivariate analysis of significant individual risk
factors (p < 0.05) was performed using Cox proportional
hazard regression to identify independent risk factors for
disease-specific survival. Data from univariate and multi-
variate analyses were reported as hazard ratios with 95%
confidence intervals. All statistics were assessed using two-
sided tests with p-values < 0.05 considered statistically sig-
nificant. Statistical analyses were performed using SPSS (for
Windows 23, IBM, Armonk, NY) and GraphPad Prism 7 for
Windows Version 7.00 (GraphPad Software, La Jolla, CA).

Results

Negative SATB2 and CDX2 expression is associated
with adverse histopathologic features in colonic
adenocarcinoma

Of the 514 colonic adenocarcinomas included in the tissue
microarrays (Table 1), 499 had adequate tumor tissue
available to assess SATB2 expression. Sixty-seven of 499
tumors (13%) had negative SATB2 immunohistochemical
expression (Fig. 1). Histologic review of all pathology
slides was performed in 357 (72%) of 499 tumors. Com-
pared with SATB2-positive tumors, SATB2-negative
tumors more often displayed adverse histologic features
including high tumor grade (41% vs. 11%, p < 0.001),
lymphatic invasion (68% vs. 51%, p= 0.04), venous inva-
sion (39% vs 22%, p= 0.02), and perineural invasion (36%
vs. 22%, p= 0.04). Patients with SATB2-negative tumors
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more frequently had tumors located in the cecum and right
colon (78%) compared with patients with positive SATB2-
positive tumors (59%) (p= 0.01). Mucinous and signet ring
cell differentiation were also more commonly observed in
SATB2-negative tumors compared with SATB2-positive
tumors (mucinous: 50% vs. 25%, p= 0.002; signet ring
cell: 16% vs. 3%, p < 0.001).

Of the 514 colonic adenocarcinomas, 506 had adequate
tumor tissue available to evaluate CDX2 immunohistochem-
ical expression while histologic review was performed in 362
(72%) tumors. Fifty-five of 506 tumors (11%) had negative
CDX2 immunohistochemistry expression (Fig. 1). Similar to
SATB2, negative CDX2 expression was also associated with
adverse histologic features (Table 1). Compared with CDX2-
positive tumors, CDX2-negative tumors more often exhibited
high tumor grade (50% vs. 12%, p < 0.001), lymphatic
invasion (83% vs. 51%, p= 0.002), venous invasion (42% vs
23%, p= 0.04), and perineural invasion (42% vs. 22%,

p= 0.03). However, neither mucinous or signet ring cell
differentiation was more frequently observed in CDX2-
negative tumors (both with p > 0.05). In addition, CDX2-
negative tumors more frequently displayed tumor infiltrating
lymphocytes (46% vs. 17%, p < 0.001). In contrast, there was
no difference in tumor infiltrating lymphocytes within tumors
stratified by SATB2 expression.

SATB2 and CDX2 expression patterns are associated
with BRAF V600E mutation and mismatch repair
protein deficiency

SATB2 immunohistochemistry expression

SATB2 expression was significantly affected in adeno-
carcinomas with a BRAF V600E mutation and mismatch
repair protein deficiency (Table 2). Negative SATB2
expression was more often identified in adenocarcinomas

Table 1 Clinicopathologic features of colon cancer stratified by SATB2 and CDX2 immunohistochemical expression

Clinical and pathologic
features

Negative SATB2
expression N (%)

Positive SATB2
expression N (%)

p-value Negative CDX2
expression N (%)

Positive CDX2
expression N (%)

p-value

No. of patientsa 67 (13) 432 (87) NA 55 (11) 451 (89) NA

Gender, male/female 26 (39)/41 (61) 212 (49)/220 (51) 0.1 20 (36)/35 (64) 218 (48)/233 (52) 0.09

Mean age in years
(range)

69 (33–98) 68 (23–95) 0.5 69 (33–98) 68 (23–95) 0.5

Tumor locationa

Cecum 18 (27) 89 (21) 0.01 16 (29) 93 (21) 0.004

Right colon 34 (51) 164 (38) 30 (55) 169 (38)

Left colon 15 (22) 179 (41) 9 (16) 186 (41)

Mean tumor size (cm)
(range)

5.2 (0.2–13.4) 4.9 (0.2–13.5) 0.5 5.2 (0.2–13.4) 4.9 (0.2–13.5) 0.5

Stage

I 7 (10) 63 (15) 0.6 4 (7) 66 (15) 0.4

II 23 (34) 161 (37) 25 (45) 165 (37)

III 27 (40) 140 (32) 18 (33) 148 (33)

IV 10 (15) 68 (16) 8 (15) 72 (16)

No. cases with
histologic review
performed

44 313 NA 24 338 NA

High tumor grade 18 (41) 33 (11) <0.001 12 (50) 42 (12) <0.001

High tumor budding 18 (41) 90 (29) 0.1 7 (29) 101 (30) 0.9

Lymphatic invasion 30 (68) 161 (51) 0.04 20 (83) 174 (51) 0.002

Venous invasion 17 (39) 70 (22) 0.02 10 (42) 78 (23) 0.04

Perineural invasion 16 (36) 69 (22) 0.04 10 (42) 75 (22) 0.03

Mucinous
differentiation

22 (50) 79 (25) 0.002 9 (38) 96 (28) 0.1

Signet ring cell
differentiation

7 (16) 8 (3) <0.001 2 (8) 15 (4) 0.4

Tumor infiltrating
lymphocytes

9 (20) 57 (18) 0.7 11 (46) 56 (17) <0.001

aThree tumors did not have a tumor location specified
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Fig. 1 Examples of colonic adenocarcinomas with loss of SATB2
(a, b) and CDX2 (c, d) expression by immunohistochemistry. a, b
This patient (Supplementary Table 1, Case 2) had a stage II (pT4a N0)
adenocarcinoma of the cecum (a, H&E, ×100) with isolated loss of
PMS2 expression and negative SATB2 expression within the tumor
(b, ×100). Positive SATB2 expression is seen within adjacent non-
neoplastic colonic crypt epithelium (b, right half of image). Positive
CDX2 expression was identified within the adenocarcinoma (not
shown). This patient did not receive adjuvant chemotherapy, devel-
oped tumor recurrence 7 months after surgical resection, and died of

disease 17 months after initial presentation. c, d This patient (Sup-
plementary Table 1, Case 1) had a stage II (pT4a N0) adenocarcinoma
of the sigmoid colon (c, H&E, ×100) with loss of MSH2 and MSH6
expression and negative CDX2 expression within the tumor (d, ×100).
Positive expression is seen within adjacent non-neoplastic colonic
crypt epithelium (d, top of image). SATB2-positive expression was
identified within the adenocarcinoma (not shown). This patient
received adjuvant FOLFOX chemotherapy but developed liver
metastasis 12 months after surgical resection and died of disease
22 months after initial presentation

Table 2 SATB2 and CDX2 expression in colon cancer stratified by mismatch repair protein immunohistochemistry, BRAF mutation, and KRAS
mutation

Feature SATB2 CDX2

No. evaluated Negative Positive Mean
H-score

p-value p-value
H-score

No. evaluated Negative Positive Mean
H-score

p-value p-value
H-score

Mismatch repair protein

Number tested 499 67 432 506 55 451

Deficient (%) 146 22 (15) 124 (85) 119 0.5 <0.001 146 38 (26) 108 (74) 80 <0.001 <0.001

Proficient (%) 353 45 (13) 308 (87) 148 360 17 (5) 343 (95) 163

BRAF V600E

Number tested 404 48 356 408 35 373

Present (%) 83 18 (22) 65 (78) 118 0.002 <0.001 83 19 (23) 64 (77) 76 <0.001 <0.001

Absent (%) 321 30 (9) 291 (91) 154 325 16 (5) 309 (95) 161

KRAS exon 2 or 3

Number tested 353 44 309 358 27 331

Present (%) 119 15 (13) 104 (87) 138 1.0 0.1 119 4 (3) 115 (97) 151 0.04 0.8

Absent (%) 234 29 (12) 205 (88) 151 239 23 (10) 216 (90) 149
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with a BRAF V600E mutation compared with BRAF wild-
type tumors (22% vs. 9%, p= 0.002) and the mean SATB2
H-score was significantly lower in tumors with a BRAF
V600E mutation (118 vs. 154, p < 0.001). There was no
difference in the proportion of adenocarcinomas with
negative SATB2 expression stratified by mismatch repair
protein status (mismatch repair protein deficient, 15% vs.
mismatch repair protein proficient, 13%, p= 0.5). However,
mismatch repair protein deficient adenocarcinomas did
display a significantly lower mean SATB2 H-score com-
pared with mismatch repair protein proficient adenocarci-
nomas (119 vs. 148, p < 0.001). SATB2 expression was not
affected by KRAS exon 2 or exon 3 mutation status.

Although loss of SATB2 expression was significantly
associated with BRAF V600E mutation, the significantly
high proportion of mucinous (50%) and signet ring cell
(16%) differentiation observed in SATB2-negative colonic
adenocarcinomas were not associated with the BRAF
V600E mutation. In particular, of the 101 tumors with
mucinous differentiation (Table 1), 66 were BRAF wild-
type and 35 had a BRAF V600E mutation. Twenty-two of
66 (33%) BRAF wild-type tumors and 10 of 35 (29%)
BRAF-mutated tumors demonstrated negative SATB2
expression (p= 0.3). Among the tumors with signet ring
cell differentiation, 11 of the 15 tumors were BRAF wild-
type while the remaining 4 had a BRAF V600E mutation.
Within this group, 5 (45%) BRAF wild-type tumors and 2
(50%) BRAF-mutated tumors demonstrated negative
SATB2 expression (p= 1.0).

CDX2 immunohistochemistry expression

In contrast to SATB2, negative CDX2 expression was
significantly more often observed in mismatch repair pro-
tein deficient adenocarcinomas compared with mismatch
repair protein proficient adenocarcinomas (26% vs. 5%,
p < 0.001) (Table 2). In addition, mismatch repair protein
deficient tumors had significantly lower mean CDX2
H-score (80 vs. 163, p < 0.001). Similar to SATB2, CDX2
expression was also significantly associated with BRAF
V600E mutation (BRAF V600E 23% vs. BRAF wild-type
5%, p < 0.001; mean H-score: 76 vs. 161, p < 0.001). The
proportion of KRAS exon 2 or exon 3 mutated tumors that
demonstrated negative CDX2 expression was significantly
less than that of KRAS wild-type tumors (3% vs. 10%,
p= 0.04). However, the mean CDX2 H-scores were similar
between the two groups.

SATB2 and CDX2 mRNA expression in the Cancer Genome
Atlas colon cancer dataset

To further examine SATB2 and CDX2 expression in
colonic adenocarcinomas, we also queried the relationships

between SATB2 and CDX2 mRNA expression, status of
microsatellite instability, BRAF V600E mutation, and KRAS
exon 2 or exon 3 mutations in the colonic adenocarcinoma
dataset in the Cancer Genome Pan Cancer Atlas [37–39].
Similar to the immunohistochemistry expression patterns
we observed, mRNA expression levels of both SATB2 and
CDX2 were significantly decreased in high-level micro-
satellite instability colonic adenocarcinomas and tumors
with BRAF V600E mutation compared with microsatellite
stable adenocarcinomas or BRAF V600E wild-type tumors
(p < 0.0001 for all) (Fig. 2). SATB2 and CDX2 mRNA
expression levels were not associated with KRAS exons 2
and/or 3 mutations (p > 0.05 for both).

Combined SATB2 and CDX2 immunohistochemistry
expression

The combined SATB2 and CDX2 immunohistochemistry
expression profile was also affected by mismatch repair pro-
tein and BRAF mutation status (Table 3). Most colonic ade-
nocarcinomas demonstrated concurrent positive SATB2 and
CDX2 expression (SATB2+/CDX2+). Concurrent negative
SATB2 and CDX2 expression (SATB2−/CDX2−) was only
rarely observed and was identified in only 6% of mismatch
repair protein deficient and 6% of BRAF V600E mutant

Fig. 2 Illumina HiSeq mRNA expression of SATB2 (a) and CDX2 (b)
in the colon adenocarcinoma dataset in the Cancer Genome Pan
Cancer Atlas stratified by microsatellite instability status, BRAF
V600E mutation, and KRAS exon 2 or exon 3 mutations
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colonic adenocarcinomas. In contrast, loss of either SATB2 or
CDX2 (SATB2+/CDX2– or SATB2−/CDX2+) was iden-
tified in 27% of mismatch repair protein deficient tumors and
30% of BRAF V600E mutant tumors, respectively. Taken
together, 33% of mismatch repair deficient colonic adeno-
carcinomas and 36% of BRAF V600E mutant adenocarcino-
mas demonstrated negative SATB2 expression and/or
negative CDX2 expression (SATB2+/CDX2–, SATB2
−/CDX2+, or SATB2−/CDX2−). Furthermore, mismatch
repair protein deficient tumors more often demonstrated
negative expression of CDX2 and/or SATB2 compared with
mismatch repair proficient tumors (33% vs. 15%, p < 0.001).
A similar association was also observed in tumors with BRAF
V600E mutation (36% vs. 13%, p < 0.001).

SATB2 and CDX2 immunohistochemistry expression
patterns are associated with poor prognosis in
mismatch repair protein deficient colonic
adenocarcinoma

A total of 429 (84%) patients with both known SATB2 and
CDX2 expression status had clinical follow-up data for
disease-specific survival analysis, including 131 of 146
(90%) patients with mismatch repair protein deficient ade-
nocarcinomas and 298 of 353 (84%) patients with mismatch
repair protein proficient adenocarcinomas. The median
follow-up interval was 32 months (range: 1 to 100 months)
from the time of the initial diagnosis. There were 91 deaths
from disease occurring between 2 and 56 months from the
time of diagnosis. Clinical follow-up data for disease-free
survival were only available for the University of Pittsburgh
Medical Center cohort. A total of 221 (43%) patients with
both known SATB2 and CDX2 expression status had
clinical follow-up data for disease-free survival analysis,
including 93 patients with mismatch repair protein deficient
adenocarcinomas and 128 patients with mismatch repair
protein proficient adenocarcinomas. For patients with mis-
match repair protein proficient tumors, neither negative
CDX2 nor negative SATB2 had significant association with
disease-specific survival or disease-free survival (p > 0.05
for all).

For patients with mismatch repair protein deficient ade-
nocarcinomas, negative SATB2 expression alone (Fig. 3a)
and negative CDX2 expression alone (Fig. 3b) within the
tumor were significantly associated with decreased disease-
specific survival compared with positive expression using
Kaplan–Meier survival functions (p= 0.001 for both).
Furthermore, in these patients, when SATB2 expression
and CDX2 expression status were combined, negative
expression of CDX2 and/or SATB2 (SATB2+/CDX2−,
SATB2−/CDX2+, and SATB2−/CDX2−) was also sig-
nificantly associated with decreased disease-specific survi-
val compared with positive expression of both proteins
(SATB2+/CDX2+) (Fig. 3c).

Since the number of patients at risk was the largest when
combined SATB2 and CDX2 expression was considered,
the combined expression was used in the subsequent mul-
tivariable analysis. Using Cox proportional hazards mod-
eling for the cohort of patients with mismatch repair protein
deficient tumors (Table 4), features associated with
decreased disease-specific survival on both univariate and
multivariate analysis were stage and the presence of either
negative SATB2 or negative CDX2 expression (multi-
variate hazard ratio 24.3, 2.2–56.6, 95% confidence inter-
val; p= 0.009). The presence of venous invasion, lymphatic
invasion, and perineural invasion were associated with
decreased disease-specific survival on univariate analysis
(all with p < 0.05) but not on multivariate analysis.

When limited to patients with stage II or III mismatch
repair protein deficient tumors (n= 99), negative expression
of CDX2 and/or SATB2 was significantly associated with
decreased disease-specific survival compared with positive
expression of both proteins (SATB2+/CDX2+) (p < 0.001)
(Fig. 3d). Of the 99 patients with stage II or III mismatch
repair protein deficient tumors, seven patients died of dis-
ease (three with stage II disease and four with stage III
disease) (Supplementary Table 1). All seven patients had
tumors with either negative SATB2 expression (n= 2) or
negative CDX2 expression (n= 5). None of the patients
with stage II or III mismatch repair protein deficient tumors
with dual SATB2+/CDX2+ expression developed recur-
rence or died of disease.

Table 3 Combined SATB2 and
CDX2 immunohistochemistry
expression profiles in colon
cancer stratified by mismatch
repair protein
immunohistochemistry and
BRAF mutation

Feature SATB2/CDX2 immunoprofile p-value

No.
cases

SATB2+
/CDX2+

SATB2+
/CDX2−

SATB2−
/CDX2+

SATB2−
/CDX2−

Mismatch repair protein

Deficient 144 96 (67) 26 (18) 13 (9) 9 (6) <0.001

Proficient 354 300 (85) 9 (2) 38 (11) 7 (2)

BRAF mutation

V600E mutant 81 52 (64) 12 (15) 12 (15) 5 (6) <0.001

Wild type 319 277 (87) 12 (4) 27 (8) 3 (1)
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The effect of negative CDX2 and/or SATB2 expression on
disease-specific survival in mismatch repair protein deficient
colonic adenocarcinomas was tentatively investigated by
comparing disease-specific survival of patients with mismatch
repair protein deficient tumors with CDX2 and/or SABT2
negative expression with that of patients with mismatch repair
protein proficient tumors regardless of CDX2 or SATB2
expression status in our cohort. Patients with negative
expression of CDX2 and/or SATB2 in their mismatch repair

protein deficient adenocarcinomas had a similar disease-
specific survival to patients with mismatch repair protein
proficient adenocarcinomas in all stage groups (Fig. 3e) and in
the stage II and III setting (Figure 3f) (p= 0.7 and 0.5,
respectively). These findings might indicate that negative
expression of CDX2 and/or SATB2 in mismatch repair
deficient colonic adenocarcinoma has a negative impact on
patient survival that could offset the prognostic benefit con-
ferred by the mismatch repair protein deficiency.
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Similar associations were also observed for disease-free
survival of all patients with mismatch repair protein defi-
cient adenocarcinomas and patients with stage II or III
mismatch repair protein deficient adenocarcinomas. In
particular, negative expression of CDX2 and/or SATB2 was
significantly associated with decreased disease-free survival
compared with positive expression of both proteins for all
patients with mismatch repair deficient adenocarcinomas
(Fig. 4a) and in the subgroup of patients with stage II or III
adenocarcinomas (Fig. 4b).

Discussion

The primary motivation for this study was to evaluate the
prognostic significance of SATB2 and CDX2 expression in
colonic adenocarcinoma in a cohort enriched for patients
with mismatch repair protein deficient tumors. Our results
indicate that negative immunohistochemical expression of
SATB2 and/or CDX2 is associated with reduced disease-
specific survival in patients with mismatch repair protein
deficient tumors. Death from disease in patients with stage
II or III mismatch repair protein deficient tumors only

occurred in patients with negative expression of either
SATB2 or CDX2 in their tumors, indicating that SATB2
and CDX2 are potentially important prognostic biomarkers
in this setting. SATB2 and CDX2 expression patterns did
not affect patient survival in patients with colonic adeno-
carcinomas that were mismatch repair protein proficient or
had BRAF or KRAS mutations. Our results suggest that
SATB2 and CDX2 may be helpful prognostic biomarkers,
particularly in patients with mismatch repair protein defi-
cient colon cancer.

Although tumor stage remains the most important
prognostic variable in colon cancer, ~20% of patients with
stage II colon cancer will develop distant metastasis and die
from metastatic disease [2]. Currently, decision-making on
the use of adjuvant chemotherapy in patients with stage II
disease is based on a number of histopathologic factors,
including mismatch repair protein expression within the
tumor [40]. Mismatch repair protein deficient tumors are
more often identified in patients with stage II disease
(~20%) compared with stage III (9–12%) or stage IV dis-
ease (3–4%) [5, 12, 41–43]. In patients with stage II disease,
mismatch repair protein deficiency has generally been
associated with improved survival [7–12]; however, not all
studies have verified the association between mismatch
repair protein deficiency and improved survival in patients
with stage II disease [43, 44]. In a recent meta-analysis of
19 studies including 5998 patients with stage II colon
cancer, Gkekas et al. identified no significant overall or
disease-free survival benefit in patients with mismatch
repair protein deficient tumors [43]. Similarly, in patients
with stage III colon cancer, the prognostic impact of mis-
match repair protein deficiency remains controversial with
most studies indicating improved survival [4, 5] while other
studies identifying reduced disease-specific survival in
patients with mismatch repair protein deficient stage III
colon cancer [12]. These conflicting literature reports sug-
gest that mismatch repair protein deficient colon cancers are
clinically heterogeneous, and identification of biomarkers
that can predict clinically aggressive disease in mismatch
repair protein deficient tumors may be helpful. In our ana-
lysis, negative SATB2 expression and/or negative CDX2
expression is identified in more than one-third of mismatch
repair protein deficient colon cancers and is associated with
reduced disease-specific survival. Our data suggest that
negative expression of SATB2 and/or CDX2 identifies
patients with clinically aggressive mismatch repair protein
deficient colon cancer, including in the stage II or III setting.

Very limited literature data exist on the prognostic sig-
nificance of SATB2 and CDX2 expression in colon cancer,
particularly in patients with mismatch repair protein defi-
cient tumors (Table 5). To our knowledge, no study has
concurrently evaluated the prognostic significance of both
markers. Using a tissue microarray approach, Eberhardt

Fig. 3 a Kaplan–Meier survival curve comparing the disease-specific
survival of patients with mismatch repair protein deficient colon cancer
of all stages stratified by SATB2 expression. Patients with SATB2-
negative tumors had reduced disease-specific survival compared with
patients with SATB2-positive tumors (p= 0.001). b Kaplan–Meier
survival curve comparing the disease-specific survival of patients with
mismatch repair protein deficient colon cancer of all stages stratified
by CDX2 expression. Patients with CDX2-negative tumors had
reduced disease-specific survival compared with patients with CDX2-
positive tumors (p= 0.001). c Kaplan–Meier survival curve comparing
the disease-specific survival of patients with mismatch repair protein
deficient colon cancer of all stages stratified by SATB2/CDX2
expression. Patients with SATB2 and/or CDX2-negative tumors had
reduced disease-specific survival compared with patients with CDX2-
positive/SATB2-positive tumors (p < 0.001). d Kaplan–Meier survival
curve comparing the disease-specific survival of patients with mis-
match repair protein deficient colon cancer with stage II or III disease
stratified by SATB2/CDX2 expression. Patients with SATB2 and/or
CDX2-negative tumors had reduced disease-specific survival com-
pared with patients with CDX2-positive/SATB2-positive tumors (p <
0.001). e Kaplan–Meier survival curve comparing the disease-specific
survival of patients with mismatch repair protein deficient SATB2 and/
or CDX2-negative colon cancer of all stages with patients with mis-
match repair protein proficient colon cancer of all stages. Patients with
mismatch repair protein deficient SATB2 and/or CDX2-negative
tumors had similar disease-specific survival compared with patients
with mismatch repair protein proficient tumors (p= 0.7). f Kaplan–
Meier survival curve comparing the disease-specific survival of
patients with mismatch repair protein deficient SATB2 and/or CDX2-
negative colon cancer with stage II or III disease with patients with
mismatch repair protein proficient colon cancer with stage II or III
disease. Patients with mismatch repair protein deficient SATB2 and/or
CDX2-negative tumors had similar disease-specific survival compared
with patients with mismatch repair protein proficient tumors (p= 0.5)
in the stage II and stage III setting
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Table 4 Univariate and
multivariate analysis of disease-
specific survival in mismatch
repair protein deficient colon
cancer

Clinicopathologic feature Mismatch repair protein deficient colon cancer (N= 131)

Univariate analysis Multivariate analysis

Hazard ratio (95%
confidence interval)

p-value Hazard ratio (95%
confidence interval)

p-value

Patient age 1.0 (0.9–1.1) 0.2 – –

Stage

I–II (vs. IV) 0.06 (0.02–0.2) <0.001 0.05 (0.01–0.5) 0.01

III (vs. IV) 0.2 (0.5–0.7) 0.01 0.08 (0.01–0.6) 0.01

SATB2/CDX2

SATB2+/CDX2+ Referent 0.001 Referent 0.009

SATB2− and/or CDX2− 28.6 (3.8–52.4) 24.3 (2.2–56.6)

BRAF

Wild type Referent 0.5 – –

V600E mutant 0.7 (0.2–2.5)

KRAS

Wild type 0.3 (0.1–44.0) 0.5 – –

Exon 2 or 3 mutant

Venous invasiona

Absent Referent 0.001 Referent 0.8

Present 11.7 (3.1–44.1) 1.3 (0.2–8.1)

Lymphatic invasiona

Absent Referent <0.001 Referent 0.9

Present 39.9 (0.3–69.9) 2.8 (0.1–8.1)

Perineural invasiona

Absent Referent 0.002 Referent 0.9

Present 6.9 (2.0–23.8) 1.1 (0.2–5.6)

High tumor grade

Absent Referent 0.06 – –

Present 3.0 (0.9–9.5)

High tumor buddinga

Absent Referent 0.06 – –

Present 5.2 (0.9–28.4)

aEight-eight patients had histologic data available for venous invasion, lymphatic invasion, perineural
invasion, and high tumor budding

Fig. 4 a Kaplan–Meier survival curve comparing the disease-free
survival of patients with mismatch repair protein deficient colon cancer
of all stages stratified by SATB2/CDX2 expression. Patients with
SATB2 and/or CDX2-negative tumors had reduced disease-free sur-
vival compared with patients with CDX2-positive/SATB2-positive
tumors (p < 0.001). b Kaplan–Meier survival curve comparing the

disease-free survival of patients with stage II or stage III mismatch
repair protein deficient tumors stratified by SATB2/CDX2 expression.
Patients with SATB2 and/or CDX2-negative tumors had reduced
disease-free survival compared with patients with CDX2-positive/
SATB2-positive tumors (p < 0.001)
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et al. analyzed 527 colorectal carcinomas and identified
negative SATB2 expression in 152 (28.8%) of tumors [26].
In their study, negative SATB2 expression was frequently
identified in patients with mismatch repair protein deficient
tumors (42/77, 55%), a much higher proportion than the
15% negative SATB2 expression in mismatch repair protein
deficient tumors identified in our analysis. While negative
SATB2 expression was an independent predictor of
decreased disease-specific survival in colon cancer, Eber-
hardt et al. did not identify any prognostic effect of SATB2
expression in patients with mismatch repair protein deficient
tumors. There are a number of differences between our
study and Eberhardt et al. that may help to explain the
different results. First, our cohort was enriched for patients
with mismatch repair protein deficient colon cancer (146
patients) compared with Eberhardt et al. (77 patients).
Second, different SATB2 antibody clones were used in each
study that may explain the vastly different proportion of
negative SATB2 mismatch repair protein deficient tumors
(55% vs. 15%). Finally, Eberhardt et al. stratified SATB2
expression into negative, intermediate, and high expression,
and it is unclear if they specifically evaluated the effect of
negative SATB2 expression on survival for patients with
mismatch repair protein deficient tumors. Wang et al.
evaluated 146 colorectal carcinomas and demonstrated that
“low level” SATB2 expression (defined as either no stain-
ing or weak expression in < 25% of tumor cells) was
independently associated with poor overall survival [25].
However, Wang et al. did not specifically evaluate the
impact of negative SATB2 expression on patient survival in
patients with mismatch repair protein deficient tumors.

Previous literature reports have demonstrated that CDX2
is a prognostic biomarker in colon cancer [13, 14, 27,
45–48], although not all studies have confirmed the prog-
nostic effect of CDX2 expression [49–51]. Over the last
decade, negative CDX2 expression in mismatch repair
protein deficient colorectal carcinoma has been well-
documented in the literature [27–30]. However, very few

literature reports have specifically evaluated the prognostic
significance of CDX2 expression in mismatch repair protein
deficient colon cancer (Table 5). In our series, negative
CDX2 expression was identified in 29% of mismatch repair
protein deficient tumors and was associated with reduced
disease-specific survival. Similarly, Kim et al. identified
reduced disease-specific survival for patients with high-
level microsatellite instability tumors and negative CDX2
expression, although this was not significant on multi-
variable analysis or in an analysis limited to patients with
low-stage (I–II) disease [27]. Bruun et al. evaluated 164
patients with mismatch repair protein deficient colorectal
carcinomas and did not identify an effect of negative CDX2
immunohistochemistry expression on overall survival [46].
Using CDX2 mRNA expression in a cohort of stage II/III
colon cancer patients, Pilati et al. did not identify negative
CDX2 expression as a predictor of overall survival in
mismatch repair protein deficient tumors [45]. The reason
for the different results between our analysis and previous
literature reports is not entirely clear. Our analysis and that
of Kim et al. used disease-specific survival as study end-
points; however, Bruun et al. and Pilati et al. used overall
survival as an endpoint. Overall survival is a reasonable
endpoint only if the observed mortality can largely be
attributed to cancer rather than other underlying medical
conditions. However, differences in disease-specific and
overall survival can be substantial in patients with mismatch
repair protein deficient tumors as these patients more often
present with low-stage disease and often occur in older
individuals with significant underlying medical conditions
that could lead to death from a cause unrelated to cancer.
Thus, for patients with mismatch repair protein deficient
tumors, disease-specific survival is likely a more accurate
predictor of outcome than overall survival. Additional large,
well-characterized patient populations with mismatch repair
protein deficient colon cancer and with extended follow-up
are needed to further determine the prognostic impact of
SATB2 and CDX2 expression.

Table 5 CDX2 and SATB2 as prognostic biomarkers in mismatch repair protein deficient colon cancer: review of the literature

Biomarker Study Assay used Stages included Mismatch repair protein deficient colon cancer

No. of
Cases

No. negative (%) Survival analysis p-value

SATB2 Current Study IHC, clone EP281 I–IV 146 22 (15) <0.001 (disease-specific survival)

Eberhard et al. IHC, clone AAb025742 I–IV 77 42 (55) Not significant (disease-specific
survival)

CDX2 Current Study IHC, clone CDX2-88 I–IV 146 42 (29) <0.001 (disease-specific survival)

Kim et al. IHC, clone ERP2764Y I–IV 119 15 (13) 0.002 (disease-specific survival)

Bruun et al. IHC, clone CDX2-88 I–IV 164 57 (35) Not significant (overall survival)

Pilati et al. Transcriptome, Affymetrix II–III 81 40 (49)a Not significant (overall survival)

aNegative CDX2 was defined as expression ≤6.5 on transcriptomic analysis (Affymetrix)
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In a recent study, we identified SATB2 as a relatively
specific marker of colorectal carcinoma and that in combi-
nation with CDX2, SATB2+/CDX2+ expression has a
94% specificity for lower gastrointestinal tract adenocarci-
noma [18]. The proportion of mismatch repair protein
deficient colon cancers with negative SATB2 expression in
our current study (16%) is lower than in our previous
analysis (31%), although the number of mismatch repair
protein deficient colon cancers analyzed is much larger in
our current analysis (146 tumors versus 42 tumors in our
previous study) [18]. In our current study, mismatch repair
protein deficient tumors did display a significantly lower
mean SATB2 H-score compared with mismatch repair
protein proficient tumors, and this finding is supported by
the Cancer Genome Atlas dataset that also identified sig-
nificantly reduced SATB2 mRNA expression in high-level
microsatellite instability colon cancer compared with
microsatellite stable colon cancer. The reason for reduced
SATB2 protein and mRNA expression observed in mis-
match repair protein deficient colon carcinoma is unknown.
A recent study on ARID1A, another transcription factor
functioning in chromatin remodeling as part of the SWI/
SNF complex and a tumor suppressor, showed that
ARID1A recruited DNA mismatch repair protein MSH2 to
chromatin during DNA replication and thus protected DNA
from damage [52]. Loss of ARID1A expression or ARID1A
inactivation, in contrast, compromised repair of DNA
damage and was associated with microsatellite instability
[52]. Since SATB2 also functions in chromatin remodeling
[16] albeit belonging to a protein family different from
ARID1A, its interactions with mismatch repair proteins may
be worth future investigation. On the other hand, reduced
CDX2 expression in mismatch repair protein deficient col-
orectal carcinoma has been hypothesized to occur as a result
of passenger mutations within simple repeat sequences in
the CDX2 gene [53, 54] or epigenetic silencing by CpG
island promoter hypermethylation [27, 30, 47, 48, 55, 56]. It
is likely that alternative mechanisms lead to reduced
SATB2 expression in mismatch repair protein deficient
tumors as only 6% of mismatch repair protein deficient
colonic adenocarcinomas demonstrated concurrent negative
CDX2 and SATB2 expression.

Our analysis has limitations including the retrospective
design, the lack of rigorously standardized treatment in ret-
rospective analyses, and the inherent issue of heterogeneity of
protein expression within tumors within a tissue microarray
approach. We attempted to address the issue of heterogeneity
by performing whole tissue section immunohistochemistry in
all available mismatch repair protein deficient tumors that
demonstrated negative SATB2 and/or CDX2 expression on
the tissue microarray analysis. The whole tissue section
immunohistochemistry confirmed the tissue microarray ana-
lysis in 34/37 (92%) of cases. Only three patients (8%) had

tumors with weak and heterogenous CDX2 expression on
whole tumor sections that was not observed in the tissue cores
selected for the tissue microarray analysis. These data suggest
that the tissue microarray approach adequately reflects
SATB2 and CDX2 expression patterns within mismatch
repair protein deficient tumors. In addition, although the
number of cases is relatively small by some standards, our
analysis is the largest study to date correlating SATB2 and
CDX2 expression in mismatch repair protein deficient tumors
with patient survival. Our study represents a series of colon
cancers resected at large academic medical centers with its
inherent referral bias. Given the retrospective design, we were
also not able to control for chemotherapy treatment, including
anti-PD-1 therapy. While many patients with mismatch repair
protein deficient tumors demonstrate responsiveness to anti-
PD-1 therapy, not all patients with mismatch repair protein
deficient colonic adenocarcinoma respond to this treatment
[57, 58]. Histopathologic and molecular factors underlying
the lack of response to anti-PD-1 therapy in patients with
mismatch repair protein deficient colonic adenocarcinoma are
unclear, and additional study, including evaluating the effect
of SATB2 and CDX2 expression on treatment response, is
needed.

In conclusion, SATB2 and CDX2-negative immunohis-
tochemical expression is associated with reduced disease-
specific and disease-free survival in patients with mismatch
repair protein deficient colonic adenocarcinomas, including
in the stage II–III setting, but not in patients with mismatch
repair protein proficient tumors. Our results indicate that
SATB2 and CDX2 immunohistochemistry can help identify
patients with mismatch repair protein deficient tumors that
may benefit from a more aggressive adjuvant therapeutic
approach following surgery. Given the retrospective
design of our study, these results will need to be validated
prospectively using a larger cohort of patients with mis-
match repair protein deficient colonic adenocarcinomas to
confirm the prognostic value of SATB2 and CDX2
immunohistochemistry.
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