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Background: SMAD family member 4 (SMADA4) has gained attention as a promising prognostic factor of colorectal cancer (CRC) as well
as a key molecule to understand the tumorigenesis and progression of CRC. Methods: We retrospectively analyzed 1,281 CRC cases
immunohistochemically for their expression status of SMAD4, and correlated this status with clinicopathologic and molecular features
of CRCs. Restults: A loss of nuclear SMAD4 was significantly associated with frequent lymphovascular and perineural invasion, tumor
budding, fewer tumor-infiltrating lymphocytes, higher pT and pN category, and frequent distant metastasis. In contrast, tumors overex-
pressing SMAD4 showed a significant association with sporadic microsatellite instability. After adjustment for TNM stage, tumor differen-
tiation, adjuvant chemotherapy, and lymphovascular invasion, the loss of SMAD4 was found to be an independent prognostic factor for
worse 5-year progression-free survival (hazard ratio [HR], 1.27; 95% confidence interval [Cl], 1.01 to 1.60; p=.042) and 7-year cancer-
specific survival (HR, 1.45; 95% Cl, 1.06 to 1.99; p=.022). Conclusions: We confirmed the value of determining the loss of SMAD4 im-
munohistochemically as an independent prognostic factor for CRC in general. In addition, we identified some histologic and molecular
features that might be clues to elucidate the role of SMAD4 in colorectal tumorigenesis and progression.
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Ranked third in terms of incidence and second in terms of mor-
tality in the latest global cancer report," colorectal cancer (CRC)
is a major health burden worldwide. Notably, this report men-
tioned South Korea as one of the countries where the highest
colon cancer incidence rates were observed. Moreover, the report
specifically stated that the highest incidence rates of rectal cancer
were seen in South Korean males. In this regard, the importance
of understanding the biology of Korean CRC cannot be empha-
sized enough.

SMAD family member 4 (SMAD4) is a transcription factor
that acts as the central mediator of the transforming growth fac-
tor 3 (TGF-B) pathway.” Also known as deleted pancreatic cancer
locus-4, heterozygous or homozygous deletion of SMAD4 was
first discovered in pancreatic ductal adenocarcinoma,” and later
detected in other types of cancer, including CRC. Meta-analyses
have revealed that the loss of SMAD4 is a negative predictor of
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overall survival, cancer-specific survival (CSS), and relapse-free
survival.”> In CRC, the loss of SMADA4 is associated with poor
differentiation,”” higher stage,*"” frequent lymph node metas-
tasis,”"" loss of immune infiltrates,"” and poor response to 5-flu-
orouracil. ™" Accordingly, numerous studies have reported the
value of determining SMAD4 loss as a negative prognostic fac-
tor.”'>!"?% Although some studies failed to identify a signifi-

682625 4 meta-analysis reported pooled hazard

cant association,
ratios over 1 with statistical significance for overall survival, dis-
ease-free survival, and CSS.” Mechanistically, the loss of SMAD4
has been implicated with activation of the Akt pathway” and
Wt pathways.” Moreover, germline mutations of SMAD4 and
BMPRIA (a gene upstream from SMAD4 in the TGF-P path-
way), cause juvenile polyposis syndrome, a genetic cancer predis-
position syndrome with increased risk of gastrointestinal can-

cers.”” Collectively, these data suggest that SMAD4 is a key

© 2019 The Korean Society of Pathologists/The Korean Society for Cytopathology

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (https://creativecommons.org/licenses/
by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. 289


http://crossmark.crossref.org/dialog/?doi=10.4132/jptm.2019.06.07&domain=pdf&date_stamp=2019-09-15

290 e Yoo S-Yetal.

molecule to decipher the pathophysiology of CRC while acting
as a feasible prognostic marker for optimal surveillance of pa-
tients. However, only a handful of studies have explored the ex-
pression of SMAD4 and its prognostic significance in a limited
number of Korean CRC patients.”*** Moreover, comprehen-
sive clinicopathologic and molecular characterization of CRCs
with respect to SMAD4 expression was rarely performed.

In this study, we analyzed 1,281 CRC cases for their expression
status of SMAD4 using immunohistochemistry and demonstrat-
ed comprehensive clinicopathologic and molecular characteris-
tics of CRCs including KRAS and BRAF mutation, microsatel-
lite instability (MSI) and CpG island methylator phenotype
(CIMP) depending on nuclear SMADA4 expression status. Finally,
we evaluated its value as a prognostic factor for CSS and progres-
sion-free survival.

MATERIALS AND METHODS

Patients and tissue samples

Under the exclusion criteria described previously, 1,370 out
of 1,853 CRC cases resected at Seoul National University Hos-
pital, Seoul, Korea, between January 2004 and June 2008 were
reviewed. Among them, 1,281 cases with formalin-fixed, paraf-
fin-embedded (FFPE) tumor blocks sufficient for construction of
a tissue microarray (TMA) were included in the study. Initial
pathologic diagnosis and clinical information, including age,
tumor location and radiologic/pathologic evidences of distant
metastases were obtained from electronic medical records. Addi-
tional histologic parameters including tumor differentiation,
tumor budding, representative number of tumor-infiltrating
lymphocytes (TILs) per one high power field (400 X magnifica-
tion), were evaluated by two pathologists as described previously.”
FEPE tissues were used for molecular analysis and immunohis-
tochemistry.

Immunohistochemistry

For each CRC case, a pair of 2-mm cores of representative tu-
mor areas in the FFPE tissue were extracted to construct the TMA.
To evaluate SMAD4 expression in CRCs, TMAs were sectioned
at a thickness of 4-pm and stained using a rabbit monoclonal
anti-SMAD4 antibody (1:200 dilution, clone EP618Y, Abcam,
Cambridge, UK). Stained slides were scanned by an Aperio AT2
slide scanner (Sausalito, CA, USA) at 40 X magnification with a
resolution of 0.25 pm per pixel. The proportion and the inten-
sity of SMAD4 staining in nuclear compartment were evaluated
using TMA Assistant protocol of QuPath,” open-source soft-
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wate for digital pathology image analysis. In detail, the intensity
of SMADA staining in nuclear compartment was graded using
intensity feature of nuclear diaminobenzidine (DAB) optical
densities (OD). Because nuclear DAB ODs of entrapped non-
neoplastic epithelium range from 0.2 to 0.6, intensity of nuclear
SMAD4 staining of tumor cells were evaluated using following
cut-offs: intensity 0, DAB OD < 0.2; intensity 1, DAB OD>0.2
and <0.6; and intensity 2, DAB OD>0.6. Finally, each case was
classified to SMAD4-loss (>95% of tumor cells showed intensity
0), SMAD4-low (>5% of tumor cells showed intensity 1, and
<30% of tumor cells showed intensity 2), and SMAD4-high
(230% of tumor cells showed intensity 2). For survival analysis,
CRC cases were dichotomized to CRCs with SMAD4 loss and
CRCs with retained SMAD4 (SMAD4-low and SMAD4-high).
The evaluation method and cut-offs for the expression of cyto-
keratin 7 (CK7) (clone OV-TL, 12/30, Dako, Carpenteria, CA,
USA), cytokeratin 20 (CK20) (clone Ks20.8, Dako), and nuclear
protein CDX2 (clone EPR2764Y, ready-to-use, Cell Marque,
Rocklin, CA, USA) were described previously.” All immuno-
histochemical procedures in this study were conducted with an
automated immunostainer (BenchMark XT, Ventana Medical
Systems, Tucson, AZ, USA).

Molecular analyses

Through histological examination, representative tumor por-
tions were marked and then subjected to manual microdissec-
tion. The dissected tissues were collected into microtubes con-
taining lysis buffer and proteinase K and were incubated at 55°C
for 2 days. DNA from paraffin-embedded tissues was extracted,
and the polymerase chain reaction (PCR) was performed. Direct
sequencing of KRAS codons 12 and 13 and allele-specific PCR
for BRAF codon 600 were performed as described previously.”
The MSI status of each tumor was determined by evaluating
five microsatellite markers (BAT25, BAT26, D25123, D5S346,
and D178250) as standardized by the National Cancer Insti-
tute.”” A fluorescent label was added to either the forward or re-
verse primer for each marker, and the PCR products were electro-
phoresed and analyzed. We classified MSI status as MSI-positive
(instability at two or more microsatellite marker), and MSI-neg-
ative (no instability or instability at one marker). The CIMP
status was evaluated by the MethyLight assay of eight markers
(CACNALG, CDKN2A [p16], CRABP1, IGF2, MLH1, NEU-
ROGI, RUNX3, and SOCS1).”® We classified CRCs into CIMP-
negative (0—4 methylated markers), CIMP-positive 1 (5-6 meth-
ylated markers), and CIMP-positive 2 (CIMP-P2) (7-8 methylated
markers), as previously described.”

https://doi.org/10.4132/jptm.2019.06.07



Statistical analyses

SAS ver. 9.4 (SAS Institute Inc., Cary, NC, USA) and R soft-
ware (http://www.t-project.org) were used for statistical analy-
ses. Clinicopathological characteristics were compared between
the three SMAD4 expression groups by use of chi-square test or
Fisher exact test, as appropriate. Chi-square test for trend was
used to compute p for trend. Survival curves after surgery were
estimated with the Kaplan-Meier method, and differences in
survival curves were tested with the log-rank test. All statistical
tests were two-sided, and statistical significance was defined as
p<.05.

Ethics statement
This study was approved by the Institutional Review Board

which waived the requirement to obtain informed consent (IRB
No. C-1502-029-647).

RESULTS

Clinicopathological and molecular correlation of nuclear
SMADA4 expression in CRCs

Out of 1,281 CRC cases, 210 (16.4%) showed a loss of nuclear
expression of SMAD4 (Fig. 1A). Among the remaining cases
with retained SMAD4 expression, 942 cases (73.5%) showed
low-level expression (Fig. 1B), while high-level expression was
observed in 129 cases (10.1%) (Fig. 1C).

We then sought to identify clinicopathologic features showing
gradual changes according to the loss or overexpression of SMAD4
(Table 1). With decreasing expression of SMAD4, tumors tend-
ed to show an infiltrative gross type, more frequent lymphovas-
cular and perineural invasion, tumor budding, and lower TILs
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(all p<.001). Consequently, CRC cases showed significant asso-
ciations with higher pT (p<.001) and pN (p <.001) category,
and frequent distant metastasis (p = .001) as nuclear SMAD4
expression decreased. Notably, statistically significant increase
of SMAD4 loss and concomitant dectease of SMAD4 expression
was noted as TNM stage increased (p <.001) (Supplementary
Fig. S1).

To identify molecular phenotypical correlates of such linear
trends, we evaluated MSI, CIMP status, KRAS exon 2, BRAF
codon 600, and immunohistochemical expression of CK7, CK20,
and CDX2 (Table 2). With increasing expression of SMAD4,
tumors tended to be more associated with MSI (p <.001),
CIMP-P2 (p=.001), and MLHI promoter methylation (p <
.001). Interestingly, the expression of CK20 and CDX2 showed
opposite trends with increasing SMAD2 expression; CDX2 ex-
pression was lost as nuclear SMAD4 expression increased (p =
.001), while the expression of CK20 increased (p <.001).

Prognostic implication of SMAD4 loss in CRCs

A univariate survival analysis revealed that CRCs with a loss of
nuclear SMAD4 expression exhibited a significantly worse 5-year
progression-free survival (PFS) (p <.001) (Fig. 2A), and 7-year
CSS (p=.001) (Fig. 2B). To explore whether there exists a dif-
ferential prognostic effect of SMAD4 according to TNM stage,
we performed the Kaplan-Meier analysis for each TNM stage
subgroups (Supplementary Figs. S2, S3). In a stage-specific
analysis, SMADA4 loss was associated with worse 5-year PES (p
=.019) in stage II CRCs, worse 5-year PES (p =.055) and
7-year CSS (p=.011) in stage IV CRCs. In the multivariate Cox
proportional hazard analysis, a loss of SMAD4 expression
proved to be an independent prognostic factor for 5-year PFS

Fig. 1. Nuclear expression of SMAD4 in colorectal cancers. Representative examples for the loss of expression (A), low-level expression (B),
and high-level expression (C).
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Table 1. Clinicopathologic characteristics of colorectal cancers according to SMAD4 expression

SMADA4-loss SMAD4-low SMADA4-high for difference for trend
(N=210,16.4%)  (n=942,735%)  (n=129,10.1%)  ° P

Age (yr) 64 (27-83) 63 (20-90) 61 (256-93) 222

Sex 225 105
Male 132 (62.9) 566 (60.1) 69 (63.5)
Female 78 (37.1) 376 (39.9) 60 (46.5)

Location <.001 222
Proximal 61 (29.1) 216 (22.9) 50 (38.8)
Distal/Rectum 149 (70.9) 726 (77.1) 79(61.2)

Gross type .002 <.001
Fungating 122 (58.1) 624 (66.2) 99 (76.7)
Infiltrative 88 (41.9) 318(33.8) 30(23.3)

pT category <.001 <.001
pT1-2 20 (9.5) 176 (18.7) 37 (28.7)
pT3-4 190 (90.5) 766 (81.3) 92 (71.3)

pN category <.001 <.001
pNO 85 (40.5) 471 (50.0) 89 (69.0)
pN1-2 125 (59.5) 471 (50.0) 40(31.0)

Distant metastasis .001 .001
MO 167 (79.5) 775 (82.3) 122 (94.6)
M1 43 (20.5) 167 (17.7) 7(5.4)

TNM stage <.001 <.001
L 76 (36.2) 448 (47.6) 87 (67.4)
I, v 134 (63.9) 494 (52.4) 42 (32.6)

Lymphovascular invasion <.001 <.001
Absent 97 (46.2) 543 (57.6) 96 (74.4)
Present 113 (63.9) 399 (42.4) 33 (26.6)

Perineural invasion <.001 <.001
Absent 133 (63.3) 730 (77.5) 113 (87.6)
Present 77 (36.7) 212 (22.5) 16 (12.4)

Differentiation (grade) 612 923
Differentiated (G1/2) 200 (95.2) 906 (94.2) 122 (94.6)
Undifferentiated (G3/4) 10 (4.8) 36 (3.8) 7(5.4)

Tumor budding <.001 <.001
Absent 48 (22.9) 256 (27.2) 57 (44.2)
Present 162 (77.1) 686 (72.8) 72 (65.8)

Tumor-infiltrating lymphocytes (400 x magnification) <.001 <.001
Low (<8) 164 (78.1) 739 (78.4) 72 (55.8)
High (>8) 46 (21.9) 203 (21.6) 57 (44.2)

Mucin production .002 581
Absent 176 (83.9) 839 (89.1) 102 (79.1)
Present 34 (16.2) 103 (10.9) 27 (20.9)

Values are presented as median (range) or number (%).

(hazard ratio [HR], 1.27; 95% confidence interval [CI], 1.01 to
1.60; p =.042) (Table 3), and for 7-year CSS (HR, 1.45; 95%
CI, 1.06 to 1.99; p =.022), after adjustment for TNM stage,
tumor differentiation, adjuvant chemotherapy, and lymphovas-

cular invasion.
DISCUSSION

To the best of our knowledge, this is the second largest study
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focusing on the clinicopathologic and prognostic implications
of SMAD4 expression in CRC, and the largest in an Asian pop-
ulation. While the largest previous study was performed on
1,381 stage II or III CRC patients enrolled at a pan-European
clinical trial for adjuvant chemotherapy,'® our cohort consisted
of 1,281 retrospectively collected patients ranging from stage I
to IV. By combining CIMP analysis with additional histologic
features such as tumor budding and TILs, we identified the
general expression status of SMAD4 and its association with
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Table 2. Molecular characteristics of colorectal cancers according to SMAD4 expression

SMAD4-loss SMAD4-low SMAD4-high for difference for trend
(n=210, 16.4%) (n=942, 73.5%) (n=129, 10.1%) P P

KRAS mutation .866 .606
Absent 143 (68.1) 657 (69.7) 91 (70.5)
Present 67 (31.9) 285 (30.3) 38 (29.5)

BRAF mutation (n=1,278) .094 .330
Absent 196 (93.3) 906 (96.5) 122 (94.6)
Present 14 (6.7) 33(3.5) 7(5.4)

MSI <.001 <.001
MSS 204 (97.1) 889 (94.4) 93 (72.1)
MSI 6(2.9 53 (5.6) 36 (27.9)

CIMP 2297 .001
CIMP-N, P1 209 (99.5) 930 (98.7) 122 (94.6)
CIMP-P2 1(0.5) 12 (1.3 7(5.4)

MLH1 promoter methylation <.001 <.001
Unmethylated 205 (97.6) 921 (97.8) 112 (86.9)
Methylated 5(2.4) 21 (2.2 17 (18.2)

CK7 expression (n=1,277) 273 120
Absent 186 (89.4) 868 (92.3) 121 (93.8)
Present 22 (10.6) 72(7.7) 8(6.2)

CK20 expression (n=1,271) <.001 <.001
Retained 183 (88.8) 780 (83.3) 90 (69.8)
Loss 23(11.2) 156 (16.7) 39(30.2)

CDX2 expression (n=1,262) .001 .001
Retained 166 (80.6) 831 (89.4) 116 (91.3)
Loss 40 (19.4) 98 (10.6) 11(8.7)

Values are presented as median (range) or number (%).
MSI, microsatellite instability; MSS, microsatellite stable; CIMP, CpG island methylator phenotype; CIMP-N, CIMP-negative; CIMP-P1, CIMP-positive 1; CIMP-

P2, CIMP-positive 2; CK, cytokeratin.

p-value with Fisher exact test.
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Fig. 2. Kaplan-Meier survival curves according to the nuclear SMAD4 expression. (A) 5-Year progression-free survival. (B) 7-Year cancer-

specific survival.

clinicopathologic and molecular features of CRC.

Most previous studies evaluated SMAD4 expression based on
two-tier classification: loss versus no loss, or low versus high ex-
pression,”®!*1H 171820 Because of ambiguities in the defini-
tion of low expression, the reported prevalence of low-level
SMAD4 expression varied significantly from 2.34% to 75.2%.
On the other hand, studies that adopted a multi-tier classifica-
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tion reported relatively homogeneous results, with the preva-
lence of low-level SMAD4 expression ranging from 9.3% to
37.7%.%1*'° Considering the presence of an apparent loss,
overexpression, and intermediate expression of SMAD4, we felt
it more appropriate to use a three-tier classification (loss, low-
level, and high-level) of SMADA4 expression. As a result, 16.4%
of our cases were identified as SMAD4 loss, which falls within
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Table 3. Multivariate Cox proportional hazard analysis with respect to 5-year PFS and 7-year CSS

5-Year PFS 7-Year CSS
HR (95% Cl) p-value HR (95% Cl) p-value
Stage (Il V vs |, ) 4.57 (3.47-6.00) <.001 4.99 (3.38-7.37) <.001
Grade (G3/4 vs G1/2) 1.80 (1.27-2.56) .001 1.62 (0.95-2.75) 077
Post-operative chemotherapy (yes vs no) 0.63 (0.49-0.81) <.001 0.34 (0.25-0.47) <.001
Lymphovascular invasion (yes vs no) 1.83(1.48-2.26) <.001 2.22 (1.63-3.03) <.001
SMADA4 expression (loss vs retained) 1.27 (1.01-1.60) .042 1.45 (1.06-1.99) 022

PFS, progression-free survival; CSS, cancer-specific survival; HR, hazard ratio; Cl, confidence interval.

the range of previous reports.

Consistent with the previous studies,”"” we observed a signif-
icant association between SMAD4 loss and higher pT and pN
category, and frequent distant metastasis. Consequently, we con-
firmed the value of SMAD4 loss as a prognostic factor for poor
CSS and PFS of CRC. In colonic epithelial cells, TGF-f signal-
ing reduces proliferation and promotes apoptosis and differenti-
ation.” Because SMADA4 translocates to the nucleus by forming
a heterodimeric complex with SMAD2/3 that is phosphorylated
by the activated TGF-P receptor,” it is intuitive that the immu-
nohistochemical loss of nuclear SMAD4 expression suggests a
concomitant loss of TGF- signaling, which leads to uncontrolled
proliferative behavior.

Interestingly, we observed that some tumors overexpressed
SMAD4 and those tumors tend to be MSI, CIMP-P2, and have
their MLHI promoter methylated. Along with the association
between fungating gross type, these data collectively suggested
an association between the sporadic MSI-high (MSI-H)/CIMP-
high phenotype and overexpression of nuclear SMAD4. Alchough
the meaning of SMAD4 overexpression is not straightforward,
such a trend has been reported previously.”'*” One possibility
is that overexpression of SMAD4 in MSI-H tumors might be
the consequence of a compensatory mechanism for mutational
inactivation of the TGF-P signaling pathway; i.e., some ma-
chineries in the pathway, such as transforming growth factor 3
receptor II (IGFBR?) or activin type II receptor (ACVR?2), are
prone to mutations when mismatch repair is impaired.”” At the
same time, there are reports suggesting various bypass mecha-
nisms to overcome such mutations.”* Further mechanistic studies
are needed to confirm this hypothesis.

A novel finding in our study was the gradual increase of
CDX2 expression as nuclear SMAD4 increased, while CK20
showed the opposite trend. Although this is in contrast with our
previous report that expression of both CK20 and CDX2 got
lost according to CpG island methylation,* the proportional
relationship of CDX2 and SMAD4 is consistent with some pre-
vious reports. In stomach, it has been reported that SMAD4 can
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activate the promoter of CDX2, and knockdown of SMAD4
led to the decreased expression of CDX2.” Concomitant loss of
SMAD4 and CDX2 was also observed in colorectal juvenile polyps
obtained from juvenile polyposis syndrome patients.”® The loss
of CK20 expression could be explained as a consequence of epi-
thelial mesenchymal transition (EMT). It is known that switch
of intermediate filaments from cytokeratin to vimentin occurs
during EMT." It has been reported that the immunohistochem-
ical expression of SMAD4 was positively correlated with that of
EMT-related transcription factors such as Snail-1 and Twist-1,"
and silencing of SMAD4 inhibited EMT.* Consequently, an
intriguing hypothesis emerges that overexpression of SMAD4
accompanied loss of CK20 by promoting EMT.

Consistent with a previous study,'” we observed a significant
association between low TIL infiltration and SMAD4 loss. Al-
though this could be a secondary effect of the MSI status, there
are a series of reports on the correlation between SMADA loss
and CCL15 expression.””” These researchers demonstrated that
the loss of SMAD4 upregulated CCL15, which resulted in re-
cruitment of CCR1+ cells at the invasive front. CCR1+ cells are
phenotypically myeloid-derived suppressor cells (MDSC) and
express immunosuppressive molecules such as indoleamine 2,3-
dioxygenase. Using mouse models, these researchers demonstrated
that the loss of SMAD4 promoted pulmonary and hepatic me-
tastasis through the CCL15-CCR1 axis. It is plausible that the
MDSCs are also responsible for the lower TIL infiltration we
observed for tumors with SMAD4 loss.

In conclusion, we confirmed the value of determining expres-
sion of SMAD4 immunohistochemically as an independent prog-
nostic factor for CRC in general. Furthermore, we identified
some histologic and molecular features that might be clues to
elucidate the role of SMAD4 in colorectal tumorigenesis and
progression. Further studies are needed to validate these findings
with an independent large-scale series of CRC cases.
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Supplementary Fig. S1. The expression status of SMAD4 according to TNM stage. X-axis denotes TNM stage; total number of patients
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