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The loss of the epithelial architecture and cell polarity/differenti-
ation is known to be important during the tumorigenic process.
Here we demonstrate that the brush border protein Myosin la
(MYO1A) is important for polarization and differentiation of colon
cancer cells and is frequently inactivated in colorectal tumors by
genetic and epigenetic mechanisms. MYOTA frame-shift muta-
tions were observed in 32% (37 of 116) of the colorectal tumors
with microsatellite instability analyzed, and evidence of promoter
methylation was observed in a significant proportion of colon can-
cer cell lines and primary colorectal tumors. The loss of polariza-
tion/differentiation resulting from MYO1A inactivation is asso-
ciated with higher tumor growth in soft agar and in a xenograft
model. In addition, the progression of genetically and carcinogen-
initiated intestinal tumors was significantly accelerated in Myo7a
knockout mice compared with Myo7a wild-type animals. More-
over, MYO1A tumor expression was found to be an independent
prognostic factor for colorectal cancer patients. Patients with low
MYO1A tumor protein levels had significantly shorter disease-free
and overall survival compared with patients with high tumoral
MYO1A (logrank test P = 0.004 and P = 0.009, respectively). The
median time-to-disease recurrence in patients with low MYO1A
was 1y, compared with >9 y in the group of patients with high
MYO1A. These results identify MYO1A as a unique tumor-suppres-
sor gene in colorectal cancer and demonstrate that the loss of
structural brush border proteins involved in cell polarity are im-
portant for tumor development.

oss of cell polarity, differentiation, and tissue architecture are

hallmarks of advanced metastatic carcinomas and strongly
correlate with poor patient prognosis (1). The mechanisms reg-
ulating this epithelial-to-mesenchymal transition are well char-
acterized (2). However, the importance of the loss of cell polarity
and differentiation during premetastatic epithelial tumorigenesis
is not well understood. Recent evidence from model organisms
indicates that genes regulating cell polarity and differentiation in
epithelial cells can have tumor-suppressor activity, although the
role of polarity regulators in human cancer has not been thor-
oughly investigated (1, 3, 4). The Ser/Thr kinase 11 (STK11; also
known as LKB1) regulates cellular metabolism and proliferation
and has recently been shown to be a master regulator of polarity
in epithelial cells (5, 6). Germ-line STK11/LKBI mutations are
responsible for Peutz-Jeghers syndrome, an autosomal dominant
genetic disease characterized by the development of benign
hamartomatous intestinal polyps and predisposition to different
types of cancer, including colorectal cancer (7-9). Importantly,
the suppressor activity of STK11/LKBI1 in intestinal epithelial
cells seems to be associated with the regulation of cell polarity
and differentiation rather than its role in cell cycle and meta-
bolic control (10). However, STKI1/LKBI mutations are rare in
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sporadic colorectal tumors and epigenetic inactivation is not
frequently observed (11-13), suggesting that alternative genetic/
epigenetic mechanisms exist in intestinal tumor cells to disrupt
epithelial cell polarity and differentiation during the earlier
stages of the tumorigenic process.

The intestinal epithelium is among the most rapidly pro-
liferating tissues in the human adult body. This cell monolayer
lining the inner surface of the intestine is in constant renewal,
with cells rapidly proliferating in the lower part of the intestinal
crypts of Lieberkuhn. These immature cells migrate toward the
top of the crypts and into the villi of the small intestine or the flat
colonic mucosa as they differentiate, and are eventually shed into
the intestinal lumen (14). The stem cells of the system are lo-
cated in the bottom of the crypts (15, 16) and give rise to all of
the cell types of this epithelium, namely, absorptive, goblet,
enteroendocrine, and Paneth cells. Differentiated intestinal ep-
ithelial cells are highly polarized with a well-defined apical and
basolateral domain. Differentiated cells of the absorptive lineage
show a characteristic apical brush border consisting of a tight
array of microvilli that significantly increase the contact surface
with the intestinal contents. The core of each microvillus is
maintained by a dense bundle of actin filaments cross-linked by
fimbrin, villin, and espin. Myosin Ia (MYO1A) is a major com-
ponent of the cytoskeleton that underlies and supports the apical
brush border of the enterocytes (17). MYOI1A forms a spiral
array of bridges that links the microvillar actin core to the
membrane (18-20). The loss of structural proteins supporting
the complex cytoskeleton of the brush border is generally be-
lieved to be the result of the de-differentiation and loss of po-
larization occurring during tumor progression. A causative role
for these proteins in the tumorigenic process has never been
observed. Here we show that the gene encoding Myosin Ia
(MYO1A) regulates the polarization/differentiation of colorectal
cancer cells, is frequently mutated/methylated in colorectal
tumors, and has tumor-suppressor activity.
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Results

Frequent MYO1A Mutations in Colorectal Tumors with Microsatellite
Instability. A subset of colorectal tumors accumulates mutations
mainly in microsatellite repeats throughout the genome because
of defects in mismatch repair mechanisms. Frame-shift muta-
tions in coding microsatellites of tumor-suppressor genes may
confer a growth advantage to cancer cells and are therefore
observed at high frequency in colorectal tumors with micro-
satellite instability (MSI). We found frame-shift mutations in an
A8 microsatellite repeat located in the last exon (Ex 28) of
MYOIA in 44.4% (16 of 36) and 31.3% (42 of 134) of MSI co-
lorectal cancer cell lines and primary tumors, respectively (SI
Appendix, Fig. S1 A and B, and Tables S1 and S2). No mutations
were observed in the matching normal DNA of these cases. As
a control, a noncoding A8 microsatellite in intron 22-23, located
4.7-Kb upstream of the coding A8 in exon 28, showed no
mutations in a subset of 23 MSI primary colorectal tumors and
11 MSI lines studied (Fisher’s exact test, P < 0.0001). Moreover,
the frequency of mutations in MYOIA observed was above the
95% prediction interval expected for A8 repeats when plotted
against the mutation frequency in a series of 62 intronic A/T
repeats in MSI colorectal tumors (SI Appendix, Fig. S1C), col-
lectively suggesting that the mutations observed in MYOIA are
clonally selected and confer a growth advantage to these tumors.
The full MYOIA coding region of seven MSI colorectal cancer
lines with heterozygous mutations in the A8 tract in Exon 28 was
sequenced, and no additional mutations were found. To further
investigate the role of MYOIA4 mutations in tumor progression,
we also sequenced this region in 17 MSI adenomas and found
2 A8—A7 mutations (11.8%). A significant association was
observed between mutation frequency and tumor stage (S Ap-
pendix, Fig. S1D). MYOIA was mutated in 19% of the pre-
malignant lesions (adenomas) and tumors that have not invaded
through the intestinal wall (Dukes A) compared with 35% of the
tumors that had invaded through the gut wall or metastasized to
regional lymph nodes or distant organs (Dukes B-D; Fisher’s
exact test, P = 0.04), suggesting that MYOIA inactivation is
important for local tumor invasion through the intestinal wall but
does not confer an increased metastatic potential.

Fifty-five of the 58 mutations (95%) observed in the tumor lines
and primary colorectal tumors studied were deletions of one A in
the A8 repeat in exon 28 of MYOIA (MYO1A*™UT) (ST Ap-
pendix, Fig. S14). This mutation causes a frame-shift and a pre-
mature stop codon and, as a result, the last 11 amino acids of the
wild-type MYOI1A are replaced by 7 different amino acids (S/
Appendix, Fig. S2A4). Previous studies have shown that the tail
domain of MYOI1A is necessary and sufficient for localization to
the plasma membrane (21, 22). To investigate the effects of the
observed MYOI1A mutations on its function and subcellular lo-
calization, wild-type or mutant full-length MYO1A and MYO1A
tail domain were transfected into Caco2 colon cancer cells and
the derivative clone Caco2gg.. Transfection of the full-length
wild-type EGFP-MYOIA protein and the wild-type EGFP-tail
domain (SI Appendix, Fig. S2B) showed membrane localization in
both undifferentiated (Fig. 14) and fully differentiated Caco2
cells (Fig. 1E). In contrast, the EGFP/ERFP-tagged full-length
MYOIAA™MUT and tailAMUT Gomain mutant proteins failed to
localize to the membrane and were instead mislocalized to the
cytoplasm in both undifferentiated and differentiated Caco2 cells
(Fig. 1 B and H), demonstrating that the frequently observed
MYO1A”" mutations interfere with the subcellular localization
of MYO1A.

Promoter Methylation Regulates MYO1A Expression. Although no
mutations were found in the coding region of 10 microsatellite
stable (MSS) colon cancer cell lines, we found frequent pro-
moter hypermethylation in both MSI and MSS colon cancer cell
lines. Despite the absence of a dense CpG island in the MYOIA4
promoter (SI Appendix, Fig. S3), quantitative assessment of the
levels of methylation in two CpG dinucleotides located —154 bp
and +271 bp relative to the transcription start site revealed
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Fig. 1. MYO1A A8->A7 mutations affect the localization of the protein and
the polarization of colon cancer cells. (A-C) Cotransfection of wild-type
EGFP-MYO1A™ and mutant ERFP-MYO1A*"MYT demonstrated that the
mutant protein mislocalized to the cytoplasm of undifferentiated Caco2
cells. (D-I) An orthogonal view of differentiated Caco2gg, cells. Alexa 568-
labeled Phalloidin was used to visualize F-actin. Wild-type MYO1A EGFP-
tail"* showed membrane localization (D-F) compared with the cytoplasmic
localization of mutant MYO1A EGFP-tail*”™YT (G-I). F-actin was reduced in
the apical membrane of MYO1A EGFP-tail*’MYTexpressing cells (G, white
arrowhead). ZO-1 immunostaining demonstrated that MYO1A EGFP-
tail*”MYT_expressing Caco2gg. cells exhibit loss of tight junctional integrity
(z-axis stack; J-K). (Inset) Higher magnification of the indicated areas dem-
onstrating loss of ZO-1 membrane staining in EGFP-Tail*’MYT transfected
cells. Induction of LKB1/STK11 expression resulted in the polarization of most
LS174T-W4 cells characterized by the apical accumulation of actin within 24 h
(white arrowheads in L and M). The number of polarized cells 24 h after
LKB1/STK11 activation was significantly reduced following transfection of
either mutant EGFP-MYO1AYMYT (1, mean + SE; Student’s t test, *P = 0.03)
or cotransfection of EGFP and shMYO1A (M; mean + SE; Student’s t test, *P =
0.01), compared with the corresponding pEGFP-C3 empty vector, EGFP-
MYO1A"YT and nontarget shRNA (shNT) controls. Rhodamine-Phalloidin was
used to visualize F-actin (red). White arrows show unpolarized transfected
cells. The average (+ SE) of three independent experiments is shown. Original
magnification is 600x.

frequent methylation in a panel of 46 colorectal cancer cell lines
(50% of the lines showed levels of methylation >50%) (SI Ap-
pendix, Fig. S3 and Table S2). Moreover, the levels of methyla-
tion in these two CpGs correlated positively with each other
(Pearson’s r = 0.75; P < 0.0001) (SI Appendix, Fig. S44) and
negatively with the levels of mRNA expression in these cell lines
(Pearson’s r = —0.54; P = 0.005) (SI Appendix, Fig. S4B). Al-
though normal colonic mucosal samples typically contain high
levels of contamination with nonepithelial cells, the average level
of MYOIA promoter methylation at CpG —154 bp and +271 bp
was significantly lower in normal colon samples compared with
normal breast, stomach, ovary, lung, or kidney samples (Stu-
dent’s ¢ test, P < 2.6 x 107 (SI Appendix, Fig. S4C). Analysis of
a series of 122 primary colorrectal tumors demonstrated that the
levels of methylation at these CpG dinucleotides were signifi-
cantly correlated with the levels of MYO1A mRNA expression
(Pearson’s r < —0.41; P < 0.0001) (SI Appendix, Fig. S4 D and E).
Methylation was confirmed by direct sequencing of bisulfite
treated DNA in a subset of samples (SI Appendix, Fig. S3 and
Table S2). The activity of cellular DNA methyltransferases was
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reduced in cell lines with high MYOIA promoter methylation
using either a pharmacologic (5-Aza-2'-deoxycytidine treatment
in HCT116 and Col15 cells) or genetic approach (targeted de-
letion of the DNA methyltransferases DNMT1 and DNMT3b in
HCT116 cells) and resulted in a reduction in the levels of
methylation in the MYOIA4 promoter (SI Appendix, Fig. S5 A, C,
E, and F) that was associated with a significant increase in the
levels of expression of MYO1A (SI Appendix, Fig. S5 B, D, and
G). Collectively, these results demonstrate that MYOIA pro-
moter methylation is a common event that regulates MYOIA
expression in colorectal tumors.

MYO1A Regulates Differentiation and Polarization of Colon Cancer
Cells. Because MYO1A is important for the apical localization of
additional brush border proteins (22), we next assessed whether
MYOI1A can regulate cell polarity and differentiation of colon
cancer cells. The apical accumulation of F-actin is a hallmark of
epithelial differentiation along the absorptive cell lineage (5).
Fully differentiated Caco2 cells, which express high levels of wild-
type MYOI1A protein (S Appendix, FigMSGA), when transfected
with the mutant MYO1A EGFP-tail*™YT frequently failed to
develop the characteristic accumulation of actin in the apical
brush border (Fig. 1G). In addition, mutant EGFP-tail*"™Y™.
expressing cells exhibit loss of tight junctional integrity as assessed
by reduced levels of the junction-associated protein ZO-1 (Fig. 1J
and K). To further investigate the role of MYO1A in the polari-
zation of colon cancer cells, we used an in vitro system where
a fully polarized phenotype can be induced by constitutive over-
expression of the pseudokinase STRAD and inducible expression
of LKB1/STK11 in LS174T-W4 colon cancer cells (5) that express
endogenous wild-type MYO1A (SI Appendix, Fig. S7 and Table
S2). Transfection of either shtMYO1A (which induced a 51%
decrease in MYO1A protein e)l\(/Pression) (SI Appendix, Fig. S8)
or mutant EGFP-MYOIA*™YT into’ LS174T-W4 cells in-
terfered with the polarization of these cells upon induction of
LKB1/STK11, compared with the nontarget ShRNA or empty
vector/EGFP-MYO1A™ controls, respectively (Fig. 1 L and M).
Moreover, stable shRNA-mediated down-regulation of MYO1A
in Caco2 cells (SI Appendix, Fig. S6A4) resulted in significantly
reduced activity of alkaline phosphatase, sucrose isomaltase, and
dipeptidyl-peptidase 4, three markers of differentiation along the
absorptive cell lineage (SI Appendix, Fig. S6 B-D). In addition,
dome formation following 21 d of confluent culture, an additional
marker of differentiation of Caco2 monolayers (23), was also
significantly reduced in cells transduced with shMYO1A com-
pared with parental and nontarget shRNA transduced Caco2 cells
(81 Appendix, Fig. S6E). Moreover, although SW403 cells do not
undergo significant differentiation under confluent culture con-
ditions, shRNA-mediated MYO1A knockdown interfered with
the capacity of these cells to differentiate after treatment with the
short-chain fatty acid butyrate, a potent inducer of differentiation
in colorectal cancer cells (SI Appendix, Fig. S9). Collectively,
these experiments demonstrate that MYO1A regulates the po-
larization and differentiation of colon cancer cells.

MYO1A Inhibits Tumor Growth. To investigate the possible func-
tional contribution of the loss of MYO1A to tumor progression,
we next investigated whether MYO1A regulates the growth of
colon cancer cells using Caco2 and SW403 cells stably expressing
shMYOA. Knockdown of MYO1A in these two cell lines (Fig. 2
A and D) resulted in a significant increase in the number of
colonies observed when cells were grown in soft-agar medium
compared with either the parental cell line or the nontarget
shRNA control (Fig. 2 B and E), demonstrating that reduced
MYOI1A levels significantly improved the anchorage-indepen-
dent growth of colon cancer cells. Moreover, when these cell
lines were grown as xenografts in immunocompromised mice,
MYOI1A knockdown sublines grew significantly faster than the
nontarget shRNA control lines (Fig. 2 C and F), indicating that
reduced MYOI1A levels confer a growth advantage to colon
cancer cells in vivo.
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Loss of MYO1A Accelerates Tumor Progression. To further in-
vestigate the role of MYO1A on intestinal tumorigenesis, we
used a mouse model where the first three exons of Myola have
been replaced by a neo/ura selection cassette, resulting in the
complete absence of Myola protein (24). Although Myola
knockout (KO) mice show important structural and composi-
tional defects in the brush border domain of the intestinal epi-
thelium, inactivation of Myola alone is not sufficient to initiate
intestinal tumorigenesis (24). We therefore used both a genetic
(Apc mutations; Apc™" mouse model) and a pharmacological
(azoxymethane, AOM) approach to initiate intestinal tumori-
genesis in Myola KO mice. Using the genetic model of tumor
initiation, we found that animals were born at Mendelian ratios
(78/138/73 for Myola™'*, Myola™'~, and Myola™", respectively)
and the weight of the animals with different genotype at 153 or
214 d of age was not significantly different (Student’s ¢ test, P >
0.1). However, introduction of a heterozygous or homozygous
deletion of Myola in mice bearing the Apc™" mutation resulted
in a significant shortening of their lifespan (Fig. 34). The median
survival of the animals in the Apc™™*;Myola™'* group was
378 d, which was reduced to 329 d (13%; logrank test, P = 0.02)
and 245 d (35%; logrank test, P = 0.0003) for the Apc”””/ +
Myola™'~ and Apc™™'*;Myola™~ groups, respectively. In good
agreement, scoring of microscopically and macroscopically visi-
ble small intestinal tumors demonstrated a significantly higher
number of tumors in Apc™ ™ :Myola™~ and Apc™™'*:Myola™*'~
mice compared with Apc™™*;Myola*'* animals (Fig. 3B).
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Fig. 2. MYO1A regulates the growth of colon cancer cells. Western blot
analysis demonstrated that stable shRNA transduction resulted in reduced
MYO1A levels in Caco2 and SW403 colon cancer cells (A and D) (Par, parental
cells; shNT and shMYO1A, cells transduced with a nontarget shRNA or
shMYO1A, respectively). MYO1A knockdown cells showed increased
anchorage-independent growth in soft agar medium (B and E) (mean of
three independent experiments run in triplicate; Student’s t test *P < 0.001).
A significantly faster growth of the shMYO1A SW403 (C) and shMYO1A
Caco2 (F) cells was observed in a xenograft model compared with the cor-
responding nontarget shRNA sublines.
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Although Myola inactivation did not affect the average tumor
size, we found >twofold increase in the number of infiltrating
adenocarcinomas in Apc™/*;Myola™~ compared with Apc™™'*;
Myola™* animals (11.9% versus 5.6%, respectively; Student’s ¢
test, P = 0.05) (Fig. 3 C-F and SI Appendix, Fig. S10). Exami-
nation of the normal mucosa demonstrated no differences in the
total number of cells per crypt/villus or the frequency of goblet,
Paneth, or enteroendocrine cells between Apc™™*;Myola™'*
and Apc™™/*:Myola™~ mice (SI Appendix, Fig. S11). Similarly,
no differences were observed in the number of proliferating cells
either in the normal epithelium or intestinal tumors from Apc™™/*
mice that were Myola™™, or Myola™~ (SI Appendix, Fig. S12). As
an alternative mechanism to initiate intestinal tumorigenesis we
used AOM, an intestinal-specific chemical carcinogen. Consistent
with findings made in the Apc™" model, we observed a signifi-
cantly higher number of tumors in the small intestine of Myola™'*
mice compared with Myola™'* animals (2.5 + 1.3 vs. 0.8 + 0.7
tumors per mouse, respectively; Student’s ¢ test; P = 0.001) (SI
Appendix, Fig. S13). When taken together, these results demon-
strate that inactivation of Myola is an important event contrib-
uting to intestinal tumor progression and may participate in the
adenoma-to-carcinoma transition.

Low Levels of MYO1A Are Associated with Shorter Survival of
Colorectal Cancer Patients. Because Myola inactivation acceler-
ated the oncogenic process in mouse models of intestinal tu-
morigenesis, we next investigated the possible association
between MYOI1A tumor levels and prognosis of patients with

00

Cd
®

@
-]

Tumor number
o 8

Percent Survival

Ape s 4 4
Myola  +f+ 4/ -

* (n=23)
o (n=34)
" (n=21)

600

200 400
Survival (Days)

Normal mucosa Adenoma

Mean number of
carcinomas per mouse
-

o

-
—H

P
Myola  sfe  ef- -

Fig. 3. Role of Myo1a in intestinal tumorigenesis using a murine KO model.
The inactivation of one or two copies of Myo7a in mice bearing heterozy-
gous mutations of the tumor suppressor gene Apc resulted in significantly
reduced animal lifespan (A). The P values of the logrank tests for the com-
parison of the survival of Myo7a*~ and Myola™" relative to Myola** ani-
mals were P = 0.022 and P = 0.0003, respectively. (B) The number of tumors
observed in histological sections of the full small intestine of 30-wk-old
Apc”in*:Myola™" (n = 15; t test, **P = 0.004) and ApcM™*:Myo1a*~ (n=7;
t test, *P = 0.05) animals was significantly higher than in the Apc™™*;
Myo1a"’+ control mice (n = 11). Mean =+ SD is shown. Examples of the normal
small intestine as well as intestinal adenomas and adenocarcinomas are
shown in C, D, and E, respectively. Original magnification was 200x. (F) The
average number of infiltrating adenocarcinomas in 30-wk-old ApcMn™;
Myola™" mice was significantly higher than in Apc"™*:Myo1a*™* animals
(mean + SD; Student’s t test; *P = 0.05).
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colorectal cancer. For this purpose we assessed the tumor levels
of MYOL1A protein in a series of 155 colorectal cancer patients
with locally advanced disease (Dukes C) using immunohisto-
chemical staining of sections of a tissue microarray (Fig. 4 A-F
and SI Appendix, Table S3). Patients with low MYO1A tumor
protein levels had significantly shorter disease-free and overall
survival compared with patients with high tumoral MYO1A (Fig.
4 G and H and SI Appendix, Fig. S14) (logrank test, P = 0.004
and P = 0.009, respectively). The median time-to-disease re-
currence in Dukes C patients with low MYO1A was 1y, com-
pared with >9 y in the group of patients with high MYO1A.
Multivariate analysis showed that MYO1A remained a good
marker of prognosis of colorectal cancer patients (overall and
disease-free survival, Cox regression, P < 0.04; covariates: pa-
tient age, sex, adjuvant treatment, tumor location, and grade).
Twenty-one of the 155 tumors in the tissue microarray were MSI
and MYO1A mutation data were availableA allowing analysis of
a possible association between MYOIA™ mutations and ex-
pression levels. A significant reduction in MYO1A protein levels
was observed in MSI tumors with MYOIA mutations (n = 13)
compared with MSI tumors without mutations (n = 8; average
score 2.1 £ 0.9 vs. 3.1 = 0.9, respectively; Student’s ¢ test, P =
0.031). However, no difference in MYO1A protein expression
was observed in primary Dukes C tumors and matched lymph
node metastases (n = 16; average score 2.5 + 0.6 vs. 2.2 + 0.8
respectively; Student’s ¢ test, P = 0.24).

Discussion

Structural proteins of the brush border of the intestinal epi-
thelium have been shown to be lost or reduced during tumor
progression (18-20), and this is generally believed to be the
result of the loss of differentiation/polarization accompanying
this process. However, we show here that the loss of MYO1A
drives the tumorigenic process in intestinal tumors. We found
frame-shift MYOIA mutations in one-third of MSI colorectal
tumors and the A8— A7 mutation frequently observed disrupts
membrane targeting of MYO1A and interferes with polariza-
tion/differentiation of colon cancer cells. Although the pro-
moter region of MYOIA does not contain a dense CpG island,
methylation of promoter regions that are not within CpG islands
has been shown to be important for the regulation of the tran-
scriptional activity (25, 26). We therefore investigated the con-
tribution of CpG methylation to MYOI1A silencing in colorectal
cancer tumor cells and found evidence of MYOIA promoter
hypermethylation in a significant proportion of colorectal cancer
cell lines and primary tumors tested. Moreover, there was an
inverse correlation between MYO1A expression and promoter
methylation, and treatment with a DNA methyltransferase in-
hibitor or genetic inactivation of DNA methyltransferase activity
led to reduced levels of methylation in the MYOIA promoter
and increased MYO1A expression in colon cancer cell lines that
showed promoter methylation, indicating that promoter hyper-
methylation is an alternative mechanism of gene silencing in
both MSS and MSI colorectal tumors. Ectopic expression of the
mutant MYO1A*” form in colon cancer cells that express high
endogenous levels of wild-type MYO1A (Caco2 and LS174T
cells) leads to a loss of polarization/differentiation, suggesting
a dominant-negative effect, probably through the sequestration
of additional proteins necessary for the function of the wild-type
MYOI1A. In good agreement, overexpression of the mutant
MYOI1A and knockdown of the wild-type endogenous MYO1A
phenocopy each other in vitro. However, the lower levels of
expression observed in MSI tumors with MYO1A”’ mutations
suggest that the relevance of the dominant-negative activity of
the mutant protein may be limited in primary colorectal tumors.

MYO1A Is Important for STK11/LKB1-Mediated Polarization/Differen-
tiation of Colon Cancer Cells. STK11/LKB1 has been shown to be
a key regulator of cell polarity in organisms ranging from yeast to
humans. The role of STK11/LKB1 in maintaining the polarity of
the intestinal epithelium is highlighted by the fact that germ-line

PNAS | January 31,2012 | vol. 109 | no.5 | 1533

CELL BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1108411109/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1108411109/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1108411109/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1108411109/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1108411109/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1108411109/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1108411109/-/DCSupplemental/sapp.pdf

L T

/

D\

Surviving fraction
e
2

v
ar

0.754

0.50+

0.254

Surviving fraction

— High (n=95) n=155 — High (n=95) n=155
— Low (n= 60) p=0.004 = Low (n=60) p=0.009

T T T
[ 2 4 6 8 10 2 4 6 8 10

Disease-free survival (years) Overall survival (years)

Fig. 4. MYO1A and prognosis of colorectal cancer patients. (A) MYO1A
immunostaining showed the expected accumulation in the apical brush
border of the normal human colonic mucosa (arrowhead). Colorectal human
tumors showed variable staining intensity, ranging from levels similar to
normal epithelial cells to undetectable levels (B—F). (Lower) Higher magni-
fication of the indicated regions. Magnification for the upper and lower
panels was 200x and 600x, respectively. Kaplan-Meier plots show that
patients with low tumor MYO1A levels have shorter disease-free (G) (log-
rank test, P = 0.004) and overall (H) (logrank test P = 0.009) survival than
patients with high tumor MYO1A levels.

mutations of this kinase in humans result in the presence of
intestinal hamartomatous polyps and colorectal cancer pre-
disposition (7-9). Although STK11/LKBI1 has important func-
tions as a regulator of multiple biological processes and sig-
naling pathways, such as energy metabolism and Wnt or TGF-$
signaling, STK11/LKBI mutations that do not disrupt its kinase
activity but affect its capacity to induce polarization of in-
testinal epithelial cells are sufficient to cause tumor initiation/
progression (10), indicating that the role of STK11/LKBI in cell
polarity is important for intestinal tumor suppression. Here, we
demonstrate that MYO1A is important for the STK11/LKB1-
dependent polarization/differentiation program of colon cancer
cells. Ectopic expression of the mutant MYO1A”” or shRNA-
mediated knockdown in LS174T colon cancer cells significantly
interferes with their capacity to polarize following STK11/
LKBI1 activation. Moreover, transfection of MYO1A tail®’ into
Caco?2 cells also interferes with the differentiation program of
these cells when grown in confluence, which has also been
shown to be STK11/LKB1-dependent (5). Unlike most tumor-
suppressor genes that were initially identified as the underlying
genetic cause of hereditary cancer predisposition and then
found to be frequently mutated in sporadic cancer cases,
STK11/LKB1 mutations are rare in sporadic colorectal tumors
and epigenetic inactivation is not frequently observed (11-13).
Therefore, genetic/epigenetic inactivation of MYOI1A and other
genes downstream of STK11/LKB1 may account for the limited
number of STK11/LKB1 mutations observed in sporadic colo-
rectal tumors.

Strict regulation of protein trafficking and vesicle targeting are
required for apical-basal polarization of epithelial cells (1, 27).
Because Myosin I members have been shown to be important for
the targeted delivery of proteins in polarized cells (22, 28, 29), the
loss of MYO1A may directly interfere with the subcellular locali-
zation of key mediators of cell polarization. Although the detailed
molecular mechanisms underlying the role of MYOIA in polari-
zation downstream of STK11/LKB1 remain to be fully elucidated,
STK11/LKBI1 has been shown to activate AMP-activated protein
kinase, which in turn phosphorylates myosin regulatory light chain
2 (MYL12B/MRLC2) (30). MRLC2 phosphorylation seems to be
necessary and sufficient for polarization of colon cancer cells (30).
Although this myosin light chain has not been reported to directly
regulate Myosin Ia, both MRLC2 (30) and MYO1A colocalize
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with the brush border actin cytoskeleton, providing a possible
mechanistic link between MYO1A and polarization of intestinal
epithelial cells. Alternatively, the loss of MYO1A-dependent lo-
calization of calmodulin to the brush border membrane (24) may
affect the phosphorylation state of MRLC2 through aberrant
regulation of myosin light-chain kinase.

Loss of MYO1A Is Important for Intestinal Tumorigenesis. Although
the molecular mechanisms of the epithelial-to-mesenchymal
transition associated with increased metastatic potential of ad-
vanced tumors are well characterized, the importance of the loss
of polarity/differentiation in tumor cells before the acquisition of
metastatic potential is not well understood. Studies in Drosophila
have convincingly demonstrated that inactivation of genes in-
volved in epithelial cell polarity is important for tumor pro-
gression beyond the hyperproliferative stage (1, 3, 4, 31).
However, examples of the role of polarity genes in early tu-
morigenesis of higher vertebrates are scarce. Mice lacking the
Lethal giant larvae 1 (Lgll) gene show loss of neural progenitor
cell polarity and severe brain dysplasia (32). Furthermore, re-
duced expression of the key polarity regulators Lgl, Dlg, and
Scrib is associated with tumor progression in humans (33-35).

The loss of Myola leads to important defects in the differ-
entiation of normal intestinal epithelial cells. As reported pre-
viously, in the normal intestine, the loss of Myola in the KO
mouse causes defects in enterocyte apical membrane tethering,
loss of intramicrovillar calmodulin, and the resultant secondary
effects of impaired Ca** homeostasis, mis-targeting of sucrase-
isomaltase, destabilization of lipid rafts, and loss of inter-
microvillar MYO6 and MYOIE (24). As discussed above, in
intestinal tumor cells, the loss of MYO1A interferes with their
ability to polarize and differentiate in response to either cell-cell
contact or STK11/LKB1 activation. Moreover, in the mouse
models used, Myola inactivation appears to participate in the
adenoma-to-carcinoma transition and this is illustrated by a sig-
nificantly higher incidence of locally invasive carcinomas in the
intestine of Myola KO mice compared with Myola wild-type
mice following tumor initiation bi’ Apc mutations. However, the
inactivation of Myola in Apc™™'* mice did not lead to a meta-
static phenotype. In human tumors, the loss of MYO1A seems to
contribute to the acquisition of local invasive capacity. This
finding is consistent with the observation that mutation fre-
quency significantly increases as tumors progress from a benign
adenoma to a locally invasive carcinoma (Dukes B) (SI Appendix,
Fig. S1D). However, no further increase in mutation frequency
was observed in late-stage tumors that have metastasized to ei-
ther regional lymph nodes (Dukes C) or distant organs (Dukes
D) compared with locally invasive tumors (Dukes B). Moreover,
we found no differences in the levels of MYOI1A protein ex-
pression in Dukes C primary tumors and matched lymph node
metastases, further indicating that the loss of MYO1A does not
significantly contribute to tumor metastasis.

MYO1A Is an Independent Marker of Prognosis for Colorectal Cancer
Patients. The prognosis of colorectal cancer patients is largely
determined by tumor staging based on the degree of penetration of
the tumor through the intestinal wall and the presence of metas-
tasis in regional lymph nodes or distant organs. However, patients
diagnosed with histopathologically indistinguishable tumors of
the same stage can widely vary in their survival, highlighting the
need for additional markers allowing stratification of patients
with different prognosis. Here we show that the tumor levels of
MYOI1A in patients diagnosed with Dukes C colorectal cancer
were significantly associated with patient survival. The disease-free
survival of patients that retained high tumor levels of MYO1A
was >ninefold longer than patients with low MYO1A tumor levels
(>9.1vs. 1.0y respectively), indicating that MYO1A levels can be
used to predict the probability of patient survival.

In conclusion, these results demonstrate that structural pro-
teins of the intestinal brush border, previously believed to be
passive differentiation markers in colorectal tumors, can actively
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contribute to tumor progression. Therefore, our results indicate
that further investigation of the oncogenic effects of the loss of
additional putative differentiation markers is warranted in co-
lorectal tumors and possibly other tumor types. The results of the
mouse KO models and the genetic data from human colorectal
tumors significantly contribute to elucidate the emerging role of
genes involved in epithelial cell polarity/differentiation on epi-
thelial tumorigenesis.

Materials and Methods

Cell lines and clinical samples: All cell lines were maintained in DMEM medium
supplemented with 10% FBS and 1x antibiotic antimycotic (Invitrogen). The
clinicopathological data of the 134 MSI patients used for the MYOTA mu-
tation screening and the 155 patients in the tissue microarray used for
MYO1A immunostaining are summarized in Tables S1 and S3, respectively.
Sequencing: MYOTA mutations were assessed by direct sequencing of
MYO1A exon 28. Fluorescence microscopy: Caco2 and LS174T-W4 cells were
grown on gelatinized coverslips and transfected (Lipofectamine 2000) with
the indicated vectors. Images were captured with a confocal microscope
(Olympus FV1000). Enzymatic activity assays: The activity of alkaline phos-
phatase (AP), sucrase isomaltase (SI), and dipeptidyl peptidase-4 (DPP4) in
Caco-2 cells that were confluent for 0, 2, 5, 7, 14, or 21 days was assessed as
previously described. Xenograft model: Caco2 and SW403 cells transduced
with shMYO1A and control nontarget shRNA (shNT) were s.c. injected in
athymic nude mice. Tumor growth was monitored for 7 wk. Mouse knockout
strains: Myo7a KO mice were used to investigate the role of Myo1a in tumor
progression initiated by Apc mutations (Apc™™* model) or azoxymethane
treatment (nine weekly i.p. injections of 10 mg/kg). Immunohistochemistry
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and Western blotting: Immunohistochemical staining of formalin-fixed,
paraffin embedded samples following antigen retrieval with 10 mM citrate
buffer pH 6.0 [anti-BrdU, Developmental Studies Hybridoma Bank; anti-
MYO1A (24)] or 1 mM EDTA (lysozyme, Dako). Anti-GAPDH (1:1000; clone
6C5; Santa Cruz) was used as a loading control in Western blot analysis. CpG
methylation assays and Real-Time RT-PCR: The Infinium quantitative meth-
ylation assay (lllumina) was used following manufacturer’s instructions. For
bisulfite sequencing, DNA was treated with bisulfite and sequenced. MYO1A
promoter methylation and expression levels of primary colorectal tumors
were obtained from The Cancer Genome Atlas (http:/cancergenome.nih.
gov/). For gPCR, total RNA was extracted and reverse transcribed, and rela-
tive MYO1A mRNA levels assessed by real-time PCR using SYBR Green Master
Mix (Applied Biosystems). 185 rRNA was used as a standardization control
for the 2-AACt method. Primer sequence and PCR conditions can be found in
Table S5. Additional materials and methods are described in S/ Materials
and Methods.
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SUPPORTING MATERIALS AND METHODS

Cell lines and clinical samples. All the colorectal
cancer cell lines used in this study (see Table S2)
were maintained on Dulbecco’s modified Eagle’s
medium (DMEM; PAA Laboratories) containing
10% fetal bovine serum (PAA Laboratories) and 1x
antibiotic-antimycotic  (Invitrogen; 10,000 U
penicillin, 10,000 pg of streptomycin, and 25
ng/ml of amphotericin B) at 37°C/5% CO,. LS174T-
W4 cells were a kind gift of Dr. Hans Clevers
(Hubrecht Laboratory and Centre for Biomedical
Genetics, Utrecht, the Netherlands). SW403 and
Caco2 cells were stably transduced with short-
hairpin RNAs by lentiviral infection (MISSION
shRNA Vectors TRCN0000083865 and
TRCNO000083866; Sigma) and subsequently
selected with puromycin (Invitrogen; 4ug/ml and
20ug/ml respectively). RKO cells were stably
transduced with pRECEIVER-Lv19-EGFP-MYQO1A or
the corresponding empty vector control
pRECEIVER-Lv19 by lentiviral infection
(Genecopoeia) and selected with G418 (500ug/ul;
Invitrogen).

Primary colorectal tumor samples were collected
at collaborating medical institutions in Spain and
Finland. Informed consent for genetic analysis of
the tumor sample was obtained from each
patient, according to protocols approved by the
Human Investigations and Ethical Committee in
the appropriate Institution. For MYO1A mutation
screening, DNA was extracted from 36 MSI
colorectal cancer cell lines as well as fresh frozen
tumor and matched normal mucosa samples from
134 MSI colorectal cancer cases. The
clinicopathological features of these patients are
shown in Table S1. A tissue microarray containing

triplicate samples from 155 colorectal cancer
tumors (4) was used for immunohistochemical
assessment of MYO1A levels (mean follow up of
8.7 years; range from 6.8 to 11.2 years). The
clinicopathological features of these patients are
shown in Table S3.

Sequencing. MYO1A mutations were screened by
direct sequencing of PCR amplified genomic DNA
(ABI Prism 3100 sequencer; Applied Biosystem).
PCR primers and conditions are detailed in Table
S5.

Fluorescence microscopy. Cells were grown on
gelatine-coated glass coverslips. Caco2 cells were
transfected (Lipofectamine 2000; Invitrogen) with
the vectors MYO1A EGFP-tail" or MYO1A EGFP-
tail™ " containing the tail-domain of MYO1A
(amino acids 772 to 1043). Cells were non-
confluent or maintained 3 weeks in confluence to
induce full differentiation, fixed in 4%
paraformaldehyde, permeabilized with 0.1%
Triton X-100 and stained with rhodamine-
phalloidin  (0.1uM; Cytoskeleton). Orthogonal
sections were obtained with a confocal
microscope (FV1000 Olympus).

LS174T-W4 cells were transfected with EGFP-
MYO1A*MUT EGFP-MYO1A"™, shMYO1A/pEGFP-
C2 plasmids in parallel with the pEGFP-C2
(Clontech) or non-target shRNA (Mission, Sigma)
respective control vectors. LKB1/STK11
expression leading to a polarized phenotype(5)
was induced by doxycyclin treatment (5ug/ml).
Cells were fixed with 4% paraformaldehyde 24h
after doxycyclin treatment and stained with
rhodamine-phalloidin (0.1uM; Cytoskeleton). The
number of polarized EGFP-positive cells was
scored using a fluorescent microscope (Olympus
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BX61 equipped with a camera DP70). Polarized
cells were defined by the characteristic
accumulation of actin in one pole of the cell as
previously described and shown to be associated
with brush border formation and sorting of apical
and basolateral markers(5). Over 450 EGFP-
positive cells were scored blinded from the
sample ID in three independent experiments.

Enzymatic activity assays. Caco2 cells were
grown for 0, 2, 5, 7, 14 and 21 days post-
confluence, and total cellular lysates extracted
with mannitol buffer (50mM D-mannitol, 2mM
Tris and 0.1% Triton X-100) containing protease
inhibitors (0.3mM phenylmethylsulfonyl fluoride,
lug/ml aprotinin, 100uM sodium ortovanadate,
5ug/ml pepstatin). SW403 cells were exposed to
5mM Sodium Butyrate for 72h. Alkaline
phosphatase (AP), sucrase isomaltase (SI) and
dipeptidyl peptidase-4 (DPP4) activity were
determined. Briefly, for AP activity assay 50ug of
protein (in a volume of 50ul of mannitol buffer)
were mixed with 200ul of p-Nitrophenyl
Phosphate Liquid Substrate System (Sigma
N7653), incubated at 37°C for 15 min and the
absorbance was measured at 405nm. For SI
activity, 25ug of protein in 12.5ul of mannitol
buffer were incubated with an equal volume of
substrate (maltose 0.056M in mannitol buffer, pH
6.0) at 37°C for 60 min. The reaction was stopped
by heating at 100°C for 2 min and the precipitate
was resuspended on 250ul of TGO buffer
(horseradish peroxidase 5mg, glucose oxidase
4mg, o-dianisidine 10mg and 0.2 % Triton X-100 in
a final volume of 100ml of Tris 0.5M, pH 7.0) and
the absorbance measured at 450nm. For DPP4
activity assay, 50ug of protein in 90ul of mannitol
buffer were added to 10ul of 1.4M glycine-NaOH
pH 8.7 and incubated in the presence of 100ul of
substrate (glycyl-L-proline-p-nitroanilide, final
1.5mM) at 37°C for 30min. The reaction was
stopped with 800ul of 32% trichloroacetic acid
and samples were centrifuged at 1700rcf for
10min. Then, 50ul of supernantant were added to
50ul of cold 0.2% sodium nitrite and incubated at
4°C for 10min. Next, 50p! of 0.5% ammonium
sulfamate were added and after 2min of
incubation, 100ul of 0.05% n-(1-naphthyl)-
ethanediamine were added and incubated at 37°C

for 30min in the dark. The absorbance was read
at 548nm. All these experiments were carried out
at least three independent times in triplicate.

Dome formation in Caco2 cells. Caco2 cells were
grown for 21 days in confluence in a 6-well plate.
The number of domes was directly counted
blinded from the sample ID using an inverted
microscope in three independent experiments in
triplicate.

Western blot. Total cellular lysates (RIPA buffer)
were subjected to SDS—PAGE on a 10% gel and
transferred to PVDF membranes as described
before(6) and hybridized using antibodies against
human MYO1A (1:1000; see reference(7)) and
GAPDH (1:1000; clone 6C5; Santa Cruz).

Soft agar colony formation assay. Cells (1x10°)
were resuspended in complete DMEM medium
containing 0.3% agar and then plated onto six-
well plates on top of 0.6% agar in DMEM medium.
Cultures were maintained at 37°C in a 5% CO,
incubator for 21 days. The colonies were stained
with nitrotetrazolium blue chloride (1mg/ml;
Sigma) and the number of macroscopically visible
colonies was scored. Three independent
experiments in triplicate were carried out.

Xenograft model. All animal experiments were
carried out under protocols approved by the
Institutional  Ethical Committee and the
corresponding governmental agency. Six athymic
nude-Foxn1™ mice (Harlan Laboratories) were
injected s.c. with 3x10° SW403-shNT (left flank)
and SW403-shMYO1A (right flank) cells
resuspended in 100ul of PBS. The same
experimental setup was used for the Caco2-
shMYO1A derivative line and the corresponding
non-target shRNA control (shRNA vectors from
Mission, Sigma). Tumor size was measured using
a caliper three times per week for a total of 7
weeks. Tumor volume was calculated with the
formula: V = (LxW?)x0.5, where L is the length and
W is the width of a xenograft.

Mouse knockout strains. The C57BL/6J-Apc™"/)
strain was obtained from The Jackson Laboratory.
These mice carry a heterozygous mutation in Apc.
129X1/Sv)-Myola mice carry Myola alleles in
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which a neo/URA3 cassette replaced the first
three Myola exons. Male Apc™*Myo1a"”* mice
were crossed with female Apc”*;Myola” mice to

obtain Apc™™*Myo1a*" males and
Apc”*:Myola* females that were subsequently
crossed to obtain the Apc™*;:Myola”",

Apc™™*:Myola”" and Apc™™*:Myola” offspring
with an equal contribution of the 129Sv and
C57BL/6 genetic background that were used in
the experiments described. Nine-week old
Myola”* and Myola” (both Apc”’* on a pure
129X1/Sv) background) mice were i.p. injected
with the intestine-specific carcinogen
azoxymethane (AOM; 10mg/kg) weekly for 9
weeks and sacrificed 10 weeks after the last AOM
injection.

Histology and immunohistochemistry. Thirty-
week-old mice were sacrificed, the small and
large intestine were dissected, opened
longitudinally, and the number and size of
macroscopically visible tumors scored under the
dissecting microscope. The tissue was then fixed
overnight with 10% formalin, transferred to a
tissue cassette and dehydrated by serial
immersion in 50%, 70%, 96% and 100% ethanol.
Excess ethanol was removed by incubation in
xylene three times for 1h at room temperature
and the cassettes then immersed in 65°C paraffin
overnight. Paraffin blocks of the whole small or
large intestine were prepared using the ‘Swiss
Roll’ approach as previously described (8) and
tumor multiplicity was also determined on
Hematoxylin and Eosin stained tissue sections.

For immunohistochemistry (IHC), tissue sections
(4pm) were cut and placed on poly-L-Lysine
coated microscope slides, incubated at 54°C for
1h and de-waxed by immersion in xylene (2x5
min) and hydrated by serial immersion in 100%
EtOH (2x5 min), 96% EtOH (5 min), 70% EtOH (5
min), 50% EtOH (5 min) and distilled water. The
Novolink polymer detection system (Novocastra
Laboratories) was used according  to
manufacturer’s instructions. For BrdU staining,
10mM citrate buffer pH 6.0 for 20 min at 120°C in
autoclave was used for sample antigen retrieval
and then incubated with mouse monoclonal anti-
BrdU primary antibody (1/16 hybridoma

supernatant; Developmental Studies Hybridoma
Bank). The position of BrdU-positive cells 24h
post-administration was scored (position 0 being
at the bottom of the crypt). Antigen retrieval for
lysozyme IHC (N1515; Dako; ready to use) was
done in 100°C 1mM EDTA (10 min). For MYO1A
staining, antigen retrieval was done in 10mM
citrate buffer (pH 6.0) in a microwave oven (5min
at 800 watt and 10 minutes at 400 watt). Sections
were incubated with rabbit polyclonal anti-
MYO1A(7) (1.5ug/ml) at 4°C overnight. Slides
were counterstained with Mayer’s haematoxylin
dehydrated and mounted with in DPX mounting
medium (Panreac Quimica). MYO1A
immunostaining intensity was assessed in
triplicate tumor samples from the 155 patients
with locally advanced colorectal cancer (Dukes C)
in the tissue microarray. A semi-quantitative scale
from 0 to 4 was used to assess staining intensity
blinded from the clinicopathological data.
Absence of MYO1A immunostaining was scored
as 0 and increasing MYO1A levels were scored as
1, 2, 3 or 4 (see Figure 4B-F). The average score of
triplicate samples was used in subsequent
analyses. In some analyses, MYO1A levels were
dichotomized as low if average immunostaining
score was <2.3 and high if it was 22.3. To select
this cutoff value we systematically assessed the
survival difference in the high and low MYO1A
groups for every possible cutoff value observed in
this series, and selected the value that maximized
the survival differences (see Table S4). Although
the p value (Logrank test) varied depending on
the cutoff selected, the group of patients with
high MYO1A tumor levels always showed longer
disease-free and overall survival than patients in
the low MYO1A group, indicating that the survival
differences are independent of the
immunostaining cutoff selected (see Table S4). In
other analyses, the level of MYOlA was
considered as a continuous variable and Cox
multivariate regression analysis was used to
confirm independent prognostic factors for these
patients (covariates: MYO1A tumor levels, patient
age, sex, adjuvant treatment, tumor location and
grade). This further demonstrates that the
survival differences between the high and low
MYO1A groups of the earlier analyses are not
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dependent on the cutoff

selected.

immunostaining

Goblet cell staining was done with 1% alcian blue
(Sigma) in 3% acetic acid for 30min and
counterstained with hematoxylin.
Enteroendocrine cells were stained using
Grimelius silver staining. Briefly, sections were
dewaxed, rehydrated, post-fixed with Bouin’s
solution (Sigma) for 1h at 37°C, rinsed once in
70% EtOH, twice in distilled water and immersed
in silver solution (0.5% silver nitrate in 0.1M
acetate buffer pH 5.8) for 3-4 h at 60°C. Then
sections were immersed in Bodian solution (5%
anhydrous sodium sulfate and 1% hydroquinone
in water) for 5 minutes at 60°C, fixed in 2%
sodium thiosulphate, washed in PBS, dehydrated
and mounted.

CpG methylation assays. The Infinium
quantitative methylation assay (lllumina) was
used following manufacturer’s instructions.
Briefly, after bisulfite treatment the genomic DNA
is subjected to whole genome amplification and
allele specific oligonucleotides detect the
methylated and unmethylated cytosine in two CG
dinucleotides located -154bp and +271bp relative
to the transcription start site. DNA methylation in
the CpG dinucleotide located in position -154bp
was independently confirmed in 10 colorectal
cancer cell lines using bisulfite sequencing. DNA
was isolated from each line using DNAzol
(Molecular Research Center) according to the
manufacturer’'s recommendations. For bisulfite
sequencing, DNA (1pg in 50ul water) was
denaturated by alkaline treatment (by adding 7pl
of NaOH 3M for 15min at 372C) and deaminated
(by adding 33ul hydroquinone 20mM and 530pl
of sodium bisulfite 3M pH5, for 16h at 50°C). Then
DNA was purified (DNA Wizard kit, Promega),
incubated with 5.7ul of NaOH 3M for 10min at RT,
neutralized with 17ul of 10M ammonium acetate
and ethanol precipitated. DNA was then PCR-
amplified and the 174bp fragment was sequenced
using BigDye Terminator 1.1 and an ABI PRISM
3100 sequencer (Applied Biosystems, Foster City,
CA). Primers for DNA amplification and
sequencing were designed using MethPrimer 1.1
software (see Table S5 for primers sequence).

Methylated cytosine residues are protected from
bisulfite treatment and were observed as cytosine
after sequencing, whereas unmethylated
cytosines were detected as thymidine residues.
For the effects of DNA methyltransferase
inhibition either genetically or pharmacologically
on MYO1A promoter methylation in HCT116 cells
we used data publicly available (ArrayExpress E-
MTAB-210 (3) and Gene Expression Omnibus
GSE26990 (2)). MYO1A promoter methylation and
expression levels of primary colorectal tumors
were obtained from The Cancer Genome Atlas
(http://cancergenome.nih.gov/).

5-aza-2'-deoxycytidine treatment and Real-Time
RT-PCR. Cells were grown in complete DMEM
medium as described above containing 5-aza-2'-
deoxycytidine (0, 2.5 or 10uM; Sigma) for 72
hours. Medium was replaced every 24 hours.
Total RNA was extracted from control and 5-aza-
2'-deoxycytidine treated cells, using the TRI
Reagent (Molecular Research Center) according
to the manufacturer’s instruction. Total RNA
(500ng) was reverse transcribed using the High
Capacity cDNA Reverse Transcription kit (Applied
Biosystems), and relative MYO1A mRNA levels
were assessed by Real-Time PCR using SYBR
Green Master Mix (Applied Biosystems,
Branchburg, NJ). 185 rRNA was used as a
standardization control for the 2*“ method as
described before(4). Primer sequence and PCR
conditions can be found in Table S5. For 5-Aza-2’-
deoxycytidine treated Co115 cells the product of
the PCR amplification of bisulfite-converted
MYO1A promoter regions was cloned suing the
CloneJET PCR Cloning Kit (Thermo Scientific)
according to manufacturer’s instructions and
sequenced as described above.

Statistical Methods. Data are presented as mean
+ standard error (SE) or standard deviation (SD),
as indicated. For the survival analysis, Kaplan-
Meier curves were analyzed using the logrank test
(GraphPad Prism 5.0). To assess the significance
of the mutation frequency of MYOI1A in MSI
tumors, a logistic regression model was used with
62 control intronic repeats as described (1). For
comparison of the clinicopathological data the
Fisher’s exact test, Mann Whitney test, Chi2 test
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or Cox multivariate regression analysis was used,
as indicated (SSPS Statistics 17.0, IBM). p < 0.05
was considered significant.
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Supporting Table 1: Clinicopathological features of colorectal cancer patients with MSI tumors analyzed

for mutations in the A8 track of MYO1A exon 28.

Mutant Wild type
Total MYO1A MYO1A p value

MYO1A levels (IHC score), mean+SD 2.741.1 2.1+0.9 3.1+0.9 0.03
Sex, n (%)

Female 73 24 (32.8) 49 (67.2) 0.44"

Male 58 15 (25.8) 43 (74.2)
Age (years), meanSD 63.4+15.7 62.9+15.3 63.6+£16.0 0.75>
Degree of diffirentiation, n (%)

Good 19 8 (42.1) 11 (57.9) 0.14°

Moderate 71 26 (36.6) 45 (63.4)

Poor 39 8 (20.5) 31(79.5)
Dukes Stage, n (%)

Adenomas 17 2(11.7) 15 (88.3) 0.04*

Dukes A 41 9(21.9) 32(78.1)

Dukes B 57 20(35) 37 (65)

Dukes C 32 11(34.3) 21 (65.7)

Dukes D 3 1(33.3) 2 (66.7)
Mean follow up (years), mean+SD 8.4+2.1 9.1+0.9 8.1+2.4 0.42°
5-year overall survival, n (%)

Alive 58 22 (37.9) 36 (62.1) 0.23

Dead 30 7(23.3) 23(76.7)

Fisher's exact test, ‘Mann Whitney test, >Chi2 test and “Chi2 test comparing
adenomas/Dukes A vs. Dukes B-D.
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Supporting Table 2: MYO1A mRNA levels, MYO1A™ mutations and CpG methylation (beta methylation
values). The B-value represents a continuous measurement from 0 (completely unmethylated) to 1
(completely methylated). B-value = (signal intensity of methylation-detection probe)/(signal intensity of
methylation-detection probe + signal intensity of non-methylation-detection probe).

Cell line CC_; -_1542 CC_§+_2713 _ CG_-154 A MYO1A . MYO1A E_x28
Infinium Infinium Bisulfite seq mRNA levels A8 mutations

RKO MSI 0.87 0.63 Methylated 0.04 A8/A8

SW48 MSI 0.87 0.84 0.07 A8/A7

SW480 MSS 0.87 0.84 Methylated 0.17

LIM2405 MSI 0.85 0.48 0.15 A8/AT7

HCT15 MSI 0.78 0.66 0.12 A8/A7

HCT116 MSI 0.78 0.81 Methylated 0.08 A8/A8

DLD1 MSI 0.73 0.60 Methylated AB8/A8

HCC2998 MSS 0.71 0.36 2.88

Vaco5 MSI 0.67 0.78 Methylated AB/A8

Colo320 MSS 0.65 0.21 0.05

HCA7 MSI 0.64 0.31 AB8/A8

HT29 MSS 0.63 0.18 0.41

TC71 MSI 0.63 0.77 A8/A7

FET MSS 0.62 0.35

Col1l5 MSI 0.61 0.72 Methylated A8/A8

SKCO1 MSS 0.59 0.28 0.19

LIM1215 MSI 0.59 0.17 1.86 A8/A8

IS1 MSS 0.57 0.37

SW620 MSS 0.57 0.37 0.58

HDC75 MSS 0.55 0.45

HDC108 MSI 0.52 0.04 A8/A8

SW837 MSS 0.52 0.11 1.1

HDC9 MSI 0.50 0.15 A8/A7

GP5D MSI 0.50 0.65 A8/A7

LOVO MSI 0.47 0.11 9.22 A8/A8

HDC114 MSS 0.42 0.22

Ala MSS 0.41 0.35

Caco2 MSS 0.40 0.24 1.55

Colo201 MSS 0.39 0.05 0.08

Colo205 MSS 0.38 0.04 15.96

SW948 MSS 0.30 0.03 3.99

KM12 MSI 0.28 0.64 0.06 A8/A7

VP MSS 0.27 0.05

HDC111 MSS 0.20 0.07

LS1034 MSS 0.19 0.03

RW2982 MSS 0.17 0.05 3.36

T84 MSS 0.17 0.02 1.81

HDC15 MSS 0.16 0.06

LS513 MSS 0.15 0.03

HDC87 MSS 0.13 0.25

1S2 MSS 0.13 0.03

SW1116 MSS 0.12 0.03 8.93

LS174T MSI 0.09 0.12 Un-methylated 2.33 AB/A8

1S3 MSS 0.09 0.05 Un-methylated

RW7213 MSS 0.08 0.03 Un-methylated 3.19

SW403 MSS 0.07 0.03 Un-methylated 14.15

"Microsatellite status: MSS, miscrosatellite stable; MSI, microsatellite instable; “Results of quantitative Infinium assay for
the CpG dinucleotide located in position -154bp relative to MYO1A transcription start site (TSS); *Results of quantitative
Infinium assay for CpG dinucleotide located in position +271bp relative to MYO1A TSS; *Results of bisulfite sequencing of the
region containing the CpG dinucleotide located in position -154bp relative to MYO1A TSS (methylated: unmethylated peak in
the chromatograms is <20%; un-methylated: methylated peak in the chromatograms is <20%); >relative mRNA levels assessed
by quantitative Real-Time RT PCR.
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Supporting Table 3: Clinicopathological features of the 155 colorectal cancer patients analyzed for
tumor levels of MYO1A protein.

Total High MYO1A Low MYO1A pvalue

Sex, n (%)
Female 76 50 (65.8) 26 (34.2) 0.7
Male 79 45 (57) 34 (43)
Age (years), meantSD 64.7£12.9 63.4t12.6 66.7+£13.2 0.09
Site, n (%)
Colon 93 62 (66.7) 31(33.3) 0.09"
Rectum 61 32(52.5) 29 (47.5)

Degree of diffirentiation, n (%)

Good 20 11 (55) 9 (45) 0.13
Moderate 112 66 (59) 46 (41)
Poor 21 17 (81) 4(19)

Mean follow up (years), mean+SD 9.2+1.1 9.2+1.1 9.2+1.1 0.78’

Adjuvant treatment, n (%)
Yes 81 54 (66.7) 27(33.3) 0.14"
No 73 40 (54.8) 33(45.2)

5-year overall survival, n (%)
Alive 70 50(71.5) 20(28.5) 0.02
Dead 85 45 (53) 40 (47)

5-year disease-free survival, n (%)
Alive 73 52(71.3) 21(28.7) 0.013"
Dead 80 41 (51.3) 39 (48.7)

'Fisher’s exact test; “Mann Whitney test.
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Supporting Table 4: Mean disease-free and overall survival as a function of the IHC score used as a
cutoff to define the high and low MYO1A groups of patients. All possible cutoff values observed in this
series resulting in at least 10 patients in the groups were considered. The green shading indicates the

cutoff used.

High Low MYO1A DFs Mean. DFS Mean. DFS os Mear.r os Mear.r os
MYOI1A® MYO1A2 IHC Logrank survival survival Logrank survival survival
cutoff3 p-value4 (high)s (Iow)6 p-value4 (high)'g (Iow)9

138 17 1.2 0.4292 3.1 1.5 0.6089 4.3 1.9
134 21 1.3 0.2566 3.6 1.0 0.4675 4.5 2.4
127 28 1.5 0.1964 3.7 1.5 0.2165 4.6 2.2
124 31 1.7 0.1801 3.7 1.0 0.1209 4.7 1.9
119 36 1.8 0.0632 3.7 1.0 0.1494 4.6 2.2
113 42 2.0 0.0311 3.8 1.0 0.0799 4.8 1.8
102 53 2.2 0.0172 6.2 1.0 0.0403 5.0 1.9
95 60 23 0.0042 >9 1.0 0.0097 5.5 1.8
86 69 2.5 0.0787 6.2 1.5 0.1009 5.0 2.5
75 80 2.7 0.6639 3.1 2.4 0.6607 4.8 3.5
70 85 2.8 0.6302 3.1 2.4 0.5990 4.8 3.1
55 100 3.0 0.2191 6.2 2.2 0.2088 5.3 2.9
42 113 3.2 0.4513 6.2 2.4 0.3591 5.1 3.4
35 120 3.3 0.5026 6.2 2.4 0.2268 6.2 3.6
25 130 3.5 0.3168 6.2 2.4 0.1837 6.2 3.6
17 138 3.7 0.4273 >9 2.5 0.2711 >9 4.0

"Number of patients in the high MYO1A group; *number of patients in the low MYO1A group; 3average of
triplicate replicates stained in the tissue microarray; 4Logrank p-value of the comparison of the disease-free
survival (DFS) of patients in the high and low MYO1A groups; mean disease-free survival in the group of patients
with high tumor MYO1A; ®mean disease-free survival in the group of patients with low tumor MYO1A; 7Logrank
p-value of the comparison of the overall survival (OS) of patients in the high and low MYO1A groups; ®mean
overall survival in the group of patients with high tumor MYO1A; *Mean overall survival in the group of patients
with low tumor MYO1A.
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Supporting Table 5: Primers used for amplification of the coding MYO1A region, bisulfite sequencing
and Real-Time RT-PCR.

Primer name el Primer sequence GCLil  LILLl)
used for size (bp)  temp. (2C)

MYO1A-EX2-3-F Sequencing TTACTGGCCCCTAAAGCTGA 496 67

MYO1A-EX2-3-R Sequencing CTTCAGGGGAAGGGACAAAG

MYO1A-EX4-5-F Sequencing GCCCAGTCTGCTCCAAGTAG 584 68

MYO1A-EX4-5-R Sequencing TGATTCTGGGGGTTAGATGG

MYO1A-EX6-8-F Sequencing CCCTTCCTCCTTTCCCTTC 676 64

MYO1A-EX6-8-R Sequencing GAATGGAGGTTGGGGACTTT

MYO1A-EX9-10-F Sequencing GTGAGGTGTCAAGGCTGGAG 500 68

MYO1A-EX9-10-R Sequencing GATGGTAGAAGGACACGACTTG

MYO1A-EX11-12-F Sequencing ACTCCCTCCCCTGAGAGAAA 399 64

MYO1A-EX11-12-R Sequencing CAGGAAGGTGAGGCAGACAG

MYO1A-EX13-14-F Sequencing TCTGTTTGCCCCCTACTCC 484 68

MYO1A-EX13-14-R Sequencing CAAGGAGAAAGGAAGCTCTGG

MYO1A-EX15-16-F Sequencing TGAGGTCTCTGGAGGCTTGT 581 68

MYO1A-EX15-16-R Sequencing GACTTCAGTCTGGGCCTGAG

MYO1A-EX17-F Sequencing GGGAAGGTGAGAGTCTGGAA 399 68

MYO1A-EX17-R Sequencing GTGTTCTACAGCGCATGGAC

MYO1A-EX18-19-F Sequencing ACACTGGCAATGATGTCAGC 648 65

MYO1A-EX18-19-R Sequencing CAGCCTTTCTCAGGTGGGCT

MYO1A-EX20-21-F Sequencing GGGGTATAGGAGAGGACAGCA 456 69

MYO1A-EX20-21-R Sequencing CTAGCCAGCAGGTGACACAA

MYO1A-EX22-F Sequencing ACTCAGGTCTTTGCGTGGTT 244 67

MYO1A-EX22-R Sequencing GCCTCTTCTCAAACCCCTCT

MYO1A-EX23-F Sequencing CCTTTGAAGTGGCAGGATCT 300 67

MYO1A-EX23-R Sequencing GGGAGGCAAAAGAGGAAAAT

MYO1A-EX24-25-F Sequencing CTGTCCCTCCTTCCTCACAG 724 67

MYO1A-EX24-25-R Sequencing ACTAGCTGCGGGAGGAGTTC

MYO1A-EX26-27-F Sequencing GAGTGGGGGCAATTAATCCT 594 67

MYO1A-EX26-27-R Sequencing TTCGCTTTCTGATCCTGGTC

MYO1A-EX28-F Sequencing AGGGGATGGGCACTAGACTT 499 65

MYO1A-EX28-R Sequencing CAAGGAGCTTGAGGAGGAAA

MYO1A-BISULF-CG154-F Bisulfite seq.  TTTAAATTTGGGAGATAATGGAGTAAG 174 56

MYO1A-BISULF-CG154-R Bisulfite seq. AATCAACACAAAATCCAAACTATTC

MYOIA-QPCR-F gPCR TTCCTACTGGGGCTGAAGAA 99 60

MYOIA-QPCR-R gPCR CTCCTGATTTGCTGTGCTGA
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Figure S1
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Figure S1: Frequent MYO1A frameshift mutations are found in MSI colorectal tumors. Panel A) shows the sequence
of the MYO1A Exon 28 fragment containing the A8 tract in the normal tissue of a colon cancer patient. The
heterozygous A8->A7 mutation in the tumor DNA of this patient is shown in panel B). C) Logistic regression model for
the identification of real targets using 62 control intronic repeats as described (1). The solid black line denotes the
regression prediction curve derived from the intronic control repeats (black symbols). The red dashed lines are the
upper and lower limit of the 95% prediction interval that is derived using the standard errors and the asymptotic
variances (1). MYO1A is shown as a green dot. D) Percentage of MYO1A mutations observed in MSI adenomas and

carcinomas of different Dukes stage. Fisher’s exact test in adenomas/Dukes A vs. Dukes B-D, p=0.04.
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Figure S2
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Figure S2: Mutation effects on the MYO1A protein. A) DNA (upper lines) and protein (lower lines) sequences of the

C-termini of MYO1A and MYO1A’A. The 8A 3901-3908 to 7A mutation results in a replacement of the last 11 amino
acids of MYO1A with 7 different amino acids. The basic (underline) and acidic (double underline) residues are

indicated. B) Constructs used in this study. All proteins are fused to an N-terminal EGFP or ERFP. The numbers
indicate the first and last amino acids of each protein.
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Figure S3
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Figure S3: CpG dinucleotides in the MYO1A promoter. Location of CpG dinucleotides (vertical lines) in 2Kb around
the transcription start site (TSS) of human MYO1A. The two CpGs investigated are indicated by asterisks (located at -
154bp and +271bp relative to the TSS). Examples of the results of direct sequencing after bisulfite treatment are
shown for cell lines with and without methylation.
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Figure S4
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Figure S4: MYO1A promoter methylation and mRNA expression levels. A) Correlation between methylation levels of
two CpGs in position -154bp and +271bp relative to the transcription start site of MYO1A in 46 colorectal cancer cell
lines. B) Correlation between the mean methylation levels in the MYO1A promoter and MYO1A expression levels in
colorectal cancer cell lines. C) Average levels of MYO1A promoter methylation in normal human tissues. Asterisk
indicates p<2.6x10-1°. D) Correlation between the levels of methylation of the CpGs located in position -154bp and
+271bp in a series of 222 primary colorectal tumors. E) Correlation between the mean methylation levels in the
MYO1A promoter and MYO1A expression levels in 222 primary colorectal tumors.
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Figure S5
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Figure S5: Methylation of the MYO1A promoter regulates gene expression. Inactivation of DNA methyltransferases
in HCT116 colon cancer cells either A) genetically (DNMT1 and DNMT3b double KO —DKO; Gene Expression Omnibus
GSE26990 (2)) or C) pharmacologically (5-aza-2’-deoxycytidine; ArrayExpress E-MTAB-210 (3)) resulted in reduced
levels of MYO1A promoter methylation (CpGs located -154bp and +271bp relative to MYO1A transcription start site -
TSS). This was associates with increased MYO1A mRNA levels as determined by quantitative Real-Time RT-PCR (B and
D). Panels E) and F) show the proportion of alleles methylated and unmethylated after sequencing of PCR amplified
promoter regions of bisulfite-converted Co115 DNA samples treated with the indicated concentrations of 5-Aza-2’-
deoxycytidine. Panel G) shows relative mRNA levels (Real-Time RT-PCR) in Co115 cells treated with the indicated

concentrations of 5-Aza-2’-deoxycytidine.
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Figure S6
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Figure S6: MYO1A regulates differentiation in colon cancer cells. Caco2BBe cells stably transduced with lentiviral
particles carrying shMYO1A showed significantly reduced MYO1A expression during a 21-day timecourse in culture
compared to parental cells and non-target shRNA (shNT) transduced cells (A). MYO1A knockdown resulted in a
significant reduction of the activity of brush border enzymes such as alkaline phosphatase (B; Student’s t-test at day
21 p=0.002), sucrose-isomaltase (C; Student’s t-test at day 21 p=0.008) and dipeptidyl-peptidase IV (D; Student’s t-
test at day 21 p=0.007). Reduced MYO1A levels also resulted in a significant decrease in the number of domes
observed in Caco-2 cells after three weeks in culture (E; Student’s t-test p=0.01). Results shown are the mean + SD of
3 independent experiments carried out in triplicate.
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Figure S7
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Figure S7: MYO1A protein levels in several colon cancer cell lines. The relative levels of MYO1A protein levels in
different colon cancer cell lines growing exponentially was determined by Western blotting as described in the
‘Experimental Procedures’ section. Actin was used as a loading control.
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Figure S8

Figure S8: MYO1A knock down in LS174T cells. To assess the levels of MYO1A knock down achieved in the
experiments with LS174T-W4 cells, EGFP was cotransfected with either control non-target shNT (A) or shMYO1A (B).
After 48h, LKB1 overexpression was induced with doxycyclin (5ug/ml) and 24h later EGFP positive cells (M1 region;
the percentage of EGFP positive cells is shown) were sorted using a FACSAria cell sorter (Becton, Dickinson) and used
assessment of MYO1A protein levels by Western blotting (C).
densitometry using GAPDH as a loading control. Numbers under the MYO1A band show the relative levels of MYO1A.
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Figure S9
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Figure S9: Reduced MYO1A levels interfered with butyrate-induced alkaline phosphatase activity in SW403 cells. A)
Transduction of SW403 colon cancer cells with two different shRNAs against MYO1A (shMYO1A-65 and shMYO1A-66)
resulted in significantly reduced levels of MYO1A protein (Western blotting). B) Butyrate treatment (5mM for 72h) of
parental and non-target shRNA SW403 cells (shNT) resulted in a significant increase in the levels of intestinal alkaline
phosphatase (IAP) activity, a marker of differentiation along the absorptive cell lineage. However, transduction of
SW403 cell with two different shRNAs against MYO1A (shMYO1A-65 and shMYO1A-66) significantly reduced the
butyrate-induced increase of IAP (Student’s T-test p<0.05). Mean=£SE of four independent experiments is shown.
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Figure S10
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Figure S10: Histology of adenocarcinomas in the intestine of Apc™"/+;Myola”/ mice. Panels A, C and E show the
histology of infiltrating adenocarcinomas in the small intestine of Apc™"*:Myola”" mice. Higher magnification of the
indicated areas is shown in B, D and F. Panels G-H show immunohistochemical staining with alpha smooth muscle
actin of an invading adenocarcinoma demonstrating tumor invasion through the muscle layers of the intestine.
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Figure S11
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Figure S11: Effects of Myola inactivation in the number of intestinal epithelial cells. Goblet (A, D), enteroendocrine
(B,E) and Paneth cells (C,F) were detected with 1% Alcian blue, Grimelius staining and anti-Lysozyme immunostaining,
respectively. Arrow heads indicate the different epithelial cell types. ApcM"/* mice that are wild type, heterozygous or
homozygous Myola mutants did not differ in the total number of cells (G), Paneth (H), enteroendocrine (I) or goblet
cells (J). The number of animals studied is indicated above the bars in each histogram. Mean =+ SE is shown.
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Figure S12
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Figure S12: Proliferation and cell motility in the intestine of Myola knockout mice. Mice were i.p. injected with
100mg/Kg bromodeoxyuridine (BrdU) 2 or 24h before being sacrificed. The number of cells in S-phase of the cycle
during this time was assessed by anti-BrdU immunohistochemistry. No differences in the number (A-C; 6 wild type
and 8 KO mice) or location (D-F; 6 wild type and 6 KO mice) of BrdU-positive cells was observed in the normal
epithelium (A-F) or the small intestinal tumors of Apc™™* mice (G-l) or AOM-treated animals (J-L; 8 wild type and 11
KO mice) that were either wild type or null for Myola. Mean + SE is shown in the histograms.




Figure S13
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Figure S13: Size and number of AOM-induced tumors in Myola knockout mice. Animals received 6 weekly i.p.
injections of 10mg/Kg azoxymethane (AOM) starting at nine weeks of age and were euthanized 10 weeks after the
last injection. AOM treatment resulted in tumor formation in the small and large intestine. The vast majority of these
tumors were adenomas with low grade dysplasia. Myola’ mice (n=11) showed a significant increase (Student’s t-test
p=0.001) in the number of tumors in the small intestine (A), but not in the large intestine (B), compared to Myola*/*
animals (n=8). C-D) No differences were observed in the size of the tumors found in the small and large intestine of
Myola*/* and Myola” animals. Mean * SE is shown.
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Figure S14
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Figure S14: MYO1A and prognosis of colorectal cancer patients with MSS and MSI tumors. Colorectal cancer
patients with MSS tumors that had low levels of MYO1A protein showed significantly shorter disease-free (A) and
overall survival (B). A corresponding trend was also observed for shorter survival in colorectal cancer patients with
MSI tumors with low MYO1A levels, although the differences did not reach statistical significance (C-D).
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