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The switch/sucrose non-fermentable (SWI/SNF) subunit ARID1A (AT-rich interactive domain 1A gene) has been

recently postulated as a novel tumor suppressor of gynecologic cancer and one of the driver genes

in endometrial carcinogenesis. However, specific relationships with established molecular alterations in

endometrioid endometrial cancer (EEC) are currently unknown. We analyzed the expression of ARID1A in

146 endometrial cancers (130 EECs and 16 non-EECs) in relation to alterations in the PI3K-Akt pathway

(PTEN expression/KRAS/PIK3CA mutations), TP53 status (TP53 immunohistochemistry) and microsatellite

instability. To discriminate between microsatellite instability due to somatic MLH1 promoter hypermethylation

or germline mutations in one of the mismatch repair genes (Lynch syndrome), we included a ‘Lynch syndrome

set’. This set included 21 cases with confirmed germline mutations and 15 cases that were suspected to have a

germline mutation. Loss of ARID1A expression was exclusively found in EECs in 31% (40/130) of the EEC cases.

No loss of expression of the other subunits of the SWI/SNF complex, SMARCD3 and SMARCB1, was detected.

Alterations in the PI3K-Akt pathway were more frequent when ARID1A expression was lost. Loss of ARID1A and

mutant-like TP53 expression was nearly mutually exclusive (P¼ 0.0004). In contrast to Lynch-associated

tumors, a strong association between ARID1A loss and sporadic microsatellite instability was found. Only five

cases (14%) of the ‘Lynch syndrome set’ as compared with 24 cases (75%, Po0.0001) of the sporadic

microsatellite-unstable tumors showed loss of ARID1A. These observations suggest that ARID1A is a causative

gene, instead of a target gene, of microsatellite instability by having a role in epigenetic silencing of the MLH1

gene in endometrial cancer.
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Recent genome-wide sequencing studies have demon-
strated that the AT-rich interactive domain 1A
(ARID1A) gene is frequently mutated in a wide variety
of cancer types1 including a subset of gynecological

cancers.2 In ovarian cancer, near half of the clear-cell
subtype and 30% of the endometrioid subtype
showed ARID1A mutations,3 particularly those that
are related to endometriosis.4,5 In endometrial cancer,
mutations in the ARID1A gene have been reported in
approximately 30% of both low- and high-grade
endometrioid endometrial cancers (EECs) but not in
serous endometrial carcinomas.6–8

ARID1A encodes a large nuclear protein involved
in chromatin remodeling and interacts with
several other proteins, including the core protein
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SMARCD3, to form the so-called switch/sucrose
non-fermentable (SWI/SNF) complex. Remodeling
activity is facilitated by ATP hydrolysis of
SMARCD3, whereas the non-catalytic subunits of
this complex, such as ARID1A and SNF5
(SMARCB1), are responsible for modulating the
target specificity and activity of the ATPase. Chro-
matin remodeling complexes, like SWI/SNF, are
master regulators of transcription factor action and
enable gene transcription and silencing by facilitat-
ing or inhibiting transcription factors to bind to
promoters and enhancers. Those complexes are
involved in various processes that require alteration
of chromatin structure, including DNA repair, DNA
synthesis, mitosis and genomic instability.9–11 Most
mutations in ARID1A are insertions or deletions,
resulting in a truncated protein that is prone to rapid
degradation. Therefore, ARID1A gene mutations
are highly correlated with loss of protein
expression as assessed by immunohistochemistry,
even in the absence of mutation in the other allele
(eg, haploinsufficiency).4,7,12 Loss of expression of
ARID1A by immunohistochemistry can thus be used
as a surrogate marker for the underlying gene
mutation.

Endometrial cancer has traditionally been
subdivided clinically, pathologically and molecu-
larly into two subgroups. The most frequent (80%)
endometrioid type (type 1) is characterized by
mostly low- and intermediate-grade adenocarcino-
mas, morphologically resembling normal endome-
trioid glands and arising in a background of
hyperestrogenism. Activation of the Wnt signaling
pathway, P13K-Akt pathway activation by either
PTEN loss, PIK3CA and KRAS mutations or a
combination of those alterations, microsatellite
instability (MSI) and less frequently TP53 muta-
tional inactivation have been identified as the
main molecular alterations driving endometrioid
endometrial carcinogenesis. In contrast, about 20%
of the endometrial tumors are high-grade non-
endometrioid cancers (type 2), mostly of the serous
or clear-cell subtypes, and are characterized by high
frequency of mutations in TP53, p16 overexpres-
sion, HER2 amplification and global LOH.13

There is limited data concerning the relationship
and interactions of ARID1A and the above-men-
tioned genetic alterations in (endometrial) cancer. In
a recent study, it was demonstrated that ARID1A
mutations frequently co-occur with mutations in the
PIK3CA gene and with P13K-Akt pathway activation
as defined by increased AKT1 activation in
endometrial cancer,1 but the mutational status of
the PIK3CA gene was not assessed. In gastric cancer,
an association has been described between MSI and
mutations in ARID1A.12,14–16 As the rate of somatic
ARID1A mutations in MSI cases was 12- to 61-fold
higher than the global background mutation rate, it
was suggested that the ARID1A gene is particularly
targeted by MSI.12 A possible association between
ARID1A loss and MSI, as has been reported for

gastric cancer, has not been studied in endometrial
cancer. Several studies1,2,12 have shown an inverse
relationship between TP53 and ARID1A mutations,
suggesting that mutations in either of these two
genes result in a similar downstream effect. Liang
et al1 showed in cell line models that ARID1A and
TP53 may cooperate in one complex (ARID1A/
SMARCD3/TP53), explaining why ARID1A and
TP53 mutations may be mutually exclusive.
However, a recent study of Rahman et al8 could
not confirm this inverse relationship between
ARID1A loss and TP53 mutational expression in a
series of 111 endometrial cancers.

The aim of this study was therefore to determine
the relationship between the expression of different
SWI/SNF subunits (ARID1A, SMARCD3 and
SMARCB1) to other previously identified molecular
alterations in endometrial cancer to elucidate
the role of inactivation of the SWI/SNF complex in
endometrial cancer. For this purpose, we analyzed
the expression of ARID1A, SMARCD3 and
SMARCB1 in 146 endometrial cancers (130 endo-
metrioid, 16 non-endometrioid) and related this to
the PI3K-Akt pathway (PTEN expression and KRAS
and PIK3CA mutation status) and TP53 expression.
In addition, we studied the expression of ARID1A
in sporadic microsatellite-unstable tumors and
compared these findings with a set of microsatel-
lite-unstable tumors (N¼ 36) with a proven
or suspected germline mismatch repair (MMR)
defect (‘Lynch syndrome set’).

Materials and methods

Patients and Tissue Material

This analysis was performed on formalin-fixed,
paraffin-embedded tumor tissue from 146 primary
endometrial cancers (EECs, N¼ 130; NEEC, N¼ 16),
referred to as the ‘primary study set’. This set was
composed of cases collected at the Department
of Pathology of the University Medical Center in
Utrecht (N¼ 70) and a selection of cases stored at the
Leiden University Medical Center (N¼ 76). Both
sets had previously been used for publication.17,18

Table 1 gives an overview of the clinicopathological
features of this primary study set.

‘Lynch Syndrome Set’

To compare the sporadic microsatellite cases with
endometrial cancers from Lynch syndrome patients,
we included a set of tumors with either confirmed
(n¼ 21) or suspected (n¼ 15) defects in the MMR
genes, which have been collected and stored at the
Leiden University Medical Center and previously
used for publication.19,20 All tumors in this group
were microsatellite unstable and showed loss
of protein expression of one or two of the
MMR proteins MLH1, PMS2, MSH2 or MSH6.
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When MLH1 was affected, MLH1 promoter hyper-
methylation was ruled out using MS-PCR
(see below). In 21 cases, a germline mutation could
be identified. In 11 cases, a germline mutation was
suspected, but could not be confirmed, mostly
because the family did not want further genetic
testing. Previous work has indicated that 90–95% of
cases suspected for Lynch syndrome (as defined
in this report by loss of expression of one of the
MMR proteins and no promoter methylation
of MLH1) have an underlying germline mutation
in one of the MMR genes.21 After the analysis of the
primary study set (see above), four patients with
microsatellite-unstable tumors were suspected for
an MMR germline mutation and were therefore
included into the suspected for Lynch group and
excluded from the sporadic microsatellite-unstable
group. Clinicopathological features and other details
of this ‘Lynch syndrome set’, including the type of
germline mutation, can be found in Supplementary
Table 1.

Immunohistochemistry

Immunohistochemistry was performed as described
previously.18 Briefly, tumor blocks were sectioned
(whole section) at a thickness of 4mm, dried,
dewaxed and rehydrated. Endogenous peroxidases
were inactivated by 0.3% H2O2/methanol. Antigen
retrieval was achieved by microwave oven treatment
in 10mmol/l citrate buffer, pH 6.0, for staining of
TP53. For staining of SMARCD3, SMARCB1, MLH1
and ARID1A, antigen retrieval was performed in
10mmol/l Tris-EDTA, pH 9.0. Sections were
incubated overnight with monoclonal SMARCD3
(clone G7, 1:400; Santa Cruz; sc-17796), mono-
clonal anti-BAF47/SNF5/SMARCB1 (amino acids
257–359, 1:100) (BD Transduction Lab; 61211),
monoclonal ARID1A/BAF250a (amino acids

600–1018, 1:800; Santa Cruz; sc-32761), monoclonal
MLH1 (clone ES05, 1:100; DAKO), monoclonal TP53
(clone DO-7; Neomarkers; Ab-5) and PTEN (clone
6.H2.1; 1:200; DAKO). The sections were then
incubated for 30min with a secondary antibody
(Poly-HRP-GAM/R/R; DPV0110HRP; Immunologic).
Diaminobenzidine tetrahydrochloride was used as a
chromogen for SMARCB1, MLH1 and TP53. For
SMARCD3 and ARID1A, we used DABþ (DAKO;
K3468). The slides were counterstained with hema-
toxylin.

Scoring Staining

Blinded for patient characteristics and outcome of
other analysis, slides were independently evaluated
by two pathologists (TB and VTHBMS), and dis-
crepancies were resolved by consensus under a
double-headed microscope. TP53 was scored ‘wild-
type-like’ when o50% of the tumor cells showed
positive nuclear staining. TP53 was scored ‘mutant-
like’ if 450% of the tumor cells showed
strong positive nuclear staining, or when discrete
geographical patterns showed 450% tumor cell
positivity.17,18 PTEN was scored negative when
there was complete loss of expression in the tumor
and positive stromal cells. PTEN staining was
considered positive when strong, weak or
heterogeneous staining was observed. MLH1
nuclear staining was scored as either positive or
negative, with stromal and/or lymphocytic cells as
internal controls. Nuclear staining intensity for
SMARCD3, SMARCB1 and ARID1A was scored
using a three-tier system as follows: loss of nuclear
staining, weakly positive (low/moderate expression)
and strongly positive (strong and diffuse
expression). In two cases, ARID1A showed evenly
distributed heterogeneous expression or a
‘checkerboard’ staining pattern of ARID1A. As
previous studies have shown that mutations in the
ARID1A gene with this expression pattern are
absent,6,8 we scored this pattern of expression as
‘moderate positive’. In 12 cases, focal, abrupt
absence of nuclear staining was seen. This pattern
has been referred to as a ‘clonal loss’ pattern and
corresponds to mutations in ARID1A and therefore
we scored these as ‘loss of expression’. Surrounding
stromal cells served as positive internal controls
(see Figure 1).

Allele-Specific Hotspot Analysis

All samples were analyzed using a custom-made
panel of hydrolysis probe assays, designed to detect
three different PI3K hotspot mutations and seven
different KRAS mutations.22 The hotspot mutations
investigated for PI3K were exon 9, c.1624G4A;
p.E542K and c.1633G.A; p.E545K and in exon 20
the c.3140A4G; p.H1047R. For KRAS exon 1,
c.34G4A; p.G12S, c.34G4C; p.G12R, c.34G4T;

Table 1 Patient demographics and main pathological features of
the primary study group of endometrial cancer patients (N¼ 146)

Characteristics
All patients
(n¼146) (%)

Age (years)
Median (IQR) 65 (33–88)

Myometrial invasion
o50% 60 (41%)
450% 86 (59%)

Tumor type
Endometrioid, grade ½ 102 (70%)
Endometrioid, grade 3 29 (20%)
Serous carcinoma 13 (9%)
Clear-cell carcinoma 3 (2%)

FIGO stage
Stage I 119 (81%)
Stage ZII 27 (19%)
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p.G12C, c.35G4A; p.G12D, c.35G4C; p.G12A,
c.35G4T; p.G12V and c.38G4A; p.G13D. Real-
time qPCR was performed by allelic discrimination
using primers and probes designed and ordered by
Applied Biosystems.

Methylation-Specific PCR for MLH1

Methylation status of the MLH1 promoter was
assessed using EZ DNA Methylation-Gold Kit
(Zymo Research, Irvine, CA, USA) as described
previously.23 In short, bisulfite modification of
DNA (100ng per sample) was carried out
converting unmethylated cytosines, by a process of
deamination, to uracil leaving the methylated
cytosines unchanged. The PCR mix (25 ml volume)
included: 50ng bisulfite-converted DNA; 12pM of
forward and reverse primer; 10� PCR buffer; 1.8mM

additional MgCl2, 200 mM of each dNTP, 2.5U
Amplitaq Gold polymerase and nuclease-free water
to make up to final volume. Cycling conditions were
as follows: 90 1C for 5min; 33 cycles of 92 1C for
45 s; 59 1C for 65 s; 72 1C for 45 s; 72 1C for 5min; 4 1C
hold. Primer sequences for the MLH1 promoter are

available on request. As a readout system, we used
gel electrophoresis.

Microsatellite Instability

From 76 tumors of the primary study set, the
microsatellite status was previously analyzed,18

and from the remaining cases, MSI was assessed if
either MLH1 or ARID1A expression was lost using
the Promega MSI analysis system as described
previously.18,24 Tumors were classified as MSI-low
as one marker showed an unstable pattern, or as
MSI-high when more than one marker showed an
unstable pattern. If all markers showed a normal
pattern, the tumor was classified as microsatellite
stable (MSS). In ambiguous cases, the experiment
was repeated in combination with DNA extracted
from unaffected myometrium to exclude biallelicity
of the marker in normal tissue. Analysis of MSI was
performed using PCR and subsequent fragment
analysis on an automated capillary sequence
machine, ABI 3130. These criteria for MSI are
based on studies of colorectal carcinomas and have
been used by us and others on endometrial cancer.18

Figure 1 Examples of staining patterns observed for AT-rich interactive domain 1A (ARID1A) gene in endometrial cancer. Most
endometrial cancer showed diffuse nuclear staining (a) and these were considered positive, in contrast to negative tumors that showed
loss of ARID1A expression, with positive stromal cells as internal control (b). A subset of tumors showed a ‘checkerboard’ staining
pattern and were considered positive (c). In addition, a ‘clonal loss’ pattern was observed (d), these cases were considered as loss of
ARID1A expression.
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Statistics

Analysis of ARID1A alteration frequencies was
performed using Fisher’s exact test and Po0.05
was considered statistically significant.

Results

Expression of the SWI/SNF Subunits ARID1A,
SMARCB1 and SMARCD3 in Endometrial Cancer

In total, whole sections of 146 endometrial cancers
were used to analyze the expression profile of
ARID1A, SMARCB1 and SMARCD3 (Table 1 and
Figure 2). We found loss of ARID1A expression
in 27% (N¼ 40) and all these cases displayed an
endometrioid morphology, implicating ARID1A as a
marker for the endometrioid subtype (Figures 2a and
b). Among the positive ARID1A cases, 59% showed
high expression and 14% showed low to moderate
expression. Almost all cases showed strong nuclear
SMARCB1 expression (N¼ 143, 98%) and no differ-
ence in staining was found between non-endome-
trioid and endometrioid cases, indicating that
SMARCB1 probably does not have an important
role in endometrial cancer. SMARCD3 was highly
expressed in 118 cases (80%), but a significant
proportion of cases (20%, N¼ 28) showed decreased

expression as compared with strong expression
of normal endometrial glands in the same
section (Figure 2d). Complete loss of SMARCD3
expression was not observed. Interestingly, a
reduced SMARCD3 expression was three times more
frequent in ARID1A-negative cases (P¼ 0.0016;
Figure 2b).

Relationship Between ARID1A Expression and
PI3K-Akt Pathway Alterations

To determine the relationship between ARID1A
expression and alterations in the PI3K-Akt axis, we
investigated the expression of PTEN and analyzed
the mutational status of KRAS and PIK3CA in all
tumors of the primary study set (Table 2). We found
47% loss of PTEN expression, 20% KRAS mutations
and 18% PIK3CA hotspot mutations in the primary
study set. There was no significant correlation
between loss of ARID1A and any of the independent
molecular alterations of the PI3K-Akt axis; however,
a trend was observed for more alterations in the
group of tumors that showed loss of ARID1A
expression. Furthermore, the number of cases that
showed no alterations in any of the tested para-
meters of the PI3K-Akt pathway was 4.6-fold higher
in tumors with normal ARID1A expression
(P¼ 0.042; Table 2).

Figure 2 Expression of switch/sucrose non-fermentable (SWI/SNF) subunits AT-rich interactive domain 1A (ARID1A), SMARCB1 and
SMARCD3 in endometrial cancer as determined by immunohistochemistry (N¼ 146). (a) Frequencies of loss, low and high expression of
the subunits ARID1A, SMARCB1 and SMARCD3. (c) Low SMARCD3 expression is significantly correlated with loss of ARID1A
expression (12 and 38%, P¼ 0.0016). (b) Example of an endometrioid endometrial cancer with loss of expression of ARID1A
(immunohistochemistry). (d) Same case with low SMARCD3 expression. The inset shows normal SMARCD3 expression of the non-
neoplastic adjacent endometrial glands.
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Relationship Between ARID1A Expression and TP53
Status

Examples of wild-type- and ‘mutant’-like TP53
staining in relation to the ARID1A expression in
both endometrioid and non-endometrioid cancers
are shown in Figure 3a. In a previous study,18

we have shown a high concordance rate between
a ‘mutant’-like pattern and the presence of TP53
mutations. Of the 30 tumors with ‘mutant’-like TP53
staining, 10 were of non-endometrioid morphology
and 20 showed endometrioid morphology. Only 1 of
the 30 tumors with a ‘mutant’-like TP53 staining
displayed loss of ARID1A. This tumor showed
endometrioid morphology and the TP53 mutation
was confirmed by Sanger sequencing (data used
from previous paper18). All non-endometrioid
cancers (independent of TP53 status) were
ARID1A positive, including two clear-cell
carcinomas. Figure 3b shows the frequency of
TP53 mutant-like staining in the ARID1A-positive
(27%) and the ARID1A-negative group (2.5%).
These data clearly indicate an inverse relationship
between ARID1A loss and mutations in TP53
in endometrial cancer, independent of tumor
morphology.

Relationship Between MSI and ARID1A Expression

Furthermore, we investigated the relationship
between MSI and the expression of ARID1A in the
primary study set (Figure 4). We found MSI in 11
tumors with positive ARID1A expression (10%),
as compared with 25 MSI tumors in the group
that showed loss of ARID1A expression (63%,
Po0.0001; Figure 4a). An example of the ARID1A
staining in a MSS and unstable tumor is depicted in
Figure 4b.

Next, a subset analysis was performed on MSI
tumors. We determined whether the MSI was due to
germline mutations or due to promoter hypermethy-
lation of MLH1 by MS-PCR and expression analysis
of the MMR genes. In 89% (N¼ 32) of the MSI cases
from the primary study set, loss of MLH1 expression
was coexisting with MLH1 promoter hypermethyla-
tion and these cases were considered ‘sporadic
microsatellite unstable’. In four cases, a germline
mutation in one of the MMR genes was suspected
and these were added to the ‘suspected for germline

mutation’ group. We then compared the expression
of ARID1A in the tumors with sporadic MSI to the
microsatellite-unstable tumors because of proven or
suspected germline mutations (Figure 5a). In this
comparison, we found loss of ARID1A expression in
only five cases (14%) of the ‘Lynch syndrome set’, as
compared with 24 cases (75%, Po0.0001) of the
sporadic microsatellite-unstable tumors. This
difference could not be explained by TP53 status,
as these groups only harbored one case with mutant
TP53 expression.

Discussion

In this study, we analyzed the association of
ARID1A loss with other components of the SWI/
SNF complex, including SMARCD3 and SMARCB1,
and related these findings to established molecular
alterations, such as mutational inactivation of TP53,
PI3K-Akt pathway activation and MSI in endome-
trial carcinogenesis. We found loss of ARID1A
expression exclusively in endometrioid endometrial
carcinomas. SMARCB1 expression was not affected
in any of the endometrial cancer studied,
whereas SMARCD3 expression was reduced in a
subset of tumors, particularly those that showed loss
of ARID1A. Furthermore, ARID1A loss frequently
co-occurred with alterations in the PI3K-Akt path-
way, and the frequency of alterations in this
signaling pathway was much lower in those cases
with normal ARID1A expression. Mutant TP53
expression showed an inverse relationship with
loss of ARID1A expression, independent of tumor
morphology. Finally, loss of ARID1A expression
was significantly associated with sporadic MSI but
not with MSI due to germline mutations.

From the investigated SWI/SNF subunits, only
ARID1A was found to be completely negative in a
subset of cases. The frequency of ARID1A loss in the
primary study set (27%) corresponds to other recent
publications6,25 and argues in favor of a tumor
suppressor role for ARID1A in endometrial cancer.
We did not test the mutation status of ARID1A gene
itself, but others have shown a strong correlation
between the presence of ARID1A mutations and
loss of ARID1A expression, as established by
immunohistochemistry.4,6,12,26 ARID1A loss was
limited to tumors with endometrioid morphology

Table 2 Alterations in P13K-Akt pathway in relation to ARID1A expression (KRAS and PIK3CA hotspot mutations, loss of expression of
PTEN)

Total KRAS PIK3CA PTEN No alterations

All cases study set 146 (100%) 30 (20%) 18 (12%) 68 (47%) 56 (38%)
ARID1A normal 106 (73%) 20 (19%) 12 (11%) 45 (42%) 46 (43%)
ARID1A loss 40 (27%) 10 (25%) 6 (15%) 23 (57%) 10 (25%)
P-values 0.415 0.548 0.105 0.042

The number and percentage of PI3K-Akt pathway alterations are shown in tumors with and without ARID1A expression.
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and not found in non-endometrioid subtypes,
consistent with previous studies.6 These
data suggest that ARID1A loss is involved in the
carcinogenesis of EECs and may be used as an
additional marker in clinical diagnostics if
morphological typing is difficult.27,28

This study was the first to investigate the expres-
sion of two other relevant subunits of the SWI/SNF
complex (SMARCB1 and SMARCD3) in relation to
ARID1A. SMARCB1 and SMARCD3 inactivation has
been observed in many different types of human
cancer, including lung, pancreatic and kidney

Figure 3 Inverse relationship between TP53 status and AT-rich interactive domain 1A (ARID1A) expression in endometrial cancer.
(a) Three examples (two endometrioid endometrial carcinoma and one serous carcinoma of the endometrium) exemplify this inverse
relationship. (A1 and 2) An endometrioid endometrial carcinoma with loss of ARID1A expression and wild-type TP53
immunohistochemistry. (A3 and 4) An endometrioid endometrial carcinoma with positive ARID1A expression and TP53 mutant-like
expression. (A5 and 6) A serous carcinoma with positive ARID1A expression and TP53 mutant-like staining. TP53 mutations were
confirmed by Sanger sequencing. (b) Incidence of TP53 mutant staining pattern in relation to ARID1A status determined by
immunohistochemistry. Solid/black area represents TP53 mutant-like staining, whereas open/white area represents TP53 wild-type
staining pattern. Rates of TP53 mutant-like expression are indicated (27 and 2.5%, Po0.0004).
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carcinomas and sarcomas.29–33 We found normal
expression of SMARCB1 in all tumors and therefore
conclude that this SWI/SNF subunit does not have
an important role in endometrial carcinogenesis.
Reduced SMARCD3 expression was significantly

associated with ARID1A loss. This finding
corresponds to a study that showed altered levels
of SWI/SNF subunit expression in mouse ES cells
with knockout of one or both alleles of ARID1A.34

Taken together, these data suggest that SMARCB1
and SMARCD3 expression are not independently
affected in endometrial cancer, but the expression
level may be reduced when the stability of the SWI/
SNF complex is disturbed because of ARID1A loss.

In our analysis of the PI3K-Akt pathway, we
found more alterations in this signal-transduction
pathway when ARID1A was not expressed, as
compared to tumors with normal ARID1A expres-
sion (Table 2). Similar observations were found by
others in endometrial cancer,1 ovarian clear-cell
carcinomas35 and gastric cancer.36 This may
indicate cross-talk between ARID1A and the PI3K-
Akt pathway. In vitro work using endometrial
cancer cell lines supports this by showing
increased AKT phosphorylation in response
to ARID1A knockdown, demonstrating ARID1A as
a regulator of the PI3K-Akt pathway in a similar
manner as PTEN.1 On the basis of these findings, we
speculate that co-occurrence of PIK3CA mutationsFigure 3 Continued.

Figure 4 Relationship of AT-rich interactive domain 1A (ARID1A) expression and microsatellite instability (MSI). (a) Incidence of MSI in
ARID1A-positive and -negative cases, as determined by immunohistochemistry. Solid/black area indicates microsatellite-unstable cases
(MSI), whereas open/white area represents microsatellite-stable cases (MSS). Rates of MSI in the groups are indicated (10 and 63%,
Po0.0001). (b) Two examples illustrating the inverse relationship of ARID1A expression in a MSS (B1) and an unstable (B2) case.
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and ARID1A loss may be explained by a mechanism
of oncogenic addiction, in which mutational
pressure on the PIK3CA gene is relatively high
in ARID1A-mutated tumors. Understanding this
relationship may become particularly important
when targeting strategies are designed in the
future.37

We found an inverse relationship between
TP53 ‘mutant’-like expression and loss of ARID1A
expression in endometrial cancer and found no
loss of ARID1A in non-endometrioid endometrial

carcinomas. In ovarian cancer, TP53 mutations were
found to be mutually exclusive with ARID1A
mutations,3 and in gastric cancer, a similar inverse
relationship was identified.12 Rahman et al8 used a
different TP53 scoring system (10% staining
was considered positive) and did not find an
association between ARID1A and TP53 expression
in endometrial cancer. In our study, 30 tumors
showed a ‘mutant’-like TP53 expression and all but
1 showed normal ARID1A expression. This finding
is consistent with the hypothesis that ARID1A

Figure 5 Relationship of AT-rich interactive domain 1A (ARID1A) expression and microsatellite instability (MSI) subdivided in sporadic
MSI and MSI because of germline mutations. (a) Loss of ARID1A expression was observed in 75% of the MSI tumors because of MLH1
(MutL homolog 1) promoter hypermethylation, whereas only 13 and 14% of the MSI tumors because of suspected or confirmed germline
mutation (Po0.0001). (b) Case of endometrioid endometrial cancer with loss of ARID1A expression and MLH1 expression because of
promoter hypermethylation of the MLH1 gene (#, two bands visible in the methylation-specific polymerase chain reaction (MSP-PCR),
m (methylated), um (unmethylated), with a positive and negative control and H2O control). (c) Case of endometrioid endometrial cancer
in a patient with Lynch syndrome with normal expression of ARID1A but loss of MLH1 expression because of a germline mutation in the
MLH1 gene (c.806C4G,p.Ser269X).
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and TP53 work along the same pathway and the
discrepancy with Rahman’s findings are likely
the result of a difference in TP53 scoring. ARID1A
may mediate its tumor suppressor function by
interacting with TP53 to regulate CDKN1a and
SMAD3 transcription to suppress tumor growth.2

Interestingly with respect to this hypothesis is that
endometrial carcinomas with alterations in ARID1A
or TP53 result in phenotypically different tumor
types. Tumors with loss of ARID1A expression are
endometrioid, whereas TP53-mutated tumors are
predominantly of the non-endometrioid type.

We found a significant association between loss of
ARID1A expression and MSI because of MLH1
promoter hypermethylation in endometrial cancer.
In 75% of the sporadic microsatellite-unstable cases,
ARID1A loss was observed in contrast to only 14%
in cases with MSI because of germline mutations
(Lynch syndrome). This association was not found
in a recent immunohistochemical study including
ovarian and endometrial cancers.8 The most
likely explanation for this discrepancy is that
immunohistochemistry alone does not discriminate
between sporadic and germline MSI. Our findings
support the hypothesis that MSI is preceded by
ARID1A loss and argues against the existing
hypothesis that ARID1A mutations are the result of
MSI, as has been postulated for gastric cancer where
a similar association between ARID1A mutations
and MSI was found.12 In these studies, only
the presence or absence of MSI was reported
without the underlying cause (germline mutation
or MLH1 promoter hypermethylation). We consider
two hypotheses that may explain the association
between ARID1A loss and sporadic MSI. Firstly,
ARID1A loss may be the result of ARID1A promoter
hypermethylation and not mutations, and the
co-occurrence with MLH1 promoter hypermethyl-
ation is consequently a reflection of global genomic
hypermethylation (CIMP). This explanation may be
viable, as CpG islands have been identified
on the ARID1A promoter and ARID1A promoter
hypermethylation has been reported recently in
invasive breast cancer.38 However, several other
studies have shown that ARID1A loss of
expression is strongly associated with mutations in
the ARID1A gene, and for endometrial cancer,
the mutation rate corresponds with the frequency
of ARID1A loss.4,6,12,26 Moreover, promoter
hypermethylation as inactivating mechanism of the
ARID1A gene has not been reported in endometrial
cancer.39 An alternative hypothesis is that loss of
ARID1A results in epigenetic alterations by a
deficient SWI/SNF complex that may lead to
MLH1 promoter hypermethylation. This could be
achieved by a direct interaction of SWI/SNF on the
MLH1 promoter as has been observed in rhabdoid
tumors, where the loss of SNF5 (SMARCB1) resulted
in promoter hypermethylation and loss of
expression of the BIN-1 gene.40 These data support
the idea that locus-specific epigenetic silencing is a

commonality in tumors with dysfunctional
SWI/SNF chromatin remodeling complex.
Additional research focusing on the interaction
between the SWI/SNF complex and the MLH1
promoter will be required to further delineate this
mechanism and to better understand the intriguing
association between loss of ARID1A expression and
MLH1 promoter hypermethylation.

In conclusion, this study is the first to examine
the relationship between loss of ARID1A expression
and other important molecular alterations described
in endometrioid endometrial carcinogenesis.
We found that ARID1A loss is a relatively frequent
(27%) event in EEC, and that the subunits of the
SWI/SNF complex (SMARCD3 and SMARCB1) do
not seem to have an important role. Loss of ARID1A
and TP53 mutational inactivation was nearly
mutually exclusive in endometrial cancer. Finally,
our main finding is that loss of ARID1A expression
is significantly associated with sporadic MSI but not
with MSI because of germline mutation in one
of the MMR genes. Although still speculative, this
places ARID1A in a molecular pathway driving
endometrioid endometrial carcinogenesis towards
MSI through epigenetic alterations of the MLH1
gene. Further research will be required to delineate
the exact mechanism by which ARID1A controls the
epigenetic landscape in endometrial cancer.
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