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The aim of this study was to determine the fre-
quency of microsatellite instability (MSI�) in tu-
mors from a population-based series of young colo-
rectal cancer patients and its correlation with the
loss of expression of mismatch repair (MMR) pro-
teins. The BAT-26 mononucleotide repeat was used
to screen for MSI� in all colorectal cancers diag-
nosed in Western Australia throughout a 5-year pe-
riod in patients <60 years of age. MSI� was found in
75 of 1003 (7.5%) cases , of which six contained a
concomitant mutation in BRAF and were therefore
excluded from further investigations as possible
hereditary nonpolyposis colorectal cancer. Immu-
nohistochemistry was used to evaluate expression
of the four major MMR proteins (MLH1, MSH2,
MSH6, and PMS2) in the remaining 69 MSI� tumors.
Complete loss of MLH1 and PMS2 expression or of
MSH2 and MSH6 expression was found in 35 (51%)
and 17 (25%) cases , respectively , whereas other
patterns of complete loss were observed in eight
cases (12%). Eight tumors (12%) were initially re-
corded as showing normal expression, but on re-
view seven were reclassified as having abnormal
staining because of heterogeneous patterns of MMR
loss. Three of these seven cases had previously been
found to have germline mutations. Because of pos-
sible misinterpretation of heterogeneous immuno-
histochemistry staining for MMR protein loss , MSI
testing is recommended as the initial screen for
population-based detection of hereditary nonpol-
yposis colorectal cancer. (J Mol Diagn 2007, 9:472–478;

DOI: 10.2353/jmoldx.2007.060162)

The microsatellite instability (MSI�) phenotype in tumor
DNA, also referred to as MSI-high, is a consequence of
defects in the DNA mismatch repair system.1 MSI� oc-
curs in �10% of sporadic colorectal carcinomas (CRCs)
and in almost all tumors associated with hereditary non-
polyposis colorectal cancer (HNPCC; Lynch syndrome).
The majority of sporadic MSI� CRCs arise in the proximal
colon of older patients and are associated with acquired,
methylation-induced transcriptional silencing of MLH1
gene expression.2 Germline mutations in MLH1 and
MSH2 and to a lesser extent MSH6 and PMS2 account
for almost all MSI� CRCs associated with the HNPCC
syndrome.3

The identification of potential inherited mismatch repair
(MMR) gene mutation carriers is currently the major clin-
ical application for MSI screening. Accurate diagnosis of
this syndrome is of great importance for family risk man-
agement because regular colonoscopy has been dem-
onstrated to improve the survival of mutation carriers.4

There is widespread concern, however, that most muta-
tion carriers in the population are not being identified.5,6

Several reasons are likely to account for this, including
the failure of clinicians to carefully document family can-
cer histories and to refer patients for genetic evaluation.
For patients who are referred to family cancer clinics,
tumors are usually tested for MSI in the first instance
using polymerase chain reaction (PCR)-based methods.
MSI testing is not available, however, in the large majority
of routine pathology service laboratories, and these rely
on immunohistochemistry (IHC) technique to detect loss
of MMR protein expression as a surrogate marker for the
presence of MSI.

Whether or not all or clinicopathological subsets of
CRCs should be routinely tested for MMR defects to
assist with the detection of HNPCC is still a matter of
conjecture. There is also considerable debate as to
whether MSI or IHC is the technically superior screening
approach.7–13 With the aim of improving the rate of
HNPCC detection in the state of Western Australia, our
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laboratory is conducting a population-wide study that
uses MSI as the prescreen test followed by IHC for pos-
itive cases. All CRC patients �60 years of age and diag-
nosed in this state throughout a 5-year period were tested
for MSI. The coexistence of a BRAF oncogene mutation in
tumors found to be MSI� was used as a criterion to
exclude cases that were sporadic in origin.14 The remain-
ing MSI�/wild-type BRAF cases were further evaluated
for loss of MMR protein expression and subsequent
germline testing for consenting individuals.

Materials and Methods

Patients and Specimens

All CRC cases diagnosed in the state of Western Austra-
lia from 2000 to 2006 inclusive were identified by elec-
tronic searches of the public and private pathology ser-
vice provider databases. Only patients �60 years of age
at diagnosis were selected for the study. This age cutoff
was chosen as a compromise between the feasibility of
screening for MSI� in large sample numbers while at the
same time maximizing the capture of HNPCC cases and
reducing sporadic cases. An additional 24 CRC patients
�30 years of age and diagnosed in Western Australia
during the period from 1993 to 1999 were also included in
the study as potential high-risk cases for HNPCC. Archi-
val tissue blocks obtained from surgical resection or bi-
opsies were selected to contain maximal tumor content.
All cases were screened for MSI and BRAF mutation. No
information on family history of cancer was available at
the time of MSI� screening or IHC. Ethics approval for the
project was obtained from the Human Research Ethics
Committees of each hospital and from the Confidentiality
of Health Information Committee. The ethical issues in-
volved in the phenotypic screening (MSI and IHC) of
archival tumor tissues without patient consent are de-
scribed elsewhere.15

MSI and BRAF Mutation Screening

The MSI status for all tumors was determined using fluo-
rescent-single strand conformation polymorphism (F-
SSCP) to detect deletions in the BAT-26 mononucleotide
repeat as described previously.16 F-SSCP was also used
to screen for the common V600E point mutation in the
BRAF oncogene.17 Several 10-�m sections cut from for-
malin-fixed, paraffin-embedded tumor blocks were di-
gested at 50°C with proteinase K for at least 48 hours
before heat inactivation (95°C, 10 minutes) of the en-
zyme. Primer sequences and PCR conditions for the
amplification of BAT-26 and BRAF were the same as
described previously.16,17

Immunohistochemical Staining for MLH1,
PMS2, MSH2, and MSH6

IHC was performed on tumors from 2000 to 2004 found to
be MSI� and BRAF wild type and on all tumors diagnosed

in 2005 or 2006. Tissue sections of 4-�m thickness were
cut from the same tumor blocks used for MSI� screening
and placed onto silane-coated slides. After dewaxing
and rehydration, they were stained for MLH1, PMS2,
MSH2, and MSH6 using commercially available antibod-
ies (clones G168-15, A16-4, G219-1129 and 44, respec-
tively; BD PharMingen) at the recommended dilutions
and using standard IHC methods. Antigen retrieval was
performed using Target retrieval solution (DAKO, Botany,
NSW, Australia) and a Decloaker pressure cooker (Bio-
Care Medical, Stafford, QLD, Australia) at 121°C for 20
minutes. The detection system used was the Mach3 kit
(BioCare Medical) as recommended by the supplier.
Lymphocytes and normal colonic epithelium located ad-
jacent to tumor cells served as internal controls for pos-
itive MMR protein expression. Cases were initially scored
by a pathologist (J.H.) as positive for expression (MMR
normal) if nuclear staining was present in any of the
malignant cells. Cases were initially scored as negative
for expression (loss of MMR expression) if all tumor cells
showed complete loss of staining while the adjacent nor-
mal cells showed nuclear staining.

Results

A total of 1059 tumors from CRC patients �60 years of
age and diagnosed from 2000 to 2004 were screened for
MSI� using the BAT-26 marker alone, of which 1003 gave
a result. Representative F-SSCP results are shown in
Figure 1. Deletion of the BAT-26 allele was found in 75 of
1003 (7.5%) cases. The frequency of MSI� in different
age groups was 22.2% (�29 years), 14.7% (30 to 39
years), 10.6% (40 to 49 years), and 4.4% (50 to 59 years).
Mutations in BRAF (V600E) were found in 6 of 75 (8%) of
the MSI� tumors, and all were in patients 54 to 59 years
of age. Based on previous observations,14 these were
excluded from additional follow-up as possible HNPCC.
The remaining 69 MSI�/BRAF wild-type tumors were fur-
ther investigated by IHC for expression of the major MMR
proteins. All cases showed appropriate positive staining
of normal colonic epithelial cells and lymphocytes with all

Figure 1. Representative F-SSCP gel showing deletions in the BAT-26 mono-
nucleotide repeat indicative of the MSI� phenotype. Samples on the left are
cases in which earlier detection of MSI� status was independently confirmed
by separate PCR and SSCP gel run.
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four antisera tested. In MSI� tumors, loss of MLH1 ex-
pression usually occurs in conjunction with PMS2 loss,
whereas MSH2 loss is usually accompanied by MSH6
loss. These common patterns of loss were observed in 35
(51%) and 17 (25%) cases, respectively (Table 1). Tu-
mors in this category showed complete loss of staining
for the two relevant proteins in all malignant cells. Another
eight tumors showed complete loss of expression for
MSH6 alone (three cases); PMS2 alone (two cases);
MSH2 alone (one case); PMS2 and MSH6 (one case); or
MLH1, PMS2, and MSH6 (one case). There were insuffi-
cient tumor cells in one case to allow accurate evaluation
of staining. The remaining eight tumors were initially as-
sessed as showing normal expression for all four MMR

proteins, although a degree of staining heterogeneity was
noted in some cases.

The single Familial Cancer Program serving the entire
state of Western Australia (population, 2 million) was
notified of the 69 young CRC patients (�60 years) with
MSI�/BRAF wild-type tumors identified in this study. Eigh-
teen (26%) were already known to this service as germ-
line MMR gene mutation carriers (12 MSH2, five MLH1,
one MSH6) in either the proband (n � 13) or members of
their immediate family (n � 5). Three mutation carriers
were among the eight tumors initially reported as showing
normal MMR protein expression: one case each for MLH,
MSH2, and MSH6. This prompted additional review of all
eight MSI� cases showing apparently normal expression.

Table 2. Heterogeneous Staining Patterns for MMR Proteins in MSI� CRC

Case MLH1 PMS2 MSH2 MSH6

1079* Moderate intensity in 25%
cells, heterogeneity
within glands

Moderate intensity in 25%
cells, heterogeneity
within glands

Strong uniform staining Variable staining intensity

909† Strong uniform staining Strong uniform staining Variable staining intensity
with areas of focal loss

Focal areas with loss of
staining

308* Strong uniform staining Strong uniform staining Mostly strongly positive,
�10% of glands
showed heterogeneity

Mostly strongly positive,
�10% of glands showed
heterogeneity

500‡ Mostly strongly positive Strong uniform staining Heterogeneous staining
both zonal and within
individual glands

Heterogeneous staining both
zonal and within individual
glands

857§ Weak nuclear signal in
�25% of cells,
heterogeneity within
glands

Weak-moderate signal in
�25% of cells,
heterogeneity within
glands

Strong uniform staining Strong uniform staining

727¶ Focal areas of reduced
intensity in �1% of
glands

Complete loss of staining
in �10% of glands;
heterogeneity in �10%

Strong uniform staining Focal areas of complete loss
in �1% of glands

184� Unsatisfactory stain Areas of focal loss Strong uniform staining Strong uniform staining

*Patient lost to follow-up.
†Known MSH6 germline mutation.
‡Known MSH2 germline mutation.
§Known MLH1 germline mutation.
¶Germline mutation test result pending.
�Patient deceased before blood sample could be obtained for testing.

Table 1. Patterns of MMR Protein Expression in 69 MSI� Tumors from Young CRC Patients

Pattern of loss (n)* MLH1† PMS2 MSH2 MSH6

Common (52)
35 � � � �
17 � � � �

Other (8)
3 � � � �
2 � � � �
1 � � � �
1 � � � H
1 � � � �

Heterogeneous (7)
2 � � H H
2 H H � �
1 � H � �
1 U H � �
1 � � � H

No loss (1)
1 � � � �

*One case contained insufficient tumor tissue for proper evaluation by IHC.
†�, loss of expression in all tumor cells; �, expression in all tumor cells; H, heterogeneous loss of expression in tumor cells; U, unsatisfactory IHC

result.
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Heterogeneous staining patterns were observed for
seven cases and included examples from each of the
four MMR proteins (Table 2 and Figure 2). Two patterns of
staining heterogeneity were observed. In two of the tu-
mors there were confluent areas of staining loss involving
multiple adjacent gland profiles (zonal loss; Figure 2A),
whereas five tumors showed intraglandular variation in
staining with strongly immunoreactive cells admixed with
unstained cells (focal loss; Figure 2B). In some cases, the
neoplastic cells toward the periphery of tumor aggre-
gates or the advancing tumor margin appeared more
consistently immunoreactive, whereas central glands
were often negative. However, there was no clear corre-
lation between the distribution of staining and morpho-
logical features associated with the MSI phenotype such
as mucinous differentiation or presence of tumor-infiltrat-
ing lymphocytes. The remaining case was a biopsy sam-
ple of an in situ tumor that showed apparently normal
expression of all four MMR proteins. This case had pre-
viously been diagnosed at 18 years of age with a small
bowel tumor, and his family has a known MSH2 germline
mutation.

A second CRC cohort from �60-year-old patients who
were diagnosed in 2005 or 2006 (n � 208) was evaluated

simultaneously for MSI and IHC to evaluate the degree of
concordance between the two techniques. Both analyses
were performed blinded to the results of the other test.
Using BAT-26 alone, 20 of 208 (9.6%) tumors were found
to be MSI� (Table 3). The same number of tumors
showed loss of MMR expression using the criteria of
complete loss of expression in tumor cells in the pres-
ence of staining of adjacent nonmalignant cells. Discor-
dant results were observed for only 2 of 208 (1%) cases.
These comprised one MSI� tumor that showed complete
loss of MSH6 expression and one MSI� tumor with clonal
loss of both MSH2 and MSH6. The latter case can there-
fore be considered equivalent to the seven MSI� tumors
in the previous cohort (2000 to 2004 diagnosis period)
that showed heterogeneous staining patterns. Impor-
tantly, among the remaining 187 MSI� tumors that did not
show complete loss of expression, 140 (75%) displayed
heterogeneous or clonal patterns of loss for at least one
of the four MMR proteins.

Discussion

Most estimates of the proportion of CRCs that are attrib-
utable to HNPCC range from 1 to 3%18–23 with frequen-
cies in unselected patients �50 years of age and �45
years of age estimated at 14 and 17%, respectively.12,21

Identification of pathogenic mutations in MMR genes pro-
vides a definitive genetic test that can assist with the
management of affected families. Because mutation
screening is expensive, clinical guidelines based mainly
on age and family history of cancer have been proposed
to help with the prioritization of individuals for genetic
testing (Amsterdam and Bethesda criteria). Although this
approach to the detection of HNPCC has relatively good
specificity, it suffers from poor sensitivity with the result
that most MMR gene mutations in the community remain
undiagnosed. The reasons for this have been outlined
elsewhere.5,6

With the aim of increasing the detection rate for
HNPCC in the Western Australian population, our group
is trying the use of MSI as the initial test to select young
CRC patients that are to be offered MMR genetic testing.
During the course of this work, it became apparent that a
relatively high incidence of errors can occur in the inter-
pretation of IHC results for MMR protein expression be-
cause of heterogeneity of staining patterns. This presents
as a major difficulty for population-based HNPCC detec-
tion programs that use IHC as the initial screening test in

Figure 2. Heterogeneous IHC staining patterns for MSI� CRC. A: Zonal loss
for PMS2. B: Intraglandular heterogeneity for MSH6.

Table 3. Concordance between MSI and IHC in CRC from
Young Patients (�60 Years)

MMR expression (n � 208) MSI� MSI�

No loss* 187 1†

Complete loss‡ 1§ 19

*Defined as any expression for all four MMR proteins. Includes
cases showing weak, clonal, or heterogeneous staining, or variable
staining intensity.

†Clonal losses of both MSH2 and MSH6.
‡Defined as complete loss of at least one MMR protein.
§Complete loss of MSH6 expression only.
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the absence of supporting data from MSI testing. Be-
cause routine pathology laboratories are at the front line
of population-based screening for HNPCC and are al-
most totally reliant on the IHC technique, we propose that
serious consideration be given to alternative strategies
that are based on MSI analysis.

In a process that was totally blinded to both family
history and germline mutation status, more than 1000
consecutive CRCs from relatively young patients (�60
years) were evaluated for MSI�. Approximately 7.5%
tested positive and, because of their young age, were
therefore considered strong candidates for HNPCC.
BRAF mutation testing was useful for excluding a small
proportion of these MSI� cases (6 of 75, 8%) as being
acquired rather than hereditary in origin.14 The presence
of BRAF mutation serves as a surrogate marker for meth-
ylation of the MLH1 promoter. All six MSI� patients with
BRAF mutation were 54 to 59 years of age, suggesting
this marker is unlikely to be of value for the exclusion of
sporadic MSI� cases in patients below this age group.
Patients �60 years of age comprise �25% of nonse-
lected CRC cohorts, implying that �1.8% of all CRCs fall
into the high-risk category for HNPCC as defined by the
criteria of young age, MSI�, and wild-type BRAF. Al-
though the germline mutation status is not yet known for
all of the high-risk cases, this value is within the range of
1 to 3% cited above for the frequency of HNPCC ob-
served in other population-based studies.18–23 Only 18 of
69 (26%) of the high-risk cases identified in the present
study were previously known as germline mutation carri-
ers to the single referral center for HNPCC in Western
Australia. Screening for germline mutations in 24 patients
who have so far been contacted and given consent is still
ongoing. To date (March, 2007), six new germline muta-
tions have been identified in previously unknown HNPCC
families (three MLH1, one MSH2, one MSH6, and one
PMS2).

Approximately 76% of the high-risk (MSI�) cases
showed complete loss of expression for the common
MLH1/PMS2 or MSH2/MSH6 combinations and a further
12% showed complete loss of a single protein or rarer
double or triple protein loss combinations (Table 1).
These patterns of loss have been described by other
groups and are typical of MSI� tumors from HNPCC
cases.12,23–25 The loss of MSH6 alone has previously
been associated with the MSI-low phenotype.12 Four
cases of MSH6 loss alone were found in the present
study including one that showed heterogeneous staining.
These occurred in MSI� tumors detected using BAT-26
alone, suggesting that the use of this marker will allow the
detection of at least some MSH6 germline mutations. The
two cases with rare combinations of MMR protein loss
(PMS2/MSH6 and MLH1/PMS2/MSH6) cannot be readily
explained. They may represent a combination of germline
and somatic genetic changes, or alternately, they could
reflect technical difficulties with IHC in these cases.

The major finding of the present study is that �10% of
MSI� tumors in young CRC patients displayed atypical
staining patterns characterized by heterogeneous ex-
pression of MMR proteins (Figure 2 and Table 2). These
cases were initially considered to show normal staining

because a proportion of the tumor cells were immunore-
active. The fact that such tumors were MSI� and that at
least three of seven (42%) cases were also later shown to
contain a germline mutation demonstrated an incorrect
interpretation of the IHC findings. These observations
confirm several previous reports of normal IHC expres-
sion in tumors with germline MMR mutations, although
two of these studies investigated MLH1 and MSH2 ex-
pression only,10,26 whereas the third investigated MLH1,
MSH2, and MSH6 expression only.11 Evaluation of all four
major MMR proteins may have resulted in stronger con-
cordance between the IHC result and germline mutation
status in these studies. However, our finding of examples
of heterogeneous staining for each of the four MMR pro-
teins (Tables 1 and 2) suggests that false negatives
would occur even with the use of a wider panel of mark-
ers. Germline mutation data were not available for four of
the seven MSI� cases with heterogeneous staining in the
present study. Further work is required to determine the
frequency and causes of heterogeneous staining in MSI�

tumors from patients with germline mutations.
Most screeners have adopted the position that any

nuclear staining of MMR proteins in tumor cells repre-
sents normal expression, whereas loss of expression is
recorded only when nuclear staining is absent in all ma-
lignant cells.8,27–31 In light of the present results and
previous reports,10,11,26 this is clearly a flawed definition
and in the absence of information on MSI status could
easily lead to an incorrect diagnosis for a significant
minority of individuals at high risk for HNPCC. Further-
more, the risk of misinterpretation is likely to be greater if
IHC assessment is based on a small biopsy specimen
where the heterogeneous staining pattern may be less
apparent. These issues are of particular concern for pop-
ulation-based screening in which IHC is performed by
routine pathology laboratories without the benefit of par-
allel MSI testing. Similar concerns about the accuracy of
IHC when used as a routine first screen for HNPCC
detection in the absence of MSI data have been reported
by others.7,11,26,32 Other well-known limitations of IHC
include the lack of standardization in regard to fixation
and staining protocols.

We propose an alternate strategy for population-based
HNPCC screening that uses MSI as the initial test for all
CRC patients �60 years of age, regardless of family
history (Figure 3). Pathology laboratories would be re-
quired to send sections of routinely processed tumor
tissue to a specialist molecular pathology laboratory for
MSI testing rather than perform in-house IHC testing. IHC
would only be performed on the relatively small propor-
tion (7%) of cases subsequently found to be MSI� and to
have wild-type BRAF. The first advantage of this ap-
proach is that it bypasses the requirement to accurately
validate the family history. Even using the guidelines set
out by the Amsterdam criteria, several population-based
studies have shown that only 50% or less of MMR muta-
tions are detected.12,19,33 The second advantage is that
MSI results are far more clear-cut than IHC with no sub-
jective assessment involved (compare Figures 1 and 2).
A very low incidence (3 of 1059, 0.3%) of BAT-26 poly-
morphism was encountered in the present study of a
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mainly Caucasian population and manifested as a slight
shift in the wild-type banding pattern on F-SSCP gels.
These were readily discounted as polymorphisms rather
than somatic deletions by running the patients’ germline
DNA side-by-side with the tumor DNA. A third advantage
is that BRAF mutation testing could be performed by the
same specialist molecular pathology laboratory on the
small percentage of cases found to be MSI�, although
the present results indicate this is probably only worth-
while for patients 50 to 60 years of age. Finally, MSI
testing is likely to be more cost-effective for population-
based screening than IHC performed on the four major
MMR proteins. The method is amenable to high-through-
put analysis, and because there is no clinical requirement
for a rapid test result, samples can be batched for even
greater cost-effectiveness.

We observed a very strong concordance (99%) be-
tween results from MSI and IHC testing (Table 3). To
achieve this, analysis of four MMR proteins was required
by IHC, and the criterion of complete loss of staining for
at least one MMR protein was used to score a tumor as
being a possible HNPCC case. A high proportion (75%)
of MSI� tumors showed heterogeneity of staining for one

or more MMR proteins. In light of the findings from this
study, all such cases would have required additional
investigation by MSI to exclude the possibility of false-
negative reporting. Primarily for this reason, we believe
that MSI testing is superior to IHC as the prescreen for
population-based detection of HNPCC.

The major caveat to the above MSI-based approach is
that the sensitivity for population-based detection of
HNPCC using MSI remains to be determined. In the
present study using BAT-26 alone, the frequency of MSI�

observed for patients �45 years of age was 15.5% (31 of
200). Although these 31 cases may not all be found to
carry germline MMR gene mutations, it is interesting to
note that a recent study of 105 unselected CRC patients
�45 years of age reported a germline mutation frequency
of 17.1% (18 of 105).12 Furthermore, a recent study of
262 CRCs reported that 27 of 28 (96.4%) cases with loss
of MMR protein expression also showed deletions of
BAT-26.34 The one case not detected by this marker
showed loss of PMS2 alone. A large Spanish study re-
cently found that simultaneous assessment of BAT-26
and another mononucleotide repeat marker, NR24, re-
sulted in 96% sensitivity for the detection of loss of MMR
protein expression.35 Finally, in the present study we
found a very high concordance (206 of 208, 99%) be-
tween MSI� status determined by BAT-26 alone and
complete loss of MMR expression (Table 3). Only 1 of 208
(0.5%) tumors showed complete loss of expression of an
MMR protein (MSH6) in the absence of MSI� (Table 3).
Such rare cases may be detected by additional screen-
ing with the NR24 marker.

In summary, heterogeneous IHC staining for MMR pro-
teins can lead to incorrect interpretation of the results and
thereby reduce the sensitivity for detection of HNPCC in
population studies. This is likely to be a major limitation
for routine pathology laboratories that perform IHC in the
absence of corroborating data from MSI testing. If IHC
alone is used for screening, it cannot be assumed that
focal, heterogeneous, or weak staining patterns reliably
exclude HNPCC. Unless these concerns can be ade-
quately addressed, our recommendation is that popula-
tion-based screening programs for the detection of
HNPCC strongly consider using MSI as the initial test.
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