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SUMMARY. In a prior study, baseline mutational load (ML) predicted progression to high-grade dysplasia (HGD)
or esophageal adenocarcinoma (EAC) in Barrett’s esophagus (BE) with an area under the curve (AUC) of 0.95. We
aimed to validate the test characteristics of this predictive biomarker panel using crude DNA lysates in a larger well-
characterized cohort. We performed a nested case-control study of BE patients from three tertiary referral centers in
the Netherlands. Cases had baseline nondysplastic BE (NDBE) and developed HGD/EAC > 2 years later. Controls
were matched 2:1, had baseline NDBE, and no progression. Polymerase chain reaction (PCR)-based mutational
analysis was performed on crude lysates from formalin-fixed, paraffin-embedded tissue. ML was calculated from loss
of heterozygosity (LOH) and microsatellite instability (IMSI) at 10 genomic loci. Receiver operator characteristic
(ROC) curves were created to assess the diagnostic utility of various cutoffs of ML for progression. Of 159 subjects,
58 were progressors and 101 were nonprogressors, there was no difference in mean ML in preprogression tissue in
progressors and nonprogressors (ML = 0.73 & 0.69 vs. ML = 0.74 £ 0.61, P = 0.93). ROC curves showed poor
discrimination of ML in predicting progression with AUC of 0.50 at ML > 1. AUC did not vary with different ML
cut-points. The utility of the ML to stratify BE patients for risk of progression was not confirmed in this study. The
etiology for discrepancies between this and prior studies showing high predictiveness is likely due to the use of crude
lysates in this study, but requires further investigation.
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INTRODUCTION high inter- and intraobserver variability and random
biopsies are associated with sampling error, resulting

The goal of endoscopic surveillance in Barretts  in an inaccurate prediction of progression to EAC.*#

esophagus (BE) is for early detection of dysplasia
and esophageal adenocarcinoma (EAC). Early detec-
tion and treatment of malignant and premalignant
lesions is associated with improved survival in EAC
patients.! > However, current surveillance reliant on
histologic interpretation of endoscopic biopsies have
several shortcomings. Histological evaluation has a
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The need for better risk stratification has prompted
the investigation of potential biomarkers *'# to pre-
dict which BE patients are at an increased risk of pro-
gression to EAC, so that surveillance and more aggres-
sive treatment could be targeted to this group.

In a previous case-control study,'®> we assessed a
panel of genetic markers comprised of 10 genomic loci
to calculate a mutational load (ML) score that could
be used to predict progression to high-grade dysplasia
(HGD) or EAC. We found that mean ML was sig-
nificantly higher in 23 BE subjects who progressed to
HGD or EAC compared to 46 who did not progress
over a mean time of 4 years. The ML test at a threshold
of >0.5 was 100% sensitive at predicting progression
and the area under the curve (AUC) for the assay at a
cut-off of >1 was 0.95.

Given that these preliminary data showed that
ML could potentially be a robust biomarker for risk
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stratification in BE, we aimed to validate these find-
ings in a larger, stringently selected community-based
population to determine whether ML in preprogres-
sion BE tissue predicted risk of progression to HGD
or EAC. We hypothesized that study participants with
ML > 1 at baseline would be at an increased risk of
progression to HGD or EAC.

MATERIALS AND METHODS

Study design and setting

We performed a nested case-control study assessing
ML in preprogression tissue of nondysplastic BE
(NDBE) patients at baseline, who progressed to HGD
or EAC (progressors or cases) and those who did not
progress (nonprogressors or controls) on follow-up
endoscopy. All subjects were recruited as part of the
ReBus biorepository at the Academic Medical Centre,
Amsterdam (AMC).

Progressors were identified at three tertiary referral
centers in the Netherlands between 2000 and 2012.
All subsequent surveillance endoscopies were iden-
tified through the nationwide network and registry
of histology and cytopathology in the Netherlands
(PALGA database).'® Progressors were defined as
those with initial NDBE who subsequently developed
HGD or T1 disease on a resection specimen or on two
separate biopsy sessions. Progressors were required to
have at least 2 years of surveillance before the diag-
nosis of HGD/EAC, and to have at least two surveil-
lance exams demonstrating NDBE prior to progres-
sion.

Nonprogressors were identified from a BE surveil-
lance registry in 10 community hospitals in the
Amsterdam region, comprising the same catchment
area from which progressors originated. Nonprogres-
sors were included if they underwent at least two
surveillance endoscopies with a minimum surveillance
interval of two years and did not develop HGD/EAC.
For both progressor and nonprogressor patients, base-
line samples were required to contain solely NDBE
histology.

Controls were matched to cases in up to a 2:1
ratio by age, sex, BE segment length, and dura-
tion of surveillance. Subject demographics, number
of surveillance endoscopies, and duration of surveil-
lance were obtained from patient records. Duration of
surveillance was defined as time from baseline biopsy
to time of progression in cases, and baseline to last
surveillance endoscopy with biopsies for controls.

Tissue processing and mutational load analysis

Laboratory personnel blinded to the case-control
status assessed ML in baseline tissue of progressors
and nonprogressors. To do this, hematoxylin and eosin
(H&E)-stained histology slides from formalin fixed,

paraffin embedded (FFPE) biopsies were microscop-
ically evaluated to identify BE-related targets that
were microdissected from consecutively cut unstained
slides.

Mutational analysis was performed on crude lysates
of all microdissected histological targets. Briefly,
microdissected targets were placed into a Tris/Tween
buffer. All samples underwent proteinase K digestion
at 56°C for at least 48 hours and 1 round of freeze-
thawing at —8°C. An aliquot of the resulting crude
lysate was analyzed by quantitative polymerase chain
reaction (QPCR) to assess the amount of PCR ampli-
fiable DNA in each microdissected sample. A pre-
viously established'*>!7 qPCR cycle threshold (CT)
value (CT < 32 = sufficient; 32-34 = borderline;
>34 = insufficient) was used to measure amplifiable
DNA to assess for loss of heterozygosity (LOH) or
microsatellite instability (MSI) mutations. Samples
with CT values >34 were excluded from the analysis.
All mutations were confirmed in triplicate for ML
analysis, with confirmation of mutations in all three
runs, in order to help avoid PCR-related errors due to
contaminates and low template DNA.

ML is a previously determined'>!'” summary
score of genetic aberration, based on the presence of
LOH and MSI mutations at 10 genomic loci (with

associated tumor suppressor genes): Ip(CMMI,
L-myc), 3p(VHL, HoGGl), 5q(MCC, APC),
9p(CDKN2A), 10q(PTEN, MXIl), 17p(TP53),

17q(NME1), 18q(DCC), 21q(TFF1, PSEN2), and
22q(NF2).!8-23 LOH mutations were categorized
as high clonality (>75% of the DNA had LOH)
or low clonality (50-75% of DNA had LOH) and
assigned values of 1 and 0.5, respectively.!” The value
of the first measured MSI mutations was assigned
0.75, and each additional MSI present at a genomic
locus was assigned a value of 0.5.!7 The ML score
for each microdissected target was determined by
adding together values based on the presence of LOH
and MSI mutations and clonality of LOH mutations
in each microdissected target. The maximum ML
score among all microdissected targets at baseline
was defined as the total ML (range: 0-10) for each
subject.

Statistical analysis

Descriptive statistics were used to examine character-
istics of progressors and nonprogressors, and bivariate
analyses were performed to determine the relation-
ship between the two groups and each independent
variable. Conditional logistic regression was used to
estimate the odds of predicting progression at varying
ML cut-points after adjusting for sex, age, duration
of surveillance, BE segment length, CT value, and
number of surveillance endoscopies. Receiver oper-
ator characteristic (ROC) curves were created to assess
the diagnostic utility of various cut-offs of ML for
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Table 1 Participant characteristics

Nonprogressor Progressor
Total (n = 159) (n=101) (n=58) P value
Age, mean + SD 589 £8.1 59.1 +£8.2 584 +79 0.60
Male, n(%o) 142 (89) 91 (90) S1(88) 0.67
White, n(%) 121 (95) 80 (92) 41 (100) 0.32
Barrett segment length, mean + SD 49 +2.7 4.8+29 52+24 0.35
Number of surveillance EGDs, mean + SD 1.5+19 1.24+2.0 214+1.6 < 0.01
Duration of surveillance, years, mean = SD 40+1.6 39+1.7 42+14 0.41
Table 2 Mutational load characteristics
Nonprogressor Progressor
Total (n = 159) (n=101) (n=58) P value
Mutational load, mean + SD 0.73 + 0.64 0.74 + 0.61 0.73 + 0.69 0.93
Number of targets, mean + SD 24+14 23+13 27+£15 0.09
Count of MSIT, n(%) 0.49
90 (57) 57 (56) 33(57)
1 55(3%5) 37(37) 18 (31)
2 14 (9) 7(7) 7(12)
Count of low LOH?, n(%) 0.57
0 102 (64) 64 (63) 38 (66)
1 49 (31) 32(32) 17 (29)
2 7(4) 5(5) 2(3)
3 (D) 0(0) 1(2)
Count of high LOH, n(%) 0.73
0 135 (85) 85(84) 50 (86)
1 23 (14) 15 (15) 8 (14)
2 1(1) 1(1) 0(0)
CTY value, mean + SD 309+ 1.6 30.7+ 1.8 314+£1.2 < 0.01

Tmicrosatellite instability; tloss of heterozygosity;

SCT < 32 = sufficient amount, 32-34 = borderline amount of amplifiable DNA.

progression. All analyses were performed using Stata
13 (College Station, TX).

RESULTS

Of 343 subjects identified as progressors or nonpro-
gressors, 51 were excluded due to lack of NDBE his-
tology in recut tissue slides and 80 were excluded
due to insufficient levels of amplifiable DNA in crude
lysates. Of the 212 subjects who had amplifiable DNA,
159 were successfully matched and included in the
final sample. Of these 159 subjects, there were 58
progressors and 101 nonprogressors. There were no
differences between the groups in terms of demo-
graphics, baseline BE length, and duration of surveil-
lance (Table 1). Progressors had a higher number of
surveillance endoscopies compared to nonprogressors
2.1 £ 1.6 vs. 1.2 & 2.0, P < 0.01). Most progressor
FFPE tissue blocks (73%) were stored in archives for
>10 years, compared to only 20% of nonprogressor
FFPE tissue blocks. Mean CT value was significantly
higher in progressors 31.4 4 1.2 compared to nonpro-
gressors 30.7 = 1.8, P < 0.01.

Both progressors and nonprogressors had similar
mean ML in preprogression tissue lysates: 0.73 £ 0.69
versus 0.74 + 0.61, P = 0.93 (Table 2). A mean

of 2 NDBE histological targets was evaluated in
both groups, concordant with the previous study
that showed that the test performance characteris-
tics were optimal when >2 targets were used to
calculate ML. In both groups, 33% had borderline
levels of amplifiable DNA (CT 32-34). Approximately
50% of progressors and nonprogressors had either
1 NDBE histological target or borderline levels of
amplifiable DNA.

The percent of progressors and nonprogressors at
each ML cut-point was assessed (Fig. 1). There were
comparable percentages of progressors (31%) and
nonprogressors (28%) with a ML = 0 in baseline
tissue. A higher number of progressors had ML of 2.25
or higher. However, a higher number (11%) of non-
progressors had ML of >1.75 than progressors (5%).
Overall, there was no clear trend of higher baseline
ML in progressors.

In multivariable analysis, the odds of predicting
progression based on baseline ML was not signifi-
cantly different between the cases and controls when
tested at varying ML cut-points ranging from 0.5 to
1.75 (Table 3). ROC curves showed poor discrimi-
nation of the ML test in predicting progression to
HGD or EAC in BE with AUC of 0.50 at ML > 1,
and AUC did not significantly change at varying ML
cut-points.
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Fig. 1 Percent of nonprogressors and progressors in each mutational load category.

Table 3 Odds’ of predicting progressor status at varying muta-
tional load (ML) cutpoints and corresponding AUC from ROC
curves

ML OR 95%CI P-value AUC
>0.5 0.81 0.33-1.99 0.65 0.56
>1 0.77 0.33-1.83 0.56 0.50
>1.5 0.89 0.20-2.90 0.70 0.58
>1.75 0.83 0.23-3.02 0.77 0.59

T Adjusted for sex, age, duration of surveillance, Barrett’s segment
length, ct value and number of surveillance EGDs.
CI, confidence interval; ML, mutational load; OR, odds ratio.

Post hoc analyses

Several post hoc analyses were performed to better
understand the source of discrepancies between the
current negative study and the prior study.!> Because
we were concerned that the age of the specimen might
influence the analysis, we assessed only more recently
enrolled patients. However, ML analysis in a subset
of subjects whose biopsies were obtained <4 years
prior to progression did not improve signal detec-
tion in progressors compared to nonprogressors. Sim-
ilarly, subset analyses in only those with high quality
DNA (excluded subjects with borderline levels of PCR
amplifiable DNA (CT 32-34) and/or only 1 assessable
NDBE target) also did not improve signal detection.
Finally, reweighting of LOH and MSI variables used
in the ML score did not improve signal compared to
noise due to the relatively few mutations detected in
progressors.

As mentioned previously, all samples positive for
LOH were originally run in triplicate with confirma-
tion of mutations required in all three runs. In post
hoc analyses, we applied less stringent criteria to see
if it would impact signal strength. Therefore, when
we analyzed for LOH signal that was positive in at

least one run, the average ML signal in progressors
improved to 1.9 but was still not statistically higher
than that of nonprogressors who had an average ML
of 1.6 (P = 0.14). Unfortunately, re-runs for mutations
at all genomic loci in which results were originally neg-
ative could not be done due to crude lysate sample
volume limitations.

While previous work successfully used purified
DNA for ML assessment, this study used crude lysate
given use of archival specimens. We hypothesized that
ML signal could be relatively ‘muted’ in crude lysates,
making the signal in progressors indistinguishable
from background noise in nonprogressors at baseline.
To better understand the magnitude of ML signal
expected at baseline, we examined ML in crude lysates
of 11 subjects with HGD or cancer histology from
similarly archived tissue. Seven of the 11 subjects
had sufficient amounts of PCR amplifiable DNA in
crude lysates of FFPE tissue that was archived for
an average of 6.2 years, and had an average ML of
2.4. In contrast, prior data showed an average ML
in purified DNA of subjects with cancer and HGD
histology was 4.1 and 3.3, respectively,'’-!® suggesting
that the ML in crude lysate samples may be muted
compared to purified DNA from microdissection. An
ML of <1.5 occurred in 43% of crude lysate DNA of
microdissected targets with HGD, markedly less than
the <1.5% of such targets based on past studies using
purified DNA.!7-18

DISCUSSION

This population-based nested case-control study com-
paring BE progressors and matched nonprogressors
demonstrated that a previously identified biomarker
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panel did not predict progression to early neoplasia in
the preprogression samples. Although previous work
in a smaller study'® showed that the mean ML in pre-
progression tissue was significantly higher in BE sub-
jects who progressed to HGD or EAC compared to
nonprogressors, these results were not reproducible.
Mean ML, the count of MSI, low clonality, and high
clonality were not significantly different in progres-
sors versus nonprogressors. Therefore, the utility of
the ML score based on LOH and MSI at 10 genomic
loci to stratify BE patients for risk of progression to
EAC was not confirmed in these data.

A possible source of the inability to detect signifi-
cant mutations in progressors could be variability in
fixation and storage parameters of archived FFPE
tissue biopsies. Of progressor biopsies, 73% were
archived for >10 years, compared to only 20% of non-
progressor samples. Longer storage can decrease the
amount of intact, amplifiable DNA.>* However, post
hoc analysis of subjects whose biopsies were obtained
<4 years prior to progression, to overcome the limi-
tation of samples with longer storage times, did not
improve signal detection. Another potential explana-
tion could be the longer duration between baseline
biopsy and progression in the current study versus
prior study (4.1 years with a minimum requirement of
2 years versus 3.9 years with minimum requirement of
1 year). It may be that the baseline biopsies must be
temporally closer to the date of progression in order
to have acquired the genetic abnormalities assessed
by this panel. Although we cannot exclude this as a
potential factor, analysis of subjects with a surveil-
lance duration of less than 4 years did not improve ML
signal in progressors relative to nonprogressors.

Based on our post hoc analyses, by far the most
notable difference was the use of purified DNA in
the prior study and the use of crude lysate in this
study for PCR-based ML assessment. While use of
purified DNA would be preferable, in this investiga-
tion, given the use of archival specimens, crude lysate
DNA was required to obtain sufficient levels of ampli-
fiable DNA. The presence of PCR inhibitors in crude
lysates and low amounts of DNA available for ampli-
fication methods are well-recognized sources of error
in detecting genetic abnormalities.”> Although NDBE
crude lysates were examined for PCR-based DNA
amplifiability prior to the study, we did not do the
same to assess the magnitude of ML signal expected
in HGD or cancer tissue.!”!¥ In post hoc analysis, we
found that the ML signal in crude lysates of HGD
and EAC tissue was lower than the average ML signal
observed in purified DNA of the same histology noted
in previous studies. Furthermore, the average ML
signal observed in crude lysate DNA of such tissue
(2.4 ML) was similar to that observed in purified DNA
at 3.9 years prior to the onset of HGD or EAC in
our past study (2.2 ML). Therefore, it is not surprising
that such ‘muted’ ML signal observed at progression

in crude lysates was not discernible from noise at 4
years prior to progression. This seems the most likely
explanation for the inability to reproduce the previous
results.

Biomarkers are essential to accurately risk stratify
BE patients who are at the highest risk of progression
to guide surveillance strategies. Current risk stratifi-
cation techniques and detection of dysplasia are based
on endoscopy with biopsies, which are limited by sam-
pling error, poor adherence to biopsy collection pro-
tocols,?® and variability in histologic assessment of
the presence of dysplasia.”’” Although the biomarker
panel such as the one tested in this study is based
on histologic specimens and cannot overcome sam-
pling bias, it offers the advantage of predicting pro-
gression to HGD or EAC years prior to it occur-
ring. Because the annual risk of BE progressing to
HGD/EAC is <1%,! testing biomarkers in a prospec-
tive fashion would require a large number of subjects
and lengthy follow-up times, making this approach
costly and time consuming. Therefore, a nested case-
control study overcomes these issues and is a good
study design when investigating biomarkers in condi-
tions like BE with rare progression outcomes. Another
strength of this study is that we conducted rigorous
post hoc analyses to understand the reasons for the
variation of results of this study compared to the
prior."> The lessons learned from these analyses can
be utilized to inform future biomarker studies.

One of the limitations, which is inherent to our
study design, is problems with the quantity of ampli-
fiable DNA that could be extracted from the archived
tissue specimens. In addition, this study only included
NDBE baseline samples, while the previous study
included both baseline LGD and NDBE, even though
there was an insignificant difference in the propor-
tion of cases with LGD at baseline between progres-
sors and nonprogressors (30.4% cases, 17.4% controls,
P = 0.23).% Finally, in our previous study, subjects
were matched by age, sex, and duration of surveillance
but not by BE segment length as in this study. BE
length is a well-known independent predictor for pro-
gression to HGD or EAC,? 3! and it is possible that
this discrepancy could be contributing to the differ-
ence in results between the two studies.

With respect to next steps, given the conflicting
nature of the outcomes of this study and its precursor,
potential options include testing this biomarker panel
in a prospective case-control trial using purified
DNA samples. While time consuming and costly,
this approach would overcome the limitations of
archived specimens such as poor DNA quality. It
would also more reliably confirm a threshold for
risk of progression given potential differences in the
magnitude of signal observed in archived specimens
compared to those undergoing current pathology
fixation methods. Based on our post hoc analysis,
purified DNA rather than crude lysate should likely
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be used for ML analysis. Another approach is to re-
evaluate the genomic loci used to constitute the ML,
and investigate biomarkers that show a higher degree
of signal difference from controls at a longer time
point prior to progression. While this study was not
able to reproduce the results of our prior work in using
ML as a predictive marker of progression, it helps elu-
cidate issues that arise with tissue-based, predictive,
biomarker development in BE that are important to
address as we work towards more optimal risk strati-
fication approaches in BE.
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