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Abstract

Purpose: A subset of colorectal cancer (CRC) cases are attributable to Lynch syndrome (LS), a
hereditary form of CRC. Effective evaluation for LS can be done on CRC tumors to guide
diagnostic testing. Increased diagnosis of LS allows for surveillance and risk reduction, which can
mitigate CRC-related burden and prevent cancer-related deaths.

Methods: We evaluated participation in LS screening among newly diagnosed adult CRC
patients. Some cases were referred for genetics evaluation prior to study recruitment (selective
screening). Those not referred directly were randomized to the intervention or control (usual care)
arms. Control cases were observed for one year, then given information about LS screening.
Patients who declined participation were followed through the medical record.
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Results: Of 601 cases of CRC, 194 (32%) enrolled in our study and were offered LS screening,
43 (7%) were followed as a control group, 148 (25%) declined participation and 216 (36%) were
ineligible (63 (10%) of which received prior selective screening). Six and nine cases of LS were
identified through the intervention and selective screening groups, respectively. Overall, a higher
proportion of PMSZ2 variants were identified in the intervention (3/6, 50%) vs. selective screening
groups (2/9, 22%) (not statistically significant). Eighty-eight percent and 23% of intervention and
control patients, respectively, received LS screening. No control patients were found to have LS.

Conclusion: Systems-based approaches are needed to ensure we fully identify LS cases. The
proportion of LS cases from this program was 4% of newly diagnosed cases of CRC, similar to
other programs.
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INTRODUCTION

In the United States, 2-4% of colorectal cancer (CRC) cases are attributable to germline
pathogenic variants in DNA mismatch repair (MMR) genes (EPCAM, MLH1, MSHZ,
MSH6 and PMS2) associated with Lynch syndrome (LS) [1, 2]. Patients with LS are at up to
80% risk of developing CRC without preventive measures [3-5], and are also at elevated risk
of developing other kinds of cancer, including endometrial and ovarian cancer [6].
Diagnosing LS provides medically actionable information that can guide treatment decisions
for cancer patients, as well as recommendations for intensive screening and risk-reducing
surgery aimed at early detection or prevention of CRC, endometrial and other cancers, which
has the potential to alleviate disease burden and prevent cancer-related deaths [7].

Diagnosis of LS in patients with cancer is often initiated by screening tumor tissue for the
presence of MMR deficiency, using either microsatellite instability (MSI) or
immunohistochemistry (IHC) testing [8]. Microsatellite unstable tumors are classified by 3
MSI phenotypes: MSI-high (MSI-H), indicating instability at two or more genetic loci, MSI-
low (MSI-L), indicating instability at one genetic locus or MSl-stable (MSI-S), indicating no
genetic loci with instability. Patients with an MMR-deficient tumor that lacks a somatic
cause, such as a BRAF mutation or MLH1 promoter hypermethylation, can then be directed
to genetic counseling and germline testing to confirm a diagnosis of LS [9].

Several strategies have been successfully used to reduce cancer incidence and burden of
disease in patients diagnosed with LS. Surveillance by regular colonoscopy significantly
reduces LS-attributable CRC incidence, enables earlier-stage CRC detection, and reduces
CRC-associated mortality [10]. Accordingly, the United States Multi-Society Task Force on
CRC (USMSTF) recommends that patients with LS should undergo colonoscopy every 1-2
years starting at age 20-25 years [11]. Further, a systematic review has demonstrated the
effectiveness of cascade testing for LS (i.e., testing family members of patients who test
positive) and conducting surveillance among patients with LS and their families [12].
Surveillance has been shown to significantly reduce CRC incidence and CRC-related
mortality [12].
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Because not all patients with LS meet high risk criteria and family history can be limited or
unreliable, selective screening programs based on these variables and age at onset can miss
cases of LS [13, 14]. Additionally, not every individual who meets the high-risk criteria will
necessarily undergo evaluation for LS [13, 14]. For these reasons, universal tumor screening
programs, which screen all newly diagnosed cases of CRC and/or endometrial cancer, have
been recommended by the Evaluation of Genomic Applications in Practice and Prevention
(EGAPP) and others and are increasingly being implemented by healthcare systems and
hospitals [2, 15, 16-19].

Since not all institutions have incorporated this approach into routine care, examining the
implementation and outcomes of systematic screening programs can help inform the future
planning efforts to incorporate these programs into health systems. Here, we provide high-
quality evidence from a randomized clinical trial (RCT) which evaluates systematic MSI
screening for LS versus limiting evaluation of LS to patients referred outside the study
(usual care). Our study population drew from patients who presented with new CRC and
who underwent colorectal surgery. This study was implemented at Kaiser Permanente
Northwest (KPNW), an integrated health-care system serving about 600,000 members in the
Pacific Northwest. The overall goal of our RCT was to assess the effect of a systematic
tumor screening strategy on genetic testing uptake, subsequent diagnosis of LS, and on the
specific genetic variants detected compared with usual care.

METHODS

Population Description

The study population included a consecutive series of patients over 18 years of age with a
new diagnosis of CRC who underwent surgery related to that cancer at KPNW between
January 2012 and December 2015, regardless of family history of cancer or any other
clinical characteristic. Patients were excluded if they had cognitive impairment (N=36), were
in hospice (N=32), did not speak English (N=21), out of area (N=27), or other/unspecified
reasons (N=10), e.g., LS screening performed elsewhere. In addition, 27 patients initially
identified as eligible died prior to enrollment. Patients were also excluded if they had prior
LS diagnosis or selective screening, which we defined as: a prior diagnosis of a hereditary
cancer syndrome including LS (N=5), previous LS screening (N=24), or had already
initiated contact with the Medical Genetics department to seek LS screening (N=34).
Patients could actively decline participation in the study (Figure 1).

Eligible patients were randomized to either the intervention arm (tumor screening using MSI
testing) or the control arm (observation of usual care) prior to being contacted by the study
team. To ensure adequate power for subsequent analyses in the intervention arm that are
reported elsewhere [20, 21], 10% of CRC cases were randomized to the control group and
90% randomized to the intervention arm. Patients in the control arm were observed for one
year following randomization. According to our internal practice guidelines, providers or
patients could refer directly to Medical Genetics for evaluation on the basis of personal or
family history of LS-related cancers. Patients in the control arm were not informed of their
participation in the study, which involved passive review of their electronic medical record,
although they did have the opportunity to opt out of research, as described below. After one
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year, if they had not already sought LS screening as part of their usual care, they were sent a
follow up letter to inform them of the availability of this screening and how to access it.
Patients randomized to the intervention arm were contacted to introduce the study and were
asked whether they would be interested in receiving LS tumor screening. Written informed
consent was obtained from patients in the intervention arm who expressed interest. Those
who actively declined were also followed through the medical record to observe LS related
screening or testing and were included in the participant total. A waiver of informed consent
was approved for patients in the control arm and those who declined participation, since
their involvement was limited to a review of their electronic medical record (EMR) data to
evaluate whether they pursued LS screening on their own outside of the study. Except for
patients in the intervention arm, who gave consent for genetic research, all other patients
were excluded from analysis if they are in databases maintained by the research center of
patients who have opted out of any research (<0.001% of KPNW membership) or genetic
research (approximately 5% of KPNW membership). This study was approved by the
KPNW institutional review board.

Data Collection Procedures

Patients in the intervention arm completed a baseline survey that included demographic
information not easily obtained through the EMR including marital status and income level.
Other demographic characteristics (age, sex, race, ethnicity, insurance status, personal
cancer history, and age at diagnosis with CRC) were obtained from the EMR. Patients in the
intervention arm were contacted by a study team member and completed a phone interview
to obtain an extended pedigree and detailed information on cancer types and age of
diagnosis of patients and relatives using the Genetic Risk Easy Assessment Tool (GREAT)
[22]. Details of tumor screening and germline testing were collected as part of a study
database [23].

For patients who received LS screening outside of the intervention (e.g., those in the control
group, those who declined participation, or were ineligible for the study because of prior LS
screening or diagnosis), we performed manual chart reviews to abstract information on the
details of tumor screening (e.g., MSI, IHC) and germline testing, if available. Some of these
patients were offered germline testing and were referred for this testing based on an internal
practice guideline that specified criteria to determine eligibility for testing. These criteria
included the age of diagnosis, presence of other cancer(s) and family history of cancer. In
addition, genetic counselors and/or medical geneticists may have offered testing even when
the MSI/IHC was negative because of other clinical indicating factors. A Research
Electronic Data Capture (REDCap) data entry form was created to support consistent data
capture [23].

Collection of Samples and Clinical Data

LS screening for the intervention group was performed from formalin fixed paraffin
embedded (FFPE) tissue from surgical specimens according to standard clinical procedures
at the KPNW pathology department. Tumor specimens that were evaluated through the
study were tested for microsatellite instability (MSI) at Oregon Health and Sciences
University using seven markers (BAT-25, BAT-26, NR-21, NR-24, MONO-27, Penta C and
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Penta D). Samples with instability in two or more of these mononucleotide markers were
designated MSI-high (MSI-H), whereas those with no detectable alterations were MSI-stable
(MSI-S) and patients in the intervention arm with an insufficient sample (MSI-I) at this point
were determined to be ineligible for the study and we did not include them in further
analysis. These designations are in accordance with the National Cancer Institute’s Bethesda
guidelines. Patients with MSI-H (but not MSI-L or MSI-S) results were contacted by a
genetic counselor to offer genetic counseling and additional tumor screening including
immunohistochemistry (IHC) testing for four MMR proteins (MLH1, MSH2, MSH6, and
PMS2), which included reflex testing for MLH1 hypermethylation, and BRAFV600E, as
indicated, to rule out sporadic cases of CRC [24]. Cases suggestive of LS were then offered
an appointment in the Genetics clinic to facilitate germline testing (Online resource 1).
Patients who received tumor screening outside of the study as part of routine clinical care
that was ordered by their provider were tested at the Mayo Clinic or the Associated Regional
and University Pathologists laboratories according to their usual clinical procedures.

Genetic Counseling

Participants with an MSI-H result were contacted by the study genetic counselor for
discussion of the results to communicate information on LS and discuss next steps. They
were then offered IHC as part of clinical care, followed by germline testing when
appropriate based on IHC results. If LS was diagnosed, a genetic counselor reviewed the
clinical implications of this diagnosis and surveillance recommendations were reviewed in
detail. The patients were encouraged to discuss these results with their at-risk relatives.

For all study patients, a genetic counselor reviewed demographic characteristics, clinical
characteristics, and detailed family history information collected using the GREAT tool to
classify patients’ risk for LS according to three risk assessment procedures: (1) the Bethesda
criteria [22], (2) the GREAT risk assessment based on modified Bethesda criteria, and (3)
Prediction of Mutations in MLH1 and MSHZ (PREMM1,2,6) tool [25], a web-based
decision-making tool that incorporates information on proband and family member cancer
history to estimate an individual’s risk for pathogenic variants in the MMR genes MLH1,
MSH2Z, and MSH6. This was done so we could determine how many patients would be
considered high risk by these commonly used risk assessment tools.

Statistical Methods

We determined rates of LS evaluation for patients in the intervention arm and the control
arm. We compared the proportion of patients in the intervention arm to the control arm who
received LS screening within one year of randomization using a chi-square test. We defined
LS evaluation as receiving either MSI or IHC testing, or both, to account for differences in
testing strategy for the control arm. Differences in rates of germline testing to confirm LS
diagnosis were evaluated separately. We evaluated the differences in demographic
characteristics between the intervention arm, control arm, those who received prior LS
diagnosis or screening and those who actively declined the study using a t-test for age and
chi-square tests for the dichotomous variables (SAS Version 9.4). A threshold of p<.05 was
used to indicate statistical significance.
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Recruitment and Randomization

We identified 601 newly diagnosed cases of CRC at KPNW as initially eligible, 36%
(216/601) of whom met exclusion criteria, including those who received prior LS diagnosis
or tumor screening (10%, 63/601) (Figure 1). Of the remaining CRC cases, 43 were
randomized to the control arm and 342 to the intervention arm. A total of 194 (57%) patients
in the intervention arm consented to participate. Of the 148 patients who actively declined to
participate and that we were able to reach, most expressed being concerned about their own
health, not feeling well, and desiring to focus their energy solely on upcoming treatment,
whereas only a small number of individuals had privacy concerns regarding participation.

Patient demographics are shown in Table 1. In the intervention arm, patients who were older
or not white/non-Hispanic were significantly more likely to decline participation. Sex was
not statistically associated with participation. Decliners were older than participants, (p=.
0048), but did not differ from participants based on race or sex (p=.0535 and p=.3574,
respectively).

LS Evaluation Results

Overall, 88% (170/194) of patients randomized and consented to the intervention arm were
evaluated for LS within one year of randomization compared with 23% (10/43) in the
control arm (p<.0001). For the remaining 24 patients in the intervention arm, there was
insufficient tumor tissue available to complete the testing, often because they were biopsy
samples. Of the 170 patients evaluated, 129/170 (76%) were MSI-S, 40/170 (24%) were
MSI-H and 1/170 (0.6%) was MSI-1. Of the MSI-H patients, 36/40 (90%) agreed to further
testing and 35/36 (97%) of these had abnormal IHC results. Of these, 24/35 (69%) were
positive for BRAF mutation or MLH1 hypermethylation (and thus not referred for germline
testing), 1/35 (3%) was deceased and the remaining 10/35 (29%) underwent germline
testing. When the total number of participants assigned to the intervention (i.e., consented
participants plus those who declined) are compared to the control participants, 54%
(186/342) of patients randomized to the intervention arm were evaluated for LS within one
year of randomization compared with 23% (10/43) in the control arm (p<.0001). A total of
11% (16/148) of those who declined the study were evaluated for LS.

Overall, a total of 6% (10/170) of patients in the intervention arm and 5% (2/43) in the
control group underwent germline testing within one year of randomization (p=.0186). In
the intervention arm, 6/10 (60%) were positive for a germline pathogenic variant compared
to none in the control group. Three of the patients in the intervention arm who received
germline testing were MSI-S. The testing was provided to these patients based on young age
(< 50 years) and/or family history. Online resource 1 displays detailed a screening flow for
the intervention group.

We found that 63 patients were in the process of being screened for LS or other hereditary
cancer syndromes prior to the study recruitment. To obtain a more comprehensive picture of
the entire population, we evaluated the outcomes of LS screening among these patients. In
general, these patients had a younger age at CRC diagnosis (Table 1) and a stronger family
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history (Table 3) of LS-associated cancers. Three cases were already known to have LS (one
MSH?Z, one MSH6, one PMS2). Two patients had a different genetic disorder and six cases
did not receive any LS-related tests. The remaining 83% (52/63) of patients were screened
for LS.
DISCUSSION

In this study, a systematic LS screening intervention led to led to very high rates (88%) of
appropriate evaluation for LS among patients with newly diagnosed CRC, compared to only
23% in the control arm. The majority of patients in the control arm did not receive screening
for LS, even after they were sent a letter informing them about how to receive this screening.
The fact that there was not uptake in the control group during this period, despite substantial
risk for “contamination” of the study arms, further supports the need for systematic
approaches to screening that do not rely on clinicians or patients to make referrals to the
Medical Genetics Department.

The evaluations in the intervention arm led to the overall diagnosis of 6 cases of LS in that
could have escaped detection under usual care practices of self- and provider-referral to the
Medical Genetics department. These cases represent 4% of participants in the intervention
arm, a figure that is consistent with prior studies of screening programs, which have reported
rates of LS among those screened of between 0.5% (18/500) — 4% (8/214) [2, 9, 16, 17, 26—
29].

This study provided us with the opportunity to examine screening uptake and results among
all patients newly diagnosed with CRC during the study period, including those who
received prior LS diagnosis or screening and those who declined participation in the study.
All patients who were referred to Medical Genetics prior to study enrollment met traditional
criteria based on family history, whereas only half of the patients identified through our
program met traditional screening criteria. However, other differences also emerged between
the two groups: LS patients who sought testing on their own were clearly younger (Table 1)
with a stronger personal or family history of LS (Table 3) and had higher proportions of
pathogenic variants in MLHI and MSHZ (Tables 2 and 3) than LS patients in the
intervention group. As such, patients with prior LS diagnosis or screening were more similar
to LS patients identified in selective screening approaches than those identified through our
systematic screening intervention [2, 9, 16, 17, 26-29].

While our study was not designed to specifically evaluate cascade genetic testing in family
members, this is an important outcome for LS universal screening programs. Patients
diagnosed with LS in this study worked with a genetic counselor to discuss sharing
information with at-risk relatives. Of the six LS cases identified through the intervention
arm, five informed some or all of their first-degree relatives. Six of these patients’ relatives
were tested for LS, and one underwent a colonoscopy, but none of these tests resulted in new
LS diagnoses.[21] These data demonstrate that systematic screening programs are essential
in promoting cascade screening, because the delivery of results to probands offers a
teachable moment to convey the importance of genetic testing for at-risk relatives and
potentially preventing future diagnoses of CRC or other cancers.
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A total of 50% (3/6) of patients diagnosed with LS in the intervention arm had pathogenic
variants in PMS2, in contrast to 22% (2/9) among LS patients who received prior LS
diagnosis or screening. This difference was not statistically significant (p=.33, Fisher’s exact
test, 2-sided probability). In general, other systematic LS screening programs have reported
PMS2 variants less frequently (0 — 17%) than this study [2, 9, 16, 17, 26-29], though a
recent Swiss study also identified a PMS2variant frequency of 50% (2 of 4 LS cases) [30].
These differences may be due in part to more limited evaluation of PMSZ2in previous
studies. For example, the MMRpredict and PREMMD5 prediction models can be less
effective at identifying PMSZ carriers even though they predict whether an individual is
likely to have LS [31]. In addition, population selection criteria may have also contributed to
findings of fewer PMS2 variants in past research. For example, studies that required
participant consent may be more likely to include younger cases with a stronger family
history compared with the entire population, similar to the patients with prior LS diagnosis
or selective screening. PMS2 variants have lower penetrance compared with other genes, and
PMS2 pathogenic variants are associated with lower risk and older age of CRC onset than
variants in other LS-associated genes [32, 33]. These results suggest that PMS2 may
represent a larger proportion of LS cases than previously believed.

Requiring participant consent limited participation in the intervention arm. However, when
those who declined the study are considered, 54% (186/342) of patients randomized to the
intervention arm received screening, which is more than double than the proportion who
were screened in the control arm (23%; 10/43). When patients who declined research study
participation or who were randomized to the control arm were told about the availability of
LS screening and were provided with information on how to obtain screening, most did not
elect to receive the screening. Thus, lack of consent for this study may reflect disinterest in
screening for LS rather than disinterest in participation in research.

We chose MSI as the initial screening test because there was not clear consensus on the
optimal screening strategy at the time we started this study. We also considered IHC
screening to meet our criteria for LS evaluation. Many other universal LS screening
programs either use IHC or both tests [2, 9, 16, 17, 26-29]. however, the performance
characteristics of MSI and IHC are highly correlated [34, 35]. Thus, it is unlikely that the
results of our screening program were substantially impacted by a different choice of the
initial screening test. As the costs of sequencing continue to decline, direct sequencing may
become a cost-effective strategy in the future [34, 36]. While the optimal screening method
continues to be refined, our results are nevertheless relevant regarding a community
population that receives universal screening.

A limitation of tumor screening programs in general is that they only identify patients to
screen for LS after they are diagnosed with cancer. Nevertheless, such screening programs
are an important tool for improving the ongoing surveillance of LS patients for additional
cancer diagnoses, as well as for identifying other family members at risk for hereditary
cancer susceptibility, particularly when combined with cascade testing in family members.
Our study demonstrates that a systematic screening program increases the diagnosis of LS,
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which suggests that there is a role for LS screening and other universal screening programs
in mitigating CRC sequelae and disease severity.

Conclusions

This study shows that system-wide implementation of systematic tumor screening of
colorectal tumors can identify previously unsuspected cases of LS, ensuring appropriate
surveillance measures for patients and family members. The low rates of screening in our
control arm, in which patients received usual care, demonstrates that without systems in
place to ensure complete capture of the population, the condition will continue to be
underdiagnosed. Since the conclusion of this study, our region has implemented universal
LS screening given that this approach identifies cases that would otherwise be missed.

Future work should investigate the effectiveness of screening all adults with other types of
LS-associated cancer in addition to CRC (e.g., endometrial and ovarian cancers), as has been
done in several recently implemented universal screening programs [37-39]. Universal
screening enables identification of pathogenic variants less likely to be associated with
strong family history of CRC (i.e., PMS2) and provides opportunities for appropriate
interventions to target LS patients for disease mitigation and possibly prevention.
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Figure 1.
Flow chart of a RCT evaluating LS screening in patients newly diagnosed with CRC newly

diagnosed with CRC who were randomized to study participation (N=385). To ensure
adequate power for subsequent analyses in the intervention arm, we randomized 43 patients
to the control arm and 342 to the intervention arm.
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Table 1.
Demographic characteristics.
Characteristic Participants Decliners P-value®
Intervention  Control

N 194 43 148

Mean age, years (SD) 66 (12) 62 (12) 69 (12) 0.0048
White, non-Hispanic (%) 93 86 86 0.0535
Sex (% male) 59 60 55 0.3574

a . . . . . . .
Comparison of participants (intervention + control) and decliners by Chi-Square test for all variables except age (t-test).
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Table 2.

Patients with a molecular diagnosis of LS in MMR genes MLH1, MLHZ2, MLH6, and PMS2among those who
underwent germline testing in the Intervention arm (N=170) and among those with prior LS diagnosis or
screening (N=63). No LS cases were identified in the Usual Care (N=43) or Study Decliner (N=148) arms.

Number of patients with a pathogenic variant who underwent germline testing

MMR gene Intervention (N=14) Prior LS diagnosis or screening (N=16)

MLH1 1 2
MSH2 1 4
MSHG6 1 1
PMS2 3 2
No pathogenic variant 8 7
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Table 3.

Page 16

Characteristics of patients with LS identified from either a universal tumor screening program or from prior

. - . a
LS diagnosis or screening.

Patient  Age MMR Variant Bethesda PREMM GREAT Personal and Family
Gene
Criteria 25% Genetic History
Risk
Intervention 1 42 MLH1 c.676C>T Y Y N None
Arm 2 70 MSH2 C.1618delA Y Y Y 1° Relatives: CRC (2)b
3 57 MSH6 C.3939_3957dup Y 1° Relatives: CRC (1)
4 63 PMS2 C.137G>T N None
5 67 PMS2 ex9_10del 1° Relatives: Ovarian (1)
2° Relatives: Stomach (1)
6 76 PMS2 C.2239A>T N N N None
Prior LS 1 51 MLH1 del of exons 16-19 Y N/A Previously diagnosed with
diagnosis or CRC (1)
screening 1° Relatives: CRC (2)
2 31 MLH1 €.885-2A>G and c. Y Y N/A 1° Relatives: Unknown (1)
80G>A
3 56 MSHZ2 del exon 8 Y Y N/A Previously diagnosed with
CRC (1)
1° Relatives: Ovarian (1),
Pancreatic (1)
2° Relatives: CRC (2),
Breast (2), Uterine (1),
Stomach (1), Brain (1),
Prostate (1)
4 51 MSH2 C.2461_2462delGT Y Y N/A Previously diagnosed with
Uterine Cancer (1)
1° Relatives: CRC (2),
Uterine (1)
2° Relatives: CRC (2)
5 59 MSHZ2 c. 1968C>A Y Y N/A Previously diagnosed with
Uterine Cancer (1)
1° Relatives: CRC (2),
Uterine (2), Renal (1)
2° Relatives: Pancreatic
(2), Uterine (1), Stomach
(@)
6 53 MSH2 Not specified Y Y N/A Previously diagnosed with
Rectal (1)
7 64 MSH?Z, EPCAM 3’ terminal Y Y N/A 1° Relatives: CRC (2),
EPCAM deletion Small Intestine (1), Bile
Duct (1), Pancreatic (1) 2°
Relatives: Gastric (2),
CRC (2)
8 51 MSH6 C.3203C>T Y Y N/A 1° Relatives: CRC (1)
2° Relatives: CRC (1),
Gastric (1)
9 50 MSH6 C.3203C>T Y Y N/A 1° Relatives: CRC (1),
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Patient Age MMR Variant Bethesda PREMM GREAT Personal and Family
Gene
Criteria 25% Genetic History
Risk
10 64 PMS2 C.631C>T Y Y N/A 2° Relatives: Pancreatic
@
11 76 PMS2 C.736_741del6 Y Y N/A 1° Relatives: CRC (1)
12 76 PMS2 €.736_741del6ins11 Y Y N/A 1° Relatives: CRC (1)

N/A = not available.

a. .o - o . N . . . .
Family size was similar between LS cases in intervention arm and those with prior LS diagnosis or selective screening.

The number in parentheses indicates the number of relatives with the indicated type of cancer and degree of relationship.
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