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Abstract

Background & Aims—The incidence of colorectal cancer (CRC) in individuals younger than
50 years old is increasing. We sought to ascertain the proportion of young CRC cases associated
with genetic predisposition.

Methods—We performed a retrospective study of individuals diagnosed with CRC at an age
younger than 50 years, evaluated by the clinical genetics service at a single tertiary care cancer
center from 1998 through 2015. We collected data on patient histories, tumor phenotypes, and
results of germline DNA sequencing. For subjects with uninformative clinical evaluations,
germline DNA samples were (re)sequenced using a research-based next-generation sequencing
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multigene panel. The primary outcome was identification of a pathogenic germline mutation
associated with cancer predisposition.

Results—Of 430 young CRC cases, 111 (26%) had a first-degree relative with CRC. Forty-one
of the subjects with CRC (10%) had tumors with histologic evidence for mismatch repair
deficiency. Of 315 subjects who underwent clinical germline sequencing, 79 had mutations
associated with a hereditary cancer syndrome and 21 had variants of uncertain significance. Fifty-
six subjects had pathogenic variants associated with Lynch syndrome (25 with mutations in
MSHZ, 24 with mutations in MLH1, 5 with mutations in MSH6, and 2 with mutations in PMS2)
and 10 subjects had pathogenic variants associated with familial adenomatous polyposis. Thirteen
subjects had mutations in other cancer-associated genes (8 in MUTYH, 2 in SMAD4, 1 in
BRCAI 1in TP53 and 1 in CHEK?), all identified through multigene panel tests. Among 117
patients with uninformative clinical evaluations, next-generation sequence analysis using a
multigene panel detected actionable germline variants in 6 patients (5%). Only 43 of the 85
subjects with germline mutations associated with a hereditary cancer syndrome (51%) reported a
CRC diagnosis in a first-degree relative.

Conclusions—Approximately 1 in 5 individuals diagnosed with CRC at age younger than 50
years carries a germline mutation associated with cancer; nearly half of these do not have clinical
histories typically associated with the identified syndrome. Germline testing with multigene cancer
panels should be considered for all young patients with CRC.

Keywords
NGS; FDR; APC; risk

Introduction

Although implementation of routine screening has resulted in overall reductions in both
colorectal cancer (CRC) incidence and mortality among individuals age>50(1), CRC
incidence among individuals age<50 years is rising and is projected to double by 2030 (2—
5). Since nearly 1 in 10 new CRC diagnoses involves individuals younger than age 50(6),
there is a need to identify young individuals at increased risk who would benefit from early
screening.

Clinical guidelines for CRC risk stratification rely largely on patients’ family history of
CRC and number and histology of colorectal polyps (7). Historically, hereditary cancer
syndromes have been implicated in 3-5% of CRCs overall (8), with individuals who harbor
germline mutations in specific genes at high risk for developing CRC at young ages. Lynch
Syndrome, the most common hereditary cancer syndrome associated with predisposition to
CRC, is associated with germline mutations in DNA mismatch repair (MMR) genes MLH1,
MSHZ2, MSH6, PMSZ, and EPCAM. Lynch Syndrome has been consistently implicated in
2-3% of unselected CRC cases(9-12) justifying the recommendation that all CRC tumors be
screened for mismatch repair deficiency with microsatellite instability (MSI) or
immunohistochemistry for DNA MMR proteins(13). Familial Adenomatous Polyposis
(FAP) associated with germline mutations in the APC tumor suppressor gene has been
implicated in 1% of CRCs. Although APC mutation carriers typically develop classic
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colonic polyposis (100-1000s adenomas), attenuated phenotypes (20-100 polyps) are
increasingly recognized, prompting the recommendation that individuals with >20 colorectal
polyps be offered genetic testing(14-17). Germline mutations in additional high and
moderate penetrance cancer genes have also been associated with increased risk for
colorectal neoplasia (Figure 1).(12, 15, 18)

To date, the clinical practice standard has been to offer germline genetic testing selectively
to patients who meet clinical criteria for known hereditary cancer syndromes, with
sequencing of germline DNA limited to highly penetrant genes associated with specific
clinical phenotypes. However, recent studies which have extended germline genetic testing
using multigene panels to patients with breast cancer, ovarian cancer, and/or CRC have
discovered germline mutations that would not have been predicted based on the patients’
clinical histories (12, 19-22). Although diagnosis of CRC at age<50 is an indication for
referral for genetic evaluation(17), prevalence estimates for germline mutations in young
CRC patients range from 5-35% (23-30) depending on how subjects were ascertained and
evaluated. Current algorithms used in clinical genetic risk assessment rely on family history
and tumor phenotype to identify individuals who warrant germline DNA sequencing of
genes selected based on clinical history. Given the variability in disease spectrum and
potential overlap in clinical manifestations of germline mutations associated with moderate
or high cancer risk, we hypothesized that current clinical approaches fail to detect a
significant proportion of young CRC patients with actionable germline mutations. We
conducted a retrospective review of outcomes of clinical genetic evaluations of patients
diagnosed with CRC age<50 and examined the incremental yield of employing next
generation sequencing (NGS) multigene panels for retesting patients whose initial
evaluations were clinically uninformative.

Patients and Methods

We conducted retrospective chart reviews of individuals diagnosed with CRC age<50
evaluated by the clinical genetics service at a single tertiary care cancer center (University of
Michigan Comprehensive Cancer Center) between 1998-2015. All subjects had undergone
formal genetic risk assessment performed by a genetic counselor and physician in the cancer
genetics specialty clinic as part of clinical care. Subjects whose personal and/or family
history met criteria for clinical genetic testing for one or more hereditary cancer syndromes
underwent genetic counseling about the risks and benefits of clinical genetic testing and
submitted a peripheral blood sample, from which germline DNA was isolated for clinical
sequencing. The decisions regarding which genes to sequence for each subject were made by
clinicians according to clinical best practices at the time of the patient’s evaluation. All
patients evaluated were invited to participate in the IRB-approved cancer genetics registry
and donate a peripheral blood sample for research. Subject demographics, clinical history,
family cancer history (3 generation pedigrees), colonoscopy findings, CRC stage, tumor
location, tumor histology and phenotype, and outcomes of clinical genetic testing were
obtained through review of medical records.
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Clinical Genetic Testing

Clinical sequencing of germline DNA for mutations in one or more genes was performed at
one of seven CLIA-certified commercial genetic testing laboratories using either Sanger
sequencing or next generation sequencing (NGS) in accordance with current practice
standards. The specific genes sequenced for each subject were selected by the clinicians at
the time of the clinical visit, based on review of each subject’s personal and family history.
Sequence variants were reported by the clinical testing laboratory as pathogenic, likely
pathogenic, variant of uncertain significance (VUS), likely benign, or benign according to
consensus guidelines.(31)

Research-based Sequencing

Archived samples of germline DNA from subjects whose clinical genetic evaluation was
uninformative either because 1) they did not undergo clinical germline DNA sequencing or
2) clinical sequencing failed to identify a pathogenic germline mutation, were submitted for
research-based NGS sequencing using one of two multigene panels. Initially, 16 germline
samples were sequenced using a commercially available cancer gene panel which included
124 genes implicated in various cancer types (Human Comprehensive Cancer Panel V1,
Qiagen, Germany). Since several clinically relevant colorectal cancer genes (e.g. MUTYH,
PMS2, POLE, POLDI) were not included on this particular multigene panel, sequencing of
the remaining germline samples (N=101) was performed using a custom design NGS panel
of 67 genes (Agilent SureSelect XT2 Custom Panel) selected by the investigators based on
their associations with highly penetrant hereditary cancer syndromes, moderate increases in
cancer risk, or suspected roles as somatic drivers. Genes included on each of the research-
based multigene panels are listed in Appendix A.

DNA library preparation and NGS sequencing were carried out by the University of
Michigan Sequencing core according to manufacturer’s recommended protocols on IHlumina
HiSeq instruments with target read depths of >50x. Bioinformatics analysis of NGS
sequence data was performed by the UM Bioinformatics Core, with read mapping, variant
calling and annotation performed using the Genome Analysis Toolkit (GATK) v3.3-2 using
Broad Institute Best Practice guidelines. Reads were aligned to the hg19 human reference
genome with BWA v0.7.8 and variants identified using the Broad UnifiedGenotyper with
standard parameters and hard filters. Variants were annotated using GoldenHelix VarSeq
v1.1.4 (Golden Helix, Bozeman, MT, USA) to draw attention to truncating variants
(nonsense, frameshift deletions/insertions, highly conserved splice site mutations); RefSeq
v105v2 gene models were used for annotation.

Risk Assessment

For each subject in whom a germline mutation was identified, family history of cancer (3
generation pedigree), personal history, and tumor/polyp histopathologic features were
retrospectively re-examined by two clinicians and correlated with PREMM1,2,6 model
scores(32) and NCCN criteria for genetic testing for CRC predisposition (17). Subjects were
categorized according to level of suspicion for possible genetic predisposition (high,
moderate, low) and each reviewer noted whether or not the subject met clinical diagnostic
criteria for the genetic syndrome corresponding to the germline mutation identified.
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Four hundred and thirty patients with CRC diagnosed age<50 presented for clinical genetic
evaluation during the 17 year study period. The average age of diagnosis of CRC was 40
years (range 16-49), with 38 individuals (8.8%) diagnosed at age<30. The majority (59%) of
tumors were located in the distal colon or rectum and 10% had somatic testing
demonstrating DNA mismatch repair deficient phenotypes with high levels of microsatellite
instability (MSI-H). Twenty four (5.6%) subjects had polyposis phenotypes (defined as >20
polyps) at the time of their cancer diagnosis. Only 111 (26%) young CRC patients reported a
family history of CRC in a first degree relative. (Table 1)

Clinical genetic testing with germline DNA sequencing by a CLIA-certified laboratory had
been performed in 315 (73%) subjects, with multigene panel tests employed in 22 (7%).
Pathogenic germline mutations in genes known to be associated with cancer predisposition
were identified in 79 (18% of entire cohort, 25% of individuals who underwent clinical
sequencing), with variants of uncertain significance (VUS) identified in an additional 21
(6.7%) individuals (9 (41%) VUS were identified on multigene panels) (Figure 2). The
pathogenic germline mutations most frequently identified involved DNA MMR genes
associated with Lynch Syndrome (N=56, 13% of entire cohort, 71% of all germline
mutations), followed by APC (N=10, 2.3% of entire cohort, 13% of germline mutations) and
MUTYH (N=8, 1.9% of entire cohort, 10% of germline mutations). Five individuals had
pathogenic mutations in other genes known to be associated with genetic predisposition to
cancer (SMAD4=2, BRCA1=1,TP53=1, CHEK2=1), all but one of these were identified on
multigene panel tests. One patient diagnosed with a SMAD4 mutation on a multigene panel
test had previously undergone a clinically uninformative genetic evaluation for a presumed
diagnosis of attenuated adenomatous polyposis, with tumor testing demonstrating mismatch
repair proficiency and germline sequencing revealing no pathogenic mutations in APC or
MUTYH (Figure 3).

Comparison of individuals with and without germline mutations demonstrated that mutation
carriers were more likely to have tumors located proximal to the splenic flexure (35% vs
23%), more likely to report a family history of CRC in a FDR (53% vs 16%), and less likely
to have advanced disease stage (111-1V) at diagnosis (22% vs 46%). Phenotype of colorectal
neoplasia was correlated with mutation status, with germline mutations more common
among individuals whose tumors were MMR deficient (17/41 (40%), p=0.07) or who
presented with multiple (>20) colorectal polyps clinical polyposis (15/25 (60%), p=0.1).

Research based NGS sequencing

Clinical germline sequencing was not performed in 115 (27%) subjects with young onset
CRC, in most cases because patients failed to meet insurance criteria for genetic testing.
Germline DNA from 117 subjects with CRC age<50 with prior “negative” clinical genetic
evaluations (26 had previously undergone limited germline sequencing, while 91 had no
prior germline testing) underwent targeted sequencing using the research multigene panels.
An average of 5 germline variants were identified per subject (124 or 67 genes sequenced).
Likely pathogenic germline mutations associated with known hereditary cancer syndromes
were identified in 6 (5%) subjects (1 each in PMS2, MSH6, MUTYH, TP53, POLE, APC).
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Two subjects with 7P53and PMS2 mutations had mismatch repair proficient CRC tumors
and had not previously had germline sequencing because authorization for clinical testing
had been denied by their insurance company. The subject with MSH6 germline mutation
also had a mismatch repair proficient tumor and had previously undergone clinical
sequencing of MUTYH only. The subject with POLE germline mutation had <5 colorectal
polyps and had previously undergone clinical sequencing for Lynch Syndrome with no
mutations identified in the associated MMR genes. We made attempts to recontact the
subjects with pathogenic variants identified on research-based testing to notify them that
there was now “additional clinical genetic testing available that may be important for their
care.” We were able to speak with only 2/6 subjects, both of whom declined to return for
clinical confirmatory testing.

Effectiveness of Current Risk Assessment Algorithms for identifying mutation carriers

Discussion

In all, clinical and research-based sequencing identified germline mutations in 85/430 (20%)
individuals with CRC diagnosed at age<50. Among individuals with germline MMR
mutations associated with Lynch Syndrome, only 29/58 (50%) met Amsterdam or Modified
Amsterdam criteria and 4/58 (7%) had MMR proficient tumors. Among mutation carriers of
any gene, 42/85 (49%) had no FDR affected with CRC. PREMM1,2,6 scores calculated
including the proband’s CRC diagnosis were above the 5% threshold for referral for genetic
testing in all but 2 mutation carriers (monoallelic MUTYH and CHEKZ, both had mismatch
repair proficient tumors and no family history of CRC). Among individuals with germline
mutations in genes typically associated with polyposis phenotypes (APC, MUTYH,
SMAD4, BMPR1A, POLE) 4124 (17%) did not meet the threshold of >20 polyps required
by most insurance carriers for coverage of germline sequencing. The individual with the
BRCAI mutation had no family history of CRC, but reported his mother and maternal aunt
had been diagnosed with breast cancer at ages 36 and 50, respectively. After review of
family history, polyp number and histology, and tumor MMR phenotype, 69/85 (81%)
mutation carriers met NCCN diagnostic criteria for the syndrome corresponding to the
germline mutation.

In this retrospective cohort of patients referred for genetic evaluation based on personal
history of CRC diagnosed age<50, 79/430 (18%) had pathogenic germline mutations
associated with cancer predisposition identified through clinical sequencing. Further
research-based multigene panel sequencing in a subset of subjects with previously
uninformative genetic evaluations identified germline mutations in an additional 6
individuals, suggesting that as many as 1 in 5 young onset CRC cases can be attributed to
hereditary cancer syndromes. While germline mutations in genes associated with Lynch
Syndrome and FAP were the most common findings, approximately 1 in 8 mutation carriers
had an alternate genetic diagnosis. Nearly 1 in 4 mutation carriers reported no family history
of CRC in FDR and/or failed to meet diagnostic criteria associated with their germline
mutation, suggesting the need to expand clinical genetic testing in young CRC patients
beyond the current practice of selectively offering germline sequencing to only those who
present with “classic” phenotypes typically associated with highly penetrant CRC
syndromes.
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Our findings complement those of other recent cohort studies seeking to define the
contribution of genetics in the changing epidemiology of CRC. Historically, it had been
estimated that hereditary cancer syndromes were implicated in up to 5% of all CRC cases.(5,
12) Based on previous published studies which noted that most young CRC patients had no
family history of cancer with germline mutations identified in only 5-10% (23, 25), it had
been assumed that the vast majority of cases were not “genetic.” However, it is important to
note that these studies relied on family history and tumor phenotypes to select individuals
for germline testing, with sequencing focusing largely on genes associated with Lynch
Syndrome and FAP. More recent studies have demonstrated that germline sequencing using
NGS multigene panels increases the yield of genetic testing, identifying pathogenic variants
in as many as 10% of unselected CRC patients of all ages,(12) with half of the mutations
involving high or moderate penetrance genes not usually considered in CRC (e.g. 7P53,
BRCAI, BRCA2, CHEKZ, ATM)(12, 19, 22, 33). The Ohio Colorectal Cancer Prevention
Initiative employed population-based ascertainment of individuals with CRC age<50 with
universal germline genetic testing using a NGS panel of 25 cancer genes (APC, ATM,
BARDI1, BMPRI1A, BRCA1, BRCAZ, BRIP1, CDH1, CDK4, CDKNZA, CHEKZ, EPCAM,
MLH1, MSHZ, MSH6, MUTYH, NBN, PALB2, PMSZ2, PTEN, RAD51C, RAD51D,
SMAD4, STK11, TP53) identifying pathogenic germline variants in 72/450 (16%) (30).
Among very young CRC patients (age<35) undergoing clinical genetics evaluations at a
Texas academic cancer center, highly-penetrant hereditary cancer syndromes were identified
in 67/193 (35%)(29). In our cohort of CRC patients age<50 referred for genetic evaluation, a
combined approach of clinically-directed testing guided by the patients’ personal and family
history, followed by expanded NGS (re)sequencing, identified pathogenic germline variants
in cancer genes in 85/430 (20%). Together, these studies confirm that 1) the prevalence of
genetic predisposition in young CRC patients is significantly higher than had been
previously assumed and 2) current clinical strategies which rely on family history and tumor
phenotypes to select individuals for germline testing often miss mutation carriers.

While our finding that 1 in 5 young CRC patients carries a germline mutation in a cancer
predisposition gene falls in between the estimates from recent population-based (1 in 6)(30)
and clinic based (1 in 3)(29) cohorts, it is worth noting the differences among these studies.
All of the Ohio CRC patients age<50 underwent comprehensive germline testing with a 25
gene NGS multigene panel irrespective of family history or clinical phenotype. In contrast,
in the Texas genetics clinic CRC patients age<35 were evaluated according to standard
clinical practice, with syndrome specific genetic testing based on phenotype. In our study,
CRC patients age<50 all had clinical evaluations as per “best practices” at the time, but only
2/3 actually went on to have clinical germline testing, most of which was performed with
Sanger sequencing for < 5 genes selected based on clinical phenotype. Only 1 in 3 subjects
in our cohort had clinical sequencing using NGS multigene panels, therefore mutations in
genes not traditionally associated with CRC (BRCA1, BRCAZ, TP53, PALBZ2, CDKNZ2A)
and or moderate penetrance cancer risks (CHEKZ, ATM) accounted for a smaller proportion
of the genetic diagnoses in our cohort compared to the Ohio cohort (4% vs 30%)(30). While
our research-based NGS panels of 67 and 124 genes contained several cancer-relevant genes
not evaluated in the Ohio study (e.g. POLE, POLDI1, AXINZ2), our large multigene panels
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did yield an average of 5 VUS per subject, many of these in genes whose roles in
pathogenesis of CRC have not been well-characterized.

Our study adds to the literature in several important ways. First, it illustrates the
shortcomings of clinical algorithms used to identify patients likely to benefit from genetic
testing. Although the population prevalence of Lynch Syndrome is similar to that of
Hereditary Breast Ovarian Cancer, young patients with CRC are significantly less likely than
young women with breast cancer to be referred for genetic evaluation (34, 35). Even when
young CRC patients present to genetics clinics, approximately one third do not undergo
germline sequencing because they fail to meet clinical criteria required by their insurance for
coverage of testing. Our finding of germline mutations in 20% of in young CRC patients is
similar to the prevalence in women with ovarian cancer(20) for whom universal genetic
testing is now recommended regardless of age at diagnosis or family history(36). Thus, a
compelling case can be made for offering germline testing to all young CRC patients. Our
finding that 1 in 20 CRC patients with “negative” clinical genetic evaluations were
subsequently found to have germline mutations during (re)sequencing with an expanded
multigene panel highlights the variability in disease penetrance, potential for overlap in
phenotypes associated with known syndromes, and attests to the difficulty in predicting
genotype based on history alone. Most of the patients in our study underwent their clinical
evaluations before multigene panels were available. Although VUS results are more
common with multigene panel testing,(37) the higher diagnostic yield and cost savings
compared with stepwise disease specific testing are powerful arguments in favor of
multigene panel tests, especially for patients in which the differential diagnosis includes
more than one syndrome.(38)

We recognize our study has limitations. As 90% of study subjects were Caucasian, we are
unable to determine whether there are racial differences in prevalence of germline mutations
which might contribute to observed disparities in CRC incidence and survival(39, 40). As
this is a retrospective analysis of patients referred for genetic evaluation at a tertiary care
academic cancer center, we acknowledge the potential for ascertainment bias. Earlier studies
have reported higher prevalence of Lynch Syndrome among young CRC patients evaluated
in genetics clinics as compared to other healthcare settings, presumably because patients
with a family history of CRC are more likely to be referred for genetic evaluation(26).
Indeed, we made diagnoses of Lynch Syndrome in 13% of our clinic-based CRC patients
age<50, compared with 8% of those in the Ohio population-based study(29, 30). Yet given
that 75% of our subjects reported no FDR with CRC we feel the role of ascertainment bias
was limited, and unlikely to lead to a significant overestimate of germline mutations. In fact,
since all high and moderate/low penetrance cancer genes were not systematically evaluated
and fewer than 1/3 subjects underwent sequencing using NGS multigene panels, the true
prevalence of germline mutations in our cohort may be even higher. Since our research
based sequencing was not comprehensive and analysis pipelines were not optimized for
identifying insertions/deletions, it is possible that additional actionable mutations in known
or novel cancer predisposition genes could have been missed.

Our findings illustrate the complexities of clinical care in the rapidly-changing landscape of
genomic medicine and highlight some of the barriers to effective implementation of genetic
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risk assessment in “real world” settings. Although screening of CRC tumors for DNA
mismatch repair deficiency is standard of care; tumor phenotype data were not available for
half of the subjects in our cohort. And even when universal tumor testing was properly
implemented, use of MSI-H tumor phenotype as a pre-requisite for germline testing resulted
in clinically missed highly actionable genetic diagnoses of 7P53, PMSZ2and MSH6
mutations. Although genetic risk models (such as PREMMZ1,2,6) have proven useful for
identifying individuals at risk for Lynch Syndrome in ambulatory settings,(41) these rely
heavily on family history and have lower sensitivity for MSH6 and PMSZ2 carriers (42). As
recent population-based studies suggest PMS2and MSH6 are the most prevalent pathogenic
germline DNA MMR variants, (43) lower disease penetrance and variability in MMR
phenotype permit many of these families to escape clinical diagnosis (44). Since
approximately 1 in 279 individuals carry germline MMR mutations (45 ), making the
diagnosis has immediate implications not only for surgical decision-making (e.g.
hemicolectomy vs subtotal colectomy) and choice of oncologic therapy (e.g. immune
checkpoint inhibitor for hypermutated tumors) for CRC patients, but also for cancer
surveillance for members of their immediate and extended families.

Although CRC incidence and mortality have declined overall since the implementation of
CRC screening, they continue to rise among individuals age<50 (5). Early and more
frequent colonoscopy is effective in reducing CRC incidence and mortality in individuals
with Lynch Syndrome, and specialized surveillance has been recommended for individuals
with germline mutations in other genes associated with high and moderate cancer risk,
although for many of these (e.g. CHEK2and ATM) the magnitude of risk increase for CRC
and optimal surveillance interval remain to be defined.(17) While the time trends in
incidence suggest dietary, environmental, and behavioral exposures (rather than “genetics™)
are potential contributors to recent rise of CRC in young patients (46), additional study of
germline and somatic characteristics associated with these colorectal neoplasms may provide
important clues to pathogenesis. Interim advances in sequencing technologies, discovery of
novel genes (e.g. NTHL1, BUB1, FAN1, FANCM, RSP20) (47) not included on currently
available multigene panels, and growing appreciation for variability in disease penetrance
and expressivity mean that for some patients today’s “negative” test may not be the final
answer. Patients with suspicious histories and uninformative genetic test results should be
counseled to check back periodically as additional information will likely become available
that may inform approaches to cancer risk stratification, prevention and treatment.

In summary, we found that approximately 1 in 5 CRC patients diagnosed at age<50 carries a
germline mutation in a gene associated with cancer predisposition. Nearly half of individuals
with a genetic diagnosis did not exhibit the family history typically associated with the
corresponding hereditary cancer syndrome. Making the diagnosis of a hereditary cancer
syndrome has significant clinical implications, not only for care of the patient with CRC but
also for management of their at-risk family members. As CRC is one of the most
preventable cancers, it is important to identify individuals at high risk for colorectal
neoplasia who would benefit from specialized surveillance for CRC (and potentially other
extracolonic cancers) beginning long before age 50. Given rising incidence of young onset
CRC and the availability of effective interventions, individuals with CRC age<50 should be
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referred for genetic evaluation, with strong consideration for use of multigene panels for
germline sequencing.
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Appendix A

Classification of Genes Sequenced on Multigene Research Panels

Description

Bolded genes were included on both the 124 gene Qiagen Comprehensive Cancer panel and
67 gene Agilent custom panel. Underlined genes were included on the Agilent custom panel
only. All others were included on the Qiagen Comprehensive Cancer panel only.

Classification of N=154 Genes

Grouping

Genes

High Penetrance Syndromes, known to
be associated with CRC risk

APC, BMPRI1A, BRCAL, BRCA2, CDH1, GREM1, PTEN, SMAD4,
STK11, TP53, EPCAM, MLH1, MSH2, MSH6, MUTYH, PMS2,
POLD1, POLE, AXIN2

High Penetrance Syndromes, associated
primarily with risk of other cancers (non
CRC)

BRCAL, BRCA2, CDKN2a, CDK4, MEN1, PALB2, RB1, SDHB,
VHL, WT1, MET, PTCH1, RET, SMARCA4, SMARCBI1,

Genes known to be associated with
Moderate Penetrance Cancer Risk

ATM, BAP1, BARD], BRIP1, CHEK?, FAT1, SMAD3, SOX9 IGF2R,
HOXB12, NF1, NF2, NBN, RAD51,

Other genes potentially associated with
cancer risk

Oncogenes

AURKA, CASP8 (FLICE), ERBB3, JAK2, KIT (CD117), MYC,
NRAS, PIK3CA ROS1, RUNX1 (AML1), SRC

Signal Transduction

TGFB SMAD2, SMAD7, TGFBR2
WNT CYLD, CTNNB1, FAM123B, HNF1A, PPP2R1A
Notch NOTCH1 FBXW7, GATA2, NOTCH2

PIBK/AKT/PTEN

AKT1, AKT3, CBL, ERBB2, FLT1 (VEGFR1), FLT3, KDR
(VEGFR3), PDGFRA, PDGFRB, PIK3C2A, PIK3R1, PIK3R5

G-Protein Coupled Receptor

GNAL11, GNAQ, GNAS, SMO, TSHR

Fibroblast Growth Factor

FGFR1, FGFR2, FGFR3, PTPN11

Other

ERBB4, FKBP9, IGF1, IGF2, KRAS, MPL, MTOR, PRKARI1A,
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Grouping

Genes

Apoptosis

CTNNAL, TERT BRAF, CTSL1, FOXL2, GATAL, HRAS, KLLN,
MAP2K4 (JNKK1), NPM1, TNFAIP3

Angiogenesis

FIGF (VEGFD), FLT4 (VEGFR2), PTGS2 (COX2),

Adhesion

GALNT12, MAP2K1 (MEK1), PRKCE

Cell Cycle

ABL1, CDC73, PTPRC, TET2, TNKS, XPO1

DNA Damage Response

ATR, EGFR, MSH3, PARP1

Epigenetics

SYNE1 ARID1A, ASXL1, DNMT3A, EZH2, HDAC4, KDM6A,
SETD2, TRRAP

Inflammatory Response

CEBPA, CSF1R, MYD88, PARP4

Immune Response

ALK, CARD11, CRLF2, IL7R, JAK3, POLR3A, SOCS1

Hypoxia

CREBBP, EP300 HSP90B1 (TRAL), NOS1 (nNOS)

Other

ABCC1, GRIN2A, IDH1, IDH2, NTN3, TOP1
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Breast/Ovarian Cancer

ATM
CHEK2

NEQ CDH1

TP53
CDKN2A

Various
Stomach
Pancreas
Sarcoma

Melanoma

aDarker shading represents higher penetrance
bSize approximates population prevalence

Genes implicated in High and Moderate Penetrance Hereditary Predisposition to Cancer
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CRC dx <50 y (N=430)
Tumor Status MSS Tumor Status Unknown Tumor Status MSI-H
N= 161 (37%) N= 228 (53%) N= 41 (9.5%)
Polyposis Phenotype Non-Polyposis Polyposis Phenotype Non-Polyposis
n=5 N=156 n=20 N=156
Not tested Not tested Not tested Not tested Not tested
L N=1 N=34 . - N=3 N=74 — N=3 .
No mutation No mutation No mutation No mutation No mutation
— n=2 n=109 = —| n=3 n=8 | n=20 |
| Vus Vus || Vus Vvus Vus
n=0 n=9 — n=1 n=10 | n=1 ]
Pathogenic Pathogenic Pathogenic Pathogenic Pathogenic Pathogenic Pathogenic Pathogenic Pathogenic
mutation; mutation; mutation; mutation; mutation; mutation; mutation; mutation; mutation;
polyposis polyposis non-polyposis MMR polyposis polyposis non-polyposis MMR MMR
n=2 n=1 n=1 n=2 n=13 n=2 n=4 n=37 n=17
MYH, MYH, CHEK2 (1) MLH1 (1) APC (8) MYH, *SMAD4 (2) MSH2 (18) MLH1 (8)
biallelic (2) biallelic (1) MSH2 (1) MVYH, biallelic (3) biallelic (1) *BRCA1 (1) MLH1 (15) MSH2 (6)
MYH, mono- *TP53 (1) MSH6 (4) PMS2 (2)
allelic (1) MSH6 (1)
Figure 2.

Outcomes of genetic evaluation in subjects with CRC age<50
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CRC33
Gastric polyps
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Pedigree of Patient with a germline SMAD4 mutation identified on multigene panel

39F patient diagnosed with CRC at age 36 and report of “multiple” colorectal adenomas. At
her initial presentation clinical genetic evaluation demonstrated that the colorectal tumor was
microsatellite stable (MSS) and germline DNA sequencing identified no pathogenic
mutations in APC or MUTYH. Patient returned 3 years later with anemia and underwent
upper endoscopy which revealed numerous large gastric polyps which were described by
outside pathology as hyperplastic. Clinical genetic testing with a multigene panel identified
a pathogenic germline mutation in SMAD4, confirming diagnosis of Juvenile Polyposis

Syndrome (JPS).
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