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Abstract
Evaluation of microsatellite instability (MSI) of every colorectal cancer (CRC) is important for prognostic and therapeutic
purposes, while molecular testing helps identify actionable targeted therapy for patients with metastatic disease. This review
will discuss the biomarkers commonly encountered in the clinical evaluation of CRC, and practical issues regarding MSI
screening, reporting, interpretation, molecular test indication, and specimen requirements.

Colorectal cancer and biomarkers for
microsatellite instability/Lynch syndrome
workup

Colorectal cancer (CRC) is the third most common cancer
among both men and women in the United States [1], with
an estimated incidence of 135,430 new cases and 50,260
deaths in 2017 [2]. In the era of molecular classification of
tumors, CRC has been grouped into four Consensus
Molecular Subtypes (CMS) based on gene expression data
and complex network analysis, reflecting significant biolo-
gical differences between each subtype [3]. The biomarkers
to be discussed in this review are the key classifiers for CRC
CMS type 1 (microsatellite instability (MSI), BRAF muta-
tion) and type 3 (mixed MSI status, KRAS mutation); and
these two subtypes also represent the major clinically
actionable types of CRC at this time.

Approximately 15% of CRC demonstrates MSI, a
functional manifestation of mismatch repair (MMR) protein
deficiency. Most MSI tumors are sporadic; however 2–4%
of CRC have MSI due to Lynch syndrome. Lynch syn-
drome is an autosomal-dominant hereditary cancer syn-
drome with germline mutation of MMR genes MLH1,
PMS2, MSH2, MSH6, or EPCAM, with high penetrance.
When a second hit knocks out the unaffected wild-type

allele, cancer arises in Lynch syndrome patients. Enhanced
cancer surveillance for these patients and their families
saves lives by prevention, early detection, and treatment of
cancer. In addition, awareness of MSI status of the tumor
helps with risk stratification and guiding therapy selection
for patients with CRC. Stage II patients with MSI tumor
typically have a better prognosis than stage-matched
microsatellite stable cancer [4–7] and do not benefit from
5-fluorouracil adjuvant therapy [8–10]; instead, they may
benefit from PD-1 immune checkpoint blockade [11].

Identification of MSI and Lynch syndrome
patients

The screening tools to identify Lynch syndrome patients
have evolved dramatically, since Cancer Family Syndrome
was first described by Henry Lynch in 1966 [12]. Amster-
dam criteria were initially developed for research purposes
in 1990 [13, 14]. They included a series of clinical criteria
to help identify families likely to have Hereditary Non-
polyposis Colorectal Cancer (HNPCC) by using personal
and family histories. The term HNPCC is no longer
recommended since individuals with Lynch syndrome are
also susceptible to develop non-colorectal neoplasms such
as endometrium, stomach, small bowel, gallbladder, hepa-
tobiliary tract, pancreas, renal pelvis/ureter, bladder, kidney,
ovary, brain, and prostate, depending on the MMR gene
involved and some patients can have polyps [12]. In gen-
eral, patients with MSH2 mutation are at increased risk of
extra-colorectal neoplasms compared to patients with the
more common MLH1 mutation. Constitutional Mismatch

* Wendy L. Frankel
Wendy.Frankel@osumc.edu

1 Department of Pathology, The Ohio State University Wexner
Medical Center, Columbus, OH, USA

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41379-018-0136-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41379-018-0136-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41379-018-0136-1&domain=pdf
mailto:Wendy.Frankel@osumc.edu


Repair Deficiency syndrome (CMMR-D) patients may
develop pediatric hematologic malignancies, brain tumors
(glioblastoma), and neurofibromatosis type-1-like skin fea-
tures [15]. Turcot syndrome, an allelic variant of CMMR-D,
features multiple colorectal adenomas and brain cancer
[16, 17]. Muir-Torre syndrome, a rare variant of Lynch
syndrome with MSH2 germline mutation, predisposes to
hair follicle and sebaceous gland neoplasms [18]. Patients
with germline mutations in MSH6 are more susceptible to
the development of endometrial cancer. In 1997, Bethesda
guidelines were developed to better identify high-risk
patients needing tumor screening for Lynch syndrome
[19]. In 2004, the Bethesda guidelines were revised to
incorporate histomorphologic features of MSI tumors [20],
including (1) tumor infiltrating lymphocytes, (2) Crohn’s-
like lymphocytic reaction, (3) mucinous/signet ring differ-
entiation, and (4) medullary growth pattern [21–24]. The
former two features are evidence of host immune response
to the many tumor neoantigens in these hypermutated MSI
tumors, a result of failure to repair DNA mismatches and
accumulation of errors.

Histomorphology and family history (for Lynch syn-
drome) may help identify patients with MSI and Lynch
syndrome, but using Amsterdam criteria and Revised
Bethesda guidelines alone still miss many cases [25, 26]. A
study of 1066 CRC patients in metropolitan Columbus,
Ohio, revealed that five (22%) Lynch syndrome patients
could have been missed using Amsterdam and Bethesda
criteria alone, and 10 patients (43%) were older than 50
years of age [26]. Furthermore, smaller family size than in
the past and preventive polypectomy make personal and
family history of cancer less useful in the recognition of
Lynch syndrome patients.

In the past decade, tumor-based assays with MMR
by immunohistochemistry (IHC) and MSI by polymerase
chain reaction (PCR) have markedly increased the sensi-
tivity (>90%) and specificity of Lynch syndrome screening
[26–29]. Universal screening of CRC for Lynch syndrome
has been recommended by many organizations, including
the Evaluation of Genomic Applications in Practice and
Prevention (a working group sponsored by the Centers for
Disease Control and Prevention, 2009) [30], the National
Comprehensive Cancer Network (2014) [31], the US Multi-
Society Task Force (2014) [32], the American College of
Gastroenterology, and the American Society of Clinical
Oncology (2015) [33]. MMR IHC and/or MSI by PCR are
now widely adopted as reliable and cost effective screening
tools for MSI and Lynch syndrome workup [12, 34]. Since
all patients with CRC are now recommended to undergo
screening, the inclusion of histologic features suggesting
MSI into pathology reports is less important than in the
past. In fact, the College of American Pathologists no
longer recommends the reporting of these histologic

features in the current synoptic reporting template as of
January 2018.

DNA MMR proteins and IHC

DNA MMR proteins are nuclear proteins that correct single-
base mismatches and insertion–deletion loops of short
repeated nucleotide sequences that occur during DNA
synthesis. In vivo, MLH1/PMS2 and MSH2/MSH6 form
two functional pairs. If MLH1 or MSH2 is lost, its partner
becomes unstable and will be degraded. However, the vice
versa is not true, as the absence of PMS2 or MSH6 does not
affect the stability of MLH1 and MSH2 since they can be
stabilized by binding to other molecules [35].

MMR IHC enables visualization of the expression status
of the four proteins within the nucleus. In general, the
presence of all four proteins indicates microsatellite stable
although exceptions exist (some cases with missense
mutation may have retained staining); whereas staining loss
indicates MMR deficiency with the pattern suggesting the
defective gene. MMR screening is recommended using all
four proteins, since the two- stain method (consisting of
PMS2 and MSH6 only) may miss cases notwithstanding the
cost saving [36]. The rational for the “two-stain” method is
based on the heterodimer pairing of the MMR proteins—
PMS2 and MSH6 should be lost regardless of whether there
is a mutation in the gene encoding for them or their het-
erodimer partners (MLH1 and MSH2). MMR IHC is not
considered genetic testing since it evaluates protein
expression and can be seen with germline or somatic
mutations or epigenetic events; however, abnormal staining
patterns may suggest the most likely defective gene.

Screening algorithm

A suggested universal screening algorithm is shown in
Fig. 1. All CRCs are stained with MMR IHC. If four pro-
teins are all present, the CRC is considered microsatellite
stable, as seen with the vast majority (85%) of CRCs. No
further workup is necessary unless there is clinical suspicion
for Lynch syndrome or possibly in those patients younger
than 50 years old. Among the remaining approximately
15% of cases that are MSI, the most common deficient
pattern is the loss of MLH1/PMS2 with intact MSH2/MSH6
expression (Fig. 2 a–d). Most of the MLH1/PMS2-deficient
cases represent sporadic tumors secondary to somatic
MLH1 promoter hypermethylation (12%) [37]; less cases
are Lynch syndrome owing to germline MLH1 mutation or
constitutional hypermethylation of MLH1 promoter (<1%)
[38, 39]. Therefore, MLH1 promoter hypermethylation
analysis of the tumor is a time- and cost-efficient test to
detect patients with sporadic tumors who do not need
additional testing.
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Of note, hypermethylation of the MLH1 promoter is
often a manifestation of CpG island methylator phenotype
(CIMP), which is the hypermethylation of multiple gene
promoters. CRC with CIMP frequently harbors BRAF
V600E mutations and methylation of MLH1. In fact, greater
than two-thirds of deficient MMR tumors are BRAF muta-
ted, and these tumors are most likely sporadic as BRAF
mutation is not associated with Lynch syndrome [40]. Many
laboratories use BRAF mutational analysis rather than
MLH1 promoter methylation testing for MLH1/PMS2
absent tumors. However, if BRAF is not mutated, MLH1
methylation testing may still be indicated since only about
two-thirds methylated cases contain BRAF mutation
[41, 42]. The presence of BRAF mutation is also an adverse
prognostic factor and may affect treatment decisions
[43, 44]. BRAF IHC is difficult to interpret due to staining

variability and BRAF PCR is the preferred test [45]. If no
MLH1 promoter hypermethylation or BRAF V600E muta-
tion is found, the patients should undergo germline gene
testing after the patients receive genetic consultation.

The second most-common deficient IHC pattern is the
loss of MSH2/MSH6 with intact MLH1/PMS2 (approxi-
mately 1%) (Fig. 2e, h). Isolated PMS2 or MSH6 loss is less
common and all these individuals have a probability for
Lynch syndrome. They should undergo genetic consultation
and germline gene sequencing.

When the etiology is not identified for MSI after BRAF
and/or methylation and germline mutation testing, sequen-
cing of the tumor DNA for double somatic mutations of
MMR genes should be considered. If double somatic
mutations of MMR genes are found in the tumor without
germline mutation in the blood, it confirms double somatic

Fig. 1 Screening algorithm for mismatch repair deficiency and Lynch
syndrome workup. All primary colorectal cancers (CRC) are immu-
nostained for MLH1, MSH2, MSH6, and PMS2. The presence of all
four proteins indicates intact expression and no further workup is
necessary unless clinically suspicious. When MLH1 and PMS2 are
absent, BRAF V600E mutation analysis is performed. BRAF mutation
essentially excludes Lynch syndrome. If no BRAF mutation is detec-
ted, the subsequent step depends on the degree of suspicion of Lynch
syndrome based on the patient’s age and history; if high suspicion,
genetic sequencing of MLH1 or PMS2 are done; if low suspicion,
MLH1 promoter hypermethylation is then analyzed. Non-MLH1
hypermethylated cases undergo germline sequencing of MLH1 or

PMS2; those with methylation are presumed to represent sporadic
tumors and Lynch workup is not indicated. Some laboratories use
MLH1 methylation testing rather than BRAF mutational analysis after
immunohistochemistry in those tumors found to have absence of
MLH1 and PMS2. Cases with absence of MSH2/MSH6, or isolated
loss of MSH6, or isolated loss of PMS2, may represent Lynch syn-
drome and should undergo germline sequencing. Finally, if Lynch
germline mutation is not identified in deficient MMR cases, tumor
sequencing for double somatic mutation should be considered. In any
patient diagnosed with CRC under the age of 50, a comprehensive
germline panel should be considered
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mutation as the cause of MSI. A double somatic mutation or
a somatic mutation with loss of heterozygosity (LOH) is the
most common etiology for the so called Lynch-like syn-
drome (Fig. 3). Lynch-like syndrome is an umbrella term
that has been used to describe these previously unexplained
cases. The identification of the etiology as not germline is
clinically very important since such patients and family do
not need intensive lifelong screening for cancer [46].

Unfortunately, histologic findings are not useful to distin-
guish tumors with double somatic mutations from those
occurring in the setting of Lynch syndrome, and sequencing
of tumor is essential [47]. Other causes for Lynch-like
phenomenon have also been identified [48, 49], including
misinterpretation of immunohistochemical results (over-
calling Lynch syndrome), germline alterations that are not
detectable by current available tests, and other genetic

Fig. 2 Mismatch repair
immunohistochemistry showing
typical patterns of losses. The
most common abnormal staining
pattern—Loss of MLH1 (a) and
PMS2 (b) with intact expression
of MSH2 (c) and MSH6 (d).
e–h The second most common
abnormal staining pattern—
intact expression of MLH1 (a)
and PMS2 (b) with the loss of
MSH2 (c) and MSH6 (d).
Notice the presence of staining
in the background lymphocytes
and stromal cells, which serve as
positive internal control.
Original magnification 400×
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defects with MSI phenotype such as MUTYH mutation,
POLE mutation, and somatic mosaicism.

MSI by PCR

An alternative screening test to MMR IHC is MSI testing, a
molecular test in which microsatellite repeats of tumor
DNA are examined by PCR. Several studies have shown
that MSI by PCR demonstrates similar sensitivity and
specificity as MMR IHC [27, 50, 51]. Using either test
initially is reasonable in population screening. If micro-
satellite stability is found, but Lynch syndrome is strongly
suspected, then the other test may be performed to obtain
additional information. MMR IHC has the advantage of
being more widely available with faster turnaround time,
and no need for normal tissue. In addition, it can help direct

gene testing by indicating the defective protein. In cases that
have dense intratumoral inflammatory infiltrate, limited
amount of tumor tissue, or unavailability of normal tissue
(blood sample or normal colon) for comparison, MMR IHC
is the preferred test.

The original MSI Bethesda panel [52] consists of five
microsatellite repeats —two mononucleotide repeats
(BAT25 and BAT26) and three dinucleotide repeats
(D2S123, D5S346, and D17S250). Most laboratories now
utilize mononucleotide-based tests, as more recent studies
have demonstrated that mononucleotides are more sensitive
and specific than dinucleotides [53, 54]. If a tumor
demonstrates instability at ≥2 examined loci, it is defined as
MSI high. If a tumor exhibits instability at only one locus, it
is MSI low. If there are no shifted microsatellites, the tumor
is considered as microsatellite stable.

Fig. 3 Previously unexplained mismatch repair cases termed “Lynch-
like”. Mismatch repair deficient tumors without methylation, BRAF
mutation, or identified germline mutations have been referred to by the
waste basket term “"Lynch-like”. Possible causes include tumor

screening error, unidentifiable mutation, somatic MMR mutations,
other cancer syndrome causing somatic MMR mutations, and somatic
mosaicism
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IHC evaluation and reporting

Reporting terminology

When reporting staining results of MMR protein IHC, the
College of American Pathologists recommends using the
term “intact or lost”, instead of “positive or negative”, to
avoid confusion [55]. For example, “positive” could be
misinterpreted as “positive for MMR deficiency” rather than
“positive staining” (normal/intact staining pattern).

Control is the key

The key to the interpretation of MMR protein IHC is the
same as that for any other immunohistochemical study—
the control. MMR proteins function inside the nucleus of
actively proliferating cells, as they correct the errors made
during DNA synthesis. Therefore, nuclear staining of
MMR proteins is expected to be present in any normal
proliferating cells, such as lymphocytes, basal colonic
crypt cells, and some stromal cells. Such cells serve as
internal positive control when evaluating MMR protein
IHC. Loss of tumor staining in areas without internal
control staining is not interpretable, and the test needs to
be repeated on the same or a different tumor block or
another test (such as MSI) performed. One rare exception
to this is constitutive MMR deficiency, in which both
tumor and background normal tissue do not stain for
MMR protein.

Cutoff for normal staining

No well-studied, evidence-based exact cutoff for normal
MMR expression has been established. The College of
American Pathologists endorses “any positive reaction in
the nuclei of tumor cells” [55] and other authors suggest
1%, 5%, or 10% as the cutoff [49]. In our practice, we use
greater than 5% tumor nuclei demonstrating unequivocal
nuclear staining (staining intensity at least similar to
control).

Staining variability/patchiness

Typical intact MMR staining in CRC is diffuse, strong
staining in most tumor nuclei (Fig. 4a, b). However, stain-
ing intensity may vary from case to case, as well as differ
from area to area within each case (Fig. 4c). This variation
in staining intensity is not uncommon, and the expression of
MMR proteins is considered normal/intact if the staining in
the tumor nuclei is equal to or stronger than the internal
control cells. Factors such as antibody diffusion, fixation,
and tissue hypoxia are thought to account for the staining
variability [56, 57]. Edge effect can also impact variability
in staining.

IHC interpretation pitfalls

MMR IHC interpretation is typically straightforward, but
challenges are occasionally encountered. Awareness of

Fig. 4 Typical and variant
patterns of intact mismatch
repair protein expression. Some
variation of staining is allowed
as shown and the internal control
is the key to proper evaluation.
a Typical staining (MSH6):
tumor (lower half image)
showing similar staining
intensity as background control/
normal crypts (upper half
image). b Expression in the
tumor (MSH2, arrowheads) is
stronger than background
internal control (arrows).
c Intratumoral patchiness/
uneven staining (MSH6).
Original magnification 400×
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these pitfalls will help avoid errors in interpretation (Fig. 5
and Table 1) and are discussed below.

Tumor weaker than control

Some cases show focal faint nuclear staining that is weaker
than the internal control cells. If such staining is confirmed
on a repeat staining, the result should be interpreted as
abnormal and additional studies are warranted. In our
experience, some such cases are indeed MMR deficient.

Cytoplasmic staining

As discussed earlier, MMR protein staining is a nuclear
stain and the presence of cytoplasmic only staining should
be considered as an abnormal staining pattern. Recently,
cytoplasmic MSH2 immunoreactivity has been reported in a
Lynch syndrome patient with an EPCAM-MSH2 fusion

[58]. Occasionally, overstained microsatellite-stable tumor
tissue may show both nuclear and cytoplasmic staining.
Repeat staining may help to clarify whether the cytoplasmic
staining is obscuring any nuclear staining or not.

Post neoadjuvant therapy

It is well documented that treated rectal cancer may show
decreased or absent MMR protein expression, especially
with MSH6 and PMS2 [59–62]. If this is encountered,
repeat staining, if necessary, on a pre-treatment sample may
be easier and less expensive than proceeding with molecular
testing.

MSH6 heterogenous staining

Heterogenous MSH6 staining has been observed in CRC
with MLH1/PMS2 deficiency due to somatic mutation of an

Fig. 5 Mismatch repair
immunohistochemistry:
interpretation challenges and
pitfalls. a No staining in tumor
and stroma—control failure;
such stain cannot be interpreted.
b Tumor nuclei (arrowheads)
weaker than control (arrows)—
abnormal staining pattern;
additional study warranted.
c Cytoplasmic staining present
(arrow) obscuring nuclei—
consider repeat staining.
d MSH6 showing weak to loss
of tumor staining (arrowheads)
in the setting of post
neoadjuvant chemoradiation
therapy—consider repeat on pre-
treatment biopsy. Notice
background stromal cells
(arrow) show intact staining.
e and f MSH6 heterogenous
staining secondary to MLH1/
PMS2 mutation. Area of intact
staining (left side of images)
juxtaposed to area of staining
loss (right side of images).
Notice the background
lymphocytes show intact
staining (arrow) despite the loss
of staining in tumor nuclei
(arrowhead). Original
magnification, a–d; f, 400×; e,
200×
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unstable mononucleotide tract in MSH6 [63, 64]. Care
should be taken to ensure that the control nuclei stain
appropriately in areas with and without MSH6 expression.
No germline mutations of MSH6 have been detected in such
cases so far.

Missense mutation with retained protein antigenicity

About 3–10% of Lynch syndrome cases have defective
MMR protein expression resulting from missense mutations
that cause structural/functional abnormalities. The protein
retains its antibody-binding site for the immunohistochem-
ical assay, and therefore masquerades with “normal”
nuclear staining. This is most commonly seen in MLH1
missense mutation cases with isolated loss of
PMS2 staining (MLH1 staining retained despite dysfunc-
tional MLH1 protein) [65, 66]. For this reason, the presence
of MMR protein staining does not unequivocally exclude
the possibility of finding a germline mutation/Lynch
syndrome.

Sample source selection

Some samples are better than others for CRC biomarker
testing. The advantages and disadvantages of various sam-
ples are discussed below.

Biopsy vs. resection

Studies have shown that biopsies work equally well as
resection specimens for MMR IHC [67–69]. Occasional
pitfalls in IHC interpretation occur in both types of samples.
Edge effect may occur more often in small biopsy portions
of tissue, while poor fixation and decreased antibody dif-
fusion in the center of the tumor may occur with large
sections from the resection specimen. We prefer to stain
pre-operative biopsy specimens when they are available,
since the results may alter the planned surgical procedure
(segmental vs. subtotal colectomy). In addition, for rectal
cancers, using pre-treatment biopsies avoids the sometimes

difficult staining interpretation post treatment. Of note, if
the testing is done on biopsy specimens, a clear commu-
nication program should be in place for patients who seek
surgical resection at another institution to avoid concerns
over the possible lack of follow-up testing if necessary.

Metastasis vs. primary tumor

For MMR protein testing, there is high concordance rate
between primary and metastatic CRC [70]. For predictive
molecular biomarker testing, metastatic/recurrent cancer
sample is preferred for capturing the molecular evolution of
the tumor [71].

One vs. all tumors

If a patient has more than one Lynch syndrome-related tumor,
screening for MMR deficiency is recommended on all syn-
chronous/metachronous tumors, since there is high discordant
rate (31%) [72]. Finding one tumor to be microsatellite stable
does not exclude the possibility that another will be unstable.
It is possible for a Lynch syndrome patient to have a sporadic
neoplasm that is not due to a germline MMR gene defect.
Once one tumor is identified as MSI, and the patient and
possibly their germline is studied to support Lynch syndrome,
additional screening may not be indicated.

Adenoma vs. carcinoma

Carcinoma is the preferred specimen for MSI screening;
however, family member or previous patient CRC speci-
mens may not always be available for testing, or a patient
may have only adenomas. Therefore, clinicians may request
testing on adenomas in patients with a suspicious family
history for Lynch syndrome. In such situations, loss of
MMR expression is helpful for ruling in Lynch syndrome,
but intact MMR expression in adenomas does not exclude
Lynch syndrome. Loss of MMR staining can be identified
in 70–79% Lynch-associated adenomas, especially in those
with larger polyp size (>10 mm), villous component, or

Table 1 Mismatch repair protein immunohistochemistry interpretation pitfalls

Staining pattern Possible causes Next steps

Both tumor & internal control show lost/
weak expression

Poor fixation or antibody diffusion (if focal);
Technical issue with immunohistochemistry

Repeat stain; Stain other block; MSI
by PCR

Tumor weaker than control Mismatch repair abnormality Repeat-Call equivocal or lost if still
the same; MSI by PCR

Post neoadjuvant therapy: nucleolar
staining, tumor weaker than control, or
patchy staining

Post neoadjuvant therapy-related decreased MSH6
(or PMS2) staining

Repeat on pre-treatment biopsy

Cytoplasmic staining Technical issue with immunohistochemistry or
tissue; Mismatch repair abnormality such as in
EPCAM-MSH2 fusion

Repeat; Stain other block; Call lost if
cytoplasmic staining only
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high-grade dysplasia [73–76]. The presence of protein
expression in an adenoma does not exclude the possibility
of Lynch syndrome, since the adenoma may have not
acquired the second mutation hit. We test adenomas by
request and explain the pitfall.

Serrated polyp vs. adenoma

Serrated polyps are not typically precursor lesions for
Lynch syndrome; therefore, they should not typically be
tested for MMR deficiency to identify Lynch syndrome.
Some serrated polyps with dysplasia may exhibit MMR
deficiency due to BRAF mutation, unrelated to Lynch syn-
drome. In contrast, adenomas can be precursor lesions for
Lynch syndrome-related CRC, and may be tested with the
caveat mentioned previously.

Molecular biomarkers for targeted therapies
for CRC

Surgical pathologists play an important role in tissue-
based DNA testing as curators of diagnostic tumor tissue.
Prior to performing expensive molecular testing, pathol-
ogists must determine whether there is adequate tumor
tissue for molecular analysis. This is typically not a major
concern for CRC resection specimens as there is usually
ample tumor tissue. For rectal cancer post neoadjuvant
therapy with only rare and scattered residual tumor, a
pretreatment biopsy may be more suitable for molecular
testing. As a general rule, in small biopsies, at least
10–20% viable tumor is required for molecular testing
[77] (Table 2).

Another important task for pathologists is to mark the
tumor on the slides, so that microdissection can be per-
formed when necessary for tumor DNA enrichment and
extraction. Attention should be paid to marking areas with

adequate viable tumor to ensure good-quality DNA for
sequencing. It is best to avoid necrotic tissue (highly
fragmented DNA), lymphocyte-rich area (may dilute
tumor signal by high-density normal nuclei/DNA), ade-
nomatous component (may lack all genetic abnormalities
seen in cancer), and mucin/fatty areas if possible
(Fig. 6).

A summary of the molecular biomarkers in the evalua-
tion of CRC is shown in Table 3.

Anti-EGFR therapy and extended RAS mutational
analysis

Many advanced CRC have uncontrolled cell growth and
proliferation due to the activation of EGFR signaling
pathway (EGFR-RAS-RAF-MEK-ERK/MAPK). Anti-
EGFR therapy employs monoclonal antibodies (such as
cetuximab, panitumumab) to block the transmembrane
EGFR at the beginning of the cell signaling pathway. The
binding of these antibodies to EGFR hinders ligand-
induced dimerization of the receptor and results in inhi-
bition of the EGFR–MAPK pathway (Fig. 7). Anti-EGFR
therapy is associated with a highly variable response rate,
high cost (cetuximab $67,277 per patient) [78], and
toxicity in some (rash and diarrhea). Therefore, it is very
important to target therapy to those most likely to
respond. If the downstream RAS is mutated and is con-
stitutively turned on, blockage of the upstream EGFR is
futile, and will unnecessarily expose patients who cannot
respond to therapy. For these reasons, RAS mutational
analysis serves as a predictive marker for anti-EGFR-
therapy patients.

Approximately 90% of the KRAS mutations in CRCs are
present in codons 12 and 13 and less frequently in codons
59, 61, 117, and 146. Activating mutations in any of these
codons lead to constitutive activation of the EGFR–MAPK
signaling pathway resulting in unregulated cell proliferation

Table 2 Recommended
specimens for molecular
biomarker testing in colorectal
cancer (CRC)

Sample type Recommended: formalin fixed paraffin embedded (FFPE) tissue [71]
Alternatives: cytology specimen (requires additional validation); Liquid biopsy
(serum or plasma) possibly in near future

Sample source Recommended: metastatic or recurrent tumor tissue preferred for targeted therapy
[71]
Alternative: primary tumor tissue acceptable
*Both primary and metastatic CRC OK for Lynch syndrome screening [70]

Minimum tissue
needed

In general, assays require a minimum of 10–20% tumor content (assuming LOD=
5%); Ideally, 100–500 ng DNA (ten 5-µm sections with 10 mm × 10 mm area of
tumor); As little as 10 ng DNA can work (about 2 × 5 mm needle core) [77]

Tumor enrichment Tumor cores from FFPE block or tumor microdissection from cut sections (tumor
marking by Pathologist—avoid necrosis/lymphoid tissue/adenoma /mucin/fat)

Turn-around time 90% of specimens sent out for testing within three working days; 90% of reports be
available within 10 working days from the date of receipt in the molecular
laboratory [71]
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and resistance to anti-EGFR monoclonal antibody therapy
[79]. In 2009, the American Society of Clinical Oncology
(ASCO) recommended KRAS exon 2 analysis prior to anti-
EGFR therapy. Subsequently, it was discovered that 20% of
exon 2 wild-type KRAS harbors another mutation in other
codons of KRAS or in NRAS, rendering resistance to anti-
EGFR therapy [80–83]. NCCN and ASCO guidelines now
require that all candidates for anti-EGFR therapy undergo
extended/expanded RAS mutational analysis to identify RAS
mutated patients (approximately 40% of CRC) [71, 84]. The
panel includes KRAS and NRAS codons 12 and 13 of exon
2, 59 and 61 of exon 3, and 117 and 146 of exon 4. Of note,
even among patients with RAS wild-type tumor, there is
only 25–40% response rate.

BRAF V600E mutation is mutually exclusive with KRAS
mutations [85, 86]. Evidence suggests that mutations in
BRAF and other molecular targets downstream of EGFR
contribute to the lack of treatment response [87, 88]. Spe-
cifically, studies indicate that BRAF V600E mutation makes
response to panitumumab or cetuximab highly unlikely
unless given together with a BRAF inhibitor [88–90].
However, insufficient data are present to justify excluding
patients from RAS wild-type/BRAF mutated tumors from
anti-EGFR therapy at this time [71, 91].

Emerging biomarkers

Several biomarkers are undergoing additional evaluation
and there is currently no recommendation for use, except in

the setting of clinical trials. These include other molecules
involved in EGFR axis modulation, such as PIK3CA,
PTEN, and HER2 (Fig. 7).

PIK3CA is mutated in 10–18% CRC. The PIK3CA-
AKT-mTOR pathway is located downstream of EGFR.
Studies have shown that there is possibly improved survival
in CRC patients with postoperative aspirin use if the CRC
contains a PIK3CA mutation. Currently, there is insufficient
data to deny anti-EGFR therapy to these patients based
solely on the presence of PIK3CA mutation [71, 92].

PTEN, a PIK3CA inhibitor, is mutated in 5–14% CRC.
PTEN loss leads to upregulation of the PIK3A/AKT path-
way and is associated with a lack of responsiveness to
EGFR antagonists. PTEN mutation can be detected by loss
of expression using IHC or deletion using FISH. Currently,
there is insufficient data to deny anti-EGFR therapy to CRC
patients based on PTEN mutation status [71, 92].

HER2 amplification and mutation are present in
approximately 7% of CRCs. ErbB2/HER2 is a transmem-
brane receptor that belongs to the same ErbB receptor tyr-
osine kinase family as ErbB1/EGFR/HER1 (Fig. 7), and it
has been investigated as a possible resistance pathway to
anti-EGFR therapy in KRAS wild-type tumors [93]. Pre-
liminary results from HERACLES trial indicate that dual
HER2 blockade by trastuzumab (anti-HER2 antibody) and
lapatinib (HER2 tyrosine kinase inhibitor) is well tolerated
in treatment-refractory patients with HER2-positive meta-
static CRC, with 30% patients showing objective response
and 44% showing stable disease [94]. Targeting HER2

Fig. 6 Tumor marking for
molecular testing. a Well-fixed,
viable, and cellular tumor areas
generally yield good-quality
DNA for biomarker testing.
b Do not mark necrotic areas.
c Avoid tumor areas with
intermixed lymphocytic
aggregates. d Do not use pauci-
cellular/mucin-rich tumor areas
if possible. Original
magnification 100×
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appears to be a promising development for CRC patients
and additional studies are ongoing.

Sequencing using multigene panel has become clinically
practical with the advent of next-generation sequencing
(NGS). NGS allows simultaneous evaluation of multiple
genes implicated in CRC including MMR genes and many
others, and may provide clinical benefits in a cost-effective
manner. In a recent study [95], upfront tumor sequencing
alone has been shown to have better sensitivity (100% vs.
~90%) and equal specificity (~95%) to evaluate MSI status,
when compared to MMR IHC plus BRAF mutational ana-
lysis or MSI plus BRAF. In addition, there are added ben-
efits of getting simultaneous assessment of RAS and BRAF
status by NGS. Upfront tumor sequencing appears to be a
simpler and possibly superior method for CRC evaluation
and may represent the direction of future CRC testing. For
CRC patients under the age of 50 or those with high sus-
picion for hereditary cancer syndromes (strong family his-
tory, greater than 10 polyps, or synchronous/metachronous
primaries), germline testing using broad multigene panel
encompassing MMR genes and other cancer susceptibility
genes should be considered [96–98]. Of course, reimbur-
sement and other important issues such as proper classifi-
cation of variants of uncertain significance will need to beTa
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Fig. 7 Targeting the EGFR signaling pathway. Epidermal growth
factor receptor (EGFR/HER1) is a transmembrane protein receptor of
the ErbB family, which also includes HER2/ErbB-2. EGFR pathway is
frequently activated in colorectal cancer, through downstream RAS/
MAPK and PI3K/AKT signaling pathways, leading to cell growth and
proliferation. Anti-EGFR antibodies (such as cetuximab and panitu-
mumab) bind to the extracellular domain of the EGFR preventing its
activation. However, activating mutations of downstream modulators
such as RAS, BRAF, PI3K, PTEN, or amplification/mutation of other
ErbB receptors such as HER2 may confer resistance to anti-EGFR
therapy
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further investigated prior to widespread recommended use
of NGS for screening.

Liquid biopsy refers to the detection of circulating tumor
cells (CTC), tumor DNA fragments (cell-free DNA,
cfDNA), or tumor mRNA in exosomes, in patients’ sera or
plasma [99–101]. These assays serve as promising, mini-
mally invasive biomarkers that enable real-time monitoring
of disease without additional repeat biopsies. They can be
powerful predictive tools for disease recurrence, tumor
molecular evolution, and the assessment of antineoplastic
therapy. TP53 and RAS mutations, MSI or LOH, as well as
DNA hypermethylation may be detected using this techni-
que [99]. This area is on the cutting edge of technology and
many studies are ongoing.

Conclusions

The implementation of these effective screening tools
allows many more patients with deficient MMR tumors and
Lynch syndrome to be identified, leading to proper disease
risk stratification and optimal therapy for these patients. In
addition, family members can be better counseled and
possibly surveyed for hereditary cancer risks. The continued
advancement of technology and cost reduction of molecular
testing make it possible for MSI testing to be accomplished
with a validated NGS panel, especially in patients with
metastatic disease who require genotyping of RAS and
BRAF. Emerging evidence has shown that upfront tumor
sequencing has many advantages and may replace the cur-
rent multistep screening algorithm in the near future.
Regardless of the results of laboratory testing, clinical
suspicion for Lynch or other hereditary cancer syndromes
remains an important factor in clinical decision making.
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