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Abstract

Background—~Patients with rectal cancer undergo preoperative neoadjuvant chemoradiation
with approximately 70% exhibiting pathologic down-staging in response to treatment. There is
currently no accurate test to predict patients who are likely to be complete responders to therapy.
5-Fluorouracil (5-FU) is regularly used in the neoadjuvant treatment of rectal cancer. Genetic
polymorphisms affect the activity of thymidylate synthase (TS), an enzyme involved in 5-FU
metabolism. This may account for observed differences in response to neoadjuvant treatment
between patients. Detection of such polymorphisms might identify patients likely to have a
complete response to neoadjuvant therapy and perhaps allow them to avoid surgery.

Methods—DNA was isolated from whole blood taken from patients with newly diagnosed rectal
cancer who received neoadjuvant therapy (n=50). Response to therapy was calculated with a tumor
regression score, based upon histology, from the time of surgery. PCR was performed targeting the
promoter region of TS. PCR products were separated using electrophoresis to determine whether
patients were homozygous for a double-tandem repeat (2R), a triple-tandem repeat (3R), or
heterozygous (2R/3R). A single nucleotide polymorphism (SNP), 3G or 3C, may also be present
in the second repeat unit of the 3R allele. Restriction fragment length polymorphism assays were
performed in patients with at least one 3R allele using Haelll.
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Results—Patients with at least one TS 3G allele were more likely to have complete or partial
pathological response to 5-FU neoadjuvant therapy (OR 10.4 95% CI 1.3-81.6) (p=0.01) than
those without at least one 3G allele.

Conclusions—Identification of patients with specific genetic polymorphisms in enzymes
involved in 5-FU metabolism appears to predict the likelihood of complete or partial pathologic
response of rectal cancer to preoperative neoadjuvant therapy.

Introduction

In the United States, colorectal cancer is the third most common cancer in men and women,
as well as the third leading cause of cancer death (1), Studies have demonstrated the
usefulness of neoadjuvant chemotherapy and radiation for locally advanced local rectal
cancer (@), The benefits of preoperative neoadjuvant chemotherapy in rectal cancer include
tumor downstaging and complete pathologic response or total destruction of the cancer by
such therapy. Patients with complete pathologic response after neoadjuvant chemotherapy
have better outcomes than those without complete response ©).

The key to successful neoadjuvant treatment is selecting the best-suited patients.
Pharmacogenomics is a field that combines pharmacology and genetics to assure that
patients are receiving personalized therapy or therapy best-suited to their particular

disease (4. Physicians can use patient genotypes to guide pharmacological treatment,
minimize adverse drug effects and toxicities, and maximize treatment outcomes ©). Single
Nucleotide Polymorphisms (SNPs) are one of the genetic tools used in pharmacogenomics
and are single nucleotide variations within a DNA sequence ®). We believe that it can assist
in selection of which rectal cancer patients would benefit most from preoperative
chemoradiation.

5-Fluorouracil (5-FU) is a pyrimidine analog that is a mainstay drug used for preoperative
neoadjuvant chemoradiation (NCRT) in patients with locally advanced rectal cancer ©).
Approximately 70% of patients exhibit pathologic downstaging following treatment, 15—
20% of patients exhibit complete pathologic response, while 10-15% of patients have no
pathologic response to 5-FU treatment (7). Currently, response to nCRT is most commonly
assessed following completion of treatment by physical examination, magnetic resonance
imaging or computed tomography scan. Response to treatment is confirmed post-operatively
by examination of histologically resected specimens.

There are presently no accurate biomarkers to predict a patient’s response to 5-FU based
preoperative neoadjuvant treatment (7). Therefore, patients who have a complete pathologic
response with no remaining viable cancer cells may be exposed to unnecessary surgery. Just
as importantly, patients who exhibit no pathologic response to 5-FU preoperative treatment
are given unnecessary chemotherapy and radiation, with associated toxicities as well as
delaying surgery ).

5-FU metabolism is complex, requiring multiple enzymes, including thymidylate synthase
(TS). TS catalyzes the conversion of deoxyuridine monophosphate (dUMP) to thymidine
monophosphate (dTMP), which is one of the three nucleotides that forms thymine ©.

Surgery. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nelson et al.

Methods

Patients

Page 3

Thymine is a nucleic acid that is necessary for DNA replication. 5-FU acts to irreversibly
inhibit TS, essentially starving rapidly dividing cells by halting DNA production.

Genetic polymorphisms have previously been found in the upstream 5’ -promoter region of
the TS gene. The two most common TS allelic variations are a double tandem repeat (2R),
with a frequency approximately 0.47, and a triple tandem repeat (3R), with a frequency
approximately 0.53 (rs34743033) (10). Patients may be homozygous for the 2R allele (2R/
2R), homozygous for the 3R allele (3R/3R), or heterozygous (2R/3R) (1), Within the 3R
allele, in the second repeat unit, a single nucleotide polymorphism (SNP) may be present
from guanine (G) to cysteine (C) (rs2853542) (12). We hypothesize that polymorphisms in
the TS gene may affect patients’ pathologic response to preoperative neoadjuvant 5-FU
treatment and explain observed clinical differences in response to treatment seen between
patients. To our knowledge, this is the first study investigating TS polymorphisms and
pathologic response to 5-FU based neoadjuvant therapy in rectal cancer patients.

This study was performed on samples from a prospectively-maintained database of a large
university colon and rectal surgery practice. The study included consecutive patients from
the senior author’s practice who received 5-FU based preoperative nCRT for rectal cancer in
whom information was available regarding pre- and post-neoadjuvant staging and who
consented for phlebotomy for inclusion in a study focusing on the genetic aspects of
gastrointestinal disease. Inclusion criteria were patients with biopsy confirmed rectal
adenocarcinoma, who had completed preoperative neoadjuvant 5-FU based chemoradiation
and who subsequently underwent radical surgical resection, in whom information was
available regarding pre- and post-neoadjuvant staging, and in whom follow-up information
was available. Subjects included in this study were recruited from a tertiary referral hospital
with a broad geographic referral region. For this reason, preoperative neoadjuvant
chemoradiation was given at multiple different sites depending on the patient’s residence
and preference. Standard treatment included combination 5-FU and leucovorin
chemotherapy with 54 Gy external beam radiation. All pre-neoadjuvant and post-
neoadjuvant tumors were staged according to the American Joint Committee on Cancer
TNM staging system (13),

Written informed consent was obtained from all patients. The University of Louisville
Institutional Review Board approved the study. The patients’ TNM stage, length of time
between completion of neoadjuvant chemoradiation and surgery, and time of and status at
last follow-up were obtained from office notes, hospital charts, operation notes, endorectal
ultrasound (ERUS), colonoscopy, pathology, laboratory and radiology reports (Table 1).

Each patient’s pre-neoadjuvant cancer stage was compared to his/her post-neoadjuvant
cancer stage. Ryan’s three-point grading system (Table 2) was used to quantify patients’
response to nCRT, in order to standardize pathologic response to treatment. Ryan’s three-
point scale has a favorable reproducibility and prognostic significance (14),
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DNA Extraction and Whole Genome Amplification

Blood was collected in EDTA-vacutainers (BD, Franklin Lakes, NJ) from patients with
rectal cancer who underwent pre-neoadjuvant chemoradiation and stored at 4°C until further
use. Genomic DNA was extracted from whole blood samples from using Qiagen® DNeasy
Tissue Extraction Kit (Valencia, CA). Whole genome amplification of each sample was
performed using the illustra GenomiPhi V2 DNA Amplification Kit (GE Healthcare,
Pittsburgh, PA). DNA concentration was determined after whole genome amplification using
spectrophotometry.

Genotyping TS

Amplification of the 5'-UTR of the TS gene was performed using the Qiagen® Multiplex
Polymerase Chain Reaction (PCR) Kit. PCR of the TS promoter region was carried out with
previously described primers (11):

Forward 5" -GTGGCTCCTGCGTTTCCCCC-3’
Reverse 5'-GCTCCGAGCCGGCCACAGGCATGGCGCGG-3’

Each 50 UL PCR reaction contained 1x Qiagen Multiplex PCR Master Mix, 0.2 uL of both
the forward and reverse primers, 1x Qiagen Q-Solution, RNase-free water and template
DNA. Amplification was performed as follows: 95°C holding stage for 10 min; 37 cycles of
denaturation of DNA at 96°C for 1 min, annealing of primers at 60°C for 30 sec, and
extension at 72°C for 1 min. The final extension was for 5 min at 72°C incubation. The
amplified fragments were separated by size on a 3% agarose gel by electrophoresis, which
was stained with Sybr®Gold (Molecular Probes, Eugene, OR).

Restriction Fragment Length Polymorphism (RFLP)

Results

RFLP was performed on samples with at least one 3R allele using RFLP assays as
previously described (12), The PCR product from each patient was incubated at 37°C for 18
hours with Haelll enzyme. The fragment sizes resulting from the RFLP assay were
determined using 3% agarose gel electrophoresis stained with Sybr®Gold. A combination of
the patient’s original TS genotype and RFLP assay were both used to determine the 3R SNP:
2R/3G, 2R/3C, 3C/3C or 3G/3G.

We identified 320 patients from our digestive surgery database with a diagnosis of colorectal
cancer. DNA was available for 227 of the 320 patients. Of the patients with available DNA,
140 had a diagnosis of rectal cancer only. Fifty-two of the 140 rectal cancer patients with
available DNA met the inclusion criteria and were included in this study. Fifty patients had
post-neoadjuvant TNM staging based upon pathology specimens and 2 patients had post-
neoadjuvant TNM staging based on clinical staging only (Figure 1).

Successful DNA extraction, whole genome amplification, and PCR were confirmed by
spectrophotometry. Of the 50 patients, 14 (28%) patients were 2R homozygotes, 10 (20%)
patients were 3R homozygotes and 26 (52%) patients were heterozygous for 2R/3R.
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Thirty-six patients with a 3R allele underwent SNP analysis by RFLP. Of the total 46 alleles,
SNP analysis identified 54% (25/46) and 46% (21/46) of this population to have the 3C and
3G alleles, respectively (Figure 2). The 3G allele resulted in fragment sizes of 66-bp, while
the 3C allele resulted in fragment sizes of both 66- and 94-bp (Figure 2) (12),

Complete pathologic response occurred in 14 patients (28%), 22 patients (44%) had a partial
response and 14 patients (28%) had no response to neoadjuvant chemoradiation, which is
consistent with previously published studies (- 15) with the exception of complete pathologic
response that was slightly higher in our study (Table 2). The distribution of TS genotype
frequencies as related to tumor regression grade (TRG) is shown in Figure 3.

Patients with at least one TS 3G allele were more likely to have complete or partial
pathological response to 5-FU neoadjuvant therapy than patients lacking a 3G allele (OR
10.4, 95% CI 1.3-81.6) (p=0.01) (Figure 4 and Table 3). The median time from completion
of chemoradiotherapy to surgery was 9 weeks (range 3-110 weeks). The range from nCRT
to surgery is exceedingly wide to several outliers. These include a patient with a myocardial
infarction who required emergency coronary revascularization and 2 patients who chose to
delay surgery significantly following completion of nCRT for personal reasons. There was
no significant difference in pathological response to neoadjuvant chemoradiation in patients
with at least one TS 3G allele based on time to surgery (<9 weeks OR 7.3, 95% Cl 0.9-61.1
£~=0.05, >9 weeks OR 7.3, 95% ClI 0.4-138.2 p=0.2).

Many clinical variables, including CEA, were not found to be predictive of response to
neoadjuvant chemoradiation. Pre-neoadjuvant CEA levels were available for 41 of 50
patients and were elevated in 7/11 (64%) of responders as compared to 10/30 (33%) of the
non-responders (CEA vs. TRG: OR 3.5, 95% CI 0.8-14.8, p=0.15).

Discussion

Preoperative neoadjuvant chemoradiation is the standard treatment for locally advanced
rectal adenocarcinoma (16). When compared with post-operative chemoradiation, pre-
operative therapy is associated with improved local control, reduced toxicity and increased
sphincter preservation (7). Combination 5-FU with leucovorin or oxaliplatin are the
chemotherapeutics of choice for preoperative treatment of rectal cancer.

Identification of patients with specific genetic polymorphisms in enzymes involved in 5-FU
metabolism, specifically TS, appears to predict the likelihood of pathologic response of
rectal cancer to preoperative 5-FU-based neoadjuvant therapy and may alter surgical
decision making and aid in selection of preoperative treatment. Another enzyme involved in
the metabolism of 5-FU, dihydropyrimidine dehydrogenase (DPD), has also been found to
predict patient response to 5-FU treatment (18), DPD is a rate-limiting enzyme in 5-FU
metabolism (19, and a study has found patients with decreased enzymatic activity are at a
higher risk for developing 5-FU toxicity (29). Approximately 3-5% of the population have a
partial DPD deficiency, while 0.2% have a complete deficiency (2). Due to these low
frequencies, recruiting a large enough patient sample to develop a screening test for DPD
would be difficult. In contrast, the larger frequencies of the different TS genotypes and
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treatment outcomes makes development of a screening test for TS more feasible. In the
future, development of a screening panel for multiple enzymes in the 5-FU metabolic
pathway may be an even more accurate prediction of treatment response to neoadjuvant
therapy.

One study has shown that a higher number of repeat units in the thymidylate synthase gene
leads to greater DNA translation efficiency (22). /n vitro studies have shown that the 2R
allele produces approximately 3.6 times less MRNA than the 3R allele (23). TS genotypes
can be divided into high and low expression types. The 2R/2R, 2R/3C, and 3C/3C genotypes
are considered low expression, while the 2R/3G, 3C/3G, and 3G/3G genotypes are
considered high expression (12), Each of the high expression genotypes has a 3G allele,
meaning that that 3G allele is responsible for a higher expression of TS for 5-FU to target
and inhibit. We hypothesized that this particular SNP might be useful in predicting a
response in patients with rectal cancer undergoing neoadjuvant therapy since this
polymorphism is associated with differences in the amount of functional enzyme produced.
The more enzyme present, the more enzyme there is available for 5-FU to act upon, perhaps
resulting in improved radiation sensitization.

Patients homozygous for the 3G TS allele (3G/3G) are predicted to have the greatest
likelihood of a complete pathological response to 5-FU based nCRT. These patients should
respond more favorably to 5-FU than patients with other genotypes. Patients with this
genotype may, in theory, even be able to avoid rectal resection. Patients with a complete
response that do not undergo surgery should however, continue to have routine monitoring
for possible recurrence. Patients with one 3G allele are predicted to have at least a partial
pathological response to neoadjuvant chemoradiation. These patients may not be able to
avoid rectal resection, however they will benefit from 5-FU based treatment. The presence of
the 3G SNP predicts at response (partial or complete) to neoadjuvant therapy and its absence
predicts no response. Patients lacking a 3G allele are least likely to respond to 5-FU based
nCRT. These patients, specifically patients with at least one 2R allele, are also at a higher
risk for early 5-FU toxicity (24, Alternative therapy or bypassing preoperative
chemotherapy, which avoids 5-FU toxicity and also prevents delaying necessary surgical
intervention, should be considered.

The recommendation for optimal interval between completion of neoadjuvant
chemoradiation and surgical intervention has yet to be established (9. Our results show that
having at least one 3G allele in the TS gene trends towards a patient’s chance of having at
least some pathologic response to neoadjuvant chemoradiation if the surgery is performed
within 9 weeks after completing treatment with 5-FU. Increasing the study population may
help to better determine the time interval for surgical intervention on completion of nCRT.
We suggest that TS genotypes may be used in the future to tailor intervals between
neoadjuvant chemoradiation and surgery for rectal cancer.

Conclusions

According to findings of our study, approximately one-third of rectal cancer patients could
avoid an unnecessary rectal resection due to complete response to neoadjuvant therapy, and
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another one-third of patients could bypass potentially harmful preoperative chemotherapy
due to lack of response to such therapy as predicted by their TS genotype. It appears that an
affordable, efficacious, screening test could be developed based on TS genotyping to predict
response to neoadjuvant chemoradiation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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320 patients with
Colorectal Cancer in
Database

§

227 patients with DNA
available

140 patients with
rectal cancer

§

52 patients with
rectal cancer receiving
preoperative
chemoradiation

§

50 patients with
rectal cancer receiving
preoperative
chemoradiation
undergoing rectal
resection

Figure 1.
Patient Accrual.

93 patients with No DNA
available

87 patients with colon
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88 patients without
preoperative
chemoradiation
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rectal cancer receiving
preoperative
chemoradiation who
elected observation alone
without surgery
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25 (54)

21 (46)
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RFLP Gel Electrophoresis. The 3G allele has a digestion band at 66-bp (white box), while
the 3C allele has digestion bands at both 94- and 66-bp (red boxes). For each sample, the

initial 2R/3R genotype classification and RFLP assay results were compared to determine
the TS genotype. RFLP assays revealed that of the 46 3C or 3G alleles studied, 54% were

3C, and 46% were 3G.
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Figure 3.

TS Genotypes Compared to Tumor Regression Grades (TRG). Each patient received a TRG,
from 1-3, based on Ryan’s Tumor Regression Grade (TRG) for his/her pathologic response
to preoperative treatment. Of the 14 patients homozygous for the 2R allele, 14% had a TRG
of 1, 43% had a TRG of 2 and another 43% had a TRG of 3. Of the 26 heterozygous
patients, 35% had a TRG of 1, 42% had a TRG of 2, and 23% had a TRG of 3. Of the 10
patients homozygous for the 3R allele, 30% had a TRG of 1, 50% had a TRG of 2 and 20%
had a TRG of 3.
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Figure 4.

Allelic Frequencies and Corresponding Tumor Regression Grade. Patients with at least one
TS 3G allele were more likely to have complete or partial pathological response to 5-FU
neoadjuvant therapy than patients without at least one 3G allele (OR 10.4, 95% CI 1.3-81.6)

(p=0.01).
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Table 1
Patient Demographics.
Range 24 - 88
Patient age Mean +/- sd 58 +/- 14.4
Median 57
AJCC Stage Pre-neoadjuvant stage | Post-neoadjuvant stage
0 0 14
| 4 9
1 17 12
15 12
2 0
0 0
11 23 12
5 4
18 8
0 0
v 6 3
6 3
B 0 0
Range 3-110
Time from last chemoradiotherapy to surgery (weeks) Mean +/- sd 16 +/-23.3
Median 9
Range 2-264
Length of follow up (months) Mean +/- sd 50 +/- 60.2
Median 28
ned * 25
awd” 23
Status at last follow up
ddd? 1
du¥ 1

*

no evidence of disease
7. -

alive with disease
7. .

died due to disease

§died unknown
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Ryan Tumor Regression Grade and Patient Pathologic Response.

Page 14

Pathologic Response

Ryan Tumor Regression

No. of Patients (%)

Grade
No viable cancer cells or single cells/small groups of cancer cells 1 14 (28)
Residual cancer outgrown by fibrosis 2 22 (44)
Significant fibrosis outgrown by cancer or no fibrosis with extensive residual cancer 3 14 (28)

Tumor Regression Grade (TRG) based upon patient pre-operative and post-operative TNM stages using the surgical histopathology. Patients with a
score of 1 were considered to have had a complete response (28%), patients with a 2 to have had a partial response (44%), and patients with a

score of 3 to have had no response (28%b).
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Table 3

Allelic Frequencies and Corresponding Tumor Regression Grade.

TS Allele
Tumor Regression Grade | 2R or 3C 3G
1 19 (24) | 9@43)
2 33(42) | 11(52
1&2 52 (66) | 20 (95)
3 27 (34) 1(5)

Tumor Regression Grades can be divided into 1 (complete response), 2 (partial response), 1&2 (any response), and 3 (no response). 20 of the 21
total 3G alleles (95%) were observed in patients with a Tumor Regression Grade of 1 or 2, while only 1 (5%) were observed in patients with a
grade of 3. Of the 79 2R and 3C alleles, 66% corresponded to a grade of 1 or 2, while 34% corresponded to a grade of 3.
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