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Simple Summary: Single nucleotide polymorphisms (SNPs) in the TERT gene, which encode the
catalytic component of telomerase, can affect TERT expression and constitutive telomere length and
have been associated with risk and/or outcome for several human cancers, but very few data are
available about their impact on rectal cancer. The aim of our study was to comprehensively investigate
the associations of eight common TERT SNPs with telomere length, circulating TERT mRNA in plasma,
response to neoadjuvant therapy (CRT) and disease outcome in rectal cancer patients. Our findings
indicate that the TERT variants can differently contribute to telomere erosion during CRT, circulating
TERT levels and response to CRT. Thus, they could be a useful tool for improving the selection of
patients who might benefit from CRT. Furthermore, circulating TERT variation during CRT and its
level post-CRT are independent markers of response to CRT and disease progression.

Abstract: Single-nucleotide polymorphisms (SNPs) in the TERT gene can affect telomere length and
TERT expression and have been associated with risk and/or outcome for several tumors, but very
few data are available about their impact on rectal cancer. Eight SNPs (rs2736108, rs2735940,
rs2736098, rs2736100, rs35241335, rs11742908, rs2736122 and rs2853690), mapping in regulatory
and coding regions of the TERT gene, were studied in 194 rectal cancer patients to evaluate their
association with constitutive telomere length, circulating TERT mRNA levels, response to neoadjuvant
chemoradiotherapy (CRT) and disease outcome. At diagnosis, the rs2736100CC genotype was
associated with longer telomeres measured pre-CRT, while the rs2736100CC, rs2736108TT and
rs2735940AA were associated with greater telomere erosion evaluated post-CRT. The rs2736108CC
and rs2853690AA/GG genotypes, respectively associated with lower telomere erosion and lower levels
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of circulating TERT post-CRT, were also independently associated with a better response to therapy
[OR 4.6(1.1–19.1) and 3.0(1.3–6.9)]. Overall, post-CRT, low levels (≤ median value) of circulating
TERT and its stable/decreasing levels compared to those pre-CRT, were independently associated
with a better response to therapy [OR 5.8(1.9–17.8) and 5.3(1.4–19.4), respectively]. Furthermore,
post-CRT, patients with long telomeres (>median value) and low levels of circulating TERT had a
significantly lower risk of disease progression [HR 0.4(0.1–0.9) and 0.3(0.1–0.8), respectively]. These
findings suggest that TERT SNPs could be a useful tool for improving the selection of patients who
could benefit from CRT and support the role of telomere length and circulating TERT mRNA levels as
useful markers for monitoring the response to therapy and disease outcome in rectal cancer patients.

Keywords: TERT; telomerase; SNPs; variants; telomere length; circulating TERT mRNA; plasma;
rectal cancer; neoadjuvant therapy; prognostic markers

1. Introduction

Telomeres, composed of the TTAGGG repeat sequence, are special chromatin structures located at
the end of each chromosome that maintain chromosomal integrity by protecting chromosome ends
from DNA damage and end-to-end fusions [1]. Human telomeres lose between 50–200 base pairs
with each replication, and when telomere erosion reaches a critical point, cells cease to proliferate
and undergo senescence or apoptosis [2]. To overcome this proliferation barrier, tumor cells must
stabilize their telomeres. Telomere length is maintained by telomerase, a ribonucleoprotein complex
containing an internal RNA component and a catalytic protein, Telomerase Reverse Transcriptase
(TERT), with telomere-specific reverse transcriptase activity [3]. TERT, which synthesizes de novo
telomere sequences using internal RNA as a template, is the rate-limiting component of the telomerase
complex, and its expression is correlated with telomerase activity [4].

The TERT gene is located on chromosome 5p15.33 and is strictly regulated by the transcriptional
activity of the promoter region [5]. Most normal somatic cells do not display telomerase activity, whereas
a high level of telomerase activity is detected in germinal cells, immortalized cell lines, and 85–90% of
human cancers [6]. Recent studies have identified several single nucleotide polymorphisms (SNPs) in
the TERT gene, including regulatory regions, which can affect TERT expression [7–10] and constitutive
telomere length [11–13] and have been associated with risk and/or outcome for several human
cancers [14–17]. Nevertheless, to date, previous studies on colorectal cancer have evaluated the
association of genetic TERT variants with cancer risk [18–20], but not with clinical outcome.

Rectal cancer accounts for approximately one third of all colorectal cancers and is associated with
worse clinical outcome [21]. The standard treatment of locally advanced rectal cancer is pre-operative
neoadjuvant chemoradiotherapy (CRT) followed by a radical surgery. The degree of response to CRT
varies among patients and pathological complete response is associated with better outcome [22,23].
To date, there is an essential need for biomarkers that can predict response to CRT at an early time point,
allowing the selection of rectal cancer patients who would or would not benefit from CRT, to provide
adequate treatment option and to reduce toxicity associated with ineffective CRT. Recently, it has been
demonstrated that plasma TERT mRNA levels may serve as a minimally invasive marker for monitoring
response to therapy in rectal cancer patients who underwent pre-operative chemoradiotherapy [24,25];
nevertheless, to our knowledge, the role of genetic TERT variants in constitutive telomere length
and in TERT mRNA expression, and their associations with response to neoadjuvant therapy and
outcome in rectal cancer patients, have not yet been investigated. In the present study, we studied
patients with rectal cancer to comprehensively investigate the associations of eight common TERT
SNPs with telomere length, circulating TERT mRNA in plasma, response to CRT and disease outcome.
This information could constitute the basis for useful tools in clinical practice.
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2. Results

2.1. Clinical and Demographic Characteristics of Rectal Cancer Patients

This study was conducted in 194 patients with primary locally advanced rectal carcinoma,
who were enrolled in a prospective study and underwent preoperative CRT, followed by either total
mesorectal or local excision. The characteristics of the 194 patients are summarized in Table 1.

Table 1. Clinical and demographic characteristics of rectal cancer patients.

Characteristics
Total

(n = 194)

Age at diagnosis (years) Median (IQR) 65 (58–72)

Gender M 138 (71.1%)
F 56 (28.9%)

Distance from anal verge(cm) Median (IQR) 5 (3–8)
missing 9

CEA, ng/mL (T0) Median (IQR) 2.0 (1.2–3.5)
Missing 45

Grading G1 12 (7.7%)
G2 132 (84.6%)
G3 12 (7.7%)

Missing 38

cTNM I 6 (3.2%)
II 21 (11.1%)
III 159 (84.1%)
IV 3 (1.6%)

Missing 5

Total RT dose <50.4 Gy 22 (12.4%)
50.4 Gy 89 (50.0%)

>50.4 Gy 67 (37.6%)
Missing 16

Fluoropyrimide Alone 93 (50.8%)
+other drugs 84 (45.9%)

No 6 (3.3%)
Missing 11

Interval between CRT and surgery (months) Median (IQR) 1.9 (1.7–2.2)
Interval between diagnosis and Surgery (months) Median (IQR) 3.5 (3.1–3.9)

IQR = interquartile range; CEA = carcinoembryonic antigen; cTNM= clinical Tumor, Node, Metastasis classification;
RT = radiotherapy; CRT = neoadjuvant chemoradiotherapy.

2.2. Association between SNP Genotypes and Telomere Length in Peripheral Blood Cells of Rectal
Cancer Patients

Eight SNPs in TERT gene (rs2736108, rs2735940, rs2736098, rs2736100, rs35241335, rs11742908,
rs2736122, and rs2853690) were genotyped using DNA from peripheral blood cells from all patients
(see the Materials and Methods section for details). Gene position and characteristics of selected SNPs
are shown in Figure 1.
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Telomere length was measured in all cases at diagnosis, pre-CRT (T0), and was significantly
inversely correlated with age (rs =−0.162; p = 0.024) (Figure S1, Supplementary Materials). The telomere
lengths did not significantly differ with tumor stage or grading.

The rs2736100CC genotype was significantly associated with longer telomeres [1.15 (0.97–1.54)]
compared to AC [1.04 (0.90–1.17); p = 0.010] and AA [1.06 (0.93–1.18); p = 0.045] genotypes (Figure 2).
Post-CRT (T2), at the time of surgery, peripheral blood cells were available for a subgroup of 74 patients.
The distribution of RTL according to SNP genotypes is shown in Table S1A (Supplementary Materials).
The ∆RTL (RTL at T2 minus RTL at T0) distribution within SNP genotypes showed significant
associations between telomere shortening and rs2736100CC [−0.15 (−0.49–0.10)], rs2735940AA [−0.33
(−0.68–0.26)] and rs2736108TT [−0.35 (−0.65–0.20)] genotypes (Table S1B, Supplementary Materials),
thus suggesting a potential link between these genotypes and the erosion of telomeres under CRT.

2.3. Association between SNP Genotypes and Circulating TERT mRNA Levels

The distribution of circulating TERT mRNA levels at T0 according to SNP genotypes is shown in
Figure 3. At T0, the rs2736122AG carriers showed higher circulating TERT mRNA levels compared
to patients with rs2736122GG genotype [182 (0.0–352) vs. 102 (0.0–208.5); p = 0.011]. The levels of
TERT mRNA did not significantly differ with tumor stage or grading. At T2, plasma samples were
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available for 122 patients. Overall, circulating TERT levels were lower than those observed at T0
(median 45 vs. 122 copies/mL). In particular, rs2853690AG was associated with significantly higher
levels of circulating TERT than the other genotypes (131 vs. 25 and vs. 0 copies/mL, p = 0.016 and
p = 0.108, respectively) (Table S2A, Supplementary Materials). However, the distribution of ∆TERT
(TERT levels at T2 minus TERT levels at T0) did not significantly differ among the SNP genotypes
(Table S2B, Supplementary Materials).Cancers 2020, 12, x 5 of 15 

 
Figure 2. Relative telomere length (RTL) at T0 according to SNP genotypes: (a) rs2736108, (b) 
rs2735940, (c) rs2736098, (d) rs2736100, (e) rs35241335, (f) rs11742908, (g) rs2736122 and (h) rs2853690. 
Boxes and whiskers: 25–75th and 10–90th percentiles, respectively; central line in boxes: median. 
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Figure 2. Relative telomere length (RTL) at T0 according to SNP genotypes: (a) rs2736108, (b) rs2735940,
(c) rs2736098, (d) rs2736100, (e) rs35241335, (f) rs11742908, (g) rs2736122 and (h) rs2853690. Boxes and
whiskers: 25–75th and 10–90th percentiles, respectively; central line in boxes: median.



Cancers 2020, 12, 3115 6 of 15

Cancers 2020, 12, x 6 of 15 

(median 45 vs. 122 copies/mL). In particular, rs2853690AG was associated with significantly higher 
levels of circulating TERT than the other genotypes (131 vs. 25 and vs. 0 copies/mL, p = 0.016 and p = 
0.108, respectively) (Table S2A, Supplementary Materials). However, the distribution of ∆TERT 
(TERT levels at T2 minus TERT levels at T0) did not significantly differ among the SNP genotypes 
(Table S2B, Supplementary Materials). 

 
Figure 3. Levels of circulating TERT mRNA at T0 according to SNP genotypes: (a) rs2736108, (b) 
rs2735940, (c) rs2736098, (d) rs2736100, (e) rs35241335, (f) rs11742908, (g) rs2736122 and (h) rs2853690. 
Boxes and whiskers: 25–75th and 10–90th percentiles, respectively; central line in boxes: median. 

Figure 3. Levels of circulating TERT mRNA at T0 according to SNP genotypes: (a) rs2736108,
(b) rs2735940, (c) rs2736098, (d) rs2736100, (e) rs35241335, (f) rs11742908, (g) rs2736122 and (h) rs2853690.
Boxes and whiskers: 25–75th and 10–90th percentiles, respectively; central line in boxes: median.

2.4. Association of SNP Genotypes, Telomere Length and Circulating Plasma TERT mRNA with Response to
Neoadjuvant Therapy

Patients were divided according to the simplified TRG classification: 90 patients (56 TRG1,
34 TRG2) were responders, and 104 patients (83 TRG3, 18 TRG4, 3 TRG5) were non-responders
(Table S3A, Supplementary Materials). The responders were significantly older than non-responders
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[66 (61–72) vs. 63 (57–71); p = 0.043], and no other significant differences were found in the
other baseline characteristics (Figure 4 and Table S3A, Supplementary Materials). The frequency
distribution of TERT SNPs showed that the rs2736108CC, rs2735940GG, rs2736098CC genotypes
were more prevalent in responder than in non-responder patients (63.6% vs. 51.0%; 32.9% vs.
22.5%; 73.0% vs. 60.6%, respectively). In the codominant model these genotypes were significantly
associated with a better response to CRT (rs2736108: CC vs. TT, p = 0.018; rs2735940: GG vs. AA,
p = 0.043; rs2736098: CC vs. TT, p = 0.034) (Figure 4 and Table S3B, Supplementary Materials).
In addition, both the GG and AA genotypes of the rs2853690 tended to be more associated with a better
response to CRT compared to the AG genotype (Figure 4 and Table S3B, Supplementary Materials).
Haplotype analysis, including all SNPs, showed that haplotype rs2736108C-rs2735940G-rs2736098C-
rs2736100A-rs35241335T-rs11742908C-rs2736122A-rs2853690G was associated with the best response
to CRT (Table S4A, Supplementary Materials). The haplotype analysis involving the haploblock of
the 3 SNPs rs2736108, rs2735940 and rs2736098 showed that the corresponding T-A-T haplotype was
associated with a worse response to CRT compared to the reference C-G-C haplotype (OR = 0.45;
95%CI 0.26–0.80; p = 0.007) (Table S4B, Supplementary Materials), thus supporting the suggestion
of the “protective” role of C-G-C haplotype. Overall, telomere length and circulating TERT levels
measured pre-CRT (T0) were not associated with response to CRT. At T2, responder patients had longer
telomeres (RTL > median value) than non-responders (56.2% vs. 42.9%), but not at a significant level
(Table S3B, Supplementary Materials). Notably, at T2, more responders had lower circulating TERT
levels (≤median value) than non-responder patients (76.9% vs. 31.0%, p < 0.001); moreover, 90.2%
of responders had stable/decreased TERT levels (∆TERT≤ 0) compared to 46.5% of non-responder
patients (p < 0.001) (Figure 4 and Table S3B, Supplementary Materials).

Cancers 2020, 12, x 7 of 15 

2.4. Association of SNP Genotypes, Telomere Length and Circulating Plasma TERT mRNA with Response 
to Neoadjuvant Therapy 

Patients were divided according to the simplified TRG classification: 90 patients (56 TRG1, 34 
TRG2) were responders, and 104 patients (83 TRG3, 18 TRG4, 3 TRG5) were non-responders (Table 
S3A, Supplementary Materials). The responders were significantly older than non-responders [66 
(61–72) vs. 63 (57–71); p = 0.043], and no other significant differences were found in the other baseline 
characteristics (Figure 4 and Table S3A, Supplementary Materials). The frequency distribution of 
TERT SNPs showed that the rs2736108CC, rs2735940GG, rs2736098CC genotypes were more 
prevalent in responder than in non-responder patients (63.6% vs. 51.0%; 32.9% vs. 22.5%; 73.0% vs. 
60.6%, respectively). In the codominant model these genotypes were significantly associated with a 
better response to CRT (rs2736108: CC vs. TT, p = 0.018; rs2735940: GG vs. AA, p = 0.043; rs2736098: 
CC vs. TT, p = 0.034) (Figure 4 and Table S3B, Supplementary Materials). In addition, both the GG 
and AA genotypes of the rs2853690 tended to be more associated with a better response to CRT 
compared to the AG genotype (Figure 4 and Table S3B, Supplementary Materials). Haplotype 
analysis, including all SNPs, showed that haplotype rs2736108C-rs2735940G-rs2736098C-
rs2736100A-rs35241335T-rs11742908C-rs2736122A-rs2853690G was associated with the best response 
to CRT (Table S4A, Supplementary Materials). The haplotype analysis involving the haploblock of 
the 3 SNPs rs2736108, rs2735940 and rs2736098 showed that the corresponding T-A-T haplotype was 
associated with a worse response to CRT compared to the reference C-G-C haplotype (OR = 0.45; 
95%CI 0.26–0.80; p = 0.007) (Table S4B, Supplementary Materials), thus supporting the suggestion of 
the “protective” role of C-G-C haplotype. Overall, telomere length and circulating TERT levels 
measured pre-CRT (T0) were not associated with response to CRT. At T2, responder patients had 
longer telomeres (RTL > median value) than non-responders (56.2% vs. 42.9%), but not at a significant 
level (Table S3B, Supplementary Materials). Notably, at T2, more responders had lower circulating 
TERT levels (≤median value) than non-responder patients (76.9% vs. 31.0%, p < 0.001); moreover, 
90.2% of responders had stable/decreased TERT levels (ΔTERT≤ 0) compared to 46.5% of non-
responder patients (p < 0.001) (Figure 4 and Table S3B, Supplementary Materials). 

 
Figure 4. Forest plot showing odds ratios (OR) according to tumor regression grading (TRG) 
probability using univariate logistic regression analysis. Cont.: continuous variable. 

Figure 4. Forest plot showing odds ratios (OR) according to tumor regression grading (TRG) probability
using univariate logistic regression analysis. Cont.: continuous variable.

The multivariable analysis, using the significant variables at T0 in the univariate analysis,
confirmed the prognostic role of rs2736108CC and rs2853690AA/GG genotypes (p = 0.034 and p = 0.008;
respectively) at diagnosis, pre-CRT (Table 2). Notably, rs2736108CC was associated with less erosion
of telomeres (Table S1B, Supplementary Materials). The rs2853690 is of particular interest: the AG
genotype, less “protective” than GG and AA genotypes, is associated with higher levels of circulating
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TERT (Table S2A, Supplementary Materials). The multivariable analysis, using the significant variables
at T2, showed that low TERT levels (< median value) and stable/decreased TERT levels (∆TERT ≤ 0)
were associated with a better response to CRT (p = 0.002 and p = 0.012, respectively) (Table 2).

Table 2. Multivariable logistic regression analysis of TRG probability in rectal cancer patients pre
and post-CRT.

Variable Pre-CRT Genotype
OR

TRG 1-2 vs TRG 3-5
(95% CI)

p-Value

Age at diagnosis (years) cont. 1.03 (1.0–1.07) 0.052

rs2735940 AA ns
AG
GG

rs2736098 TT ns
TC
CC

rs2736108 TT Ref
TC 3.4 (0.8–14.4) 0.102
CC 4.6 (1.1–19.1) 0.034

rs2853690 GG 2.7 (1.2-6.3) 0.017
AG Ref
AA 9.7 (1.6–57.0) 0.012

AA/GG 3.0 (1.3–6.9) 0.008

Variable Post-CRT Genotype/Characteristics
OR

TRG 1-2 vs TRG 3-5
(95% CI)

p-Value

Age at diagnosis (years) cont. ns

rs2735940 AA ns
AG
GG

rs2736098 TT ns
TC
CC

rs2736108 TT ns
TC
CC

rs2853690 GG ns
AG
AA

TERT (T2) ≤median (45) 5.8 (1.9–17.8) 0.002
>median Ref

∆TERT (T2-T0) ≤0 (stable/decrease) 5.3 (1.4–19.4) 0.012
>0 (increase) Ref

TRG = tumor regression grade; OR = odds ratio; CI = confidence interval; cont. = continuous variable.

2.5. Associations of SNP Genotypes, Telomere Length and Circulating TERT mRNA with Disease Outcome

Overall, none of the SNP genotypes were associated with disease outcome (Table S5, Supplementary
Materials). Notably, while telomere length at baseline was not associated with outcome, telomere
length at T2 correlated with the event free survival (EFS). Indeed, post-CRT patients with long telomeres
(RTL > median value), and no telomere erosion during CRT (∆RTL > 0), had a lower risk of a negative
event than patients with short telomeres and ∆RTL ≤ 0 (p = 0.026 and p = 0.049, respectively, Table S5,



Cancers 2020, 12, 3115 9 of 15

Supplementary Materials), thus suggesting that telomere erosion during CRT could contribute to
increasing the risk of a negative event. Patients with low circulating TERT levels (≤ the median) at T2
had almost 60% lower risk of a negative event than patients with high TERT levels (> the median)
(p = 0.012) (Table S5, Supplementary Materials); moreover, patients who showed no increase in TERT
levels during CRT (∆TERT ≤ 0) had an almost 55% lower risk of a negative event than patients who
underwent an increase in TERT levels (p = 0.016) (Table S5, Supplementary Materials). The patients’
EFS curves according to RTL and circulating TERT levels are shown in Figure 5. Multivariable analysis
confirmed that high RTL and low circulating TERT levels after CRT were independent prognostic
factors of a better outcome: patients with longer telomere and lower TERT levels at T2 had a lower risk
of developing negative events (p = 0.024 and p = 0.015; respectively, Table 3).

Cancers 2020, 12, x 9 of 15 

patients with long telomeres (RTL > median value), and no telomere erosion during CRT (∆RTL > 0), 
had a lower risk of a negative event than patients with short telomeres and ∆RTL ≤ 0 (p = 0.026 and p 
= 0.049, respectively, Table S5, Supplementary Materials), thus suggesting that telomere erosion 
during CRT could contribute to increasing the risk of a negative event. Patients with low circulating 
TERT levels (≤ the median) at T2 had almost 60% lower risk of a negative event than patients with 
high TERT levels (> the median) (p = 0.012) (Table S5, Supplementary Materials); moreover, patients 
who showed no increase in TERT levels during CRT (ΔTERT ≤ 0) had an almost 55% lower risk of a 
negative event than patients who underwent an increase in TERT levels (p = 0.016) (Table S5, 
Supplementary Materials). The patients’ EFS curves according to RTL and circulating TERT levels 
are shown in Figure 5. Multivariable analysis confirmed that high RTL and low circulating TERT 
levels after CRT were independent prognostic factors of a better outcome: patients with longer 
telomere and lower TERT levels at T2 had a lower risk of developing negative events (p = 0.024 and 
p = 0.015; respectively, Table 3). 

 
Figure 5. Kaplan-Meier curves for event-free-survival according to (a) relative telomere length (RTL) 
above or below the median at T2, (b) ∆RTL (T2-T0) stable/decrease or increase zero, (c) TERT levels 
above or below the median at T2 and (d) ∆TERT mRNA (T2-T0) stable/decrease or increase. 

Table 3. Multivariable Cox regression analysis indicating associations between covariates of interest 
and event free survival. 

Covariate Characteristics HR (95%CI) p-Value 

RTL (T2) 
≤median (1.14) Ref  

>median 0.4 (0.1–0.9) 0.024 

RTL (T2-T0) 
≤0 (stable/decrease)   ns 

>0 (increase)   

TERT (T2) 
≤median (45) 0.3 (0.1–0.8) 0.015 

>median Ref  

TERT (T2-T0) 
≤0 (stable/decrease)   ns 

>0 (increase)   

HR = hazard ratio; CI = Confidence Interval; RTL = relative telomere length. 

Figure 5. Kaplan-Meier curves for event-free-survival according to (a) relative telomere length (RTL)
above or below the median at T2, (b) ∆RTL (T2-T0) stable/decrease or increase zero, (c) TERT levels
above or below the median at T2 and (d) ∆TERT mRNA (T2-T0) stable/decrease or increase.

Table 3. Multivariable Cox regression analysis indicating associations between covariates of interest
and event free survival.

Covariate Characteristics HR (95%CI) p-Value

RTL (T2) ≤median (1.14) Ref
>median 0.4 (0.1–0.9) 0.024

∆RTL (T2-T0) ≤0 (stable/decrease) ns
>0 (increase)

TERT (T2) ≤median (45) 0.3 (0.1–0.8) 0.015
>median Ref

∆TERT (T2-T0) ≤0 (stable/decrease) ns
>0 (increase)

HR = hazard ratio; CI = Confidence Interval; RTL = relative telomere length.
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3. Discussion

SNPs in the TERT gene have been associated with outcomes in several cancers [15–17]. However,
to date no data have been available on the association between TERT genetic variants and response to
neoadjuvant therapy and outcome in rectal cancer patients. To our knowledge, our study is the first to
address these issues.

First of all, in agreement with other studies [26], we found that the rs2736100CC genotype is
associated with a longer telomere length. Although the molecular mechanisms by which the rs2736100C
allele influences telomere length are presently not well understood, it was found to be associated with
increased TERT transcription [8,27]. Moreover, a previous study suggested that this SNP is located
in a regulatory region of the TERT gene in linkage disequilibrium with other nearby variants which
could affect TERT expression, and thus telomere length [28]. Interestingly, in our study, patients with
rs2736100CC genotype had longer telomere at diagnosis and greater telomere erosion under CRT
compared to the patients with the other genotypes. This finding may suggest that a longer telomere
could be more exposed to the effects of radiation and drugs employed during CRT. Several studies have
shown that chemotherapeutic drugs induce the shortening of constitutive telomeres in peripheral blood
cells [29,30]. It has been shown that the toxicity induced by 5-fluorouracil (5-FU) on hematopoietic cells
was associated with a shortening of telomere length in peripheral blood mononuclear cells [31]. 5-FU
exerts its anticancer effects through inhibition of thymidylate synthase and interferes with the synthesis
of DNA and RNA [32]. Therefore, it is conceivable that it could affect telomere length, regardless of
TERT expression.

In our cohort, the patients carrying the rs2736108TT and rs2735940AA genotypes, two SNPs
mapping in the promoter, also showed a greater telomere shortening under CRT compared to the
patients with the other genotypes. It has been suggested that chemotherapy-induced telomere
shortening is related to cellular replication rate [33], thus it is conceivable that mononuclear cells of
patients with these SNP genotypes had a higher replication rate, and therefore a higher telomere
erosion under CRT. Telomere shortening can lead to chromosomal instability, which in turn leads to a
poor response to CRT and to tumor progression. The finding that the rs2736108CC and rs2735940GG
genotypes favor a better response to therapy is consistent with the observation that the rs2736108TT
and rs2735940AA variants underwent greater telomere erosion under CRT. Our finding that lower
telomere erosion during CRT and longer telomeres post-CRT are associated with a lower risk of a
negative event are consistent with the meta-analysis on colorectal cancer indicating that short telomeres
in peripheral blood cells are independently associated with poorer overall survival [34].

An important and new result of this study is that at diagnosis, the SNP genotypes rs2736108CC,
rs2735940GG, rs2736098CC, and rs2853690AA/GG were associated with a better response to neoadjuvant
therapy, and their protective role was supported by the evidence that both full length C-G-C-A-T-C-A-G
and the short C-G-C haplotypes were more frequent in CRT responders than in non-responders.
The “protective” effect of SNPs rs2736108CC and rs2853690AA/GG was confirmed by the multivariable
analysis. The downregulation of TERT transcription can significantly contribute to the efficacy of
chemotherapy treatment [35]. In this context, it is of interest to note that rs2853690AG, associated with
a worse response to CRT, was also associated with higher levels of circulating TERT mRNA compared
to the AA and GG genotypes.

As mentioned before, the role of SNPs is probably dependent on their involvement in TERT
expression [7–10]. However, in our study we found that at baseline only the SNP rs2736122AG was
significantly associated with a higher level of circulating TERT compared to the other genotypes,
while at T2 only the rs2853690AA/GG “protective genotypes” were associated with low levels of
circulating TERT. It should be stressed that in this study we analyzed the relationship between SNPs
and circulating TERT for the first time. The lack of a strong significant association between TERT
polymorphisms and circulating TERT mRNA levels may be explained by the fact that plasma TERT
mRNA derives from apoptosis/necrosis of tumor cells, where several other molecular pathways can
affect telomerase expression. Nonetheless, as demonstrated previously [24], we found that circulating
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TERT levels at T2 and ∆TERT levels were predictive of tumor response and prognostic of disease
outcome. This is not surprising in light of accumulating evidence suggesting that, besides its canonical
role in stabilizing telomeres, TERT may promote tumorigenesis through extra-telomeric functions,
including enhancement of proliferation, resistance to apoptosis, inflammation, invasion and metastasis
altogether contributing towards the higher resistance of cancer cells [36–38]. Therefore, endowed
with these non-telomeric functions, TERT can participate in all the major characteristics of the cancer
phenotype, thereby supporting its role as a potential prognostic tumor marker.

4. Materials and Methods

4.1. Samples

The 194 rectal cancer patients enrolled in this study underwent CRT and surgery at the Surgery
Section, Department of Surgery, Oncology and Gastroenterology, University of Padova (133 patients),
and at the Centro di Riferimento Oncologico, Aviano (61 patients). Peripheral blood samples were
available from all 194 patients at diagnosis, pre-CRT (T0), and for 74 patients at (−2 to 0 day) surgery
occurring after CRT (T2). Data on circulating TERT mRNA levels in plasma were partially available from
our previous study [24]. The local Ethics Committees approved the study (protocol N. 35333/AO/15),
and each patient signed the informed consent.

4.2. Evaluation of Pathologic Tumor Response

The evaluation of pathologic tumor response was assessed as previously described [24,25].
Briefly, the tumors were pathologically staged according to the American Joint Committee on Cancer
that established the TNM staging system [39,40]. The tumor response to CRT was assessed in
the surgical specimens and categorized according to Mandard’s tumor regression grading (TRG)
system [41]. Patients with TRG1 and TRG2 were classified as responders, and those with TRG 3 to 5
as non-responders.

4.3. DNA Extraction from Peripheral Blood Cells

Peripheral blood samples from patients enrolled at the University of Padova were centrifuged at
3000× g for 10 min at room temperature in a Megafuge 1.0 R (Hareaus, Hanau, Germany) and buffy
coats were stored at −80 ◦C until use. DNA was extracted using QIAmp DNA Blood Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions. Whole blood samples collected from
patients enrolled at CRO Aviano were used for genomic DNA extraction on an automated EZ1 DNA
Extractor (Qiagen).

4.4. Telomere Length and TERT mRNA Quantification

Relative telomere length (RTL) was determined by multiplex quantitative real-time PCR,
as previously described [42,43]. Each PCR reaction was performed in a final volume of 25 µL,
containing 5 µL sample (10 ng DNA) and 20 µL master mix ready-to-use 1× Light Cycler 480 SYBR
Green I (Roche Life Science, Penzberg, BY, Germany), containing 900 nmol/L of each primer. Sequences
of telomere and albumin primers and the thermal cycling profile are detailed in previous studies [42,43].
A standard curve was generated at each PCR run, consisting of DNA from the RAJI cell line, serially
diluted from 10 to 0.41 ng/µL [44]. All DNA samples and reference samples were run in triplicate. The
LC480Conversion and the LinRegPCR free software were used to convert raw text files and to analyze
the converted data. RTL values were calculated as a telomere/single-copy gene ratio, as previously
described [44]. TERT mRNA in plasma was quantified exactly as previously detailed [24].

4.5. SNP Selection and Genotyping

A haplotypic block analysis approach was used applied on the TERT gene, including 3000 bases
in upstream and downstream areas. A list of the SNPs tagging each haploblock was downloaded



Cancers 2020, 12, 3115 12 of 15

from the SNPinfo website using a specific tool (https://snpinfo.niehs.nih.gov/snpinfo/snptag.html).
The criteria for the selection were: (1). a minor allelic frequency of at least 5%; (2). the tagged
haploblock includes at least two SNPs; (3). an available real-time TaqMan assay. The SNPs selected
were the following: rs2736098, rs35241335, rs11742908, rs2736122 and rs2853690. Three additional
SNPs were included based on relevant literature data regarding their potential functional effect of the
SNP: rs2736108 and rs2735940 mapping in the promoter region, and rs2736100 in the intron 2 (Figure 1).
All eight SNPs were genotyped by an allelic discrimination method using predesigned TaqMan SNP
genotyping assays. All commercial TaqMan assays were purchased from Applied Biosystems (Foster
City, CA, USA) by ThermoFisher Scientific (https://www.appliedbiosystems.com) and the analyses
were performed using the Applera TaqMan Universal Master mix on an Applied Biosystems ABI
7500 instrument, according to the manufacturer’s instructions. For each genotype, control samples,
confirmed by Sanger-sequencing, were included in each analysis.

4.6. Statistical Analyses

For genotype analyses, major and minor allele frequencies in the European ancestry population
were considered according to the dbSNP database (https://www.ncbi.nlm.nih.gov/snp/rs6065). Patients’
characteristics were reported as median and interquartile range (IQR) for quantitative data, and
frequencies and percentages for categorical data. The probability of response to neoadjuvant therapy
was explored using a logistic regression model. The results are shown as odds ratios (OR) with 95%
confidence interval (CI). Multivariable logistic regression analysis was used to determine the adjusted
association of factors on the probability of response. Haplotype analysis was performed with the
SNPStats program (https://www.snpstats.net/start.htm), which offers the possibility of estimating
haplotype frequencies from genotype frequencies using the Expectation-Maximization (EM) algorithm
coded into the haplo.stats package [45]. The association analysis of the haplotypes to response to
neoadjuvant therapy was similarly performed for genotype analysis. Logistic regression results are
shown as OR with 95% CI. The most frequent haplotype was automatically selected as the reference
category and rare haplotypes were pooled together in a group. EFS was evaluated for all patients with
the time from sample collection to a negative event being defined as relapse, progression, or death.
Patients who did not develop any event during the study period were censored at the date of last
observation. The EFS probabilities were estimated using the Kaplan-Meier method and compared
among strata using the log-rank test. Telomere length and TERT mRNA were dichotomized with their
median value, while changes were considered as increases if higher or stable/decrease. The hazard
ratios (HR) with 95% CI were obtained from univariate and multiple Cox proportional hazards
regression models. No deviation from the proportional hazards assumption was found using the test
statistic of Grambsch and Therneau [46]. All tests were two-sided and a p-value < 0.05 was considered
to be statistically significant. Statistical analyses were performed using SAS version 9.4 (SAS Institute,
Cary, NC, USA) and RStudio (RStudio: Integrated Development for R. RStudio, Inc., Boston, MA, USA).

5. Conclusions

In conclusion, our findings indicate for the first time that SNPs of the TERT gene may be a
useful tool in diagnosis to improve the selection of patients who could benefit from CRT. Furthermore,
they play different roles in telomere erosion during CRT, thus suggesting a potential impact on telomere
shortening, a risk factor of tumor progression. Finally, the TERT variation during CRT and its level
post-CRT are important independent markers of response to CRT and disease progression.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/11/3115/s1,
Table S1A: Association between SNP genotypes and RTL in peripheral blood cells after neoadjuvant therapy,
Table S1B: Association between SNP genotypes and RTL changes after neoadjuvant therapy, Table S2A: Association
between SNP genotypes and TERT levels after neoadjuvant therapy, Table S2B: Association between SNP genotypes
and TERT changes after neoadjuvant therapy, Table S3A: Univariate logistic regression analysis of clinical and
demographical characteristics according to TRG probability in rectal cancer patients, Table S3B: Univariate logistic
regression analysis of covariates of interest according to TRG probability in rectal cancer patients, Table S4A:
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Haplotype distribution in responder (TRG 1-2) and non-responders (TRG 3-5) to CRT, Table S4B: 5′ TERT gene
haplotype distribution in responders (TRG 1-2) and non-responders (TRG 3-5) to CRT, Table S5: Univariate Cox
regression analysis of EFS, Figure S1: Correlation between age and telomere length in peripheral blood cells of
rectal cancer patients.
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