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Telomere length is a novel predictive
biomarker of sensitivity to anti-EGFR therapy
in metastatic colorectal cancer
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Background: Telomeres are TTAGGG tandem repeats capping chromosomal ends and partially controlled by the telomerase
enzyme. The EGFR pathway putatively regulates telomerase function, prompting an investigation of telomere length (TL) and its
association with anti-epidermal growth factor receptor (EGFR) therapy in metastatic colorectal cancer (mCRC).

Methods: Colorectal cancer cell lines were treated with multiple drugs and sensitivity determined. Clinical information was
gathered from 75 patients who had received anti-EGFR drugs. Telomere length was measured using a validated gRT-PCR
technique.

Results: In CRC cell lines, TL independently predicted cetuximab sensitivity. Cells with shorter TL had growth inhibition of
18.6 £ 3.41% as compared with 41.39 +8.58% in longer TL (P=0.02). These in vitro findings were validated clinically, in a robust
multivariate model. Among patients with KRas WT tumours, those with longer TL had a superior median progression-free survival
(PFS) of 24.9 weeks than those with shorter TL; median 11.1 weeks, HR 0.31; P=0.048.

Conclusion: Telomere length could be a potential unique biomarker predictive of clinical benefit (PFS) of mCRC patients treated
with anti-EGFR therapy. This is the novel demonstration of a complex hitherto undescribed interaction, placing anti-EGFR therapy,
EGFR pathway, and the telomerase complex within a clinical context.

Colorectal cancer (CRC) will account for over 50 000 deaths in
United States in 2014 (Siegel ef al, 2014). The median survival
of patients with metastatic CRC (mCRC) has improved to
24-30 months (Goldberg et al, 2007) mainly because of the
availability of newer therapeutic option of epidermal growth
factor receptor (EGFR)-targeted monoclonal antibodies (mAb)
such as cetuximab and panitumumab (Tournigand et al, 2004;
Jonker et al, 2007). Incorporation of KRas mutation as a negative
predictive biomarker for anti-EGFR therapy in mCRC was
a landmark advancement in the pursuit of personalised care for

patients with cancer (Lievre et al, 2006; Di Fiore et al, 2007;
De Roock et al, 2008; Karapetis et al, 2008). Among the KRas
wild-type (WT) patients, multiple studies evaluating EGFR-
based therapy have documented highly variable response rates
ranging from 17% to 60% that may be because of the presence of
other predictive variables that determine responsiveness to EGFR
antibodies. Expanding the repertoire of Ras mutations has
further narrowed the spectrum with better identification of
patients (Douillard et al, 2013), but there still remains ample
room for improvement.
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Telomeres are DNA sequences at the ends of linear chromosomes
consisting of hundreds to thousands of TTAGGG tandem repeats in
the leading strand (Moyzis et al, 1988). The continued proliferation
of a cell that has escaped the protective cellular mechanism can lead
to extremely short telomeres. Telomerase is an enzyme that is
specifically expressed in immortal cells, such as stem cells, cancer
cells, and in germ tissues, where it compensates for telomere
shortening during DNA replication and stabilises telomere length
(TL). It gives cancerous cells the potential for unlimited cell division,
and has been implicated in immortalisation and carcinogenesis (Shay
and Bacchetti, 1997; Rampazzo et al, 2010).

The EGFR pathway is stimulated upon ligand binding at the
receptor level and subsequent canonical transmission of signals to
the nucleus through predominantly two parallel pathways: Ras/
Braf/MEK/ERK (MAP kinase pathway) and PI3K/AKT/PTEN/
mTOR pathway (Jorissen et al, 2003; Quesnelle et al, 2007). The
role of EGFR pathway in regulating telomerase complex is
increasingly being recognised. Antisense oligonucleotides directed
against EGFR have been shown to inhibit telomerase activity up to
54-fold in U87MG glioblastoma cell lines and reduce the TL (Tian
et al, 2002). In human uterine cervix epithelial cells, when
dissociated into distinctive cellular subsets, EGFR expression and
telomerase activity were found to coexist (Kunimura et al, 1998).
Furthermore, the HIF1-a and PI3K/AKT pathway are downstream
targets of transcriptional regulation of telomerase reverse tran-
scriptase (WTERT) activated through EGFR overexpression (Heeg
et al, 2011). Moreover, in a partial hepatectomy mouse model,
regenerating hepatocytes showed upregulation of telomerase
activity, and preoperative treatment with EGF increased this
activity whereas MEK inhibitors repressed it (Inui et al, 2002).

Collectively, based upon these data, we hypothesised that TL
may be a biomarker predictive of benefit from anti-EGFR therapy
in management of mCRC. We utilised an array of CRC cell lines,
determined TL and sensitivity to cetuximab, and identified TL as a
biomarker of sensitivity. These data were validated in a robust
multivariate model in patients treated with the anti-EGFR
monoclonal antibodies, namely cetuximab and panitumumab.

MATERIALS AND METHODS

Cell lines. Response to cetuximab was determined in 21 human-
derived CRC cell lines using the MTT assay (Jhawer et al, 2008).
We next treated 18 CRC cell lines with 8 other drugs that may or
definitely have a role in the clinical management of mCRC
at various concentrations to achieve a 50% growth inhibition
(GI50). The drugs were oxaliplatin (DNA-damaging platinum
agent, Arango et al, 2004), 5-FU (inhibitor of thymidylate
synthase), camptothecin (topoisomerase 1 inhibitor, Mariadason
et al, 2003), curcumin (chemoprevention), butyrate (HDAC
inhibitor, possible therapeutic), sulindac (chemoprevention),
trichostatin (possible therapeutic), and aspirin (chemoprevention,
possibly lower recurrence). Genomic DNA was isolated from these
cells using the DNeasy blood and tissue kit (no. 69504; Qiagen,
Germantown, MD, USA).

Patient selection and ethical practices. We identified 75
consecutive patients with mCRC who received EGFR inhibitors
at Montefiore Medical Center from 2004 to 2009 and obtained
DNA from 118 archived tumour samples: 66 primary, 52
metastatic, and 29 matched pairs (Sood et al, 2012). Clinical and
demographic data were obtained from the MMC Tumour Registry
and retrospective chart review was performed using Clinical
Information System (Centricity Enterprise, version 6.6.3,
Piscataway, NJ, USA) and Electronic Patient Folder (McKesson
Information Solutions LLC, Alpharetta, GA, USA). All patient
information was de-identified and stored as a Microsoft 2010 Excel

file that was encrypted and password protected. An institutional
review board approved the study, including a waiver of informed
consent.

Telomere length and mutation analysis. Genomic DNA was
extracted from formalin-fixed, paraffin-embedded (FFPE) tissue
blocks using the Qiamp FFPE DNA kit (Qiagen, Valencia, CA,
USA) and stored at — 80 °C (Sood et al, 2012). The average TL in
tumour samples was estimated using a quantitative PCR (qPCR)
method (Supplementary Table 1) (Cawthon, 2009). This approach
provides relative average TL in genomic DNA by determining the
telomere (T) repeat copy number to single-copy (S) f-globin
(HGB) gene copy number, or T/S ratio in experimental samples
relative to a reference sample. One T/S ratio unit is equivalent to a
mean TL of 4270base pairs (bp) (Atzmon et al, 2010). Samples
were also analysed for mutations in the KRas, BRaf, and PI3K
oncogenes.

Statistics. Descriptive statistics were used for patient character-
istics. Overall survival (OS) was the period from time of diagnosis
of metastatic disease to death. Progression-free survival (PFS) was
the period from initiation of anti-EGFR therapy to the date of
disease progression, death, or censoring. The primary hypothesis
being tested was that the TL determines clinical outcome when
patients are treated with anti-EGFR inhibitors. Kaplan-Meier
method was used to report PES curves, and log-rank test was used
to compare them. A Cox proportional-hazard model was used to
assess PFS differences between patients with different TLs.
Modelling included the examination of univariate associations
between PFES and clinically relevant variables. A priori decision was
made to force the variables gender, age at diagnosis, and race into
the model. Continuous variables were checked for linearity
assumption and, when violated, were categorised using clinically
meaningful cut points. One final model was selected that included
the variable of interest ‘telomere length dichotomised at the
median’, gender, age as </> 60 years at diagnosis, and other
variables in which P-values were <0.20 in the multivariate
analysis. The final model was checked for interactions and
confounding. Diagnostics of the final model was assessed by using
graphical methods (log-log plots and observed vs expected plots)
and the goodness-of-fit test. All analyses were done using STATA
11.2 software (StataCorp LP, College Station, TX, USA).

RESULTS

Telomere length predicts response to cetuximab, a monoclonal
antibody to EGFR but not to non-EGFR-targeting drugs
in vitro. We measured TL in 21 CRC cell lines. When the TL
was split at the median, it was independently predictive of
cetuximab sensitivity. In cell lines with a shorter TL, cetuximab
inhibited cell growth by 18.6% * 3.41% (mean * standard error of
the mean (s.e.m.)) compared with 41.39 + 8.58% (mean * s.e.m.) in
cell lines with longer TL (P = 0.02; Figure 1A). In keeping with the
conclusive literature that anti-EGFR therapy does not benefit
KRas-mutant tumours, we narrowed the findings in the cell lines
that were WT for KRas (Figure 1B). Similar to above, in the cells
with a shorter TL, cetuximab inhibited cell growth by
18.96 £ 7.08% compared with 49.2% + 10.6% (mean +s.e.m.) in
cell lines with longer TL (P=0.04; (Figure 1B). As a comparison,
the mean growth inhibition in the KRas-mutant cells was
25.78 + 6.25% (Figure 1B).

In order to determine the specificity with the EGFR pathway, we
analysed TL in 18 cell lines with response data to 8 drugs that are
used or have a possible role in the management of CRC (all part of
the 21 cell line panel). We failed to find any association of the
response to these drugs with TL with all P-values of >0.05
(Figure 1C).
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Figure 1. (A) Sensitivity of CRC cell lines to cetuximab based on TL
independent of KRas mutation status. Exponentially growing human-
derived CRC cells were treated with cetuximab at 20 um for 72 h, and
cell viability determined. The cell lines with short TL were less sensitive
than cell lines with long TL (P=0.02). (B) Sensitivity of CRC cell lines to
cetuximab based on TL in KRas WT cell lines. Sensitivity to cetuximab
was determined specifically in the KRas WT cell lines. The cell lines with
short TL were less sensitive than those with long TL (P=0.04).

(C) Sensitivity of CRC cell lines to chemotherapy/preventive agents
based on TL. Cell lines were treated with 8 other drugs and GI50
determined. We failed to find any association of the response to these
drugs with TL with all P-values of >0.05.

Telomere length in patients’ tumour samples is a novel
biomarker of clinical outcome following cetuximab/panitumumab
treatment, but not to oxaliplatin or irinotecan. In order to
validate our in vitro findings, we next proceeded to validate our
findings in vivo in human samples from patients. The analysis of
all 75 patients, irrespective of KRas status, demonstrated a
statistical significant difference in the PFS to anti-EGFR therapy,
with a hazard ratio (HR) of 0.549 (95% CI 0.274-0.922); P=0.026.
The median PFES for patients with TL <median was 9 weeks vs 20
weeks for those patients with the TL > median (Figure 2A).
Consistent with the general literature, 32 (42.67%) patients had
a KRas mutation (Table 1). We then evaluated the data specifically
in the KRas WT population. In univariate analysis, patients with
TL > median had a median PES of 24.9 weeks, whereas those with
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Figure 2. (A) Progression-free survival with anti-EGFR therapy based on
TL independent of KRas status. Data on TL and clinical outcome in 75
patients treated with anti-EGFR therapy, independent of KRas status.
The patients with longer TL had a superior PFS than patients with
shorter TL (HR 0.549, P=0.026). (B) Progression-free survival with anti-
EGFR therapy in KRas WT patients based on TL. The analysis was
narrowed down to the patients who were WT for KRas. Again, patients
with longer TL had a superior PFS than patients with shorter TL, but
with a better HR of 0.31 (P=0.048).

TL <median had a median PFS of 11.1 weeks with a HR of 0.422
(95% CI 0.136-0.788; P=0.012; log-rank test; Figure 2B). The
median PFS of patients with KRas mutation was 7.85 weeks
(Supplementary Figure 1).

We then proceeded (Table 2A and B) to evaluate the data in a
multivariate model to ensure clinical relevance, as indicated in the
Materials and Methods section, and forced age, gender, and race to
ensure that all clinically important prognostic variables were
factored. The HR for TL in this multivariate model was further
improved to 0.31 (95% CI 0.10-0.98, P=0.048). Therefore,
patients with TL above the median had a longer PFS with a 69%
reduced risk of progression while on EGEFR inhibitors when
compared with those with TL lower than the median, after
adjusting for gender, race, and age at diagnosis (Figure 2B).

Of the 75 patients, 50 patients had received oxaliplatin in the
metastatic setting. The median PFS for patients with shorter TL
was 32.57 weeks and for longer TL was 28.85 weeks (HR 1.19,
P=0.52; Figure 3A). Next, of the 47 patients who received
irinotecan, the median PFS for the patients with short TL was 25.86
weeks and with long TL was 28.79 weeks (HR 0.83, P=0.53;
Figure 3B). Therefore, consistent with our in vitro data, TL had no
association with clinical outcome when patients were treated with
oxaliplatin- or irinotecan-based regimen.

Association of TL with stage and age. When patients were
separated based on stage at presentation, those who had metastatic
disease had significantly longer TL (mean TL 5128 + 389 bp) than
those with stages 1-3 (mean TL 4037 £264bp) with P=0.02
(Figure 4A). However, we did not find any difference in OS from
time of diagnosis of metastatic disease in both groups. We then
studied TL as a function of age at diagnosis in a dichotomous
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Table 1. Patient characteristics

Table 2A. Univariate modelling for PFS in KRas WT patients

manner based on age 60 years. The mean TL of the younger
patients (5165+412bp) was longer than the older patients
(4056 + 264 bp; P=0.027; Figure 4B).

Telomere length has no association with overall survival or
oncogenic mutations. Patients with a TL <median had a median
OS of 28.57 months, similar to those with TL>median whose
median OS was 25.68 months (P = 0.30; Figure 4C). Therefore, in
our sample, TL is unlikely to be a prognostic marker in patients
with mCRC.

Telomere length was analysed for all the patient samples in
relation to mutation status, specifically KRas and PIK3CA. We did
not detect any difference in the mean TL in samples with a KRas/
PIK3CA mutation or WT status.

DISCUSSION

In this study, we report several novel clinically relevant observa-
tions. Most importantly, for the first time, we report that TL has
the potential to be a novel and unique predictive biomarker of
clinical outcome (PFS) to anti-EGFR therapy in patients with KRas
WT metastatic colorectal cancer. The role of KRas as a biomarker
of exclusion for therapy with the anti-EGFR monoclonal
antibodies is validated and well established in routine clinical

N=75 HR (95% Cl) P-value
Age: median (range) 60 (34-93) Age: median 1.32 (0.58-2.99) 0.5
Gender % (N) Gender 0.84 (0.35-2.05) 0.71
Male 29.3 (22) Race 1.56 (0.66-3.71) 0.36
Female 70.7 (53) White vs minorities (Black, Hispanic, Other)
Race % (N) Colon vs rectum 0.89 (0.41-2.00) | 0.79
Whit 22.7 (17
His;mc 390 EZ 4; Stage IV vs recurrence 151 (0.69-3.30) | 0.3
Black 41.3 (31) Mets sites (1 vs 2 or more) 1.66 (0.73-3.78) 0.22
Other 4.0 G) Diff (well vs mod/poor) 0.80 (0.23-2.75) | 0.73
q 0o
Diagnosis % (N) Chemo lines (1 vs 2 or more) 1.54 (0.36-6.65) | 0.57
Stage IV 46.7 (35) - -
Recurrence 53.3 (40) CEA at Dx St IV (dichot at median 26) 0.58 (0.26-1.28) 0.17
G off primary % (N) Telomere length 0.42 (0.14-0.79) 0.012
Colon 73.3 (55) Abbreviations: CEA at Dx St IV (dichot at median 26)=carcinoembryonic antigen at
Rectum 26'7 20) diagnosis of stage IV disease, and dichotomised at median of 26; Cl = confidence interval;
. diff = differentiation; HR=hazard ratio; Mets=metastases; mod=moderate; PFS=
Sites of disease % (N) progression-free survival; WT =wild type. The table depicts results of univariate modelling
Liver only 24.0 (18) of all important clinical characteristics that could impact the clinical outcome of patients
Other sites 76.0 (57) when treated with anti-EGFR therapy. Each row depicts the characteristic, followed by the
: HR and the associated P-value for each variable.
Number of metastatic sites: median (range) 3 (1-6)
Differentiation % (N)
Well 16 (12)
Moderatel 54.7 (41) . . N N N
Poorly Y 20.0 (15) Table 2B. Multivariate modelling for PFS in KRas WT patients
Unknown 930 HR (95% CI) | P-value
CEA at diagnosis of stage IV, median (range) 24.5 (0.5-5500) Age: median 0.68 (0.23-2.0) 0.49
Number of chemo lines % (N) Gender 1.35(0.47-3.83) | 0.57
1 20.0 (15) Race 1.20 (0.44-3.27) | 0.72
g ggg 8(5); White vs minorities (Black, Hispanic, Other)
4 5.3 (4) Telomere length 0.31 (0.10-0.98) 0.048
5 1.3 (1) Abbreviations: Cl = confidence interval; HR = hazard ratio; PFS = progression-free survival;
KRas status % (no.) WT =wild type. Results of multivariate modelling that included all univariate variables with
. P<0.20, and with forcing of age, gender, and race. The TL was significant for PFS in this
Mutant 42.67 (32) multivariate model with a HR of 0.32 with P=0.048.
WT 57.33 (43)
Abbreviations: CEA = carcinoembryonic antigen; WT =wild type. The table depicts clinical
characteristics of the 75 patients who were included in this study.

practice (Lievre et al, 2006; Douillard et al, 2013). Expanding the
repertoire of Ras mutations to include additional KRas mutations
(Douillard et al, 2013), and NRas and BRaf mutations as a
screening tool, can further narrow down the spectrum of patients
who will benefit from anti-EGFR-based therapy to ~50%,
requiring further improvements in biomarker discovery and
validation. Inclusion of TL into this can further focus on the
group most likely to benefit. There is extensive literature
associating the EGFR pathway with the TL/telomerase complex
(Kunimura et al, 1998; Inui et al, 2002; Tian et al, 2002; Heeg et al,
2011). Our finding that longer TL portends for better outcome is
therefore not an incidental finding, but indeed has biological
plausibility. Further work should clearly focus on the ligand
activated EGFR pathway, and the downstream effectors, the MAPK
and the PI3K pathway, and study their role in telomerase activity
and subsequent effect on TL.

Second, the PFS for both irinotecan- and oxaliplatin-based
therapies was essentially overlapping when separated into two
cohorts based on TL. This further entrenches the unique
interaction between TL and the EGFR pathway. The demonstra-
tion of similar observations in the cell line model and in our
patient samples is indeed a major strength of our unique finding.
Moreover, TL does not appear to be a prognostic biomarker but,
rather, simply a predictive one. Third, our data show for the first
time that malignant colonic epithelium parallels the age-related
decline in TL that is widely observed in nonmalignant cells such as
peripheral blood leukocytes as well as colonocytes (O’Sullivan et al,
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Figure 3. (A) Progression-free survival with oxaliplatin based on TL. The
clinical outcome to oxaliplatin was determined in relation to TL. Similar
to preclinical data, there was no association of TL with oxaliplatin. (B)

Progression-free survival with irinotecan based on TL. When the data

for irinotecan were considered, there was no association between TL

and irinotecan.

2006). In contrast, two prior publications that noted the age-related
decline in TL in normal mucosa failed to replicate that in
cancerous cells (Gertler et al, 2004; Rampazzo et al, 2010). Fourth,
we observe that when the patients were categorised as either
localised disease (stages 1-3), or stage 4 at diagnosis, there was a
statistically significant difference in TL. This finding is in
agreement with one prior report (Gertler et al, 2004) and in
contrast to one report (Rampazzo et al, 2010). Overall, cancer
tissue has lower TL than normal mucosa, and there appears to be a
positive correlation between TL and hTERT expression (Rampazzo
et al, 2010). Therefore, the enzyme telomerase, which is
constitutively expressed in tumour cells, is unable to increase the
TL in tumour cells beyond the adjoining normal mucosa.

This study has certain perceived limitations. The use of archived
FFPE tissue has limited our study to analysis of TL only (from
DNA), thereby preventing us from analysing telomerase activity.
However, although higher telomerase activity leads to longer TL,
the TL is also controlled by the mechanism of alternate lengthening
of telomeres (ALT) (Reddel, 2003), alternate splicing of the A TERT
transcripts (Yi et al, 2000), and post-transcriptional changes of
hTERT mRNA. Furthermore, in our in vitro analysis, we did not
find any correlation between telomerase activity and TL in the
CRC cell lines (data not shown), and this is encouraging for further
investigations but justifies rationale to choose TL as the
appropriate parameter.
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Stage IV 4

0 1000 2000 3000 4000 5000 6000
Telomere length (bp)

B E= Age <60
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Figure 4. (A) Telomere length by stage at diagnosis. Patients with
metastatic (stage IV) disease at presentation had longer TL than those
who had localised disease or stages 1-3 with P=0.02. (B) Telomere
length by age at diagnosis. The data were analysed in a dichotomous
manner based on age of 60 years. The mean TL of the younger patients
was longer than the older patients (P=0.027). (C) Overall survival of
patients based on TL. The OS for patients was determined as the
period from time of diagnosis of metastatic disease to death. There was
no difference in OS in those patients with TL>median compared with
those with TL<median, with a HR of 1.11 (P=0.30).

Although the number of patients initially may appear to be low,
the fact that our findings are based on a valid scientific biologically
plausible hypothesis, strong in vitro data, and multivariate
validation in a clinical patient cohort should not be overlooked.
It is also critical to note that the earliest paper identifying KRas
mutation as biomarker of resistance to anti-EGFR therapy had
only 30 patients (Lievre et al, 2006). This initial report prompted
further studies leading to multiple publications in larger data sets
validating this finding and firmly entrenching KRas mutation as a
marker of resistance to anti-EGFR therapy.

In summary, we shed new insights into the complex role of the
TL/telomerase system, and the EGFR/MAPK/PI3K pathway within
a clinical context. The outcome of patients treated with anti-EGFR
therapy seems to be dependent on tumour TL of individual patient.
Our data can be used to incite large-scale analysis of TL from large
registration studies and cooperative groups with access to patient’s
DNA and clinical data. This can continue to unravel the mystery of
the signalling pathways and the cell survival mechanisms that
malignant tissues adapt as they progress.
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