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Abstract

Telomere length maintenance is essential for cell proliferation, which is particularly prominent in cancer. We
validate that the primary colorectal tumors exhibit heterogeneous telomere lengths but mostly (90%) short
telomeres relative to normal tissues. Intriguingly, relatively short telomeres are associated with tumor malignancy
as indicated by poorly differentiated state, and these tumors contain more cancer stem-like cells (CSLCs) identified
by several commonly used markers CD44, EPHB2 or LGR5. Moreover, promyelocytic leukemia (PML) and ALT-
associated PML nuclear bodies (APBs) are frequently found in tumors with short telomeres and high proliferation.
In contrast, distant normal tissues rarely or only minimally express PML. Inhibition of PML and APBs by an ATR
inhibitor decreases proliferation of CSLCs and organoids, suggesting a potential therapeutic target to progressive
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colorectal tumors. Together, telomere maintenance underling tumor progression is connected with CSLCs.

Introduction

Colorectal cancer (CRC) is the third most common cause of new
cancer cases and death [1]. One of the greatest challenges to cancer
treatment is the tumor heterogeneity and the existence of cancer stem
cells (CSCs) or cancer stem-like cells (CSLCs) in various subpopu-
lations [2-5]. CSCs possess self-renewal potential and can initiate a
full malignant cell population. CSCs may differ in susceptibility to
therapy from the bulk of the tumor cells, limiting the effectiveness of
cancer therapies [4,6-8]. Expression of CSCs markers, CD44,
EPHB2 (Eph receptor B2) and LGRS5 (leucine rich repeat containing
G protein-coupled receptor 5) which are also WNT target genes
[8-13], indicates activation of WNT signaling pathway and advanced
disease [14—16].

Telomere shortening promotes chromosomal/genomic instability
and drives malignant transformation during the early stage of

carcinogenesis, including CRCs [17-22]. At some points, the
telomere length has to be maintained or stabilized for cell self-
renewal and replication [23], and otherwise telomere attrition would

Address all correspondence to: Feng Qi, Department of General Surgery, Tianjin
Medical University General Hospital, Tianjin, China. or Lin Liu, Department of Cell
Biology and Genetics, College of Life Sciences, Nankai University, Tianjin, China.
E-mail: qf@medmail.com.cn

1

These authors contributed equally to this work.
Received 9 May 2019; Accepted 13 May 2019

© 2019 The Authors. Published by Elsevier Inc. on behalf of Neoplasia Press, Inc. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

1936-5233/19

https://doi.org/10.1016/j.tranon.2019.05.010


http://crossmark.crossref.org/dialog/?doi=10.1016/j.tranon.2019.05.010&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.tranon.2019.05.010

Translational Oncology Vol. 12, No. 9, 2019

cause cell senescence or death. Telomere length primarily is
maintained by telomerase, which is composed of two core
components 7ERT and TERC [24]. Telomerase is highly expressed
in embryonic tissues, but is silent in the vast majority of human
tissues following differentiation [25]. Telomerase and particularly
TERT are reactivated in about 90% of human tumors, and maintain
telomere lengths and tumor growth [26,27]. Telomeres also can be
elongated by alternative lengthening of telomeres pathways (ALT)
based on homologous recombination, involving promyelocytic
leukemia (PML) body at telomeres [28-31]. Previous researches on
telomeres in CRCs mostly focus on the correlations between telomere
length, telomerase, and prognosis [22,32-38]. Moreover, existence of
ALT and the associated PML in primary CRCs are also revealed
[39,40], but without systematic analysis and functional test of the
connection to underling tumor progression state and involvement of
CSCs. It remains elusive how telomeres lengths are varied and
maintained during tumor progression of CRC:s.

Given that the primary human tumors are the most appropriate
sources for studying CSC subpopulations 77 situ that exist prior to
their isolation from patients [4], we performed comprehensive
analysis of telomere lengths and searched in the CRC primary tumors
for CSLCs characterized by commonly used cell surface markers. Our
data suggest that PML bodies together with telomerase are implicated
in the maintenance of telomeres of highly proliferative CRC tumors.
Patient-derived organoids (PDOs) have recently emerged as robust
models to mimic i vivo experiments and predict clinical outcomes in
patients [41-44]. Our data further support the notion that specific
target to telomere maintenance provides a promising direction for

CSCs inhibition and CRC tumor therapy.
Materials and Methods

Patients and Tissue Samples

Primary colorectal carcinomas and their corresponding control
tissue samples adjacent or distant to tumor were obtained from
patients who underwent surgery at Tianjin Medical University
General Hospital. This study was approved by the Ethical Committee
at Tianjin Medical University General Hospital (Ethical No.
IRB2014-YX-041), and informed consent obtained prior to
investigation (Supplemental Experimental Procedures). Paired adja-
cent and distant non-cancerous, presumably ‘normal’ tissues from the
same patient served as controls were obtained 5 ¢cm and 10 cm
respectively away from the distal margin of the tumor. The
histological classification of tumors was established according to
previous criteria, based on the dominant pattern (Clinical informa-
tion is provided in Supplementary Table 1). None of the patients had
received neoadjuvant therapy prior to surgical resection. Samples were
frozen within 1h and were kept in liquid nitrogen until used for
extraction of DNA, RNA, protein or frozen sectioning. Fresh samples
were delivered on ice, fixed in 3.7% paraformaldehyde and embedded
in paraffin sections. Normal colon sample and ulcerative colitis
patient sample were collected as controls.

Telomere Measurement by Quantitative Real-Time PCR
Average telomere length was measured using real-time PCR assay,
as previously described [45] (Supplementary Experimental Proce-
dures). Genomic DNA from different cancer samples was isolated
with DNeasy Blood & Tissue kit (69504, Qiagen), and 1.5 pg DNA
digested using Hinf I and Rsa I restriction enzymes. Digested DNA
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underwent electrophoresis through a 0.8% agarose gel (111860,
Biowest) for 4h at 6 V/cm in the 1 x TAE buffer. Gels were
denatured, neutralized, and transferred to positively charged nylon
membranes (RPN2020B, GE Healthcare) overnight. The mem-
branes were hybridized in DIG Easy Hyb containing the telomere
probe at 42°C overnight. The mean terminal restriction fragment
(TRF) length was quantitatively measured according to the kit
instructions.

TRF by Southern Blot Analysis

Telomere terminal restriction fragment (TRF) analysis was
performed using a commercial kit (TeloTAGGG Telomere Length
Assay, 12209136001, Roche Life Science) (Supplemental Experi-
mental Procedures).

Telomere Quantitative Fluorescence In Situ Hybridization
(QFISH)

Tissues were frozen in liquid nitrogen, embedded in optimum
cutting temperature compound (SAKURA Tissue-Tek O.C.T.),
and cut into 7 pum sections. Telomere FISH and quantification were
performed as described previously [46], except for FITC-labeled
(CCCTAA); peptide nucleic acid (PNA) probe (Panagene, Korea)
used in this study. Telomeres were denatured at 80 °C for 3 min and
hybridized with telomere PNA probe (0.5 pg/ml). Fluorescence
from chromosomes and telomeres was digitally imaged on Zeiss
Axio Imager Z2 microscope with FITC/DAPI filters, using
AxioCam and AxioVision software 4.6. Exposure time for
fluorescence signals of telomeres and other markers was kept
consistent among different sections and tissues. For quantitative
measurement of telomere length, telomere fluorescence intensity
was integrated using the TFL-TELO program (gift kindly provided
by P. Lansdorp).

Organoid Culture and Treatment
Organoids were established according to published protocols
[41,43,47] (Supplementary Experimental Procedures).

Statistical Analysis

SPSS version 17.0 was used for statistical analysis. Correlation
between telomere length and age was examined using Pearson's
correlation coefficient. Colorectal tumors were divided into two or
three groups according to their telomere length obtained by qPCR.
Clinical data and T/S ratios were compared among these groups.
Statistics was performed by analysis of variance and means and
compared by Fisher's protected least-significant difference. A value of
P < .05 was considered statistical significance.

Results

CRC Tumors Exhibit Heterogeneous Short Telomeres and are
Independent of Age

Initially, we measured telomere lengths of the tumors, adjacent
tissues and distant tissues from 54 patients and also of peripheral
blood from 20 patients by a qPCR-based method (Table S1). Most
tumors exhibited shorter telomeres than did those of adjacent and
distant ‘normal’ tissues (T/S ratio ranging from 0.74 to 0.98, 47 out
of 54, 87%), and only a few tumors showed relatively long telomeres
similar to distant tissues (1.01 to 1.19, 7 out of 54, 13%). Adjacent
and distant tissues maintained homogeneous telomere lengths (Figure
1A). Tumors showed telomere length heterogeneity with a wide range
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of distribution (0.899 + 0.083), unlike adjacent and distant ‘normal’” .001) and blood (P = .0012) (Figure 1B). An ulcerative colitis patient
tissues (Table S1). By paired-samples T test, telomeres of tumors were  also displayed shorter telomeres in inflamed tissue, consistent with a
significantly shorter than those of adjacent and distant tissues (P < previous study [48].
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Table 1. Association between clinical variables and telomere lengths in colorectal cancer.

Telomere length of tumor

Parameter NO. Short Medium Long P
Age (years) 50 16 17 17 .826
<64 26 8 8 10
>64 24 8 9 7
Gender 50 16 17 17 .629
Female 29 11 9 9
Male 21 5 8 8
Tumor site 50 16 17 17 .044
Right colon 23 5 7 11
Left colon 15 6 8 1
Others 12 5 2 5
Histology 44 15 13 16 .049
Poor 6 2 3 1
Moderate 20 10 2 8
Well 18 3 8 7
Tumor size ~ 40 14 12 14 247
<4 cm 11 2 3 6
>4 cm 29 12 9 8
Depth of invasion (T) 46 15 14 17 715
Tis + T2 2 0 1 1
T4a 41 13 13 15
T4b 3 2 0 1
Lymph node involvement (N) 46 15 14 17 340
NO 29 7 11 11
Nla 7 3 1 3
Ni1b 4 2 1 1
N2a 4 3 1 0
N2b 2 0 0 2
Metastasis (M) 46 15 14 17 496
MO 41 12 13 16
M1 5 3 1 1
TNM staging 45 15 13 17 510
Stage 11 28 7 10 11
Stage 1T 12 5 2 5
Stage IV 5 3 1 1
Dukes classification 40 12 12 16 473
B 28 7 10 11
C 12 5 2 5
CEA (ng/ml) 35 9 13 13 318
<5 20 3 8 9
>5 15 6 5 4

Patients were split into three groups based on telomere length in tumor: short (sTL), medium
(mTL) and long telomere length (ITL) group, with each consisting of 18 patients. Four patients’
clinical information not available, so not include in this analysis.

" J. O'Sullivan, RA. Risques, M.T. Mandelson, L. Chen, T.A. Brentnall, M.P. Bronner, M.P.
Macmillan, Z. Feng, J.R. Siebert, ].D. Potter, P.S. Rabinovitch, Telomere length in the colon declines with
age: a relation to colorectal cancer?, Cancer Epidemiol Biomarkers Prev, 15 (2006) 573-577.

We then measured telomere lengths by telomere terminal
restriction fragment measurement (TRF) (Figure 1C), the gold
standard of telomere length measurement. Telomere length, shown as
T/S ratio, was highly correlated with TRF result (Figure 1D).
Telomere length shown as T/S ratio was also validated by telomere
quantitative fluorescence 7 sizu hybridization (QFISH). Telomeres
of tumors were significantly shorter than those of distant ‘normal’
tissues (Figure 1, E'and F). Telomeres of tumors in the long telomere
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group were longer than those of the short telomere group (2 < .001)
(Figure 1F). Regardless of the potential variations, the average
telomeres were shorter in tumors than in distant normal tissues
estimated by QFISH, consistent with T/S ratio data.

Then we analyzed whether patients' age influences telomere
lengths of tumors. Correlation between telomere length and age was
examined using Pearson's correlation coefficient. Significant inverse
correlations were found between age and telomere length in adjacent
(P =.001) (Figure S1A) and distant ‘normal’ tissues (P = .046)
(Figure S1B), indicating age-associated telomere shortening in non-
tumor tissues, and supporting the general view of telomere shortening
with age. Interestingly, telomere length of tumors did not shorten
with age of the patient (P = .365) (Figure S1C), suggesting a distinct

mechanism for telomere maintenance in tumorigenesis.

Relatively Short Telomeres are Associated with Malignancy

To further investigate potential links between telomere length and
clinicopathological characteristics, 54 patients were split into three
groups based on telomere length of tumors, short (sTL), medium
(mTL) and long telomere length (ITL), with 18 patients in each
group. Telomere length was compared by ANOVA. Intra-group
comparison achieved significant differences in telomere length among
tumors from these three groups (P < .001), but not among adjacent
or distant tissues (Figure 14, lower panel).

Based on this classification, association between telomere length
and clinicopathological characteristics was analyzed. Correlation was
found between tumor histology and telomere length (P = .049)
(Table 1). Most moderately and poorly differentiated tumors showed
short telomeres, but well-differentiated tumors mostly contained long
telomeres. We further utilized the average telomere length of all
‘normal’ tissues as a reference, and defined short or long telomere
groups based on whether the T/S ratio of the tumors was lower or
higher than the average T/S ratio of ‘normal’ tissues respectively. We
found an inverse correlation between telomere length and tumor size
(P = .047, Table S2), confirming our observation that tumors with
short telomeres were relatively larger.

To see whether tumors with short telomeres are enriched for CSLC
signatures, we systematically compared the expression of CD44,
EPHB2 and LGRS by immunostaining in tumors with short and
long telomeres. CD44 is a prominent WNT signaling target in the
intestine and is selectively expressed on the renewing epithelial cells
lining the crypts [49]. The expression of CD44 is elevated in cancer
stem-like cells in cancer including colon and gastric cancer [50].
Expectedly, CD44 was expressed at the bottom of normal crypt at
very low levels (an average of 2.4-8%), but was much higher in
tumors than in distant normal tissues from both the sTL and ITL
groups (Figure 24). The average percentage of CD44 positive cells
was 21% in sTL tumors, significantly higher than that of ITL tumors
with less than 10% (Figure 2B). Another Wnt target gene, the

Figure 1. Telomere length of tumors, adjacent and distant tissues, and blood.(A) Scatter plot displaying telomere lengths shown as
T/S ratio by gPCR. Fifty-four patients are ranked in ascending order by telomere lengths of tumor tissues. Bar = mean + s.em., n =4
technical replicates. Differences among short, medium and long groups shown underneath are represented as mean = SD.(B) Box plot
showing distributions of relative telomere length.(C) TRF determination by Southern blot analysis. HEF, human embryonic fibroblasts.
Samples were labeled with patient's sequential number (1-8, short telomeres; 46-54, longer telomeres).(D) Pearson correlation shows a
high correlation of TRF with T/S ratio.(E) Telomere fluorescence signal by QFISH in tumor with short telomeres and distant ‘normal’
tissues from the same patient. Nuclei were counterstained in blue by DAPI. Scale bar = 20 um.(F) Column scatter plots showing telomere
length as fluorescence intensity of tumor (T) and distant ‘'normal’ tissue (N) from six patients each group. Imaging fields and cells were
randomly and evenly selected under the DAPI filer to see just nucleus to avoid of any possible bias.Black lines indicate the average value.

Data are represented as mean = SD. *¥*, P < .01; *** P < .001.
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Figure 2. Short telomere tumors contain more cancer stem cell like cells (CSLCs).(A,C,E,F) Immunostaining of CD44, EPHB2, and
LGR5 in the tumor and distant tissues of short and long telomere groups. Nuclei were counterstained by Hoechst 33342. Scale bar = 20
um.(B,D,G) Column scatter plot shows proportion of CD44, EPHB2, and LGR5 positive cells in the tumor and distant tissues of short and
long telomere groups. *, P <.05; **, P < .01; ***, P <.001. T, tumor; N, distant ‘'normal’ tissue.

receptor tyrosine kinase EphB2, is expressed in a decreasing gradient
from the crypt base toward the differentiated cell compartment [51].
EPHB2 expression cells took about 10% of the normal crypt, but was
heterogeneously expressed at higher levels in tumors of the sTL group
(~46%) than in those of the ITL group (-15%) (Figure 2, Cand D).
LGR5 marks stem cells in normal intestine [52] and also is a
functional marker in colorectal CSCs [9]. LGRS expression is
implicated in colorectal carcinogenesis, tumor cell growth and
invasion [9,11,53]. Indeed, LGR5 was highly expressed in CRC
tumors from both long and short telomere groups by immunoflu-
orescence (IF) (Figure 2E), while LGR5 expression was consistently
restricted to only a few cells in ‘normal’ crypt basal cells (Figure 2F).
In addition, 7 situ staining of LGR5 (N-Terminal) shown as dot-like
pattern in our study also is consistent with other studies [54,55].

LGRS positive cells had a wide distribution in tumors of both
telomere length groups (Figure 2G). The average percentage of LGR5
in sTL groups was slightly higher than that of ITL group, but
significantly higher in long and short telomere tumors than that of
normal tissues (around 49%). Although the reported percentage of
tumor-initiating cells varies from 0.0001% to 25% [56,57], we
observed higher frequency of CD44, EPHB2, LGRS positive cells in
the primary tumor sections, supported by previous studies [58,59].

These data show that CRC tumors with relatively short telomeres
are enriched with more and heterogeneous CSLCs by various CSLC
markers. Collectively, these results suggest that relatively short
telomeres are associated with poorer differentiation, CSLCs and
increased tumor volume/size, suggestive of their progressively higher
proliferation.
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Cell Proliferation and Telomere Length Connection in CRC
Tumors

Cell proliferation tightly correlates with tumor growth and
extension, as shown by expression of marker for proliferation Ki67
[60]. To validate the faster growth/higher proliferation state of sTL
tumors, we carried out immunostaining of Ki67 and observed
higher expression pattern in short telomere CRC tumors than ITL
group tumors (Figure 34). Ki67 positive cells were mainly located at
the mid-crypt with frequency of about 10-15% of the whole crypt,
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also well supported by literatures [55,61,62]. Nearly half of the sTL
tumor cells were in highly proliferative state, whereas the ITL
tumors showed low level of Ki67 similar to normal tissues,
indicating a slower tumor progression rate. Also, we conducted
analysis of cell proliferation using proliferating cell nuclear antigen
(PCNA) [63]. Again, tumor cells had more proliferative cells than
did normal cells, and the short telomere tumors contained more
proliferative cells than did normal tissues and long telomere tumors

(Figure 3B).
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Figure 3. Short telomere tumors show higher proliferation.(A) Immunostaining and quantification of Ki67 in tumor and distant normal
tissues. Scale bar = 50 um.(B) Immunostaining and quantification of PCNA in tumor and distant normal tissues. Scale bar = 50 um.(C)
Immunohistochemistry staining and quantification of TERT in tumor and distant normal tissues. Scale bar = 50 um. Arrows indicate TERT
positive cells.(D) Telomeric Repeat Amplification Protocol (TRAP) Assay of telomerase activity in tumor and normal tissues from short and
long telomere groups. Right panel, relative quantification of telomerase activity. The bottom bands indicate internal control used to
calibrate PCR efficiency. U20S and human embryonic stem (hES) cell line WA26 served telomerase negative and positive controls,
respectively. *, P < .05; **, P <.01; *** P < .001. T, tumor; N, distant ‘normal’ tissue.
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To understand the underlying mechanisms of telomere mainte-
nance, we firstly analyzed expression of key telomerase genes 7ERT
and TERC. hTERT was detected at high expression levels in
tumors, and strongly and heterogeneously expressed in restricted
subsets of tumor cells by immunohistochemistry (IHC), compared
with epithelial cells in distant ‘normal’ tissues with TERT
expression at relatively low levels (Figure 3C). The number of
TERT positive cells was notably higher in tumors of both sTL and
ITL groups than in corresponding distant normal tissues (Figure

3(C), consistent with the well-established notion that tumors
express high telomerase.

We analyzed the potential correlation between telomere length and
TERT or TERC expression levels using more samples including
randomly selected mTL group samples (Figure S24-S2C). By qPCR,
expression levels of TERT or TERC varied among tumors and normal
tissues and did not differ between sTL and ITL groups (Figure S28
and S2C). Additionally, expression levels of 7ERT or TERC did not
correlate with their telomere lengths regardless of tumors or normal
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tissues (Figure S2D). Nevertheless, telomeric repeat amplification
protocol (TRAP) assay demonstrated that telomerase activity of
tumors was higher than that of normal tissues in both short and long
groups (Figure 3D), consistent with more TERT positive cells in
tumors by IHC (Figure 3C). As a control, U20S did not express
telomerase activity, whereas hES cells expressed high telomerase
activity, and this was also supported by specific IHC assay of TERT
(Figure S2E). These results suggest that telomerase is implicated in
telomere maintenance of tumors but telomerase alone could not
explain the telomere length variations in colorectal tumors.

PML Expression and Telomere Heterogeneity and Mainte-
nance

PML plays a crucial role in cancer cell immortalization by
promoting the alternative lengthing of telomeres (ALT) mechanism

A
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[64]. To test whether PML is potentially involved in telomere length
maintenance and heterogeneity in clinical CRC specimens, we
analyzed expression of PML by immunofluorescence microscopy.
PML protein was highly expressed in tumors and only weakly
expressed in a small subset of cells in distant normal crypts (Figure 44,
upper panel). Tumors of the sTL group exhibited PML foci at much
higher frequency (2.55 + 2.19) than did cells (0.14 + 0.51) in distant
crypt (Figure 4B). Frequency of PML foci also was higher in tumors
of the ITL group than that of the bottom crypt (1.98 + 2.56 versus
0.37 + 0.71), but lower than that of tumors from the sTL group
(P =.0015). The large standard derivation implies that PML
expression also is heterogeneous in CRC tumors.

Moreover, proportion of PML positive cells was remarkably higher
in tumors of the sTL group than that of distant normal crypt (an
average of 81% versus 10%), and differed between tumor and normal

Organoids

VE-821

Figure 5. Characterization of organoids developed from CRC tumors and treatment by ATR inhibitor, VE-821. (A) Phase-contrast
image showing growth of CRC organoid cultured from day 3 to day 13. Scale bar = 200 um.(B) Representative images of hematoxylin and
eosin (H&E) staining of primary tumor and the tumor-derived organoids. NS44, NS49, and NS57 belong to short TL tumors, and the NS45
to middle-long TL tumors. Scale bar = 50 um.(C) Immunofluorescence microscopy of Ki67 and PML in organoids treated with VE-821 or
DMSO served as dissolvent control. Scale bar = 20 um.(D) Immunofluorescence microscopy of Ki67 and PML in primary tumor. Scale

bar = 20 um.
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PML foci (B) and APBs (C) per cell in organoids treated with VE-821 compared with control.(D) Proportion of PML circle positive cells per
organoid.(E) Relative telomere length shown as fluorescence intensity in cells of organoids.(F) Immunofluorescence microscopy of Ki67
and CD44 in organoids. Scale bar = 20 um.(G) Frequency (%) of CD44 ", Ki67 ", or CD44 *Ki67 * double-positive cells in organoids treated
with or without VE-821. Bar = mean = s.e.m.; n > 30 organoids analyzed from 4 patients. *, P < .05; **, P < .01; ***, P < .001.

crypt in the ITL group (Figure 4C). Moreover, PML foci exhibited
stronger fluorescence intensity, suggestive of high expression levels, in
tumors of the sTL than did the ITL group, or the normal crypts
(Figure 4D).

Notably, cells expressing high levels of PML also exhibited high
proliferation as indicated by strong nuclear expression of Ki67. More
cells with high expression of both PML and Ki67 were found in the
sTL group than in the ITL group or in distant tissues (Figure S34 and
S3B). Yet, CSLCs marked by LGR5 or EPHB2 expressed PML at
levels similar to those of LGR5™ or EPHB2™ cells in the tumor
(Figure S3C-S3F).

Assembly of ALT-associated PML nuclear bodies (APBs) at
telomeres is a hallmark of human ALT-positive cells [29,31]. Analysis
by standard IF-FISH of APBs showed that more APB positive cells
and a higher incidence of APB foci were observed in tumors with

short telomeres than in distant tissues or in tumors with longer
telomeres (P < .001) (Figure 44 lower panel, 4F and F). PML
expression may play a role in telomere maintenance of proliferative
cancer cells.

C-circle assays measure C-circles as responsive and specific
markers of ALT activity [65]. We carried out the C-circle assay
using tumor and normal tissues (Figure 4G). Given that the tissue
mass is actually a population of heterogeneous cells which would
contain both C-circle positive cells and negative cells, it is expected
to see higher C-circle level of pure ALT positive U20S cell line than
other cell types. We observed more and heterogeneous C-circles in
sTL tumors, with frequency relatively higher than that of
both normal tissues and C-circle negative HeLa cell line,
suggesting possible ALT pathway in some cells of sTL tumors

(Figure 4H).


Image of Figure 6
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Targeting PML/APBs Diminishes Proliferation of CSLCs and
Development of Patient-Derived Organoids

PML is essential for APBs assembly and further provides a platform
for DNA damage response and repair factors and homologous
recombination proteins, including replication protein A (RPA),
RAD51, RAD52 [66]. The number of PML associated with DNA
damage is under the control of NBS1, ATM, Chk2 and ATR [67].
Patient-derived organoids (PDOs) have recently emerged as robust
models to mimic 77 vivo experiments and predict clinical outcomes in
patients [41-44]. To disrupt PML/APBs in organoids, we used an
ATR inhibitor VE-821, as protein kinase ATR is a critical regulator of
recombination recruited by RPA. ATR inhibitor has been proved to
be hypersensitive to ALT pathway mediated by recombination
[68,69]. To mimic the in vivo response of VE-821 treatment, we
cultured organoids according to the well-established protocols [41,47]
(Figure 5A4). Histological evaluation initially revealed morphological
similarities between organoids and the primary tumor biopsies from
which they were originally derived (Figure 5B). The half-maximal
inhibitory concentration (IC50) of VE-821 for the NS57 organoids
in our experiments was 3.2 UM, and we used this concentration for all
subsequent experiments (Figure S44 and S4B). Previous comparison
of a panel of cell lines showed substantially higher levels of IC50 in
the telomerase-positive cell lines than in the ALT cell lines [68],
suggesting that VE-821 would also inhibit those telomerase positive
cells but with an obviously higher IC50 concentration (-9 pM). The
concentration (3.2 uM) used here is far below from that of telomerase
positive cell lines. We compared responses to VE-821 in organoids
from four patients. Initially, we measured the number and size of
organoids upon treatment (Figure S4C and S4D). Organoid size was
notably reduced following treatment with VE-821 of all samples
(Figure S4D). To confirm the effect of VE-821 on inhibition of PML,
we carried out western blot assay and showed reduced PML levels in
HCT116 cell lines following treatment of VE-821 with increasing
concentrations (Figure S4E).

VE-821 reduced cell proliferation and PML foci in organoids
(Figure 5C). Additional staining of PML and Ki67 in primary biopsy
confirmed that expression pattern of PML and Ki67 in the parental
tumors was maintained in organoids (Figure 5D). Further immuno-
staining of PML followed by telomere FISH showed a significant
decrease in PML foci by VE-821, and also reduced PML circles,
which represent the classical larger PML nuclear body structure, or
APBs (Figure 6, A-D). Meanwhile, VE-821 treatment also expectedly
shortened telomeres in these organoids (Figure 6£), and yet did not
obviously change TERT expression (Figure S4F).

To assess whether PML and CSLCs are implicated in organoid
development, we performed immunostaining of CD44&Ki67 and
assessed proportion of CSLCs and proliferative cells. Proportion of
CSLCs and especially proliferative CSLCs was notably reduced in
organoids by VE-821 (Figure 6, F and G).

Discussion

Here we validate that most CRC tumors exhibit short telomeres
compared with normal tissues from the same patient. Moreover,
tumors with shorter telomeres exhibit poor differentiation and are
associated with larger CRC tumors and a high proliferation state. An
In silico computational model of tumor growth and evolution
demonstrates that cell proliferation potential is the strongest
modulator of tumor growth [70]. The fast-growing evolving tumor
was more than 6 times larger with 170 times more CSLCs than the
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largest non-evolving control tumor [70]. Consistently, short
telomere CRC tumors with large size contain more CSLCs marked
by CD44, EPHB2, or LGR5. In agreement, cancers with “ever-
shorter telomeres” proved to be highly aggressive [71], but longer
telomeres are significantly associated with reduced colon cancer risk
[72].

Human cells progressively lose telomeres with each cell division
and also with age. Short telomeres initially can lead to cell senescence.
Reactivation of telomerase permits cells to continue to proliferate and
to achieve immortalization, and is a critical step in cancer progression
[73]. We find similar levels of telomerase in sTL and ITL tumors,
which is not matched with the faster cell turn-over rate of sTL tumors
than ITL tumors. ALT can be activated after telomerase inhibition
and also in human telomerase-positive cancer cells [74-76]. We find
high expression of PML in CRC tumors with short telomeres.
Presumably, PML/APBs revealed in the CRC tumors could be part of
ALT pathway for telomere maintenance to prevent telomere from
shortening further, and to achieve malignant growth. Extremely long
or short telomeres as observed in typical ALT-positive U20S cells are
not obvious in the tumors of CRC, and this could be partly due to the
heterogeneity of tumor cells and/or the co-existence of telomerase that
could inhibit the classical ALT phenotype [77-81].

PML, not only mediates alternative lengthing of telomeres, but also
engages in multiple cellular activities including DNA damage sensing
and DNA repair [82]. One possible explanation for the high
expression of PML in sTL tumor is that, in case of insufficient
telomere maintenance of those short telomere tumors, cells would
eventually enter “crisis”. In such cases, telomeres are so short that end-
end chromosome fusions occur, followed by chromosome breakage-
fusion-bridge events that lead to genomic instability [83]. Telomere
DNA damage could increase the number of PML and eventually
provide a favorable platform for ALT. PML itself can contribute to
maintenance of telomeric chromatin integrity [84], and promotes
their alternative lengthening [64]. In addition, the phenomenon that
more PML/APBs in shorter telomere tumors in our study could be
partly explained by early literatures which revealed short telomeres
display an increased mobility in the nucleus and explore a larger
nuclear volume, which could facilitate collisions with PML, thus the
formation of APBs benefit from the accumulation of soluble PML
protein at a telomere [85,86].

We show that expression of telomerase and PML together are
implicated in telomere maintenance of colorectal tumor. Inhibition of
the ALT pathway by decreasing PML/APBs further shortens
telomeres and reduces proliferation of CSLCs and development of
patient-derived organoids. The model of CRC tumor progression and
telomere heterogeneity could narrow down therapeutic targets to
improve cancer prevention and treatment. Further understanding of
the molecular basis underlying PML-associated telomere mainte-
nance together with telomerase inhibition may prove more effective
in eradicating CRC tumors.

Supplementary data to this article can be found online at heeps://
doi.org/10.1016/j.tranon.2019.05.010.
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