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Maintenance of telomere length in AML
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The importance of telomere length to human health, aging, and cancer continues to be
underappreciated. This review examines some basics of telomere biology and relates how
telomere function, telomerase activity, and mutations in TERC or TERT are involved in
bone marrow failure, leukemias, and other cancers. Given the challenge to obtain accurate
data on telomerase activity and telomere length in specific cell types, the situation in acute
myeloid leukemia (AML) remains puzzling. In most cancers, telomerase levels are increased
after cells have encountered a “telomere crisis,” which is typically associated with poor
prognosis. Cells emerging from “telomere crisis” have defective DNA damage responses,
resulting, for example, from loss of p53. Such cells often express elevated telomerase levels
as a result of point mutations in the TERT promoter or amplification of the TERT gene. While
telomeres in AML blasts are typically shorter than expected for normal leukocytes, most
AML cells do not show evidence of having gone through a “telomere crisis.” In chronic
myeloid leukemia (CML), the difference between the telomere length in nonmalignant

T cells and malignant blasts from the same patient was found to correlate with the
remaining duration of the chronic phase. This observation supports that a mitotic clock

is ticking in CML stem cells and that disease progression in CML heralds the onset of a
“telomere crisis.” The presence of very short telomeres in tumor cells was found to predict
disease progression in chronic lymphocytic leukemia, myeloma, and various solid tumors.
In view of these findings longitudinal studies of telomere length in AML appear worthwhile.

Introduction

Based in part on pioneering Canadian research, it is now firmly established that all blood cells are
derived from rare blood-forming, or hematopoietic, stem cells."® Each individual adult produces billions
of red blood cells, granulocytes, and platelets daily. This enormous production of cells is driven by the
proliferation of progenitor cells, which in turn are derived from hematopoietic stem cells (HSCs). The
stem cells can self-renew and produce more stem cells in addition to various lineage-committed
progenitors.* Interestingly, most stem cells are normally not dividing and are only called into action when
the committed progenitor cells need to be replaced. It is this “cell division on demand” property of stem
cells that is exploited in cancer chemotherapy that primarily targets dividing cells.
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The thinking in the 1980s was that if HSCs could be purified and their self-renewal mechanisms figured
out, major advances could be made in bone marrow transplantation, gene therapy, and other areas.
Investigators, including myself, placed much emphasis on developing reagents, monoclonal antibodies,
cell separation techniques, cell culture techniques, and novel assays to understand the stem-cell
compartment.

Two observations made in the early 1990s provided some insight into stem cell self-renewal. The first
observation compared CD34™" cells from cultures initiated with stem cell candidates from fetal liver, adult
bone marrow, and cord blood.® The CD34™" cells started with fetal liver increased over a thousand-fold,
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Figure 1. Telomere repeats and the DNA damage response. Telomeres have

very specific sequences of repeats along their length, and at least 12 TTAGGG
repeats and their associated proteins are required for the telomere to execute its
primary function. If there are insufficient repeats, the telomere looks like a double-
strand break. Such an “uncapped” telomere will activate a DNA damage response
involving the Ataxia-Telangiectasia mutated (ATM) kinase and p53.

whereas the CD34" cells started with cord blood increased
significantly less. In adult bone marrow, the CD34" cells never
increased >10 times the starting number. Clearly, at the level of
stem cells, self-renewal properties are developmentally controlled.
HSCs should therefore be considered a moving target: HSCs in the
fetus are not the same as HSCs in an adult. The second observation
was that telomeres, the repetitive DNA sequences at the ends of
chromosomes, got shorter with age and with cell divisions.® In bone
marrow, telomeres were on average shorter than those in cord
blood. In cord blood, they were on average shorter than in fetal liver.
Therefore, not only are there developmentally related changes in
stem cells but there also seems to be a temporal change at the level
of DNA: with each cell division telomeres in HSCs apparently get
shorter.

Telomere function

Telomeres have very specific TTAGGG repeat sequences along
their length that allow association with specific “shelterin”
proteins” (Figure 1). In the absence of telomerase, at least 12
repeats and their associated proteins are required for the
telomere to execute its primary function, defined as ensuring
that a normal end of a chromosome is not recognized as a
double-strand break.® Telomere repeats are lost with each round
of DNA replication,® and the number of repeats required on 1 or
more chromosomes ends in different cell types is a major
question in the telomere field. If there are insufficient repeats, an
insufficient number of proteins can bind and the telomere will
resemble a double-strand break.® Such an “uncapped” telomere
will activate a DNA damage response. The evolutionary solution
to the distinction between a normal chromosome end and a
double-strand break as well as the “end replication problem™'® is
a specialized reverse transcriptase called telomerase (Figure 2).
This complex enzyme uses RNA to synthesize DNA rather than
the other way around. The minimal components of telomerase are
a reverse transcriptase polymerase protein called TERT, an RNA
template that encodes the G-rich repeats, and dyskerin, a protein
required for proper folding and stability of the telomerase RNA.""
Telomeres always end with a single-stranded 3’ overhang,
assumed to be “tucked away” by invading duplex telomeric
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Figure 2. The telomerase enzyme complex. Telomerase contains a polymerase
protein called TERT and an RNA template, TERC, which encodes the G-rich
repeats. Chromosomes always end with a single-stranded 3’ DNA overhang believed

to invade into telomere duplex DNA if sufficient repeats are available.

DNA."2 Conservation of the telomerase RNA template sequence
in the telomerase RNA genes explains why exactly the same
telomere repeat sequences are found at the ends of chromo-
somes in highly divergent species.'®

How shelterin proteins protect chromosome ends is not entirely
clear. Apart from the possibility that the very end of a chromosome
is hidden by invasion into duplex telomere repeats,'® it was
suggested that interactions between shelterin proteins and
telomeric DNA could result in a compact globular structure at
telomeres that effectively prevent interactions between chromo-
some ends and DNA damage response proteins.'* No doubt the
questions about the nature of “end protection” will be answered in
the near future.

Measuring telomeres

Several methods have been proposed to measure the length of
telomere repeats in cells and chromosomes. All methods have
advantages as well as shortcomings.'® Polymerase chain reaction—
based assays are popular but inaccurate. The average length of
telomeres in specific cell types can be accurately measured using
fluorescence in situ hybridization (FISH) and flow cytometry, a
technique called Flow FISH.'®'” Key in this method is the use of
peptide nucleic acid (PNA) probes that allow quantitative hybrid-
ization. Following lysis of red blood cells, leukocytes are mixed with
bovine thymocytes for telomere length measurements. Bovine
thymocytes have long telomeres and provide an internal control for
each measurement. Telomere length in cell populations can be
gauged by the number of bound PNA probes, their DNA content, or
bound antibodies, and reproducible measurements are obtained.

In a normal population, the most dramatic decline in telomere
repeats with age is in the first few years of life, for both
lymphocytes and granulocytes (Figure 3). At any given age, there
is much variation in telomere length; it is not hard to find a 70 year
old who has longer telomeres than a teenager. Nevertheless, there
is, at the population level, a highly significant decline with age that
is more pronounced for lymphocytes than for granulocytes.'® The
relative proportion of memory T cells increases with age, and with
each T-cell division, as in stem cells, telomeres get shorter.
Interestingly, B cells do not show a similar pattern of telomere
loss with age as granulocytes and T cells."®2° For example, some
B cells in 90 year olds are longer than one typically sees in
newborns. Perhaps telomerase levels in some B cells are
upregulated to enable the large number of cell divisions required
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Figure 3. Telomere length declines with age in human

lymphocytes measured using flow FISH. The left panel 16 J
shows that the average difference in telomere length between 14
females (pink) and males (blue) persist throughout life. The
right panel shows the telomere length in individuals with
“telomeropathies,” in this case, heterozygous carriers of a
mutation in either the TERC or the TERT gene (red) and their

unaffected siblings (purple). Figure adapted from data shown
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for clonal selection of cells that secrete antibodies with increased
affinity for selected antigens. The flip side of such an evolutionary
advantage could be that such B cells are more susceptible to
malignant transformation as was previously suggested.>' The
finding that B-cell tumors are much more common than T-cell
tumors supports this possibility.

The initial decline in telomere length is intriguing. A longitudinal
study in baboons showed that just like in humans, the absolute,
average telomere length at a given age can vary considerably.?? In
the first 100 weeks, there is a dramatic decline in telomere length
in newborn baboons, which is most pronounced in T cells, which
are presumably actively dividing to set up the T-cell repertoire of
the immune system. The telomere length in granulocytes, which is
used as a surrogate for the telomere length in stem cells, also
shows a rapid decline.?’ Interestingly, the absolute decline
in telomere length in animals with longer telomeres is more
pronounced than in animals with shorter telomeres. Telomere
shortening slows down dramatically at ~1 year of age in baboons.
In humans, a similar drop in telomere attrition rate is seen ~2 to
4 years of age.'® Most likely, these observations point to a drop in
the stem cell turnover rate, perhaps reflecting the developmental
switch that was inferred from the limited expansion of adult vs cord
blood and fetal stem cells.® Interestingly, at birth there are already
differences in leukocyte telomere length between male and female
leukocytes, which are maintained throughout life (Figure 3 left
panel).'® It has been reported that female embryos grow more
slowly,?® and it is tempting to speculate that, on average, males
have at birth already consumed more of a finite replicative lifespan
than females.

Telomerase in human biology

The crucial role of telomerase in normal human biology was first
underscored by studies of patients with dyskeratosis congenita.?*
Subsequently, it was found that haploinsufficiency for TERT also
can give rise to bone marrow failure.?®> Many studies since have
confirmed that patients with telomeropathies, defined as diseases
caused by genetic defects in telomere length regulation, typically
have very short telomeres.?® The dramatic effect of haploinsuffi-
ciency for TERT or TERC on telomere length is shown in Figure 3
(right panel).'® Apparently, a modest twofold reduction in telomer-
ase levels can give rise to very short telomeres and dyskeratosis
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congenita and primary bone marrow failure. With the exception of
some dominant negative mutations, lethal genetic disorders are
rarely caused by haploinsufficiency for any given gene. Mutations in
TERC or TERT are spread out over these genes, implicating loss of
function as the disease mechanism. That 2 genes implicated in the
same pathway cannot tolerate loss of 1 allele and can both give rise
to fatal disease highlights the enormous importance of telomeres
and telomerase levels in normal human biology. One possibility is
that normal telomerase levels are required to repair critically short
telomeres and that this repair capacity is limiting. This scenario is
illustrated in the cartoon shown in Figure 4.

Telomeres and telomerase in leukemias

Telomere loss is believed to limit the growth of many somatic stem
cells and thereby act as a tumor suppressor mechanism.?” Perhaps
occasional short telomeres can be extended by the low telomerase
levels in normal stem cells, but when the number of critically short
telomeres exceeds repair pathways, DNA damage responses will
be activated and cells will either die or become senescent. This
provides strong selective pressure for cells that do not respond to
DNA damage signals (loss of p53!)2® or cells that have upregulated
telomerase levels, for example, as a result of point mutations in the
telomerase promoter.?® Defective telomeres in cells with defective
DNA damage responses will result in end-to-end fusions and
aneuploidy and, eventually, selection of cells with improved
telomere maintenance, for example, by higher telomerase levels
resulting from further mutations such as amplification of the hTERT
gene.®° In patients with chronic myeloid leukemia (CML), there is a
difference in telomere length between normal T cells and malignant
cells.®" Patients in the accelerated phase or blast phase of the
disease showed significantly shorter average telomere length
compared with patients in chronic phase. Patients in chronic phase
who went into blast phase within 2 years furthermore had
significantly shorter telomeres relative to their T lymphocytes than
those who did not develop blast phase for at least 2 years. These
data suggest that telomere shortening can serve as a surrogate
marker of disease progression for patients in chronic phase CML.
The data in CML are compatible with the diagram shown in Figure 5.
The telomere fusion threshold is also applicable to other cancer
types. In patients with chronic lymphoblastic leukemia,®2 multiple
myeloma,®® and breast cancer,®* the presence of very short,
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Figure 4. Normal telomerase levels are needed to
maintain telomeres and prevent bone marrow failure.
Each stem cell division results in loss of telomere repeats
explaining why the average telomere length in various cell types
including granulocytes and lymphocytes declines with age
(Figure 3). (A) lllustrative representation of the hematopoietic
stem cell hierarchy. (B-C) In normal individuals, an occasional
stem cell drops out of the stem cell pool (B, red circle)

when too many short telomeres relative to the limited repair
capacity provided by telomerase accumulate. In patients with
reduced telomerase levels, for example, as a result of mutations
in telomerase genes, stem cells start dropping out during
development (C), putting a strain on remaining stem cells, which
have to undergo more divisions to make up the pool (hence,

shorter telomeres) as illustrated in panel D. The net result of this
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fusogenic telomeres is correlated with “telomere crisis,” poor
prognosis, and rapid disease progression.

Telomere length and maintenance in AML

The situation in acute myeloid leukemia (AML) is less clear. A
study of 167 children with AML found that telomere length in
leukemic cells was very short compared with healthy control
peripheral blood mononuclear cells.®® Patient age at diagnosis

was not associated with telomere length. However, cells with an
FLT3/internal tandem duplication or a WT1 mutation and FLT3/
internal tandem duplication had significantly shorter telomeres
than did CEBPA double mutants (P = .0064 and P = .051,
respectively) and NPM1 mutants (P = .0012 and P = .0176,
respectively). Although telomeres in AML blasts are typically
shorter than expected for normal leukocytes, in most cases AML
cells do not show evidence of having gone through a “telomere

Telomere length (kb)

Diagnosis  Telomere crisis: accelerated phase CML
144 Y Y
Chronic
19 4 phase

________ HSC \
Figure 5. Telomere length in CML. The difference in telomere 7 malignant ..’\I Tlymphocytes ~
length between CML blast cells relative to T lymphocytes in the 4 4 CMLHSC ""», .......
same patient correlates with disease progression. See also %”%, .
Figure 3. Most likely cells with defective DNA damage responses 2 4 ’.’*._,.v.‘.‘-'- Upregulation telomerase
are selected when telomeres get critically short, allowing for Critical telomere length
rapid selection of more malignant, chromosomally unstable cells 0 —rrr
with additional genetic abnormalities, such as mutations in TERT 0 10 20 30 40 50 60 70 80 90 100
promoter, amplification of the TERT gene, etc. Figure adapted Age (yrs)

from Briimmendorf et al.®'
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crisis.” Whether this reflects upregulation of telomerase activity in
AML stem cells®®37 prior to such a “telomere crisis” or the
extensive replicative potential of normal blood-forming stem cells
is currently not clear. An important caveat for telomere length
measurements in AML is that leukemic cells tend to be
heterogeneous with regards to DNA content. Measurement
calculations based on diploid genomes in GO or G1 of the cell
cycle could result in erroneous results in AML. Some studies have
shown that short telomeres appear to predict the risk of AML
development®®3° and is possible that in some cases AML stem
cells upregulate telomerase activity by specific mutations in telomerase
genes and thereby prevent telomere crisis all together®® (reviewed in
Savage and Dufour®). The role of telomere shortening, and, for
example, the development of treatment-associated myelodysplastic
syndrome and AML after autologous stem cell transplantation,*' is
another topic of interest. Telomerase levels could be upregulated in
AML cells following abnormalities in the Wnt/b-catenin pathway.*?
Before or after telomere crisis, telomerase levels can be elevated by
mutations in the promoter hTERT,?® amplification of the hTERT gene,
and overexpression of genes that increase telomerase activity, such as
c-Myc, HIF-1-a,*® sex hormones, and potentially many others.
Upregulation of telomerase levels may prevent telomere loss, or
telomeres could be extended. Both possibilities will result in an
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