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Abstract: An overall intent of radiotherapy is to precisely target tumor cells, while minimizing exposures
to surrounding normal tissue. Despite successes in this area, there is growing concern that an unacceptably
large volume of normal tissue is unavoidably exposed. Chromosome aberrations provide a direct measure
of ionizing radiation (IR)-induced DNA damage, as well as an indirect measure of future risk since they
are associated with virtually all known cancers. Such structural variants (SVs) include translocations
(rearrangements between chromosomes) and inversions (rearrangements within chromosomes), the latter
being recently identified as part of a distinctive mutational signature associated with radiation therapyinduced second malignancies. Directional Genomic Hybridization (dGH), is a strand-specific cytogenomicsbased methodology for cell-by-cell, high-resolution detection of all SVs—particularly inversions—which
when combined with compatible telomere probes, can also be used to assess telomere length dynamics,
as well as validate a variety of changes involving chromosomal termini. Telomeres are critical structural
elements that serve to protect the physical ends of chromosomes. Dysfunctional telomeres are associated
with instability and carcinogenesis, as well as with a variety of other age-related degenerative pathologies,
including cardiovascular disease (CVD). We introduce Telomere-dGH (Telo-dGH) as a prospective
“personalized” approach for monitoring of radiation oncology patients, in order to evaluate chromosomal
and telomeric alterations as biomarkers of normal tissue injury. Such a strategy has the potential to improve
both evaluation and management of risk associated with degenerative late effects across a variety of cancer
types (e.g., prostate, pediatric brain), and in connection with various radiation treatment modalities [e.g.,
intensity-modulated radiation therapy (IMRT), protons, carbon ions].
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Chromosomal inversions

multicolor fluorescence in situ hybridization (FISH)

Structural chromosome aberrations are associated with
virtually all known cancers, which to date have consisted
primarily of inter-chromosomal rearrangements (i.e.,
translocations between chromosomes) identified by

© Translational Cancer Research. All rights reserved.

techniques (1). Of relevance in this regard, is a large whole
genome sequencing effort that recently reported radiation
therapy-associated second malignancies (of different tumor
types) display distinctive mutational signatures, which
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included small deletions and an increased frequency of
putative inversions (2). Interestingly, interstitial deletions
and inversions represent alternative outcomes of the same
recombinational process; i.e., resolution of two intrachromosomal double-strand breaks (DSBs)—either with
loss (deletion), or after reversal and reinsertion (inversion)
of the intervening fragment—thus, they would be
expected to occur at approximately similar frequencies.
However, because inversions represent rearrangements
within chromosomes, they are notoriously difficult to
detect, having been done primarily with low resolution
banding approaches (e.g., G, C, R, Q, M, and DAPI),
and so inversions are largely underrepresented and little
appreciated.
Directional Genomic Hybridization (dGH) is a patented
cytogenomics based technology (KromaTiD, Inc.) for cellby-cell detection and/or discovery of all structural variants
(SVs), including inversions. The dGH methodology extends
the strand-specific strategy of chromosome orientation
FISH (CO-FISH) (3) to encompass bioinformatics-driven
design of unique directional probe sets that hybridize along
one, and only one, chromatid of targeted and prepared
metaphase chromosomes, such that inverted fragments
(two breakpoints) are easily visualized as segments of
signal “switching” to the sister (opposite) chromatid (4).
Therefore, dGH circumvents many of the difficulties
associated with inversion detection and further, it facilitates
high-resolution detection of SVs, most notably those that
would otherwise be missed by sequencing or genomic
arrays (particularly, small inversions); i.e., dGH greatly
improves accurate detection (and validation) of otherwise
cryptic rearrangements within the genome (manuscript
in preparation). Utilizing dGH, we have demonstrated
the dose-dependent induction of inversions following
exposure to radiations of vastly different ionization densities
[i.e., linear energy transfer (LET)] (5). We have also
found inversions to be transmissible—even 60 years post
exposure—and that compared to translocations, inversions
increase at a greater rate per unit dose (5) (and manuscripts
in preparation).
Whereas inversions are induced by exposure to ionizing
radiations (IRs) and are mediated by non-homologous
end-joining, sister chromatid exchange (SCE)—an event
that results in a single signal “switch” (one breakpoint)
with dGH—is associated with DNA replication, where
resolution via recombination and crossover results in
template switching between sister chromatids (6). Although
inversion and SCE represent two very distinct processes and
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products, they are often difficult to definitively distinguish
cytologically, especially when such rearrangements occur
near chromosomal termini. In addition to generally
restricted resolution in this region, elevated rates of mitotic
recombination near terminal chromosomal regions (7), as
well as within telomeres themselves (T-SCE) (8) have been
reported by us and others. Telomeres, the physical ends
of linear chromosomes, are composed of tandem arrays
of repetitive DNA sequence that serve to protect natural
chromosomal ends and prevent their detection as broken
DNA, thereby evading inappropriate damage responses
and preserving genome stability (9). Utilizing a particularly
useful property of telomeric sequences, that of their
conserved orientation [5'-(TTAGGG)n-3'], it is possible
to determine the directionality of other DNA sequences of
interest (10). In an effort to clarify and interpret unusually
high frequencies of single terminal dGH signal “switches”
(“apparent” SCE), we recently extended this strategy,
i.e., using telomeres as points of reference (cis vs. trans
configuration), by combining it with whole chromosome
dGH chromatid paints—an approach termed TelomeredGH (Telo-dGH)—to not only routinely identify SCEs,
but also to reliably distinguish these recombination events
from terminal exchange events, specifically inversions
(Figure 1) (11). In addition and importantly, Telo-dGH
enables evaluation of telomere length dynamics in the same
samples.
Our on-going research program includes using TelodGH for assessing the health effects of spaceflight in
twin and unrelated astronauts (NASA). Similarly, in a
cohort of US veterans exposed to fallout during nuclear
bomb testing post WWII, we have recently demonstrated
the utility of Telo-dGH for retrospective biodosimetry
(National Institutes of Health/National Cancer Institute);
manuscripts in preparation.
Telomeres
While it is well established that telomere length diminishes
with cellular division and normal aging due to the endreplication problem, it is also becoming increasingly
appreciated that inflammation and oxidative stress, as
well as a variety of lifestyle factors (including nutritional,
psychological, physical stresses) and environmental
exposures (e.g., IRs) also contribute to telomere erosion.
Although we and others have shown that telomere
length and telomerase activity (the enzyme capable of
counteracting telomere attrition in continuously dividing
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Figure 1 Telo-dGH. (A) Telo-dGH on human blood lymphocytes for simultaneous analysis of inversions, translocations and telomere
length dynamics. Shown is the whole chromosome 3 dGH chromatid paint (red; on only one side/chromatid of metaphase chromosome)
in combination with the strand-specific telomere signal (green; telomeres in trans configuration). The Telo-dGH strategy distinguishes the
small terminal inversion shown (red signal switch to sister chromatid; arrow), from a more common sister chromatid exchange (SCE). (B)
Schematic representation of Telo-dGH for terminal inversion detection: (i) a normal chromosome displaying a whole chromosome dGH
paint (red) hybridized to a single chromatid. Telomere signals (green) appear in a trans-configuration (on opposite chromatids) when no
SCE is present; in contrast, SCE (single breakpoint) creates a cis-configuration (both telomere signals on same chromatid); (ii) a terminal
inversion occurs when two intra-chromosomal DSBs near the sub-telomere or telomere region resolve after reversal and reinsertion of the
intervening fragment (maintains 5' to 3' polarity); (iii) detection of such events is challenging due to restricted resolution in the terminal
region. Telo-dGH detects terminal inversion as a “switch” of signal to the opposite/sister chromatid, while the telomere signals remain in a
trans-configuration (indicative of two breakpoints).

cells such as germ, stem and cancer cells) are influenced
by IRs, (12,13), the effects of low dose exposure on human
telomere length dynamics (i.e., with time) are much less well
understood and appreciated [reviewed in (14)]. Telomeres
have been proposed as “hallmarks of radiosensitivity” (15),
as short telomeres enhance radiosensitivity (16,17). Of
particular interest are reports of significantly shortened
telomeres in the peripheral blood of radiotherapy patients
following treatment for a variety of cancer types—within
a relatively short span of time (3 months or less), and
specifically within the shortest telomere populations (18).
Long-term radiation effects including dose-dependent
telomere shortening have also been reported in exposed
populations following the Chernobyl nuclear accident (19).
Interestingly, low LET X-ray and low energy (high LET)
protons induced different telomeric responses in human
fibroblasts, in that telomeres were shortened 24 h post
X-ray exposure and associated with anaphase bridges
and dicentrics, while high LET protons evoked telomere
lengthening at 24 and 96 h (20).
Taken together, accumulating evidence convincingly
supports telomere length maintenance as an informative
general measure of health (21), in that it represents a
key integrating component for the cumulative effects of
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genetic, environmental, and lifestyle factors on aging and
age related diseases—one that captures the radiological
response as well. Thus, the rate at which telomeres shorten
provides an informative biomarker of biological aging and
further, erosion of telomere length can be linked to agerelated degenerative pathologies ranging from reduced
immune function, loss of fertility, idiopathic pulmonary
fibrosis and dementia, to cardiovascular disease (CVD) (22)
and cancer (23).
Atherosclerosis, the major cause of CVD, is an agerelated disease characterized by systemic oxidative stress
and low grade chronic inflammation. Inflammation and the
associated proliferation of cells during infection and disease
result in loss of telomere sequence via the accompanying
oxidative stress (24). Evidence that oxidative stress drives
telomere shortening in humans led to the suggestion
that telomere length in peripheral blood cells might be a
valuable biomarker for age related risk of mortality and
morbidity and, specifically, for CVDs (25). Indeed, the first
meta-analysis integrating data from 24 individual studies
on the link between telomere length and CVD reported,
as expected, an inverse relationship between leukocyte
telomere length and risk of coronary heart disease (26);
this association remained significant when confined to
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prospective studies and was independent of conventional
vascular risk factors.
Importantly, IR exposure induces mitochondrial
dysfunction and excess oxidative stress that persists
long after the initial exposure (27). IR-induced chronic
oxidative stress has also been implicated in delayed/ongoing chromosomal instability (28). The G-rich nature of
TTAGGG repeats renders telomeres highly susceptible
to oxidative damage, and that oxidative stress accelerates
telomere shortening is well accepted (29). Further, oxidative
guanine base damage has recently been shown to regulate
telomerase activity, in addition to disrupting the critical
telomere binding factors TRF1 and TRF2 (30). The
presence of such DNA damage within telomeres interferes
with their efficient replication (31). Moreover, oxidative
damage to telomeric DNA tends to accumulate because
it is repaired less efficiently than other regions of the
genome (32). Telomeres and adjacent sub-telomeric regions
(minimally ~100 kb) have also been shown to be sensitive
to I-SceI-induced DSBs due to deficiency in their repair
(33,34). In stimulated human peripheral blood mononuclear
cells (PBMCs) exposed to a total dose of 1 Gy (gammarays) delivered at low dose rate (4.9 cGy/h), we observed
significantly elevated telomerase activity 2 and 5 days post
exposure, which was associated with enrichment of putative
stem cell compartments via both mobilization (akin to
wound healing) and IR-induced reprogramming (13,35).
Even so, telomere length was significantly shortened
5 days post low dose rate exposure, as well as at 2 and 5 days
post acute exposure (1 Gy), highlighting novel molecular
functions of telomerase, as well as important implications
for promoting instability, repopulation and second
malignancy.
Clinical/translational relevance and application
Intensity-modulated radiation therapy (IMRT) uses
enhanced planning treatment software to more precisely
target difficult-to-reach tumors (e.g., prostate), allowing
delivery of much higher doses to the tumor, while
minimizing exposures to surrounding normal tissue.
However, while spared high doses, there is growing concern
that a much larger volume of normal tissue is unavoidably
exposed to low doses of IR. Further, because IMRT is
particularly useful for treating tumors close to critical
structures, it is used to treat cancers of the head and neck,
and central nervous system. For example, IMRT is used to
treat most types of pediatric malignancy—including brain,
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the most common solid tumor of childhood. Increased risk
of secondary malignancy and other age-related degenerative
pathologies (e.g., CVD) post radiation therapy are certainly
of concern, particularly for pediatric patients due to their
longer post treatment lifespan.
We propose advancing Telo-dGH as a prospective
“personalized” approach of monitoring normal tissue
injury, and therefore future risk, associated with radiation
therapy—regardless of tumor type or treatment modality
(e.g., IMRT, protons or carbon ions). Relevant clinical
applications currently being conducted and/or initiated
in our laboratory include IMRT for prostate cancer
(Dr. Gregory P. Swanson M.D., Baylor Scott and White
Clinic; KromaTiD, Inc.), and IMRT vs. proton therapy
for childhood brain tumors (National Institutes of Health/
National Cancer Institute). The approach is straightforward
and non-invasive. Individual patient’s blood is collected
before, immediately after, and ideally at several times posttreatment, but minimally at approximately 3 months.
Samples are processed for Telo-dGH and analyzed for
chromosomal (inversions, translocations) and telomeric
(length dynamics) biomarkers of normal tissue injury.
Utilizing Telo-dGH for routine monitoring of radiation
therapy patients to assess radiosensitivity (toxicity), as well
as risk of second malignancy and other degenerative health
effects (e.g., CVD) following treatment, will be extremely
valuable for improving understanding—and personalized
management—of increased risk across a variety of adult and
pediatric cancers.
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