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Many anticancer treatments, including radiotherapy, act by
damaging DNA and hindering cell function and proliferation.
H2AX is a histone protein directly associated with DNA that is
phosphorylated to produce YH2AX that accumulates in foci in
an early response to DNA double-strand breaks, the most delete-
rious lesion caused by anticancer therapy. This study reports a
YH2AX detection assay that has the potential to be used as a
biomarker of response to guide cancer treatment. YH2AX immu-
nostaining was applied to tumour cell specimens obtained using
fine needle aspiration (FNA). Liquid-based cytology and direct
smear cytology methods were evaluated and immunostaining
protocols established using FNA samples from five cancer
patients. The assay was then applied to three patients before
and after radiotherapy. Results demonstrate induction of yH2AX
foci following treatment, persisting for as long as one week after
therapy. Immunostaining for yH2AX has been successfully
applied to FNA samples, providing an opportunity to evaluate
YH2AX as a treatment response marker in cancer. Diagn.
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The histone variant, H2AX, is a highly conserved globular
protein which is structurally involved in packaging and
organising DNA into chromatin. It is estimated that
between 2% and 25% of human cell H2A protein consists
of the H2AX variant, depending on cell type.! Upon phos-
phorylation of serine-139 near the C-terminus end, YH2AX
rapidly localises to sites of double-strand breaks (DSBs).
As such, YH2AX is generally considered as a surrogate
marker of DNA damage. Moreover, it serves as a docking
site for several downstream DNA repair proteins.” How-
ever, YH2AX foci are removed during DSB repair follow-
ing dephosphorylation by protein phosphatase PP2A.”
Many anticancer treatments target the DNA of cancer cells,
thereby preventing their progression and viability.> There-
fore repeated analysis of YH2AX expression during radio-
therapy treatment may provide useful information
regarding the effects of that treatment, which could be
used to predict outcome, modify therapy, and monitor
tumour progression. Given the potential utility of yYH2AX
as a response marker,® the central aim of this study was to
develop a method to assess YH2AX expression longitudi-
nally during cancer treatment. 53BP1, a chromatin-damage
binding-protein that participates in the DNA damage
response (DDR) was also measured in one case to confirm
that yH2AX foci as detected using the current technique,
represented DNA DSBs. This study was set up under
appropriate clinical research governance with a primary
objective to establish a reliable method for the detection of
DNA DSBs by immunocytochemistry in human tumour
cells. This is an open access article under the terms of
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Fig. C-1. Immunocytochemistry of fine-needle aspiration tumour specimens from metastatic squamous cell carcinoma of participant DSB07 before (a)
and 20 minutes after irradiation (b) showing nucleus (DAPI, blue) and yYH2AX (green). Bright green staining of single cell in (a) may represent apoptosis.

the Creative Commons Attribution License, which permits
use, distribution and reproduction in any medium, pro-
vided the original work is properly cited.

Case Reports

Nine patients were recruited to the study. Fine needle
aspirate (FNA) samples from the first three participants
were used for liquid-based cytology (LBC) and immuno-
staining method development. For the next two study
subjects the methodology was modified, and direct smear
cytology was used. This provided a greater number of
cells per sample and more specific immunostaining. A
mouse monoclonal anti-yH2AX antibody (clone
JBW301, Merck Millipore, Watford, UK) was diluted
1:800 in blocking buffer (2% bovine serum albumin in
PBS-T) and paired with an Alexa Fluor 488 conjugated
goat anti-mouse secondary antibody (Invitrogen, Paisley,
UK), diluted 1:250. A rabbit polyclonal anti-53BP1 anti-
body (Cell Signaling Technology, Hichin, UK; diluted
1:1000) was paired with an Alexa Fluor 594 conjugated
goat anti-rabbit secondary antibody, diluted 1:250. Both
antibodies demonstrated a focal intranuclear staining
pattern in human peripheral blood mononuclear cells
irradiated ex vivo (data not shown). There was no evi-
dence of cross-reactivity between anti-rabbit secondary
and the mouse anti-yH2AX primary or between anti-
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mouse secondary and rabbit anti-53BP1 primary. There
was no evidence of autofluorescence in the absence of
secondary antibodies. Nuclear counterstaining was
achieved using Vectorshield mounting medium (Vector
Laboratories, Peterborough, UK) containing 4’,6-diami-
dino-2-phenylindole (DAPI).

The remainder of the study was restricted to participants
commencing anticancer therapy to enable FNA samples to
be taken before and after the first treatment. One patient
withdrew from the study prior to sample acquisition leaving
three patients for evaluation (designated DSBO7, DSBOS,
DSB09). To ensure reproducibility and minimise intra-
observer variability, samples were obtained using three sep-
arate passes into different parts of the tumour for each time
point before and after radiotherapy treatment. The first
patient, DSBO7, underwent a course of radical radiotherapy
to a cervical lymph node recurrence of a squamous cell car-
cinoma of the parapharyngeal space. FNA samples were
taken immediately before and 20 minutes after the first
2 Gy fraction of radiotherapy to the area of recurrence. The
samples taken after radiotherapy showed a marked increase
in the number of intranuclear foci, when compared with
those taken before treatment (Fig. C-1). Given the clinical
context, these were interpreted as YH2AX foci associated
with radiation-induced DNA DSBs.
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Fig. C-2. Example of automated image analysis by TRI2 software for participant DSB07. Boxplot demonstrating foci distribution in individual FNAs
from participant DSB07 taken before (coral pink) and 20 minutes after (turquoise) 2 Gy of radiotherapy. P < 0.001 with 95% CI of (1.23, 1.48).

Confocal microscopy images from participant DSB07
were used to optimise image recognition software’ (TRI2)
to automatically identify and quantify YH2AX foci within
nuclear areas defined by the DAPI signal. Results of this
quantification in the three samples taken before and after
irradiation are shown in Figure C-2. There was a signifi-
cant increase in the number of foci following irradiation
(P <0.0001).

Participant DSBO8 had a long history of non-Hodgkins
lymphoma and received palliative radiotherapy to a malig-
nant lesion in the posterior triangle of the neck. Three FNA
samples were collected immediately before and three imme-
diately after a 3 Gy fraction of radiotherapy. Synchronous
staining for 53BP1 was introduced as it has been demon-
strated to co-localise with YH2AX.® The number and inten-
sity of YH2AX foci increased with irradiation (Fig. C-3).

There was marked co-localization of 53BP1 with
vyH2AX foci, before and after irradiation, however, back-
ground staining was subjectively greater than for YH2AX,
making foci identification difficult. Consistent results for

automated 53BP1 foci recognition could not be achieved.
Baseline YH2AX foci numbers were lower for participant
DSB08 compared to participant DSBO7, and post-
treatment foci more numerous (Fig. C-4).

Participant DSB09 had skin metastasis from non-small
cell lung cancer on the right upper arm. This was to be
irradiated with 17 Gy divided in two fractions delivered
one week apart. Samples were taken immediately before
the first fraction (8.5 Gy), 20 minutes after this, and one
week later, before the second fraction was delivered. The
results (Fig. C-5) demonstrate more foci before treatment
than for other samples, and a very large rise in numbers
of yYH2AX but not 53BP1 foci 20 minutes after treatment,
and most surprisingly only slightly fewer yH2AX foci
one week later, largely co-localising with 53BP1 staining.

Automated foci quantification was performed using
TR12 software for all FNA samples corresponding to
DSBO09 participant (Fig. C-6).

Intraclass correlation coefficients (ICC) for the trans-
formed number of foci for each patient were calculated to
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Fig. C-3. Immunocytochemistry of fine-needle aspiration tumour specimens of non-Hodgkins lymphoma deposits from participant DSB0S before (Pre-
RT) and 20 minutes after irradiation (20 min post-RT) showing nucleus (DAPI, blue), YH2AX (green) and 53BP1 (red).

show how much of the variability was because of actual
differences before and after treatment rather than measure-
ment error. They were all greater than 0.7, suggesting that
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Fig. C-4. Boxplot demonstrating number of foci calculated by TRI2
image recognition in individual FNAs from non-Hodgkins lymphoma
deposits from participant DSB08 taken before (coral pink) and 20
minutes after (green) 3 Gy of radiotherapy. P <0.001 with 95% CI of
(1.81, 2.25).
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in this study most of the variability was between time
points. However, ICC values may be limited in their inter-
pretation, given the small sample size of this current study.

Discussion

This study was designed to assess the feasibility of yYH2AX
quantification in tumours before and after radiation treat-
ment using FNA cytology. We also sought to evaluate the
reproducibility of the assay under a variety of conditions.
The ability to track DNA damage in a tumour following
genotoxic treatment may provide valuable insight into a
patient’s response to therapy. Data from the literature have
demonstrated that tracking DNA damage using radioimmu-
noconjugates to target yH2AX is in fact possible.” Extend-
ing this concept to the use of YH2AX immunostaining
using FNA sampling, presents another tool for assessment
of anticancer treatment response. There are several poten-
tial advantages for using this clinical assay. With serial
sampling, physicians may be able to better assess dynamic
changes and adjust treatment schedules accordingly. Fur-
thermore, gathering FNA samples is relatively simple and
tolerated by most patients with accessible tumours.
Samples from two participants were used to develop a
LBC method for the YH2AX immunocytochemical assay.
LBC is useful for the standardisation and preservation of
cell quality during sample processing. Commercial LBC
sample processing platforms developed for cervical cytol-
ogy are routinely applied to different cytological
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Fig. C-5. Immunocytochemistry of fine-needle aspiration tumour specimens from metastatic non-small cell lung cancer from participant DSB09 (a)
before, (b) 20 minutes after, and (c) 1 week after irradiation. Nucleus (DAPI, blue), YH2AX (green), S3BP1 (red) and merged image.

specimen types including FNA,® but lack the flexibility
for novel assay development. In particular, cell fixation is
restricted under processor guarantee conditions to proprie-
tary solutions, the composition of which is not in the pub-
lic domain. The direct smear method was therefore
favoured for methodological development in this study.

Samples from participant DSB0O7 were obtained before
and after a 2 Gy fraction of radiotherapy. They provided
the first indication of the success of the assay in identify-
ing an increase in YH2AX signal in a focal staining pat-
tern. The magnitude of this increase was quantified using
automated image recognition. Setting the parameters of
the image recognition algorithm does depend on the sub-
jective judgement of the operator, in the same way that
manual foci counting is subjective. However, the auto-
mated method then provides for rapid, standardised foci
counting. This approach has been adopted by other
researchers seeking to translate a YH2AX foci assay for
possible clinical applications.

The persistence of YH2AX foci observed in samples
from the study subject with skin metastasis (DSB09) was
a particularly interesting finding since there is contrary

data to suggest that the majority of ionizing radiation (IR)
induced yH2AX foci resolve rapidly following repair.’
However, there is evidence to suggest that there are two
types of foci, including those which are transient and
those which persist over a longer duration of time. The
persistence of foci in this case may be representative of
slow ongoing repair or unrepairable damage. Since
vYH2AX foci do not always correlate directly to DNA
DSBS,4 co-staining with 53BP1 was included to add more
information about the nature of the foci that were demon-
strated. Further data using this marker would help inter-
pretation of the assay.

There are few published data from tumour samples in
cancer patients with which to compare these results for
YH2AX expression. One study reported YH2AX immuno-
histochemistry in 18 sets of formalin-fixed paraffin-embed-
ded cervical biopsies before and 24 hours after 1.8-2.0 Gy
fractions of radiotherapy.'” Foci numbers reported
appeared to be lower than in the current study. The propor-
tion of cells with any yH2AX foci was presented, ranging
from 8-20% at baseline to 0-62% after treatment. The
apparently higher pretreatment foci numbers in these

Diagnostic Cytopathology, Vol. 44, No 2 145



Diagnostic Cytopathology DOI 10.1002/dc
SHAH ET AL.

w
|

$ Pre-treatment
* 20 minutes post-treatment
m 1 week post-treatment

ra
l

log(Number of foci + 1)

0- _—

.
.
.

3_

Pre-treatment 2

Pre-treatment 1
1 week post-treatment 2 _
veek post-treatment 3

=
@
E
]
@
7]
b1
a
e
@
2

20 min post-treatment 1 —
20 min post-treatment 2 _
20 min post-treatment

Time

Fig. C-6. Boxplot demonstrating number of foci calculated by TRI2 image
recognition in individual FNAs from metastatic nonsmall cell lung cancer
from participant DSB09 taken before (coral pink), 20 minutes after (green)
and 1 week after (blue) 8.5 Gy of radiotherapy. P < 0.001 with 95% CI of
(—2.24, —1.47) for pre-treatment vs. 20 min post-treatment. P < 0.001
with 95% CI of (—0.90, —0.38) for 20 min post vs. 1 week later.

results could be because of any of the differences in
tumour, timing, and methodology that exist between the
two studies. However it may be that the FNA assay is
more sensitive than tissue immunohistochemistry.

There are reports of cytological YH2AX assay, using
circulating tumour cells (CTCs).""™" In one study, a
threshold in the YH2AX FACS signal was used to catego-
rise cells as positive or negative. The proportion of posi-
tive cells increased from 0-7% to 22-64% with
chemotherapy treatment, and a mean of only 38 cells
were examined.'' The extent to which FNA or CTC rep-
resents the tumour as a whole is uncertain, although FNA
can potentially sample across a whole tumour mass,
rather than merely cells that are able to enter the circula-
tion. Either cytological assay involves a small sample of
tumour cells. The relationship of a cytological DNA dam-
age assay to overall tumour response-related clinical out-
comes could only be assessed empirically. More
reproducible results may be obtained with the use of a
threshold for “positive” cells. However, information about
the distribution of foci numbers is lost.
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The current study considers the role of YH2AX assays
as a general marker of treatment-induced DNA damage.
Further data on assay variability using a larger number of
samples would be needed in order to judge the assay’s
potential for application to clinical questions, including
informing sample size calculations. YH2AX immunostain-
ing of FNA samples could then be considered as a
response biomarker in studies of new radiotherapy or
cytotoxic treatment protocols.
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