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Phospho-KAP1 (pKAP1) and gamma-H2AX (ɣ-H2AX) are predictive biomarkers used to assess DNA damage response (DDR) and repair in
cancer cells. Expression of these markers has been associated with DNA double strand breaks in many cancers, with the potential to measure
the efficacy of DNA-targeting cancer therapies (Figure 1). Liquid biopsy, including Circulating Tumor Cells (CTCs), offers repeated, real-time
and minimally invasive samples for monitoring of DNA damage therapies and disease progression. ANGLE has developed a Research Use Only
(RUO) workflow for the identification of DNA Damage on epithelial and mesenchymal CTCs. This was achieved by combining the Parsortix®
technology, an epitope-independent microfluidic device that isolates and harvests CTCs from blood based on their size and deformability,
with an ANGLE immunofluorescence (IF) assay for the detection of Epithelial, Mesenchymal and transitioning CTCs and DNA Damage status,
by targeting pKAP1 or ɣ-H2AX. In this study, the analytical performance of these assays was assessed, as well as the feasibility of detecting
DDR signals in CTCs isolated from cancer patient samples. Research Use Only. Not for use in diagnostic procedures.

• Blood samples from 36 healthy volunteers collected into Streck Cell-Free DNA Blood Collection tubes (BCTs) and spiked with DNA-Damage induced H226 or MCF7 cancer cell lines were used for analytical
verification. Samples were processed as per workflow in Figure 2 and used to assess analytical sensitivity, specificity, concentration response and linearity of the assay.

• Clinical samples from 24 Triple Negative Breast Cancer (TNBC) patients, on a variety of treatment programmes, including platinum treatment, were collected into Streck Cell-Free DNA BCTs and processed as shown
in Figure 2. Blood samples were processed at 96 hours post draw and stained using the ANGLE IF Epithelial-to-Mesenchymal transitioning (EMT) assay combined with DNA damage markers.

Figure 2. Schematic representation of the assay workflow. For analytical samples, peripheral blood (7.5 mL) was drawn into Streck Cell-Free DNA BCTs from healthy volunteers and processed on Parsortix® systems at 120 hours post collection. Cell lines
expressing Epithelial and/or Mesenchymal (EMT) markers were induced for DNA damage, fixed with 4% Formaldehyde and spiked into healthy volunteer blood samples. For clinical samples, 7.5 mL peripheral blood was drawn into two Streck Cell-Free DNA
BCTs from 24 TNBC patients (12 for each assay) and processed on Parsortix® systems at 96-hours post collection. Cells captured in the Parsortix® GEN3 Cell Separation Cassette due to their larger size and lower compressibility compared to other blood
components were harvested, cytospun onto slides, and immunofluorescently stained for detection of epithelial and mesenchymal CTCs and DNA damage. Slides were imaged using a BioView Allegro Plus imaging system. CTCs were defined as epithelial
(FITC+, Cy7-, Cy5-, DAPI+), mesenchymal (FITC-, Cy7+, Cy5-, DAPI+), or transitioning (FITC+, Cy7+, Cy5-, DAPI+). CTCs were then investigated for the presence of DNA damage signal. ɣ-H2AX positivity was identified mostly by the presence of a distinct nuclear
foci and, occasionally, diffuse nuclear signal, while pKAP1 positivity was identified by the presence of a distinct diffuse nuclear signal.
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Figure 3. Analytical performance of the ɣ-H2AX and pKAP1 assays. Histograms show the mean and SEM of increasing (A) ɣ-
H2AX foci expression and (B) pKAP1 expression in three replicate samples spiked with fixed cancer cells treated with
increasing concentrations of Etoposide; summary table shows the mean sensitivity and specificity of (C) the ɣ-H2AX assay
and (D) the pKAP1 assay from six replicate samples spiked with fixed Etoposide treated or untreated cancer cells; graph
shows linear regression analysis of (E) the ɣ-H2AX assay on eight replicate samples and (F) the pkAP1 assay on six replicate
samples spiked with fixed Etoposide treated cancer cells over a range of 0-500 cells.

• Concentration response testing, to assess sensitivity of DDR assays at varied levels of DNA damage,
demonstrated a proportional correlation between expression of DDR markers in treated cancer cells
and increasing concentrations of Etoposide, as well as the ability to detect low levels of DNA damage
(Figure 3 A-B).

• High sensitivity and specificity of DDR assays was demonstrated in treated and untreated cancer cell
models (Figure 3 C-D).

• In both DDR assays, a linear relationship was found between the number of harvested and spiked
cancer cells over a range of 0-500 (Figure 3 E-F) cells.

• 67-75% of the TNBC patients showed at least
one CTC, with a range of 0-507 CTCs and a
mostly mesenchymal phenotype (Figure 4).

• 75% of the TNBC patients showed at least one
CTC cluster, with a range in clusters number
per donor of 0-79 and a range in size of cluster
of 2-68 CTCs (Figure 4).

• 4/9 (44%) CTC-positive donors processed with
the ɣ-H2AX assay showed either nuclear foci
or nuclear diffuse signal (Figure 4).

• 3/8 (38%) CTC-positive donors stained with
the pKAP1 assay showed diffuse nuclear or
peripheral signal (Figure 4).

ɣ-H2AX pKAP1

N 12 12

Donors ≥ 1 CTC (N and %) 9/12 (75%) 8/12 (67%)

CTC Range 0-507 0-73

CTC  mean 52 16.5

CTC median 13 7

Donors Phenotype

Epithelial 0/9 (0%) 1/8 (13%)

Mesenchymal 8/9 (89%) 5/8 (63%)

Transitioning 1/9 (11%) 2/8 (25%)

Donors ≥ 1 CTC Cluster (N and % over donors ≥ 1 CTC) 7/9 (78%) 6/8 (75%)

N clusters per donor (range) 0-79 0-10

N CTC per cluster (range) 2-68 2-17

Donors with ≥ 1 CTC with DNA damage (N and %) 4/9 (44%) 3/8 (38%)
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Figure 4. Detection of CTCs and DNA damage in TNBC samples. (A) Summary table shows number of donors included for
each assay (N), N and percentage (%) donors with ≥1 CTC, range, mean and median of CTC captured across donors, donor
CTCs phenotypes, number and percentage of donors with ≥1 CTC cluster, range of clusters per donor, range of CTCs per
cluster, N and % of donors with ≥1 CTC with DNA damage; (B) dot plot shows median ± 95% Confidence Interval (CI) of the
total number of CTCs identified in each donor in two 7.5 mL BCTs with each assay; representative images of: (C) a cluster of
transitioning CTCs (Left), a cluster of mesenchymal CTCs (Middle) and a large cluster of mesenchymal CTCs (Right); (D)
pKAP1 nuclear signal in mesenchymal CTC cluster; (E) ɣ-H2AX nuclear foci signal in a single mesenchymal CTC. Colors: FITC
(epithelial markers) in green, Cy7 (mesenchymal markers) in Magenta, Cy5 (blood lineage markers) in white, DAPI (nuclear
staining) in blue, Cy3 (DNA damage markers) in orange.

• Analytical verification of the assays demonstrated linear, highly sensitive and highly specific results for both target markers. The concentration response data indicates a high sensitivity for detecting lower levels of DNA damage.

• ANGLE’s DDR assays can detect CTCs in TNBC patient samples with a positivity rate observed in this study of 67-75% and a range 0-507 CTCs.

• ANGLE demonstrated the ability to detect both ɣ-H2AX and pKAP1 in CTCs isolated from patient samples and processed through the Parsortix® system (DNA damage rate of 44% and 38% respectively). Applied to a clinical setting, this
workflow would allow for minimally invasive monitoring of DNA damage targeting therapies.

Sensitivity 82%

Specificity 100%

Sensitivity 87%

Specificity 99%
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Figure 1. Schematic representation of
DNA damage inducing phosphorylation of
H2AX. H2AX is a histone protein which
when phosphorylated at Serine 139, in the
presence of DNA double strand breaks, is

known as ɣ-H2AX and can be used as a
biomarker for DNA damage. Figure

adapted from: Sadatomi. D et al (2013). Atypical
protein phosphatases: emerging players in cellular
signalling. International Journal of Molecular
Sciences.
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