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The Cancer/Testes (CT) Antigen
HORMAD1 promotes Homologous
Recombinational DNA Repair

and Radioresistance in Lung
adenocarcinoma cells

Yanzhe Gao?, Jordan Kardos?, Yang Yang?, TigistY. Tamir3, Elizabeth Mutter-Rottmayer?,
Bernard Weissman'?, Michael B. Major®?3, WilliamY. Kim? & Cyrus Vaziril:2

The Cancer/Testes (CT) Antigen HORMAD1 is germ cell-restricted and plays developmental roles in
generation and processing of meiotic DNA Double Strand Breaks (DSB). Many tumors aberrantly
overexpress HORMAD1 yet the potential impact of this CT antigen on cancer biology is unclear. We
tested a potential role of HORMAD1 in genome maintenance in lung adenocarcinoma cells. We show
that HORMAD1 re-distributes to nuclear foci and co-localizes with the DSB marker NH2AX in response
to ionizing radiation (IR) and chemotherapeutic agents. The HORMA domain and C-term disordered
oligomerization motif are necessary for localization of HORMADL to IR-induced foci (IRIF). HORMAD1-
depleted cells are sensitive to IR and camptothecin. In reporter assays, Homologous Recombination
(HR)-mediated repair of targeted IScel-induced DSBs is attenuated in HORMAD1-depleted cells. In
Non-Homologous End Joining (NHEJ) reporter assays, HORMAD1-depletion does not affect repair

of IScel-induced DSB. Early DSB signaling events (including ATM phosphorylation and formation

of vH2AX, 53BP1 and NBS1 foci) are intact in HORMAD1-depleted cells. However, generation of
RPA-ssDNA foci and redistribution of RAD51 to DSB are compromised in HORMAD1-depleted cells,
suggesting that HORMAD1 promotes DSB resection. HORMAD1-mediated HR is a neomorphic activity
that is independent of its meiotic partners (including HORMAD2 and CCDC36. Bioinformatic analysis
of TCGA data show that similar to known HR pathway genes HORMAD1 is overexpressed in lung
adenocarcinomas. Overexpression of HR genes is associated with specific mutational profiles (including
copy number variation). Taken together, we identify HORMAD1-dependent DSB repair as a new
mechanism of radioresistance and a probable determinant of mutability in lung adenocarcinoma.

Aberrant gene expression is a hallmark of tumor cells and accounts for many phenotypes that characterize cancer.
‘Cancer/Testes (CT) Antigens’ represent an interesting group of gene products that are aberrantly expressed at
high levels in many cancer cells, yet whose normal distribution is primarily germ cell-restricted'. The first CT
antigen identified was detected in melanoma cells based on its recognition by cytolytic T lymphocytes from the
same patient®. That CT antigen (now designated Melanoma Antigen-A1 or MAGE-A1) belongs to a larger family
of MAGE genes whose encoded proteins are expressed in many types of cancer including lung, breast, skin, lym-
phoma and many others**. Hundreds of proteins have been designated CT antigens® (http://www.cta.Incc.br/).
There are at least 100 CT antigen families, many of which have multiple members. Diverse tumors express CT
antigens and every individual cancer expresses a unique repertoire of the CT proteins.
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CT antigens have received considerable attention as potential targets for immunotherapy®, but it is increas-
ingly apparent that these proteins also possess biological activities, confer tumorigenic phenotypes and contribute
directly to disease pathology’”. A recent multi-dimensional screen identified numerous CT antigens that con-
tribute directly to tumor cell viability or drive tumorigenic signaling pathways such as HIE, WNT or TGE3%. The
active participation of many CT antigens in cancer cell biology may explain the poor prognosis of many cancer
patients whose tumors express these proteins at high levels®'".

We recently identified the CT antigen MAGE-A4 as a direct binding partner and stabilizer of a DNA repair
protein, RAD18 in several cancer cell lines including lung adenocarcinoma'?. RAD18 is an apical component of
the Trans-Lesion Synthesis (TLS) pathway - a specialized mode of DNA synthesis that employs damage-tolerant
and error-prone DNA polymerases'*~1°. Many cancer cells rely on the MAGE-A4-RAD18 signaling axis to sus-
tain ongoing DNA synthesis and S-phase progression following genotoxic challenge'?. During carcinogenesis
neoplastic cells must endure harsh DNA-damaging environments and tolerate DNA replication stress from met-
abolic sources (e.g. reactive oxygen species, or ROS) and oncogenes while simultaneously acquiring the genetic
changes that fuel multi-step tumor progression. TLS allows cells to tolerate both ROS- and oncogene-induced
DNA damage!”!8. Therefore, MAGE-A4-dependent TLS activation provides a potential mechanism to explain
DNA damage tolerance and mutability, two important enabling characteristics of cancer cells. Altered genome
maintenance capacity/efficiency may also explain why CT antigen expression in tumors is often associated with
chemoresistance®.

Based on our identification of a role for MAGE-A4 in genome maintenance, we hypothesized that additional
CT antigens might help sustain cancer cells by promoting DNA repair. Potentially consistent with our hypothesis,
several other studies have suggested effects of CT antigens on genome stability”**?!. Accordingly we took a can-
didate gene approach to investigate possible connections between CT antigens and DNA repair. We considered
two particular CT antigens HORMADI and HORMAD?2 as DNA repair mediators in cancer cells for reasons
described below.

HORMADI1 and HORMAD?2 belong to a family of proteins characterized by a HORMA (Hopl, REV7, MAD?2)
domain that is present in several DNA repair and cell cycle factors?>*. mHormad1 (originally termed Newborn
Ovary HORMA protein or ‘Nohma’) was first identified in an in silico subtractive screen for mouse genes pref-
erentially expressed in newborn ovaries?*. In subsequent work, HORMADI and the related HORMAD?2 protein
were shown to be preferentially associated with unsynapsed chromosome axes throughout meiotic prophase®. In
particular, the accumulation of HORMADs on chromosomal axes correlates with sites of high checkpoint-kinase
ATR activity and is inversely correlated with SC formation, suggesting that SC formation directly or indirectly
promotes depletion of HORMADs from chromosome axes®.

The development of Hormadl and Hormad2 knockout mice has revealed the important roles of the
HORMAD:s in meiosis. HormadI-deficient mice are infertile and have extensive defects in homologous pair-
ing and synapsis®®. Mechanistically, mHormad1 appears to ensure availability of processed DSBs for successful
homology search, normal synaptonemal-complex formation and efficient recruitment of ATR to unsynapsed
chromatin®. Synaptonemal-complex formation in turn promotes depletion of Hormad1 from chromosome axes
allowing progression through meiotic prophase checkpoints?’.

Studies with Hormad2~'~ knockout mice have shown that Hormad2 is also required for the accumulation of
ATR along unsynapsed chromosomal axes, and constitutes an asynapsis surveillance mechanism?®.

In addition to HORMAD1/2, several other proteins involved in the meiotic chromosomal axis and the synap-
tonemal complex have normal developmental roles in generating and processing of meiotic DNA double strand
breaks (DSB)**, and are frequently expressed at high levels in tumor cells>*!. However, the extent to which these
CT antigens impact genome maintenance in cancer cells has received relatively little attention. In this report
we investigate possible roles of CT antigens in genome maintenance in cancer cells and identify a new role for
HORMADI in facilitating DNA repair.

Results

HORMADL1 is recruited to IRIF. The CT Antigens HORMAD1, HORMAD?2, SPO11, SYCEI and SYCP1
participate in meiotic DSB induction and processing in germ cells®. Figure 1a indicates the spatial-temporal dis-
tribution of these CT antigens during prophase I of the first meiotic division. Because HORMAD1, HORMAD?2,
SPO11, SYCEI and SYCP1 are frequently mis-expressed in tumors® we sought to investigate the impact of these
CT antigens on DSB processing in cancer cells. We selected H1299 lung adenocarcinoma cells for these initial
experiments for several reasons:

(1) HORMADI is frequently overexpressed in lung cancer (as described later in this report). (2) HORMAD1
protein levels in H1299 cells were equivalent to those in other HORMAD1-positive cancer cells (Fig. 1b) includ-
ing lung adenocarcinoma and Triple Negative Breast Cancer (TNBC) cell lines (a setting in which effects of
HORMAD1 on DNA repair have previously been reported)?2. (3) The DNA replication, DNA repair and cell cycle
parameters of H1299 cells have been extensively characterized by us and many other researchers in the genome
maintenance field*-%. (4) We recently showed that H1299 cells deploy at least one CT antigen (MAGE-A4) to
promote genome maintenance'>

Our immunoblot analysis of HORMADI expression in a panel of cancer cells (Fig. 1b) identified several
HORMADI-positive and HORMAD1-deficient cell lines. This information guided our selection of cells for
subsequent experiments in which we studied endogenous HORMADI1 function (by depleting the protein from
HORMADI+ cells), or analyzed consequences of ectopic expression (performed both in HORMADI1+ and
HORMADI1— cells).

As an initial test of whether CTAs participate in genome maintenance we asked whether HORMADI,
HORMAD?2, SPO11, SYCEI and SYCP1 redistributed to nuclear foci in response to IR-induced DNA double
strand breaks. Interestingly, HORMADI (but not any of the other CTA tested) was redistributed to IRIF and
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Figure 1. HORMADI redistributes to nuclear foci and co-localizes with the DNA DSB marker YH2AX in
genotoxin-treated cancer cells. (a) Illustration depicting spatiotemporal organization of various CT antigens
including HORMAD1, HORMAD?2, SPO11, SYCE1 and SYCP1 during prophase I of meiosis (adapted from
Bolcun-Filas and Schimenti, 2012). At the first meiotic division homologous chromosomes are joined via at
least one crossover during the first prophase. Cross-overs are mediated via homologous recombination (HR)
between the paired (homologous) chromosomes and the HR process is initiated via SPO11-induced DSB. A
homology search juxtaposes the homologous chromosomes along their lengths and recombination is facilitated
by the formation of the chromosome axis and the synaptonemal complex (SC). HORMADs associate with the
unsynapsed chromosome axes and promote DNA DSB formation by the Spol1 endonuclease. (b) Immunoblot
showing relative levels of HORMADI in various lung adenocarcinoma (H1299, A549, H2228, H358, H1359)
and breast cancer (SUM159, MDA-MB436) cell lines. Please note that the protein sample in the A549 lane

was from the same gel and immunoblot used to analyze all the other samples. An intervening ‘empty’ lane

was excised from the digital image. (c) Plasmids encoding V5 epitope-tagged HORMAD1, HORMAD2,
SPO11, SYCEI and SYCP1 were transfected into H1299 lung carcinoma cells. 48 h later the transfected

cells were irradiated (10 Gy) or sham-treated and 1 h later the subcellular distribution of each CT antigen in
relation to YH2AX was analyzed by confocal microscopy. We used the microscopy image analysis software
IMARIS (see Materials and Methods) to empirically measure and confirm that HA-HORMAD]1 co-localized
with Y\H2AX as shown in Supplementary Fig. S1. (d) HA-HORMADI1 was expressed in H1299 cells using a
recombinant adenovirus. 24 h post-infection, some cultures were treated with 20 xM KU55933 for 1h. Control
and KU55933-treated cells were conditionally irradiated (10 Gy) and 1 h later the subcellular distribution

of HA-HORMADI in relation to NH2AX was analyzed by confocal microscopy. The bar graph summarizes
results of two independent experiments in which 100 cells were scored for HORMADI IRIF in the absence
and presence of ATM inhibitor. Error bars indicate the standard deviation of results from two independent
experiments. Quantification of Hormad1-53BP1 colocalization is presented in Supplementary Fig. 1B. (e)
HA-HORMADI1 was expressed in H1299 cells using a recombinant adenovirus. 24 h post-infection, cultures
were treated with various DNA-damaging agents. The subcellular distribution of HA-HORMADI in relation to
~H2AX was analyzed by confocal microscopy at specific times (indicated in parentheses) after each genotoxin
treatment: 5 pg/ml Cisplatin (6 h), 100 nM Camptothecin (6h), 100 pM Etoposide (6h), 10 Gy IR (1 h), 20]/m?
UVC (6h). For each genotoxin treatment the treatment conditions selected (dose, time) are ones that we and
others have shown are associated with DSB formation. The average Pearson’s correlation coefficients for co-
localization of Hormad1l with YH2AX in response to different treatments are as follows: 0.7 for cisplatin, 0.58 for
Camptothecin, 0.72 for Etoposide, 0.67 for IR, and 0.53 for UV. The images shown in panel E are representative
of nuclei with focal patterns that were observed in 2 independent experiments.
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Figure 2. Defining functional domains of HORMADI in the DNA damage response. (a) Disorder probablility
profile of HORMADI (predicted using the Protein Disorder Prediction System at http://prdos.hgc.jp/cgi-bin/
top.cgi) and summary of deletion mutants used in this study. (b) H1299 cells were infected with adenovirus
vectors encoding HA epitope-tagged wild-type (WT) and mutant forms of HORMADI. 24 h later, cells were
biochemically fractionated and the resulting soluble and chromatin extracts were analyzed by SDS-PAGE and
immunoblotting with anti-HA antibody. The immunoblot shows relative expression of WT and mutant forms
of HORMADI in soluble and chromatin compartments. (c) H1299 cells were infected with adenovirus vectors
encoding HA epitope-tagged wild-type (WT) and mutant forms of HORMADI. 24 h later, cells were analyzed
for HORMADI distribution using confocal microscopy. The average Pearson’s correlation coefficients for co-
localization of HORMAD1 with \H2AX were 0.50 for HORMADI1 WT, 0.57 for HORMADI1 SS 361,378 > AA,
0.53 for HORMAD1 A1-21, —0.23 for HORMAD1 A22-220, and 0.007 for A373-394. These results indicate
that the HORMA domain and the extreme C-terminal amino acids of HORMAD]1 are necessary for co-
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localization of HORMADI1 with YH2AX-containing IRIE (d) H1299 cells were transfected with a plasmid
encoding MYC-CCDC36. 24 h post-transfection, some cultures were irradiated (10 Gy) and 1h later the
subcellular distribution of CCDC36 in relation to 53BP1 was was analyzed by confocal microscopy. (e) H1299
cells were transfected with a plasmid encoding MYC-CCDC36 individually or in combination with an HA-
HORMADI expression vector. 48 h later, cells were treated with IR (10 Gy) or were sham-irradiated. 1 h after
irradiation cells were harvested and extracts were immunoprecipitated using MYC antibodies. MYC immune
complexes or total Input’ fractions were analyzed by SDS-PAGE and immunoblotting with anti-HA and anti-
MYC antibodies.

co-localized with YH2AX in irradiated H1299 lung carcinoma cells (Fig. 1c). The extent to which HORMAD1
co-localized with YH2AX was empirically quantified using the microscopy image analysis software IMARIS to
calculate the Pearson’s correlation coefficient using the method of Dunn et al.*” as described in Supplementary
Fig. Sla.

ATM-family kinases mediate DSB-induced YH2AX phosphorylation, facilitate the assembly of various
genome maintenance proteins at IRIF in somatic cells, and also regulate HORMADI1 in meiosis®***. Therefore, we
used a pharmacological inhibitor (KU55933) to test the potential contribution of ATM signaling to HORMAD1
regulation in cancer cells. As shown in Fig. 1d, pretreatment of H1299 cells with KU55933 abrogated both
IR-induced YH2AX foci and HORMADI1 foci. We also examined the effect of ATM inhibition on DSB-induced
localization of HORMADI in relation to 53BP1, a DNA repair protein which forms IRIF in an ATM-independent
manner®. As shown in Supplementary Fig. 1b, IR-induced 53BP1 foci were refractory to ATM inhibition
although co-localization of 53BP1 with HORMAD]1 was abrogated by ATM inhibition. We conclude that ATM
signaling promotes HORMAD1 IRIE

In IR-treated cells DSBs are generated directly and in a cell cycle-independent fashion. However, DSB can
also arise secondary to collisions between DNA replication forks and DNA lesions from diverse genotoxic agents
including chemotherapeutic agents and environmental exposures. Therefore we asked whether HORMAD1
redistributes to sites of DNA damage in response to other genotoxic agents. As shown in Fig. le, HORMADI1
co-localized with the DSB marker YH2AX in response to cisplatin (a chemotherapeutic drug that causes inter-
and intra-strand DNA crosslinks), camptothecin and etoposide (which inhibit Topoisomerases I and II respec-
tively) and ultraviolet (UV) radiation (which causes cyclobutane pyrimidine dimers and photoproducts).
Therefore, HORMADI is recruited to DSB from diverse sources. HORMAD1 IRIF were also readily detectable in
other cancer cell lines including A549 lung adenocarcinoma, and U20S osteosarcoma (Supplementary Fig. Slc).
We conclude that HORMADL is actively recruited to the vicinity of DSB in an ATM-dependent manner.

Structure/function analysis of HORMAD1. The spatiotemporal regulation of mHormadl in germ
cells, and the roles of Hormad1 and its binding partners in establishing the meiotic chromosome axis have been
studied extensively in mice. However, nothing is known regarding the regulation of HORMAD]1 (or its putative
functions) in cancer cells (in any species). We performed structure-function analyses to define mechanisms of
HORMADLI regulation by DSB signaling in cancer cells. We used existing knowledge of mHormad1 domains and
their meiotic functions to perform mutational analysis of HORMAD1. Our mutational analyses were also guided
by the disorder probability profile of HORMADI (Fig. 2a) since disordered regions typically contain motifs crit-
ical for protein function. We generated HORMAD1 mutants lacking the N-terminus (HORMAD1 A1-21), the
HORMA domain (HORMADI1 A22-220), the disordered C-terminal portion of the protein immediately flanking
the HORMA domain (A221-394), the extreme C-terminal closure motif peptide (HORMAD1 A373-394), and
two consensus ATM/ATR sites (HORMADI SS 361,378 > AA) (Fig. 2a).

With the exception of HORMAD1 A221-394, all mutants were readily expressed at levels comparable to WT
HORMADI in H1299 cells (Fig. 2b). Similar to WT HORMADI, the N-terminal HORMADI1 A1-21 mutant
bound chromatin (Fig. 2b) and formed NH2AX-colocalizing IRIF (Fig. 2c). The HORMA domain deletion mutant
HORMAD1 A22-220 did not bind chromatin and was excluded from the nucleus (Fig. 2b,c). Interestingly, the
HORMADI mutant lacking the C-terminal closure peptide (HORMAD1 A374-394) partitioned to the nucleus
and bound chromatin, yet did not form IRIE. ATM site mutations did not affect subcellular distribution, chroma-
tin binding, or IRIF formation (Fig. 2b,c). Taken together, our mutational analyses show that the effects of ATMi
on HORMADI1 IRIF cannot be attributed to direct phosphorylation of HORMADI at 361 and 378. Moreover,
HORMADI domains that are necessary for meiotic functions (HORMA motif, C-terminal closure peptide) are
also necessary for responsiveness to DSB in cancer cells.

Some meiotic functions of HORMADI1 are dependent on a related CT antigen, its oligomerization part-
ner HORMAD?2. However, HORMAD? is not expressed in H1299 cells (Supplementary Fig. S2) and there-
fore the IRIF activity of HORMADI in cancer cells is HORMAD?2-independent. CCDC36 is another meiotic
HORMADI1-binding partner*’ and is expressed in many cancer cells including H1299 (Supplementary Fig. S2).
We asked whether CCDC36 co-localizes with HORMADI in IRIE. As expected, ectopically co-expressed
CCDC36 was co-immunoprecipitated with HORMADI (Fig. 2e), indicating that CCDC36 and HORMADI can
interact in cancer cells. However, CCDC36 did not redistribute to IRIE Therefore, HORMADI regulation in
response to DSB is independent of its two known meiotic partners HORMAD2 and CCDC36 (and thus repre-
sents a ‘neomorphic’ activity).

HORMAD1 promotes DSB repair and Radio-resistance. The CT antigen MAGE-A4, confers tolerance
of bulky DNA adducts in cancer cells'>*'. The redistribution of HORMADI] to IRIF suggested an analogous role
for HORMADI in tolerance of DSB. We performed colony survival assays in control and HORMAD1-depleted
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Figure 3. HORMADI1 promotes Homologous Recombination and DNA damage tolerance in cancer cell lines.
(a) Replicate cultures of H1299 cells were transfected with siRNAs targeting HORMADI or BRCH1 (or with
non-targeting control oligonucleotides). Transfected cells were treated with the indicated dose range of IR and
DNA damage sensitivities were measured by clonogenic survival assays. The lower panel is an immunoblot
showing relative levels of HORMAD1 expression 48 h post transfection in the siCon- and siHORMADI1-treated
cells. (b) Replicate plates of H1299 cells harboring the stably-integrated DR-GFP reporter construct were
transfected with siRNAs (against HORMAD1, BACH1, or non-targeting siRNA). 24 h later the siRNA-treated
cells were transfected with an IScel expression plasmid (to induce DSB in the DR-GFP locus) or with an empty
control vector. After 24 h cells were trypsinized and GFP-expressing populations (resulting from HR-mediated
reconstitution of a silent GFP allele) were enumerated by flow cytometry. Supplementary Fig. S3A shows the
original flow cytometry profiles corresponding to these HR assays. In QPCR analyses of mRNA from siBACH1-
transfected cells, endogenous BACH1 transcript levels were reduced by 62% relative to control (siCon)

cultures. (c) Replicate plates of H1299 cells harboring the stably-integrated EJ5-NHE] reporter construct

were transfected with siRNAs (against HORMAD], LIG4, or non-targeting siRNA). Some cultures were also
treated with the DNA-PK inhibitor NU7441 (20 uM). 24 h later the siRNA or DNA-PKi-treated cells were
transfected with an IScel expression plasmid (to induce DSB in the stably integrated reporter locus) or with an
empty control vector. After 24 h cells were trypsinized and GFP-expressing cells (arising from NHE]-mediated
reconstitution of a silent GFP allele) were enumerated by flow cytometry. In QPCR analyses of mRNA from
siLIG4-transfected cells, LIG4 transcript levels were reduced by 95% relative to control (siCon) cultures. (d)
H1299 cells were transfected with siRNAs targeting HORMADI or with non-targeting control oligonucleotides.
48h later cells were treated with 10 pM BrdU for 1h to label actively-replicating DNA. Cells were then

collected and stained sequentially using a FITC-labeled anti-BrdU antibody and PI. The labeled nuclei were
analyzed by flow cytometry. The BrdU-positive (S-phase) populations are indicated by the dashed quadrant.
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(e) Replicate plates of H1299 cells harboring the stably-integrated DR-GFP reporter construct were transfected
with siRNAs against CCDC36, BRCA1, or with non-targeting siRNA (siCon). 24 h later the siRNA-treated
cells were transfected with an IScel expression plasmid and HR activity was measured based on enumeration
of GFP-positive cells as described for panel (b) above. In QPCR analyses of mRNA from siBRCA1-transfected
cells, BRCAL1 transcript levels were reduced by 96% relative to control (siCon) cultures. (f,g) Replicate cultures
of H358 cells were transfected with siRNAs targeting HORMADI1 or BRCA2 (or with non-targeting control
oligonucleotides). In QPCR analyses of mRNA from siBRCA2-transfected cells, levels of the endogenous
BRCA2 transcript were reduced by 92% relative to control (siCon) cultures. Transfected cells were treated

with the indicated dose ranges of camptothecin (f) or IR (g) and DNA damage sensitivities were measured

by clonogenic survival assays. (h) Replicate cultures of H1299 cells were transfected with siRNAs targeting
HORMADI or BRCA1 (or with non-targeting control oligonucleotides). Transfected cells were treated with
the indicated dose ranges of olaparib and viability was determined by clonogenic survival assays. Error bars
throughout this figure represent the standard error of the mean from three independent experiments that were
performed in triplicate.

H1299 cells that were exposed to a 0-10 Gy dose range of IR. As a positive control for a known HR gene we also
depleted BACHI1 in replicate cultures. Figure 3a shows that HORMADI1-depleted H1299 cells were IR-sensitive
when compared with HORMAD1-replete cells transfected with non-targeting (siCon) siRNA. Remarkably,
HORMAD1-depleted cells fully phenocopied the IR-sensitivity of BACH1-depleted cells** (Fig. 3a), consistent
with a role for HORMADI in DSB repair.

The DNA damage sensitivities revealed by colony survival assays often result from attenuation of
Homologous Recombination (HR) or Non-Homologous End Joining (NHE]) - two major pathways of DSB
repair. We used reporter assays to quantify HR and NHE]J-mediated repair of IScel-induced DSB in control
(siCon) and HORMADI1-depleted H1299 cells. As expected, depleting BACH1 led to attenuation of HR activ-
ity relative to control cultures. Interestingly, HR reporter activity was also reduced (by approximately 40%) in
HORMADI1-depleted cells relative to control HORMAD1-replete cultures (Fig. 3b). Similar results were obtained
using two independent HORMAD1 siRNAs (Supplementary Fig. 3b). Therefore the effects of HORMADI siRNA
on HR reporter activity are unlikely to be off-target. HORMAD1-depletion in another lung adenocarcinoma
cell line (A549) also led to attenuation of HR activity as measured by DR-GFP reporter assay (Supplementary
Fig. S3¢).

We validated the NHE] assay by demonstrating that depletion of LIG4 or pharmacological inhibition of
DNA-PK attenuated NHE] reporter activity relative to control cultures (Fig. 3c). In HORMADI1-depleted cells
NHE] activity was modestly but significantly increased when compared with HORMAD1-expressing cul-
tures (Fig. 3¢). Therefore, HORMADI1 promotes HR but not NHE]. The slight increases in NHE] activity in
HORMAD1-depleted cells may result from channeling of DSB into the NHE] pathway when HR is unavaila-
ble. Because HR is coupled to DNA replication, we considered the possibility that the reduced HR activity of
HORMAD1-depleted cells was secondary to an S-phase defect. However, HORMADI1-depletion did not affect
cell cycle distribution or DNA replication rates of H1299 cells in unirradiated or IR-treated cells (Fig. 3d). We
conclude that the reduced HR activity of HORMAD1-depleted cells results from a specific decrease in HR and is
not a secondary consequence of changes in DNA replication.

HORMADI-mediated HR was independent of its meiotic binding partner HORMAD?2 (which is not
expressed in H1299 cells - see Supplementary Fig. S2). siRNA-mediated knockdown of CCDC36 (another
meiotic HORMADI1-binding partner), did not attenuate HR activity (Fig. 3e). The HORMAD2- and
CCDC36-independence of DSB repair in our HR assays is consistent with the hypothesis that HORMAD1
acquires neomorphic DNA repair activities when mis-expressed in cancer cells.

In colony survival assays, HORMAD1-depletion also sensitized another lung adenocarcinoma cancer cell line
(H358) to DNA damage from IR (Fig. 3g) or camptothecin (Fig. 3f) - a therapeutic agent which also induces DSB.
We conclude that neoplastic cells deploy HORMADI to activate HR and tolerate DSB.

HR-defective cells are often sensitive to PARP inhibitors*’. As shown in Fig. 3h, HORMAD1-depleted cells
were highly sensitive to the PARP inhibitor olaparib and fully recapitulated the synthetic lethality resulting from
combined PARP-inhibition and BRCA1-depletion. The PARP-sensitivity of HORMAD1-depleted cells is further
consistent with a role for HORMADI in HR.

HORMAD1 promotes assembly of HR factors at IRIF. HR requires the coordinated and sequen-
tial recruitment of multiple DNA repair proteins at DSB. We used formation of IRIF and chromatin-binding
of DNA repair proteins as assays to determine the dependencies of different HR factors on HORMADI. As
shown by confocal microscopy analyses, YH2AX-colocalized RAD51 IRIF were readily detectable in irradiated
HORMADI -replete cells (Fig. 4a). However, the number of cells containing RAD51 IRIF was reduced to 33% in
HORMAD1-depleted cells when compared with control cultures (p < 0.001). Therefore, HORMAD]1 facilitates
HR prior to the RAD51-mediated strand invasion step.

To further pinpoint the HORMAD1-dependent phase of HR we performed immunoblotting to examine the
effects of HORMADI1-depletion on the chromatin-binding of various genome maintenance proteins.

As a positive control we also depleted BRCA1, an HR factor which stimulates RAD51 activity via direct inter-
actions. Consistent with our confocal microscopy analyses (Fig. 4a), levels of chromatin-bound RAD51 were
attenuated in BRCA1- and HORMAD1-depleted cells (Fig. 4b). Interestingly, the IR-inducible phosphoryla-
tion of ATM at S1981 was more persistent in both BRCA1- and HORMAD1-depleted cells (Fig. 4b), indica-
tive of reduced DSB repair when compared with control cells. The defective chromatin-binding of RAD51 and
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Figure 4. HORMADI promotes DSB resection to promote HR. (a) H1299 cells were transfected with siCon
or siHORMADI. 48 h post-transfection cells were irradiated (10 Gy) and 1 h later nuclei were analyzed for
RAD51 and vH2AX distribution using confocal microscopy. The number of cells containing RAD51 IRIF

was reduced to 33% in HORMADI1-depleted cells when compared with control cultures (p < 0.001). Error

bars represent the standard deviation and were derived from three independent experiments. (b) Replicate
cultures of control, HORMAD1-depleted or BRCA1-depleted cells were irradiated (10 Gy). At different times
post-IR, chromatin fractions were analyzed by SDS-PAGE and immunoblotting with the indicated antibodies.
(c) H1299 cells were reverse transfected with siCon or iHORMAD1-5'UTR (which targets the untranslated
region of the endogenous HORMAD1 mRNA but not the ectopically expressed HORMADI transcript). 16h
post-transfection cells were infected with advenovirus vectors encoding WT and mutant forms of HORMADI1.
48hours post infection, cells were irradiated (10 Gy) and harvested 1 h later for SDS-PAGE and immunoblotting
analysis with the indicated antibodies. (d) H1299 cells were transfected with siCon, siHORMAD]I, or siCtIP.

48 post-transfection cells were irradiated (10 Gy) and 1 h later nuclei were analyzed for RPA34 and 53BP

foci using immunofluorescence confocal microscopy. 53BP1 focus formation was not significantly affected by
HORMADI depletion. The experiment shown here was performed in parallel with the experiment presented in
Supplementary Fig. 4. Immunoblots shown in Supplementary Fig. S4 validates efficient ablation of HORMAD1
and CtIP expression by these siRNAs. The histogram shows quantification of RPA IRIF data from multiple
experiments. The percentage of cells containing RPA foci is counted. Depletion of CtIP or HORMAD1
significantly reduced the RPA- positive population of IR-treated cells by approximately 50% (relative to

control siRNA transfected cultures). Error bars represent the standard deviation and were derived from three
independent experiments.
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persistence of ATM phosphorylation in both BRCA1- and HORMAD1-depleted cells are fully consistent with a
role for HORMADI in promoting HR.

CtIP plays a key role in resection of DSB into ssDNA species that invade the sister chromatid template in a
BRCA1/RAD51-dependent manner. CtIP-mediated DSB resection occurs upstream of BRCAL1 in the HR path-
way and as expected, CtIP levels on chromatin were unaffected by BRCA1 depletion. Interestingly however we
noticed that the basal and IR-inducible chromatin-binding of CtIP was reduced in HORMAD1-depleted cells
(Fig. 4b). The reduced levels of chromatin-bound CtIP indicated a role for HORMADI1 in DSB resection.

An ectopically expressed siRNA-resistant form of full-length HORMADI] (harboring silent mutations) cor-
rected the CtIP defect of HORMAD1-depleted cells (Fig. 4c). Therefore, the effect of HORMAD1-depletion on
CtIP regulation cannot be attributed to off-target effects of HORMAD siRNA. We also generated siRNA-resistant
versions of the HORMAD1 mutants described in Fig. 2a and tested these for CtIP regulation in cells depleted
of endogenous HORMADI. As shown in Fig. 4c, the HORMAD1A1-21 mutant (lacking 21 amino-terminal
amino acids) supported chromatin-binding of CtIP to the same degree as full-length HORMADI. Interestingly
however, the HORMADI1 A221-394 and HORMAD1 A372-394 deletion mutants (which lack 173 and 21
C-terminal amino acids respectively) were unable to sustain chromatin-binding of CtIP (Fig. 4c). Therefore,
based on our mutational analyses, the structural requirements for HORMADI redistribution to IRIF and
HORMADI1-dependent regulation of CtIP are identical. Notably, these structure-function analyses show that a
21 amino acid C-terminal region of HORMADI1 which is required for interaction with meiotic partners in germ
cells* is also required to redistribute HORMADI1 to IRIF and to sustain chromatin-bound CtIP. Supplementary
Fig. 4a shows that HORMADI1-depletion also led to reductions in chromatin-bound CtIP in other cell lines
including A549 lung adenocarcinoma and MDA-MB436 TNBC cells.

CtIP-dependent DSB resection generates ssDNA which is rapidly bound by RPA. Therefore we determined the
effect of HORMADI1 depletion on levels of RPA-containing nuclear foci in control and irradiated cells. As shown
in Fig. 4d, the numbers of nuclei containing RPA IRIF were reduced in HORMAD1-depleted H1299 cells rela-
tive to control cultures, thereby recapitulating the effect of CtIP depletion. HORMADI1-depletion in A549 cells
also led to a decrease in RPA-containing IRIF (Supplementary Fig. S4b). CtIP activity is regulated by the MRN
complex (comprising MRE11, RAD50 and NBS1). In immunoblotting and confocal microscopy experiments,
the chromatin binding of NBS1 was unaffected by HORMAD1-depletion (Fig. 4b, Supplementary Fig. S4c) indi-
cating that the MRN complex is intact and relocalizes to DSB appropriately in the absence of HORMAD]. Taken
together the results of Fig. 4 indicate that HORMADI facilitates the CtIP-mediated DSB resection phase of HR
and stimulates production of the ssDNA substrate for strand invasion.

Correlation between HORMAD1 mRNA expression and genome instability in lung cancer.  Our
molecular analyses (showing that HORMAD1 promotes HR in lung adenocarcinoma cell lines) mechanistically
explain a recent report by Wang et al. showing that HORMADI confers resistance to PARP inhibitors*. However,
both our findings and those of Wang et al. are inconsistent with a prior report suggesting that HORMAD] inhib-
its HR in Triple Negative Breast Cancer (TNBC)*. Using a bioinformatics approach Watkins and colleagues iden-
tified a correlation between high HORMAD1 mRNA expression and copy number alterations (CNA) in TNBC®.
Those workers attributed the increased CNA of HORMAD1-overexpressing breast cancer cells to reduced HR,
and compensatory increases in alternative error-prone DSB repair activities.

Therefore, we sought to explain the discrepancy between our study and the report by Watkins et al. Our
analysis of gene expression data from TCGA showed that similar to TNBC, HORMAD1 RNA expression was sig-
nificantly upregulated in lung adenocarcinoma tumors relative to tumor adjacent normal tissue (Mann-Whitney
p=3.91e-11, Fig. 5a). This indicates that HORMADI activity is broadly upregulated in tumor cells. We asked
whether HORMADI1 expression is associated with CNV (as defined using the same criteria as Watkins et al.*?)
in lung tumors. To do so we correlated the RNA expression of each gene in the transcriptome with the frac-
tion of the genome that has undergone copy number variation in both the TCGA Lung Adenocarcinoma and
Triple-Negative Breast Cancer datasets. We found that HORMADI expression, along with several HR-associated
genes, is positively correlated with genomic copy number variation (Fig. 5b,c), indicating that HORMAD1
expression correlates with increased genomic instability. This was reinforced by our finding that tumor sam-
ples with high HORMADI expression have significantly higher levels of genomic instability (as measured by
genomic copy number variation) than tumors with low expression of HORMADI (Fig. 5d, p=>5.61e-6). To vali-
date our methodology, we correlated the expression of genes identified by Watkins et al. as defining the HiAiCNA,
HiCnLOH, and LoSCINS groups with our copy number variation metric. We found that expression of the major-
ity of HiAiCNA and HiCnLOH genes positively correlated with higher copy number variation, while LoSCINS
correlated with higher genomic stability (Supplementary Fig. S5a,b). This was broadly consistent with the findings
of Watkins et al. Furthermore, while there was no significant difference in longer SNP deletions, high HORMAD1
samples had significantly higher counts of <4 nucleotide deletions (Fig. 5e, p =0.012). Therefore, consistent with
the results of Watkins et al., high HORMADI expression is associated with CNV in lung adenocarcinoma and
TNBC. We conclude that high HORMADI levels are correlated with genomic instability.

However, we noticed that the expression of many core HR pathway genes (including BRCAI, BRCA2, BARDI,
BRIP1, ABRAXASI, UIMCI, RAD51, RAD51B, RAD51C, RAD51D, XRCC2, RAD54) was strongly correlated
with CNV, both in lung adenocarcinoma (Fig. 5b) and in TNBC (Fig. 5¢). We further examined correlations
between expression of HORMADI and genes representing core components of other major DNA repair path-
ways. As shown in Fig. 5f, Supplementary Fig. S6 and Supplementary Table 1, HORMAD1 expression was pos-
itively correlated with the expression of three DNA repair pathways involving a strand invasion step — namely
HR (p=0.029), Template Switching (p =0.023) and the FA pathway (p =0.048). HORMADI expression was not
correlated with with other repair processes including NHE] (p = 0.41) Trans-Lesion Synthesis (p=0.21), and
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Figure 5. Genomic Correlates of HORMAD]1 Expression in the TCGA Lung Adenocarcinoma (LUAD) dataset.
(a) Boxplot of normalized HORMAD1 RNA expression in tumor and tumor-adjacent normal tissue samples

in the LUAD samples. (b,c) Correlation between RNA expression and genomic copy number variation across

all expressed. genes in LUAD and breast cancer samples respectively. HORMADI is indicated in green, other
known HR genes are indicated in red, and NHE] genes are indicated in blue. (d) Boxplot of genomic copy
number variations by high vs low HORMADI expression. (e) Barplot of deletion frequency and length by high
vs low HORMADI expression. (f) Heatmap of correlations between HORMAD1 and gene signature scores
across DNA repair pathway gene set. (g) Plot showing correlation of HORMAD1 RNA expression and other
CTAs in the LUAD dataset, showing no significant correlation between their expressions. (h) Kaplan-Meier plot
of LUAD patients stratified by HORMAD1 expression.

Nucleotide Excision Repair (p=0.92). HR is a major source of mutational scars in cancer*-*’. The CNV patterns
examined by Watkins et al. which correlate with expression of HORMAD1 and other HR genes most probably
represent an HR mutational signature. Expression of HORMADI in lung adenocarcinomas did not correlate
with other expressed CT antigens that cooperate with HORMADI1 during meiotic recombination (Fig. 5g). The
lack of a transcriptomic correlation between HORMAD1 expression and the expression of other CT antigens in
patient tumors indicates that HORMADI signaling in these tumors is independent of other CT antigen functions.
Therefore, putative effects of HORMAD1 on genome stability in cancer are likely to result from neomorphic
activities unrelated to its HORMAD2 and CCDC36-mediated roles in germ cell development.

To further exclude the possibility that HORMADI is an inhibitor of HR we directly tested the effects of
HORMADI overexpression on HR reporter gene activity and on DNA damage signaling. As shown by the

SCIENTIFICREPORTS| (2018) 8:15304 | DOI:10.1038/s41598-018-33601-w 10



www.nature.com/scientificreports/

DR-GFP reporter assays in Supplementary Fig. S7, HORMADI] expression did not affect the HR-mediated repair
of targeted DSB. Moreover, HORMAD1 overexpression in HORMADI1-deficient cells did not affect the magni-
tude or kinetics of the DNA damage response to IR. Therefore, we conclude that HORMADI1 does not inhibit HR.

Owing to the new role we defined for HORMADI in promoting HR, it was of interest to determine whether
HORMADI expression was associated with particular oncogenic drivers and tumorigenic events in lung adeno-
carcinoma. As shown in Supplementary Fig. S8 & Supplementary Table 2, genomic alterations and gene expres-
sion events in HORMADI correlate with a diverse set of tumorigenic mechanisms in lung adenocarcinoma. Of
note is the significant mutual co-occurrence of alterations with DDR2, encoding Dicoidin Domain Receptor 2,
most likely because both genes residing on the chromosome 1q23.3 locus. As a result, HORMADI1-mediated
genomic instability is likely to impact responsiveness to therapy in DDR2-driven tumors. We examined whether
HORMADI expression levels were associated with patient survival in the LUAD cohort (Fig. 5H). While
increased HORMADI expression adversely correlated with patient survival (HR =1.1), this correlation did not
reach the threshold of clinical significance (95% CI 0.996-1.213, p =0.059). However, the majority of the patients
in the cohort did not undergo postoperative radiotherapy. Therefore, it would be of interest to see if in larger
cohorts of radiotherapy-treated patients, the clinical difference in response between HORMAD1-expressing and
non-expressing tumors would reach the threshold of significance.

Discussion

The new role we define for HORMADI in promoting DSB repair in cancer cells differs from how Hormadl
impacts repair radiation-induced DSB in mouse meiotic cells®. Carofiglio and colleagues examined repair kinet-
ics of IR-induced DSB in Spo11/Hormad1 double knockout mice*’. Those workers observed fewer DSB repair
foci remaining 24 h and 48 h after irradiation in Spo11~/~/Hormad~'~ double knockout spermatocytes, when
compared to Spol1~/~ spermatocytes indicating that Hormad1 inhibits repair of exogenous DSBs in meiocytes™.
Therefore, HORMADI promotes DSB repair in lung cancer cells but suppresses DSB repair in the germ line.
However, the process of HR is fundamentally different in cells undergoing meiotic and mitotic divisions. DSB
repair during meiosis occurs via inter-homolog recombination. In contrast, in mitotic cells (including neoplas-
tic cells) recombination between homologues is suppressed and instead occurs between sister chromatids®->,
perhaps explaining how HORMADI can inhibit or promote DSB repair in different biological settings. Taken
together, our work indicates that HORMADI acquires cancer cell-specific DSB repair functions that are inde-
pendent of its roles in meiosis. This neomorphic role of HORMADI in HR is analogous to the cancer cell specific
role of another CT antigen, MAGE-A4 which also activates an S-phase-coupled DNA repair mechanism to confer
DNA damage tolerance!%!.

Our conclusion that HORMADI promotes DSB repair via HR mechanistically explains a recent study by
Wang and colleagues showing that HORMAD1 promotes resistance to PARP inhibitors in basal-type breast can-
cers*>. However, our findings and the work of Wang et al.*> apparently contrast with a prior report suggesting that
HORMADI inhibits HR in breast cancer®>.

The conclusions that HORMADI stimulates HR in two studies (our results and Wang et al.**) yet inhibits
HR in other settings (Watkins et al.*?) might be explained if HORMADI has opposing effects on HR in differ-
ent cancers. For example, tissue-specific expression of putative HR pathway regulators targeted by HORMAD1
might explain why HORMADI stimulates HR in lung adenocarcinomas and basal breast cancer cells and but
inhibits HR in TNBC. However, we have not observed inhibition of HR by HORMADI in any biological setting,
including TNBC. Instead, based on results presented here and in Wang et al.** we favor the idea that HORMAD1
generally promotes HR. Moreover, we suggest that some of the discrepancies between our work and the report by
Watkins et al.?2 are easily reconciled, as described below.

Watkins and colleagues identified HORMADI as a gene whose expression was associated with
allelic-imbalanced copy-number aberrations (AiCNA) in a cohort of 126 Triple Negative Breast Cancers
(TNBC)*% Fully consistent with Watkins and colleagues, our bioinformatic analyses of lung adenocarcinoma
(TCGA) show that HORMADI expression is well correlated with AiCNA (Fig. 5, Supplementary Fig. S5).
However, we noticed that AiCNA are not generally correlated with loss of HR genes (Fig. 5). Therefore, it is
necessary to reevaluate the premise that the genomic instability associated with HORMADI1 expression in breast
cancer (Watkins) and lung adenocarcinoma (this report) is necessarily caused by HR defects. Decomposition
of genome sequence data into signatures is often useful for interpreting mutagenic processes. However, such
analyses can be limited by the heuristic nature of associations between mutational patterns and molecular mech-
anisms — which often reflect opinions of researchers providing mutational signature annotations. To illustrate the
heuristic nature of annotating mutation signatures, the forms of genome instability that Watkins and colleagues
attribute to HR defects have also been suggested by others to result from excessive error-prone HR*®. HR can be
highly error-prone and drives both genome instability and cancer*~*. Approximately 25% of the genome con-
tains repetitive sequences (including SINES, LINES, and microsatellites) and many genes are highly homologous
or products of duplication events. Clearly HR events between dispersed homologous sequences can result in the
deletions, duplications and translocations that are commonly observed in cancer®.

In cell culture models, RAD51 overexpression stimulates HR and induces chromosomal instability*$>+>>.
Expression of HR genes (including RADS51) is often elevated in cancer and associated with increased mutation
rates®®. Importantly, ablating RAD51 expression reduces genetic change®, directly demonstrating that HR is
not error-free in carcinogenesis. Interestingly, although BRCAI mutant breast cancers are often categorized as
HR-deficient, at least one BRCA1 mutation can lead to genetic instability via excessive resection of DNA breaks
and hyper-recombination®’. Clearly the prevalent view that HR is an error-free DNA repair mechanism is overly
simplistic. Instead, HR should be viewed as a double-edged sword that can be error-free or produce rearrange-
ments, and loss/gain of genetic information depending on context. This description of HR bears strikingly
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Figure 6. Scheme depicting role of HORMADI] in DSB signaling and repair. Our immunofluorescence
microscopy analyses (Fig. 4) show that formation of CtIP, RAD51 and RPA p34-containing IRIF is reduced

in HORMAD1-depleted cancer cells (whereas 53BP1 and p95/NBS1 foci remain intact in the absence of
HORMADI). We infer that HORMADI1 contributes to HR pathway activation at (or prior to) the CtIP-
mediated resection step, but does not affect the proximal stages of DSB signaling. HORMAD1-depletion leads
to attenuation of DR-GFP/HR reporter activity (Fig. 3), prolonged IR-induced ATM signaling (Fig. 4), and
radiosensitivity (Fig. 3), further demonstrating that HORMAD]1 promotes the HR pathway.

similarities to another S-phase-coupled genome maintenance mechanism — TLS, which can replicate damaged
DNA in an error-prone or error-free, and is also activated by a CT antigen'>*!.

Although our bioinformatic analyses of HORMADI expression in relation to mutation patterns are consistent
with those of Watkins et al., the results of our DNA repair pathway studies diverge. For example, Watkins et al.
did not detect redistribution of HORMADI to DSB. Retention of DNA repair factors at damaged DNA can be
highly idiosyncratic and dependent on nuclear fixation and antibody staining conditions, possibly explaining why
Watkins and colleagues did not detect HORMAD1 IRIE

Another possibility is that HORMADI expression constructs used in different studies might differen-
tially impact HR. For example the length or sequence of linkers that join proteins to epitope tags can have a
major impact on DNA replication and repair factors®. In this regard, we note that our ectopically-expressed
HORMADI redistributed to DSB and properly reconstituted the CtIP defect of HORMAD1-depleted cells.
In our experiments these HORMADI activities required a specific C-terminal domain that is also impor-
tant for developmental roles of HORMADI1 in meiosis. Therefore we have demonstrated functionality of our
ectopically-expressed HORMAD1 and have provided a structural basis for HORMADI] activities in the HR path-
way. In contrast, Watkins et al. did not observe HORMADI foci or demonstrate rescue of their phenotypes with
ectopically-expressed HORMADI. It is possible that HORMADI constructs used by Watkins et al. were inactive
or had dominant-negative effects that interfere with normal DSB repair processes. Alternatively, differences in
culture conditions and cell cycle state could potentially explain discrepancies between our findings and those of
Watkins et al.

Moreover, Watkins and co-workers did not determine phenotypic consequences of HORMAD1-deficiency in
isogenic cells, and instead compared radiation-sensitivities of independent cell lines that were ranked solely based
on HORMADI expression levels®2. In studies with isogenic cells we observe HORMAD1-dependent HR pathway
activation in several cell lines including lung adenocarcinoma and TNBC. Taken together, the most reasonable
unifying interpretation of the collective data presented here and in reports by Watkins ef al.** and Wang et al.* is
that HORMAD1 promotes HR.

Interesting questions remain concerning the mechanisms of HORMADI expression in tumors, and the
molecular basis for HORMADI1-induced HR in cancer cells. Similar to other CT antigens, HORMADI is
likely to be de-repressed via epigenetic mechanisms**. However, in our analysis of TCGA data we also noticed
that HORMADI is often co-expressed with DDR2 (encoding a collagen-binding receptor tyrosine kinase), a
known oncogenic driver in NSCLC and other cancers. Interestingly, HORMADI resides on the same chromo-
some as DDR2. Therefore the selective pressures for DDR2 amplification during carcinogenesis likely lead to
co-amplification of HORMADI gene whose expression likely helps define the biology of DDR2-driven cancers.
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Our results indicate that HORMADI facilitates a step distal to the initial recruitment of damage sensors
such as ATM, the MRN complex and RNF8, but proximal to DSB resection (Fig. 6). We are considering several
(non-mutually exclusive) molecular mechanisms for HORMAD1-mediated HR:

(i) Interactions with other HORMA domain proteins. By analogy with the MAGE-A4/RADI18 interaction
that activates TLS, it is possible that HORMADI1 fortuitously associates with DNA repair protein(s) in a
manner that stimulates HR. HORMADI1 contains a ~200AA HORMA domain found in diverse proteins
(including Hopl, REV7 and MAD2) that participate in signal transduction through regulated assembly
and disassembly of various protein complexes**?*. Meiotic HORMADs bind short closure motifs in their
own disordered c-termini to mediate self-assembly into oligomers*$. Our mutational analyses show that
both the HORMA domain and the C-terminal peptide of HORMADI] are critical for partitioning to IRIE.
Therefore, we hypothesize that the HORMA domain of HORMADI mediates reversible binding to DNA
repair proteins via a safety belt-based mechanism and/or that the C-terminal of HORMADI associates
with another HORMA domain-containing protein to facilitate DNA repair in cancer cells. REV7 has a
HORMAD1/2-like HORMA domain, resides at IRIF, inhibits DSB end resection and promotes NHE]**°.
Interference with REV7 function by HORMADI1 could explain many of our results.

(ii) HORMADI as a histone reader. In its closed state, the HORMA domain of MAD?2 is able to bind K3-meth-
ylated histone H3¢'. Therefore, HORMAD1 might read the histone code and participate in DNA repair via
epigenetic mechanisms.

(iii) Regulation of histone acetylation by HORMAD]I. Drosophila Hormad1 binds Msl1, a HAT-associated protein
involved in DSB repair®?. We have noticed that HORMAD]1 depletion leads to reduced MSL1 levels and spe-
cifically decreases H4K16Ac levels (but not global Histone H4 acetylation in cancer cells (data not shown).
H4K16Ac promotes HR%-%. Taken together, these results suggest the hypothesis that HORMADI interacts
with MSL1 to stimulate H4K16 acetylation and promote a chromatin environment that is conducive to HR.

HORMADI1-dependent HR could endow neoplastic cells with a selective advantage, both as a driver of genetic
change and as a mechanism of DNA damage tolerance. Cancer cells experience stressful environments and accu-
mulate high levels of DNA damage from intrinsic sources including ROS and oncogene signaling!®¢7:¢, DNA
repair provides a potential means for neoplastic cells to tolerate intrinsic oncogene-induced stresses. Indeed, we
recently showed that three major S-phase-coupled DNA repair mechanisms, namely TLS, HR, and alt-NHE]
allow cells to tolerate oncogene-induced replication stress'®. Pathological HORMAD1-dependent HR may repre-
sent an important enabling characteristic of cancer cells.

Although cells expressing endogenous HORMADI clearly rely on this CTA to sustain HR, we have never
observed stimulation of HR as a result of acute HORMADI expression. It is possible that in an HR-sufficient
cancer cell, HORMADI overexpression does not lead to further increases in (already high) HR capacity. By anal-
ogy, overexpressing the CTA MAGEA4 in TLS-proficient cells also does not increase TLS activity'2. However, in
a recent study Wang et al. found that chronic HORMADI1 expression conferred resistance to PARP inhibitors in
breast cancer xenografts (most likely due to increased HR)*. We favor the hypothesis that during the course of
tumor development, cancer cells gradually develop dependency on neomorphic CTA functions to sustain tum-
origenic activities such as genome maintenance'?*! and mitotic progression®®”’, and resistance to apoptosis®’*.

Because normal cells lack CTA/HORMAD1-dependent DNA repair, the HORMADI1-HR signaling axis
represents an appealing and therapeutically tractable molecular vulnerability. Targeted therapies against
HORMADI-mediated HR could sensitize cancer cells to intrinsic or radiation-induced DSB yet would be innoc-
uous to normal somatic cells and devoid of side-effect toxicity. HORMADI is expressed at high levels in many
cancers. It will be interesting to identify subsets of different cancers that depend most on HORMAD]1 for DNA
damage tolerance (perhaps including tumors driven by co-amplified DDR2 oncogene). The biochemistry of many
HORMA domain-containing proteins is now understood in considerable detail?>**. Harnessing this knowledge
may enable development of chemical probes and small molecule inhibitors that disrupt interactions between
specific HORMADI and its effectors to enhance radiotherapy and kill cancer cells.

Materials and Methods

Cell culture and transfection. H1299 and A549 lung carcinoma cells, Normal human Fibroblasts, HeLa
cells, U20S cells, MDA-MBA436 cells, SUM159 cells and 293 T cells were from previously-specified sources'>15.
All cell lines were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and penicillin-streptomycin. Plasmid DNA and siRNA oligonucleotides were transfected using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions with minor modifications as pre-
viously described”.

Adenovirus construction and infection. Adenovirus construction, purification and infections were
performed as described previously®®. H1299 cells were typically infected with 0.1-1.0 x 10° pfu/ml and titrated
to achieve near-endogenous expression levels of Hormadl and other proteins. NHF cells were infected with
2.0 x 10° pfu/ml to achieve similar level expression as in H1299 cells.

Expression plasmids. Mammalian expression pLX304 vectors encoding V5-HORMADI, V5-HORMAD?2,
V5-SYCPI, V5-SYCEL, V5-CCDC36 and V5-SPO11 were purchased from the UNC Lenti-shRNA Core Facility
and sequence-verified. HA-tagged HORMADI1 cDNA was generated by PCR-amplification using the pLX304
V5-HORMADI plasmid as a template. The resulting cDNA was subcloned into the pcDNA3.1(-) or pAC.CMV
expression plasmids. HORMAD1 mutants harboring internal deletions and individual nucleotide substitutions
were derived by PCR using conventional methods. All cDNA inserts were sequence-verified.
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RNA interference. siRNAs were incubated with Lipofectamine 2000 and serum-free Optimem for 15 min-
utes at room temperature. Cells were then trypsinized and resuspended in 1 ml of medium and plated directly into
the siRNA/Optimem/Lipofectamine solution at 50% confluence and incubated for 48 hours. Sequences of siRNA
oligonucleotides used here are as follows: Control non-targeting siRNA, 5'-UAGCGACUAAACACAUCAA-3’
(Dharmacon); HORMADI1 siRNA #1, 5'-GGA CAA AGA UGU AGA AGA U-3/, HORMADI siRNA #2,
Dharmacon siGenome smart pool cat# M-018596-02; BRCA1, Dharmacon siGenome smart pool cat# M-003461-
02; BRCH1, Dharmacon siGenome smart pool cat# M-010587-00; Lig4, Dharmacon siGenome smart pool cat#
M-004254-00. For HORMADI1 depletions siRNA#1 was used unless otherwise indicated.

Quantitative PCR to validate target depletion by siRNA. In some cases it was not possible to use
immunoblot to validate knockdown of target proteins by siRNA due to lack of antibodies and quantitative PCR
was used to validate siRNA-mediated knockdown of CCDC36, BRCA1, LIG4, FANCJ and BRCA2 mRNAs.
mRNA was extracted from siRNA-transfected cells using a RNeasy mini kit (Qiagen). cDNAs were generated
using a SuperScript III First-Strand Synthesis System (Invitrogen). Quantitative PCR was performed using a
Quantstudio 7 Flex Real-Time PCR System with SYBR green real-time PCR master mix (Applied Biosystems).
The AACt method was applied to calculate relative mRNA levels. The quantitative PCR primer sequences used
in these experiments were: CCDC36 F-GCCAGCAGCCAGAGGTATAA; R-ACTGGGAATCACTGAGACTGG

BRCA1: F-GAA ACC GTG CCA AAA GACTTC; R-CCA AGG TTA GAGAGTTGGACAC

LIG4: FFAGCAAAAGTGGCTTATACGGATG; R-TGAGTCCTACAGAAGGATCATGCG;

BACH1: F-TCCAAGCACACCACCTTCTG; R-TGGATGCCTGTTTCTTAGCAG

BRCA2 F-GCCCCTTATCTTAGTGGGAGAAC; R-GTGCGAAAGGGTACACAGGT

BActin: FFAGAAAATCTGGCACCACACC; R-AGAGGCGTACAGGGATAGCA.

Genotoxin Treatment. For IR treatment, cells were irradiated with RS-2000 X-ray irradiator (Rad Source
Technologies) maintained by the UNC Lineberger Cancer Center. For IRIF experiments, cells were irradiated
with 8 Gy X-ray. For other experiments such as IR recovery western blots and clonogenic survival assays, cells
were irradiated with dose indicated in each figure. For UVC treatment, growth medium was removed from cul-
tured cells and replaced with PBS. The resulting culture dishes plates were irradiated using a UV-cross-linker
(Stratagene), or left untreated for control. The UVC dose delivered to the cells was confirmed with a UV radiome-
ter (UVP, Inc.). Following UV- or sham-irradiation cells were re-fed with complete growth medium and returned
to the incubator. For CPT, ETO and olaparib treatments cells were treated with various doses of corresponding
chemical as indicated in the main text.

Fluorescence Microscopy. H1299 cells were grown to ~60% confluency on glass-bottom plates (Mat-tek)
and then infected with with a HA-Hormad1 expression adenovirus. 24 h after infection cells were X-ray irra-
diated (8 Gy) or sham-treated and fixed 2 h later for staining with anti-HA and other antibodies then fixed-cell
imaging on a Zeiss 700 confocal microscope, as described previously.2,4 All IF samples were pre-extracted with
ice-cold cytoskeleton buffer (CSK buffer; 10 mM Pipes, pH 6.8, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl,,
1 mM EGTA, 1 mM DTT, 0.1 mM ATP, 1 mM Na;VO,, 10 mM NaF, and 0.1% Triton X-100) for 5mins on ice
then fixed with 2% PFA for 15mins at room temperature except for NBS1 staining. For NBS staining, cells were
pre-extracted with CSK on ice for 5 mins, followed by incubation in cytoskeleton stripping buffer (10 mM Tris
[pH 7.4], 10 mM NaCl, 3mM MgCl,, 1% Tween 40, 0.5% sodium deoxycholate) for 5min on ice as described
previously'?. Antibodies used were 53BP1 (1:400 sc22760 Santa Cruz); YH2AX (1:500 05-636 Millipore); HA tag
(1:300 11867423001 ROCHE); MDC1 (1:300 A300-051A Bethyl); MYC tag (1:500 2276 Cell Signaling); NBS1
(1:500 NB100-143 Novus); RAD51 (1:500 sc8349 Santa Cruz); RPA2 (1:200 NA18 Millipore); V5 tag (1:300
ab9116 abcam). To enumerate DSB-induced foci, at least 100 nuclei were examined and scored as positive or
negative for IRIF under each experimental condition.

Quantification of Immuno-fluorescent signals Co-localization. The fluorescence intensities of
HORMADI and YH2AX signals were plotted using the Carl Zeiss ZEN software. The Pearson’s correlation coef-
ficient (PCC) between different immunofluorescent signals described by Dunn et al. was automatically calcu-
lated using IMARIS microscopy image analysis software (Version 9.0.2). A PCC value of 1 represents perfect
co-localization and a PCC value of —1 represents complete mutual exclusivity.

Immunoprecipitation and Immunoblotting. To prepare extracts containing soluble and
chomatin-associated proteins, monolayers of cultured cells typically in 60 mm plates were washed three times
in ice-cold PBS and lysed in 500 pl of ice-cold cytoskeleton buffer (CSK buffer; 10 mM Pipes, pH 6.8, 100 mM
NaCl, 300 mM sucrose, 3 mM MgCl,, 1 mM EGTA, 1 mM DTT, 0.1 mM ATP, 1 mM Na;VO,, 10 mM NaF, and
0.1% Triton X-100) freshly supplemented with protease inhibitor cocktail and phostop (Roche). Lysates were
centrifuged at 1,000 g for 2 min to remove the CSK-insoluble nuclei. Supernatants were removed and further
centrifuged at 10,000 g for 10 min to obtain a clarified fraction containing a mixture of cytosolic plus nucleosolic
proteins. The detergent-insoluble nuclear fractions were washed once with 1 ml of CSK buffer and then resus-
pended in a minimal volume of CSK prior to analysis by SDS-PAGE and immunoblotting.

For Immunoblotting, cell extracts or immunoprecipitates were separated by SDS-PAGE, followed by incuba-
tion overnight with the following primary antibodies: p-ATM (sc-47739), 53BP1 (sc-22760), RNF8 (sc-271462),
Rad51 (sc-8349), GAPDH (sc-32233), all from Santa Cruz Biotech; NBS1 (A300-187A) from Bethyl Laboratories;
MYC-Tag (2276), from Cell Signalling; NH2AX (05-636) from Millipore; ORC4 (H83120) from Transduction
labs; B-Actin (A2228) from Sigma; CtIP (61141) from Active Motif; HA tag (11867423001) from ROCHE;
HORMADI (ab178432) from abcam.
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Flow cytometry. For BrdU labeling experiments, cells were labeled with 10 uM BrdU immediately prior to
harvest. Cells were collected by trypsinization, fixed in 35% ethanol for 24 h, then stained with anti-BrdU and
propidium iodide as previously described®. Stained nuclei were analyzed by flow cytometry on an Accuri C6 flow
cytometer (BD, Oxford, UK) using the manufacturer’s software.

End-joining and homologous recombination reporter assays. H1299 cells were transfected with
pimEJ5GFP”? or pDRGFP”* then selected in puromycin. Individual clones were picked for each reporter and
used in the reporter assay. Reporter cells were transfected with corresponding siRNAs. 24 hours later, cells were
infected with I-Scel expressing adenovirus. Cells were harvested 48 hours after adenovirus infection and analyzed
by flow cytometry. GFP-positive cells were enumerated as described”>”4.

Bioinformatics. TCGA Lung Adenocarcinoma RNA Expression, mutation, genomic alteration, and clinical
information were downloaded from the Broad Institute Firehose Pipeline (http://gdac.broadinstitute.org). RNA
expression was downloaded in a normalized RSEM file. Expression values were log, transformed, and genes that
were expressed in less than 80% of all samples were filtered out. Missing values were imputed using K-nearest
neighbor imputation. Gene signature z-scores were obtained by normalizing each gene within a signature across
all samples in the dataset and taking the median of all normalized gene levels within a gene signature as the z
score of the gene signature. A Pearson correlation was performed for all metrics in which a correlation metric
is indicated. Mutation/indel data were derived from sample mutation data that were downloaded as.maf files.
Deletions were thresholded at lengths of 3 and 11bp to be consistent with previous work”. Survival status and
overall survival were determined on the basis of the data provided. Oncoprint figures were produced using the
downloaded TCGA mutation and copy number alteration (CNA) data. Genes were selected on the basis of pre-
viously being identified as having significant mutations or CNAs within the gene. Watkins et al. gene lists were
obtained from their publication®.

Reproducibility.  All immunofluorescence microscopy and immunoblotting data shown are representative of
results obtained in at least three independent experiments performed on separate occasions unless otherwise stated.
In all flow cytometry experiments (for cell cycle and DNA repair reporter assays) duplicate samples were analyzed
and the data shown are representative of experiments that were performed on at least three separate occasions.

Statistics. All statistical analyses were performed using GraphPad Prism version 6.0 (GraphPad Inc., La Jolla,
CA). Data were analyzed using the two-tailed unpaired student’s t-test or two way ANOVA with Tukey’s multiple
comparison test as appropriate. p < 0.05 was considered statistically significant. * denotes p < 0.05, ** denotes
p <0.005, ¥** denotes p < 0.0005 and **** denotes p < 0.0001.

Data Availability Statement
All data generated or analyzed during this study are included in this published article (and its Supplementary
Information files).

References
1. Simpson, A. J., Caballero, O. L., Jungbluth, A., Chen, Y. T. & Old, L. J. Cancer/testis antigens, gametogenesis and cancer. Nat Rev
Cancer 5, 615-625, https://doi.org/10.1038/nrc1669 (2005).
2. van der Bruggen, P. ef al. A gene encoding an antigen recognized by cytolytic T lymphocytes on a human melanoma. Science 254,
1643-1647 (1991).
3. Meek, D. W. & Marcar, L. MAGE-A antigens as targets in tumour therapy. Cancer letters 324, 126-132, https://doi.org/10.1016/j.
canlet.2012.05.011 (2012).
4. Weon, J. L. & Potts, P. R. The MAGE protein family and cancer. Curr Opin Cell Biol 37, 1-8, https://doi.org/10.1016/j.ceb.2015.08.002
(2015).
5. Almeida, L. G. et al. CTdatabase: a knowledge-base of high-throughput and curated data on cancer-testis antigens. Nucleic Acids Res
37, D816-819, https://doi.org/10.1093/nar/gkn673 (2009).
6. Gjerstorff, M. E, Andersen, M. H. & Ditzel, H. J. Oncogenic cancer/testis antigens: prime candidates for immunotherapy. Oncotarget
6, 15772-15787, https://doi.org/10.18632/oncotarget.4694 (2015).
7. Mantere, T. et al. Case-control analysis of truncating mutations in DNA damage response genes connects TEX15 and FANCD2 with
hereditary breast cancer susceptibility. Scientific reports 7, 681, https://doi.org/10.1038/541598-017-00766-9 (2017).
8. Maxfield, K. E. et al. Comprehensive functional characterization of cancer-testis antigens defines obligate participation in multiple
hallmarks of cancer. Nat Commun 6, 8840, https://doi.org/10.1038/ncomms9840 (2015).
9. Daudj, S. et al. Expression and immune responses to MAGE antigens predict survival in epithelial ovarian cancer. PloS one 9,
€104099, https://doi.org/10.1371/journal.pone.0104099 (2014).
10. Brisam, M. et al. Expression of MAGE-A1-A12 subgroups in the invasive tumor front and tumor center in oral squamous cell
carcinoma. Oncol Rep 35, 1979-1986, https://doi.org/10.3892/0r.2016.4600 (2016).
11. Laban, S. et al. MAGE expression in head and neck squamous cell carcinoma primary tumors, lymph node metastases and respective
recurrencesimplications for immunotherapy. Oncotarget, https://doi.org/10.18632/oncotarget.14830 (2017).
12. Gao, Y. et al. A neomorphic cancer cell-specific role of MAGE-A4 in trans-lesion synthesis. Nature communications 7, 12105, https://
doi.org/10.1038/ncomms12105 (2016).
13. Kannouche, P. L. & Lehmann, A. R. Ubiquitination of PCNA and the polymerase switch in human cells. Cell Cycle 3, 1011-1013
(2004).
14. Prakash, S., Johnson, R. E. & Prakash, L. Eukaryotic translesion synthesis DNA polymerases: specificity of structure and function.
Annu Rev Biochem 74, 317-353, https://doi.org/10.1146/annurev.biochem.74.082803.133250 (2005).
15. Hedglin, M. & Benkovic, S. J. Regulation of Rad6/Rad18 Activity During DNA Damage Tolerance. Annual review of biophysics 44,
207-228, https://doi.org/10.1146/annurev-biophys-060414-033841 (2015).
16. Gao, Y., Mutter-Rottmayer, E., Zlatanou, A., Vaziri, C. & Yang, Y. Mechanisms of Post-Replication DNA Repair. Genes 8, 64 (2017).
17. Yang, Y. et al. Cell cycle stage-specific roles of Rad18 in tolerance and repair of oxidative DNA damage. Nucleic Acids Res, https://doi.
org/10.1093/nar/gks1325 (2013).

SCIENTIFICREPORTS| (2018) 8:15304 | DOI:10.1038/s41598-018-33601-w 15


http://gdac.broadinstitute.org
http://dx.doi.org/10.1038/nrc1669
http://dx.doi.org/10.1016/j.canlet.2012.05.011
http://dx.doi.org/10.1016/j.canlet.2012.05.011
http://dx.doi.org/10.1016/j.ceb.2015.08.002
http://dx.doi.org/10.1093/nar/gkn673
http://dx.doi.org/10.18632/oncotarget.4694
http://dx.doi.org/10.1038/s41598-017-00766-9
http://dx.doi.org/10.1038/ncomms9840
http://dx.doi.org/10.1371/journal.pone.0104099
http://dx.doi.org/10.3892/or.2016.4600
http://dx.doi.org/10.18632/oncotarget.14830
http://dx.doi.org/10.1038/ncomms12105
http://dx.doi.org/10.1038/ncomms12105
http://dx.doi.org/10.1146/annurev.biochem.74.082803.133250
http://dx.doi.org/10.1146/annurev-biophys-060414-033841
http://dx.doi.org/10.1093/nar/gks1325
http://dx.doi.org/10.1093/nar/gks1325

www.nature.com/scientificreports/

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34,

35.

36.
37.

38.

39.

40.

41

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Yang, Y. et al. DNA repair factor RAD18 and DNA polymerase Polkappa confer tolerance of oncogenic DNA replication stress. ] Cell
Biol, https://doi.org/10.1083/jcb.201702006 (2017).

Glynn, S. A. et al. A new superinvasive in vitro phenotype induced by selection of human breast carcinoma cells with the
chemotherapeutic drugs paclitaxel and doxorubicin. British journal of cancer 91, 1800-1807, https://doi.org/10.1038/sj.bjc.6602221
(2004).

Nielsen, A. Y. & Gjerstorff, M. E. Ectopic Expression of Testis Germ Cell Proteins in Cancer and Its Potential Role in Genomic
Instability. Int ] Mol Sci 17, https://doi.org/10.3390/ijms17060890 (2016).

Trussart, C., Pirlot, C., Di Valentin, E., Piette, ]. & Habraken, Y. Melanoma antigen-D2 controls cell cycle progression and modulates
the DNA damage response. Biochem Pharmacol 153, 217-229, https://doi.org/10.1016/j.bcp.2018.01.035 (2018).

Aravind, L. & Koonin, E. V. The HORMA domain: a common structural denominator in mitotic checkpoints, chromosome synapsis
and DNA repair. Trends Biochem Sci 23, 284-286 (1998).

Rosenberg, S. C. & Corbett, K. D. The multifaceted roles of the HORMA domain in cellular signaling. J Cell Biol 211, 745-755,
https://doi.org/10.1083/jcb.201509076 (2015).

Pangas, S. A., Yan, W.,, Matzuk, M. M. & Rajkovic, A. Restricted germ cell expression of a gene encoding a novel mammalian
HORMA domain-containing protein. Gene Expr Patterns 5, 257-263, https://doi.org/10.1016/j.modgep.2004.07.008 (2004).
Woijtasz, L. et al. Mouse HORMADI1 and HORMAD?, two conserved meiotic chromosomal proteins, are depleted from synapsed
chromosome axes with the help of TRIP13 AAA-ATPase. PLoS Genet 5, 1000702, https://doi.org/10.1371/journal.pgen.1000702
(2009).

Kogo, H. et al. HORMADI-dependent checkpoint/surveillance mechanism eliminates asynaptic oocytes. Genes Cells 17, 439-454,
https://doi.org/10.1111/j.1365-2443.2012.01600.x (2012).

Daniel, K. et al. Meiotic homologue alignment and its quality surveillance are controlled by mouse HORMADI. Nat Cell Biol 13,
599-610, https://doi.org/10.1038/ncb2213 (2011).

Woijtasz, L. et al. Meiotic DNA double-strand breaks and chromosome asynapsis in mice are monitored by distinct HORMAD?2-
independent and -dependent mechanisms. Genes Dev 26, 958-973, https://doi.org/10.1101/gad.187559.112 (2012).

Bolcun-Filas, E. & Schimenti, J. C. Genetics of meiosis and recombination in mice. Int Rev Cell Mol Biol 298, 179-227, https://doi.
org/10.1016/B978-0-12-394309-5.00005-5 (2012).

Humphryes, N. & Hochwagen, A. A non-sister act: recombination template choice during meiosis. Exp Cell Res 329, 53-60, https://
doi.org/10.1016/j.yexcr.2014.08.024 (2014).

Whitehurst, A. W. Cause and consequence of cancer/testis antigen activation in cancer. Annu Rev Pharmacol Toxicol 54, 251-272,
https://doi.org/10.1146/annurev-pharmtox-011112-140326 (2014).

Watkins, J. et al. Genomic Complexity Profiling Reveals That HORMAD]1 Overexpression Contributes to Homologous
Recombination Deficiency in Triple-Negative Breast Cancers. Cancer discovery 5, 488-505, https://doi.org/10.1158/2159-8290.CD-
14-1092 (2015).

Bi, X. et al. Rad18 regulates DNA polymerase kappa and is required for recovery from S-phase checkpoint-mediated arrest. Mol Cell
Biol 26, 3527-3540, https://doi.org/10.1128/MCB.26.9.3527-3540.2006 (2006).

Bi, X., Slater, D. M., Ohmori, H. & Vaziri, C. DNA polymerase kappa is specifically required for recovery from the benzo[a]pyrene-
dihydrodiol epoxide (BPDE)-induced S-phase checkpoint. J Biol Chem 280, 22343-22355 (2005).

Day, T. A. et al. Phosphorylated Rad18 directs DNA polymerase eta to sites of stalled replication. J Cell Biol 191, 953-966, https://
doi.org/10.1083/jcb.201006043 (2010).

Vaziri, C. et al. A p53-dependent checkpoint pathway prevents rereplication. Mol Cell 11, 997-1008 (2003).

Dunn, K. W,, Kamocka, M. M. & McDonald, J. H. A practical guide to evaluating colocalization in biological microscopy. Am J
Physiol Cell Physiol 300, C723-742, https://doi.org/10.1152/ajpcell.00462.2010 (2011).

Fukuda, T. et al. Phosphorylation of chromosome core components may serve as axis marks for the status of chromosomal events
during mammalian meiosis. PLoS Genet 8, €1002485, https://doi.org/10.1371/journal.pgen.1002485 (2012).

Schultz, L. B., Chehab, N. H., Malikzay, A. & Halazonetis, T. D. p53 binding protein 1 (53BP1) is an early participant in the cellular
response to DNA double-strand breaks. J Cell Biol 151, 1381-1390 (2000).

Stanzione, M. et al. Meiotic DNA break formation requires the unsynapsed chromosome axis-binding protein IHO1 (CCDC36) in
mice. Nat Cell Biol 18, 1208-1220, https://doi.org/10.1038/ncb3417 (2016).

. Gao, Y, Tateishi, S. & Vaziri, C. Pathological Trans-Lesion Synthesis in Cancer. Cell Cycle 0, https://doi.org/10.1080/15384101.2016

.1214045 (2016).

Litman, R. et al. BACH1 is critical for homologous recombination and appears to be the Fanconi anemia gene product FANC].
Cancer cell 8, 255-265, https://doi.org/10.1016/j.ccr.2005.08.004 (2005).

Bryant, H. E. et al. Specific killing of BRCA2-deficient tumours with inhibitors of poly(ADP-ribose) polymerase. Nature 434,
913-917, https://doi.org/10.1038/nature03443 (2005).

Kim, Y. et al. The chromosome axis controls meiotic events through a hierarchical assembly of HORMA domain proteins.
Developmental cell 31, 487-502, https://doi.org/10.1016/j.devcel.2014.09.013 (2014).

Wang, X. et al. Epigenetic activation of HORMADI in basal-like breast cancer: role in Rucaparib sensitivity. Oncotarget 9,
30115-30127, https://doi.org/10.18632/oncotarget.25728 (2018).

Bishop, A. J. & Schiestl, R. H. Homologous Recombination and Its Role in Carcinogenesis. ] Biomed Biotechnol 2, 75-85, https://doi.
org/10.1155/S1110724302204052 (2002).

Bishop, A. J. & Schiestl, R. H. Homologous recombination as a mechanism for genome rearrangements: environmental and genetic
effects. Hum Mol Genet 9, 2427-2334 (2000).

Guirouilh-Barbat, J., Lambert, S., Bertrand, P. & Lopez, B. S. Is homologous recombination really an error-free process? Frontiers in
genetics 5, 175, https://doi.org/10.3389/fgene.2014.00175 (2014).

Purandare, S. M. & Patel, P. I. Recombination hot spots and human disease. Genome research 7, 773-786 (1997).

Carofiglio, F. et al. Repair of exogenous DNA double-strand breaks promotes chromosome synapsis in SPO11-mutant mouse
meiocytes, and is altered in the absence of HORMAD1. DNA Repair (Amst) 63, 25-38, https://doi.org/10.1016/j.dnarep.2018.01.007
(2018).

Jasin, M. & Rothstein, R. Repair of strand breaks by homologous recombination. Cold Spring Harbor perspectives in biology 5,
2012740, https://doi.org/10.1101/cshperspect.a012740 (2013).

Prakash, R., Zhang, Y., Feng, W. & Jasin, M. Homologous recombination and human health: the roles of BRCA1, BRCA2, and
associated proteins. Cold Spring Harbor perspectives in biology 7, a016600, https://doi.org/10.1101/cshperspect.a016600 (2015).
Helleday, T. Homologous recombination in cancer development, treatment and development of drug resistance. Carcinogenesis 31,
955-960, https://doi.org/10.1093/carcin/bgq064 (2010).

Vispe, S., Cazaux, C., Lesca, C. & Defais, M. Overexpression of Rad51 protein stimulates homologous recombination and increases
resistance of mammalian cells to ionizing radiation. Nucleic Acids Res 26, 2859-2864 (1998).

Richardson, C.,, Stark, J. M., Ommundsen, M. & Jasin, M. Rad51 overexpression promotes alternative double-strand break repair
pathways and genome instability. Oncogene 23, 546-553, https://doi.org/10.1038/sj.onc.1207098 (2004).

Shammas, M. A. et al. Dysfunctional homologous recombination mediates genomic instability and progression in myeloma. Blood
113, 2290-2297, https://doi.org/10.1182/blood-2007-05-089193 (2009).

SCIENTIFICREPORTS| (2018) 8:15304 | DOI:10.1038/s41598-018-33601-w 16


http://dx.doi.org/10.1083/jcb.201702006
http://dx.doi.org/10.1038/sj.bjc.6602221
http://dx.doi.org/10.3390/ijms17060890
http://dx.doi.org/10.1016/j.bcp.2018.01.035
http://dx.doi.org/10.1083/jcb.201509076
http://dx.doi.org/10.1016/j.modgep.2004.07.008
http://dx.doi.org/10.1371/journal.pgen.1000702
http://dx.doi.org/10.1111/j.1365-2443.2012.01600.x
http://dx.doi.org/10.1038/ncb2213
http://dx.doi.org/10.1101/gad.187559.112
http://dx.doi.org/10.1016/B978-0-12-394309-5.00005-5
http://dx.doi.org/10.1016/B978-0-12-394309-5.00005-5
http://dx.doi.org/10.1016/j.yexcr.2014.08.024
http://dx.doi.org/10.1016/j.yexcr.2014.08.024
http://dx.doi.org/10.1146/annurev-pharmtox-011112-140326
http://dx.doi.org/10.1158/2159-8290.CD-14-1092
http://dx.doi.org/10.1158/2159-8290.CD-14-1092
http://dx.doi.org/10.1128/MCB.26.9.3527-3540.2006
http://dx.doi.org/10.1083/jcb.201006043
http://dx.doi.org/10.1083/jcb.201006043
http://dx.doi.org/10.1152/ajpcell.00462.2010
http://dx.doi.org/10.1371/journal.pgen.1002485
http://dx.doi.org/10.1038/ncb3417
http://dx.doi.org/10.1080/15384101.2016.1214045
http://dx.doi.org/10.1080/15384101.2016.1214045
http://dx.doi.org/10.1016/j.ccr.2005.08.004
http://dx.doi.org/10.1038/nature03443
http://dx.doi.org/10.1016/j.devcel.2014.09.013
http://dx.doi.org/10.18632/oncotarget.25728
http://dx.doi.org/10.1155/S1110724302204052
http://dx.doi.org/10.1155/S1110724302204052
http://dx.doi.org/10.3389/fgene.2014.00175
http://dx.doi.org/10.1016/j.dnarep.2018.01.007
http://dx.doi.org/10.1101/cshperspect.a012740
http://dx.doi.org/10.1101/cshperspect.a016600
http://dx.doi.org/10.1093/carcin/bgq064
http://dx.doi.org/10.1038/sj.onc.1207098
http://dx.doi.org/10.1182/blood-2007-05-089193

www.nature.com/scientificreports/

57. Dever, S. M. et al. Mutations in the BRCT binding site of BRCA1 result in hyper-recombination. Aging 3, 515-532, https://doi.
org/10.18632/aging.100325 (2011).

58. Leonhardt, H. et al. Dynamics of DNA replication factories in living cells. ] Cell Biol 149, 271-280 (2000).

59. Xu, G. et al. REV7 counteracts DNA double-strand break resection and affects PARP inhibition. Nature 521, 541-544, https://doi.
org/10.1038/nature14328 (2015).

60. Boersma, V. et al. MAD2L2 controls DNA repair at telomeres and DNA breaks by inhibiting 5" end resection. Nature 521, 537-540,
https://doi.org/10.1038/nature14216 (2015).

61. Schibler, A. et al. Histone H3K4 methylation regulates deactivation of the spindle assembly checkpoint through direct binding of
Mad2. Genes Dev 30, 1187-1197, https://doi.org/10.1101/gad.278887.116 (2016).

62. Gironella, M. et al. p8/nuprl regulates DNA-repair activity after double-strand gamma irradiation-induced DNA damage. J Cell
Physiol 221, 594-602, https://doi.org/10.1002/jcp.21889 (2009).

63. Tang, J. et al. Acetylation limits 53BP1 association with damaged chromatin to promote homologous recombination. Nat Struct Mol
Biol 20, 317-325, https://doi.org/10.1038/nsmb.2499 (2013).

64. House, N. C. M., Yang, J. H., Walsh, S. C., Moy, J. M. & Freudenreich, C. H. NuA4 initiates dynamic histone H4 acetylation to
promote high-fidelity sister chromatid recombination at postreplication gaps. Mol Cell 55, 818-828, https://doi.org/10.1016/j.
molcel.2014.07.007 (2014).

65. Renaud, E., Barascu, A. & Rosselli, F. Impaired TIP60-mediated H4K16 acetylation accounts for the aberrant chromatin
accumulation of 53BP1 and RAP80 in Fanconi anemia pathway-deficient cells. Nucleic Acids Res 44, 648-656, https://doi.
0rg/10.1093/nar/gkv1019 (2016).

66. Clarke, T. L. et al. PRMT5-Dependent Methylation of the TIP60 Coactivator RUVBLI1 Is a Key Regulator of Homologous
Recombination. Mol Cell 65, 900-916 €907, https://doi.org/10.1016/j.molcel.2017.01.019 (2017).

67. Abulaiti, A., Fikaris, A. J., Tsygankova, O. M. & Meinkoth, J. L. Ras induces chromosome instability and abrogation of the DNA
damage response. Cancer Res 66, 10505-10512, https://doi.org/10.1158/0008-5472.CAN-06-2351 (2006).

68. Fikaris, A. J., Lewis, A. E., Abulaiti, A., Tsygankova, O. M. & Meinkoth, J. L. Ras triggers ataxia-telangiectasia-mutated and Rad-3-
related activation and apoptosis through sustained mitogenic signaling. J Biol Chem 281, 34759-34767, https://doi.org/10.1074/jbc.
M606737200 (2006).

69. Whitehurst, A. W. et al. Tumor antigen acrosin binding protein normalizes mitotic spindle function to promote cancer cell
proliferation. Cancer Res 70, 7652-7661, https://doi.org/10.1158/0008-5472.CAN-10-0840 (2010).

70. Cappell, K. M. et al. Multiple cancer testis antigens function to support tumor cell mitotic fidelity. Mol Cell Biol 32, 4131-4140,
https://doi.org/10.1128/MCB.00686-12 (2012).

71. Sinnott, R. et al. Mechanisms promoting escape from mitotic stress-induced tumor cell death. Cancer Res 74, 3857-3869, https://doi.
org/10.1158/0008-5472.CAN-13-3398 (2014).

72. Durando, M., Tateishi, S. & Vaziri, C. A non-catalytic role of DNA polymerase eta in recruiting Rad18 and promoting PCNA
monoubiquitination at stalled replication forks. Nucleic Acids Res, https://doi.org/10.1093/nar/gkt016 (2013).

73. Bennardo, N., Cheng, A., Huang, N. & Stark, J. M. Alternative-NHE] is a mechanistically distinct pathway of mammalian
chromosome break repair. PLoS Genet 4, €1000110, https://doi.org/10.1371/journal.pgen.1000110 (2008).

74. Pierce, A. J., Johnson, R. D., Thompson, L. H. & Jasin, M. XRCC3 promotes homology-directed repair of DNA damage in
mammalian cells. Genes Dev 13, 2633-2638 (1999).

75. Roerink, S. E, van Schendel, R. & Tijsterman, M. Polymerase theta-mediated end joining of replication-associated DNA breaks in
C. elegans. Genome research 24, 954-962, https://doi.org/10.1101/gr.170431.113 (2014).

Acknowledgements

C.V. was supported by RO1 CA215347 from the National Institutes of Health. B.W. was supported by R01
CA216051-01A1 and R01 CA195670 from the National Institutes of Health. M.M. was supported by R01
CA216051-01A1 from the National Institutes of Health and RSG-14-068-01-TBE from American Cancer Society.
T.T. was supported by HHMI Gilliam Fellowship. Y.G. was supported by the Leon and Bertha Golberg Fellowship.
W.K. was supported by R01 CA185353 and RO1 CA202053 from National Institutes of Health. Microscopy was
performed at the Microscopy Services Laboratory at the University of North Carolina, Chapel Hill, which is
supported in part by P30 CA016086 Cancer Center Core Support Grant to the UNC Lineberger Comprehensive
Cancer Center. We thank our colleagues Drs Brian Strahl, Tovah Day, David Weinstock and Junya Tomida for
help and advice with this study.

Author Contributions

Y.G., V.Y, T.T., EMM.-R. carried out the experiments, ].K. performed bioinformatic analysis; C.V. conceived and
designed the study and performed data analysis. C.V. wrote and revised the manuscript. All authors reviewed the
manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-33601-w.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:15304 | DOI:10.1038/s41598-018-33601-w 17


http://dx.doi.org/10.18632/aging.100325
http://dx.doi.org/10.18632/aging.100325
http://dx.doi.org/10.1038/nature14328
http://dx.doi.org/10.1038/nature14328
http://dx.doi.org/10.1038/nature14216
http://dx.doi.org/10.1101/gad.278887.116
http://dx.doi.org/10.1002/jcp.21889
http://dx.doi.org/10.1038/nsmb.2499
http://dx.doi.org/10.1016/j.molcel.2014.07.007
http://dx.doi.org/10.1016/j.molcel.2014.07.007
http://dx.doi.org/10.1093/nar/gkv1019
http://dx.doi.org/10.1093/nar/gkv1019
http://dx.doi.org/10.1016/j.molcel.2017.01.019
http://dx.doi.org/10.1158/0008-5472.CAN-06-2351
http://dx.doi.org/10.1074/jbc.M606737200
http://dx.doi.org/10.1074/jbc.M606737200
http://dx.doi.org/10.1158/0008-5472.CAN-10-0840
http://dx.doi.org/10.1128/MCB.00686-12
http://dx.doi.org/10.1158/0008-5472.CAN-13-3398
http://dx.doi.org/10.1158/0008-5472.CAN-13-3398
http://dx.doi.org/10.1093/nar/gkt016
http://dx.doi.org/10.1371/journal.pgen.1000110
http://dx.doi.org/10.1101/gr.170431.113
http://dx.doi.org/10.1038/s41598-018-33601-w
http://creativecommons.org/licenses/by/4.0/

	The Cancer/Testes (CT) Antigen HORMAD1 promotes Homologous Recombinational DNA Repair and Radioresistance in Lung adenocarc ...
	Results

	HORMAD1 is recruited to IRIF. 
	Structure/function analysis of HORMAD1. 
	HORMAD1 promotes DSB repair and Radio-resistance. 
	HORMAD1 promotes assembly of HR factors at IRIF. 
	Correlation between HORMAD1 mRNA expression and genome instability in lung cancer. 

	Discussion

	Materials and Methods

	Cell culture and transfection. 
	Adenovirus construction and infection. 
	Expression plasmids. 
	RNA interference. 
	Quantitative PCR to validate target depletion by siRNA. 
	Genotoxin Treatment. 
	Fluorescence Microscopy. 
	Quantification of Immuno-fluorescent signals Co-localization. 
	Immunoprecipitation and Immunoblotting. 
	Flow cytometry. 
	End-joining and homologous recombination reporter assays. 
	Bioinformatics. 
	Reproducibility. 
	Statistics. 

	Acknowledgements

	Figure 1 HORMAD1 redistributes to nuclear foci and co-localizes with the DNA DSB marker γH2AX in genotoxin-treated cancer cells.
	Figure 2 Defining functional domains of HORMAD1 in the DNA damage response.
	Figure 3 HORMAD1 promotes Homologous Recombination and DNA damage tolerance in cancer cell lines.
	Figure 4 HORMAD1 promotes DSB resection to promote HR.
	Figure 5 Genomic Correlates of HORMAD1 Expression in the TCGA Lung Adenocarcinoma (LUAD) dataset.
	Figure 6 Scheme depicting role of HORMAD1 in DSB signaling and repair.




