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Abstract

Oral squamous cell carcinoma (OSCC), a subset of head and neck squamous cell carcinoma
(HNSCC), is the eighth most common cancer in the U.S.. Amplification of chromosomal band
11913 and its association with poor prognosis has been well established in OSCC. The first step in
the breakage-fusion-bridge (BFB) cycle leading to 11913 amplification involves breakage and loss
of distal 11q. Distal 11q loss marked by copy humber loss of the ATM gene is observed in 25% of
all Cancer Genome Atlas (TCGA) tumors, including 48% of HNSCC. We showed previously that
copy number loss of distal 11q is associated with decreased sensitivity (increased resistance) to
ionizing radiation (IR) in OSCC cell lines. We hypothesized that this radioresistance phenotype
associated with A7M copy number loss results from upregulation of the compensatory ATR-
CHEKT1 pathway, and that knocking down the ATR-CHEKZ1 pathway increases the sensitivity to
IR of OSCC cells with distal 11q loss. Clonogenic survival assays confirmed the association
between reduced sensitivity to IR in OSCC cell lines and distal 11q loss. Gene and protein
expression studies revealed upregulation of the ATR-CHEK1 pathway and flow cytometry
showed G,-M checkpoint arrest after IR treatment of cell lines with distal 11q loss. Targeted
knockdown of the ATR-CHEKZ1 pathway using CHEKI or ATR siRNA or a CHEK1 small
molecule inhibitor (SMI, PF-00477736) resulted in increased sensitivity of the tumor cells to IR.
Our results suggest that distal 11q loss is a useful biomarker in OSCC for radioresistance that can
be reversed by ATR-CHEK1 pathway inhibition.
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INTRODUCTION

Cancer is a critical public health problem accounting for one in four deaths in the U.S. and
more worldwide despite advances in diagnosis and treatment (Heron et al., 2009; Siegel et
al., 2013). Oral (oropharyngeal) squamous cell carcinoma (OSCC) is the eighth most
common cancer in the U.S., accounting for an estimated 41,380 new cases (2.5%) in 2013
and 7,890 deaths (1.4%) (Siegel et al., 2013). Worldwide, HNSCC (worldwide statistics
include lip, oral cavity, larynx, and pharynx) was diagnosed in 550,319 new patients (4.4%)
in 2008 and resulted in 305,096 deaths (4.0%) (Ferlay et al., 2010; Bray et al., 2013). Over
the past four decades, the 5-year relative survival rates have improved substantially for
oropharyngeal SCC in both Caucasians (from 54 to 67%) and in African Americans (from
36 to 45%), although disturbing disparities remain (Desantis et al., 2013).

Carcinomas are frequently characterized by chromosomal instability, resulting in loss of
tumor suppressor genes and gain or amplification of oncogenes (Ha and Califano, 2002).
One of the most frequent chromosomal abnormalities in OSCC and other carcinomas is
amplification of chromosomal band 11g13, which includes the cyclin D1 gene (CCNDI)
(Schraml et al., 1999; Gollin, 2001; Huang et al., 2002; Albertson, 2006; Jin et al., 2006;
Gibcus et al., 2007). 11q13 amplification results from breakage-fusion-bridge (BFB) cycles
(Reshmi et al., 2007) and/or chromosome breakage and rearrangement resulting from
palindromic segmental duplications flanking 11913 (Gibcus et al., 2007). The first step in
the BFB cycle is a chromosome break distal to the amplified region, possibly at the FRA11F
chromosomal fragile site or as a result of rearrangement involving segmental duplications
resulting in loss of some or all of the distal segment of chromosome 11q (Shuster et al.,
2000; Reshmi et al., 2007).

Loss of distal 11g and amplification of chromosomal band 11q13 are associated with poor
prognosis in OSCC (Michalides et al., 1995; Akervall et al., 1997; Jin et al., 1998; Jin et al.,
2006). Although numerous investigators identified copy number loss of distal 11q, from
11g914—11qter, centered primarily on 11922—q23 in a variety of primary tumors and cell
lines (George et al., 2007; Parikh et al., 2007; Ambatipudi et al., 2011; Swarts et al., 2011;
Edelmann et al., 2012), we showed that distal 11q (A7M gene) loss is associated with
reduced sensitivity (resistance) to ionizing radiation (IR) in OSCC cell lines (Parikh et al.,
2007; Henson et al., 2009). In silico copy humber analysis of the A7M gene shows that
distal 11q loss is present a focal peak of deletion containing 60-80 genes in 25% of The
Cancer Genome Atlas (TCGA) more than 7,200 tumors, including 47-54% of melanomas,
HNSCC, esophageal SCC, breast and cervical carcinomas, 30-36% of lung SCC, ovarian,
prostate, and bladder carcinomas, and 18-28% of lung, stomach, colorectal, hepatocellular,
and rectal carcinomas (Beroukhim et al., 2010; Mermel et al., 2011). Thus, based on the
American Cancer Society statistics (Siegel et al., 2013) and the TCGA frequencies, at least
330,000 of the 1,660,290 new cancer cases expected in the U.S. in 2013 may have distal 119
loss.

Distal 11q contains a block of critical DNA damage response (DDR) genes, including ATM
(11922.3), MRE11A (11921), HZAFX (11g23.3) and CHEK1 (11924.2). The cornerstone of
the DDR to IR is the A7M gene, which is mutated in the rare, pleiotropic autosomal
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recessive disorder, ataxia telangiectasia (AT) (Harnden, 1994; Savitsky et al., 1995;
Baskaran et al., 1997; Lavin and Shiloh, 1997; Pandita et al., 1999). A7M encodes a 370
kDa protein that is a member of the family of lipid/protein kinases related to
phosphatidylinositol 3-kinase (P13K), known as the PI13K-related kinases (Keith and
Schreiber, 1995; Shiloh, 2003; Abraham, 2004). In IR-induced double strand breaks (DSB),
the MRE11A-RAD50-NBS1 (MRN) complex plays the role of a ‘sensor’ (Stracker et al.,
2004). The primary ‘transducer’ of the DSB signal is ATM (Shiloh, 2003). In response to
DNA DSB induced by IR, ATM is rapidly phosphorylated at the serine 1981 (ser1981)
residue, which facilitates the phosphorylation of various other proteins involved in the
regulation and repair of DNA damage (Bakkenist and Kastan, 2003). These ‘effectors’ of
ATM include ABL1, BRCA1, TP53, and CHEK2 (Baskaran et al., 1997; Khanna and
Jackson, 2001). An important substrate of ATM is the histone H2AX, a member of the
histone H2A subfamily that maps to distal 11q (Fernandez-Capetillo et al., 2004). ATM
activates H2AX at the DSB site converting it into the phosphorylated form, YH2AX, which
then anchors DNA damage response proteins to the sites of damage (Stucki et al., 2005).
The signaling cascade activated by ATM culminates in cell cycle arrest, apoptosis and DNA
repair. Ataxia Telangiectasia and Rad3-related (ATR) is another PI3K family protein
involved primarily in signaling the presence of stalled replication forks and maintenance of
genomic integrity during S phase, along with its partners, ATR interacting protein (ATRIP)
and replication protein A (RPA) (Cortez et al., 2001; Zou and Elledge, 2003; Byun et al.,
2005). Although ATR plays a primary role in responding to ultraviolet light (UV) and
chemotherapy-induced genomic insults, it also appears to play a role in responding to IR-
induced DNA damage (Adams et al., 2006; Myers and Cortez, 2006). The presence of ATR
in nuclear foci after IR treatment suggests recruitment of this kinase to sites of DNA
damage; ATM is known to regulate the loading of ATR to sites of DNA DSB (Zou and
Elledge, 2003; Cuadrado et al., 2006). Unlike the rapid phosphorylation of ATM post-
treatment, ATR recruitment and activation is comparatively delayed, but also requires a
functional MRN complex (Adams et al., 2006). Even though the ATM and ATR pathways
are thought to respond primarily to different types of DNA damage, the two pathways
appear to be intimately intertwined.

Based on our observation that distal 11q loss leads to radioresistance in OSCC cell lines, this
study tests the hypotheses that 1) distal 11q loss, including loss of the A7M gene is
associated with an upregulated ATR-CHEK1 pathway after IR, 2) upregulation of the ATR-
CHEK?Z pathway results in G,-M checkpoint arrest after IR treatment and radioresistance,
and 3) knockdown of the ATR-CHEKZ1 pathway by RNA interference or a targeted small
molecule inhibitor resensitizes cancer cells with distal 11q loss to IR.

MATERIALS AND METHODS

Cell Culture

The UPCI:SCC OSCC cell lines developed by us (White et al., 2007) were cultured in M10
medium comprised of Minimal Essential Medium (MEM) supplemented with 1% non-
essential amino acids (NEAA), 1% L-glutamine, 0.05 mg/ml gentamicin and 10% fetal
bovine serum (FBS) (all from GIBCO Invitrogen, Grand Island, NY). Normal human oral
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keratinocytes grown in our laboratory (NHOK) and 7ER7-transfected human keratinocytes
(OKF6/TERT-1 cells, a gift of James Rheinwald, Brigham and Women-s Hospital, Harvard
Institutes of Medicine (Dickson et al., 2000)) cell lines were used as controls. NHOK were
isolated from normal oral epithelial tissue obtained and deidentified by the University of
Pittsburgh Head & Neck SPORE Tissue Bank from consenting non-cancer patients under
our unified Tissue Bank Institutional Review Board approval. NHOK were cultured in
serum-free keratinocyte growth medium-2 (KGM-2) medium (Lonza, Walkersville, MD)
supplemented with bovine pituitary extract (BPE), human epidermal growth factor (hEGF),
insulin (bovine), hydrocortisone, GA-1000 (Gentamicin, Amphotericin B), epinephrine and
transferrin supplied in the KGM-2 BulletKit™ (Lonza) as per the manufacturer’s
instructions. OKF6/TERT-1 cells were cultured in Keratinocyte-SFM supplemented with 25
pg/ml bovine pituitary extract, 0.2 ng/ml EGF, 0.3 mM CaCl,, and penicillin-streptomycin
(GIBCO Invitrogen).

Fluorescence In Situ Hybridization (FISH)

Molecular cytogenetic analysis was carried out to determine the relative copy numbers of
ATM, MRE11A, H2AFX and CHEK1 in OSCC cell lines compared to the chromosome 11
centromere (CEP11/D11Z1, Abbott Molecular Inc., Des Plaines, IL). Molecular cytogenetic
analyses by FISH were carried out and analyzed in the University of Pittsburgh Cell Culture
and Cytogenetics Facility as described previously (Parikh et al., 2007). The FISH probes
were prepared from the following BAC clones purchased from Children’s Hospital of
Oakland Research Institute (CHORI, Oakland, CA; http://www.chori.org/bacpac):
RP11-241D13 (ATM), RP11-685N10 (MRE11A), RP11-892K21 (H2AFX), and
RP11-712D22 (CHEKI). BAC DNA was labeled with Spectrum Orange™ using a nick
translation kit from Abbott Molecular Inc.. The percentage of cells with relative loss, gain,
or amplification was determined after counting signals in at least 200 nuclei per slide. Copy
number gain or loss of genes was determined by the relative ratio of the BAC probe to
centromere 11. A ratio of <1.0 was considered to have relative gene copy loss, a ratio of 1 =
equal, a ratio between 1 and 2.5 = gain, and a ratio = 2.5 = amplified with respect to CEP11.

Clonogenic Survival Assay

Clonogenic (also called colony) survival assays were carried out to determine cell survival
in response to treatment as described earlier (Parikh et al., 2007). Cell lines that formed
clearcut colonies were selected for this study. Untreated cells, seeded at the same density as
the treated cells, served as controls to determine relative plating efficiency. All experiments
were done in triplicate. Results were reported as a ‘Surviving Fraction,” which is the ratio of
the number of colonies observed at a particular dose to that observed in the untreated
control, represented as a percentage calculated using the formulae below.

Plating Efficiency, PE = colonies counted in untreated / cells seeded

Surviving Fraction, SF = colonies counted in treated / (cells seeded * PE/100)

Correlation of Distal 11q Loss with Patient Outcome

The effect of distal 11q loss was dichotomized into 80% or greater vs. less than 80% loss.
Disease-specific survival was defined as time from the date of tissue procurement (surgery
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or biopsy) until death from cancer. Patients who were alive at last follow-up or had died
from causes unrelated to their disease were censored. Disease-specific survival by 11q loss
status was estimated by the Kaplan-Meier method and tested for a difference by a two-tailed
log rank test. Four covariates were available for Pittsburgh patients and tested for influence
on disease — free survival: age, T stage, N stage, or exposure to chemo- or radiotherapy. The
effect of 11q loss upon disease-specific survival was assessed with proportional hazards
regression by adjusting for these covariates as needed to determine if 11q loss could be
considered independently associated with cancer mortality.

Quantitative Real Time PCR (QRT-PCR)

QRT-PCR was carried out to assess the relative A7Rand CHEK1 expression in untreated
cell lines and those treated with IR or transfected with CHEKZ or ATR siRNA. RNA
extraction for real-time PCR was performed using TRIzol reagent (Gibco Invitrogen)
according to the manufacturer’s instructions. The extracted RNA was purified using the
RNeasy Mini kit (QIAGEN, Germantown, MD) and resuspended in 100 ul RNase-free
water. The RNA samples were purified of contaminating DNA using a DNA-free DNase kit
(Ambion, Austin, TX) according to the manufacturer’s instructions. RNA concentrations
were assessed using a SmartSpec 3000 (Bio-Rad Laboratories, Hercules, CA) and
normalized to 40 ng/ul. Reverse transcription was carried out as described earlier (Huang et
al., 2002).

QRT-PCR of cDNA obtained after reverse transcription was carried out on a 7300 Real-
Time PCR System (Applied Biosystems), and analysis was done using the relative
quantitation method as in Huang et al. (2002). The final concentrations of the QRT-PCR
reaction components were as follows: 1X Tagman Gene Expression Master Mix and 1X
Tagman Gene Expression Assays (Probe/Primer mix for ATR, CHEKI and 18s RNA)
(Applied Biosystems). Thermocycler conditions for QRT-PCR were as follows: 95°C for 10
min, 40 cycles of 95°C for 15 s and 60°C for 60 s using the (Applied Biosystems). The RNA
expression levels were quantified relative to Universal Reference cDNA obtained from
Clontech (Mountain View, CA).

Immunoblotting

Immunoblotting was carried out as described previously (Parikh et al., 2007) to evaluate
expression of ATR-CHEKZ1 pathway proteins including ATR, CHEK1 and pCHEK1, and to
study the function of TP53 in our cell lines by analyzing TP53 and p21 protein expression
after Adriamycin treatment (0.4 pg/ml in culture medium for 4-5 h at 37°C). The primary
antibodies utilized were: ATR (Affinity Bioreagents, Golden, CO, 1:1000 dilution), CHEK1
(Cell Signaling, Danvers, MA, 1:1000 dilution), pCHEK1 ser345 (Cell Signaling, 1:1000
dilution), pPCHEK1 ser317 (Cell Signaling, 1:1000 dilution), TP53 (Santa Cruz
Biotechnology, Inc., 1:750 dilution), and p21 (Santa Cruz Biotechnology, Inc., 1:750
dilution). Appropriate species-specific secondary antibodies (Santa Cruz Biotechnology,
Inc., 1:5000 dilution) were applied and target proteins were visualized using the Western
Lightning™ Chemiluminescence Reagent Plus kit (PerkinElmer Life Sciences, Boston, MA)
according to the manufacturer-s instructions. To verify equal protein loading in the gels,
membranes were stripped and re-probed with antibodies against -actin (Sigma
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Immunochemicals, St. Louis, MO, 1:1000 dilution) or a-Actinin (Santa Cruz
Biotechnology, Inc., 1:1000 dilution).

Densitometric Analysis of Protein Bands

Image J software from NIH was used for analyzing densities of protein bands in western
blots. Relative optical densities were calculated for the protein being evaluated and the
loading control protein for all lanes using one of the lanes as a reference. Adjusted densities
were then calculated for each sample by normalizing the relative density of the protein of
interest to the loading control for the same.

Cell Cycle Analysis by Flow Cytometry

For cell cycle analysis, cells were seeded in 35 mm or 60 mm dishes and allowed to attach
overnight. Following the relevant treatments, mock or IR, floating and adherent cells were
collected at the end of 24 h, washed with phosphate-buffered saline (PBS), and fixed with
70% ethanol. The cells were then treated with 80 ug/ml RNase A and 50 ug/ml propidium
iodide (Invitrogen-Molecular Probes, Carlsbad, CA) for 45 min at 37°C. The stained cells
were analyzed using a Coulter Epics XL Flow Cytometer in the UPCI Flow Cytometry
Facility.

Assessment of Mitotic Segregation Defects

To assess genotoxic stress and chromosomal instability, we analyzed mitotic segregation
defects in OSCC cell lines with or without distal 11q loss that were grown on coverslips.
Cells were either untreated or treated with IR and then grown for 18 or 36 h. At the specified
timepoint, the cells on coverslips were fixed with 100% methanol, dried, stained with DAPI,
and mounted onto slides using antifade. The slides were coded and 1000 cells were analyzed
from each cell line. The frequencies of anaphase and interphase bridges and micronuclei,
markers of chromosomal segregation defects resulting from chromosomal aberrations, were
recorded.

CHEK1 Knockdown by RNA Interference

RNA interference to CHEKI and ATR was performed using Smartpool duplexes for each of
the specific genes, obtained from Dharmacon (Lafayette, CO). Nonspecific (scrambled)
control duplexes (Dharmacon) were used as controls. The duplexes were reconstituted in
DNA-free RNA resuspension buffer provided by Dharmacon according to the
manufacturer’s instructions. For transfection, the carcinoma cell lines were seeded in 60 mm
dishes or T25 flasks and transfected with sSiRNA duplexes using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. The final working siRNA
concentration ranged from 90-100 nM. We examined cells treated without vector (untreated
controls), cells transfected with the nonspecific (scrambled) control sSiRNA (mock
transfected controls), and cells transfected with smartpool siRNA duplexes for either
CHEK1 (siCHEK1 transfected) or ATR (siATR transfected) for all of our sSiRNA
experiments. Peak siRNA transfection was seen at the end of 24-96 h as assessed by RT-
PCR and immunoblotting. At 72 h post-transfection, cells were seeded for clonogenic
survival assay.
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CHEK1 Knockdown by Small Molecule Inhibitor

RESULTS

PF-00477736, a potent, specific CHEK1 small molecule inhibitor (SMI) was a gift from
Pfizer, Inc. (Groton, CT). PF-00477736 selectively inhibits enzymatic activity of CHEK1,
abrogates DNA damage-induced cell cycle arrest, and increases the cytotoxic effect of DNA
damaging agents in TP53-defective cell lines (Blasina et al., 2008). Dose-response curves
for the SMI, assessment of the optimal time for addition of the SMI in relation to IR
treatment, and the effects of monotherapy with the drug or combined treatment with IR were
determined using clonogenic survival assays.

Copy Number Loss of Genes on Distal 11q in OSCC Cell Lines is Associated with
Decreased Sensitivity to IR

Dual-color FISH with BAC probes to the ATM, MRE11A, HZAFX, and CHEK1 genes was
carried out in a selected series of our OSCC cell lines based on their utility in clonogenic
survival assays to determine the relative gene copy number compared to the chromosome 11
centromere enumeration probe (CEP11). Table 1 summarizes these FISH results, which
suggest that copy number loss of genes on distal 11q is observed in a substantial fraction of
OSCC cell lines.

The sensitivity of OSCC cells to IR was assessed by clonogenic survival assay. The cell
lines were divided into two groups: ‘distal 11q loss’ and ‘no distal 11q loss.” The IR doses
used for our experiments were 2.5 Gy and 5 Gy. Results are reported as plots of ‘Surviving
Fraction’ vs. radiation dose on a semilog scale. OSCC cell lines with distal 11q loss showed
63.8+1.9% and 17.8+0.9% survival at 2.5 and 5 Gy of IR, respectively, whereas the cell
lines without distal 11q loss showed 23.9+2.4% and 2.1+0.1% survival, respectively at the
same two IR doses (Fig. 2). These results translated to three-fold higher survival at 2.5 Gy
and eight-fold higher survival at 5 Gy IR in the OSCC cell lines with distal 11q loss
compared to the OSCC cell lines without distal 11q loss. Similar to our previous results
(Parikh et al., 2007), these results showed clear evidence of radioresistance (or increased
survival) in OSCC cell lines with distal 11q loss compared to OSCC cell lines without distal
11q loss at both radiation doses tested. Hence, radioresistance appears to be associated with
distal 11q loss marked by the ATM gene.

Distal 11q (ATM) Loss is Associated with Shorter Disease-Specific Survival in Patients

with OSCC

To examine the effect on disease-specific survival of distal 11q loss as measured by FISH
with the ATMICEP11 probe set, we carried out Kaplan-Meier survival estimates in a
retrospective series of 42 OSCC patients, 35 from our institution and seven from the
University of Michigan. All patients had surgical resection of their SCCHN tumors between
1992 and 1996. Thirty-nine patients are deceased, 30 subsequent to head and neck cancer
and nine from other causes; three patients were alive without evidence of disease at last
follow-up.
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The results show that those 27 OSCC patients with distal 11q loss in at least 80% of cells
have a median disease-specific survival of 18 months compared to 65.4 months for the 15
patients with distal 11q loss in less than 80% of cells (log rank p =.0501) (Fig. 3). We
investigated whether this difference was influenced by treatment with radiation or
chemotherapy. Thirty-one patients underwent chemo- or radiotherapy either in the adjuvant
setting or for disease recurrence. Applying Cox proportional hazards regression, we found
no interaction between distal 11q loss and exposure to chemo- or radiotherapy (p = 0.183).
The hazard ratio for distal 11q loss alone was 2.27 (95% CI = 0.97 to 5.33). The effect of
distal 11q loss among the 31 treated patients was similar or slightly more pronounced (p = .
022) with a hazard ratio of 3.07 (95% CI = 1.12 — 8.38). We also investigated whether the
association between distal 11q loss and disease-specific survival was due to the confounding
influence of other clinical variables. Age and T stage were modestly associated with
survival, but neither covariate was correlated with distal 11q loss. Nonetheless, we estimated
the hazard ratio for distal 11q loss alone and conditional upon age and T stage. The hazard
ratio was unchanged (2.0 alone vs. 2.04 adjusting for age and T stage). We conclude that
distal 11q loss is associated with increased risk of cancer mortality independently of T and N
stage and may have predictive utility for response to chemotherapy or radiotherapy.

Increased Mitotic Segregation Defects after IR Treatment of Cells with Distal 11q Loss

To assess mitotic defects in OSCC cell lines after treatment with IR, we measured the
frequencies of micronuclei and anaphase and interphase chromosome bridges, which
represent the result of misrepaired DNA and chromosomes and/or defective chromosomal
segregation (Fenech et al., 2011). The frequency of each aberration type with or without IR
treatment is shown in Figure 4. Cells with distal 11q loss have a greater than two-fold
increase in micronuclei and a 10-fold increase in interphase bridges 18 and 36 h post-
irradiation compared to cells without distal 11q loss. No significant accumulation of
anaphase bridges was observed in either group of cell lines. This is not surprising, since
most cells would be expected to continue to cycle, resolving anaphase bridges into aberrant
nuclear chromosomes, micronuclei, and/or interphase bridges. This result provides
additional support to the proposition that cells with distal 11q loss have a diminished DNA
damage response to IR-induced DNA damage compared to cells without distal 11q loss.

The ATR-CHEK1 Pathway is Upregulated in OSCC Cell Lines with Distal 11g Loss

Copy number loss of genes on distal 11q resulted in decreased expression of MRE11A,
ATM, and HZAFX and their proteins (Parikh et al., 2007). This observation combined with
the radioresistance phenotype suggests that a decrease in the ATM pathway results in
increased activity of a compensatory pathway in the cells with distal 11q loss. We evaluated
the activity of the related ATR-CHEK1 pathway by examining the protein expression of
some members of this pathway, specifically, ATR, and CHEKZ1 and its phosphorylated
form. Immunoblotting for CHEKZ1 protein revealed that in untreated OSCC cells, there was
no strong correlation observed between CHEKZ1 protein expression and distal 11q loss as
was seen between CHEKI gene expression and distal 11q loss (Parikh et al., 2007). Four of
five cell lines with distal 11q loss (UPCI:SCC029B, 040, 104, 131) showed lower CHEK1
protein expression compared to the cell lines without 11q loss (UPCI:SCCO066, 081, 116)
(Fig. 5A). UPCI:SCC136 (distal 11q loss) had high CHEK1 expression. OSCC cell lines
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with distal 11q loss that were treated with IR showed an increase in CHEK1 expression 6 h
after radiation compared to cell lines without 11q loss (Fig. 5B). This suggests upregulation
of the ATR-CHEKZ pathway after irradiation of cells with distal 11q loss.

We then examined the phosphorylation status of CHEKZ1 using antibodies against the
phosphorylation sites ser345 and ser317 to confirm upregulation of the ATR-CHEK1
pathway. Ser317 phosphorylation is required for subsequent ser345 phosphorylation in
response to DNA damage (Wang et al., 2012). Ser345 phosphorylation is necessary for
CHEKU1 activation and a proper checkpoint response after DNA damage and promotes
nuclear retention of CHEK1 (Jiang et al., 2003; Niida et al., 2007). Early phosphorylation of
ser345 is thought to occur in an ATR-dependent manner, whereas phosphorylation of ser317
in response to IR is reported to be dependent on ATM and NBS1 (Gatei et al., 2003; Wang
etal., 2012). As predicted, cells with distal 11q loss showed an increase in CHEK1 ser345
phosphorylation after IR, which was absent in the cells without distal 11q loss (Fig 5C),
which expressed increased phosphorylation of CHEK1 ser317, suggesting that ATM is
primarily responsible for the IR-induced DDR. There was also an observable increase in
ser317 phosphorylation in cells with distal 11q loss, since they retain some ATM expression
(Fig 5C). These results confirm increased activity of the ATR-CHEK1 pathway in the cells
with distal 11q loss compared to those without distal 11q loss.

Distal 11q Loss is Associated with Increased S and GoM Checkpoint Arrest after IR

To study the cell cycle profiles of OSCC cells in response to DNA damage, flow cytometry
was carried out on cell lines treated with 5 Gy IR (Table 2). We observed loss of the G;
checkpoint and increased GoM accumulation after treatment with IR in the three (of five)
cell lines with distal 11q loss. Both cell lines without 11q loss, UPCI:SCC066 and
UPCI:SCC116, had an intact G; checkpoint and when compared to the NHOK control cells,
these cell lines showed increased accumulation of cells in the GoM phase. Untreated
UPCI:SCC104 (distal 11q loss) cells had a higher percentage of G,M phase cells compared
to untreated UPCI:SCC066 (no 11q loss) cells (Fig. 6). Following 5 Gy IR, UPCI:SCC066
showed an accumulation of cells in both the G; and G,M phases, while UPCI:SCC104 cells
showed predominant accumulation in the Go,M phase.

CHEK1 or ATR siRNA Resensitizes OSCC Cells to IR-Induced DNA Damage

Our previous studies suggested that the ATR-CHEK1 pathway plays a role in the
radioresistant phenotype observed in the cell lines with distal 11q loss. To confirm the role
of the ATR-CHEK1 pathway in radioresistance in cells with distal 11q loss, we used sSiRNA
specific to CHEK1 or ATRto knock down its expression in cell lines and assess the effect of
this knockdown on resistance. CHEK expression was inhibited to a high level (~ 90%)
after knockdown using siRNA specific to CHEKZ, while a scrambled non- specific sSiRNA
did not inhibit CHEKZ expression after 72 h, as assessed by QRT-PCR and immunoblotting
(data not shown). Similarly, ATR expression was also inhibited to a high level (> 80%) after
siRNA-based knockdown. The effect of CHEK1 and ATR knockdown on sensitivity to IR
was assessed by clonogenic survival assays. The cells in the clonogenic survival assay were
divided into three groups — ‘Untreated,” ‘Mock transfected,” and ‘si CHEK1 transfected.’
The ‘“Mock transfected’ group represents the average survival values for the two controls,
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one a control treated with the transfection reagent, Lipofectamine 2000, and the other
control treated with a pool of non-specific sSiRNA. To maximize the effect of CHEK1 or
ATR knockdown, cells were harvested and plated for clonogenic survival assay 48—72 hours
post-transfection and treated with IR 24 h later.

The survival of untransfected OSCC cells with distal 11q loss (UPCI:SCCO040,
UPCI:SCC029B and UPCI:SCC131) was 65.6+0.23% and 18.8+0.1% at 2.5 and 5 Gy of IR,
respectively (Fig. 7A). Mock-transfected cells showed a slight, but not statistically
significant decrease in survival compared to the untreated cells. The survival of siCHEK1
transfected cells was 30.2+6.1% and 6.4+2.4% at 2.5 and 5 Gy of IR, respectively. The
results show that half as many OSCC cells with distal 11q loss survived an IR dose of 2.5
Gy after transfection with CHEKZ siRNA compared to cells without 11q loss. Radiation
treatment of 5 Gy resulted in three-fold lowered survival in CHEK1 siRNA-transfected cells
compared to untreated and mock-transfected cells. No significant survival difference was
observed between the three treatment conditions in tumor cells without distal 11q loss.

Similarly, ATR knockdown resulted in resensitization exclusively of tumor cells with distal
11q loss to radiation treatment. A7/ inhibition in OSCC cells with loss of distal 11q
(UPCI:SCC029B, 040 and 131) showed a four-fold decrease in survival at 2.5 Gy and a 10-
fold decrease at 5 Gy (Fig. 7B). OSCC cells without loss of distal 11q (UPCI:SCC116) did
not show a significant difference in survival after A7R inhibition. These results suggest that
the upregulation of the ATR/CHEK1 pathway plays a direct role in the radioresistance of
tumor cells with distal 11q loss. Knockdown of CHEKI or ATR expression by siRNA
transfection showed that inhibiting the activity of the ATR-CHEK1 pathway can partially
resensitize the cells with distal 11q loss to radiation therapy.

Targeted Inhibition of CHEK1 Radiosensitizes OSCC Cells

To advance these studies towards the clinic, we used a potent and specific targeted CHEK1
small molecule inhibitor (SMI), PF-00477736, to inhibit the enzymatic activity of CHEK1,
and then assessed the effect of this inhibition on survival after radiation treatment. CHEK1
inhibitors are reported to selectively increase the efficacy of IR and other DNA damaging
agents in cells with defective G, checkpoints (e.g., as a result of defective TP53 signaling)
while producing minimal damage in cells without G4 checkpoint defects (Blasina et al.,
2008). Prior to SMI treatment, we tested our cell lines for TP53 functionality by treating the
cells with the chemotherapeutic agent, Adriamycin and then assessing the protein expression
of TP53 and its downstream target, p21 by immunoblotting. The results of these studies
identified OSCC cell lines with distal 11q loss and defective TP53 signaling for the SMI
experiments.

PF-00477736 dose response curves generated in OSCC cell lines in our lab and by other
investigators (Blasina et al., 2008) showed that the optimal dose range required to achieve
maximum effect is between 360 and 540 nM (data not shown). To determine the best time to
add the SMI, clonogenic survival assays were carried out after adding the SMI at various
timepoints around the radiation therapy. Addition of the SMI 8 h prior to irradiation was
determined to have the maximum effect on cell killing (data not shown). OSCC cell lines
UPCI:SCC040 and UPCI:SCC131 (both with distal 11q loss and defective TP53 signaling),
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when treated with 540 nM SMI in combination with IR resulted in a two-fold reduction in
survival at 2.5 Gy and >four-fold reduction in survival at 5 Gy, compared to cells treated
with IR alone (Fig. 7C). UPCI:SCC116 (no distal 11q loss, defective TP53 signaling) when
treated with the same dose of SMI combined with IR showed no difference in survival
between the untreated and SMI+IR-treated cells at 2.5 or 5 Gy. The SMI alone did not have
a significant deleterious effect on these cells, but was lethal at 360 nM in UPCI:SCC066
cells (no distal 11q loss, defective TP53 signaling) and hTERT-transfected human OKF6
cells (data not shown). Our results indicate that the CHEK1 SMI, PF-00477736 mirrored the
effect of the siRNA-based knockdown of the ATR-CHEK?1 pathway in OSCC cell lines.

DISCUSSION

Although distal 11q copy number loss, from band 1114 to 11qgter has been reported in
many types of tumors, its significance had not been investigated until our previous study
(Parikh et al., 2007). Copy number loss appears to be centered around 11922 to 11923, in
the vicinity of the ATM gene. We showed copy number loss of the region from 11g21 to
11924 in about 25% of OSCC, breast and ovarian primary tumors and a high frequency of
loss in OSCC cell lines (Parikh et al., 2007). The Broad Institute TCGA and Tumorscape
websites support our observations, showing A 7M copy number loss in about 20-25% of all
cancers and frequencies of loss as high as 54% in cutaneous melanomas and 48% in invasive
breast adenocarcinomas and HNSCC. We showed previously that distal 11q loss is
associated with resistance to radiation therapy and our current results confirm and extend
this finding (Parikh et al., 2007). AT cells, lacking a functional ATM protein, are
radiosensitive because the presence of ATM protein 1 h post-irradiation is essential for the
survival of cells (Choi et al., 2010). In contrast, tumor cells with distal 11q loss retain some
ATM expression that based on our results, is sufficient to provide the cells the ability to
‘repair’ their DSB and survive IR treatment. AT cells that lack ATM protein upregulate the
ATR-CHEKT1 pathway resulting in a prolonged G,M arrest (Wang et al., 2003). Similarily
we observed upregulation of the ATR-CHEKZ1 pathway and cell cycle arrest in the S and
G,M phases after IR treatment of tumor cells with distal 11q loss. S/G,M arrest and
subsequent repair prevents the entry into mitosis of cells with DNA damage, which would
lead to mitotic catastrophe. Instead, these cells seem to ‘repair’ the damaged DNA, enabling
survival and resulting in decreased sensitivity to IR. Knockdown of the ATR-CHEK1
pathway using siRNA or the Pfizer CHEKL inhibitor resulted in resensitization of the cells
with distal 11q loss to IR, which led to cell death by mitotic catastrophe (Fig. 8). Since
CHEKUY inhibitors are being developed by several companies, our results suggest that distal
11q loss (with particular emphasis on A 7M copy number loss) may be a useful companion
diagnostic biomarker to select the subgroup of OSCC patients expected to respond poorly to
radiation therapy, but better to combined radiation therapy and CHEK1 or ATR inhibition.

11913 amplification correlates with an aggressive tumor phenotype and poor clinical
outcome (Jares et al., 1994; Akervall et al., 1995; Michalides et al., 1995; Fracchiolla et al.,
1997; Michalides et al., 1997; Mineta et al., 2000; Miyamoto et al., 2003; Wreesmann et al.,
2004; Wreesmann et al., 2004; Clark et al., 2009). In a series of 11 OSCC cell lines
examined by chromosomal comparative genomic hybridization (cCGH), four of five patients
whose tumors had 11913 amplification/distal 11q loss died, whereas all six patients whose
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tumors lacked 1113 amplification/distal 11q loss survived (Martin et al., 2008). Therefore,
we examined 42 OSCC patients by Kaplan-Meier disease-specific survival analysis and
found that patients whose tumors have distal 11q loss have a significantly worse outcome
than patients whose tumors do not have 11q loss. Based on these results, we conclude that
distal 11q loss is a frequent finding in carcinomas and correlates with a worse clinical
outcome, most likely due to therapeutic resistance.

Copy number loss of ATM, MRE11A, and HZAFX results in decreased expression of these
genes, reduced yH2AX focus formation in response to radiation-induced DSBs and
chromosomal instability (Parikh et al., 2007). The intrinsic level of chromosomal instability
observed in OSCC cell lines with distal 11q loss is higher than in normal keratinocytes or
OSCC cells without 11q loss (Parikh et al., 2007). We observed a similar increase in mitotic
segregation defects in OSCC cells with distal 11q loss after treatment with IR compared to
OSCC cells without 11q loss. Increased chromosomal instability is consistent with a
diminished DDR to IR-induced DNA damage in cells with distal 11q loss. The homologous
recombination repair (HRR) mechanism is considered to be responsible for repairing IR-
induced damage in the S and G,M phases of the cell cycle. Further, the ATR-CHEK1
pathway repairs IR-induced DNA damage by a mechanism independent of non-homologous
end joining (NHEJ), but dependent on HRR (Wang et al., 2004; Wang et al., 2005).
Although cells with distal 11q loss usually arrest in GoM phase after IR, the observed
increased accumulation of mitotic segregation defects shown by our studies suggests repair
by an error-prone mechanism that enables the cells to progress through mitosis without
undergoing mitotic catastrophe. A third DNA repair pathway gaining significant attention is
microhomology-mediated end joining (MMEJ) which might be involved in the repair of
DSBs in our model. Further studies are warranted to clarify which of these three DNA repair
pathways is responsible for radioresistance of tumor cells with distal 11q loss.

Our results show that distal 11q loss is associated with decreased expression of MRE11A,
ATM, and HZAFX, which are important components of the ATM-CHEK2 DDR pathway
(Parikh et al., 2007). Upregulation of the ATR-CHEK1 pathway may be compensating for
the decreased functioning of the ATM-CHEK?2 pathway. Despite copy number loss of the
CHEK1 gene, CHEK1 expression, especially after IR treatment, appears to be increased in
cells with distal 11q loss. CHEK1 expression is regulated by E2F transcription factors, with
CHEK1 and E2F1 (transcriptional activator) expression showing a strong correlation
(Verlinden et al., 2007). It has also been reported that E2F1 levels are higher in OSCC cell
lines from highly invasive tumors (Zhang et al., 2000), and that phosphorylation of E2F1 by
ATM and CHEK?2 result in protein stabilization (Inoue et al., 2007). These findings suggest
that transcriptional upregulation of the CHEK1 gene could be responsible for increased
CHEKUZ expression in tumor cell lines. This would explain the observed increase in CHEK1
expression in spite of copy number loss in OSCC cell lines. Increased ATR-dependent
phosphorylation of CHEK1 ser345 in cells with distal 11q loss after IR treatment
demonstrates upregulation of ATR at the apex of the ATR-CHEK1 pathway. Activated
CHEK?Z phosphorylates members of the CDC25 family, resulting in their inhibition. CDC25
phosphatases are known to dephosphorylate cyclin-dependent kinases (CDK), thereby
activating them, resulting in cell cycle progression (Uto et al., 2004). Inhibition of CDC25C
phosphatase results in cell cycle arrest at the G,M phase. Thus, upregulation of the ATR-
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CHEKZ1 pathway is likely responsible for the G,M arrest observed in tumor cells with distal
11q loss. This arrest would enable the tumor cells with distal 11q loss to ‘repair’ their DNA
damage and progress through the cell cycle without undergoing mitotic catastrophe. Loss of
the G4 checkpoint in OSCC leads to an increased number of cells with unrepaired DNA
damage entering the S and the GoM phases of the cell cycle. Thus, OSCC cells with
enhanced G,M phase cell cycle checkpoints may be able to avoid TP53-independent cell
death by premature chromosome condensation/mitotic catastrophe (Fragkos and Beard,
2011) and may have a survival advantage as demonstrated by our radioresistant OSCC cells.

Our results demonstrate that distal 11q loss is associated with a decreased DDR,
radioresistance, an upregulated ATR-CHEKZ1 pathway, and loss of the G4 checkpoint
accompanied by GoM arrest. Since the ATR-CHEKZ1 pathway appears to function as a
compensatory mechanism for a downregulated ATM-CHEK2 pathway, knocking it down
with siRNA or a SMI should reverse the observed phenotype. Our results demonstrate that
CHEKZ1 or ATR knockdown using siRNA or a CHEK1 SMI results in radiosensitization of
cells with distal 11q loss. Increased cell death in OSCC cells with distal 11q loss is thought
to be due to synthetic lethality resulting from loss of the G4 checkpoint and induced loss of
the GoM checkpoint by CHEK1 or ATR knockdown or inhibition. Synthetic lethality after
loss of cell cycle checkpoints by CHEKZ1 inhibition and TP53/p21 loss has been described
recently (Origanti et al., 2013). Synthetic lethality-inducing drugs in the form of several
targeted CHEK1 SMIs with promising effects are in the pipeline or clinical trials (Busby et
al., 2000; Graves et al., 2000; Tao et al., 2009; Shaheen et al., 2011; Bennett et al., 2012;
Borst et al., 2012; Ferrao et al., 2012; Karp et al., 2012; Schenk et al., 2012; Wu et al.,
2012).

In conclusion, our results clearly show that cells with distal 11q loss have a decreased DDR
and decreased sensitivity to treatment with IR. Upregulation of the ATR-CHEK1 pathway
was also observed in these cells and knockdown of CHEK1 or ATR resulted in
radiosensitization. Since inhibition of CHEK1 and ATR using SMls is being developed as a
promising targeted anti-tumor therapy, our results have substantial translational value. Distal
11q loss could be used as a biomarker predictive of a less favorable prognosis and decreased
response to conventional radiation therapy. It could also be developed as a companion
diagnostic to determine response to CHEK1 or ATR inhibition in combination with
radiation or chemotherapy in the treatment of OSCCs and other tumors.
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Normal copy number Copy number loss Copy number loss

Figure 1.
Representative FISH images (A) showing normal copy number of A7M compared with

CEP11; (B) and (C) showing loss of A7M copy number compared with CEP11; (D)
showing normal copy number of CHEK1 compared with CEP11; and (E) and (F) showing
loss of CHEKI copy humber compared with CEP11.
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Figure 2.
Survival of OSCC cell lines after treatment with IR. The surviving fraction of cells at

specific IR doses is plotted with error bars (+SEM) on a logarithmic scale. Carcinoma cells
in the “distal 11q loss” group (UPCI:SCC029B, 040, and 131) showed three times as much
survival as cells in the “no distal 11q loss” group (UPCI:SCC066, 081, and 116).
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Figure 3.
Kaplan-Meier plot of disease specific survival. Forty-two patients were classified by distal

11q loss (+80%). The median followup for 12 censored patients was 5.9 years (range 2
months—18 years). P 5 0.0515 by a log rank test.
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Figure 4.
Chromosomal segregation defects after irradiation of tumor cells with distal 11q loss

compared with cells without distal 11q loss.
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(A) CHEKZ1 protein expression in OSCC cells shows that cells without distal 11q loss tend
to have higher CHEK1 expression compared with cells with 11q loss; (B) After IR
treatment, cells with distal 11q loss showed an increase in CHEK1 expression compared
with cells without distal 11q loss; (C) Phosphorylation status of CHEK1 ser345 and ser317
showing increased ATR-dependent ser345 phosphorylation in cells with distal 11q loss, but
no difference in ser317 phosphorylation between cells with or without distal 11q loss.
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¢t UPCIL:SCC104

Mock treated

Figure®6.
Comparison of cell cycle profiles between UPCI:SCCO066 (without distal 11q loss) and

UPCI:SCC104 (with distal 11q loss) in response to IR. UPCI:SCC066 and 104 were either
mock-treated or treated with 5 Gy IR and allowed to recover for 24 h. At the end of 24 h,
flow cytometric analyses show loss of the G1 cell cycle checkpoint in UPCI:SCC104, with
most cells accumulating in GoM, and accumulation of UPCI:SCCO066 cells in both the G,
and G,M cell cycle phases.
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Survival after CHEK1 or ATR knockdown using siRNA or the SMI (PF-00477736) in

lonizing Radiation Dose (Gy)

—=Loss Untreated

Loss Mock
transfected
-»-Loss siCHEK1
transfected
No loss siCHEK1
transfected
—--No loss Untreated

-=-No loss Mock
transfected

Effect of CHEK1

25 with 11q loss

\ =+Untreated

* Mock
transfected

SIATR
transfected

0 25
lonizing Radiation Dose (Gy)

=+Distal 11q loss 0
nM

-m@-Distal 11q loss
540 nM

No distal 11q
loss 0 nM

==No distal 11q
loss 540 nM

with 11q loss

0 25
lonizing Radiation Dose (Gy)

knockdown on cells

No 11q loss, no effect

Effect of CHEK1
knockdown on cells

No 11q loss, no
significant effect

Page 25

OSCC cell lines. The surviving fraction of treated or untreated cells at doses of 0 and 2.5 Gy

is plotted on a logarithmic scale with error bars (6SEM). (A) Cells transfected with
SiCHEKZ in the “distal 11q loss” group (UPCI:SCC029B, 040, and 131) showed 50%

decreased survival compared with the untreated and mock-transfected cells. Survival in the

“no distal 11q loss” group was not altered significantly by siCHEK1 transfection. (B)

HNSCC cells transfected with siATR in the “distal 11q loss” group (UPCI:SCC029B, 040,
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131) showed fourfold decrease in survival at 2.5 Gy and 10-fold decrease at 5 Gy compared
with the untreated and mock transfected cells. (C) Combined IR and SMI treatment was
twice as effective in killing cells with distal 11q loss (UPCI:SCC040 and UPCI:SCC131)
compared with IR alone. UPCI:SCC116 (without distal 11q loss) did not show a significant
difference in survival when treated with combined IR and SMI compared with IR alone.
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Summary of the interphase FISH results in the selected OSCC cell lines. Interphase FISH was used to assess
copy number of ATM, MRE11A, HZAFXand CHEKI genes relative to the chromosome 11 centromere.

Per centage of Cellswith Copy Number L oss of *
MREL1A ATM H2AFX CHEK1
cell Line 11921 11922-923 11923.3 11924.2
(94150466 - | (108093559 - | (118964584 - | (125495031-
94227040) | 108239826) | 118966177) | 125546150)
UPCI:SCC029B* 90 92 97 99
UPCI:SCC040* 100 99 99 99
UPCI:SCC084* 95 93 98 97
UPCI:SCC131* 98 92 96 98
UPCI:SCC136* 99 92 o1 96
UPCI:SCC104 1 98 96 1
UPCI:SCC081* 8 22 97 4
UPCI:SCCO66 20 3 13 15
UPCI:SCC116 14 15 16 10

+
These cell lines express CCND1 amplification.
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*
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Table 3

Frequency of mitotic segregation defects in OSCC cell lines.

Cell Lines Nuclear Appearance | Untreated | IR (+18h) | IR (+36 h)
-Normal’ 95.5 90.6 80.3
No Distal 11q loss Anaphase bridges 0.1 0.9 0.1
(UPCI:SCC066,
UPCI:SCC116) Micronuclei 4.3 9 18.3
Interphase bridges 0.1 0.4 12
‘Normal’ 89.7 745 39.3
Distal 11q loss Anaphase bridges 0 0.5 0.3
(UPCI:SCC029B,
UPCI:SCC040) Micronuclei 7.9 21.8 49
Interphase bridges 2.4 3.2 11.4
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