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Abstract

Purpose—To determine the pharmacokinetics (PK), maximum tolerated dose (MTD), safety,

and antitumor activity of an oral formulation of rigosertib, a dual phosphoinositide 3-kinase

(PI3K) and polo-like kinase 1 (Plk1) pathway inhibitor, in patients with advanced solid

malignancies.

Experimental Design—Patients with advanced solid malignancies received rigosertib twice

daily continuously in 21-day cycles. Doses were escalated until intolerable grade ≥ 2 toxicities, at

which point the previous dose level was expanded to define the MTD. All patients were assessed

for safety, PK, and response. Urinary PK were performed at the MTD. Archival tumors were
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assessed for potential molecular biomarkers with multiplex mutation testing. A subset of

squamous cell carcinomas (SCC) underwent exome sequencing.

Results—Forty-eight patients received a median of 2 cycles of therapy at 5 dose levels.

Rigosertib exposure increased with escalating doses. Dose-limiting toxicities were hematuria and

dysuria. The most common grade ≥2 drug-related toxicities involved urothelial irritation. The

MTD is 560 mg twice daily. Activity was seen in head and neck SCCs (1 complete response, 1

partial response) and stable disease for ≥ 12 weeks was observed in 8 additional patients. Tumors

experiencing ≥partial response had PI3K pathway activation, inactivated p53, and unique variants

in ROBO3 and FAT1, two genes interacting with the Wnt/β-catenin pathway.

Conclusions—The recommended phase II dose of oral rigosertib is 560 mg twice daily given

continuously. Urinary toxicity is the dose-limiting and most common toxicity. Alterations in PI3K,

p53, and Wnt/β-catenin pathway signaling should be investigated as potential biomarkers of

response in future trials.

Introduction

Phosphoinositide 3-kinase (PI3K) is a key intracelluar kinase in the PI3K/AKT/mTOR

signaling pathway that contributes to cell growth, survival, and resistance to therapy in many

human malignancies (1, 2). PI3K is activated by upstream receptor tyrosine kinases and

inhibited by the tumor suppressor PTEN (1). Amplification of PIK3CA, the gene encoding

PI3K’s p110α catalytic subunit, is commonly seen in head and neck squamous cell

carcinoma (HNSCC; ref. 3), non-small cell lung cancer (NSCLC; ref. 4), gastric, cervical,

and ovarian cancer (2, 5). PIK3CA activating mutations occur in over 15% of breast,

endometrial, colon and urinary tract cancers, and are one of the most common activating

mutations in HNSCC (6–8). Mutations in the PIK3R1 gene encoding the p85a regulatory

subunit occur in 10% of glioblastoma multiforme (9). PTEN loss of heterozygosity occurs in

>25% of breast, gastric, glioblastoma, and prostate cancers, and mutations occur in >10% of

glioblastoma, endometrial, colon, and prostate cancers (6, 10). In preclinical models and

early clinical trials, PI3K inhibitors show significant promise (6).

The polo-like kinase 1 (Plk1)-centered regulatory loop is a critical cell-cycle mediator,

controlling entry into the mitotic phase, spindle assembly, and centrosome maturation (11).

Plk1 modulates the transition through the G2–M checkpoint by altering the activation of

cyclin B1 and the phosphatase CDC25C (12). Plk1 also associates with c-Raf at the

centrosome and spindle poles, and inhibition of this interaction impairs G2–M transition

(13). High Plk1 expression is a poor prognostic feature in non-Hodgkin lymphoma, gastric,

HNSCC, NSCLC, and ovarian cancer (11). Plk1 has been targeted using deletion mutants

(14) and RNA interference (15). These strategies have been associated with antiproliferative

effects in lung (16) and pancreatic cancer cell lines in vitro (17), and growth inhibition of

cervical and lung cancer xenografts in vivo (15).

Rigosertib (Estybon; ON01910.Na) is a stryryl sulfone, ATP-independent, allosteric,

multikinase inhibitor (18). Its complex mechanism of action involves indirect suppression of

the PI3K and Plk1 pathways, likely resulting from rigosertib binding to c-Raf that, in turn,

impairs c-Raf/coenzyme interactions (19–22). Rigosertib has shown efficacy in patient-
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derived breast, pancreatic, and myelodysplastic syndrome cancer models (19, 20, 22). In the

first-in-human phase I solid tumor study of intravenous (i.v.) rigosertib, toxicity was modest

and a patient with ovarian cancer had a prolonged objective response (23). A phase II/III

study of i.v. rigosertib plus gemcitabine for pancreas cancer and a phase III study of i.v.

rigosertib for myelodysplastic syndrome are ongoing.

The current phase I study represents the first-in-human experience with the oral formulation

of rigosertib in patients with advanced solid malignancies. The primary objective was to

determine the maximum tolerated dose (MTD) of rigosertib administered orally twice daily

in a continuous 21-day cycle. Secondary objectives included (i) assessing toxicity; (ii)

investigating the clinical pharmacology of rigosertib; (iii) identifying molecular biomarkers;

and (iv) documenting antitumor activity.

Experimental Design

Patient eligibility

Patients with an incurable, histologically confirmed solid malignancy, age ≥18 years,

Eastern Cooperative Oncology Group performance status ≤2, life expectancy ≥6 months,

measurable disease per Response Evaluation Criteria In Solid Tumors (RECIST) 1.0 (24),

adequate bone marrow, hepatic and renal function [white blood cell >4,000/mL; absolute

neutrophil count > 1,500/mL; hemoglobin >9 g/dL; platelet ≥100,000/mL; bilirubin ≤1.5×

the upper limit of normal (ULN); aspartate aminotransferase or alanine aminotransferase

<2.5× ULN (<5×ULN if due to liver metastases); and creatinine ≤2×ULN] were eligible.

Surgery or palliative radiotherapy >14 days or chemotherapy >21 days before treatment

without residual grade >1 toxicity were allowed. Patients with irradiated, clinically stable

brain metastases were eligible. Pregnant/nursing patients and those with clinically

significant and/or uncontrolled medical conditions were excluded. The protocol was

approved by the institutional review board and signed informed consent was mandatory.

Treatment plan

Rigosertib (ON 0910.Na, Onconova Therapeutics Inc.) was given orally in a fasting state

twice daily in continuous 21-day cycles. The severely toxic dose in 10% of dogs and rats

was 75 mg/kg twice daily, equivalent to 73 mg (12.2 mg/kg) in a 60 kg human with a safety

factor of 10. Therefore, a flat starting dose of 70 mg twice daily was selected. In the absence

of treatment delays due to adverse events (AE), rigosertib was continued until disease

progression, intercurrent illness, unacceptable AE(s), or consent withdrawal. Retreatment

required adequate laboratory parameters on every evaluation, and resolution of all

nonhematologic toxicities (except alopecia and fatigue) to baseline or grade ≤ 1. In case of a

delay >14 days, patients were removed from the study. A 12-patient subset in the expansion

phase received either prophylactic or urinary symptom-emergent urine alkalinization with

oral sodium bicarbonate (NaHCO3) 650 mg twice daily.

Assessments, follow-up, and monitoring

Toxicity was followed until resolution to baseline or grade ≤ 1. Before study entry and with

each cycle, patients had a clinical history and physical examination, performance status
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assessment, and comprehensive laboratory testing. A disease assessment by computed

tomography (CT) or MRI scan occurred at screening and after every 2 cycles. AEs were

classified/graded according to the National Cancer Institute Common Terminology Criteria

for Adverse Events (NCI CTCAE) 4.0. Response was evaluated by RECIST 1.0 criteria.

Patients were evaluable for toxicity once therapy commenced and for efficacy after

completing one full cycle.

Definition of dose-limiting toxicity, MTD, and dose-escalation plan

Dose-limiting toxicity (DLT) was defined as any grade ≥3 AE at least possibly attributable

to rigosertib occurring within 21 days of the first dose, or if rigosertib was held for 7

consecutive days due to AE(s). The MTD was defined as the maximal dose in which <33%

of ≥6 patients experienced a DLT. An accelerated, adaptive dose-escalation plan was used.

Patients were initially enrolled in 2-patient cohorts starting at 70 mg twice daily. In the

absence of drug-related grade ≥2 AEs during cycle 1, the next 2 patients received a dose

escalated by 100%. If drug-related grade ≥2 toxicity occurred in at least 1 of the initial

patients during cycle 1, the cohort was expanded to 3 evaluable patients. If no DLT occurred

in these 3 patients, then the next 3 patients were enrolled at a 50% dose increase. If one DLT

was observed in the first 3 patients, then the dose level was expanded up to 6 patients. If ≤ 1

DLT was observed in these 6 patients during cycle 1, then the next 6 patients were treated at

a 25% dose escalation. If ≥2 patients in any cohort experienced a DLT, then the MTD was

exceeded and dose escalation ceased. Patients experiencing a DLT discontinued or reduced

(at the discretion of the investigator) rigosertib to the lower dose level. If any

nonhematologic toxicity of grade ≥3 was present on the day of rigosertib administration, the

drug was held until resolution to grade ≤1.

Pharmacokinetic sampling and analytic assay

Blood samples were collected in all patients on days 1 and 21 during cycle 1 at the following

time points: predose, 0.5, 1, 1.5, 2, 4, 6, and 8 hours after the morning dose. Urine

pharmacokinetic (PK) samples were collected on days 1 and 21 of cycle 1 and on day 15 of

the second cycle in all patients over the following intervals: predose, 0 to 4, 4 to 8, and 8 to

24 hours. Urine collections for PK analysis were repeated in all patients experiencing grade

≥2 urinary toxicity (see Supplementary Materials).

Molecular analysis

Optional archival tumor tissue blocks were assessed for the presence of common mutations

in 15 genes using multiplex single base extension reactions (SNaPshot; Applied Biosystems;

Life Technologies). Given rigosertib’s activity against squamous cell carcinomas (SCC),

exome sequencing and FISH to determine PIK3CA and PTEN gene copy number were

performed in a SCC subset (see Supplementary Materials).
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Results

Patient characteristics

Forty-eight patients (24 males and 24 females) with a median age of 58 years (range, 20–79)

were enrolled (Table 1 and Supplementary Table S1). Two patients (280- and 700-mg

cohorts) developed rapid disease progression and were not assessable for response.

Dose escalation

Five dose levels (70, 140, 280, 560, and 700 mg) were explored. The 70-mg (unrelated

grade 4 hyperbilirubinemia), 280-mg (unrelated grade 3 pleural effusion), and 560-mg

(grade 2 drug-related dysuria, grade 2 unrelated liver enzyme elevation) cohorts were all

expanded to 3 patients with no DLT observed. The 700-mg cohort was expanded to 6

patients after 1 patient developed grade 3 hyponatremia shortly after cycle 1 and the

subsequent 2 patients experienced grade 2 AEs (drug-related dysuria, unrelated creatinine

elevation). A DLT (grade 3 hematuria) was observed at the 700-mg expansion cohort. Given

two grade 3 toxicities, one DLT, and one near-DLT, 700 mg twice daily was considered

intolerable and the previous dose level (560 mg) was expanded. In the 30-patient 560-mg

expansion, 1 patient developed a DLT (grade 3 dysuria and hematuria) and 15 patients

experienced grade 2 or 3 urinary symptoms (Table 2 and Supplementary Table S2) that

occurred in cycle 2 or later. Therefore, the recommended phase II dose (RP2D) is 560 mg

twice daily despite the original definition of an MTD not being met.

Safety

Forty-eight patients in the study were evaluable for toxicity (Table 2 and Supplementary

Table S2). Doses were held and/ or reduced for toxicity in 14 and 13 patients, respectively.

Urinary AEs were most common, with grade ≥2 urinary toxicity reported for 17 of 33 (52%)

patients treated at the RP2D. Seven patients experienced grade 3 nonhematologic toxicity,

including urinary symptoms, fatigue, pelvic pain, and hyponatremia (Table 2 and

Supplementary Table S2). Of the 13 patients experiencing serious AEs, only 1 (grade 3

weakness) was considered possibly drug-related (Supplementary Table S3). Two patients

discontinued treatment because of dysuria. Urinary symptoms occurred at a median of 4

weeks and typically resolved within 14 days of drug discontinuation. Because rigosertib is

acidic in the urine, the last 12 subjects enrolled were alternately assigned to receive

prophylactic or urinary symptoms-emergent urine alkalization. Prophylactic NaHCO3 had

no significant effect on urinary toxicity incidence (data not shown).

Antitumor activity

Forty-six patients were evaluable for efficacy with 43 patients receiving serial tumor

measurements (Fig. 1 and Supplementary Table S1). The median time on study was 2 cycles

(6 weeks; range, 1–101+; Fig. 1). One patient with metastatic, platinum-refractory, human

papilloma virus (HPV)-negative HNSCC treated with rigosertib 280 mg twice daily

achieved a complete response (CR) and remains on study at 101+ weeks (Fig. 2). A second

patient with platinum-refractory, HPV-positive HNSCC treated with 560 mg twice daily

experienced a partial response (PR) and remained on study for 50 weeks. His course was
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characterized by an initial increase in hepatic metastasis size and pain through cycle 2;

however, his imaging suggested tumor necrosis and he remained on study (Fig. 2). At cycle

5, his tumor had decreased in size 30% from baseline and 40% from its maximum. Stable

disease for ≥ 12 weeks was seen in 8 patients, yielding an overall response rate (RR) of

4.3% (2/46) and clinical benefit rate (CBR = CR + PR + stable disease) of 21.7% (10/46;

Fig. 1 and Supplementary Table S1).

PK analysis

The PK profile is given in Table 3. Rigosertib plasma pharmacokinetics were linear and

dose proportional (Supplementary Fig. S1). The plasma concentration-time profile exhibited

a rapid distribution phase followed by a slower elimination phase. For patients treated at the

RP2D, the Cmax was significantly lower at steady-state on day 21 than on day 1, and T1/2

and volume of distribution were greater (Table 3). There was not a strong relationship

between plasma and urinary PKs. Peak plasma concentration and AUC0-∞ were similar in

patients with or without urinary symptoms. Mean urine PK parameters ± SD were similar in

symptomatic and nonsymptomatic groups: Cmax (2,489 ng/mL ± 2,671 vs. 2,021 ng/mL ±

1,312; P = 0.56), AUC0-∞ (5,886 ng*h/mL± 6,086 vs. 5,069 ng*h/mL± 3,517; P = 0.72),

24-hour urine excretion (16.6 mg ± 7.9 vs. 18.7 mg ± 2.8; P = 0.63).

Mutational and genetic analyses

Archival tissue was obtained from 32 subjects. Multiplex mutational analysis did not reveal

a correlation between common oncogenic mutations and response to therapy

(Supplementary Table S4). In a subset of patients with SCCs (5 HNSCC and 1 lung SCC),

PI3K pathway activation via PIK3CA amplification or PTEN loss was seen in both sensitive

tumors (≥PRs) but did not predict response overall (Supplementary Table S4). Exome

sequencing of these 6 SCCs provided 33–95 × coverage and 18 to 200 million reads.

Limiting our analysis to published variants in HNSCC (8), there were 1,352 variants in

common between sensitive and resistant tumors, 27 unique to sensitive tumors, and 103

unique to resistant tumors. There were 12 variants seen exclusively in both sensitive SCCs

and 5 variants seen exclusively in all four resistant tumors (Table 4 and Supplementary

Table S5). Sensitive tumors had unique variants in the cancer-related genes FAT1, ROBO3,

ACIN1, and ABCC11. Resistant tumors had unique variants in cancer-related genes CDH23

and HCLS1.

Discussion

This first-in-human study demonstrates that the oral formulation of rigosertib, a non-ATP

competitive inhibitor of PI3K and the Plk1 pathways, is safe and well tolerated by patients

with advanced solid malignancies. The RP2Dis560 mg twice daily continuously in 21-day

cycles. Rigosertib has a unique toxicity profile and promising signals of efficacy,

particularly in HNSCC.

Rigosertib has a side-effect pattern different from other PI3K and Plk1 inhibitors. Whereas

many direct PI3K inhibitors cause mucocutaneous toxicity, nausea/vomiting, diarrhea, and

hyperglycemia, though both PX-866 and XL147 do not cause hyperglycemia, rigosertib
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largely lacks these side effects (6, 25–27). Similarly, rigosertib does not have the

hematologic toxicity of direct Plk1 inhibitors that are limited by hematologic toxicity (28,

29). Rather, the most common and clinically significant toxicity was dose dependent,

delayed urothelial irritation. The high incidence of urinary AEs is in stark contrast to the low

frequency of urinary toxicity with i.v. rigosertib despite higher Cmax and AUC0-∞ seen with

the i.v. formulation (23). There were no differences in plasma or urine drug levels between

patients with and without urinary symptoms, though this analysis is limited by large

variance in the data. Urine alkalinization, although helpful in some patients with treatment-

emergent urinary toxicity, did not prevent urinary symptoms in this study. At the RP2D, the

Vss is higher at day 21 than at day 1 and exceeds the i.v. Vss (23). This may be due to

increased urothelial binding with the oral drug and could account for the oral formulation’s

delayed urinary toxicity. The urinary toxicity is unlikely to be related to the excipient, as

both the i.v. and oral versions use the same agent and the oral formulation uses an order of

magnitude less. It is likely that rigosertib or an unmeasured metabolite is an urothelial

irritant; however, patient factors may help determine the severity of symptoms. One

consideration is that oral rigosertib may undergo acidification in the stomach or first pass

metabolism through the liver, and that these processes produce a toxic metabolite. This

would account for the lack of urothelial irritation with the i.v. formulation of the drug.

Further evaluation into the origin and amelioration of this toxicity are ongoing. Rigosertib’s

lack of mucocutaneous or hematologic toxicity makes it an exciting candidate for

combinations with myelosuppresive chemotherapy, radiation, and targeted agents like

cetuximab where skin rash is the DLT.

Oral rigosertib’s PK profile is linear and dose dependent. There does not seem to be drug

accumulation based upon AUC0-∞, though the high Vss suggests tissue binding. The lower

Cmax at day 21 points toward a possible induction phenomenon, but the longer T1/2 and

unchanged AUC0-∞ and clearance do not support this hypothesis. Given the oral

formulation’s short T1/2, it is possible that increased drug exposure can be achieved with 3

times a day dosing. A phase I trial of 3 times a day dosing with PKs beyond cycle 1 is

underway. Of note, despite lower Cmax at day 21, rigosertib maintained clinical activity.

Rigosertib demonstrated clinical activity in this phase I study. In contrast to other PI3K/

mTOR or Plk1 inhibitors, rigosertib has the advantage of inhibiting both cell signaling and

cycling. The RR of 4.3% (all HNSCCs) and a ≥12-week CBR of 21.7% compare favorably

with other Plk1 and PI3K inhibitors. For instance, the phase I CBR for the Plk1 inhibitor

BI-2536 was 32% (0% PR, 32% stable disease) and the RRs with the ATP-competitive PI3K

inhibitors BKM120 and PX-866 were 2.8% and 0%, respectively (25, 26, 28). In our study,

1 patient with HPV-positive HNSCC experienced substantial tumor shrinkage following

initial tumor growth in the liver. The tumor flare phenomenon has been observed in HPV-

positive tumors treated with chemotherapy or radiation, as well as targeted immunotherapies

(30, 31). It may be that, in select patients, initial tumor growth and pain reflects tumor

necrosis and immune cell infiltration. Future studies should consider on-treatment tumor

biopsies to investigate this phenomenon.

Predicting responders to PIK3 and Plk1 pathway inhibitors has been challenging. There are

conflicting data suggesting that PI3K pathway activation may be required for PI3K inhibitor
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activity (32–34). Similarly inactivated p53 may be necessary for Plk1 inhibitors to be

effective (35). Both patients with ≥PR in this study had PI3K pathway activation and

inactivated p53, either via mutation or destruction by an HPV oncoprotein. In patient-

derived HNSCC xenografts, p53 inactivation events and PI3K pathway activation were

required for rigosertib antitumor activity (36). However, because patients with similar

molecular profiles failed to respond, this suggests that PIK3 pathway activation and p53

inactivation may be necessary, but not sufficient, for rigosertib activity.

In the SCC subset undergoing exome sequencing, two variants in rigosertib-sensitive tumors

point to possible interactions between Wnt/β-catenin, PI3K, and Plk1. FAT1 is a

protocadherin mutated in 6.7% of HNSCCs that, when inactivated, leads to aberrant Wnt/β-

catenin signaling, oral cancer carcinogenesis, migration, and invasion (37, 38). Similarly,

ROBO3 operates downstream of Slit2, a tumor suppressor, and acts via Wnt/ β-catenin and

PI3K/AKT; aberrant Slit2-ROBO3 signaling destabilizes these pathways in lung cancer and

increases cell migration in oral SCCs (39, 40). Plk1 interacts with the Wnt/β-catenin

scaffolding protein Axin in mitotic spindles (41). We propose that rigosertib’s unique

mechanism of action allows it to impair aberrant Wnt/β-catenin via Plk1 and PI3K pathway

inhibition, while also blocking G2–M transition and PI3K–driven cell signaling. Resistance

to rigosertib may occur through HCLS1 (Lyn substrate 1), a target of the Src family kinase

Lyn active in HNSCC cell lines and tumor specimens (42, 43). Interestingly, both sensitive

tumors harbored variants in ACIN1, an apoptosis regulator, and ABCC11 (MRP8), an ATP-

binding cassette membrane transporter, associated with chemotherapy resistance (44). PI3K

and Plk1 inhibitors both impair a multidrug resistance protein similar to ABCC11, P-

glycoproten, in vitro, and may allow for increased intracellular drug accumulation (45).

These findings are only hypothesis-generating because a limited number of tumors

underwent exome sequencing and germline specimens were not evaluated. An ongoing

phase II trial will perform multiplex mutational analysis and exome sequencing in all

eligible patients (n = 80) to clarify possible biomarkers (NCT01807546).

Although the exome analysis of a subset of SCCs is intriguing, the biomarkers analysis in

the study had several limitations. For example, although the majority of subjects had

archival tumor assessed for common mutations with multiplex mutation testing, few

mutations were found. Similarly, immunohistochemical staining was not performed in

archival specimens. The study would have been strengthened by pretreatment and on-

treatment biopsies to assess changes in gene expression profiles and/or

immunohistochemistry findings. In preclinical testing, for instance, FOXO3, FOXO4,

reactive oxygen species, and c-jun-NH2-kinase signaling pathways alterations were

associated with rigosertib’s anticancer activity (22). Pre- and postbiopsies would allow for

this analysis and should be recommended in at least a subset of patients in future studies.

In summary, oral rigosertib has predictable PKs, a unique toxicity profile, and encouraging

antitumor activity in patients with solid tumors, particularly SCCs. A phase II study for

patients with SCCs of any origin, with a focus on HNSCC, stratified by HPV status is

currently enrolling.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

The phosphoinositide 3-kinase (PI3K)/AKT/mTOR pathway is deregulated in a variety

of solid tumors and may provide key growth and survival signals to tumor cells. Cell-

cycle regulation through polo-like kinase 1 (Plk1) affects tumor growth. Therefore,

coinhibitors of PI3K and PLK1 may impair both cell signaling and cell cycling. This

article reports data from the phase I trial of the oral formulation of rigosertib, an indirect

inhibitor of PI3K, PLK1, and other kinases. Results from this trial demonstrate that

rigosertib may be administered with a tolerable, though unique, toxicity profile in

patients with advanced solid tumors. Evidence of antitumor activity supports

development as a single agent or in combination with other therapies. Exome sequencing

is used to identify possible biomarkers in squamous cell carcinomas.
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Figure 1.
A, the median time on study was 6 weeks (95% CI, 1–101+ weeks). Forty-three (89.5%)

patients came off study because of progression of disease, 2 patients because of toxicity, and

1 patient died. One patient withdrew consent. One patient remained on study at the time of

analysis. B, waterfall plot of tumor responses of the 43 patients for whom serial imaging

studies were available. One patient achieved a CR, 1 patient a prolonged PR, and 8 patients

achieved stable disease for12 or more weeks (range, 12–36 weeks).
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Figure 2.
Objective responses to oral rigosertib in 2 patients with HNSCC. A, serial CT scan images

of a patient with metastatic HNSCC, who achieved a CR. B, initial tumor growth then

reduction in a patient with metastatic HNSCC who achieved a prolonged PR.
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Table 4

Cancer-related exome variants seen exclusively in sensitive and resistant squamous cell carcinomas

Gene Description Chromosome
Nucleotide
change

Amino
acid
change

Nonsynonymous SNPs present in both sensitive tumors, but not in resistant tumors

ABCC11 ATP-binding cassette, subfamily C (CFTR/MRP), member 11 16 T>A N1277Y

ACIN1 Apoptotic chromatin condensation inducer 1 14 T>C N20S

FAT1 FAT tumor suppressor homolog 1 (drosophila) 4 G>A A131V

ROBO3 Roundabout, axon guidance receptor, homolog 3 (drosophila) 11 G>A R416H

Nonsynonymous SNPs present in all resistant tumors, but not in sensitive tumors

CDH23 Cadherin-related 23 10 A>G N1351D

HCLS1 Hematopoietic cell-specific Lyn substrate 1 3 C>T E361K
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