
Phase 1 safety, pharmacokinetic
and pharmacodynamic study of the
cyclin-dependent kinase inhibitor dinaciclib
administered every three weeks in patients
with advanced malignancies
Monica M Mita*,1,6, Alain C Mita1,6, Jennifer L Moseley1, Jennifer Poon2,7, Karen A Small2, Ying-Ming Jou2,
Paul Kirschmeier2,8, Da Zhang2, Yali Zhu2, Paul Statkevich2,9, Kamelesh K Sankhala1, John Sarantopoulos1,
James M Cleary3,4, Lucian R Chirieac5, Scott J Rodig5, Rajat Bannerji2,10 and Geoffrey I Shapiro*,3,4

1Institute for Drug Development, Cancer Therapy and Research Center at University of Texas Health Science Center, San Antonio,
TX 78229, USA; 2Merck & Co., Inc., Kenilworth, NJ 07033, USA; 3Early Drug Development Center, Department of Medical
Oncology, Dana-Farber Cancer Institute, 450 Brookline Avenue, Boston, MA 02215, USA; 4Department of Medicine, Brigham and
Women’s Hospital and Harvard Medical School, Boston, MA 02215, USA and 5Department of Pathology, Brigham and Women’s
Hospital and Harvard Medical School, Boston, MA 02215, USA

Background: Dinaciclib is a potent inhibitor of cell cycle and transcriptional cyclin-dependent kinases. This Phase 1 study evaluated the safety,
tolerability and pharmacokinetics of various dosing schedules of dinaciclib in advanced solid tumour patients and assessed pharmacodynamic and
preliminary anti-tumour activity.

Methods: In part 1, patients were enrolled in escalating cohorts of 2-h infusions administered once every 3 weeks, utilising an accelerated
titration design until a recommended phase 2 dose (RP2D) was defined. In part 2, 8- and 24-h infusions were evaluated. Pharmacokinetic
parameters were determined for all schedules. Pharmacodynamic effects were assessed with an ex vivo stimulated lymphocyte proliferation assay
performed in whole blood. Effects of dinaciclib on retinoblastoma (Rb) phosphorylation and other CDK targets were evaluated in skin and tumour
biopsies. In addition to tumour size, metabolic response was evaluated by 18F-fluorodeoxyglucose-positron emission tomography.

Results: Sixty-one patients were enrolled to parts 1 and 2. The RP2Ds were 50, 7.4 and 10.4 mg m� 2 as 2- 8- and 24-hour infusions, respectively. Dose-
limiting toxicities included pancytopenia, neutropenic fever, elevated transaminases, hyperuricemia and hypotension. Pharmacokinetics demonstrated
rapid distribution and a short plasma half-life. Dinaciclib suppressed proliferation of stimulated lymphocytes. In skin and tumour biopsies, dinaciclib
reduced Rb phosphorylation at CDK2 phospho-sites and modulated expression of cyclin D1 and p53, suggestive of CDK9 inhibition. Although there
were no RECIST responses, eight patients had prolonged stable disease and received between 6 and 30 cycles. Early metabolic responses occurred.

Conclusions: Dinaciclib is tolerable at doses demonstrating target engagement in surrogate and tumour tissue.
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Cyclin-dependent kinases (CDKs) are critical regulators of cell cycle
progression and RNA transcription (Malumbres, 2014). Cyclin-
dependent kinases 4, 6, 2 and 1 are core components of the cell cycle
machinery and govern the transition between cell cycle phases.
Cyclin D-CDK4/6 complexes and cyclin E-CDK2 complexes
sequentially phosphorylate the retinoblastoma protein (Rb) to
achieve G1 progression and the G1/S transition. Cyclin A-CDK2
and cyclin B-CDK1 complexes control S/G2 and M phase
progression, respectively (Shapiro, 2006). Other family members,
including CDKs 7, 9 and 12, phosphorylate the C-terminal domain
(CTD) of RNA polymerase II and regulate transcriptional initiation,
elongation and processing (Eick and Geyer, 2013). CDK5 has been
primarily associated with neuronal function (Kawauchi, 2014), but
has also been shown to regulate RAS-RAL signalling (Feldmann
et al, 2010). The universal dysregulation of CDK activity in human
cancer has supported longstanding interest in the development of
CDK inhibitors as antineoplastic agents (Malumbres and Barbacid,
2009). Compounds currently in development fall into two classes:
(1) selective inhibitors of the G1 CDKs 4 and 6 (Sherr et al, 2016);
and (2) less selective inhibitors that target CDKs 1 and 2, as well as
the transcriptional CDKs and/or CDK5 (Asghar et al, 2015).

Dinaciclib (MK-7965, formerly SCH727965) is a novel, potent,
small-molecule inhibitor of CDKs that has been shown to inhibit
CDK2, CDK5, CDK1, CDK9 with 50% inhibitory concentration
(IC50) values of 1, 1, 3, and 4 nmol l� 1, respectively, in
biochemical assays (Parry et al, 2010; Paruch et al, 2010). Recently,
CDK12 inhibition by dinaciclib has also been demonstrated
(Johnson et al, 2016). In multiple tumour cell lines, dinaciclib
suppresses Rb phosphorylation and bromodeoxyuridine (BrdU)
incorporation, consistent with inhibition of cell cycle progression
(Parry et al, 2010; Feldmann et al, 2011; Fu et al, 2011). These
effects are associated with apoptosis by a variety of mechanisms,
including cell cycle disruption via combined inhibition of CDKs 1
and 2 (Cai et al, 2006), effects on the expression and stability of the
anti-apoptotic protein MCL1 via inhibition of CDKs 9 and 2
(Booher et al, 2014; Choudhary et al, 2015; Gregory et al, 2015),
and in the case of melanoma cells, on modulation of wild-type p53
function via inhibition of CDK9 (Desai et al, 2013). Additionally,
in in vitro experiments, dinaciclib produces prolonged cellular
effects evident at 24 h that have been observed even after short 2-h
exposures (Parry et al, 2010).

In vivo, dinaciclib has produced tumour growth inhibition and
regression in xenograft models of diverse origin, using both
continuous and intermittent schedules at doses below the maximally
tolerated level. Efficacy in these models was associated with
modulation of Rb phosphorylation in skin, as well as reversible,
mechanism-based effects on hematologic parameters (Parry et al,
2010). In addition to bone marrow, preclinical toxicology studies
also demonstrated findings in the gastrointestinal tract and
lymphoid system, consistent with effects on cellular proliferation.

Here, we report results from a phase 1 study that was designed
to determine the safety and tolerability of dinaciclib administered
as a 2-, 8-, or 24-h intravenous (i.v.) infusion once every 3 weeks.
This intermittent schedule was chosen based on the propensity for
apoptotic effects in vitro and tumour regressions in vivo with brief,
intermittent exposures, and on the anticipated rest period required
for recovery from anti-proliferative toxicities. The study also
evaluated pharmacokinetics (PK) and pharmacodynamics (PD), as
well as evidence of anti-tumour activity in patients with advanced
malignancies.

MATERIALS AND METHODS

Study design. This was a three-part phase 1 trial evaluating
dinaciclib administered intravenously every 3 weeks

(NCT00871910;P04630). Part 1 (2-h infusions) and part 2
(8- and 24-h infusions) were nonrandomised, open-label, dose-
escalation studies of dinaciclib using an accelerated titration design
(Simon et al, 1997). Primary objectives were to evaluate the safety
and tolerability, including the maximum administered dose
(MAD) and dose-limiting toxicities (DLTs), as well as the
pharmacodynamic effects of dinaciclib in an ex vivo lymphocyte
stimulation assay (Nemunaitis et al, 2013). Secondary objectives
were to determine the PK of single doses of dinaciclib, assess Rb
protein phosphorylation in skin and/or tumour biopsies, and to
evaluate tumour metabolic changes and preliminary evidence of
anti-tumour activity. Part 3 was previously reported and
determined that dinaciclib may be safely coadministered with
aprepitant (Zhang et al, 2012). The protocol was approved by the
Institutional Review Boards of the University of Texas Health
Science Center San Antonio and the Dana-Farber/Harvard Cancer
Center. The trial was conducted in accordance with good clinical
practice and complied with the World Medical Association
Declaration of Helsinki concerning written informed consent,
which was obtained from all patients, and the protection of rights
of human subjects.

Patients. Eligible patients were X18 years of age with a
histologically confirmed malignancy refractory to conventional
treatment and evaluable by computed tomography (CT) scan or
magnetic resonance imaging (MRI). Other inclusion criteria
included an Eastern Cooperative Oncology Group (ECOG)
performance status p2; adequate organ and bone marrow
function; willingness to use appropriate contraception for partici-
pants of childbearing age; and written informed consent. Patients
were excluded if they had symptomatic brain metastases or
primary central nervous system malignancy; had previous radia-
tion to greater than 25% of the total bone marrow, radiation
therapy within the previous 4 weeks, or continued toxicity from
prior therapy; had received chemotherapy, biologic therapy,
hormone therapy, or investigational therapies within 4 weeks, or
mitomycin, nitrosourea, nilutamide, or bicalutamide within 6
weeks; had serious or uncontrolled infections or known HIV; were
pregnant; or had any clinically significant condition that could
prevent study completion.

Treatment and dose escalation. For part 1 (2-h infusions every 21
days) the starting dose was 1.85 mg m� 2, and doubled in
sequential patients until two patients experienced grade 2 toxicity,
or DLT was observed. Intra-individual dose escalation was not
allowed. Cohorts had at least three patients if the trigger for
expansion was grade 2 toxicity, or at least six patients if the trigger
was a DLT. If no additional toxicity occurred, subsequent doses
were escalated in 40% increments in three-patient cohorts until the
MAD was reached. If X2 patients experienced DLT in one cohort,
at least six patients were evaluated in the previous cohort. The
highest dose tested below the MAD was considered the
recommended phase 2 dose (RP2D) and was defined as the dose
with an incidence of DLTs occurring in p33% of patients. Dose-
limiting toxicities were defined as any grade 3 or 4 hematologic
toxicity lasting 1 week or longer, or as any grade 3 or 4 non-
hematologic toxicity. Manageable nausea and vomiting, fatigue,
anorexia, anaemia, alopecia, alkaline phosphatase changes, fever
without neutropenia, or local reactions were not included in the
determination of DLT.

In part 2, the first dose for 8-h infusions was the RP2D from
part 1; due to DLTs, the dose was de-escalated until a dose level
with no more than one DLT in six evaluable patients was reached.
For 24-h infusions, the dose determined for the 8-h infusion was
used as the first dose, with subsequent dose escalations in 40%
increments. Dose modifications were permitted based on labora-
tory and clinical assessments on the day of treatment. Patients
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requiring delays were assessed weekly until dosing was resumed or
the patient discontinued.

Toxicity, safety, and tolerability assessments. All treated patients
were assessed for safety, including adverse events (AEs), complete
blood count, laboratory assessments, vital signs, 12-lead electro-
cardiogram, and physical examination. Adverse events were
defined and graded according to the NCI Common Terminology
Criteria for Adverse Events (CTCAE, v3.0), and were recorded
from enrolment until 3 weeks after the last dose.

Pharmacokinetic assessments. Pre- and post-dose 5 ml blood
samples were collected at pre-specified time points in cycle 1,
cycle 2, and cycle 3, during and after infusions. Plasma
concentrations were determined using HPLC tandem mass
spectrometry (LC-MS/MS) performed at Charles River Laboratory
(Senneville, Quebec, Canada), and were used to determine PK
parameters including maximum concentration (Cmax), time to
maximum concentration (Tmax), area under the concentration–
time curve to the final measurable sampling time (AUC[tf]), from
0 to 24 h (AUC[0–24 h]), and extrapolated to infinity (AUC[l]), as
well as terminal phase half-life (t1/2), clearance (CL), and volume
of distribution (Vd).

Ex vivo lymphocyte stimulation assay. As a biomarker for
dinaciclib activity, whole blood samples for an ex vivo lymphocyte
proliferation assay were obtained pre- and post-dose, as previously
described (Nemunaitis et al, 2013; Supplementary Methods).

Assessment of CDK targets. Skin punch biopsies were obtained
from the thigh, forearm or upper arm to assess Rb phosphoryla-
tion. Additionally, some patients were co-enrolled to a Dana-
Farber Cancer Institute protocol permitting analysis of skin and
tumour biopsies for other CDK targets. Skin biopsies were
collected up to 7 days before dosing and at the end of the
infusion. Phosphorylation of Rb was determined by immunohis-
tochemistry in the proliferative keratinocyte layer, as previously
described (Haddad et al, 2004; Leonard et al, 2012; Supplementary
Methods). Additional analyses were performed for p27Kip1, cyclin
D1, p53, and Ki-67. Data were quantified using Aperio image
analysis or scored manually, and percent positively staining cells
determined. When melanoma biopsies were complicated by
melanin deposits, immunohistochemistry was also performed
using a Texas red secondary antibody (Vulcan Fast Red, Biocare
Medical, Pacheco, CA, USA).

Anti-tumour activity assessments. Computed tomography or
MRI was obtained within 4 weeks before treatment initiation, after
every 2 cycles, and 3 weeks after the final dose. Tumour response
was assessed using Response Evaluation Criteria in Solid Tumors
(RECIST) v. 1.0 (Therasse et al, 2000). Metabolic response of
tumours to dinaciclib was measured using 18F-fluorodeoxyglucose-
positron emission tomography (FDG-PET)/CT scans performed at
screening and on day 8 of cycle 1. The maximum standard uptake
value (SUVmax) percentage change in lesions was determined.
A 30% reduction relative to pre-treatment was classified as a
response (Young et al, 1999).

Statistical analysis. Means, standard deviations and coefficients of
variation were calculated using noncompartmental methods with
WinNonlin software (V5.2, Pharsight, Cary, NC, USA) for derived
PK parameters. For stimulated lymphocyte proliferation, pre- and
post-treatment percent BrdU incorporation were compared. For
skin biopsies, the percentage change in positively staining nuclei
was determined for each sample; results for a particular phospho-
protein or protein were averaged across the sample set and the
degree of change post- compared to pre-treatment was evaluated
with a paired t-test. For tumour biopsies, the percentage of
positively staining cells pre- and post-treatment was compared for
each antibody.

RESULTS

Baseline characteristics and patient disposition. Thirty-five
patients were treated in part 1 and 26 patients in part 2, with 16
and 10 patients receiving 8- and 24-h infusions, respectively
(Table 1). Patients were heavily pre-treated with good performance
status. Most patients (67%) discontinued treatment due to disease
progression. Discontinuations also occurred because of sympto-
matic deterioration, withdrawal of consent for unrelated reasons or
for AEs.

Determination of MAD and RP2D. Dose-limiting toxicities are
summarised by dose level in Supplementary Table 1. In part 1,
patients were administered escalating doses of dinaciclib ranging
from 1.85 to 58 mg m� 2. The first DLT occurred at 29.6 mg m� 2,
where one of six patients experienced non-neutropenic bacterial
sepsis. A single patient experienced a DLT of neutropenic fever at
the 41.4 mg m� 2 dose level. The MAD was 58 mg m� 2 with two of
four patients experiencing DLT, including one patient with
pancytopenia and pneumonia and one patient with neutropenic

Table 1. Baseline demographics and characteristics for
patients enrolled in part 1 and part 2 of the study

Dinaciclib 2-h
infusion

(part 1) n¼35

Dinaciclib 8- and
24-h infusions
(part 2) n¼26

Age
Median 53.0 59.5
Range 29–71 36–79
18 to o65 years, n (%) 27 (77) 18 (69)
65 years or older, n (%) 8 (23) 8 (31)

Gender, n (%)
Female 18 (51) 15 (58)
Male 17 (49) 11 (42)

Race, n (%)
White 32 (91) 23 (88)
Asian 1 (3) 1 (4)
Black or African American 1 (3) 2 (8)
Multiracial 1 (3) 0

ECOG performance status, n (%)
0 15 (43) 10 (38)
1 19 (54) 15 (58)
2 1 (3) 1 (4)

Prior chemotherapy regimens
p2 9 (26) 9 (34)
3–5 16 (46) 9 (34)
X6 10 (28) 8 (31)

Tumour types, n (%)
Colorectal 7 2
Melanoma 5 4
Breast 1 4
Neuroendocrine 3 2
Pancreatic 3 0
Sarcoma 2 2
NSCLC 2 1
Ovarian 1 1
Oesophageal 1 2
Prostate 1 1
Unknown primary 1 1
Pharyngeal, NHL, testicular, thyroid,
pseudomyxoma peritonei, thymus,
sarcomatoid carcinoma, chordoma

1 each —

Mesothelioma, appendiceal,
fallopian tube, squamous cell CA,
SCLC, larynx

— 1 each

Abbreviations: ECOG¼Eastern Cooperative Oncology Group; NSCLC¼ non-small cell
lung cancer; NHL¼ non-Hodgkin lymphoma; SCLC¼ small cell lung cancer.

BRITISH JOURNAL OF CANCER Phase 1 safety, PK and PD study of dinaciclib

1260 www.bjcancer.com | DOI:10.1038/bjc.2017.288

http://www.bjcancer.com


fever. An intermediate dose level of 50 mg m� 2 was next evaluated;
one of the initial six patients experienced a dose-limiting increase
in aspartate aminotransferase (AST), which resolved by day 8. The
patient continued treatment with a dose reduction. Nine additional
patients were treated at the 50 mg m� 2 dose level (for 15 total).
Three patients experienced DLTs in the expansion cohort,
including hypotension, elevated AST and uric acid, and elevated
alanine aminotransferase (ALT). Therefore, 50 mg m� 2 met the
pre-specified RP2D definition, with 4 of 15 patients (o33%)
experiencing DLT.

In part 2, patients received an 8- or 24-h i.v. infusion of
dinaciclib starting at the part 1 RP2D of 50 mg m� 2. There were
two DLTs in two patients treated at the 50 mg m� 2 dose level. The
8-h infusion was de-escalated from 50 mg m� 2 to 41.4 mg m� 2,
29.6 mg m� 2, 14.8 mg m� 2, and finally 7.4 mg m� 2. DLTs after 8-
h infusions included neutropenia with or without fever, hypoten-
sion, syncope, and elevated transaminases; no DLTs occurred at
the 7.4 mg m� 2 dose level. For 24-h infusions, the initial dose was
7.4 mg m� 2, increased 40% to 10.4 mg m� 2 and then to
14.6 mg m� 2, which was the MAD with DLTs occurring in two
of three patients; one patient had hyperbilirubinemia and another
had delirium while also taking pregabalin. The 10.4 mg m� 2 dose
was the highest safe dinaciclib dose administered as a 24-h i.v.
infusion with no DLTs in the three patients treated at this dose
level or at the 7.4 mg m� 2 dose level. Overall, DLTs were observed
at lower doses with 8- and 24-h infusions vs 2-h infusions.

Safety and tolerability. Treatment-related AEs occurring in at
least three patients, as well as all grade 3 or 4 AEs, are summarised
in Table 2. Among the 35 patients over eight dose levels in part 1,
the most common treatment-related AEs were nausea (23 (66%)),
vomiting (23 (66%)), neutropenia (18 (51%)), diarrhoea
(16 (46%)), and fatigue (13 (37%)). The most common grade 3
or 4 treatment-related AEs were neutropenia (16 (46%)),
leukopenia (6 (17%)), increased AST (3 (9%)), increased ALT
(2 (6%)), hyperuricemia (2 (6%)), and febrile neutropenia (2 (6%)).
Among the fifteen patients treated at the RP2D of 50 mg m� 2, the
most common treatment-related AEs were nausea (12 (80%)),
vomiting (11 (73%)), fatigue (9 (60%)), neutropenia (9 (60%)), and
diarrhoea (8 (53%)), and the most common grade 3 or 4 treatment-
related AEs were neutropenia (8 (53%)), increased AST (3 (20%)),
increased ALT (2 (13%)), hyperuricemia (2 (13%)), and leukopenia
(2 (13%)).

At doses of 41.4 mg m� 2 and above, acute neutropenia was
observed in some patients within 4–6 h post-dose on day 1. This
was followed by a rapid recovery, often followed by a second nadir
at day 8 with a slower recovery. These results were suggestive of
abrupt destruction of circulating neutrophils on day 1 and more
conventional marrow suppression on day 8 (Supplementary
Figure 1).

In part 2, among the 16 patients treated with 8-h infusions, the
most frequent treatment-related AEs were fatigue (8 (50%)),
diarrhoea (7 (44%)), nausea (7 (44%)), neutropenia (7 (44%)), and
vomiting (6 (38%)); the most frequent grade 3 or 4 treatment-
related AEs were neutropenia (6 (38%)), febrile neutropenia (2
(13%)), and hypotension (2 (13%)). For the 10 patients treated
with 24-h infusions, the most common treatment-related AEs were
increased AST (2 (20%)), increased alkaline phosphatase (2 (20%)),
fatigue (2 (20%)), and nausea (2 (20%)). The only grade 3 or 4
treatment-related AE reported in more than one patient in this
cohort was fatigue (2 (20%)).

Seventeen (47%) patients in part 1 and 10 (38%) patients in part
2 experienced serious AEs (SAEs). The most common SAEs
occurring in two or more patients in either part 1 or part 2 of the
study were neutropenia (4 (11%) in part 1; 2 (8%) in part 2), febrile
neutropenia (2 (6%) in part 1; 2 (8%) in part 2), hyperbilirubi-
nemia (3 (8%)) in part 1), hypotension (3 (8%) in part 1; 3 (12%) in

part 2), bacterial sepsis (2 (6%) in part 1), and increased AST
(2 (6%) in part 1). Eight deaths occurred among patients before
study treatment was discontinued. One patient enrolled at the
29.6 mg m� 2 dose level in part 1 died of gram-negative sepsis;
other events were all related to progressive disease.

Pharmacokinetics. Among the 35 patients in Part 1, dinaciclib
rapidly distributed with Tmax achieved between 1 and 2 h after the
initiation of the 2-h infusion, and eliminated with a t1/2 of 1.4–
3.3 h (Table 3, Supplementary Figure 2A). Dose- normalised PK
parameters were determined across the doses, suggesting dose-
related increases in exposure (Supplementary Figure 2B). In part 2,
PK for the 16 patients who had dinaciclib administered over 8 h
demonstrated a Tmax of 4–8 h after the start of the infusion
followed by a rapid elimination phase (Table 3, Supplementary
Figure 2B). When dinaciclib was administered over 24 h, Tmax was
achieved 6–24 h after the start of the infusion and also displayed a
rapid elimination phase (Table 3, Supplementary Figure 2C). For
both 8-h and 24-h infusion groups, the t1/2 and CL could not be
estimated due to the sampling schedule. At similar doses, with
increasing infusion time (2, 8, and 24 h) the total exposure (AUC)
remained similar, whereas Cmax was lower with longer infusion
times. Based on the PK findings, dinaciclib CL appears to be dose-
independent.

Decreases in absolute neutrophil were found to correlate with
dinaciclib exposure, with Cmax 360 ng ml� 1 and AUC

Table 2. Treatment-related adverse events occurring in at
least three patients and all grade 3 or 4 adverse events
reported after a 2-, 8-, or 24-h intravenous infusion of
dinaciclib

2-h infusion
n¼35

8- and 24-h
infusion n¼26

Adverse event, n (%)
All

grades
Grade

3–4
All

grades
Grade

3–4
Nausea 23 (66) 0 9 (35) 0

Vomiting 23 (66) 1 (3) 7 (27) 0

Neutropenia 18 (51) 16 (46) 7 (27) 6 (23)

Diarrhoea 16 (46) 0 7 (27) 0

Fatigue 13 (37) 0 10 (38) 2 (8)

Leukopenia 8 (23) 6 (17) 0 0

Increased AST 6 (17) 3 (9) 2 (8) 1 (4)

Decreased appetite 5 (14) 0 2 (8) 0

Increased ALT 4 (11) 2 (6) 1 (4) 0

Anaemia 4 (11) 0 3 (12) 0

Alopecia 4 (11) 0 2 (8) 0

Headache 4 (11) 0 0 0

Hypotension 3 (9) 1 (3) 5 (19) 2 (8)

Hyperbilirubinemia 3 (9) 0 1 (4) 1 (4)

Increased alkaline phosphatase 1 (3) 1 (3) 3 (12) 2 (8)

Dehydration 3 (9) 1 (3) 2 (8) 0

Dizziness 3 (9) 0 2 (8) 0

Febrile neutropenia 2 (6) 2 (6) 2 (8) 2 (8)

Hyperuricemia 2 (6) 2 (6) 0 0

Abdominal pain 2 (6) 0 1 (4) 1 (4)

Thrombocytopenia 1 (3) 1 (3) 1 (4) 0

Pancytopenia 1 (3) 1 (3) 0 0

Hyperglycaemia 1 (3) 1 (3) 0 0

Bacterial sepsis 0 0 1 (4) 1 (4)

Abbreviations: AST¼ aspartate aminotransferase; ALT¼ alanine aminotransferase.
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944 ng.hr ml� 1 associated with a 50% reduction compared to
baseline. The percent decrease in ANC increased as dose and
systemic exposure to dinaciclib increased, with neutropenia
observed frequently at doses of 29.6 mg m� 2 or higher
(Supplementary Figure 3).

Ex vivo lymphocyte proliferation. Inhibition of lymphocyte
proliferation in whole blood stimulated with PHA was used as
an indicator of dinaciclib activity. Pharmacodynamic reductions in
BrdU incorporation were observed in 24 of 35 patients enrolled in
part 1 of the study, with reduction of PHA-stimulated BrdU
incorporation to o5% at at least one post-dose time point
observed in 23 of these patients. Results for samples from
individual patients collected over time are shown in Figure 1.
Reductions to o5% BrdU incorporation were observed at plasma
concentrations B200 ng ml� 1, achieved at doses X7.4 mg m� 2.
Additionally, there was a prolongation of inhibition of lymphocyte
proliferation with increasing dose, with a sustained PD effect
through 8 h reproducibly achieved at doses X29.6 mg m� 2.
Similar data were obtained from patients who received 8-h
infusions, with suppression of lymphocyte proliferation also
achieved at doses X7.4 mg m� 2; PD effects were noted at 1-h
and sustained through the duration of the infusion at doses
X14.8 mg m� 2 (Supplementary Figure 4).

Assessment of CDK targets in skin and tumour biopsies. Based
on the results of the ex vivo lymphocyte proliferation assay, we
focused our analysis of skin biopsies procured pre- and post-
treatment for patients who received 2-h infusions enrolled to dose
levels of 29.6 mg m� 2 and above. Figure 2A shows the average %
decline in positively stained nuclei for multiple phosphorylated
forms of Rb, total Rb and Ki-67.

Among the samples tested, the greatest decline in staining
occurred for Rb at sites likely phosphorylated by both CDK4 and
CDK2, including T356 and S795 (Zarkowska and Mittnacht, 1997),
demonstrating approximately 25 and 19% reductions, respectively.
Decreased staining at sites typically considered to be CDK4-
specific sites, including S249/T252, S807/S811 and S780 (Kitagawa
et al, 1996; Zarkowska and Mittnacht, 1997; Brantley and Harbour,
2000) was more modest, as was the change in total Rb, all of which
demonstratedo11% reduction. These results are suggestive of
preferential CDK2 inhibition by dinaciclib in skin. Figure 2B shows
the average changes in staining for p27Kip1, cyclin D1 and p53
staining post-treatment. Whereas p27Kip1 levels were relatively
stable, levels of cyclin D1 decreased and those of p53 increased
after dinaciclib exposure, effects consistent with inhibition of
CDK9 (Alonso et al, 2003; Demidenko and Blagosklonny, 2004;
Chen et al, 2010; Desai et al, 2013). Representative micrographs are
shown in Figure 2C.

Among the samples collected from patients treated with 8-h
infusions, the degree of changes of these markers was overall
similar to that observed after 2-h infusions (Supplementary
Figure 5). Notably, these changes did not translate to
evidence of reduced proliferation, with no substantial reduction
in Ki-67 staining post-treatment (Figure 2A). Similarly, there was
no clear association with clinical outcome. The two patients who
remained on trial longest (22 and 30 cycles) had the steepest
declines in phospho- Rb [T356] of 90 and 78%, respectively.
Nonetheless, although the majority of the eight patients
who remained on trial for at least six cycles showed substantial
decline in T356 staining and/or increased p53 expression, these
trends were also present among patients whose best response
was PD.

Table 3. Pharmacokinetic parameters for dinaciclib after 2-, 8-, and 24-h intravenous infusions

Cmax

(ng ml�1)
Tmax

(h)
AUC(l)

(h .ng ml�1)
AUC(tf)

(h .ng ml�1)
t1/2

(h)
CL

(L h�1 m�2)

Dose (mg m�2) Patients (n) Mean CV% Median Mean CV% Mean CV% Mean CV% Mean CV%

2-h infusion
1.85 1 62.5 NA 1 136 NA 135 NA 1.42 NA 13.6 NA
3.7 1 136 NA 2 337 NA 337 NA 2.84 NA 11.0 NA
7.4 1 353 NA 2 975 NA 974 NA 2.95 NA 7.61 NA
14.8 1 396 NA NDa 1060 NA 1060 NA 2.78 NA 13.8 NA
29.6 6 890 44 2b 2440c 41 2060c 55 2.84c 18 13.6c 36
41.4 6 1300 45 2 2880 50 2860 50 2.86 25 26.8 130
50 15 1810 45 2d 3940 59 3910 57 3.10 25 16.1 44
58 4 1460 16 2e 3370 30 3360 30 3.31 17 18.9 39

8-h infusion
7.4 6 95.5 46 4f ND ND 687 49 ND ND ND ND
14.8 3 95.8 24 4 ND ND 702 27 ND ND ND ND
29.6 3 333 14 4 ND ND 2300 11 ND ND ND ND
41.4 2 429 NA 4g ND ND 3300 NA ND ND ND ND
50 2 475 NA 8 ND ND 3670 NA ND ND ND ND

24-h infusion
7.4 4 41.4 68 24h ND ND 877 62 ND ND ND ND
10.4 3 51.4 53 15i ND ND 982 58 ND ND ND ND
14.6 3 161 63 15i ND ND 2590 33 ND ND ND ND

Abbreviations: Cmax¼maximum observed plasma concentration; CV%¼ coefficient of variation, expressed in percent; Tmax¼ time to maximum observed plasma concentration; AUC(l)¼ area
under the plasma concentration–time curve from time 0 to infinity; AUC(tf)¼ area under the concentration–time curve from time 0 to the time of last sample; t1/2¼ terminal phase half-life;
CL¼ clearance; NA¼not applicable; ND¼ not determined.
aTmax; end of infusion 2-h sample was collected post end of infusion for the only patient on this dose.
bn¼ 3: Tmax; end of infusion 2-h sample was collected post end of infusion from two patients, and end of infusion 2-h sample was not collected from one patient.
cn¼ 5; AUC(l), AUC(tf), t1/2, and CL were not determinable for one patient.
dn¼ 12; Tmax; end of infusion 2-h sample was collected post end of infusion from three patients.
en¼ 2; Tmax; end of infusion 2-h sample was collected post end of infusion from two patients.
fn¼ 4: Tmax; end of infusion 8-h sample was collected post end of infusion for two patients.
gn¼ 1: Tmax; end of infusion 8-h sample was collected post end of infusion from one patient.
hn¼ 1: Tmax; end of infusion 24-h sample was collected post end of infusion from three patients.
in¼ 2: Tmax; end of infusion 24-h sample was collected post end of infusion from one patient.
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Pre- and post-treatment tumour biopsies were obtained among
three patients with metastatic melanoma (Figure 3). The results
among these tumour pairs similarly demonstrate reduced expres-
sion of Rb phosphorylated at T356 and S795, and overall preserved
expression of Rb phosphorylated at other sites and of total Rb.
Increases in p27Kip1 and p53 post-treatment occurred in two
samples. These findings are suggestive of dinaciclib- mediated
inhibition of CDK2 and CDK9 in tumour cells (Sheaff et al, 1997;
Vlach et al, 1997; Alonso et al, 2003; Demidenko and
Blagosklonny, 2004).

Anti-tumour response. No complete or partial RECIST responses
were observed. Stable disease was achieved for at least six treatment
cycles in eight patients, extending to 30 treatment cycles in a
patient with castrate-resistant prostate cancer (Supplementary
Table 2). Data from FDG-PET/CT scans pre-treatment and on day
8 of cycle 1 were available for 12 out of 15 patients treated at the
RP2D of 50 mg m� 2. In these patients, the FDG-PET/CT response
rate was 16.7% (2 out of 12; one-sided 95% CI: 0.03, 1.00; two-
sided 95% CI: 0.021, 0.484). Metabolic changes in tumours at day
8, shown in Supplementary Figure 6, were not routinely predictive
of prolonged stable disease.

DISCUSSION

This trial has established the RP2D of dinaciclib as 50 mg m� 2

administered as a 2-h i.v. infusion every 21 days. Escalation was
limited by hematologic toxicity, including pancytopenia and
neutropenic fever. Additional dose-limiting events included
hypotension, elevated transaminases and hyperuricemia.

Neutropenia was the most common hematologic toxicity
associated with dinaciclib and occurred acutely, often with
recovery within 48 h. This phenomenon may possibly be related
to abrupt depletion of short half-life MCL1 mRNA and protein
levels in neutrophils as a consequence of CDK9 inhibition,
compromising neutrophil survival (Dzhagalov et al, 2007). Such
destruction could be accompanied by changes in metabolic
parameters, including elevated uric acid and transaminases, which
may also rapidly resolve. Following recovery, reduced neutrophil
count was also noted mid-cycle, typical of agents that affect
proliferation of the marrow stem cell population.

A 2-h infusion of dinaciclib has also been evaluated in patients
with solid tumours on a day 1, 8, 15 schedule; in this trial the MAD
was 14 mg m� 2 and RP2D defined at 12 mg m� 2, with escalation
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Figure 1. Ex vivo assay of phytohemagglutinin (PHA)-stimulated lymphocyte proliferation. (A) BrdU incorporation of lymphocytes obtained from
representative patients before and after 2-h dinaciclib infusions. BrdU¼bromodeoxyuridine; D¼day. (B) Relationship between percent BrdU
uptake relative to baseline and dinaciclib plasma concentration in patients treated with 2-h infusions. Two additional samples with plasma
concentrations 42000 and 3000 ng ml�1 demonstrated no BrdU uptake and are not plotted. Symbols indicate the time after the start of infusion
when the sample was procured.
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limited by hypotension and hyperuricemia that complicated the
initial infusions (Nemunaitis et al, 2013). While these events
occurred among patients in the current study, and scored as DLTs
among the expanded group of patients enrolled at 50 mg m� 2, they
did not limit escalation through the lower dose levels. Dinaciclib-
induced hypotension may be a component of cytokine-release
syndrome, which has been observed in patients with solid tumours
or hematologic malignancies treated with the CDK inhibitor
flavopiridol (Phelps et al, 2009; Ramaswamy et al, 2012).
The profound effects of these agents on cellular transcription
may alter cytokine production accounting for such events.
Development of cytokine release syndrome with associated
hypotension may be erratic and not strictly dose-dependent, and
may explain the ability to escalate dinaciclib to a substantially
higher dose in the current study. Neutropenia was far less common
in the weekly study with grade X3 events occurring in only 10% of
subjects. While 50 mg m� 2 would not be expected to be tolerable
on a weekly schedule, it is conceivable that an intermediate dose
level would have been acceptable if a larger number of patients had
been evaluated. The weekly study utilised an accelerated titration
design through 1.32 mg m� 2, after which a 3þ 3 design was
employed; alternative statistical modelling may have ultimately
resulted in a higher RP2D on this schedule (Cook et al, 2015).
Additionally, we have found that concomitant intravenous fluids
and steroid administration can ameliorate dinaciclib-induced
hypotension, so that aggressive supportive measures are likely to
permit the routine administration of doses higher than 12 mg m� 2.
Such supportive measures may also include anti-diarrhoeal agents
and additional anti-emetics, including aprepitant, which does not
significantly alter dinaciclib PK parameters (Zhang et al, 2012).

The plasma half-life associated with 2-h dinaciclib infusions is
short, prompting us to evaluate longer infusions designed to extend
target coverage and ameliorate toxicity. Although Cmax and the
percentage of patients with severe neutropenia were reduced with
longer infusions, other toxicities occurred including elevated liver
function tests, neurologic events, hypotension, fatigue and nausea
that required doses in the 7.4–10.4 mg m� 2 range for tolerability;
these toxicities precluded future development of these schedules.

Dinaciclib resulted in a sustained reduction in BrdU incorpora-
tion of PHA-stimulated lymphocytes in response to administration
of doses X29.6 mg m� 2, although the actual dose required to
achieve this effect may be lower since whole blood was diluted
approximately 1 : 5 in the assay conditions. Consistent with dose-
dependent effects, the degree of reduction in BrdU incorporation
was greater in response to 29 mg m� 2 in this study compared to
reductions noted in the weekly study after administration of
12 mg m� 2 (Nemunaitis et al, 2013).

We further assessed G1 CDK inhibition by dinaciclib by
assessing Rb phosphorylation in skin and tumour biopsies.
Although several models for CDK-mediated Rb phosphorylation
have been proposed, with controversy over the existence of CDK4
and CDK2-selective sites (Kitagawa et al, 1996; Zarkowska and
Mittnacht, 1997; Brantley and Harbour, 2000; Narasimha et al,
2014), we found that dinaciclib preferentially reduced phosphor-
ylation of T356 and S795 in keratinocytes and tumour cells, and
similar to results in the weekly study did not substantially reduce
Rb phosphorylation at S807/S811 (Nemunaitis et al, 2013), results
most consistent with CDK2 inhibition. Phosphorylation at T356
may be particularly important for the release of E2F transcription
factors and S phase progression (Burke et al, 2010; Macdonald and
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Dick, 2012) and has been shown to predict reduced survival in
HPV-negative squamous cell carcinoma of the head and neck,
reflective of the proliferative potential afforded when this site is
phosphorylated (Beck et al, 2015). Increased p27Kip1 post-
treatment is consistent with stabilisation mediated by CDK2
inhibition (Sheaff et al, 1997; Vlach et al, 1997), but may not have
occurred in all samples because CDKN1B transcription may be
compromised by CDK9 inhibition (Jiang et al, 2003). CDK9
inhibition also affects transcription of both CCND1 and hDM2, so
that reduced cyclin D1 and increased p53 in skin and tumour were
expected consequences when this target is engaged.

Despite these changes in keratinocytes and tumour, there was
little effect on proliferation, measured by Ki-67 staining. Ki-67 may
be expressed during all phases of the cell cycle (Gerdes et al, 1984)
and therefore may not have accurately assessed mid-G1 arrest in
tumour cells; mitotic markers may have been preferable.
Additionally, as preclinical experiments point to a propensity for
dinaciclib to induce cell death (Parry et al, 2010; Desai et al, 2013)
markers of apoptosis will be important to assess in tumour biopsies
procured in future trials. Baseline levels of anti-apoptotic proteins,

including MCL1 and Bcl-xL, may predict response to dinaciclib
and will also merit evaluation (Booher et al, 2014).

Although preliminary evidence points to inhibition of CDK2
and CDK9 in keratinocytes, these pharmacodynamic effects did
not correlate with clinical outcome, suggesting limitations of the
use of surrogate proliferating tissue. The melanoma patients who
underwent tumour biopsies achieved SD as the best response, but
evaluation of more patients will be required to determine whether
these PD changes relate to efficacy. Of note, in cell line
experiments, induction of cell death correlated with near complete
suppression of BrdU incorporation (Parry et al, 2010). The
incomplete suppression of Rb phosphorylation we observed may
have been adequate to achieve some degree of tumour growth
inhibition, but not apoptotic effects, perhaps accounting for the
lack of objective responses observed.

While no RECIST responses occurred, day 8 metabolic changes
by PET/CT occurred in some patients, although such early changes
did not necessarily translate to prolonged stable disease. Perhaps
early effects demonstrating target engagement or reduced tumour
metabolic activity could be maintained if more continuous dosing
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Figure 3. CDK targets assessed in paired tumour biopsies from three patients with metastatic melanoma. Post-treatment biopsies were obtained
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were possible. Approximately 10% of heavily pre-treated patients
enrolled did achieve stable disease lasting46 months, also
suggestive of preliminary anti-tumour activity.

Nevertheless, the toxicity profile, incomplete target inhibition
and paucity of objective responses in solid tumours are
characteristic of the class of CDK inhibitors that target the cell
cycle CDKs 1 and 2 and transcriptional CDKs (Shapiro, 2006).
These agents have typically shown greater efficacy in trials of
hematologic malignancies, and weekly dinaciclib has demonstrated
activity in both CLL and multiple myeloma (Flynn et al, 2015;
Kumar et al, 2015). This is in contrast to the selective CDK4/6
inhibitors, palbociclib, ribociclib and abemaciclib, all orally
bioavailable agents that can be administered at least 3 of every 4
weeks (or in the case of abemaciclib, continuously), are better
tolerated, have produced evidence of more complete target
engagement (Leonard et al, 2012) and have demonstrated mean-
ingful clinical efficacy in solid tumours with prolonged tumour
growth inhibition or partial response, related to the biological
effects of cell cycle arrest and senescence (Sherr et al, 2016).

Additional trials will be required to determine whether
dinaciclib will have any role in the solid tumour armamentarium.
Dinaciclib has been evaluated in small randomised trials of breast
and lung cancer (Mita et al, 2014; Stephenson et al, 2014),
confirming tolerability of the 50 mg m� 2 dose level and demon-
strating partial responses in two of seven patients with hormone
receptor-positive breast cancer. Considering that CCNE1 amplifi-
cation or other means of CDK2 activation (Taylor-Harding et al,
2015; Herrera-Abreu et al, 2016) comprise mechanisms of
resistance to selective CDK4/6 inhibitors, the demonstration of
CDK2 inhibitory activity may position dinaciclib for use upon
acquired resistance to these agents. Alternatively, the effects of
CDK1/2 and CDK12 inhibition on DNA repair pathways and the
compromise of transcription mediated by CDK9 inhibition suggest
several combinatorial strategies with DNA damaging agents
(Johnson and Shapiro, 2011), BCL2 family targeted agents
(Booher et al, 2014) or epigenetic modulators (Jang et al, 2005;
Baker et al, 2015) in future studies that may lead to approaches
with more pronounced clinical activity.
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