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Abstract
Altered expression and activity of cyclin-dependent kinase (CDK) and tropomyosin receptor kinase (TRK)
families are observed in a wide variety of tumors. In those malignancies with aberrant CDK activation, the
retinoblastoma protein (pRb) pathway is deregulated, leading to uncontrolled cell proliferation. Constitutive
activation of TRKs is instead linked to cancer cell survival and dissemination. Here, we show that the novel
small-molecule PHA-848125, a potent dual inhibitor of CDKs and TRKs, possesses significant antitumor
activity. The compound inhibits cell proliferation of a wide panel of tumoral cell lines with submicromolar
IC50. PHA-848125–treated cells show cell cycle arrest in G1 and reduced DNA synthesis, accompanied by
inhibition of pRb phosphorylation and modulation of other CDK-dependent markers. The compound additionally inhibits phosphorylation of TRKA and its substrates in cells, which functionally express this receptor.
Following oral administration, PHA-848125 has significant antitumor activity in various human xenografts
and carcinogen-induced tumors as well as in disseminated primary leukemia models, with plasma concentrations in rodents in the same range as those found active in inhibiting cancer cell proliferation. Mechanism
of action was also confirmed in vivo as assessed in tumor biopsies from treated mice. These results show that
the dual CDK-TRK inhibitor PHA-848125 has the potential for being a novel and efficacious targeted drug for
cancer treatment. Mol Cancer Ther; 9(8); 2243–54. ©2010 AACR.

Introduction
Cyclin-dependent kinases (CDK) are serine/threonine
kinases that phosphorylate various proteins involved in
the control of transcription and cell cycle progression (1).
CDKs function in complex with activating partners, the
cyclins, and are negatively regulated by natural inhibitory subunits, notably the CDK inhibitors (CDKI). Within
the CDK family, CDK2, CDK4, and CDK6 are involved
in several cell cycle processes during G 1 progression
and DNA replication, whereas CDK7 has dual roles as
a CDK-activating kinase and as a regulator of the transcriptional machinery. Other members, such as CDK8
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scription by RNA polymerase II, whereas CDK10 and
CDK11 exert their functions during the G2-M transition
and CDK1 is essential for cell division.
Deregulation of CDK activity has frequently been observed in cancer: It is estimated that altered expression
levels and/or genetic mutations of cyclins, CDKs, or
CDKIs, all components of the pRB/E2F pathway that
controls G1-S transition, are present in >90% of human
neoplasms (2, 3). Cyclin D1 overexpression, for example,
is found in leukemia, lymphomas, and multiple myeloma, as well as in many solid tumors (4). Cyclin E and
A overexpression is reported in 50% of breast and lung
cancer, whereas decreased levels of the CDKIs such as
p27 predict poor prognosis in breast, prostate, colon,
gastric, lung, and esophageal cancer (5–8).
Although several studies have shown that cells can tolerate targeted inhibition of a single CDK due to compensatory functions of the interphase kinases CDK2, CDK4,
and CDK6 as shown using genetically engineered mice
(9, 10), it nonetheless seems that specific genetic contexts
in human tumors can generate dependence for specific
CDKs (11, 12).
Thus, the biological roles played by CDKs in cell cycle proliferation, together with the observation of their
frequent deregulation in human neoplasia, provide a
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rationale for their pharmacologic inhibition as a potential strategy in the treatment of human cancers, and it
has been suggested that a broad spectrum of activity
versus different CDKs could be advantageous to override potential compensatory and/or resistance-based
mechanisms of cancer cells (13–15).
Recent years have consequently seen an intensive
search for small molecules that target the CDKs, and
many clinical trials have been conducted with both
pan-CDKIs or with more selective compounds, but no
CDKI has yet been approved for commercial use. Reasons for failure of the concluded studies described to
date are unclear but have been suggested to include
insufficient therapeutic window, inappropriate pharmacokinetic profile, and the difficulty in identifying patient populations potentially most sensitive to these
agents (16).
The tropomyosin receptor kinase (TRK) subfamily of
tyrosine kinases, comprising TRKA, TRKB, and TRKC,
is a high-affinity receptor for the neurotrophin family of
protein ligands, which include nerve growth factor
(NGF) and brain-derived neurotrophic factor. Physiologically, the TRK/neurotrophin axis plays a role in neuronal maintenance and survival during development (17).
TRK/neurotrophins have, however, also been implicated
in cancer: Genetic rearrangement and activation of
TRKA, for example, has been found in colon and papillary thyroid cancers (18), and of TRKC in several tumor
types (19), whereas autocrine or paracrine activation of
TRKs has been implicated in various cancers, including
neuroblastoma, mesothelioma, pancreas, prostate, ovarian, and breast carcinomas (20–24).
We previously described optimization of a chemical
class of CDK2 inhibitors, the 6-substituted pyrrolo[3,4-c]
pyrazoles (25), and identification of a new orally available
compound, PHA-848125 (26), which shows crossreactivity toward CDK1, CDK4, CDK5, and CDK7. Differently from the other CDKIs, PHA-848125 is also
highly potent toward TRKA and TRKC, supporting a
rationale for testing this agent in selected cancer types
where the neurotrophin/TRK receptor axis is thought
to play a significant role.
Here, we describe the in vitro and in vivo pharmacologic profile of this dual CDK/TRK inhibitor.

Materials and Methods
Chemicals
PHA-848125, N,1,4,4-tetramethyl-8-{[4-(4-methylpiperazin-1-yl)phenyl]amino}-4,5-dihydro-1H-pyrazolo[4,3-h]
quinazoline-3-carboxamide, was synthesized at Nerviano
Medical Sciences, S.r.l.
PHA-848125 synthesis has been reported previously (26).
Biochemical kinase inhibition assays
Inhibition of kinase activity by PHA-848125 was assessed using a strong anion exchanger (Dowex 1X8
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resin)–based assay in robotized format run on 384-well
plates.
In this assay, specific peptides or protein substrates are
transphosphorylated by their specific kinase in the presence of ATP traced with [γ-33P]ATP using optimal buffers
and cofactors.
The potency of the compound toward CDKs and 38
additional kinases belonging to an in-house Kinase Selectivity Screening panel was evaluated, and the relevant
IC50s were determined.
For each enzyme, the absolute KM values for ATP and
the specific substrate were calculated and each assay was
then run at optimized ATP (2KM) and substrate (5KM)
concentrations. This setting enabled direct comparison
of IC50 values of PHA-848125 across the panel for the
evaluation of its biochemical profile.
Cell culture
Human cancer cell lines were obtained either from the
American Type Culture Collection or from the European
Collection of Cell Culture. Cells were maintained in the
media and serum concentrations recommended by the
suppliers, supplemented with 1% penicillin-streptomycin
(Sigma), in a humidified 37°C incubator with 5% CO2.
Routine characterization was done using AmpFlSTR
Identifiler PCR Amplification kit (Applied Biosystems).
The cells were not tested and authenticated by an external service provider.
Analysis of cell proliferation
Cells were seeded into 96- or 384-well plates at densities
ranging from 10,000 to 30,000/cm2 in appropriate medium
plus 10% FCS. After 24 hours, cells were treated in duplicate with serial dilutions of PHA-848125, and 72 hours
later, viable cell number was assessed using the CellTiter-Glo
Assay (Promega). IC50s were calculated using a Sigmoidal
fitting algorithm (Assay Explorer MDL). Experiments
were done independently at least twice.
Cell-based mechanism assays
PHA-848125 mechanism of action as a CDKI was investigated using A2780 human ovarian carcinoma cells
treated with the compound at the dose of 1 μmol/L for
different times. Cells were analyzed by Western blot, immunocytochemistry, or flow cytometry, measuring cell
cycle–dependent parameters and DNA synthesis.
PHA-848125 activity on the TRKA signaling pathway
was specifically evaluated on the DU-145 human prostate
carcinoma cell line, which functionally expresses this kinase (27). DU-145 cells were serum starved for 16 hours,
then treated with the compound at the indicated concentrations for 30 minutes, and finally stimulated with
50 ng/mL NGF for 15 minutes.
Western blot analysis
Cells extracts were prepared in lysis buffer containing
125 mmol/L Tris-HCl (pH 6.8) and 5% (w/v) SDS. Samples were heated at 95°C for 5 minutes and then sonicated.
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Protein extract (20 μg for A2780 or 80 μg for DU-145),
as determined by bicinchoninic acid protein assay (Pierce),
was loaded and separated by SDS-PAGE in 8% bis/
acrylamide gels. Immunoblotting was done according to
standard procedures, and staining was done with the following antibodies against: retinoblastoma protein (pRb),
cyclin B1, cyclin D1, cyclin A, and Kip/p27 (PharmingenBD Biosciences); Cdc6 (NeoMarkers); p53, Cdc25A, TRKA,
and phospho-TRKA (Santa Cruz Biotechnology);
pRb-phospho-Thr821 and pRb-phospho-Ser249/252 (Biosource); and pRb-phospho-Ser780, pRb-phospho-Ser807/811,
phospho-phospholipase Cγ, phospho-AKT, and total
AKT (Cell Signaling). SuperSignal Chemiluminescence
kit (Pierce) was used for detection.
Cell cycle analysis
Cells were collected, fixed, and stained as previously
described (28). Cytofluorimetric analysis was done using
a FACSCalibur (BD Biosciences), and cell cycle phases
were calculated by ModFit 3.0 (Verity Software House).
Immunocytochemical analysis
Exponentially growing cells treated with compound
were pulsed with 50 μmol/L bromodeoxyuridine
(BrdUrd; Sigma) for 60 minutes, collected, and cytospun
onto slides. Staining was done as previously described
(28). Percentage of BrdUrd incorporation was calculated
counting positive nuclei from a total of 200 cells.
Animal efficacy studies
All procedures adopted for housing and handling of
animals were in strict compliance with European and
Italian Guidelines for Laboratory Animal Welfare. For
tumor xenograft studies, female Hsd, athymic nu/nu
mice (Harlan), ages 5 to 6 weeks (average weight, 20–22 g),
were used. A2780 ovarian carcinoma; HCT116 colon
carcinoma; BX-PC3, MiaPaca, and CAPAN-1 pancreatic
carcinomas; DU-145 prostatic carcinoma; A549 non–
small cell lung cancer; and A375 melanoma human cell
lines were transplanted s.c. in athymic mice. Mice bearing a palpable tumor (100–200 mm3) were randomized
into vehicle and treated groups. Treatments, at doses
and scheduling indicated in Fig. 3A and Supplementary
Table S4, started the day after randomization. Tumor
dimensions were measured regularly using Vernier calipers, and tumor growth inhibition (TGI) was calculated
as previously described (29).
Toxicity was evaluated based on body weight reduction. At the end of the experiment, mice were sacrificed
and gross autopsy findings were reported. For the leukemia studies, female severe combined immunodeficient
(SCID) mice (Harlan), ages 5 to 6 weeks (average weight,
20–22 g) were used. In the case of HL60, 5 × 106 cells were
injected s.c. to obtain growth as a solid tumor, and treatment initiated when tumor size reached 200 to 250 mm3.
Tumor dimensions were monitored during the experiment and TGI was assessed as described above. In the
case of disseminated acute myelogenous leukemia

www.aacrjournals.org

(AML) and acute lymphoblastic leukemia (ALL) models,
mice were injected i.v. with 5 × 106 leukemic cells and
treatment with PHA-848125 was initiated after 2 days.
Mice were monitored daily for clinical signs of disease,
and deaths were recorded for calculation of the median
survival time.
Treatment of rats with established 7,
12-dimethylbenz(a)anthracene–induced
mammary tumors
Tumor induction was done as previously described
(29). Rats were randomized and introduced into the
study when at least one mammary tumor attained a
diameter of 0.5 cm. Groups of 10 animals were treated
orally twice a day continuously for 10 days with vehicle
(glucosate) or with 5, 10, and 15 mg/kg of PHA-848125,
whereas a further group received two cycles of PHA848125 at 20 mg/kg orally twice a day for 5 days with
an intervening rest period of 1 week. Tumor volume
was measured regularly by caliper for the duration of
the experiment.
Ex vivo mechanism of action studies
A2780 tumor-bearing mice were treated with 40 mg/kg
PHA-848125 (in glucosate) orally twice a day for 1 and
5 days. Tumors from treated or vehicle animals (five
per group) were collected 90 minutes after the last administration and subdivided by scalpel. Two fragments
from each tumor were immediately placed in formalin
for immunohistochemistry and a third in RNAlater solution (Qiagen) for quantitative real-time PCR (RT-PCR)
analysis.
Immunohistochemistry
Tumors were fixed in 10% buffered formalin for
24 hours and paraffin embedded. Immunohistochemistry
was done as previously described (30). Briefly, serial sections were unmasked in citrate buffer (pH 6) by pressure
cooker and incubated with rabbit polyclonal antibody
against pRb-phospho-Thr 821 (Biosource) and mouse
monoclonal antibody against cyclin A (Novocastra Laboratories) for 2 hours and 1 hour, respectively, at room
temperature. Dako EnVision System HRP for rabbit or
mouse was used as secondary antibody. All slides were
incubated with DAB Substrate Chromogen System
(Dako). Histologic examination was done on H&Estained sections.
Image analysis
Sections were examined in blind by two independent
observers using a Zeiss microscope (Axioscope-2 plus)
equipped with a charge-coupled device camera (Evolution MP-Color, Media Cybernetics). Quantification of
cyclin A– and pRb-positive cells in tumors was done
in viable areas using Image-Pro Plus software (Media
Cybernetics). Ten fields (at 10× objective for cyclin A)
and 6 fields (at 20× objective for pRb) were collected
and analyzed. Results are reported as the mean of
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positive cells per field per sample. The Mann-Whitney
test was used for statistical analysis.
RT-PCR studies
Total RNA was extracted using the Qiagen RNeasy
kit, starting from 20 mg of tumor tissue following
the manufacturer's instructions. RNA quality/quantity
was assessed by UV absorbance at 260 and 280 nm
and visual inspection following electrophoresis in
Tris-borate EDTA/1.5% agarose gels and ethidium bromide staining.
Total RNA was retrotranscribed using the Applied Biosystems Reverse Transcription kit following the manufacturer's instructions in a final reaction volume of 25 μL; the
resulting cDNA was diluted in Tris-EDTA buffer to a final
concentration of 5 mg/mL before PCR amplification on
the ABI Prism 7900 thermal cycler. RT-PCR was done using Applied Biosystems SYBR Green MasterMix 1×, with
300 nmol/L primers and 12.5 ng of cDNA in 12.5 μL of
reaction volume; the reaction started with 10 minutes at
95°C, followed by 40 cycles of 15 seconds at 95°C/
45 seconds at 60°C.
PCR primers were selected to specifically amplify fragments of human Rrn 18s, Actb, Ppia, and Gusb (housekeeping genes), and CDK2/pRB/E2F pathway readout
genes using Applied Biosystems Primer Express Software (Supplementary Table S1) and synthesized in
house. Specificity of primers, whose sequence was designed in correspondence with exon junctions conserved
in all known alternative spliced forms, was verified
against the National Center for Biotechnology Information GenBank database using the Blast algorithm.
RT-PCR data quantitative analysis
Analysis of RT-PCR output data used the manufacturerrecommended −ΔΔCt method, which provides the target
gene expression value as unitless fold change in the unknown sample compared with a calibrator sample; both
unknown and calibrator sample target gene expressions
were normalized to housekeeping gene expression levels
(average of Rrn 18s, Actb, Ppia, and Gusb).
The calibrator sample was obtained by retrotranscription of an equal mix of the 12 human tissue RNA samples

Table 1. Kinase inhibition profile of PHA-848125
Kinase
CDK2/cyA
CDK/cyH
CDK4/cyD
CDK5/p25
CDK2/cyE
CDK1/cyB
TRKA
TRKC
TRKB
LCK
ABL
PDGFR
KIT

IC50 (nmol/L)
45
150
160
265
363
398
53
85*
134*
745*
209
478
579
668

NOTE: IC50, the concentration of PHA-848125 inducing
50% inhibition of kinase activity.
*Obtained from Invitrogen SelectScreen Kinase Profiling
Service.

contained in the Panel I and IV tissue mRNA collections
from Clontech.
Pharmacokinetics and pharmacodynamics
Pharmacokinetic properties of PHA-848125 were investigated in mouse (nu/nu), rat (Han Wistar), beagle
dog, and cynomolgus monkey after single intravenous
and oral administration at the doses of 10 mg/kg (mouse
and rat) and 5 mg/kg (monkey and dog).
Plasma levels of PHA-848125 were determined by protein precipitation in a 96-well plate format followed by
liquid chromatography–tandem mass spectrometry. In
all animal species, the lower and upper limits of quantification were 1 and 1,000 ng/mL. Pharmacokinetic data
analysis was carried out using a noncompartmental approach (linear trapezoidal rule) with the aid of WinNonlin
(v3.1; Pharsight, Inc.).
The pharmacokinetic/pharmacodynamic analysis was
done using the previously described method (31) in an
ancillary group of three A2780 tumor-bearing mice. Compartmental analysis was done using a one-compartment
model with first-order administration and elimination.

Results

Figure 1. Chemical structure of PHA-848125 (N,1,4,4-tetramethyl8-{[4-(4-methylpiperazin-1-yl)phenyl]amino}-4,5-dihydro-1H-pyrazolo
[4,3-h]quinazoline-3-carboxamide).
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Kinase inhibition
PHA-848125 is a pyrazolo[4,3-h]quinazoline (Fig. 1),
which potently inhibits the kinase activity of CDK2/
cyclin A complex and of TRKA in a biochemical assay,
with IC50s of 45 and 53 nmol/L, respectively (Table 1).
Cross-reactivity with other CDKs (i.e., CDK1, CDK4,
CDK5, and CDK7) was seen at 4- to 10-fold higher
IC50s compared with CDK2, and a similar potency was
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also observed toward other cancer-related kinases [such
as KIT, ABL, and platelet-derived growth factor receptor
(PDGFR)]. A panel of 35 other kinases representative of
the human kinome superfamilies displayed IC50s higher
than 1 μmol/L (Supplementary Table S2), among these
were CDK9/cyclinT, as well as several mitotic kinases
(Aurora A and B, PLK1, NEK6, and MPS1). To investigate
potency toward other members of TRK family, the compound was tested through the Invitrogen SelectScreen
Kinase Profiling Service, and the resulting IC50s were as
follows: 85 nmol/L for TRKA (comparable with in-house
results), 745 nmol/L for TRKB, and 134 nmol/L for TRKC.
Based on these data, PHA-848125 can be defined as a
selective dual inhibitor of the CDK and TRK families.
Effect on tumor cell proliferation and
mechanism of action
The antiproliferative activity of PHA-848125 was
tested in 72-hour proliferation assays against a panel
of 145 tumor cell lines established from different solid
tumors and a further 44 cell lines derived from leukemias and lymphomas (Supplementary Table S3). IC50

values were below 1 μmol/L (Fig. 2A; Supplementary
Table S4) for 96 cell lines (including 6 of 6 ALL, 8 of 12
AML, 12 of 14 lymphoma, 16 of 26 colon, 8 of 8 kidney,
6 of 8 ovary, 11 of 24 non–small cell lung, 2 of 2 neuroblastoma, 2 of 2 osteosarcoma, and 2 of 2 thyroid)
and higher than 1 μmol/L (Fig. 2B; Supplementary
Table S4) for 93 cell lines, indicating a broad spectrum
of activity. Only nine cell lines were poorly responsive
(i.e., with an IC50 value of >5 μmol/L). Compound activity was not significantly affected by P-glycoprotein
overexpression (e.g., IC50 of 0.20 and 0.24 μmol/L on
A2780 and A2780/ADR, respectively), DNA repair deficiency (e.g., IC50 of 0.20 and 0.25 μmol/L on A2780
and A2780/cis, respectively), pRb status (e.g., IC50 of
0.46 and 1.11 μmol/L on BT-549 and MDA-MB-468,
both Rb-null cell lines), or p53 activity (e.g., IC50 of
0.20 and 0.10 μmol/L on A2780 and A2780/E6, respectively). Among the most sensitive cell lines, there were
cells whose growth might depend also on one of the
non-CDK kinases inhibited by PHA-848125: the BcrAbl–positive KU812 chronic myeloid leukemia cell line
(IC50, 0.004 μmol/L), the TRKAIIIsplice variant-expressing

Figure 2. Inhibition of cell proliferation after treatment with PHA-848125. The compound was tested on a panel of 189 different cell lines in a wide range of
doses to reliably calculate the IC50. A, bar chart indicating the cell lines having IC50 lower than 1 μmol/L. B, bar chart indicating the cell lines having
IC50 higher than 1 μmol/L.
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Figure 3. A, effect of PHA-848125 on phosphorylation status of pRb. A2780 cells were treated for 24 h with 1 and 3 μmol/L PHA-848125. Total cell lysates
were immunoblotted and the different sites of phosphorylation were probed with specific antibodies. B, effect of PHA-848125 on several CDK-related
proteins. A2780 cells were treated with 1 μmol/L PHA-848125 for indicated times. Total cell lysates were immunoblotted with specific antibodies.
C, cell cycle distribution of A2780 cells treated with 1 μmol/L PHA-848125 was determined by flow cytometry at different time points and compared
with the corresponding control cells. D, the same samples used for cell cycle evaluation were analyzed by immunocytochemical staining for BrdUrd
incorporation to quantify DNA replication. E, cell cycle distribution of A2780 cells, untreated or treated with 1 and 3 μmol/L PHA-848125 for 24 h. F, effect
of PHA-848125 on TRKA phosphorylation and downstream pathway. DU-145 cells were serum starved and pretreated with different doses of the
compound for 30 min before NGF stimulation for 15 min. Total cell lysates were immunoblotted with specific antibodies.
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SH-SY5Y neuroblastoma (IC50, 0.064 μmol/L), and the
FIP1L1-PDGFR–expressing EoL-1 AML cell line (IC50,
0.075 μmol/L). For these cell lines, the inhibition of proliferation could result from the dual effect of the compound
on CDKs and on the respective tyrosine kinase.
The mechanism of action of the compound was tested on
several cell lines, showing in all of them a homogeneous
behavior in terms of cell cycle– and target-related signaling modulation. Figure 3 shows the results obtained on
A2780, where treatment with PHA-848125 for 24 hours induced a strong dose-dependent inhibition of all the major
phosphorylation sites of pRb known to be CDK2, CDK4,
and CDK1 substrates (Fig. 3A).
In time course studies (Fig. 3B), hypophosphorylation
of pRb was already discernible at 1 μmol/L and 6 hours
of treatment. At the same dose and time of exposure, decrease of cyclin A (complexed by both CDK2 and CDK1)
and of cyclin B1 (a specific cofactor of CDK1) was evident, concomitant with an increase in p27 and p53 expression, which are involved in cell cycle arrest and/or
apoptosis. Decrease of both Cdc6 and Cdc25A, factors required for S-phase entry, was the earliest event, already
evident at 3 hours.
As a consequence, 1 μmol/L PHA-848125 induced a
clear accumulation of cells in G 1 phase, maximal at
24 hours (86% in treated cells versus 60% in control cells),
and concomitant with a decrease of cells in S phase (9%
in treated cells versus 25% in control cells; Fig. 3C) and
with marked reduction in active DNA synthesis as measured by BrdUrd incorporation (Fig. 3D). At the dose of
3 μmol/L for 24 hours, cells accumulated in G2-M (27%
in treated cells versus 11% in control cells) and a 10-fold
increase of cells with sub-G1 DNA content was evident
compared with controls, suggesting induction of cell
death and apoptosis (Fig. 3E).
Among the different cell lines on which the mechanism of action of the compound was tested, DU-145
cells (Supplementary Fig. S1), having TRKA functional-

ly expressed, were used to show the dual inhibition. A
short treatment of 30 minutes with PHA-848125 was
sufficient to strongly inhibit NGF-induced phosphorylation of this kinase in a dose-dependent manner, whereas total protein was unaffected. This inhibition also
coincided with reduced levels of the downstream signaling components phospho-phospholipase Cγ and
phospho-AKT (Fig. 3F).
Antitumor activity in vivo
Because the pharmacokinetic properties of PHA-848125
were suitable for preclinical in vivo studies, the efficacy of
the compound was tested in a wide range of human xenograft tumors s.c. implanted in athymic mice. In these studies, a daily twice a day oral treatment was administered for
a maximum of 10 days. As shown in Table 2, the compound
was effective, with maximal TGIs ranging from 64% to
91% (a representative TGI curve is reported in Fig. 4A),
and well tolerated (body weight loss from 0% to 15%) in
all tested models at the optimal dose of 40 mg/kg twice a
day, selected on the basis of a previous dose-response
experiment on A2780 xenografts (26). The human prostate
DU-145 model, with nonfunctional Rb, but expressing
TRKA, was among the highly sensitive models.
We extended our study to the 7,12-dimethylbenz(a)
anthracene (DMBA)–induced rat mammary carcinoma
model, which resembles human breast carcinoma and
potentially represents a biologically relevant syngeneic
model to test the activity of CDK2 inhibitors, given the
cyclin E overexpression and reduced p27 expression
reported for these tumors (32). PHA-848125 was administered by oral route at doses of 5, 10, and
15 mg/kg for 10 days twice a day (Fig. 4B). At the lower
doses, tumor stasis was observed (16% at 5 mg/kg and
50% at 10 mg/kg), whereas at 15 mg/kg, regression in
50% of the primary tumors was also seen (Fig. 4B).
A cyclic intermittent treatment schedule was also tested in the same model. PHA-848125 was administered

Table 2. In vivo activity of PHA-848125 in human xenograft tumor models
Model

A2780 ovarian cancer (nude mice)
HL60 AML (SCID mice)
HCT116 colon cancer (nude mice)
BX-PC3 pancreatic cancer (nude mice)
CAPAN-1 pancreatic cancer (nude mice)
DU-145 prostatic cancer (nude mice)
A375 melanoma (nude mice)
A549 non–small cell lung cancer (nude mice)
MiaPaca-2 pancreatic adenocarcinoma (nude mice)

Dose/schedule
(mg/kg twice a day/D1–D10)
40
40
40
40
40
40
40
40
40

Maximal %
TGI (day)
91%
84%
64%
74%
65%
91%
69%
73%
70%

(11)
(11)
(11)
(10)
(11)
(11)
(11)
(11)
(11)

Maximal weight
loss (%)
10
9
15
10
11
0
9
0
0

NOTE: The compound was administered twice a day at 40 mg/kg for 10 consecutive days (D1–D10). Percentage of inhibition
compared with the vehicle-treated group and the maximal weight loss were calculated 1 d after the stop of treatment.
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Figure 4. In vivo efficacy of PHA-848125. A, DU-145 xenograft tumor, inoculated s.c. B, DMBA-induced mammary tumors. Two different schedules were
tested: continuous (10 d) or cyclic (two cycles of 5 d). In the inserted tables, results are expressed in terms of tumor progression or regression. C, ALL-2
disseminated human ALL and AML-ps disseminated AML. PHA-848125 was administered at the indicated doses. Arrows, dosing period. Bars, SD.

at 20 mg/kg twice a day for 5 days, repeated after an
intervening rest period of 8 days (for a total of 10 days
of treatment). This intermittent treatment gave TGI comparable with that observed with continued daily dosing
for 10 days at 15 mg/kg, suggesting schedule independency of the compound (Fig. 4B).
On the basis of the significant TGI obtained in the
s.c. implanted HL60 human leukemia model, PHA848125 efficacy was also explored in two models
of human primary disseminated leukemias, which
might more closely reflect the pathogenesis of the
human disease: ALL-2 derived from a Philadelphia
chromosome–positive ALL patient in relapse (33)
and AML-ps derived from an AML patient with normal karyotype (34).
As shown in Fig. 4C, in both models, PHA-848125 at
40 mg/kg orally twice a day × 5 days, repeated for
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four cycles, showed a significant increase (P < 0.0001)
in median survival time when compared with vehicle:
52 days versus 39.5 days for ALL-2 and 44 days versus
37 days for AML-ps.
In vivo mechanism of action
To show that PHA-848125 is also able to inhibit CDK
activity in vivo and to correlate mechanism of action
with the suppression of tumor growth, A2780 xenograft tumors were collected after 1 and 5 days of oral
treatment at 40 mg/kg twice a day. Phosphorylation of
pRb was assayed by immunohistochemistry using an
antibody specific for phospho-Thr821, a direct CDK2
substrate. One day of treatment was sufficient to induce a statistically significant reduction of pRb-positive
cells, which persisted after 5 days of treatment (Fig. 5A;
Supplementary Fig. S2), when TGI was 60%. Similar
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results were also obtained using a phospho-Ser807/811–
specific antibody, which recognizes a site on pRb that
has been linked to CDK4 activity (Supplementary
Fig. S2). Concomitantly, the fraction of cells positive for
cyclin A, one of the proteins directly regulated by
CDK2 and CDK1, was also significantly reduced, as
expected (Fig. 5A; Supplementary Fig. S2). Levels of
proliferation as measured by BrdUrd incorporation
(Supplementary Fig. S2) were also monitored by immunohistochemistry and were decreased, in accordance
with the findings for phospho-pRb and cyclin A. On
the same tumors tested by immunohistochemistry, gene
expression analysis was carried out by RT-PCR on 20 genes
regulated by the CDK2/pRB/E2F pathway, and whose
expression should be negatively modulated by CDK
inhibition; this analysis showed that 17 of 20 genes
were significantly downmodulated (P < 0.05) by PHA848125 after 1 day of treatment and 13 of 20 remained
downmodulated after 5 days of treatment (Fig. 5B).
These results correlated well with immunohistochemical data and together confirmed PHA-848125 mechanism of action as regards CDK inhibition. TRKA
inhibition in vivo was not demonstrable in this tumor
model because A2780 cells express inadequate levels
of this kinase.

Pharmacokinetics and pharmacodynamics
Pharmacokinetic parameters were measured in mouse,
rat, dog, and monkey (Table 3). After intravenous administration, the compound showed moderate plasma clearance accounting for approximately 36%, 47%, 76%, and
43% of the hepatic blood flow, respectively (35). The volume of distribution was high in all species, suggesting
extensive tissue distribution, as was oral bioavailability,
with F = 80%, 66%, 59%, and 30% in mouse, rat, dog,
and monkey, respectively.
A pharmacokinetic and pharmacodynamic approach,
based on a previously described model (31), was applied
to the efficacy data obtained in A2780 tumor-bearing
mice. This method, linking plasma concentrations of the
anticancer compound under test to effects on tumor
growth, provides quantitative estimates of in vivo potency through the determination of two model parameters:
K2 and Ct. K2 is the proportionality factor linking plasma
concentration to effect and can be regarded as a drugspecific measurement of potency of the compound. The
Ct value provides an estimate of the steady-state drug
concentration in plasma required for observing tumor
regression and eventually tumor eradication. The estimated
C t value for PHA-848125 in the A2780 model was
∼2.4 μmol/L (Fig. 6).

Figure 5. In vivo mechanism of action of PHA-848125. A2780 xenografted tumors were analyzed after treatment with PHA-848125 at 40 mg/kg twice a
day for 1 and 5 d by immunohistochemistry (A) and RT-PCR (B). A, quantitative analysis of vehicle and treated tumors immunostained with anti–pRbphospho-Thr821 and anti–cyclin A. , vehicle; , PHA-848125–treated tumors. Bar, median of the group. B, hierarchical clustering based on gene
expression of 20 CDK2/Rb/E2F-regulated genes in vehicle and treated tumors. Clustering method, Unweighted Pair Group Method with Arithmetic mean
(UPGMA) unweighted average; similarity measure, correlation; ordering function, average value.
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Table 3. Mean pharmacokinetic parameters of PHA-848125 in preclinical species
Species

Gender

t1/2 (h)

CL (L/h/kg)

Mouse
Rat
Dog
Monkey

M
M
M/F
M/F

1.9
3.4
6.7
4.1

1.8
1.9
1.9
1.4

Discussion
The dearth of clinical success to date of selective CDKIs
indicates that a compound possessing a broad spectrum
of activity versus different CDKs could be advantageous
to bypass potential compensatory and/or resistancebased mechanisms of cancer cells (9, 10, 15). Indeed,
the pyrazolo quinazoline compound PHA-848125 presented here showed in vitro activity against most of
CDK family members, in particular against CDK2/cyclin
A and CDK4/cyclin D complexes.
PHA-848125 exhibited strong antiproliferative activity
(IC50 in the nanomolar range for ∼50% of 189 tested
lines) independently of status of P-glycoprotein, p53,
and DNA damage repair proficiency.

Figure 6. Pharmacokinetic/pharmacodynamic model: observed and
predicted tumor weight model-fitted tumor growth curves obtained in
nude mice bearing A2780 xenograft tumor treated orally with vehicle
(control) or PHA-848125 at 20, 30, and 40 mg/kg twice a day for 10 d. In
the inserted table, model parameters are reported.
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Vss (L/kg)
3.5
7.5
12
5.3

F (%)
80
66
59
30

The mechanism of action of the drug was shown in
A2780 cells, where doses that inhibited growth at
72 hours were able at early time points to inhibit phosphorylation of pRb and to downmodulate expression of
CDK-dependent genes. Phosphorylation sites of pRb particularly sensitive to PHA-848125 included Thr821, Ser780,
and Ser807/811, which are specific for CDK2 and CDK4 activity and which regulate interaction with transcription
factors such as E2F, essential for the transition from G1
to S phase (36, 37). Consequently, low doses of PHA848125 strongly reduced DNA replication (as confirmed
by robust inhibition of BrdUrd incorporation) and induced G1 block. At higher drug doses, the accumulation
of cells in G2-M, inhibition of cyclin A levels, and hypophosphorylation of pRb at Ser249 and Thr252 are consistent with inhibition of CDK1 activity (38).
PHA-848125 showed significant antitumor activity in a
wide range of human s.c. implanted xenograft tumors.
Notably, the compound was effective in experimental
models that more closely resemble human cancers than
do xenografts, such as primary human disseminated leukemias in SCID mice and the rat carcinogen-induced
mammary tumor (DMBA). In this latter model, following
the guidelines used by clinicians to score response in solid tumors (39), we observed not only stasis but also tumor regression (with a “partial response” in 20–50% of
evaluated tumors) and we believe this may be a significant finding in comparison with other latest-generation
CDKIs. Several “evolved” CDK2 inhibitors, such as
R547 (40), P276-00 (41), AT7519 (42), and AZD5438 (43),
are reported to be in late preclinical or clinical testing, but
we believe PHA-848125 is unique in possessing the combined properties reported here of good oral bioavailability, capacity to induce tumor regression, and flexibility of
treatment scheduling, as shown in the DMBA-induced
mammary carcinoma model. Notably, in all preclinical efficacy experiments, PHA-848125 was well tolerated without overt signs of toxicity.
In vivo mechanism of action of PHA-848125 was evaluated in the A2780 xenograft model, analyzing tumor
biopsies by immunohistochemistry and RT-PCR for markers of CDK inhibition. Modulation of protein markers
related to CDK activity and of E2F-regulated genes was
fully coherent with observations we made in vitro using
cell lines treated with the compound.
Moreover, the persistence of these modulations in the
A2780 in vivo model following long-term treatment with
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PHA-848125 allowed us to correlate the activity of the compound with its mode of action markers and has prompted
the use of these biomarkers in phase I clinical studies.
The application of a pharmacokinetic/pharmacodynamic model for predicting TGI in mice also allowed us
to estimate expected active doses in man and selection of
the schedules that are currently being used in clinical trials.
Specifically, we identified a target plasma concentration
for tumor eradication of 2.4 μmol/L, which is close to
the plasma concentration (1.47 ± 0.51 μmol/L) achieved
in patients during a phase I dose escalation study at
150 mg/m2 for 7 consecutive days in a 2-week cycle, eventually selected as the recommended phase II dose (44).
In addition to inhibiting CDK activity, PHA-848125 also potently inhibits members of the TRK kinase family.
This may be significant when considering that we also
observed activity in cell lines in which the pRb pathway
is compromised through mutated, null, or nonfunctional
pRb status, suggesting that in certain contexts, compound activity may depend on inhibition not solely of
CDKs but rather of TRK family members, in particular
TRKA. In the DU-145 human prostate carcinoma line,
for example which has mutated Rb, but which expresses
functional TRKA (27), the compound was able to inhibit
NGF-induced phosphorylation of TRKA as well as its
downstream signaling events.
Despite the fact that TRKA was one of the first transforming oncogenes identified, its role in tumorigenesis
has been clearly established only in the last decade. In
fact, constitutive activation of TRKs has been detected
in several tumor types, including leukemias (45), and
a novel alternative splicing variant with constitutive
oncogenic potential has been recently described in
neuroblastoma (46).
Somatic rearrangements of TRKA, producing chimeric
oncogenes with constitutive tyrosine kinase activity, have
been detected in a consistent fraction of papillary thyroid
tumors (18), and an autocrine loop involving TRKA and
NGF has been associated with tumor progression in prostate, ovarian, pancreatic, and breast cancer (20–24).

Interestingly, recent reports have shown that in some
tumor types, the overexpression of both NGF and TRKA
is associated with cancer-related pain syndrome (46, 47).
TRKA is further implicated in pain sensation from studies on subjects with congenital insensitivity to pain with
anhydrosis, a rare genetic disorder in which pain perception is lacking, and for which the underlying genetic defect has recently been pinpointed to loss-of-function
mutations of the TRKA gene (48). This opens up the intriguing possibility that in appropriate tumor settings, a
TRKA inhibitor might have the dual effect of controlling
tumor growth/invasion and reducing pain symptomatology (49). First-generation compounds targeting the
TRK/neurotrophin pathway, such as CEP-701 and
AZD6918, despite their promising preclinical profiles,
have been disappointing in phase I studies, due either
to poor activity/selectivity or to unfavorable pharmacokinetic properties (50).
In summary, the in vivo efficacy of PHA-848125 against a
large spectrum of tumors strongly supports our hypothesis that CDK/TRK dual inhibition could be considered a
novel and rational targeted approach to cancer treatment,
and considering its oral bioavailability, optimal tolerability, and pharmacokinetic properties, we believe that
this drug holds promise for future clinical studies.
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