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Abstract
Background: Members of the cyclin-dependent kinase 
family of proteins have been identified as potential 
therapeutic targets for suppression of tumor progression 
due to their role in regulating cell division, proliferation, and 
growth. Cyclin-Dependent Kinase 9 (CDK9) has been 
implicated in lymphomas, leukemia and other hematologic 
malignancies. GFH009, a potent, highly selective inhibitor of 
CDK9 has been characterized in an acute myelogenous 
leukemia cell line and demonstrated induced apoptosis.

Methods and Findings: This study assessed the Pharmaco 
Kinetics (PK) of 2 formulations of GFH009, one at pH 4.0 and 
another at pH 6.0, in Sprague Dawley rats. The mean plasma 
concentration of each formulation was similar at all time 
points, peaked at 5 minutes post dose and decreased 
gradually over time. The ratios of area under the curve from 
time 0 to infinity, area under the curve from time 0 to the 
last quantifiable concentration, drug concentration at time 
zero, clearance, and half-life between the 2 formulations 
were 0.890, 0.893, 1.02, 1.11 and 0.963, respectively.

Conclusion: Although the PK profiles of the 2 formulations 
were comparable, the pH 6.0 formulation is more 
appropriate for clinical research because it is closer in pH to 
that of normal human blood.

Keywords: GFH009; CDK9 inhibitor; Hematologic cancer; 
Pharmacokinetics

Abbreviations: AML: Acute Myelogenous Leukemia; APL: 
Acute Promyelocytic Leukemia; AUC: Area Under The Curve; 
BCL2: B-Cell Lymphoma 2; BCL2A1: BCL2-Related Protein 
A1; C0: Drug Concentration At Time Zero; CDK: Cyclin-
Dependent Kinase; CI: Confidence Interval; CL: Clearance; c-
MYC: Cellular Myelocytomatosis Proto-Oncogene (Human 
Homolog of Avian Virus Oncogene); CV: Coefficient of 
Variation; EDTA: Ethylenediaminetetraacetic Acid; FAB: 
French-American British (Morphologic Classification of 
AML); HPLC/MS: High Performance Liquid Chromatography 
(with Tandem) Mass Spectrometry; iASPP: Inhibitory 
(Member of the) Apoptosis-Stimulating Protein of p53; 
MCL-1: Myeloid Cell Leukemia-1; MDM4: Double Minute 4 
(Human Homolog of); PK: Pharmacokinetic; P-TEFb: Positive

Transcription Elongation Factor b; RD%: Percent Relative 
Deviation; SD: Sprague Dawley; STK: Serine/Threonine 
Kinase; T1/2: Half-Life; XIAP: X-Linked Inhibitor of Apoptosis 
Protein.

Introduction
Cyclin-dependent kinases are a family of proteins that play a 

crucial role in regulating the cell cycle, working in concert with 
cyclins to regulate cell division, proliferation, and growth. As 
such, members of this family are potential therapeutic targets 
for suppression of tumor progression and other cancer 
treatment strategies [1]. Cyclin-Dependent Kinase 9 (CDK9) is a 
Serine/Threonine Kinase (STK) that regulates the expression of 
short-lived oncogene products, such as c-MYC and MCL-1, both 
of which control tumor cell proliferation and survival. 
Dysregulation in CDK9-related pathways is implicated in the 
development of a variety of human cancers, including 
lymphomas, leukemia, and other hematologic malignancies [2].

CDK9 is a global transcriptional control protein, primarily 
involved in the recruitment of key transcription factors to the 
initiation complex and influencing the expression of genes 
regulated by super enhancers. This, in turn, drives expression of 
genes that preserve cell identity, including MYC, a downstream 
proto-oncogene involved in cell-cycle control, and MCL1, an 
apoptotic regulator [3]. In normal cells, steady state c-MYC acts 
as a global transcription enhancer and is tightly regulated by 
growth factors. However, in tumor cells, deregulation leads to 
supraphysiological levels of c-MYC, driving pathological 
expression of tumor-specific oncogenes and leading to 
uncontrolled cell proliferation [4].

CDK9 is a critical component of the positive Transcription 
Elongation Factor b (P-TEFb) complex, inducing phosphorylation 
of the C-terminal domain of RNA polymerase II. Although the 
P-TEFb complex does not exert direct control on the cell cycle, it 
does play a role in transcription regulation, enhancing 
productive elongation of several mRNA transcripts and 
increasing production of the cognate protein products [1,3,5,6]. 
Among these are several oncogenic proteins with short half-
lives, including MCL-1, BCL2A1, Mdm4, iASPP, XIAP, and c-MYC.
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Intermittent, dynamic-over-time inhibition of CDK9 is sufficient 
to disrupt the oncogenic effects of gene products with short half-
lives [1]. More specifically, inhibition blocks CDK9-mediated 
transcription of c-MYC, inhibiting the survival and growth of 
cancer cells [3].

GFH009 is a potent, highly selective, small molecule that 
targets and inhibits the activity of the CDK9/cyclin T1 regulatory 
complex of P-TEFb. In preclinical studies, the tumor anti-
proliferation activity of GFH009 has been characterized in the 
Acute Myelogenous Leukemia (AML) cell line MV-4-11, derived 
from human biphenotypic B-myelomonocytic leukemia blast 
cells. These in vitro studies indicated that the anti-proliferation 
activity of GFH009 is primarily a result of induced apoptosis. 
Further supporting this finding, GFH009 reduced expression of 
both c-MYC and MCL-1 in MV-4-11 cell line experiments, as well 
as the Acute Promyelocytic Leukemia (APL)-derived cell line 
HL-60. A 4-week toxicity study in Sprague Dawley (SD) rats 
tested GFH009 maleate at 2 mg/kg, 4 mg/kg and 8 mg/kg, with 
the 4 mg/kg treatment group approaching the biologically 
efficacious exposure level (Data on File, Genfleet).

A pH 4.5 formulation was initially developed for preclinical 
drug development and no infusion or toxic reactions were 
reported prior to clinical trials. However, it was deemed 
necessary to develop a formulation with a pH of 6.0 that more 
closely aligns with the physiological pH of the human body. The 
change in pH can potentially affect the solubility, stability, and 
efficacy of the drug and a bioequivalence study is needed to 
ensure that the Pharmacokinetics (PKs) of the formulations are 
comparable.

The objective of this study was to characterize the preclinical 
PK profiles of 2 different formulations of GFH009 maleate (pH 
4.5 and 6.0) in SD rats and to determine if the 2 formulations are 
appropriate for future clinical applications. Should results show 
that the 2 formulations are bioequivalent; the pH 6.0 
formulation should be considered a suitable alternative to the 
pH 4.5 formulation for clinical use.

Materials and Methods

Subject selection and dosing
SD rats were selected for use in this study as they are an 

international standard rodent model for long-term preclinical 
toxicity studies. SD rats were randomized by sex and body 
weight and placed into 1 of 2 groups. GFH009 maleate was 
administered to all test subjects at 0.8 mg/mL in a 0.9% sodium 
chloride solution. Group 1 SD rats received a solution of GFH009 
(Lot No. 20190912) at pH 6.0 and Group 2 received a solution of 
GFH009 (Lot No. 20190416) at pH 4.5.

PKs for this study were examined using a 4 mg/kg dose 
previously determined to be comparable to a biologically 
efficacious exposure dosing level. Each animal received a single 
dose of 1 formulation of the study drug as an Intravenous (IV) 
bolus over 1 to 2 minutes to the tail vein. All dosed animals were 
observed daily starting 2 days prior to randomization, including 
the day of randomization. Observations included, but were not

limited to, overall outward physical appearance, breathing, 
activity, elimination, and behavioral changes.

Sample collection
For PK assessment, 0.3 mL samples of whole blood were 

collected from the jugular vein of both Group 1 and Group 2 
rodents prior to dosing and at 5 minutes, 15 minutes, 30 
minutes, and at 1 hour, 2 hours, 3 hours, 4 hours, 7 hours, 10 
hours, 12 hours, and 24 hours post dose. Upon collection into 
tubes containing K2-EDTA, all samples were placed on ice until 
centrifugation at 2000 g for 10 minutes at 2°C to 8°C for 2 hours. 
Following centrifugation, plasma was transferred to 2 pre-
labeled Eppendorf tubes for PK analysis. Plasma samples were 
stored at -70°C to -90°C within 1 hour of processing until 
transferred on dry ice to the Department of Bioanalysis I of 
Shanghai InnoStar Bio-Tech Co, Ltd. (Shanghai, China) for 
concentration analysis.

Bioanalysis
The plasma concentration of GFH009 in Group 1 and Group 2 

samples was determined by validated high-pressure liquid 
chromatography with tandem mass spectrometry (LC-MS/MS) 
via an API 4000 mass spectrometer (SCIEX, Framingham, MA, 
USA) coupled with a Waters Ultra High-Performance 
liquid chromatography system (ID: EQ201537; Waters Corp., 
Milford, MA, USA). GFH1170 was used as an internal standard. 
All plasma samples were protein precipitated and analyzed over 
a linearity range of 1.000 to 1000.000 ng/mL.

Data analysis
Data processing for the GFH009 study utilized Thermo Fisher 

Scientific's Analyst V 1.6.3 software, whereas Watson laboratory 
information management system V 7.4.2 was employed for 
generating regressions and reports. Both software products 
were developed in Shanghai, China. Noncompartmental PK 
analysis was conducted on the plasma concentration of GFH009 
in this study using the Phoenix WinNonlin software (version 8.1). 
To facilitate statistical analysis, GFH009 exposure measures such 
as the Area Under the Curve (AUC) and drug Concentration at 
time zero (C0) were converted to a logarithmic scale. For all 
other PK parameters, statistical analysis was performed directly 
without conversion.

Results
Groups 1 and 2 consisted of 12 SD rats each (6 female, 6 male, 

24 test subjects in total) that were dosed with 1 of 2 pH 
formulations of GFH009. Female subjects ranged in mass from 
198 g to 220 g and males 225 g to 236 g. All subjects were 
between 6 and 8 weeks of age. Concentrations of GFH009 
maleate injection were measured by high-performance LC, and 
the concentration of study drug formulation was within 90.0%
to 110.0% of nominal concentration. Percent Relative Deviation 
(RD%) were within 5% for both parallel samples (Table 1). The 
CV was <5.0%.
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Table 1: Results of concentration analysis of dose formulations.

Group 1

(pH 6.0)

Group 2

(pH 4.5)

Nominal Concentration (mg/mL) 0.8 0.8

Mean (mg/mL) 0.842 0.861

RD (%) 0.2 0

Recovery (%) 105.3 107.6

Mean plasma concentration peaked 5 minutes post dose at a
value of 479 ng/mL in Group 1 and 486 ng/mL in Group 2.
Concentration decreased gradually over time and followed a
similar profile for both treatment groups (Figure 1).

Figure 1: Mean plasma concentration–time curves for both 
formulations of GFH009 maleate injection in SD rats.

Independent sample t-test comparison of AUC and C0 values 
for male and female animals showed no significant difference in 
PK parameters for each group (P>.05). No statistical gender 
differences of key PK parameters were observed and data from 
male and female animals were pooled for subsequent statistical 
analysis.

PK parameters following administration of single dose 
GFH009 maleate at 4 mg/kg in SD rats are summarized in Table 
2. In Group 1 (pH 6.0), C0 was 586 ± 109 ng/mL, and the AUC
from time 0 to the last quantifiable concentration (AUClast) was
825 ± 73.8 h* ng/mL. AUC from time 0 to infinity (AUCINF) in this
group was 842 ± 75.0 h* ng/mL. Half-life (T1/2) approximately
5.45 hours and Clearance (CL) was 4780 ± 429 mL/h/kg. In Group
2 (pH 4.5) C0 was 572 ± 147 ng/mL and AUClast was 924 ± 144
h* ng/mL. The AUCINF within this group was 946 ± 145 h*

ng/mL. T1/2 was approximately 5.66 hours with a CL of 4310 ±
607 mL/h/kg.

Parameter Group 1 (pH 6.0) Group 2 (pH 4.5) Ratioa

Mean SD 95% CI Mean SD 95% CI

AUCINF 
(h* ng/mL)

842 75 767, 917 946 145 801, 1091 0.89

AUClast 
(h* ng/mL)

825 73.8 751.2, 898.8 924 144 780, 1068 0.893

C0 (ng/mL) 586 109 477, 695 572 147 425, 719 1.02

CL (mL/h/kg) 4780 429 4351, 5209 4310 607 3703, 4917 1.11

t1/2 (h) 5.45 0.649 4.801, 6.099 5.66 0.973 4.687, 6.633 0.963

Note: 

The ratios of  AUCINF,  AUClast,  C0,  CL and T1/2  between the 2
formulations were 0.890, 0.893, 1.02, 1.11, and 0.963,
respectively (Table 2). Simultaneous bioequivalence analysis 

showed that the 90% Confidence Interval (CI) of the AUCINF, 
AUClast, and C0 ratios were 102.37% to 121.63%, 101.94% to 
121.20%, and 82.17% to 112.25%, respectively (Table 3).
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Table 2: Average PK parameters, Group 1 (pH 6.0) and Group 2 (pH 4.5).

aRatio=Group 1/Group 2, SD=Standard Deviation



AUCINF h* ng/mL Lot 20190912

(pH 6.0, Group 1)

Lot 20190416

(pH 4.5, Group 2)

102.37-121.63

AUClast h* ng/mL 101.94-121.20

C0 ng/mL 82.17-112.25

Note: a90% confidence interval after double unilateral test

Discussion
The PK profiles of the 2 tested formulations of GFH009 (pH 6.0 

and pH 4.5) were comparable following intravenous 
administration in SD rats, regardless of pH used for preparation. 
Simultaneous bioequivalence analysis of the 2 formulations met 
90% CI values for AUCINF, AUClast, and C0, with all ratio values 
falling within the acceptable range of 80% to 125% (Table 3). 
These data indicate that the total systemic exposure with the 2 
formulations was functionally identical when dosed 
intravenously. Given that drug formulations should have a target 
pH as close as possible to physiological pH, the GFH009 
preparation used in Group 1, i.e., pH 6.0, was deemed the more 
appropriate (euhydric) for clinical use [7,8].

The sample analysis was performed on a high-performance 
LC-MS/MS method that has been previously validated. This 
method has a detection limit of 1 ng/mL and a linear range from 
1 ng/mL to 1000 ng/mL. The recovery rate of 95% with a CV of 
1.5% after diluting the 15000 ng/mL sample 20-fold suggests 
that the method can accurately measure GFH009 even after 
dilution of <20-fold. Selectivity, stability, recovery, intra-assay, 
and inter-assay sensitivity comply with the necessary criteria for 
accurate and precise measurement of the target analyte (data 
will be reported in another paper). Overall, this method is robust 
and reliable for detecting and analyzing GFH009 in the samples.

Although drugs that interact with the CDK family of proteins 
would seem ideal for inhibiting tumor growth, targeting 
therapeutics to specific proteins is critical to limiting adverse 
events that stem from nonspecific CDK inhibition. First 
generation CDK-inhibitor treatments, including flavopiridol (also 
known as alvocidib) and seliciclib (also known as roscovitine) 
were characterized by relatively burdensome toxicity resulting 
from off-target inhibition [1]. Targeting treatments specifically 
to CDK9 has been a goal of recent research and several other 
CDK9-selective inhibitors are currently in the development 
pipeline. Among these are KB-0742, a potent selective inhibitor 
of CDK9, which showed similarly rapid absorption and high 
bioavailability in PK studies of oral dosing [9]. PK assessment of 
the CDK9 inhibitor enitociclib (BAY1251152) demonstrated a 
mean elimination half-life of 3 hours to 9 hours, similar to that of 
GFH009 (approximately 5.5 hours), with no accumulation over 
multiple doses. However, to date, phase 1 studies of single-agent 
enitociclib have not yielded objective responses, despite 
achieving therapeutic plasma levels and a demonstrated target  

specificity [10,11]. The PKs and pharmacodynamics of AZD-4573,  
another selective CDK9 inhibitor that has shown promise against 
a variety of hematologic cancers, have been determined, and it is 
in phase 1 studies. A pilot trial of AZD-4573 combined with the 
Bruton kinase inhibitor acalabrutinib is currently underway in 
patients with relapsed or refractory diffuse large B-cell 
lymphoma [12,13]. 

Conclusion
The PK profiles of both tested GFH009 formulations were 

comparable and equivalent when administered via intravenous 
injection at a dose of 4 mg/kg of body mass. The pH 6.0 
formulation of GFH009 is more appropriate for clinical research 
settings, given that it is closer to the normal human blood pH 
range of 7.35 to 7.45. This formulation is currently being used in 
an ongoing phase 1 clinical trial (ClinicalTrials.gov Identifier: 
NCT04588922) examining the use of GFH009 as a monotherapy 
for patients with relapsed and/or refractory hematologic 
malignancies, including AML, chronic lymphocytic leukemia, 
small lymphocytic lymphoma and lymphoma. Going forward, the 
pH 6.0 formulation of GFH009 will be used for all additional 
clinical studies to determine dosing, efficacy, and safety of this 
new drug.
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