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Abstract: The synthesis, biochemical evaluation and radiosynthesis of a cyclin-dependent kinases
4 and 6 (CDK4/6) inhibitor and radioligand was performed. NT431, a newly synthesized 4-
fluorobenzyl-abemaciclib, exhibited high potency to CDK4/6 and against four cancer cell lines
with IC50 similar to that of the parent abemaciclib. We performed a two-step one-pot radiosynthesis
to produce [18F]NT431 with good radiochemical yield (9.6 ± 3%, n = 3, decay uncorrected), high
radiochemical purity (>95%), and high molar activity (>370 GBq/µmol (>10.0 Ci/µmol). In vitro
autoradiography confirmed the specific binding of [18F]NT431 to CDK4/6 in brain tissues. Dynamic
PET imaging supports that both [18F]NT431 and the parent abemaciclib crossed the BBB albeit with
modest brain uptake. Therefore, we conclude that it is unlikely that NT431 or abemaciclib (FDA
approved drug) can accumulate in the brain in sufficient concentrations to be potentially effective
against breast cancer brain metastases or brain cancers. However, despite the modest BBB penetra-
tion, [18F]NT431 represents an important step towards the development and evaluation of a new
generation of CDK4/6 inhibitors with superior BBB penetration for the treatment and visualization of
CDK4/6 positive tumors in the CNS. Also, [18F]NT431 may have potential application in peripheral
tumors such as breast cancer and other CDK4/6 positive tumors.

Keywords: CDK4/6; PET; abemaciclib; BBB; CNS

1. Introduction

Cyclin-dependent kinases 4 and 6 (CDK4/6) inhibitors suppress the dysregulation
of the cell cycle by blocking the aberrantly accelerated cell cycle transition from the G1
to S phase [1,2]. This transition is regulated by a complex consisting of CDK4/6 and
cyclin D, which phosphorylates retinoblastoma-associated proteins (pRb) and introduces
E2F release [3–5]. CDK4/6 proteins have been reported to be overexpressed in a signifi-
cant number of cancers such as head and neck cancer [6], non–small cell lung cancer [7],
melanoma [8–10], and glioblastoma [11]. High levels of CDK4/6 overexpression have
been observed in patients with luminal (i.e., estrogen receptor (ER)–positive) breast cancer,
the most common subtype, representing approximately 75% of all breast cancers [12,13].
Moreover, overexpression of CDK4/6 appears to be an early step in cancer pathogenesis,
as early as ductal carcinoma in situ (DCIS) and is maintained during progression to inva-
sive locoregional and metastatic lesions [14–16]. Selective inhibitors of CDK4/6 indeed
have been proven to be highly effective in large clinical trials of patients with advanced
ER-positive breast cancer [17,18].

Currently, abemaciclib (Verzenio), ribociclib (Kisqali), and palbociclib (Ibrance) (chem-
ical structures are shown in Figure 1) are the three FDA-approved inhibitors of CDK4/6
used for treatment of ER-positive, HER2-negative advanced or metastatic breast cancer [19].
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However, the utility of CDK4/6 for treatment of CNS tumors is limited due to poor pene-
tration of the BBB [20]. It is likely that clinical trials [21,22] of CDK4/6 inhibitors in brain
metastases did not meet their relevant endpoints because the drugs did not reach thera-
peutic concentrations sufficient for CDK4/6 inhibition in the CNS. Currently, non-invasive
methods for measuring CDK4/6 expression in the brain are lacking. Therefore, there is a
need for non-invasive tools to quantify CDK4/6 target engagement to ensure that CDK4/6
inhibitors reach concentrations in the brain sufficient to elicit pharmacological effects in
tumor tissues and to provide information on response to treatment in real time. As such,
positron emission tomography (PET) imaging with radiolabeled brain penetrant CDK4/6
inhibitors not only can measure and quantify target engagement but potentially will have
clinical utility for the detection of CDK4/6 positive tumors in the CNS and how they
respond to treatment. To this end, we developed the first BBB penetrant PET probe for the
imaging of CDK4/6 in the CNS.
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Figure 1. Chemical structures of the FDA approved CDK4/6 inhibitors: abemaciclib, palbociclib,
and ribociclib.

2. Results
2.1. Chemical Synthesis and Characterization of Derivatives of NT431

The straightforward synthesis of NT431 was accomplished by using reductive ami-
nation to couple the abemaciclib metabolite M2 with 4-fluorobenzaldehyde using acetic
acid (CH3COOH) and sodium cyanoborohydride (NaBH3CN) as shown in Figure 2. NT431
was obtained with >90% chemical purity, and >50% chemical yield after purification by
using flash chromatography and further purification using semi-prep HPLC. NT431 was
characterized by using NMR spectroscopy (1H and 19F, Figure S1)) and the molecular
weight was confirmed with high resolution mass spectroscopy (Figure S2). Purity was
determined by using analytical HPLC (Figure S3).
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Figure 2. Chemical synthesis of 4-fluorobenzyl-abemaciclib (NT431), a minimally modified
abemaciclib.

2.2. Biochemical Evaluation

The ability of NT431 to inhibit the CDK4/CyclinD3 and CDK6/CyclinD3 kinase activ-
ities was determined using the CDK4/CyclinD3 and the CDK6/CyclinD3 Kinase Assay
Kits. The assay kits contain purified recombinant CDK4/CyclinD3 or CDK6/CyclinD3
kinases, kinase substrate, ATP, and kinase assay buffer. The experiments were conducted
according to the protocol provided by the manufacturer, and abemaciclib was used as a
positive control.

As shown in Figure 3, NT431 inhibited the CDK4/CyclinD3 and CDK6/CyclinD3
kinase activity with IC50 = 23.7 and 47.1 nM, respectively. The IC50 values for NT431 were
comparable to that of the parent abemaciclib, which exhibited IC50 = 7.8 and 55.5 nM for
CDK4/CyclinD3 and CDK6/CyclinD3, respectively.
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Figure 3. Inhibition of CDK4/CyclinD3 and CDK6/CyclinD3 kinase activities by NT431 and
abemaciclib.

2.3. Evaluation of NT431 Cytotoxicity in Cancer Cells

We performed MTT assays to determine the cytotoxic effects of NT431 in cultured
cancer cell lines MCF-7 (breast cancer), U87 and C6 (glioblastoma), and CC531 (rat colon
carcinoma). All four cell lines were plated and treated with increasing concentrations of
NT431 or abemaciclib for 48 h. The cell viability was assessed as described in Section 4.

The cell viability results in Figure 4 revealed that NT431 IC50 values of 3.1 µM for
MCF-7 cells, 1.1 µM for U87MG cells, 7.6 µM for C6 cells, and 2.2 µM for CC531 cells. These
results demonstrated that NT431 maintained the effective killing of various cancer cells,
however, with lower efficacy compared to abemaciclib.
 

 

Figure 4. Cytotoxicity of NT431 in four cancer cell lines compared side-by-side with abemaciclib Figure 4. Cytotoxicity of NT431 evaluated in four cancer cell lines and compared side by side
with abemaciclib.

These encouraging in vitro results with NT431 (Figures 3 and 4) demonstrated high
CDK4/6 inhibition in kinase activity assay combined with high efficacy against vari-
ous cancer cell lines warranting the radiosynthesis of [18F]NT431 and the subsequent
in vivo evaluation.

2.4. Radiosynthesis

We performed a one-pot radiosynthesis of [18F]NT431 that was accomplished as
shown in Figure 5. The 4-[18F]fluorobenzaldehyde (4-[18F]FBA) was produced as described
previously [23]. Then, [18F]NT431 was produced by the subsequent reaction of the 4-
[18F]FBA with abemaciclib metabolite M2 in the presence of acetic acid and NaBH3CN. The
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crude [18F]NT431 was purified by semi-prep HPLC and characterized by comparing the
retention time of the radioactive tracer to the nonradioactive standard compound using
analytical HPLC. [18F]NT431 was obtained with good radiochemical yield (24 ± 3.0%), high
radiochemical purity (>95%), and high molar activity (>370 GBq/µmol, >10 Ci/µmol)).
Overall, the one-pot radiochemical approach is straightforward and will likely facilitate the
routine production of other 4-[18F]fluorobenzyl-modified CDK4/6 inhibitors.
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2.5. Formulation and In Situ Stability of [18F]NT431

[18F]NT431 was formulated in 20% ethanol and 80% solution of saline that contains
sodium ascorbate (5 mg/mL). Radioactivity analysis with high performance liquid chro-
matography (radio-HPLC) demonstrated that [18F]NT431 in the formulated solution re-
mained intact with >98% radiochemical purity for four hours post-formulation.

2.6. In Vitro Autoradiography

We performed in vitro autoradiography with [18F]NT431 in rat brain tissues using
phosphor imaging as shown in Figure 6. In vitro autoradiography with [18F]NT431 was
utilized at baseline and after competitive blocking to further confirm the specific binding
of [18F]NT431 to CDK4/6 in the brain. This was established via competitive blocking
with NT431 (self-blocking) or blocking with the parent FDA-approved abemaciclib at 1.0,
0.5, and 0.1 µM concentrations. The data in Figure 6C demonstrates a dose-dependent
displacement of the [18F]NT431, thus indicating that the uptake of [18F]NT431 in the brain
tissues was displaceable and specific to CDK4/6. These in vitro displacement studies
with NT431 and abemaciclib were further confirmed by PET imaging in vivo as shown
in Figure 6 below. It is also likely that higher concentrations (i.e., 5–10 µM) of the non-
radioactive inhibitor will be needed to further delineate the specific binding and provide
information about the non-specific binding.
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2.7. In Vivo PET and Preliminary Pharmacodynamic Imaging

We performed in vivo PET imaging studies to determine the ability of [18F]NT431 to
cross the blood brain barrier (BBB) in rat brain. Rat brain is relatively larger (compared to
mouse brain) and allows for better tracer biodistribution and localization to quantify the
background expression of CDK4/6 in the whole brain. As shown in Figure 7, [18F]NT431
crossed the BBB and accumulated in the brain in a specific manner as supported by com-
petitive blocking studies by using non-radioactive excess of either NT431 or abemaciclib.
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(A) at the baseline and (B) after self-blocking with 0.5 mg/kg of NT431. (C) Whole brain time–activity
curves obtained from dynamic imaging over 60 min at baseline and after blocking with NT431
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The specific uptake of [18F]NT431 in the brain was confirmed in vivo through compet-
itive blocking with the corresponding non-radioactive NT431 which led to a significant re-
duction in the radioactive signal time activity curve compared to the baseline (Figure 7B,C).
Moreover, the data in Figure 7 demonstrates for the first time that abemaciclib can cross
the BBB and enter the healthy brain, albeit with relatively low brain uptake. The specific
binding of abemaciclib (excess) to CDK4/6 in the brain resulted in a significant reduction
in the tracer time activity curve due to competitive binding to CDK4/6 by reducing the
available binding sites for the radiotracer [18F]NT431.

2.8. Radiometabolite Studies

We conducted radiometabolism studies in vivo to ensure that the PET imaging was
performed while the parent radiotracer was mostly intact during the entire scan time
(i.e., 60 min). The presence of radiometabolites in the brain can confound the PET data quan-
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tification by contributing to the CDK4/6 signal in the brain. The presence of radiometabo-
lites in the brain can be attributed to brain radiometabolism (caused by metabolic enzymes
in the brain itself) or blood radiometabolites capable of crossing the BBB. Therefore, we ana-
lyzed blood samples for the presence of radioactive metabolites to ensure that these metabo-
lites did not cross the BBB in quantities sufficient to confound the PET signal. Typically,
we expect the radiometabolites in blood to exhibit poor brain entry < 15% (changes < 15%
cannot be detectable by PET [24,25]) and little or no interaction with CDK4/6 in the brain.
Brain radiometabolites and radiometabolites in the blood that enter the brain can con-
found the PET data quantification since the PET detector cannot distinguish the parent
radioactivity from the radiometabolites and instead detects them as one signal [26].

The extent of the radiometabolism of [18F]NT431 in rat brain and plasma at 60 min
post-injection is shown in the radio-HPLC chromatogram (Figure 8). Analytical radio-
HPLC revealed that the parent [18F]NT431 remained mostly intact in the brain during the
entire scan time (Figure 8). The presence of polar radiometabolites in the brain homogenates
was negligible, which indicates the absence of significant brain radiometabolism and that
blood polar radiometabolites did not cross the BBB. Radio-HPLC analysis of the plasma
at 60 min post-injection also showed a relatively higher fraction of the parent [18F]NT431
(54 ± 2%) and a single polar radiometabolite (46 ± 2%) (Figure 8). It is important to note
that the recovery of radioactivity was ~73% and 42% from the brain homogenates and the
plasma, respectively. The low radioactive recovery with acetonitrile is likely due to the
high lipophilicity of [18F]NT431. Therefore, we cannot rule out the possibility that other
radiometabolites may be present in the remaining precipitates.
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3. Discussion

CDK4/6 inhibitors have an immense potential for treatment of CDK4/6 positive CNS
tumors such as glioblastoma and metastatic breast cancer [11,19]. However, the poor BBB
penetration of approved CDK4/6 inhibitors likely explains their failure to control brain
metastases in clinical trials [20–22]. Therefore, there is a need for non-invasive measures to
quantitate the ability of CDK4/6 inhibitors to penetrate the BBB and accumulate in the brain
in sufficient concentrations to elicit a pharmacological response. PET is a powerful non-
invasive tool that can be used for such measurements and not only can provide information
on the BBB penetration but can enable tumor visualization and provide information on
response to treatment in real time. Currently, there is no tracer designed for PET imaging
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of CDK4/6 proteins in the CNS. [18F]CDKi, a modified palbociclib, was the only PET tracer
that successfully delineated CDK4/6 in the MCF-7 breast cancer model [27]. However, CNS
entry, specific uptake in the brain, and radiometabolism in the brain were not described.
Other attempts with metal-based PET tracers entrapped in chelators extended from the
piperazine moiety of CDK4/6 inhibitors led to abysmal tumor uptake [28–31]. The low
lipophilicity associated with highly polar chelators and the relatively high molecular
weights are likely factors that prevent metal-based tracers from entering the CNS.

We selected abemaciclib among the approved CDK4/6-targeted drugs as a good
starting point for radiolabeling because it was reported that abemaciclib was able to cross
the BBB in sub µM concentrations to reach breast cancer brain metastases in human sub-
jects [22]. Several reports in the literature and in patent applications demonstrate that
the piperazine moiety (Figure 1, blue) of the FDA-approved molecules is susceptible to
modification without compromising the high potency to CDK4/6 [27,32,33]. Therefore, we
minimally modified abemaciclib using a functional group extended from the piperazine
moiety to produce NT431, a 4-fluorobenzyl-abemaciclib. We then demonstrated that the
new molecule NT431 maintained the high potency to CDK4/6 with an IC50 comparable to
that of the parent abemaciclib. We then radiolabeled NT431 with [18F]fluoride to produce
[18F]NT431 with good radiochemical yield, good radiochemical purity, and high molar
activity. The two step one-pot radiochemistry is modular and can be extended to a wide
range of molecules including other CDK4/6 inhibitors with piperazine extension. Next, we
performed in vitro and in vivo studies to confirm BBB penetration and specific binding of
NT431 to CDK4/6 in vitro and in vivo. [18F]NT431 displayed high radiometabolic stability
in the brain with the parent remaining intact during the first 60 min of the scan. More-
over, no blood radiometabolites were detected in the brain as the blood radiometabolites
that enter the brain can confound the PET image quantification. Moreover, the uptake
of [18F]NT431 in the brain was susceptible to significant blocking (>50%) in vitro by the
unlabeled version of the tracer (NT431) and by the CDK4/6 inhibitor abemaciclib. Also, as
shown in Figure 7C, self-blocking with NT431 and competitive inhibition with abemaci-
clib were visualized in vivo as a decreased accumulation of the tracer in the brain. The
time–activity curves obtained from [18F]NT431 at the baseline with images obtained from
the tracer co-administered with NT431 or abemaciclib (0.5 mg/kg) resulted in a significant
decrease in the time–activity curves in the whole brain (reduction in the SUV), which
demonstrates that the binding/occupancy of [18F]NT431 to CDK4/6 in vivo is specific and
displaceable.

4. Materials and Methods
4.1. Reagents and Instruments

The starting material abemaciclib metabolite M2 (Cas No. 1231930-57-6) was obtained
commercially (Muse Chem, Fairfield, NJ, USA). Abemaciclib (HY-16297A) was obtained
from MedChemExpress (Monmouth Junction, NJ, USA). Solvents and other chemicals were
obtained from MilliporeSigma (St. Louis, MO, USA) and were used as received. C18 light
SPE cartridges were purchased from Waters (WAT023501, Milford, MA, USA).

Radiochemical purification of [18F]NT431 was performed using semipreparative HPLC
(1260 series Agilent Technologies, Stuttgart, Germany) with an isocratic pump and built-
in UV detector operated at 250 nm and a radioactivity detector with a single-channel
analyzer (labLogic Chantilly, VA, USA) at a flow of 4 mL/min. We used C18 reverse-phase
column (00G-4041-N0: Luna® 5 µm, 250 × 10 mm (Phenomenex CA, USA)) to purify
the tracer. Quality control analysis was performed using analytical HPLC (1260 series
Agilent Technologies, Stuttgart, Germany) with a quaternary pump and a built-in variable
wavelength detector, and a radioactivity detector with a single-channel analyzer (labLogic,
Chantilly, VA, USA). The flow rate was 1.0 mL/min. A C18 column (00G-4041-N0: Luna®

5 µm, 150 × 4.6 mm (Phenomenex, Torrance, CA, USA)) was used.
An Agilent 1260HPLC/G6224A-TOF MS instrument was used for high resolution mass

spectroscopy (HRMS) and a 400 MHz Bruker instrument was used for NMR spectroscopy.
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4.2. Chemical Synthesis

Chemical synthesis of 5-fluoro-4-(4-fluoro-1-isopropyl-1H-benzo[d]imidazol-6-yl)-
N-(5-((4-(4-fluorobenzyl)piperazin-1-yl)methyl)pyridin-2-yl)pyrimidin-2-amine (NT431):
Abemaciclib metabolite M2 (50 mg, 0.10 µmol) was dissolved in N,N-dimethylformamide
(DMF, 1.0 mL) and treated with 4-fluorobenzaldehyde (50.0 µL, 0.40 µmol) followed by the
addition of acetic acid (CH3COOH, 50.0 µL) and sodium cyanoborohydride (NaBH3CN,
200.0 mg, 3.20 µmol). The reaction mixture was heated at 70 ◦C overnight. The solvent
was removed under reduced pressure, the residue was dissolved in dichloromethane, and
the mixture was purified by flash chromatography (10% methanol:dichloromethane). The
solvent was removed, and NT431 was collected as a yellowish powder. NT431 was obtained
with >90% chemical purity and 50% chemical yield. 1H NMR (CDCl3, 400 MHz) δ 8.46 (d,
J = 4.0 Hz, 1H), 8.40 (d, J = 8.5 Hz, 1H), 8.30 (s, 1H), 8.26 (d, J = 1.8 Hz, 1H), 8.21 (s, 1H), 7.82
(d, J = 11.6 Hz, 1H), 7.70 (dd, J1 = 2.1, J2 = 8.5 Hz, 1H), 7.29 (t, J = 8.2 Hz, 1H, overlapped
with the CDCl3 peak), 7.00 (t, J = 8.6 Hz, 1H), 4.76 (m, 1H), 3.50 (d, J = 9.7 Hz, 4H), 2.72
(s, 3H), 2.50 (bs, 8H), 1.73 (d, J = 7.0 Hz, 6H). 19F NMR (CDCl3, 376.5 MHz), δ −116.00,
−127.95, −148.24. HRMS: Calculated for C32H34F3N8 [M+H]+ 587.2853, Found: 587.2854.

4.3. Biochemical Evaluation and Cytotoxicity Studies
4.3.1. CDK4/CyclinD3 and CDK6/CyclinD3 Kinase Activities

The CDK4/CyclinD3 Kinase Assay Kit (cat. # 79674) and the CDK6/CyclinD3 Kinase
Assay Kit (cat. # 78395) were obtained from BPS Bioscience (San Diego, CA, USA). The
inhibition of CDK4/CyclinD3 and CDK6/CyclinD3 kinase activities by NT431 was mea-
sured in the presence of increasing inhibitor concentrations using the CDK6/CyclinD3 and
CDK6/CyclinD3 Kinase Assay Kits. The IC50 was determined graphically by measuring
the luminescence using a microplate reader.

4.3.2. MTT Assay Protocol

Cells (MCF-7, U87MG or C6) were seeded on 96-well plates at a density of 5000 cells
per well in 200 microliters of culture medium. Incubation overnight allowed for cell
attachment. The culture medium from each well was removed, and 100 µL of the desired
drug solutions (NT431 or abaculis) at the appropriate concentrations were added. The cells
were then incubated for 48 h to allow the drugs to exert their effects on the cells. After
the incubation period, the drug solutions were carefully removed from each well, and the
cells were rinsed with phosphate-buffered saline (PBS) twice. Then, 100 microliters of MTT
reagent (0.5 mg/mL) were added to each well. The plate was incubated for 3 h at 37 ◦C
to allow the viable cells to convert MTT into formazan crystals. After the incubation, the
MTT reagent was removed from each well, and 150 µL of dimethyl sulfoxide (DMSO) was
added to dissolve the formazan crystals. The plate was gently shaken for 30 min to ensure
complete dissolution. Once the formazan crystals were fully dissolved, the absorbance
of the solution in each well was measured using a microplate absorbance reader at a
wavelength of 570 nm. The data were analyzed by GraphPad Prism 9.

Radiosynthesis of 5-fluoro-4-(4-fluoro-1-isopropyl-1H-benzo[d]imidazol-6-yl)-N-(5-((4-
(4-[18F]fluorobenzyl)piperazin-1-yl)methyl)pyridin-2-yl)pyrimidin-2-amine ([18F]NT431)
was performed as follows.

The [18F]F- was trapped on a QMA cartridge (Waters, WAT023525) and eluted with
kryptofix2.2.2 and K2CO3 and then dried similar to our previous reports [34,35]. The [18F]F-
was trapped on a QMA cartridge and then eluted with 80:20% acetonitrile/water solution
(1.0 mL) containing kryptofix2.2.2 (12.0 mg) and K2CO3 (1.0 mg) to a V-vial (Wheaton)
to produce potassium [18F]fluoride/kryptofix2.2.2. The water/acetonitrile mixture was
removed under a stream of Argon at 110 ◦C. Then acetonitrile (1.0 mL) was added to the
residue, and the azeotropic drying under a stream of Argon at 110 ◦C was repeated two
more times.

The radiosynthesis of [18F]NT431 was performed in a two-step one-pot reaction with
subsequent addition of the reactants at the appropriate time interval without radiochemi-
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cal separation as described below. First, the radiosynthesis of 4-[18F]fluorobenzaldehyde
(4-[18F]FBA) (produced in 7 min) was performed as previously reported [23]. Briefly, the
precursor 4-formyl-N,N,N-trimethylbenzenaminium triflate (4.0–5.0 mg) in DMF (0.4 mL)
was added to the dried [18F]fluoride/kryptofix2.2.2 and reacted at 130 ◦C for 7.0 min. Sec-
ond, the key precursor abemaciclib metabolite M2 (5.0 mg) dissolved in acetic acid/DMSO
(50.0 µL each) was added to the 4-[18F]FBA mixture followed by the addition of sodium
cyanoborohydride (NaBH4CN, 10 mg) in DMSO (100 µL). The reaction mixture was heated
at 120 ◦C for 7 min. The production of [18F]NT431 by reductive amination was confirmed
through analytical radio-HPLC. The acetic acid was removed under a stream of argon
followed by addition of water (3.0 mL). Solid phase separation (SPE) was performed by
trapping [18F]NT431 on a short C-18 cartridge (Waters) that was washed with 10% ace-
tonitrile/ammonium acetate solution (10.0 mL) followed by washing with water twice
(2 × 10.0 mL). The trapped [18F]NT431 was then eluted with acetonitrile (1.0 mL), and am-
monium acetate solution (NH4OAc: 20 mM) (0.5 mL) was added. [18F]NT431 was purified
using semipreparative radio-HPLC system with a 1260 series pump (Agilent Technologies,
Stuttgart, Germany) with a built-in UV detector operated at 250 nm and a radioactivity
detector with a single-channel analyzer (labLogic). [18F]NT431 was eluted from the C18
reverse-phase column (00G-4041-N0: Luna® 5 µm, 100 Å, 250 × 10 mm, Phenomenex)
using 65% acetonitrile: 35% ammonium acetate buffer (NH4OAc: 20 mM) at flow rate
of 4.0 mL/min. [18F]NT431 was collected at ~21.0 min post injection (Figure S3). Water
(15.0 mL) was added to the collected solution, and the [18F]NT431 was trapped on a C18
light cartridge and eluted with ethanol (0.3 mL) and formulated for in vivo and in vitro
studies. [18F]NT431 was formulated by the addition of a solution that contains 15% ethanol
and 85% sodium ascorbate in water (5 mg/mL).

Generally, starting with ~5.55 GBq (~150 mCi) of [18F]F- led to a final dose of
0.54 ± 0.1 GBq (14.5 ± 3 mCi, 9.7 ± 3%, n = 3, decay uncorrected) of [18F]NT431 (on
average, the radiosynthesis was completed in 90 min).

4.4. Molar Activity

The molar activity was determined from the area under the ultraviolet peak curve cor-
responding to the non-radioactive trace in the analytical HPLC chromatogram (Figure S4)
against a calibration curve pre-prepared from the unlabeled reference standard. The molar
activity of [18F]NT431 was >370.0 GBq/µmol (>10.0 Ci/µmol, n = 3).

4.5. PET Imaging Procedures in Animals

All studies were performed under a protocol approved by the Institutional Animal
Care and Use Committee (IACUC) of Stony Brook University. In vivo microPET imaging
studies were performed in Sprague Dawley (SD, Charles River) female rats (200–300 g,
n = 2/experiment). The anesthetized SD rats were placed in the Inveon µPET (Siemens,
Knoxville, TN, USA) in the supine position with the skull positioned in the center of
the field of view. [18F]NT431 (~30.0 MBq (~0.8 mCi)/animal) was administered via the
tail-vein injection in a total volume 0.5–1.2 mL. Dynamic PET images were acquired for
60 min. Images were reconstructed with attenuation correction using an ordered subset
expectation maximization (OSEM2D) algorithm with 16 subsets and 4 iterations. PET image
analysis was performed using the AMIDE software similar to our previous report [36]. The
time–activity curves (TAC) were generated manually by drawing the region of interest (ROI:
whole brain) followed by plotting the radioactivity/cc vs time. Levels of accumulation
of the radiotracer in tissues were expressed as standard uptake values (SUV) that were
calculated for the regions of interest (ROI) using the AMIDE software. GraphPad Prism
10.2.0 (Graph Pad Software La Jolla, CA, USA) was used to blot the data.

4.6. In Vitro Autoradiography

The female rats (n= 3) were sacrificed, and their brains were excised and fixed in
4% PFA overnight, and then they were embedded into paraffin blocks. Eight 8 µm thick
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slices were obtained successively from each rat brain for further analysis. The slices were
then deparaffinized in xylene three times for 5 min each, followed by rehydration with
100% ethanol, 95% ethanol, 70% ethanol, and then rinsed in R.O water for 30 min.

Next, the slides were preincubated in the binding buffer (50 mM Tris base, 2 mM
MgCl2, pH 7.4) and 0.1% BSA + 20% ethanol for 2 h. The experiments were divided into
seven groups: one group served as the control and was soaked in 25 mL of 0.13 MBq
(3.5 µCi)/mL of 18F-labeled tracers; the second group was soaked in 25 mL of 0.13 MBq
(3.5 µCi)/mL of [18F]NT431 + 0.1 µM NT431; the third group was soaked in 25 mL of
0.13 MBq (3.5 µCi)/mL of [18F]NT431 + 0.5 µM NT431; the fourth group was soaked in
25 mL of 0.13 MBq (3.5 µCi)/mL of [18F]NT431 + 1.0 µM NT431; the fifth group was soaked
in 25 mL of 0.13 MBq (3.5 µCi)/mL of [18F]NT431 + 0.1 µM abemaciclib; the sixth group
was soaked in 25 mL of 0.13 MBq (3.5 µCi)/mL of [18F]NT431 + 0.5 µM abemaciclib; and
the seventh group was soaked in 25 mL of 0.13 MBq (3.5 µCi)/mL of [18F]NT431 + 1.0 µM
abemaciclib. All the slices were incubated at room temperature for 150 min. Subsequently,
slides were washed twice for 10 min in ice-cold binding buffer and dipped in ice-cold water
before being dried. The slides were placed onto the storage phosphor screen in the dark
overnight, and the images were collected using Typhoon FLA7000. Quantity image 5.2 was
used to quantify radiation energy. The data were statistically analyzed using Prism 9 with
Ordinary one-way ANOVA-Multiple comparisons.

4.7. Radiometabolism of [18F]NT431

The extent of radiometabolism of [18F]NT431 was determined in rat brain homogenates
and plasma according to the following protocol. SD rats (n = 2) were injected via the tail-
vein injection with [18F]NT431 (52.0 MBq, 1.4 mCi/animal) in a total volume of 1.2 mL of
the formulated solution. At one hour post-injection the blood (3 mL) was withdrawn from
the heart while the rats were under terminal anesthesia with isoflurane. Then the rats were
euthanized, and the brains were excised. The radioactivity in the brain and the blood was
counted using a gamma counter (COBRAII D5003).

The rat brains were homogenized in acetonitrile (2.0 mL) followed by centrifugation
(Eppendorf 5453) at 12,000 rpm for 3 min, then the supernatant was collected, and the
radioactivity was counted using a gamma counter. The recovery of radioactivity from
the brain homogenates was ~73% which is consistent with other lipophilic PET tracers
produced in our laboratory. The solution was passed through 0.22 µm filter, and then a
sample (200 µL) was injected into the analytical HPLC for analysis.

To obtain protein-free plasma, the collected blood samples were centrifuged (Eppen-
dorf 5702) at 4000 rpm for 5 min. Acetonitrile (2.0 mL) was then added, and the mixture
was centrifuged (Eppendorf 5453) at 12,000 rpm for 3 min. The supernatant was collected,
and the radioactivity was measured by using a gamma counter. The recovery was ~42%.
The solution was passed through a 0.22 µm filter, and a sample (200 µL) from the resulting
filtrates was injected into the analytical HPLC for analysis. The extent of radiometabolism
of [18F]NT431 in the brain and the blood was determined by integrating the radioactive
peaks compared to the parent [18F]NT431 (Figure 8).

5. Conclusions

We developed [18F]NT431 as the first brain-penetrant CDK4/6 probe for PET imaging
studies of CDK4/6 expression in the CNS in vivo. We demonstrated in vitro and in vivo
that the uptake of [18F]NT431 in the brain is specific and displaceable through competitive
blocking with excess NT431 or abemaciclib. Our PET imaging results demonstrated that
[18F]NT431 and subsequently the parent abemaciclib cross the BBB, however, unlikely
at sufficient concentrations to be pharmacologically effective against breast cancer brain
metastases or brain cancers. Despite the modest BBB uptake, [18F]NT431 represents an
important step towards the future evaluation and development of CDK4/6 inhibitors or
radioligands with superior BBB penetration for treatment and visualization of CDK4/6
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positive cancers in the CNS. Also, [18F]NT431 may have potential applications in peripheral
tumors such as breast cancer and breast cancer metastasis.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms25136870/s1.

Author Contributions: Conceptualization, N.T., G.V.G. and J.C.; methodology, S.X., P.K. and C.-
H.H.; validation, S.X., P.K. and C.-H.H.; formal analysis, N.T., S.X. and C.-H.H.; investigation, N.T.;
resources, S.X., P.K. and C.-H.H.; writing—original draft preparation, N.T.; writing—review and
editing, N.T., G.V.G. and J.C.; supervision, N.T.; project administration, N.T.; funding acquisition, N.T.
and J.C. All authors have read and agreed to the published version of the manuscript.

Funding: The research reported in this publication was supported by the Stony Brook Cancer Center
Translational Research in Breast Cancer.

Institutional Review Board Statement: All studies were performed under a protocol approved by
the Institutional Animal Care and Use Committee (IACUC) of Stony Brook University (IACUC#:
1256997; approved on 11 October 2022).

Informed Consent Statement:

Data Availability Statement: All data generated or analyzed during this study are included in this
published article and its Supplementary Materials.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Riess, C.; Irmscher, N.; Salewski, I.; Strüder, D.; Classen, C.F.; Große-Thie, C.; Junghanss, C.; Maletzki, C. Cyclin-dependent kinase

inhibitors in head and neck cancer and glioblastoma-backbone or add-on in immune-oncology? Cancer Metastasis Rev. 2021, 40,
153–171. [CrossRef]

2. Niu, Y.; Xu, J.; Sun, T. Cyclin-Dependent Kinases 4/6 Inhibitors in Breast Cancer: Current Status, Resistance, and Combination
Strategies. J. Cancer 2019, 10, 5504–5517. [CrossRef]

3. O’Leary, B.; Finn, R.S.; Turner, N.C. Treating cancer with selective CDK4/6 inhibitors. Nat. Rev. Clin. Oncol. 2016, 13, 417–430.
[CrossRef]

4. Matsushime, H.; Ewen, M.E.; Strom, D.K.; Kato, J.Y.; Hanks, S.K.; Roussel, M.F.; Sherr, C.J. Identification and properties of an
atypical catalytic subunit (p34PSK-J3/cdk4) for mammalian D type G1 cyclins. Cell 1992, 71, 323–334. [CrossRef]

5. Kato, J.; Matsushime, H.; Hiebert, S.W.; Ewen, M.E.; Sherr, C.J. Direct binding of cyclin D to the retinoblastoma gene product
(pRb) and pRb phosphorylation by the cyclin D-dependent kinase CDK4. Genes Dev. 1993, 7, 331–342. [CrossRef]

6. Akervall, J.A.; Michalides, R.J.; Mineta, H.; Balm, A.; Borg, A.; Dictor, M.R.; Jin, Y.; Loftus, B.; Mertens, F.; Wennerberg,
J.P. Amplification of cyclin D1 in squamous cell carcinoma of the head and neck and the prognostic value of chromosomal
abnormalities and cyclin D1 overexpression. Cancer 1997, 79, 380–389. [CrossRef]

7. Betticher, D.C.; Heighway, J.; Hasleton, P.S.; Altermatt, H.J.; Ryder, W.D.; Cerny, T.; Thatcher, N. Prognostic significance of CCND1
(cyclin D1) overexpression in primary resected non-small-cell lung cancer. Br. J. Cancer 1996, 73, 294–300. [CrossRef]

8. Bleeker, F.E.; Lamba, S.; Rodolfo, M.; Scarpa, A.; Leenstra, S.; Vandertop, W.P.; Bardelli, A. Mutational profiling of cancer candidate
genes in glioblastoma, melanoma and pancreatic carcinoma reveals a snapshot of their genomic landscapes. Hum. Mutat. 2009,
30, E451–E459. [CrossRef]

9. Curtin, J.A.; Fridlyand, J.; Kageshita, T.; Patel, H.N.; Busam, K.J.; Kutzner, H.; Cho, K.H.; Aiba, S.; Bröcker, E.B.; LeBoit, P.E.; et al.
Distinct sets of genetic alterations in melanoma. N. Engl. J. Med. 2005, 353, 2135–2147. [CrossRef] [PubMed]

10. Freedman, J.A.; Tyler, D.S.; Nevins, J.R.; Augustine, C.K. Use of gene expression and pathway signatures to characterize the
complexity of human melanoma. Am. J. Pathol. 2011, 178, 2513–2522. [CrossRef] [PubMed]

11. Brennan, C.W.; Verhaak, R.G.; McKenna, A.; Campos, B.; Noushmehr, H.; Salama, S.R.; Zheng, S.; Chakravarty, D.; Sanborn, J.Z.;
Berman, S.H.; et al. The somatic genomic landscape of glioblastoma. Cell 2013, 155, 462–477. [CrossRef] [PubMed]

12. Hamilton, E.; Infante, J.R. Targeting CDK4/6 in patients with cancer. Cancer Treat. Rev. 2016, 45, 129–138. [CrossRef] [PubMed]
13. Bartkova, J.; Lukas, J.; Müller, H.; Lützhøft, D.; Strauss, M.; Bartek, J. Cyclin D1 protein expression and function in human breast

cancer. Int. J. Cancer 1994, 57, 353–361. [CrossRef] [PubMed]
14. Finn, R.S.; Aleshin, A.; Slamon, D.J. Targeting the cyclin-dependent kinases (CDK) 4/6 in estrogen receptor-positive breast

cancers. Breast Cancer Res. 2016, 18, 17. [CrossRef] [PubMed]
15. Musgrove, E.A.; Caldon, C.E.; Barraclough, J.; Stone, A.; Sutherland, R.L. Cyclin D as a therapeutic target in cancer. Nat. Rev.

Cancer 2011, 11, 558–572. [CrossRef] [PubMed]
16. Yu, Q.; Sicinska, E.; Geng, Y.; Ahnström, M.; Zagozdzon, A.; Kong, Y.; Gardner, H.; Kiyokawa, H.; Harris, L.N.; Stål, O.; et al.

Requirement for CDK4 kinase function in breast cancer. Cancer Cell 2006, 9, 23–32. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms25136870/s1
https://www.mdpi.com/article/10.3390/ijms25136870/s1
https://doi.org/10.1007/s10555-020-09940-4
https://doi.org/10.7150/jca.32628
https://doi.org/10.1038/nrclinonc.2016.26
https://doi.org/10.1016/0092-8674(92)90360-o
https://doi.org/10.1101/gad.7.3.331
https://doi.org/10.1002/(SICI)1097-0142(19970115)79:2%3C380::AID-CNCR22%3E3.0.CO;2-W
https://doi.org/10.1038/bjc.1996.52
https://doi.org/10.1002/humu.20927
https://doi.org/10.1056/NEJMoa050092
https://www.ncbi.nlm.nih.gov/pubmed/16291983
https://doi.org/10.1016/j.ajpath.2011.02.037
https://www.ncbi.nlm.nih.gov/pubmed/21641377
https://doi.org/10.1016/j.cell.2013.09.034
https://www.ncbi.nlm.nih.gov/pubmed/24120142
https://doi.org/10.1016/j.ctrv.2016.03.002
https://www.ncbi.nlm.nih.gov/pubmed/27017286
https://doi.org/10.1002/ijc.2910570311
https://www.ncbi.nlm.nih.gov/pubmed/8168995
https://doi.org/10.1186/s13058-015-0661-5
https://www.ncbi.nlm.nih.gov/pubmed/26857361
https://doi.org/10.1038/nrc3090
https://www.ncbi.nlm.nih.gov/pubmed/21734724
https://doi.org/10.1016/j.ccr.2005.12.012
https://www.ncbi.nlm.nih.gov/pubmed/16413469


Int. J. Mol. Sci. 2024, 25, 6870 12 of 12

17. Álvarez-Fernández, M.; Malumbres, M. Mechanisms of Sensitivity and Resistance to CDK4/6 Inhibition. Cancer Cell 2020, 37,
514–529. [CrossRef] [PubMed]

18. Spring, L.M.; Zangardi, M.L.; Moy, B.; Bardia, A. Clinical Management of Potential Toxicities and Drug Interactions Related to
Cyclin-Dependent Kinase 4/6 Inhibitors in Breast Cancer: Practical Considerations and Recommendations. Oncologist 2017, 22,
1039–1048. [CrossRef]

19. Cersosimo, R.J. Cyclin-dependent kinase 4/6 inhibitors for the management of advanced or metastatic breast cancer in women.
Am. J. Health Syst. Pharm. 2019, 76, 1183–1202. [CrossRef]

20. Bronner, S.M.; Merrick, K.A.; Murray, J.; Salphati, L.; Moffat, J.G.; Pang, J.; Sneeringer, C.J.; Dompe, N.; Cyr, P.; Purkey, H.; et al.
Design of a brain-penetrant CDK4/6 inhibitor for glioblastoma. Bioorg. Med. Chem. Lett. 2019, 29, 2294–2301. [CrossRef]

21. Taylor, J.W.; Parikh, M.; Phillips, J.J.; James, C.D.; Molinaro, A.M.; Butowski, N.A.; Clarke, J.L.; Oberheim-Bush, N.A.; Chang,
S.M.; Berger, M.S.; et al. Phase-2 trial of palbociclib in adult patients with recurrent RB1-positive glioblastoma. J. Neuro-Oncol.
2018, 140, 477–483. [CrossRef]

22. Tolaney, S.M.; Sahebjam, S.; Le Rhun, E.; Bachelot, T.; Kabos, P.; Awada, A.; Yardley, D.; Chan, A.; Conte, P.; Diéras, V.; et al. A
Phase II Study of Abemaciclib in Patients with Brain Metastases Secondary to Hormone Receptor-Positive Breast Cancer. Clin.
Cancer Res. 2020, 26, 5310–5319. [CrossRef]

23. Rosik, D.; Thibblin, A.; Antoni, G.; Honarvar, H.; Strand, J.; Selvaraju, R.K.; Altai, M.; Orlova, A.; Eriksson Karlström, A.;
Tolmachev, V. Incorporation of a triglutamyl spacer improves the biodistribution of synthetic affibody molecules radiofluorinated
at the N-terminus via oxime formation with 18F-4-fluorobenzaldehyde. Bioconjug. Chem. 2014, 25, 82–92. [CrossRef]

24. Gage, H.D.; Voytko, M.L.; Ehrenkaufer, R.L.; Tobin, J.R.; Efange, S.M.; Mach, R.H. Reproducibility of repeated measures of
cholinergic terminal density using [18F](+)-4-fluorobenzyltrozamicol and PET in the rhesus monkey brain. J. Nucl. Med. 2000, 41,
2069–2076.

25. Narendran, R.; May, M.A.; Mason, N.S.; Chen, C.M.; Kendro, S.; Ridler, K.; Rabiner, E.A.; Laruelle, M.; Mathis, C.A.; Frankle, W.G.
Positron emission tomography imaging of dopamine D2/3 receptors in the human cortex with [11C] FLB 457: Reproducibility
studies. Synapse 2011, 65, 35–40. [CrossRef]

26. Pike, V. PET radiotracers: Crossing the blood–brain barrier and surviving metabolism. Trends Pharmacol. Sci. 2009, 30, 431–440.
[CrossRef]

27. Ramos, N.; Baquero-Buitrago, J.; Ben Youss Gironda, Z.; Wadghiri, Y.Z.; Reiner, T.; Boada, F.E.; Carlucci, G. Noninvasive PET
Imaging of CDK4/6 Activation in Breast Cancer. J. Nucl. Med. 2020, 61, 437–442. [CrossRef]

28. Gan, Q.; Song, X.; Zhang, X.; Zhang, J. Preparation and evaluation of (99m)Tc-labeled HYNIC-palbociclib analogs for cyclin-
dependent kinase 4/6-positive tumor imaging. Eur. J. Med. Chem. 2020, 188, 112032. [CrossRef]

29. Liu, C.; Yang, Z.; Liu, M.; Wang, X.; Song, S.; Xu, X.; Yang, Z. Gallium-68 Labeling of the Cyclin-Dependent Kinase 4/6 Inhibitors
as Positron Emission Tomography Radiotracers for Tumor Imaging. ACS Omega 2021, 6, 32253–32261. [CrossRef]

30. Song, X.; Gan, Q.; Zhang, X.; Zhang, J. Synthesis and Biological Evaluation of Novel (99m)Tc-Labeled Palbociclib Derivatives
Targeting Cyclin-Dependent Kinase 4/6 (CDK4/6) as Potential Cancer Imaging Agents. Mol. Pharm. 2019, 16, 4213–4222.
[CrossRef]

31. Xiao, D.; Gan, Q.; Duan, X.; Wang, Q.; Jiang, Y.; Han, P.; Zhang, J. Preparation and Evaluation of [18F]AlF-NOTA-PBB for PET
Imaging of Cyclin-dependent Kinase 4/6 in Tumors. Mol. Pharm. 2023, 20, 4528–4536. [CrossRef] [PubMed]

32. Su, S.; Yang, Z.; Gao, H.; Yang, H.; Zhu, S.; An, Z.; Wang, J.; Li, Q.; Chandarlapaty, S.; Deng, H.; et al. Potent and Preferential
Degradation of CDK6 via Proteolysis Targeting Chimera Degraders. J. Med. Chem. 2019, 62, 7575–7582. [CrossRef] [PubMed]

33. Rana, S.; Bendjennat, M.; Kour, S.; King, H.M.; Kizhake, S.; Zahid, M.; Natarajan, A. Selective degradation of CDK6 by a
palbociclib based PROTAC. Bioorg. Med. Chem. Lett. 2019, 29, 1375–1379. [CrossRef] [PubMed]

34. Turkman, N.; Liu, D.; Pirola, I. Novel late-stage radiosynthesis of 5-[18F]-trifluoromethyl-1,2,4-oxadiazole (TFMO) containing
molecules for PET imaging. Sci. Rep. 2021, 11, 10668. [CrossRef] [PubMed]

35. Turkman, N.; Liu, D.; Pirola, I. Design, synthesis, biochemical evaluation, radiolabeling and in vivo imaging with high affinity
class-IIa histone deacetylase inhibitor for molecular imaging and targeted therapy. Eur. J. Med. Chem. 2022, 228, 114011. [CrossRef]

36. Turkman, N.; Xu, S.; Huang, C.H.; Eyermann, C.; Salino, J.; Khan, P. High-Contrast PET Imaging with [18F]NT160, a Class-IIa
Histone Deacetylase Probe for In Vivo Imaging of Epigenetic Machinery in the Central Nervous System. J. Med. Chem. 2023, 66,
5611–5621. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.ccell.2020.03.010
https://www.ncbi.nlm.nih.gov/pubmed/32289274
https://doi.org/10.1634/theoncologist.2017-0142
https://doi.org/10.1093/ajhp/zxz121
https://doi.org/10.1016/j.bmcl.2019.06.021
https://doi.org/10.1007/s11060-018-2977-3
https://doi.org/10.1158/1078-0432.Ccr-20-1764
https://doi.org/10.1021/bc400343r
https://doi.org/10.1002/syn.20813
https://doi.org/10.1016/j.tips.2009.05.005
https://doi.org/10.2967/jnumed.119.232603
https://doi.org/10.1016/j.ejmech.2019.112032
https://doi.org/10.1021/acsomega.1c05073
https://doi.org/10.1021/acs.molpharmaceut.9b00540
https://doi.org/10.1021/acs.molpharmaceut.3c00216
https://www.ncbi.nlm.nih.gov/pubmed/37661815
https://doi.org/10.1021/acs.jmedchem.9b00871
https://www.ncbi.nlm.nih.gov/pubmed/31330105
https://doi.org/10.1016/j.bmcl.2019.03.035
https://www.ncbi.nlm.nih.gov/pubmed/30935795
https://doi.org/10.1038/s41598-021-90069-x
https://www.ncbi.nlm.nih.gov/pubmed/34021207
https://doi.org/10.1016/j.ejmech.2021.114011
https://doi.org/10.1021/acs.jmedchem.2c02064

	Introduction 
	Results 
	Chemical Synthesis and Characterization of Derivatives of NT431 
	Biochemical Evaluation 
	Evaluation of NT431 Cytotoxicity in Cancer Cells 
	Radiosynthesis 
	Formulation and In Situ Stability of [18F]NT431 
	In Vitro Autoradiography 
	In Vivo PET and Preliminary Pharmacodynamic Imaging 
	Radiometabolite Studies 

	Discussion 
	Materials and Methods 
	Reagents and Instruments 
	Chemical Synthesis 
	Biochemical Evaluation and Cytotoxicity Studies 
	CDK4/CyclinD3 and CDK6/CyclinD3 Kinase Activities 
	MTT Assay Protocol 

	Molar Activity 
	PET Imaging Procedures in Animals 
	In Vitro Autoradiography 
	Radiometabolism of [18F]NT431 

	Conclusions 
	References

