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Abstract: Elevated levels of histone deacetylases (HDACs) have been indicated in the development of some cancers. 
HDAC has been imaged using 18F-FAHA and may serve as a marker to study epigenetics. We report evaluation of 
18F-FAHA as a probe in the early diagnosis of lung cancer using 18F-FAHA PET/CT studies of A/J mice treated with 
NNK. 18F-FAHA radiosynthesis was carried out in specific activity of ~2 Ci/μmol. A/J mice were divided into 2 groups: 
1. Controls; 2. NNK treatment group with NNK (100 mg/kg, ip, weekly for 4 wks). Mice were injected 100-200 μCi 
i.v. 18F-FAHA and then scanned in Inveon PET/CT under anesthesia using 2.0% isoflurane. Midbrain, cerebellum 
and brainstem uptake of 18F-FAHA was displaced by the known HDAC inhibitor, suberanilohydroxamic acid (SAHA) 
with less than 10% activity remaining. CT revealed presence of lung nodules in 8 to 10-month old NNK mice while 
control mice were free of tumors. Little uptake of 18F-FAHA was observed in the control mice lungs while significant 
18F-FAHA uptake occurred in the lungs of NNK-treated mice with tumor/nontumor >2.0. Ex vivo scans of the excised 
NNK and control mice lungs confirmed presence of extensive amounts of lung nodules seen by CT and confirmed 
by 18F-FAHA in the NNK mice with tumor/nontumor >6.0. Our preliminary imaging studies with A/J mice lung cancer 
model suggest 18F-FAHA PET may allow the study of epigenetic mechanisms involved in NNK-induced tumorigenesis 
in the lungs.
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Introduction 

Smoking produces N-nitrosamines, N-nitroso- 
dimethylamine, N-nitrosopyrrolidine, N’-nitroso- 
nornicotine and 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanone (NNK), and exposure to 
these products lead to lung cancer [1]. NNK 
has been shown to induce pulmonary adeno-
carcinomas (PAC) in rodents where high inci-
dences occurred especially in lungs of strain 
A/J progeny (24 wk) [1]. Bioactivation of NNK in 
the lung to form keto acid is catalyzed by hemo-
globin [2]. NNK causes genetic changes associ-
ated with hallmarks of malignant transforma-
tion and tumor growth [3].

Chromatin structure is established through 
ionic interactions between positively charged 
histone tails and negatively charged DNA back-
bone, whereby gene expression is regulated 

through post-translational modification of 
amino acid residues on the histone tails [4, 5]. 
To maintain normal cellular function, gene 
expression is tightly regulated through revers-
ible modification of histone proteins carried out 
by histone deacetylases (HDACs) and histone 
acetyltransferases (HATs). HATs weaken this 
interaction through acetylation of histones to 
neutralize the charge leading to a more open 
chromatin structure and allowing for gene 
expression, whereas the opposing actions of 
HDACs deacetylase causes the histones to re-
establish the positive charge leading to a closed 
chromatin structure and causing gene silencing 
[4].

There are four classes of HDACs (Classes I-IV). 
Class I HDACs are mainly found in the cell nucle-
us and target mostly histones whereas Class II 
HDACs target histone and nonhistone proteins 
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and are mostly found in the cytoplasm but are 
able to shuttle into the nucleus. Class IV HDACs 
share characteristics of both Classes I and II, 
and Class III HDACs are NAD+-dependent and 
have roles different from the aforementioned 
HDAC classes [4, 6]. Atypical HDAC activities 
have been shown to play pivotal roles in the 
regulation of many hallmarks of cancer includ-
ing tumor suppressor silencing and aberrant 
cell-cycle control. More importantly, high levels 
of HDACs have been indicated in various types 
of cancers, and inhibition of HDAC activity has 
been shown to activate pathways that induce 
cell cycle arrest, apoptosis and autophagy in 
cancer cells [4-7]. Deacetylation of nonhistone 
proteins by HDACs has also been shown to 
have effects on pathways related to tumor 
development and survival [4].

We have previously reported the use of 18F-FDG 
for measuring glucose metabolism and 
18F-nifene for assessing α4β2 nicotinic recep-
tors in the evaluation of the NNK-induced lung 
tumors in A/J mice as shown in Figure 1 [8]. 
More recently, HDACs have been found to be 
involved in lung cancer and are being targeted 
for potential therapy [9, 10]. Therefore, HDACs 
may be a potential target in NNK-induced 
tumorogenesis since genetic changes have 
been observed [3].

genesis in mice lungs. Whole body 18F-FAHA 
PET/CT imaging was carried out in normal mice. 
Subsequently, 18F-FAHA PET/CT imaging was 
carried out in control and NNK-treated A/J mice 
for evaluation of uptake in the lungs. Ex vivo 
imaging of the lungs was carried out after the in 
vivo PET/CT.

Materials and methods

NNK lung model

The protocol for the lung tumor model was the 
same as previously described in the 18F-nifene 
study [8]. Female strain A/J mice, 6-8 weeks 
old, were purchased from Jackson Laboratories 
(Bar Harbor, ME) and are known to develop lung 
tumors when exposed to tobacco nitrosamines 
[15]. All animals were housed in polypropylene 
boxes with ad libitum access to food and water, 
and conventional bedding material. Mice were 
treated in accordance to National Institutes of 
Health guidelines and as approved by the 
Institutional Animal Care and Use Committee of 
the University of California, Irvine. Mice were 
divided into an experimental group and a con-
trol group. Experimental mice were treated with 
NNK by subcutaneous injection of 100 µl in the 
upper back at a dose of 100 mg/kg once a 
week for four weeks. NNK was dissolved in 

Figure 1. A scheme depicting the radiotracer targeting in a lung cancer 
cell. 18F-FDG (1) uptake into the cell through the glucose transporter 
results in 18F-FDG-6-phosphate (2) in the cytoplasm as a measure of 
glucose metabolic rate of the tumor cell. 18F-Nifene (3) binding to the 
cell-membrane bound α4β2 nicotinic receptor measures the overex-
pression of the receptor in the tumor cell. 18F-FAHA (4) uptake in the 
nucleus measures histone deacetylase upregulation in the tumor cell.

Identification of potent HDAC inhib-
itors is important for development 
of anticancer therapy. One HDAC 
inhibitor, suberoylanilide hydroxam-
ic acid (SAHA; Figure 2) also known 
as Vorinostat, has been approved 
for treatment of cutaneous T-cell 
lymphoma (CTCL) [4, 5, 7]. The str- 
uctural commonalities shared by 
the PET agent 6-(18F-fluoroaceta- 
mido)-1-hexanoicanilide (18F-FAHA; 
Figure 2) and SAHA have suggest-
ed the use of 18F-FAHA as a poten-
tial HDAC imaging agent [11, 12]. 
18F-FAHA has been used as a probe 
for imaging HDACs, including imag-
ing studies in human breast carci-
noma, xenografts in rats, human 
glioblastoma multiforme and bab- 
oon brain [13, 14]. 

Here we report evaluation of 
18F-FAHA for imaging HDACs as a 
potential imaging probe for lung 
cancer epigenetic mechanisms 
involved in NNK-induced tumori-
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DMSO in 10x concentration and diluted in corn 
oil to final concentration. Treatment control 
mice were injected with the same solution with-
out NNK. Lung tissue sections from control and 
NNK-treated A/J mice were obtained following 
PET/CT scans (after a 24-hr period once the 
fluorine-18 radioactivity had decayed away) as 
described previously [8]. 

Radiosynthesis of 18F-FAHA

Synthesis of FAHA 2 and radiosynthesis of 
18F-FAHA 4 was carried out in automated CPCU 
using 18F-fluoride and reacting it with bromo-
precursor 3 at 115°C for 15 mins (prepared 
and characterized using methods reported in 
[11]; Figure 2). 18F-FAHA was obtained in 5% 
radiochemical yield after reverse-phase HPLC 
purification using 40% CH3CN:60% phosphate 
buffer (retention time of bromo-precursor was 
8.2 mins and 18F-FAHA was 7.6 mins). Specific 
activity was >2 Ci/μmol [11]. The collected frac-
tion was taken to near dryness in vacuo. The 
final formulation of 18F-FAHA was carried out 
using approximately 2 to 5 mL of 0.9% saline 
followed by filtration through a membrane filter 
(0.22 μm) into a sterile dose vial for use in the 
PET studies. 

PET and CT imaging

In study 1 involving control vs. NNK groups, 
three mice were used for the control group and 
three mice were used for the NNK group for a 
total of six mice (8 to 10 months post-NNK 
treatment). All the subjects were fasted 24 

hours prior to PET imaging. In study 2 involving 
control mice and SAHA pre-injection with 
18F-FAHA, a total of three mice were used. All 
mice were induced with 4% isoflurane and 
maintained on 2-2.5% isoflurane in preparation 
for the scans. Whole body scans were per-
formed using Inveon Multimodality (MM) CT 
scanner (Siemens) and Inveon dedicated PET 
scanner for a total of 30-45 min. CT images of 
the mice were obtained with a large area detec-
tor (4096 x 4096 pixels, 10 cm x 10 cm field-of-
view). The CT projections were acquired with 
the detector-source assembly rotating over 
360 degrees and 720 rotation steps. A projec-
tion bin factor of 4 was used in order to increase 
the signal to noise ratio in the images. The CT 
images were reconstructed using cone-beam 
reconstruction with a Shepp filter with cutoff at 
Nyquist frequency resulting in an image matrix 
of 480 x 480 x 632 and a voxel size of 0.206 
mm. Longitudinal CT studies were analyzed 
using Inveon Research Workplace (IRW, 
Siemens Medical Solutions, Malvern, PA) soft-
ware. Volumes of interest (3D VOIs) were drawn 
manually on the lungs of control and NNK-
treated mice. VOIs were drawn as irregular con-
tours on the high resolution CT images, and 
tumors were calculated by using the segmenta-
tion function in the IRW software. 

Mice were injected with 100-200 µCi 18F-FAHA 
via tail vein under anesthesia. The animals 
were then placed in the mouse chamber and 
were positioned in the Inveon Multimodality CT/
PET scanner. The Inveon PET/CT was switched 

Figure 2. Structural similarities of SAHA and 18F-FAHA. (1). Chemical structure of SAHA (2). Chemical structure of FAHA. 
(3). Bromo-precursor for radiolabeling with 18F-fluoride for radiosynthesis of 18F-FAHA (4). 6-(18F-fluoroacetamido)-
1-hexanoicanilide (18F-FAHA).
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to the “docked mode” for combined PET/CT 
experiments. A CT scan was then obtained for 
reconstruction of the PET data and further 
analysis of the PET/CT data. Duration of the 

PET scan was typically 30 min and was timed to 
start 60 min post-injection of 18F-FAHA. The 
images were reconstructed using Fourier rebin-
ning and 2-dimensional filtered back-projection 

Figure 3. 18F-FAHA binding in Control A/J Mice. A. Whole body PET in control mouse displays high 18F-FAHA uptake 
in the brain and kidneys. B. Whole body PET in SAHA pre-injected mouse shows only in the kidneys with no uptake 
in the brain. C-E. PET/CT of A/J mice head showing high uptake in the brain indicated in yellow regions (VS: ventral 
striatum; HY: hypothalamus; CB: cerebellum; BS: brain stem; FC: frontal cortex). F-H. Little uptake in the brain is 
shown in SAHA pre-injected mouse.



Histone deacetylase in lung cancer

328	 Am J Nucl Med Mol Imaging 2014;4(4):324-332

(2D FBP) method (ramp filter and cutoff at 
Nyquist frequency) with an image matrix of 128 
x 128 x 159, resulting in a pixel size of 0.77 mm 
and a slice thickness of 0.796 mm. The PET 
data for 18F-FAHA were analyzed as tumor to 

nontumor ratios. Similar to previously described 
methods [8], the VOIs were first delineated 
visually by contouring the 18F-FAHA activity that 
was clearly above normal background activity 
in the lungs. These areas were confirmed in the 

Figure 4. 18F-FAHA binding in Lungs. A. CT of control mice with no visualization of lung tumor nodules; B. 18F-FAHA 
PET with no visualization of lung tumor nodules; C. NNK-treated mice display multiple regions of lung tumor growth 
(arrows). D. 18F-FAHA PET in NNK-treated mice display multiple regions of lung tumor growth (arrows). 

Figure 5. Ex vivo PET/CT imaging studies. (A, C) CT images show distinct lung nodules in NNK treated mice (arrows) 
and (B) lung free of tumors in the control group. (D) PET shows high 18F-FAHA uptake at tumor sites indicated by ar-
rows; (E) Shows no activity in the lungs of the control group indicated by blue regions; (F) PET shows high 18F-Nifene 
uptake at tumor sites indicated by arrows. 
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corresponding CT of each animal. The amount 
of 18F-FAHA activity in each VOI (in kBq/mL) of 
the tumor and areas of the lung that did not 
have any tumors (nontumor) was measured 
and confirmed using the corresponding CT 
scans of each individual animal. 18F-FAHA 
uptake in the brain was computed in the brain 
of mice with and without pretreatment SAHA.

Ex vivo studies

After the 18F-FAHA PET/CT scan, the mice under 
anesthesia were decapitated and the lungs 
were rapidly removed and frozen in dry ice. 
Whole lungs (from a control mouse and NNK-
treated mouse treated with 18F-FAHA) were 
placed in a hexagonal polystyrene weighing 
boat and covered with powdered dry ice and 
placed securely on the scanner bed. Scans 
(PET and CT) were acquired for 30 min of 
18F-FAHA containing lungs. Images were ana-
lyzed using the Acquisition Sinogram Image 
Processing (ASIPRO, Siemens Medical Solu- 
tions, Malvern, PA) and IRW software from 
Siemens Medical Solutions.

Results

Radiosynthesis of 18F-FAHA

In this study, the synthesis of 18F-FAHA was suc-
cessfully carried out and was found to be con-
sistent with previously reported methods [11]. 
High specific activity and radiochemical yields 
were obtained for in vivo studies. This allowed 
specific localization of 18F-FAHA in brain areas 
known to have HDACs.

Brain PET and CT imaging

Prominent uptake of 18F-FAHA in normal mice 
occurred in various brain regions as shown in 
Figure 3A while clearance was seen to occur 
predominantly from the kidneys. Various cere-
bral and cerebellar regions showed binding and 
was consistent with some observations in 
rodents and nonhuman primates as reported 
previously [13, 17]. Pre-injection of SAHA, a 
known inhibitor of HDAC and known to cross 
the blood-brain barrier, reduced the uptake of 
18F-FAHA significantly in various parts of the 
brain, as shown in Figure 3B. Activity in the kid-
neys was unaffected by SAHA treatment since 
the kidney is the excretory pathway of 18F-FAHA. 
HDAC binding specificity was shown through 

PET assays via SAHA pre-injection. The stan-
dard uptake value, SUV for brain uptake in con-
trol mice was 1.40±0.20 and in the presence of 
SAHA the brain SUV went down to 0.19±0.10. 
Thus, control mice injected with 18F-FAHA and 
SAHA exhibited a >85% reduction in brain 
18F-FAHA consistent with the dose-dependent 
study reported in nonhuman primates [14]. 

Lung PET and CT imaging

CT evaluation of both groups of A/J mice 
showed presence of lung nodules in the 8 to 
10-month old mice of the NNK-treated group 
while no tumors were detected in the control 
group (Figure 4). The multiple tumors detected 
in the NNK-treated group were confirmed 
through post-mortem analysis in our previous 
report [8]. Confirmation of these results pro-
vides the basis for the NNK-induced A/J mice 
lung tumor model used in our study. 

PET evaluation of A/J mice showed little 
18F-FAHA activity in the lungs of the control 
group (Figure 4B), unlike the high level of activ-
ity in the brain. The NNK-treated A/J mice 
showed high 18F-FAHA activity at tumor sites in 
the lungs evident in all the 3 planes as seen in 
Figure 4D. These observations were consistent 
in all the animals that were studied with 
18F-FAHA. Quantitative analysis of 18F-FAHA 
binding provided lung tumor to nontumor ratio 
of >2. In both NNK and control groups of A/J 
mice, high uptake was noticed in the kidneys 
due to the excretion pathway.

Ex vivo studies

After in vivo scans, ex vivo PET/CT scans of 
lungs were performed on two mice. Ex vivo CT 
studies confirm detection of lung nodules 
(Figure 5A) while the control lung did not exhibit 
any nodules or any significant amount of reten-
tion of 18F-FAHA (Figure 5C). High uptake 
18F-FAHA was evident in the NNK-treated mice 
as seen in Figure 5B while the control mice lung 
had very low levels of 18F-FAHA binding (Figure 
5D). Quantitative analysis of 18F-FAHA binding 
in ex vivo scans provided lung tumor to nontu-
mor ratio of >6.

Discussion

There is emerging interest in the development 
of imaging methods in order to study epi-
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genetics [18]. PET imaging agents are thus 
being pursued to study HDACs in this effort [19-
21]. Currently, 18F-FAHA is being used since it 
has exhibited properties in vivo which reflect 
measures of HDACs [11]. Consistent with 
recent findings of localization of 18F-FAHA in the 
monkey brains [17, 18], significant binding of 
18F-FAHA occurred in the A/J mouse brain 
regions. Mid-brain regions including ventral 
striatum, hypothalamus, brain stem and areas 
within the cerebellum similar to the monkey 
brain findings were observed [17]. Similar to the 
monkey brain, the HDAC inhibitor SAHA was 
able to inhibit binding of 18F-FAHA. Thus 
18F-FAHA is able to be selectively localized in 
areas of the brain of A/J mice expressing 
HDACs.

The use of 18F-FDG in the diagnosis of lung can-
cer has been underway clinically using PET/CT. 
There is however a need to further improve the 
sensitivity of detection. Our previous work with 
the NNK-treated A/J mice examined the use of 
18F-nifene, a novel diagnostic marker for nico-
tinic α4β2 receptor [8]. Our results showed that 
there is an overexpression of this receptor in 
the lungs and PET studies showed greater 
localization of 18F-nifene, both in vivo and ex 
vivo. For comparison, shown in Figure 5C, 5F is 
the selective localization of 18F-nifene in the 
lung tumor. 

Since genetic changes have been implicated in 
lung cancer and in this model of lung cancer 
[3], our goal was to evaluate epigenetic effects 
using HDAC as the target [22], aside from the 
glucose metabolic activity (as measured by 18F-
FDG) and alterations in the nicotinic receptors 

smoking may promote epithelial to mesenchy-
mal transition, cell migration and invasion in 
non-small cell lung cancer through downregula-
tion of E-cadherin which is mediated by histone 
deacetylation [24]. Therefore, we tested the 
hypothesis that 18F-FAHA can visualize HDACs 
in lung tumors of NNK-treated A/J mice, thus 
enabling early diagnosis of lung cancer.

The ability of 18F-FAHA to detect NNK-induced 
lung cancer in A/J mice was evident, compared 
to the very low retentions of 18F-FAHA in lungs 
of control mice. Postmortem histopathological 
analysis of the lungs confirmed the presence of 
tumors [8]. The tumor/nontumor ratios within 
the same animals were >2, illustrating greater 
18F-FAHA binding to the tumors. An increased 
lung tumor uptake of 18F-FAHA was confirmed 
by ex vivo studies of the excised lungs, showing 
the tumor/nontumor ratios >6. The ability to 
more clearly discern the tumor and nontumor 
regions in the ex vivo scans (Figure 5) com-
pared to the in vivo scans (Figure 4) may attri-
bute to the higher tumor/nontumor ratio in the 
former. Although the ex vivo CT of the lungs 
from the NNK-treated mice revealed large 
amounts of tumor nodules, in vivo CT was not 
as clearly discernible. This fact indicates that 
combining CT and PET increased sensitivity of 
detection of small lung tumors.

High levels of HDACs have been indicated in 
various types of cancers [25], and our findings 
vividly demonstrated that lung cancer cells in 
A/J mice abundantly express HDACs binding 
18F-FAHA. PET imaging studies using 18F-FAHA 
in probing of HDACs in rat carcinoma xeno-
grafts have been reported, showing tumor to 

Table 1. Quantitation of CT and PET Imaging in NNK-treat-
ed A/J Mice
Study In Vivo PET/CT Ex Vivo PET/CT Measure of
CTa,b >7 mm3 na Tumor volume
18F-FDGa <1.5c >3d Glucose metabolism
18F-Nifenea 1.8-2.0c >4d α4β2 nAChR levels
18F-FAHA >2e >6f HDAC activity
Animals were scanned 8-10 months post-NNK treatment. aData taken 
from [8] Galitovskiy et al., 2013; bIn vivo measures of tumor volume in 
NNK-treated animals (n=3, data are mean ± SD, p <0.05 for the three 
age groups); cRatio of tumor/nontumor in NNK-treated animals in vivo; 

dRatio of tumor/nontumor of ex vivo lung post-treatment measured using 
PET; eRatio of tumor/nontumor 18F-FAHA in NNK-treated animals in vivo; 
fRatio of tumor/nontumor of  ex vivo lung 18F-FAHA post-treatment; na: not 
available.

(as measured by 18F-nifene) shown in 
Figure 1. Due to the increasing role of 
histones in cancer, and in particular 
HDACs, it was considered to be a use-
ful target. Recent work has shown a 
significant increase in the levels of 
HDACs in colorectal cancer with app- 
roximately a 100% increase in HDAC1, 
HDAC2, HDAC3, HDAC5 and HDAC7 
[22]. Immunohistochemical expres-
sion of HDAC1, HDAC2 and HDAC3 
progressively increased in benign, 
borderline and malignant ovarian 
tumors [23]. Using cigarette smoke 
condensate and lung cell lines, it has 
been recently shown that cigarette 
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muscle binding ratio of approx. 2, where radio-
tracer uptake was inhibited by SAHA [14]. 
Development of noninvasive imaging of HDACs 
in cancer may be of value in assessing the effi-
cacy of treatment by emerging HDAC inhibitors 
[26].

Table 1 compares the use of the three radio-
tracers in this mice model of lung cancer. 
Amongst the three, 18F-FDG provided the lower 
tumor-to-nontumor ratios both in vivo and ex 
vivo. This is suggestive of the higher uptake of 
18F-FDG in nontumor regions. An additional 
issue with 18F-FDG in small animals is the inter-
ference from activity in the heart. The ratios in 
vivo of 18F-nifene and 18F-FAHA were compara-
ble with 18F-FAHA showing slightly higher ratios. 
Preliminary reports indicate that HDAC expres-
sion may be correlated with Ki-67 expression 
[23]. Further studies will have to be carried out 
in order to evaluate efficacy of the three radio-
tracers for early diagnosis of lung tumor in A/J 
mice.

Conclusion

The binding specificity of 18F-FAHA to HDACs in 
NNK-induced lung tumors provides a valuable 
in vivo imaging probe. Further studies on 
18F-FAHA in tumor growth and 18F-FAHA binding 
to a specific class and subtype of HDAC enzyme 
may provide specificity of binding. Although 
these are preliminary findings, our results show 
the potential of the use of 18F-FAHA (or other 
HDAC markers) as a diagnostic radiotracer to 
understand the progression of lung cancer and 
for use in monitoring anticancer therapy.
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