
Life Sciences 334 (2023) 122173

Available online 29 October 2023
0024-3205/© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Applying HDACis to increase SSTR2 expression and radiolabeled 
DOTA-TATE uptake: from cells to mice 

Maria J. Klomp a,b, Lilian van den Brink a, Peter M. van Koetsveld b, Corrina M.A. de Ridder a,c, 
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A B S T R A C T   

Aims: The aim of our study was to determine the effect of histone deacetylase (HDAC) inhibitors (HDACis) on 
somatostatin type-2 receptor (SSTR2) expression and [111In]In-/[177Lu]Lu-DOTA-TATE uptake in vitro and in 
vivo. 
Materials and methods: The human cell lines NCI-H69 (small-cell lung carcinoma) and BON-1 (pancreatic 
neuroendocrine tumor) were treated with HDACis (i.e. entinostat, mocetinostat (MOC), LMK-235, CI-994 or 
panobinostat (PAN)), and SSTR2 mRNA expression levels and [111In]In-DOTA-TATE uptake were measured. 
Furthermore, vehicle- and HDACi-treated NCI-H69 and BON-1 tumor-bearing mice were injected with radio-
labeled DOTA-TATE followed by biodistribution studies. Additionally, SSTR2 and HDAC mRNA expression of 
xenografts, and of NCI-H69, BON-1, NCI-H727 (human pulmonary carcinoid) and GOT1 (human midgut 
neuroendocrine tumor) cells were determined. 
Key findings: HDACi treatment resulted in the desired effects in vitro. However, no significant increase in tumoral 
DOTA-TATE uptake was observed after HDACi treatment in NCI-H69 tumor-bearing animals, whereas tumoral 
SSTR2 mRNA and/or protein expression levels were significantly upregulated after treatment with MOC, CI-994 
and PAN, i.e. a maximum of 2.1- and 1.3-fold, respectively. Analysis of PAN-treated BON-1 xenografts solely 
demonstrated increased SSTR2 mRNA expression levels. Comparison of HDACs and SSTR2 expression in BON-1 
and NCI-H69 xenografts showed a significantly higher expression of 6/11 HDACs in BON-1 xenografts. Of these 
HDACs, a significant inverse correlation was found between HDAC3 and SSTR2 expression (Pearson r = − 0.92) 
in the studied cell lines. 
Significance: To conclude, tumoral uptake levels of radiolabeled DOTA-TATE were not enhanced after HDACi 
treatment in vivo, but, depending on the applied inhibitor, increased SSTR2 expression levels were observed.   

1. Introduction 

The somatostatin type-2 receptor (SSTR2) is abundantly expressed in 
the endocrine system and is physiologically involved in inhibiting hor-
mone secretion, cell proliferation and migration, as well as angiogenesis 
[1]. Due to the frequent overexpression of SSTR2 on neuroendocrine 
tumor (NET) cells, it forms a pivotal target for therapy using 

somatostatin analogues (SSAs) or radiolabeled SSAs, i.e. [[177Lu]Lu- 
DOTA0,Tyr3]octreotate ([177Lu]Lu-DOTA-TATE) [2]. Treatment with 
(radiolabeled) SSAs reduces symptoms associated with hormonal hy-
persecretion [3,4] and inhibits tumor growth, thereby improving clin-
ical outcomes for NET patients [5–8]. However, a substantial number of 
patients do not benefit from this therapy, demonstrating the need for 
improvement for which multiple approaches are currently under 
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investigation [9]. 
One of the approaches is upregulation of the target receptor SSTR2 

using epigenetic drugs. There is growing evidence for the involvement of 
the epigenetic machinery in both NET pathogenesis and in regulating 
SSTR2 expression [10–13]. As a result, epigenetic drugs are extensively 
being investigated as a method to increase SSTR2 expression. Promising 
results were obtained when applying the histone deacetylase inhibitor 
(HDACi) valproic acid in vitro [14–16]. However, our previous study 
with mice bearing a tumor derived from the well-known SSTR2 
expressing NCI-H69 cell line showed that valproic acid led to increased 
uptake of [177Lu]Lu-DOTA-TATE but did not increase tumoral SSTR2 
expression levels [17]. Instead, the observed increase in radiolabeled 
SSA uptake was caused by an enhanced radiotracer blood circulation 
time, which was associated with kidney damage observed after HDACi 
treatment. Related hereto, Refardt et al. reported on the combination of 
valproic acid with the DNA methyltransferase inhibitor hydralazine, 
which did also not result in an increased tumoral uptake of radiolabeled 
DOTA-TATE in advanced NET patients with low baseline SSTR2 
expression [18]. However, in contrast, in a small study with metastatic 
midgut NET patients, it was demonstrated that treatment with the 
HDACi vorinostat did result in an increased uptake of [68Ga]Ga- 
DOTATOC [19]. Besides vorinostat tested in patients, there are other 
HDACis which demonstrated convincing results on SSTR2 upregulation 
in vitro [20–23]. Together, this gives the impression that HDACi-induced 
SSTR2 upregulation and enhanced uptake of radiolabeled SSA might be 
effectively achieved under the appropriate conditions, potentially 
resulting in an improved therapeutic response to [177Lu]Lu-DOTA-TATE 
therapy. 

Various preclinical studies demonstrated SSTR2 upregulation after 
treatment with other HDACis in vitro, but in vivo studies demonstrating 
successful HDACi-induced SSTR2 upregulation are lacking. Therefore, 
our aim was to screen a panel of HDACis in vivo using mice with a tumor 
derived from the previously mentioned NCI-H69 cells and the human 
pancreatic NET cell line BON-1, in order to select potent epigenetic 
drugs for increased radiolabeled DOTA-TATE uptake via SSTR2 upre-
gulation. The potency of these HDACis might differ because these in-
hibitors target different, and some even multiple, classes of HDAC 
enzymes [24,25]. Additionally, we aimed to gain more insight into the 
association between HDAC and SSTR2 expression by measuring mRNA 
expression levels in different models, i.e. cell lines and xenografts. 

2. Materials and methods 

2.1. Cell culture 

The human small-cell lung carcinoma cell line NCI-H69 (European 
Collection of Authenticated Cell Cultures) was cultured in RPMI- 
medium 1640 + GlutaMAX-I (Gibco, Breda, The Netherlands), supple-
mented with 10 % (v/v) fetal bovine serum (FBS, Gibco), 100 U/mL 
penicillin and 100 μg/mL streptomycin (Sigma-Aldrich). The human 
pancreatic NET cell line BON-1 (kind gift of Dr. Townsend, University of 
Texas Medical branch, Galveston, TX, USA) was cultured in DMEM/F-12 
(1:1) (Gibco), supplemented with 10 % (v/v) FBS (Sigma-Aldrich), 2 
mM L-glutamine (Gibco), 1.25 mg/L fungizone (Bristol Myers Squibb) 
and 100 U/mL penicillin (Sigma-Aldrich). Both cell lines were passaged 
once a week up to 20 passages and maintained in a humidified atmo-
sphere (37 ◦C, 5 % CO2). The human pulmonary carcinoid cell line NCI- 
H727 (ATCC CRL-5815) and human midgut NET cell line GOT1 (kind 
gift of Ola Nilsson, Sahlgrenska Cancer Center, University of Gothen-
burg, Sweden) were cultured as previously described [23]. A common 
characteristic of these four cell lines is the expression of SSTR2; BON-1 
cells express low levels, NCI-H727 intermediate levels, and NCI-H69 and 
GOT1 express high levels of SSTR2. 

2.2. Dose-response studies 

IC50 values of all HDACis were determined following 72 h of treat-
ment. For this, NCI-H69 or BON-1 cells were plated in 96-well plates, 
and HDACis entinostat (ENT, Sigma-Aldrich), mocetinostat (MOC, Bio- 
Connect B.V.), LMK-235 (AbMole Bioscience Inc.), CI-994 (Sigma) or 
panobinostat (PAN, Bio-Connect B.V.) were added 24 h after plating. All 
HDACis were dissolved in 40 % DMSO, which served as the vehicle (final 
concentration was 0.4 % DMSO). All HDACis were tested in NCI-H69 
cells, and PAN was the only tested HDACi in BON-1 cells. After 72 h 
of HDACi treatment, we measured the cell viability by performing a 
CellTiter-Glo® 3D assay (Promega) according to manufacturer in-
structions. A SpectraMax iD3 plate reader (Molecular Devices) was used 
to measure the luminescent signal, and the cell viability was normalized 
to vehicle-treated cells. The resulting IC50 dose was used to treat NCI- 
H69 and BON-1 cells prior to [111In]In-DOTA-TATE uptake studies 
and SSTR2 mRNA analysis. A detailed protocol on HDACi treatment can 
be found in the Supplemental Appendix. 

2.3. DOTA-TATE radiolabeling 

DOTA-TATE was radiolabeled with indium-111 (111In) or lutetium- 
177 (177Lu) following the previously described method [17,26]. For in 
vitro uptake studies, [111In]In-DOTA-TATE (40 MBq/1 nmol) was used. 
For in vivo studies with NCI-H69 tumor-bearing animals, [177Lu]Lu- 
DOTA-TATE (100 MBq/1 nmol) was used and for studies with BON-1 
tumor-bearing animals, we used [111In]In-DOTA-TATE (100 MBq/1 
nmol) to ensure the emission of sufficient gamma photons enabling 
accurate gamma counter measurements in this model as BON-1 cells are 
characterized by low SSTR2 expression levels and a relatively low up-
take of radiolabeled DOTA-TATE was thus expected. 

2.4. [111In]In-DOTA-TATE uptake studies 

Uptake studies were performed with vehicle- or HDACi-treated NCI- 
H69 and BON-1 cells to determine whether the uptake of radiolabeled 
DOTA-TATE was increased after epigenetic drug treatment. After 72 h of 
HDACi treatment at the IC50 dose, the [111In]In-DOTA-TATE uptake was 
determined which was expressed as the percentage specific uptake of the 
added dose per milligram DNA (specific uptake/mg DNA). To investi-
gate whether the observed effects were time-dependent, uptake studies 
were also performed 4 and 24 h after start of HDACi treatment at the 
IC50 dose that was determined after 72 h treatment. A detailed protocol 
can be found in the Supplemental Appendix. 

2.5. Animal model 

All animal experiments were approved by the animal welfare com-
mittee of the Erasmus MC and were conducted in agreement with the 
institutional guidelines. Male NMRI-Foxn1 nu/nu mice (5–8 weeks, 
Janvier) were housed in individually ventilated cages with ad libitum 
access to water and food. Before the start of the experiment, animals 
were left to acclimatize for 1 week. Mice were subcutaneously injected 
on the right shoulder with NCI-H69 cells (10 × 106 cells in 100 μL Hanks' 
Balanced Salt Solution (HBSS, Gibco)) or BON-1 cells (7.5 × 106 cells in 
100 μL HBSS). After inoculation, tumor size was measured twice a week 
and tumor volume was calculated according to the following formula: 
π/6 (tumor length * tumor width) ̂  (3/2). At the start of the experiment, 
the average tumor volumes were 198.1 ± 60.6 mm3 and 199.6 ± 80.1 
mm3 for NCI-H69 and BON-1 xenografts, respectively. Information on 
experimental groups, i.e. tumor volume, body weight and the number of 
animals per group, are described in Tables S1 and S2. 

2.6. Biodistribution studies 

To determine the effect of HDACi treatment on radiolabeled DOTA- 
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TATE uptake, biodistribution studies were performed. Animals were 
injected daily with HDACis or the respective vehicle on three consecu-
tive days. Details such as vehicle, route of administration and dose are 
described in Table 1. The selected HDACi doses and routes of adminis-
tration were chosen based on previously published studies reporting 
HDACi-induced changes in the epigenetic profile [27–31]. All HDACis 
were tested in NCI-H69 tumor-bearing animals, whereas only PAN was 
tested in BON-1 tumor-bearing animals. Two hours after the last HDACi 
or vehicle injection, NCI-H69 and BON-1 tumor-bearing mice were 
intravenously injected with, respectively, 5 MBq/200 pmol/200 μL 
[177Lu]Lu-DOTA-TATE (5.20 ± 0.17 MBq) or 20 MBq/200 pmol/200 μL 
[111In]In-DOTA-TATE (19.89 ± 0.70 MBq), with or without an excess of 
unlabeled DOTA-TATE (10 nmol). Four hours after radiotracer injection, 
blood and organs were collected to determine the percentage injected 
dose per gram of tissue (%ID/g). More details can be found in the 
Supplemental Appendix. Of note, three NCI-H69 xenografted animals 
were excluded from the biodistribution study and the subsequent follow- 
up analyses due to technical issues. This concerned one animal of the 
MOC non-blocked group, the ENT non-blocked group and the respective 
vehicle non-blocked group. 

2.7. SSTR2 and HDAC mRNA expression levels 

RNA isolation, cDNA synthesis and RT-qPCR were performed as 
previously described [23], to measure SSTR2 mRNA expression relative 
to three references genes (GUSB, HPRT1, ACTB). In addition to SSTR2 
mRNA expression levels, the mRNA expression levels of HDAC1 to 
HDAC11 were measured following the same method and using the 
primers described in Table S3. 

2.8. SSTR2 protein expression levels 

Formalin-fixed tumors of NCI-H69 and BON-1 tumor-bearing ani-
mals treated with HDACi or the respective vehicle were paraffin- 
embedded and subsequently an SSTR2 immunohistochemistry was 
performed as previously described [17]. The 3,3′-diaminobenzidine 
(DAB) intensity per area was quantified using the Cell Profiler software 
(Version 4.0.7) [32]. 

2.9. Renal tubular damage 

Formalin-fixed kidneys of NCI-H69 and BON-1 tumor-bearing ani-
mals treated with PAN or its respective vehicle were paraffin-embedded, 
followed by a periodic acid-Schiff diastase (PAS+) staining on the 
resulting sections. Subsequently, the sections were blindly scored for 
tubular damage using a 5-point scale, according to previously described 
methods [17]. 

2.10. Statistics 

Statistical analysis was performed using GraphPad Prism version 9. 
Differences were considered statistically significant at p < 0.05, unless 
stated otherwise. All results are represented as mean ± standard devi-
ation (SD). The in vitro data are representative for two independent 
biological experiments measuring three technical replicates per experi-
ment, and the number of animals used for the in vivo studies can be found 
in Tables S1 and S2. To determine the IC50 value, a Fit Spline/LOWESS 
curve was plotted. A Shapiro-Wilk test was used to test the normality of 
the data. Depending on the normality of the data, a parametric or non- 
parametric test was performed, using an unpaired t-test or a One-Way 
ANOVA using the Dunnett's or a Tukey's multiple comparisons test as 
follow-up test, performing one test per time point, per organ or per 
primer. For the association between SSTR2 and HDAC expression, a 
Spearman or Pearson correlation analysis was performed depending on 
the normality of the data. The p-values of the correlation analysis were 
corrected using a Bonferroni correction. 

3. Results 

3.1. In vitro effects of HDACi treatment in NCI-H69 cells 

After treating NCI-H69 cells for 72 h with the HDACis, the cell 
viability was measured providing an IC50 value of 3.1 × 10− 7 M, 4.2 ×
10− 7 M, 1.2 × 10− 8 M, 4.8 × 10− 7 M and 4.0 × 10− 6 M for ENT, MOC, 
PAN, LMK-235 and CI-994, respectively (Fig. S1). Four hours after start 
of treatment at the IC50 dose, the uptake of [111In]In-DOTA-TATE was 
significantly increased for PAN and LMK-235; a 1.3-fold increased up-
take was measured for both HDACis (p = 0.0003 and p = 0.0002, 
respectively). Twenty-four hours after treatment, in addition to PAN and 
LMK-235 for which the uptake increased even further, treatment with all 
other HDACis also led to significant increased radiolabeled SSA uptake. 
At 24 h, the increase in uptake ranged between 1.4-fold and 2.2-fold 
with MOC and LMK-235 having the lowest and highest increase, 
respectively (Fig. 1a). Similarly, SSTR2 mRNA expression levels 
measured 24 h after start of HDACi treatment were also all significantly 
increased, reaching a maximum increase of 2.1-fold (p < 0.0001) after 
LMK-235 treatment (Fig. 1b). Surprisingly, 72 h after constant exposure 
to the HDACis, the uptake of radiolabeled DOTA-TATE was no longer 
significantly enhanced (Fig. 1a). 

3.2. Effects of HDACi in NCI-H69 tumor-bearing animals 

Since in vitro results demonstrated that SSTR2 expression was quickly 
induced after HDACi exposure, animals were treated for a relatively 
short period, i.e. daily on three consecutive days. Despite these well- 
considered choices, ex vivo biodistribution data of NCI-H69 tumor- 
bearing animals showed that HDACi treatment did not result in a sig-
nificant increased tumoral uptake of [177Lu]Lu-DOTA-TATE in com-
parison to vehicle-treated animals (Fig. S2, Tables S4–S7). Although a 
trend towards an increased uptake was observed for the majority of 
HDACis (all except for LMK-235), results did not reach statistical sig-
nificance. However, after MOC, PAN and CI-994 treatment, a signifi-
cantly increased tumoral SSTR2 mRNA expression level was measured, i. 
e. an increase of 1.5- (p = 0.005), 1.6- (p = 0.0005) and 2.1-fold (p <
0.0001), respectively (Fig. 2a–d). Additionally, SSTR2 protein 

Table 1 
Experimental details of HDACi treatment, including details on the solvent 
(vehicle), the route of administration and the applied dose expressed as milli-
gram per kilogram of body weight (mg/kg body weight). All HDACis and sol-
vents were purchased from Bio-Connect B.V. (Huissen, The Netherlands).  

HDACi Solvent/vehicle Route of administration Dose 
(mg/kg body 
weight) 

ENT 2 % (v/v) DMSO 
30 % (v/v) PEG300 
68 % (v/v) H2O 

Oral gavage  20 

MOC 2 % (v/v) DMSO 
30 % (v/v) PEG300 
68 % (v/v) H2O 

Oral gavage  90 

LMK- 
235 

5 % (v/v) DMSO 
30 % (v/v) PEG300 
5 % (v/v) Tween-80 
60 % (v/v) H2O 

Intraperitoneal 
injection  

20 

CI-994 5 % (v/v) DMSO 
40 % (v/v) PEG- 
300 
55 % (v/v) H2O 

Intraperitoneal 
injection  

35 

PAN 2 % (v/v) DMSO 
48 % (v/v) PEG- 
300 
2 % (v/v) Tween-80 
48 % (v/v) H2O 

Intraperitoneal 
injection  

10  
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expression levels were quantified in tumors of PAN- and CI-994-treated 
animals, and compared to the levels measured in the respective vehicles. 
The SSTR2 staining intensity per area was non-significantly increased 

with a factor of 1.1 (p = 0.0897) after PAN treatment (Fig. 2e), and 
significantly increased by 1.3-fold (p = 0.0012) after CI-994 treatment 
(Fig. 2f). 

Fig. 1. (a) [111In]In-DOTA-TATE uptake in vehicle- and HDACi-treated NCI-H69 cells measured 4, 24 and 72 h after start of HDACi treatment. Data is expressed as 
specific uptake/milligram DNA (specific uptake/mg DNA). (b) SSTR2 mRNA expression levels in vehicle- and HDACi-treated NCI-H69 cells, measured 24 h after start 
of HDACi treatment. All results were normalized to vehicle-treated cells. *p < 0.05, ***p < 0.001, ****p < 0.0001. 

Fig. 2. SSTR2 mRNA expression levels in vehicle- and HDACi-treated NCI-H69 xenografts; (a) entinostat (ENT) and mocetinostat (MOC), (b) panobinostat (PAN), (c) 
LMK-235 and (d) CI-994. Quantification of SSTR2 protein expression level and representative images of SSTR2 immunohistochemistry in vehicle- and HDACi-treated 
NCI-H69 xenografts; (e) PAN and (f) CI-994. All results were normalized to vehicle-treated animals. **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Of note, results of the specificity study showed that the uptake of 
[177Lu]Lu-DOTA-TATE could be blocked by co-injection of an excess of 
unlabeled DOTA-TATE demonstrating receptor specificity of radio-
labeled SSA uptake in all experimental groups (Fig. S2, Tables S4–S7). 

3.3. In vitro effects of PAN treatment in BON-1 cells 

In order to exclude possible model-dependent outcomes, the effect of 
PAN in animals xenografted with the lower SSTR2-expressing BON-1 
cell line was also evaluated. First, the effect of the HDACi was examined 
in vitro, demonstrating an IC50 value of 5.7 × 10− 8 M (Fig. 3a). Treat-
ment at this IC50 increased the radiolabeled SSA uptake significantly 
already 4 h after start of treatment, i.e. 1.6-fold (p = 0.004) (Fig. 3b). 
This increased even further to 5.1- (p = 0.0002) and 4.2-fold (p <
0.0001) after 24 and 72 h of treatment, respectively. No statistically 
significant difference was found between the two late time points (p =
0.276). Therefore SSTR2 mRNA expression levels were only measured 
after 24 h of treatment, showing a 5.5-fold increased SSTR2 mRNA 
expression level compared to vehicle-treated cells (Fig. 3c). 

3.4. Effects of PAN in BON-1 tumor-bearing animals 

Using the same treatment regimen as for NCI-H69 xenografts, BON-1 
tumor-bearing animals were treated with PAN or its respective vehicle. 
Ex vivo biodistribution studies showed a tumoral uptake of 1.26 ± 0.35 
%ID/g for vehicle-treated and 1.49 ± 0.30 %ID/g for PAN-treated BON- 
1 tumor-bearing animals (p = 0.520, Fig. 4a, Table S8). Thus, similar to 
the observations in the biodistribution study using NCI-H69 tumor- 
bearing animals, no significant increase in radiolabeled SSA uptake after 
HDACi treatment was observed in this model. SSTR2 mRNA expression 
levels were significantly increased 2.0-fold (p = 0.003) after PAN 
treatment (Fig. 4b), and quantification of tumoral SSTR2 protein 
expression levels demonstrated no increase in SSTR2 staining intensity 
per area after epigenetic drug treatment (p = 0.568) (Fig. 4c). 

Of note, we observed a slight increase in both the radioactivity 
measured in the blood (p = 0.076) and in uptake of several background 
organs after PAN treatment, including the kidneys in which the radio-
activity uptake increased from 4.26 ± 0.67 %ID/g in vehicle-treated 
animals to 6.32 ± 1.29 %ID/g in PAN-treated animals (p = 0.045). A 
similar kidney uptake pattern was observed for the animals receiving an 
excess of unlabeled DOTA-TATE, i.e. 4.08 ± 0.66 %ID/g and 7.21 ±
2.31 %ID/g, respectively (p = 0.037). In addition to this, we observed 
that, in comparison to NCI-H69 tumor-bearing animals, the physiolog-
ical uptake of radiolabeled DOTA-TATE was lower for BON-1 tumor- 
bearing animals in several background organs (e.g. GI tract (p < 0.0001) 
and pancreas (p < 0.001), Tables S5 and S8). Moreover, the radioactivity 
uptake in the kidneys was higher, i.e. 3.02 ± 1.00 and 4.26 ± 0.67 %ID/ 
g in vehicle-treated NCI-H69 and BON-1 tumor-bearing animals (p <

0.05), respectively. 

3.5. Kidney tubular damage of PAN-treated NCI-H69 and BON-1 tumor- 
bearing animals 

Due to the increase in radiotracer uptake in the kidneys observed in 
PAN-treated BON-1 tumor-bearing animals in comparison to vehicle- 
treated animals, kidneys of all mice (i.e. NCI-H69 and BON-1 tumor- 
bearing animals) treated with PAN or the respective vehicle were 
analyzed for renal tubular damage. For both models, there was no sig-
nificant increase in the average damage score in response to PAN 
treatment, i.e. 1.0 ± 0.8 versus 1.4 ± 0.5 for vehicle- and PAN-treated 
NCI-H69 tumor-bearing animals, and 0.1 ± 0.3 versus 0.1 ± 0.3 for 
vehicle- and PAN-treated BON-1 tumor-bearing animals, respectively 
(Table S9). 

3.6. The association between SSTR2 and HDAC expression levels 

To better interpret the findings described above, we measured SSTR2 
and HDAC mRNA expression of NCI-H69 and BON-1 xenografts. BON-1 
xenografts had significantly lower SSTR2 expression levels in compari-
son to NCI-H69 xenografts. Moreover, the HDACs were also differen-
tially expressed in the two xenografts (Fig. 5); a significantly higher 
expression of HDAC1, HDAC3, HDAC4, HDAC7, HDAC10 and HDAC11 
was measured in BON-1 xenografts in comparison to the expression in 
NCI-H69 xenografts. In contrast, the expression of HDAC5 and HDAC9 
was significantly lower in BON-1 xenografts. 

To investigate the association between SSTR2 expression and HDAC 
profiles, mRNA expression levels were measured in four cell lines (i.e. 
BON-1, NCI-H727, GOT1 and NCI-H69). First, we compared the HDAC 
expression pattern of BON-1 and NCI-H69 cells and xenografts to 
investigate whether the HDAC pattern was maintained from cell lines to 
xenografts, demonstrating that this was mostly the case (Fig. 5, S3). 
Therefore, HDAC and SSTR2 mRNA expression levels measured in the 
four cell lines were correlated, thereby focusing on the six HDACs that 
were significantly higher expressed in BON-1 xenografts than in NCI- 
H69 xenografts (Fig. S4). It was demonstrated that HDAC7 and 
HDAC10 showed a trend towards a positive correlation with SSTR2 
mRNA expression levels, whereas HDAC1, HDAC3 and HDAC11 
demonstrated inverse associations. Statistical significance was only 
reached between HDAC3 and SSTR2 expression levels (Pearson r =
− 0.92, p = 0.0002). 

4. Discussion 

Despite convincing preclinical in vitro results, in vivo studies showing 
the success of various HDACis in upregulating SSTR2, including 
enhanced uptake of [177Lu]Lu-DOTA-TATE, are still lacking. For this 

Fig. 3. (a) Dose-response curve of panobinostat (PAN) in BON-1 cells. (b) [111In]In-DOTA-TATE uptake in vehicle- and PAN-treated BON-1 cells measured 4, 24 and 
72 h after start of treatment. Data is expressed as specific uptake/milligram DNA (specific uptake/mg DNA) (c) SSTR2 mRNA expression levels in vehicle- and PAN- 
treated BON-1 cells analyzed 24 h after start of treatment. All results were normalized to vehicle-treated cells. **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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reason, we screened multiple HDACis in NCI-H69 and BON-1 tumor- 
bearing animals. 

First, we confirmed the in vitro effects of HDACi treatment in NCI- 
H69 cells. Uptake studies demonstrated a time-dependent effect, with 
the strongest effects observed 24 h after start of HDACi treatment. After 
72 h of HDACi treatment, however, effects were reduced, which is 
possibly a consequence of degradation of the HDACis. In line with the 
significantly increased uptake observed after 24 h of treatment, SSTR2 
mRNA expression levels were increased as well. Both the uptake of 
radiolabeled DOTA-TATE and SSTR2 mRNA expression levels were 
maximally enhanced after LMK-235 treatment. To the best of our 
knowledge, the HDACis used in our studies have not been tested in NCI- 
H69 cells before. In contrast, BON-1 cells are frequently used as a model 
for HDACi-induced SSTR2 upregulation. In our current study, we 
observed significant effects induced after PAN treatment, demonstrating 
stronger effects than that observed in NCI-H69 cells. Similarly to what 
was observed in NCI-H69 cells, the strongest effect was seen 24 h after 
start of treatment. Convincing in vitro results of HDACi treatment on 
SSTR2 expression in BON-1 cells have also been described in literature 
[14–16,20–23,33,34]. Based on our data and the data described in 
literature, it may be speculated that cells with low baseline SSTR2 
expression levels are more susceptible to HDACi-induced SSTR2 upre-
gulation. However, future studies focusing on this association are 

needed to confirm the link between baseline SSTR2 expression levels 
and the extent of SSTR2 upregulation. 

Subsequently, the effects of all five HDACis were tested in NCI-H69 
tumor-bearing animals. As in vitro effects were quickly induced, ani-
mals were treated on three consecutive days. Unfortunately, the tumoral 
uptake of radiolabeled DOTA-TATE was not significantly increased after 
HDACi treatment. However, SSTR2 expression levels were changed, i.e. 
increased SSTR2 mRNA expression in MOC-, PAN- and CI-994-treated 
animals, and increased protein expression levels in CI-994-treated ani-
mals. In order to exclude possible model-dependent outcomes, we also 
tested the effect of PAN in BON-1 tumor-bearing animals. This HDACi 
was selected for several reasons. First, we observed convincing results in 
vitro in a previously published study following a seven day treatment 
[23]. Second, in the same study, it was demonstrated that increased 
SSTR2 mRNA expression levels were maintained up to seven days after 
PAN withdrawal, potentially facilitating HDACi-induced SSTR2 upre-
gulation in vivo. Third, PAN targets all classes of HDAC enzymes, thereby 
possibly having more potency to increase SSTR2 expression [35]. 
Despite the aforementioned, biodistribution results showed no increase 
in tumoral uptake of radiolabeled DOTA-TATE in this model. In line with 
what was observed in NCI-H69 tumor-bearing animals, tumoral SSTR2 
mRNA expression was significantly increased, but no increase in SSTR2 
protein expression level was observed. 

Fig. 4. (a) [111In]In-DOTA-TATE uptake expressed as percentage injected dose per gram of tissue (%ID/g) in vehicle- and panobinostat (PAN) treated BON-1 xe-
nografts. Block groups received an excess of unlabeled DOTA-TATE. (b) SSTR2 mRNA and (c) SSTR2 protein expression levels in vehicle- and PAN-treated BON-1 
xenografts. All results were normalized to vehicle-treated animals. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

Fig. 5. HDAC mRNA expression levels in NCI-H69 and BON-1 xenografts. mRNA levels are expressed relative to three reference genes. **p < 0.01, ***p < 0.001, 
****p < 0.0001. 
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The obtained in vivo data acquired in our studies are thus somewhat 
puzzling. First, there is a discrepancy in CI-994-treated NCI-H69 animals 
demonstrating both an increase in SSTR2 mRNA and protein expression 
level, but no significant increase in radiolabeled DOTA-TATE uptake. It 
is likely that the increase in SSTR2 protein expression level, although 
significantly enhanced, is not sufficient to significantly increase [177Lu] 
Lu-DOTA-TATE uptake as well, especially since NCI-H69 xenografts 
already have relatively high baseline SSTR2 expression levels. There-
fore, it might be of value to optimize the HDACi dose and/or treatment 
duration to further increase tumoral SSTR2 expression levels which 
could potentially lead to a significantly enhanced uptake of radiolabeled 
DOTA-TATE. Secondly, we observed a discrepancy between SSTR2 
mRNA and protein expression levels after PAN treatment in both models 
as only mRNA expression levels were significantly elevated. It is difficult 
to exactly pinpoint the reason for this discrepancy based on the acquired 
data. We cannot exclude the possibility that PAN treatment alters bio-
logical processes in vivo causing the discrepancy between SSTR2 mRNA 
and SSTR2 protein expression levels, e.g. inhibiting protein translation 
and/or inducing breakdown of proteins. However, this seems unlikely as 
it is contradictory to the results obtained in our in vitro studies. 
Furthermore, the method used to measure SSTR2 mRNA and SSTR2 
protein expression levels might contribute to this discrepancy. Whereas 
mRNA expression levels were measured by collecting several fresh 
frozen tissue slices, the quantification of SSTR2 protein expression level 
was based on three images within one FFPE tissue slice. Since NCI-H69 
can have a heterogeneous phenotype [36], SSTR2 protein detection 
using IHC on one tissue slice can be less sensitive than SSTR2 mRNA 
analysis. Thus, more in-depth investigations are needed to unravel the 
exact reason behind the observed discrepancy in SSTR2 mRNA and 
SSTR2 protein expression levels. 

In case further optimization of HDACi treatment would result in 
significantly higher tumoral uptake of radiolabeled SSA, certain factors 
should be kept in mind for survival and toxicity studies. For survival 
studies, it should be taken into account that HDACis, in addition to 
modulating gene transcription, have therapeutic value on their own as 
these drugs can induce apoptosis [37]. If an increased survival is 
observed after combination treatment (i.e. HDACi with radiolabeled 
DOTA-TATE), the mechanism-of-action should therefore be confirmed, 
i.e. an HDACi-mediated increase in radiolabeled SSA uptake instead of 
additive/synergistic effects of both monotherapies. Moreover, the safety 
of the combination treatment should be monitored in follow-up studies. 
Although histology assessment of the kidneys showed no HDACi- 
induced damage in our study, kidney function (e.g. creatinine levels 
and/or blood urea nitrogen) was not monitored. It might be of signifi-
cance to also include the latter analysis in future studies. 

Interestingly, differences in physiological uptake in NCI-H69 and 
BON-1 tumor-bearing animals were observed in our study which could 
possibly be caused by serotonin secreted by BON-1 tumor cells causing 
changes in vascular tone [38], resulting in a lower radioactivity uptake 
in the intestine, pancreas and stomach, and a higher radioactivity uptake 
in the kidneys of BON-1 tumor-bearing animals. 

In addition to investigating the effects of HDACis on the uptake of 
radiolabeled SSA, we studied the association between HDACs and SSTR2 
expression levels. Overall, BON-1 xenografts demonstrated higher 
HDAC expression levels than NCI-H69 xenografts. More importantly, 
HDAC3, characterized by a significant inverse correlation with SSTR2 in 
our correlation analysis, was expressed higher in BON-1 than in NCI- 
H69 cells and xenografts. Remarkably, the higher HDAC expression 
levels in BON-1, in comparison to those measured in NCI-H69 cells, were 
associated with stronger effects observed after HDACi treatment in our 
in vitro studies. Of note, the correlation analysis was performed with 
mRNA expression levels, which does not necessarily match HDAC pro-
tein expression, nor HDAC enzyme activity. Additionally, it would have 
been of value to investigate the acetylation status in the SSTR2 promoter 
area in vitro and in vivo to further interpret our findings, as this could 
possibly explain the different results obtained in vitro and in vivo. 

5. Conclusion 

In conclusion, our in vitro results confirmed the currently available 
results on HDACi-induced SSTR2 upregulation. Unfortunately, despite 
increased SSTR2 mRNA and/or protein expression levels after HDACi 
treatment, no increase in tumoral uptake of radiolabeled DOTA-TATE 
was observed. Overall, our study highlights the complexity of applying 
epigenetic drugs for enhancing the tumoral radiolabeled SSA uptake, 
while it also indicates the potential of this combination treatment. 
Future studies are needed to gain more understanding on the 
mechanism-of-action of HDACis in vivo, including the relation between 
HDACi dose, SSTR2 expression and radiolabeled SSA uptake. 
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